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Caspase-independent commitment phase to apoptosis in activated
blood T lymphocytes: reversibility at low apoptotic insult
Céline Dumont, Antoine Dürrbach, Nicolas Bidère, Matthieu Rouleau, Guido Kroemer, Ghislaine Bernard,
François Hirsch, Bernard Charpentier, Santos A. Susin, and Anna Senik

Little is known about the mechanisms of
programmed death triggered in T lympho-
cytes by stimuli that can bypass caspase
activation. Anti-CD2 monoclonal anti-
body and staurosporine are such apopto-
sis inducers because they operate in the
presence of broad-spectrum caspase
inhibitors BOC-D.fmk and Z-VAD.fmk. A
system was devised, based on the isola-
tion according to density of activated
blood T cells progressively engaged in
the apoptotic process. This allowed
definition of a sequence of caspase-
dependent and caspase-independent

apoptogenic events that are triggered by
anti-CD2 and staurosporine. Thus, a com-
mitment phase to apoptosis was defined
that is entirely caspase independent and
that is characterized by cell volume loss,
partial chromatin condensation, and re-
lease into the cytosol and the nucleus of
mitochondrial ‘‘apoptosis-inducing fac-
tor ’’ (AIF). Committed cells were viable,
displayed a high mitochondrial inner
transmembrane potential ( DCm), and
lacked large-scale and oligonucleosomal
DNA fragmentation. Mitochondrial re-
lease of AIF was selective because cyto-

chrome c was retained in mitochondria of
the very same cells. Mitochondrial re-
lease of cytochrome c occurred later, at
the onset of the execution phase of
apoptosis, concurrently with DCm col-
lapse, poly (ADP-ribose) polymerase
cleavage, and DNA fragmentation. The
apoptogenic events of this commitment
phase are reversible if the strength of the
stimulus is low and of short duration.
(Blood. 2000;96:1030-1038)
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Introduction

Apoptosis or programmed cell death is a self-destruction process
characterized by stereotyped ultrastructural changes including
condensation of the nucleus and cytoplasm, membrane blebbing,1

and external display of phosphatidylserine, a signal for recognition
and engulfment of apoptotic cells by adjacent cells. In mammalian
cells, the onset of apoptosis correlates with the activation of a
family of cysteine proteases called caspases, which are constitu-
tively expressed as inactive zymogens in the cytosol. Caspases
constitute a potent machinery that cleaves crucial proteins of the
nucleus and the cytoskeleton after Asp residues, and thus induce
the phenotypic changes of apoptosis, including advanced chroma-
tin condensation and internucleosomal DNA fragmentation (re-
viewed in Cryns and Yuan2). Evidence from an increasing number
of experimental systems, using broad-spectrum caspase inhibitors,
however, supports the notion that programmed cell death can also
proceed in a caspase-independent manner, with stereotyped fea-
tures3-8 (reviewed in Borner and Monney9). For example, we have
previously shown that in activated T cells exposed to some
apoptotic inducers (anti-CD2 monoclonal antibody [mAb] or
staurosporine) in the presence of Z-VAD.fmk or BOC-D.fmk, cell
death occurs with only partial condensation of the chromatin and
without internucleosomal DNA fragmentation, but maintains many
other features of apoptosis, such as shrinkage of the cytoplasm and
the nucleus,DCm collapse, membrane blebbing, and externaliza-
tion of phosphatidylserine.6 Remarkably, the expression of the
adenovirus protein E4orfA in rodent fibroblasts induces apoptosis

without even activating caspase-3.7 The same is true for T
lymphocytes subjected to cross-linking of the human immunodefi-
ciency virus-1 (HIV-1) coreceptor CXCR4 by specific antibodies.10

Chicken erythrocytes exposed to staurosporine die from apoptosis
yet lack active proteases that cleave Z-VAD.afc, a classical caspase
substrate, suggesting that caspase activation may not be involved at
all in this system of cell death.11

The cellular mechanisms that account for caspase-independent
programmed cell death are still elusive. In most cells subjected to
an apoptotic insult in the presence of Z-VAD.fmk or BOC-D.fmk,
dissipation of the mitochondrial inner transmembrane potential
(DCm) is detected.3,6,7The loss ofDCm is mediated by opening of
the mitochondrial permeability transition (PT) pores12 and is
believed to be an early and irreversible event in the apoptotic
process.13 Caspase-unrelated death triggers or effectors might be
released from mitochondria concomitantly with this mitochondrial
dysfunction, thus triggering a caspase-independent cell death
pathway. One critical effector might be apoptosis-inducing factor
(AIF), a flavoprotein with striking homology with the reduced form
of nicotinamide adenine dinucleotide oxidoreductases.14 AIF re-
sides in the intermembrane space of mitochondria and is translo-
cated to the nucleus on opening of PT pores. When microinjected
into cells in the presence of Z-VAD.fmk, recombinant AIF induces
the same cellular changes as those observed during caspase-
independent cell death.14
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Universitaire de Bicêtre, Faculté de Médecine de Paris Sud.
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In most cells undergoing apoptosis, AIF may exert its apopto-
genic effects in concert with mitochondrial factors involved in
caspase activation, in particular with cytochrome c, a factor that is
translocated from the intermembrane space of mitochondria to the
cytosol after a death signal, and which, together with Apaf-1, dATP
and caspase-9, activates pro-caspase-3 (reviewed in Cryns and
Yuan2 and Wolf and Green15). A number of other intermembrane
space proteins are also released from mitochondria during apopto-
sis, including pro-caspase-9,16 pro-caspase-3,17 and the Hsp10 and
Hsp60 chaperons, which assist pro-caspase-3 activation by up-
stream proteases.18,19 Hence, an important issue is to know the
sequence of caspase-dependent and caspase-independent cellular
events that lead to the demise of cells during apoptosis. In activated
T cells exposed to anti-CD2 or staurosporine, both caspase-
dependent and a caspase-independent pathways of cell death are
triggered.6 In the present study, we sought to characterize the
ordering of cellular events that define the commitment phase of
apoptosis in these models. Progressive cell shrinkage and concomi-
tant increase in cell density occur early after apoptotic induction.20

This allows us to separate cells with increasing density, which
represent successive stages of the apoptotic process, on discontinu-
ous Percoll gradients.21 Using this approach, we exposed large
activated T cells to apoptosis-inducing stimuli, and thereafter
fractionated them according to density. In each fraction, we
monitored signs of apoptosis associated with mitochondrial alter-
ations such asDCm collapse, release of cytochrome c and AIF, as
well as signs of nuclear apoptosis such as chromatin condensa-
tion and DNA fragmentation. We also analyzed whether these
events depended on caspase activation. For comparison, the same
parameters were investigated in cells exposed to anti-CD95, a
stimulus that directly triggers a caspase cascade in peripheral T
lymphocytes.22

Materials and methods

Reagents

The CD2 mAb were GT2, T111, and D66.6 Anti-CD95 mAb (CH-11) was
from Immugenex Corp (Los Angeles, CA). Anti-PARP mAb (C2-10) was
purchased from Dr G. G. Poirier (Montreal University, Montreal, Quebec,
Canada). The mAbs recognizing the native form of cytochrome c (6H2.B4)
or its denatured form (7H8.2C12) were from PharMingen (Becton Dickin-
son, Le Pont de Claix, France). Anticytochrome oxidase subunit II mAb
(12C4-F12) was from Molecular Probes, (Interchim, Montluc¸on, France).
Antiactin rabbit serum was from Sigma (Saint Quentin Fallavier,
France). Rabbit anti-AIF was raised against a mixture of AIF peptides.14

Z-VAD.fmk (benzyloxycarbonyl-Val-Ala-Asp[Ome]-fluoromethyl ketone)
and BOC-D.fmk (Boc-Asp[Ome]-fluoromethyl ketone) were purchased
from Enzyme Systems Products (Dublin, CA).

T lymphocyte isolation, culture conditions, and induction
of cell death

Peripheral blood leukocytes were isolated from blood bank leukophoresis
packs obtained from healthy volunteers (Blood Transfusion Center of
Hôpital Saint Louis, Paris). After Ficoll-Isopaque density (d5 1.078)
gradient centrifugation, adherent cells were removed by incubation on
plastic dishes and passage over nylon wool columns. T lymphocytes
(6 3 106 in the wells of 6-well flat-bottomed plates; Nunc, Roskide,
Denmark) were stimulated for 4 to 5 days with the mitogenic GT21T111

CD2 mAb pair (2 µg/mL) plus 100 U/mL interleukin-2 (IL-2) (Roussel
Uclaf, Romainville, France). The death signals were given by T1111

D66 (2µg/mL), CH-11 (250 ng/mL), or staurosporine (0.1-0.5 µmol/L;
from Sigma).

Percoll gradients

The T cells were fractionated on discontinuous Percoll gradients (Pharma-
cia Biotech, Saclay, France). Six different concentrations of Percoll in
phosphate-buffered saline (PBS) 10% fetal calf serum (FCS) were used
(37.5%, 40%, 42.5%, 45%, 47.5%, and 60%). Fractions recovered at each
interface from the top to the bottom of the gradients were numbered F1 to
F5. The low buoyant-density F1 fraction, primarily constituted of dead
cells, was discarded.

Flow cytometric analyses of DCm and of phosphatidylserine
externalization

To evaluate changes in inner mitochondrial transmembrane potentialDCm,
cells were stained for 15 minutes at 37° with 40 nmol/L of the potential
sensitive fluorescent dye DiOC6 (3.38-diethyloxacarbocyanine) from
Molecular Probes. Phosphatidylserine externalization was detected by
staining the cells with annexin V-FITC from Euromedex (Souffelweyer-
sheim, France).

Hypodiploid cell assessment and microscopic detection
of chromatin condensation

Cells (53 105) were washed in PBS with 5.5 mmol/L glucose and fixed
overnight in ethanol (70% in water, at 4°C). Cells were then resuspended in
0.5 mL PBS containing 50 µg/mL propidium, 100 U/mL RNAse A (Sigma)
and incubated for 1 hour at room temperature. The DNA content of 104 cells
was monitored by cytofluorometry using a Coulter Epics profile II analyzer.
To assess chromatin condensation, cells were fixed with 3% paraformalde-
hyde and incubated for 10 minutes at room temperature with 5 µmol/L
48,6-diamino-2-phenylindole, dihydrochloride (DAPI, from Molecular
Probes). Cells were rinsed, resuspended in Mowiol mounting medium, and
analyzed by conventional (Leica Microsyste`mes, Rueil-Malmaison, France)
or confocal fluorescence microscopy.

Subcellular fractionation and immunoblotting

T cells (5-103 106) were washed twice in PBS and resuspended in 500 µL
of ice-cold extraction buffer23 containing 220 mmol/L mannitol, 68 mmol/L
sucrose, 50 mmol/L PIPES-KOH, pH 7.4, 50 mmol/L KCl, 5 mmol/L
sodium EGTA, 2 mmol/L MgCl2, 1 mmol/L dithiothreitol (DTT), and a
cocktail of protease inhibitors (from Boehringer Mannheim, Meylan,
France). After incubation on ice for 30 minutes, cells were homogenized
with 60 pestle strokes of a glass homogenizer (Polylabo, Strasbourg,
France). Unbroken cells and nuclei were pelleted by centrifugation at 760g
for 10 minutes at 4°C. The resulting supernatants were centrifuged at
10 000g for 15 minutes to yield S10 supernatants and pellets enriched in
mitochondria. The latter was resuspended in extraction buffer supplemented
with 1% Triton X-100. The S10 supernatants were further centrifuged at
100 000g for 1 hour and the final S100 supernatants were either used as
such or concentrated for 2 hours at 4°C on a 3 mw cut-off Centricon
apparatus (Amicon Bioseparation, Millipore, ST Quentin en Yvelines,
France). S100 and mitochondrial fractions were stored at280°C.

Immunoblot analyses

Five to 20 µg of S100 cytosolic extracts and 5 µg of mitochondrial extracts
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE; 12% polyacrylamide) and transferred onto a polyvinyl-
idene difluoride (PVDF) membrane (Immobilon-P, Millipore). After over-
night incubation in PBS containing 3% bovine serum albumin (BSA) and
0.1% Tween 20, the membranes were incubated for 2 hours at room
temperature with rabbit anti-AIF serum (1:2000 diluted), with anticyto-
chrome c (1:2000) or with anticytochrome c oxidase (1:500). The blots
were stripped by using a Western blot recycling kit (Euromedex) and
reprobed with antiactin (1:500). The immunoreactive proteins were visual-
ized by using horseradish peroxidase-coupled (HRP) goat antimouse IgG
(Amersham, Les Ulis, France) or HRP-conjugated sheep antirabbit IgG
(Biotest, BUC, France) and enhanced chemiluminescence detection system
(ECL kit, Amersham). To evaluate PARP cleavage, 33 105 cells were
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washed and solubilized in 10 µL Laemmli buffer. Cell lysates were then
subjected to 8% SDS-PAGE and electroblotted onto a PVDF membrane.
Blots were stained with anti-PARP (1:10 000) and revealed as above.

Confocal laser scanning microscopy analysis of cytochrome c
and AIF localization

Cells were fixed with 3% paraformaldehyde in PBS for 30 minutes at 4°C,
washed with PBS, and incubated with ClNH4 (50 mmol/L) before being
permeabilized with 0.05% Triton X-100 for 5 minutes at room temperature.
After 3 washings, the cells were incubated for 1 hour at 4°C with rabbit
anti-AIF and with mouse anticytochrome c, respectively, diluted at 1:200
and 1:100 in PBS supplemented with 0.5% BSA and 2% FCS. The cells
were stained with fluorescein isothiocyanate (FITC)-conjugated AffiniPure
goat antirabbit IgG and tetrarhodamine isothiocyanate (TRITC)-conjugated
AffiniPure donkey antimouse IgG from Jackson Immunoresearch Laborato-
ries (Immunotech, Luminy-Marseille, France). For localization of mitochon-
dria, the cells were loaded with the mitotracker CMXRos red dye
(Molecular Probes) before fixation, permeabilization, and labeling with the
desired FITC-conjugated AffiniPure antibodies. Cells were examined using
a CLSM confocal microscope (Leica).

Field inversed gel electrophoresis (FIGE)

One percent agarose plugs containing 13 106 cells were digested with
proteinase K (0.5 mg/mL) at 37°C for 48 hours in the presence of 0.5 mol/L
EDTA and 10 mg/mL lauroyl sarcosine. This step was followed by
electrophoresis for 24 hours in 1% agarose gels using a FIGE mapper
equipment from Bio-Rad Laboratories (Ivry Sur Seine). The gels were run
for 24 hours in 0.53 TBE buffer (pH 8.3) at 170 V with a ramping rate
changing from 5 to 15 seconds. Molecular weight standards (midrange PFG
marker I) were purchased from Biolabs (Ozyme, Montigny le Bretonneux).

Results

Fractionation according to density of activated T-cell
populations exposed to CD2 apoptotic signaling:
definition of a commitment phase of apoptosis
and comparison with anti-CD95-treated T cells

Within 2 hours following the receipt of CD2 apoptotic signal, in
vitro activated T cells begin to shrink without losing membrane
integrity and without exposing phosphatidylserine. Previous stud-
ies have determined that full-blown apoptosis occurs later, yielding
after 4 hours approximately 30% to 40% apoptotic cells (with low
DCm), which rapidly become permeable to trypan blue.6 These
observations led us to postulate that the first 2 hours of CD2
stimulation corresponded to a commitment phase and that initiation
of cell shrinkage was one of the events characterizing commitment
to apoptosis. A starting population of large activated T cells,
homogeneous in terms of cell size, was isolated as F2-I cells in the
low buoyant density fraction of a discontinuous density Percoll
gradient. This F2-I cell population was then exposed for 2 hours to
CD2 apoptotic signaling and, after extensive washing, fractionated
on a second Percoll gradient into 5 fractions (F2-II to F5)
displaying progressive increase in density and progressive decrease
in cell volume (Figure 1A) and forward side scatter (Figure 1D).
Control F2-I cells that had not been exposed to apoptotic insult
remained at the low buoyant density level of the secondary
gradients. Immediately after fractionation, most cells were viable
as assessed by trypan blue exclusion and morphologic examina-
tion. When replaced for 16 hours in medium containing IL-2, large
cells of the F2-II fraction remained viable, whereas in the
subsequent fractions, increasing proportions of cells underwent
apoptosis, yielding 356 11% dead cells in F3, 586 9% in F4,
and816 7% in F5. The carry-over of residual anti-CD2 mAb did

not account for cell death because subjecting F2-I cells to a short
acid pulse (pH 3, 1 minute on ice), at the end of the signalization
period, removed all residual membrane-bound CD2 antibodies but
did not modify the number of cells recovered in each fraction, nor
the rate of cell death occurring thereafter (not shown). This
indicated that the apoptotic process was launched despite interrup-
tion of the apoptotic insult. Kinetic experiments, carried out to
examine the distribution of anti-CD2-treated cells in the gradient
fractions over time (Figure 1B), strongly supported the notion that
F3 and F4 cells were intermediary between F2 and F5 cells. The

Figure 1. Fractionation of T cells after apoptotic induction. Activated T-cell
populations exposed for 2 hours to CD2 or CD95 apoptotic induction and fractionated
according to density on discontinuous Percoll gradients give rise to fractions
progressively enriched in cells committed to apoptosis. (A) Homogeneous popula-
tions of large activated T cells (F2-I) obtained from the low buoyant density fractions
of a first primary Percoll gradient were exposed for 2 hours to CD2 mAb (D66 1T111,
2 µg/mL) and were then fractionated again on secondary Percoll gradients to yield
fractions F2-II, F3, F4, and F5 with decreasing cell volumes. Columns are mean cell
volumes 6 SD of determinations performed in 3 different experiments, as measured
by using a Coulter counter and a channelyser. V---V indicates percent dead cells in
the fractionated cell populations 2 hours after apoptotic induction, just after their
recovery from the gradients, as assessed by trypan blue uptake and cell morphology
(n 5 40); s---s, percent dead cells in fractionated cell populations replaced after
washing in culture for 18 hours in IL-2 containing medium (n 5 10); d---d, percent
dead cells in cells exposed to 50 µmol/L BOC-D.fmk during apoptotic induction and
during subsequent culture in IL-2 containing medium (n 5 3); m---m, percent dead
cells similarly exposed to 50 µmol/L Z-VAD.fmk. Values are means 6 SD. (B)
Activated (F2-I) T cells exposed for various periods of time to anti-CD2 mAb. At each
time point, the percentages of cells recovered in the F2-II (h---h), F3 (d---d), F4
(n---n), and F5 (s---s) Percoll fractions were estimated. It is seen that the
percentages of F2-II cells progressively decreased within 2 hours, whereas the
percentages of F3, and to a lesser extent, those of F4 and F5 cells concomitantly
increased. After 3 hours, the percentages of F2-II cells were stabilized, but a further
rise in F5 cells occurred at the expense of F3 and F4 cells. (C) Fractionation of F2-I
cells treated for 2 hours with an anti-CD95 at 250 ng/mL (n 5 10). Symbols are the
same as in panel A. Cells treated in parallel with 50 µmol/L BOC-D.fmk did not shrink
and were therefore recovered in majority in the low buoyant fraction (F2-II) of the
secondary Percoll gradients (d). (D) Forward scatter (FSC) analysis showing the
reduction of cell size from F2-II to F5. Numbers refer to the mean forward scatter.
SSC, side scatter.
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presence of BOC-D.fmk or Z-VAD.fmk (50 µmol/L, to target most
caspases) during the entire experimental procedure did not alter the
distribution of condensed cells along the density gradients nor the
percentages of cells committed to death in each fraction. Thus, the
successive cell populations recovered from Percoll gradients after a
short period of CD2 apoptosis induction were progressively
enriched in cells committed to caspase-independent death. In the
F2-I population subjected to CD95 ligation for 2 hours, the
fractionation procedure gave rise to cells mostly committed to
death, irrespective of their density. As expected, anti-CD95-
induced cell death was strongly inhibited by the caspase inhibitor
BOC-D.fmk (Figure 1C).

Partial chromatin condensation precedes DCm collapse, PARP
cleavage activity, and large scale DNA fragmentation
in anti-CD2 treated cells

Using the lipophilic cationic fluorochrome DiOC6(3), which local-
izes to mitochondria as a consequence ofDCm, we observed that
the vast majority of cells in fractions F2-II to F4 exhibited, 2 hours
after CD2 apoptotic induction, a high mitochondrial transmem-
brane potential, similar to that of the starting F2-I population. F5
was the sole fraction displayingDCm collapse (with only about
45% DiOC6

3highcells versus about 88% in control F2-I, Figure 2A).
As previously reported,6 the loss ofDCm in this fraction was
caspase-independent (not prevented by BOC-D.fmk, Figure 2B).
From F2-II to F4, there was no significant generation of hypodip-
loid cells and in cells exposing phosphatidylserine on their surface.
A small increase in the percentages of hypodiploid cells and
annexin V1 cells was, however, observed in F5 (Figure 2A,C).

Because no proteolytic cleavage of the nuclear PARP into its 85-kd
signature fragment (mainly performed by caspase-3 and caspase-
7)24 was detected from F2-II to F4, whereas it was detected in F5
(Figure 2D), one can conclude that the caspase cascade was not
activated until F5. By comparison, all fractionated cell populations
recovered 2 hours after CD95 cross-linking displayed PARP
cleavage and most of them had lost their mitochondrial transmem-
brane potential. In activated T lymphocytes, caspase-8 is, in fact,
very rapidly recruited to the death-inducing signaling complex
(DISC) on CD95 ligation.22 This indirectly causes mitochondrial
damage and cytochrome c release through the cleavage and
activation of the death agonist BID.25,26

One striking nuclear change observed in the fractionated cell
populations generated 2 hours after CD2 apoptotic signaling was
progressive chromatin condensation, starting from F3. Thus,
36 6 15% cells with condensed chromatin were scored in F3 by
DAPI staining, 516 12% in F4, and 956 9% in F5 (versus about
5% in F2-I, n5 3). Ultrastructural examination of the fractionated
cell populations (Figure 3) gave a more precise insight into nuclear
morphology, indicating that 45% F3 cells and approximately 64%
F4 cells had their heterochromatin condensed in discrete clumps
abutting the nuclear membrane, whereas more condensed chroma-
tin was seen in F5 cells. The presence of 50 µmol/L BOC-D.fmk
during apoptosis signaling did not affect the partial chromatin
condensation detected in F3 and F4 cells. This caspase inhibitor,
however, prevented the advanced chromatin condensation detected
in F5. Moreover, BOC-D.fmk inhibited all signs of nuclear
apoptosis in anti-CD95-treated cells. We wondered whether large-
scale chromatin fragmentation, which precedes internucleosomal
fragmentation,27 would coincide with the chromatin condensation
seen in the CD2 system. However, no cleavage of DNA could be
detected by FIGE from F2-II to F4 fractions of anti-CD2-treated
cells, whereas cleavage to large kilobase pair sized fragments (50
kbp) was generated in F5 (Figure 4A). BOC-D.fmk inhibited the
formation of these fragments (Figure 4B), corroborating the notion
that large-scale DNA fragmentation may, in certain models, strictly
depend on upstream caspase activity.28,29

On the whole, it appears that in the CD2 apoptotic system, the
commitment phase to apoptosis, represented by F3 and F4 cells, is
characterized by a reduction in cell size and by partial chromatin
condensation, both being caspase independent. The subsequent
execution phase of apoptosis is represented by frankly shrunken F5
cells, an important proportion of which displays caspase-
independentDCm loss and caspase-dependent nuclear events such
as advanced chromatin condensation, large-scale DNA fragmenta-
tion, and PARP cleavage. In our experimental conditions, the
execution phase was already at work in F2-II cells generated after
CD95 signaling, as evidenced by the earlyDCm loss affecting the
majority of cells, and by PARP degradation. These events preceded
cell shrinkage and advanced chromatin condensation, because only
about 27% of F2-II cells displayed chromatin condensation, and
this at a rather low extent (Figure 3).

Subcellular redistribution of AIF but not cytochrome c during
the commitment phase of CD2-induced apoptosis

Subcellular fractionation of F3 to F4 cells (pooled to gain sufficient
material), followed by immunoblot detection, did not allow detec-
tion of significant mitochondrial release of cytochrome c (Figure
5A), even when the S100 cytosolic extracts were concentrated up
to 4-fold (data not shown), demonstrating the exclusive mitochon-
drial localization of cytochrome c in those cells. Adequacy of the
subcellular fractionation procedure was assessed by using an

Figure 2. Apoptotic alterations among the fractionated cell populations of
activated T lymphocytes recovered 2 hours after their exposure to CD2 and
CD95 apoptotic stimuli. (A) j---j indicates percent cells with high DCm as
measured in each fraction with DIOC6

3; ,---,, percent cells with condensed nuclei
as visualized by DAPI staining; h---h, percent hypodiploid cells; m---m, percent
annexin-V-positive cells. Values are means 6 SD of 20 determinations in the CD2
apoptotic system and of 10 determinations in the CD95 system. B) Effect of 50 µmol/L
BOC-D.fmk on the occurrence of DCm disruption in F5 cells of the CD2 system and in
F2-II cells of the CD95 system. Data shown are representative of 3 different
experiments. (C) Propidium iodide staining of DNA from ethanol-permeabilized cells.
Values indicate the percentages of hypodiploid cells (linear scales are represented).
(D) Total lysates of 5 3 105 cells were analyzed by Western blot using an anti-PARP
mAb. Experiments are representative of 6 independent determinations.
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anticytochrome oxidase mAb. In anti-CD95-treated cells, ther-
elease of cytochrome c into the cytosol already occurred in F2-II.
We also examined by this technique whether mitochondrial AIF
was released into the cytosol, using a rabbit antiserum to AIF. The
specificity of anti-AIF detection was assessed in whole cell lysates
by comparison with the preimmune serum obtained from the same
rabbit (Figure 5B). Two forms of AIF were apparently recognized
by the anti-AIF serum in SDS-PAGE analysis, one with an apparent
67-kd molecular mass, which corresponded to the migration of
recombinant AIF (Figure 5C), and the other with an apparent 57-kd
molecular mass. Detection of both forms was strongly attenuated

by preincubating the anti-AIF serum with a cocktail of AIF-derived
peptides (Figure 5B). The molecular mass of recombinant AIF,
deduced from the cDNA incoding AIF14 and confirmed by mass
spectrometry (not shown), is 57 kd. Its apparent higher molecular
weight detected in SDS-PAGE may be due to ionic interaction with
the gel matrix, as shown for another ferredoxin oxidoreductase.30

Variations in the isoelectric points of AIF molecules might account
for the differential migration patterns in SDS-PAGE. After CD2
apoptotic signaling, AIF was detected in the cytosol of pooled F3 to
F4 cells but not in the cytosol of control F2-I cells or of F2-II cells.
Data not shown indicated that the mitochondrial extracts from F3 to
F4 cells still contained AIF. These data suggested that at least part
of AIF was released from mitochondria during the commitment
phase of apoptosis in anti-CD2-treated cells, whereas cytochrome c
was retained in these organelles. In F2-II cells from anti-CD95-
treated cells, which served as positive controls, both cytochrome c
and AIF were released into the cytosol.

The respective cellular localizations of cytochrome c and AIF
were further examined by laser scanner confocal microscopy in
anti-CD2-treated cells that were simultaneously labeled with
anti-cytochrome c and anti-AIF. The immunostaining of untreated
F2-I cells demonstrated a punctate staining pattern for cytochrome
c that matched the staining of AIF, consistent with the localization
of these molecules in mitochondria (Figure 6A, B). This was
confirmed by loading the cells with Mitotracker Red CMXRos,
which localizes to mitochondria, and by staining cytochrome c or
AIF in green. In this case, the punctate red staining pattern of
CMXRos perfectly matched that of cytochrome c or AIF (not
shown). After CD2 apoptotic signaling, cytochrome c remained in
the mitochondria of all fractionated populations except F5 in which
a diffuse distribution pattern throughout the cytosol was observed,
even when apoptotic induction was performed in the presence of
BOC-D.fmk or of Z-VAD.fmk (to ensure that most caspases would
be inhibited; Figure 6C). In contrast, AIF was translocated earlier,
as deduced from the diffuse anti-AIF staining already exhibited by
the large majority ($ 95%) of F3 cells but not by F2-II cells, not
committed to death. In some F3 cells, AIF was detected in the
cytosol and to a lesser extent in the nucleus, whereas in F4 and F5
cells, it was detected equally well in the cytosol and the nucleus,
consistent with the translocation of AIF through the cytosol toward

Figure 4. DNA cleavage. (A) Large-scale DNA fragmentation does not occur in F3
and F4 cells committed to apoptosis after CD2 apoptotic induction but does occur in a
BOC-D.fmk inhibitable manner. (B) F5 cells entered the execution phase. Genomic
DNA from 2 3 106 cells of each Percoll fraction was analyzed by pulse-field gel
electrophoresis.

Figure 3. Ultrastructural changes occurring in the fractionated cell populations
recovered 2 hours after apoptotic induction. (A) Sizeable proportions of activated
T cells sedimenting in the F3 and F4 fractions of Percoll gradients after CD2 signaling
display partial chromatin condensation. F2-I cells were exposed for 2 hours to
anti-CD2, fractionated on density Percoll gradients, and examined by electron
microscopy. Values inside the brackets are the percentages of cells displaying the
same morphology as that represented in the pictures. (Bi) In the CD2 system, the
presence of BOC-D.fmk (50 µmol/L) during apoptotic induction does not prevent the
appearance of F5 cells with partial chromatin condensation, contrasting with the
strong condensation seen in F5 cells generated in the absence of caspase inhibitor.
(Bii) Cells treated with anti-CD95 in the presence of BOC-D.fmk retain a normal
nuclear morphology and are still recovered in the low buoyant density fraction of
Percoll gradients (at the level of F2-II).
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the nucleus.14 The increased intensity of anti-AIF staining after
release from mitochondria may reflect a better accessibility of the
antigens recognized by the AIF antiserum because no increase in
the total amount of AIF could be detected by Western blot analysis
in any cell lysate, when compared to the lysates of control F2-I
cells (not shown). As observed for cytochrome c, BOC-D.fmk and
Z-VAD.fmk had no effect on AIF redistribution (Figure 6C),
indicating that this was a caspase-independent phenomenon. On the
whole, the release of AIF from mitochondria is an early and
apparently selective event because it occurs before the release of
cytochrome c.

Volume cell loss, partial chromatin condensation, and release
of AIF may be reversible at an early stage of
caspase-independent cell death commitment

When added to large F2-I cells, 250 nmol/L staurosporine pro-
voked within 2 hours the shrinkage of 70% or more of the cells in a
caspase-independent manner (not prevented by BOC-D.fmk, not
shown). When recovered in the high buoyant density fraction of
Percoll gradients, those cells were similar in many aspects to the F4

cells generated after CD2 apoptotic insult: about half of them were
committed to apoptotic death as determined by subsequent culture
in IL-2-containing medium, but most displayed highDCm, moder-
ate chromatin condensation, and diffuse immunostaining of AIF
spread into the cytoplasm and the nucleus, contrasting with the
punctate immunostaining of cytochrome c. Noteworthy, in both the
CD2 and the staurosporine systems, the release of AIF from
mitochondria was not necessarily correlated with cell death. For
example, although at least 95% of F3 and F4 cells generated during
CD2 apoptotic induction exhibited a diffuse immunostaining of
AIF, only part of them (respectively, about 37% and about 50%)
died in subsequent culture, suggesting that the apoptogenic factor
AIF was degraded or held in check in the surviving cells. To study
this aspect more in detail, we sought to obtain an homogenous
population of cells just engaged in the commitment phase of
apoptosis, assuming that a weak and brief apoptotic insult would
induce AIF release, without causing cell death. This possibility was
examined in staurosporine-treated cells, which allows control of
the strength of the apoptotic stimulus. When activated T lympho-
cytes (F2-I cells) were exposed to only 100 nmol/L staurosporine
for 2 hours, they shrunk and displayed partial condensation of their
chromatin, events that were not inhibited by BOC-D.fmk (Figure
7A). The shrunken cells sedimented in the F4 and F5 fractions of
Percoll density gradients, displayed a high mitochondrial transmem-
brane potential (826 5% DiOC6(3)high cells for F4 and 706 5%
DiOC6(3)high cells for F5, n5 13), had intact DNA as assessed by
FIGE (Figure 7B), and lacked PARP cleaving activity (not shown).

Figure 5. Mitochondrial AIF is released into the cytosol before cytochrome c in
activated T cells subjected to CD2 apoptotic induction. (A) Cytosolic and
mitochondrial extracts (5 µg) were prepared from cell populations that have been
fractionated on Percoll density gradients after a 2-hour apoptotic induction with
anti-CD2 or with anti-CD95. F3 and F4 cells were pooled to gain sufficient material.
Total cell lysates were obtained from control activated F2-I cells. Immunoblots were
probed with anticytochrome c (Cyt.c), with anticytochrome c oxidase subunit II
(Cyt.c.ox.II) to detect the presence of mitochondrial material, or with antiactin to
monitor protein loading in cytosolic extracts. (B) Specificity of AIF detection by
immunoblot analysis. Total lysates of 5 3 105 activated T cells (F2-I) were probed with
a preimmune rabbit serum (lane 1), or with a rabbit AIF antiserum (lane 2), or with the
same AIF antiserum preincubated for 2 hours at 4°C under agitation with 1 mmol/L of a
mixture of immunogenic AIF-derived peptides (amino acids 151-170, 166-185,
181-200). (C): Immunoblot analysis of cytosolic extracts from anti-CD2 and anti-CD95
treated cells by using AIF antiserum. Recombinant AIF (5 ng) and total cell lysates (5
µg) were used as positive controls. Data are representative of 5 experiments.

Figure 6. Differential subcellular localization of cytochrome c and AIF during
the commitment phase of anti-CD2-induced apoptosis as visualized by confo-
cal immunofluorescence microscopy. (A) In F3 and F4 cells, the punctate
cytosolic distribution pattern of cytochrome c differs from the diffuse staining pattern
of AIF throughout the cytosol and the nucleus. (B) A microscopic field displays several
F3 cells to show that most of them exhibit a differential distribution pattern for AIF and
for cytochrome. (C,D) The presence of BOC-D.fmk or Z-VAD.fmk (50 µmol/L) during
apoptotic induction and Percoll fractionation does not prevent the mitochondrial
release of cytochrome c and AIF in F5 cells.
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Confocal laser scanning microscopy revealed that AIF had lost its
punctate mitochondrial distribution and had been translocated to
the cytosol and the nucleus, whereas cytochrome c was still
retained in the mitochondria (Figure 7C). When washed and
replaced in IL-2-containing medium, F4 and F5 cells did not
undergo accelerated apoptosis as compared to control F2-I cells (a
result of 6 different experiments). On the contrary, they dilated and
recovered within 24 hours a normal size, and they continued to
incorporate tritiated thymidine (70 8006 7308 cpm in F4 and
47 6346 7798 cpm in F5 versus 66 7116 10 726 in F2-I; mean6
SD of 3 experiments). The chromatin was no longer condensed
(Figure 8A), and AIF immunostaining tended to regain a punctate
distribution pattern, indicative of mitochondrial localization (Fig-
ure 8B). It therefore appears that the initial apoptogenic events
triggered during the caspase-independent commitment phase to
apoptosis in activated T lymphocytes may be reversible, provided
the strength of the apoptotic stimulus is weak. Rescue mechanisms
may be operative, in particular those that degrade AIF and repair
the DNA alterations responsible for chromatin condensation.

Discussion

This study was aimed at deciphering the ordering of caspase-
dependent and caspase-independent apoptogenic events that are
triggered in activated T lymphocytes, using as apoptotic inducers
anti-CD2 mAb and staurosporine. The latter stimulus was in
particular suitable for analyzing the relationship between the
strength of apoptotic induction and the ensuing events. We have set

up a system based on the isolation, according to density, of T cells
progressively engaged in the apoptotic process. This allowed us to
demonstrate that the commitment phase to apoptosis in the models
investigated was caspase independent and that it was characterized
by cell shrinkage, partial chromatin condensation, and transloca-
tion of AIF to the cytosol and the nucleus. The notion of
commitment as such was deduced from the propensity of the cells
to undergo accelerated cell death in culture, after removal of the
apoptotic stimulus. Release of cytochrome c from mitochondria
occurred at a more advanced stage of apoptosis, concurrently with
DCm collapse and PARP cleavage activity, indicating that the cells
had entered the execution phase of apoptosis. We have also
demonstrated that the initial events of the commitment phase were
reversible at low apoptotic insult.

Most T lymphocytes located in the commitment phase of
apoptosis displayed a high mitochondrial inner membrane poten-
tial. SignificantDCm loss was only detected after 1 to 2 hours of
further culture (not shown). Yet a mitochondrial response was
detected during commitment to apoptosis, which consisted in the
caspase-independent translocation of AIF from the intermembrane
space of mitochondria to the cytosol and the nucleus. This release
was selective because cytochrome c was retained in the mitochon-
dria of the very same cells as examined by laser scanning confocal

Figure 7. Characteristics of activated T cells subjected for 2 hours to 100
nmol/L staurosporine. (A) The ultrastructural changes seen in pooled F4 and F5
cells treated with staurosporine (STS), that is, cell shrinkage and partial chromatin
condensation, persist in the presence of BOC-D.fmk. (B) Absence of large-scale DNA
fragmentation in F4 and F5 cells contrasting with the approximate 50-kbp sized
fragments seen in the F5 fraction of the CD2 system. 1, F2-I; 2, F4; 3, F5; 4, F5
generated after a 2-hour exposure to anti-CD2 (positive control). (C) Confocal
immunofluorescence analysis of the localization of cytochrome c and AIF demonstrat-
ing that only mitochondrial AIF has been translocated to the cytosol and the nucleus.

Figure 8. Reversibility of the morphologic alterations and of mitochondrial AIF
release induced at low apoptotic insult. (A) F2-I cells that have been treated with
100 nmol/L staurosporine (STS) for 2 hours were washed and cultured for 24 hours in
IL-2-containing medium. The electron micrographs show that the shrunken cells with
partially condensed chromatin generated after 2 hours of apoptotic induction recover
within 24 hours a normal aspect provided staurosporine is removed. (B) Confocal
microscopy analysis showing that AIF tends to recover a punctated mitochondrial
localization 24 hours after the removal of staurosporine (compare with Figure 7C).
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microscopy and Western blot analysis. Therefore, the initial
mitochondrial release of AIF appears not to be dependent on the
overall release of intermembrane proteins, as is the case for
apoptotic cells with swollen mitochondria, the outer membranes of
which can be physically disrupted.31 Instead, the lymphocytes that
have entered the apoptotic pathway possessed mitochondria that
were structurally intact as viewed by electron microscopy. That
AIF was released without occurrence of the major mitochondrial
perturbation represented byDCm collapse is at odds with previous
studies.14,32 However, mitochondrial dysfunction, due to subtle
changes inDCm (not detectable by standard methods), may
account for the mitochondrial release of AIF in T cells committed
to apoptosis. Such subtle changes have been detected in isolated
mitochondria incubated with Bax, a proapoptotic member of the
Bcl-2 family.33 Usually, insertion of Bax at µmol/L concentrations
into isolated mitochondria results inDCm collapse and in cyto-
chrome c release,34,35events that are associated with the interaction
of Bax with components of the mitochondrial PT complex.35-37

However, Pastorino and coworkers33 have shown that at nmol/L
concentrations, Bax does not induce detectable mitochondrial
depolarization. Yet, several mitochondrial intermembrane space
proteins are released (although not completely), including cyto-
chrome c and adenylate kinase.33 This release is due to transient
and nonsynchronous opening and closing of the PT pores of a
fraction of mitochondria, hardly detected by standard methods, but
readily detected by using the cyclosporin A-sensitive release of
preloaded calcein. Such a scenario may well occur in the mitochon-
dria of intact cells because Bax moves from cytosol to mitochon-
dria after a death signal.38 Not only would this scenario help in
reconciling the opposite points of view existing in the literature
about the temporal relationship between cytochrome c release and
DCm loss (see the review by Bernardi et al39), but it could also
explain why AIF is released from mitochondria of cells with high
DCm. However, if such were the case, the question remains of the
reason why AIF and cytochrome c were not translocated simulta-
neously in the lymphocytes committed to apoptosis. This important
question awaits elucidation.

The partial condensation of the chromatin observed in the
nuclei of the lymphocytes committed to apoptosis was caspase
independent, allowing us to discard the intervention of caspase-
activated factors involved in chromatin condensation, namely
caspase-activated DNAse (CAD),40 caspase-6,41 and the nuclear
factor acinus.42RecombinantAIF directly causes chromatin conden-
sation in isolated nuclei, and microinjected AIF antiserum prevents
the nuclear effects (peripheral chromatin condensation and diges-
tion of chromatin into 50-kbp fragments) induced by staurosporine
in intact cells.14 Released endogenous AIF might therefore account
for chromatin condensation in the lymphocytes committed to death
of our system. Note that cleavage of DNA into 50-kbp fragments
was not detected in these lymphocytes, unless they had entered the
execution phase of apoptosis cells. But in this case, caspase activity
was clearly upstream of large scale DNA fragmentation, in line
with other cell models.28,29 It is possible that in situ the effects of
released AIF might be subjected to cell type-specific regulation
mechanisms with regard to chromatin condensation and DNA
fragmentation, and that caspases may be differentially involved in
these effector events. The causal relationship between the mitochon-
drial release of AIF and the early nuclear manifestations of
apoptosis in activated T lymphocytes remains to be established. As
to volume loss induced by apoptotic inducers, it is believed to be
tightly linked to enhanced K1 efflux.43 Shrunken lymphocytes

display both decreased intracellular [K1] and caspase-dependent or
independentDCm loss.44,45However, in the committed cells of our
study, the overall mitochondrial transmembrane potential was
normal. It would be interesting to measure [K1] in these popula-
tions and establish the temporal relationship between the expected
K1 efflux and the release of AIF, the sole indication thus far of
mitochondrial perturbation in our determinations.

A most striking result observed in this study was the rever-
sibility of cell shrinkage, of chromatin condensation, and of
mitochondrial release of AIF, provided the strength of the stimulus
was low and its application of short duration. After cessation of
apoptotic insult, cells pretreated with 100 nmol/L staurosporine for
2 hours recovered a normal morphology within 18 hours in
proliferated as well as control cells. AIF was no longer present in
the cytosol and the nucleus, but instead was primarily localized in
mitochondria, as visualized by confocal microscopy. When higher
concentrations of staurosporine were used (250-500 nmol/L for 2
hours), the vast majority of shrunken cells displayed a diffuse
distribution pattern of AIF throughout the cytosol and the nucleus,
but only half of them were committed to death. Similarly, in most
F3 and F4 cells of the CD2 system, AIF exhibited a uniform
cellular distribution but important proportions of those cells
survived after removal of anti-CD2 mAb. This suggests that rescue
mechanisms were counteracting the death process and that at low
apoptotic insult they were able to save a majority of cells, whereas
at higher (or prolonged) apoptotic insult they became over-
whelmed. The fact that released AIF had disappeared from the
cytosol of saved cells also suggests that AIF was rapidly degra-
dated. Some recent studies have demonstrated that the cytochrome
c release46,47 and the initial collapse ofDCm occurring in certain
cell death-inducing conditions48,49may be reversible. In our setting,
the reversal of chromatin condensation and of cell shrinkage further
emphasize the diversity of repair mechanisms (still to be investi-
gated) within the different compartments of cells committed
to apoptosis.

In the lymphocytes of our study,DCm loss and mitochondrial
cytochrome c release were coincident with the entry in the
execution phase of apoptosis as evidenced by PARP cleavage
activity. Both apoptogenic events still occurred in the presence of
BOC-D.fmk or Z-VAD.fmk. They could be followed, in these
conditions, by an entirely caspase-independent cell death process.6

It is now admitted that when caspase activity is not inhibited,
multiple interconnected amplification loops, either caspase-
dependent or caspase-independent, are involved in most apoptotic
models, including CD95-induced apoptosis.50,51 In our attempt to
define the ordering of caspase-dependent and caspase-indepen-
dents apoptogenic events that are triggered in T lymphocytes by
signals that do not rely on the ‘‘death receptors’’ of the tumor
necrosis factor-receptor family, we have characterized a caspase-
independent commitment phase to apoptosis. These data might
apply to the caspase-independent cell death triggered in CD41 T
lymphocytes via the coreceptor of HIV-1, namely CXCR4,10 and
by HIV-1 infection.52 In addition, the notion of reversible commit-
ment to apoptosis might help developing strategies to prevent
undesired cell death.
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