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Binding of either ligand or agonistic antibodies to the death receptor CD95 (APO-1/Fas) induces the
formation of the death-inducing signaling complex (DISC). We now show that signal initiation of CD95 in type
I cells can be further separated into at least four distinct steps. (i) The first step is ligand-induced formation
of CD95 microaggregates at the cell surface. (ii) The second step is recruitment of FADD to form a DISC. This
step is dependent on actin filaments. (iii) The third step involves formation of large CD95 surface clusters. This
event is positively regulated by DISC-generated caspase 8. (iv) The fourth step is internalization of activated
CD9Y5 through an endosomal pathway. The latter step is again dependent on the presence of actin filaments.
The data indicate that the signal initiation by CD95 is a complex process actively regulated at various levels,
providing a number of new drug targets to specifically modulate CD95 signaling.

CD95 (APO-1/Fas) is the best-studied member of the death
receptor family (26). We previously demonstrated that CD95
oligomerizes upon triggering, forming sodium dodecyl sulfate
(SDS)-stable microaggregates on SDS-polyacrylamide gel elec-
trophoresis (PAGE) (11). This activated receptor recruits the
adapter molecule FADD and the initiator caspase 8 to form
the death-inducing signaling complex (DISC) (11). Recently,
Siegel et al. (37) refined this model by showing that unstimu-
lated CD95 exists as preassociated complexes, and they and
others (10, 24) confirmed the initial observation of the forma-
tion of SDS-stable aggregates by stimulated CD95 (11). In
addition, CD95 has been reported to form clusters at the cell
surface in a ligand-dependent fashion either late (43) or, in two
other reports, very early (6, 9) after receptor triggering. The
relationship between or the kinetic order of all these events—
preassociation, formation of SDS-stable microaggregates, for-
mation of the DISC, and the appearance of higher-order re-
ceptor clusters, as seen by immunofluorescence microscopy—is
unknown.

We have previously described two different CD95 apoptosis
pathways (32). In type I cells, caspase 8 is recruited to the
DISC, resulting in release of active caspase 8 in quantities
sufficient to directly activate caspase 3 (40). However, in type II
cells, despite similar expression levels of surface CD95 and
signaling molecules, formation of the DISC is so inefficient
that only very small quantities of caspase 8 are generated at the
cell surface. This amount of caspase 8 is insufficient to process
caspase 3, but sufficient to cleave the BH3-only protein Bid (13,
16, 19), resulting in the apoptogenic activation of mitochon-
dria. Therefore, the execution of apoptosis can be inhibited by
overexpression of Bcl-2 or Bel-x; only in type II cells (32).
Recently, a number of transgenic and knockout studies have
provided evidence for the existence of the two pathways in vivo
(14, 17, 30, 41, 48, 49). In all cases, CD95 apoptosis execution
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of thymocytes and peripheral T cells was independent of mi-
tochondria, identifying them as type I cells, whereas the liver
was found to be a type II tissue that requires the mitochondrial
branch of the CD95 pathway to apoptose.

We now show that the efficient formation of the DISC found
in type I cells precedes formation of CD95 surface clusters and
that clustering is dependent on DISC-generated active caspase
8. We also demonstrate for the first time that during CD95-
mediated apoptosis, the CD95-CD95L complex is internalized
through an endosomal pathway. The data allow us to distin-
guish four sequential early signaling events of CD95: (i) ligand-
induced formation of receptor microaggregates, (ii) actin-de-
pendent assembly of the DISC, (iii) caspase 8-dependent
formation of higher-order surface receptor clusters, and (iv)
actin-driven receptor internalization. The data indicate that
expression of the surface CD95 receptor and of DISC signaling
molecules enables cells to produce small quantities of active
caspase 8 at their ligated receptor. However, formation of a
DISC that generates large quantities of caspase 8, character-
istic of type I cells, and internalization of the activated recep-
tor-ligand complex require actin filaments.

MATERIALS AND METHODS

Cell lines. The B-lymphoblastoid cell line SKW6.4, the pre-B-cell line Boe®
(8), the T-cell line HY, and K50, a full-length human CD95-expressing transfec-
tant of the Burkitt’s lymphoma BL-60 (11), were cultured in RPMI 1640 sup-
plemented with 10% fetal calf serum (FCS), 2 mM glutamine, 100 U of penicillin
per ml, and 100 pg of streptomycin per ml and maintained in 5% CO, at 37°C.
SKWG6 cells transfected with vector control or Bcl-2 were cultured as described
elsewhere (32). The Burkitt’s lymphoma BJAB transfected with vector control or
FADD-DN (C-FADD) was generated as described previously (35) and cultured
in 10% FCS-RPMI 1640 containing 1 mg of G418 per ml. The mouse fibroblast
cell line L929 (clone 430) stably transfected with full-length CD95 (29) was
maintained in 10% FCS-RPMI 1640 containing 10 mM HEPES and 500 g of
hygromycin B per ml. The MCF7-Fas cells were maintained in 10% FCS-RPMI
1640 containing 200 pg of G418 per ml and 150 pg of hygromycin B per ml.
Unless otherwise stated in the figure legends, adherent cells were detached by
trypsination.

Antibodies and reagents. The monoclonal antibody against FADD was pur-
chased from Transduction Laboratories (San Diego, Calif.). The rabbit poly-
clonal anti-CD95 (C20) and horseradish peroxidase (HRPO)-conjugated goat
anti-rabbit immunoglobulin G (IgG) were purchased from Santa Cruz Biotech-
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nologies (Santa Cruz, Calif.). The C15 monoclonal antibody (MAb) recognizes
the p18 subunit of caspase 8 (31), and anti-APO-1 (anti-CD95) is an agonistic
MADb (IgG3, k) recognizing an epitope on the extracellular part of CD95 (44).
The HRPO-conjugated goat anti-mouse IgG1 and IgG2b were from Southern
Biotechnology Associates (Birmingham, Ala.). The transferrin receptor (TfR)
antibody (clone B3/25) was obtained from Roche (Indianapolis, Ind.). The flu-
orescein isothiocyanate (FITC)-conjugated anti-human CD19 MADb (mouse
IgG1) was obtained from Ancell Corp. (Bayport, Minn.). All other chemicals
used were of analytical grade and were purchased from Sigma (St. Louis, Mo.),
Molecular Probes (Eugene, Oreg.), or Calbiochem (San Diego, Calif.).

DISC analysis by Western blotting. A total of 107 SKW6.4 or H9 cells were
treated with 1 pg of anti-CD95 per ml for 5 min or for the times indicated at 37°C
and then lysed in lysis buffer (30 mM Tris-HCI [pH 7.5], 150 mM NaCl, 2 mM
EDTA, 1 mM phenylmethylsulfonyl flouride [PMSF], protease inhibitor cocktail
[Sigma], 1% Triton X-100, 10% glycerol) (stimulated condition). The CD95
DISC was then immunoprecipitated for 2 h at 4°C with protein A-Sepharose
(Sigma). After immunoprecipitation, the beads were washed five times with 1 ml
of lysis buffer. For Western blotting, immunoprecipitates were separated by
SDS-PAGE (12% polyacrylamide) and transferred to Hybond nitrocellulose
membrane (Amersham, Piscataway, N.J.), blocked with 2% bovine serum albu-
min (BSA) in phosphate-buffered saline (PBS)-Tween (0.05% Tween 20) for 1 h,
washed with PBS-Tween, and incubated with the primary antibody in PBS-
Tween for 16 h at 4°C. Blots were then incubated with HRPO-conjugated
secondary antibody diluted 1/20,000 in PBS-Tween. After being washed with
PBS-Tween, the blots were developed by the enhanced chemiluminescence
(ECL) method according to the manufacturer’s protocol (Amersham).

Induction of apoptosis and cytotoxicity assay. A total of 10° cells in 200 pl of
medium were incubated in 96-well plates (Corning, Inc., Corning, N.Y.) in the
absence or presence of increasing concentrations of lantrunculin A (Ltn A) for
1 h prior to anti-CD95 stimulation. Cells were stimulated with 1 pg of anti-CD95
per ml (unless otherwise stated) or 1 pg of LZ-CD95L per ml at 37°C by
incubation for 16 h. Quantification of DNA fragmentation, as a measure of
apoptosis, was carried out by nuclear staining with propidium iodide as previ-
ously described (32).

Flow cytometric analysis of mitochondrial membrane potential (AW, ). To
measure AW, anti-CD95 (2 pg/ml)-treated or untreated SKW6-vec or SKW6-
Bel-2 cells (5 X 10°/ml) were incubated with 5 pg of JC-1 (5, 5, 6, 6'-tetra-
chloro-1, 1, 3, 3'-tetraethylbenzimidazolylcarbocyanine iodide) per ml (Molec-
ular Probes). The analysis was performed as previously described (33).

Caspase activity assay. Caspase 8 activity was determined from cell lysates as
follows. Cells were stimulated for the indicated times with 1 ug of anti-CD95 per
ml. Lysates from 10° cells were incubated in cleavage buffer containing 40 uM
amino trifluoromethyl coumarin (AFC)-labeled caspase 8-specific peptide IETD
for 1 h at 37°C. Caspase activity was determined with a microplate fluorescence
reader with a 400-nm excitation filter and 508-nm emission filter. Values of
unstimulated cells were taken as background and subtracted from those obtained
with stimulated cells. We have recently established that under the conditions
used, caspase 8 activity is measured without any appreciable cross-reactivity by
effector caspases such as caspase 3 (39).

Detection of CD95 aggregates. To analyze ligand-dependent SDS-stable CD95
microaggregates, 10° cells were stimulated with 1 pg of anti-CD95 per ml for 20
min at 37°C. Cells were washed once with PBS and lysed in lysis buffer (50 mM
HEPES [pH 7.4], 150 mM NaCl, 10 mM NaF, 10 mM iodoacetamine, 200 pM
Na3VO,, 1% NP-40). Postnuclear supernatants were analyzed by SDS-PAGE
(8% polyacrylamide), and CD95 was detected with the antibody C20.

Internalization assay and immunofluorescence. To monitor the fate of CD95
after stimulation, 10° cells/ml were treated with 1 pg of anti-CD95 per ml for 45
min on ice. Unbound antibody was removed by washing with medium at 4°C.
Cells were then stained with 1 pg of FITC-conjugated goat anti-mouse IgG per
ml for 45 min on ice. Next, cells were washed, warmed, and kept at 37°C for the
indicated time points to trigger CD95 stimulation or were kept on ice (time [f] =
0). In some experiments, FITC-conjugated anti-CD95 antibody was used as
indicated in the figure legends. After stimulation, cells were adhered to immu-
nofluorescence slides (Polysciences, Warrington, Pa.) precoated with poly-L-
lysine (Sigma) and fixed in acetone-methanol (1:1) for 5 min at room tempera-
ture. Slides were washed with PBS, rinsed with tap water, mounted with
Vectashield (Vector Laboratories, Burlingame, Calif.), and visualized with a
Zeiss Axiovert S100 fluorescence microscope equipped with an Axiocam digital
camera or with a confocal microscope (Zeiss, LSM 510).

For ligand stimulation, cells were treated with 1 pg of LZ-CD95L per ml for
45 min on ice and stimulated at 37°C as described above. After stimulation, cells
were adhered to immunofluorescence slides (Polysciences) precoated with poly-
L-lysine (Sigma) and fixed in acetone-methanol (1:1) for 5 min at room temper-
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ature. Fixed cells were stained with anti-CD95L antibody (clone G247-4)
(Pharmingen, San Diego, Calif.) followed by goat anti-mouse FITC (1:200 dilu-
tion in PBS). After staining, slides were washed with PBS and mounted with
Vectashield (Vector Laboratories). For costaining with the endocytic marker
transferrin receptor (TfR), cells were stained for CD95 as described above, fixed,
and then incubated with the anti-TfR antibody (IgG1) (1:200 dilution in PBS) for
45 min. After washing, a Texas red-labeled goat anti-mouse IgG1 antibody
(which did not cross-react with the anti-CD95 antibody [IgG3]) was applied and
incubated for 45 min.

To distinguish between surface and internalized CD95, 10° cells/ml were
incubated with 1 ug of FITC-conjugated anti-CD95 antibody per ml for 45 min
on ice. After being washed, the cells were resuspended in 37°C medium and
incubated at 37°C for the indicated times or kept on ice (time 0). Cells were then
resuspended in 300 pl of cold 2% BSA-PBS, stained with Texas red-conjugated
goat anti-mouse IgG for 30 min on ice, washed, and resuspended in serum-free
medium. The cells were then plated for 5 min at 37°C on poly-L-lysine (Sigma)-
coated slides and fixed in methanol-acetone (1:1). Slides were washed and rinsed
with water, and coverslips were mounted with Vectashield mounting medium.
For quantification of internalization, 100 cells for each condition per cell line
were counted by fluorescence microscopy. Cells with 50% or more of CD95
structures stained only green (FITC-anti-CD95) were scored as having internal-
ized the receptor.

Cholesterol depletion studies. SKW6.4 or H9 cells were pretreated with the
following cholesterol-depleting agents: 1 ug of filipin per ml, 10 ug of nystatin
per ml, or 2 mM methyl-B-cyclodextrin in serum-free medium for 1 h at 37°C.
Thereafter, DISC formation and CD95 clustering were analyzed as described
above. For induction of apoptosis, cells were pretreated with the cholesterol-
depleting agents as described above and incubated with increasing concentra-
tions of anti-CD95 for 9 h (cells in serum-free medium) or for 16 h (cells in
serum-containing medium). Apoptosis was quantified by DNA fragmentation by
nuclear staining with propidium iodide as previously described (32).

Electron microscopy. For electron microscopy analysis, 3 X 10° cells were
resuspended in 300 wl of medium and stained with 6 pg of anti-CD95 antibody
for 45 min at 4°C. The cells were then washed and stained with 3 pg of 20-nm-
diameter gold particle-conjugated goat anti-mouse IgG (Ted Pella, Inc., Red-
ding, Calif.) for 1 h at 4°C. Cells were washed and kept on ice (f = 0) or
resuspended in warm medium and incubated at 37°C for 20 min. After incuba-
tion, cells were washed with serum-free medium followed by PBS and fixed with
2% glutaraldehyde buffered with 0.1 M Na cacodylate (pH 7.35) for 10 to 15 min
at room temperature. Fixed cells were gently centrifuged, and excess fixative was
removed and replaced. Fresh fixative was added to the tube without disturbing
the pellet or cell layer, and fixation was continued for 10 min at room temper-
ature. The tube was then transferred to 4°C and centrifuged at 10,000 X g for 10
min to create a tight pellet. This pellet was then stored overnight at 4°C until
further processing. Portions of the pellet were washed several times with 0.1 M
Na cacodylate (pH 7.35) and postfixed for 1 h on ice in freshly prepared 1%
osmium tetroxide-1% potassium ferrocyanide-0.1 M Na cacodylate (pH 7.4).
After being washed, cells were stained en bloc in 2% uranyl acetate dehydrated
through a graded series of ethanol and embedded in Epon resin. Sixty- to
70-nm-thick sections were cut with a Reichert Ultracut-E microtome and stained
for 5 min with 1.5% uranyl acetate, followed by 10 min in Reynolds lead citrate.
Samples were visualized with a JEOL Philips CM-120 electron microscope op-
erated at 60 kV.

RESULTS

Formation of the DISC precedes CD9S5 receptor redistribu-
tion. According to the current model of CD95 signaling, bind-
ing of either the CD95 ligand (CD95L) or an agonistic anti-
body induces aggregation of CD95 followed by a
conformational change in its cytoplasmic domain that results in
formation of the DISC. In this model, receptor clustering
would precede formation of the DISC. We have previously
shown that recruitment of FADD and caspase 8 in SKW6.4
cells to the DISC can be observed after a few seconds (22, 31).
Furthermore it was recently shown that CD95 receptor cap-
ping can be observed very early after triggering CD95 (6, 9). To
test which of the two events—formation of the DISC or CD95
surface clustering—happens first, we incubated SKW6.4 cells
with anti-CD95. We then monitored redistribution of CD95
over a wide range of time from seconds up to 60 min of
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FIG. 1. Ligand-induced DISC formation and clustering of CD95. (A) SKW6.4 cells were incubated with an FITC-conjugated anti-CD95
antibody for 45 min on ice (# = 0). Cells were then washed and warmed to 37°C and analyzed after the indicated times. After incubation, cells were
attached to poly-L-lysine-coated slides and fixed, and samples were analyzed by confocal laser scanning microscopy in the following way: 20
z-sections of each sample (0.5 wm apart) were taken and used to generate a 3D image with Zeiss LSM software. Projections of these 3D images
are shown. All cells are shown at the same magnification. (B) Analysis of the DISC of SKW6.4 cells stimulated with anti-CD95 for the indicated
times. Migration positions of procaspase 8 (CASP-8), the caspase 8 cleavage intermediates p43 and p41, and FADD are shown. (C) SKW6.4 cells
were treated with 1 png of LZ-CD95L per ml for 45 min on ice and then stimulated for 60 min at 37°C. Receptor redistribution was determined
by staining fixed cells with anti-CD95L antibody followed by FITC-conjugated goat anti-mouse antibody. (D) SKW6.4 cells were treated with 1 g
of either anti-CD95 ([J) or LZ-CD95L (M) per ml for different times as described for panel A, and cells were scored for clustering. One hundred
cells per condition were counted in duplicate, and the mean is shown. (E) SKW6.4 cells were treated with different amounts of anti-CD95 for 60

min, and clustering of CD95 was quantified as in panel D.

stimulation. Changes in receptor distribution were monitored
after stimulating the cells with an FITC-conjugated anti-CD95
antibody (Fig. 1A). Stimulation was stopped by addition of
ice-cold PBS and fixation of cells after attaching them to poly-
L-lysine-coated slides. To best visualize the formation of small
surface patches on whole cells, which may precede formation
of receptor caps, we generated two-dimensional projections of
three-dimensional images generated by taking 20 z-sections
from each slide by using a confocal microscope (Fig. 1A). No
significant changes in CD95 distribution were detectable prior
to 15 min of stimulation. At 15 min, both receptor patches and
receptor clusters were detectable. Almost all cells showed clus-
tering of CD95 after 30 min of stimulation. Following 60 min
of incubation with anti-CD95 antibody, the staining on virtu-
ally all SKW6.4 cells had changed to a punctate pattern that
was so highly clustered, the outline of the cells was difficult to
see (Fig. 1A, last panel, bottom row). In a parallel experiment,
efficient binding of FADD and caspase 8 to the activated re-
ceptor was detected 1 min after receptor triggering (Fig. 1B),

which was consistent with our previous reports, in which we
showed that formation of the DISC in many cells is detectable
seconds after receptor triggering (22, 31).

Clustering of CD95 was also detected when SKW6.4 cells
were induced to apoptose by addition of a trimerizing leucine
zipper-tagged version of the CD95 ligand (LZ-CD95L) (Fig.
1C), showing that this effect was not limited to the anti-CD95
antibody. A kinetic analysis confirmed that formation of re-
ceptor clusters could not be detected prior to 15 min with
either the anti-CD95 or the LZ-CD95L (Fig. 1D). Since it was
suggested that high antibody concentrations might make CD95
artificially cluster (9), we quantified clustering at different con-
centrations of anti-CD95. The clustering of CD95 did not de-
pend on the concentration of the stimulating antibody, since
clustering could be detected with as little as 30 ng of anti-CD95
per ml (Fig. 1E). The staining of the cells was more intense at
higher antibody concentrations, however (data not shown),
and we therefore used 1 pg of anti-CD95 per ml for all further
experiments.
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FIG. 2. Clustering of CD95 is a specific and general effect. (A) Living SKW6.4 cells were treated with FITC-conjugated anti-CD95 and
incubated for 60 min on ice (time 0) or for 60 min at 37°C (60"). After stimulation, cells were counterstained with propidium iodide (PI) and
analyzed by fluorescence microscopy. (B) To establish specificity of the internalization of CD95, K50 cells were incubated with 1 ug of anti-CD95
per ml for 0 or 60 min and after fixation were stained for CD19 with an FITC-conjugated anti-CD19 mouse MAb. (C and D) CD95 clustering on
lymphoid (C) and nonlymphoid (D) cells. Receptor clustering of K50, H9, Boe®, detached L929-Fas, and detached MCF7-Fas cells was performed
as follows. Cells were incubated with anti-CD95 followed by FITC-conjugated goat anti-mouse IgG, each for 45 min on ice (¢ = 0). Cells were then
warmed to 37°C and analyzed after the indicated times. After incubation, cells were attached to poly-L-lysine-coated slides and fixed, and samples
were analyzed by fluorescence microscopy. Stimulated cells are shown at the same magnification as unstimulated cells. Adherent L.929-Fas cells
were grown on Polyprep poly-L-lysine slides (Sigma) to 70% confluency and transferred to ice-cold medium. Directly, FITC-conjugated anti-CD95
was added, and cells were incubated for 45 min on ice. After being washed in medium, CD95 clustering was induced by transfer of slides to 37°C
medium and incubation for 60 min. After fixation, all cells were analyzed by fluorescence microscopy.

Stimulation-induced clustering is specific for CD95 and can
be detected in a variety of different cells. Although clustering
of CD95 was a late event when compared to formation of the
DISC, most cells displaying CD95 clustering were viable, since
they excluded the viability dye propidium iodide (Fig. 2A).
This experiment also demonstrated that the clustering of CD95
that we detected was not a fixation artifact, since it was ob-
served in living cells after addition of a directly FITC-conju-
gated anti-CD95 antibody to SKW6.4 cells in culture medium
(Fig. 2A).

To confirm that CD95-induced clustering was specific for
CD95, we tested whether the surface distribution of CD19,
which has previously been shown to cluster in a stimulation-
dependent fashion (27), was affected by stimulating CD95 (Fig.
2B). We did not detect a redistribution of CD19 on K50 cells
(the Burkitt’s lymphoma cell BL-60, stably expressing exoge-
nous human CD95). A control staining of cells for CD95
confirmed that, in this experiment, CD95 did cluster (data not
shown).

Since our data are in contradiction to two recent reports that
detected clustering of CD95 as early as 30 s after receptor
triggering (6, 9), we tested other cell lines to exclude the
possibility that the effect was limited to SKW6.4 cells. We
found similar kinetics of CD95 clustering in the lymphoid cell

lines K50 and H9 (Fig. 2C) and in two cell lines of nonlym-
phoid origin, 1.929 and MCF7, both transfected with human
CD95 (Fig. 2D). In most cases, maximal CD95 clustering was
detected 60 min after triggering. CD95 clustering peaked at 20
min only in detached 1.929-Fas cells. In none of the cell lines
could clustering be observed earlier than 5 min of stimulation
with either anti-CD95 or LZ-CD95L (data not shown). CD95
did not cluster at all on one cell line, Boe®, which expresses
large quantities of CD95 on the cell surface and is resistant to
CD95-mediated apoptosis (11, 33) (Fig. 2C, last column),
again confirming that clustering of CD95 was not artificially
induced by adding a cross-linking antibody. This result also
suggested that clustering of CD95 was an active process that
does not occur in a cell line that is resistant to CD95-mediated
apoptosis.

A redistribution of CD95 was also observed in adherent
1929-Fas cells (Fig. 2D, first column). However, we found
detached L.929-Fas cells to be much more sensitive to CD95-
mediated apoptosis, and under these conditions, the effect of
receptor clustering was more pronounced. The same was true
for MCF?7 cells stably expressing CD95 (data not shown) (Fig.
2D, right column). Again, the clustering effect of CD95 was not
caused by the fixation method, since it was also observed in
living 1.929-Fas cells stimulated with directly FITC-labeled an-
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FIG. 3. Stimulation-dependent internalization of CD95. (A) SKW6.4 cells were incubated with FITC-conjugated anti-CD95 for 45 min on ice
followed by incubation at 37°C for the indicated time. After washing, cells were stained with Texas red-conjugated goat anti-mouse IgG (amlIgG)
and then transferred onto poly-L-lysine-coated slides, fixed, and analyzed by fluorescence microscopy as described in Materials and Methods.
Arrowheads point to cells that did not stain with the secondary antibody and therefore have fully internalized CD95. (B) 2D projections of 3D
movies of SKW6.4 cells treated as in panel A. For orientation, the plasma membrane is labeled by a stippled circle. (C) Quantification of CD95
internalization at time point 0 and after stimulation of K50 and SKW6.4 cells for 60 min. The number of cells with 50% or more of CD95
internalized was determined as described in Materials and Methods. The experiment was done in triplicate, and the mean values with standard
deviations are shown. The numbers of propidium iodide-positive cells following the incubation at 37°C were 8% for SKW6.4 and 6% for K50,

respectively.

ti-CD95 (Fig. 2D). In summary, stimulation of all tested cell
lines with either anti-CD95 or LZ-CD95L resulted in intense
clustering of CD95 that in all cases followed formation of the
DISC, revealing an unexplained delay between formation of
the DISC and clustering of CD95.

Ligand-induced clustering of CD95 is followed by receptor
internalization. In many of the cell lines tested, the punctate
pattern of CD95 labeling after ligation appeared to be cyto-
plasmic rather than clustered on the cell surface. In adherent
1L.929-Fas cells, the observed juxtanuclear staining was partic-
ularly indicative of receptor internalization (Fig. 2D). Internal-
ization of CD95 has not yet been reported. A fluorescence-
activated cell sorting-based assay as well as many of the typical
methods to quantify of receptor internalization (20) proved
unreliable in the case of CD95, due to its intense aggregation
properties (data not shown). We therefore developed a
method to qualitatively determine whether CD95 was on the
cell surface or intracellular and to quantify this effect by count-
ing single cells. To this end, living cells were incubated with
directly FITC-conjugated anti-CD95 and incubated for differ-
ent times to induce receptor clustering. After washing, cells
were stained with Texas red-conjugated goat anti-mouse IgG.

Surface expression was then evaluated by fluorescence micros-
copy after fixing the cells (Fig. 3A). At the zero time point,
CD95 was evenly distributed on the surface of the cells. Both
the green (all CD95) and the red (only surface CD95) com-
pletely colocalized, indicating that CD95 was at the cell sur-
face. After 20 min, CD95 formed clusters, and at the applied
resolution, all clusters were stained in red with the goat anti-
mouse antibody, indicating that most CD95 was at the cell
surface. At 60 min, however, the majority of the cells showed
only a green staining, indicating that CD95 on these cells was
inaccessible from the cell surface and suggesting that it had
been internalized (arrowheads in Fig. 3A). To further test for
the intracellular localization of activated CD95, we used a
confocal microscope to generate three-dimensional (3D) im-
ages of these cells. In Fig. 3B, 2D projections of such 3D
images of representative cells are shown at different stages of
CD?95 internalization. It is apparent that during the course of
the incubation, CD95 moved from the cell surface (red and
green = yellow staining) to the interior of the cell (green
staining). We then used this assay to quantify the extent of
CD?9s5 internalization in different cell lines (Fig. 3C). After 60
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FIG. 4. Colocalization of CD95 with the endosomal marker TfR.
(A) Electron microscopic analysis of MCF7-Fas cells stimulated for 0
or 20 min with anti-CD95 and goat anti-mouse IgG covalently labeled
with 20-nm-diameter colloidal gold particles. PM, plasma membrane.
Gold particles are indicated with arrows. The bar represents 200 nm.
(B and C) Detached MCF7-Fas (B) and SKW6.4 (C) cells were treated
with anti-CD95 and stimulated for the indicated times at 37°C as
described in Fig. 2C. CD95 was detected with an FITC-conjugated
goat anti-mouse antibody (green). To detect TfR after CD95 staining
and fixation, cells were stained with an anti-TfR antibody followed by
Texas red-conjugated goat anti-mouse IgG1 antibody (red). Stainings
were analyzed by confocal microscopy. The extent of internalization of
MCF7-Fas cells shown in panel B was 80%.

min, approximately 70% of the SKW6.4 and K50 had internal-
ized CD95.

Internalized CD95 is directed to an endosomal pathway. To
test whether CD95 is internalized through endocytosing vesi-
cles, we performed an electron microscopic analysis of MCF7-
Fas cells (Fig. 4A). After detaching cells, apoptosis and recep-
tor internalization were induced by addition of anti-CD95,
directly followed by addition of goat anti-mouse IgG conju-
gated to 20-nm-diameter gold particles and incubation for 20
min at 37°C. The electron micrographs confirmed that in these
cells, CD95 can be found in intracellular vesicles early after
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receptor triggering (Fig. 4A). To test whether CD95 was in-
ternalized through an endosomal pathway, a costaining for
CD95 and TfR, as a marker for early endosomes, was per-
formed and evaluated by confocal microscopy. In unstimulated
MCF7-Fas cells, CD95 was on the cell surface and did not
colocalize with TfR (Fig. 4B, upper row). After 60 min of
stimulation, however, most of the CD95 was found in TfR-
positive endosomal vesicles (Fig. 4B, lower row). Similar anal-
ysis showed that 30 min after addition of anti-CD95 to SKW6.4
cells, intracellular vesicles stained positive for both CD95 and
TfR, again indicating that CD95 was internalized and trans-
ported to endosomes (Fig. 4C). These data suggest that stim-
ulation of CD95 results in internalization of the receptor-
ligand complex, which is then directed towards an endosomal
pathway.

Efficient formation of the DISC and internalization of CD95
both require actin filaments. The actin inhibitor Ltn A has
been demonstrated to effectively inhibit ligand-dependent in-
ternalization of a number of surface receptors (15, 18). Treat-
ment of SKW6.4 cells with Ltn A prior to CD95-induced ac-
tivation resulted in dramatic changes in the CD95 staining
pattern from small, dispersed puncta to a single large spot on
each cell (Fig. 5A). Ltn A treatment also somewhat increased
the evenness of surface staining of the CD95, which remained
distributed around the cell surface (Fig. SA), suggesting that
Ltn A also partially inhibited CD95 clustering at the cell sur-
face. To determine whether internalization of CD95 was af-
fected by Ltn A, cell surface localization of CD95 was tested by
the same method used in Fig. 3B (Fig. 5B). A quantification of
the internalization of CD95 in Ltn A-treated SKW6.4 and K50
cells confirmed that, in the majority of the cells, CD95 was still
at the cell surface (Fig. 5C). These data indicate that Ltn A
inhibited the internalization of activated CD95. To test
whether the actin dependence of clustering of CD95 involved
myosins, we pretreated cells with the myosin inhibitor 2-3-
butanedione monoxime (BDM). BDM did not affect CD95
clustering, suggesting that only actin filaments, and not the
actin-myosin motor function, are required for this process
(data not shown).

Monodansylcadaverine (MDC) has recently been shown to
inhibit internalization of the related receptor tumor necrosis
factor receptor I (TNF-RI) (36). We therefore tested whether
MDC had any effect on the clustering and internalization of
CD95. MDC did not prevent clustering of CD95 (Fig. 5A) or
its internalization (data not shown). Consistent with the recent
report, it also did not inhibit CD95 signaling (data not shown),
suggesting that CD95 and TNF-RI internalize through a dif-
ferent mechanism.

The finding that the internalization of CD95 could be pre-
vented by inhibiting actin filaments prompted us to test
whether Ltn A would also have an effect on the formation of
the DISC and subsequent generation of active caspase 8. Ltn A
inhibited recruitment of FADD (Fig. 5D) and caspase 8 (data
not shown) to the DISC of SKW6.4 and H9 cells, resulting in
severely reduced activation of caspase 8 at the two concentra-
tions of Ltn A used in the experiments (Fig. SE). To test
whether inhibition of receptor clustering or internalization
would affect signaling through CD95, we induced apoptosis in
SKW6.4 and H9 cells by stimulation with either anti-CD95 or
CDO5L in the presence of increasing concentrations of Ltn A
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FIG. 5. Actin filaments are required for CD95 DISC formation and receptor internalization. (A) SKW6.4 cells were left untreated or pretreated
with 2.5 uM Ltn A or 100 puM MDC for 1 h at 37°C. Cells were then treated with anti-CD95 and left unstimulated (time 0) or stimulated for 60
min (60") at 37°C as described in Fig. 2C. Samples were analyzed by fluorescence microscopy. (B) 2D projection of a 3D analysis of an Ltn
A-treated SKW6.4 cell stimulated for 1 h at 37°C as described for panel A. Cells were analyzed as described in Fig. 3B. The yellow color indicates
that CD95 is at the cell surface. For orientation, the outline of the cell is indicated by a stippled circle. (C) Quantification of inhibition of CD95
internalization on SKW6.4 (S) and K50 (K) cells by 5 M Ltn A. The number of cells with 50% or more of CD95 internalized was determined
as described in Materials and Methods. The experiment was done in triplicate, and the mean values with standard deviations are shown. (D)
SKW6.4 or H9 cells were pretreated with Ltn A (2.5 or 5.0 uM) for 1 h at 37°C. CD95 was immunoprecipitated from either 107 untreated or
anti-CD95-treated (5 min) SKW6.4 or H9 cells. Immunoprecipitates were subjected to SDS-PAGE (12% polyacrylamide) and immunoblotted with
anti-FADD MADb and anti-CD95 C20. Migration positions for each protein are indicated. Cell lysates equivalent to 40 pg of protein were subjected
to SDS-PAGE (12% polyacrylamide) and immunoblotted with anti-FADD antibody. (E) SKW6.4 and H9 cells were treated with 1 pg of anti-CD95
per ml for different periods of time in the absence (®) or presence of LtnA (2.5 uM [M] or 5.0 pM [[]]). Caspase 8 activity was analyzed by cleavage
of the fluorogenic substrate IETD-AFC. This result was confirmed by a Western blot analysis that demonstrated reduced activation of caspase 8
in Ltn A-treated cells (data not shown). FU, fluorescence units. (F) SKW6.4 (circles) and H9 (squares) cells were preincubated with the indicated
concentrations of Ltn A for 1 h and then incubated for 16 h with 1 ug of anti-CD95 (open symbols) or LZ-CD95L (solid symbols) per ml. After
incubation, cells were harvested and analyzed by flow cytometry for DNA fragmentation with nuclear staining with propidium iodide. Nontoxic
concentrations of Ltn A were chosen after titration of Ltn A to toxic levels. The data represent the percentage of decrease of apoptosis in the
presence of Ltn A. The percentages of specific apoptosis in the absence of Ltn A were 58% (56%) and 70% (80%) for SKW6.4 and H9 cells treated
with anti-CD95 (LZ-CD95L), respectively. The experiment is representative of three independent experiments.

and quantified DNA fragmentation (Fig. 5F). Ltn A inhibited
CD95-mediated apoptosis, resulting in up to 50% inhibition of
DNA fragmentation (Fig. S5F). These data suggest that an
intact actin cytoskeleton is required for formation of the DISC
as well as for internalization of CD95 in these cells, but do not
exclude the possibility that actin is also involved in processes
further downstream in the pathway.

Clustering of CD95 is an active process that depends on
activation of caspase 8 at the DISC. The results observed with
the apoptosis-resistant Boe® cells and the kinetics of CD95
clustering in many cells suggested that binding of anti-CD95
antibodies or CD95L to CD95 alone is not sufficient to induce
receptor clustering. To test whether the initiation of the
caspase cascade at the DISC was required to induce clustering

of CD95, we tested BJAB cells stably expressing a dominant-
negative version of FADD (FADD-DN) that is recruited to the
CD95 DISC, but is unable to bind to procaspase 8 (5). Trig-
gering CD95 in the BJAB-vec cells resulted in clustering of
CD95 (Fig. 6A). In contrast, FADD-DN-transfected BJAB
cells did not show any signs of CD95 clustering. These data
suggest that caspase activation is required to induce receptor
clustering. In the CD95 pathway, caspases are activated at two
steps, upstream or downstream of mitochondria. We have pre-
viously shown that the type I SKW6 cells expressing Bcl-2
activate caspases in a way that is absolutely independent of
mitochondrial functions (32). Like SKW6.4 cells, these trans-
fectants responded to triggering through CD95 with receptor
clustering (Fig. 6B) and internalization (data not shown). The
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FIG. 6. CD95 receptor clustering and internalization require caspase 8 activation. (A) Induction of CD95 clustering on BJAB vector trans-
fectants or BJAB cells expressing FADD-DN as described in Fig. 2C. (B) Induction of CD95 clustering of SKW6 vector-transfected cells or SKW6
cells stably expressing Bcl-2 as described in Fig. 2C. (C) SKW6-vec (@) or SKW6-Bcl-2 (O) transfectants were treated with 1 pg of anti-CD95 per
ml for different periods of time. AW, was determined as described in Materials and Methods. (D) MCF7-Fas cells were treated with either 20 or
50 wM caspase inhibitor zVAD-fmk (polycaspase inhibitor), zZDEVD-fmk (caspase 3 or 7), or zZIETD-fmk (caspase 8). After treatment, cells were
incubated with anti-CD95 and kept on ice (time 0) or stimulated for 60 min (60") at 37°C. Receptor localization was determined as described in

Fig. 2C.

intensity and kinetics of this process were identical to those of
the vector-transfected control (SKW6-vec). In contrast to the
vector control, we could not detect a drop in the mitochondrial
transmembrane potential (AW ) in the SKW6-Bcl-2 cells (Fig.
6C), demonstrating that Bcl-2 fully prevented mitochondrial
dysfunction in these cells. We can therefore exclude a mito-
chondrial contribution to the clustering and internalization of
CD?95 in these cells, suggesting that a DISC-generated caspase
was regulating receptor clustering. To test whether caspase 8
regulates CD95 clustering, we used MCF7-Fas cells, which do
not express caspase 3 and activate only caspase 8 within the
first 4 h of receptor stimulation (39). In MCF7-Fas cells, CD95
efficiently clustered following stimulation (and was internalized
[Fig. 4A and B]) (32). We again chose to analyze detached
MCEF7 cells, since we found that they activate caspase 8 much
more efficiently than adherent cells (data not shown). Addition
of the poly-caspase inhibitor zZVAD-fmk prevented receptor
internalization in these cells. To test whether an IETD
(caspase 8)- and not a DEVD (caspase 3)-cleaving activity was
involved in receptor internalization, we compared the effects of
zIETD-fmk with those of zDEVD-fmk (Fig. 6D). The caspase
8-selective inhibitor blocked receptor internalization at 20 pM,
whereas the caspase 3-selective inhibitor did not inhibit this
process at concentrations as high as 50 wM. Inhibition of
caspase 8 also efficiently inhibited receptor clustering in other
cells, such as SKW6.4, K50, and H9 (data not shown). Taken
together, all data suggest that early activation of caspase 8 at
the DISC regulates clustering of CD95, which is a prerequisite
for receptor internalization in these cells.

CDY5 signaling in type I cells is independent of lipid rafts.
It has recently been shown that CD95 signals via ceramide-rich

lipid rafts in the type II cells, Jurkat cells and hepatocytes (6,
9). Pretreatment of these cells with the cholesterol-depleting
reagents nystatin, filipin, and methyl-B-cyclodextrin disrupted
membrane microdomains, resulting in blockage of CD95 sig-
naling. To determine the effects of these reagents on the
caspase 8-dependent clustering defined in our study, we
treated SKW6.4 cells with these three reagents and tested
receptor clustering (Fig. 7A). Cholesterol depletion had no
effect on the caspase 8-dependent formation of CD95 clusters.
In addition we tested the effects of these reagents on the
activation of caspase 8 in the DISC (Fig. 7B). Again we found
no effect of cholesterol depletion on CD95 signaling. Since it
was suggested that clustering of CD95 was dependent on the
concentration of stimulus (9), we determined the titer of the
anti-CD95 antibody from 0 to 1 pg/ml and quantified DNA
fragmentation in the presence of these three cholesterol-de-
pleting reagents (Fig. 7C). We observed no effect of these
treatments on CD95 sensitivity, suggesting that lipid rafts do
not play a major role in CD95 signaling in the cells used in our
study.

The earliest event during CD95 signaling is actin- and
caspase 8-independent formation of SDS-stable CD95 micro-
aggregates, which precedes DISC formation. Recruitment of
both FADD and caspase 8 to the DISC is independent of
caspase activity, since zZVAD-fmk did not inhibit this step (Fig.
8A). However, preincubation of SKW6.4 cells with zVAD-fmk
prevented activation of caspase 8 within the DISC, because the
formation of the caspase 8 cleavage intermediates p43 and p41
was almost completely inhibited. At the same time, inhibition
of caspases almost completely blocked the ligand-induced clus-
tering of CD95 in SKW6.4 cells (Fig. 8B). The data suggest
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FIG. 7. CD95 signaling on SKW6.4 cells cannot be inhibited by destruction of lipid rafts (A) SKW6.4 cells were left untreated or were
pretreated with 10 pg of nystatin per ml, 1 pg of filipin per ml, or 2 mM methyl-B-cyclodextrin (B-CD) for 1 h at 37°C. Cells were then treated
with anti-CD95 and left unstimulated (time 0) or were stimulated for 60 min (60") at 37°C as described in Fig. 1A. Samples were analyzed by
fluorescence microscopy. (B) Analysis of the DISC of 107 SKW6.4 cells treated for different times with the same reagents as in panel A was
performed as described in Fig. 1B. (C) Titration of anti-CD95 onto SKW6.4 cells in the presence of the indicated reagents used at the same
concentrations as in panel A. Cells were treated in either serum-free medium for 9 h or serum-containing medium for 16 h, and DNA
fragmentation was quantified as described in Materials and Methods. Similar data were obtained when H9 cells were tested in the same way (data

not shown).

that caspase 8 activation is required for the receptor clustering.
To determine whether inhibition of caspase 8 also inhibits
receptor internalization, we pretreated SKW6.4 and H9 cells
with zZIETD-fmk and quantified internalization of CD95 60
min after addition of anti-CD95 (Fig. 8C). This treatment
resulted in a very efficient inhibition of CD95 internalization,
suggesting that caspase 8 regulates both CD95 clustering and
its internalization.

One of the earliest events after triggering of CD95 is the
formation of high-molecular-weight SDS-stable aggregates,
which can be found seconds after receptor engagement (11). In
contrast to the receptor clusters detectable by immunofluores-
cence microscopy, the early formation of these aggregates does
not require actin filaments or activity of caspases, since neither
Ltn A nor zVAD-fmk inhibited this step (Fig. 8D). Formation
of SDS-stable microaggregates was also unaffected by pretreat-
ing cells with any of the three cholesterol-depleting agents used
in Fig. 7 (data not shown). Formation of these aggregates is
therefore directly caused by the binding of the anti-CD95 an-
tibody or CD95L and does not depend on a signal emanating
from CD95. Our data allow us to distinguish and molecularly
order at least four different membrane-proximal CD95 signal-
ing events: formation of SDS-stable aggregates, formation of
the DISC, and clustering and internalization of CD95.

DISCUSSION

In this study, we have ordered the earliest events of CD95-
mediated signaling. We demonstrate that upon binding of an

agonistic anti-CD95 antibody or CD95L, CD95 forms clusters
and internalizes in all tested type I cells. Stimulation of CD95
is sufficient to induce microaggregation of the receptor; how-
ever, when actin filaments are disrupted, such stimulation is
insufficient to induce formation of a DISC that produces large
quantities of active caspase 8. We have therefore discovered
that both actin and active caspase 8 act in a positive feedback
loop that contributes to the signal initiation phase of CD95,
resulting in efficient generation of active caspase 8 at the DISC
typical for type I cells. Formation of the DISC is therefore an
active process, and some DISC component must link CD95 to
the actin cytoskeleton. Cortical actin filaments can be linked to
surface receptors via linker proteins of the ERM (ezrin-ra-
dixin-moesin) family (3, 45). It has recently been demonstrated
that CD95 directly associates and colocalizes with ezrin in
certain cells (25), providing a direct link between CD95 and
actin. However, how triggering of CD95 affected ezrin associ-
ation or at what step in the CD95 pathway actin was important
was not tested.

Involvement of the actin filament system in the ligand-in-
duced internalization of many receptors is well documented
(28). Ltn A, a toxin isolated from a Red Sea sponge, disrupts
microfilament organization in cultured cells by binding to mo-
nomeric G-actin in a 1:1 complex at submicromolar concen-
trations (38) and is a widely used inhibitor of receptor-medi-
ated endocytosis (15, 18). Ltn A has been shown to inhibit
CD95-mediated apoptosis in certain cells (42), suggesting that
actin is involved in signaling through CD95. Recently, we re-
ported a role for actin in regulating apoptosis sensitivity of
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FIG. 8. Formation of SDS-stable CD95 microaggregates is independent of actin and caspase activity. (A) CD95 was immunoprecipitated from
either 107 unstimulated (U) or anti-CD95 stimulated (5 min) SKW6.4 cells that were left untreated (S) or that had been pretreated with 50 M
zVAD-fmk (Z). Immunoprecipitates were subjected to SDS-PAGE (12% polyacrylamide) and immunoblotted with anti-caspase 8 and anti-FADD
antibodies. p43 and p41 are cleavage intermediates of activated caspase 8. DISC formation was also unaffected by zZVAD-fmk when cells were
stimulated with anti-CD95 for 60 min (data not shown). (B) SKW6.4 cells were incubated with anti-CD95 and left unstimulated (time 0) or
stimulated for 60 min (60") at 37°C as described in Fig. 2C after pretreatment with 50 pM zVAD-fmk. 0, mock treatment with 0.5% dimethyl
sulfoxide (DMSO) alone. Samples were analyzed by fluorescence microscopy. (C) Ligand-induced internalization of SKW6.4 cells or K50 cells
untreated or pretreated with zZIETD-fmk for 60 min was quantified as described in Fig. 3C. (D) A total of 10° SKW6.4 and H9 cells stimulated
with anti-CD95 (20 min) were left untreated (U) or had been pretreated with 5 wM Ltn A (L) or 50 pM zVAD-fmk (Z). Unstimulated cells were
analyzed as a control (C). Cell lysates were subjected to SDS-PAGE (10% polyacrylamide) and immunoblotted with anti-CD95 (C20) antibody.
CD95™ corresponds to SDS-stable CD95 microaggregates migrating at around 220 kDa during SDS-PAGE.

restimulated Th2 cells (46). However, under these conditions,
polymerized actin impaired CD95-mediated apoptosis by in-
hibiting lateral diffusion of the receptor and consequently cy-
tochalasin D-sensitized apoptosis-resistant Th2 cells. In con-
trast to this role of the actin cytoskeleton in maintaining the
CD095 apoptosis resistance of restimulated Th2 cells, we now
report a general role for actin in regulating formation of the
DISC and internalization of CD95 in all tested apoptosis-
sensitive type I cells.

Formation of the DISC in type I cells is detectable seconds
after receptor triggering (22, 31). Since type II cells form al-
most no DISC, inhibition of actin polymerization does not
affect generation of caspase 8 in these cells (data not shown).
Consistent with this finding, Ltn A could not completely block
generation of active caspase 8 or apoptosis in type I cells. The
cells still died with mitochondrial signal amplification, reminis-
cent of the situation found in type II cells (32).

CDO95 has previously been shown to form caps as a result of
receptor triggering. In one report, capping of the receptor was
shown to occur between 40 and 60 min after triggering, con-
sistent with our data (47). However, two recent reports showed
that CDO95 caps in a ceramide-dependent fashion as early as
30 s after receptor triggering (6, 9). These two studies were
mainly done with type II cells—Jurkat cells and hepatocytes.
We did not see a significant difference in the kinetics of CD95

clustering between the type I cells used in our study and the
type II Jurkat and CEM cells. However, the CD95 clusters in
type II cells were smaller, and clustering could not be inhibited
by caspase inhibitors (unpublished results). Localization of
CD95 to lipid rafts was required in these studies for efficient
signaling. Most of the CD95 receptor clusters detected in our
study represent internalized receptor. Only when internaliza-
tion of CD95 was blocked by treating cells with Ltn A did we
detect intense clusters of CD95 on the cell surface (Fig. 5A and
B). However, under these conditions recruitment of FADD to
the DISC, activation of caspase 8, and the efficiency of apo-
ptosis signaling were all severely impaired (Fig. 5D to F). This
is not consistent with the recent reports describing the neces-
sity of recruitment of CD95 and its signaling molecules to
clusters in lipid rafts (6, 9). Consequently, pretreatment of cells
with the same cholesterol-depleting reagents used in these
studies did not affect signaling in the tested cells (Fig. 7).
These discrepancies suggest a different mechanism of signal
initiation between type I and type II cells. Our original finding
is consistent with this assumption—only type II Jurkat and
CEM cells are sensitive to C,-ceramide-induced apoptosis,
whereas the type I SKW6.4 and HO cells are completely resis-
tant (33)—as well as with our recent finding that type II Jurkat
and CEM cells do not internalize CD95 upon stimulation (data
not shown). These findings could provide an explanation for
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the contradiction with the two recently published reports on
CD95 capping. We are currently investigating the differences
in receptor clustering and internalization between type I and
type II cells. Alternatively, the differences between our study
and two recently published reports (6, 9) could be due to
differences in the methods and reagents used to trigger CD95
and/or to detect the capped receptor. In these two reports, cells
were stimulated with CH11 (IgM) or sCD95L, and capped
CD95 on fixed cells was visualized by labeled secondary anti-
bodies. In contrast, we stimulated cells with anti-CD95 (IgG3)
or LZ-CD95L. This stimulation also resulted in CD95 receptor
clustering in living cells when a primary labeled anti-CD95
antibody was used.

It has been suggested that the use of higher concentrations
of CD95-stimulating agents would artificially cluster CD95 on
cells (9), producing an unphysiological triggering of CD95. We
have set the titer of our anti-CD95 antibody down to 30 ng/ml
with no loss in the ability to induce clustering of the receptor
after stimulation. Moreover, the fact that clustering of CD95
could completely be prevented by pretreating cells with
caspase inhibitors confirms that CD95 clustering in our exper-
iments is an active process that follows the triggering of the
receptor and activation of caspase 8. This is also supported by
the fact that the CD95 on the CD95"€"expressing Boe® cells
does not form clusters or a DISC (33) and does not internalize
(data not shown) regardless of how much antibody is added.
We can, however, detect SDS-stable microaggregates in these
cells (data not shown) after addition of anti-CD95, confirming
that the anti-CD95 binds and triggers aggregation of CD95.

No previously published report has tested whether activated
CD95 internalizes after clustering. We now demonstrate that
triggering CD95 results in receptor internalization shortly after
engagement of the receptor by either anti-CD95 MAb or
CD95L. Internalization of CD95 was found in lymphoid and
nonlymphoid cells, in suspension as well as in adherent cells.
Although stimulation-induced receptor internalization of
CD95 has not been previously reported, CD95 can be forced to
internalize. It has been shown that the adenoviral proteins
E3/10.4K to -14.5K induce internalization of CD95 followed by
its lysosomal degradation (7, 43). This mechanism was inter-
preted as a viral strategy to protect its infected host cell
through down-modulation of CD95.

The endocytosis machinery is a complex network of different
pathways. Cargo can be endocytosed via clathrin-coated pits,
by the clathrin-independent pathway, or through caveolae (21).
All of these pathways lead to the appearance of cargo in the
peripheral early endosomes. We have not yet observed CD95
in coated vesicles in our transmission electron microscopy
analysis. However, internalization of CD95 could be prevented
by depleting K", suggesting a mechanism of internalization
that depends on coated pits (data not shown). We detected
colocalization of internalized CD95 with the lysosomal marker
Lamp-1 in some but not all cells (data not shown). Future
experiments will determine which pathway of endocytosis is
used by the internalized CD95 receptor.

Receptor internalization plays an important role in desensi-
tizing cells to specific extracellular signals and in recycling
receptor and/or ligand molecules. Down-modulation of recep-
tors on cells that have received a death stimulus, although
seemingly counterproductive, may actually be important phys-
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iologically. CD95L bound to surface CD95 may be harmful to
neighboring nonapoptosing cells or to macrophages that at-
tempt to engulf apoptotic cells. It may therefore be advanta-
geous and protective for the organism for an apoptosing cell to
internalize the death receptor-ligand complex. Growing evi-
dence suggests that the process of receptor internalization is
also required to colocalize activated receptors with down-
stream signaling molecules (reviewed in reference 4). Internal-
ization of a DISC actively producing caspase 8 may therefore
be important for targeting the caspase to its intracellular sub-
strates. Future experiments aim to further dissect the initial
CD95 signaling events by separating the DISC formation
phase from the internalization phase.

Alternatively, activation of caspase 8 does not invariably
lead to apoptosis (23). Therefore cells could receive a rescue
signal after triggering of CD95 and the surviving cells could
potentially recycle internalized CD95 to the surface. We re-
cently showed that MCF7-Fas cells are protected from apo-
ptosis by stable expression of Bcl-x; and that none of the
cytosolic caspase substrates is cleaved. However, clustering of
CD95 and its internalization occurs and can be prevented by
pretreating cells with zZIETD-fmk (A. Stegh, B. C. Barnhart, A.
Algeciras-Schimnich, and M. E. Peter, submitted for publica-
tion), suggesting that very small quantities of active caspase 8
are sufficient to initiate this process. The finding that nonapop-
tosing cells also internalize CD95 after CD95 stimulation also
demonstrates that internalization of CD95 is not just an un-
specific event due to changes in the membrane of apoptosing
cells. The data rather support our model of both clustering and
internalization as active processes that are regulated by acti-
vation of caspase 8.

It has recently been demonstrated that another member of
the death receptor family, TNF-RI, internalizes upon binding
to its ligand TNF-a (36). In this report, the authors demon-
strated differences between TNF-RI and CD95. Internalization
of TNF-RI was inhibited by the transglutaminase inhibitor
MDC. Similar to our study, inhibition of internalization of
TNF-RI also inhibited apoptosis induction by the receptor.
This inhibition was selective for TNF-RI, since, consistent with
our data, MDC did not affect CD95 signaling (36; data not
shown).

Interestingly, internalization of TNF-RI cannot be pre-
vented by inhibiting caspases (M. Kroenke, personal commu-
nication), confirming that the receptors use different mecha-
nisms for internalization. To our knowledge, CD95 is the first
receptor the internalization of which requires activation of
caspases. The fact that CD19 was not internalized upon trig-
gering of CD95 suggests that CD95 is internalized in a ligand-
and caspase-dependent fashion. However, this does not exclude
the possibility that surface molecules in general specifically
internalize in a caspase-dependent fashion without being di-
rectly stimulated. Activation of caspases could trigger cluster-
ing and internalization of receptors, including CD95. Such a
mechanism could explain how agents that induce apoptosis by
activating caspases could cause clustering of CD95 in a ligand-
independent fashion, as has been shown for antitumor ether
lipids, UV radiation, and the herpes simplex thymidine kinase-
ganciclovir suicide gene therapy system (1, 2, 8).

Caspases may not directly regulate the internalization step
of CD95 signaling, since caspase activity is already required for
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FIG. 9. The membrane-proximal events of CD95 signaling. The signal initiation phase of CD95 can be subdivided into five distinct steps. (I)
Ligand-independent receptor preassociation (37). (II) Formation of microaggregates. These submicroscopic microaggregates can be detected as
SDS-stable high-molecular-weight CD95 bands in SDS-PAGE (Fig. 8C). (III) Formation of the DISC. This step is dependent on actin filaments,
since it can be inhibited by Ltn A (Fig. 5D). DISC components are FADD/Mortl, caspase 8, caspase 10 (unpublished data), and c-FLIP (not
shown) (34). (IV) Receptor clustering. CD95 clusters can be seen by fluorescence microscopy. This step depends on generation of active caspase
8 by the DISC and can be efficiently prevented by preincubating cells with either zZVAD-fmk or zZIETD-fmk (Fig. 6D). Caspase 8 activation is
therefore part of a positive feedback loop. (V) Internalization of the DISC. This step again is dependent on actin, since treatment of cells with
Ltn A prevents internalization of the clustered receptor (Fig. 5C). Ltn A does not affect type II cells (data not shown), indicating that the
actin-dependent steps are reduced or absent and explaining why type II cells form very little DISC. Blue domains, DED; red domain, DD. The

N-terminal PLAD in CD95 is shown in a different green tone.

formation of CD95 surface clusters. Caspase-induced surface
clustering could, however, be a prerequisite for internalization
of CD95. Our data favor caspase 8 as the caspase regulating
this process, because MCF7-Fas cells, which do not express
caspase 3 and mainly activate caspase 8 during the first 4 h
after CD95 triggering (39), very efficiently internalize CD95.
Furthermore, the caspase 8-selective inhibitor zZIETD-fmk in-
hibited receptor internalization much more efficiently than the
caspase 3- or 7-selective inhibitor zDEVD-fmk. Ligand-in-
duced surface clustering of CD95 followed by internalization
of the CD95 DISC may therefore depend on proteolytic deg-
radation of a death substrate by DISC-generated caspase 8§,
resulting in remodeling of cortical actin. It is unlikely that
gelsolin, a regulator of actin dynamics that has been shown to
be a caspase substrate (12), triggers the events described in this
report, because gelsolin was shown to be cleaved by caspase 3,
which is not expressed in MCF7 cells.

Our study has revealed that the signal initiation by CD95 is
much more complex than originally expected. The process can
now be described as five distinct steps (Fig. 9). First, CD95
resides on the plasma membrane in a preassociated form
through its PLAD domain (Fig. 9, step I). Homophilic associ-
ation through this domain was shown to be a requisite step in
recruiting signaling proteins to the DD (37). The next step in
CD?9s5 signaling is formation of SDS-stable CD95 microaggre-
gates, as detected by SDS-PAGE (Fig. 9, step II). This step is
not yet dependent on activation of caspases or actin filaments,
since it is not inhibited by ZIETD-fmk or Ltn A. At this stage,
the aggregates cannot be seen as receptor clusters by immu-

nofluorescence microscopy and must therefore occur locally as
microaggregates. Both kinetics and inhibitor studies suggest
that the next step in CD95 signaling is formation of the DISC
(Fig. 9, step III). In type I cells, the first recruitment of FADD
can be detected seconds after receptor engagement (8). This
step requires actin filaments, since it can substantially be in-
hibited by Ltn A. DISC formation precedes formation of re-
ceptor clusters that can be detected by immunofluorescence
analysis (Fig. 9, step IV). Surface clusters of CD95 can be
observed beginning at 15 min, followed by internalization,
which in most cells is complete at around 30 to 60 min after
binding of anti-CD95 antibody or CD95L. After pretreatment
with Ltn A, surface clustering seems to be intensified, likely
due to the absence of actin filaments and the inhibition of
receptor internalization. Inhibition of caspase 8 completely
blocks CD95 surface clustering, demonstrating that it is an
active process and providing an explanation for the delay be-
tween formation of the DISC and CD95 surface clustering.
The final step of the events at the plasma membrane involves
internalization of the activated DISC (Fig. 9, step V). This
step, as with many other cases of receptor internalization, can
be blocked by inhibiting actin with Ltn A. Future work will be
directed at elucidating the mechanism by which actin facilitates
formation of the DISC, the identification of the caspase 8
substrate that regulates clustering of CD95, the physiological
role of the internalization of activated CD95, and the contri-
bution of the internalized DISC to the execution of apoptosis
once inside the cell.
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