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Human peripheral blood monocytes become apoptotic following phagocytosis and killing of Staphylococcus
aureus. Although this type of monocyte apoptosis is known to be initiated by Fas–Fas ligand (FasL) interac-
tions, the downstream signaling pathway has not been determined. In this work the involvement of mitochon-
dria and the kinetics of caspase-8 and caspase-3 activation after phagocytosis of S. aureus were studied.
Caspase-8 activity was measured in cell lysates by using the fluorogenic substrate Ac-IETD-AFC. Active
caspase-3 levels and mitochondrial membrane potential (��m) were measured in whole cells by flow cytometry
using monoclonal antibodies reacting with activated caspase-3 and chloromethyl-X-rosamine, respectively. The
results show that caspase-8 was activated shortly after phagocytosis of bacteria. Caspase-8 activation was
followed by progressive disruption of ��m, which is associated with the production of reactive oxygen inter-
mediates. The irreversible caspase-8 inhibitor zIETD-FMK prevented the disruption of ��m and the release
of cytochrome c from S. aureus-exposed monocytes. Caspase-3 activation occurred following disruption of ��m.
These results strongly suggest that apoptosis of monocytes that have phagocytosed and killed S. aureus is
driven by the Fas-FasL-initiated pathway, which is typical for type II cells.

Phagocytosis and killing of bacteria by phagocytic cells con-
stitute an important mechanism of innate immunity. Although
professional phagocytes such as neutrophils and monocytes/
macrophages are able to recognize, phagocytose, and destroy
most of the bacteria, some may escape from killing and survive
inside the cells, which leads to their apoptosis (12, 13, 36).
Furthermore, extracellular bacteria, although efficiently killed
by phagocytes, may also trigger apoptosis of phagocytes (4, 9,
12, 15). Recently, it has been shown that Staphylococcus au-
reus-induced apoptosis of human monocytes is triggered by
CD95 (Fas)–Fas ligand (FasL) interaction and can be pre-
vented by the use of antioxidants (5). Phagocytosis of S. aureus
triggers the release of biologically active FasL that acts mostly
in an autocrine manner by interacting with surface-expressed
Fas/Apo1 (CD95). Reactive oxygen intermediates (ROI) are
presumably involved, as phagocytosis of bacteria is followed by
reduction of glutathione, and pretreatment of monocytes with
N-acetylcysteine effectively blocks apoptosis of phagocytes (5).
S. aureus is also known to infect nonphagocytic cells such as
endothelial or epithelial cells, which leads to their apoptosis (7,
17, 19, 34, 35, 38) and activation of caspase-8 and -3 (38).
However, there is no evidence for the involvement of Fas-FasL
interactions in these cases. To characterize further the mech-
anisms responsible for the induction of monocyte apoptosis
following engulfment of S. aureus, we studied the involvement
of mitochondria. In particular, we asked whether changes in
mitochondrial membrane potential (��m) occur before or af-
ter the activation of effector caspases.

The present report provides evidence that shortly after the
peak of caspase-8 activity, changes in ��m, followed by cas-
pase-3 activation, are observed. These events are characteristic
of type II Fas signaling pathways (31).

MATERIALS AND METHODS

Monocytes. Peripheral blood mononuclear cells (PBMC) were isolated from
EDTA-treated blood from healthy donors by standard Ficoll/Paque (Pharmacia,
Uppsala, Sweden) gradient centrifugation. Thereafter, PBMC were suspended in
Hanks’ balanced salt solution supplemented with 1% autologous plasma and
were subjected to countercurrent centrifugal elutriation (with a Beckman JE-6B
elutriation system equipped with a 5-ml Sanderson separation chamber) to ob-
tain monocytes, as previously described (5). After separation, monocytes were
washed once in cold RPMI 1640 medium (GIBCO, Grand Island, N.Y.) and kept
on ice (5 � 106/ml) in RPMI 1640 culture medium supplemented with L-glu-
tamine and 10% fetal calf serum (all reagents were from GIBCO) until use.
Monocyte enrichment was confirmed by the typical scatter pattern in flow cy-
tometry and expression of CD14 antigen (85 to 92% Tük 4-positive cells; DAKO,
Glostrup, Denmark).

Bacteria. S. aureus (ATCC 25923) was grown for 18 h on sugar broth, washed
twice with a large volume of saline, and opsonized (for 30 min at 37°C) in the
presence of 10% fresh human serum (pooled fresh human serum stored in
aliquots at �70°C). After additional washing, the density of bacteria was mea-
sured spectrophotometrically at 540 nm, and the number of cells was calculated
by using a previously determined standard curve (based on CFU counts). Finally,
the concentration of bacteria was adjusted to 109/ml in phosphate-buffered saline
(PBS). To enable the quantitative analysis of phagocytosis by flow cytometry, in
some experiments bacteria were incubated for 2 h at 37°C in PBS containing
0.1% fluorescein isothiocyanate (FITC) (BHD Chemicals Ltd., Poole, England)
before opsonization. After labeling and two washes, bacteria were opsonized as
described above.

Phagocytosis. Monocytes (106/ml) were incubated (for 30 min at 37°C under
5% CO2) in Falcon 2054 tubes (Becton Dickinson Labware Europe, Le Pont De
Croix, France) with suspensions of opsonized FITC-labeled or unlabeled S.
aureus (at a 1:20 or 1:50 ratio) in a total volume of 0.5 ml of RPMI 1640 medium
without antibiotics. Then antibiotics (penicillin at 100 U/ml and streptomycin at
100 �g/ml; GIBCO) were added, and the cells were cultured for as long as 24 h.
Alternatively, after a 30-min incubation of monocytes with bacteria at 37°C, 1 ml
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of ice-cold medium with antibiotics was added, cells were centrifuged (at 110 �
g for 5 min) to separate phagocytic cells from free bacteria, and the pellet was
resuspended in medium with antibiotics. As a control, monocytes were incubated
without bacteria. In some experiments monocytes were preincubated for 2 h at
37°C with the antioxidant n-acetyl-L-cysteine (NAC; Sigma, St. Louis, Mo.) at a
final concentration of 25 mM before exposure to bacteria (5, 30). To block
NADPH oxidase activity, monocytes were preincubated for 2 h with 10 �M
diphenylene iodonium (DPI) or 1 mM apocynin (both purchased from Sigma)
(5, 24, 32). Thereafter, monocytes were incubated with S. aureus as described
above.

Determination of apoptosis and cell viability by flow cytometry. To determine
the proportion of apoptotic of monocytes, an annexin V-binding assay was
performed. Monocytes cultured alone or together with bacteria were collected at
the indicated time points, washed with staining buffer (HEPES buffer containing
150 mM NaCl, 5 mM KCl, 1 mM MgCl2, and 1.8 mM CaCl2 [pH 7.4]), and
labeled with annexin V-phycoerythrin (PE) (Bender MedSystems, Vienna, Aus-
tria) for 15 min on ice to detect phosphatidylserine expression on the outer cell
membrane layer. After a wash with staining buffer, the cells were analyzed on a
FACSCAlibur flow cytometer using CellQuest software (BD Biosciences, San
Jose, Calif.). In some experiments the apoptosis or viability of monocytes was
determined by detection of propidium iodide uptake, which occurs early after
phagocytosis of S. aureus by monocytes and correlates with DNA laddering
(14).

Caspase-8 activity. Caspase-8 activity was measured by enzymatic cleavage of
the fluorogenic substrate N-acetyl-Ile-Glu-Thr-Asp-(7-amino-4-trifluoromethyl-
coumarin) (Ac-IETD-AFC; BD Biosciences Pharmingen, San Diego, Calif.)
according to the manufacturer’s instructions. Briefly, nonincubated monocytes
(107/ml) and monocytes incubated (at 37°C under 5% CO2) for different times
either in the medium alone or with S. aureus were pelleted by centrifugation (at
450 � g for 5 min at 4°C) and resuspended in 100 �l of ice-cold distilled water.
Cells were lysed by four cycles of freezing and thawing, and the lysates were
added to 300 �l of HEPES buffer (Pharmingen). To each sample 2.5 �l of
Ac-IETD-AFC was added, and lysates were incubated for 1 h at 37°C. In order
to confirm the substrate cleavage specificity, the caspase-8 inhibitor Ac-IETD-
aldehyde (Pharmingen) was added to some lysates incubated with Ac-IETD-
AFC. AFC release was monitored at an excitation wavelength of 400 nm and
an emission wavelength of 480 to 520 nm (with a Hitachi F-4500 fluorescence
spectrophotometer; Hitachi, Tokyo, Japan). To exclude the possibility of
caspase-8 substrate cleavage by S. aureus, the samples containing bacteria
alone were run in parallel.

Detection of active caspase-3. Activation of caspase-3 was determined by flow
cytometry using a PE-conjugated rabbit monoclonal antibody against active
caspase-3 (Active caspase-3 antibody apoptosis kit 1; BD Biosciences Pharmin-
gen) according to the manufacturer’s instructions.

Measurement of ��m. To measure ��m, monocytes cultured alone and ex-
posed to bacteria at a 1:20 ratio were loaded with the cell-permeable reagent
8-(4�-chloromethyl)-phenyl-2,3,5,6,11,12,14,15-octahydro-1H,4H,10H,13H-
diquinolizino-8H-xanthylium chloride (CMXRos; Molecular Probes, Leiden,
The Netherlands) by incubation for 15 min at 37°C at a concentration of 40 nM.
Thereafter, cells were washed in PBS and analyzed by flow cytometry. Accumu-
lation of CMXRos in the mitochondria corresponds to their ��m, which de-
creases in apoptotic cells (23, 25). To determine the involvement of ROI in ��m

changes, the cells were preincubated with DPI (10 �M), apocynin (1 mM), or
NAC (25 mM) as described above. In some experiments the irreversible caspase-
8 inhibitor z-Ile-Glu(methylester)-Thr-Asp(methylester)-fluoromethylketone
(zIETD-FMK; ICN Biomedicals, Livermore, Calif.), at a final concentration of
25 �M, was added to monocytes 30 min before admixture of bacteria.

Measurement of cytochrome c in culture supernatants. Cytochrome c concen-
trations in culture supernatants were measured with a human cytochrome c
MODULE SET (Bender MedSystems) modified by the use of an anti-cyto-
chrome c capture antibody (Pharmingen). This modification allowed us to in-
crease the level of detection up to 40 pg/ml (K. Barczyk et al., submitted for
publication). Further procedures followed the manufacturer’s instructions.

RESULTS

Phagocytosis of S. aureus triggers activation of caspase-8.
A previous report showed that Fas-FasL interactions trigger
monocyte apoptosis as a result of phagocytosis and killing of
S. aureus (5). Preliminary experiments also showed that phago-
cytosis of S. aureus triggers activation of caspase-8, which is the

most proximal caspase of the death receptor-mediated apopto-
sis pathway. To characterize further the involvement of cas-
pase-8, the kinetics of its activation was evaluated. The activa-
tion of caspase-8 occurred approximately 15 min after addition
of bacteria to monocytes (Fig. 1). Cleavage was inhibited by
addition of Ac-IETD-CHO to the cell lysates, indicating that
the reaction was specific for caspase-8. Cleavage was not ob-
served in control samples containing bacteria without mono-
cytes (data not shown).

Phagocytosis of bacteria leads to depolarization of mono-
cytes’ ��m. Many studies have suggested that a decline in ��m

may be an early event in apoptosis, including Fas-dependent
signaling (8, 11, 33). To examine whether infection of mono-
cytes with S. aureus causes a reduction in ��m, cells were
loaded with CMXRos at various time points after phagocytosis
of bacteria and ��m was analyzed by flow cytometry. Clear-cut
reductions in ��m were observed in monocytes 30 min after
exposure to bacteria. The proportion of cells with low ��m

increased during culture, reaching about 80% cells with low
��m around 4 h after phagocytosis (Fig. 2). To answer the
question of whether observed changes in ��m are associated
with phagocytosis of bacteria, monocytes were allowed to
phagocytose FITC-labeled S. aureus, which enabled discrimi-
nation of monocytes with and without bacteria by flow cytom-
etry. At 2 h after addition of S. aureus, reduced ��m was seen
predominantly in those monocytes which had engulfed S. au-
reus, while the ��m of bacteria-free cells remained unchanged
(Fig. 3).

Disruption of ��m is associated with the production of ROI
and activation of caspase-8. Mitochondrial membrane perme-
ability is regulated by a redox equilibrium of ROI, pyridine
nucleotides (NADH/NAD and NADPH/NADP), and the level
of the reduced form of glutathione (GSH) (11). To test wheth-

FIG. 1. Caspase-8 activation in monocytes after phagocytosis of
S. aureus. Ac-IETD-AFC was added to monocyte lysates prepared at
various times after exposure to bacteria (MO�S.a). Control mono-
cytes without bacteria (MO) were also sampled at the same time
points. Ratios of fluorescence signals obtained in samples with S. au-
reus to those without S. aureus at the indicated time points are shown.
Results obtained 15 min after exposure to bacteria are means � stan-
dard deviations of five measurements from independent experiments;
results for other time points are means � standard deviations of mea-
surements from three independent experiments.
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er ��m depolarization following phagocytosis of S. aureus is
linked to the production of ROI, NAC, DPI, and apocynin, a
specific inhibitor of NADPH oxidase (32), were used. NAC has
been shown to act as an antioxidant by raising intracellular
concentrations of cysteine and hence of GSH (11). DPI has
frequently been used to inhibit ROI production mediated by
flavoenzymes, particularly NADPH oxidase, and also inhibits
mitochondrial ROI production (24). Monocytes were preincu-
bated with these compounds for 2 h prior to addition of bac-
teria. NAC treatment only partially protected monocytes from
��m depolarization (1/2-log-unit difference in CMXRos fluo-
rescence intensity), while DPI almost completely blocked the
disruption of ��m observed after phagocytosis of bacteria (Fig.
4). Similarly, treatment of monocytes with apocynin almost
completely prevented the decrease in ��m in monocytes ex-
posed to bacteria (Fig. 5). Therefore, it was concluded that
NADPH oxidase and the production of ROI are essential for
the reduction in ��m.

Because the blocking of NADPH oxidase with DPI reduces
the release of FasL from S. aureus-exposed monocytes (5), the

data described above suggest that Fas-FasL interactions and
the resulting activation of caspase-8 are responsible for the
disruption of ��m. Further evidence was provided by the find-
ing that the reduction in monocytes’ ��m, as measured by
accumulation of CMXRos, was less pronounced when S. au-
reus-exposed cells were pretreated with the caspase-8 inhibitor
zIETD-FMK (Fig. 6A). Such pretreatment also prevented the
release of cytochrome c from monocytes (Fig. 6B). Since re-
lease of cytochrome c is considered the specific marker of
apoptotic cell death (27), the data presented in Fig. 6 indicate
that blocking of caspase-8 effectively protects monocytes from
S. aureus-induced apoptosis.

Disruption of ��m precedes activation of caspase-3. Al-
though the changes in ��m occurred shortly after caspase-8
activation and were blocked by a caspase-8 inhibitor, the pos-
sible involvement of the effector caspases could not be ex-
cluded. Therefore, to better characterize the pathways leading
to apoptosis of monocytes which had engulfed bacteria, kinetic
studies were performed to compare simultaneously changes in
the ��m and activation of caspase-3. Reductions in ��m were

FIG. 2. Evaluation of ��m with the ��m-sensitive probe CMXRos. Control (dotted lines) and S. aureus-exposed (solid lines) monocytes were
incubated with CMXRos and analyzed by flow cytometry at the indicated time points. Note the early drop in ��m, followed after 2 h by a dramatic
reduction in the signal. Representative results (from one kinetic study out of four performed) are shown.
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observed in 30% of cells 45 min after the addition of bacteria,
although at that time no activation of caspase-3 was detected
(Fig. 7). At 60 min, 45% of cells showed reduced ��m while
10% showed activated caspase-3. Finally, after 120 min of in-

cubation, the proportions of cells with reduced ��m and active
caspase-3 were comparable (60%). These data clearly indicate
that changes in ��m precede activation of caspase-3 in mono-
cytes exposed to S. aureus.

FIG. 3. Reductions in ��m are seen predominantly in monocytes that have engulfed bacteria. Monocytes were allowed to phagocytose
FITC-labeled S. aureus bacteria, and their ��ms were evaluated by flow cytometry 2 h later. Quadrant statistics are shown to point at the
proportions of cells with complete disruption of ��m in both groups. Dot plots present results for control (left) and S. aureus-exposed (right)
monocytes from a single experiment out of six performed.

FIG. 4. Reductions in ��m can be prevented by blocking of NADPH oxidase and by use of antioxidants. ��ms of S. aureus-exposed monocytes
without pretreatment (solid lines) or pretreated with DPI or NAC (dotted lines) were evaluated at the indicated time points.
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DISCUSSION

It is currently accepted that during Fas-induced apoptosis,
caspase-8 becomes autoactivated in a death-inducing signaling
complex (DISC) comprising procaspase-8, Fas, and the Fas-
associated death domain protein. This can lead directly to a
sequential activation of effector caspases, such as caspase-3 (2).
On the other hand, a large body of evidence suggests that
mitochondria are important participants in the pathways asso-
ciated with cell damage (8). Many key regulators of apoptosis
promote or inhibit the loss of mitochondrial integrity (23).
Factors such as bongkretic acid, which prevents disruption of
��m, are able to prevent several apoptotic events, including
exposure of phosphatidylserine residues on the outer plasma
cell membrane and oligonucleosomal DNA fragmentation
(26). Changes in ��m are considered a point of no return in the
effector phase of apoptosis, since they lead to the release of
cytochrome c from the mitochondrial intermembrane space
into the cytoplasm (8, 27, 39).

The hierarchy of caspase activation and changes in ��m

appears complex. Previous reports showed that caspases may
act upstream of mitochondria. Thus, inhibitors of serine pro-

teases such as N-tosyl-1-lysyl chloromethylketone and degen-
erate tripeptidic inhibitors of interleukin-1-converting enzyme
(ICE)-like proteases such as N-benzyloxycarbonyl-Val-Ala-
Asp.fluoromethylketone (Z-VAD.fmk) prevent or retard glu-
cocorticoid-induced ��m disruption and subsequent apoptosis
in various cell types (27, 29, 33). On the other hand, caspases
may also act downstream of ��m changes. Active caspase-8 can
cleave Bid, yielding a truncated species that inserts into the
outer mitochondrial membrane and facilitates cytochrome c
release and Apaf-1-mediated activation of caspase-9, which in
turn activates caspase-3 (23). To account for differences among
individual cells in the apoptotic response to Fas ligation, it has
been proposed that cells die by one of two signaling pathways
(31). In type I cells, Fas receptor aggregation recruits signaling
molecules to the plasma membrane via formation of the DISC,
which promotes caspase-8 autoactivation, with subsequent ac-
tivation of downstream effector caspases. In type II cells, DISC
formation is strongly reduced relative to that in type I cells, and
the small amounts of active caspase-8 are not sufficient to
initiate a caspase cascade. However, the amount of active cas-
pase-8 is sufficient to cleave Bid, which can then damage mi-

FIG. 5. Reductions in ��m can be prevented by blocking of NADPH oxidase. Shown is a dot plot analysis of monocytes probed with CMXRos
2 h after exposure to bacteria. (A and C) Monocytes cultured without bacteria; (B and D) monocytes exposed to bacteria. Monocytes for which
results are shown in panels C and D were pretreated with apocynin. Quadrant statistics are shown to point at the proportions of cells with complete
disruption of ��m.
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tochondria, inducing cytochrome c release and caspase-9 acti-
vation via Apaf-1. It is suggested that both pathways contribute
to different extents in various cell types (1).

In this work, evidence is presented that during monocyte
apoptosis induced by phagocytosis and killing of S. aureus,
caspase-8 activation precedes disruption of ��m and caspase-3
activation occurs thereafter. Using flow cytometry analysis of

��m and fluorometric measurement of caspase-8 activity, we
have been able to show that caspase-8 activation occurs as
early as 15 min after phagocytosis of S. aureus. These data are
in agreement with earlier reports showing that activation of
caspases is a rapid process that peaks at 15 to 30 min after Fas
cross-linking (22). Thus, it precedes ��m disruption, as quan-
tified by the ��m-sensitive dye CMXRos (25). ��m collapse

FIG. 6. Disruption of ��m and release of cytochrome c by monocytes following phagocytosis of S. aureus does not occur in zIETD-FMK-
pretreated cells. Monocytes were either preincubated with the caspase-8 inhibitor (25 �M) for 30 min or left untreated. Then bacteria were added.
��m was measured by use of CMXRos after 60 min of culture. The concentration of cytochrome c in culture (106 monocytes/ml) was measured
by enzyme-linked immunosorbent assay in supernatants harvested after 120 min of culture. (A) Overlay histogram shows fluorescence of control
and zIETD-FMK-pretreated monocytes exposed to bacteria and of monocytes cultured alone, as indicated. Data from one representative
experiment out of three performed are shown. (B) Cytochome c concentrations in culture supernatants. Means and standard deviations from three
independent experiments are shown. MO, monocytes.

FIG. 7. Time course of ��m changes and of the appearance of activated caspase-3. Duplicate sets of samples of monocytes with and without
bacteria were cultured and harvested at the indicated time points. In each pair, CMXRos was added to one sample 15 min before harvest while
the second sample was stained for the presence of activated caspase-3 (akt. casp-3) at the indicated harvest time.
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was noted in monocytes at 30 min after addition of bacteria to
the cells. This is in keeping with the data of Susin et al. (33),
who showed that Fas cross-linking provoked sequential activa-
tion of caspases, disruption of ��m, and nuclear apoptosis with
a kinetics similar to that observed in the present study. Dis-
ruption of ��m. was prevented by the irreversible caspase-8
inhibitor zIETD-FMK, indicating that at least the early change
in ��m in monocytes that had engulfed bacteria was caused by
caspase-8. Pretreatment of monocytes with zIETD-FMK also
reduced the release of cytochrome c from monocytes exposed
to bacteria. This indicates that the reduction in monocytes’
��m is secondary to caspase-8 activation and that caspase-8
activation is not triggered by cytochrome c/Apaf-1-triggered
caspase-9 (1). Furthermore, the blocking by zIETD-FMK of
extracellular release of cytochrome c from monocytes, the spe-
cific marker of apoptotic cell death (27), indicates that under
the conditions of the experiment, caspase-8 activation is nec-
essary for the induction of monocyte apoptosis.

Disruption of monocyte ��m after phagocytosis of S. aureus
was also blocked by the use of antioxidants (NAC) or NADPH
oxidase inhibitors (DPI and apocynin). Previously it has been
shown that during phagocytosis of S. aureus, the release of
FasL from monocytes is blocked by DPI (5). ROI may also
lower the threshold of antiapoptotic defense within monocytes,
which explains why monocytes that ingested bacteria preferen-
tially show DNA strand breaks (4). ROI might also up-regulate
FasL expression (6, 20) and modulate metalloproteinase activ-
ity (37). These findings and the data presented above strongly
suggest the critical role of Fas-FasL interaction and the result-
ing caspase-8 activation in the disruption of ��m. The time
course of ��m changes and of caspase-3 activation also point to
the critical role of mitochondria in the effector phase of mono-
cyte apoptosis after phagocytosis and killing of S. aureus. The
majority of cells presented disrupted ��m about 2 h after
contact with S. aureus and, as judged from the intensity of the
fluorescence signal (Fig. 2), from this time on, the damage to
the mitochondrial membrane was more profound. This may
suggest the additional damage of ��m effected by caspase-3,
which became activated around the same time. Such a possi-
bility was recently documented by Ricci et al. (28), who showed
a profound loss of ��m in the presence of tBid and caspase-3.

Previously it was reported that after phagocytosis of S. au-
reus, monocytes release biologically active FasL and the block-
ing of CD95 prevents their apoptosis (5). Now we provide
evidence for caspase-8 activation and its importance in the
disruption of ��m. S. aureus produces various toxins, of which
alpha-toxin is known to induce apoptosis of different cell types,
including monocytes (3, 10, 16, 18, 21). Activation of caspase-
3, -8, and -9 has recently been shown in alpha-toxin-treated
Jurkat cells and in PBMC (3, 10, 18). Furthermore, in Jurkat
cells treated with alpha-toxin, cytochrome c release was in-
duced both in intact and in isolated mitochondria, indicating
an intrinsic pathway of caspase activation (3). Although we
cannot exclude the involvement of alpha-toxin, the present
data clearly differ from those reported for alpha-toxin, as in-
duction of apoptosis by alpha-toxin does not require Fas-FasL
interactions (3, 18). Apoptosis of monocytes treated with su-
pernatants of S. aureus cultures was not inhibited by DPI,
which prevents FasL release, although DPI was effective in
blocking apoptosis induced by phagocytosis of S. aureus (5).

Furthermore, in our hands, phagocytosis of the alpha-toxin-
deficient S. aureus strain DU1090 by monocytes induces cas-
pase-3 activation and disruption of ��m (J. Pryjma, unpub-
lished data). Finally, the differences may be due to our use of
serum-opsonized bacteria for apoptosis induction, while
washed bacteria were used in the other study (18). Under our
experimental conditions, apoptosis was seen almost exclusively
in those cells that had engulfed bacteria (4, 5; this report), and
unopsonized S. aureus was much less effective at triggering
monocyte apoptosis (4). It is of interest that unopsonized bac-
teria or bacteria opsonized with serum from hypogamma-
globulinemic patients are much less efficiently taken up by
monocytes and induce little ROI, as measured by chemilumi-
nescence (Pryjma, unpublished).

In conclusion, our data provide further evidence for the
crucial role of Fas-FasL interactions and hence of caspase-8
activation in triggering monocyte apoptosis following the pha-
gocytosis and killing of S. aureus. This study also demonstrates
the critical involvement of mitochondria between the times of
caspase-8 and caspase-3 activation, indicating that monocyte
apoptosis that occurs after phagocytosis of S. aureus follows the
cascade of events typical for type II cells (1, 23, 31).
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