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The ability of the intracellular bacterium Legionella pneumophila to cause disease is totally dependent on its
ability to modulate the biogenesis of its phagosome and to replicate within alveolar cells. Upon invasion, L.
pneumophila activates caspase-3 in macrophages, monocytes, and alveolar epithelial cells in a Dot/Icm-
dependent manner that is independent of the extrinsic or intrinsic pathway of apoptosis, suggesting a novel
mechanism of caspase-3 activation by this intracellular pathogen. We have shown that the inhibition of
caspase-3 prior to infection results in altered biogenesis of the L. pneumophila-containing phagosome and in
an inhibition of intracellular replication. In this report, we show that the preactivation of caspase-3 prior to
infection does not rescue the intracellular replication of L. pneumophila icmS, icmR, and icmQ mutant strains.
Interestingly, preactivation of caspase-3 through the intrinsic and extrinsic pathways of apoptosis in both
human and mouse macrophages inhibits intracellular replication of the parental stain of L. pneumophila. Using
single-cell analysis, we show that intracellular L. pneumophila induces a robust activation of caspase-3 during
exponential replication. Surprisingly, despite this robust activation of caspase-3 in the infected cell, the host
cell does not undergo apoptosis until late stages of infection. In sharp contrast, the activation of caspase-3 by
apoptosis-inducing agents occurs concomitantly with the apoptotic death of all cells that exhibit caspase-3
activation. It is only at a later stage of infection, and concomitant with the termination of intracellular
replication, that the L. pneumophila-infected cells undergo apoptotic death. We conclude that although a robust
activation of caspase-3 is exhibited throughout the exponential intracellular replication of L. pneumophila,
apoptotic cell death is not executed until late stages of the infection, concomitant with the termination of
intracellular replication.

Legionella pneumophila is the causative agent of Legion-
naires’ disease, a potentially life-threatening bacterial pneumo-
nia that is associated with high morbidity and mortality (1).
Following invasion of the host cell, L. pneumophila diverts its
phagosome from the “default” endosomal-lysosomal pathway
to form a rough endoplasmic reticulum (ER)-derived replica-
tive niche (28, 29, 46, 56, 60). The L. pneumophila Dot/Icm
type IV secretion system plays essential roles in both diverting
the L. pneumophila-containing phagosome (LCP) from the
endosomal-lysosomal pathway and the biogenesis of the rough
ER-derived LCP (46, 50, 51, 56, 57). Biogenesis of the LCP
involves the interception of ER early secretory vesicles (31, 47)
and recruitment of the small GTP-binding protein Rab1 and
the v-SNARE Sec22b (16, 32), which are involved in vesicular
trafficking between the ER and the Golgi apparatus (7). How-
ever, within gamma interferon-activated macrophages, the
LCP fuses to lysosomes (48). During late stages of intracellular
replication, the LCP membrane becomes disrupted, followed
by bacterial escape into the cytoplasm, where mitochondria
and host cell vesicles are dispersed among the bacteria that
continue to replicate in the cytoplasm (38). This transient

replication in the cytoplasm is followed by lysis of the plasma
membrane and bacterial egress from the host cell (36–38).

Evasion of the endosomal-lysosomal pathway and biogenesis
of the LCP are mediated by bacterial effectors that are ex-
ported into the host cell through the Dot/Icm secretion system
(12, 35, 41). The L. pneumophila Dot/Icm secretion system is
encoded by 25 dot/icm genes that are located at two chromo-
somal loci (51, 58). Most of these genes encode membrane
proteins that are believed to be structural components of the
secretion apparatus (6). The icmS, -R, -Q, and -W genes en-
code cytoplasmic proteins with chaperone-like properties and
are thought to be required for the export of effectors through
the Dot/Icm secretion system (11, 17). Many Dot/Icm effectors,
such as RalF, LidA, SidC, LepA, and LepB, have been iden-
tified to be exported into the host cell (9, 12, 35, 41). Surpris-
ingly, these effectors play a minor role, if any, in the intracel-
lular replication of L. pneumophila.

Several bacterial pathogens induce apoptosis in mammalian
cells by activating specific components of the apoptotic path-
ways (23, 42). Caspases play essential roles in apoptotic cell
death (8, 15, 59). Two major apoptotic pathways, designated
the extrinsic and intrinsic pathways, mediate the activation of
apoptotic caspases in response to various extra- and intracel-
lular apoptotic stimuli (10, 52, 53, 55). The two main apoptotic
pathways converge on caspase-3 activation (45). Caspase-3
plays a major role in apoptosis through the cleavage of various
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structural and nonstructural proteins to dismantle the cell (19,
45).

Apoptotic caspases have also been shown to be involved in
nonapoptotic cellular activities such as cell cycle regulation,
proliferation, differentiation, motility, and receptor internal-
ization (2, 49). For example, caspase-3 activation has been
shown to be required for platelet production by megakaryoctes
and for skeletal muscle differentiation (14, 20). During the
process of platelet production, a limited activation of caspase-3
has been shown to be associated with the cleavage of the actin
regulator gelsolin in the absence of DNA fragmentation (14).
The activation of caspase-3 during skeletal muscle differenti-
ation has been shown to result in the cleavage and activation of
a key kinase required for this process, without DNA fragmen-
tation. Inhibition of caspase-3 has been shown to interfere with
both processes (14, 20). Such nonapoptotic functions of
caspase-3 may involve both limited and compartmentalized
activation of the caspase that results in a selective cleavage of
specific target proteins without dismantling the cell (14, 49).
The mechanism(s) that keeps the activity of caspase-3 from
cleaving certain substrates to commit the cell to apoptosis is
still unclear (49).

L. pneumophila activates caspase-3 in various cell types dur-
ing early stages of infection (21, 39). The activation of
caspase-3 by L. pneumophila is completely dependent on the
functional integrity of the Dot/Icm secretion system (39, 62),
since replication-deficient dot/icm mutants of L. pneumophila
do not activate caspase-3 (39, 62). Inhibition of caspase-3 ac-
tivity during early stages of infection by L. pneumophila blocks
the ability of the LCP to evade the endosomal-lysosomal path-
way (39). Early activation of caspase-3 by the Dot/Icm secre-
tion system of L. pneumophila is associated with the cleavage
of rabaptin-5 (39), which is a major effector of Rab-5 that
controls the fusion of early endosomes (54, 61).

Since the initiator caspases 8 and 9 are not activated during
early stages of infection, the mechanism by which L. pneumo-
phila activates caspase-3 does not involve the intrinsic or the
extrinsic pathway of apoptosis and may instead be novel (39).
In this study, we show that the preactivation of caspase-3 and
early induction of apoptosis do not rescue the intracellular
replication of L. pneumophila icmS, -R, and -Q mutant strains
of L. pneumophila. Pharmacological activation of caspase-3 at
any stage of the infection results in apoptosis and a cessation of
intracellular replication of the parental strain of L. pneumo-
phila. Interestingly, a single-cell analysis of infected macro-
phages reveals that L. pneumophila induces a robust activation
of caspase-3 throughout the intracellular replication period
without apparent apoptotic cell death. Instead, apoptosis is
triggered at late stages of infection, concomitant with the ter-
mination of intracellular replication.

MATERIALS AND METHODS

Bacterial strains and eukaryotic cell lines. The parental L. pneumophila strain
AA100 and its isogenic dotA, icmS, icmR, and icmQ mutant strains have been
described previously (37, 62). All L. pneumophila strains were grown for 3 days
at 37°C on buffered charcoal-yeast extract-agar plates. The plates used for the
cultivation of dotA, icmS, icmR, and icmQ mutant strains were supplemented
with kanamycin at a concentration of 50 �g/ml.

Both the human U937 and mouse J774A.1 macrophage cell lines were main-
tained in RPMI-1640 tissue culture medium (Gibco BRL) supplemented with
10% heat-inactivated fetal bovine serum (Gibco BRL) and were grown at 37°C

in the presence of 5% CO2. U937 cells were differentiated for 48 h using phorbol
12-myristate 13-acetate (Sigma, St. Louis, MO) as described previously (62), and
J774A.1 macrophages were allowed to adhere for at least 12 h before infection.
For bacterial intracellular growth kinetic experiments, U937 and J774A.1 cells
were seeded into 96-well plates (Becton Dickinson, NJ) at a concentration of 1
� 105 cells per well. For caspase-3 activity assays, the macrophages were seeded
into opaque 96-well plates (Corning Inc., NY).

Kinetics of staurosporin–TNF-�-induced caspase-3 activity assays. Differen-
tiated U937 cells and J774A.1 cells were treated with staurosporin (Sigma) at a
concentration of either 0.5 or 1.0 �M for U937 cells and 10 �M for J774A.1 cells.
The treatment was carried out for 1, 3, 5, 7, 10, and 16 h for U937 cells and 1,
3, 8, 12, and 16 h for J774A.1 cells. At each of the above-mentioned time points,
the caspase-3 activities of treated and untreated cells were monitored with a
fluorometric caspase-3 assay kit (BioVision Inc., Mountain View, CA) as de-
scribed previously (39). The level of caspase-3 enzymatic activity was measured
in arbitrary fluorescent units (AFU) by using a Perkin-Elmer fluorescence plate
reader with excitation at 400 nm and emission at 505 nm. For tumor necrosis
factor alpha (TNF-�)-induced caspase-3 activity, differentiated U937 cells were
treated with either human recombinant TNF-� (10 ng/ml) (BD Pharmingen, San
Jose, CA) alone or TNF-� with 1.0, 0.1, or 0.01 �g/ml cycloheximide (Sigma,
MO). The caspase-3 activity was determined after 5 h of treatment. The exper-
iments were carried out in triplicate for each of the treatment time points; the
level of caspase-3 activity in treated cells was compared to that in untreated cells,
as described above.

Growth kinetics of L. pneumophila and caspase-3 activation in U937 and
J774A.1 macrophages. Differentiated U937 cells and J774A.1 macrophages were
treated with staurosporin at a concentration of either 0.5 or 1.0 �M for U937
cells and 10 �M for J774A.1. After 1 h of treatment of U937 cells and 3 h of
treatment of J774A.1 cells, both the treated (in the presence of staurosporin) and
untreated monolayers were infected with L. pneumophila strains at a multiplicity
of infection (MOI) of 10. The infection was carried out for 1 h, followed by three
washes to remove extracellular bacteria. After the washes, staurosporin-treated
cell culture medium was restored to the monolayers that were treated with
staurosporin prior to infection. Differentiated U937-cell monolayers were
treated with TNF-� (10 ng/ml) in the presence of 0.05 �g/ml cycloheximide.
After 5 h of treatment, both treated and untreated monolayers were infected
with L. pneumophila AA100 as mentioned above. After washing of the cells,
TNF-�–cycloheximide-treated cell culture medium was added to the monolayers
that were treated with TNF-�–cycloheximide prior to infection. The numbers of
CFU in the treated and untreated monolayers were enumerated at 2, 24, 48, and
72 h postinfection for U937 macrophages and at 2, 24, and 48 h postinfection for
J774A.1 macrophages, as described previously (24). To study the effect of pre-
induction of caspase-3 activity on intracellular replication, the growth kinetics of
intracellular replication were compared between both the treated and untreated
monolayers.

For a study of the effect of staurosporin- or TNF-�-mediated apoptosis induc-
tion at late stages of L. pneumophila intracellular replication, differentiated
U937-cell monolayers were infected with L. pneumophila AA100 at an MOI of
10. Infection was carried out for 1 h, followed by a 1-h gentamicin treatment (50
�g/ml) to kill extracellular bacteria. At 8 h postinfection, some of the infected
monolayers were treated with either 0.5 �M staurosporin or TNF-� (10 ng/ml)
in the presence of 0.05 �g/ml cycloheximide. The numbers of CFU in the treated
and untreated monolayers were enumerated at 2, 24, 48, and 72 h postinfection,
as described previously (24).

Detection of caspase-3 activation and apoptosis in L. pneumophila-infected
U937 cells. Differentiated U937 cells seeded onto glass coverslips in 12-well
plates were infected with the parental strain AA100 at an MOI of 5 for 1 h,
followed by three washes to remove extracellular bacteria and further incubation
for various time periods. At the end of each incubation, the cells were fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS) (pH 7.2) for 30 min at
room temperature, followed by three washes with PBS. The fixed cells were then
permeabilized on ice with ice-chilled 0.1% Triton X-100 and 0.01% sodium
citrate in PBS for 15 min, followed by three washes with ice-chilled PBS. Fluo-
rescence labeling of apoptotic nuclei was carried out using fluorescein isothio-
cyanate-conjugated terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) using an in situ cell death detection kit as recom-
mended by the manufacturer (Roche, Indianapolis, IN) (11, 39). The fixation of
cells and labeling for laser scanning confocal microscopy were done as described
previously (11, 39). Immunofluorescence labeling of active caspase-3 and intra-
cellular bacteria was carried out as follows. The TUNEL-labeled cells were
blocked with 3% bovine serum albumin in RPMI with 10% fetal bovine serum
for 1 h at 37°C. Immunofluorescence labeling was carried out in blocking buffer
for 1 h at 37°C. Rabbit polyclonal anti-active caspase-3 antibodies (BD Phar-
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mingen, San Jose, CA), used at a 1:1,000 dilution, and the mouse monoclonal
anti-L. pneumophila antibody MAb 3/1 (26), used at a 1:2,000 dilution, were used
as the primary antibodies, followed by three washes with PBS (11, 39). After 1 h
of blocking at 37°C, the cells were treated for 1 h with a 1:4,000 dilution of the
secondary antibodies, Alexa fluor 647-conjugated donkey anti-rabbit immuno-
globulin G (IgG) and Alexa fluor 555-conjugated donkey anti-mouse IgG (Mo-
lecular Probes Inc., Eugene, OR). Uninfected macrophages and macrophages
treated with 1 �M staurosporin for 4 h were labeled for intracellular bacteria,
active caspase-3, and apoptotic nuclei as mentioned above. An analysis of mac-
rophages for the presence of intracellular bacteria, active caspase-3, and apo-
ptotic nuclei (TUNEL positive) was carried out using Zeiss Axiovert 100 M laser
scanning confocal microscopy, as described previously (11, 39). On average, 8 to
15 0.2-�m serial sections of each image were captured and stored for further
analyses, using Adobe Photoshop 6.0 (Adobe Photoshop, Inc.). The level of
caspase-3 activation was quantified by measuring the fluorescence intensity of
active caspase-3 in uninfected cells, staurosporin-treated cells, and Legionella-
infected cells using LSM 510 software. For the Legionella-infected cells, cells
were analyzed at 2, 4, 8, 12, and 18 h postinfection. The kinetics of caspase-3
activation in cells was presented in a histogram by plotting the values of the
arbitrary fluorescent units of active caspase-3 throughout the cell. The average
and standard deviation of the arbitrary fluorescence intensities of the cells were
then calculated.

RESULTS

Preactivation of caspase-3 does not rescue intracellular rep-
lication of L. pneumophila icmS, -R, and -Q mutants. The
Dot/Icm system is essential for the activation of caspase-3, and
the inhibition of caspase-3 blocks the intracellular replication
of L. pneumophila (39). The induction of caspase-3 activity
prior to infection by the dotA mutant does not rescue the
defect in intracellular replication (39). However, DotA is a
structural component of the Dot/Icm secretion system, and
therefore its defect is expected to result in a defect in the
export of all Dot/Icm effectors. The L. pneumophila icmS, -R,
and -Q genes encode cytoplasmic proteins with chaperone-like
properties that are thought to be involved in exporting specific
Dot/Icm effectors into the host cell (11, 17). Mutagenesis of
icmR or -Q abrogates the intracellular replication of L. pneu-
mophila and its ability to activate caspase-3 (11, 39, 50). How-
ever, a defect in icmS results in a partial defect in both
caspase-3 activation and intracellular replication (11, 39). Un-
like the dotA mutant that is expected to be defective in all
export through the Dot/Icm system, the icmS, -R, and -Q mu-
tants are expected to be defective in the export of specific
Dot/Icm effectors (11, 39, 50). Therefore, we hypothesized that
the induction of caspase-3 activity prior to infection may rescue
the intracellular replication of these mutants, since they are
defective in the export of specific effectors and also in the
activation of caspase-3. To test this hypothesis, U937 macro-
phages were pretreated with either 0.5 or 1.0 �M of the protein
kinase inhibitor staurosporin to induce caspase-3 activity
through the intrinsic pathway of apoptosis (5, 30, 43). After 1 h
of staurosporin treatment, both the treated and untreated
U937 cells were infected with the icmS, -R, or -Q mutant strain.
In addition, untreated U937 cells were infected with the pa-
rental strain AA100 and the dotA mutant as positive and neg-
ative controls for the intracellular replication of L. pneumo-
phila, respectively. Growth kinetics data showed that the defect
in intracellular replication of both the icmR and icmQ mutants
was not rescued by preactivation of caspase-3 by either 0.5 or
1.0 �M staurosporin (Fig. 1A and B). Moreover, the data
revealed that by 72 h postinfection, the icmS mutant showed an
about 10-fold increase in CFU in untreated monolayers. How-

ever, intracellular replication of the icmS mutant was com-
pletely abrogated in the U937 macrophages pretreated with
either 0.5 or 1.0 �M staurosporin (Fig. 1C). The parental strain
AA100 showed an about 3-log increase in CFU by 72 h postin-
fection, and the dotA mutant strain was completely defective in
intracellular replication, as shown previously (Fig. 1D) (4).

Intrinsic pathway-mediated preactivation of caspase-3
blocks intracellular replication of L. pneumophila. Based on
the growth kinetics results for the icmS mutant, we hypothe-
sized that the preactivation of caspase-3, and thus the early
induction of apoptosis by agents other than L. pneumophila,
could be detrimental to the intracellular replication of L. pneu-
mophila. Accordingly, we examined the effect of preactivation
of caspase-3 on the intracellular replication of the parental
strain AA100. Initially, we examined the kinetics of caspase-3
activation in U937 macrophages pretreated with either 0.5 or
1.0 �M staurosporin. The data showed that by 1 h of stauro-
sporin treatment, there was an approximately threefold in-
crease in caspase-3 activity compared to that in untreated cells
(Fig. 2A). By 5 h of staurosporin treatment, caspase-3 activity
peaked, with an �5.5-fold increase compared to that in un-
treated cells. However, beyond the 5-h time point, the
caspase-3 activity in staurosporin-treated cells showed a grad-
ual decline.

Based on the above results, untreated U937 macrophages or
macrophages pretreated for 1 h with either 0.5 or 1.0 �M
staurosporin were infected with the parental strain AA100.
The intracellular replication of AA100 in both treated and
untreated monolayers was examined by enumerating the num-
ber of CFU at 1, 24, 48, and 72 h postinfection. The growth
kinetics results revealed that by 48 h postinfection, the number
of CFU of AA100 in untreated U937 macrophages showed an
�100-fold increase (Fig. 2B). However, the wild-type strain
AA100 did not replicate in U937 macrophages pretreated with
either 0.5 or 1.0 �M staurosporin at 24, 48, or 72 h postinfec-
tion. Thus, the staurosporin-mediated early activation of
caspase-3, and thus the early induction of apoptosis, correlated
with an inhibition of intracellular replication of L. pneumophila.

Extrinsic pathway-mediated preactivation of caspase-3 ac-
tivation blocks intracellular replication of L. pneumophila. In
order to test the hypothesis that the inability of staurosporin-
treated host cells to support L. pneumophila replication was
because of an early induction of apoptosis and not because of
the inhibition of protein kinases by staurosporin (5, 30), we
decided to test the effect of TNF-�-induced caspase-3 activa-
tion on the intracellular replication of L. pneumophila. The
binding of TNF-� to TNF-� receptor 1 initiates two signaling
pathways, one of which promotes cell survival through the
activation of the transcription factors NF-�B and AP-1 and the
other of which promotes cell death, in the absence of de novo
RNA or protein synthesis, through the activation of caspase-8 (3).

Initially, in order to optimize the concentration of the pro-
tein synthesis inhibitor needed to enhance TNF-�-induced
caspase-3 activation, U937 macrophages were treated with ei-
ther TNF-� (10 ng/ml) alone or in addition to 1.0, 0.1, or 0.01
�g/ml cycloheximide. After 5 h of treatment, the caspase-3
activity in treated U937 macrophages was determined and
compared to that in untreated cells (Fig. 3A). Treatment with
TNF-� alone showed only a onefold increase in caspase-3
activity compared to that in untreated cells. The caspase-3
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activity level in U937 macrophages treated with cycloheximide
alone was found to be approximately equal to that in the
untreated cells (0.01 �g/ml of cycloheximide) or onefold (0.1
�g/ml of cycloheximide) or twofold (1.0 �g/ml of cyclohexi-
mide) higher than that in untreated cells (Fig. 3A). The level of

caspase-3 activity in U937 cells treated with TNF-� (10 ng/ml)
in the presence of either 0.01, 0.1, or 1.0 �g/ml cycloheximide
was approximately two-, three-, or fivefold higher than that in
untreated cells, respectively (Fig. 3A). Accordingly, we used
the same concentration of TNF-� (10 ng/ml) in the presence of

FIG. 1. Effect of preinduction of caspase-3 activity on intracellular replication of icmS, icmR, and icmQ mutants in U937 macrophages. The
graphs show the growth kinetics of icmR (A), icmQ (B), icmS (C), A100 (D), and dotA strains in untreated U937 macrophages or macrophages
treated with 0.5 or 1.0 �M staurosporin (St.) for 1 h prior to infection. Infections were performed for 1 h using an MOI of 10 (see Materials and
Methods). The cells were lysed at different time intervals, and the numbers of bacteria in the monolayers were enumerated after growth on agar
plates. The results are representative of three independent experiments. The experiments were done in triplicate, and error bars represent standard
deviations (some of the error bars are too small to be displayed).

FIG. 2. Kinetics of staurosporin-induced caspase-3 activity and growth kinetics of AA100 in staurosporin-treated U937 macrophages. (A) Ki-
netics of caspase-3 activity in U937 cells treated with 0.5 and 1.0 �M staurosporin (St.) for different time periods. Caspase-3 activity was determined
using a fluorogenic substrate specific for caspase-3 and is expressed in AFUs. (B) Growth kinetics of AA100 in U937 macrophages treated with
either 0.5 or 1.0 �M staurosporin for 1 h prior to infection. Infections were performed for 1 h using an MOI of 10 (see Materials and Methods).
The cells were lysed at different time intervals, and the numbers of bacteria in the monolayers were enumerated after growth on agar plates. The
results are representative of three independent experiments. The experiments were done in triplicate, and error bars represent standard deviations.
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0.05 �g/ml cycloheximide. The rationale behind the selection
of this concentration of cycloheximide was to obtain the opti-
mal maximum effect of cycloheximide on TNF-�-induced apo-
ptosis.

To study the effect of TNF-�-mediated preactivation of
caspase-3 on the intracellular replication of L. pneumophila,
U937 macrophages were pretreated for 5 h with TNF-� (10
ng/ml) in the presence of 0.05 �g/ml cycloheximide (10, 52, 53,
55). The intracellular replication of AA100 in both treated and
untreated cells was monitored by determining the numbers of
CFU at 1, 24, 48, and 72 h postinfection. The growth kinetics
data showed that while the intracellular replication of AA100
in untreated U937 macrophages showed an almost 3-log in-
crease in CFU by the 48-h time point, AA100 failed to repli-
cate in the TNF-�–cycloheximide-treated cells (Fig. 3B).
TNF-� (10 ng/ml) alone or cycloheximide (0.05 �g/ml) alone
had no significant effect on either the intracellular or in vitro
replication of AA100 (data not shown). These data support our
findings that the preactivation of caspase-3, and thus the early
induction of apoptosis, correlates with an inhibition of intra-
cellular replication of L. pneumophila.

Inhibition of L. pneumophila intracellular replication by
preactivation of caspase-3 in mouse macrophages. Previous
work from our laboratory and others has shown that L. pneu-
mophila activates caspase-3 in different types of human cells
(22, 25, 40). However, it has never been tested whether L.
pneumophila activates caspase-3 in mouse macrophages, which
are widely used to study Legionella pathogenesis (22, 25, 40).

The BALB/c mouse-derived macrophage cell line J774A.1
supports the intracellular replication of L. pneumophila (27,
33). To test whether L. pneumophila activates caspase-3 in
J774A.1 macrophages during the early stages of infection,
monolayers of J774A.1 macrophages were infected with
AA100 or the dotA mutant strain for 1 h, followed by further
incubation for 5 h. A caspase-3 activity assay showed that while
AA100-infected macrophages had an approximately threefold
increase in caspase-3 (P � 0.01) activity compared to unin-
fected cells, the dotA mutant strain failed to activate caspase-3

(Fig. 4A). Thus, L. pneumophila activates caspase-3 in mouse
macrophages in a Dot/Icm-dependent manner, similar to the
case in human cells.

The effect of staurosporin-mediated preactivation of
caspase-3 on the intracellular replication of L. pneumophila in
J774A.1 macrophages was also examined. We initially exam-
ined the kinetics of staurosporin-induced caspase-3 activity in
J774A.1 macrophages treated with 10 �M staurosporin. The
kinetics of caspase-3 activity showed that by 3, 8, and 12 h
post-staurosporin treatment, there were �3-, 7-, and 12-fold
increases in caspase-3 activity, respectively, compared to that
in untreated macrophages (Fig. 4B).

To study the effect of preactivation of caspase-3 on the
intracellular replication of AA100 in J774A.1 macrophages,
the monolayers were pretreated for 2 h with 10 �M stauro-
sporin. The intracellular replication of AA100 was followed by
determining the numbers of CFU at 1, 24, and 48 h postinfec-
tion. The data showed that while AA100 had an approximately
3-log increase in the number of CFU by 48 h in untreated
J774A.1 macrophages, AA100 failed to replicate in stauro-
sporin-treated macrophages (Fig. 4C). Taken together, these
data allowed us to conclude that the preactivation of caspase-3
and early induction of apoptosis abrogate the intracellular
replication of L. pneumophila in both human and mouse mac-
rophages.

Induction of caspase-3 by TNF-� or staurosporin during
intracellular exponential-phase replication block furthers pro-
liferation. It has been proposed that at early stages of infec-
tion, L. pneumophila induces a limited activation of caspase-3
which is essential for arresting trafficking of the LCP through
the endosomal-lysosomal pathway (39). The data described
above showed that the preactivation of caspase-3 through the
intrinsic or the extrinsic pathway of apoptosis prior to infec-
tion, and thus the early induction of apoptosis, abrogated the
intracellular replication of L. pneumophila in human and
mouse macrophages. Therefore, we examined the effect of
staurosporin and TNF-�–cycloheximide treatment on the in-

FIG. 3. TNF-�-mediated preactivation of caspase-3 blocks intracellular replication of AA100 in U937 macrophages. (A) TNF-�-induced
caspase-3 activity in U937 macrophages in the presence of different concentrations of cycloheximide (CHX). Caspase-3 activity was determined
using a fluorogenic substrate specific for caspase-3 and is expressed in AFUs. (B) Growth kinetics of AA100 and the dotA mutant in untreated
macrophages and of AA100 in macrophages treated with TNF-�–cycloheximide for 5 h prior to infection. Infections were performed for 1 h using
an MOI of 10 (as described in Materials and Methods). The cells were lysed at different time intervals, and the numbers of bacteria in the
monolayers were enumerated after growth on agar plates. The results are representative of three independent experiments. The experiments were
done in triplicate, and error bars represent standard deviations. Some of the error bars are too small to be displayed.
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tracellular replication of L. pneumophila at later stages of
infection.

U937 macrophages infected with the parental strain AA100
were treated with staurosporin (0.5 �M) or TNF-� (10 ng/ml)–
cycloheximide (0.05 �g/ml) at 8 h postinfection. The intracel-
lular replication of AA100 in both treated and untreated cells
was followed by enumerating the CFU at 1, 24, 48, and 72 h
postinfection. The data showed that by 24 h postinfection,
AA100 had an approximately 2-log increase in CFU in both
treated and untreated macrophages (Fig. 5A and B). In the
untreated macrophages, AA100 showed �3- and �5-log in-
creases in CFU by 48 and 72 h postinfection, respectively (Fig.
5A and B). In contrast, in the treated macrophages, the num-
ber of CFU did not show any further increase at 48 or 72 h
postinfection (Fig. 5A and B). These data suggested that al-
though L. pneumophila requires caspase-3 activity to arrest
trafficking of its phagosome through the endosomal-lysosomal
pathway during the early stages of infection, the induction of
apoptosis at any stage of intracellular replication of L. pneu-
mophila coincides with a cessation of intracellular replication.

Robust activation of caspase-3 by L. pneumophila without
apoptosis during exponential replication. Our data described
above showed that the preactivation of caspase-3 and the sub-
sequent induction of apoptosis through the intrinsic or extrin-

sic pathway prior to infection coincide with a termination of
intracellular bacterial replication. With few exceptions (49),
the activation of caspase-3 in mammalian cells results in rapid
apoptosis and dismantling of the cell. It is rather puzzling that
although caspase-3 activity is essential for the intracellular
replication of L. pneumophila during early stages of infection,
the induction of apoptosis coincides with the termination of
intracellular replication. Therefore, it was essential to perform
a single-cell analysis to examine how the activation of
caspase-3 in each infected cell is coordinated with the subse-
quent induction of apoptosis and termination of intracellular
replication. We examined by in situ single-cell analysis the
caspase-3 activity, cell apoptosis, and bacterial replication at
the single-cell level. We used laser scanning confocal micros-
copy for a single-cell analysis of U937 macrophages infected
with the parental strain A100 or treated with staurosporin. At
different time points after infection, the infected U937 macro-
phages were fixed, permeabilized, and fluorescently labeled for
apoptotic nuclei by TUNEL, for activated caspase-3, and for
intracellular bacteria (see Materials and Methods). Any nuclei
labeled by TUNEL were considered apoptotic, regardless of
the intensity of staining, since any detectable level of DNA
fragmentation is a clear sign of the demise of the cell. To
establish a quantitative temporal relationship between the ac-

FIG. 4. Effect of preactivation of caspase-3 on intracellular replication of AA100 in mouse macrophages. (A) Caspase-3 activity in J774A.1
macrophages at 6 h postinfection with AA100 or the dotA mutant using an MOI of 10 for 1 h compared to that after treatment with staurosporin
(St.). (B) Kinetics of caspase-3 activity in J774A.1 macrophages at different time points after treatment with staurosporin. Caspase-3 activity was
determined using a fluorogenic substrate specific for caspase-3 and is expressed in AFUs. (C) Growth kinetics of AA100 and the dotA mutant in
untreated J774A.1 macrophages and of AA100 in J774A.1 macrophages treated with staurosporin for 2 h prior to infection at an MOI of 10 for
1 h. The cells were lysed at different time intervals, and the numbers of bacteria in the monolayers were enumerated after growth on agar plates.
The results are representative of three independent experiments. The experiments were done in triplicate, and error bars represent standard
deviations. Some of the error bars are too small to be displayed.
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tivation of caspase-3 and the appearance of TUNEL-positive
nuclei, we quantitated the average AFUs of active caspase-3/
cell. Uninfected cells had a background level of approximately
50 AFUs of active caspase-3/cell, and therefore we considered

a minimum of 100 AFUs/cell as a positive result for active
caspase-3.

Two hours after infection, the majority (�90%) of the in-
fected cells contained one bacterium (Fig. 6). None of the

FIG. 5. Effect of caspase-3 activation during early stages on exponential replication of L. pneumophila. The graphs show the amount of
intracellular replication of AA100 in U937 macrophages that were either untreated or treated at 8 h postinfection with 0.5 �M staurosporin (St.)
(A) or TNF-�–cycloheximide (CHX) (B). Infections were performed for 1 h using an MOI of 10 (see Materials and Methods). The cells were lysed
at different time intervals, and the numbers of bacteria in the monolayers were enumerated after growth on agar plates. The results are
representative of three independent experiments. The experiments were done in triplicate, and error bars represent standard deviations. Some of
the error bars are too small to be displayed.

FIG. 6. Kinetics of caspase-3 activation and apoptosis induction in L. pneumophila-infected and staurosporin-treated U937 macrophages. L.
pneumophila-infected cells (MOI of 5 for 1 h) were fixed and labeled 2 to 18 h after infection. Staurosporin-treated cells were fixed and labeled
4, 8, and 12 h after treatment. (A) For each time point, �100 macrophages were analyzed by laser scanning confocal microscopy for the number
of intracellular bacteria, for active caspase-3 (C3), and for apoptotic nuclei detected by TUNEL (TU) assays. (B) AFUs of caspase-3 activity in
nonapoptotic L. pneumophila-infected cells compared to those in cells treated with 1 �M staurosporin. (C) Percentages of apoptotic nuclei in cells
treated with different concentrations of staurosporin. (D) Average AFUs/cell for active caspase-3. The experiments were done in triplicate, and
the results are representative of three independent experiments.
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infected cells showed apoptotic nuclei, and the staining for
activated caspase-3 in these cells was similar to the background
level of staining in uninfected cells (Fig. 6 and 7). Four hours
after infection, 87% of the infected cells contained one to three
bacteria (Fig. 6). None of the infected cells showed apoptotic
nuclei, but 15% of the infected cells contained active
caspase-3. Quantitation of active caspase-3 at the single-cell
level showed that the AFU value for the cells that contained
active caspase-3 at 4 h was �150, compared to �50 AFUs at
2 h postinfection or in uninfected cells (Fig. 6). Eight hours
after infection, 85% of the infected cells contained 10 to 15
bacteria, and 40% of these cells showed caspase-3 activity in
the absence of apoptotic nuclei. The average AFU value for
active caspase-3 in the TUNEL-negative cells that contained
active caspase-3 was �200, compared to �50 AFUs in unin-
fected cells (Fig. 6). Only 5% of the infected cells showed
activated caspase-3 in the presence of apoptotic nuclei, and the
AFU value for these cells was �250, similar to that for cells
treated with 1 �M staurosporin (Fig. 6 and 7). Twelve hours
after infection, 80% of the infected cells contained 20 to 30
bacteria, among which 50% showed a robust caspase-3 activity
level. The average AFU value for active caspase-3 in the
TUNEL-negative cells that contained active caspase-3 at 12 h
was �250, similar to that for staurosporin (1 �M)-treated cells
(Fig. 6). Only 10% of infected cells showed activated caspase-3
in the presence of apoptotic nuclei, and the AFU value for
active caspase-3 was also similar to that for staurosporin-
treated cells (Fig. 6 and 7). Eighteen hours after infection, 85%
of the infected cells contained �40 bacteria, among which 70%
showed activated caspase-3 in the presence of apoptotic nuclei
and 8% showed only active caspase-3 (Fig. 6 and 7). In both
TUNEL-positive and TUNEL-negative cells at 18 h, the AFU
value for active caspase-3 was �250, similar to that for stau-
rosporin-treated cells (Fig. 6 and 7). Importantly, �90% of
staurosporin-treated cells with activated caspase-3 had apopto-
tic nuclei at any time point tested after staurosporin treatment,
and the average AFU value for active caspase-3 was �250 (Fig.
6).

To examine whether the temporal and spatial activation of
caspase-3 and the delayed appearance of apoptosis in L. pneu-
mophila-infected cells were distinct from other apoptotic stim-
uli, U937 macrophages were treated with different concentra-
tions of staurosporin for 4 h, 8 h, or 12 h and examined for
apoptotic nuclei by TUNEL and for activated caspase-3 (see
Materials and Methods). Single-cell analysis by laser scanning
confocal microscopy showed that there was a dose- and time-
dependent induction of apoptosis (Fig. 6C). At all time points,
�10% of the cells treated with 50 to 1,000 nM staurosporin
showed activated caspase-3 without the presence of apoptotic
nuclei. Analyses of cells with apoptotic nuclei showed averages
of 220 to 250 AFUs of activated caspase-3 (Fig. 6D). The
�10% of the cells with activated caspase-3 but without apo-
ptotic nuclei showed averages of 210 to 240 AFUs (data not
shown). The data showed that the gradual increase in the
concentration of staurosporin as well as the gradual increase in
the treatment time resulted in an increase in the percentage of
apoptotic cells but not the level of caspase-3 activity (Fig. 6C).
Unlike L. pneumophila-infected cells, which showed a gradual
increase in caspase-3 activation throughout the course of in-
tracellular replication, we were unable to detect a gradual

increase in AFUs of activated caspase-3 in staurosporin-
treated cells (Fig. 6D). In contrast, by 12 h after infection,
�50% of L. pneumophila-infected cells showed activated
caspase-3, with an AFU value of about 250 (Fig. 6B). However,
most of the infected cells did not reveal the presence of apo-
ptotic nuclei until about 18 h after infection (Fig. 6A). These
data showed that although L. pneumophila-infected cells had a
complete activation of caspase-3 (�250 AFUs) by 12 h after
infection (Fig. 6A and B), the appearance of apoptotic nuclei
was not exhibited until 18 h postinfection (Fig. 6A). We con-
cluded that there is a delay in the appearance of apoptotic
nuclei in L. pneumophila-infected macrophages in the presence
of a robust activation of caspase-3, indicating that during ex-
ponential-phase bacterial replication, the organism interferes
with late stages of the execution of apoptosis.

Interestingly, during the early stages of infection (4 to 12 h),
infected cells with activated caspase-3 in the absence of apo-
ptotic nuclei exhibited a punctate pattern of activated
caspase-3 throughout the cytosol (Fig. 7). Moreover, this punc-
tate pattern of activated caspase-3 showed a gradual increase
in its intensity and distribution throughout the cytosol that
correlated with the increase in the number of intracellular
bacteria (Fig. 6 and 7). However, at late stages of infection (18
h), infected cells exhibited a diffuse pattern of activated
caspase-3 throughout the cytosol, together with the presence of
apoptotic nuclei, similar to the case for staurosporin-treated
cells (Fig. 6). This diffuse pattern of activated caspase-3 in the
presence of apoptotic nuclei was observed in 90% of U937
macrophages treated with staurosporin (Fig. 6). Punctate pat-
terns of activated caspase-3 have been suggested to represent
a “limited” or “compartmentalized” activation of caspase-3 (14).

DISCUSSION

Recent studies have revealed that apoptotic caspases are
involved in several nonapoptotic cellular processes in which
limited and compartmentalized activation of caspases may re-
sult in the selective cleavage of specific target proteins without
driving the cell into apoptosis (2, 49). Caspase-3 activation by
L. pneumophila during early stages of infection has been shown
to play a key role in arresting the trafficking of the LCP
through the endosomal-lysosomal pathway (39). L. pneumo-
phila activates caspase-3 during early stages of infection in a
Dot/Icm-dependent manner that is independent of the extrin-
sic and intrinsic pathways of apoptosis (21, 39). This suggests
that the activation of caspase-3 by L. pneumophila may be
directly mediated by a Dot/Icm effector(s) (39, 62).

L. pneumophila icmS and -R encode cytoplasmic proteins
with chaperone-like properties that are believed to be involved
in the export of the Dot/Icm effector(s) into the host cell (11,
17). The IcmQ protein has been shown to possess a pore-
forming activity and is thought to form the channel in the host
cell membranes through which Dot/Icm effectors are exported
(18). The level of the defect in intracellular replication of L.
pneumophila icmS, -R, and -Q mutants correlates with the
ability of these mutants to activate caspase-3 (39). The icmR
and -Q mutations result in severe attenuation in intracellular
replication, while the icmS mutation results in a partial defect
in intracellular replication (11). Since caspase-3 activity is es-
sential for phagosome biogenesis, we have examined whether
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FIG. 7. Representative laser scanning confocal microscopy images of L. pneumophila-infected macrophages. U937 macrophages were infected
with the parental strain AA100 at an MOI of 5. Infected macrophages were fixed and permeabilized 2, 4, 8, 12, and 18 h after infection. Apoptotic
nuclei were labeled using TUNEL (green), intracellular bacteria were labeled using mouse monoclonal anti-L. pneumophila antibodies followed
by Alexa fluor 555-conjugated secondary antibodies (red), and active caspase-3 was labeled using rabbit polyclonal anti-active caspase-3 antibodies
followed by Alexa fluor 647-conjugated secondary antibodies (blue). The experiments were done in triplicate, and the results are representative
of three independent experiments.
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the activation of caspase-3 prior to infection by the icmS, -R,
and -Q mutants will rescue their defect in intracellular repli-
cation. Our data show that the activation of caspase-3 prior to
infection through the intrinsic or extrinsic pathway of apoptosis
(3, 13) does not rescue the intracellular replication of L. pneu-
mophila icmR, icmS, and icmQ mutants. Several Dot/Icm ef-
fectors have been shown to be exported into the host cell (9,
12, 35, 41). Thus, a lack of IcmS, IcmR, and IcmQ may inter-
fere with exporting the Dot/Icm effectors necessary for
caspase-3 activation as well as other events required for bio-
genesis of the L. pneumophila replicative niche. Importantly,
the activation of caspase-3 prior to infection through the in-
trinsic or extrinsic pathway of apoptosis abrogates intracellular
replication of the parental strain of L. pneumophila. In addi-
tion, the activation of caspase-3 by pharmacological agents at
any stage of infection results in apoptosis and the abrogation of
intracellular replication. Thus, the data show that the effects of
caspase-3 activation by L. pneumophila and by apoptosis-in-
ducing agents on intracellular replication are distinct. These
studies suggest a unique pattern of caspase-3 activation by L.
pneumophila.

The activation of caspase-3 through the intrinsic or extrinsic
pathway of apoptosis shows that the majority of treated U937
macrophages become apoptotic within 5 h of treatment. More-
over, the majority of the macrophages have apoptotic nuclei in
addition to a high level of active caspase-3 that appears dif-
fusely distributed throughout the cytosol. During early stages
of infection (4 h), L. pneumophila-infected cells show a low
level of active caspase-3 that exhibits a punctate distribution
throughout the cytosol in the absence of apoptotic nuclei. The
punctate distribution of active caspase-3 has been previously
described to indicate a compartmentalized pattern of cap-
sase-3 activation (14). Importantly, the presence of apoptotic
nuclei is not detectable until late stages of infection (12 to
18 h), despite a robust activation of caspase-3. To establish a
temporal relationship between the activation of caspase-3 and
the appearance of TUNEL-positive nuclei, we quantitated the
average AFUs of active caspase-3. Our data clearly show the
appearance of active caspase-3, but with a delay in the appear-
ance of TUNEL-positive nuclei. In contrast, in staurosporin-
treated cells, the activation of caspase-3 is always associated
with TUNEL-positive nuclei. Accordingly, the induction of
apoptosis is delayed after the activation of caspase-3 in L.
pneumophila-infected cells. Thus, the induction of apoptosis in
L. pneumophila-infected cells coincides with the termination of
intracellular replication. This prediction is supported by (i) the
cessation of intracellular replication following induction of apo-
ptosis prior to infection or during exponential intracellular
replication and (ii) our finding that treatment of the L. pneu-
mophila-infected cells with staurosporin or TNF-� during ex-
ponential intracellular replication is concomitant with a cessa-
tion of intracellular replication.

Recently, it has been shown that the induction of apoptosis
in macrophages restricts the intracellular replication of Myco-
bacterium avium (44). It has been suggested that this restriction
of intracellular replication occurs as a consequence of an in-
terruption in intracellular vesicular trafficking (44). Biogenesis
of the LCP involves recruitment of the ER’s early secretory
vesicles (31, 57). Apoptosis has been shown to inhibit the
trafficking of secretory vesicles (34). Based on this, it is possible

that an early induction of apoptosis interferes with the biogen-
esis of the LCP.

It has been suggested that during cellular processes that
require nonapoptotic limited activities of caspases, antiapop-
totic factors are thought to keep the level of the enzymatic
activity of activated caspases in check and thus protect the cell
from going into apoptosis (49). During early stages of infec-
tion, L. pneumophila induces a limited or compartmentalized
activation of caspase-3 to arrest trafficking of the LCP through
the endosomal-lysosomal pathway without driving the host cell
into apoptosis. We speculate that there is an induction of
antiapoptotic processes in L. pneumophila-infected cells that
limit the activity of caspase-3 from dismantling the infected
cell. However, during late stages of infection, apoptosis com-
mences as a result of either further activation of caspase-3 or
weakening of the antiapoptotic cellular mechanisms.

In summary, we have shown that the activation of caspase-3
prior to or during the early stages of infection is correlated with
an inhibition of intracellular replication of L. pneumophila.
During the early stages of infection and exponential replica-
tion, L. pneumophila induces the activation of caspase-3 by a
Dot/Icm-dependent process without driving the infected cell
into apoptotic death. At any stage of infection, when apoptosis
is triggered in the host cell, either by L. pneumophila or upon
caspase-3 activation by pharmacological agents, intracellular
replication is ceased. Our data show an intricate and delicate
balance mediated by the Dot/Icm system to induce a limited
activation of caspase-3 but not apoptotic death of the host cell
until late stages of intracellular replication, when the bacteria
are ready to escape the spent host cell.
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