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Pseudomonas aeruginosa, a gram-negative facultative pathogen, causes severe infections in immunocompro-
mised and cystic fibrosis patients. However, the molecular details of the interaction between P. aeruginosa and
mammalian cells are still largely unknown. Here we demonstrate that infection of human conjunctiva epithelial
Chang cells with the well-characterized P. aeruginosa strain PAQO-I results in rapid induction of apoptosis.
Apoptosis was mediated by mitochondrial alterations, in particular mitochondrial depolarization, synthesis of
reactive oxygen intermediates, and release of cytochrome c, as well as an activation of Jun N-terminal kinases
(JNK). Stimulation of these events was dependent on upregulation of CD95 on infected cells, and a deficiency
of CDY5 or the CD95 ligand prevented mitochondrial changes, JNK activation, and apoptosis upon infection.
Further, efficient apoptosis of Chang epithelial cells required infection with live P. aeruginosa, adhesion but not
invasion of the bacteria, and expression of the type I1I secretion system in PAO-I. The data indicate a type II1
secretion system-dependent, sequential activation of several signaling pathways by P. aeruginosa PAO-I,

resulting in apoptosis of the infected cell.

Apoptosis of mammalian host cells has been shown to be a
hallmark of infection by some bacteria, viruses, and parasites
(10, 28). A paradigm for bacterium-induced apoptosis is Shi-
gella flexneri (40), which secretes the protein IpaB into the host
cell via the type III secretion system (41). IpaB binds to and
activates caspase 1, resulting in release of interleukin 1 and
finally apoptosis of the infected cell (3, 18). Salmonella enterica
serovar Typhimurium exploits a very similar system, secreting
via the type III secretion system the protein SipB, which also
induces apoptosis by binding to and activation of caspase 1
(17). In contrast, Yersinia enterocolitica appears to trigger ap-
optosis by the inhibition of several survival pathways active in
the mammalian cell and by balancing proapoptotic pathways
(17). Yersinia releases two proteins, YopJ and YopP, into the
cytoplasm of the infected cell, which inhibit NF-kB and mito-
gen-activated protein kinases as well as dephosphorylate ty-
rosine residues (25, 27, 31). The exact mechanisms of how
these events lead to apoptosis are unknown.

However, the molecular mechanisms of apoptosis induced
by other bacteria, including enteropathogenic Escherichia coli
(6), Listeria monocytogenes (30), and Staphylococcus aureus
(24), are almost unknown.

Apoptosis has been shown to be mediated by a whole variety
of signaling pathways. In particular, caspases, which cleave
several intracellular proteins, have been demonstrated to play
a pivotal role in almost any form of apoptosis (26, 33).
Caspases are activated by proapoptotic receptors, e.g., CD95
or the tumor necrosis factor receptor, but also by stress stimuli,
e.g., radiation, heat, or oxygen radicals (1, 23). Caspases are
known to cleave several intracellular proteins, which finally
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results in DNA cleavage, disturbance of the mitochondrial
function, and changes of the cell membrane (32). Mitochon-
dria constitute a second system which has been shown to be
highly important in many forms of apoptosis (22). They re-
spond to many apoptotic stimuli with a release of cytochrome
¢ and/or apoptosis-inducing factor, opening of the permeability
transition pore, and depolarization of the mitochondrial mem-
brane potential (22). Finally, the stimulation of stress kinases,
Jun N-terminal kinase (JNK) and p38-K, has been invoked as
being important for apoptosis, in particular upon application
of stress stimuli (2).

Pseudomonas aeruginosa infections play an important and
growing role in the clinic. In particular, patients with cystic
fibrosis are highly susceptible to P. aeruginosa infections, very
often developing chronic bronchiolar infection and eventually
dying from the infection. Thus, the molecular mechanisms of
host-P. aeruginosa interactions need further definition.

Here we identify molecular mechanisms involved in the in-
duction of apoptosis by P. aeruginosa. We demonstrate that P.
aeruginosa triggered an activation of JNK and of mitochondrial
alterations typical for apoptosis. Induction of these signaling
events seemed to be dependent on upregulation of endoge-
nous CD95 on the surface of infected cells, and deficiency of
either CD95 or CD95 ligand confined cellular resistance to P.
aeruginosa-triggered apoptosis. In addition, our results indicate
that adhesion of P. aeruginosa to mammalian cells and expres-
sion of a type III secretion system are required for CD95
upregulation, activation of JNK, induction of mitochondrial
changes, and finally apoptosis.

MATERIALS AND METHODS

Chemicals, bacteria, animals, and cells. Dihydroethidine (DHE), 5,5, 6,6'-
tetrachloro-1, 1', 3, 3'-tetracthylbenzimidazolylcarbocyanineiodide (JC1), and 3,
3’-dihexyloxacarbocyanineiodide [DiOCg4(3)] were from Molecular Probes (Mo-
bitec, Goettingen, Germany). All other chemicals were from Sigma-Aldrich
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FIG. 1. Infection of Chang epithelial cells with P. aeruginosa PAO-I induces alterations of mitochondrial functions. (A to C) PAO-I infection of Chang
epithelial cells induces a progressive mitochondrial depolarization which is not observed after infection with heat-inactivated PAO-I, PAO-I supernatants,
or a type III secretion system-deficient PAO-I mutant. Pretreatment with CFTR peptide does not alter mitochondrial depolarization. Likewise, infection
induces a synthesis of ROS (D) and a release of cytochrome c into the cytosol of infected cells (E and F). Chang conjunctiva epithelial cells were infected
with the indicated P. aeruginosa PAO-I preparations for the indicated time (A) or 3 h (B and C), stained with DiOC4(3) (A and B) or JC1 (C), and
subjected to FACS analysis. Depolarization with carbonyl cyanide-m-chlorophenylhydrazone served as a positive control (A). In panel C, cells in the lower
right quadrant represent cells with depolarized mitochondrial membrane potential. For determination of ROS synthesis (D), Chang cells were infected
with P. aeruginosa PAO-I for the indicated time and stained with DHE, and ROS synthesis was analyzed by FACS. Cytochrome ¢ (Cyt. c) release (E and
F) was determined by immunoblotting cytosol preparations from uninfected Chang cells or Chang cells infected for the indicated times (E) or 3 h (F)
with PAO-I as indicated. Data are representative of three (A, C, D, and E) or two (F) similar experiments. The bars in panel B show means = SD.
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(Deisenhofen, Germany) if not otherwise indicated. C3He/N, Ipr, and gld mice
were obtained from Charles River (Sulzfeld, Germany). The human conjunctiva
epithelial cell line Chang was purchased from American Type Culture Collection
(Manassas, Va.). Chang cells were cultured in RPMI-1640 medium supple-
mented with 2 mM glutamine and 5% heat-inactivated fetal calf serum (FCS)
(Life Technologies, Karlsruhe, Germany). Cells were grown as monolayers in
tissue culture flasks in a humified atmosphere (5% CO,-95% air) at 37°C. To
obtain ex vivo lung fibroblasts, mice were euthanized and lungs were surgically
removed, dissected into 2- by 2-mm tissue fragments, and maintained in Dul-
becco modified Eagle medium supplemented with 10% heat-inactivated FCS, 2
mM glutamine, 10 mM HEPES, 100 U of penicillin/ml, and 100 g of strepto-
mycin/ml (all from Life Technologies). Fibroblasts were harvested after 10 to 12
days and seeded in the same medium without penicillin-streptomycin for infec-
tion experiments.

The P. aeruginosa strains PAO-I and the type III secretion-negative mutant of
P. aeruginosa PAO-I (PAK pcrD::Sm) were kindly provided by S. M. Fleiszig
(University of California, Berkeley) and J. Heesemann (Max von Pettenkofer-
Institut, Muenchen, Germany), respectively.

Infection experiments. For infection experiments, bacteria were grown over-
night at 37°C on tryptic soy agar plates, resuspended in tryptic soy broth (Difco
Laboratories, Detroit, Mich.) to an optical density of 0.25, shaken at 130 rpm for
1 h at 37°C to reach the mid-logarithmic phase, pelleted by centrifugation, and
resuspended in fresh tryptic soy broth. Chang cells were seeded 24 h prior to the
infection in RPMI-1640 medium supplemented with 2 mM L-glutamine and 5%
FCS at cell numbers yielding subconfluent cell layers for the infection experi-
ments. Prior to the infection, cells were washed twice in RPMI-1640 with 2 mM
L-glutamine and maintained in the same medium during the infection. Murine
fibroblasts were infected in Dulbecco modified Eagle medium with 2 mM glu-
tamine. For infection periods longer than 90 min, medium was supplemented
with 1% heat-inactivated FCS. Infection was started by inoculation of cells at a
bacteria/host cell ratio of 1,000:1. Additional experiments were performed using
bacteria/host cell ratios of 100:1 and 10:1, also resulting in apoptosis of the host
cells but with slower kinetics. Synchronous infection conditions and an enhanced
bacteria-host cell interaction were achieved by a 2-min centrifugation (35 X g)
step. The end of the centrifugation was defined as the start point in all experi-
ments. After the infection time, cells were collected using cell dissociation solu-
tion (Sigma-Aldrich).

To discriminate the effects of P. aeruginosa adhesion to Chang cells from those
of invasion, we incubated P. aeruginosa PAO-I for 15 min with a peptide corre-
sponding to the amino acids 103 to 117 of the cystic fibrosis conductance regu-
lator (CFTR) (1 pM; GRIIASYDPD NKEER; Birsner and Grob, Freiburg,
Germany) previously shown to block P. aeruginosa internalization (29). This
domain in CFTR binds to P. aeruginosa lipopolysaccharide (LPS), an event
required for uptake of P. aeruginosa (29). Pretreated bacteria were washed once
with phosphate-buffered saline (PBS) and immediately employed for infection of
Chang epithelial cells. Possible toxic effects of the CFTR peptide on the viability

of P. aeruginosa were excluded by plating untreated and CFTR-treated bacteria
on tryptic soy agar plates and determining the number of CFU.

For the production of PAO-I supernatants, mid-logarithmic PAO-I cultures
were pelleted by centrifugation and subsequently sterile filtered through a 0.2
uM filter (see Fig. 1F). In addition, PAO-I supernatants were produced by
culturing 3 X 107, 3 X 10%, or 3 X 10? PAO-I for 3 h at 37°C in 7 ml of RPMI
medium (see Table 2 and Fig. 1B and 2B). After the bacteria were pelleted by
centrifugation, supernatants were filtered through a 0.2 WM sterile filter unit and
used for the treatment of Chang epithelial cells. These conditions correspond to
those of infection experiments, with a bacteria-to-cell ratio of 10:1, 100:1, or
1,000:1. All preparations yielded equivalent results. P. aeruginosa PAO-I was
heat inactivated by incubation for 20 min at 80°C. Supernatants and heat-
inactivated samples were tested for the presence of growing bacteria by inocu-
lation of 10 to 100 pl on tryptic soy broth. No viable bacteria could be detected.
Equal volumes of heat-inactivated bacteria or bacterial suspensions representing
equal numbers of bacteria were used for infection experiments.

Quantification of apoptosis. Cells were washed twice in 10 mM HEPES (pH
7.4), 140 mM NaCl, and 5 mM CaCl,, resuspended at a concentration of 2 X 10°
cells/200 pl in the same buffer supplemented with fluorescein isothiocyanate
(FITC)-annexin (dilution, 1:100; Roche Biochemicals, Mannheim, Germany),
incubated for 15 min, and subjected to fluorescence-activated cell sorter (FACS)
analysis employing a FACS-calibur flow cytometer using the CELLQuest soft-
ware (Becton Dickinson, Mountain View, Calif.). Morphological changes typical
for apoptosis were identified by trypan blue staining of the cells. Those changes
included chromatin condensation, nuclear fragmentation, and blebbing.

Alternatively, apoptosis was quantified by determination of DNA fragmenta-
tion. To this end, cells were in vivo labeled with 10 p.Ci of [*H]thymidine (80
Ci/mmol; NEN-DuPont)/ml for 24 h prior to the infection. Cells were harvested
and disrupted by one cycle of freezing at —20°C and thawing, and unfragmented
genomic DNA was collected by filtration through glass fiber filters (Pharmacia,
Freiburg, Germany) and counted by liquid scintillation. Results are expressed as
percent DNA fragmentation = the standard deviation (SD) compared to those
for control samples. Experiments were done in triplicate and repeated two times.

Cytochrome c¢ release. Cells were incubated for 30 min on ice in a solution
containing 50 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES)-KOH
(pH 7.4), 50 mM KCl, 5 mM EGTA, 2 mM MgCl,, 1 mM dithiothreitol, 10 p.M
cytochalasin B, and 10 uM (each) aprotinin and leupeptin. After Dounce ho-
mogenization, samples were centrifuged at 15,000 X g for 15 min. The superna-
tants were added to 5X reducing sodium dodecyl sulfate (SDS) sample buffer (60
mM Tris-HCl (pH 6.8), 2.3% SDS, 10% glycerol, and 5% B-mercaptoethanol)
and boiled for 5 min at 95°C, and aliquots of the cytosolic fraction corresponding
to 20 ug of total protein were subjected to SDS-15% polyacrylamide gel elec-
trophoresis (PAGE). Proteins were transferred onto nitrocellulose membranes
(Hybond; Amersham Pharmacia Biotech), the membranes were blocked for 1 h
with 4% bovine serum albumin, and cytochrome ¢ was detected by incubation
with a monoclonal mouse anti-cytochrome ¢ antibody (clone 7H8.2C12; Pharm-
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ingen) followed by alkaline phosphatase-conjugated goat anti-mouse immuno-
globulin G (IgG) (Santa Cruz Inc., Santa Cruz, Calif.) and development with the
Tropix enhanced chemiluminescence detection system (PE Applied Biosystems,
Bedford, Mass.). Equal protein loading was controlled by Ponceau Red staining
of the blot membranes. To further control equal amounts of total protein in each
sample, the blots were stripped with 62.5 mM Tris-Cl (pH 6.8), 2% SDS, and 100
mM B-mercaptoethanol for 30 min at 60°C and reprobed with a mouse mono-
clonal anti-actin antibody (Roche Molecular Biochemicals, Mannheim, Germa-
ny).

Assessment of mitochondrial function. For determination of mitochondrial
membrane potential, cells were washed twice with PBS and then loaded with the
cationic lipophilic fluorochrome DiOCq(3) (200 pM) by incubation for 30 min at
37°C. Cells were washed in PBS and submitted to FACS analysis. As a positive
control, cells were subsequently treated for 15 min with a 1 uM concentration of
the uncoupling agent carbonyl cyanide-m-chlorophenylhydrazone. Alternatively,
cells were resupended in complete RPMI medium and loaded with the cationic
lipophilic fluorochrome JC1 (2.5 wg/ml) for 10 min at 37°C. Cells were washed
twice with PBS and submitted to FACS analysis. The red fluorescence of JC1
aggregates corresponded to the mitochondrial membrane potential, whereas the
green fluorescence of JC1 monomers was indicative of the mitochondrial mass.

The production of reactive oxygen species was analyzed by staining of the cells
with DHE. To this end, PBS-washed cells were incubated with DHE (5 uM) for
30 min at room temperature, washed, resuspended at a concentration of 10°
cells/ml in PBS, and submitted to FACS analysis. Forward and side scatter were
used to establish size gates and to exclude bacteria and cellular debris from the
analysis.

CD95 translocation. Cells were harvested using cell dissociation solution sup-
plemented with 10 mM 1,10 phenanthroline (Sigma-Aldrich). Cells were washed
twice with PBS containing 10 mM 1,10 phenanthroline and resuspended in a
solution containing 132 mM NaCl, 1 mM CaCl,, 0.7 mM MgCl,, 20 mM HEPES
(pH 7.3), 5.4 mM KCl, 0.8 mM MgSO,, 0.2% sodium azide, 2% FCS, and 10 mM
1,10 phenanthroline. Cells were then incubated for 45 min at 4°C with mouse
anti-human CD95 (clone CHI11; Biozol, Eching, Germany) or hamster anti-
mouse CD95 (clone JO2; Becton Dickinson, Heidelberg, Germany), washed, and
incubated for an additional 45 min with FITC-coupled goat anti-mouse or goat
anti-hamster IgG (Becton Dickinson). Finally, cells were washed and subjected
to FACS analysis.

JNK and p38-K activity. To measure the activity of JNK and p38-K, cells were
infected for the time indicated and lysed in a solution containing 25 mM HEPES
(pH 7.4), 0.2% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 125 mM
NaCl, 10 mM (each) sodium fluoride, Na;VO,, and sodium pyrophosphate, and
10 pg (each) of aprotinin and leupeptin/ml. Lysates were centrifuged at 25,000 X
g for 20 min, and JNK or p38-K was immunoprecipitated from the supernatant
at 4°C for 1 h using polyclonal rabbit anti-human JNK or p38-K antisera (Santa
Cruz Inc.). Immunocomplexes were immobilized on protein A/G (Santa Cruz
Inc.), incubated for an additional 45 min at 4°C, washed twice in lysis buffer, twice
in a buffer containing 132 mM NaCl, 20 mM HEPES, 5 mM KCl, 1 mM CaCl,,
0.7 mM MgCl,, 0.8 mM MgSO,, 1% NP-40 and 2 mM Na; VO,, once in 100 mM
Tris (pH 7.5)-0.5 M LiCl, and finally twice in kinase buffer consisting of 12.5 mM
morpholinepropanesulfonic acid (pH 7.5), 12.5 mM B-glycerophosphate, 0.5 mM
EGTA, 7.5 mM MgCl,, 0.5 mM NaF, 0.5 mM Na;VO,. Immunoprecipitates
were resuspended in kinase buffer supplemented with 10 pCi of [y-*P]ATP
(6,000 Ci/mmol; NEN-DuPont)/sample, 10 uM ATP, and 1 pg of glutathione-
S-transferase (GST)-c-JUN (amino acids 1 to 79) or GST-ATF-2 (amino acids 1
to 96)/ml. The samples were incubated at 30°C for 15 min, and incubation was
stopped by addition of 5 ul of boiling 5X reducing SDS sample buffer. Samples
were separated by SDS-10% PAGE and analyzed by autoradiography. The
substrates GST-c-JUN and GST-ATF-2 were expressed in DHS5a bacteria by
incubation with isopropyl-p-p-thiogalactopyranoside (200 uM) for 4 h. Bacteria
were lysed in a solution containing 25 mM HEPES (pH 7.4), 0.2% SDS, 0.5%
sodium deoxycholate, 1% Triton X-100, 125 mM NaCl, and 10 pg (each) of
aprotinin and leupeptin/ml; GST fusion proteins were purified by binding to
glutathione agarose and eluted in kinase buffer supplemented with 20 mM
glutathione. The purity of the preparations was tested by SDS-PAGE and Coo-
massie staining.

In order to normalize all samples for equal amounts of protein, the cells were
in vivo labeled with [*H]choline chloride (75 Ci/mmol; NEN-DuPont) for 24 h,
and an aliquot of the lysates was scintillation counted. The immunoprecipitates
were then adjusted for equal amounts of cell equivalents.

Inhibition of JNK by transfection of tam67. Cotransfection of Chang cells with
transdominant inhibitory pCEV/fam67 (50 p.g/5 X 10° cells) or vector control
(pCEV) with an expression vector for CD20 (pRc/CMV-cd20) (10 pg/5 x 10°
cells) was performed with lipofectamine. After 12 h, cells were washed and
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TABLE 1. Infection of Chang conjunctiva epithelial cells with wild-
type P. aeruginosa PAO-I results in a time-dependent breakdown of
phosphatidylserine asymmetry in the cytoplasm membrane®

% Annexin-positive cells

Period of expt (h)

No infection Infection with PAO-I

0 8915 9.1 27
3 123+ 1.1 28.0 £ 4.8
6 14.6 =25 53.7+49
9 24.0 £5.0 81.1 43

¢ Chang conjunctiva epithelial cells were infected with P. aeruginosa PAO-I for
the indicated time, stained with FITC-annexin, and subjected to FACS analysis.
Data are the means * SD of results from three experiments.

labeled with [*H]thymidine for 24 h. Cells were then infected for 30 min and
collected using cell dissociation solution, and CD20™" cells were sorted by incu-
bation with 50 g of a mouse anti-CD20 antibody (Dianova, Hamburg, Germa-
ny)/ml (60 min; 4°C). Cells were washed three times and further incubated (60
min; 4°C) with magnetic beads coated with a sheep anti-mouse Ig (Dynal,
Hamburg, Germany) (14). Since the 5:1 ratio of pCEV/Tam67 to pRc/CMV-
¢d20 drives expression of Tam67 in any CD20™ cell, the selection of CD20™ cells
permits effective sorting for Tam67-expressing cells. Apoptosis was determined
by DNA fragmentation as described above. Trypan blue staining, detecting
morphological changes indicative for apoptosis, served as a control. These
changes included cell rounding, membrane blebbing, and chromatin condensa-
tion.

FACS experiments to determine CD95 expression of Tam67/CD20-trans-
fected cells were performed as described above and were repeated twice.

Statistical evaluation. All experiments were performed at least twice. Results
are presented as means *+ standard deviation (SD) if not otherwise indicated.
Significance of the results was analyzed by the Student’s ¢ test.

RESULTS

PAO-I-induced apoptosis of Chang epithelial cells requires
bacterial adhesion and expression of the type III secretion
system. To gain insight into the interactions between P. aerugi-
nosa and mammalian cells, we investigated whether the well-
defined laboratory P. aeruginosa strain PAO-I induces apopto-
sis of human Chang epithelial cells. The results reveal
morphologic alterations of the cells indicative for apoptosis,
i.e., cell rounding, membrane blebbing, and breakdown of
phosphatidylserine asymmetry, as early as 3 h after infection
with PAO-I. Apoptosis increased in the following hours, and
complete cell death was observed within 9 h after initiation of
the infection (Table 1).

To identify further constituents of P. aeruginosa PAO-I-

TABLE 2. PAO-I-induced apoptosis requires adhesion of live
bacteria expressing a functional type III secretion system”

. . . % Annexin-positive
Preparations used for infection P

cells
No bacteria 115229
PAO-I wild type .. .332 49
PAO-I supernatant ..........ccceueueee 114 =32
PAO-I wild type, heat inactivated ... 13.5 4.7

CFTR peptide-pretreated PAO-I wild type
Type III secretion system-deficient PAO-I

“ Chang cells were left uninfected or infected for 3 h with PAO-I, PAO-I
supernatants (from 3 X 10° PAO-I; 3 h), heat-inactivated PAO-I (20 min; 80°C),
PAO-I pretreated with CFTR peptide (15 min; 1 pM), or a type III secretion
system-defective PAO-I mutant, respectively. Apoptotic cell death was then
determined by FACS analysis of FITC-annexin-stained cells. Cell debris and
bacteria were excluded from the analysis by means of size gates (values are
means = SD; n = 3).
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FIG. 2. P. aeruginosa PAO-I induces activation of JNK. (A) P.
aeruginosa PAO-I infection of Chang epithelial cells induces rapid
activation of JNK. Cells were infected with PAO-I for the indicated
time and lysed, JNK was immunoprecipitated, and kinase activity was
determined by phosphorylation of GST-c-JUN followed by separation
by SDS-PAGE, blotting, and autoradiography. Shown is a blot repre-
sentative of three similar experiments. (B) PAO-I supernatants, heat-
inactivated PAO-I, and type III secretion system-deficient P. aerugi-
nosa PAO-I fail to activate JNK, whereas CFTR-pretreated PAO-I
induced JNK activation. Cells were left uninfected or infected for 45
min as indicated. JNK activity was determined as described above.
Experiments were repeated twice with similar results. (C) Transient
transfection of Chang cells with Tam67 blocking JNK reduces apopto-
sis induced by P. aeruginosa infection. Shown is the percent survival of
the cells as determined by DNA fragmentation after 6 h of infection
(mean = SD of three experiments).

induced apoptosis of mammalian cells, we compared induction
of apoptosis by live and heat-inactivated bacteria. In addition,
we tested whether soluble proteins released by P. aeruginosa
PAO-I were sufficient to trigger apoptotic cell death. To this
end, we performed infection experiments with supernatants of
PAO-I cultures. Our results show that neither heat-inactivated
bacteria nor supernatants produced from 3 X 10° P. aeruginosa
PAO-I during 3 h of culture killed Chang epithelial cells (Table
2). Upon adhesion, P. aeruginosa is internalized into epithelial
cells (11, 19), which seems to be mediated by binding of bac-
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terial LPS to CFTR, since invasion is blocked by preincubation
of bacteria with a CFTR peptide representing the binding
domain of LPS to CFTR (29). To investigate whether PAO-I-
induced apoptosis was dependent on invasion, we performed
infection experiments with CFTR peptide-pretreated PAO-I.
The results demonstrate that pretreatment with the CFTR
peptide did not decrease the cytotoxicity of PAO-I (Table 2).
Control experiments demonstrated that pretreatment with the
CFTR peptide almost completely blocked internalization of P.
aeruginosa PAO-I into Chang cells, whereas adhesion was even
increased (not shown). These data suggest that invasion of
PAO-I is not required for its cytotoxic action and that the
adhesion of live bacteria seems to be sufficient to induce apo-
ptosis.

To further characterize bacterial constituents involved in
cellular apoptosis, we tested the role of the bacterial type 111
secretion system, which is required for the delivery of several
toxins to host cells (7). To this end, we performed infection
experiments with wild-type PAO-I and with a type III secretion
system-negative PAO-I mutant (20). The results reveal that the
PAO-I type III secretion mutant almost completely failed to
induce apoptosis of Chang cells (Table 2).

PAO-I infection induces alterations of mitochondrial func-
tions. To identify molecular mechanisms mediating P. aerugi-
nosa-induced apoptosis of mammalian cells, we tested for an
alteration of mitochondria, which have been shown to play a
pivotal role in many forms of apoptotic cell death (13, 22). To
examine whether infection of Chang epithelial cells with
PAO-I induces a reduction of the mitochondrial membrane
potential (Ay,,), cells were harvested at various time points
after infection and Ays,,, was analyzed after loading the cells
with the cationic fluorescent dye DiOCgy(3). The results dem-
onstrate a time-dependent increase in the number of cells with
areduced Ay, (Fig. 1A). A moderate reduction in the Ay, of
Chang cells was observed as early as 2 h after addition of the
bacteria to the cells. The amount of cells with low Ay, and the
extent of depolarization increased during prolonged infection
periods, yielding about 60% living cells with low Ay, after 3 h
of infection (Fig. 1B). All cells showed Ay, depolarization 4 to
6 h after infection (Fig. 1A). Supernatants of PAO-I cultures
or heat-inactivated bacteria completely failed to induce a sig-
nificant depolarization of Ay, (Fig. 1B). In contrast, inhibition
of bacterial internalization by pretreatment with the CFTR
peptide did not influence mitochondrial changes induced by P.
aeruginosa (Fig. 1B), indicating that invasion is not required for
mitochondrial changes during apoptosis. Deficiency of the type
III secretion system in P. aeruginosa almost completely abol-
ished the bacterial effect on Ay, (Fig. 1C).

To test whether mitochondrial membrane potential depolar-
ization upon infection is linked to hyperproduction of reactive
oxygen species, we performed FACS analyses of DHE-stained
Chang cells. The ethidium derivative DHE penetrates into the
cytosol of living cells, where it is oxidized in the presence of
reactive oxygen intermediates (ROS) and peroxides to fluores-
cent products (39). The results confirm the notion of induction
of mitochondrial changes by PAO-I and show an increase of
ROS in PAO-I-infected Chang cells peaking 2 h after the start
of the infection (Fig. 1D).

Next we examined whether treatment of Chang cells with
PAO-I induces release of cytochrome ¢, a mitochondrial pro-
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FIG. 3. P. aeruginosa PAO-I triggers apoptosis via cellular CD95. Infection with P. aeruginosa PAO-I triggers a time-dependent upregulation
of CD95 on the surface of Chang epithelial cells (A), which is dependent on a functional type III secretion system (B). Mouse fibroblasts lacking
functional CD95 (Ipr) or a CD95 receptor (gld) fail to undergo apoptosis (C), JNK activation (D), or complete mitochondrial depolarization (E)
in response to infection with PAO-I. PAO-I-induced CD95 upregulation is not prevented by functional JNK inhibition (F). (A and B) Human
Chang epithelial cells were left uninfected or infected as indicated or for 90 min (B) with P. aeruginosa PAO-I1. CD95 exposure on the cell surface
was determined by FACS analysis of immunostained cells. (C) Primary lung fibroblasts from C3He/N (control), [pr, and gld mice were labeled for
24 h with [?H]thymidine and infected for 6 h with PAO-1. Apoptosis was determined by DNA fragmentation. Shown is the percentage of DNA
fragmentation *= SD of three independent experiments. (D) Primary lung fibroblasts from C3He/N (control), lpr, and gld mice were infected for
45 min with PAO-I. Cells were lysed, JNK was immunoprecipitated, and JNK activity was determined by phosphorylation of GST-c-JUN followed
by separation by SDS-PAGE, blotting, and autoradiography. (E) Primary lung fibroblasts from C3He/N (control), lpr, and gld mice were infected
for 3 h with PAO-I. The Aym was then determined by FACS analysis after loading of the cells with DiOC,(3). (F) Control or Tam67-transfected
Chang cells were infected with PAO-I for 45 min, and CD95 expression was determined by FACS analysis after immunostaining for CD95. Shown
are representative results. Experiments were repeated twice.

tein localized in the mitochondrial intermembrane space, into
the cytosol. Our results reveal that cytochrome c is released
from the mitochondria into the cytosol 2 to 3 h after P. aerugi-
nosa infection (Fig. 1E), reaching a maximum at 4 h of infec-
tion. The time course of cytochrome ¢ release was very similar
to that observed for Ay, or induction of phosphatidylserine
asymmetry (Fig. 1A and Table 1). Supernatants of PAO-I
cultures, heat-inactivated bacteria, or type III secretion-defi-
cient PAO-I mutants failed to induce significant cytochrome ¢

release from mitochondria, whereas inhibition of bacterial in-
ternalization by pretreatment with the CFTR peptide did not
change cytochrome c release (Fig. 1F).

PAO-I induces JNK activation. To identify further pathways
involved in P. aeruginosa-initiated apoptosis of mammalian
cells, we tested the activation of Jun N-terminal kinases, which
have been previously implicated in apoptosis signaling, in par-
ticular upon application of stress stimuli (36). To this end,
Chang epithelial cells were infected with PAO-I, JNK, or
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p38-K and were immunoprecipitated, and the activity of the
kinases was determined in an in vitro kinase assay. The results
reveal a marked and rapid activation of JNK upon infection
with PAO-I (Fig. 2A). In contrast, no significant activation of
p38 kinases could be detected (data not shown). Deletion of
the type III system in P. aeruginosa almost completely abro-
gated activation of JNK upon infection (Fig. 2B). In addition,
PAO-I supernatants and heat-inactivated PAO-I failed to ac-
tivate JNK, whereas CFTR-pretreated PAO-I activated JNK
to the same extent as PAO-I (Fig. 2B). To determine the
significance of JNK activation for P. aeruginosa-induced apo-
ptosis, we transiently transfected cells with Tam67, whose
product functions as a pseudosubstrate for JNK and prevents
phosphorylation of endogenous substrates of JNK, thus func-
tionally blocking JNK. Expression of Tam67 reduced apoptosis
by 65%, suggesting that the activation of JNK by PAO-I plays
a pivotal role in the induction of apoptosis by P. aeruginosa
(Fig. 2C).

PAO-I triggers apoptosis via cellular CD95. An upregula-
tion of cell surface CD95 and CD95 ligand resulting in the
activation of this death receptor has been recently shown to be
pivotal for the induction of apoptosis by several P. aeruginosa
strains (12). We therefore investigated whether PAO-I infec-
tion also induces an increased cell surface expression of CD95
and whether the observed alterations of mitchondria and JNK

activity depend on the cellular CD95 and CD95 ligand. Our
results show that PAO-I infection triggers a time-dependent
upregulation of CD95 expression on the surface of Chang
epithelial cells (Fig. 3A), whereas infection with type III secre-
tion system-deficient mutant P. aeruginosa almost completely
failed to upregulate CD95 (Fig. 3B). The significance of CD95
upregulation upon infection with PAO-I is indicated by the
finding that fibroblasts from Ipr or gld mice, which lack a
functional CD95 or CD95 ligand, failed to undergo significant
apoptosis (Fig. 3C), to activate JNK (Fig. 3D), or to induce
mitochondrial depolarization (Fig. 3E) upon infection with
PAO-I. Control fibroblasts from C3He/N mice expressing
functional CD95 and CD95 ligand readily responded to the
infection (Fig. 3C to E). Vice versa, inhibition of JNK by Tam
67 expression did not inhibit CD95 upregulation, indicating
that CD95 acts upstream of JNK in the induction of apoptosis
(Fig. 3F). These data suggest an important role of CD95 in
PAO-I induced apoptotic signaling.

DISCUSSION

In the present study we demonstrate the induction of apo-
ptosis in mammalian epithelial cells upon infection with P.
aeruginosa PAO-I and provide insight into the molecular de-
tails triggering apoptosis. We show that P. aeruginosa employs
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its type III secretion system to induce an upregulation of CD95
on infected cells, resulting in stimulation of JNK and mito-
chondrial alterations, which finally triggers apoptosis. The
study further reveals that adhesion, but not internalization, of
P. aeruginosa PAO-I is required for induction of apoptosis in
epithelial cells, which is in accordance with earlier studies
showing a dissociation of cytotoxicity and bacterial internaliza-
tion (8).

Induction of apoptosis of mammalian host cells has been
shown for several bacteria, including Y. enterocolitica (25), E.
coli (6), S. aureus (24), Salmonella serovar Typhimurium (17),
S. flexneri (40), and L. monocytogenes (30). However, the sig-
naling machinery in the host cell that triggers cell death is still
largely unknown. Our results indicate the activation of two
distinct proapoptotic signaling pathways by P. aeruginosa. First,
P. aeruginosa infection induces several changes of mitochon-
dria typical for apoptosis. Those changes include cytochrome ¢
release, synthesis of reactive oxygen intermediates, and Ay,
depolarization, hallmarks of signaling in apoptosis. Second, P.
aeruginosa infection triggers activation of JNK, which has been
previously shown to be activated by several proapoptotic stim-
uli (2, 36). The significance of JNK activation is suggested by
the finding that inhibition of JNK by Tam67 transfection at
least partially prevents P. aeruginosa-triggered apoptosis. A
recent study revealed a translocation of the stress-activated
protein kinases (SAPK)/JNK to the mitochondrium and asso-
ciation of the kinase with Bcl-x; upon irradiation of the cells
(21). Translocated SAPK/JINK phosphorylated and thus inac-
tivated Bcl-x; , suggesting a link between the mitochondrial and
the SAPK/JNK pathways in apoptosis, which might be also
functional upon infection of epithelial cells with P. aeruginosa.
The suggestion of a mechanistic link between these two death-
inducing pathways is further supported by results demonstrat-
ing a requirement of JNK for stress-induced activation of the
cytochrome c-mediated death pathway (34).

Both mitochondrial changes and JNK activation seem to be
initiated by CD95-CD95 ligand interactions, which are pro-
moted by cell surface upregulation of the receptor-ligand pair
upon infection. Our data showing that JNK inhibition by
Tam67 expression does not prevent CD95 upregulation ex-
clude a significant function of JNK in this process. However,
upregulation of CD95 by P. aeruginosa infection critically, but
not completely, depends on expression of a type III secretion
system in P. aeruginosa. This situation is reminiscent of induc-
tion of apoptosis by S. flexneri and Salmonella serovar Typhi-
murium, which introduce several proapoptotic proteins, in-
cluding IpaB and SipB, into the infected cells (7, 17). However,
these factors directly activate caspases and may not require the
upregulation of endogenous death receptors as observed for P.
aeruginosa (3, 12). The upregulation of endogenous death re-
ceptors also differs from the mechanisms of apoptosis induc-
tion employed by Y. enterocolitica, which induces cell death by
inhibition of survival pathways rather than by direct triggering
of cell death (25, 27, 31). Thus, the present study suggests a
novel mechanism of type III secretion system-regulated apo-
ptosis. The P. aeruginosa type III secretion system has been
shown to be involved in the release of several toxins, including
ExoS, ExoT, ExoU, and ExoY (20, 35). Expression of ExoU
has been shown to correlate with the cytotoxicity of P. aerugi-
nosa; however, cellular proteins targeted by ExoU are un-
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known (9). Since P. aeruginosa mutants lacking ExoU do not
induce epithelial cell death, ExoU might be a good candidate
to be involved in the upregulation of CD95 and CD95 ligand,
finally mediating epithelial cell apoptosis. However, a recent
study suggested that ExoU predominantly induced necrosis in
macrophages (16), which was not observed in our experiments
on human epithelial cells and murine primary lung fibroblasts.
This study suggested that another yet-unidentified type III-
dependent factor triggers apoptosis by P. aeruginosa (16).
ExoS, which exhibits ADP-ribosyltransferase activity, and
ExoT seem to be involved predominantly in the regulation of
bacterial uptake, and it has been shown that they block inter-
nalization of P. aeruginosa into mammalian cells (5). The bio-
logical function of ExoY, which seems to be an adenylate
cyclase, in bacterial toxicity and/or invasion is still unknown
(37). Even if these considerations suggest ExoU as the primary
candidate to induce CD95-CD95 ligand upregulation and ap-
optotic signaling, further studies—beyond the focus of the
present study—employing different mutants have to show the
role of these toxins in the induction of mammalian cell apo-
ptosis by P. aeruginosa.

Our data show that deficiency of the type III system does
not completely abrogate apoptosis upon infection with P.
aeruginosa PAO-I. In particular, some limited mitochondrial
changes triggered by P. aeruginosa infection are still de-
tected after infection with the type III mutant. The notion of
a type III system-independent apoptosis is consistent with
earlier findings indicating that P. aeruginosa pili are also
able to initiate apoptosis (4). Further, P. aeruginosa LPS is
already sufficient to induce an upregulation of the Trail-
APO 2 ligand in monocytes and macrophages (15); an effect
of LPS on the CD95-CD95 ligand has yet to be tested. Thus,
it is possible that multiple factors, including type III-depen-
dent toxins, pili, and LPS, upregulate CD95 upon infection
with P. aeruginosa.

Induction of host cell apoptosis upon infection with P.
aeruginosa might be beneficial for the bacterium, since the
apoptosis of epithelial cells may break the epithelial cell bar-
rier and thus permit the bacterium to access the submucosa.
On the other hand, the induction of apoptosis might be also
beneficial for the host: the activation of JNK during apoptosis
might result in AP-I-dependent gene transcription and finally
the synthesis and release of cytokines and/or defensins, killing
the bacteria and/or protecting other cells from the infection.
Second, apoptotic bodies are rapidly internalized by neighbor-
ing cells, and the uptake of P. aeruginosa packed in those
apoptotic bodies may enable the cells to fuse the endosome
with lysosomes and, thus, to digest the pathogen. Finally, the
presentation of bacterial antigens by dendritic cells is most
effectively activated by a combination of apoptotic and necrotic
cells (38). Therefore, the induction of apoptosis might be an
initial step in the specific immune response to P. aeruginosa.

In summary, we provide evidence for the activation of sev-
eral signaling pathways by P. aeruginosa PAO-I to trigger ap-
optosis of mammalian host cells. In particular, the activation of
the JNK signaling pathway and the alterations of mitochondria
seem to play a pivotal role in the induction of mammalian cell
apoptosis by P. aeruginosa.
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