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Pseudomonas aeruginosa plays a major role in respiratory tract infections or sepsis in patients with cystic
fibrosis or upon suppression of the immune system. Several P. aeruginosa strains have been shown to be
internalized by human epithelial cells; however, the molecular mechanisms of the invasion process are poorly
characterized. Here, we show that the internalization of P. aeruginosa into human epithelial cells results in and
requires activation of the Src-like tyrosine kinases p59Fyn and p60Src and the consequent tyrosine phosphor-
ylation of several eukaryotic proteins. The significance of Src-like tyrosine kinase activation is shown by an
almost complete blockade of P. aeruginosa internalization, but not adhesion, upon inhibition of Src-like
tyrosine kinases. Likewise, inhibition of P. aeruginosa binding to CFTR, which has been shown to block P.
aeruginosa internalization, prevents Src and Fyn activation, supporting a pivotal role of Src-like tyrosine

kinases for invasion by P. aeruginosa.

Many pathogens are internalized by mammalian cells, con-
stituting an essential step in the infection process (2, 8). Inva-
sion may protect the bacteria from the immune response or
enable bacteria to penetrate the epithelial cell layer to reach
the mucosa, the bloodstream, and finally several organs, caus-
ing severe disease symptoms and sepsis. On the other hand,
uptake of pathogens in lysosomes may represent an important
element of the host defense system against the bacteria. Sev-
eral mechanisms for invasion involving the signaling machinery
of the host cells, have been identified. In particular, it has been
suggested that tyrosine kinases and, consequently, induction of
tyrosine phosphorylation in the target cells play an important
role in bacterial internalization. Thus, a variety of pathogens,
including Shigella flexneri (5), Salmonella enterica serovar Ty-
phimurium (12, 21, 28), Yersinia spp. (2, 27), Listeria monocy-
togenes (33), and several enteropathogenic Escherichia coli
strains (27, 29), have been demonstrated to trigger tyrosine
phosphorylation of various eukaryotic proteins during inva-
sion. Among several tyrosine kinases, the family of Src-like
tyrosine kinases seems to be particularly important for the
induction of cellular tyrosine phosphorylation by several bac-
teria (3, 6, 17, 23, 30, 35). All Src-like tyrosine kinases consist
of an N-terminal SH3 and SH2 domain, the kinase domain,
and a regulatory C-terminal tyrosine residue (Tyr-527 for Src).
The SH2 domain contains a second regulatory tyrosine residue
(Tyr-192 for Src). In general, Src-like tyrosine kinases are kept
in an inactive state by tyrosine phosphorylation of the C-ter-
minal regulatory tyrosine. Dephosphorylation of that tyrosine
residue alters the conformation of the protein and opens the
kinase domain, resulting in autophosphorylation of a stimula-
tory tyrosine in the kinase domain (Tyr-416 for Src) that is
required for full activation of the kinase (30).
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In the present study we investigated internalization mecha-
nisms of Pseudomonas aeruginosa, a gram-negative facultative
pathogen that causes infections of the respiratory and urinary
tracts, skin, and eye, predominantly in immune compromised
patients. The bacterium also plays a major role in pulmonary
infections of patients with cystic fibrosis. One of the initial
steps in the infection process seems to be the uptake of P.
aeruginosa by host cells (3, 9, 16); however, the molecular
mechanisms of the bacterial internalization are largely un-
known. It has been reported that the bacteria adhere to epi-
thelial cells via a variety of adhesins, e.g., pili (3, 6), lipo-
polysaccharides (LPS) (13), several exoenzymes (1), and
exopolysaccharides (26). Following adhesion, the internaliza-
tion of P. aeruginosa into epithelial cells seems to be mediated
by binding of the bacterial LPS to the eukaryotic cystic fibrosis
transmembrane conductance regulator protein (CFTR) (23,
24). The CFTR molecule has been shown to be a chloride
channel, but the exact function of this protein in the internal-
ization process is unknown. Further, it has been recently shown
that tyrosine kinases play a role in invasion by P. aeruginosa,
since inhibitors of tyrosine kinases prevent the uptake of P.
aeruginosa into rabbit corneal epithelial cells (7). The kinases
involved in cellular tyrosine phosphorylation induced by P.
aeruginosa are unknown.

In the present study we provide evidence for a pivotal role of
nonreceptor Src-like tyrosine kinases, in particular p60Src and
p59Fyn, in the internalization of P. aeruginosa into different
human epithelial cells. Stimulation of the two Src-like tyrosine
kinases results in tyrosine phosphorylation of several cellular
proteins, which seems to be required for the invasion of human
epithelial cells by P. aeruginosa.

MATERIALS AND METHODS

Materials and cell culture. All reagents were purchased from Sigma (Deisen-
hofen, Germany), except as otherwise indicated. The human conjunctiva epithe-
lial cell line Chang (ATCC CCL 20.2; American Type Culture Collection, Ma-
nassas, Va.) was cultured in RPMI 1640 (Life Technologies, Eggenstein,
Germany) supplemented with 5% fetal calf serum (FCS) and 2 mM L-glutamine
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(Life Technologies) at 37°C and 5% CO,. The human pulmonary epithelial cell
line WI-38 (ATCC CCL-75) was cultured in minimal essential medium (Life
Technologies) supplemented with 10% FCS, 2 mM L-glutamine, 1% nonessential
amino acids, 1% sodium pyruvate, and 1% penicillin-streptomycin (10,000 TU/
ml) (all from Life Technologies). Cells were labeled with 1 pCi of [*H]choline
chloride (75 Ci/mmol; DuPont, NEN)/ml for 48 h prior to any experiment
determining tyrosine phosphorylation or kinase activity. This enabled us to nor-
malize all samples for equal amounts of cell equivalents by liquid scintillation
counting of an aliquot of the cell lysates.

The Src-like tyrosine kinase inhibitor herbimycin A (Sigma) was added to the
cells 12 h prior to infection at a concentration of 1 wM. PP1 (New England
Biolabs, Frankfurt am Main, Germany), a second Src-like tyrosine kinase inhib-
itor, was added for 15 min at 50 nM. Cells were then washed twice in phosphate-
buffered saline (PBS) to deplete the inhibitors prior to infection with P. aerugi-
nosa.

Infection experiments. Infection experiments were performed with a P. aerugi-
nosa strain, designated 696, isolated from the sputum of a hospitalized patient or
with a laboratory strain, ATCC 27853. Bacteria were grown overnight on tryptic
soy agar plates at 37°C, resuspended in tryptic soy broth (TSB) (Difco Labora-
tories, Detroit, Mich.) to an optical density at 550 nm (ODss,) of 0.25, shaken at
130 rpm for 1 h at 37°C to reach the mid-logarithmic phase, pelleted, and
resuspended in fresh TSB. Cells were washed twice with RPMI 1640 supple-
mented with 2 mM L-glutamine prior to any infection and maintained in the same
medium during the infection. Infection was initiated by inoculating subconfluent
cell layers at a bacterium/host cell ratio of 1,000:1. Synchronous infection con-
ditions and an enhanced bacterium-host cell interaction were achieved by a
2-min centrifugation (35 X g) of the bacteria onto the cells. The end of the
centrifugation was defined as the start point in all experiments. The infection was
terminated by cell lysis or fixation in the indicated buffer as described below.

To exclude possible effects of the inhibitors used on the viability of P. aerugi-
nosa, bacteria were incubated with each inhibitor in the absence of human cells
and then washed, and the ability to infect untreated epithelial cells was deter-
mined based on crystal violet and polymyxin assays. In addition, treated or
untreated bacteria were washed and plate cultured to determine any effect on
bacterial viability.

To distinguish the effects of bacterial adhesion from those of invasion of
Chang epithelial cells by P. aeruginosa, we incubated P. aeruginosa 696 or ATCC
27853 for 10 min with 200 nM CFTR peptide GRIIASYDPDNKEER in PBS
and used those bacteria to infect Chang epithelial cells for 30 min. This treatment
has previously been shown to prevent internalization, but not adhesion, of the
bacteria (24).

Internalization and survival assays. The invasion of host cells by P. aeruginosa
was determined by polymyxin survival assays and light microscopy (34, 35). The
polymyxin survival assay (18) was performed analogously to gentamicin assays to
measure the number of live intracellular bacteria. Briefly, Chang cells (10°/well)
were infected for 10 min as above and washed three times with RPMI 1640
supplemented with 2 mM L-glutamine to remove nonadherent bacteria. Samples
were then incubated for 2 h in medium as above with 100 g of polymyxin/ml to
kill extracellular and adherent bacteria (adhesion control was performed without
polymyxin). The cells were washed twice with PBS (140 mM NacCl, 2.5 mM KCl,
8.1 mM NaHPO,, 1.5 mM KH,PO,, 10 mM HEPES, 1 mM CaCl, [pH 7.4]) and
lysed with 5 mg of saponin/ml in PBS for 10 min at 37°C. Since human cells are
impermeable to polymyxin (18), intracellular bacteria will survive this procedure.
Those colonies were plated, and growing bacteria were counted after an incu-
bation time of 24 h at 37°C. Experiments were performed in duplicate and
repeated three times. Values are presented as means = standard deviations (SD)
from the three independent experiments.

Invasion of P. aeruginosa was confirmed by crystal violet staining of epithelial
cells. To this end, cells (10°/well) were seeded onto 12-mm circular glass cover-
slips in a 24-well tissue culture plate, infected, fixed with 1% paraformaldehyde
in PBS for 15 min at room temperature, and stained overnight with 0.07% crystal
violet in H,O at 4°C. Intracellular bacteria were light microscopically counted
from at least 50 cells as previously described (34, 35). Adherence was scored by
estimating the number of binding bacteria per cell. Intracellular bacteria were
identified by two criteria. First, many bacteria are inside a clearly visible vacuole,
proving intracellular location. Second, focusing on intracellular structures with
the microscope enables differentiation between intracellular and adherent (out-
of-focus) bacteria. All values are given as means = SD from at least three
independent experiments.

To determine the significance of Src-like tyrosine kinases for invasion by P.
aeruginosa, epithelial cells were preincubated for 12 h with 1 wM herbimycin A
or for 15 min with 50 nM PP1, washed, and infected with the indicated P.
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aeruginosa strain. Samples were then subjected to crystal violet staining or poly-
myxin survival assays.

Immunoblotting. Infection was terminated by lysis of the cells in a solution
containing 25 mM HEPES (pH 7.4), 0.1% sodium dodecyl sulfate (SDS), 0.5%
sodium deoxycholate, 1% Triton X-100, 125 mM NaCl, 10 mM each sodium
fluoride, Na; VO,, and sodium pyrophosphate, 10 g of aprotinin/ml, 10 ng of
leupeptin/ml, and 10 uM arsine oxide for total cell lysates. Samples were incu-
bated for 5 min on ice to achieve complete lysis and centrifuged at 20,000 X g for
15 min. The supernatants were added to 5X reducing SDS sample buffer con-
sisting of 60 mM Tris-HCI (pH 6.8), 2.3% SDS, 10% glycerol, and 5% B-mer-
captoethanol. Proteins were separated by SDS-10% polyacrylamide gel electro-
phoresis (PAGE), followed by electrophoretic transfer to nitrocellulose
membranes (Bio-Rad, Munich, Germany). Blots were analyzed for tyrosine
phosphorylation by incubation with 1 pg of 4 G10 antibody/ml for 4 h at 4°C and
were developed by a further 60-min incubation with horseradish peroxidase
(HRP)-conjugated protein G (Bio-Rad). A possible tyrosine phosphorylation of
bacterial proteins was excluded by lysis of bacteria only and analysis of proteins
for tyrosine phosphorylation by the same procedure.

Src-like tyrosine kinase activity. The activity of Src-like-tyrosine kinases was
determined by lysis of infected or uninfected cells in a solution containing 25 mM
HEPES (pH 7.4), 3% NP-40, 1% Triton X-100, 125 mM NaCl, 10 mM each
sodium fluoride, Na; VO,, and sodium pyrophosphate, 10 g of aprotinin/ml, 10
pg of leupeptin/ml, and 10 pM arsine oxide. Debris was pelleted by a 15-min
centrifugation at 20,000 X g, and the supernatants were subjected to immuno-
precipitation of the Src-like tyrosine kinases pS9Fyn and p60Src by addition of
polyclonal goat anti-Fyn or anti-Src antibodies (Santa Cruz Biotechnology, Santa
Cruz, Calif.), respectively, at 2 pg/sample. Control immunoprecipitates were
formed using irrelevant polyclonal sera from the same species. Immune com-
plexes were immobilized with 30 pl of protein A/G-coupled agarose and further
incubation for 60 min. Immune complexes were then washed three times each in
lysis buffer and in kinase buffer (25 mM HEPES [pH 7.0], 150 mM NaCl, 10 mM
MnCl,, 1 mM Na; VO,, 5 mM dithiothreitol [DTT], and 0.5% NP-40). The
kinase reaction was initiated by resuspension of the samples in 30 pl of kinase
buffer supplemented with 10 ug of acid-denatured enolase/ml, 10 pCi of [*?P]y-
ATP (6,000 Ci/mmol; NEN), and ATP (10 wM). Enolase was acid denatured by
5 min of incubation in 50 mM acetic acid at 37°C and was neutralized by 25 mM
HEPES (pH 7.3). Acid-denatured enolase functions as a preferred substrate for
Src-like tyrosine kinases, and phosphorylation of enolase by the immunoprecipi-
tated kinase reflects the activity of the kinase. The samples were incubated at
30°C for 15 min, the reaction was stopped with 5 pl of reducing 5X SDS sample
buffer, samples were boiled for 5 min, and SDS-10% PAGE was performed
followed by autoradiography. Samples were normalized for equal cell equivalents
as described above by labeling the cells with [*H]choline chloride prior to infec-
tion and by liquid scintillation counting of the supernatants from the agarose-
immobilized immune complexes. In addition, an aliquot of the immunoprecipi-
tates was blotted with anti-Src or anti-Fyn and developed with HRP-coupled
protein L (Pierce). To exclude a possible activity of cross-reacting tyrosine
kinases from P. aeruginosa, bacterial lysates were also subjected to immunopre-
cipitation with anti-Src or anti-Fyn antibodies and tested for the presence of
kinase activity. The blots were scanned in order to quantify the increase in
activity. All experiments were performed three times. For the scanning data we
provide the means + SD of the three experiments; for the Western blots we show
a result representative of the three independent experiments.

Statistical analysis. Invasion of control cells or cells treated with inhibitors by
P. aeruginosa was analyzed by ¢ test for two observations and by analysis of
variance (ANOVA) comparing three observations. Post hoc analysis was done
using the method of Bonferroni and Dunn.

RESULTS

The present study aimed to identify signaling events initiated
by invasion of human epithelial cells by P. aeruginosa. Since
tyrosine phosphorylation seems to be a key event in many
receptor or bacterial internalization processes (2), we investi-
gated whether entry of P. aeruginosa into human Chang con-
junctiva or WI-38 pulmonary epithelial cells results in tyrosine
phosphorylation of cellular proteins and whether eukaryotic
tyrosine kinases are required for bacterial uptake.

To this end, Chang epithelial cells were infected for the
indicated times with the invasive P. aeruginosa strain ATCC
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FIG. 1. Internalization of P. aeruginosa into human epithelial cells
induces cellular tyrosine phosphorylation. Chang conjunctiva epithelial
cells were infected with the invasive P. aeruginosa strain ATCC 27853;
then the cells were lysed, and proteins were separated by SDS-10%
PAGE and analyzed for tyrosine phosphorylation by Western blotting
using the monoclonal anti-phosphotyrosine antibody 4G10. Results
reveal a rapid and marked tyrosine phosphorylation of several cellular
proteins, in particular those with molecular sizes of 140, 95, 70, 58, and
42 kDa, as soon as 10 min after infection with P. aeruginosa ATCC
27853. Samples were normalized by in vivo labeling of mammalian
cells prior to infection and counting aliquots of the lysates.

27853. Tyrosine phosphorylation was determined by immuno-
blotting total cell lysates with the monoclonal anti-phosphoty-
rosine antibody 4G10. The results, depicted in Fig. 1, show that
infection of Chang cells with P. aeruginosa ATCC 27853 in-
duces an increase in the tyrosine phosphorylation of several
cellular proteins after 10 min, whereas blotting of bacterial
lysates only does not reveal any significant tyrosine phosphor-
ylation (Fig. 1). In particular, bacterial infection induced ty-
rosine phosphorylation of proteins with molecular sizes of ap-
proximately 140, 95, 70, 58, and 42 kDa. Similar results were
obtained for infection with another invasive P. aeruginosa
strain, 696 (data not shown).

To identify molecular mechanisms mediating cellular ty-
rosine phosphorylation, we investigated whether Src-like ty-
rosine kinases, which have been shown to be involved in many
aspects of mammalian cell activation (30), participate in the
host response to P. aeruginosa.

First, we investigated the activities of pS9Fyn and p60Src in
human epithelial cells upon infection with P. aeruginosa (Fig.
2). The results reveal that infection of Chang cells with P.
aeruginosa 696 or ATCC 27853 induces a 5 = 1.3-fold stimu-
lation of p60Src and a 4 = 1.1-fold stimulation of p59Fyn
kinase activity as early as 10 min after initiation of the infection
(Fig. 2A). The activities of p60Src and p59Fyn peaked 15 to 45
min after initiation of the infection (Fig. 2A). Additional ex-
periments with WI-38 cells infected with P. aeruginosa 696 or
ATCC 27853 revealed very similar results, confirming an acti-
vation of p60Src and pS9Fyn after infection (Fig. 2B). This
indicates that activation of p60Src and p59Fyn upon P. aerugi-
nosa uptake is not restricted to a certain epithelial cell line or
bacterial strain but seems to be a general response upon inva-
sion by P. aeruginosa.

To determine whether it is the adhesion of P. aeruginosa to
human cells or its uptake into cells that triggers the activation
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of p60Src and p59Fyn, we inhibited bacterial internalization
into epithelial cells with a CFTR peptide containing amino
acids 103 to 117 of mature CFTR. This peptide has been
recently shown by Pier et al. (24) to block the uptake of P.
aeruginosa into the lung cells of BALB/c mice by competing
with CFTR for binding to P. aeruginosa LPS. However, this
peptide does not alter the attachment of P. aeruginosa to mam-
malian cells (24). P. aeruginosa was incubated for 10 min with
200 nM CFTR peptide and then used for 30-min infection
assays. The results (Fig. 3A) reveal that activation of p60Src
and pS9Fyn upon infection with P. aeruginosa 696 or ATCC
27853 strictly depends on the invasion of these strains, since
preincubation with the CFTR peptide almost completely
blocked the stimulation of the two kinases upon infection of
Chang cells with P. aeruginosa 696 or ATCC 27853. To confirm
the blocking effect of the peptide on the internalization of P.
aeruginosa into Chang epithelial cells, uptake was determined
with crystal violet, and intracellular versus adherent bacteria
were counted using light microscopy (Fig. 3B). The rate of
invasion of Chang epithelial cells by P. aeruginosa 696 or
ATCC 27853 incubated with 200 nM CFTR peptide was 0.7 =
1.9 (696) or 0.6 = 1 (ATCC 27853) bacteria per cell, and the
adhesion rate was 14.9 = 5.6 (696) or 16 + 3 (ATCC 27853)
bacteria per cell, respectively (Fig. 3B). Control experiments
with cells which were infected with bacteria that had not been
preincubated with the CFTR peptide showed an invasion rate
of 6.6 = 4.3 (696) or 7 = 2 (ATCC 27853) bacteria per cell and
an adhesion rate of 6 = 3.5 (696) or 5 = 2 (ATCC 27853)
bacteria per cell, respectively. These experiments indicate that
internalization of P. aeruginosa into Chang epithelial cells, but
not adhesion, is blocked (P = 0.034 for 696; P = 0.027 for
ATCC 27853) after incubation of the bacteria with the CFTR
peptide.

In order to determine the significance of p60Src and p59Fyn
activation for bacterial invasion of human epithelial cells, we
preincubated Chang cells with 1 pM herbimycin A or 50 nM
PP1. Both herbimycin A and PP1 are inhibitors of Src-like
tyrosine kinases (19, 32), and both significantly prevented in-
vasion by P. aeruginosa, as judged by polymyxin survival assays
30 min after initiation of the infection (Fig. 4A). Specifically,
herbimycin A reduced the invasion of Chang cells by P. aerugi-
nosa 696 or ATCC 27853 by 89.2% or 68.3% (P < 0.0001),
respectively. Likewise, the invasion of WI-38 cells by P. aerugi-
nosa 696 was blocked by 64.4% (P < 0.0001). Similar results
were obtained for PP1, with inhibition of 696 or ATCC 27853
invasion of Chang cells by 91.5 or 85%, respectively (P <
0.0001). Adhesion of these P. aeruginosa strains was not sig-
nificantly affected and was only slightly increased by the ty-
rosine kinase inhibitors used. Control experiments demon-
strated that incubation of the host cells with the inhibitors was
not toxic, as judged by trypan blue staining of the cells. Fur-
ther, neither herbimycin A nor PP1 affected the viability of the
bacteria, as indicated by the fact that incubation of the bacteria
alone for 30 min (i.e., the infection time) with the indicated
inhibitor did not alter the ability of the pathogens to invade
untreated mammalian cells. Furthermore, plating of bacteria
treated with herbimycin A or PP1 or left untreated revealed no
differences in bacterial growth.

To exclude the possibility that herbimycin A or PP1 affected
the viability of intracellular bacteria and therefore altered the
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FIG. 2. Infection of Chang epithelial cells with P. aeruginosa activates p60Src and p5S9Fyn. Infection of Chang or WI-38 epithelial cells with P.
aeruginosa 696 or ATCC 27853 for the indicated times (in minutes) results in rapid activation of p60Src or p59Fyn. Control immunoprecipitates
(up) from infected cells with irrelevant goat sera did not show phosphorylation of the substrate enolase. Likewise, immunoprecipitates (Ipt.)
obtained from P. aeruginosa 696 or ATCC 27853 only did not reveal any cross-reactivity. Chang epithelial cells (A) or WI-38 (B) cells were infected
with P. aeruginosa 696 or ATCC 27853 for the indicated times in minutes, lysed, and subjected to immunoprecipitation with goat polyclonal anti-Src
or anti-Fyn antibodies. Cells were labeled with [*H]choline chloride prior to infection, permitting us to use the supernatants of the agarose-
immobilized immunoprecipitates for normalization of the samples prior to the kinase assay. The kinase reaction was initiated by resuspending the
immunoprecipitates in kinase buffer supplemented with 10 g of enolase/ml and 10 nCi of [**P]y-ATP. The samples were separated by SDS-10%
PAGE and analyzed by autoradiography. The activities of p60Src and p59Fyn were determined by phosphorylation of the substrate enolase
(P-enolase). Aliquots of the immunoprecipitates were blotted with anti-Fyn or anti-Src, followed by HRP-coupled protein L and enhanced
chemiluminescence development, demonstrating similar amounts of Src or Fyn in each experiment. Control experiments were performed by
incubation of bacterial lysates from P. aeruginosa 696 or ATCC 27853 with anti-Src or anti-Fyn antisera and reveal that the bacteria do not contain
a cross-reacting kinase. Further, lysates from infected cells were subjected to precipitation with an irrelevant antiserum, demonstrating the
specificity of the kinase assay.
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FIG. 3. Inhibition of P. aeruginosa LPS binding to CFTR prevents
activation of p60Src and p59Fyn. Prevention of P. aeruginosa binding
to CFTR by incubation with a CFTR peptide encompassing amino
acids 103 to 117 blocks activation of Src-like tyrosine kinases (A) and
invasion (B) in Chang cells upon infection with the indicated strains.
(A) Chang epithelial cells were infected with P. aeruginosa 696 or
ATCC 27583 for the indicated times (in minutes) and lysed; then
p60Src or p5S9Fyn was immunoprecipitated and subjected to kinase
assays. Chang cells were labeled as above with [*H]choline chloride,
the supernatants of the immobilized immunoprecipitates were
counted, and the samples were normalized accordingly. P. aeruginosa
696 or ATCC 27853 was incubated with the CFTR peptide 10 min
prior to the infection assay. Activities of p60Src and pS9Fyn were
determined by phosphorylation of enolase as above. An aliquot of the
immunoprecipitates was blotted with anti-Src or anti-Fyn, displaying
similar amounts of protein in all lanes. Control experiments were
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outcome of the polymyxin invasion assays, we light microscop-
ically counted intracellular bacteria by crystal violet assays
(Fig. 4B). The results confirm those of the polymyxin assays
and demonstrate that herbimycin A inhibited P. aeruginosa 696
invasion of Chang cells by 90.5% (P = 0.009) and ATCC 27853
invasion by 79% (P = 0.005). Invasion of WI-38 epithelial cells
was inhibited by 75.6% for 696 (P = 0.003) and 81.2% for
ATCC 27853 (P = 0.002). PP1 reduced the uptake of 696 or
ATCC 27853 into Chang cells by 92.2% (P = 0.007) and 89.5%
(P = 0.003), respectively. Invasion of WI-38 cells was blocked
by 85.5% (P = 0.0004) for 696 and 81.5% (P = 0.001) for
ATCC 27853. The potencies of the two inhibitors to block P.
aeruginosa invasion were not significantly different.

DISCUSSION

The activation of host signal transduction pathways seems to
be an essential prerequisite for many bacteria to invade mam-
malian cells (2, 8). Our results indicate that invasion by P.
aeruginosa of several human epithelial cells requires the acti-
vation of the Src-like tyrosine kinases p60Src and p59Fyn.
These results identify a novel group of signaling molecules
crucially involved in the internalization of P. aeruginosa into
human epithelial cells.

The pivotal role of Src-like tyrosine kinases for P. aeruginosa
internalization by mammalian cells is indicated by several lines
of evidence. First, infection of several mammalian cells with
various P. aeruginosa strains results in a very rapid and marked
activation of the kinases. Src-like tyrosine kinase activation is
observed as early as 5 to 10 min after infection and thus
precedes internalization of the bacteria, which is detected as
early as 15 min after initiation of the infection. Second, the
addition of the CFTR peptide, which competes with the LPS of
P. aeruginosa for binding to the endogenous CFTR (24), pre-
vents Src-like tyrosine kinase activation as well as bacterial
internalization, but actually increases bacterial adhesion. This
indicates that adhesion does not require Src-like tyrosine ki-
nases. These data also suggest that binding of P. aeruginosa
LPS to the CFTR peptide constitutes a prerequisite for Src-
like tyrosine kinase activation. Since CFTR functions as an ion
channel (31), it is unlikely that the activation of Src-like ty-
rosine kinases is directly mediated by CFTR. Therefore, bind-
ing of the bacterial LPS to CFTR might result in an association
and activation of other mammalian receptor molecules stimu-
lating Src-like tyrosine kinases. Alternatively, the binding of
LPS might enable P. aeruginosa to introduce into the mamma-
lian target cell, via its type III secretion system, proteins or
factors, which activate Src-like tyrosine kinases and thus trigger
bacterial internalization.

Third and most important, inhibition of the kinases by two
independent Src-like tyrosine kinase inhibitors prevents inter-
nalization, but not adhesion, of P. aeruginosa. If Src-like ty-
rosine kinase activation were a consequence of internalization,

performed as above. (B) Chang epithelial cells were infected for 30
min as above with CFTR peptide-treated or untreated P. aeruginosa
696 or ATCC 27583, and invasion was determined by crystal violet
staining. Results shown are means = SD from three independent
experiments. Significance was determined by ¢ test, and significant
differences are indicated by asterisks.
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FIG. 4. Blockade of Src-like tyrosine kinases by herbimycin A or PP1 prevents P. aeruginosa uptake into different human epithelial cells. Chang
and WI-38 epithelial cells were either pretreated for 12 h with 1 uM herbimycin A (HA) or for 15 min with 50 nM PP1 or left untreated. Cells
were infected for 30 min, and invasion was scored by polymyxin survival (A) or crystal violet assay (B). Shown is the invasion of untreated Chang
epithelial cells by two P. aeruginosa strains, (control), compared with the uptake of the bacteria into the indicated cells pretreated with HA or PP1.
Means *+ SD from three independent experiments are shown. Significance was determined by post hoc ANOVA done by the Bonferroni and Dunn

method. Asterisks indicate significant differences.

the two Src-like tyrosine kinase inhibitors should not block
invasion. This suggests that activation of Src-like tyrosine ki-
nases is a requirement for internalization and not a conse-
quence of the uptake process.

In summary, the data with herbimycin A, PP1, and the
CFTR peptide suggest that binding of P. aeruginosa LPS to
CFTR results via unknown intermediates in activation of the
Sre-like tyrosine kinases p60Src and p59Fyn, which then me-
diate the internalization of the bacteria. Herbimycin A and
PP1 have been shown in several studies to block Src-like ty-
rosine kinases relatively specifically (11, 14). However, even if
they are not absolutely specific for Src-like tyrosine kinases, the
use of two independent inhibitors with different effects on
other kinases strongly suggests that the blockade of P. aerugi-
nosa internalization by these inhibitors is due to the inhibition
of Src-like tyrosine kinases.

Activation of Src-like tyrosine kinases results in tyrosine
phosphorylation of several cellular proteins. Identification of
these phosphorylated substrates remains to be elucidated.
Considering the size of the tyrosine-phosphorylated proteins,
Vav, phosphatidylinositol 3’ kinase (PI-3-K), and p42 mitogen-
activated protein (MAP) kinase might be good candidates as
substrates for Src-like tyrosine kinases upon infection (4, 22,
25). These proteins have been shown to be directly or indirectly
involved in the regulation of cytoskeleton changes. Since the
invasion of P. aeruginosa requires a reorganization of the cy-
toskeleton, as shown by the inhibition of P. aeruginosa inter-
nalization upon incubation with cytochalasin D (10), which
destroys microfilaments, cytoskeletal proteins might play a role
in the uptake of P. aeruginosa. Vav and PI-3-K might be in-
volved in reorganization of the actin cytoskeleton via the acti-
vation of the small G protein Racl, which has been shown to
be one of the key regulators of the actin cytoskeleton (4, 20, 22,

25). Likewise, MAP kinases are good candidates to be involved
in a reorganization of microtubuli.

An involvement of tyrosine kinases in the internalization of
P. aeruginosa into epithelial cells has been recently implied by
a study by Evans et al. (7). These authors showed that incuba-
tion of rabbit corneal cells with herbimycin A or the broad-
spectrum kinase inhibitor genistein prevents uptake of P.
aeruginosa, supporting the notion of the present report.

The finding that P. aeruginosa invades epithelial cells via
activation of Src-like tyrosine kinases correlates with the inva-
sion mechanisms of several other bacteria, including Yersinia
enterocolitica, S. flexneri, L. monocytogenes, and Neisseria gon-
orrhoeae (5, 15, 17, 33). Uptake of these bacteria into mam-
malian cells has been shown to require the activation of Src-
like tyrosine kinases and several protein tyrosine kinase-linked
pathways. Thus, it might be possible that bacterial internaliza-
tion processes into cells are conserved, and different bacteria
may utilize similar or even the same signaling pathways for
internalization.

In summary, we show that invasion of human epithelial cells
by P. aeruginosa induces activation of the Src-like tyrosine
kinases p60Src and p59Fyn, resulting in tyrosine phosphoryla-
tion of various cellular proteins. The activation of p60Src and
pS9Fyn seems to be crucial for P. aeruginosa internalization but
not for P. aeruginosa adherence.
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