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The type III secretion system (TTSS) is a specialized cytotoxin-translocating apparatus of gram-negative
bacteria which is involved in lung injury, septic shock, and a poor patient outcome. Recent studies have at-
tributed these effects mainly to the ExoU effector protein. However, few studies have focused on the ExoU-
independent pathogenicity of the TTSS. For the present study, we compared the pathogenicities of two strains
of Pseudomonas aeruginosa in a murine model of acute lung injury. We compared the CHA strain, which has
a functional TTSS producing ExoS and ExoT but not ExoU, to an isogenic mutant with an inactivated exs4
gene, CHA-D1, which does not express the TTSS at all. Rats challenged with CHA had significantly increased
lung injury, as assessed by the wet/dry weight ratio for the lungs and the protein level in bronchoalveolar lavage
fluid (BALF) at 12 h, compared to those challenged with CHA-D1. Consistent with these findings, the CHA
strain was associated with increased in vitro cytotoxicity on A549 cells, as assessed by the release of lactate
dehydrogenase. CHA was also associated at 12 h with a major decrease in polymorphonuclear neutrophils in
BALF, with a proinflammatory response, as assessed by the amounts of tumor necrosis factor alpha and
interleukin-1f3, and with decreased bacterial clearance from the lungs, ultimately leading to an increased
mortality rate. These results demonstrate that the TTSS has a major role in P. aeruginosa pathogenicity
independent of the role of ExoU. This report underscores the crucial roles of ExoS and ExoT or other TTSS-

related virulence factors in addition to ExoU.

Pseudomonas aeruginosa is a frequent cause of life-threat-
ening infections. Patients requiring mechanical ventilation
especially have a high risk of developing P. aeruginosa pneu-
monia (3, 14). Moreover, patients with ventilator-acquired
P. aeruginosa pneumonia are more likely to develop bactere-
mia, septic shock, and multiple organ failure and have a higher
mortality rate than patients with pneumonia due to other in-
fectious agents (2).

Genetic pathogen-related factors underlie the severity of
P. aeruginosa infection. The recently sequenced (38) P. aeru-
ginosa genome (PAOL strain) has the largest percentage of
genes (among other sequenced bacterial genomes) which are
dedicated to controlling systems that allow the modulation of
genetic and biochemical capabilities geared towards survival.
Among these are systems allowing adaptation to host condi-
tions, such as quorum sensing or resistance to antimicrobials
(20). In addition to numerous extracellularly secreted virulence
determinants, most clinical isolates of P. aeruginosa possess a
specialized apparatus to translocate cytotoxins into eukaryotic
cells, namely, the type III secretion system (TTSS). The TTSS
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is composed of 20 proteins which, after assembling into a
syringe-like apparatus, can inject cytotoxins directly into the
target cell. This system requires direct contact between the bac-
terium and the host cell to deliver toxic bacterial effector proteins
directly into the cytosol of the host cell. P. aeruginosa secretes at
least four effector proteins through its TTSS, namely, ExoS,
ExoT, ExoY, and ExoU (12, 42, 43). This system has been
found to be a critical virulence factor in animal models as well
as in human diseases. Indeed, although P. aeruginosa TTSS
genes are present in nearly all clinical and environmental iso-
lates (11), TTSS expression is associated with more severe in-
fections (32). In a study of 108 clinical isolates of P. aeruginosa,
the prevalence of the TTSS-expressing phenotype was signifi-
cantly higher among acutely infected patients than among
chronically infected cystic fibrosis patients and was linked to a
higher mortality rate (29). Consistent with these data, in a ret-
rospective clinical study of patients with ventilator-associated
P. aeruginosa pneumonia, TTSS-positive strains were associ-
ated with poor clinical outcomes (13). Although early studies
found that ExoS has a role in mediating injury to the alveolar
epithelial barrier during acute P. aeruginosa pneumonia in
rabbits (17, 21, 41), more recent studies established that ExoU
has a crucial role in P. aeruginosa virulence (1, 12, 26, 30, 31,
33). Kurahashi et al. showed that ExoU is responsible for the
decompartmentalization of inflammatory mediators (18).
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Several studies evaluated the inflammatory response within
the alveoli during P. aeruginosa-induced lung injury: this re-
sponse includes the role of inflammatory cells (polymorpho-
nuclear neutrophils and alveolar macrophages), cytokine pro-
duction, and the role of the pathogen itself. While the role of
alveolar macrophages remains controversial (4, 16), polymor-
phonuclear neutrophils have been associated with bacterial
clearance (22), with the accumulation of these cells being un-
der the control of tumor necrosis factor alpha (TNF-a) pro-
duction (37). Finally, it was demonstrated in vitro that the
TTSS is also associated with a toxic role toward polymorpho-
nuclear neutrophils (5) and macrophages (8).

Therefore, our main objective was to establish the role of the
TTSS, independent of that of ExoU, in the pathogenesis of
P. aeruginosa-mediated acute lung injury. Specifically, our aims
were to assess the ExoU-independent role of the TTSS on
mortality, lung injury, bacterial clearance from the lungs, poly-
morphonuclear neutrophil recruitment to the lungs, lung and
systemic inflammation, and cytotoxicity during P. aeruginosa-
mediated acute lung injury. Using an experimental model of
murine pneumonia, we compared two strains of P. aeruginosa,
namely, CHA, a cystic fibrosis clinical isolate which produces
the type III effectors ExoS and ExoT but not ExoU, and CHA-
D1 (5), an isogenic mutant of CHA in which the exs4 gene,
which encodes the ExsA transcriptional factor necessary for
type III system synthesis, has been inactivated (6). We assessed
mortality at 72 h following P. aeruginosa instillation. Lung
injury, as assessed by lung permeability and extravascular lung
water, was evaluated sequentially between 2 and 12 h. Bacterial
clearance from the lungs was evaluated with cultures of lung
homogenates. Polymorphonuclear neutrophil (PMN) recruit-
ment to the lungs was assessed by the PMN count in bron-
choalveolar lavage fluid (BALF). The inflammatory response
was studied with cytokine assays using BALF, lung tissue, and
serum. In addition, cytotoxicity was evaluated in vitro on A549
cells by use of a lactate dehydrogenase (LDH) assay.

MATERIALS AND METHODS

Animals. Pathogen-free Sprague-Dawley rats (n = 105; 280 to 320 g) (Charles
River Laboratories France, St. Germain/l’Arbresle, France) were housed in the
Lille University Animal Care Facility and allowed food and water ad libitum. All
experiments were performed with the approval of the Lille Institutional Animal
Care and Use Committee.

P. aeruginosa-induced lung injury. The P. aeruginosa strains used for this study
included CHA, a bronchopulmonary isolate from a cystic fibrosis patient, and
CHA-D1, an isogenic mutant of CHA in which the exsA4 gene, which encodes the
ExsA transcriptional factor necessary for type III system synthesis, has been
inactivated (5). P. aeruginosa was incubated in 125 ml of tryptic soy broth at 37°C
in a rotating shaking water bath for 8 h. Cultures were centrifuged at 1,000 X g
for 10 min, and the bacterial pellets were washed twice and diluted in phosphate-
buffered saline to reach 10 CFU/ml, as evaluated by spectrophotometry. Acute
lung injury was produced according to the method described by Pennington and
Ehrie (25). Mice were put under short-duration anesthesia, and a small midline
incision was made on the ventral surface of the neck after swabbing it with
ethanol. The trachea was exposed by blunt dissection. Using a 28-gauge needle,
we instilled 0.5 ml of bacterial suspension/kg of body weight into the trachea,
followed by the injection of 0.5 ml of air. The animals were studied 2, 4, 12, 24,
or 72 h after instillation of the bacteria, depending on the group.

Bacterial culture from the lungs. The lungs were homogenized in sterile
containers with sterile water. Lung homogenates were sequentially diluted and
cultured on bromocresol purple agar plates for 24 h for assessments of the
bacterial load.

In vitro cytotoxicity. A human lung epithelial cell line (A549) was cultured to
confluence in modified Eagle’s medium with Earle’s salts and L-glutamine (In-
vitrogen, Cergy Pontoise, France) supplemented with 10% heat-inactivated fetal
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bovine serum (Dustcher, Vilmorin, France) and a penicillin-streptomycin asso-
ciation (1%). The cells were cultured at 37°C with 5% CO,. When the cells
reached confluence, 2 X 10* cells were transferred to 96-well tissue culture plates
and incubated overnight. The following day, 10 wl of each of the four different
P. aeruginosa strains (PAO1, PA103, CHA, and CHA-D1 at 2 X 107 CFU/ml)
was mixed with medium (not containing antibiotics) and applied to the cells for
4 or 6 h. PA103, the positive control for major cytotoxicity, and PAOI1, the
positive control for minor cytotoxicity, were used as references. Cytotoxicity was
quantitated by measuring the lactate dehydrogenase (LDH) in the culture su-
pernatants at 4 and 6 h, using a cytotoxicity assay kit (Cytotox 96; Promega,
Charbonnieres, France). The 100% value represented the amount of LDH re-
leased from cells lysed by 0.8% Triton X-100 for 45 min.

BAL. Bronchoalveolar lavage (BAL) was performed by cannulating the tra-
chea of each mouse. Lungs from each experimental group were lavaged with a
total of 20 ml in 5-ml aliquots of phosphate-buffered saline with 3 mM EDTA.
The recovered fluid was pooled and centrifuged (200 X g for 10 min), and the
cellular pellet was washed twice with phosphate-buffered saline. BAL fluid
(BALF) samples were filtered and immediately frozen at —80°C after collection.
Cell counts were performed directly with a hemocytometer. Cellular monolayers
were prepared with a cytocentrifuge and stained with Wright-Giemsa stain. Cellular
morphotype differentials were obtained by counting 200 cells/sample and expressing
each type of cell as a percentage of the total number counted. The protein concen-
tration in the BALF was measured with an automated analyzer (Hitachi 917).

Wet-to-dry weight ratio for the lungs. The wet-to-dry weight ratio (W/D) for
the lungs was determined by removing the lungs at the end of the experiment and
recording the wet weight. The lungs were then placed in a 37°C incubator for
7 days, at which time the dry weight was recorded. The W/D weight ratio was
then calculated for each pair of lungs.

Cytokine assays. The levels of tumor necrosis factor alpha (TNF-«), inter-
leukin-1B (IL-1B), IL-10, and cytokine-induced neutrophil chemoattractant 3
(CINC-3) were determined by the use of commercial immunoassay kits specific
for rat cytokines (Quantikine rat TNF-«, IL-1pB, IL-10, and CINC-3 kits; R&D
Systems, Abingdon, Oxford, United Kingdom). Readings were performed with a
Digiscan microplate reader (Spectracount Packard Instrument Company, Meri-
den, Conn.).

Levels were measured in the sera, lung parenchyma, and BALF of animals
from each group at 2, 4, and 12 h post-instillation of bacteria.

Experimental groups. Animals were randomly assigned to the following two
groups, with a minimum sample size of five animals per group, for each series of
experiments: the P. aeruginosa CHA strain instillation group (CHA) and the
P. aeruginosa CHA-D1 strain instillation group (CHA-D1). Each animal received
a 0.5-ml/kg intratracheal injection of the calibrated inoculum.

In a first series of experiments, we studied the natural evolution of the infec-
tions induced by the two strains for 72 h. With a different subgroup, the protein
concentrations in BALF and blood cultures were evaluated at 24 h.

Animals were then studied at 2, 4, and 12 h for extravascular lung water
measurements and assessments of the inflammatory response.

Statistical analysis. The data were analyzed by use of the Kruskal-Wallis test
and the Wilcoxon test where appropriate. P values of <0.05 were regarded as
statistically significant. R software was used (The R Foundation for Statistical
Computing, Vienna, Austria). A Holm correction was used for multiple com-
parisons (15).

RESULTS

A functional TTSS increases mortality rate at 72 h. Instil-
lation of the CHA strain, a clinical isolate which produces the
type III effectors ExoS and ExoT but not ExoU, was associated
with a 100% mortality rate at 72 h, with most of the animals
dying within the first 36 h. In contrast, an isogenic mutant of
CHA, CHA-D1, was associated with no mortality during the
study period. Consistent with these results, an analysis of the
protein concentration in BALF at 24 h showed a marked in-
crease for the CHA-infected group (CHA group) compared to
the CHA-D1-instilled animals (CHA-D1 group), reflecting the
major acute lung injury in the first group. These results are
summarized in Table 1.

From these results, in accordance with the work of others
(18), we predicted a major role of the TTSS in P. aeruginosa
pneumonia-induced mortality.
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TABLE 1. Natural evolution of infection observed 72 h after
CHA or CHA-DI instillation”

No. of positive blood

% Mortality cultures/total no.

Strain Protein level in

at 72 h BALF (g/dl) of eultures
CHA 100° 3+02° 2/5
CHA-D1 0 02 +0.1 0/5

¢ Protein levels in the BAL fluid and positive blood culture as were measured
24 h after instillation.

® Significantly different from values for the CHA-D1 group (P < 0.05). Values
are means *+ standard deviations.

A functional TTSS increases lung injury. An analysis of the
wet-to-dry weight ratio of the lungs showed a significant in-
crease for the CHA group compared to the CHA-D1 group at
12 h (Fig. 1). Moreover, the amount of proteins recovered in
BALF was significantly higher for the CHA group than for the
CHA-D1 group at 4 and 12 h. Furthermore, the protein in-
crease occurring from 2 to 4 h was larger than that occurring
from 4 to 12 h, underscoring the rapid occurrence of injury in
the CHA group (Fig. 2).

A functional TTSS increases in vitro cytotoxicity for A549
cells. To further document the direct cytotoxicity of P. aerugi-
nosa on the alveolar barrier, we tested the cytotoxicity of each
strain in vitro on A549 cells. Cytotoxicity was evaluated by
measuring the LDH release 4 and 6 h after infection. The
amount of LDH release was statistically higher for CHA-in-
fected cells than for CHA-D1-infected cells at 4 and 6 h. The
values for CHA-D1 were similar to those for the minor cyto-
toxicity reference strain, PAO1 (28 and 26%, respectively, over
a 6-h incubation period). The values for CHA were closer to
those for the major cytotoxic reference strain, PA103 (85 and
100%, respectively, after 6 h of coculture) (Table 2).

Bacterial loads in the lungs of TTSS-exposed animals do not
decrease after 12 h. We quantified the ability of animals to
clear bacteria from their infected lungs. Two and 4 h after the
instillation of bacteria, the bacterial loads in the lungs were not
significantly different between the two groups (Fig. 3). After
12 h, animals infected with CHA showed a significantly higher
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FIG. 1. Wet-to-dry lung weight ratios (W/D) 2 hours (H2), 4 hours
(H4), and 12 hours (H12) after Pseudomonas aeruginosa CHA and
CHA-D1 intratracheal instillations. The data are means + standard
errors (SE) (indicated by error bars). *, statistically different from the
CHA-D1 group (P < 0.05).
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FIG. 2. Protein concentrations (g/dl) in bronchoalveolar lavage
fluid (BALF) 2 hours (H2), 4 hours (H4), and 12 hours (H12) after
Pseudomonas aeruginosa CHA and CHA-D1 intratracheal instillations.
The data are means + SE (indicated by error bars). *, statistically
different from the CHA-D1 group (P < 0.05); O, statistically different
from the previous time point with the same strain (CHA) (P < 0.05).

bacterial burden in the lungs than that observed for the CHA-
D1 group. This result implies that animals infected with the
CHA strain could not clear the bacteria efficiently from their
infected lungs 12 h after the infection.

Alveolar polymorphonuclear neutrophils are significantly
decreased in bronchoalveolar lavage fluid after 4 h in TTSS-
exposed animals. To explain the lack of bacterial clearance in
the animals infected by the CHA strain, we studied the number
of polymorphonuclear neutrophils in BALF. For the CHA-D1
group, there was a time-dependent increase in the number of
polymorphonuclear neutrophils in BALF. In contrast, for the
CHA group there was an initial increase in neutrophils at 4 h
followed by a decline at 12 h. The number of cells was signif-
icantly lower for the CHA group than for the CHA-D1 group
at 12 h (Fig. 4). Thus, the instillation of P. aeruginosa induced
a neutrophil influx into the BALF. However, the number of
neutrophils increased in the CHA-D1 group after 4 h. The lack
of polymorphonuclear neutrophils in the BALF could explain
why the CHA group could not clear the bacteria efficiently
from their infected lungs 12 h after infection. Therefore, a
functional TTSS-producing strain influences inflammatory cell
recruitment or eliminates recruited leukocytes by its direct or
indirect cytotoxicity.

TABLE 2. Cytotoxicity of P. aeruginosa strains (CHA, CHA-D1,
PAOI1, and PA103) to lung epithelial cells*

% Cytotoxicity

Strain
H4 H6
CHA 26+ 1° 85 + 4°
CHA-D1 00 28 £13
PA103 66 £ 18° 100 = 0°
PAO1 00 26 =3

“ Cytotoxicity to lung epithelial cells was evaluated by measuring the LDH
release. A549 (2 X 10%) cells were cocultured with each strain at a multiplicity of
infection of 10. LDH release was measured at 4 and 6 h (H4 and H6) in triplicate.
The values shown are means * standard deviations.

® Significantly different from values for the CHA-D1 group (P < 0.05).

¢ Significantly different from values for the PAO1 group (P < 0.05).
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FIG. 3. Bacteriology. Rats were infected with 0.5 ml/kg of CHA or
CHA-D1 at 10° CFU/ml. The number of viable bacteria remaining in
the infected lungs was counted 2, 4, and 12 h after the instillation. Lung
homogenates were sequentially diluted with sterile water and placed
on bromocresol purple agar plates for 24 h at 37°C. n = 5 rats per

group. The data are means + SE. #, statistically different from the
CHA-D1 group (P < 0.05).

A functional TTSS is associated with a major increase in the
proinflammatory response in BALF and lung tissue. In BALF,
a significant release of TNF-a and IL-1B was observed for rats
receiving either strain of P. aeruginosa. This increase was sig-
nificantly higher for the CHA group than for the CHA-D1
group (Fig. 5). In lung homogenates, only TNF-a production
followed a similar increase over time, reaching significantly
higher values for the CHA group at 4 and 12 h (Fig. 6). The
levels in sera remained undetectable for TNF-a and low for
IL-1pB for both groups, suggesting the absence of decompart-
mentalization of the inflammatory response in our model (Fig.
7). The secretion of CINC-3 was also observed in both BALF
and lung tissue after instillation of both strains of P. aeruginosa
(Fig. 5 and 6). For both groups, CINC-3 levels reached their
maxima at 4 h, and the increase was significantly higher for the
CHA group at 4 h. This increase at 4 h was followed by a
decrease at 12 h. Whereas the CINC-3 levels remained high in
the CHA group at 12 h, a marked decrease was observed for
the CHA-D1 group, and the difference at 12 h was statistically
significant between the two groups both in the BALF and in
the lung parenchyma. In sera, a transient secretion of CINC-3
was detected at 4 h in rats exposed to CHA (Fig. 7).

The anti-inflammatory response, as evaluated by the produc-
tion of interleukin-10 (IL-10), followed an interesting pattern.
The response was delayed, increasing in BALF at 12 h for
the CHA group but not for the CHA-D1 group (Fig. 5). Unlike
the proinflammatory cytokine levels, IL-10 levels increased in
the systemic compartment at 12 h in the CHA group but not in
the CHA-D1 group (Fig. 7). However, the differences did not
reach statistical significance for any of these compartments.

These data show that a functional TTSS in P. aeruginosa is
responsible for a larger and prolonged release of inflammatory
cytokines in the lung.

DISCUSSION

This study was designed to determine the contribution of a
functional type III secretion system (TTSS), independent of
ExoU production, to the pathogenesis of acute lung injury.
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Using a model of experimental murine pneumonia, we com-
pared the effects of the following two strains of P. aeruginosa:
CHA, which produces the type III effectors ExoS and ExoT but
not ExoU, and its isogenic mutant, CHA-D1, in which the exsA4
gene, which encodes a transcriptional activator of TTSS, has
been inactivated. Our results demonstrate that, independently
of ExoU, there exists a relationship between the TTSS and an
increased pathogenicity of P. aeruginosa.

TTSS and mortality. The most robust evidence for an ExoU-
independent role of the TTSS in P. aeruginosa pathogenicity is
that the mortality rate at 72 h was 100% for the group infected
by the strain expressing the TTSS but not ExoU, whereas the
mortality rate was 0% for the group infected by the non-TTSS-
expressing strain. This increase in mortality due to the TTSS
has been observed in animal models of P. aeruginosa acute lung
infections (10) and in clinical studies of lower respiratory tract
infections and ventilator-acquired pneumonia (13, 29). How-
ever, few studies have differentiated such a high mortality rate
imputable to the TTSS independent of ExoU. Our observation
is supported in part by the fact that Shaver and Hauser found
a significant mortality rate linked to a mutant strain expressing
only ExoS by using a similar model (35). Our larger difference
in mortality rates may be explained by the fact that we com-
pared a TTSS-expressing (producing all TTSS effectors except
ExoU) strain instead of a strain solely expressing ExoS.

TTSS and lung injury. Further evidence of the role of TTSS
in P. aeruginosa pathogenicity is derived from our finding of an
ExoU-independent/TTSS-mediated increase in lung injury, as
assessed by functional markers of alveolar-capillary barrier
damage such as the alveolar protein concentration and the
amount of extravascular lung water. This increase in lung in-
jury is consistent with the pioneer study of Wiener-Kronish et
al., who showed that the TTSS, through ExoS production,
could injure the alveolar-capillary barrier (41). Conversely, our
TTSS-deficient/exs4A mutant strain led to less injury, which is
consistent with the findings of Kudoh et al., who showed that
an exsA mutant strain resulted in significantly less lung injury
than its parental PAK strain at 8 h postinfection (17). Inter-
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FIG. 4. Numbers of polymorphonuclear neutrophils/mm?® in bron-
choalveolar lavage fluid (BALF) 2 hours (H2), 4 hours (H4), and 12
hours (H12) after Pseudomonas aeruginosa CHA and CHA-D1 intra-
tracheal instillations. The data are means + SE (indicated by error
bars). #, statistically different from the CHA group (P < 0.05); O,
significantly different from the H2 value for the same strain (CHA-D1)
(P < 0.05).
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FIG. 5. Concentrations of TNF-a, IL-1, IL-10, and CINC-3 (pg/ml) in bronchoalveolar lavage fluid (BALF) 2 hours (H2), 4 hours (H4), and
12 hours (H12) after Pseudomonas aeruginosa CHA and CHA-D1 intratracheal instillations. The data are means * SE (indicated by error bars).

*, statistically different from the CHA-D1 group (P < 0.05).

estingly, exotoxin A had a minor role, but the authors raised
the hypothesis that other proteins may be involved in lung
injury pathophysiology. In fact, a genetic analysis identified two
other exoproducts, ExoT and ExoU, which are also secreted
through the TTSS (12, 43). Many studies since have high-
lighted the prominent role of the TTSS in P. aeruginosa-in-
duced lung injury; however, research concerning TTSS regu-
lation is still ongoing. Recently, cyclic AMP was shown to be
involved in pathogenicity. Smith et al. observed a decreased
virulence of PAK strains with a cyclic AMP deletion, with
lower bacterial loads of the mutants in the lungs than those of
the parental strain (36).

None of these studies provided a dynamic analysis of P. ae-
ruginosa pathogenicity in the lungs over time. In our study, the
exsA mutant strain showed results consistent with those of
previous studies with a clinical strain which did not produce
ExoU. We emphasized the critical roles of ExoS and -T in lung
injury and described the inflammatory response in the alveolar
as well as the systemic compartments in a dynamic analysis
over 12 h.

The analysis of functional variables reflecting alveolar-cap-
illary barrier damage, such as the alveolar protein concentra-
tion and the amount of extravascular lung water, confirmed the
hypothesis of ExoU-independent pathogenicity. In CHA-in-
fected animals, there was a progressive increase from 2 to 12 h

in the amount of proteins recovered from BALF, showing an
increase in lung alveolar permeability. After CHA-D1 instilla-
tion, the protein levels remained significantly lower throughout
the experiment.

The wet-to-dry weight ratio of the lungs initially increased
for both groups. This period was followed by a trend toward a
decrease for the CHA-D1 group. This trend could be related to
a resolution of the injury, with a progressive elimination of the
water excess through a noninjured alveolar-capillary mem-
brane. In contrast, in CHA-infected animals from 4 to 12 h,
there was a progressive increase in the wet-to-dry weight ratio
of the lungs. Such an accumulation of water in the lungs may
have been related to a decrease in the liquid clearance from
the lungs, as we have previously shown (19, 39). This is con-
sistent with data published by other authors, who also de-
scribed an increase in permeability or extravascular lung water
(17, 27, 28, 41). From these data, we conclude that lung injury
is dependent on a functional TTSS, even in the absence of
ExoU production, since the only difference between the two
strains was the inactivation of the exs4 gene in CHA-D1.

TTSS effect on alveolar epithelial cells. Further evidence of
the pathogenicity of the TTSS, independent of ExoU, was
obtained by the difference in the cytotoxicities of the strains
(CHA and CHA-D1) tested in vitro on A549 cells and com-
pared to laboratory strains with known different cytotoxicities,



4268 ADER ET AL.

INFECT. IMMUN.

1000000 -
E
= 100000 -
2
(-1
5 10000 -
k-
ny 1000 -
=]
100 ; . )

H2 H4 H12

Time after infection

® CHA ; O, CHA-D1

10000 -

—\é *
5
21000 4

-1

=
=
] 100 |

3
13
Z

10 T ; 1
H2 H4 HI12
Time after infection
100000 - * *

S 10000

)

&

& 1000 -

=2

=)

O 100 -

g

© 10 . ,

H2 H4 Hi2

Time after infection

1000 -
E
(-1
&
- S/%g
E 100 4
=
(=)
5

10 : : .

H2 H4 Hi2

Time after infection

FIG. 6. TNF-o, IL-1, IL-10, and CINC-3 levels (pg/ml) in lung homogenates 2 hours (H2), 4 hours (H4), and 12 hours (H12) after Pseudomonas
aeruginosa CHA and CHA-D1 intratracheal instillations. The data are means = SE (indicated by error bars). *, statistically different from the

CHA-D1 group (P < 0.05).

namely, PAO1 and PA103. A control group with PA103
showed massive destruction at 4 and 6 h, and this wild-type
cytotoxic strain produces ExoU. In contrast, with PAO1, a
well-characterized noncytotoxic strain which possesses the
TTSS (5), the release of LDH was significantly lower. We
observed a major release of LDH (26 and 85% at 4 and 6 h,
respectively) with the CHA strain which was statistically higher
than the values observed with CHA-D1-exposed cells (0 and
28% at 4 and 6 h, respectively). CHA has a functional TTSS
which can be activated by calcium depletion or eukaryotic cell
contact (5). The values obtained with CHA-D1 are comparable
to the results with PAO1. These results suggest that a func-
tional type III secretion system producing ExoS and ExoT is
highly involved in the injury observed in our model, with de-
struction of the epithelium in the CHA group associated with
both increased lung injury and increased mortality compared
to the CHA-D1 group. This result can further explain the im-
provement of fluid transport in the CHA-D1 group. Although
we did not explore CHA-related A549 cytotoxic mechanisms,
Pederson et al. used a different cell line to show that the ExoS
carboxyl-terminal domain has a FAS-dependent ADP-ribosyl-
transferase activity which is cytotoxic to Chinese hamster ovary
cells (23, 24).

TTSS and polymorphonuclear neutrophils. We demon-
strated that animals infected with a functional TTSS-producing
strain could not clear bacteria efficiently from their infected
lungs 12 h after instillation. Because bacterial clearance from
the lungs is mainly the result of macrophage and polymorpho-
nuclear neutrophil functions, bacterial clearance can only be

interpreted in conjunction with polymorphonuclear neutrophil
recruitment. Therefore, to assess polymorphonuclear neutro-
phil recruitment, we studied the number of polymorphonu-
clear neutrophils (PMN) in BALF. We observed an initial
rapid increase in PMN counts in BALF which was common to
both the CHA and CHA-D1 groups 4 h after infection. This
initially observed PMN recruitment is in accordance with the
work of Kooguchi et al., who observed a rapid increase in the
amount of polymorphonuclear neutrophils recovered from the
BALF after a P. aeruginosa challenge. Reported PMN recruit-
ment during P. aeruginosa lung injury starts at 4 h postinfec-
tion, reaching a peak at 8 (22), 16 (16), or 24 h (4). Likewise,
in our study, for the CHA-D1 group the PMN count continued
to increase at 12 h. However, for the CHA group, PMN re-
cruitment was halved at 12 h. Furthermore, the amount of
bacterial clearance was parallel to the amount of neutrophil
recruitment; when the CHA-D1 group partially lost its neutro-
phil recruitment ability at 12 h, it also lost its bacterial clear-
ance ability and the bacterial load increased markedly com-
pared to that of the CHA group. Therefore, a loss of PMN
recruitment due to the TTSS, independent of ExoU, is prob-
ably responsible for the lack of bacterial clearance. Such an
association between the TTSS and a major drop in the number
of polymorphonuclear neutrophils has already been reported
for mice (10). Sixteen hours after the intratracheal instillation
of PA103, significantly fewer leukocytes were detected in BALF
than the number observed with the isogenic mutant PA103AUT,
which was missing both the ExoT and ExoU toxins.

Two hypotheses may explain why neutrophil recruitment
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was transitory in the TTSS-expressing CHA group. The TTSS
may either suppress inflammatory chemotactic factors or have
a direct cytotoxic effect, eliminating recruited neutrophils. To
explore the first hypothesis, we measured CINC-3, a chemo-
tactic factor known to be increased in BALF, lung homoge-
nates, and serum during lipopolysaccharide-induced acute lung
injury (44). The CINC-3 level in BALF was significantly higher
for the CHA group, thus invalidating an antichemotactic effect
of the TTSS (Fig. 5). Although we did not experimentally ex-
plore the second hypothesis, P. aeruginosa TTSS-dependent
neutrophil cytotoxicity has been previously reported. Indeed,
Dacheux et al. demonstrated in vitro that the cell death of
human polymorphonuclear neutrophils requires a functional
TTSS (5, 7, 8). Furthermore, using the same strains as those
used for our study, Dacheux et al. showed that 70% of poly-
morphonuclear neutrophil cell lysis occurred after 3 h of co-
incubation with the CHA strain, in contrast to only 20% with
CHA-D1. Although the complete mechanism by which poly-
morphonuclear neutrophils are killed by the CHA strain is
unknown, CHA-induced macrophage death results from a
pore-forming activity of TTSS-secreted proteins (8). We ob-
served in vivo a similar major decrease in polymorphonuclear
neutrophils in the BALF from the CHA group which was
probably related to TTSS-induced neutrophil cytotoxicity in-
dependent of ExoU.

TTSS and cytokines. There is a strong body of evidence to
support the hypothesis that the lung inflammatory response is
an indirect cause of alveolar injury. The recruitment of poly-

morphonuclear neutrophils into the alveolar compartment as-
sociated with activated macrophages leads to lung injury via
the production of oxidant products such as superoxide anions
and nitric oxide and via the release of proteinases (e.g., elas-
tase and collagenase) (9, 40). Stimulated pulmonary macro-
phages also appear to be a potent source of proinflammatory
cytokines, including TNF-a and IL-1B (37). In our study, the
release of TNF-a and IL-1B was increased in the CHA group
compared to the CHA-D1 group. These data suggest that the
proinflammatory reaction was rapidly controlled by the CHA-
D1 group, which was not the case for the CHA group. This is
at least partly related to the lack of bacterial clearance in the
CHA group (Fig. 3). We demonstrated that animals infected
with a functional TTSS strain could not clear bacteria effi-
ciently from their infected lungs 12 h after the instillation. This
difference between the two strains in bacterial loads in the
lungs indicates that the decreased cytokine levels observed
with CHA-D1 could be related to the clearance of bacteria
from the lungs and the resolution of infection.

An increase in TNF-a in BALF was also observed by Kura-
hashi et al., but in their study they showed an increase in
TNF-a at 7 h in rabbits which was more important for a strain
with a TTSS deletion than for the potent parental strain (18).
These contradicting results could be related to the model or
the strain used in their study.

The anti-inflammatory response was delayed and appeared
only at 12 h with the CHA strain in both BALF and serum. We
did not observe any production of IL-10 after the CHA-D1



4270 ADER ET AL.

Pro-inflammatory

cytokine release
TNF-a
IL-1B

Impaired lung
bacterial clearance

INFECT. IMMUN.

Anti-inflammatory
cytokine release
IL-10

Decreased alveolar
neutrophils

~Sorzer
Increased lung injury

FIG. 8. Schematic involvement of the TTSS in a self-propagating pathogenic cycle. The TTSS is associated with acute lung injury through
different mechanisms, including an enhancement of the proinflammatory response and a decrease in the number of alveolar neutrophils, both of
which lead to impaired bacterial clearance from the lungs and a higher mortality rate. The darkly stained neutrophils may have been killed through

a TTSS-dependent mechanism.

challenge. This result is consistent with the literature; the in-
stillation of the cytotoxic strain PA103 into mice led to IL-10
up-regulation in the lung parenchyma and to increased con-
centrations of IL-10 in the blood (34). In contrast, the noncy-
totoxic strain, CHA-D1, did not lead to any increase in IL-10
in the lung parenchyma or in the blood. Therefore, IL-10
production appears to be strictly controlled in the lungs since
the acute inflammatory reaction observed with CHA-D1 was
not associated with its secretion.

Conclusions. In summary, using an experimental murine
model of P. aeruginosa-induced acute lung injury, we demon-
strated a relationship between the type III secretion system
and pathogenicity which was independent of ExoU. We dem-
onstrated that the TTSS, independent of ExoU production, is
associated with increased lung injury, an increased proinflam-
matory response, decreased polymorphonuclear neutrophil re-
cruitment, and decreased bacterial clearance, ultimately result-
ing in an increased mortality rate at 72 h (Fig. 8). Such a major
role of non-ExoU TTSS factors in P. aeruginosa pathogenicity
should be taken into account for future antipseudomonal ther-
apies. Our results also suggest that neutrophil recruitment and

the resulting bacterial clearance are the keys to ExoU-inde-
pendent TTSS pathogenicity.
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