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ExoU, a cytotoxin translocated into host cells via the type III secretion system of Pseudomonas aeruginosa, is
associated with increased mortality and disease severity. We previously showed that impairment of recruited
phagocytic cells allowed survival of ExoU-secreting P. aeruginosa in the lung. Here we analyzed types of cells
injected with ExoU ir vivo using translational fusions of ExoU with a 3-lactamase reporter (ExoU-Bla). Cells
injected with ExoU-Bla were detectable in vitro but not in vivo, presumably due to the rapid cytotoxicity induced
by the toxin. Therefore, we used a noncytotoxic ExoU variant, designated ExoU(S142A)-Bla, to analyze
injection in vivo. We determined that phagocytic cells in the lung were frequently injected with ExoU(S142A).
Early during infection, resident macrophages constituted the majority of cells into which ExoU was injected,
but neutrophils and monocytes became the predominant types of cells into which ExoU was injected upon
recruitment into the lung. We observed a modest preference for injection into neutrophils over injection into
other cell types, but in general the repertoire of injected immune cells reflected the relative abundance of these
cells in the lung. Our results indicate that phagocytic cells in the lung are injected with ExoU and support the
hypothesis that ExoU-mediated impairment of phagocytes has a role in the pathogenesis of pneumonia caused

by P. aeruginosa.

Pseudomonas aeruginosa is a Gram-negative bacterium that
is ubiquitous in both natural and manmade environments, in-
cluding hospitals. In the health care setting, it is a frequent
cause of acute infections, such as urinary tract infections, burn
and wound infections, sepsis, and severe pneumonia (23). The
risk of P. aeruginosa pneumonia is increased in hospitalized
patients who are immunosuppressed or require mechanical
ventilation. In fact, P. aeruginosa accounts for almost 20% of
all pneumonia cases in intensive care units (ICU) and is the
leading cause of ventilator-associated pneumonia (VAP) (30).
Additionally, as a causative agent of VAP, P. aeruginosa has a
higher attributable mortality rate than most other bacteria,
making it a particularly dangerous pathogen (4).

Of the many bacterial factors that contribute to the patho-
genesis of P. aeruginosa, the type III secretion system is im-
portant for bacterial persistence in the presence of elaborate
host defense mechanisms and has been associated with poor
clinical outcomes in individuals with VAP (13, 32). While the
genes encoding the type III secretion apparatus are present in
all P. aeruginosa isolates, the repertoire of effector-encoding
genes is variable. Approximately 28% of strains obtained from
acute infections encode a potent cytotoxin, ExoU (8), which is
a marker of highly virulent P. aeruginosa strains isolated from
patients with VAP (35). In animal models, ExoU secretion
greatly augments the virulence of P. aeruginosa (1, 20, 21, 37).
The contribution of ExoU to virulence is attributable to its
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phospholipase A, activity (27, 34). Upon injection into host
cells, ExoU is activated and targeted to the plasma membrane,
where it cleaves membrane phospholipids, resulting in rapid
and complete cell lysis (10, 14, 27-29, 34). In addition to ExoU,
P. aeruginosa isolates can encode other effectors, including
ExoS, ExoT, and ExoY in various combinations (8). ExoS and
ExoT are bifunctional enzymes with 75% amino acid identity
and similar functional domains, and each of them has GTPase-
activating protein (GAP) and ADP-ribosyltransferase (ADPRT)
activities (2). ExoY is an adenylate cyclase (41). Interestingly,
most strains contain either exoS or exoU, but strains containing
both genes are uncommon (8).

Previously, we showed that ExoU-secreting P. aeruginosa
strains are capable of persisting in the lungs of infected animals
despite the fact that they elicit an exaggerated immune re-
sponse consisting of infiltrating inflammatory cells. Recruited
phagocytic cells were impaired by ExoU during acute lung
infection, resulting in a localized paucity of functional phago-
cytes within the airways, which allowed bacteria to persist and
cause severe disease (6). However, whether phagocytes were
directly injected with ExoU or were compromised indirectly
following intoxication of other cell types was unclear.

Recently, a fluorogenic B-lactam substrate, CCF2-AM, has
been used to detect translocation of bacterial proteins into host
cells in vitro and in vivo (3, 11, 17, 24, 25). Upon diffusion into
host cells, intact CCF2-AM exhibits fluorescence resonance
energy transfer (FRET) resulting in green fluorescence. Cleav-
age of this substrate by a B-lactamase molecule disrupts FRET,
resulting in a shift to blue fluorescence (3, 42). Fusion of a
bacterial protein (in this study ExoU) with a B-lactamase tag
allows detection of protein translocation into cells by virtue of
the change in fluorescence emission. Here we used CCF2-AM
to identify cell types intoxicated with ExoU in a mouse model
of acute pneumonia. We found that phagocytic cells were in-
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TABLE 1. P. aeruginosa strains and plasmids used in this study

INFECT. IMMUN.

Strain or plasmid

Relevant characteristics

Reference and/or
source

P. aeruginosa strains

PA99

PA99null

PA99secr™

PA99S

PA9IST
PA99null+ExoU
PA99null+ExoU(S142A)
PA99null+ExoU-Bla
PA99null+ExoU(S142A)-Bla
PA99null+GST-Bla

PA99secr +ExoU-Bla
PA99secr” +ExoU(S142A)-Bla
PA99S+ExoU(S142A)-Bla
PA99ST +ExoU(S142A)-Bla

Plasmids

mini-CTX-1
mini-CTXexoU
mini-CTXexoU-bla
mini-CTXexoU(S142A)-bla
mini-CTXgst-bla

Clinical isolate; naturally secretes ExoS, ExoT, and ExoU

Secretes no effectors; PA99 AexoS AexoT AexoU; gentamicin resistant
Secretes no effectors; does not make secretion apparatus; PA99 Apsc/
Secretes only ExoS

Secretes ExoS and ExoT

PA99null complemented with exoU in the a#tB locus

PA99null complemented with exoU(S142A) in the attB locus

This study
6

PA99null complemented with exoU-bla in the attB locus This study
PA99null complemented with exoU(S142A)-bla in the attB locus This study
PA99null complemented with gst-bla under the control of native exoU This study
promoter in the attB locus
PA99secr complemented with exoU-bla in the attB locus This study
PA99secr™ complemented with exoU(S142A4)-bla in the attB locus This study
PA99S complemented with exoU(S142A4)-bla in the attB locus This study
PA99ST complemented with exoU(S142A4)-bla in the attB locus This study

Plasmid for chromosomal gene integration into attB locus; Tet"
exoU gene ligated into mini-CTX-1; Tet"

mini-CTXexoU with C-terminal bla tag; Tet"
mini-CTXexoU(S142A4) with C-terminal bla tag; Tet"

gst-bla replaces exoU coding sequence in mini-CTXexoU-bla; Tet"

H. Schweizer (16)
29

This study
This study
This study

jected with ExoU in the lung. Resident alveolar macrophages
were injected with ExoU in the earliest stages of infection, but as
neutrophils and monocytes were rapidly recruited to the lung,
they became the predominant cell types injected with ExoU. In
comparison, only a small number of lymphocytes and type II
alveolar epithelial cells were injected in vivo. Cells injected with
ExoU were detected as early as 3 h after infection, and then the
level increased steadily to a maximum of approximately 10% of all
recovered cells at 18 h postinfection. These findings are consistent
with a model in which extensive injection of ExoU into phagocytic
cells incapacitates these cells, which facilitates persistence of P.
aeruginosa in the lung and progression to severe disease.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains, mutants, and
plasmids used in this study are listed in Table 1. PA99 is a P. aeruginosa clinical
isolate that naturally contains the exoU, exoS, and exoT genes but lacks the exoY
gene (8). PA99null and PA99secr~ (PA99 ApscJ) were generated from PA99 by
in-frame deletion as previously described (37). Complementation restored the
levels of virulence of the mutants to expected levels, and neither mutant dis-
played a growth defect on laboratory medium (37). Chemically competent Esch-
erichia coli TOP10 cells (Invitrogen) were used for cloning.

Bacterial strains were streaked from frozen cultures onto Luria-Bertani (LB)
agar or Vogel-Bonner minimal (VBM) agar (39). For infection, overnight cul-
tures of P. aeruginosa grown in 5 ml MINS medium (26) at 37°C were diluted into
fresh medium and regrown to exponential phase.

Generation of effector-Bla fusions. The stop codon of exoU was altered, and an
Agel site was engineered at the 3’ end of exoU by site-directed mutagenesis using
plasmid mini-CTXexoU (29) as the template to generate mini-CTXexoUA
stopAgel. The mature fragment of TEM-1 B-lactamase was amplified from
pBR322 with engineered Agel sites using primers BlacAgeUp (5'-AAAACCG
GTACACCCAGAAACGCTGGTGA-3') and BlacAgeDwn (3'-AAAACCGGT
ATTACCAATGCTTAATCAGTGA-5') and ligated into mini-CTXexoUA
stopAgel. A Bla fusion of a noncytotoxic ExoU variant [ExoU(S142A)] was
created by removing the stop codon of exoU(S142A4) by site-directed mutagenesis
using mini-CTXexoU(S142A4) (6) as the template, followed by amplification of
the resulting exoU(S142A4)Astop construct with existing Nsil and engineered
Agel sites at its 5’ and 3’ ends using primers exoU5' (5'-AAAATGCATAT
CCAATCGTTGG-3") and exoUAgel (3'-AAAACCGGTATCGGCCATGT
GAACTCCTTATTCC-5"). The amplified fragment was ligated into mini-

CTXexoUAstopAgel digested with Nsil and Agel to generate mini-
CTXexoU(S142A4)AstopAgel. In a second reaction, the bla fragment was ligated
into mini-CTXexoU(S1424)AstopAgel digested with Agel to create mini-
CTXexoU(S142A)-bla.

A glutathione S-transferase (GST)-Bla fusion that is expressed under the
control of the native exoU promoter was generated by amplifying the open
reading frame of glutathione S-transferase from pGEX-5X1 using primers GSTNsil
(5'-AAAATGCATATGTCCCCTATACTAGGTTATTGG-3') and GSTAgel (3'-
AAAACCGGTTCAGTCAGTCACGATGAATTCCCG-5") and was ligated into
mini-CTXexoUAstopAgel digested with Nsil and Agel to generate mini-CTXgst
Agel. The stop codon of gst was altered by site-directed mutagenesis. In a subse-
quent reaction, the bla fragment was ligated into Agel-digested mini-CTXgstAgel to
create mini-CTXgst-bla.

All plasmids were confirmed by sequence analysis. In each case, the resulting
construct [mini-CTXexoU-bla, mini-CTXexoU(S142A)-bla, or mini-CTXgst-bla] was
transformed into E. coli strain S17.1 (38) and, following conjugation, was introduced
into a neutral site in the PA99null chromosome via integrase-mediated recombina-
tion at the a#B site using previously described approaches (16) to generate
PA99null+ExoU-Bla, PA99null+ExoU(S142A)-Bla, and PA99null+GST-Bla, re-
spectively. mini-CTXexoU-bla and mini-CTXexoU(S142A4)-bla were also introduced
into the chromosome of PA99secr™ to create strains PA99secr ™ +ExoU-Bla and
PA99secr~ +ExoU(S142A)-Bla. Integration was confirmed by PCR amplification of
each construct from intact bacterial colonies.

Immunoblot analysis. Immunoblot analysis for secretion of ExoU-Bla fusion
proteins was performed using polyclonal ExoU antiserum as previously described
(35).

Fluorescence microscopy. J774 macrophage-like cells were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) and grown on glass coverslips in a 24-well plate overnight. Cells
were incubated with P. aeruginosa at a multiplicity of infection (MOT) of 10 for
3 h. Cells were washed once with Hanks’ balanced salt solution (HBSS) and
incubated with CCF2-AM (Invitrogen) at a final concentration of 1X (prepared
according to the manufacturer’s instructions) for 1 h at room temperature pro-
tected from light. Cells were washed with HBSS to eliminate excess CCF2-AM
and fixed with 3.7% formaldehyde. Coverslips were placed on slides with 1 drop
of Fluoromount-G (Southern Biotechnology Associates, Inc.) and sealed with
nail polish. Cells were viewed with a Leica DMR microscope with a 100-W
mercury lamp and equipped with an Axiocam MR3 color camera. Pictures were
taken using the AxioVision release 4.6.3 software.

Mouse model of acute pneumonia. Studies of acute pneumonia were con-
ducted using the aspiration mouse model described by Comolli et al. (5). Briefly,
bacteria were collected by centrifugation and resuspended to the appropriate
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concentration in phosphate-buffered saline (PBS). Six- to 8-week-old female
BALB/c mice were anesthetized by intraperitoneal injection of a mixture of
ketamine (100 mg/ml) and xylazine (20 mg/ml). Mice were inoculated intrana-
sally with 1.2 X 107 CFU of bacteria in 50 pl PBS, as determined by optical
density. Inoculum sizes were confirmed by plating serial dilutions.

Animals were purchased from Harlan and housed in the containment ward of
the Center for Comparative Medicine at Northwestern University. All experi-
ments were performed in accordance with the guidelines of the Northwestern
University Animal Care and Use Committee.

Analysis of cells into which ExoU was injected by flow cytometry. At the
appropriate time points, mice were anesthetized and sacrificed by cervical dis-
location and thoracotomy. Lungs were perfused and flushed by injection of 2 ml
PBS into the right side of the heart to remove circulating blood cells. Lungs were
excised and pressed through 40-um filters (Falcon). The filters were rinsed
repeatedly with PBS. For bronchoalveolar lavage (BAL) experiments, mouse
lungs were lavaged by instilling and withdrawing 1 ml of PBS three times. The
recovered cells were gently pelleted by centrifugation at 500 X g for 5 min. The
supernatant was removed, and red blood cells were lysed by addition of 3 ml cold
sterile H,O and incubation for 30 s. Three milliliters of 2X normal saline (1.8%
NaCl) was quickly added to prevent additional cell lysis. The remaining cells
were pelleted and resuspended in PBS, and trypan blue-excluding cells were
quantified using a hemacytometer.

A total of 1 X 10° or 2 X 10° cells were placed in each well of a V-bottom
96-well plate (Nunc), resuspended in 100 pl PBS with CCF2-AM (Invitrogen) at
a final concentration of 1X, and incubated at room temperature protected from
light for 1 h. Cells were pelleted, and surface Fc receptors and nonspecific
binding sites were blocked by incubation in 10% rat serum (Sigma) and anti-
CD16/32 in fluorescence-activated cell sorting (FACS) buffer (1% bovine serum
albumin, 0.1% NaNj; in PBS) for 5 to 15 min on ice. Cell-discriminating anti-
bodies at the appropriate dilutions in FACS buffer were added, and the final
volume in each well was adjusted to 125 ul. Antibodies and cells were incubated
for 15 to 30 min on ice. Cells were pelleted by centrifugation at 500 X g for 5 min
and resuspended in 2% paraformaldehyde in PBS for 2 min. An equal volume of
FACS buffer was added, and cells were pelleted again. Cells were resuspended in
FACS buffer and transferred into Falcon 2052 tubes after passage through
70-um Nitex filters. Antibodies were used at the following final dilutions: anti-
CD16/32, 1:50; anti-CD45, 1:1,500; anti-Gr1, 1:1,500; anti-F4/80, 1:50; anti-CD4,
1:500; anti-CDS8, 1:500; anti-CD19, 1:500; anti-CD49, 1:500; anti-CD11b, 1:2,500;
anti-CD11c, 1:500; and isotype controls, 1:100 each. All antibodies were pur-
chased from eBioscience.

Cells were analyzed by flow cytometry with a Becton Dickinson FACSCantoll.
Instrument settings were determined each day using the appropriate positive-
and negative-control samples. After data collection, cell debris was removed
from the analysis by gating for forward scatter and side scatter. The remaining
cells were considered to represent the total number of cells extracted from the
lungs. Innate immune cells were defined as follows: CD11b* Gr1" cells were
defined as neutrophils, CD11b™ Gr1'" cells were defined as recruited mono-
cytes, Gr1~ F4/80" cells were defined as resident macrophages, and CD11¢™™
Grl1™ cells were defined as dendritic cells. (In separate samples, CD11c¢™ cells
were shown to be F480~, indicating that they were dendritic cells rather than
CD11c* alveolar macrophages.) Recruited mononuclear cells that had migrated
into tissue were considered monocytes and were distinguished from resident
macrophages by expression of Ly6C. Recruited monocytes express intermediate
levels of Ly6C (recognized by anti-Grl antibody) on the surface, while mature
macrophages do not (12). Lymphocyte subtypes were identified as follows: CD4"
helper T cells, CD8* cytotoxic T cells, CD19" B cells, and CD49" NK cells. The
total number of viable inflammatory cells per mouse lung was determined by
equating the number of total cells with normal scatter characteristics measured
by flow cytometry to the number of trypan blue-negative cells counted with the
hemacytometer.

Isolation of type II pneumocytes from mouse lungs. Murine type II pneumo-
cytes were isolated from lungs using a modification of the method described by
Ridge et al. (31). Briefly, lungs were perfused via the pulmonary artery, lavaged
six times, and digested with elastase for 20 min (30 U/ml; Worthington Biochem-
ical). Cells were isolated from collected lavage fluid for parallel analysis. Di-
gested lung tissue was minced in the presence of fetal bovine serum (FBS) and
DNase, filtered through 70-um cell strainers, and centrifuged at 500 X g for 10
min. Contaminating leukocytes were removed by an indirect magnetic separation
technique. Cells were incubated at 37°C for 30 min with biotinylated antibodies
at the following dilutions: anti-CD16/32, 1:1,500; anti-TER119, 1:500; anti-
CD45, 1:700; and anti-CD90, 1:700. Cells were pelleted, resuspended in DMEM
with 10% FBS, and incubated with streptavidin magnetic beads for 30 min at
room temperature with rotation; then the preparations were taped to a magnet
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for 15 min to remove all biotinylated cells. The supernatant containing the
alveolar epithelial cells was removed and centrifuged at 500 X g for 10 min, and
trypan blue-excluding cells were quantified using a hemacytometer. Cells were
incubated with CCF2-AM and anti-CD45 as described above and then analyzed
by flow cytometry. CD45* cells were excluded from the FACS analysis of type 11
pneumocyte preparations.

Statistical methods. Analyses of bacterial load differences were performed by
using Student’s ¢ test. Prior to analysis, all colonization data were natural log
transformed so that they fit a normal distribution. The use of parametric tests on
transformed colonization data was justified by analysis of a large set of control
data that confirmed that colonization data were log normally distributed. The
proportions of the cell types injected were compared by analysis of variance
(ANOVA). For ANOVA comparisons with a P value of <0.05, adjustment for
multiple unplanned comparisons was performed using the Tukey-Kramer hon-
estly significant difference (HSD) test with an « value of 0.05.

RESULTS

ExoU-Bla fusions are secreted in vitro. To analyze translo-
cation of ExoU, we generated C-terminal translational fusions
of full-length catalytically active ExoU or a catalytically inac-
tive noncytotoxic ExoU variant, designated ExoU(S142A),
with the mature fragment of the TEM-1 B-lactamase (Bla).
The constructs encoding these fusion proteins were introduced
into a neutral site in the chromosome of PA99null, a strain
with an intact type III secretion system but with disruptions in
each of its effector-encoding genes (37). We assessed the abil-
ities of the resulting strains, designated PA99null+ExoU-Bla
and PA99null+ExoU(S142A)-Bla, to secrete the correspond-
ing fusion proteins by immunoblot analysis of supernatants
from cultures grown under type III secretion-inducing condi-
tions. Both fusion proteins were detected in culture superna-
tants (Fig. 1A), indicating that addition of Bla does not prevent
movement of ExoU through the type III secretion needle.

We next examined translocation of the ExoU-Bla fusion
proteins into J774 macrophage-like cells in vitro using fluores-
cence microscopy (Fig. 1B to I). Following coincubation with
PA99null+ExoU-Bla, PA99null+ExoU(S142A)-Bla, or con-
trol strains, J774 cells were treated with the substrate CCF2-
AM, which fluoresces upon diffusion into host cells. Intact
CCF2-AM exhibits FRET resulting in green fluorescence, and
cleavage of this substrate by a B-lactamase molecule disrupts
FRET, resulting in a shift to blue fluorescence. Cells contain-
ing translocated ExoU-Bla (Fig. 1F) or ExoU(S142A)-Bla
(Fig. 1G) were identified by blue fluorescence in contrast to
uninfected cells (Fig. 1C) and cells infected with P. aeruginosa
secreting ExoU or ExoU(S142A) without the Bla tag (Fig. 1D
and 1E, respectively). Notably, few cells remained after 3 h of
incubation with either PA99null+ExoU (Fig. 1D) or
PA99null+ExoU-Bla (Fig. 1F) as a result of rapid cell lysis
induced by the effector, and the remaining cells appeared to
be severely damaged. Importantly, neither ExoU-Bla nor
ExoU(S142A)-Bla was associated with blue fluorescence when
it was expressed from PA99secr—, a PA99 mutant with a de-
letion in the psc/ gene, which encodes an essential component
of the type III secretion apparatus (Fig. 1H and data not
shown). Likewise, P. aeruginosa expressing a glutathione S-
transferase-Bla fusion protein (GST-Bla) did not cause blue
fluorescence (Fig. 1I), confirming that cleavage of the
CCF2-AM substrate requires type III translocation of ExoU
and is not due to engulfment of bacteria by J774 cells or
nonspecific movement of the B-lactamase moiety into the cells.
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FIG. 1. ExoU-Bla fusion proteins are injected into host cells in vitro. (A) Immunoblot analysis of culture supernatants from P. aeruginosa strains
secreting ExoU-Bla or ExoU(S142A)-Bla grown under type III secretion-inducing conditions using polyclonal ExoU antiserum. The same volume
of supernatant was used for each sample. a-ExoU, anti ExoU antibody. (B to I) J774 cells were incubated with P. aeruginosa bacteria at an MOI
of 10, which was followed by treatment with CCF2-AM for 1 h. Cells were examined using a filter set that allows visualization of green fluorescence
and blue fluorescence simultaneously. Green cells contain intact CCF2-AM, and blue cells contain cleaved CCF2-AM, indicating translocation of
the ExoU-Bla fusion. Representative fields are shown for the following conditions: uninfected J774 cells (B) without or (C) with CCF2-AM
substrate; cells incubated with CCF2-AM after infection with (D) PA99null+ExoU, (E) PA99null+ExoU(S142A), (F) PA99null+ExoU-Bla,
(G) PA99null+ExoU(S142A)-Bla, (H) PA99secr ™ +ExoU(S142A)-Bla, or (I) PA99null+GST-Bla. Scale bars, 100 pwm.

These observations confirm that ExoU-Bla fusion proteins are
translocated into host cells in vitro and that cells into which
ExoU is injected can be detected in vitro using this reporter
assay.

Secretion of ExoU(S142A)-Bla, but not secretion of ExoU-
Bla, is detectable in vivo. ExoU is injected into many cell types
in vitro; however, the relevant cellular targets in vivo during
infection have not been determined. We infected mice intra-
nasally with P. aeruginosa secreting either wild-type or catalyt-
ically inactive ExoU-Bla fusions or appropriate control strains.
After 18 h, cells were recovered by bronchoalveolar lavage

(BAL), incubated with CCF2-AM, and analyzed by flow cy-
tometry. Infection with PA99null+ExoU(S142A) without the
Bla moiety resulted in only green fluorescence (Fig. 2A). Sim-
ilar to what we observed in vitro, blue cells were not detected
in lavage fluid from mice infected with a nonsecreting P. aerugi-
nosa strain expressing either ExoU(S142A)-Bla or ExoU-Bla
(Fig. 2B and data not shown) or with P. aeruginosa expressing
GST-Bla (Fig. 2C). During infection with PA99null+ExoU-
Bla, we were unable to detect cells containing translocated
ExoU-Bla in BAL fluid (Fig. 2D) or whole lung tissue (data not
shown). In contrast, a significant proportion (40%) of cells recov-

PA99Nnull+ PA99secr + PA99Nnull+ PA99Nnull+ PA99Nnull+
ExoU(S142A) ExoU(S142A)-Bla GST-Bla ExoU-Bla ExoU(S142A)-Bla
0.9 06 |3 04 04 |+ 40.0
@ 1023 57 E 3 E
2 e T T T m T T iy T T T T T g Lo | T T T R J y
o 102 103 10% 108 102 103 10* 10° 102 103 10* 10° 102 103 104 105 102 103 10* 10°
Blue b

FIG. 2. Detection of cells injected with ExoU-Bla fusion proteins in vivo. FACS analysis was performed with cells recovered by BAL at 18 h
postinfection. Green fluorescence (y axis) indicates the presence of CCF2-AM in the cell, and blue fluorescence (x axis) indicates translocation of
the ExoU(S142A)-Bla fusion protein. The percentage of blue (injected) cells is indicated in the upper right corner of each dot plot. (A) Infection
with PA99null+ExoU(S142A), (B) PA99secr™ +ExoU(S142A)-Bla, and (C) PA99null+GST-Bla resulted in only green cells. (D) Infection with
PA99null+ExoU-Bla did not yield a significant proportion of blue cells compared to control strains. (E) ExoU(S142A)-Bla translocation was
detectable in vivo. Approximately 40% of cells recovered from BAL fluid were intoxicated with ExoU(S142A)-Bla. The data are from a
representative experiment; similar results were obtained in at least three independent experiments. The results varied from day to day, and the
mean percentage of injected cells ranged from 15 to 40%.
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FIG. 3. Analysis of injected and total cells recovered from the lungs of mice infected with P. aeruginosa. FACS analysis was performed with cells
recovered from the whole lungs of mice infected with PA99null+ExoU(S142A)-Bla at 18 h postinfection. (A and B) Numbers of injected cells
(A) and total cells (B) for each immune cell type recovered from whole lungs per mouse. The numbers of cells per mouse were determined by
equating the number of total cells with normal scatter characteristics measured by flow cytometry to the number of trypan blue-negative cells
counted with the hemacytometer. (C) Proportion of each of the cell subpopulations purified from the lungs that was injected with ExoU(S142A)-
Bla. A significantly higher proportion of neutrophils than of monocytes, macrophages, dendritic cells, or lymphocytes was injected. The data are
means = standard errors of the means (=3 mice per group); similar results were obtained in at least three independent experiments. The results
varied from day to day, and the mean percentage of injected cells ranged from 7 to 15%. *, P < 0.01.

ered from the lungs of mice infected with PA99null+
ExoU(S142A)-Bla were injected with fusion protein (Fig. 2E).
The inability to detect cells containing catalytically active
ExoU-Bla was likely due to the rapid cell death induced by this
molecule since in vitro observations have shown that ExoU
induces fast and complete cell lysis (6). Consistent with this
explanation is the fact that our in vitro CCF2-AM experiments
using PA99null+ExoU-Bla also resulted in relatively few cells
with blue fluorescence (Fig. 1F). Because ExoU-induced cell
lysis precluded in vivo detection of injected cells, we utilized
the noncytotoxic ExoU(S142A)-Bla fusion for quantification
and identification of injected cells in vivo.

Since secretion of catalytically active ExoU facilitates bac-
terial persistence in the lung, higher numbers of bacteria are
present over the course of infection with an ExoU™ strain
than over the course of infection with an ExoU™ strain or
with P. aeruginosa expressing the noncytotoxic ExoU variant
[ExoU(S142A)] (6). To more accurately model infection with
P. aeruginosa secreting catalytically active ExoU, we infected
mice with a higher number of PA99null+ExoU(S142A)-Bla
cells (1.2 X 107 CFU/mouse), which resulted in numbers of
bacteria in the lungs after 18 h of infection similar to the
numbers observed with a standard inoculum (1.2 X 10° CFU)
of PA99null+ExoU (data not shown). Infection with this
inoculum resulted in recruitment of high numbers of inflam-
matory cells to the lung over time (data not shown). These
conditions approximate the bacterial burden and bacterium-
to-host cell ratio observed during infection with P. aeruginosa
secreting catalytically active ExoU (6), indicating that secretion
of ExoU(S142A) under these conditions is a suitable model to

study ExoU secretion. Therefore, we used the larger inoculum
for all experiments in this study.

A substantial portion of phagocytic cells are injected with
ExoU(S142A) in the lung. Previous studies indicated that
ExoU contributes to virulence by compromising phagocytic
cells intended to eradicate bacteria from the lung (6). Based on
these observations, we aimed to directly identify the types of
cells that were injected with ExoU during acute pneumonia.
For these experiments, cells were recovered from whole lung
tissue of infected mice, incubated with CCF2-AM, stained with
cell discriminatory antibodies, and analyzed by flow cytometry.
We initially investigated the types of cells injected with
ExoU(S142A) at 18 h postinfection, when large numbers of
inflammatory cells are present in the lung (6). In this experi-
ment, approximately 0.5 X 10° cells recovered from the lung of
an infected mouse were injected with ExoU(S142A) (Fig. 3A).
In this population of injected cells, 99% (452,000/458,000) of
the cells were inflammatory cells and over 80% (383,000/
458,000) were phagocytic cells (Fig. 3A). In the injected phago-
cytic cell population, neutrophils were the predominant cell
type (60%), followed by monocytes (27%) and macrophages
(5%), while dendritic cells comprised less than 1% of the
injected cell population (Fig. 3A). In addition to these phago-
cytic cell types, we also examined CD4* and CD8™ T cells, B
cells, and NK cells. Together, lymphocytes comprised <2% of
the injected cells recovered from the lung (Fig. 3A). The ma-
jority of cells (>85%) incorporated CCF2-AM efficiently, and
no obvious difference in CCF2-AM uptake by different cell
types was observed (data not shown). Therefore, a single cell
type was not specifically targeted for injection of ExoU, but
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FIG. 4. Secretion of ExoU(S142A)-Bla in the presence of other
effectors in vivo. FACS analysis was performed with cells recovered
from the lungs of mice infected with the PA99null strain engineered
to secrete ExoU(S142A)-Bla alone [PA99null+ExoU(S142A)-Bla],
ExoU(S142A)-Bla along with ExoS [PA99S+ExoU(S142A)-Bla], or
ExoU(S142A)-Bla along with ExoS and ExoT [PA99ST+ExoU(S142A)-
Bla] at 18 h postinfection. (A) Percentages of phagocytic cell types in the
injected cell population recovered from infected lungs. (B) Percentages of
phagocytic cell types in the total cells recovered from infected lungs. The
data are means * standard errors of the means for a representative
experiment (3 mice per group). Similar results were obtained in two
independent experiments. *, P < 0.05.

phagocytic cells, particularly neutrophils, comprised the ma-
jority of cells injected with ExoU(S142A) in vivo.

To examine whether the sizes of the various cell populations
in the lung dictated the number of cells of a cell type injected
with ExoU(S142A), we determined the total number of cells of
each cell type recovered from the lungs (Fig. 3B) and calcu-
lated the proportion of each cell type that was injected (Fig.
3C). Although the composition of the injected cells largely
mirrored the composition of the overall population of cells in
the lung (compare Fig. 3A to Fig. 3B), there was a modest
preference for neutrophils. Of the neutrophils recovered from
the lung, 16% were injected with ExoU(S142A), compared to
7% of the monocytes, 5% of the macrophages, 2% of the
dendritic cells, and 1% of the lymphocytes (P < 0.01 for neu-
trophils compared to each other cell type) (Fig. 3C). There-
fore, a higher proportion of neutrophils than of other cell types
was injected with ExoU(S142A).

Most P. aeruginosa isolates secrete multiple effector mole-
cules. To assess the effect of cosecretion of ExoS and/or ExoT
on translocation of ExoU in vivo, we examined the types of
cells injected with ExoU(S142A)-Bla during infection with P.
aeruginosa secreting ExoU(S142A)-Bla along with ExoS alone
[PA99S+ExoU(S142A)-Bla] or along with both ExoT and
ExoS [PA99ST+ExoU(S142A)-Bla] (Fig. 4). For these exper-
iments, we used a smaller bacterial inoculum (6 X 10° CFU/
mouse) since secretion of ExoS results in more severe illness
(37). Similar to the results for infection with PA99null+
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ExoU(S142A)-Bla, phagocytic cell types comprised over 95%
of the injected cells in the lung (Fig. 4A). We assessed the
proportions of neutrophils, monocytes, and macrophages in
the injected cells at 18 h postinfection. Interestingly, the rep-
ertoire of recruited inflammatory cells was somewhat different
when ExoS alone or ExoS and ExoT were secreted with ExoU.
We observed slightly higher numbers of injected monocytes
than of neutrophils when ExoS was secreted compared to the
results for infection with PA99null+ExoU(S142A)-Bla, a re-
sult which was also reflected in all cells recovered from the
lungs of these animals (Fig. 4B). The difference may be due to
previously undescribed effects of ExoS. Still, the relative sizes
of the various cell populations dictated the numbers of cells of
the different cell types injected with ExoU(S142A) even in the
presence of other effectors (compare Fig. 4A and 4B). Thus,
secretion of additional effectors does not dramatically alter the
specificity of injection in vivo.

ExoU intoxication preferentially occurs in the airways of
infected animals. We next addressed the question of where in
the lungs ExoU(S142A) injection occurred. Since P. aeruginosa
causes a bronchopneumonia in which the majority of bacteria
reside in the airways and alveoli (7, 22) and since type III
secretion requires direct contact between the bacterium and a
host cell, we anticipated that injection would occur primarily in
these lung compartments. The proportions of injected cells in
the airways (recovered by BAL) were compared to the pro-
portions in the entire lung (recovered from whole lung tissue)
(Fig. 5). A significantly higher proportion of ExoU(S142A)-
intoxicated cells was recovered from the airways and alveoli
(29%) (Fig. 5A) than from whole lung tissue (11%) (Fig. 5B)
(P < 0.05). The relative abundance of cells into which ExoU
was injected in the airway indicates that type III secretion
occurs predominantly in the airspace of infected lungs.

Relatively few type II alveolar epithelial cells are injected
with ExoU(S142A). The protocols used in the experiments
described above are not conducive for purification of cell types
other than immune cells. Thus, approximately 99% of cells
recovered from the lungs of infected mice were resident or
recruited leukocytes (Fig. 3B and data not shown). Since ExoU
is injected into and lyses numerous types of epithelial cells in
vitro and since secretion appears to occur primarily in the
airways and alveoli of infected mice, we wished to determine
whether alveolar epithelial cells (pneumocytes) were injected
with ExoU during infection. Although type I pneumocytes
comprise the majority of the alveolar surface area, these cells
are not amenable to isolation from mouse lungs. Type II pneu-
mocytes comprise much less of the epithelial surface but none-
theless are extremely important in lung physiology and the
response to infection. Type II pneumocytes differentiate into
type I cells to maintain the epithelium and also provide pro-
tection from pathogens by secreting surfactant into the alveo-
lar space. To assess secretion of ExoU into cell types other
than leukocytes, we isolated type II pneumocytes from the
lungs of mice infected with PA99null+ExoU(S142A)-Bla by
digestion with elastase, followed by removal of leukocytes by
magnetic separation. Cells were incubated with CCF2-AM,
and injection was measured by flow cytometry (Fig. 6). Any
contaminating leukocytes were removed from the analysis of
type II pneumocytes by exclusion of CD45" cells. BAL
samples, which contained mostly leukocytes, were analyzed
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FIG. 5. ExoU injection occurs in the airspace of infected lungs. FACS analysis was performed with cells recovered from BAL fluid (A) or whole
lungs (B). Green fluorescence (y axis) indicates the presence of CCF2-AM in the cells, and blue fluorescence (x axis) indicates translocation of the
ExoU(S142)-Bla fusion protein. The percentage of blue (injected) cells is indicated in the upper right corner of each density plot. The insets show
histograms of blue fluorescence. The proportion of injected cells in the BAL fluid (29%) was approximately three times that in the whole lung
sample (11%) (P < 0.05). Representative plots are shown; similar results were obtained in at least three experiments with a total of 8 mice.

in parallel. Interestingly, while 15% of the cells in the BAL
fluid were intoxicated with ExoU(S142A), minimal injection
of ExoU(S142A)-Bla into type II pneumocytes (1%) was
observed (Fig. 6B). The two cell populations incorporated
CCF2-AM with similar efficiencies (>85%). This result indi-
cates that not all cell types present in the lungs are substantially
injected with ExoU during acute pneumonia.

ExoU injection specificity changes over time. Finally, we
examined whether the types of cells injected with ExoU(S142A)
changed over time (Fig. 7). For these experiments, we infected
mice with PA99null+ExoU(S142A)-Bla or appropriate con-
trol strains and sacrificed animals after 3, 6, 12, or 18 h. Cells
were recovered from the whole lungs, incubated with CCF2-
AM, stained with cell discriminatory antibodies, and analyzed
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FIG. 6. Few type II alveolar epithelial cells (pneumocytes) are
injected with ExoU(S142A). FACS analysis was performed with
type II pneumocytes isolated from lungs of mice infected with
PA99null+ExoU(S142A)-Bla at 18 h postinfection. Cells recovered by
BAL were analyzed in parallel. (A) Histogram showing blue fluores-
cence of cells from BAL fluid (top panel) or type II pneumocyte
preparations (bottom panel). Blue cells indicate injection with
ExoU(S142A)-Bla. Brackets indicate cells exhibiting blue fluores-
cence. Representative plots from a total of three experiments are
shown. (B) Percentages of cells in BAL fluid or type II pneumocyte
preparations that were injected with ExoU(S142A)-Bla. The data are
means * standard errors of the means for triplicate samples of cells
pooled from three mice; similar results were obtained in three inde-
pendent experiments. *, P < 0.00001.

by flow cytometry. The number of cells recovered from the
infected mouse lungs steadily increased over the first 18 h
following inoculation (Fig. 7A), reflecting the recruitment of
inflammatory cells to the site of infection. At all time points
examined, the majority of cells recovered from the lungs were
leukocytes (data not shown). At 3 h postinfection, a substantial
number of recovered cells were resident (alveolar) macro-
phages (Fig. 7B). A robust neutrophilic infiltrate was apparent
at 6 h, and the maximum level was reached at 12 h after
infection. Monocyte recruitment was somewhat more delayed
and continued to increase through 18 h postinfection. The
increase in the monocyte level may reflect the recruitment of
macrophage precursors intended to replenish the resident
macrophage population. The timing of mononuclear cell re-
cruitment observed in our model is similar to that described by
other investigators (15). Relatively few dendritic cells and lym-
phocytes were recovered at all time points.

The total number of cells injected with ExoU(S142A) in-
creased over the first 18 h of infection. After only 3 h, approx-
imately 2% of the total recovered cells were already injected,
but the proportion rose to approximately 10% by 18 h (Fig.
7C). The increase was statistically significant (P < 0.05). Thus,
even as more inflammatory cells entered the lungs, a larger
proportion of these cells were injected with ExoU(S142A).

At all time points tested, neutrophils, monocytes, and mac-
rophages comprised the majority of injected cells recovered
from the lungs, whereas dendritic cells and lymphocytes each
comprised less than 5% of injected cells (Fig. 7D). Therefore,
the proportion of each cell type in the injected cell population
reflected to a large extent the composition of the total leuko-
cytes recovered from the lungs at each time point (compare
Fig. 7B and 7D). At 3 h postinfection, alveolar macrophages
were the predominant cell type among the injected cells (58%),
while neutrophils and monocytes accounted for only 17% and
18% of the cells, respectively (Fig. 7D). Likewise, alveolar
macrophages represented approximately 40% of the total cells
recovered from the lungs at this early time point, before sub-
stantial numbers of neutrophils and monocytes had been re-
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FIG. 7. Cells injected with ExoU(S142A) in the lung over time. FACS analysis was performed with cells recovered from whole lungs of mice
infected with PA99null+ExoU(S142A)-Bla at 3, 6, 12, and 18 h postinfection. (A) Total leukocytes recovered from the lungs of mice infected with
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recovered from the lung. (C) Percentages of total cells that were injected with ExoU(S142A). *, P < 0.05 compared to the data for the preceding
time point. (D) Percentages of immune cell types in the injected cell population. Data for lymphocyte subpopulations (T cells, B cells, and NK cells)
are combined. The data are means * standard errors of the means (=3 mice per group); similar results were obtained in at least two independent

experiments.

cruited to the lungs. At 6 h postinfection, 70% of the injected
cells recovered from the lungs were neutrophils and 18% were
monocytes, while only 5% were macrophages. Again, these
proportions closely reflected the relative abundance of each
cell type in the total cell population at this time point (Fig. 7B).
At 12 and 18 h, neutrophils remained the predominant cell
type injected with ExoU(S142A) even though the proportion
of monocytes present in the lung had increased substantially
(Fig. 7B). In summary, alveolar macrophages, which are resi-
dent cells of the lung, were injected early during infection prior
to the recruitment of neutrophils and monocytes, but as neu-
trophils and mononuclear phagocytes were recruited to the
lungs, they became the most commonly injected cell types.

DISCUSSION

Using a FRET-based reporter assay, we directly showed that
phagocytic cells are extensively injected with ExoU during
acute pneumonia caused by P. aeruginosa. Resident alveolar
macrophages were injected early during infection, while re-
cruited neutrophils and monocytes were injected slightly later
as these cells entered the lungs in response to the invading
microbes. To our knowledge, this is the first identification of
cell types targeted by a P. aeruginosa type 111 effector in vivo
and the first examination of injection into cells during pneu-
monia for any type III secretion system. Thus, our results
provide important insights into the mechanisms by which bac-
teria cause pneumonia.

Using a noncytotoxic ExoU variant, we found that the types

of cells injected with ExoU reflect the overall repertoire of
immune cells in the lungs over the first 18 h of infection.
Injection was observed as early as 3 h postinfection, at a time
when few inflammatory cells were present in the lungs. Thus,
resident alveolar macrophages comprised the majority of the
cells initially injected in the lung. The subsequent influx of
neutrophils and monocytes into the lung correlated with an
increase in injection of these cell types, suggesting that cell
type targeting of ExoU is to a large extent determined by the
availability of cells rather than a specific preference of the type
III secretion apparatus or P. aeruginosa adhesins for particular
cell types. However, a somewhat higher proportion of neutro-
phils than of other cell types in the lungs were injected with
ExoU. This may have simply reflected increased numbers of P.
aeruginosa bacteria binding to neutrophils because of the large
surface area and phagocytic nature of these cells or may have
been because a larger proportion of neutrophils migrate into
the airways and come into contact with bacteria. In any case,
our results indicate that phagocytic cells are a primary target of
ExoU injection in vivo. Since most ExoU™ clinical isolates also
secrete ExoT and many ExoU™ clinical isolates secrete ExoY,
it may be that these effector proteins are similarly targeted.
ExoS, however, is rarely secreted by ExoU™ isolates, and
ExoS-secreting strains constitute a clonal group that is distinct
from ExoU™ strains (8, 40). For these reasons, it remains
possible that ExoS-secreting strains differ in pathogenesis and
that this effector protein is injected into distinct populations of
host cells. Examination of the cell types injected with other
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P. aeruginosa effectors during acute pneumonia is currently
under way.

Targeting of phagocytic cells, including neutrophils, has pre-
viously been implicated in the pathogenesis of other Gram-
negative bacterial pathogens. Geddes and colleagues showed
that Salmonella enterica targets splenic neutrophils for injec-
tion of type III effectors to promote intracellular survival in
vivo (11). Similarly, Marketon et al. (24) and Koberle et al. (17)
observed injection into neutrophils, macrophages, and den-
dritic cells in the spleen during infection with Yersinia spp. In
these cases, targeting of splenic innate immune cells was shown
to be a mechanism for evading or disrupting host immune
responses. Our results demonstrate that neutrophils are also
targets for type III secretion in the lung. Previous experimental
observations suggested that impairment of recruited phago-
cytic cells by ExoU was important for P. aeruginosa survival in
the lung and progression to severe disease. In agreement with
this functional evidence, we found that P. aeruginosa injected
ExoU into neutrophils and macrophages during pneumonia.
Impairment or killing of these cells by direct injection of ExoU
may prevent effective clearance from the lung and contribute
to the enhanced disease observed with ExoU™ strains.

Interestingly, we did not observe significant injection into
type II pneumocytes during infection. There are several pos-
sible explanations for this finding. Infiltrating inflammatory
cells may bind P. aeruginosa with increased affinity, thereby
reducing the number of bacteria available to bind to epithelial
cells. Alternatively, type II pneumocytes may be resistant to
injection of ExoU. If this is the case, damage to the lung
epithelium, previously observed during infection with ExoU™
P. aeruginosa (20), may be an indirect effect caused by release
of damaging inflammatory mediators from ExoU-lysed phago-
cytic cells rather than by direct killing by injection of ExoU into
epithelial cells. Additional studies are necessary to understand
the interaction between pulmonary epithelial cells and ExoU.

Injection of ExoU occurred disproportionately in the air-
space compared to other compartments of the lung during
early pneumonia. This finding is consistent with several previ-
ous observations. First, the majority of P. aeruginosa bacteria
reside in the airways and alveoli of the lungs during pneumonia
(7, 22). Since type I1I secretion requires direct contact between
the bacterium and the host cell, this implies that secretion
occurs primarily in the airspace. Second, we previously ob-
served a relative reduction in the number of viable neutrophils
in the airways and alveoli compared to whole lung compart-
ments of mice infected with ExoU™ P. aeruginosa (6), suggest-
ing that neutrophils are injected with ExoU upon transmigra-
tion across the respiratory epithelium. Thus, in early
pneumonia, type III secretion may be employed most actively
against immune cells as they enter the airways and alveoli.

We were unable to detect secretion of catalytically active
ExoU-Bla into host cells in vivo. This was likely due to the
rapid cell lysis induced by this molecule since cells injected with
ExoU(S142A)-Bla, a noncytotoxic ExoU variant, were de-
tected at all time points examined. Previously, it has been
shown that ExoU induces rapid and complete cell lysis of
neutrophils in vitro, which precludes detection of cells into
which ExoU has been injected in vivo (6). Similarly, other
investigators have also been unable to detect cells containing
catalytically active ExoU (9, 27, 33). Our inability to detect
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cells injected with catalytically active ExoU further supports
the idea that ExoU induces rapid lysis of phagocytic cells in
vivo. The use of a noncatalytic variant of ExoU rather than
wild-type ExoU was one limitation of this study because the
lack of cell killing by ExoU alters bacterial survival, disease
progression, and the host immune response. We attempted to
more accurately mimic infection with a strain producing wild-
type ExoU by increasing the infecting dose to increase the
overall number of bacteria in the lung and enhance recruit-
ment of inflammatory cells to the lung. Nonetheless, it is pos-
sible that the dynamics of translocation may be somewhat
different in the presence of wild-type ExoU. Another potential
limitation is that throughout this study we utilized a strain
which secreted ExoU(S142A)-Bla alone, without other effector
proteins. Clinical isolates of P. aeruginosa usually secrete com-
binations of type III effector proteins. However, this does not
appear to be a major limitation since the presence of ExoS and
ExoT did not dramatically alter the types of cells injected with
ExoU and since the injected cell populations continued to
closely mirror the total phagocytic cell populations present in
the lung (Fig. 4). This is consistent with reports indicating that
cosecretion of ExoS or ExoT along with ExoU did not sub-
stantially alter the severity of pneumonia (36). Nonetheless,
cosecretion of other effector proteins could have subtle effects
on the total numbers and proportions of host cells injected
with ExoU. Interestingly, the repertoire of inflammatory cells
recruited to the lung did change when ExoS or ExoS and ExoT
were secreted along with ExoU(S142A), indicating that the
effector proteins did dictate the nature of the inflammatory
response.

Based on direct analysis of injection into cells in the lung
during acute infection, the results of this study suggested a
model for the mechanism of ExoU activity during early pneu-
monia. During the initial stage of infection, ExoU is injected
into alveolar macrophages, which may incapacitate these sen-
tinel cells that are crucial in the host defense during early P.
aeruginosa pneumonia (19). Later injection of ExoU into
phagocytes may allow P. aeruginosa to evade phagocytosis by
these immune cells, allowing large numbers of bacteria to
persist in the lung. Thus, injection of ExoU creates an envi-
ronment in which the bacteria can survive and cause the pa-
thology observed during severe pneumonia.
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