RESEARCH ARTICLE

The ADP-Ribosyltransferase Domain of the Effector Protein ExoS
Inhibits Phagocytosis of Pseudomonas aeruginosa during Pneumonia
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ABSTRACT Pseudomonas aeruginosa is a Gram-negative pathogen commonly associated with nosocomial infections such as
hospital-acquired pneumonia. It uses a type III secretion system to deliver effector proteins directly into the cytosol of host cells.
Type Il secretion in P. aeruginosa has been linked to severe disease and worse clinical outcomes in animal and human studies.
The majority of P. aeruginosa strains secrete ExoS, a bifunctional toxin with GTPase-activating protein and ADP-
ribosyltransferase activities. Numerous in vitro studies have investigated the targets and cellular effects of ExoS, linking both its
enzymatic activities with inhibition of bacterial internalization. However, little is known about how this toxin facilitates the pro-
gression of infection in vivo. In this study, we used a mouse model to investigate the role of ExoS in inhibiting phagocytosis dur-
ing pneumonia. We first confirmed previous findings that the ADP-ribosyltransferase activity of ExoS, but not the GTPase-
activating protein activity, was responsible for bacterial persistence and decreased host survival in this model. We then used two
distinct assays to demonstrate that ExoS inhibited phagocytosis during pneumonia. In contrast to the findings of several in vitro
studies, this in vivo inhibition was also dependent on the ADP-ribosyltransferase activity, but not the GTPase-activating protein
activity, of ExoS. These results demonstrate for the first time the antiphagocytic function of ExoS in the context of an actual in-
fection and indicate that blocking the ADP-ribosyltransferase activity of ExoS may have potential therapeutic benefit.

IMPORTANCE Pseudomonas aeruginosa is a major cause of hospital-acquired infections. To cause severe disease, this bacterium
uses a type I1I secretion system that delivers four effector proteins, ExoS, ExoT, ExoU, and ExoY, into host cells. The majority of
P. aeruginosa strains secrete ExoS, a bifunctional toxin with GTPase-activating protein and ADP-ribosyltransferase activities. In
cell culture models, both enzymatic activities have been associated with decreased bacterial internalization. However, our study
is the first to examine a role for ExoS in blocking phagocytosis in an animal model. We report that ExoS does inhibit phagocyto-
sis during pneumonia. The ADP-ribosyltransferase activity, but not the GTPase-activating protein activity, of ExoS is necessary
for this effect. Our findings highlight the ability of P. aeruginosa to manipulate the inflammatory response during pneumonia to

facilitate bacterial survival.
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seudomonas aeruginosa is an important nosocomial pathogen,

causing approximately 51,000 infections per year in the
United States (1). Hospital-acquired pneumonia makes up a sig-
nificant portion of these infections, with P. aeruginosa reported to
cause 15 to 20% of these infections (2—4). This pathogen produces
a spectrum of virulence factors, including a type III secretion sys-
tem that makes a major contribution to its ability to cause disease.
This system forms a needle-like apparatus that delivers toxic ef-
fector proteins directly from the bacterium into the cytosol of the
host cell (5). An important role for the type III secretion system in
P. aeruginosa infections is supported by results from studies of
animal models (6-8) and by epidemiological studies of human
patients (9, 10).

The type III secretion system of P. aeruginosa secretes four
known effectors: ExoS, ExoT, ExoU, and ExoY. Approximately
two-thirds of clinical strains contain the gene encoding ExoS (11).
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This effector protein is a bifunctional toxin, with distinct domains
for GTPase-activating protein (GAP) and ADP-ribosyltransferase
(ADPRT) activities. The GAP domain targets Rho GTPases (12),
whereas the ADPRT domain modifies a variety of host cell sub-
strates, including Ras, ezrin/radixin/moesin (ERM), Rab5, and
cyclophilin A (13-16). These activities result in disruption of the
actin cytoskeleton and inhibition of bacterial internalization by
eukaryotic cells in cell culture (17-20), induction of lymphocyte
proliferation (21), and apoptotic death of epithelial cells, fibro-
blasts, and neutrophils (22-24). Due to the difficulties in examin-
ing bacterial toxin activities in vivo, studies of the mechanism of
action of ExoS have primarily relied on in vitro assays. As a result,
the enzymatic and cellular activities of ExoS have been well de-
fined, but it is not known whether these same effects occur in
animal models of infection (7). In other words, the pathophysio-
logical role of ExoS during an actual infection remains unclear.
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In the present study, we examined the pathogenic role of ExoS
during pneumonia in a mouse model. We characterized bacterial
persistence and internalization of P. aeruginosa strains secreting
wild-type ExoS or enzymatic variants of ExoS lacking GAP or
ADPRT activity. Our findings indicate that the ADPRT domain of
ExoS plays a major role in bacterial persistence and virulence dur-
ing infection by preventing bacterial internalization within lung
phagocytes. In contrast, disruption of GAP activity had at most a
limited effect on bacterial internalization and virulence. These ob-
servations support a model whereby the ADP-ribosylation of host
proteins by ExoS blocks phagocytosis of P. aeruginosa during
acute pneumonia, which in turn leads to bacterial persistence and
more-severe infection. Interventions that inhibit the ADPRT ac-
tivity of ExoS or enhance the phagocytic activity of neutrophils
and macrophages would therefore be expected to have potential
therapeutic benefit in the treatment of P. aeruginosa pneumonia.

RESULTS

An ExoS-secreting strain of P. aeruginosa persists at higher
numbers than a nonsecreting strain in the lungs of a mouse
model of pneumonia. We previously showed that ExoS contrib-
utes to the overall virulence of P. aeruginosa in a mouse model of
pneumonia and that the ADPRT domain is responsible for most
of this effect (7). However, the kinetics of bacterial persistence
within the lungs during the early hours of pneumonia have not
been characterized. We infected mice with P. aeruginosa strain
PA99S, which secretes ExoS, or strain PA99null, which is identical
to PA99S except that it harbors a deletion in the exoS gene. At 3, 12,
18, and 24 h postinfection, the lungs were extracted, and lung
homogenates were plated for enumeration of bacteria. Strain
PA99S persisted in the lungs at higher numbers than strain
PA99null did throughout the first 24 h of infection (Fig. 1). Bac-
terial numbers were the same for both strains at 3 h postinfection,
indicating that initial colonization of the lungs is not dependent
on ExoS. Thus, ExoS prevents P. aeruginosa from being cleared
from the lungs during early pneumonia.

To examine the contributions of the GAP and ADPRT activi-
ties of ExoS to bacterial persistence, PA99null strains comple-
mented with exoS alleles that expressed wild-type ExoS, ExoS de-
ficient in GAP activity (GAP~ ExoS), or ExoS deficient in ADPRT
activity (ADPRT~ ExoS) were used. An allele expressing wild-
type ExoS was used to generate strain PA99null+S. Likewise,
alleles that expressed an ExoS variant with an R146A substi-
tution, which disrupts GAP activity (12), and an ExoS variant with
both E379A and E381A substitutions, which disrupt ADPRT ac-
tivity (25), were used to generate PA99null+S(R146A) and
PA99null+S(E379A/E381A), respectively. In each of these strains,
the exoS allele was inserted at a neutral chromosomal site and was
expressed from its endogenous promoter. Secretion of ExoS by
each complemented strain was confirmed by immunoblot analy-
sis of culture supernatants (see Fig. S1 in the supplemental mate-
rial). These complemented strains were used to assess the relative
contributions of the GAP and ADPRT activities of ExoS to viru-
lence.

An intranasal aspiration mouse model was used to examine the
persistence of each of the ExoS-secreting strains during acute
pneumonia. Since the majority of P. aeruginosa bacteria are found
in the airways and alveoli during pneumonia (26), we collected
bronchoalveolar lavage fluid (BALF) from infected mice at 18
and 24 h postinfection and plated it for enumeration of viable
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FIG 1 ExoS enhances persistence of P. aeruginosa in the lungs of a mouse
model of pneumonia. Mice were inoculated with either P. aeruginosa PA99S or
PA99null, and bacterial numbers in the whole lungs of individual mice were
measured at various times. The bacterial loads in mice infected with strain
PA99S were significantly higher than those in mice infected with strain
PA99null at 12, 18, and 24 h postinfection (the values that were significantly
different [P < 0.001] are indicated by a bracket and asterisk). Each symbol
represents the bacterial load in the whole lungs from an individual mouse (at
least nine mice were tested for each strain). Bars represent medians for the
groups of mice. Each experiment was performed twice with cumulative results
shown.

bacteria. Strain PA99null+S(E379A/E381A), which secretes
ExoS deficient in ADPRT activity, was cleared from the lungs,
similar to strain PA99null at both 18 and 24 h postinfection (see
Fig. S2A and S2B in the supplemental material). In contrast, strain
PA99null+S(R146A), which secretes ExoS deficient in GAP activ-
ity, persisted, similar to strain PA99null+S. Therefore, the GAP
domain of ExoS did not contribute significantly to the persistence
of P. aeruginosa in the lungs; nearly all of the increased bacterial
persistence associated with ExoS was attributable to the ADPRT
domain.

We next sought to confirm previous reports that the ADPRT
activity of ExoS is primarily responsible for the decreased host
survival associated with ExoS-secreting strains of P. aeruginosa.
We first verified that the complemented strain PA99null+S be-
haved similarly to strain PA99S by showing that both strains
caused similar survival curves in the mouse model of pneumonia
(see Fig. S3A in the supplemental material). We next examined the
effect of the GAP and ADPRT activities on survival in the mouse
model of pneumonia. As demonstrated previously (7), disruption
of the GAP activity of ExoS did not appreciably enhance survival
of mice (Fig. S3B). In contrast, disruption of the ADPRT activity
did result in a significant improvement in survival. These obser-
vations confirm previous reports that the ADPRT activity is re-
sponsible for most or all of the virulence associated with ExoS.

Secretion of ExoS causes a heightened inflammatory re-
sponse in the lungs. One possible explanation for how ExoS con-
tributes to bacterial persistence and virulence is that it prevents
timely recruitment of phagocytes to the lungs. To test this hypoth-
esis, we characterized the cellular inflammatory response within
the lungs of mice infected with strain PA99S or PA99null at 3, 12,
18, and 24 h postinfection. The lungs were extracted and minced,
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FIG 2 Secretion of ExoS is associated with a robust inflammatory response in
the lungs. (A to C) The average number of CD45* leukocytes (A) or leukocyte
subsets (B and C) from the lungs of infected mice were quantified by flow
cytometry. A minimum of 13 mice pooled from three separate experiments
were used for each condition. At 12, 18, and 24 h postinfection, neutrophil
(polymorphonuclear leukocyte [PMN]) and monocyte (mono) numbers, but
not macrophage (macro) numbers, were significantly higher with P. aerugi-
nosa PA99S infections than with P. aeruginosa PA99null infections (*, P <
0.01). Error bars represent standard errors of the means.

and leukocytes were quantified by flow cytometry. ExoS was asso-
ciated with a heightened cellular inflammatory response within
the lungs. Increased numbers of leukocytes were observed in the
lungs at 12, 18, and 24 h postinfection (Fig. 2A). The majority of
these leukocytes were neutrophils and monocytes (Fig. 2B and C).
The numbers of resident macrophages remained the same for the
two infections throughout the entire time course. Histological ex-
amination also demonstrated a greater inflammatory infiltrate
within the lungs of PA99S-infected mice compared to PA99null-
infected mice (see Fig. S4 in the supplemental material). These
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results show that secretion of ExoS is not associated with a paucity
of inflammatory cells but rather that bacteria persist despite the
robust recruitment of phagocytic cells into the lungs.

ExoS, specifically the ADPRT domain, inhibits neutrophil
phagocytic uptake in vitro. Studies using cell culture-based sys-
tems have shown that ExoS prevents bacterial internalization by
various mammalian cells (12, 20, 27). However, the effect of ExoS
on neutrophils has been relatively unexplored. Since the majority
of infiltrating cells during pneumonia were neutrophils, we exam-
ined whether ExoS inhibited neutrophil phagocytic function in
vitro. We assessed the ability of murine bone marrow neutrophils
to take up fluorescently labeled latex beads after infection with
ExoS-secreting strains of P. aeruginosa. Following infection with
strain PA99null or ADPRT-deficient PA99null+S(E379A/E381A)
strain, a higher proportion of neutrophils contained intracellular
fluorescent beads than after infection with PA99null+S or GAP-
deficient PA99null+S(R146A) (Fig. 3A). This demonstrated that
ExoS, specifically the ADPRT domain, inhibits internalization by
neutrophils.

It has been shown that the ADPRT domain has a cytotoxic
effect on mammalian cells (23, 28). Another explanation for the
decreased internalization of latex beads observed in the presence
of intact ADPRT domain is that the ADPRT domain caused neu-
trophil lysis and subsequent release of internalized beads back into
the medium. To exclude neutrophil lysis as a mechanism account-
ing for decreased bead internalization, we quantified lactate dehy-
drogenase (LDH) release from bone marrow neutrophils after in-
fection with ExoS-secreting strains. In comparison to uninfected
neutrophils, we found no LDH release at 30 min postinfection
(Fig. 3B), despite a difference in ExoS-mediated phagocytic up-
take (Fig. 3A). Therefore, the decreased numbers of internalized
beads associated with infection by ExoS™ bacteria were not the
result of neutrophil lysis. Rather, ExoS inhibited phagocytic up-
take of beads by neutrophils in an ADPRT-dependent but GAP-
independent manner.

A fluorescence-based internalization assay indicates that
ExoS inhibits phagocytic uptake in vitro and in vivo. To examine
the impact of ExoS on phagocytosis in vivo, we developed a
fluorescence-based internalization assay. In this assay, intracellu-
lar and extracellular bacteria are distinguished by differential
fluorescent-antibody staining (29). Of note, morphologically in-
tact internalized bacteria are quantified whether they are viable or
dead. Unpermeabilized cells are exposed to antibodies against
pseudomonal bacteria followed by green fluorescent secondary
antibodies, which stain extracellular bacteria. Cells are then
washed, permeabilized, and reexposed to the antibodies against
pseudomonal bacteria, but this time a red fluorescent secondary
antibody is used, which results in both intracellular and extracel-
lular bacteria fluorescing red. The net result is that intracellular
bacteria fluoresce red, whereas extracellular bacteria fluoresce red
and green. We first tested this technique in vitro by using J774
macrophage-like cells infected for 3 h with PA99S or PA99null
bacteria (Fig. 4A). Fewer PA99S bacteria than PA99null bacteria
were observed inside J774 cells (Fig. 4B). This validated our
fluorescence-based approach and further supported previous data
showing that ExoS has an antiphagocytic phenotype in vitro.

We next applied the fluorescence approach to phagocytes
from mice with pneumonia. Leukocytes (CD45" cells) were
isolated from the lungs of mice previously infected with
strain  PA99null+S, PA99null, PA99null+S(R146A), or
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FIG 3 ExoS, specifically the ADPRT domain, inhibits neutrophil phagocytic
uptake in vitro. (A) Murine bone marrow neutrophils were infected for 30 min
with strain PA99S, PA99null, PA99null+S(R146A), or PA99null+S(E379A/
E381A). Following infection, bacteria were removed, and cells were incubated
with fluorescently labeled latex beads for 30 min. Phagocytosis of beads was
assessed by flow cytometry. Data represent the average percentage of neutro-
phils containing intracellular beads (three mice for each strain). Error bars
represent standard errors of the means. (B) Following 30 min of infection,
LDH release was assessed as a measure of neutrophil lysis. Cell lysis was nor-
malized using a Triton X-100-lysed control. Background lysis was measured in
uninfected neutrophils incubated without bacteria and subtracted from all
experimental values. Data represent the average percentage of neutrophil lysis
(three mice for each strain). Error bars represent standard errors of the means.

PA99null+S(E379A/E381A) for 24 h. The cells were stained with
the fluorescent antibodies and quantified by flow cytometry. Cells
with at least one extracellular bacterium (red and green) or intra-
cellular bacterium (red) were categorized into the respective
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FIG 4 ExoS contributes to decreased bacterial uptake by phagocytes in vitro.
(A) J774 macrophage-like cells were infected for 3 h with strain PA99S or
PA99null and stained differentially to distinguish intracellular bacteria (red;
red arrow) from extracellular bacteria (red and green; green arrow). DAPI,
4',6'-diamidino-2-phenylindole. (B) Average numbers of intracellular and ex-
tracellular bacteria per phagocyte were counted (300 phagocytes pooled from
four separate experiments). Error bars represent standard errors of the means
between four separate experiments.

group. A higher proportion of leukocytes isolated from PA99null-
infected mice contained intracellular bacteria than leukocytes
from PA99null+S-infected mice, although this difference did not
reach statistical significance (P = 0.17; Fig. 5A). Furthermore, the
phenotype of the ADPRT-deficient PA99null+S(E379A/E381A)
strain was similar to that of the PA99null strain, suggesting that
the ADPRT activity of ExoS was responsible for inhibiting phago-
cytosis. Consistent with this conclusion, phagocytes from mice
infected with the GAP-defective mutant PA99null+S(R146A)
had similar numbers of intracellular bacteria as phagocytes from
mice infected with strain PA99null+S. One potential problem
with this technique is that leukocytes sorted into the extracellular
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FIG 5 A fluorescent-antibody internalization assay indicates that ExoS in-
hibits phagocytosis through an ADPRT-dependent mechanism. (A) Mice were
infected with strain PA99null+S, PA99null, PA99null+S(R146A), or
PA99null+S(E379A/E381A) for 24 h. Leukocytes were isolated from whole
lungs and analyzed by flow cytometry to identify those with intracellular bac-
teria (CD45" red ™ green ™). Each symbol represents the value for an individual
mouse (15 mice per strain). Black bars indicate the medians for the groups of
mice. The confidence intervals (Cls) of the medians (confidence levels shown
in the parentheses) are as follows: 12.8 to 29.0 (98.71) for strain PA99null+S,
17.7 to 272 (98.71) for PA99null, 13.0 to 28.6 (96.48) for
PA99null+S(R146A), and 17.0 to 27.5 (96.48) for PA99null+S(E379A/
E381A). P = 0.05 (overall ANOVA). (B) Intracellular/extracellular bacteria
were confirmed by viewing cell populations with a fluorescence microscope.
The green arrow indicates an extracellular bacterium associated with a CD45*
cell sorted in the red* green™ cell population; the red arrow indicates intra-
cellular bacteria associated with a CD45% cell sorted in the red™ green™ cell
population.

bacteria pool (red* green™) could have both intracellular and
extracellular bacteria, causing an underestimation of the number
of leukocytes containing intracellular bacteria. To determine
whether this was the case, 20 leukocytes from the sorted popula-
tion associated with each strain were examined by confocal mi-
croscopy. Visualization of cells and bacteria by microscopy con-
firmed that cell sorting had indeed appropriately binned the
leukocyte populations with respect to associated intracellular and
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extracellular bacteria (Fig. 5B). Approximately 25% of the leuko-
cytes from the extracellular bacterial population contained both
extracellular and intracellular bacteria, but this proportion was
independent of the ExoS strain used for infection (data not
shown) and therefore did not affect the differences observed in
Fig. 5A. Since cell sorting also could not distinguish leukocytes
with one bacterium or multiple associated bacteria, we next visu-
ally examined the pools of sorted cells to manually determine the
number of bacteria per leukocyte. On average, leukocytes sorted
into the intracellular (red* green™) population had 3 bacteria per
cell (see Fig. S5A in the supplemental material), and leukocytes
sorted into the extracellular (red* green™) bacterial population
had two adherent bacteria per cell (Fig. S5B). The average number
of bacteria associated with each leukocyte did not vary with ExoS
strains. Together, these results suggest that ExoS inhibits internal-
ization by phagocytes during pneumonia through an ADPRT-
dependent mechanism.

Confirmation that ExoS inhibits phagocytic uptake in mice
using an amikacin protection internalization assay. Because the
results of the fluorescence-based internalization assay showed
only a trend toward less internalization of an ExoS-secreting
strain, we used an amikacin protection internalization assay to
additionally confirm this phenotype. In this method, BALF sam-
ples were collected from infected mice and split into two fractions.
The murine cells in the first fraction were lysed immediately with
saponin, and the cell lysate plus BALF was plated to enumerate
total viable bacteria (intracellular and extracellular) within the
airways. Phagocytic cells were isolated from the second fraction by
centrifugation and incubated with amikacin to kill any extracellu-
lar bacteria. Phagocytic cells were then washed, lysed, and plated
for enumeration of viable intracellular bacteria. At early time
points, no difference in the percentage of internalized bacteria was
observed between the PA99S and PA99null strains (Fig. 6A).
At 18 and 24 h postinfection, however, a lower proportion of
ExoS-secreting bacteria was observed within mouse phagocytes
from the lavage fluid in comparison to a nonsecreting strain
(Fig. 6A). Additionally, significantly more PA99null+S(E379A/
E381A) bacteria (ADPRT™) were inside phagocytes than
PA99null+S(R146A) bacteria (GAP~) at 24 h postinfection
(Fig. 6B). These results confirmed that ExoS inhibits phagocytosis
during pneumonia and that the ADPRT domain of ExoS is pri-
marily responsible for this phenotype.

DISCUSSION

ExoS is a major virulence determinant of P. aeruginosa, but how it
functions during infections to cause severe disease remains un-
clear. In vitro assays had suggested a role for ExoS in inhibiting
phagocytosis of P. aeruginosa. In the present study, we show that
ExoS does indeed limit the ability of phagocytes to internalize
P. aeruginosa during pneumonia. In contrast to in vitro results,
which had suggested that both the GAP and ADPRT activities of
ExoS contribute to inhibition of phagocytosis (18-20), we did not
observe an appreciable role for the GAP activity in this inhibition.
Rather, the ADPRT domain of ExoS was the main contributor in
preventing phagocytic uptake of bacteria.

Our results indicate that the in vivo antiphagocytic activity of
ExoSisattributable to its ADPRT domain. The ADPRT domain of
ExoS has a wide range of targets, including Ras, ezrin/radixin/
moesin (ERM) proteins, and Rab5. ExoS ADP-ribosylates Ras, a
small GTPase involved in host cell actin rearrangement, at Arg41l
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FIG 6 An amikacin protection internalization assay indicates that ExoS in-
hibits bacterial uptake by phagocytes in vivo. (A) Mice were infected with strain
PA99S or PA99null for 4, 12, 18, and 24 h. The percentage of intracellular
bacteria was calculated by plating total BALF viable bacteria and viable bacteria
within phagocytes after incubation with amikacin for 1 h. Each symbol repre-
sents the value for an individual mouse (at least four mice for each strain at
each time point) (¥, P < 0.05). Error bars represent the standard errors of the
mean. (B) The ADPRT domain of ExoS contributes to inhibition of phagocy-
tosis in vivo. Mice were infected with strain PA99null+S, PA99null,
PA99null+S(R146A), or PA99null+S(E379A/E381A) for 24 h. The percent-
age of intracellular bacteria was calculated by plating total BALF viable bacteria
and viable bacteria within BALF phagocytes after incubation with amikacin for
1 h. Each symbol represents the value for an individual mouse (eight mice for
each strain). Black bars represent medians for the groups of mice. The confi-
dence intervals (Cls) of the medians (confidence levels shown in the parenthe-
ses) are as follows: 3.9 to 19.19 (99.22) for strain PA99null+S, 19.32 to 90.0
(99.22) for PA99null, 2.52 to 11.58 (99.22) for PA99null+S(R146A), and 7.051
to 75.0 (99.22) for PA99null+S(E379A/E381A).
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(30). This modification results in inhibition of Ras by locking it in
its inactive GDP-bound state, which disrupts downstream inter-
actions with Rafl and prevents further signaling for actin poly-
merization (30). ADP-ribosylation of the host ERM protein moe-
sin at Arg553, Arg560, and Arg563 prevents its phosphorylation
(31). This in turn may disrupt ERM interaction with Rho signaling
by preventing the exchange of Rho-GDI (guanine nucleotide dis-
sociation inhibitor) to Rho-GEF (guanine nucleotide exchange
factor), consequently causing RhoGTPases to remain in the inac-
tive GDP-bound state. Additionally, ADP-ribosylation of ERM
proteins may disrupt the interactions of focal adhesions with the
host cell actin cytoskeleton and block phagocytosis by this mech-
anism. Recently, it was reported that ADP-ribosylation of Rab5,
which is known to play a role in phagosome maturation (32),
caused an inhibition of bacterial uptake into J774 macrophage-
like cells only minutes after infection (16). ExoS modification of
Rab5 disrupted its interaction with downstream early endosome
antigen 1 (EEA1) and inhibited endosome recycling (33). In this
manner, ExoS may interfere with phagocytosis by targeting mul-
tiple distinct signaling pathways, including Ras- and ERM-
mediated cytoskeletal rearrangements necessary for bacterial en-
gulfment and Rab5-mediated phagosome maturation.

Since the GAP domain of ExoS targets the small GTPases Rho,
Rac, and CDC42, it was thought to block bacterial uptake by host
cells. The ExoS GAP domain has functional and structural simi-
larity to YopE of Yersinia spp., which inhibits phagocytosis (34).
Structural analysis of the GAP domain bound to Racl illustrated
that ExoS uses an arginine finger at residue Argl46 to lock Racl
into its inactive GDP-bound state (35). This in turn disrupts Rac
signaling and the actin cytoskeleton (27, 36), leading to increased
cell rounding and decreased bacterial internalization in vitro (18,
20). Surprisingly, we found that inactivation of the ExoS GAP
domain did not lead to an appreciable difference in bacterial up-
take by neutrophils in vitro or by phagocytic cells during pneumo-
nia. This raises the question of what role if any is played by the
GAP domain during infection. It is conceivable that the GAP and
ADPRT activities work synergistically and that the GAP activity
manifests an antiphagocytic phenotype only in the presence of an
active ADPRT domain. Alternatively, the GAP domain may be
important in an aspect of pathogenicity other than phagocytosis.
However, the fact that the GAP~ mutant had internalization and
virulence phenotypes similar to those of wild-type ExoS argues
against these interpretations. Perhaps more likely is that GAP ac-
tivity does not play an appreciable role in mammalian infections.
Rather, the GAP activity of ExoS may have evolved to exert an
effect against other organisms that P. aeruginosa encounters in the
environment, such as amoebae (37).

As we have mentioned, some (17, 27) but not all (16) previous
in vitro studies had suggested a role for the ExoS GAP domain in
preventing bacterial internalization and therefore in pathogenesis.
Our results, like those of Rucks and colleagues (38), suggest that
some of this variability occurs because ExoS phenotypes are cell
type specific. Since neutrophils are the predominant immune cell
present in the lungs during in vivo infection, we performed exper-
iments examining the effect of ExoS on primary neutrophils in
vitro. We confirmed that it is the ADPRT domain of ExoS, not the
GAP domain, that hinders the phagocytosis of P. aeruginosa bac-
teria by neutrophils (Fig. 3A). Our results underscore the impor-
tance of studying virulence factor functions in the context of ani-
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mal models or with cell lines that best represent infection
conditions.

We used two different in vivo methods to investigate the effects
of ExoS on phagocytosis: an amikacin protection assay and a
fluorescence-based flow cytometric assay. While the fluorescence-
based assay did not show significant differences between strains,
there was a trend in the data similar to that of the amikacin assay,
namely, that ExoS, specifically its ADPRT domain, inhibits phago-
cytosis. These assays differed in experimental readouts, allowing
us to address slightly different aspects of bacterial internalization.
The fluorescence-based assay quantified the proportion of lung
leukocytes containing intracellular bacteria. The amikacin protec-
tion assay quantified the proportion of bacteria within lung
phagocytes. Furthermore, the amikacin assay measured only via-
ble intracellular bacteria, whereas the fluorescence assay measured
all morphologically intact intracellular bacteria regardless of via-
bility. The fact that two methodologically distinct assays gave sim-
ilar results strengthens our conclusions regarding ExoS and
phagocytosis.

Previously, the ADPRT domain of ExoS was shown to promote
survival of intracellular P. aeruginosa bacteria within corneal epi-
thelial cells (39). Bacterial cells formed plasma membrane bleb
structures that allowed for bacterial replication and protection
from non-cell-permeable antibiotic treatment. These bleb struc-
tures, which contained actively swimming bacteria, were capable
of detaching and traveling away from the host cell surface (39). In
these studies, ExoS facilitated intracellular survival of P. aerugi-
nosa, an observation that at first glance appears inconsistent with
our results. One possibility is that ExoS prevents overall bacterial
internalization but promotes the viability of the few bacteria that
are successfully internalized. Perhaps more likely is the possibility
that bleb formation is specific to epithelial cells or even corneal
epithelial cells and does not occur in leukocytes. Of note, we did
not observe bleb structures within the leukocytes in our assays
(data not shown).

ExoS-mediated inhibition of phagocytosis was associated with
decreased survival in the mouse model of pneumonia and in-
creased bacterial persistence. While we demonstrate an inhibition
in phagocytosis by two different in vivo assays, the <2-fold differ-
ence in internalized bacteria in Fig. 5A suggests that other pheno-
types of the ADPRT domain may also contribute to its virulence
effects. The ADPRT activity of ExoS leads to disruption of the
actin cytoskeleton, focal adhesions, and tight junctions (27, 28),
which may allow P. aeruginosa penetration through epithelial bar-
riers and dissemination (7). The ExoS ADPRT domain also has
cytotoxic activity with characteristics of apoptosis, including
chromatin condensation and caspase-3 activation (23). However,
other aspects of cell death, such as loss of cell membrane integrity,
are more characteristic of necrosis or pyroptosis (20, 28). ExoS
also inhibits DNA synthesis in fibroblast-like cells, although it is
unclear whether this effect is due to the ADPRT domain (40).
Given its many targets and associated cellular phenotypes, it is
likely that ExoS contributes to pathogenicity not simply by inhib-
iting phagocytosis but in multiple ways. Alternatively, it is con-
ceivable that a small difference in phagocytosis may be com-
pounded over time to yield a large cumulative difference in viable
bacteria, as we observed. This difference may in turn directly cor-
relate with the overall survival of mice.

Our findings suggest the following model for the role of ExoS
in P. aeruginosa pathogenesis. Upon entering the lungs, bacteria
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inject ExoS into phagocytic cells. This toxin then ADP-ribosylates
host cell proteins to block phagocytosis, which allows large num-
bers of bacteria to persist in the lungs despite the robust recruit-
ment of phagocytic cells. These bacteria may utilize ExoS or other
virulence factors to cause subsequent injury to pulmonary tissues
and septic shock. P. aeruginosa may also take advantage of the
collateral damage caused by the exuberant but ineffectual inflam-
matory response to cause more severe pneumonia. Together,
these effects lead to the poor clinical outcomes associated with
ExoS* P. aeruginosa strains.

MATERIALS AND METHODS

Bacterial strains and growth conditions. PA99 is a P. aeruginosa clinical
isolate that naturally secretes ExoU, ExoS, and ExoT (11). Previously, the
exoU and exoT genes were disrupted to generate a strain, designated
PA99S, that secretes only ExoS (7). As previously described, the PA99null
strain, which produces an intact type III secretion apparatus but no
known effector proteins, was generated by disrupting all three effector
genes (exoU, exoS, and exoT) (7). A strain complemented for ExoS secre-
tion (designated PA99null+S) was previously generated by integrating
the exoS gene into a neutral site in the chromosome (7). Complementa-
tion was confirmed by measuring mouse mortality (see Fig. S3A in the
supplemental material). A strain secreting an enzymatic ExoS variant de-
fective in ADPRT activity [PA99null+S(E379A/E381A)] was previously
generated (41). These substitutions have been previously shown to dis-
rupt only ADPRT activity (25). A strain secreting an enzymatic ExoS
variant defective in GAP activity [PA99null+S(R146A)] was generated
for this work as previously described (7). This substitution has been pre-
viously shown to disrupt only GAP activity (12). Protein secretion was
confirmed by immunoblot analysis (Fig. S1). None of the mutants dis-
played a growth defect in vitro (7). Note that these variant forms of ExoS
have been previously shown to be translocated into mammalian cells by
the P. aeruginosa type III secretion system and to retain functional activity
of the nonmutated domain (42).

Bacterial strains were streaked from frozen cultures onto Vogel-
Bonner minimal (VBM) agar (43). Overnight cultures were grown in 5 ml
MINS medium (44) at 37°C. Cultures were diluted into fresh medium the
next day and regrown to exponential phase prior to infections.

Mouse model of acute pneumonia. I vivo infections used the mouse
model of pneumonia of Comolli et al. (45). Briefly, 6- to 8-week-old
female BALB/c mice were anesthetized by intraperitoneal injection of a
mixture of ketamine (75 mg/kg of body weight) and xylazine (5 mg/kg).
Mice were intranasally inoculated with either 1.2 X 10 (persistence, in-
flammatory, in vivo phagocytosis experiments) or 9.2 X 10° (survival
experiments) CFU bacteria in phosphate-buffered saline (PBS). Inocula
were confirmed by plating serial dilutions on VBM agar. At appropriate
times postinfection, the mice were anesthetized and sacrificed by cervical
dislocation. The lungs were excised and homogenized in PBS. Viable bac-
teria were enumerated by plating serial dilutions on VBM agar. For sur-
vival experiments, mice were infected and survival was monitored for 65 h
after infection. Mice that became severely ill, as defined by ruffled fur and
decreased respiratory rate and activity, were euthanized and scored as
dead.

Animals were purchased from Harlan Laboratories, Inc. (Indianapo-
lis, IN) and housed in the containment ward of the Center of Comparative
Medicine at Northwestern University. All experiments were approved by
the Northwestern University Animal Care and Use Committee.

Analysis of inflammatory response by flow cytometry. Immune cells
were quantified as previously described (46). Briefly, lungs were perfused,
excised, pressed through 40-um filters (BD Falcon; Becton, Dickinson
and Company, Franklin Lakes, NJ), and rinsed repeatedly with PBS. The
recovered cells were pelleted, and red blood cells were lysed by incubation
with water. The remaining cells were pelleted, resuspended in 1 ml PBS,
and quantified using trypan blue exclusion and a hemocytometer. A total
of 1 X 10° cells were pelleted and blocked for nonspecific antibody bind-
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ing. Individual cell types were identified using cell-discriminatory anti-
bodies at appropriate dilutions in a total of 125 ul fluorescence-activated
cell sorting (FACS) buffer (1% bovine serum albumin, 1 mM EDTA in 1X
PBS) and incubated for 30 min on ice protected from light. Cells were
pelleted, fixed in 3.7% paraformaldehyde in PBS for 2 min, and washed
twice with FACS buffer. Final cell suspensions were filtered through
80-wm nylon mesh (Small Parts Inc., Miami Lakes, FL) into 12- by
75-mm round-bottom tubes (BD Falcon).

Analysis was performed on a BD FACSCanto II flow cytometer (Bec-
ton, Dickinson and Company) and analyzed using FlowJo version 8.8.6
software (Tree Star, Inc., Ashland, OR). Immune cells were gated as fol-
lows: total inflammatory cells, CD45"; neutrophils, CD45% Gr1b; re-
cruited monocytes, CD45% Grl!°; resident macrophages, CD45% Grl~
F4/80% (see Fig. S6 in the supplemental material). The total number of
inflammatory cells per mouse lung was determined by equating the num-
ber of viable inflammatory cells measured by flow cytometry to the num-
ber of trypan blue-negative cells counted on the hemocytometer.

Bone marrow neutrophil phagocytosis and cell death assays. Mar-
row cavities of the tibias and femurs of female BALB/c mice were flushed
with 1X Hanks’ balanced salt solution (HBSS). Cells were pelleted at 500
X g for 10 min, resuspended in 1 X HBSS, and placed over a 62% Percoll
gradient in 1 X HBSS (GE Healthcare Biosciences, Piscataway, NJ). Gra-
dients were spun at 1,500 X g for 30 min. The neutrophil pellet was
washed and quantified using trypan blue exclusion and a hemocytometer.

For both assays, a total of 1 X 10¢ neutrophils were infected at a
multiplicity of infection (MOI) of 10 for 30 min. For cell lysis assessment,
a50-ul aliquot of the infection medium was pelleted. The supernatant was
removed and assayed for release of LDH using the CytoTox 96 nonradio-
active cytotoxicity assay (Promega, Madison, WI). Cell lysis was quanti-
fied by measuring absorbance at 490 nm and normalizing to total cell lysis
achieved by adding 0.05% Triton X-100. Background lysis was measured
in uninfected neutrophils incubated without bacteria and subtracted from
all experimental values. For phagocytosis assessment, neutrophils were
pelleted at 400 X g for 5 min after 30 min of infection. Neutrophils were
then incubated with latex beads for 30 min at 37°C using the phagocytosis
assay kit (IgG FITC [fluorescein isothiocyanate]) (Cayman Chemical
Company, Ann Arbor, MI) per the manufacturer’s instructions. Cells
were washed twice, and bead uptake was quantified using a BD FAC-
SCanto II flow cytometer (Becton, Dickinson and Company).

Fluorescence internalization assay. For in vivo experiments, white
blood cells were isolated from whole mouse lungs using the method out-
lined above for inflammatory response experiments. A total of 1 X 10¢
cells were blocked with 10% rat serum (Sigma-Aldrich) and anti-CD16/32
(eBioscience) in FACS buffer for 10 min at 4°C. Leukocytes were stained
by adding CD45 PE (phycoerythrin) antibody (eBioscience) at a 1:1,250
final dilution in FACS buffer for 15 min at 4°C. Cells were fixed as previ-
ously described. For staining of extracellular bacteria, primary antibody to
P. aeruginosa strain PA99 (47) was diluted 1:1,000 in FACS buffer and
added to cells for 1 h at 4°C. For staining of extracellular bacteria, cells
were washed with FACS buffer and incubated with FITC-conjugated goat
anti-rabbit secondary antibody (Molecular Probes, Eugene, OR) at
1:1,000 dilution in FACS buffer for 1 h at 4°C. For staining intracellular
bacteria, cells were washed, permeabilized with 0.5% saponin for 20 min,
and then incubated again with primary antibody to strain PA99 at 1:1,000
dilution in FACS buffer with 0.5% saponin for 1 h at 4°C. Cells were
washed with FACS buffer and incubated with Alexa Fluor 647-conjugated
goat anti-rabbit secondary antibody (Molecular Probes) at 1:1,000 dilu-
tion in FACS buffer with 0.5% saponin for 1 h at 4°C. This stained all
intracellular and extracellular bacteria with red fluorescence. Cells were
resuspended and filtered as described above. Cells were analyzed by using
a Becton Dickinson FACSAria 4 cell sorting system or BD FACSCanto II
flow cytometer (Becton, Dickinson and Company) (see Fig. S7 in the
supplemental material). Leukocytes (CD45% cells) associated with intra-
cellular (red* green™) and extracellular (red* green*) bacteria were
sorted and viewed with a Zeiss UV LSM510 confocal microscope in the
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Nikon Cell Imaging Facility at Northwestern University. A minimum of
20 cells within each sorted population per strain were analyzed for manual
quantification of intracellular/extracellular bacteria per cell.

For in vitro cell culture experiments, 774 macrophage-like cells were
infected with an MOI of 10 for 3 h. Cells were stained using the antibodies
described above and imaged on a Zeiss UV LSM510 confocal microscope
in the Nikon Cell Imaging Facility at Northwestern University. The num-
ber of intracellular/extracellular bacteria associated with 300 macro-
phages was quantified manually using ImageJ 1.47 analysis software
(pooled from four separate experiments).

Amikacin protection assay. Mice were anesthetized and sacrificed by
cervical dislocation, and BALF was collected by instilling and withdrawing
1 ml of PBS into the trachea three times. The BALF was split into two
aliquots. One aliquot was incubated with 1% saponin for 5 min for lysis of
all murine cells and plated on VBM agar for enumeration of total bacteria
in the lungs. Histopaque 1083 (Sigma-Aldrich) was added to the second
aliquot, and phagocytic cells were pelleted by centrifugation at 500 X g for
30 min at 4°C. Residual red blood cells were lysed with cold, sterile H,O as
described above. The remaining cells were quantified using trypan blue
exclusion and a hemocytometer. The cells were incubated for 1 h with
amikacin at a final concentration of 100 pg/ml in PBS to kill extracellular
bacteria. Cells were pelleted, washed with PBS, lysed with 1% saponin, and
plated on VBM agar for enumeration of viable intracellular bacteria. The
percentage of intracellular bacteria was calculated by dividing the number
of intracellular bacteria by total BALF bacteria.

Statistical methods. Statistical analysis was performed using Graph-
Pad Prism 6 (GraphPad Software, Inc., La Jolla, CA). An analysis of vari-
ance (ANOVA) followed by Bonferroni’s correction for multiple compar-
isons was performed for persistence, inflammatory response, and
amikacin/in vitro phagocytosis experiments. The Kruskal-Wallis compar-
ison of medians followed by Dunn’s test for multiple comparisons was
performed on flow cytometric phagocytosis experiments. A log rank
(Mantel-Cox) test was performed on survival curves. A Pvalue of 0.05 was
used as the threshold for significance for all tests.
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