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Abstract

Pseudomonas aeruginosa (PA) is an opportunistic pathogen that causes the relapse of illness in immunocompromised
patients, leading to prolonged hospitalization, increased medical expense, and death. In this report, we show that PA
invades natural killer (NK) cells and induces phagocytosis-induced cell death (PICD) of lymphocytes. In vivo tumor metastasis
was augmented by PA infection, with a significant reduction in NK cell number. Adoptive transfer of NK cells mitigated PA-
induced metastasis. Internalization of PA into NK cells was observed by transmission electron microscopy. In addition, PA
invaded NK cells via phosphoinositide 3-kinase (PI3K) activation, and the phagocytic event led to caspase 9-dependent
apoptosis of NK cells. PA-mediated NK cell apoptosis was dependent on activation of mitogen-activated protein (MAP)
kinase and the generation of reactive oxygen species (ROS). These data suggest that the phagocytosis of PA by NK cells is a
critical event that affects the relapse of diseases in immunocompromised patients, such as those with cancer, and provides
important insights into the interactions between PA and NK cells.
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Introduction

Infectious complications are one of the major causes of

morbidity and mortality in immunocompromised patients, despite

recent advances in therapeutic approaches and supportive care.

Among the infectious agents, the increasing incidence of PA is a

worldwide problem, particularly in patients with leukemia and in

hematopoietic stem cell transplantation recipients [1,2,3]. PA is a

multi-drug resistant, Gram-negative, opportunistic pathogen and

is associated with significant morbidity and mortality [4,5]. PA

constitutes the major cause of prolonged hospitalization, severe

illness, death, and increased cost for immunocompromised

patients. A high mortality rate occurs in patients with underlying

disease, such as cystic fibrosis and cancer [6,7].

PA pathogenesis involves the production of a variety of toxic

products, including alkaline protease (AP), elastase [8], and several

Type III system-dependent exotoxins that include Exo A, Exo T,

and Exo U [9,10]. AP and elastase have previously been

implicated in the inhibition of NK cell activity [8], and the

exotoxins have been reported to induce apoptosis of phagocytes,

such as dendritic cells [11], macrophages [12], and neutrophils

[13]. Apoptosis and shedding of the infected, apoptotic cells may

be beneficial to the survival of the host organism [14]. However,

apoptosis of lymphocytes by bacterial infection has detrimental

effects on host survival [15].

NK cells are lymphocytes that mature from hematopoietic stem

cells (HSC) in the bone marrow (BM) [16]. Upon activation, they

can eliminate leukemic cells, as well as pathogen-infected or

transformed cells, either directly or indirectly through the release

of cytokines and chemokines [17,18].

Previous studies indicate that upon infection with PA, NK cells

can produce interferon-c that may assist in clearing the bacteria

[19]. However, a negative role of NK cells in the regulation of PA

infection has also been reported [20]. Furthermore, NKG2D and

substance P have been shown to be important in host defense

against PA infection [19,21], supporting the involvement of NK

cells in resistance to such infections. However, little is known about

the exact mechanisms or interactions between NK cells and PA

during infection.

In this report, we show for the first time that PA invades and

eliminates NK cells in vivo and in vitro by induction of apoptosis via

ROS generation. The reduction in NK cell number by PA
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invasion led to the aggravation of metastasis in a tumor-bearing

animal model. Thus, the capability of PA to induce apoptosis of

NK cells may be an important factor in the relapse of illness, as

well as in the initiation of infection, bacterial survival, and escape

from the host immune response.

Results

Pseudomonas aeruginosa K (PAK) increases tumor
metastasis by suppressing NK cells in vivo

PA infection has been implicated in prolonged hospitalization

and shortened lives of cancer patients [7,22]. Thus, we analyzed

the effects of PA infection on tumor metastasis in an animal model

using a PAK strain. When B16-F10 melanoma cells were i.v.-

injected into C57BL/6 mice after PAK infection, the number of

metastasized tumor colonies in the lungs was significantly

increased compared with the PBS-injected control (Fig. 1A, B),

suggesting that metastatic tumor growth may be aggravated by

PAK infection in cancer patients. We next examined the

populations of various immune cells in the spleen after PAK

infection. A significant reduction in the number of NK cells in the

spleen, in addition to a decrease in the number of macrophages,

was observed following PAK infection. However, the number of

total splenocytes and other immune cells, such as T or B cells, was

not significantly altered (Table 1), suggesting that NK cells might

be specifically involved in PAK-induced metastasis. In fact, the

reduction in the number of NK cells after PAK infection not only

occurred in the spleen, but also in other tissues, such as the liver

and lung (Fig. 1C). Next, we investigated whether the reduction in

NK cells was specifically due to PAK infection by analyzing NK

populations after i.v. injection of various doses of PAK. The results

showed that the reduction in the number of splenic NK cells was

PAK-dose dependent, with a loss of up to approximately 80% of

the NK cells in 24 h at the dose of 26107 PAK, in terms of

population and absolute number (Fig. 1D). These results further

suggest that PAK infection significantly and specifically reduces

the NK cell population, although the number of macrophages

were also altered, as previously reported [23].

Because NK cells play a critical role in tumor clearance and

defective NK cell activity results in tumor metastasis [17], we

examined the role of NK cells in PAK-induced metastasis in a

mouse model by performing adoptive transfer of NK cells after

PAK infection. As expected, adoptive transfer rescued the

diminished tumor clearance activity and restored it to control

levels (Fig. 1E, F). Taken together, these findings suggest that PAK

infection eliminates NK cells and subsequently results in increased

tumor metastasis.

Impairment of NK cell activity by PA infection
Next, to investigate whether a reduction of NK cells by PA

infection is directly involved in NK cell function, we examined the

activity of NK cells after PA infection in vivo and in vitro. Depletion

of NK cells has been known to reduce resistance to herpes simplex

virus 1 (HSV-1) infection [24]. Thus, we infected C57BL/6 mice

with or without PAK, subsequently injected HSV-1 i.p. or i.v. 2

days later, and measured the survival rate of the mice. In both

cases, Kaplan-Meier survival plots showed that the survival rates

of the mice were prominently decreased when the mice were

infected with PAK prior to HSV-1 infection, compared with mice

infected with PAK or HSV-1 alone (Fig. 2A). The decline in

resistance against HSV-1 observed in mice infected with PAK may

be due to the reduction in NK cell number caused by PAK

infection. Next, to investigate the effects of PAK infection on NK

cytolytic activity, we performed in vitro 51Cr-release assays using

PAK-infected cells. At 12 h post-infection, the population of NK

cells in the spleen decreased to approximately 40% of the control

(Fig. 2B). Accordingly, the cytotoxic assay revealed an approxi-

mately 40–50% reduction in the activity of PAK-infected

splenocytes compared with control or heat-killed PAK-treated

splenocytes (Fig. 2C). Moreover, NK92 cell lines also showed

significantly reduced cytotoxicity when the cells were infected with

PAK in vitro (Fig. 2D). Taken together, these results demonstrate

that PAK infection reduces the number and functions of NK cells

in vivo and in vitro.

Direct effect of PAK on NK cell apoptosis
To determine whether the reduction in the number of NK cells

after PAK infection was due to decreased infiltration or to direct

elimination, we infected NK92 cells with PAK in vitro and analyzed

the survival of the NK cells via microscopy and flow cytometry. As

seen in Fig. 3A, infection with PAK significantly increased the

number of propidium iodide (PI)-positive NK cells, whereas heat-

inactivated PAK did not affect the survival of NK cells. The lactate

dehydrogenase (LDH) release assay also showed that PAK directly

kills NK cells in a concentration-dependent manner compared

with control or inactivated PAK (Fig. 3B). In addition, flow

cytometric analysis revealed that PAK infection induced both

early (PI2/Annexin-V+) and late (PI+/Annexin-V+) apoptosis of

NK cells in a concentration-dependent manner (Fig. 3C). Taken

together, these results suggest that PAK infection directly kills NK

cells via apoptosis.

PAK induces caspase-9-dependent apoptosis of NK cells
Two caspase activation pathways are centrally involved in

executing apoptotic events: the receptor-initiated, caspase-8-

dependent pathway and the mitochondria-initiated, caspase-9-

dependent pathway [25]. Therefore, we investigated changes in

mitochondrial membrane potential after PAK infection of NK92

cells by staining them with JC1 (Molecular Probes, Netherlands).

PAK infection affected mitochondrial integrity in a concentration-

dependent manner, whereas heat-inactivated bacteria did not

affect the mitochondrial membrane potential (Fig. 3D). Accord-

ingly, caspase-9 and caspase-3 were activated in a concentration-

dependent manner by bacterial infection, whereas caspase-8 was

not significantly affected (Fig. 3E). These results suggest that PAK-

induced NK cell apoptosis does not occur through a receptor-

Author Summary

Phagocytic leukocytes, including neutrophils and macro-
phages, are critical for innate immunity against invading
bacteria. Binding and internalization of bacteria by these
immune cells stimulates a variety of anti-microbial
activities. Although the immune cells are specialized for
elimination of bacteria, cellular apoptosis by bacterial
phagocytosis has emerged as an important mechanism of
pathogenesis. NK cells are non-phagocytic lymphocytes
that are responsible for innate immunity via elimination of
virus or bacteria-infected cells, as well as transformed cells.
We found that PA invades NK cells and that this
phagocytic event results in the generation of ROS within
the NK cells, leading to apoptosis. The elimination of NK
cells, at least in part, may be responsible for the relapse in
PA-infected cancer patients. Based on these findings,
studies on the interactions between bacterial determinants
and host receptors should provide further insight into the
mechanisms of bacterial pathogenesis.

PA-Induced Apoptosis of NK Cells

PLoS Pathogens | www.plospathogens.org 2 August 2009 | Volume 5 | Issue 8 | e1000561



Figure 1. Role of NK cells in metastasis in P. aeruginosa-infected mice. (A&B) C57BL/6 mice were inoculated i.v. with 16PBS or 16107 PAK
and then with 16104 B16-F10 melanoma cells at 2 days post-infection (DPI). (A) Representative photographs of lungs from mice with metastasized
colonies of B16-F10 cells 2 weeks after infection. (B) The numbers of surface metastatic foci were counted. Values represent means6SD of triplicate
determinations (n = 5) (*p,0.05). (C) C57BL/6 mice were infected with 26107 PAK. Mice were sacrificed at 24 h post-infection and single cell
suspensions from the spleen, liver, and lung were stained with PE-conjugated anti-NK1.1 and FITC-conjugated anti-CD3. The percentage of NK cells
(NK1.1+/CD32) in the gated lymphocyte population was determined according to their size and granularity. The data shown are representative of at
least five independent experiments that yielded similar results. (D) Mice were infected with the indicated number of PAK, splenic NK cells were
analyzed by flow cytometry (upper panel), and the total number of NK cells in spleens was calculated (lower panel). Values presented are means6SD
of triplicate determinations (n = 3) (*p,0.05, **p,0.005). (E&F) To investigate the inhibitory effect of NK cells on PAK-induced metastasis, a larger
number of melanoma cells (16105) was i.v. injected, and adoptive transfer of NK cells was performed via i.v. injection at 3 DPI. (E) Representative
pictures of metastasized melanoma colonies at 2 weeks. (F) The numbers of surface metastatic foci were counted. Values presented are means6SD
of triplicate determinations (n = 5) (*p,0.05, **p,0.005).
doi:10.1371/journal.ppat.1000561.g001

PA-Induced Apoptosis of NK Cells

PLoS Pathogens | www.plospathogens.org 3 August 2009 | Volume 5 | Issue 8 | e1000561



mediated pathway, but rather follows mitochondria-initiated,

caspase-9-dependent mechanisms.

PAK-induced NK cell apoptosis is independent of the
type III secretion (TTS) system and of secreted toxins

PAK uses TTS systems to secrete several exotoxins, including

Exo A, Exo T, Exo S, and Exo U, all of which are known to

induce cellular apoptosis [10,26,27,28]. Thus, we tested whether

PAK-induced NK cell apoptosis was dependent on the TTS

system by infecting NK cells with corresponding mutant strains of

PAK. When ExoS2 or ExoT2 bacterial strain were i.v.-injected

into C57BL/6 mice, the percentage (Fig. 4A) and absolute number

(Fig. 4B) of NK cells (NK1.1+/CD32) were prominently reduced

in vivo, comparable to the effects of wild type (WT) strain infection.

Moreover, the ExsA2 strain, in which the TTS system is disrupted

[29], did not significantly decrease the NK cell number compared

to the WT strain. This suggests that PAK-induced NK cell

apoptosis was independent of the TTS system. Accordingly,

induction of NK cell apoptosis by each exotoxin-deleted mutant

strain was similar to that of the WT strain in vitro (Fig. 4C), and the

mutant strains did not induce apoptosis of HeLa cells, as

previously reported (Fig. S1) [26]. Furthermore, the mutant

strains were still able to augment tumor metastasis in an in vivo

animal model, similar to the WT strain (Fig. 4D). These results

suggest that PAK-triggered NK cell apoptosis is TTS system-

independent, unlike PAK-induced apoptosis of non-immune cells,

such as epithelial and endothelial cells.

Secreted proteins from PAK, such as AP and elastase, may

contribute to bacterial cytotoxicity in macrophage or NK cells

[8,23]. Therefore, we investigated the involvement of secreted

toxins in NK cell apoptosis by measuring whether the bacterial

culture medium was cytotoxic to NK cells. Flow cytometric

analysis showed that culture medium containing secreted bacterial

toxins did not affect cell viability (Fig. 4E), suggesting that PAK-

induced NK cell apoptosis is independent of the secretion of

bacterial toxins. Pyocyanin, a toxic metabolite of a certain strain of

PA, has been shown to induce apoptosis in neutrophils [13,30].

Thus, we examined whether pyocyanin is involved in NK cell

apoptosis. As expected, flow cytometric analysis revealed that

PA14, a pyocyanin-producing strain of PA, induced NK cell

apoptosis, although the apoptosis was not as high as that produced

by PAK (Fig. S2A). A pyocyanin-deficient PA strain, PA14-Phz1/

2 [31] did not show any cytotoxic effect against NK cells. In

addition, when NK cells were treated with pyocyanin in vitro,

pyocyanin induced cytotoxicity against NK cells in a dose-

dependent manner (Fig. S2B). These results suggest that

pyocyanin may contribute to the apoptosis of PA-induced NK

cell apoptosis depending on PA strains. However, the King Agar A

assay [32] revealed that PAK, the strain used in this study,

produced little amounts of pyocyanin (Fig. S2C), as previously

reported [33]. Taken together, these results suggest that although

pyocyanin seems to be able to induce NK cell apoptosis, it is not

involved in the PAK-induced NK cell apoptosis observed in this

study because the PAK strain may not produce sufficient

pyocyanin to be toxic.

PAK-induced NK cell apoptosis is distinct from
autophagy

Autophagy is a non-apoptotic programmed cell death mecha-

nism that involves a lysosomal pathway and has been reported to

play a role in host defense against bacterial infection [34,35].

Although the above results showed that PAK-induced NK cell

death occurs via caspase-9-dependent apoptosis, we investigated

the possible involvement of autophagy in PAK-induced NK cell

death by examining the endogenous expression of LC3, an

autophagic marker. Confocal microscopic analysis revealed that

there was no change in LC3 expression in PAK-infected NK cells,

while rapamycin-treated NK cells exhibited the punctuated

structure of LC3, colocalized with lysosomal marker Lamp-1,

which is indicative of autophagosome formation (Fig. S3). These

results demonstrate that internalization of PAK did not induce

autophagy in NK cells and that PAK-induced NK cell death is a

distinct process from autophagy.

Internalization of PAK by NK cells
Because the above results showed that PAK-induced NK cell

apoptosis is not dependent on bacterial toxins, we hypothesized

that NK cell apoptosis following PAK infection might be due to

the active invasion of intact bacteria into NK cells. Thus, we

constructed GFP-expressing PAK (PAK-GFP) and used confocal

microscopy to investigate its localization (Fig. 5A). When NK cells

were co-cultured with PAK-GFP (bottom), PAK-GFP bacteria

were internalized by the NK cells (Green). Moreover, typical

characteristics of apoptosis, including disruption of membrane

integrity (Red) and nuclear condensation (Blue), were observed

following infection. Control NK cells retained normal membrane

integrity and large nuclei (top). These results suggest that PAK can

cause phagocytosis-induced apoptosis of NK cells. Furthermore,

transmission electron microscopy (TEM) revealed bacterial

internalization and disruption of the entry site at the NK cell

surface (Fig. 5B). In addition, the bacteria inside the cell were

surrounded by vacuole-like structures, suggesting that PAK enters

NK cells by phagocytosis. Taken together, these results show that

PAK can invade NK cells and stimulate phagocytosis-induced

apoptosis of non-phagocytic NK cells.

Table 1. Specific elimination of NK cells by P. aeruginosa.

NK1.1+/CD3e2

(NK)
NK1.1+/CD3e+

(NKT)
NK1.12/CD3e+

(T)
Ly6-G and Ly-6C+

(Gr-1)
CD11b+

(Mac-1)
B220+/CD19+

(B) Splenocytes

16PBS 7.6461.43 2.3960.55 48.31614.04 32.1764.38 22.3460.84 35.9564.32 265.30634.69

26106 PAK 5.1661.38 1.9960.55 61.9469.98 38.3665.98 20.6562.31 37.7666.66 277.43647.88

26107 PAK 1.8760.58* 1.4360.53 48.03610.11 28.9861.76 14.6260.28* 30.5368.11 230.76617.09

Absolute numbers of immune cells in total splenocytes (6105).
Comparative statistical analyses of immune cell population in spleen at 24 h post infection of PAK were shown in Table 1. The numbers of immune cells including NK
cells (NK1.1+/CD3e2), NKT cells (NK1.1+/CD3e+), T cells (NK1.12/CD3e+), Neutrophils (Ly6G and Ly6C+), Macrophage (CD11b+) and B cells (B220+/CD19+) were
determined by calculating the absolute numbers of each cell type from the FACS profiles and total cell numbers in the tissues. Results are expressed as mean6SD of
three individual experiments (n = 3, *p,0.05).
doi:10.1371/journal.ppat.1000561.t001
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PI3K is involved in invasion of PAK into NK cells
Because PI3K has been implicated in PAK internalization of

non-phagocytic cells [36], we investigated the involvement of

PI3K in PAK entry into NK cells. Western blot analysis

demonstrated that bacterial infection activated Akt in NK cells

in a time-dependent manner (Fig. 6A), suggesting the participation

of PI3K in this process. Additionally, treatment with PI3K

inhibitors significantly decreased bacterial entry into NK cells

(Fig. 6B) and blocked internalization of the bacteria in a

concentration-dependent manner (Fig. 6C). Treatment with a

Figure 2. Impairment of NK cell activity by PA infection. (A) PA-induced NK cell depletion results in increased susceptibility to HSV-1. On day
0, C57BL/6 mice were i.v. inoculated with or without 36107 PAK. Subsequently, 16107 PFU HSV-1 or PBS was injected i.p. (left) or i.v. (right) 2 days
after PAK infection (n = 6). (B) C57BL/6 mice were i.v.-inoculated with 26107 PAK, and splenocytes were isolated at the indicated times post-infection.
The NK cell population was analyzed by flow cytometric analysis. (C & D) Freshly isolated splenocytes (C) or NK92 cells (D) were infected with live or
heat-inactivated (80uC, 30 min) PAK for 12 h and then subjected to the 51Cr release assay using YAC-1 or K562, respectively, as target cells. Prior to
the assay, the effector cells were pretreated with IL-2 (20 ng/ml) for 12 h. Values represent the means6SD of triplicate determinations (n = 5).
doi:10.1371/journal.ppat.1000561.g002
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Figure 3. PAK induces cell death of NK cells in vitro. (A) NK92 cells were infected with PAK at various MOIs. At 18 h, the cells were washed with
PBS and stained with Hoechst 33342 and propidium iodide (PI) for fluorescence microscopy to analyze cell death in vitro (original magnification,
8006). (B) NK92 cells were infected with PAK at various MOI, and the cytotoxicity of PAK against NK cells was determined using the lactate
dehydrogenase (LDH) release assay. Treatment with camptothecin (3 mM) was used as a positive control (**p,0.005). (C) Flow cytometric analysis of
apoptosis as assessed by Annexin-V and PI staining. These data are representative of at least three individual experiments. (D) Changes in
mitochondrial membrane potential in NK92 cells following PAK infection for 24 h. The mitochondrial potential was measured by flow cytometry
using the JC-1 molecular probe. The loss of mitochondrial potential is detected as a relative loss of red (FL2) fluorescence and gain of green
fluorescence (FL1) compared to controls. Note that there is a significant and dose-dependent loss of mitochondrial potential following PAK infection.
Cells treated with camptothecin (3 mM) served as a positive control for apoptosis. Enhanced green fluorescence of NK92 cells indicated a decrease in
mitochondrial potential. (E) NK92 cells were infected with the indicated MOI of PAK and incubated for 12 h at 37uC. Following incubation, cells were
lysed in sample buffer containing 2% SDS. Proteins in whole lysates (100 mg/lane) were resolved by SDS/PAGE, electroblotted onto PVDF membranes,
and probed with antibodies specific for caspase-3, -8, -9, and Fas. b-actin was included as a loading control. Camptothecin and Fas antibody served as
controls for apoptosis. Results are representative of three independent experiments.
doi:10.1371/journal.ppat.1000561.g003

PA-Induced Apoptosis of NK Cells
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Figure 4. PAK-induced NK cell apoptosis is independent of the TTS system. Flow cytometric analysis of the population (A) and absolute
number (B) of NK cells in spleens 24 h after i.v. injection of WT or TTS-defective mutant strains of PAK (n = 3) (**p,0.005). (C) NK92 cells were
infected with WT or TTS-defective mutant strains of PAK at a MOI of 1021. After 18 h, apoptosis was evaluated by flow cytometry after Annexin-V and
propidium iodide (PI) staining. (D) C57BL/6 mice were inoculated i.v. with 16PBS, 16107 PAK, or TTSS-defective mutants of PAK, and subsequently
i.v.-inoculated with 16105 B16-F10 melanoma cells 2 days post-infection. Representative photographs of lungs at 2 weeks after infection (left). The
numbers of surface metastatic foci were counted (right). Values presented are means6SD of triplicate determinations (n = 5) (**p,0.005). (E) WT PAK
was grown in a-MEM at 37uC to an OD600 nm of 1.0. The cultures were centrifuged at 6000 rpm (26136g) for 15 minutes, and the supernatants were
collected, filtered through a 0.2-micron filter, and used as a conditioned medium containing secreted bacterial toxins. NK92 cells were cultured in the
conditioned medium for 24 h and analyzed for apoptosis by flow cytometry. These data are representative of at least three individual experiments.
doi:10.1371/journal.ppat.1000561.g004

PA-Induced Apoptosis of NK Cells

PLoS Pathogens | www.plospathogens.org 7 August 2009 | Volume 5 | Issue 8 | e1000561



PI3K inhibitor also prevented PAK-induced apoptosis of NK cells

(Fig. 6D), supporting the involvement of PI3K in PAK entry into

NK cells.

Invasion and cytotoxicity are sequential events in PAK-
induced NK cell apoptosis

MAP kinases are critical factors for the survival or apoptosis of

cells. In general, p38 and JNK are involved in cell death

mechanisms, whereas Erk1/2 is critical for cell survival [37]. We

therefore investigated the involvement of MAP kinases in bacterial

invasion and apoptosis of NK cells. Western blot analysis showed

that JNK and p38 were activated in the later stage after infection,

whereas Erk1/2 was gradually deactivated (Fig. 6E). This suggests

that PAK infection induced death signals while attenuating

survival signals in NK cells. Interestingly, the activation of JNK

and p38 occurred when Erk1/2 disappeared: p38 was gradually

activated during infection, whereas JNK suddenly appeared at 6 h

post-infection and PI3K was activated earlier (Fig. 6A, E). These

results suggest that MAP kinases may affect the survival of NK

cells, whereas PI3K might be involved in bacterial invasion.

Additionally, treatment with inhibitors of p38 and JNK decreased

the bacterially-induced apoptosis of NK cells, whereas the Erk1/2

inhibitor did not affect the survival of NK cells infected with PAK

(Fig. 6F).

ROS is a critical factor in PAK-induced NK cell apoptosis
ROS has been identified as a critical factor in phagocytosis-

induced apoptosis [38]. MAP kinases such as JNK are involved in

ROS generation, which ultimately leads to apoptosis [12].

Therefore we measured ROS generation during PAK-induced

Figure 5. Entry of PAK into NK cells. PAK entry into NK cells was evaluated by confocal microscopy and transmission electron microscopy (TEM).
NK92 cells were infected with PAK-GFP at MOI of 500 for 8 h. (A) NK cells were detected by staining with CD56-PE (membrane) and DAPI (nuclei); PAK
were visualized directly by GFP fluorescence under a confocal microscope (original magnification, 6006). (B) An NK cell with internalized bacteria
observed by TEM (original magnification, 3,8106). Inset: bacteria invading via a phagocytic cup formation (closed arrow) and internalized bacteria
within a vacuole-like structure (open arrow) (original magnification, 15,0006).
doi:10.1371/journal.ppat.1000561.g005

PA-Induced Apoptosis of NK Cells
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Figure 6. Involvement of PI3K in internalization of PAK and apoptosis of NK cells. (A) NK92 cells were infected with PAK at a MOI of 250
for various time periods. For PI3K action, p-Akt levels were monitored by immunoblot analysis. (B) NK92 cells were pretreated with PI3K inhibitors
including LY294002 (LY) and Wortmannin (Wort) for 30 minutes prior to infection, and the internalization assay was performed as described in
Materials and Methods. The relative invasion rate was calculated by comparing the number of internalized bacteria in the vehicle-treated control with
those in inhibitor-treated samples. Assays were performed in triplicate: error bars indicate6SD (*p,0.01). (C) The invasion rate was measured using
NK92 cells pretreated with various concentrations of Wortmannin (Wort) prior to PAK infection. Results are expressed as means6SD of three
individual experiments (*p,0.05, **p,0.01). (D) Apoptosis in NK92 cells pretreated with the PI3K inhibitor prior to infection was assessed by flow
cytometry after Annexin-V staining. Data represent means6SD of three individual experiments (*p,0.05). (E) MAP kinase activations in PAK-infected
NK92 cells were monitored by immunoblot analysis using antibodies against p44/42, p38, and JNK. Results are representative of three independent
experiments. (F) Involvement of MAP kinases in PAK-induced NK apoptosis was assessed by flow cytometry with Annexin-V staining of PAK-infected
NK cells pretreated with various inhibitors of MAP kinases for 1 h prior to infection. Results are expressed as means6SD of three individual
experiments (*p,0.05, **p,0.01). PD: PD98059 (p44/42), SB: SB203580 (p38), SP: SP600125 (JNK).
doi:10.1371/journal.ppat.1000561.g006
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NK cell apoptosis. A significant increase in ROS levels was

observed after PAK infection of NK cells, whereas heat-

inactivated PAK did not affect ROS generation (Fig. 7A). In

addition, pretreatment of NK cells with inhibitors of various MAP

kinases did not block the ROS generation induced by PAK

invasion (Fig. 7B). However, treatment of H2O2 gradually induced

MAP kinase activation in NK cells (Fig. 7C). These results suggest

that ROS is an upstream signal of MAPK activation in PAK-

induced NK cell apoptosis. Moreover, DPI, a NADPH oxidase

inhibitor, blocked NK cell apoptosis in a concentration-dependent

manner (Fig. 7D), suggesting that ROS generation is critical for

NK cell apoptosis induced by phagocytosis of PAK.

Discussion

Bacterial infection is a critical complication that may lead to

prolonged hospitalization of cancer patients [6,7,22]. Bacteremia,

the presence of viable bacteria circulating in the bloodstream,

results in a reduction in the number of lymphocyte subsets

[39,40,41], which in turn may result in tumor propagation in these

patients [42]. A high percentage of patients with PAK bacteremia

were observed to have cancer as an underlying disease (,50%)

[7].

Several immune cell types, including dendritic cells, macro-

phages, neutrophils, and certain T cells, are involved in clearing

Figure 7. NK cell apoptosis by PAK is dependent on ROS. (A) NK92 cells were infected with PAK at MOI of 1022 for 18 h. Then the cells were
treated with dichlorodihydrofluorescein diacetate (DCFDA) for 30 min. Intracellular ROS production was monitored fluorometrically by oxidation of
DCFDA. Data are representative histograms from three individual experiments. (B) NK92 cells were pretreated with MAP kinase inhibitors for 1 h
followed by PAK infection for 16 h. Intracellular ROS production was measured by FACS analysis. (C) Effect of ROS on MAP kinase activation. NK92
cells were treated with H2O2 (50 mM) for indicated time. MAP kinase activation was monitored by immunoblot analysis using antibodies against
phospho-p44/p42, p38, and JNK. (D) NK92 cells were pretreated with diphenyleneiodonium chloride (DPI) at the designated concentration for 1 h,
and then infected with PAK at a MOI of 300. Apoptosis was analyzed by flow cytometry at 6 h post-infection with Annexin-V staining. Assays were
performed in triplicate: error bars indicate6SD (*p,0.05, **p,0.01).
doi:10.1371/journal.ppat.1000561.g007
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PAK infection [20,43,44,45]. However, PAK has its own strategies

for eluding the immune system of the host, including the

elimination of immune cells [15]. For example, PAK kills principal

effector immune cells, such as macrophages and neutrophils, by

inducing phagocytosis-induced apoptosis [28,46].

Although NK cells are the primary cell type responsible for

innate immunity, the role of NK cells in the clearance of PAK is

controversial. For example, it has been reported that NK cells may

negatively regulate PAK clearance via the production of cytokines,

which in turn can affect the activities of neutrophils directly

involved in splenic bacterial clearance [20]. On the other hand,

NKG2D-expressing cells, including NK, T, and NKT cells, have

also been implicated in the clearance of PAK [21,47]. In addition,

a recent study showed that IFN-c production by NK cells is

involved in the elimination of PAK [19]. In this regard, we

speculate that interactions must occur between PAK and NK cells,

the results of which can be detrimental or beneficial to the host.

In the present study, we found that PAK directly invades NK

cells and kills them by inducing apoptosis. The fact that adoptive

transfer of NK cells attenuated metastasis after PAK infection

implies that the reduction of NK cells by PAK may be a major

reason for relapse in cancer patients. PAK-induced apoptosis of

host cells such as macrophages, neutrophils, and epithelial cells has

been studied extensively [12,13,14]. In general, the death of these

cells occurs through the TTS system and involves ExoS, ExoT,

and Exo U [26,27,28]. The TTS system delivers cytotoxins

directly from the bacterium to the host through a contact-

dependent mechanism that eventually kills the host cell. In our

study, various PAK mutants that lacked TTS toxins exhibited the

capacity to kill NK cells. This suggests that PAK-induced

apoptosis may not utilize the TTS system. Instead, PAK may

elicit phagocytosis-induced cell death (PICD) of NK cells via

caspase and MAP kinase activation, as well as via ROS

generation, as observed for professional phagocytes [38,48,49].

A number of bacteria, including Salmonella, Shigella, Mycobac-

terium, and PAK, induce PICD of leukocytes [50,51], and PICD

of phagocytic leukocytes has emerged as an important mechanism

in the pathogenesis of bacterial infections [28,38,52]. Notably, the

outcome of PICD may be detrimental or beneficial to the host’s

immune response. For example, pathogen-induced apoptosis of

macrophages may adversely affect the immune response, whereas

that of neutrophils may be critical for clearing infections [38,46].

This topic requires further investigation.

NK cells are the lymphocytes that play an important role in immune

surveillance against tumors [53]. Intravenous injection of B16-F10

melanoma cells is a common model for hematogenous metastases, and

NK cells have been shown to reduce tumor lung metastasis in the

murine cancer models. Therefore, NK cells are regarded as one of the

main effector cells that are responsible for the early response against

tumors [54]. The fact that the observed reduction of NK cells following

PAK infection exacerbated the metastasis of cancer cells strongly

suggests that decreased NK cell number may be a major reason for

relapse in cancer patients. Interestingly, bacteria were rarely present in

the spleen or the lung at 48 h post infection (Fig. S4), suggesting that

they may be cleared by the systemic immune system. Thus,

augmentation of tumor metastasis in PAK-infected mice implies that

the initial induction of NK cell apoptosis by PAK may be sufficient to

cause impairment of host defense against bacterial infection in cancer

patients. Blood NK cells have been reported to play critical roles in

preventing tumor cell localization to the lung [54].

In summary, we have shown that PAK infection induced

metastasis of cancer cells in a tumor-bearing animal model and

that adoptive transfer of NK cells restored the tumor clearance

ability of the host. We further showed that PAK actively invaded

NK cells via PI3K activation and that phagocytosis of PAK by NK

cells induced mitochondria-mediated apoptosis via activation of

caspase-9, JNK, p38, and ROS generation, ultimately leading to

the elimination of NK cells.

Materials and Methods

Animals
6- to 8-week-old C57BL/6 mice were purchased from The

Jackson Laboratories (Bar Harbor, ME) and maintained under

specific pathogen-free conditions with standard temperature and

lighting. Mice were given food and water ad libitum. All studies were

approved by the institutional review board (KRIBB Institutional

animal care and use committee/KRIBB-IACUC, approval num-

ber: KRIBB-AEC-9027), and all procedures were performed in

accordance with institutional guidelines for animal care.

Cells
All cells were purchased from the American Type Culture

Collection (ATCC). NK92 (CRL-2407TM) cells were cultured in

a-Minimum Essential Medium (MEM) (GIBCO, 12561) supple-

mented with 20% fetal bovine serum (FBS) (Hyclone,

SH30396.03) and 10 ng/ml of IL-2 (PEPROTECH Asia, 200–

02). HeLa S3 (CCL-2.2TM) and B16-F10 (CRL-6475TM) cells

were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)

(GIBCO, 11995) containing 10% FBS.

Bacteria
PAK, PA14, and PA-phz1/2 were cultured in BactoTM Tryptic

Soy Broth (TSB) (BD Biosciences, 6292241), and TTS toxin-

deficient mutants of PAK, Exo A2 and Exo S2, were cultured in

TSB containing 200 mg/ml of streptomycin and spectromycin.

Exo T2 cells were cultured in TSB containing 200 mg/ml of

gentamicin. After incubation for 16–18 h at 37uC, bacteria were

harvested by centrifugation at 6000 rpm (26136g) for 15 min.

The bacteria were washed 3 times with phosphate buffered saline

(PBS) and used to infect cells in vivo via i.v. injection or in vitro.

Bacterial number were calculated by measuring the absorbance at

600 nm and absorbance of 0.5 AU represented 36108 cfu/ml.

Construction of GFP-expressing PAK
A plasmid with p519ngfp (ATCC 87453) was introduced into

PAK by electroporation using the Gene Pulser II (Bio-Rad,

Hercules, CA, USA) set at 2.5 kV, 25 mF, and 200 V in 0.2-cm

cuvettes, according to the manufacturer’s instructions. The

resulting clones were streaked onto TSB plates with kanamycin

(500 mg/ml), and colonies were selected using direct fluorescence.

Colonies were further amplified in kanamycin-supplemented

medium. Invasion ability and cytotoxicity of PAK-GFP were

verified by flow cytometry (Fig. S5).

Flow cytometric analysis of mouse spleen lymphocytes
Splenocytes were isolated from each mouse 24 h after tail vein

injection of PBS or PAK and the population of lymphocytes was

measured by flow cytometry. The antibodies used in these

experiments including NK1.1-PE (553165), CD3e-FITC

(553062), CD11b-PE (557397), Ly-6G/Ly6C-FITC (553126),

CD45R/B220-PE (553090), and CD19-FITC (553785), were

purchased from BD Biosciences.

Lactate dehydrogenase (LDH) release assay
NK92 cells were infected with PAK at various MOI

(multiplicity of infection) and supernatants were harvested after
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16–18 h to detect LDH release. NK92 cell death was determined

by measuring lactate dehydrogenase activity with the CytoTox 96

assay kit (Promega, Madison, WI).

Apoptosis assay
Pyocyanin (10009594) was purchased from Cayman Chemical

(Michigan, USA). For the flow cytometric assay, the Annexin V-

FITC Apoptosis Detection Kit I (556547) and Annexin V-PE

(556422) were purchased from BD Biosciences. For western blot

analyses of caspases, antibodies against caspase-8 (Calbiochem),

caspase-9 (Cell Signaling, Danvers, MA), and cleaved caspase-3

(Asp175) (Cell Signaling) were employed. FAS (B-10) (Santa Cruz

Biotechnology), (S)-(+)-camptothecin (C9911) and etoposide

(E1383) from Sigma–Aldrich (St. Louis, MO) were used as

positive controls for the induction of apoptosis.

Assessment of mitochondrial potential
To determine mitochondrial membrane potential, infected cells

were washed twice with 16PBS and incubated with 1 mg/ml of

the JC-1 stain (Molecular Probes-Invitrogen, T3168) for 30 min at

37uC. Cells were washed in PBS and subjected to flow cytometric

analysis. The red fluorescence of JC-1 aggregates represents the

intact mitochondrial membrane potential, whereas the green

fluorescence of JC-1 monomers is indicative of mitochondrial

depolarization.

Measurement of ROS
ROS production was analyzed by labeling cells with 20 mM

29,79-dichlorodihydrofluorescein diacetate (DCFDA) (Invitrogen,

C400) for 30 min at 37uC in the dark. Samples were examined by

fluorescence-activated cell sorter (FACS) analysis, and the results

were analyzed using CellQuest software (Becton Dickinson, San

Jose, CA).

Confocal fluorescence microscopy
Confocal fluorescence images were obtained using a Zeiss

LSM510NLO confocal scan head mounted on a Zeiss Axiovert

200 M inverted microscope with a 636 objective. Sequential

excitation at 488 nm and 543 nm were produced by argon and

helium-neon gas lasers, respectively. The emission filters BP500–

550 and LP560 were used to collect green and red in channels one

and two, respectively. After sequential excitation, green and red

fluorescence images of the same cell were acquired using Laser

Sharp software. Images were analyzed using Zeiss software. For

the autophagy assay, cells were fixed and washed with the BD

Cytofix/CytopermTM Fixation/Permeabilization Kit (BD Biosci-

ences, 554714) and blocked in 2% BSA/PBS for 30 min. After

incubation with anti-LC3 antibody (MBL, PM036) and anti-

LAMP1 antibody (SANTA CRUZ, sc-18821) for 3 h at 4uC, cells

were washed three times and incubated in fluorescein-anti-rabbit

IgG (VECTOR, FI-1000), and PE-anti-Mouse IgG1 (BD

Bioscience, 550083) antibodies for 1 hr at 4uC to visualize LC3

and LAMP1, respectively. Cells were washed three times

counterstained with DAPI (VECTOR, H-1500), and imaged with

a confocal fluorescence microscope.

Transmission electron microscopy (TEM)
TEM was carried out to further visualize the intracellular

internalization of PAK. NK92 cells were infected with PAK at a

MOI of 500 for 8 h, and the cells were washed twice with cold

PBS, and fixed overnight in 2.5% glutaraldehyde. On the

following day, cells were rinsed three times with PBS and post-

fixed in 1% osmium tetroxide (OSO4) for 1 h. The cells were

dehydrated using increasing concentrations of ethanol (30%, 50%,

75%, 100%, 100%, 10 minutes each) and embedded in Polybed

812 epoxy resin (Polysciences). Sections (60 nm thick) were cut

and stained with 4% aqueous uranyl acetate for 15 min, followed

by lead citrate for 7 min. Samples were viewed by electron

microscopy.

Mitogen-activated protein (MAP) kinase signaling assay
For analysis of mitogen-activated protein (MAP) kinase

signaling pathways, phospho-specific antibodies against ERK1/

2, JNK/SAPK and p38 were used to detect expression in whole

cell lysates by western blotting. All antibodies were purchased from

Cell Signaling, inhibitors of MAP kinases were purchased from

Calbiochem.

PAK internalization assay
NK92 cells were infected at a MOI of 100 at 37uC for 3 h. Cells

were washed 3 times with PBS and incubated with experimental

medium containing gentamicin (200 mg/ml) for 1 h at 37uC to kill

extracellular bacteria. The cells were washed again with PBS and

lysed in 0.25% Triton X-100 for 10 min at room temperature.

The released intracellular bacteria were enumerated by plating on

Tryptic Soy Agar plates.

In vivo metastasis assay
PBS (50 ml) or various doses of PAK were injected into C57BL/6

mice via i.v. injection. At 2 days post-infection (DPI), B16-F10 cells in

the exponential growth phase were harvested and injected i.v. into the

mice. For the adoptive transfer experiments, 16106 NK cells in 50 ml

PBS were injected into the mice at 3 DPI. At 12 DPI, the mice were

sacrificed and the number of tumor cells in the lungs were enumerated.

Cytotoxicity assay
Splenocytes and NK92 cells were activated with IL-2 (20 ng/

ml) for 12 hrs and infected with live or heat-inactivated (80uC,

30 min) PAK. After 12 h, cells were treated with gentamicin

(200 mg/ml) for 1 h to remove extracellular bacteria. Following

this treatment, the cytotoxicities of splenocytes and NK92 cells

were assessed using 51Cr labeled YAC-1 and K562 cells as target

cells, respectively, at various effector/target ratios. After incuba-

tion, the plates were centrifuged, and 100 ml of the resulting

supernatant was removed. Radioactivity was measured using a c
scintillation counter. Cell activity was calculated as the percent

cytotoxicity, according to the following equation:

% cytotoxicity~ cpm experimental { cpm spontatneousð Þ=

cpm maximum { cpm spontaneousð Þ| 100

Spontaneous release of 51Cr was determined by incubation of

target cells in the absence of effector cells: maximum release was

determined by treatment with 1% Triton X-100.

Mouse survival assay
C57BL/6 mice were i.v.-inoculated with 36107 PAK. Two days

after infection, 16107 PFU herpes simplex virus type 1 (HSV-1) or

PBS were injected i.v. or i.p. Each group was composed of 6 mice:

the survival of the mice was scored 14 days after HSV-1 injection.

Colony formation assay
Spleen and lung were aseptically removed post-infection and

homogenized in 3 ml of cold PBS. Homogenates were plated on
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tryptic soy agar plates and incubated at 37uC for 24 h. Tissue

homogenates were obtained from a minimum of 3 mice.

Statistical analyses
All experiments were repeated at least three times. Results are

presented as means6standard deviation. A student’s t test was

used to compare means and p,0.05 was considered as significant.

Supporting Information

Figure S1 Effects of PAK on HeLa cell apoptosis. HeLa cells

were infected with normal or TTSS-defective mutant strains of

PAK at a MOI of 1021. After 18 h, apoptosis was evaluated by

flow cytometry using Annexin-V and propidium iodide (PI)

staining.

Found at: doi:10.1371/journal.ppat.1000561.s001 (0.46 MB TIF)

Figure S2 Pyocyanin induces NK cell apoptosis. (A) NK92 cells

were infected at various MOIs with PAK, PA14, or PA14-phZ1/2

(pyocyanin-deficient mutant of PA14) for 20 h. Camptothecin-

treated cells served as a positive control. (B) NK92 cells were

treated with pyocyanin for 20 h, and apoptosis was analyzed by

flow cytometry. (C) 56103 CFU bacteria were cultured in 60788

King Agar A plates for 24 h, and secretion of pyocyanin was

monitored.

Found at: doi:10.1371/journal.ppat.1000561.s002 (0.99 MB TIF)

Figure S3 Effects of PAK on NK cell autophagy. NK92 cells

were infected with WT or heat-inactivated PAK (MOI 10). At

16 h, the cells were washed with PBS and subjected to

fluorescence microscopy. Cells were stained with LC3 and

LAMP-1 antibodies as described in Materials and Methods.

Rapamycin (1 mg/ml) served as a positive control. These data are

representative of at least three individual experiments.

Found at: doi:10.1371/journal.ppat.1000561.s003 (1.50 MB TIF)

Figure S4 Colony formation by PAK in vivo. Colony forming

units (CFU) were determined by plating organ homogenates of

infected mice. Plates were incubated for 24 h to determine the

number of viable bacteria. Values represent means6SD. Data are

representative of three individual experiments (n = 5).

Found at: doi:10.1371/journal.ppat.1000561.s004 (0.44 MB TIF)

Figure S5 Invasion of PAK into NK cells and NK cell apoptosis.

NK92 cells were infected with PAK-GFP at the indicated MOI. At

12 h post-infection, apoptosis (A) and invasion (B) were analyzed

with flow cytometry using Annexin V-PE and direct green

fluorescence, respectively.

Found at: doi:10.1371/journal.ppat.1000561.s005 (0.47 MB TIF)

Author Contributions

Conceived and designed the experiments: IC. Performed the experiments:

JWC ZHP SRY MSK MJ JCK. Analyzed the data: JWC ZHP SHL JKM

JWK YHC JKA KEK IC. Contributed reagents/materials/analysis tools:

SHL YHC JKA. Wrote the paper: JWC ZHP IC.

References

1. Hakki M, Limaye AP, Kim HW, Kirby KA, Corey L, et al. (2007) Invasive
Pseudomonas aeruginosa infections: high rate of recurrence and mortality after

hematopoietic cell transplantation. Bone Marrow Transplant 39: 687–693.

2. Yuen KY, Woo PC, Hui CH, Luk WK, Chen FE, et al. (1998) Unique risk

factors for bacteraemia in allogeneic bone marrow transplant recipients before

and after engraftment. Bone Marrow Transplant 21: 1137–1143.

3. Collin BA, Leather HL, Wingard JR, Ramphal R (2001) Evolution, incidence,

and susceptibility of bacterial bloodstream isolates from 519 bone marrow

transplant patients. Clin Infect Dis 33: 947–953.

4. Rossolini GM, Mantengoli E (2005) Treatment and control of severe infections

caused by multiresistant Pseudomonas aeruginosa. Clin Microbiol Infect 11
Suppl 4: 17–32.

5. Obritsch MD, Fish DN, MacLaren R, Jung R (2005) Nosocomial infections due

to multidrug-resistant Pseudomonas aeruginosa: epidemiology and treatment
options. Pharmacotherapy 25: 1353–1364.

6. Cachia PJ, Hodges RS (2003) Synthetic peptide vaccine and antibody

therapeutic development: prevention and treatment of Pseudomonas aeruginosa.
Biopolymers 71: 141–168.

7. Krcmery V, Koprnova J, Gogova M, Grey E, Korcova J (2006) Pseudomonas
aeruginosa bacteraemia in cancer patients. J Infect 52: 461–463.

8. Pedersen BK, Kharazmi A (1987) Inhibition of human natural killer cell activity by

Pseudomonas aeruginosa alkaline protease and elastase. Infect Immun 55: 986–989.

9. Shaver CM, Hauser AR (2004) Relative contributions of Pseudomonas

aeruginosa ExoU, ExoS, and ExoT to virulence in the lung. Infect Immun

72: 6969–6977.

10. Jenkins CE, Swiatoniowski A, Issekutz AC, Lin TJ (2004) Pseudomonas

aeruginosa exotoxin A induces human mast cell apoptosis by a caspase-8 and -3-
dependent mechanism. J Biol Chem 279: 37201–37207.

11. Worgall S, Martushova K, Busch A, Lande L, Crystal RG (2002) Apoptosis

induced by Pseudomonas aeruginosa in antigen presenting cells is diminished by
genetic modification with CD40 ligand. Pediatr Res 52: 636–644.

12. Zhang Y, Li X, Carpinteiro A, Gulbins E (2008) Acid sphingomyelinase

amplifies redox signaling in Pseudomonas aeruginosa-induced macrophage
apoptosis. J Immunol 181: 4247–4254.

13. Allen L, Dockrell DH, Pattery T, Lee DG, Cornelis P, et al. (2005) Pyocyanin

production by Pseudomonas aeruginosa induces neutrophil apoptosis and
impairs neutrophil-mediated host defenses in vivo. J Immunol 174: 3643–3649.

14. Grassme H, Kirschnek S, Riethmueller J, Riehle A, von Kurthy G, et al. (2000)
CD95/CD95 ligand interactions on epithelial cells in host defense to

Pseudomonas aeruginosa. Science 290: 527–530.

15. Hotchkiss RS, Dunne WM, Swanson PE, Davis CG, Tinsley KW, et al. (2001)
Role of apoptosis in Pseudomonas aeruginosa pneumonia. Science 294: 1783.

16. Freud AG, Caligiuri MA (2006) Human natural killer cell development.

Immunol Rev 214: 56–72.

17. Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S (2008) Functions of
natural killer cells. Nat Immunol 9: 503–510.

18. Lodoen MB, Lanier LL (2006) Natural killer cells as an initial defense against
pathogens. Curr Opin Immunol 18: 391–398.

19. Lighvani S, Huang X, Trivedi PP, Swanborg RH, Hazlett LD (2005) Substance

P regulates natural killer cell interferon-gamma production and resistance to
Pseudomonas aeruginosa infection. Eur J Immunol 35: 1567–1575.

20. Newton DW Jr, Runnels HA, Kearns RJ (1992) Enhanced splenic bacterial

clearance and neutrophilia in anti-NK1.1-treated mice infected with Pseudo-
monas aeruginosa. Nat Immun 11: 335–344.

21. Wesselkamper SC, Eppert BL, Motz GT, Lau GW, Hassett DJ, et al. (2008)

NKG2D is critical for NK cell activation in host defense against Pseudomonas
aeruginosa respiratory infection. J Immunol 181: 5481–5489.

22. Chatzinikolaou I, Abi-Said D, Bodey GP, Rolston KV, Tarrand JJ, et al. (2000)
Recent experience with Pseudomonas aeruginosa bacteremia in patients with

cancer: Retrospective analysis of 245 episodes. Arch Intern Med 160: 501–509.

23. Zhang J, Takayama H, Matsuba T, Jiang R, Tanaka Y (2003) Induction of
apoptosis in macrophage cell line, J774, by the cell-free supernatant from

Pseudomonas aeruginosa. Microbiol Immunol 47: 199–206.

24. Habu S, Akamatsu K, Tamaoki N, Okumura K (1984) In vivo significance of
NK cell on resistance against virus (HSV-1) infections in mice. J Immunol 133:

2743–2747.

25. Opferman JT, Korsmeyer SJ (2003) Apoptosis in the development and

maintenance of the immune system. Nat Immunol 4: 410–415.

26. Jia J, Wang Y, Zhou L, Jin S (2006) Expression of Pseudomonas aeruginosa
toxin ExoS effectively induces apoptosis in host cells. Infect Immun 74:

6557–6570.

27. Shafikhani SH, Morales C, Engel J (2008) The Pseudomonas aeruginosa type III
secreted toxin ExoT is necessary and sufficient to induce apoptosis in epithelial

cells. Cell Microbiol 10: 994–1007.

28. Sutterwala FS, Mijares LA, Li L, Ogura Y, Kazmierczak BI, et al. (2007)

Immune recognition of Pseudomonas aeruginosa mediated by the IPAF/

NLRC4 inflammasome. J Exp Med 204: 3235–3245.

29. Brutinel ED, Vakulskas CA, Brady KM, Yahr TL (2008) Characterization of

ExsA and of ExsA-dependent promoters required for expression of the

Pseudomonas aeruginosa type III secretion system. Mol Microbiol 68: 657–671.

30. Usher LR, Lawson RA, Geary I, Taylor CJ, Bingle CD, et al. (2002) Induction

of neutrophil apoptosis by the Pseudomonas aeruginosa exotoxin pyocyanin: a
potential mechanism of persistent infection. J Immunol 168: 1861–1868.

31. Rada B, Lekstrom K, Damian S, Dupuy C, Leto TL (2008) The Pseudomonas

toxin pyocyanin inhibits the dual oxidase-based antimicrobial system as it
imposes oxidative stress on airway epithelial cells. J Immunol 181: 4883–4893.

32. King EO, Ward MK, Raney DE (1954) Two simple media for the

demonstration of pyocyanin and fluorescin. J Lab Clin Med 44: 301–307.

PA-Induced Apoptosis of NK Cells

PLoS Pathogens | www.plospathogens.org 13 August 2009 | Volume 5 | Issue 8 | e1000561



33. Lepine F, Deziel E, Milot S, Rahme LG (2003) A stable isotope dilution assay for

the quantification of the Pseudomonas quinolone signal in Pseudomonas
aeruginosa cultures. Biochim Biophys Acta 1622: 36–41.

34. Colombo MI (2007) Autophagy: a pathogen driven process. IUBMB Life 59:

238–242.
35. Amano A, Nakagawa I, Yoshimori T (2006) Autophagy in innate immunity

against intracellular bacteria. J Biochem 140: 161–166.
36. Kierbel A, Gassama-Diagne A, Mostov K, Engel JN (2005) The phosphoino-

sitol-3-kinase-protein kinase B/Akt pathway is critical for Pseudomonas

aeruginosa strain PAK internalization. Mol Biol Cell 16: 2577–2585.
37. Johnson GL, Lapadat R (2002) Mitogen-activated protein kinase pathways

mediated by ERK, JNK, and p38 protein kinases. Science 298: 1911–1912.
38. DeLeo FR (2004) Modulation of phagocyte apoptosis by bacterial pathogens.

Apoptosis 9: 399–413.
39. Carrero JA, Unanue ER (2006) Lymphocyte apoptosis as an immune subversion

strategy of microbial pathogens. Trends Immunol 27: 497–503.

40. Efron PA, Tinsley K, Minnich DJ, Monterroso V, Wagner J, et al. (2004)
Increased lymphoid tissue apoptosis in baboons with bacteremic shock. Shock

21: 566–571.
41. Hotchkiss RS, Chang KC, Swanson PE, Tinsley KW, Hui JJ, et al. (2000)

Caspase inhibitors improve survival in sepsis: a critical role of the lymphocyte.

Nat Immunol 1: 496–501.
42. Rathmell JC, Thompson CB (2002) Pathways of apoptosis in lymphocyte

development, homeostasis, and disease. Cell 109 Suppl: S97–107.
43. Worgall S, Kikuchi T, Singh R, Martushova K, Lande L, et al. (2001) Protection

against pulmonary infection with Pseudomonas aeruginosa following immuni-
zation with P. aeruginosa-pulsed dendritic cells. Infect Immun 69: 4521–4527.

44. Nieuwenhuis EE, Matsumoto T, Exley M, Schleipman RA, Glickman J, et al.

(2002) CD1d-dependent macrophage-mediated clearance of Pseudomonas
aeruginosa from lung. Nat Med 8: 588–593.

45. McClellan SA, Huang X, Barrett RP, van Rooijen N, Hazlett LD (2003)

Macrophages restrict Pseudomonas aeruginosa growth, regulate polymorpho-

nuclear neutrophil influx, and balance pro- and anti-inflammatory cytokines in

BALB/c mice. J Immunol 170: 5219–5227.

46. Dockrell DH, Whyte MK (2006) Regulation of phagocyte lifespan in the lung

during bacterial infection. J Leukoc Biol 79: 904–908.

47. Borchers MT, Harris NL, Wesselkamper SC, Zhang S, Chen Y, et al. (2006)

The NKG2D-activating receptor mediates pulmonary clearance of Pseudomo-

nas aeruginosa. Infect Immun 74: 2578–2586.

48. Zhang B, Hirahashi J, Cullere X, Mayadas TN (2003) Elucidation of molecular

events leading to neutrophil apoptosis following phagocytosis: cross-talk between

caspase 8, reactive oxygen species, and MAPK/ERK activation. J Biol Chem

278: 28443–28454.

49. Fettucciari K, Fetriconi I, Bartoli A, Rossi R, Marconi P (2003) Involvement of

mitogen-activated protein kinases in Group B Streptococcus-induced macro-

phage apoptosis. Pharmacol Res 47: 355–362.

50. Persson YA, Blomgran-Julinder R, Rahman S, Zheng L, Stendahl O (2008)

Mycobacterium tuberculosis-induced apoptotic neutrophils trigger a pro-

inflammatory response in macrophages through release of heat shock protein

72, acting in synergy with the bacteria. Microbes Infect 10: 233–240.

51. Haimovich B, Venkatesan MM (2006) Shigella and Salmonella: death as a

means of survival. Microbes Infect 8: 568–577.

52. Voyich JM, DeLeo FR (2002) Host-pathogen interactions: leukocyte phagocy-

tosis and associated sequelae. Methods Cell Sci 24: 79–90.

53. Wu J, Lanier LL (2003) Natural killer cells and cancer. Adv Cancer Res 90:

127–156.

54. Grundy MA, Zhang T, Sentman CL (2007) NK cells rapidly remove B16F10

tumor cells in a perforin and interferon-gamma independent manner in vivo.

Cancer Immunol Immunother 56: 1153–1161.

PA-Induced Apoptosis of NK Cells

PLoS Pathogens | www.plospathogens.org 14 August 2009 | Volume 5 | Issue 8 | e1000561


