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Objectives: Pseudomonas aeruginosa infection is a clinically rel-
evant infection involved in pneumonia in ICUs. Understanding the 
type of immune response initiated by the host during pneumonia 
would help defining new strategies to interfere with the bacteria 
pathogenicity. In this setting, the role of natural killer cells remains 
controversial. We assessed the role of systemic natural killer cells 
in a Pseudomonas aeruginosa mouse pneumonia model.
Design: Experimental study.
Setting: Research laboratory from a university hospital.
Subjects: RjOrl:SWISS and BALB/cJ mice (weight, 20–24 g).
Interventions: Lung injuries were assessed by bacterial load, myelo-
peroxidase activity, endothelial permeability (pulmonary edema), 
immune cell infiltrate (histological analysis), proinflammatory cyto-
kine release, and Ly6-G immunohistochemistry. Bacterial loads 
were assessed in the lungs and spleen. Natural killer cell number 
and status were assessed in spleen (flow cytometry and quantita-
tive polymerase chain reaction). Depletion of natural killer cells was 
achieved through an IV anti-asialo-GM1 antibody injection.

Measurements and Main Results: Pseudomonas aeruginosa tra-
cheal instillation led to an acute pneumonia with a rapid decrease 
of bacterial load in lungs and with an increase of endothelial per-
meability, proinflammatory cytokines (tumor necrosis factor-α and 
interleukin-1β), and myeloperoxidase activity followed by Ly6-G 
positive cell infiltrate in lungs. Pseudomonas aeruginosa was 
detected in the spleen. Membrane markers of activation and matu-
ration (CD69 and KLRG1 molecules) were increased in splenic 
natural killer cells during Pseudomonas aeruginosa infection. 
Splenic natural killer cells activated upon Pseudomonas aerugi-
nosa infection produced interferon-γ but not interleukin-10. Ulti-
mately, mice depleted of natural killer cells displayed an increased 
neutrophil numbers in the lungs and an increased mortality rate 
without bacterial load modifications in the lungs, indicating that 
mice depleted of natural killer cells were much more susceptible 
to infection compared with control animals.
Conclusions: We report for the first time that natural killer cells 
play a major role in the mice susceptibility toward a Pseudomonas 
aeruginosa–induced acute pneumonia model. (Crit Care Med 
2014; 42:e441–e450)
Key Words: host immune response; natural killer cells; neutrophils; 
Pneumonia; Pseudomonas aeruginosa

P seudomonas aeruginosa (PA) infection is a clinically 
relevant infection involved in pneumonia in ICUs 
(1). During infection, PA induces immune responses 

from the host and interacts with different cell types involved 
in innate immune function, such as neutrophils and natural 
killer (NK) cells (2). NK cells can be divided in different sub-
sets in which CD11b is a major marker. CD11b

pos
 NK cells 

produce interferon (INF)-γ and exhibit increased cytotox-
icity activities (3, 4). Upon priming by several factors, NK 
cells are able to increase the maturation of dendritic cells 
(DCs) and macrophages through their INF-γ production (4). 
NK cells also produce anti-inflammatory cytokines such as 
IL-10, playing a role in a negative feedback loop to modulate 
immune cells (5, 6).
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NK cells involvement had already been described in differ-
ent PA infection models. In vitro, Chung et al (7) demonstrated 
the ability of PA to invade and induce NK92 cells apoptosis 
through caspase 3 and 9 pathways. In a model of corneal infec-
tion in BALB/cJ mice, the PA strain 19660 activated NK cells 
leading to the production of INF-γ locally, depletion of NK 
cells by anti-GM1 antibody treatment worsens corneal infec-
tion (8). Wesselkamper et al (9), in an intranasal PA murine 
infection model, showed a recruitment of NK cells, in infected 
lungs, along with a production of INF-γ. NK cells were studied 
at the site of infection, but few data are available regarding NK 
cells in systemic compartment. Given the regulatory functions 
of these cells, this information may provide new insight regard-
ing the immune dysfunction associated with PA infection.

To investigate the role of NK cells in fighting against PA, we 
performed a mouse model of PA pneumonia and examined the 
number and functions of splenic NK cells. We also evaluated the 
effect of depletion of NK cells for mice susceptibility against the 
infection and its impact on neutrophil recruitment in the lungs.

MATERIALS AND METHODS

Animal Care and Bacterial Strain
Six-week-old pathogen-free RjOrl:SWISS mice and BALB/cJ 
mice (weight, 20–24 g) were purchased from Janvier Labora-
tories (Le Genest Saint Isle, France). Mice were maintained on 
a 12-hour light/dark cycle with access to food and water ad 
libitum. Animals were treated in accordance with institutional 
policies and the guidelines stipulated by the animal welfare 
committee. The Committee of Animal Ethics of the University 
of Nantes approved all animal experimentation in this study. 
PA strain PAO1 was grown overnight in Brain Heart Infusion 
medium at 37°C under agitation. Immediately before use, the 
bacterial pellet (centrifuged at 1,000g for 10 min) was washed 
twice using 0.9% NaCl. After the second wash, the pellet was 
resuspended in sterile saline buffer and the inoculum was cali-
brated by nephelometry (108 colony-forming unit [CFU]/mL).

Pneumonia Model
Pneumonia was induced as previously described (10). Briefly, 
mice were anesthetized with sevoflurane (Abbott, Chicago, IL) 
and placed in dorsal recumbency. Transtracheal insertion of a 
24-gauge feeding needle was used to inject 75 μL of a bacterial 
suspension adjusted to 108 CFU/mL (7.5 × 106 CFU/mouse). 
For survival experiments, mice were monitored twice per day 
up to 7 days. In other experiments, the duration of the infec-
tion is stated in the figures. Same anesthesia procedure and 
treatment with 75 μL of saline buffer was applied to control 
mice later referred as “sham mice.”

Bacteriological Assessment of Lung and Evaluation 
of Systemic Dissemination
Lungs and spleen were removed, weighed, and homogenized in 
1 mL of saline buffer (Mixer Mill MM 400, Retsch, Newtown, 
PA) and used for quantitative cultures on Mueller-Hilton agar 
for 24 hours at 37°C. Serial dilutions were performed and 

cultured at 37°C. Viable counts, after 24 hours of incubation, 
were expressed as the mean ± sd log

10
 CFU per gram of organ.

Histological Analysis
At 0, 24, 48, or 72 hours of infection, groups of three mice were 
euthanized and both lungs were removed and immediately 
placed in 4% formalin. Formalin-fixed tissues were processed, 
stained with hematoxylin and eosin, and then analyzed by 
microscopy (four fields per sample).

Myeloperoxidase Activity
Myeloperoxidase (MPO) is a marker enzyme for polymorpho-
nuclear granulocytes, and measurement of MPO activity is an 
easy and appropriate method to assess neutrophil accumula-
tion in lung tissue (11). MPO assay was performed as previ-
ously described (12). Supernatant MPO activity (arbitrary 
unit, A.U.) was normalized to lung weight (MPO A.U./gram 
of lung).

Lung Endothelial Permeability
The determination of the lung endothelial permeability was 
performed as previously described by Boutoille et al (13).

Preparation of Lung Homogenate for  
 Enzyme-Linked Immunosorbent Assay and 
Determination of Cytokine Levels
Immediately after removal, weighed lung samples were mechan-
ically homogenized in cold lysis buffer (1×  phosphate-buffered 
saline [PBS, pH 7.4], 0.1% Triton X-100) containing 1 mM 
protease inhibitor cocktail (Sigma, St Louis, MO). Tumor 
necrosis factor (TNF)-α, interleukin (IL)-1β, and INF-γ 
concentrations in lung homogenates were quantified with 
enzyme-linked immunosorbent assay kits according to manu-
facturer’s instructions (eBioscience, San Diego, CA). Protein 
concentration in each sample was determined using the BCA 
protein assay kit (Pierce, Rockford, IL).

Spleen Cell Suspension
Spleens were minced and digested in 2 mg/mL collagenase D 
(Roche Diagnostics, Meylan, France) in Roswell Park Memo-
rial Institute 1640 supplemented with 1% fetal calf serum for 
25 minutes at 37°C. EDTA (10 mM) was added for the last 5 
minutes of digestion. The cell suspension was then filtered 
through a 70-μm filter and washed with PBS (centrifuged 
at 300g for 10 min). RBCs were removed by a Ficoll gradient 
centrifugation (1,200g, 20 min at room temperature). Splenic 
white cells were recovered and washed in PBS (300g, 10 min).

NK Cells Phenotypic Analysis
Monoclonal antibodies used for cytometry were obtained from 
eBioscience: anti-CD3-PE (17A2), anti-CD49b-FITC (DX5), 
anti-CD69-APC (H1.2F3), anti-CD122-PerCP-eFluor710 
(TM-b1), anti-INF-γ-APC (XMG1.2), anti-killer cell  lectin-like 
receptor G1 (KLRG1)-APC (2F1).

For Fluorescence Activated Cell Sorting analysis, splenic 
NK cells were characterized as CD3

neg
 CD49b

pos
 CD122

pos 
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cells using a LSR II cytometer (Benton Dickinson, Le Pont de 
Claix, France) (Supplemental Fig. S1, Supplemental Digital 
Content 1, http://links.lww.com/CCM/A881). NK cells acti-
vation and maturation status were assessed using the surface 
markers CD69 and KLRG1, respectively. A total of 2 × 104 cells 
per condition were analyzed. For INF-γ intracellular staining 
(ICS), NK cells isolated by magnetic beads were treated with 
Brefeldin A for 4 hours and then processed for ICS staining.

Real-Time Quantitative Polymerase Chain Reaction
NK cell isolation kit II (Miltenyi Biotec, Paris, France) was used 
according to manufacturer’s instructions for untouched NK 
cells selection. These procedures routinely yielded cell popula-
tions with purity up to 90%. Real-time polymerase chain reac-
tion protocol was already described (14). INF-γ (NM_008337) 
and GAPDH (NM_008084) sequence primers were already 
described (14). Mice primer sequences for IL-10 (NM_010548) 
were designed using “Primer-BLAST” primer design software 
on the National Center for Biotechnology Information web-
site. IL-10-fwd:  5′-TGGCATGAGGATCAGCAGGG-3′; IL-
10-rev: 5′-GGCAGTCCGCAGCTCTAGG-3′; GAPDH was 
used to normalize gene expression. Relative gene expression 
was calculated by the 2–ΔΔ Ct method using samples from the 
sham group as calibrator samples.

In Vivo Depletion of NK Cells
For depletion of NK cells, mice were given an IV injec-
tion of anti-asialo GM1 antibody (25 μL/mouse, Wako Pure 
Chemicals, Osaka, Japan) 24 hours before PA administration 
or its relative isotype control. NK cell depletion efficiency 
was assessed by FACS analysis by determining the percent of 
NKp46 (clone 29A1.4., eBioscience)-positive cells (NK cells) at 
24 hpi in bronchoalveolar fluid.

Bronchoalveolar Fluid
Euthanized mice were put in dorsal recumbency and trachea 
was exposed. A 22-gauge catheter was inserted into the trachea 
and lungs were washed three times with 1 mL of cold 0.9% 
NaCl. Bronchoalveolar fluid (BALF) were centrifuged and 

resuspended in PBS and then incubated with an  anti-NKp46-PE 
conjugated antibody and subjected to FACS analysis.

Ly6-G Immunohistochemistry
Formalin-fixed tissue from mice infected 24 hours and treated 
with the anti-GM1 antibody or the corresponding isotype control 
was subjected to Ly6-G immunohistochemistry (IHC) (Clone 
RB6-8C5, Genetex, Irvine, CA) following manufacturer’s instruc-
tions. IHC slides were analyzed using Image J software (http://
www.fiji.sc) (three mice per condition; four fields per slide).

Statistical Analysis
GraphPad prism software (La Jolla, CA) was used for statistical 
analysis. Continuous nonparametric variables were expressed 
as median (25–75th percentile). The Kruskal-Wallis test was 
used for comparisons of multiple groups. Dunn’s multiple 
comparison test was used as post hoc test for intergroup com-
parisons. Survival curves were compared with a log-rank test. 
A p value of less than 0.05 was considered to be statistically 
significant.

RESULTS

PA-Induced Mortality
The highest inoculum of PA (7.5 × 107 CFU/mouse) induced 
a dramatic and fast animal death as 100% mortality was 
observed at 24 hours (Fig. 1A). By contrast, 10-fold diluted 
PA dose (7.5 × 106 CFU/mouse) generated minor animal death 
(10% at 48 hr) with no mortality observed beyond this time 
point. In parallel, mice pneumonia with 7.5 × 106 CFU/mouse 
induced a significant weight body decrease at 24 and 48 hours 
followed by a weight recovery (Fig. 1B) compared to the sham 
group. Based on these results, pneumonia was induced with 
7.5 × 106 CFU/mouse for all experiments described below.

PA Pneumonia–Induced Lung Edema and  
Transient Inflammation
Histological analysis of lungs of mice infected 24, 48, and 
72 hours (Fig. 2A) showed an alveolar layer thickening and 
immune cell infiltrates compared to lung of sham mice display-

ing thin-walled air spaces with a 
single pneumocyte layer. Along 
with lung tissue thickening, 
PA also significantly enhanced 
lung weight increase during 
pneumonia (Fig. 2B) and a sig-
nificant increase of lung endo-
thelial permeability (Fig. 2C). 
In parallel to the apparition of 
a lung edema and the observa-
tion of recruitment of immune 
cells, PA-induced pneumonia 
led to the production of inflam-
matory cytokines in lung of 
infected mice. MPO activity 
(reflecting neutrophil activity) 

Figure 1. Evaluation of clinical outcomes. A, Survival curves of Swiss mice infected with either 7.5 × 106 
CFU/ mouse (solid line) or 7.5 × 107 (dashed line) of Pseudomonas aeruginosa inoculums. Survival rates are 
expressed as percentage and are representative of two independent experiments (n = 10 per group). B, Time 
course evaluation of body weight change during infection with 7.5 × 106 CFU/ mouse (dashed line) compared 
with sham group (solid line). Data are representative of two independent experiments (n = 8 per group).

http://links.lww.com/CCM/A881
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was rapidly increased in lungs starting 4 hours of infection and 
with a maximum intensity at 6 hours (Fig. 2D). Proinflamma-
tory cytokines TNF-α and IL-1β are a good marker of systemic 
inflammatory response syndrome (15). These cytokines were 
also dramatically increased with a production of TNF-α of 1.5 
pg/mg (1.4–2.3 pg/mg) in the control group up to 1,860 pg/mg 
(1,414–2,388 pg/mg) after 4 hours of infection (Fig. 2E) and 
IL-1β from 2.1 pg/mg (1.6–4.3 pg/mg) in the control group up 
to 419 pg/mg (277–587 pg/mg) after 6 hours of infection (Fig. 
2F) showing the establishment of a transient but significant 
lung inflammatory response.

PA-Induced Pneumonia Led to Systemic 
Dissemination
Intratracheal PA instillation in mice led to an acute pneumonia. 
PA load rapidly decreased after 24 hours of infection and was 
still detectable at 72 hours (Fig. 3A). Meanwhile, PA-induced 
pneumonia spread to the blood as PA bacteria were detected 
in all spleens of infected mice at 6 hours (Fig. 3B). Spleen 

bacterial load showed PA clearance with almost no more sys-
temic dissemination at 72 hours (1 mouse out of 9 total).

PA-Induced Pneumonia Led to Splenic NK Cells 
Activation and Maturation
As a PA systemic dissemination was observed and as direct 
interaction between PA and NK cells had been reported (7), 
splenic NK cells involvement during PA-induced acute pneu-
monia was assessed by flow cytometry and activation and 
maturation status were assessed (for NK cell gating strategy 
information, see Supplemental Fig. S1, Supplemental Digi-
tal Content 1, http://links.lww.com/CCM/A881). Following 
PA infection, a decrease of NK cell numbers in the spleen of 
infected mice is observed starting 24 hours of infection and 
maintained up to 72 hours (Fig. 4A) (p < 0.01). Concomi-
tant to the decrease of NK cells in the spleen of infected mice, 
increase of CD69 expression (cell activation maker) is observed 
in NK cells by flow cytometry at 24 hours compared to sham 
group (Fig. 4B) (p < 0.001). This activation is maintained at all 

Figure 2. Pseudomonas aeruginosa (PA) infection induces pulmonary edema and acute inflammatory response in infected lungs. A, Lung histological 
analysis from sham Swiss mice or PA infected mice at 24, 48, and 72 hr of infection. Magnification ×100 (bar = 100 μm). B, Lung weight evaluation during 
PA infection. C, Vascular permeability assessed by measuring albumin-fluorescein isothiocyanate [FITC] in lung homogenates of infected mice. D, Neutrophil 
accumulation assessed by myeloperoxidase (MPO) activity. Tumor necrosis factor (TNF)-α (E) and interleukin (IL)-1β (F) concentrations assessed by 
enzyme-linked immunosorbent assay in lung homogenates of infected Swiss mice. Boxes represent median (interquartile range). Data are representative of 
two independent experiments. n = 3 per group for histology (A). n = 8–10 per group (B–F). *p < 0.05, **p < 0.01, and ***p < 0.001 compared to sham group.

http://links.lww.com/CCM/A881
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the time points assessed and even enhanced at 72 hours (&p 
< 0.05 compared to 24 hr and 48 hr groups). Additionally to 
their activation, splenic NK cells are shown to initiate their 
maturation processes after PA pneumonia. The percent of NK 
cells expressing the maturation marker KLRG1 is significantly 
increased following PA infection compared to the sham group 
starting 48 hours (Fig. 4C) (**p < 0.01). This maturation pro-
cess is maintained during PA infection as the percent of KLRG-
1

pos
 NK cells is significantly increased at 48 hours and 72 hours 

compared to 24 hours group (&p < 0.05). Thus, PA-induced 
systemic dissemination significantly enhanced the mean fluo-
rescence intensity expression of KLRG1 in KLRG1

pos
 cells (Fig. 

4D), increase even enhanced at 72 hours compared to 24 and 
48 hours group (&p < 0.05).

Splenic NK Cells Activated Upon PA Infection 
Produced INF-γ But Not IL-10
During systemic infection, activated and matured NK cells 
are known to induce either a proinflammatory response 
(INF-γ production) or an anti-inflammatory response (IL-
10  production) (6). At 24 hours after PA infection, a 7.3 
(4.6–17.3) INF-γ messenger RNA (mRNA) transcript levels 
transient increase is observed in splenic NK cells compared 
to the sham group (Fig. 5A) (p < 0.01), increase not found 
in contrast for IL-10 transcripts under the same conditions 
(Fig. 5B). CD11b is commonly used to define NK cell subsets. 
CD11b

pos
 NK cells are described to be more prone to produce 

INF-γ and to exhibit cytotoxic activities (3). Both NK cell sub-
sets based on their CD11b expression are found in the spleen 
of Swiss mice in equal proportion in the sham and infected 
(24 hr) groups (Supplemental Fig. S2, Supplemental Digital 
Content 2, http://links.lww.com/CCM/A882). INF-γ cytokines 
was detected in both CD11b

neg
 and CD11b

pos
 populations at 24 

hours of infection (Fig. 5C). Percent of INF-γ producing cells 
increased from 0.27 ± 0.21 to 3.23 ± 1.36 in CD11b

neg
 NK cells 

and from 0.3 ± 0.1 to 2.17 ± 1.61 in CD11b
pos

 NK cells after 24 
hours of infection (Fig. 5D).

In Vivo Depletion of NK 
Cells Worsens PA-Induced 
Mortality in Mice
To assess whether the activation 
of splenic NK cells reflect a sig-
nificant role during PA infection, 
mice were depleted in their NK 
cells 24 hours before infection by 
an IV injection of an anti-asialo 
GM1 antibody (16, 17). This treat-
ment led to a two-third decrease 
of NK cells percentage in spleen 
up to 48 hours after injection 
(data not shown) and a complete 
absence of NK cells in bronchoal-
veolar liquid fluid of injected 
mice at 24 hours (Supplemental 
Fig S3A, p < 0.01). Depletion of 
NK cells worsens mice mortal-

ity during infection with a 55% mice survival rate in the NK 
cells depleted group at 72 hours compared to the untreated 
group (84% survival) (Fig. 6A) (p < 0.05). The hazard ratio 
for survival in the treated animal group versus the untreated 
group was 0.28 (95% CI, 0.09–0.91; p = 0.0337). Enhanced 
mice susceptibility is not correlated to bacterial overgrowth as 
depletion of NK cells did not modify the bacterial load in mice 
neither in the lungs nor in the spleen (Fig. 6B). Lung edema 
was not different in mice depleted in NK cells compared to iso-
type group as no differences were found in lung histology or 
lung weight increases between groups (Supplemental Fig. S3B 
and C, Supplemental Digital Content 3, http://links.lww.com/
CCM/A883). However, although TNF-α cytokine production 
was not altered in both groups, IL-1β levels were significantly 
higher in NK cell–depleted mice 6 hours after infection com-
pared to the isotype group (Fig. 6C) (p < 0.05). Then, lung 
INF-γ levels were dramatically reduced in NK cell–depleted 
mice 24 hours after bacteria challenge compared to the isotype-
treated group (Fig. 6C) (p < 0.05). Interestingly, in lungs of 
24-hour infected mice, depletion of NK cells led to an increase 
of Ly6-G labeling in IHC compared with the isotype-treated 
group, suggesting a neutrophil influx (Fig. 6D). Ly6-G labeling 
quantification using Fiji software (http://www.fiji.sc) showed 
that depletion of NK cells led to a significantly increased Ly6-G 
percent area in the lungs of infected mice compared to mice 
treated with the isotype control antibody (Fig. 6E) (p < 0.05).

DISCUSSION
We demonstrated a beneficial role of NK cells during PA infec-
tion as in vivo depletion of NK cells led to an increase of mor-
tality rate along with an increase of neutrophil recruitment in 
the lungs of treated animals. This is, to the best of our knowl-
edge, the first description of systemic NK cells activation in a 
mouse PA pneumonia model. Previous studies restrained the 
involvement of NK cells locally in the site of the infection in 
different PA infection models (8, 9), but the role of systemic 
NK cells was not addressed.
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Figure 3. Bacteria load in lungs and spleen. Bacterial counts (expressed in log10 colony-forming unit [CFU]/
gram of organ) of infected Swiss mice at 6, 24, 48, and 72 hr of infection with 7.5 × 106 CFU/mouse in lungs 
(A) and spleen (B). Boxes represent median (interquartile range). Data are representative of two independent 
experiments (n = 9–10 per group). ***p < 0.001.
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This acute PA pneumonia model led to an increase of lung 
edema, acute inflammatory response, and cell infiltrate accu-
mulation. MPO experiments confirmed that the initial phase of 
bacterial pneumonia is characterized by  neutrophil-mediated 
inflammation (18). In vitro studies in human and murine 
models previously reported the effects of neutrophils on NK 
cells functions (19–23), but the role of NK cells on neutrophils 
was rarely addressed (24). In this setting, studies demonstrated 
that NK cells promote survival and activation of neutrophils 
(25, 26). Delayed apoptosis of neutrophils is important to 
eliminate pathogens, but the prolonged half-life of these cells 
might also lead to inflammatory host tissue damages. The link 
between NK cells and the neutrophils in the lungs remains to 
be elucidated. NK cells are known to elicit a regulatory role 
on different immune cell population by killing overstimulated 
macrophages or nonactivated DCs (4), and cross talks between 

NK cells, DCs, and neutrophils in infected tissues have been 
reviewed (27).

It has been reviewed that NK cells have the ability to dis-
play both beneficial and deleterious effects depending on the 
circumstances (28–32). INF-γ is the predominant cytokine 
produced by activated NK cells and is the key contributor to 
antibacterial immune defense. However, INF-γ may lead to del-
eterious effects similar to those observed during sepsis. In the 
current acute model, we observed a rapid but transient INF-γ 
production by activated NK cells. This phenomenon may be 
linked to the KLRG1 expression by these cells as Robbins et al 
(33) developed the concept of the inhibitory role played by this 
molecule in the NK cell activation. This KLRG1 engagement 
following NK cell activation would play as a negative feedback 
loop in order to avoid any prolonged INF-γ production as 
observed in our experiments.

Figure 4. Pseudomonas aeruginosa infection leads to the activation and maturation of splenic natural killer (NK) cells. A, Cellular counts of NK cells in spleen 
of BALB/cJ mice not infected or infected during 24, 48, or 72 hr. B, Mean fluorescence intensity (MFI) CD69 expression in NK cell. C, Percent of KLRG1pos 
NK cells. D, MFI KLRG1 expression in KLRG1pos NK cells. Boxes represent median (interquartile range). Data are representative of two independent 
experiments (n = 8 per group). *p < 0.05, **p < 0.01, and ***p < 0.001 compared to sham group. &p < 0.05 compared to 24 or 48 hr group as stated.



Online Laboratory Investigations

Critical Care Medicine www.ccmjournal.org e447

Interestingly, the number of NK cells was decreased after 
PA infection in our experiments. This observation is in line 
with a recent report showing that PA can kill NK cells through 
apoptosis induction (7). Severe infections in patients are 
associated with lymphopenia including circulating NK cells 
(34). Interestingly, the decrease in NK cells was more severe 
in patients with high mortality. The present model with sys-
temic dissemination mimics therefore the clinical scenario in 
terms of depletion of NK cells. Despite a decreased number 
in infected animals, NK cells were activated and displayed an 
increased maturation as compared with control. The activa-
tion of NK cells leads to the production of INF-γ, and studies 
indicate that NK cells are the main producers of  INF-γ dur-
ing infections (35). Nevertheless, an overproduction of INF-
γ might also lead to organ failure and death. The temporary 
increased production of INF-γ is probably beneficial in the 
current results. Indeed, an early release of INF-γ has already 
been demonstrated to be essential for fighting against Listeria 
monocytogenes infection (36). Along with these results, we 
found that the percent of NK cells recruited in granuloma 
response was significantly decreased in brain injured patients 
with a bacterial pneumonia during their ICU stay (37).

We reported a decrease of splenic NK cells number dur-
ing PA pneumonia that argued against NK cells recruitment 

to spleen in our model. NK cells may interact directly with PA 
in the spleen as bacteria are detected early during the infec-
tion and direct interaction between NK cells and PA has been 
already reported in vitro (7).

Splenic NK cells were recently shown to exhibit regu-
latory functions that dampen the inflammatory response 
during infection (5). Several studies have proposed an NK 
cell–derived INF-γ role in the neutrophil recruitment inhibi-
tion at the site of infection (38–40), which may explain the 
neutrophil increase in NK cell–depleted mice observed in our 
model. On the other hand, IL-10 is one of the main mediators 
of this NK cell suppressive function, but we did not observe 
any IL-10 mRNA production from isolated splenic NK cells. 
Our window of analysis might explain this absence as the start 
of IL-10 production by splenic NK cells has been observed 
on day 3 in a mouse model of Toxoplasma gondii infection 
(5) and day 14 in a mouse model of visceral leishmaniasis 
(41). Finally, we cannot exclude that NK cells exhibit protec-
tive regulatory functions independently from IL-10, notably 
through NK–DC interactions that regulate T cell-mediated 
immune response (42).

Some limitations should be underlined. We use an 
 anti-asialo-GM1 antibody approach to NK cell–depleted 
mice. This may be the source of an off-target cell depletion 

Figure 5. Splenic natural killer (NK) cells produce INF-γ but not interleukin (IL)-10 upon Pseudomonas aeruginosa infection. INF-γ (A) and IL-10 (B)  
messenger RNA (mRNA) expression profiles in isolated splenic NK cells from Swiss mice infected 24, 48, or 72 hr. **p < 0.01 compared to sham group. 
Data are representative of two independent experiments (n = 7–8 per group). C, INF-γ intracellular staining in isolated NK cells from sham Swiss mice 
infected 24 hr. D, Percent of CD11bneg and CD11bpos splenic NK cells producing INF-γ from intracellular staining experiments. *p < 0.05. Data are 
representative of two independent experiments (n = 6 per group).
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(toward the basophil population) (43). To rule out this side 
effect of the asialo-GM1 depletion approach, the use of a 
different antibody such as an anti-NK1.1. antibody (44) or 

engineered  NKp46-defective mice would need to be assessed 
(45). Another limitation is that, although this strain has 
been extensively used in in vivo infection models and in the 

Figure 6. Depletion of natural killer (NK) cells by anti-GM1 antibody treatment worsens Pseudomonas aeruginosa (PA)-induced mortality. A, Survival 
curves of BALB/cJ mice infected with 7.5 × 106 colony-forming unit (CFU)/mouse of PA inoculum in association with anti-GM1 antibody injection 
(dashed line) or in association with an isotype control antibody (solid line). Survival rates are expressed as percentage and are representative of two 
independent experiments (n = 10 per group). B, Bacterial counts (expressed in log10 CFU/gram of organ) in lungs and spleen of infected NK-depleted 
and isotype-treated BALB/cJ mice infected 24 hr. C, Tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and INF-γ concentrations assessed by 
enzyme-linked immunosorbent assay in lung homogenates of NK-depleted and isotype-treated BALB/cJ infected mice. Boxes represent median 
(interquartile range). Data are representative of two independent experiments (n = 6 per group). *p < 0.05. D, Ly6-G immunohistochemistry of lung 
section from NK-depleted and isotype-treated mice followed by PA infection. Data are representative of two independent experiments (n = 3 per group). 
Magnification: ×100. Bar = 100 μm. E, Quantification of Ly6-G positive cells versus total cells (percent of surface area). Data are representative of two 
independent experiments (three mice per group; fours fields per slide). *p < 0.05 and **p < 0.01 compared to sham group.
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host-pathogen literature, PAO1 is a laboratory strain and not 
a clinical isolate. Laboratory strains might have lost some 
pathological characteristics, but no bacteria strain can fully 
represent the entire species (46). PAO1 strain, however, is 
known to produce some major virulence factors retrieved in 
clinical isolates (exoenzymes from the type-III secretion sys-
tem, pyocyanin, and biofilm).

CONCLUSIONS
The understanding of the NK cell function during PA infec-
tion and the exact mechanism of activation in the scope of 
PA-induced acute pneumonia model are of first importance as 
there is currently a high interest in NK cell–based therapies in 
clinical applications.
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