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Abstract

Platelets have been implicated in pulmonary inflammation following exposure to bacterial

stimuli. The mechanisms involved in the platelet-mediated host response to respiratory bac-

terial infection remain incompletely understood. In this study, we demonstrate that platelet-

derived chemokine (C-X-C motif) ligand 4 (CXCL4) plays critical roles in a mouse model of

acute bacterial pneumonia using Pseudomonas aeruginosa. Platelets are activated during

P. aeruginosa infection, and mice depleted of platelets display markedly increased mortality

and impaired bacterial clearance. CXCL4 deficiency impairs bacterial clearance and lung

epithelial permeability, which correlate with decreased neutrophil recruitment to BALF. Inter-

estingly, CXCL4 deficiency selectively regulates chemokine production, suggesting that

CXCL4 has an impact on other chemokine expression. In addition, CXCL4 deficiency

reduces platelet-neutrophil interactions in blood following P. aeruginosa infection. Further

studies revealed that platelet-derived CXCL4 contributes to the P. aeruginosa-killing of neu-

trophils. Altogether, these findings demonstrate that CXCL4 is a vital chemokine that plays

critical roles in bacterial clearance during P. aeruginosa infection through recruiting neutro-

phils to the lungs and intracellular bacterial killing.

Introduction

Pseudomonas aeruginosa is an environmentally ubiquitous Gram-negative bacterial pathogen

and one of the leading causes of morbidity and mortality among cystic fibrosis (CF) patients

and immunocompromised individuals[1]. Effective bacterial clearance relies not only on neu-

trophil-mediated bacterial phagocytosis and killing[1], but also coordination of multiple

immune effector cells, such as macrophages[2], NK cells[3], T cells[4] and B cells[5], which

play critical roles in regulation of neutrophil recruitment to infection site by secreting specific

chemokines during P. aeruginosa lung infection.

Platelets have been known to be essential for hemostasis and wound healing since their first

identification[6]. An increasing number of studies on important roles in anti-microbial
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responses and inflammation have been reported in past decade[6–9]. As a first line of host

defense, platelets act as primitive immune cells, interacting with invading bacterial pathogens

or recruiting immune cells[10]. Previous studies have reported that P. aeruginosa phospholi-

pase C[11], EF-Tu[12] and ExoU[13] cause platelet activation, implying that platelets may play

an important role during P. aeruginosa infection. However, the mechanisms involved in plate-

let-mediated bacterial clearance during P. aeruginosa infection are not fully understood.

Chemokine (C-X-C motif) ligand 4 (CXCL4), also known as platelet factor 4 (PF4), was the

first CXC chemokine discovered. CXCL4 is highly abundant in platelet granules, and it facili-

tates chemotaxis for neutrophils and monocytes through binding to the chemokine receptor

CXCR3[14]. Experimental evidences have shown that CXCL4 plays important roles in angio-

genesis[15], tissue repair[16], and regulation of tissue damage in complex inflammatory disease,

such as systemic sclerosis[17], melanoma[18], and antimalarial models[19]. Recent evidences

have shown that CXCL4 participates in inflammation, innate immunity[8], and particularly

bacterial clearance[20, 21]. CXCL4 binds to bacteria[22, 23] and activates neutrophils through

multiple intracellular signals and pathways[24]. Previous studies have shown essential roles for

PI3K[25], Syk[26], JNK[27], p38[28] and JAK/STAT[29, 30] signaling during host defense

against P. aeruginosa, suggesting a potential role of CXCL4 in P. aeruginosa lung infection.

In this study, we found that CXCL4 deficiency impairs bacterial clearance and lung epithe-

lial permeability, which correlate with decreased neutrophil recruitment to BALF. CXCL4 defi-

ciency selectively regulates neutrophil chemokine responses without affecting inflammatory

cytokine production. More importantly, CXCL4 deficiency reduces platelet-neutrophil inter-

actions in the blood following P. aeruginosa infection. Moreover, platelet-derived CXCL4 con-

tributes to the P. aeruginosa-killing capability of neutrophils. Interestingly, CXCL4 deficiency

has no effect on the mortality, body weight and the recruitment of other inflammatory cells to

the lungs after P. aeruginosa infection. Altogether, these results demonstrate that CXCL4 plays

critical roles in regulation of neutrophil recruitment to the lungs for P. aeruginosa clearance

through facilitating platelet-neutrophil interactions and promoting intracellular killing.

Materials and methods

Animals

The CXCL4-/- mice[31] and WT control C57BL/6 mice were originally provided by Dr. G.

Scott Worthen at Children’s Hospital of Philadelphia. Animal care and experimental protocols

were reviewed and approved by the Yunnan Provincial Experimental Animal Management

Association and the Experimental Animal Ethics Committee of the Institute of Medical Biol-

ogy, Chinese Academy of Medical Sciences, according to the national guidelines on animal

work in China. Animals were housed in specific pathogen free facilities and anesthetized with

ketamine to minimize suffering during relevant procedures.

Antibodies

APC-conjugated rat anti-mouse CD41(IgG1, clone MWReg30), PE-conjugated rat anti-mouse

CD62P (IgG1, clone Psel.KO2.3), PE-conjugated rat anti-mouse Ly6G (IgG2a, clone 1A8),

APC-conjugated rat anti-mouse F4/80 (IgG2a, clone BM8), and an isotype control were pur-

chased from eBioscience (San Diego, CA).

Bacterial preparation

P. aeruginosa was cultured in Luria-Bertani broth at 37˚C and harvested when the culture

reached an OD value between 2.5 to 3 at 600 nm (early stationary phase). Bacteria were washed
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in phosphate buffer and resuspended in saline for in vivo experiments or PBS for in vitro
assays. The P. aeruginosa strain 8821 (a gift from A. Chakrabarty, University of Illinois, Chi-

cago, IL) used in cell culture assays was killed using an antibiotic mixture (50 U/ml penicillin,

50 U/ml streptomycin, 100 μg/ml piperacillin, 100 μg/ml ceftazidime, and 200 μg/ml

gentamycin).

Animal survival

To determine animal survival after infection, mice were intranasally infected with 1×109 CFU

of P. aeruginosa 8821. The mice were kept in the isolated room and monitored twice a day,

and the disease scores were recorded for 7 days according to the following disease scoring sys-

tem: (1) Physical appearance (0—normal; 1—lack of grooming; 2 –rough hair coat; 3—very

rough hair coat); (2) Posture (0—normal; 1—sitting in hunched position; 2—hunched posture,

head resting on floor; 3—lying prone on cage floor/unable to maintain upright posture); (3)

Activity/Behavior (0—normal; 1—somewhat reduced/minor changes in behavior; 2—above

plus change in respiratory rate or effort; 3—moves only when stimulated); (4) Appetite (0—nor-

mal; 1—reduced appetite; 2—not eating since last check point; 3 –not eating for last 2 check

points); (5) Hydration (0—normal; 1—mildly dehydrated; 2—moderately dehydrated; 3—

severely dehydrated); (6) Body weight (0 -<5% change from pre-infection weight); 1 -< 10%

weight change; 2–10–15% weight change: 3–15–19% weight change); (7) Body temperature

(ventral surface temp) (0–33–34˚C; 1–28–32.5˚C; 2 -25-27.5˚C; 3 -< 24.5˚C). Total possible

score = 21. The animals were euthanized when the score reached or was greater than 15.

Platelet depletion

For circulating platelet depletion experiments, sixteen hours before infection with P. aerugi-
nosa, wild-type mice were given an intraperitoneal injection of 50 μL of rabbit anti-mouse

platelet serum (Cedarlane, Burlington, NC), and normal rabbit serum was use for control

mice. Whole blood cells were collected, and the depletion of the platelet was confirmed by flow

cytometry (more details are described below).

Lung infection with P. aeruginosaand collection of lungs, BALF and blood

P. aeruginosa strain 8821, a mucoid strain isolated from a cystic fibrosis patient, was used [32].

Mice were intranasally infected with 1×109 CFU for 24 h. Blood (100 μL) was collected from a

facial vein in an RNase-free 1.5 mL tube for serum isolation or a 1.5 mL tube with anticoagu-

lant for flow cytometry. 10 mL PBS was infused into the heart to remove blood from the lungs.

Bronchoalveolar lavage fluid (BALF) was obtained by lavaging the lungs with 1 mL of PBS con-

taining soybean trypsin inhibitor (100 μg/mL), and then 2 x 1ml PBS was used to wash the

alveoli. The lavaged lung tissue was obtained for histology study, cytokine detection, myeloper-

oxidase (MPO) assay, and counting of bacterial CFU.

Lung tissue was homogenized in 50 mM HEPES buffer (4 μL/mg lung) containing soybean

trypsin inhibitor (100 μg/mL). For counting bacterial CFU, 10 μL homogenate was plated onto

an agar dish and incubated for 24 h at 37˚C. The lung homogenate was centrifuged at 4˚C for

20 min at 18,000 × g. The supernatant was stored at -80˚C for subsequent cytokine analysis.

The pellet was resuspended and homogenized in 0.5% cetyltrimethylammonium chloride

(4 μL/mg lung) and centrifuged, as described above. The cleared supernatant was used for the

MPO assay.

BALF (10 μL) was plated onto an agar dish and incubated for 24 h to count CFU. For detec-

tion of cytokines and MPO activity, BALF was centrifuged at 1 200 × g for 5 min at 4˚C. The

supernatants were used for cytokine analysis. The pellets were resuspended in 1 mL NH4Cl
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(0.15 M) and centrifuged as before to lyse red blood cells. The supernatants were discarded,

and the pellets were resuspended in 0.5% cetyltrimethylammonium chloride (250 μL/ mouse)

and then centrifuged. The cleared extracts were used for the MPO assay. In addition, the pel-

lets after erythrocyte lysis could also be used for flow cytometry.

Blood (10 μL) was plated onto an agar dish and incubated for 24 h for CFU determination.

To isolate serum, blood in a clean tube was set at room temperature for 60 min and then cen-

trifuged at 3500 rpm for 5 min. The serum was collected from the top of the tube. To isolate

blood cells, Erythrocyte lysis buffer (BD Biosciences) was added to the blood that is in tubes

containing anticoagulant. Blood cells were spun down at 300 g for 10 min and resuspended for

flow cytometry.

Cytokine production

The concentrations of IL-1β, TNF, IL-6, MIP2, KC and LIX in the BALF, lungs, and culture

supernatants were determined by ELISA as described previously[33] using DuoSet Ab pairs

from R&D Systems (Minneapolis, MN). Briefly (e.g. IL-6 ELISA), 96-well plates were coated

with anti-mouse IL-6 for 16–20 h at 4˚C. Nonspecific binding to the plates was blocked using a

1% bovine serum albumin solution in PBS for 1 h at room temperature. A total of 50 μL/well

IL-6 standard and samples were added to the plate and incubated for 18–20 h at 4˚C. Biotiny-

lated anti-murine IL-6 were added to each well and incubated for 1 h at room temperature.

100 μL/well of Streptavidin-HRP was added for 30 minutes at room temperature according to

the manufacturer’s instructions. 100 μL/well of 1X TMB Solution was added to each well, and

it was stopped by 100 μL Stop Solution (0.5 M H2SO4). Read the plate at 450 nm and analyze

data.

MPO assay

The MPO assay was used to determine the infiltration of neutrophils into the lungs of the mice

as described previously [34]. Briefly, samples in duplicate (75 μL) were mixed with equal vol-

umes of the substrate (3,3’,5,5’—tetramethyl—benzidine dihydrochloride, 3 mM; Resorcinol,

120 μM; and H2O2, 2.2 mM) for 2 min. The reaction was stopped by adding 150 μL of 2M

H2SO4. The OD was measured at 450 nm.

In vivo permeability measurement

The mice were intranasally infected with P. aeruginosa strain 8821 (1×109 CFU/mouse) for 24

h. Eighteen hours prior to sacrifice, the mice were given a 400 μL i.p. injection of 0.5% Evans

blue dye (Sigma Aldrich) in a phosphate buffer solution. The blood, BALF and lungs were col-

lected at 24 h post infection (hpi). The serum was diluted 1:20 in phosphate buffer solution.

Dye leakage into the BALF was assessed and is presented as the BALF permeability index,

which is the ratio of BALF to serum at OD620 (1:20 dilution). Evan blue dye was then

extracted from lung tissue by homogenization. The lung homogenate was centrifuged at 4˚C

for 20 min at 18,000 × g, and the supernatant was collected. The dye leaked into the interstitial

space was assessed and presented as the lung permeability index, which is the ratio of lung to

serum at OD620 (1:20 dilution).

Flow cytometry

BALF and blood were collected as described above. Single-cell suspensions were washed after

erythrocytes were lysed (BD Biosciences). Cells were incubated with BD Fc block (BD Biosci-

ences) for 10 min, and cell surface staining was performed with antibodies against CD41,
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CD62P, Ly6G, F4/80 and isotype control for 30 min. Flow cytometric data were collected on a

BD Accuri C6 Flow Cytometer (BD Biosciences) and analyzed using BD Accuri C6 version 1.0

(BD Biosciences) and FlowJo version 10.1 (Ashland, OR) software.

Measurement of NO production

Mouse bone marrow-derived neutrophils were isolated from mice following the protocol of a

Mouse Neutrophil Negative Selection Kit (STEMCELL Technologies Inc.,). Platelets were iso-

lated from whole blood samples according to reported method[35]. Neutrophil or platelet

were left untreated (NT) or exposed to P. aeruginosa strain 8821 (MOI = 10) at 37˚C. Cell-free

supernatants were collected and analyzed for NO production following the protocol of Griess

Reagent System Kit (Promega).

Phagocytosis assay

The neutrophils were counted and then incubated with P. aeruginosa 8821 (MOI = 10), which

was opsonized with 10% mouse serum, at 37˚C for 30 min. The neutrophil pellet was washed

with PBS and then treated with PBS containing 0.1% trypsin and 0.02% EDTA for 15 min at

room temperature. Neutrophils were resuspended in PBS containing 10% mouse serum. Spec-

imens were prepared using a Cytospin 4 Cytocentrifuge (Thermo Fisher Scientific, Waltham,

MA). The cytospin specimens were then stained with a Diff-Quik stain set (Siemens Health-

care Diagnostics Inc., Newark, DE) and examined under oil immersion. The number of bacte-

ria engulfed by 100 randomly selected neutrophils was counted. The phagocytic activity was

measured according to the phagocytosis index. The phagocytosis index was calculated as the

average number of bacteria/neutrophils counted.

Intracellular bacterial killing assay

Neutrophils were isolated as described above and incubated with P. aeruginosa 8821 (opso-

nized with mouse serum) at 37˚C for 1 h. Gentamycin was added at a final concentration of

200 mg/ml to kill extracellular bacteria for 3 h. Then, the neutrophils were washed with PBS

and lysed with PBS containing 0.1% Triton X-100. The samples were serially diluted and

spread onto Luria broth (LB) agar plates. Colony numbers were determined after overnight

incubation at 37˚C.

Histology

Mouse lungs were fixed in 10% formalin overnight and then in 100% ethanol for paraffin

embedding and sectioning. The sections were deparaffinized with CitriSolv (Thermo Fisher

Scientific), rehydrated in decreasing concentrations of ethanol, and stained with Harris H&E

to illustrate lung histology.

Statistics

The data are presented as the means ± SEM of the indicated number of experiments. Statistical

significance between multiple treatments was determined by one-way analysis of variance and

Tukey’s post hoc honest significance test. Alternatively, when two independent variables were

analyzed, two-way analysis of variance and Bonferroni’s multiple-comparison test were used.

Statistical analysis was performed using GraphPad Prism software version 5.04 (GraphPad

Software Inc., La Jolla, CA). Differences were considered significant at �p< 0.05, ��p< 0.01,

and ���p<0.001.
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Results

1. Platelet depletion impairs host defense against acute P. aeruginosa
pulmonary infection in mice

To study whether platelets can be activated during acute P. aeruginosa infection in vivo, wild-

type mice were intranasally infected with P. aeruginosa strain 8821. The results showed that

the number of platelets and activated platelets were both increased in the blood (Fig 1A and

1B) and BALF (Fig 1C and 1D) at 24 hpi compared to untreated samples using flow cytometry

assays. To determine the biological role of platelets, anti-platelet serum was used to block plate-

let function (Figure A-B in S1 Fig). Platelet-depleted and wild-type mice were intranasally

infected with P. aeruginosa. The bacterial burden was assessed in the lungs, BALF and blood at

24 hpi by CFU counting. Mice depleted of platelets displayed increased mortality (Fig 1E) and

bacterial load in the lungs (Fig 1F) combined with severe lung damage based on histopatholog-

ical assay (S2 Fig). No significant bacterial load change was detected in the BALF and blood

(Figure A-B in S3 Fig) of platelet-depleted mice compared with wild-type mice. These data

suggest that platelet depletion impairs bacterial clearance and increases mortality during acute

P. aeruginosa pulmonary infection in vivo. CXCL4 is secreted from internal granules upon

platelet activation[36]. We further measured the level of CXCL4 secretion in serum and BALF

from wild-type mice after P. aeruginosa infection. No detectable changes of CXCL4 levels were

observed in wild-type serum at 24 hpi (Fig 1G). However, the CXCL4 levels in the BALF (Fig

1H) were significantly elevated at 24 hpi.

2. CXCL4 deficiency impairs bacterial clearance and airway epithelial

permeability after P. aeruginosa lung infection

To determine the biological role of CXCL4 in P. aeruginosa infection in vivo, CXCL4-deficient

and wild-type mice were intranasally infected with P. aeruginosa strain 8821. The bacterial

burden was assessed in the lungs and BALF of CXCL4-deficient and wild-type mice at 24 hpi

by CFU counting. Significantly increased number of bacteria were detected in the BALF (Fig

2A) and lungs (Fig 2B) of CXCL4-deficient mice compared with wild-type mice, suggesting

that CXCL4-deficient mice have lower capacity of bacterial clearance during P. aeruginosa
lung infection. Because of less cytotoxic activity of P. aeruginosa strain 8821, no mortality was

observed in both CXCL4-deficient mice and wild-type mice (Fig 2C), and their body weight

loss were similar (Fig 2D).

The poor clearance of P. aeruginosa in lung causes increased epithelial permeability[37]. To

examine whether CXCL4 deficiency affects airway epithelial integrity, we applied the assay for

analyzing Evans blue dye leakage into the airway. The BALF permeability index of CXCL4-de-

ficient mice was markedly increased compared with wild-type mice at 24 hpi (Fig 2E). How-

ever, CXCL4-deficiency has no effect on lung permeability (Fig 2F). In addition, excessive

inflammation results in increased epithelial permeability. However, CXCL4 deficiency does

not affect proinflammatory cytokine responses following P. aeruginosa lung infection

(Figure A-F in S4 Fig). These results suggest that CXCL4 play a protective role in airway epi-

thelial integrity during P. aeruginosa lung infection.

3. CXCL4 deficiency impairs neutrophil recruitment with selectively

regulating production of neutrophil recruiting chemokine after P.

aeruginosa lung infection

Neutrophils contribute to the clearance of P. aeruginosa from the lungs[38]. We further mea-

sured the infiltration of neutrophils in lung after P. aeruginosa infection using myeloperoxidase
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(MPO) as a neutrophil marker. Decreased MPO levels were observed in the BALF of CXCL4-

deficient mice at 24 h after P. aeruginosa infection (Fig 3A). Consistent with the MPO results,

flow cytometry data also showed decreased neutrophil recruitment in the BALF of CXCL4-defi-

cient mice (Fig 3B). We also analyzed other inflammatory cells, such as macrophages and plate-

lets, and no significant differences were observed (Figure A-B in S5 Fig). In contrast to BALF

MPO activities, the lung MPO activities in wild-type and CXCL4-deicient mice showed no sig-

nificant difference at 24 hpi (Figure C in S5 Fig). The data from the histological study of the

lungs were consistent with the MPO results (Figure D in S5 Fig), showing similar inflammatory

cells in the lung parenchyma of CXCL4-deficient mice at 24 hpi and wild-type mice.

LIX, KC and MIP2 are murine neutrophil chemoattractant chemokines. In this study, the

production of LIX (Fig 3C and 3D) was decreased in BALF and lung of CXCL4-deficient

mice after P. aeruginosa infection at 24 h. No significant decrease was observed in the KC

(Figure A-B in S6 Fig) and MIP2 (Figure C-D in S6 Fig) level in CXCL4-deficient mice com-

pared to wild-type mice. This finding suggests that CXCL4 selectively regulated production of

neutrophil attracting chemokines.

4. CXCL4 deficiency impairs platelet-neutrophil interactions in the blood

following P. aeruginosa lung infection

Neutrophils in the circulating blood need to cross the endothelium of the blood vessels for

recruitment to the lungs and BALF. Platelets play a critical role in this process via interactions

with neutrophils[39]. To determine the biological role of CXCL4 in platelet-neutrophil inter-

actions following P. aeruginosa infection in vivo, CXCL4-deficient and wild-type mice were

intranasally infected with P. aeruginosa strain 8821. Blood was collected, and whole blood cells

were isolated for flow cytometry analysis. We found that the absence of CXCL4 significantly

inhibited the combination of platelets and neutrophils in the blood (Fig 4A–4E) without affect-

ing the number of platelets or neutrophils (Fig 4F and 4G). These findings suggest that CXCL4

is critical for platelet-neutrophil interactions in the blood following P. aeruginosa lung

infection.

5. CXCL4 contributes to the P. aeruginosa-killing capability of neutrophils

Neutrophils that have been recruited to the lungs play leading roles in clearing P. aeruginosa
through phagocytosis and killing[40]. The CXCL4 levels in neutrophils and platelets was evalu-

ated after P. aeruginosa infection in vitro (Fig 5A and 5B). To examine whether CXCL4 affects

neutrophil function, bone marrow-isolated neutrophils from wild-type mice or CXCL4-defi-

cient mice were infected with P. aeruginosa in vitro. The phagocytosis index was significantly

decreased in CXCL4-deficient neutrophil (Fig 5C), and the bacterial killing capacity was also

Fig 1. Platelet depletion impairs host defense against acute P. aeruginosa pulmonary infection in mice. (A, B, C, D) Platelets

were activated after P. aeruginosa lung infection. Wild-type mice were intranasally infected with 1×109 CFU of P. aeruginosa strain

8821 or an equivalent volume of saline (NT). Blood and BALF were collected 24 hpi. Platelet activation in the blood and BALF was

assessed via flow cytometry (n = 4 ± SEM, �p< 0.05, ���p< 0.001). (E) Platelet depletion decreases animal survival following P.

aeruginosa infection. Sixteen hours prior to infection with P. aeruginosa, wild-type mice were administered an intraperitoneal

injection of 50 μL of rabbit anti-mouse platelet serum. Wild-type and platelet-depleted mice were intranasally infected with saline

(NT) or 1×109 CFU of P. aeruginosa strain 8821. Animal survival was monitored for 7 days post infection (n = 10 ± SEM). (F)

Platelet depletion impairs bacterial clearance following P. aeruginosa lung infection. Wild-type and platelet-depleted mice were

intranasally infected with 1×109 CFU of P. aeruginosa strain 8821 for 24 h. Lungs were collected at 24 hpi. Serial dilutions of

homogenized lung tissues were streaked onto LB agar plates and incubated for 24 h at 37˚C. The resulting colonies were counted to

determine the bacterial load (n = 9 ± SEM, �p< 0.05). (G, H) CXCL4 is mainly activated in the location that P. aeruginosa infected.

Wild-type mice were intranasally infected with 1×109 CFU of P. aeruginosa strain 8821 for 24 h. Serum and BALF supernatants

were collected for determining CXCL4 production (n = 3 ± SEM, ��p< 0.01, ���p< 0.001).

https://doi.org/10.1371/journal.pone.0205521.g001

Critical role of CXCL4 against P. aeruginosa infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0205521 October 8, 2018 8 / 19

https://doi.org/10.1371/journal.pone.0205521.g001
https://doi.org/10.1371/journal.pone.0205521


impaired (Fig 5D). Nitric oxide (NO) mediates bacterial clearance by neutrophils. NO produc-

tion was inhibited in CXCL4-deficient neutrophils but not in CXCL4-deficient platelets com-

pared to wild-type platelets after P. aeruginosa infection (Fig 5E and 5F). In addition, when

Fig 2. Chemokine (C-X-C motif) ligand 4 (CXCL4) deficiency impairs bacterial clearance and airway epithelial permeability after

P. aeruginosa lung infection. (A, B, C, D) CXCL4 deficiency results in impaired bacterial clearance following P. aeruginosa lung

infection but it does not affect host mortality and morbidity. Wild-type and CXCL4-/- mice were intranasally infected with 1×109 CFU of

P. aeruginosa strain 8821 for 24 h. BALF and lungs were collected at 24 hpi. Serial dilutions of homogenized BALF and lung tissue were

streaked onto LB agar plates and incubated 24 h at 37˚C. The resulting colonies were counted to determine bacteria load (n = 9 ± SEM,
�p< 0.05). For the survival study, wild-type and CXCL4-/- mice were intranasally infected with 1×109 CFU of P. aeruginosa strain 8821.

Animal survival and body weight were monitored up to 7 days post infection (n = 12 ± SEM). (E, F) CXCL4-deficient mice display

increased airway epithelial permeability after P. aeruginosa infection. Wild-type and CXCL4-/- mice were left uninfected (NT) or

intranasally infected with 1×109 CFU of P. aeruginosa strain 8821. Six hours after infection, the mice received intraperitoneal injections

of Evans blue dye. Blood, lungs and BALF were collected at 24 hpi. Dye leakage into the BALF and lungs was assessed and is presented as

the OD620 ratio to a 1:20 dilution of serum (n = 4 ± SEM, ��p< 0.01).

https://doi.org/10.1371/journal.pone.0205521.g002
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CXCL4-deficient platelets were added to CXCL4-deficient neutrophils, the phagocytosis index

was decreased. However, there was no statistical significance was observed (Fig 5G). In the

presence of platelets, neutrophils were more effective in killing bacteria, and this effect was

blocked when CXCL4 was absent in platelets (Fig 5H). These results suggest that platelet-

derived CXCL4 may facilitate the neutrophil-mediated clearance of P. aeruginosa.

Discussion

The lungs have hematopoietic function; thus, they may function as an essential site of throm-

bopoiesis. Platelets have shown important immune regulatory functions, and they participate

in the pulmonary inflammatory responses through circulation in pulmonary capillaries[41].

Moreover, experimental and clinical evidence have shown that platelets are also important

effector cells in various lung diseases[7, 42]. Chronic or acute P. aeruginosa lung infection is a

common cause of morbidity and mortality among CF patients and immunocompromised

individuals. Multiple immune effector cells are involved in the host defense against P. aerugi-
nosa lung infection via unique mechanisms. Previously, we demonstrated essential roles of

macrophages[29], mast cells[43] and dendritic cells[44] in an acute P. aeruginosa infection

model. Although recent studies have shown that the absence of platelets impairs host defense

against chronic P. aeruginosa infection[45], the immune regulatory mechanisms of platelets

are not fully understood. In this study, we identified the critical role of platelets in host defense

against P. aeruginosa infection in an acute infection model. In contrast to chronic infection

[45], the platelets were activated in acute infection site, and the number of platelets in blood

Fig 3. CXCL4 deficiency impairs neutrophil recruitment with regulating production of LIX after P. aeruginosa lung

infection. (A, B) Wild-type and CXCL4-/- mice were intranasally infected with 1×109 CFU of P. aeruginosa strain 8821 or an

equivalent volume of saline (NT). BALF and lungs were collected 24 hpi. Neutrophil recruitment to the BALF were assessed by

MPO activity (n = 9 ± SEM, ��p< 0.01) and Flow Cytometry (n = 4 ± SEM, �p< 0.05). (C-D) Supernatants of the BALF and

lung homogenate were analyzed for production of LIX (n = 8 ± SEM, �p< 0.05, ��p< 0.01).

https://doi.org/10.1371/journal.pone.0205521.g003
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circulation was also significantly increased during P. aeruginosa lung infection. This effect

might be explained by the damaged integrity of airway epithelial permeability following a high

bacterial load during acute infection. Importantly, consistent with chronic infection, elevated

CXCL4 at the site of infection were observed. These findings demonstrate the contribution of

platelets in response to P. aeruginosa lung infections in vivo, implying CXCL4 may play poten-

tial roles in the clearance of P. aeruginosa.

Fig 4. CXCL4 deficiency reduces platelet-neutrophil interactions without affecting platelet or neutrophil number in blood following P. aeruginosa lung

infection. Wild-type and CXCL4-/- mice were intranasally infected with 1×109 CFU of P. aeruginosa strain 8821 or an equivalent volume of saline (NT). Blood

were collected at 24 hpi. Red blood cells were lysed with lysis buffer. The cells were stained with Ly6G (neutrophils) and CD41 (platelets). The Ly6G+ CD41+ cell

population was gated as illustrated (A, B) and the platelets interacted with neutrophils (C, D) was analyzed by flow cytometry. The total numbers of platelet and

neutrophil were also counted (E, F) (n = 4 ± SEM, ��p< 0.01).

https://doi.org/10.1371/journal.pone.0205521.g004
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CXCL4 is mainly produced by megakaryocytes and platelets, with low expression in other

cells such as glial cells, macrophages, and T cells. CXCL4 can block platelet aggregation, inhibit

angiogenesis, and induce inflammatory responses[46]. In particular, CXCL4 can recruit neu-

trophils, monocytes, fibroblasts, and T cells to the sites of inflammation[47]. In addition to

participating in cardiovascular diseases[48], tumors[18], systemic sclerosis[17], pancreatitis

[49] and hepatic fibrosis[50], CXCL4 plays important roles in lung inflammatory diseases,

such as in acute lung injury[42], infection-induced lung injury[36] and lung cancer[51], by

promoting platelet production and regulating neutrophil infiltration. A variety of chemokines,

including MIP-2[52], KC[53], and LIX[54], are produced during P. aeruginosa infection. How-

ever, the role of platelet-derived CXCL4 in P. aeruginosa infection remains unclear. Using

CXCL4-deficient mice in our acute infection model, we elucidated the role of CXCL4 in pul-

monary P. aeruginosa infection for the first time. Depletion of CXCL4 affects the binding of

platelets to neutrophils in blood circulation and transmembrane migration of neutrophils to

BALF, and eventually hampers P. aeruginosa clearance.

Platelets is able to maintain the basal barrier integrity of alveolar capillaries and selectively

control the migration of proteins and leukocytes from vessels to lung tissues[55]. In this study,

the integrity of the lungs was damaged in CXCL4-deficient mice during P. aeruginosa infec-

tion, accompanied by decreased neutrophil recruitment to the BALF, suggesting that platelet-

specific CXCL4 contribute to the neutrophil infiltration in lungs. However, our results appear

to conflict with the acid aspiration-induced acute lung injury (ALI) model, in which CXCL4-/-

mice are protected through improved barrier function without affecting neutrophil transmi-

gration to the airways[42]. These differences can be explained by the fact that acid may have

different effects on the lungs than those observed during infection with pathogens.

Activated platelets and platelet-derived microparticles can bind to leukocytes, resulting in

local release of platelet-derived cytokines or chemokines. These platelet-specific factors modu-

late leukocyte functions and contribute to immune responses to infection[39]. CXCL4 is

stored in platelet a-granules and released upon activation. Our results showed that CXCL4

deficiency reduces platelet-neutrophil interactions in blood following P. aeruginosa lung infec-

tion. Moreover, previous studies have demonstrated that platelets directly interact with neutro-

phils and enhance the phagocytosis of various bacteria[56, 57], thereby contributing to

bacterial clearance. Interestingly, we also found that the phagocytosis index was significantly

decreased when CXCL4 was absent. These results suggest that CXCL4 plays critical roles in

Fig 5. CXCL4 contributes to the P. aeruginosa-killing capability of neutrophils. (A, B) The CXCL4 levels in

neutrophils and platelets was evaluated after P. aeruginosa infection in vitro. Wild-type bone marrow-isolated

neutrophils and blood isolated-platelets were left untreated (NT) or exposed to P. aeruginosa strain 8821 at a MOI of

1:10 for 6 h. Supernatants were subjected to ELISA analysis for determining CXCL4 production (n = 3 ± SEM,
��p< 0.01, ���p< 0.001). (C) The phagocytosis index was significantly decreased in CXCL4-deficient neutrophil.

Mouse bone marrow-derived neutrophils were isolated from WT or CXCL4-/- mice, and then incubated with P.

aeruginosa 8821 (opsonized with mouse serum) at 37˚C for 30 min. The cells were prepared using Cytospin. The

specimens were then stained with Diff-Quik and examined under a microscope. The number of bacteria engulfed by

100 randomly selected neutrophils was counted. The phagocytic activity was measured according to the phagocytosis

index (n = 3 ± SEM, �p<0.05). (D) Bacterial killing capacity was impaired in CXCL4-deficient neutrophil. Mouse bone

marrow-derived neutrophils were isolated from WT or CXCL4-/- mice and incubated with P. aeruginosa 8821

(opsonized with mouse serum) at 37˚C for 1 h. Gentamycin was added to kill extracellular bacteria for 3 h. Then, the

neutrophils were washed and lysed with PBS containing 0.1% Triton X-100. The samples were serially diluted and

spread onto Luria broth (LB) agar plates. Colony numbers were determined after overnight incubation at 37˚C

(n = 3 ± SEM, ��p<0.01). (E, F) Wild-type and CXCL4-/- bone marrow isolated neutrophil or blood isolated platelet

were left untreated (NT) or exposed to P. aeruginosa strain 8821 at a MOI of 1:10. Supernatants were collected at 6h

and analyzed for NO production (n = 3 ± SEM, ���p< 0.001). (G, H) platelet-derived CXCL4 may facilitate the

neutrophil-mediated clearance of P. aeruginosa. Mouse bone marrow-derived neutrophils and blood-derived platelets

were isolated from WT or CXCL4-deficient mice. An in vitro phagocytosis assay and intracellular killing assay were

performed as described above. (n = 3 ± SEM, �p<0.05).

https://doi.org/10.1371/journal.pone.0205521.g005
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bacterial clearance against P. aeruginosa lung infection. Future work will focus on investigation

of the mechanisms involved in CXCL4-regulated platelet-neutrophil interactions in the lungs.

LIX, KC and MIP2 are important for neutrophil recruitment into rodents’ lungs via

CXCR2[42]. CXCL4 affects neutrophils transmigration to the airways, but itself has no chemo-

tactic activity for neutrophils[46]. A possible explanation is that CXCL4 activates the mouse

LIX/KC/MIP-2-CXCR2 neutrophil chemotaxis pathway, as observed in influenza infection

[58]. Another possible explanation is that multiple chemokines cooperate in response to path-

ogen infections. For example, previous studies in acute lung injury models have shown that

CCL5 can form heterogeneous dimers with CXCL4 to enhance its ability to recruit monocytes

[59]. In our study, decreased neutrophil recruitment to BALF was observed in CXCL4-defi-

cient mice during P. aeruginosa infection. Interestingly, the production of LIX was also

decreased in CXCL4-deficient mice, whereas no significant change in the KC and MIP2 levels.

These results suggest that CXCL4 is required for specific chemokines production which regu-

late neutrophil recruitment, and the mechanisms should be focused in future work.

Furthermore, absence of CXCL4 did not cause a change in mortality or lead to severe lung

inflammation and pathological damage, suggesting that the immunoregulatory effect of

CXCL4 in P. aeruginosa infection was mild. These findings differ from those observed in respi-

ratory virus infection in CXCL4-/- mice [58]. A possible explanation is that the immune mech-

anisms involved in the host responses differ from the infections caused by bacteria and viruses

although their infection route is similar. Furthermore, CXCL4 has been found to play a role in

bacterial host defense by inducing a humoral immune response to CXCL4-coated bacteria

[60]. Negatively charged lipopolysaccharide (LPS) is the CXCL4 binding structure on Gram-

negative bacteria[22]. In vitro experiments in our study showed that platelet-derived CXCL4

contributes to the removal of P. aeruginosa. Previous studies have shown that CXCL4 receptors

are expressed on the surface of neutrophils. Once activated, these receptors may mediate the

bacteria-killing effect of cells via different signaling pathways[24]. In addition, neutrophils

themselves can produce low levels of CXCL4. As confirmed in the present experiments,

CXCL4 can also exert its effect in a platelet-independent manner. Therefore, CXCL4 is an

important factor in controlling the bactericidal function of neutrophils.

Taken together with the observation of CXCL4 in protecting against P. aeruginosa-induced

acute lung damage, these findings reveal a novel role of CXCL4 in fighting against P. aerugi-
nosa lung infection and support the mechanism by which platelet-derived CXCL4 affects neu-

trophil recruitment and bacteria-killing functions. Moreover, these findings expand our

knowledge on divergent roles of CXCL4 in response to various stimuli and highlight the criti-

cal role of platelets in mediation of CXCL4 production during P. aeruginosa lung infection.

During P. aeruginosa infection, CXCL4 has a specific regulatory effect on neutrophil recruit-

ment and function, accompanied with a relatively mild pathogenic effect. Therefore, CXCL4

may be a potential therapeutic target in inflammatory diseases.

Supporting information

S1 Fig. Anti-platelet serum depletes circulating platelet in P. aeruginosa infected mice. Six-

teen hours prior to infection with P. aeruginosa, wild-type mice were administered an intra-

peritoneal injection of 50 μL of rabbit anti-mouse platelet serum and control serum. Control

and platelet-depleted mice were intranasally infected with 1×109 CFU of P. aeruginosa strain

8821. Whole blood cells were collected at 24 hpi. The depletion of the platelet was confirmed

by flow cytometry (A). Serum supernatants were collected for determining CXCL4 production

by ELISA (B) (n = 3–4 ± SEM, ��p< 0.01).

(TIF)
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S2 Fig. Platelet depletion causes severe lung damage following P. aeruginosa lung infection.

Wild-type and platelet depleted mice were infected intranasally with 1×109 CFU of P. aerugi-
nosa strain 8821 or an equivalent volume of saline (NT) for 24 hours later. After infection, the

upper lobe of the left lung was collected for H&E staining (original magnification × 100 for

panels a-d).

(TIF)

S3 Fig. Platelet depletion does not impact BALF and blood bacterial clearance following P.

aeruginosa lung infection. Sixteen hours before infection with P. aeruginosa, an intraperito-

neal injection of 50 μL of rabbit anti-mouse platelet serum was performed on wild-type mice.

Untreated wild-type and platelet depleted mice were infected intranasally with 1×109 CFU of

P. aeruginosa strain 8821 for 24 hours. BALF and blood were collected at 24 hpi. Serial dilution

of homogenized BALF (A) and blood (B) was streaked on LB agar plates and incubated 24 h at

37˚C. The resultant colonies were counted to determine bacterial burden (n = 9 ± SEM).

(TIF)

S4 Fig. CXCL4 deficiency has no effect on proinflammatory cytokine production following

P. aeruginosa lung infection. Wild-type and CXCL4-/- mice were infected intranasally with

1×109 CFU of P. aeruginosa strain 8821 or an equivalent volume of saline (NT). Lung and

BALF were collected 24 hpi. Supernatants were subjected to ELISA analysis for proinflamma-

tory cytokine TNF (A, B), IL-6 (C, D) and IL-1β (E, F) (n = 8 ± SEM).

(TIF)

S5 Fig. CXCL4 deficient mice display limit effect on infiltration of inflammatory cells to

BALF and lung after P. aeruginosa infection. Wild-type and CXCL4-/- mice were infected

intranasally with 1×109 CFU of P. aeruginosa strain 8821 or an equivalent volume of saline

(NT). BALF and Lung were collected 24 hpi. Macrophage (A) and platelet (B) recruitment to

the BALF was assessed by Flow Cytometry. Neutrophil recruitment to the lung (C) were

assessed by MPO activity. The upper lobe of the left lung was collected for H&E staining (D,

original magnification × 200 for panels a-d) (n = 9 ± SEM).

(TIF)

S6 Fig. No significant decrease was observed in the KC and MIP2 level in CXCL4-deficient

mice compared to wild-type mice. Wild-type and CXCL4-/- mice were infected intranasal

with 1×109 CFU of P. aeruginosa strain 8821 or an equivalent volume of saline (NT). Lung and

BALF were collected 24 hpi. Supernatants of BALF and lung homogenate were analyzed for

production of KC and MIP2 (n = 8 ± SEM).

(TIF)
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