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Rationale: Acute lung injury (ALI) causes high mortality, but its mo-
lecular mechanisms and therapeutic options remain ill-defined.
Gram-negativebacterial infectionsare themaincauseofALI, leading
to lung neutrophil infiltration, permeability increases, deterioration
of gas exchange, and lung damage. Platelets are activated during
ALI, but insights into their mechanistic contribution to neutrophil
accumulation in the lung are elusive.
Objectives: To determine mechanisms of platelet-mediated neutro-
phil recruitment in ALI.
Methods: Interference with platelet–neutrophil interactions using
antagonists to P-selectin and glycoprotein IIb/IIIa or a small peptide
antagonist disrupting platelet chemokine heteromer formation in
mouse models of ALI.
Measurements andMain Results: In amurinemodel of LPS-inducedALI,
we uncover important roles for neutrophils and platelets in permeabil-
ity changes and subsequent lung damage. Furthermore, platelet de-
pletion abrogated lung neutrophil infiltration, suggesting a sequential
participation of platelets and neutrophils. Whereas antagonists to P-
selectin and glycoprotein IIb/IIIa had no effects on LPS-mediated ALI,
antibodies to the platelet-derived chemokines CCL5 and CXCL4
strongly diminished neutrophil eflux and permeability changes. The
two chemokineswere found to formheteromers in human andmurine
ALI samples, positively correlating with leukocyte influx into the lung.
DisruptionofCCL5-CXCL4heteromers inLPS-,acid-,andsepsis-induced
ALI abolished lung edema, neutrophil infiltration, and tissue damage,
thereby revealing a causal contribution.

Conclusions: Taken together, our data identify a novel function of
platelet-derivedchemokineheteromersduringALIanddemonstrate
means for therapeutic interference.

Keywords: neutrophil; platelet; chemokine; recruitment; acute lung

injury

Acute lung injury (ALI) is a life-threatening disease with an age-
adjusted incidence of 86.2 per 100,000 person-years (1). Despite
innovations in intensive care medicine, the mortality of ALI
remains approximately 40%. ALI is characterized by an in-
creased permeability of the alveolar–capillary barrier, resulting
in lung edema with protein-rich fluid and consequently in im-
paired arterial oxygenation. A major cause for development of
ALI is sepsis, wherein gram-negative bacteria are the dominat-
ing factor. LPS inhalation mimics human gram-negative ALI,
leading to recruitment of neutrophils, pulmonary edema, and
finally impairment of gas exchange (2).

Recruitment of neutrophils is a key event in development of
ALI (3) resulting in plasma leakage and deterioration of oxy-
genation. The importance of neutrophils in ALI is supported
by studies, where lung injury was abolished or reversed by
depletion of neutrophils (4, 5). Much of the neutrophil-dependent
ALI is thought to be mediated by granule proteins released
from activated neutrophils. For example, azurocidin and
a-defensins have been found to directly affect permeability
changes (6, 7), whereas proteases of neutrophilic origin, such
as neutrophil elastase, have been implicated in the degrada-
tion of surfactant proteins, epithelial cell apoptosis, and co-
agulation (8, 9). Under inflammatory conditions, platelets
prominently interact with neutrophils, thus promoting their re-
cruitment by such mechanisms as formation of platelet–neutrophil
aggregates by employment of PSGL-1 and P-selectin (10) or
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Neutrophils emigrating from the microcirculation promi-
nently contribute to acute lung injury. Activation of platelets
facilitates neutrophil extravasation by various mechanisms.

What This Study Adds to the Field

We unveil an important contribution of platelet chemokine
heteromers to neutrophil recruitment in acute lung injury.
Disruption of heteromer formation is here shown to largely
diminish neutrophil extravasation.
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deposition of platelet-derived chemokines, such as CCL5 and
CXCL4 (11). Recent studies provide evidence for the significance
of platelets in mouse models of acid-induced ALI (12) and trans-
fusion-related ALI (5). These prompted us to systematically in-
vestigate the importance of platelet–neutrophil interactions in
various models of ALI. Herein, we demonstrate a dominant role
of platelet-derived chemokines and their heteromer formation in
neutrophil lung infiltration, edema formation, and tissue damage,
a finding further translated into a therapeutic approach.

METHODS

Murine Models of ALI

ALI in male C57Bl/6mice (Janvier, St Berthevin Cedex, France), 8 weeks
of age, was induced by (1) exposure to aerosolized LPS (500 mg/ml) from
Salmonella enteritidis (Sigma, Munich, Germany) for 30 minutes; (2)
intratracheal injection of 2 ml/g of 0.1 M HCl (pH ¼ 1.5); or (3) by cecal
ligation and puncture (CLP). Alveolar, interstitial, and intravascular

neutrophils were analyzed 4 hours later (in options 1 and 2) or 24 hours
later (in option 3), as described (13). To assess lung permeability changes,
fluorescein isothiocyanate–dextran (70 kD) was administered intravenously
30 minutes before euthanasia and fluorescein isothiocyanate–dextran clear-
ance was calculated to quantify permeability changes. The fluorescence
of bronchoalveolar lavage (BAL) supernatant (100 ml, FluoBAL) and serum
(50 ml, FluoSerum) was measured and permeability volume was determined:
VPerm¼ ½ðFluoBAL=100 mlÞ=ðFluoSerum=50 mlÞ�3VBAL.

Platelets were depleted by intraperitoneal injection of 50 ml rabbit
antimouse platelet serum (Accurate Chemicals, Westbury, NY). Neutro-
phils were depleted by intraperitoneal injection of monoclonal antibody
1A8 (100 mg; BioXcell). Antibodies to CXCL4 (R&D Systems, Min-
neapolis, MN) and CCL5 (eBioscience, San Diego, CA) were injected
intraperitoneally (10 mg per mouse) 30 minutes before LPS inhala-
tion. Mice were treated with the peptide antagonist MKEY, designed
to specifically disrupt proinflammatory interactions of CCL5–CXCL4
(14), or its scrambled version sMKEY (50 mg per mouse) 12 hours
and 1 hour before LPS inhalation or 1 hour after LPS inhalation. All
animal experiments were performed after approval by the local au-
thorities for animal experimentation.

Figure 1. Neutrophils and platelets cooperate in the onset of LPS-induced acute lung injury. Mice were challenged with LPS by inhalation and killed

4 hours later. Neutrophils were depleted by injection of an anti-Ly6G antibody (clone 1A8, 50 ng, intraperitoneally), whereas platelets were

depleted by application of antiplatelet serum (50 ml, intraperitoneally). (A) Quantification of intravascular (top), interstitial (middle), and alveolar
neutrophils (bottom). (B) Protein concentration (top), fluorescein isothiocyanate (FITC)–dextran clearance (middle), and elastase (bottom, uniform

bars) and myeloperoxidase (MPO) activity (bottom, hatched bars) in bronchoalveolar lavage fluids. (C) Representative histologic (left) and scanning

electron microscopic (right) images of lungs from mice treated as indicated. Scale bar indicates 50 mm for scanning electron microscopy and

250 mm for histology. Quantification of histologic lung sections is shown at bottom. n ¼ 8–10 for each bar. Statistical significance was tested using
one-way analysis of variance with Dunnett post hoc test. *Indicates significant difference compared with LPS-treated animals.
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Histology and Electron Microscopy

One part of the right lung was fixed in formalin, embedded in paraffin,
and stained with Mayer’s hematoxylin and eosin for histologic exami-
nation. Scoring of histologic sections was done in compliance with the
recommendation of the American Thoracic Society (15). See Table E1
in the online supplement for scoring. Another part of the lung was
prepared for scanning electron microscopy as described (4).

Intravital Microscopy of the Murine Lung

AfterALI induction, lungs were exposed as described (16). For detection of
luminally presented chemokines, Protein G Fluoresbrite YGMicrospheres
(Polysciences, Eppelheim, Germany) were coupled to polyclonal antibod-
ies to CXCL4 or CCL5 as described (17) and injected intravenously.
Antibody and bead complexes were allowed to circulate for 15 minutes
and immobilized complexes were detected by intravital microscopy (17).

In Vitro Experimentation

Neutrophils were incubated withMKEY (1 or 10 mM) for 1 or 3 hours and
then activated with N-formyl-methionine-leucine-phenylalanine (fMLP)
(10 mM; Sigma). Up-regulation of b1- or b2-integrins was measured after
30 minutes using flow cytometry. To assess neutrophil adhesion, dishes
were coated with fibronectin or intercellular adhesion molecule 1 (1 mg/ml)
and neutrophils were perfused at 1 dyne/cm2. Firmly adherent neutro-
phils were quantified after 4 minutes in multiple fields. Reactive oxygen
species (ROS) formation was studied by flow cytometry after neutrophil
labeling with H2DCFDA. To study bacterial killing, neutrophils were
incubated with Escherichia coli (D21) for 20 minutes. Thereafter, neu-
trophils were disrupted by alkaline lysis (H2O with NaOH at pH 14).
Viable bacteria were grown on Luria Bertani agar overnight and the
colonies enumerated. Phagocytosis of IgG of complement-opsonized
fluorescent E. coli was analyzed as described (18).

Statistics

All data are expressed as mean 6 SD. Statistical calculations were per-
formed using GraphPad Prism 5 (GraphPad Software Inc.). Mann-Whitney

test, one-way analysis of variance with Dunnett post hoc test, Gehan-
Breslow-Wilcoxon, or Kruskal-Wallis test with post hoc Dunn tests
were used as appropriate. Asterisk indicates a P value less than 0.05.

RESULTS

Platelet–Neutrophil Interactions Orchestrate

Endotoxin-induced Lung Damage

The involvement of neutrophils as effector cells in ALI is well de-
fined (3). Recently, reports accumulated suggesting the importance
of platelets in acid-induced and transfusion-related ALI (5, 12).
Such data, however, are not available for sepsis models of ALI.
Hence, we exposed C57Bl/6 mice to aerosolized LPS and moni-
tored neutrophil recruitment, plasma leakage, lung ultrastructure,
and protease activity in the BAL fluid (BALF) (Figure 1, see Figure
E1). Such treatment increased the number of intravascular, inter-
stitial, and alveolar neutrophils (Figure 1A) as analyzed by flow
cytometry of lung homogenates (see Figure E2) (13). Both the pro-
tein concentration and the clearance of fluorescent dextran were
found to be increased in the BALF by LPS treatment, indicative
of enhanced plasma leakage and edema formation (Figure 1B).
Furthermore, the activity of neutrophil-derived elastase and mye-
loperoxidase was elevated in the BALF of LPS-treated animals
(Figure 1B). Histologic and ultrastructural analyses of lungs after
LPS exposure revealed alveolar septal thickening, accumulation
of inflammatory cells in the interstitium and the alveoli, and in-
flux of protein-rich fluid into the alveolar space compared with
control mice exposed to aerosolized saline (Figure 1C).

To assess the individual contribution of neutrophils and plate-
lets to ALI development, each population was depleted individ-
ually (see Table E2) (17). Neutrophil depletion abolished alveolar
fluid efflux and structural changes confirming the importance of
neutrophils in ALI. Moreover, depletion of platelets almost fully
abrogated the accumulation of neutrophils in the interstitium and
the alveoli, permeability changes, protease release, and structural

Figure 2. LPS-mediated lung injury is not attenuated by

antagonists to P-selectin or by DNase treatment. Mice
were treated with antibodies to P-selectin (30 mg) or

GPIIb/IIIa (100 mg), or DNase (1 mg) before LPS inhalation,

and killed 4 hours later. (A) Quantification of intravascular

(top), interstitial (middle), and alveolar neutrophils (bot-
tom). (B) Protein concentration (top), fluorescein isothio-

cyanate (FITC)–dextran clearance (middle), and elastase

(bottom, uniform bars) and myeloperoxidase (MPO) activ-

ity (bottom, hatched bars) in bronchoalveolar lavage fluids.
n ¼ 8–10 for each bar. Statistical significance was tested

using one-way analysis of variance with Dunnett post hoc

test. *Indicates significant difference compared with LPS-
treated animals.
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changes of the lung tissue (Figures 1A–1C). Finally, we examined
whether depletion of both cell subsets would result in an additive
effect. However, depletion of neutrophils and platelets together
had no such effect (Figures 1A and 1B), suggesting that both cell
types act in a sequential context.

No Role of Platelet–Neutrophil Aggregates and Extracellular

Nucleotides in LPS-induced ALI

Both P-selectin and GPIIb/IIIa have been implicated in the forma-
tion of platelet–neutrophil complexes and subsequent neutrophil
adhesion. To dissect mechanisms underlying the platelet–neutrophil
axis dependent lung injury induced by LPS we treated mice with
antagonists to P-selectin or an antibody to platelet glycoprotein
GPIIb/IIIa before endotoxin inhalation. P-selectin antagonists
failed to reduce the intravascular, interstitial, and alveolar ac-
cumulation of neutrophils (Figure 2A). Furthermore, inhibition
of P-selectin did not affect edema formation and protease re-
lease (Figure 2B). Similarly, antibodies to GPIIb/IIIa did not
exert effects on alveolar protease activity, plasma leakage, or
neutrophil tissue accumulation. However, the intravascular neu-
trophil counts were significantly reduced by pretreatment with
GPIIb/IIIa antibodies (Figure 2).

LPS-mediated activation of platelets stimulates binding of plate-
lets to neutrophils with subsequent release of DNA-containing neu-
trophil extracellular traps, a mechanism that may be linked to the
development of ALI (9, 19). In addition, neutrophil extracellular
traps release might link to permeability changes as observed in
ALI (20). To degrade DNA-containing neutrophil extracellular
traps, we injected a bolus of DNase before LPS exposure. How-
ever, such treatment failed to reduce LPS-mediated ALI formation
(Figure 2).

Platelet-derived Chemokines Are Pivotal in Neutrophil

Recruitment in ALI

As an alternative mechanism, we sought to explore the role of
platelet-derived chemokines in neutrophil recruitment and ALI
formation. Specifically, platelet-derived CCL5 and CXCL4 were
previously shown to mediate monocyte and neutrophil adhesion
in large arteries (11, 17). Hence, we investigated the deposition
of CCL5 and CXCL4 on microvascular lung endothelium by use
of intravital microscopy using established protocols (16, 17). By this
approach we could evidence the increased endothelial presentation
of CCL5 and CXCL4 after LPS inhalation (Figure 3A). To further
investigate the role of these chemokines in ALI development, we

Figure 3. Platelet-derived CCL5 and CXCL4 promote neutrophil recruitment in LPS-induced lung injury. (A) Mice challenged with aerosolized LPS or
saline (ctrl) were injected with fluorescent beads conjugated with antibodies to CCL5 (top) or CXCL4 (bottom). Bead immobilization in the lung

microcirculation was recorded by fluorescence intravital microscopy. Beads per field were manually counted. Scale bar, 50 mm. n ¼ 5 for each bar.

Statistical significance was tested using Mann-Whitney tests. *Indicates significant difference between groups. (B and C) Mice were treated with

antibodies to CCL5, CXCL4, or a combination of both. The last group was also depleted of platelets. Thereafter mice were exposed to LPS by
inhalation and killed 4 hours later. (B) Displayed are intravascular (top), interstitial (middle), and alveolar neutrophil counts (bottom). (C) Protein

concentration (top), fluorescein isothiocyanate (FITC)–dextran clearance (middle), and elastase (bottom, uniform bars) and myeloperoxidase (MPO)

activity (bottom, hatched bars) in bronchoalveolar lavage fluids. n ¼ 8–10 for each bar. Statistical significance was tested using one-way analysis of

variance with Dunnett post hoc test. *Indicates significant difference compared with LPS-treated mice.

Grommes, Alard, Drechsler, et al.: Platelet Chemokines Orchestrate Lung Injury 631



Figure 4. Disruption of CCL5–CXCL4 heteromer formation abrogates neutrophil recruitment in LPS-induced acute lung injury. (A) Correlation of leukocyte
counts and CCL5–CXCL4 heteromers in bronchoalveolar lavage (BAL) fluid from patients with acute lung injury and adult respiratory distress syndrome. (B)

Quantification of CCL5–CXCL4 heteromers in supernatants of homogenates of lungs from mice exposed to LPS and having received antiplatelet serum

(50 ml) or MKEY (50 mg). n ¼ 3 for each bar. Statistical significance was tested using Kruskal-Wallis test with Dunn post hoc test. *Indicates significant

difference to all other groups. (C) Isolated neutrophils were perfused over human umbilical vein endothelial cells (HUVEC) treated with tumor necrosis factor
(TNF) (50 ng/ml, 12 h). In addition, recombinant CCL5 and CXCL4 were complexed and immobilized on HUVEC. Thereafter, neutrophils were perfused in

presence or absence of MKEY. n¼ 8 for each bar. Statistical significance was tested using one-way analysis of variance (ANOVA) with Dunnett post hoc test.

*Indicates significant difference compared with HUVEC treated with CCL5–CXCL4 in absence of MKEY. (D–F) Mice were treated with MKEY (50 mg) 1 hour
before or after LPS inhalation, scrambled MKEY (sMKEY, 50 mg), antibodies to CCL5 and CXCL4, or platelet-depleting serum. Four hours after LPS

inhalation, mice were killed. (D) Displayed are intravascular (top), interstitial (middle), and alveolar neutrophil counts (bottom). (E) Protein concentration

(top), fluorescein isothiocyanate (FITC)–dextran clearance (middle), and elastase (bottom, uniform bars) and myeloperoxidase (MPO) activity (bottom,

hatched bars) in BAL fluids. n¼ 8–10 for each bar. Statistical significance was tested using one-way ANOVA with Dunnett post hoc test. *Indicates significant
difference compared with mice receiving LPS. (F) Representative photographs of histologic (left) and scanning electron analyses (right) of mice receiving

phosphate-buffered saline (ctrl) or LPS in presence or absence of MKEY. Scale bars indicate 50 mm for scanning electron microscopy and 250 mm for

histology. Quantification of histologic lung sections (bottom). n¼ 8–10 for each bar. Statistical significance was tested using one-way ANOVA with Dunnett

post hoc test. *Indicates significant difference compared with LPS-treated animals.
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treated mice with monoclonal antibodies to CCL5 and CXCL4
individually or in combination before LPS stimulation. Antibodies
to CCL5 or CXCL4 significantly reduced neutrophil recruitment in
all compartments, plasma exudation, and protease release (Figures
3B and 3C). Combination of the antibodies and additional de-
pletion of platelets had no additive effects (Figures 3B and 3C).
To further corroborate the role of chemokines originating from
bone marrow–derived cells, we reconstituted lethally irradiated
mice with bone marrow from Ccl52/2 (Ccl52/2→WT) or wild-
type mice (WT→WT). Mice carrying Ccl52/2 bone marrow
exhibited largely decreased neutrophil lung infiltration and
plasma leakage in response to LPS compared with mice having
received wild-type bone marrow (see Figure E3). Of note, plate-
let depletion resulted in no further reduction of inflammatory

responses in Ccl52/2→WTmice, whereas neutrophil extravasation
and lung edema were thereby reduced in WT→WT mice to levels
observed in Ccl52/2→WT mice (see Figure E3). The identification
of platelets as a source of CCL5 was further substantiated in ex-
periments where CCL5 was measured in the supernatant of lung
homogenates. Although LPS inhalation clearly increased CCL5
levels this was largely reduced in mice depleted of platelets (see
Figure E4) but not in mice depleted of neutrophils or monocytes
(data not shown).

Platelet Chemokines Form Heteromers, and Their Disruption

Prevents LPS-induced ALI

Heterodimerization of CCL5 and CXCL4 enhances their ability
to recruit inflammatory cells (11, 14). To analyze the impact of

Figure 5. Acid- or sepsis-induced acute lung

injury (ALI) is abrogated by disrupting CCL5–
CXCL4 heteromers. ALI was induced by intratra-

cheal acid application (Acid) or by cecal ligation

and puncture (CLP). MKEY (50 mg) was injected
1 hour before or 1 hour after ALI induction. Mice

were killed 4 (Acid) or 24 hours (CLP) after ALI

induction. (A) Displayed are intravascular (top), in-

terstitial (middle), and alveolar neutrophil counts
(bottom). (B) Protein concentration (top), fluores-

cein isothiocyanate (FITC)–dextran clearance (mid-

dle), and elastase and myeloperoxidase (MPO)

activity (bottom) in bronchoalveolar lavage fluids.
n ¼ 7 for each bar. Statistical significance was

tested using Kruskal-Wallis test with Dunn post

hoc test. *Indicates significant difference compared
with ALI control mice.

Figure 6. MKEY does not affect neutrophil degranulation

and adhesion. Neutrophils were pretreated with MKEY (1

or 3 h, 1 or 10 mM) and then activated with N-formyl-

methionine-leucine-phenylalanine (fMLP). (A and B) MFI
of surface expression of b2 (A, top) or b1 integrin (B, top)

as measured by fluorescence-activated cell sorter analysis

after staining with directly conjugated antibodies. Adhesion

of neutrophils perfused over immobilized intercellular adhe-
sion molecule 1 (A, bottom) and fibronectin (B, bottom) at

1 dyne/cm2. Number of adherent neutrophils per field is

displayed. n ¼ 3–6 for fluorescence-activated cell sorter ex-
periments, and 8–10 for flow chamber experiments. Statisti-

cal significance was tested using Kruskal-Wallis test with Dunn

post hoc test. *Indicates significant difference compared with

fMLP treatment. MFI = mean fluorescence intensity.
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CCL5–CXCL4 heteromers in human ALI and adult respiratory
distress syndrome, we analyzed CCL5–CXCL4 heteromers in
BALF obtained from patients with severe ALI and adult re-
spiratory distress syndrome (see Table E3). Interestingly, we
found a positive correlation between CCL5–CXCL4 heteromers
and BALF leukocyte counts (Figure 4A). Furthermore, we
quantified the amount of CCL5–CXCL4 heteromers in murine
lung homogenates by ELISA. Inhalation of LPS led to a signifi-
cant formation of heteromers, which was abolished by depletion
of platelets (Figure 4B) but not neutrophils (not shown), thus
providing evidence for the cellular origin of the chemokine het-
eromers. We have reported a peptide antagonist, MKEY, de-
signed to specifically disrupt proinflammatory interactions of
CCL5–CXCL4, thereby attenuating monocyte recruitment and
reducing atherosclerosis without detectable side effects (14).
Hence, we treated mice with MKEY before LPS exposure and
found that CCL5–CXCL4 formation was fully abrogated (Figure
4B). In addition, in vitro adhesion of neutrophils to CCL5–CXCL4
heteromers deposited on endothelial cells was abolished by pres-
ence of MKEY (Figure 4C). Collectively these data indicate the
importance of platelet-derived heteromers in lung neutrophil in-
filtration during ALI and identify possible means for interference.

Next we aimed at investigating the therapeutic potential of dis-
rupting CCL5–CXCL4 interactions. To this end, we treated mice
with MKEY before LPS exposure and analyzed lung neutrophils
infiltration, edema formation, protease release, and ultrastruc-
tural changes (Figures 4D–4F). Treatment with MKEY reduced
the number of intravascular neutrophils to baseline levels and
significantly reduced alveolar neutrophil counts. In line, lung
edema formation was fully abrogated and protease activity was
clearly diminished. In contrast, a scrambled version of MKEY
(sMKEY) did not exert any of these effects supporting the spec-
ificity of MKEY (Figures 4D–4F). Of note, application of MKEY
1 (Figures 4D–4F) or 2 hours (see Figure E5) after LPS inhalation
exerted similar beneficial effects, indicating a feasibility of this
approach also in therapeutic settings. However, in Ccl52/2→WT
mice MKEY treatment was without effect (see Figure E3) sup-
porting the specificity of this inhibitor. Furthermore, the effects
of MKEY treatment matched those observed by platelet deple-
tion or injection of antibodies to CCL5 and CXCL4. Because the
latter strategies may result in severe bleeding and adverse effects,

such as reduced viral clearance and T-cell proliferation (21, 22),
interference with CCL5–CXCL4 heteromer formation may stand
out as a promising strategy in treating ALI.

Disruption of Heteromers Prevents Acid- and

Sepsis-induced ALI

To test the applicability of MKEY in other models of ALI, we
tested its efficacy in models of acid- and sepsis-induced ALI (Fig-
ure 5). Intratracheal inoculation of HCl led to rapid ALI de-
velopment. Treatment with MKEY before or after instillation
of HCl abrogated neutrophil lung infiltration, edema formation,
and discharge of neutrophil elastase (Figure 5). To mimic sepsis,
a CLP model was used, thus exposing the mouse to endogenous
live bacteria. CLP induced a delayed influx of neutrophils into
all three compartments being associated with lung edema for-
mation and neutrophil degranulation (Figure 5). As for the ap-
plication of LPS and acid, MKEY abrogated CLP-induced
neutrophilic lung infiltration, permeability changes, and intra-
alveolar accumulation of neutrophil elastase (Figure 5), indica-
tive of its broad clinical applicability. This is further supported
by Kaplan-Meier analyses, wherein MKEY but not sMKEY
improves the survival of mice in the CLP model (see Figure E6).

MKEY Rapidly Distributes to the Lung Microcirculation

To assess the in vivo behavior of MKEY, we injected a single dose
of MKEY intraperitoneally and followed its accumulation in the
plasma and the lungs. We observed a rapid increase in plasma
levels with a maximal concentration (Cmax) of 1.21 mg/ml after
5 minutes (see Figure E7). The concentration of MKEY slowly
decreases with a plasma half-life of 3.02 hours and preferentially
distributes to the microvasculature of the lungs with a lung/
plasma ratio of 1.5. After 12 hours, MKEY was detectable at a
concentration of 14.4 ng/ml before falling below detection limits
after 24 hours.

MKEY Does Not Adversely Affect Neutrophil

Effector Functions

Previous studies have tested the impact of MKEY on macrophage-
mediated viral clearance, in vivo T-cell function, T-cell proliferation,
and macrophage survival and found that none of these functions is

Figure 7. MKEY does not affect neutrophil antimicrobial ac-

tivity. (A) Neutrophils pretreated with N-formyl-methionine-
leucine-phenylalanine (fMLP) (10 mM, 15 min) and MKEY

(3 h at indicated doses) were incubated with IgG- or comple-

ment-opsonized fluorescent Escherichia coli. Uptake was

recorded by flow cytometry. n ¼ 4 for each bar. (B) Neutro-
phils were labeled with the reactive oxygen species (ROS)-

sensitive dye H2DCFDA and ROS formation was recorded by

flow cytometry after fMLP-stimulation in presence or absence
of MKEY. Data indicate fluorescence intensity 30 minutes after

fMLP exposure. n ¼ 6 for each bar. Statistical significance was

tested using Kruskal-Wallis test with Dunn post hoc test. *Indi-

cates significant difference compared with fMLP treatment.
(C) Formation of colony-forming units (CFU) after hypotonic

lysis of neutrophils that had phagocytozed E. coli (D21) for 20

minutes. n ¼ 5 for each bar. (D) Bacterial clearance in mice

that underwent CLP. Mice received vehicle control or MKEY
(50 mg) and cultures of lung homogenate or plasma were

made on Luria Bertani agar overnight and the colonies were

enumerated. n ¼ 7 for each bar. MFI ¼ mean fluorescence
intensity.
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negatively regulated by MKEY (14). Because neutrophil effector
functions, such as emigration, granule mobilization, ROS forma-
tion, phagocytosis, and bacterial killing, are vital for a coordinated
innate immune response, we tested if any of these functions may be
impaired by the presence of MKEY.

For neutrophils to firmly adhere, the up-regulation ofb2-integrins
from secretory vesicles is a prerequisite. Such mobilization is me-
diated by secretagogues, such as the bacterial wall peptide fMLP.
Hence, we analyzed the effect of MKEY on fMLP-induced b2-
integrin up-regulation on neutrophils and their subsequent adhe-
sion to the b2-integrin ligand intercellular adhesion molecule 1
(Figure 6A). Interestingly, none of these functions was impaired
by treatment withMKEY. Because b1-integrins, however, are cru-
cial for extravascular locomotion of neutrophils, we tested the
effect of MKEY on a5b1-integrin up-regulation and neutrophil
adhesion to the b1-integrin-substrate fibronectin. Again, MKEY
did not adversely affect these functions (Figure 6B). In addition,
MKEY did not alter transmigration of neutrophils in response to
fMLP, keratinocyte-derived chemokine, or macrophage inflam-
matory protein 2 (see Figure E8). Further to emigration, neutro-
phils are indispensible in bacterial clearance, much of which is
mediated by phagocytosis, production of ROS, and intracellular
bacterial killing. To test their phagocytic capacity, fluorescent
E. coli bacteria were opsonized with IgG or complement, and
incubated with neutrophils treated with fMLP or not in the pres-
ence or absence of MKEY. Fluorescence-activated cell sorter
analysis revealed no impairment of bacterial uptake by presence
of MKEY (Figure 7A). In addition, ROS formation was analyzed
after neutrophil labeling with the cell-permeant ROS indicator
H2DCFDA. Presence of MKEY did not alter the fMLP-induced
ROS production (Figure 7B). Finally, we assessed the ability of neu-
trophils to kill E. coli (D21) bacteria after treatment with MKEY.
Again, this capacity was not negatively affected by MKEY (Figure
7C). To further test if MKEYwould result in impaired host defense
we induced sepsis by CLP. Bacterial burden in lungs and plasma
was quantified 24 hours after initiation of sepsis (Figure 7D). In
these experiments we found no difference between mice treated
with MKEY or vehicle control.

DISCUSSION

Using three independent models of ALI, we here show that neu-
trophil infiltration into the lung and associated lung damage is
driven by platelets. Mechanistically, we identify platelet-derived
CCL5 and CXCL4 as crucial mediators in mediating neutrophil
lung infiltration. Our previous work has revealed that CCL5 and
CXCL4 engage in heterophilic interactions leading to a synergis-
tic enhancement of the cell-recruiting functions of CCL5 (11, 14),
possibly through an enhancement of CCL5 binding to the leu-
kocyte surface (11). Characterization of the structural determi-
nants of the CCL5–CXCL4 interaction by nuclear magnetic
resonance spectroscopy and computational simulations allowed
us to design a synthetic peptide, termed MKEY, which was able
to specifically disrupt the synergistic interaction between these
chemokines by targeting their N-terminal b-sheet formation
(14). We used MKEY as a tool to address the question whether
CCL5–CXCL4 heteromers were also involved in the attraction
of neutrophils to sites of lung injury. In support of this, we show
that the amount of heteromers in human samples positively
correlates with the degree of leukocyte influx into the lungs.
In addition, abrogation of heteromer formation reduced neutro-
phil influx into inflamed lungs and subsequent tissue damage.
Because this strategy lacked obvious adverse effects on neutro-
phil antimicrobial activities, we believe that interference with
chemokine heteromer formation is a valuable approach to tar-
get neutrophil influx into acutely inflamed lungs.

The recruitment of neutrophils is classically defined as a multi-
step process consisting of leukocyte rolling, activation, adhesion,
and subsequent transmigration, involving cell adhesion molecules
and chemokines and their respective receptors by the leukocyte
recruitment cascade (23). Neutrophil recruitment into the lung
is unique and influenced by several factors including neutrophil
deformability, adhesion molecules, and the unique capillary struc-
ture of the lung (24). On the way through the small pulmonary
capillaries, neutrophils have to stop several times to change their
shape and subsequently squeeze through the small vessels. Hence,
the specific architecture of the lung brings about a prolonged
transit time of the neutrophil through the lung and accumulation
of neutrophil located primarily within alveolar capillaries. The
specific role of adhesion molecules and chemokines in neutrophil
recruitment to inflamed lungs is not fully understood and seems to
be context-dependent. Although selectins seem to be of minor
importance in LPS-induced lung injury, they seem to hold prom-
inent roles in neutrophil recruitment in models of acid-induced
lung injury (12, 25). In contrast, neutrophil b2-integrins are of
importance in LPS-induced lung inflammation, whereas neutro-
phil infiltration in acid-induced lung damage occurs independently
of CD18 (26, 27). Hence, successful targeting of neutrophil emi-
gration in acute lung inflammation is context-dependent and ham-
pered by the complex contribution of various adhesion molecules.
In the study provided here, we identify the importance of platelet-
derived heteromers in neutrophil recruitment to inflamed lungs,
and therapeutic disruption of CCL5–CXCL4 heteromers reduces
neutrophil lung infiltration independently of the stimulus used,
thus suggesting the general importance of this mechanism.

Neutrophil emigration to the lungs is subject tomodification by
other circulating immune cells including monocytes and platelets
(5, 12, 28, 29). Platelets are known to promote neutrophil emi-
gration in various inflammatory models including atherosclerosis
(17), kidney failure (30), and ALI (5, 12). Mechanisms underlying
platelet-mediated neutrophil recruitment include direct cellular
interactions involving GPIIbIIIa/Mac-1 and P-selectin/PSGL-1
(31) or neutrophil activation through platelet secretory products
(32). In the context of ALI, previous work has focused on direct
cellular interactions and provided evidence for the importance of
the P-selectin–PSGL-1 axis in acid-induced lung injury (12). In
the model of LPS-induced ALI primarily used in the study pro-
vided here, no importance of P-selectin or GPIIbIIIa to platelet-
dependent neutrophil infiltration into the lung was observed. The
independency of P-selectin corroborates earlier reports of LPS-
induced ALI (29). Hence, we focused on the importance of plate-
let-derived chemokines with neutrophil-activating capabilities in
platelet-mediated neutrophil lung infiltration. Activated platelets
release substantial amounts of CCL5 and CXCL4. Because of
charge interactions, both chemokines are deposited on endothelial
cell surfaces and presented to circulating leukocytes. CCL5 inter-
acts with CCR1, CCR3, and CCR5, whereas CXCL4 was sug-
gested to act through CXCR3. Deficiency in these receptors or
the use of antagonists has previously been reported to be associ-
ated with diminished neutrophil recruitment in various lung
damage models (33–35). In addition, overexpression of human
CCL5 in murine lungs increases neutrophil accumulation thus
supporting an important role for CCL5 in lung neutrophil re-
cruitment (36). Because CXCL4 alone does not exert classical
chemokine functions at submicromolar concentrations (37), its
role in cell recruitment might be auxiliary rather than autono-
mous as was shown for monocytes (38). This is supported by
findings that the presence of CXCL4 increased CCL5-induced
monocyte arrest on activated endothelium under flow condi-
tions (11). CCL5 and CXCL4 can form a heteromeric complex,
which occurs in a-granules of human platelets (14). Disruption
of such heteromer formation proved effective in treatment of
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atherosclerosis (14) and may hence be an important target in
platelet-mediated aggravation of leukocyte recruitment.

Taken together, we provide evidence for the sequential inter-
play of platelets and neutrophils in LPS-induced ALI. Our data
identify heteromer formation of platelet-derived chemokines as
a crucial functional link between the two cell types, which was
targeted in a therapeutic approach. Indeed, disruption of
CCL5–CXCL4 heteromers diminished neutrophil influx, edema
formation, and destruction of lung tissue in various in vivo
models of ALI. The absence of adverse effects of this strategy
would allow for translation toward clinical situations.

Author disclosures are available with the text of this article at www.atsjournals.org.
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