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Abstract

Platelets and neutrophils contribute to the development of acute lung
injury (ALI). However, the mechanism by which platelets make
this contribution is incompletely understood. We investigated
whether the two most abundant platelet chemokines, CXCL7, which
induces neutrophil chemotaxis and activation, and CXCL4, which
does neither, mediate ALI through complementary pathogenic
pathways. To examine the role of platelet-derived chemokines in the
pathogenesis of ALI using Cxcl72/2 and Cxcl42/2 knockout mice
and mice that express human CXCL7 or CXCL4, we measured levels
of chemokines in these mice. ALI was then induced by acid
aspiration, and the severity of injury was evaluated by histology and
by the presence of neutrophils and protein in the bronchoalveolar
lavage fluid. Pulmonary vascular permeability was studied in vivo by

measuring extravasation of fluorescently labeled dextran. Murine
CXCL7, both recombinant and native protein released from
platelets, can be N-terminally processed by cathepsin G to yield a
biologically active CXCL7 fragment. Although Cxcl72/2 mice are
protected from lung injury through the preservation of
endothelial/epithelial barrier function combined with impaired
neutrophils transmigration, Cxcl42/2 mice are protected through
improved barrier function without affecting neutrophils
transmigration to the airways. Sensitivity to ALI is restored by
transgenic expression of CXCL7 or CXCL4. Platelet-derived CXCL7
and CXCL4 contribute to the pathogenesis of ALI through
complementary effects on neutrophil chemotaxis and through
activation and vascular permeability.
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Platelets are primary effector cells of
hemostasis and thrombosis (1–3). A growing
body of evidence suggests that platelets also
play a crucial role in the inflammatory
response, in part by promoting leukocyte
recruitment to sites of vascular injury (4).
Recent studies also highlight the unique
functions of platelets in the lungs (5) and

show that platelets contribute to acute lung
injury (ALI) (6).

ALI, which causes significant morbidity
and mortality, is a multifactorial syndrome
characterized by loss of microvascular
barrier function; recruitment, retention, and
activation of leukocytes in the lung; and
parenchymal injury(7–10). Chemokines that

bind to the receptor CXCR2 are important
in the recruitment of neutrophils (11).
Deletion of the gene encoding CXCR2 in
both hematopoietic and nonhematopoietic
cells completely blocks neutrophil activation,
whereas inhibition of CXCR2 activity
attenuates acid-induced ALI by reducing
neutrophil recruitment and decreasing
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vascular permeability within the lung (12).
Platelets also contribute to neutrophil-
mediated injury by helping to “capture”
neutrophils along the lung microvasculature
(13). Disruption of platelet-neutrophil
aggregates and depletion of platelets reduce
neutrophil migration and improve survival
in animal models of ALI (14). Activated
platelets also promote intravascular
thrombosis, which is a common
accompaniment of ALI and which
contributes to morbidity (15).

Platelets enhance or facilitate leukocyte
recruitment primarily through the release
of specific chemokines that are stored in
a-granules. The most abundant proteins in
a-granules are CXCL4 (platelet factor 4)
and CXCL7 (platelet basic protein). Mature
CXCL4 is a 70-amino acid (aa) protein
that promotes thrombosis (16), enhances
atherosclerosis (17, 18), inhibits
megakaryopoiesis (19), and regulates T-cell
and other host immune responses to
certain infections (20–22). The contribution
of CXCL4 to these processes has been
delineated in part through studies of a
CXCL4 knockout (Cxcl42/2) mouse that has
a 1.2-kb deletion that removes all three
exons of Cxcl4 and through using transgenic
mice expressing human (h) CXCL4
specifically in platelets (hCXCL41) (16, 23).
At high concentrations at which CXCL4
shows biological activity, it is likely that its
affinity for ubiquitous negatively charged
cell-surface glycosaminoglycans is more
important than its ability to bind specific
cell surface receptors (24–27). Although
CXCL7 is structurally related to CXCL4, it is
cleaved to an N-terminal 70-aa fragment,
neutrophil-activating peptide-2 (NAP-2)
(CXCL7/NAP-2). CXCL7/NAP-2 has a
glutamic acid-leucine-arginine (ELR) motif
within its N-terminal sequence that is absent
in CXCL4. This sequence is required for
binding to CXCR1 and CXCR2, which

mediates the migration and activation of
neutrophils (2, 28, 29). Human
CXCL7/NAP-2 can be produced in vitro
by N-terminal cleavage of its proform by
several serine proteases, including trypsin,
chymotrypsin, and cathepsin G (30).
In vivo, CXCL7 is cleaved primarily by
neutrophil cathepsin G (31), which, in turn,
regulates neutrophil function (32). Both human
and mouse megakaryocytes synthesize CXCL7.
The proteins differ in size (94 and 79 aa,
respectively), but mouse (m) CXCL7 can
also be N-terminally cleaved to
mCXCL7/NAP-2 (33).

As mentioned, CXCR2 is an important
receptor that has been implicated
in pathophysiologic events associated with
ALI. In mice, CXCR2 mediates the
chemotactic activity of CXCL1 (KC), CXCL2
(MIP-2), CXCL5 (LIX), and CXCL15
(lungkine). These chemokines are
important for neutrophil recruitment into
rodents’ lungs (9, 34). CXCR2 also binds
CXCL7, and both have been reported
recently to promote leukocyte migration
through thrombi (35).

On the basis of their abundance in
platelets, CXCL7 and CXCL4 are likely to
be the most abundant proteins released at
sites of inflammation. However, the specific
role of platelet-derived CXCL7/NAP-2 in
the development of ALI and the
contribution of CXCL4 with its more
pleiotropic effects and lack of known
receptor in the lung have not been well
defined. The specific roles of individual
chemokines have been difficult to delineate
because they are all released simultaneously
in wild-type (WT) animals. To address
the specific contribution of CXCL7/NAP-2
and CXCL4 to the development of ALI,
we used transgenic mice either lacking
these chemokines individually or
expressing their human counterparts
individually on knockout backgrounds.
Our studies show that both
CXCL7/NAP-2 and CXCL4 contribute to
the development of ALI through
complementary effects on neutrophil
transmigration and pulmonary
vascular permeability.

Materials and Methods

Reagents
All reagents, unless specified otherwise, were
from Sigma (St. Louis, MO).

Expression of Murine Platelet-
Specific Chemokines
Recombinant proteins were expressed
by subcloning complementary DNA into a
pT7-7 prokaryote expression vector and
expressing proteins in BL21DE3 pLysS
bacteria after isopropyl b-D-1-
thiogalactopyranoside induction, as
described by our group (36). Proteins were
purified on heparin agarose followed by
liquid chromatography. Both full-length
mCXCL7 and mCXCL7/NAP-2 proteins
react with rabbit polyclonal antimouse
CXCL7 antibody produced against
peptides specific for mCXCL7. Their
endotoxin levels were ,0.005 ng/mg as
determined by the limulus amebocyte lysate
assay. The human and mouse CXCL7/NAP-
2 used for chemotaxis of murine neutrophils
were from Peprotech (Rocky Hill, NJ) and
BioLegend (San Diego, CA), respectively.

Neutrophil Isolation and Chemotaxis
After approval from the institutional
review board of Childrens’ Hospital of
Philadelphia and after informed written
consent, we obtained human blood
samples from healthy adult donors via
venipuncture. Human neutrophils were
isolated by centrifugation in Lympholyte
Polyseparation Medium (Cedarlane
Laboratories, Burlington, NC) according
to the manufacturer’s instructions,
labeled with Calcein-AM (1 mM final
concentration), washed, counted, and
diluted to a final concentration of 33 106

cells/ml in phosphate-buffered saline (DPBS;
Life Technologies, Grand Island, NY).
Chemotaxis of human neutrophils was
assessed using the Neuro Probe ChemoTx
Disposable Chemotaxis system (Neuro
Probe, Gaithersburg, MD) with the Victor
Plate Reader (Perkin Elmer, Waltham, MA).
N-formyl-methionyl-leucyl-phenylalanine
(37) was used as positive control.

Mouse neutrophils were isolated
from the bone marrow of WT mice (38)
and purified using the Neutrophil
Isolation Kit, (Miltenyi Biotec, Bergisch
Gladbach, Germany). Chemotaxis assays
were performed using 13 106 cells/ml of
Calcein-labeled cells using Transwell unit
(3 mm, Corning Costar, Corning, NY) (39).

Cxcl72/2 and Cxcl42/2 Mice and
hCXCL71 and hCXCL41 Transgenic
Mice
We generated Cxcl72/2 and Cxcl42/2 mice
by deleting all three exons of the respective

Clinical Relevance

These studies show a mechanism by
which platelets, through the release of
platelet-specific chemokines, may
influence the degree of acute lung
injury and provide important new
insights into its pathogenesis. They
may also lead to novel therapeutic
strategies to modify the severity of this
challenging disorder.
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genes using a targeted homologous
recombination strategy (16, 40).
Heterozygous mice were initially bred
together to obtain WT and knockout
mice. The hCXCL71 and hCXCL41

transgenic mice express the respective
protein in a platelet-specific fashion
(23). Mice denoted as hCXCL71/Cxcl72/2,
hCXCL41/Cxcl72/2, and
hCXCL41/Cxcl42/2 were hemizygous
for the transgene and were studied in
parallel with their respective knockout
littermates. All lines were backcrossed
.10 generations onto a C57BL/6J
(Jackson Laboratories, Bar Harbor, ME)
background before study.

Acid Lung Injury and Immunostaining
of Lung Tissue
Mice (6–8 weeks old, 20–25 g) were studied
after approval by the Institutional Animal
Care and Use Committee of Children’s
Hospital of Philadelphia. Mice were
anesthetized with an intraperitoneal
injection of ketamine/xylazine. Tracheae and
jugular veins were surgically exposed. A 1%
solution of fluorescein isothiocyanate (FITC-
dextran, 40 kD; Sigma) in DPBS was injected
into the jugular vein. Acid aspiration was
induced by intratracheal injection of 0.1 N
HCl. Four hours later, lung injury, vascular
permeability, and extravasation of
neutrophils into lung parenchyma and
airways were evaluated as described (41). In
some experiments, sections (5 mm) cut
from formalin-fixed and paraffin-embedded
lung tissues were immunostained using
rabbit anti-mCXCL7 (Bethyl Laboratories,
Montgomery, TX) or normal rabbit sera,
followed by a biotinylated-antirabbit
antibody (Vector Laboratories, Burlingame,
CA). (For additional methodological details,
see online supplement.)

Results

mCXCL7 Is Processed to Yield
Biologically Active mCXCL7/NAP-2
Proteolytic cleavage of hCXCL7 results in a
mature protein (NAP-2) with an exposed
ELR N-terminus (32) that interacts with
chemokine receptors CXCR1 and CXCR2 to
induce neutrophil migration (28, 42).
Murine full-length CXCL7 has only z50%
identity with its human counterpart (see
Figure E1 in the online supplement). To
determine whether murine and human
CXCL7 undergo similar post-translational

processing and thereby evolve similar
biological activities, we expressed full-length
mCXCL7 and examined whether it, too, can
be proteolyzed to yield a biologically active
mCXCL7/NAP-2 fragment capable of
binding to CXCR2. We examined
N-terminal cleavage of full-length
recombinant mCXCL7 after digestion by
cathepsin G. Bands corresponding in size to
recombinant CXCL7/NAP-2 that were
reactive with antimouse CXCL7 antibody
were identified (Figure 1A) after digestion of
recombinant mCXCL7 and in platelet lysates
from WT mice, but the band was absent as
expected in platelet lysates from Cxcl72/2

mice (Figure 1A and Figure E2). These data
show that mouse CXCL7, like its human
counterpart (43), can be cleaved by
cathepsin G to release an N-terminal ELR
CXC chemokine NAP-2. Next, we
investigated whether purified recombinant
mCXCL7/NAP-2, like its human
counterpart (hCXCL7/NAP-2), induces
chemotaxis of isolated human neutrophils
(Figure 1B). We also show here that
mCXCL7/NAP-2, but not full-length
mCXCL7, supported human neutrophil
chemotaxis (Figure 1B). Both
mCXCL7/NAP-2 and hCXCL7/NAP-2
supported human neutrophil chemotaxis in
a concentration-dependent manner
(Figure E3). Both hCXCL7/NAP-2 and
mCXCL7/NAP-2 also supported the
migration of murine neutrophils
(Figure 1C). This finding is consistent with
the previously identified role of
CXCL7/NAP-2 in a mouse model of
leukocyte migration through thrombi (35)
and is relevant to our findings in mice
overexpressing hCXCL7.

Characterization of the Murine Lines
Mice from all knockout and human CXC-
expressing lines were born at the expected
Mendelian ratios. None of the mice displayed
an overt phenotype (16) (data not shown).
Western blot analysis of platelet lysates from
Cxcl72/2 and Cxcl42/2 mice (Figure 1A,
right panel; Figure E2) (16), as well as
specific ELISAs of their sera (see Table E1 in
the online supplement), confirmed the
absence of the respective proteins when
compared with samples from WT mice.
Cxcl42/2 mice have near-normal levels of
mCXCL7 protein, whereas Cxcl72/2 mice
express z25% of the normal levels of
mCXCL4 (Table E1). The genes for these
CXC chemokines are z4 kb apart in both
mice and humans (44) (Figure E4).

Therefore, we measured the effects of these
deletions on the expression of other
chemokines. Serum levels of mCXCL5 in
Cxcl42/2 mice were z 40% of those in WT
mice, whereas mCXCL5 was almost absent
from Cxcl72/2 sera (Table E1). The levels of
the other linked chemokine, CXCL1, were
normal in all the animals studied. We infer
that the deletions of the CXCL72/2 and
CXCL42/2 genes affect the regulatory
organization around the Cxcl5 gene,
decreasing its expression.

ALI in Mice Lacking CXCL7 or CXCL4
We used acid inhalation as our model of lung
injury. Acid or saline as a control was injected
intratracheally into WT, Cxcl72/2, and
Cxcl42/2 mice. The chest was then opened
and the intact lungs were inspected visually.
Representative pictures of whole lungs
harvested 4 hours after injury and saline
control are shown as the insert (Figure 2A).
The damage was scored on a scale of 1 (no
injury) to 10 (severe injury), as described
(45), and was validated by us previously
(41). On the basis of ALI scores, injury to the
lungs of saline-injected WTmice (Figure 2A,
white bar and saline dotted line) was low, in
stark contrast to the damage seen in the
lungs of acid-infused WT mice (Figure 2A,
black bars). Lung injury in Cxcl72/2 or
Cxcl42/2 mice exposed to acid was
significantly less severe (Figure 2A, gray
bars) than in WT mice.

In parallel experiments, lungs from
animals 4 hours after injection of saline or
HCl were inflated, fixed with formalin and
paraffin, sectioned, and stained using
hematoxylin and eosin. Histological
inspection of sections from the saline-control
and acid-injured lungs taken from WT,
Cxcl72/2, and Cxcl42/2 mice (Figure 2B)
affirmed the results of visual inspection.
After acid aspiration, lungs from mice
lacking CXCL7 showed essentially normal
parenchymal architecture, minimal
interstitial edema, and fewer leukocytes and
red blood cells in alveolar spaces compared
with lungs from HCl-injured WT mice.

Deletion of Cxcl7 or Cxcl4 Decreases
Pulmonary Vascular Permeability
To characterize pulmonary vascular
permeability after acid injury, we first
measured total protein in bronchoalveolar
lavage fluid (BALF). Protein content in
BALF from acid-injured WT mice was
approximately threefold higher than in
Cxcl72/2 or Cxcl42/2 mice (Figure 3A,
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black and gray bars). Protein content in
BALF from acid-injured Cxcl72/2 and
Cxcl42/2 mice was comparable to the levels
in saline-control animals (Figure 3A, white
bar and NaCl dotted line). These results
suggest that lung injury was associated with
compromised capillary-epithelial
barrier function and increased vascular
permeability in WT mice, and that
Cxcl72/2 and Cxcl42/2 mice were
protected from acid-induced injury. To
dissociate systemic (blood or plasma)
protein influx into the airways from a local
increase in total protein caused by
injured airways, we assessed vascular
permeability after intravenous injection of
FITC-dextran. Diffusion of FITC-dextran
from the circulation into BALF from WT,
Cxcl72/2, and Cxcl42/2 mice was

measured after acid aspiration, as described
previously (41). Little FITC-dextran was
detected in the BALF of WT mice
injected with saline (Figure 3B, NaCl
dotted line). Levels increased approximately
fivefold after acid aspiration in WT mice,
but only increased approximately twofold
in Cxcl72/2 mice (Figure 3B, black and
light gray bars). Similarly, FITC-dextran
in BALF from acid-injured Cxcl42/2

mice was only slightly increased
compared with that in BALF from
control mice injected with saline
(Figure 3B, dark gray bar and NaCl dotted
line), but it was decreased significantly
compared with FITC-dextran in BALF
from WT mice.

The increase in lung permeability in
WT mice was accompanied by increased

neutrophil transmigration into the airways
compared with mice injected with saline, as
anticipated (Figure 3C, black and white
bars). BALF from WT mice also contained
significantly more neutrophils after acid
injury than did BALF from injured Cxcl72/2

mice (Figure 3C, black and light gray bars,
respectively). Surprisingly and in contrast to
that in Cxcl72/2 mice, BALF from acid-
injured Cxcl42/2 mice contained only
slightly fewer neutrophils than did BALF
from acid-injured WT mice (Figure 3C, dark
gray bars).

Lung Injury in Mice Overexpressing
Human CXCL7 or CXCL4
Because Cxcl72/2 mice expressed only one-
fourth the mCXCL4 found in WT mice
and no detectable mCXCL5 (Table E1),
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we next examined whether overexpressing
human CXCL7 or CXCL4 on a Cxcl72/2 or
Cxcl42/2 background would restore
the severity of lung injury. We
studied hCXCL71/Cxcl72/2 and
hCXCL41/Cxcl72/2 mice that express
human CXCL7 and CXCL4, respectively,
and have decreased mCXCL4 and no
mCXCL5 or mCXCL7. The hCXCL4
expression transgene (23) was also crossed

onto the same Cxcl42/2 genetic
background (hCXCL41/Cxcl42/2).

We scored the injury to intact lungs
visually after acid aspiration (41). In
contrast to the outcomes in Cxcl72/2 and
Cxcl42/2 mice (Figure 2A), ALI scores in
hCXCL71/Cxcl72/2, hCXCL41/Cxcl42/2,
and hCXCL41/Cxcl72/2 mice were
comparable to each other and slightly
higher than those in injured WT mice,

although the difference did not reach
statistical significance (Figure 4A). This
indicates that introducing human CXCL7
or CXCL4 rescued the knockout
phenotypes. These findings were confirmed
by histological analysis of hematoxylin
and eosin–stained lung sections
(Figure 4B). Lung sections from mice
overexpressing human CXCL7 or CXCL4
after acid aspiration showed increased
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alveolar septal thickening and congestion,
as was seen in WT mice. To assess the
presence of platelets and the release of
hCXC7, lung sections from control and acid-
injured hCXC71/Cxcl72/2, Cxcl72/2,
and WT mice after acid aspiration were
stained with anti-human CXCL7
antibody (Figure 4C). hCXCL7 was found
both in association with and apart from
platelets in injured hCXC71/Cxcl72/2

lungs (Figure 4C, top right panel), compared
with minimal staining in control mice

injected with saline (Figure 4C, top left
panel). hCXCL7 was also evident in
the epithelial airways of injured
hCXC71/Cxcl72/2 lungs. This suggests
that CXCL7 released from activated
platelets might bind to the epithelium. As
expected, no staining for hCXCL7 was seen
in injured Cxcl72/2 and WT mice because
the anti-human CXCL7 antibody used
does not cross-react with murine CXCl7.
(Figure 4C, top left and right panels,
respectively).

We then measured total protein in
BALF and permeability to FITC-dextran
(Figures 5A and B, respectively) in these
transgenic mice. In agreement with the
ALI scores (Figure 4A), and in contrast
to results in knockout mice (Figures
3A and 3B), the protein and FITC-
dextran levels in BALF of injured
hCXCL71/Cxcl72/2, hCXCL41/Cxcl72/2,
and hCXCL41/Cxcl42/2 mice were
comparable to those seen in injured WT
mice (Figures 5A and 5B). The lower
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0.1N HCl or 0.9% NaCl. Average ALI score was measured in mice injected with NaCl (dotted line) and with HCl in four to seven mice in each group as
indicated and compared with that of WT mice after acid injury. (B) Hemotoxylin and eosin staining of lung sections collected 4 hours after acid aspiration in
WT, hCXCL71/Cxcl72/2, hCXCL71/Cxcl72/2, and hCXCL71/Cxcl72/2 mice. Representative lung sections (original magnification3 400; scale bars:
50 µm). (C) Experiments were performed as in (B), but lung sections were stained with rabbit antibody against hCXCL7, followed by antirabbit secondary
antibody. In both (B) and (C), images are representative of results from three to four mice in each treatment group. n.s., not significant; hCXCL4, human
CXCL4.
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levels of protein in BALF from
hCXCL71/Cxcl72/2 mice, compared with
those in BALF from WT and
hCXCL41/Cxcl42/2 mice, did not reach
statistical significance (Figures 5A and 5B,
light and dark gray and black bars). The
increase in lung permeability in injured
overexpressing mice was associated with an
increased efflux of neutrophils into lung
parenchyma and airways after injury,
reaching levels comparable to those seen in
injured WT mice (Figure 5C). This indicates
that restoring hCXCL7 or hCXCL4
expression alone in the respective knockout
mouse background increases its response to
acid injury.

We performed additional investigations
to try to understand the apparent
differences between the number of
neutrophils in the pulmonary airways and
the severity of injury as judged by protein
content in airways of Cxcl42/2 mice
compared with Cxcl72/2 mice that express
mCXCL4 (Table E1). Because Cxcl42/2

mice express CXCL7, which we have shown
is activated to chemoattract neutrophils
in vitro and in vivo, we studied the effect of
restoring hCXCL4 or hCXCL7 on the clean
Cxcl72/2 background. To do so, we
immunostained lung sections after acid
aspiration to identify intravascular or
interstitial neutrophils (Figure E5A).
Restoring either hCXCL7 or hCXCL4 on the

CxCl72/2 background increased the number
of neutrophils in injured areas (Figure E5B).
CXCL4, unlike CXCL7, has not been shown
to attract neutrophils (28). This led us to
investigate the direct effects of CXCL4 on
endothelial barrier function as a potential
mechanism by which it contributes to ALI.
To do so, we first investigated whether the
vascular low-density lipoprotein–related
receptor (LRP), a receptor that has been
shown to bind CXCL4 (46) and has been
implicated in pulmonary vascular
permeability (41), contributes to ALI in
CXCL4-overexpressing mice. To do so, we
pretreated mice with the LRP antagonist
Fc-RAP or an Fc control 5 minutes before
acid aspiration. CXCL4-overexpressing mice
pretreated with the LRP inhibitor Fc-RAP,
but not an Fc control, showed an z50%
reduction in pulmonary vascular permeability
on the basis of total protein and FITC-
dextran content in BALF after injury (Figure
E6). This outcome suggests a direct effect of
CXCL4 on endothelial permeability.
Moreover, the permeability of endothelial cell
monolayers is increased by rhCXCL4 as well
as in the presence of hCXCL7 (Figure E7).

Discussion

Migration of neutrophils in response to the
N-terminal ELR subfamily of CXC

chemokines is an important step in the
pathogenesis of ALI (47). The murine
model of acid-induced lung injury we used
has helped elucidate the contribution of
CXC chemokines to induced neutrophil
migration (7). The neutrophil content of
lungs and BALF correlates with the severity
of ALI, and the severity of injury can be
mitigated by neutrophil depletion as well as
by a deficiency of CXCR2, a receptor that
binds ELR-CXC chemokines and
contributes to the chemoattraction and
activation of neutrophils (11, 12).

The severity of ALI is also attenuated by
depletion or inhibition of platelets in this
model (14). We hypothesized that
activated platelets that traverse the
endothelial/epithelial barrier and
megakaryocytes entrapped in the lungs
contribute to the development of ALI
through local release of their large stores of
CXCL7 and CXCL4 (1), which recruit
neutrophils and may, in turn, further
impair barrier function. The data presented
in this paper are consistent with this
hypothesis and demonstrate that both
CXCL7 and CXCL4 contribute to the
pathogenesis of lung injury in the acid
aspiration mouse model of ALI. ALI was
less severe in mice lacking either CXCL7
(Cxcl72/2) or CXCL4 (Cxcl42/2) compared
with WT mice. Because Cxcl72/2 mice
expressed only one-fourth the mCXCL4
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Figure 5. Vascular permeability in Cxcl72/2 and Cxcl42/2 mice overexpressing either hCXCL7 or hCXCL4. (A) Total protein in BALF from
hCXCL71/Cxcl72/2, hCXCL41/Cxcl72/2, or hCXCL41/Cxcl42/2 mice was compared with that from WT animals after acid injury. Dotted line: intratracheal
injection of 0.9% NaCl (no injury). Mean6 SD are shown for 4–11 mice. (B) Permeability was measured in WT, hCXCL71/Cxcl72/2, hCXCL41/Cxcl72/2,
and hCXCL41/Cxcl42/2 mice by FITC-dextran content in BALF collected 4 hours after intratracheal injection of 0.1N HCl or 0.9% NaCl (dotted line).
Mean6 SD are shown for five to seven mice. (C) Number of NE in BALF from acid-injured lungs of WT, hCXCL71/Cxcl72/2, hCXCL41/Cxcl72/2, and
hCXCL41/Cxcl42/2 mice. Mean6 SD from four mice in each experimental group are shown. n.s. as compared with WT mice.
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found in WT mice and no detectable
mCXCL5, we studied hCXCL71/Cxcl72/2

and hCXCL41/Cxcl72/2 mice that express
human CXCL7 and CXCL4, respectively,
and have decreased mCXCL4 and no
mCXCL5 or mCXCL7. The expression of
either human CXCL7 or CXCL4 on these
knockout backgrounds restored the severity
of lung injury to that seen in concurrently
studied WT control mice. Although we
observed a trend suggesting more severe
injury in mice overexpressing hCXCL7 or
CXCL4 compared with WT mice, the
differences did not reach statistical
significance.

Limitations in our methodology and
conclusions must be noted. The aspiration
model is limited by the heterogeneous
delivery of acid, and visual inspection,
histologic sampling, and global assessment of
vascular permeability might not reflect
important regional variations that would be
evident using computed tomography
accompanied by measures of subsegmental
volumes and regional gas exchange.
Nevertheless, taken together, our
macroscopic, histological, and vascular
permeability data indicate that restoring
hCXCL7 or hCXCL4 expression alone in the
respective knockout background restores the
response to acid injury and supports
the conclusion that CXCL7 and CXCL4 each
individually contribute to the altered
phenotype in acid-injured knockout mice.

CXCL7 and CXCL4 are synthesized
almost exclusively in megakaryocytes, stored
in platelet a-granules, and released from
these granules when platelets are activated.
In humans, it is estimated that micromolar
concentrations of both chemokines are
found at sites of platelet activation (1). Our
studies indicate that mouse CXCL7, like its
human counterpart, can be cleaved by
cathepsin G to release an N-terminal ELR
CXC chemokine NAP-2, which attracts
neutrophils. This finding is consistent with
the previously identified role of NAP-2 in a
mouse model of leukocyte migration
through thrombi (35). Therefore, one
mechanism by which platelet CXCL7 may
contribute to ALI is through the release by
neutrophils of cathepsin G, which cleaves
the full-length protein, exposing an
N-terminal ELR sequence that attracts and
activates additional neutrophils at sites of
inflammation.

Understanding how CXCL4 contributes
to ALI is more complex. CXCL4 does not
have an N-terminal ELR sequence (28).

Consequently, CXCL4 does not bind to
CXCR2 in humans or mice and has not been
shown to activate neutrophils or to
directly induce their chemotaxis (28, 43). It
remains unclear how the platelet-specific
chemokine CXCL4 indirectly leads to a
similar pathology. In a murine model of
LPS-induced ALI, platelet depletion
abrogated lung neutrophil infiltration (48),
and antibodies to the platelet-derived
chemokines CCL5 and CXCL4 markedly
diminished neutrophil efflux and lung
permeability (49). These observations are
consistent with our phenotypic findings that
gene deletion of CXCL4 is protective and
that overexpression of CXCL4 restores the
WT phenotype after acid injury. Biologically
active heterodimers of CCL5-CXCL4 form
in ALI, and disruption of these complexes
abolishes lung edema and neutrophil
infiltration (49). However, in our model,
CXCL4 did not exacerbate lung injury by
directly enhancing neutrophil efflux into the
airways. Additional studies are needed to
determine if the extent of chemokine
depletion in the lung by antibody or
blocking peptides versus gene deletion,
severity of injury, and diverse readouts
contribute to these differences in outcome.

Cxcl42/2 mice express CXCL7,
CXCL1, CXCL5, and other cytokines that
might stimulate neutrophil transmigration
and activation. On the other hand, loss
of pulmonary vascular permeability and
recruitment of neutrophils into the airways
in mice overexpressing CXCL4 on both the
Cxcl42/2 and the Cxcl72/2 backgrounds
suggest that CXCL4 does not contribute to
ALI in this model by directly enhancing
neutrophil migration.

The mechanism by which CXCL4
contributes to compromised
pulmonary/capillary barrier function is
unclear. CXCL4 signals through vascular
LRP (46, 50), which enhances vascular
permeability when engaged by small cationic
peptides (41), and similar effects of LRP
signaling have been implicated in the
regulation of blood-brain barrier function
(51). CXCL4-mediated enhancement of
vascular permeability may facilitate the
egress of neutrophils into the lung
parenchyma and BALF in response to
injury, leading to the release of high local
concentrations of neutrophil-stimulating
chemokines and other mediators of
inflammation and tissue injury. In support
of this proposed mechanism, pretreatment
with an LRP inhibitor reduced pulmonary

vascular permeability in the CXCL4-
overexpressing mice. Thus, because LRP has
been shown to play a major role in
barrier function and because it has been
shown that CXCL4 binds and signals
through LRP, we strongly suggest that LRP
is the pulmonary endothelial receptor that
mediates CXCL4 effects on vascular
permeability. However, because RAP is a
general antagonist for several receptors
from the low-density lipoprotein–like
superfamily, we cannot exclude the
contribution of other receptors such as low-
density lipoprotein and very low-density
lipoprotein either directly or indirectly,
secondary to inhibition of those receptors by
systemic injection of Fc-RAP.

Other mechanisms are possible and
require further study. CXCL4 has a strongly
cationic surface with a high affinity for
repetitive negatively charged molecules (25,
52). CXCL4 binds to DNA (preliminary
observations) exposed at sites of
inflammation in the form of neutrophil
extravascular traps. Our preliminary studies
show that CXCL4 displaces histones from
the DNA within neutrophil extravascular
traps, which may injure the pulmonary
vasculature and the adjacent epithelial
barrier (53, 54). Alternatively, binding of
CXCL4 to cell-surface glycosaminoglycans
(55) might compete with CXCL7, CXCL5,
and other CXC chemokines for binding to
Duffy antigen/receptor for chemokines
(56), thereby impairing their removal from
sites of inflammation (22). This model
would be consistent with the reported role of
CXCL5 in ALI (34) and would help
explain how overexpression of CXCL4 can
substitute for the absence of CXCL7,
notwithstanding the differences in their
effects on attracting and activating
neutrophils to the injured lung. Clearly,
additional studies will be needed to
delineate among these and other possible
mechanisms to account for the
contribution of CXCL4 to lung injury.

Conclusions
In summary, our studies demonstrate
that the two most abundant and platelet-
predominant chemokines, CXCL7 and
CXCL4, contribute to the development of
ALI. Full-length murine CXCL7 can be
processed by cathepsin G to N-terminally
truncated CXCL7/NAP-2, which
directly activates neutrophils. Unexpectedly,
CXCL4, which cannot bind to CXCR2 and
is not known to be a potent attractant or
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activator of neutrophils, also exacerbates
ALI, and in this model, it does so
independently of CXCL7. The effect of
CXCL4 appears to be mediated primarily
through a complementary impairment of
pulmonary capillary permeability
permitting egress of neutrophils into
inflamed tissue. Additional studies are

needed to delineate the mechanism of
action of CXCL4 and to determine if
inhibiting the cytokine or its “receptors”
might play a role in mitigating ALI in the
clinical setting. n
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Poland, for his contribution to the design and the
analysis of the in vitro studies.

References

1. Lambert MP, Sachais BS, Kowalska MA. Chemokines and
thrombogenicity. Thromb Haemost 2007;97:722–729.

2. Gleissner CA, von Hundelshausen P, Ley K. Platelet chemokines in
vascular disease. Arterioscler Thromb Vasc Biol 2008;28:1920–1927.

3. Kowalska MA, Rauova L, Poncz M. Role of the platelet chemokine
platelet factor 4 (PF4) in hemostasis and thrombosis. Thromb Res
2010;125:292–296.

4. Katz JN, Kolappa KP, Becker RC. Beyond thrombosis: the versatile
platelet in critical illness. Chest 2011;139:658–668.

5. Weyrich AS, Zimmerman GA. Platelets in lung biology. Annu Rev Physiol
2013;75:569–591.

6. Zarbock A, Ley K. The role of platelets in acute lung injury (ALI). Front
Biosci (Landmark Ed) 2009;14:150–158.

7. Matute-Bello G, Frevert CW, Martin TR. Animal models of acute lung
injury. Am J Physiol Lung Cell Mol Physiol 2008;295:L379–L399.

8. Abraham E, Carmody A, Shenkar R, Arcaroli J. Neutrophils as early
immunologic effectors in hemorrhage- or endotoxemia-induced acute
lung injury. Am J Physiol Lung Cell Mol Physiol 2000;279:
L1137–L1145.

9. Reutershan J, Basit A, Galkina EV, Ley K. Sequential recruitment of
neutrophils into lung and bronchoalveolar lavage fluid in LPS-induced
acute lung injury. Am J Physiol Lung Cell Mol Physiol 2005;289:
L807–L815.

10. Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl
J Med 2000;342:1334–1349.

11. Doerschuk CM. Mechanisms of leukocyte sequestration in inflamed
lungs. Microcirculation 2001;8:71–88.

12. Zarbock A, Allegretti M, Ley K. Therapeutic inhibition of CXCR2 by
Reparixin attenuates acute lung injury in mice. Br J Pharmacol 2008;
155:357–364.

13. Zarbock A, Ley K. Mechanisms and consequences of neutrophil
interaction with the endothelium. Am J Pathol 2008;172:1–7.

14. Zarbock A, Singbartl K, Ley K. Complete reversal of acid-induced acute
lung injury by blocking of platelet-neutrophil aggregation. J Clin
Invest 2006;116:3211–3219.

15. Caudrillier A, Kessenbrock K, Gilliss BM, Nguyen JX, Marques MB,
Monestier M, Toy P, Werb Z, Looney MR. Platelets induce neutrophil
extracellular traps in transfusion-related acute lung injury. J Clin
Invest 2012;122:2661–2671.

16. Eslin DE, Zhang C, Samuels KJ, Rauova L, Zhai L, Niewiarowski S,
Cines DB, Poncz M, Kowalska MA. Transgenic mice studies
demonstrate a role for platelet factor 4 in thrombosis: dissociation
between anticoagulant and antithrombotic effect of heparin. Blood
2004;104:3173–3180.

17. Sachais BS, Turrentine T, Dawicki McKenna JM, Rux AH, Rader D,
Kowalska MA. Elimination of platelet factor 4 (PF4) from platelets
reduces atherosclerosis in C57Bl/6 and apoE-/- mice. Thromb
Haemost 2007;98:1108–1113.

18. Koenen RR, von Hundelshausen P, Nesmelova IV, Zernecke A, Liehn EA,
Sarabi A, Kramp BK, Piccinini AM, Paludan SR, Kowalska MA, et al.
Disrupting functional interactions between platelet chemokines inhibits
atherosclerosis in hyperlipidemic mice. Nat Med 2009;15:97–103.

19. Lambert MP, Rauova L, Bailey M, Sola-Visner MC, Kowalska MA,
Poncz M. Platelet factor 4 is a negative autocrine in vivo regulator of
megakaryopoiesis: clinical and therapeutic implications. Blood 2007;
110:1153–1160.

20. Shi G, Field DJ, Ko KA, Ture S, Srivastava K, Levy S, Kowalska MA, Poncz
M, Fowell DJ, Morrell CN. Platelet factor 4 limits Th17 differentiation
and cardiac allograft rejection. J Clin Invest 2014;124:543–552.

21. Srivastava K, Cockburn IA, Swaim A, Thompson LE, Tripathi A, Fletcher CA,
Shirk EM, Sun H, Kowalska MA, Fox-Talbot K, et al. Platelet factor 4
mediates inflammation in experimental cerebral malaria. Cell Host
Microbe 2008;4:179–187.

22. Love MS, Millholland MG, Mishra S, Kulkarni S, Freeman KB, Pan W,
Kavash RW, Costanzo MJ, Jo H, Daly TM, et al. Platelet factor 4
activity against P. falciparum and its translation to nonpeptidic
mimics as antimalarials. Cell Host Microbe 2012;12:815–823.

23. Zhang C, Thornton MA, Kowalska MA, Sachis BS, Feldman M, Poncz M,
McKenzie SE, Reilly MP. Localization of distal regulatory domains in
the megakaryocyte-specific platelet basic protein/platelet factor 4
gene locus. Blood 2001;98:610–617.

24. Lasagni L, Francalanci M, Annunziato F, Lazzeri E, Giannini S, Cosmi L,
Sagrinati C, Mazzinghi B, Orlando C, Maggi E, et al. An alternatively
spliced variant of CXCR3 mediates the inhibition of endothelial cell
growth induced by IP-10, Mig, and I-TAC, and acts as functional
receptor for platelet factor 4. J Exp Med 2003;197:1537–1549.

25. Rauova L, Zhai L, Kowalska MA, Arepally GM, Cines DB, Poncz M. Role
of platelet surface PF4 antigenic complexes in heparin-induced
thrombocytopenia pathogenesis: diagnostic and therapeutic
implications. Blood 2006;107:2346–2353.

26. Cines DB, Rauova L, Arepally G, Reilly MP, McKenzie SE, Sachais BS,
Poncz M. Heparin-induced thrombocytopenia: an autoimmune
disorder regulated through dynamic autoantigen assembly/
disassembly. J Clin Apher 2007;22:31–36.

27. Blanchet X, Langer M, Weber C, Koenen RR, von Hundelshausen P.
Touch of chemokines. Front Immunol 2012;3:175.

28. Yan Z, Zhang J, Holt JC, Stewart GJ, Niewiarowski S, Poncz M.
Structural requirements of platelet chemokines for neutrophil
activation. Blood 1994;84:2329–2339.

29. McColl SR, Clark-Lewis I. Inhibition of murine neutrophil recruitment
in vivo by CXC chemokine receptor antagonists. J Immunol 1999;
163:2829–2835.

30. Walz A, Baggiolini M. Generation of the neutrophil-activating peptide
NAP-2 from platelet basic protein or connective tissue-activating
peptide III through monocyte proteases. J Exp Med 1990;171:
449–454.

31. Brandt E, Van Damme J, Flad HD. Neutrophils can generate their
activator neutrophil-activating peptide 2 by proteolytic cleavage of
platelet-derived connective tissue-activating peptide III. Cytokine
1991;3:311–321.

32. Ehlert JE, Ludwig A, Grimm TA, Lindner B, Flad HD, Brandt E. Down-
regulation of neutrophil functions by the ELR(1) CXC chemokine
platelet basic protein. Blood 2000;96:2965–2972.

33. Proudfoot AE, Peitsch MC, Power CA, Allet B, Mermod JJ, Bacon K,
Wells TN. Structure and bioactivity of recombinant human CTAP-III
and NAP-2. J Protein Chem 1997;16:37–49.

34. Mei J, Liu Y, Dai N, Favara M, Greene T, Jeyaseelan S, Poncz M, Lee JS,
Worthen GS. CXCL5 regulates chemokine scavenging and
pulmonary host defense to bacterial infection. Immunity 2010;33:
106–117.

35. Ghasemzadeh M, Kaplan ZS, Alwis I, Schoenwaelder SM, Ashworth KJ,
Westein E, Hosseini E, Salem HH, Slattery R, McColl SR, et al.
The CXCR1/2 ligand NAP-2 promotes directed intravascular
leukocyte migration through platelet thrombi. Blood 2013;121:
4555–4566.

ORIGINAL RESEARCH

Bdeir, Gollomp, Stasiak, et al.: Platelet Chemokines and Acute Lung Injury 269

http://www.atsjournals.org/doi/suppl/10.1165/rcmb.2015-0245OC/suppl_file/disclosures.pdf
http://www.atsjournals.org


36. Park KS, Rifat S, Eck H, Adachi K, Surrey S, Poncz M. Biologic
and biochemic properties of recombinant platelet factor 4
demonstrate identity with the native protein. Blood 1990;75:
1290–1295.

37. Heit B, Liu L, Colarusso P, Puri KD, Kubes P. PI3K accelerates, but is
not required for, neutrophil chemotaxis to fMLP. J Cell Sci 2008;121:
205–214.

38. Mei J, Liu Y, Dai N, Hoffmann C, Hudock KM, Zhang P, Guttentag SH,
Kolls JK, Oliver PM, Bushman FD, et al. Cxcr2 and Cxcl5 regulate the
IL-17/G-CSF axis and neutrophil homeostasis in mice. J Clin Invest
2012;122:974–986.

39. Partida-Sanchez S, Gasser A, Fliegert R, Siebrands CC, Dammermann
W, Shi G, Mousseau BJ, Sumoza-Toledo A, Bhagat H, Walseth TF,
et al. Chemotaxis of mouse bone marrow neutrophils and dendritic
cells is controlled by ADP-ribose, the major product generated by the
CD38 enzyme reaction. J Immunol 2007;179:7827–7839.

40. Lambert MP, Meng R, Xiao L, Harper DC, Marks MS, Kowalska MA,
Poncz M. Intramedullary megakaryocytes internalize released
platelet factor 4 and store it in a granules. J Thromb Haemost 2015;
13:1888–1899.

41. Bdeir K, Higazi AA, Kulikovskaya I, Christofidou-Solomidou M,
Vinogradov SA, Allen TC, Idell S, Linzmeier R, Ganz T, Cines DB.
Neutrophil a-defensins cause lung injury by disrupting the
capillary-epithelial barrier. Am J Respir Crit Care Med 2010;181:
935–946.

42. Clark-Lewis I, Dewald B, Geiser T, Moser B, Baggiolini M. Platelet
factor 4 binds to interleukin 8 receptors and activates neutrophils
when its N terminus is modified with Glu-Leu-Arg. Proc Natl Acad Sci
USA 1993;90:3574–3577.

43. Walz A, Dewald B, von Tscharner V, Baggiolini M. Effects of the
neutrophil-activating peptide NAP-2, platelet basic protein,
connective tissue-activating peptide III and platelet factor 4 on
human neutrophils. J Exp Med 1989;170:1745–1750.

44. Tunnacliffe A, Majumdar S, Yan B, Poncz M. Genes for beta-
thromboglobulin and platelet factor 4 are closely linked and form part
of a cluster of related genes on chromosome 4. Blood 1992;79:
2896–2900.

45. Christofidou-Solomidou M, Kennel S, Scherpereel A, Wiewrodt R,
Solomides CC, Pietra GG, Murciano JC, Shah SA, Ischiropoulos H,
Albelda SM, et al. Vascular immunotargeting of glucose oxidase to
the endothelial antigens induces distinct forms of oxidant acute lung
injury: targeting to thrombomodulin, but not to PECAM-1, causes
pulmonary thrombosis and neutrophil transmigration. Am J Pathol
2002;160:1155–1169.

46. Lambert MP, Wang Y, Bdeir KH, Nguyen Y, Kowalska MA, Poncz M.
Platelet factor 4 regulates megakaryopoiesis through low-density
lipoprotein receptor-related protein 1 (LRP1) on megakaryocytes.
Blood 2009;114:2290–2298.

47. Grommes J, Soehnlein O. Contribution of neutrophils to acute lung
injury. Mol Med 2011;17:293–307.

48. Looney MR, Nguyen JX, Hu Y, Van Ziffle JA, Lowell CA, Matthay MA.
Platelet depletion and aspirin treatment protect mice in a two-event
model of transfusion-related acute lung injury. J Clin Invest 2009;
119:3450–3461.

49. Grommes J, Alard JE, Drechsler M, Wantha S, Mörgelin M, Kuebler WM,
Jacobs M, von Hundelshausen P, Markart P, Wygrecka M, et al.
Disruption of platelet-derived chemokine heteromers prevents
neutrophil extravasation in acute lung injury. Am J Respir Crit Care
Med 2012;185:628–636.

50. Sachais BS, Kuo A, Nassar T, Morgan J, Kariko K, Williams KJ,
Feldman M, Aviram M, Shah N, Jarett L, et al. Platelet factor 4 binds
to low-density lipoprotein receptors and disrupts the endocytic
machinery, resulting in retention of low-density lipoprotein on the cell
surface. Blood 2002;99:3613–3622.

51. Yepes M, Sandkvist M, Moore EG, Bugge TH, Strickland DK, Lawrence DA.
Tissue-type plasminogen activator induces opening of the blood-brain
barrier via the LDL receptor-related protein. J Clin Invest 2003;112:
1533–1540.

52. Jaax ME, Krauel K, Marschall T, Brandt S, Gansler J, Fürll B, Appel B,
Fischer S, Block S, Helm CA, et al. Complex formation with nucleic
acids and aptamers alters the antigenic properties of platelet factor 4.
Blood 2013;122:272–281.

53. Abrams ST, Zhang N, Manson J, Liu T, Dart C, Baluwa F,Wang SS, Brohi K,
Kipar A, Yu W, et al. Circulating histones are mediators of trauma-
associated lung injury. Am J Respir Crit Care Med 2013;187:160–169.

54. Bosmann M, Grailer JJ, Ruemmler R, Russkamp NF, Zetoune FS,
Sarma JV, Standiford TJ, Ward PA. Extracellular histones are
essential effectors of C5aR- and C5L2-mediated tissue damage and
inflammation in acute lung injury. FASEB J 2013;27:5010–5021.

55. Kowalska MA, Zhao G, Zhai L, David G III, Marcus S, Krishnaswamy S,
Poncz M. Modulation of protein C activation by histones, platelet
factor 4, and heparinoids: new insights into activated protein C
formation. Arterioscler Thromb Vasc Biol 2014;34:120–126.

56. Tournamille C, Le Van Kim C, Gane P, Blanchard D, Proudfoot AE,
Cartron JP, Colin Y. Close association of the first and fourth
extracellular domains of the Duffy antigen/receptor for chemokines
by a disulfide bond is required for ligand binding. J Biol Chem 1997;
272:16274–16280.

ORIGINAL RESEARCH

270 American Journal of Respiratory Cell and Molecular Biology Volume 56 Number 2 | February 2017


	link2external
	link2external
	link2external

