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Mortality related to adult respiratory distress syndrome (ARDS) ranges from 35% to 65%. Lung-protective ventilator
strategies can reduce mortality during ARDS. The protective strategies limit tidal volumes and peak pressures while
maximizing positive end-expiratory pressure. The efficacy of this approach is due to a reduction of shear-stress of the
lung and release of inflammatory mediators. Ventilator-induced lung injury (VILI) is characterized by inflammation. The
specific mechanism(s) that recruit leukocytes during VILI have not been elucidated. Because the murine CXC
chemokines KC/CXCL1 and MIP-2/CXCL2/3, via CXCR2, are potent neutrophil chemoattractants, we investigated their
role in a murine model of VILI. We compared two ventilator strategies in C57BL/6 mice: high peak pressure and high
stretch (high peak pressure/stretch) versus low peak pressure/stretch for 6 hours. Lung injury and neutrophil
sequestration from the high—peak pressure/stretch group were greater than those from the low—peak pressure/stretch
group. In addition, lung expression of KC/CXCL1 and MIP-2/CXCL2/3 paralleled lung injury and neutrophil sequestration.
Moreover, in vivo inhibition of CXCR2/CXC chemokine ligand interactions led to a marked reduction in neutrophil

sequestration and lung injury. These findings were confirmed using CXCR2~~ mice. Together these experiments support
the notion that increased expression of KC/CXCL1 and MIP-2/CXCL2/3 and their interaction with CXCR2 are important in
the pathogeneses of VILI.
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Mortality related to adult respiratory distress syndrome (ARDS) ranges from 35% to 65%. Lung-pro-
tective ventilator strategies can reduce mortality during ARDS. The protective strategies limit tidal vol-
umes and peak pressures while maximizing positive end-expiratory pressure. The efficacy of this
approach is due to a reduction of shear-stress of the lung and release of inflammatory mediators. Ven-
tilator-induced lung injury (VILI) is characterized by inflammation. The specific mechanism(s) that
recruit leukocytes during VILI have not been elucidated. Because the murine CXC chemokines
KC/CXCL1 and MIP-2/CXCL2/3, via CXCR2, are potent neutrophil chemoattractants, we investigat-
ed their role in a murine model of VILI. We compared two ventilator strategies in C57BL/6 mice: high
peak pressure and high stretch (high peak pressure/stretch) versus low peak pressure/stretch for 6
hours. Lung injury and neutrophil sequestration from the high-peak pressure/stretch group were
greater than those from the low-peak pressure/stretch group. In addition, lung expression of
KC/CXCL1 and MIP-2/CXCL2/3 paralleled lung injury and neutrophil sequestration. Moreover, in
vivo inhibition of CXCR2/CXC chemokine ligand interactions led to a marked reduction in neutrophil
sequestration and lung injury. These findings were confirmed using CXCR2- mice. Together these
experiments support the notion that increased expression of KC/CXCL1 and MIP-2/CXCL2/3 and
their interaction with CXCR2 are important in the pathogeneses of VILL

J. Clin. Invest. 110:1703-1716 (2002). doi:10.1172/JCI1200215849.

Introduction

Acute lung injury (ALI) and acute respiratory distress syn-
drome (ARDS) are clinical syndromes (hypoxemia,
decreased lung compliance, and bilateral pulmonary
infilerates) that have multifactorial etiologies either from
direct or from indirect injury to the lung (1, 2).
Histopathologically, there is an initial acute exudative
phase involving an alveolar-capillary leak in conjunction
with leukocyte extravasation. This is followed by a fibro-
proliferative phase involving the precipitation of the alve-
olar proteins with hyaline membrane formation, persist-
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ent inflammation, and proliferation of alveolar epithelia
and mesenchymal cells. Finally, there is a fibrotic phase,
in which inflammation ends in dysregulated repair with
denudation of the basement membrane, excessive matrix
deposition, and parenchymal fibrosis (1, 2).

Clinically, these patients develop an increased physio-
logical dead space, progressive shunt with hypoxemia,
decreased compliance, and pulmonary artery vascu-
lopathy, resulting in high minute ventilation that
requires the need for mechanical ventilation (1). Man-
agement has consisted of aggressive treatment of the
inciting cause, vigilant supportive care while on the
ventilator, and the prevention of nosocomial infec-
tions. However, the mortality rate from ALI/ARDS is
approximately 35-65% (1-5).

Previously there has been no significant progress made
in effective treatment of this disease. However, a recent
multi-center randomized controlled trial compared a tra-
ditional ventilation strategy (tidal volume of 12 ml/kg)
with a lung-protective strategy (tidal volume of 6 ml/kg).
The study included 861 patients and demonstrated that
the mortality rate in the lung-protective group was 22%
lower than that in the traditional ventilation group (6).
This sentinel study has changed the standard of care for
ventilator management of patients with ALI/ARDS.
However, it has raised questions about possible mecha-

The Journal of Clinical Investigation |

December 2002 |

Volume 110 | Number 11

1703



1704

nism(s) underlying the decreased mortality. Furthermore,
animal models of ventilator-induced lung injury (VILI)
have demonstrated that high-peak pressure and high-
stretch (high-peak pressure/stretch) mechanical ventila-
tion leads to increased neutrophil sequestration and lung
injury (4, 7, 8). Moreover, the specific mediator(s) that
orchestrates the recruitment of neutrophils into the lung
during VILI, which may perpetuate ALI/ARDS, has not
been fully elucidated.

Murine KC/CXCL1 and MIP-2/CXCL2/3 are glu-
tamic acid-leucine-arginine-positive (ELR-positive)
CXC chemokines; are structural homologs of human
GRO-0/CXCL1 and GRO-B/yICXCL2/3, respectively;
and are functional homologs of human CXC
chemokines, such as IL-8/CXCL8, ENA-78/CXCLS,
and GRO-0/B/y/CXCL1/2/3 (9-12). Both murine
chemokines share the ability to signal through a G
protein-coupled receptor, CXCR2 (9-11). Their
human structural and functional homologs have been
associated with ALI/ARDS (13-20). Because of these
findings, we hypothesized that the lung injury from
traditional high-peak pressure/stretch mechanical
ventilation leading to a neutrophil-predominant
leukocyte infiltration is due, in part, to the expression
of ELR-positive CXC chemokines through their inter-
action with their major receptor, CXCR2.

Our study demonstrates that high-peak pressure/
stretch mechanical ventilation leads to neutrophil
sequestration and lung injury that parallel the expres-
sion of KC/CXCL1 and MIP-2/CXCL2/3, and of cells
expressing CXCR2. Moreover, inhibition of CXCR2/
CXCR2 ligand interactions decreases neutrophil infil-
tration into the lungs and attenuates VILL

Methods
Reagents used for ELISA experiments. Biotinylated and
nonbiotinylated anti-murine KC/CXCL1 was pur-
chased from R&D Systems Inc. (Minneapolis, Min-
nesota, USA). Polyclonal rabbit anti-murine MIP-
2/CXCL2/3 used for ELISA was produced by the
immunization of a rabbit with carrier-free murine
recombinant MIP-2/CXCL2/3 (R&D Systems Inc.) in
multiple intradermal sites with CFA, followed by at
least three boosts of MIP-2/CXCL2/3 in incomplete
Freund’s adjuvant, as previously described (21-24).
Reagents used for neutralization studies. Polyclonal goat
anti-murine CXCR2 was produced by the immuniza-
tion of a goat with a peptide containing the ligand-
binding sequence Met-Gly-Glu-Phe-Lys-Val-Asp-Lys-
Phe-Asn-Ile-Glu-Asp-Phe-Phe-Ser-Gly of CXCR2. The
goat was immunized with CXCR2 peptide in a fashion
similar to that mentioned above for MIP-2/CXCL2/3
(21-28). Direct ELISA was used to evaluate antiserum
titers, and serum was used for Western blot, ELISA,
and neutralization assays when titers had reached
greater than 1/1,000,000. The CXCR2 protein se-
quence has been shown to contain the ligand-binding
portion of the CXCR2 receptor (21-23, 29). The anti-
CXCR2 antibodies have been used previously to block

mouse CXCR2 in vivo and have been shown to detect
CXCR2 by Western blot and FACS analysis of neu-
trophils in vivo (21-23, 29). The anti-CXCR2 antibod-
ies have been shown to be neutralizing, both by in vitro
neutrophil chemotaxis assay and by in vivo abrogation
of the influx of neutrophils into the peritoneum of
normal mice in response to exogenous ELR-positive
murine CXC chemokines (21-23, 29). In vivo admin-
istration of anti-CXCR2 antibodies inhibited pul-
monary neutrophil sequestration in murine models of
Aspergillosis, Nocardia, and Pseudomonas pnewmonia and
prevented the influx of neutrophils in urine and the
kidney in a murine model of Escherichia coli urinary
tract infection (21-23, 29). Moreover, intraperitoneal
administration of this antibody did not alter periph-
eral blood neutrophil counts (21-23, 29). One milli-
liter of antiserum against murine CXCR2 and control
antibody is approximately 10 mg of IgG. Affinity-puri-
fied polyclonal anti-KC/CXCL1 and anti-MIP-2/
CXCL2/3 antibodies were purchased from R&D Sys-
tems Inc. Twenty-five micrograms of either anti-KC/
CXCL1 or anti-MIP-2/CXCL2/3 antibodies has the
neutralizing capacity to inhibit 1 pg/ml of KC/CXCL1
or MIP-2/CXCL2/3, respectively.

Murine model of VILL. We used a modification of the
established and reproducible rodent/rabbit model of
VILI in mice as previously described (7, 30, 31). We used
male C57BL/6 mice between 6 and 8 weeks old. Mice
were anesthetized with ketamine and rompun intraperi-
toneally; then, under sterile conditions, the anterior
neck soft tissue was dissected to expose the trachea, and
a tracheotomy was performed. A 22-gauge angio-
catheter was introduced into the trachea and sutured in
place. Mice were placed in a supine position on a warm-
ing device and then connected to a Harvard Apparatus
Co. ventilator, model 683 (South Natick, Massachu-
setts, USA). The high-peak pressure/stretch protocol
consisted of maintaining ventilator settings such that
the respiratory rate = 100 breaths per minute and peak
pressure = 40 cm H,O, with tidal volumes of approxi-
mately 0.024 ml/g and an inspired oxygen fraction of
0.21 for 6 hours. The low-peak pressure/stretch proto-
col consisted of maintaining ventilator settings such
that the respiratory rate = 100 breaths per minute and
peak pressure = 20 cm H,O, with tidal volumes of
approximately 0.012 ml/g and an inspired oxygen frac-
tion of 0.21 for 6 hours. Airway peak pressure was meas-
ured with an Exactus II pressure gauge (Omron Health
Care Inc., Vernon Hill, Illinois, USA) connected to the
tubing at the proximal end of the tracheostomy.

The mice received 1 ml of 0.9% normal saline 27 and
3 hours prior to being placed on the mechanical venti-
lator, and then 0.25 ml of normal saline every 2 hours
after the onset of mechanical ventilation. While on the
ventilator, the mice were monitored every 30 minutes
and given ketamine/rompun intraperitoneally as need-
ed for adequate sedation. Mice also had their blood
pressure and pulse monitored within the first hour and
within the last hour of mechanical ventilation using a
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murine blood pressure/pulse monitor (Visitech Sys-
tems, Apex, North Carolina, USA).

Two mice were placed on separate ventilators side by
side so that pairs of mice could be studied simultane-
ously (for high versus low peak pressure/stretch, and
for high peak pressure/stretch treated with neutraliz-
ing antibodies versus appropriate control antibodies).
The mice in the nonventilated control group received
a half dose of ketamine/rompun intraperitoneally
and had their blood pressure and pulse measured
within 1 hour of the injection. In separate experi-
ments, animals received either 25 Hg of goat
anti-murine KC/CXCL1 (R&D Systems Inc.), 25 pg of
goat anti-murine MIP-2/CXCL2/3 (R&D Systems
Inc.), 25 pg of goat anti-murine KC/CXCL1 plus 25
Mg of goat anti-murine MIP-2/CXCL2/3, 1 ml of goat
polyclonal anti-murine CXCR2, or appropriate con-
trol antibodies 24 and 3 hours before being placed on
the ventilator. Furthermore, to substantiate results
found using the anti-murine CXCR2 antibody stud-
ies, we performed the same studies using CXCR2-/~
mice on a C57BL/6 background, comparing them
with CXCR2*/* (wild-type) C57BL/6 mice.

Myeloperoxidase assay. Pulmonary neutrophil sequestra-
tion was quantitated using a myeloperoxidase (MPO)
assay as previously described (27, 32). Briefly, at the time
of sacrifice, lungs were perfused free of blood with 1 ml
of 0.9%saline via the spontaneously beating right ventri-
cle. The lungs were excised and placed in a 50-mM potas-
sium phosphate buffer solution (pH 6.0) with 5% hexa-
decyltrimethyl ammonium bromide (Sigma-Aldrich, St.
Louis, Missouri, USA). The lung tissue was homogenized,
sonicated, and centrifuged at 12,000 g for 15 minutes at
4°C. The supernatant was then assayed for MPO activity
using a spectrophotometric reaction with o-dianisidine
hydrochloride (Sigma-Aldrich) at 460 nm.

Histopathologic grading of VILI. Three random S-Um
paraffin-embedded tissue sections from five different
lungs taken from the high-peak pressure/stretch,
low-peak pressure/stretch, and normal nonventilated
mice were stained with hematoxylin and eosin (H&E) at
6 hours after ventilation. The histopathology was
reviewed in a blinded manner with respect to which
group or mouse was being reviewed, using a modified
VILI histologic scoring system as previously described
(30, 33). Four easily identifiable pathologic processes
were scored on a scale of 0-4 as previously described: (a)
alveolar congestion, (b) hemorrhage, (c) leukocyte infil-
tration or aggregation of neutrophils in airspace or the
vessel wall, and (d) thickness of the alveolar wall (30, 33).
A score of 0 represented normal lungs; 1, mild, <25%
lung involvement; 2, moderate, 25-50% lung involve-
ment; 3, severe, 50-75% lung involvement; and 4, very
severe, >75% lung involvement. An overall score of VILI
was obtained based on the summation of all the scores,
and then a mean + SEM was generated from the cohort
of normal or ventilated lungs (three sections from each
lung, five lungs per group) at each time point to gener-
ate a cumulative histological VILL

Microvascular permeability analysis related to lung injury.
Microvascular permeability related to lung injury was
measured using a modification of the Evans blue dye
extravasation technique as previously described (32,
34). Extravasation of Evans blue (Sigma-Aldrich) into
the extravascular compartment was used as a quanti-
tative measure of lung injury and changes in pul-
monary microvasculature. Briefly, each animal received
20 mg/kg of Evans blue (pH 7.34) by tail vein injection
3 hours before being taken off the ventilator for sacri-
fice. At the time of sacrifice, a heparinized sample of
blood was harvested, and plasma was removed by cen-
trifugation. The lungs were perfused free of blood with
1 ml of 0.9% normal saline via the spontaneously beat-
ing right ventricle and removed from the thoracic cav-
ity. The trachea, mainstem bronchi, and surrounding
mediastinal structures were removed. Evans blue was
extracted from pulmonary tissues after homogeniza-
tion in 1 ml of 0.9% normal saline. This volume was
added to 2 volumes of deionized formamide and incu-
bated at 60°C for 12 hours. The supernatant was sepa-
rated by centrifugation at 2,000 g for 30 minutes. Evans
blue in the plasma and lung tissue was quantitated by
dual-wavelength spectrophotometric analysis at 620
and 740 nm (35). This method corrects the specimen’s
absorbance at 620 nm for the absorbance of contami-
nating heme pigments, using the following formula:
corrected absorbance at 620 nm = actual absorbance at
620 nm - [1.426 (absorbance at 740) + 0.03]. We calcu-
lated a permeability index by dividing the corrected
pulmonary tissue Evans blue absorbance at 620 nm/g
of lung tissue by the corrected plasma Evans blue
absorbance at 620 nm; this index reflects the degree of
extravasation of Evans blue into the extravascular pul-
monary tissue compartment.

To quantitate lung edema during VILI, we obtained
wet-to-dry weight ratios by ligating the lungs away from
the hilum. The lungs were blotted dry and weighed. They
were then desiccated by incubation at 130°C overnight
in avacuum oven and re-weighed to determine their dry
weight. The wet-to-dry ratio was then calculated.

KC/CXCL1 and MIP-2/CXCL2/3 ELISAs. KC/CXCL1 or
MIP-2/CXCL2/3 protein was quantitated using a mod-
ification of a double ligand method as previously
described (27, 28). Briefly, flat-bottomed 96-well
microtiter plates (Nunc-Immuno-Plate I 96-F, Nalge
Nunc International, Rochester, New York, USA) were
coated with anti-murine KC/CXCL1 or MIP-2/
CXCL2/3 (1 ng/pl in 0.6 M NaCl, 0.26 M H3B0,, and
0.08N NaOH, pH 9.6) for 24 hours at 4°C and then
washed with PBS (pH 7.5) and 0.05% Tween-20 (wash
buffer). Microtiter plate nonspecific binding sites were
blocked with 2% BSA in PBS and incubated for 60 min-
utes at 37°C. Plates were washed three times with wash
buffer, and samples or standard were added, followed
by incubation for 1 hour at 37°C. Plates were washed
three times, 50 pl/well of biotinylated anti-murine
KC/CXCL1 and MIP-2/CXCL2/3 antibodies were
added, and plates were incubated for 45 minutes at
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Hemodynamic monitoring of normal nonventilated mice and mice placed on either a high- or a low-peak pressure/stretch mechanical ven-

e1

tilation protocol for 6 hours

Normal nonventilated C57BL/6

Low peak pressure/stretch

High peak pressure/stretch

First hour Sixth hour First hour Sixth hour
BP Pulse BP Pulse BP Pulse BP Pulse BP
103 +8 485+ 15 109 + 14 485+ 19 94+6 505+8 97 +6 499 + 16 89+7

n =10 mice per group. BP, systolic blood pressure.

1706

37°C. Plates were washed three times, streptavidin-per-
oxidase conjugate (Jackson ImmunoResearch Labora-
tories Inc., West Grove, Pennsylvania, USA) was added,
and the plates were incubated for 30 minutes at 37°C.
Plates were washed three times, and TMB (3,3',5,5'-
tetramethylbenzidine) chromogen substrate (Kirke-
gaard & Perry Laboratories Inc., Gaithersburg, Mary-
land, USA) was added. The plates were incubated at
room temperature to the desired extinction, and the
reaction was terminated with 3 M H,SO, solution.
Plates were read at 450 nm in an automated microplate
reader (Bio-Tek Instruments Inc., Winooski, Vermont,
USA). Standards were half-log dilutions of either
KC/CXCL1 or MIP-2/CXCL2/3 from 100 ng to 1 pg/ml
(50 pl/well). This ELISA method consistently detected
specific chemokine concentrations greater than 50
pg/ml in a linear fashion. KC/CXCL1 and MIP-2/
CXCL2/3 were specific in our sandwich ELISA without
cross-reactivity to a panel of cytokines including human
and murine IL-1Ra, IL-1, IL-2, IL-6, IL-4, TNF-0(, IEN-y,
and members of the CXC and CC chemokine families.

ELISA for phosphorylated IKBQ and Western blot analysis
of IKBa. To assess activated NF-KB in tissue, phospho-
rylated IKBa from whole-lung homogenates was meas-
ured using a modification of a commercially available
ELISA kit, IKBa ActivELISA (BioCarta, San Diego,
California, USA). Briefly, a flat-bottomed 96-well
microtiter plate was coated with capture antibody for
24 hours at 4°C and then washed. Nonspecific bind-
ing sites were blocked with blocking buffer (BioCarta)
and incubated for 60 minutes at room temperature.
The plate was washed three times with wash buffer
(BioCarta), and samples or standard were added, fol-
lowed by incubation for 4 hours at 4°C. The plate was
washed three times with wash buffer (BioCarta), and
detection antibody was added, followed by incubation
for 1 hour at room temperature. The plate was further
washed three times, and streptavidin-horseradish per-
oxidase added. The plate was then incubated for 1
additional hour at room temperature. The plate was
washed three times with wash buffer (BioCarta), and
TMB chromogen substrate (Kirkegaard & Perry Labo-
ratories Inc.) was added. The plate was incubated at
room temperature to the desired extinction, and the
reaction was terminated with 3 M H,SO, solution.
The plate was read at 450 nm in an automated
microplate reader (Bio-Tek Instruments Inc.). The
standard curve was generated using half dilutions of

phosphorylated IKBa from 1,000 pg/ml to 0, provid-
ed by the manufacturer (BioCarta).

We performed Western blot analysis by immunoblot-
ting 60 Hg of total protein from whole-lung
homogenate preparations. Following SDS-PAGE, lung
homogenate protein was electrophoretically trans-
ferred to a PVDF membrane at 30 V for 1 hour at room
temperature. The membranes were then incubated
with an anti-IKBa antibody (Santa Cruz Biotechnolo-
gy Inc., Santa Cruz, California, USA) ata 1:1,000 dilu-
tion in BLOTTO (Cell Signaling Technology, Beverly,
Massachusetts, USA) overnight at 4°C. Subsequently,
the blots were washed in Tween 20-Tris buffered saline
and then incubated with a horseradish peroxi-
dase-conjugated donkey anti-rabbit secondary anti-
body for 1 hour at room temperature. The immunore-
active proteins were finally visualized using ECL
(Amersham Biosciences Corp., Piscataway, New Jersey,
USA) and by following the manufacturer’s instruc-
tions. Bands were visualized and photographed using
an ultraviolet transilluminator (36). The image densi-
ties were measured with NIH Image, and semiquanti-
tative results were obtained.

Total-RNA isolation and RT-PCR amplification. Total cel-
lular RNA from tracheal tissue was isolated as previ-
ously described (25-28). Total RNA was determined,
and 1 pg of total RNA was reverse-transcribed into
c¢DNA and amplified using Access RT-PCR kit
(Promega Corp., Madison, Wisconsin, USA) and spe-
cific primers for murine KC/CXCL1, murine MIP-
2/CXCL2/3, murine CXCR2, and a housekeeping
gene, B-actin. The primers used were 5'-TGA-GCT-GCG-
CTG-TCA-GTG-CCT-3" (sense) and 5'-AGA-AGC-CAG-
CGT-TCA-CCA-GA-3' (antisense) for KC (259 bp);
5'-GCT-GGC-CAC-CAA-CCA-CCA-GG-3' (sense) and 5'-
AGC-GAG-GCA-CAT-CAG-GTA-CG-3' (antisense) for
murine MIP-2/CXCL2/3 (359 bp); 5'-TCT-GGC-ATG-
CCC-TCT-ATT-CTG-3' (sense) and 5'-AAG-GTA-ACC-TCC-
TTC-ACG-TAT-3' (antisense) for murine CXCR2 (311
bp); and 5'-TTG-TAA-CCA-ACT-GGG-ACG-ATA-TGG-3'
(sense) and 5'-GAT-CTT-GAT-CTT-CAT-GGT-GCT-AGG-3'
(antisense) for B-actin (764 bp). After amplification,
the sample was separated on an agarose gel containing
ethidium bromide, and bands were visualized and
photographed using an ultraviolet transilluminator
(36). The image densities were measured with NIH
Image, and semiquantitative results were expressed as
a ratio of each RT-PCR product to -actin density.
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Figure 1

VILI. (a) VILI scores by analysis of H&E-stained histopathologic sec-
tions from mouse lungs after 6 hours of mechanical ventilation. A
cumulative score was based on leukocyte infiltration, exudative
edema, hemorrhage, and alveolar wall thickness (n = 15; three ran-
dom sections per lung and five lungs per group). *P < 0.02. (b) Evans
blue permeability index where Evans blue was given 3 hours after the
start of mechanical ventilation and mice were sacrificed at the 6-hour
time point (n = 10 lungs per group). *P < 0.02.

FACS analysis of CXCR2. Whole-lung single-cell sus-
pension preparations were made from harvested lungs
using a method described previously (28, 37, 38). Single-
cell suspensions (5 X 106 cells/ml) were stained with pri-
mary antibodies: Tricolor-conjugated (Becton, Dickin-
son and Company, Franklin Lakes, New Jersey, USA)
anti-murine CD45 (Caltag Laboratories Inc., South San
Francisco, California, USA), anti-murine CXCR2, or
isotype controls. The secondary antibody used for these
experiments was Alexa 488 (Molecular Probes Inc.,
Eugene, Oregon, USA). Dual-color stained cell suspen-
sions were analyzed on a FACScan flow cytometer (Bec-
ton Dickinson Immunocytometry Systems, San Jose,
California, USA) using CellQuest 3.2.1f1 software (Bec-
ton Dickinson Immunocytometry Systems) as previ-
ously described (28, 37, 38).

Statistical analysis. Data were analyzed on a Dell PC
using the StatView 4.5 statistical package (Abacus
Concepts Inc., Berkeley, California, USA). Group com-
parisons were evaluated by the ANOVA test with the
post hoc analysis (i.e., Bonferroni/Dunn). Data were
expressed as mean + SEM.

Results

High—peak pressure/stretch mechanical ventilation is associat-
ed with increased VILI. Since human studies have sug-
gested that high-peak pressure/stretch mechanical

ventilation is associated with increased lung injury, we
generated a murine model system of high- versus
low-peak pressure/stretch mechanical ventilation in
order to begin to dissect the mechanism(s) related to
this process. C57BL/6 mice were placed on either a
high- or a low-peak pressure/stretch protocol of
mechanical ventilation at a respiratory rate of 100 for
6 hours. Hemodynamic monitoring did not demon-
strate any significant difference in blood pressure or
pulse, in either group, at the beginning versus the end
of mechanical ventilation (Table 1). By performing
quantitative analysis on lung histopathology, we found
more edema, leukocyte infiltration, alveolar hemor-
rhage, and alveolar wall thickness in lungs harvested
from the high-peak pressure/stretch mice (high peak
pressure/stretch >>> low peak pressure/stretch >> non-
ventilated normal mice) (Figures 1a and 2). We con-
firmed these results by performing Evans blue dye
analysis, a marker of microvascular permeability. Evans
blue dye was infused into mice by tail vein injection 3
hours after the start of mechanical ventilation. At 6
hours after ventilation, the animals were sacrificed and
the lungs and serum were harvested for microvascular
permeability index analysis. We found that lungs from
the high-peak pressure/stretch group had a signifi-
cantly higher vascular permeability than those from
either the low-peak pressure/stretch group or normal
nonventilated mice (Figure 1b). In addition, there was
an increase in vascular permeability in lungs from the
low-peak pressure/stretch group as compared with
normal nonventilated mice (Figure 1b).

MPO levels are elevated during VILI. Neutrophils are con-
sidered to be critically involved in the pathogenesis of
most forms of ALI and are one of the histopathological
hallmarks of ALI/ARDS (1, 39-44). Based on this evi-
dence, we measured neutrophil sequestration in the
lung during both high- and low-peak pressure/stretch
mechanical ventilation, as compared with that of nor-
mal non-ventilated control mice. C57BL/6 mice placed
on either a high- or a low-peak pressure/stretch
mechanical ventilation were sacrificed at 6 hours, and
their lungs were harvested for MPO analysis. MPO was
used as an indirect measurement of neutrophil infiltra-
tion into the lung. Lung homogenates from the
high-peak pressure/stretch group had significantly
greater levels of MPO than lung homogenates from
either low-peak pressure/stretch or normal nonventi-
lated mice (Figure 3). Furthermore, MPO levels were
higher in the lungs of the low-peak pressure/stretch

Figure 2

) 2 . y Histopathology of lungs is associated with mechanical ventila-
Tiae. ALY G g X O tion. Representative photomicrographs with H&E staining
Low peak (%400) of the lung histopathology from mice placed on either
pressure/stretch pressure/stretch high- or low-peak pressure/stretch mechanical ventilation, or

Six hours after mechanical ventilation from normal nonventilated mice.
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Figure 3

Lung neutrophil sequestration as demonstrated by MPO levels from
mice placed on either high- or low-peak pressure/stretch mechani-
cal ventilation, or from normal nonventilated mice (n = 10 mice per
group). *P < 0.02.

group than in the lungs of normal nonventilated mice
(Figure 3). The findings of elevated MPO in the lungs of
the high-peak pressure/stretch group suggest that neu-
trophil sequestration is associated with lung injury.
KC/CXCLI and MIP-2/CXCL2/3 mRNA expression and
protein levels are elevated during VILI. Finding increased
levels of MPO that paralleled VILI led us to hypothesize
that chemotactic factors for neutrophils were expressed
and mediate the recruitment of these cells. On this basis
we evaluated the expression of two potent CXC
chemokine neutrophil chemoattractants, KC/CXCL1
and MIP-2/CXCL2/3. Lung homogenates were analyzed

a b

at 6 hours after ventilation from mice on high- or
low-peak pressure/stretch mechanical ventilation, com-
pared with normal nonventilated mice. We found sig-
nificantly higher levels of mRNA expression of
KC/CXCL1 and MIP-2/CXCL2/3 in the lungs from the
high-peak pressure/stretch ventilated group, as com-
pared with either the low-peak pressure/stretch or the
normal nonventilated lungs (Figure 4, a and b). In addi-
tion, there was greater mRNA expression of KC/CXCL1
and MIP-2/CXCL2/3 in the low-peak pressure/stretch
group than in the normal nonventilated group (Figure
4, a and b). Similarly, both KC/CXCL1 and MIP-2/
CXCL2/3 protein levels in the lungs were greatest in the
high-peak pressure/stretch group (Figure 5, a and b).
These findings suggest that the expression of
KC/CXCL1 and MIP-2/CXCL2/3 paralleled the neu-
trophil sequestration and VILI (Figures 1-5). The
expression of these two CXC chemokines was compart-
mentalized to the lungs, as serum levels for these two
chemokines were found to be similar for all three
groups of mice (Figure 5,b and c).

NF-KB is activated and correlates with expression of
KC/CXCL1 and MIP-2/CXCL2/3. NF-KB is a critical tran-
scription factor for the expression of KC/CXCL1 and
MIP-2/CXCL2/3 during inflammation. Phosphoryla-
tion of IKBa leads to ubiquitination, unmasking the
nuclear localization signal of NF-KB dimer, and to sub-
sequent translocation to the nucleus and activation of
target genes such as KC/CXCL1 and MIP-2/CXCL2/3.
The analysis of the phosphorylation of IKBa correlates
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Figure 4

KC/CXCL1 and MIP-2/CXCL2/3 mRNA levels are markedly elevated during VILI. (a) RT-PCR determination of KC/CXCL1 mRNA in lung
homogenates from mice placed on either high- or low-peak pressure/stretch ventilator protocol, or from normal nonventilated mice. Semi-
quantitative results are expressed as a ratio of each PCR product to B-actin band density (n = 4 mice per group). *P < 0.02. (b) RT-PCR
determination of MIP-2/CXCL2/3 mRNA in lung homogenates from mice placed on either high- or low-peak pressure/stretch ventilator
protocol, or from normal nonventilated mice. Semiquantitative results are expressed as a ratio of each PCR product to B-actin band den-

sity (n = 4 mice per group). *P < 0.02.
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Lung-derived CXC chemokines Figure 5
a * | b * KC/CXCL1 and MIP-2/CXCL2/3 protein
,—_|* = | | levels are markedly elevated during VILI.
— £ (a and b) ELISA measurements of (a)
E 20 1 2207 — KC/CXCL1 protein levels and (b) MIP-2/
g g CXCL2/3 protein levels in lung homo-
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g a ventilated mice (n = 10 mice per group).
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with nuclear localization and activation of NF-KB We found significantly lower levels of IKBO protein in
(45-47). Lung homogenates were analyzed at 2 hours  the lungs from the high-peak pressure/stretch venti-
after ventilation from mice on high- or low-peak pres-  lated group than in the normal nonventilated lungs
sure/stretch mechanical ventilation, as compared with ~ (Figure 6b). Similarly, there were significantly lower lev-
normal nonventilated mice. We found significantly els of IKBO protein in the lungs from the low-peak
higher levels of phosphorylated IKBal in the lungs from  pressure/stretch ventilated group than in the normal
the high-peak pressure/stretch ventilated group than  nonventilated lungs (Figure 6b).
in the normal nonventilated lungs (Figure 6a). In addi- CXCR2 expression is increased during VILI. CXCR2 is the
tion, there were increased levels of phosphorylated shared cellular receptor for the murine CXC chemokine
IKBa in the lungs from the low-peak pressure/stretch  ligands KC/CXCL1 and MIP-2/CXCL2/3 (9-11). The
group, as compared with the normal nonventilated finding of increased levels of KC/CXCL1 and MIP-2/
lungs (Figure 6a). To further confirm activation of CXCL2/3 associated with VILI and neutrophil seques-
NF-KB, Western blot analysis was performed for IKBa  tration led us to evaluate the expression of CXCR2 in
protein to assess degradation related to ubiquitination.  the lungs of these animals. We found markedly greater
a * b IkBau
iy e -
There is increased phosphorylation of @
IKBO and more degradation of IKBO dur- = 300 A \ J \ J \, J
ing the pathogenesis of VILI. (a) Mea- :?_J, =) * Normal Low peak High peak
. © S ] pressure/ pressure/
surements of phosphorylation state of =2 200 A ——— stretch stretch
IKBO in whole-lung homogenates from ) \%’ — %
mice placed on either high- or low-peak § 100 4 o, '
pressure/stretch ventilator protocol for 2 £ 1507 NN
hours, or from normal nonventilated 0 cE
mice (n = 6 mice per group). *P < 0.02. Normal Low peak High peak @ E 100- T
(b) Western blot analysis of IKBO protein pressure/ pressure/ 2 i
levels in whole-lung homogenates from stretch stretch % S
mice placed on either high- or low-peak g 5 504
pressure/stretch ventilator protocol for 2 £
hours, or from normal nonventilated
mice. Semiquantitative results are ex- Normal Low peak High peak
pressed as a band density area (n = 6 pressure/ pressure/
mice per group). ¥*P < 0.02. stretch  stretch
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a b ' * | Figure 7
o 157 (a) CXCR2 mRNA expression is markedly ele-
CXCR2 - — e e — EE) vated during VILI. RT-PCR determination of
8(>_<) 10 - ,__*_| CXCR2 mRNA in lung homogenates from mice
25 5 —— placed on either high- or low-peak pressure/
B-actin T S — - ;oJ 5 g‘ stretch ventilator protocol, or from normal
38T 51 nonventilated mice. Semiquantitative results
\ ) \ ] \ ] - g_ I—_I_—l are expressed as a ratio of each PCR product to
Normal Low peak Highpeak & B-actin band density (n = 4 mice per group).
pressure/ pressure/ Normal Low peak High peak *P < 0.02. (b and c) FACS analysis of CXCR2.
stretch stretch pressure/ pressure/ (b) Total number of leukocytes (CD45-positive
stretch ~ stretch cells) with cell surface expression of CXCR2 in
0.75 * . .
o ' * ! (o} * whole-lung digest homogenates from mice
< ® 1 _g 41 placed on either high- or low-peak pressure/
% 20.50 ] §<) 34 stretch ventilator protocol, or from normal
EZ 20 o - nonventilated mice (n = 3 mice per group).
& _‘g % §B E 5 *P < 0.02. (c) Total number of nonleukocytes
§2 © 0.25 A —— x .S g‘ (CD45-negative cells) with cell surface expres-
O3F 2 %5 T sion of CXCR2 in whole-lung digest homo-
= Ss genates from mice placed on either high- or
0.00 — . 3 low-peak pressure/stretch ventilator protocol,
Normal L(l?eWSSUeraelj H%gspueraei; Normal Low peak High peak  or from normal nonventilated mice (n = 3 mice
frntiea PISSSUE IOSSUS! per o), P <002
mRNA expression of CXCR2 in lung homogenates and c). In addition, there were greater levels of cell sur-
from the high-peak pressure/stretch group as com- face expression of CXCR2 from the CD45-positive cell
pared with either the low-peak pressure/stretch group  populations in lung digests from the low-peak pres-
or normal nonventilated mice (Figure 7a). In addition, sure/stretch group, as compared with normal nonven-
there were greater levels of mRNA expression of CXCR2  tilated mice (Figure 7, b and c).
in the lungs from the low-peak pressure/stretch group, Inhibition of KC/CXCLI and MIP-2/CXCL2/3 attenuates
as compared with the normal nonventilated mice (Fig-  VILI. Having found that the expression of CXCR2 and
ure 7a). The expression of CXCR2 paralleled KC/CXCL1 its ligands KC/CXCL1 and MIP-2/CXCL2/3 paralleled
and MIP-2/CXCL2/3 expression, neutrophil sequestra- ~ VILI and neutrophil sequestration, we next determined
tion, and VILI (Figures 1-7). We confirmed these find- whether inhibition of specific ligand/CXCR2 biology
ings by performing dual-color FACS analysis on single-  could attenuate VILI. Mice were passively immunized
cell suspensions of whole-lung digests for the cell with specific neutralizing anti-murine KC/CXCL1
surface expression of CD45 and CXCR2 protein. There antibodies or with control antibodies at 24 and 3 hours
were significant increases in cell surface expressionof prior to being placed on the high-peak pressure/
CXCR2 from both the CD45-positive (leukocyte) and  stretch mechanical ventilation protocol for 6 hours. We
the CD45-negative (nonleukocyte) populationsinlung  found that the lungs from the high-peak pressure/
digests from the high-peak pressure/stretch group, as  stretch group treated with neutralizing antibodies to
compared with normal nonventilated mice (Figure 7,b ~ KC/CXCL1 had significantly lower levels of VILI than
a10.0 b10.0 C10.0
o © 75 L 75
2 50 B 2 50 Z 50 ¥
> 25 > 25 > 25
0.0 0.0 0.0
Anti-mMIP-2/  Control Anti-mKC/  Control Anti-mMIP-2/  Control
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Figure 8

In vivo neutralization of (a) mMIP-2/CXCL2/3, (b) mKC/CXCL1, and (¢) mKC/CXCL1 + mMIP-2/CXCL2/3 (as compared with treatment
with control antibodies) attenuates VILI, as demonstrated by VILI scores of H&E-stained histopathologic sections from mice placed on high
peak pressure/stretch. A cumulative score was based on leukocyte infiltration, exudative edema, hemorrhage, and alveolar wall thickness
(n = 6; two random sections per lung and three lungs per group). *P < 0.05.
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Table 2
Hemodynamic monitoring of normal nonventilated mice given control antibody, and mice placed on a high-peak pressure/stretch mechan-
ical ventilation protocol for 6 hours with neutralizing antibodies to murine CXCR2 or with control antibodies

Normal nonventilated C57BL/6
+ control antibodies

High peak pressure/stretch
+ anti-murine CXCR2

High peak pressure/stretch
+ control antibodies

First hour Sixth hour First hour Sixth hour
BP Pulse BP Pulse BP Pulse BP Pulse BP Pulse
96 + 8 493 +13 91+8 491 +19 86+6 509 +19 95+6 499 + 25 86+7 509+ 16

n =10 mice per group. BP, systolic blood pressure.

the lungs from the high-peak pressure/stretch group
treated with control antibodies (Figure 8b). Similar
results were found when mice were passively immu-
nized with either neutralizing anti-murine MIP-2/
CXCL2/3, or the combination of anti-murine KC/
CXCL1 and anti-murine MIP antibodies (Figure 8, a
and c, respectively).

Inbibition of CXCR2 inhibits infiltration of neutrophils and
attenuates VILI. To better understand the mechanism
partly responsible for VILI, we determined whether
inhibiting multiple CXCR2 chemokine ligand interac-
tions with CXCR2 significantly decreased neutrophil
recruitment to the lung during the pathogenesis of
VILI. Mice were passively immunized with specific neu-
tralizing anti-murine CXCR2 or with control antibod-
ies at 24 and 3 hours prior to being placed on the
high-peak pressure/stretch mechanical ventilation pro-
tocol for 6 hours. Hemodynamic monitoring demon-
strated no significant difference in blood pressure or
pulse at the beginning versus the end of mechanical ven-
tilation (Table 2). We found that the lungs from the
high-peak pressure/stretch group treated with neutral-
izing antibodies to CXCR2 had significantly lower lev-
els of MPO than the lungs from the high-peak pres-
sure/stretch group treated with control antibodies
(Figure 9). Furthermore, inhibiting CXCR2/CXCR2 lig-
and interactions attenuated VILI, as demonstrated by a
reduction in both quantitative histopathologic VILI
scores and vascular permeability (Figure 10, a and b; and
Figure 11). Moreover, these results were confirmed by a
genetic approach in which CXCR27- mice were placed
on the same mechanical ventilation protocol and com-
pared with CXCR2** control mice. Hemodynamic
monitoring demonstrated no significant difference in
either blood pressure or pulse at the beginning and end
of mechanical ventilation in either group (Table 3).
CXCR27/- mice exposed to high peak pressure/stretch
were found to have both markedly reduced and
histopathologic VILI scores and lung edema as deter-
mined by wet-to-dry weight ratio, as compared with
CXCR2** mice (Figure 10, c and d; and Figure 11).

Discussion

ALIand ARDS are characterized by an initial microvas-
cular leak with a neutrophil-predominant inflamma-
tory response, which promotes diffuse alveolar damage
(1, 48, 49). Mechanical ventilation, while necessary to
support patients with ALI or ARDS, has been implicat-

ed as a mediator of lung injury (i.e., VILI) during ALI
and ARDS (50). In fact, more recent studies have
demonstrated that patients with ALI or ARDS who
were ventilated with a lung-protective strategy (i.e., low
peak pressure/stretch and tidal volume) had a reduced
mortality (51-53). Like early ALI and ARDS, VILI is
characterized by noncardiogenic edema, neutrophil
sequestration, alveolar hemorrhage, and increased alve-
olar wall thickness (7, 31, 54). Traditional high-peak
pressure/stretch mechanical ventilation may cause
overdistension and shearing of the alveolar units, lead-
ing to deformation and injury of the cellular compo-
nents of the alveolar-capillary wall, and thus the release
of inflammatory mediators and chemokines. The gen-
eration of specific neutrophil chemotactic proteins
promotes neutrophil recruitment to the alveolar-inter-
stitial space. This leads to an overexuberant injury and
promotes dysregulated repair, leading to perpetuation
of ALI/ARDS. In this study, we hypothesized that ELR-
positive CXC chemokines expressed during high-peak
pressure/stretch mechanical ventilation mediate neu-
trophil recruitment, a pivotal process required for VILL

To determine whether CXCR2/CXCR?2 ligand inter-
action contributes to the pathogenesis of VILI, we per-
formed studies using a murine model. We initially char-
acterized this model by determining whether lung
injury was dependent on the magnitude of peak pres-
sure/stretch during ventilation. A recent human study
using the ARDSNet low-peak pressure/stretch protocol
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Figure 9

In vivo neutralization of murine CXCR2 (as compared with treatment
with control antibodies) attenuates lung neutrophil sequestration as
determined by MPO levels from mice placed on a high-peak pres-
sure/stretch ventilator protocol (n = 10 mice per group). *P < 0.05.
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Figure 10
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has demonstrated that the increased respiratory rate
used to prevent significant hypercarbia can lead to high
levels of intrinsic positive end-expiratory pressure
(PEEP), suggesting that the intrinsic PEEP may decrease
lung injury secondarily to a decreased recruitment-dere-
cruitment phenomenon (55). Previous data have
demonstrated no intrinsic PEEP in mice placed on a
Harvard Apparatus Co. ventilator, as long as the respi-
ratory rate was less than 120 breaths per minute. Based
on these studies, we chose a respiratory rate of 100 to
ensure that the mice had complete exhalation during
ventilation with an inspiratory-to-expiratory ratio of
less than 1:1, thereby minimizing intrinsic PEEP (56).
However, intrinsic PEEP in our experimental protocol
was not measured; thus we cannot completely exclude
the possibility that intrinsic PEEP was present and had
some protective effect in our ventilated groups. We
found, by Evans blue analysis of vascular permeability,
that mice placed on a high-peak pressure/stretch pro-
tocol had greater lung injury than mice placed on the
low-peak pressure/stretch protocol. Furthermore, the
low-peak pressure/stretch group had more injury than
the normal nonventilated mice. These results were con-
firmed by histopathological analysis, which demon-
strated increased pulmonary edema, leukocyte infiltra-

Figure 11

Histopathology of lungs is associated with mechanical ventilation.
Representative photomicrographs (x400) with H&E staining of the
lung histopathology. (a) Mice placed on high-peak pressure/stretch
mechanical ventilation treated with anti-murine CXCR2 or with con-
trol antibodies. (b) CXCR27- mice placed on high-peak pressure/
stretch mechanical ventilation, as compared with CXCR2*/* mice.

tion, alveolar hemorrhage, and alveolar wall thickness
(high-peak pressure/stretch >>> low-peak pressure/
stretch >> normal nonventilated mice). These findings
are consistent with other animal studies of VILI, which
have established that high-peak/pressure mechanical
ventilation induces diffuse alveolar edema, leukocyte
infiltration, alveolar hemorrhage, basement membrane
injury, and hyaline membrane formation (7, 8, 30, 31,
54, 57). Previous studies using rat models of VILI with
or without preceding lung injury have elegantly demon-
strated epithelial damage on transmission electron
micrographs and increased plasma and lung edema
markers specific for type I epithelial injury (54, 58).

Anti-CXCR2 antibody with Control antibody with
high peak pressure/stretch high peak pressure/stretch

L : ’lf“t

CXCR27~ mice with CXCR2** mice with
high peak pressure/stretch high peak pressure/stretch
- — f A T .

Six hours after mechanical ventilation
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Table 3
Hemodynamic monitoring of normal nonventilated CXCR27/~ mice, normal nonventilated CXCR2*/* mice, and CXCR2/~ mice and CXCR2*/*
mice placed on a high-peak pressure/stretch mechanical ventilation protocol for 6 hours

Normal nonventilated Normal nonventilated
CXCR2/-CXCR2*/* stretch CXCR2-/-

High peak pressure/
stretch CXCR2*/*

High peak pressure/

First hour Sixth hour First hour Sixth hour
BP Pulse BP Pulse BP Pulse BP Pulse BP Pulse BP Pulse
104+10 492+16 96+7 485+ 15 97 +7 484+ 9 88+6 496 + 12 99+5 5017 89+7 511+14

n =10 mice per group. *P < 0.0033. BP, systolic blood pressure.

Although we did not specifically measure epithelial
cell injury, we speculate that there is epithelial injury
in this murine model.

There is now abundant evidence suggesting that neu-
trophil sequestration into the lungis a pivotal event dur-
ing the pathogenesis of ALI/ARDS (1, 39-44). In addi-
tion, there are studies suggesting that VILI may promote
and perpetuate ALI/ARDS (6, 51-53). We demonstrated
a significant increase in neutrophil sequestration in
lungs from mice placed on a high-peak pressure/stretch
as compared with a low-peak pressure/stretch mechan-
ical ventilation protocol. There is evidence that the
intrinsic pressure and volume generated during mechan-
ical ventilation can cause enough shear stress injury to
promote neutrophil infiltration into the lung (8, 30, 31).
Lungs taken from rabbits after 4 hours of mechanical
ventilation, when studied under an electron microscope,
demonstrated a diffuse infiltration of activated neu-
trophils (31). Taken together, our data and these studies
exemplify that mechanical ventilation by itself can lead
to neutrophil infiltration. However, the molecular and
cellular mechanismy(s) involved in recruiting these neu-
trophils remain to be elucidated.

Having demonstrated that the pathogenesis of VILI is
associated with neutrophil sequestration, we next detet-
mined whether KC/CXCL1 and MIP-2/CXCL2/3, two
potent CXC chemokine neutrophil chemoattractants,
were elevated in the lungs during VILL Both KC/CXCL1
expression and MIP-2/CXCL2/3 expression were signifi-
cantly greater in the high-peak pressure/stretch group
than in the low-peak pressure/stretch or normal non-
ventilated groups. In addition, the low-peak pressure/
stretch group had increased expression of KC/CXCL1
and MIP-2/CXCL2/3, whereas virtually no levels were
found in the lungs from normal nonventilated mice.
These results are similar to those of Tremblay and col-
leagues, who found elevated levels of MIP-2/CXCL2/3 in
high-volume mechanically ventilated lungs of rats after 2
hours (59). Furthermore, our results extend the elegant
invitro studies that demonstrated increased IL-8 expres-
sion from alveolar macrophages, epithelial cells, or the
combination of multiple pulmonary cell types cultured
on an artificial plastic lung with continuous cyclic pres-
sure-stretching (60-62). This suggests that high-peak
pressure/stretch mechanical ventilation can induce the
expression of ELR-positive CXC chemokines by deform-
ing and/or injuring specific cell types.

NF-KB is a transcription factor that can modulate the
expression of cytokines and chemokines during cellular
stress and has been implicated in multiple inflamma-
tory injuries to the lung (63). When a cell is in a resting
state, NF-KB is largely retained in the cytoplasm by a
family of inhibitory proteins known as the IKB family.
This family interacts with NF-KB to mask its nuclear
translocation signal and sequester NF-KB proteins in
the cytoplasm (64-66). IKBO contains two serine
residues at the NH, terminus that regulate protein sta-
bility and a COOH-terminal PEST domain that con-
tributes to basal protein turnover (67, 68). When the cell
becomes stimulated by cytokines, mechanical stress,
and LPS, serine residues in the NH, terminus of IKB are
phosphorylated. The IKB is then ubiquitinated and is
degraded by the 26S protease, freeing NK-KB for
translocation to the nucleus for transactivation of
NF-KB response genes (i.e., KC/CXCL1 and MIP-2/
CXCL2/3) (66). Furthermore, increased phosphoryla-
tion of IKBO and degradation of IKBO protein has been
shown to correlate with NF-KB activation and tran-
scription of CXC chemokines (43, 46). Based on these
data, we determined whether NF-KB activity was a
mechanism for increased expression of KC/CXCL1 and
MIP-2/CXCL2/3. An increase in phosphorylation of
IKBa at an early time point, 2 hours after mechanical
ventilation, was found. There was more phosphoryla-
tion of IKBa in the high-peak pressure/stretch than in
the low-peak pressure/stretch mice. Confirming these
results, we found a similar pattern of degraded IKBa
protein, demonstrating its ubiquitination. Others have
found that NF-KB is upregulated in response to stretch
in both in vitro and ex vivo lung preparations (69, 70).
Interestingly, at the 2-hour time point of mechanical
ventilation, there was no increase in protein levels of
IL-1P or TNF-a (data not shown). Together these stud-
ies suggest that mechanical stress promotes cellular
activation of NF-KB. While mechanical stress alone may
be the primary promoter for activation of NF-KB and
subsequent expression of KC/CXCL1 and MIP-2/
CXCL2/3, one cannot exclude that injury to the lung
may be associated with a local hypoxic environment.
Hypoxia has been shown to induce the expression of
ELR-positive CXC chemokines (71, 72). Future studies
will be useful to further delineate the contribution of
mechanical stress and hypoxia in mediating the expres-
sion of KC/CXCL1 and MIP-2/CXCL2/3 during VILI.
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Patients with ALI/ARDS have an increased mortali-
ty related to multiorgan failure (1). Systemic inflam-
matory response or even traditional mechanical venti-
lation can contribute to overall mortality of these
patients (6, 51-53). We determined whether KC/
CXCL1 and MIP-2/CXCL2/3 expression was elevated
in the serum from the mechanically ventilated groups,
as compared with normal nonventilated mice. We did
not find any significant differences in serum levels of
CXC chemokine between groups. This suggests that
KC/CXCL1 and MIP-2/CXCL2/3 are playing a local
compartmentalized role in the lung, thereby estab-
lishing a chemotactic gradient, which recruits neu-
trophils to the lung during VILI. Furthermore, the
expression of CXCR2 in the lung and on leukocytes
paralleled the production of both KC/CXCL1 and
MIP-2/CXCL2/3 ligands and neutrophil sequestration
during VILL Similarly, other studies of inflammatory
diseases, such as ALI resulting from hyperoxia in new-
born rats, immune arthritis, psoriasis, and pneumo-
nia, have demonstrated the importance of CXCR2
expression and its role in neutrophil recruitment dur-
ing the pathogenesis of these diseases (21, 73-75). Col-
lectively, these studies demonstrate that augmented
levels of ELR-positive CXC chemokines are important
in the recruitment of cells expressing CXCR2 during
the pathogenesis of inflammatory diseases. Moreover,
increased cell surface expression of CXCR2 was found
on nonleukocyte cell populations in the high-peak
pressure/stretch group. This implies that mechanical
stimulation of nonleukocytes is involved in upregu-
lating chemokine receptor expression. This is sup-
ported by other studies finding increased expression
of CXCR2 on nonleukocytes such as fibroblasts and
epithelial and endothelial cells (76-78), signifying a
role for ligand/CXCR2 interactions that goes beyond
neutrophil recruitment in mediating VILL.

Based on the above findings, we performed in vivo
proof-of-concept studies to evaluate the direct role for
KC/CXCLI1 and MIP-2/CXCL2/3/CXCR2 ligands and
their interaction with CXCR2 during the pathogenesis of
VILL We found that mice placed on the high-peak pres-
sure/stretch protocol and treated with specific antibod-
ies to KC/CXCL1, MIP-2/CXCL2/3, or KC/CXCL1 plus
MIP-2/CXCL2/3 demonstrated significant reductions in
VILI scores, as compared with mice placed on the same
ventilator protocol and treated with appropriate control
antibodies. Interestingly, neutralization of ligands KC/
CXCL1 or MIP-2/CXCL2/3, or the combination of
KC/CXCL1 and MIP-2/CXCL2/3, gave similar reduc-
tions of VILIL. This suggests the possibility of homologous
desensitization of the receptor, whereby neutralization of
KC/CXCL1 may overexpose the receptor to MIP-2/
CXCL2/3 and vice versa, thereby resulting in desensitiza-
tion of the receptor as is seen in chemotaxis assays at a
high concentration of chemokine ligands (79, 80). Alter-
natively, this may also reflect the presence of other ELR-
positive CXC chemokines (i.e., LIX/CXCRS5 and Cka-3/
CXCLG6) in the lung during VILL

CXCR2 is the shared receptor not only for KC/CXCL1
and MIP-2/CXCL2/3 but also for LIX/CXCRS and Cka-
3/CXCL6. To evaluate all ELR-positive CXC chemokine
ligand interactions with CXCR2, mice were passively
immunized with specific anti-murine CXCR2 antibod-
ies and exposed to high-peak pressure/stretch ventila-
tion protocol. The mice placed on the high-peak pres-
sure/stretch protocol and treated with specific
anti-murine CXCR2 antibodies demonstrated signifi-
cant reductions in neutrophil sequestration as com-
pared with mice placed on the same ventilator protocol
and treated with control antibodies. Based on these
findings, and knowing the central role of the neutrophil
in most forms of ALI, we determined the effects of
anti-murine CXCR2 on lung injury. Microvascular per-
meability analysis demonstrated that mice placed on
the high-peak pressure/stretch protocol and treated
with anti-murine CXCR2 had a marked reduction in
vascular permeability. This reduction in microvascular
permeability was confirmed by histopathologic assess-
ment, which verified a marked decrease in leukocyte
infiltration, pulmonary edema, alveolar hemorrhage,
and alveolar wall thickness. We substantiated these
results with a genetic approach by applying the same
protocol to CXCR27/- mice. As in the anti-murine
CXCR2-treated animals, we found significant reduc-
tions in leukocyte infiltration, pulmonary edema, alve-
olar hemorrhage, and alveolar wall thickness in
CXCR2/- mice, as determined by quantitative histo-
pathologic analysis and lung wet-to-dry weight ratio.
Furthermore, the VILI scores from CXCR27/- mice were
significantly reduced as compared with those from the
anti-KC/CXCL1, anti-MIP-2/CXCL2/3, or anti-KC/
CXCL1 + anti-MIP-2/CXCL2/3 groups. Therefore,
inhibiting the receptor interactions with all ELR-positive
CXC chemokine ligands has a greater effect on attenu-
ating the pathogenesis of VILL Our findings corroborate
the finding of Kawano and associates (31). These inves-
tigators found that when neutrophils were depleted by
nitrogen mustard there was a marked reduction in hya-
line membrane formation and neutrophil infiltration,
and only minimal presence of patchy necrosis (31).
Together these studies demonstrate the importance of
neutrophils during the genesis of VILL. Furthermore, our
findings also demonstrate a population of cells that
expresses CXCR2 during high-peak pressure/stretch
VILI that are not leukocytes. Future studies will examine
the role of these cells in mediating VILL

In conclusion, we have demonstrated that KC/
CXCL1 and MIP-2/CXCL2/3, through their interaction
with their shared receptor CXCR2, play a pivotal role in
mediating neutrophil recruitment and promoting
VILL This mechanism may perpetuate ALI/ARDS. In
fact, ELR-positive CXC chemokines have been impli-
cated for the recruitment of neutrophils to the lung
during ALI/ARDS (13-20, 81). In addition, in some
studies IL-8 was found to predict the onset and the out-
come of ARDS (17-20). Moreover, IL-8 levels and neu-
trophils decline with time in patients who survive
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ARDS (16). Taken together, these findings suggest that
CXCR2 and CXCR2 ligands are expressed during both
VILI and the initiation of ALI/ARDS; therefore their
additive or synergistic actions may, theoretically, lead
to further pulmonary decompensation. The findings
of this current study support the contention that
CXCR2 and CXCR2 ligands mediate VILL, which may
perpetuate the pathogenesis of ALI/ARDS.
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