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The histologic phenotype of bronchopulmonary dysplasia
(BPD) is characterized by decreased alveolization and is pre-
ceded by infiltration of activated neutrophils into the lung that
can lead to sustained lung injury and potential interruption of
normal lung development. Potential pathogens triggering early
neutrophil influx include either prenatal or postnatal exposure to
bacteria or viruses. Specific mechanisms recruiting neutrophils to
the lung and subsequently decreasing alveolization during virus-
induced lung inflammation and injury have not been fully eluci-
dated. Because CXC chemokines, such as CXCL1 and CXCL2/3
acting through their putative receptor, CXCR2, are potent neu-
trophil chemoattractants, the authors investigated their role in
dsRNA-induced lung injury and decreased alveolization, in
which dsRNA (poly IC) is a well-described synthetic agent
mimicking acute viral infection. Intratracheal dsRNA led to
significant increases in neutrophil infiltration and lung injury at
72 hours and to decreased alveolization at 5 days after dsRNA
exposure in newborn (10 days old) BALB/c mice, when com-

pared with controls treated and not treated with ssRNA (poly C).
Expression of CXCL1 and CXCR2 paralleled neutrophil recruit-
ment to the lung and preceded the decrease in alveolization.
Inhibition of CXCR2/CXCR2 ligand interaction by pretreating
dsRNA-exposed mice with an anti-CXCR2 neutralizing antibody
significantly attenuated neutrophil sequestration and lung injury,
and preserved normal alveolization. These findings demonstrate
that the CXCR2/CXCR2 ligand biologic axis plays an important
role during the pathogenesis of dsRNA-induced lung injury and
decreased alveolization and may be relevant to the pathogenesis
of BPD. (Pediatr Res 58: 919–926, 2005)

Abbreviations
BPD, bronchopulmonary dysplasia
dsRNA, double-stranded RNA
ssRNA, single-stranded RNA
ELR, glutamic acid-leucine-arginine
BAL, bronchoalveolar lavage

Decreased alveolization is a hallmark of bronchopulmonary
dysplasia (BPD) and is usually preceded by an inciting inflam-
matory event early during the course of lung disease in preterm
newborns (1,2). Since its histopathologic description by North-
way in 1967 as a fibrotic sequelae after mechanical ventilation,
BPD has evolved into “new BPD” with minimal to no fibrosis
but marked chronic alveolar hypoplasia (3,4). Despite the
evolution of this disease and significant advances in perinatal

and neonatal care, the incidence of bronchopulmonary dyspla-
sia (BPD) remains unchanged at approximately 30% in pre-
mature babies with very low birth weight (VLBW) (� 1500 g)
(5). Although efforts at preventing preterm delivery, introduc-
tion of antenatal steroids, surfactant therapy, and judicious use
of oxygen and ventilator therapy all have improved survival of
premature newborns; BPD continues to account for major
morbidity and mortality in VLBW neonates.
The underlying inflammation preceding the development of

BPD is thought to be a cumulative effect of hyperoxia and
ventilator-induced lung injury in addition to prenatal or post-
natal exposure to infectious agents. Potential pathogens that
may trigger inflammation include bacteria (e.g., Ureaplasma
urealyticum (6,7)) or viruses (8–12). The mechanism of how
inflammation leads to arrest of alveolar development has not
been elucidated.
To date, whereas bacterial causes have been extensively

studied, there is a dearth of information investigating the

Received November 22, 2004; accepted March 30, 2005.
Correspondence: Robert M. Strieter, M.D., Department of Medicine, Division of

Pulmonary and Critical Care Medicine, and Department of Pathology and Laboratory
Medicine, David Geffen School of Medicine at UCLA, Room 14–154 Warren Hall, Box
711922, 900 Veteran Ave, Los Angeles, CA 90095-1786; e-mail: rstrieter@mednet.
ucla.edu.
This work was supported in part by the National Institutes of Health (NIH), grants

HL66027 and P50HL67665 (R.S.), National Research Service Award (NRSA) Institu-
tional Training Grant, T32 HD07549 (V.L.), and the NIH-sponsored UCLA Child Health
Research Career Development Award (CHRCDA) (V.L.).

DOI: 10.1203/01.PDR.0000181377.78061.3E

0031-3998/05/5805-0919
PEDIATRIC RESEARCH Vol. 58, No. 5, 2005
Copyright © 2005 International Pediatric Research Foundation, Inc. Printed in U.S.A.

ABSTRACT

919



potential of viral pathogens leading to BPD. Tracheal aspirates
of preterm infants have demonstrated a causal relationship
between detection of CMV or adenoviral infection and subse-
quent development of BPD (9–11). A common feature of these
viral infections is that they generate a cascade of pro- and
anti-inflammatory cytokines that persist and contribute to
chronic histopathologic changes within the lungs. Inflamma-
tory changes due to viral infection are thought to result from
the host immune response rather than secondary to viral rep-
lication (13,14). Viral infections of epithelial cells are charac-
terized by the generation of the pro-inflammatory molecule
double-stranded RNA (dsRNA) during intracellular replication
of viruses. dsRNA has been shown to induce activation of the
neutrophil chemoattractant, IL-8 (IL-8/CXCL8), and RANTES
(regulated on activation, normal T cells expressed and se-
creted) (15). In human subjects in vivo, elevated tracheal
CXCL8 levels and neutrophil accumulation are found in air-
ways of infants in whom BPD develops (16,17). The potential
role of dsRNA and induction of CXC chemokines during the
development of BPD is unknown.
Murine KC/CXCL1 and MIP-2/CXCL2/3 are glutamic acid-

leucine-arginine–positive (ELR-positive) CXC chemokines;
structural homologs of human GRO-�/CXCL1 and GRO-�/�/
CXCL2/3, respectively; and are functional homologs of human
ELR-postive CXC chemokines, such as CXCL8, GRO-�/�/�/
CXCL1/2/3, ENA-78/CXCL5, and GCP-2/CXCL6 (18). Both
murine chemokines share the ability to signal through the CXC
chemokine seven transmembrane G protein-coupled receptor,
CXCR2 (18). Their human structural and functional homologs
have been associated with early BPD (16, 19).
The purpose of the current study was to investigate the

potential role of CXCR2 and its ligands in interrupting normal
alveolization during dsRNA-induced lung inflammation and
injury in a newborn mouse model. Newborn mice serve as an
attractive animal model for studying alveolization because
mice aged 0 to 21 days continue to have lungs that are
progressing from a saccular to alveolar stage of development,
the equivalent of human preterm infant lungs starting at 24 to
26 weeks’ gestation (20). We hypothesized that the inflamma-
tion and subsequent arrest of alveolar development from intra-
tracheal dsRNA treatment is caused, in part, by the expression
of ELR-positive CXC chemokines through their interaction
with their major receptor, CXCR2. To test this hypothesis, we
injected intratracheal dsRNA into 10-day-old BALB/c mice to
ascertain whether total neutrophil and chemokine responses of
resultant lung injury resulted in decreased alveolization. We
found that neutrophil recruitment, lung injury, and decreased
alveolization caused by dsRNA exposure is dependent on the
interaction between the ELR-positive CXC chemokine,
CXCL1, and its receptor, CXCR2. We then blocked the effect
of dsRNA exposure by pretreating animals with antibodies to
specifically neutralize CXCR2 and neutrophil recruitment in a
CXC chemokine-dependent manner and thereby decreased
lung inflammation, decreased injury, and preserved normal
alveolar development. Our animal model demonstrates the role
of CXCR2/CXCR2 ligand interaction in dsRNA-induced lung
inflammation and injury leading to decreased alveolization, a
phenotype that resembles BPD.

METHODS

Reagents. For RNA instillation, dsRNA (Poly IC) and single-stranded RNA
(ssRNA) (Poly C) were purchased from Sigma Chemical Co. Aldrich Corp.
(St. Louis, MO) and reconstituted in sterile normal saline (20 �g/�L) and
stored at 4°C before use.

For enzyme-linked immunosorbent assay (ELISA) experiments, biotinyl-
ated and nonbiotinylated anti-murine KC/CXCL1 and murine MIP-2/
CXCL2/3 were purchased from R&D Systems (Minneapolis, MN).

In neutralization studies, polyclonal goat anti-murine CXCR2 was produced
by the immunization 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 (21). The goat was immunized with CXCR2 in multiple
intradermal sites with complete Freund’s adjuvant (CFA) followed by at least
3 boosts of CXCR2 in incomplete Freund’s adjuvant (IFA) as previously
described (21). Direct ELISA was used to evaluate antisera titers, and sera was
used for Western blot, ELISA, and neutralization assays when titers had
reached more than 1/1,000,000. The CXCR2 protein sequence has been shown
to contain the ligand-binding portion of the CXCR2 receptor (21). The
anti-CXCR2 antibodies have been used previously to block mouse CXCR2 in
vivo, and has been shown to detect CXCR2 by Western blot and fluorescence-
activated cell sorting analysis of neutrophils in vivo (21). The anti-CXCR2
antibody has been shown to be neutralizing using both in vitro neutrophil
chemotaxis assay and in vivo by abrogating the influx of neutrophils into the
peritoneum of normal mice in response to exogenous ELR positive murine
CXC chemokines (21). In vivo administration of anti-CXCR2 antibodies
inhibited pulmonary neutrophil sequestration in murine models of Aspergillo-
sis, Nocardia, and Pseudomonas pneumonia and prevented the influx of
neutrophils in urine and the kidney in a murine model of Escherichia coli
urinary tract infection (21). Moreover, intraperitoneal administration of this
antibody did not alter peripheral blood neutrophil counts (21). Previous studies
comparing the anti-CXCR2 antibody to knockout animals for CXCR2
(CXCR2-/-) showed equal efficacy in attenuating pulmonary neutrophil seques-
tration (22, 23).

Murine model of dsRNA-induced lung injury. We used 10-day-old
BALB/c mice to intratracheally inject either ssRNA or dsRNA using a
modification of a previously described method (24,25). Mice were anesthetized
with ketamine (60 mg/kg) intraperitoneally; then, under sterile conditions, the
anterior neck soft tissue was dissected to expose the trachea and 25 �L RNA
(20 �g/�L; 50 �g/g mouse weight) was injected via 26-gauge tuberculin
needle and syringe attached to a Stepper® microinjector (Indicon, Inc., Brook-
field, CT) into the trachea under direct visualization. Immediately after the
instillation, the skin was apposed and closed using tissue adhesive and the
mouse pups were allowed to recover from anesthesia before replacement into
the cage with their mothers.

In separate experiments, animals received either 0.5 mL of anti-murine
CXCR2 anti-sera, or 0.5 mL of normal goat serum control antibody intraperi-
toneally 24 hours before intratracheal injection and daily until time of killing
as previously described (26). This study has been approved by the Institutional
Animal Care and Use Committee (Chancellor’s Animal Research Committee)
of UCLA.

Lung bronchoalveolar lavage and tissue preparation. At time of sacrifice,
72 hours after intratracheal dsRNA or ssRNA treatment, mice were euthanized
using intraperitoneal Pentobarbital (100 mg/kg) and a heparinized sample of
blood was harvested. Age-matched 13-day-old untreated control mice were
also similarly sacrificed for comparison. The thoracic cavity was then exposed
and lungs were perfused free of blood with 1 mL 0.9% normal saline via the
spontaneously beating right ventricle under constant pressure of 25 cm H2O. A
26-gauge butterfly needle was used to cannulate the trachea and bronchoal-
veolar lavage (BAL) was performed by instilling 0.5 mL phosphate-buffered
saline � 5 mM EDTA solution as previously described (27). Lungs were
lavaged under constant pressure of 25 cm H2O and retrieved solutions were
centrifuged at 900 � g for 15 minutes. The cell-free supernatants were assayed
by specific ELISAs and collected cells were analyzed for total cell counts and
cytospin differentials. Lung tissue was then processed for the following:
calculation of lung edema; mRNA; ELISA analysis; and histopathological and
morphometric analysis by fixing in 4% paraformaldehyde at 30 cm H2O
pressure inflation and embedded in paraffin.

Histopathologic and morphometric analysis of lungs. In lung inflamma-
tion, three random 5-� paraffin-embedded tissue sections were taken from four
different lungs of dsRNA-treated or ssRNA-treated mice at 3 days after
intratracheal injection, and from age-matched 13-day-old untreated control
mice. The tissue sections were stained with hematoxylin and eosin (H&E) and
lung histopathology was examined in a blinded manner as to what group/
mouse was reviewed using a modification of a histologic scoring system as
previously described (28). Four easily identifiable pathologic processes were
scored on a scale of 0 to 4 as previously described (28): (a) alveolar conges-
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tion; (b) hemorrhage; (c) leukocyte infiltration or aggregation of neutrophils in
airspace or the vessel wall; and (d) thickness of the alveolar wall. A score of
0 represented normal lungs; 1, mild � 25% lung involvement; 2, moderate
25% to 50% lung involvement; 3, severe 50% to 75% lung involvement; and
4, very severe � 75% lung involvement. An overall score of lung injury was
obtained based on the summation of all the scores and then a mean � SEM was
generated from the cohort of ssRNA or dsRNA-treated lungs (3 sections from
each lung, 4 lungs per group) to generate a cumulative histologic lung injury
score.

For assessment of alveolization, three random 5-� paraffin-embedded tissue
sections were taken from four different lungs of dsRNA-treated or ssRNA-
treated mice at 5 days after intratracheal injection, and from age-matched
15-day-old untreated control mice. The tissue sections were stained with
hematoxylin and eosin. and lung histopathology was reviewed in a blinded
manner as to what group/mouse was reviewed using a modification of an
alveolization scoring system calculating mean linear intercept as previously
described (29). The number of alveolar intercepts was calculated by counting
the number of times an alveolar wall intersected a line of finite length (20 mm)
placed at random upon the lung field at 200� magnification. A lower number
of alveolar intercepts reflects larger airspaces suggesting decreased alveoliza-
tion. A minimum of 10 measurements were conducted per field for a total of
thirty measurements per animal. Furthermore, extreme care was used to ensure
equal standardization of all tissue samples by fixing at 30 cm H2O inflation
pressure.

Total RNA isolation and real-time quantitative TaqMan reverse-
transcriptase polymerase chain reaction. Total cellular RNA from lung tissue
was isolated as previous described (25,30). Total RNA was determined and 1
�g of total RNA was reversed-transcribed into cDNA and amplified using
TaqMan Gene Expression Quantification assays (Applied Biosystems, Foster
City, CA; Kit 4304134). cDNA was amplified and quantified using the
TaqMan 7700 Sequence Detection System and specific primers for murine
CXCL1, murine CXCL2/3, murine CXCR2, and a housekeeping gene18-s.
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 CXCL1 (259
bp) and 5'-GCT-GGC-CAC-CAA-CCA-CCA-GG-3' (sense) and 5'-AGC-
GAG-GCA-CAT-CAG-GTA-CG-3' (antisense) for murine CXCL2/3 (359
bp). Predeveloped assay reagents (Applied Biosystems Kit 4304134) were
used for murine CXCR2 and the housekeeping gene, 18S. Quantitative anal-
ysis of gene expression was performed using the comparative CT (�CT)
methods, in which CT is the threshold cycle number (the minimum number of
cycles needed before the product can be detected) (22, 23). The arithmetic
formula for the �CT method is the difference in threshold cycles for a target
(i.e., CXCR2) and an endogenous reference (i.e., housekeeping gene 18S). The
amount of target normalized to an endogenous reference (i.e., CXCR2 in
dsRNA-treated animals) and relative to a calibration normalized to an endog-
enous reference (i.e., CXCR2 in ssRNA-treated controls) is given by 2-��CT
(22, 23). The following is an example for comparing CXCR2 expression from
dsRNA-treated animals and ssRNA-treated controls. Both CXCR2 from
dsRNA-treated and ssRNA-treated controls were normalized to 18S: ��CT �
�CT (CXCR2 expression from dsRNA-treated animals normalized to endog-
enous 18S)—�CT (CXCR2 expression from ssRNA-treated controls normal-
ized to endogenous 18S). The calculation of 2-��CT then gives a relative value
when comparing the target with the calibrator, which we designate in this
context as fold increase of dsRNA-treated animals to ssRNA-treated controls
of the target mRNA relative quantification.

Lung edema analysis related to lung injury. To quantitate lung edema
following dsRNA treatment, wet-to-dry weight ratios were obtained by ligating
the lungs away from the hilum as previously described (23). The lungs were
blotted dry and weighed. They were then desiccated by incubation at 130°C
overnight in a vacuum oven and re-weighed to determine their dry weight. The
wet to dry ratio was then calculated.

CXCL1 and CXCL2/3 ELISAs. Murine CXCL1 or CXCL2/3 protein was
quantitated using a modification of a double ligand method as previously
described (23,25). Briefly, flat-bottomed 96-well microtiter plates (Nunc Im-
muno-Plate I 96-F) were coated with anti-murine CXCL1 or anti-murine
CXCL2/3 (1 ng/�L in 0.6 M NaCl, 0.26 M H3B04, and 0.08 N NaOH, pH 9.6)
for 24 hours at 4°C and then washed with phosphate-buffered saline, pH 7.5,
0.05% Tween-20 (wash buffer). Microtiter plate nonspecific binding sites were
blocked with 2% bovine serum albumin in phosphate-buffered saline and
incubated for 60 minutes 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 and 50 �L/well of biotinylated
anti-murine CXCL1 antibody or anti-murine CXCL2/3 added, and plates were
incubated for 45 minutes at 37°C. Plates were washed three times, streptavidin-
peroxidase conjugate (Jackson Laboratories, West Grove, PA) added, and the
plates incubated for 30 minutes at 37°C. Plates were washed three times and
TMB (3,3,'5,5'-tetramethylbenzidine) chromogen substrate (Kirkegaard &

Perry Laboratories, Gaithersburg, MD) added. The plates were incubated at
room temperature to the desired extinction, and the reaction terminated with 3
M H2SO4 solution. Plates were read at 450 nm in an automated microplate
reader (Bio-Tek Instruments, Inc., Winooski, VT). Standards were 1⁄2-log
dilutions of either CXCL1 or CXCL2/3 from 100 ng to 1 pg/mL (50 �L/well).
This ELISA method consistently detected specific chemokine concentrations
in a linear fashion more than 50 pg/mL. CXCL1 and 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, tumor necrosis
factor-�, interferon-�, and members of the CXC and CC chemokine families.

FACS analysis of lung neutrophils. . Whole-lung single-cell suspensions
were made from harvested lungs from four mice per group using a method as
previously described (23). Single-cell suspensions (5 � 106 cells /mL) were
stained with Abs: Tricolor-conjugated (BD Biosciences, Franklin Lakes, NJ)
anti-murine CD45 (Caltag Laboratories, South San Francisco, CA), R-
Phycoerythrin (R-PE) conjugated rat anti-murine Ly-6G (neutrophil surface
marker; BD Biosciences). Dual-color–stained cell suspensions were analyzed
on a FACScan flow cytometer (Becton Dickinson Immunocytometry Systems,
San Jose, CA) using CellQuest 3.2.1f1 software (BD Immunocytometry
Systems).

Statistical analysis. . Data were analyzed using the Microsoft® Excel 2000
statistical package (Microsoft Corporation). Two group comparisons were
evaluated using the unpaired t test. Three group comparisons were evaluated
by the ANOVA test with the post hoc analysis (i.e., Bonferroni/Dunn). Data
were expressed as mean � SEM.

RESULTS

DsRNA decreases alveolization. Data on the role of inflam-
mation resulting in decreased alveolization is currently limited
to rodent models of hyperoxia-induced lung injury. We set out
to determine whether dsRNA-induced inflammation could lead
to decreased alveolization in a newborn mouse model under-
going ongoing lung development. Ten-day-old BALB/c mice
treated with intratracheal dsRNA were noted to have signifi-
cantly decreased alveolization at 5 days after treatment com-
pared with ssRNA-treated and age-matched untreated controls.
Decreased alveolization was reflected by an increased size of
airspaces and fewer number of alveolar wall intercepts (Fig. 1A
and B). Importantly, we exercised extreme care in ensuring that
all samples were equally inflated and fixed on the same appa-
ratus with 4% paraformaldehyde at 30 cm H2O inflation
pressure.
DsRNA induces lung inflammation. With the finding that

dsRNA decreased alveolization as early as 5 days after intra-
tracheal exposure, we next focused on the elicited inflamma-
tory response to begin to dissect the mechanism(s) related to
this process. Ten-day-old BALB/c mice were noted to have
maximal intraparenchymal and airway leukocyte infiltration at
72 hours after intratracheal dsRNA treatment compared with
ssRNA-treated and age-matched untreated controls as demon-
strated by histopathology (Fig. 2A). No significant differences
were noted among the histopathologic groups at earlier time
points of 24 and 48 hours after dsRNA treatment (data not
shown). Interestingly, lung histopathology at 5 days after
dsRNA treatment showed resolution of leukocytic infiltrate
while maintaining significant differences in alveolization as
shown previously in Figure 1A. We thus chose this observation
as the basis to focus on the 72-hour time point wherein the
potential role of inflammation on alveolization might be great-
est. FACS (fluorescence-activated cell sorting) and BAL anal-
ysis at 72 hours after dsRNA treatment specifically showed that
dsRNA induced significant neutrophil recruitment compared
with controls (Fig. 2B and C).
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DsRNA induces lung injury. To determine whether the
influx of neutrophils into lung airways and parenchyma results
in lung injury, we measured a lung injury score and measured
lung wet-to-dry ratio to quantify changes in lung edema.
Quantitative analysis of lung histopathology showed signifi-
cant increases in leukocytic infiltrate, alveolar thickness, and
cumulative inflammatory score at 72 hours after dsRNA treat-
ment compared with ssRNA-treated controls (Fig. 3A). Simi-
larly, results showed a significant increase in the wet-to-dry
ratio in dsRNA-treated lungs compared with controls (Fig. 3B).

DsRNA induces elevated CXCL1 mRNA and protein levels.
Because neutrophil influx was associated with lung injury in
dsRNA-treated lungs, we next identified which specific factors,
such as chemokines, were responsible for neutrophil recruit-
ment. We focused on the ELR-positive CXC chemokines,
CXCL1 and CXCL2/3, that are known to have neutrophil
chemoattractant properties. DsRNA treatment resulted in a
significant increase in lung CXCL1 mRNA levels as well as in
protein levels from whole lung tissue homogenates and BAL
when compared with controls at 72 hours after dsRNA treat-
ment (Fig. 4A and B). However, in contrast to levels of
CXCL1, we did not find elevated levels of CXCL2/3 at either
mRNA or protein levels (Fig. 4A and B).

DsRNA increases CXCR2 expression in lungs. CXCR2 is
the cellular receptor for the murine ELR-positive CXC chemo-
kines CXCL1 and CXCL2/3 (18). The finding of increased

levels of CXCL1 associated with dsRNA-induced neutrophil
sequestration and lung injury led us to evaluate the expression
of CXCR2 mRNA in the lungs of these animals. Lung tissue
from dsRNA-treated animals had significantly increased
CXCR2 mRNA expression compared with controls (Fig. 5).
The expression of CXCR2 mRNA paralleled its ligand expres-
sion, neutrophil sequestration, and lung injury at 72 hours after
dsRNA treatment (Figs. 2–4).
Inhibition of CXCR2 inhibits infiltration of neutrophils

and attenuates dsRNA-induced lung injury. To better-
understand the mechanism partly responsible for dsRNA-
induced lung neutrophilia and injury, we determined whether
inhibiting CXCR2 ligand interaction with CXCR2 significantly
decreased neutrophil recruitment during the pathogenesis of
dsRNA-induced lung injury. Ten-day-old mice were passively
immunized with specific neutralizing anti-murine CXCR2 or
control antibody at 24 hours, as well as 0, 24, and 48 hours
after dsRNA treatment. Lungs were harvested at 72 hours and
results showed that histopathologic comparison of lung fields
from anti-CXCR2–pretreated mice showed marked reduction
in leukocytic infiltrate compared with control animals that
received normal goat serum (Fig. 6A). BAL neutrophil counts
from animals that received anti-CXCR2 Ab were also signifi-
cantly reduced compared with control animals that received
normal goat serum (Fig. 6B). Furthermore, the lung injury
score and measurement of lung edema also showed a signifi-
cant decrease in alveolar congestion, leukocytic infiltrate, al-
veolar thickening, cumulative lung injury score, and wet-to-dry
ratios in mice treated with anti-CXCR2 compared with control
antibodies (Fig. 7A and B).

Figure 1. dsRNA decreases alveolization. (A) Histopathology of lung at 5
days after intratracheal treatment with ssRNA or dsRNA and age-matched
15-day-old untreated controls. Representative photomicrographs with H & E
staining (40�; n � 4 mice per group). (B) Magnified representative photomi-
crographs (200�) as in (A) with standard line of finite length used to calculate
number of alveolar wall intercepts (bottom panel, n � 4 mice per group, 3
slides per mouse, and 10 random measurements per slide; *p � 0.05). Scale
bar is 100 �m.

Figure 2. dsRNA induces lung neutrophil infiltration. (A) Histopathology of
lung at 72 hours after treatment with ssRNA or dsRNA and age-matched
13-day-old untreated controls. Representative photomicrographs with H & E
staining (100�; n � 4 mice per group). (B) Total lung PMNs via FACS
analysis of whole-lung single cell suspensions at 72 hours (n � 4 mice per
group; *p � 0.05). (C) Total PMNs via BAL fluid cell count at 72 hours (n �
4 mice per group; *p � 0.05). Scale bar is 100 �m.
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Inhibition of CXCR2 rescues alveolization in dsRNA-
treated lungs. Finally, to determine whether neutralization of
CXCR2 and resultant attenuation of inflammation can rescue
normal alveolization in dsRNA-treated lungs, we again com-
pared histologic sections at 5 days after dsRNA treatment in
mice pretreated with anti-murine CXCR2 or control antibodies.
Results showed a preservation of alveolization as reflected by
smaller airspace size and greater number of alveolar wall
intercepts in anti-CXCR2 treated mice, compared with control
antibody treated groups (Fig. 8A and B).

DISCUSSION

The approach to dissecting the mechanisms responsible for
BPD has broadly focused on three pulmonary systems includ-
ing cellular responses to injury, alveologenesis, and vasculo-
genesis (31). Cellular responses to acute lung injury feature the
neutrophil as part of innate immunity, and neutrophil infiltra-
tion has been associated with establishing a pro-inflammatory
environment that may underlie the pathogenesis of BPD
(32,33). Potential triggers of early neutrophil influx into pre-
mature lungs include viral infections that may then injure or
interrupt normal pathways during lung development and alve-
ologenesis. The inflammation and injury during respiratory
viral infections occurs because of the host’s inflammatory
response rather than because of the viral particles themselves
(13). Viral infections are mediated by dsRNA, a proinflamma-
tory molecule generated during viral replication. dsRNA binds

to its cell surface receptor, TLR3, and activates the production
of downstream gene products, such as CXC chemokines. In the
current study, we hypothesized that the interaction between
CXCR2 and ELR-positive CXC chemokines expressed during
dsRNA-induced lung inflammation in a newborn mouse model
is critical in mediating neutrophil recruitment and subsequent
arrest of alveolization, a pivotal process during the pathogen-
esis of BPD.

Figure 3. dsRNA induces lung injury. (A) Lung injury score calculation at 72
hours after treatment with ssRNA (�) or dsRNA (f). Total � total cumulative
score, Alv cong � alveolar congestion, Hem � hemorrhage, Leuk � leuko-
cytic infiltrate, Alv thick � alveolar thickening (n � 4 mice per group, 3 slides
per mouse; *p � 0.05). (B) Wet-to-dry ratio at 72 hours (n � 6 mice per group;
*p � 0.05).

Figure 4. dsRNA induces elevated CXCL1 mRNA and protein levels. (A)
Quantitative levels of CXCL1 and CXCL2/3 mRNA in the lungs at 72 hours
after treatment with ssRNA (�) or dsRNA (f) (n � 6 mice per group; *p �
0.05). (B) Quantitative levels of CXCL1 and CXCL2/3 protein in the lung and
BAL fluid at 72 hours (n � 6 mice per group; *p � 0.05).

Figure 5. dsRNA increases CXCR2 expression in lungs. Quantitative real-
time polymerase chain reaction was determined by TaqMan analysis for
CXCR2 mRNA from lung at 72 hours after ssRNA or dsRNA treatment (n �
6 mice per group; *p � 0.05).

923CXCR2 BIOLOGY AND ALVEOLOGENESIS



Previous studies demonstrating decreased alveolization in
rodent models have largely focused on effects of hyperoxia-
induced injury, inhibition of angiogenesis or experiments uti-
lizing transgenic animals that yield a phenotype that resembles
BPD (34,35). Whereas there is a growing body of literature
describing decreased alveolization in transgenic mice, to our
knowledge, current experimental models in wild-type animals
are limited to hyperoxia exposure alone (35). Furthermore, the
potential role of chemokines in decreasing alveolization has
only been described in hyperoxia models and no other models
have been developed to investigate the role of chemokines in
mediating lung development during inflammation caused by
other pathogens such as dsRNA. The present study fills this
void by first demonstrating the effects of high-dose intratra-
cheal dsRNA on neutrophil recruitment, lung injury, and de-
creased alveolization, and then subsequently blocking these
effects and preserving normal alveolization via inhibition of the
CXC chemokine receptor, CXCR2.
To determine the effects of dsRNA in newborn mouse lungs,

we first characterized our newborn murine model by perform-
ing a time course of intratracheal dsRNA exposure (50 �g/g) to
observe histopathologic changes at 0, 24, 48, 72, and 120 hours
(5 days). Morphometric analysis demonstrated a significant
decrease in alveolization in dsRNA treated versus. ssRNA-
treated or age-matched untreated controls at 5 days after
exposure based on comparisons of airspace size and number of
alveolar wall intercepts. A maximal inflammatory response
was noted at 72 hours after dsRNA exposure as reflected by
significantly increased leukocytic infiltrate. We thus chose this

observation as the basis to focus on the 72-hour time point to
dissect the inflammatory response and determine its potential
role in decreasing alveolization. We also chose to use ssRNA-
treated mice as controls in subsequent experiments because
histology and neutrophil counts were comparable to untreated
controls. Further characterization at 72 hours after intratracheal
dsRNA showed that neutrophils were a predominant cell type
and that there was an associated injury to alveolar–capillary
membrane integrity as shown by increased alveolar thickening
and lung edema.
Having characterized the histologic damage and alveolar

changes caused by intratracheal dsRNA, we then focused on
the underlying mechanisms responsible for promoting inflam-
mation and injury that preceded a decrease in alveolization.
Our findings of a significant increase in neutrophil infiltration
following dsRNA are consistent with studies in vivo using live
viruses that also resulted in early neutrophil infiltration and
demonstrated that CXC chemokines are generated during lung
inflammation (36). Because lung injury caused by dsRNA is
associated with neutrophil infiltration, we determined that
CXCL1 expression was significantly greater in the lungs of
dsRNA-treated mice than in lungs of ssRNA-treated controls.
Furthermore, expression of CXCR2 mRNA was similarly in-
creased in parallel to the production of CXCL1 and neutrophil
sequestration during dsRNA-induced lung inflammation.
Whereas we have previously described the expression of

Figure 6. Inhibition of CXCR2 inhibits infiltration of neutrophils. (A) His-
topathology of lungs at 72 hours after dsRNA treatment. Representative
photomicrographs with H & E staining (100�; n � 4 mice per group.) (B)
Total PMNs via BAL fluid cell count at 72 hours (n � 4 mice per group;
*p � 0.05). Mice were pretreated with either normal goat serum (control Ab)
or anti-CXCR2 Ab at times �24, 0, 24, and 48 hours after IT dsRNA
treatment. Scale bar is 100 �m.

Figure 7. Inhibition of CXCR2 attenuates dsRNA-induced lung injury. (A)
Lung injury score calculation at 72 hours after treatment with dsRNA. Total �
total cumulative score, Alv cong � alveolar congestion, Hem � hemorrhage,
Leuk � leukocytic infiltrate, Alv thick � alveolar thickening (n � 4 mice per
group, 3 slides per mouse; *p � 0.05). (B) Wet-to-dry ratio at 72 hours (n �
6 mice per group; *p � 0.05). Mice were pretreated with either normal goat
serum (control Ab, f) or anti-CXCR2 (�) Ab at times �24, 0, 24, and 48
hours after IT dsRNA treatment.
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CXCL2/3 in the context of hyperoxia and ventilator-induced
lung injury (22,23), we did not find markedly elevated levels of
this ELR-positive CXC chemokine in the lungs of newborn
mice exposed to dsRNA. These findings suggest that dsRNA
signaling may lead to differences in the expression of CXCL1
and CXCL2/3 in our model. Future studies will be designed to
address this issue. Nevertheless, these results support the no-
tion that CXCR2-dependent biology is pivotal in the recruit-
ment of neutrophils to the lung during dsRNA-induced lung
injury that contributes to decreased alveolization.
Based on these findings, we performed a proof of principle

study using an antibody-mediated neutralization strategy to
evaluate the direct role of CXCR2/CXCR2 ligand biology in
promoting the pathogenesis of dsRNA-induced lung injury and
decreased alveolization. The anti-CXCR2 Ab-treated mice
demonstrated significant reductions in neutrophil infiltration
that were paralleled by a decrease in lung injury at 72 hours
and by the preservation of normal alveolization at 5 days after
dsRNA exposure. Our study is the first to our knowledge to
demonstrate that neutralization of CXCR2 results in decreased
neutrophil recruitment, decreased lung injury, and preservation
of normal alveolization after dsRNA exposure. Although the
precise signaling mechanisms underlying the interaction be-
tween chemokines and lung developmental pathways remains
to be studied, it is intriguing to consider that CXCR2 and its
ligands may in fact play an important developmental role in
modulating lung architecture similar to their known role in
modulating angiogenesis (37,38).
In conclusion, we have demonstrated that the biologic axis

of CXCR2/CXCR2 ligand signaling plays a pivotal role in

mediating neutrophil recruitment, lung injury, and alveoliza-
tion after dsRNA exposure. This mechanism may be critical in
promoting a lung phenotype that resembles BPD. The findings
of the current study support our contention that CXCR2/
CXCR2 ligand biology inhibits alveolization during dsRNA-
induced inflammation, and may be a therapeutic target to
attenuate this pathology.
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