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Pulmonary inflammation is associated with the development of
bronchopulmonary dysplasia in premature infants. We have pre-
viously shown that perinatal pulmonary expression of human IL-1B is
sufficient to cause a lung disease similar to bronchopulmonary
dysplasia, characterized by inflammation, impaired alveolarization,
poor postnatal growth, and increased mortality in infant mice. The
avf6 integrin plays a critical role in regulating inflammation in the
adult lung. To study the role of the 6 integrin subunit in neonatal
inflammatory lung disease, we compared the pulmonary develop-
ment in IL-1B-expressing infant mice with wild-type or null 6
integrin loci. Absence of the B6 integrin subunit decreased the
mortality and improved the postnatal growth of IL-1B—-expressing
pups. The disrupted alveolar development of IL-1B-expressing mice
was improved by B6 integrin deficiency. IL-1B-expressing 6/~
pups had shorter alveolar chord length and thinner alveolar walls
than IL-1B-expressing B6*/* pups. In addition, the absence of the 36
integrin subunitreduced IL-1B-induced neutrophil and macrophage
infiltration into the alveolar spaces. 6 integrin subunit deficiency
suppressed inflammation and goblet cell hyperplasia in the airways
and alleviated airway remodeling in IL-1B-expressing mice. The
expression of the chemoattractant proteins, keratinocyte-derived
chemokine, macrophage-inflammatory protein-2, calgranulin A,
and calgranulin B, of osteopontin, and of the chitinase-like lectins,
Ym1 and Ym2, was lower in IL-1B-expressing 6/~ than in IL-18-
expressing B6*/" mice. We conclude that absence of the 6 integrin
subunit protects the infant murine lung against IL-1B-induced
inflammation and injury.
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Bronchopulmonary dysplasia (BPD) is the major chronic lung
disease in infants and children. The incidence of BPD, defined as
the need for supplemental oxygen at 36 weeks postmenstrual age,
is approximately 25% in infants weighing less than 1,500 g at birth
(1, 2). This illness is an important cause of recurrent respiratory
morbidity, poor growth, prolonged hospitalization, and increased
mortality in infants. Lung pathology in BPD is characterized by
inflammation, lack of alveolar septation, large alveoli, and
impaired vascular development (3).

Inflammation is strongly associated with the development of
BPD. Maternal chorioamnionitis, a common antecedent of pre-
mature birth (4), increases the newborn’s risk of developing BPD
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CLINICAL RELEVANCE

The pathogenetic mechanisms causing bronchopulmonary
dysplasia, the most important inflammatory lung disease in
infants, are largely unknown. The present study demon-
strates that absence of the B6 integrin subunit, an activator
of transforming growth factor-f, protects the neonatal
murine lung against a bronchopulmonary dysplasia—like
illness. These findings improve our understanding of the
pathogenetic mechanisms of inflammatory lung injury in
the neonate.

(5). Treatment of premature infants with mechanical ventilation
and oxygen promotes lung inflammation and the development of
BPD (1, 6-8). Neutrophils and macrophages accumulate early
after birth, and persist in the lungs of infants who develop BPD
(9). The levels of several inflammatory and chemotactic factors
are increased in the lungs of infants developing BPD (10-14).

IL-1B, a central cytokine involved in the initiation and
persistence of inflammation (15), is increased in amniotic fluid
in chorioamnionitis and preterm labor (16). Elevated amniotic
fluid concentration of IL-1B is associated with development of
BPD (17). Levels of IL-1B8 are also increased postnatally in
tracheal aspirates of premature infants who subsequently develop
BPD (10, 11). Through the use of a transgenic mouse model, in
which human IL-1B3 (hIL-1) is expressed in the lung epithelium
in an inducible manner, we have previously shown that perinatal
expression of IL-1@ causes a lung disease clinically and histolog-
ically similar to BPD (18). Alveolarization, which, in the normal
murine lung, occurs from Postnatal Day (PN) 5 to PN28 (19), is
disrupted by IL-1B. IL-1B—expressing infant mice have pulmo-
nary infiltration with neutrophils and macrophages, lack of
alveolar septation, abnormal vascular development, poor post-
natal growth, and increased mortality (18).

Integrins are cell-surface proteins that regulate cell growth,
migration, and survival. The avp6 integrin is a transmembrane
glycoprotein that is expressed predominantly in epithelial cells
(20,21), and acts as a receptor for the extracellular matrix proteins,
fibronectin, tenascin and vitronectin. The B6 integrin subunit pairs
exclusively with the av subunit, and its expression is markedly up-
regulated in epithelial cells in multiple organs, including the lung, in
response to inflammation and injury (21). Adult mice deficient in
the B6 integrin subunit develop spontaneous inflammation (22, 23)
and age-dependent emphysema (24), but are protected from
bleomycin-induced pulmonary fibrosis (25) and edema (26),
implying that this integrin plays important roles in acute and
chronic lung diseases. Blocking the avp6 integrin has recently been
shown to alleviate IL-1B—induced acute lung injury in adult mice
(27). The avB6 integrin is an in vivo activator of the profibrotic
cytokine, transforming growth factor (TGF)—B1 (25), which causes
abnormal lung development and fibrosis in newborn mice (28). The
involvement of the 36 integrin subunit in neonatal inflammatory
lung injury has not previously been investigated.
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The aim of this study was to examine the role of the f6 integrin
subunit in IL-1B-induced pulmonary disease in infant mice. The
present results demonstrate that absence of the B6 integrin
subunit decreases lung inflammation, improves lung alveolar
development, and enhances postnatal growth and survival in
IL-1B-expressing infant mice.

MATERIALS AND METHODS

Transgenic Mice

Double-transgenic rat Clara cell secretory protein (rCCSP)-reverse
tetracycline transactivator (rtTA)—(tetracycline operator [tetO]);
CMV-hIL-1B mice, which express the hIL-1@ transgene in the presence
of doxycycline, were generated as previously described (29). Mice
bearing the rtTA transgene driven by the rCCSP promoter were mated
with mice bearing the mature hIL-1B transgene driven by a tetracy-
cline-responsive promoter ((tetO);CMV), to produce bitransgenic
rCCSP-1tTA—(tetO);CMV-hIL-1B and single-transgenic rCCSP-rtTA
pups. To specifically study the effects of hIL-1B, single-transgenic
rCCSP-1tTA littermates were used as control animals (30).

To investigate the role of the 6 integrin subunit in IL-1B—-induced
lung injury, mice deficient in the 36 integrin subunit were mated with
transgenic rCCSP-rtTA mice and transgenic (tetO);CMV-hIL-18
mice. The single-transgenic offspring were then mated to produce
bitransgenic rCCSP-rtTA—(tetO);CMV-hIL-18 and single-transgenic
rCCSP-rtTA B6~/~ mice. All the mice were in an FVB/N background.

The mice were genotyped by PCR analysis of tail DNA using
primers specific for transgene constructs as previously described (29).
For genotyping of the B6 integrin gene, the following primers were
used: forward, 5'-TAG CTT CCA GCC AAG GTG GG-3'; and
reverse, 5'-TCT GAG GGA CTG GTA TGT GTG TCC-3'.

For clarity, the following abbreviations are used: control/g6*/*
mouse, TCCSP-rtTA mouse with wild-type 6 integrin loci; control/
B6~/~ mouse, rCCSP-rtTA mouse with null 36 integrin loci; IL-18/86+/*
mouse, rCCSP-rtTA—(tetO);CMV-hIL-18 mouse with wild-type B6
integrin loci; IL-18/B6~'~ mouse, rCCSP-rtTA—(tetO);CMV-hIL-18
mouse with null 86 integrin loci.

Animal Care

The mice were housed in pathogen-free conditions, and all experiments
were conducted in accordance with ethics committee guidelines at the
University of Gothenburg. All animals were given access to water and
chow ad libitum. For sample collection of fetal lungs on Embryonic Day
(E) 14, fetuses were removed by hysterotomy after anesthesia with
intraperitoneal injection of a mixture of ketamine, xylazine, and acepro-
mazine to the pregnant dam. For lung sample collection from infant mice
on PNO and PN7, pups were anesthetized by intraperitoneal injection of
a mixture of ketamine, xylazine, and acepromazine, the abdomen was
opened, and the animal was exsanguinated by transection of the
abdominal aorta. The day of plug was counted as EO, and the day of
birth was counted as PNO.

Administration of Doxycycline

To induce hIL-1p transgene expression in the lungs of bitransgenic pups,
doxycycline (0.5 mg/ml; Sigma, St. Louis, MO) was administered in
drinking water to pregnant and nursing dams from the beginning of
pregnancy until pups were killed on PNO or PN7. The doxycycline
solution was changed three times per week and protected from light by
covering cage bottles with aluminum foil.

Lung Histology and Immunohistochemistry of
Inflammatory Cells

Lungs on PNO and PN7 were inflation-fixed by instillation of 4% PBS-
buffered paraformaldehyde fixative at a pressure of 25 cm H,O, as
previously described (29). After overnight fixation at +4°C, the tissue
was processed through conventional paraffin embedding. Tissue sec-
tions (5 wm) were stained with hematoxylin and eosin or Alcian blue/
periodic acid Schiff (PAS), with Mayer’s hematoxylin as counterstain.
The numbers of PAS-positive and PAS-negative cells were counted
within the airways, and the percentage of PAS-positive cells per airway

was calculated. The following antibodies were used for immunohisto-
chemistry: monoclonal rat anti-mouse neutrophil (clone 7/4; Serotec,
Oxford, UK); monoclonal rat anti-mouse Mac3 (clone M3/84; BD
Pharmingen, San Diego, CA); and biotinylated rabbit anti-rat second-
ary antibody (Vector Laboratories, Burlingame, CA). Avidin-biotin
peroxidase (Vectastain Elite ABC; Vector Laboratories) and NovaRED
(Vector Laboratories) were used according to the manufacturer’s in-
structions. Sections immunostained for neutrophils and macrophages
were counterstained with Mayer’s hematoxylin. Immunostained neutro-
phils and macrophages in the airspaces and distal septal walls were
counted in at least 10 nonoverlapping, high-power fields (HPFs) (400
magnification) from 5-6 animals per group. In addition, the areas of
airspaces and septa were measured, and the average numbers of positive
cells per square millimeter were calculated for each of these areas.

Analysis of Airspace Size and Alveolar Wall Thickness

Measurement of distal airspace size at PN7 was performed from lung
sections stained with hematoxylin and eosin, with the mean chord length
as a measure of alveolar size. A minimum of 10 representative, non-
overlapping fields from lungs of 6 mice of each genotype were analyzed.
Areas of bronchiolar airways and blood vessels were excluded from the
analysis. Chord length analysis was performed using the public domain
program, NIH Image, with a chord length macro (available from the
National Institutes of Health at http:/rsb.info.nih.gov/nih-image), as
previously described (29).

The same images at PN7 were used for measuring the thickness of
the alveolar walls. A minimum of 10 representative, nonoverlapping
fields from lungs of 6 mice of each genotype were analyzed by drawing
over 40 straight lines in each field across the narrowest segment of the
alveolar wall. The mean length of lines crossing the alveolar walls was
determined with the NIH Image software.

Detection of Apoptotic Cells with Terminal Transferase dUTP
Nick-End Labeling

In situ terminal transferase dUTP nick-end labeling for the detection of
apoptotic or dying cells was performed as previously described on PNO
and PN7 (31). A distinct color reaction within the cells was regarded as
representing DNA fragmentation. Terminal transferase dUTP nick-end
labeling—positive cells in the airspaces and septal walls were counted in at
least 10 nonoverlapping HPFs (400X magnification) from four to six
animals per group. In addition, the areas of airspaces and septa were
measured, and the average numbers of positive cells per square
millimeter were calculated separately in the areas of airspace and septa.

Proliferation

Cell proliferation was studied by immunohistochemical detection of the
proliferation marker, Ki-67 (32). Polyclonal rabbit anti-human antibody
that cross-reacts with murine Ki-67 (Novocastra Laboratories Ltd., New-
castle Upon Tyne, UK) and biotinylated goat anti-rabbit secondary
antibody (Vector Laboratories) were used. Avidin-biotin peroxidase
(Vectastain Elite ABC; Vector Laboratories) and 3.3'-diaminobenzidine
(Vector Laboratories) were used according to the manufacturer’s in-
structions. Sections were counterstained with nuclear fast red. The total
number of Ki-67-positive cells in the distal lung was counted in at least
10 nonoverlapping fields (400X magnification) from 5 animals per group.

Inflammation on E14

To study the presence of inflammation in fetal mice, lungs from g6+/+
and B6~/~ mice that had not received doxycycline were collected on
E14 for histological evaluation and mRNA analysis. The chests of fetal
mice were opened, and the lungs were fixed in 4% PBS-buffered
paraformaldehyde for histology. After overnight fixation at +4°C, the
tissue was processed through conventional paraffin embedding. Tissue
sections (5 wm) were stained with hematoxylin and eosin, and
immunostained for macrophages and neutrophils. The numbers of
positive cells were counted in at least 5 HPFs.

Quantitative RT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad,
CA), according to the manufacturer’s instructions, and treated with
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RNase-free DNase (DNA-free; Ambion, Austin, TX). Total RNA
(1 pg) was reverse transcribed (Omniscript; Qiagen, Hilden, Ger-
many), and 20 ng of cDNA was analyzed by quantitative real-time
PCR, as previously described (18). Primer sequences (forward and
reverse, respectively, 5'-3") used were as follows: B-actin, TCC GTA
AAG ACC TCT ATG CCA ACA, CTC AGG AGG AGC AAT
GAT CTT GAT; CXC chemokine receptor (CXCR)2, CCT CAG
ACT TTT GGC TTC CTC GT, CGC AGT GTG AAC CCG TAG
CAG A, keratinocyte-derived chemokine (KC; CXCL1), AAA CCG
AAG TCA TAG CCA CACTCA, CTT GGG GAC ACCTTT TAG
CAT CTT; macrophage inflammatory protein (MIP)-2 (CXCL2), CCC
CCT GGT TCA GAA AAT CAT C, AAC TCT CAG ACA GCG
AGG CAC ATC; monocyte chemoattractant protein (MCP)-1
(CCL2), GCT CTC TCT TCC TCC ACC ACC AT, GCT CTC
CAG CCT ACT CAT TGG GAT; MCP-3 (CCL7), TCT GCC ACG
CTT CTG TGC CT, GCT CTT GAG ATT CCT CTIT GGG GAT;
osteopontin, CGG TGA AAG TGA CTG ATT CTG GCA, CGC
AAG GAG ATT CTG CTIT CTG AGA; calgranulin A (S100AS;
myeloid-related protein 8), GAG CAA CCT CAT TGA TGT CTA,
TGC ATT GTC ACT ATT GAT GTC CA,; calgranulin B (S100A9;
myeloid-related protein 14), GCC AAC AAA GCA CCT TCT CAG
AT, GCC ATC AGC ATC ATA CAC TCC TCA A; serum amyloid
A3 (SAA3), TGC TCG GGG GAA CTA TGA TGC T, CCA CTC
GTT GGC AAA CTG GTC A; (tetO),CMV-hIL-18, CCA TCC ACG
CTG TTT TGA CCT C, ACC AAG CTT TTT TGC TGT GAG TCC;
Yml (chitinase 3-like 3), GCT CAT TGT GGG ATT TCC AGC A,
CCT CAG TGG CTC CTT CAT TCA GAA; Ym2 (chitinase 3-like 4),
TTG GAG GAT GGA AGT TTG GAC CT, TGA CGG TTC TGA
GGA GTA GAG ACC A. The results were normalized to B-actin
mRNA levels.

Cytokine Measurement in Lung Homogenates

Lung tissue (PN7) was homogenized in PBS containing a protease
inhibitor (Complete protease inhibitor; Roche Diagnostics, Basel,
Switzerland). The homogenized tissue was centrifuged to remove cell
debris, and the supernatant was used for analysis. Concentration of hIL-
1B in lung homogenate was measured with DuoSet hIL-18 ELISA
development kit (R&D Systems, Abingdon, UK), specific for hIL-1p,
with no cross-reactivity with murine IL-1B3. DuoSet ELISA development
kits were used to quantify mouse KC, MIP-2, MCP-1, and osteopontin, as
well as active TGF-B1 in whole-lung homogenates at PN7. Acidification
of the samples was used according to the manufacturer’s instructions to
transform latent TGF-B1 to the immunoreactive form, to enable
measurement of total TGF-B1. After the acid activation, the samples
were neutralized before ELISA, according to the manufacturer’s in-
structions. Assay standard concentration ranges were 3.9-250 pg/ml
(hIL-18,MCP-1),7.8-1,000 pg/ml (active TGF-B1), and 15.6-1,000 pg/ml
(KC, MIP-2, osteopontin). Total protein concentration was measured by
the bicinchoninic acid method, according to the manufacturer’s in-
structions (Sigma).

Statistical Analysis

Measurement values are presented as means (*SEM). Groups of
normally distributed data were compared by ¢ test with GraphPad Prism
software (GraphPad Software Inc., San Diego, CA). Postnatal survival

* k%

data were analyzed by Kaplan-Meier survival analysis and log-rank test.
P values less than 0.05 were considered statistically significant.

RESULTS

Expression of hIL-1p in the Lungs of Infant Bitransgenic Mice

To verify that the absence of the 36 integrin subunit did not
change the levels of hIL-1B in the lungs of bitransgenic pups,
doxycycline was administered to pregnant and lactating dams
from plug date until the pups were killed at PN7. The levels of
mature hIL-18 mRNA and protein were similar in IL-18/86™/*
and IL-18/86 '~ pups (hIL-18/B-actin mRNA, IL-1B/86™/* 0.57 =
0.34 [n = 7]; IL-1B/B6~/—, 0.61 £ 0.29 [n = 12], P = 0.8; hIL-1B
protein/total protein, IL-18/6™* 67 + 29 ng/mg [n = 9]; IL-1B/
B6=/~ 59 £ 11 ng/mg [n = 7], P = 0.4).

Absence of the 36 Integrin Subunit Improved the Survival of
IL-1B-Expressing Mice

All control/B6~/~ mice survived until PN7, whereas two control/
B61/* pups died at or soon after birth (Figure 1A). Approxi-
mately 50% of the IL-18/86™/* mice died by 7 days of age (Figure
1A, data from Bry and colleagues [18]). In contrast, only 2% (one
pup) of the IL-1B/86~/~ mice died by 7 days of age (Figure 1A).

Absence of the B6 Integrin Subunit Improved Postnatal
Growth in IL-1B-Expressing Mice

The birth weights of control/86*/*, control/g6~/~, IL-18/86™/*,
and IL-18/B6~/~ pups were similar (data not shown). IL-18/86™/*
and IL-1B/B6 '~ mice weighed less than their littermate controls
at PN7 (Figure 1B). Although control/B6~/~ mice weighed less
than control/B6™/* mice, IL-18/B6~/~ mice weighed more than
IL-1B/B6™/* mice (Figure 1B).

Absence of the 6 Integrin Subunit Improved
Alveolar Septation and Alveolar Wall Thinning in
IL-1B-Expressing Mice

To examine whether the absence of the B6 integrin subunit
affected alveolar development in infant mice expressing IL-1p,
the alveolar chord length and alveolar wall thickness were
studied in infant IL-1B—expressing and control mice with wild-
type or null 86 loci. In control/B6™/* and control/B6~'~ pups,
alveolar septation was underway at PN7, as expected, whereas
alveolarization was disrupted in both IL-18/86™*'* and IL-1p/
B6~/~ mice (Figures 2A-2E). On histological sections, the size of
the distal airspaces appeared smaller in IL-18/86~/~ than in IL-
18/B6™/* mice (Figures 2B and 2D). This result was confirmed by
alveolar chord length measurement that revealed shorter alveo-
lar chord length in IL-18/86~/~ mice than in IL-18/86™/* mice
(Figure 2E).

Figure 1. The absence of the B6 integrin subunit
improved the survival and postnatal growth of IL-
1B—expressing mice. Doxycycline was administered to
the dams from the beginning of pregnancy until the pups
were killed at Postnatal Day (PN) 7. (A) Postnatal survival
until PN7. IL-18 decreased the survival rate of 6*/* pups
(log-rank test, P < 0.0001 IL-18/B6*/* versus all other
groups), but not of B6~/~ pups (P = 0.3 IL-1B/B6/~
versus control/B6~/7). All control/86~/~ pups survived
until PN7, whereas two control/B6*/* pups died at or
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In the absence of doxycycline administration, alveolar chord
length was similar in control/g6™/*, control/g6~/~, IL-18/g6™/*,
and IL-1B/B6~/~ mice (control/B6™/*, 35.0 + 2.38 um [n = 4];
control/B6™/~, 37.3 = 1.42 pm [n = 5]; IL-1B/B6™/*, 37.5 =
2.63 pm [n = 4]; IL-18/B67/~, 37.0 = 0.97 pm [n = 5)).

Because alveolar wall thinning is an important part of normal
lung development (33), we measured alveolar wall thickness in
the mice at PN7. The alveolar wall thickness was similar in
control/B6™/* and control/B6~/~ mice (Figure 2F). IL-1p expres-
sion prevented alveolar septal thinning in both 6™/ and g6/~
mice (Figure 2F). However, the alveolar walls were thinner in IL-
1B/B6~/~ than in IL-18/B6*'+ mice (Figure 2F).

Absence of the B6 Integrin Subunit Suppressed
IL-1B-Induced Neutrophil and Macrophage Infiltration
into the Lung

Although the number of neutrophils within the alveolar septa was
similar in control/86~/~ and control/86™'* pups, control/g6 '~
pups had more neutrophils in the alveolar spaces than control/
B6™/* pups (Figures 3A and 3B). Although IL-1B caused in-
filtration of neutrophils into the lung in both B6™* and B6~/~
mice, absence of the B6 integrin subunit suppressed the IL-1B-
induced neutrophil migration into the alveolar spaces (Figure
3A). No difference was found in the number of alveolar septal
neutrophils between IL-18/86~/~ and IL-1p/B6™/* mice (Figure
3B). Thus, the distribution of neutrophils between alveolar septa
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and lumen was different in 6/~ and 36™/* mice. In IL-18/g6™/+
mice, 69% of the neutrophils in the alveolar region of the lung
were in the alveolar spaces, whereas, in IL-18/B6~/~ mice, only
39% of the neutrophils were intra-alveolar (Figure 3C).

Most of the macrophages in the distal lung were in the
alveolar lumen in all animals (Figure 3F). The numbers of
macrophages in the alveolar lumen and alveolar septa were
similar in control/B6*/* and control/B6~'~ mice (Figures 3D
and 3E). IL-1B increased the number of macrophages in both
the alveolar lumen and alveolar septa in 6+ mice, but only in
the alveolar lumen in 6/~ mice (Figures 3D and 3E). Absence
of the B6 integrin subunit suppressed IL-1B—-induced macro-
phage infiltration into both the alveolar lumen and the septa
(Figures 3D and 3E).

Absence of the (36 Integrin Subunit Suppressed the
IL-1B-Induced Expression of Chemoattractants, of the
Acute-Phase Protein SAA3, and of Osteopontin in

the Lungs of Infant Mice

The higher number of neutrophils in the alveolar spaces in
control/B6~/~ mice compared with control/B6™* mice was
associated with increased mRNA and protein expression of the
neutrophil-attractant CXC chemokines, KC and MIP-2, and
mRNA expression of the CXC chemokine receptor, CXCR2, in
the lungs of control/86=/~ mice compared with control/6™/*
mice (Figures 4A—4E). The mRNA expression of the monocyte

Figure 2. Alveolar septation and alveolar wall thinning in
IL-1B-expressing mice was improved in mice deficient in
6 integrin subunit. Doxycycline was administered to the
dams from the beginning of pregnancy until the pups
were killed. (A-D) Lung histology at PN7. Normal alveolar
septation is seen in control/86*/* and control/B6~/~ mice
(A and Q). Lack of septation in IL-18/B6™/* appears less
severe in IL-1B/B6~/~ mice (B and D). Scale bar, 200 p.m.
(E) Mean alveolar chord length. IL-1B increased the chord
length in both B6*/* and 6=/~ mice compared with
control animals. The chord length was shorter in IL-18/
B6~/~ mice than in IL-18/B6"/* mice. Data are presented
as means (*SEM) (n = 6 per group). (F) Alveolar wall
thickness. IL-1B-expressing mice had thicker alveolar walls
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chemokines, MCP-1 and MCP-3, and the protein levels of
MCP-1, were also higher in control/6~/~ than in control/g6™/*
mice (Figures 4F—4H). Similarly, the mRNA expression of the
chemotactic and proinflammatory proteins, SI00A8, S100A9,
and SAA3, was up-regulated in control mice in the absence
of the B6 integrin (Figures SA-5C). In contrast, absence of
the B6 integrin subunit suppressed the mRNA expression and
protein production of osteopontin in control mice (Figures 5D
and 5E).

Although IL-1B increased the expression and production of
the neutrophil chemokines, KC and MIP-2, in both B6*/* and
B6~/~ mice, the levels of these chemokines were lower in IL-13/
6/~ mice than in IL-18/86™/* mice (Figures 4A-4D). Absence
of the B6 integrin subunit also suppressed the IL-1B-induced
mRNA expression of S100A8, S100A9, and SAA3, and the
mRNA expression and protein production of osteopontin (Fig-
ures SA-5SE). In contrast, absence of the 36 integrin potentiated
the IL-1B-induced expression of the monocyte chemoattractants,
MCP-1 and MCP-3, and the production of MCP-1 in the lungs of
infant mice (Figures 4F—4H). IL-1B increased CXCR2 mRNA
expression similarly in 36/~ and B6*/* mice (Figure 4E).

Absence of the B6 Integrin Subunit Prevented Airway
Remodeling and Suppressed the Expression of the
Chitinase-Like Lectins, Ym1 and Ym2, in

IL-1B-Expressing Mice

The airways of control/86%/* and control/6~/~ mice were
structurally normal (Figures 6A, 6C, and 6E). Expression of IL-
1B caused thickening and goblet cell hyperplasia of the airway

epithelium and induced accumulation of inflammatory cells in the
airways in mice with wild-type B6 loci (Figures 6B and 6E). Large
numbers of lymphocytes were seen around the airways in IL-1p/
61" mice (Figure 6B). Absence of the 6 integrin subunit
suppressed these pathological changes in the airways of IL-1p3-
expressing mice (Figures 6D and 6E). A majority of the airways in
IL-18/B6™/* had more than 80% goblet cells, whereas a majority
of the airways in IL-18/86 '~ had less than 20% goblet cells.

Because the chitinase-like lectins, Ym1 and Ym2, are up-
regulated in airway inflammation (34, 35), we studied their
expression in the lungs of infant mice. The mRNA expression
of Ym1 and Ym2 was lower in control/86~/~ than in control/g6™/*
mice (Figures 6F and 6G). The expression of both Ym1 and Ym2
was increased roughly 50-fold in IL-18/86*/* mice compared with
control/B6™/* mice (Figures 6F and 6G). Although the expression
of these chitinases was increased by IL-1p in mice lacking the 36
integrin subunit, the expression of Ym1 and Ym2 was much lower
in IL-18/86™/~ mice than in IL-18/86™/* mice (Figures 6F and
6G).

Apoptosis and Proliferation in the Lungs of Control and
IL-1B-Expressing Mice

Dysregulated apoptosis and/or proliferation may contribute to
the structural alterations in BPD (36-38). In addition, the
numbers of inflammatory cells in the lungs could be affected by
apoptosis. For these reasons, we studied apoptosis and pro-
liferation in the lungs of newborn mice at PNO and PN7. As
previously described, a peak of apoptosis was seen in the lungs of
control/B6™/* mice directly after birth (39) (Figures 7A-7C).
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Figure 4. mRNA expression and protein levels of CC and CXC chemokines. Dams were given doxycycline throughout pregnancy and postnatally
until the pups were killed at PN7. The IL-1B-induced mRNA expression and protein production of the CXC chemokines, keratinocyte-derived
chemokine (KC) (A and B) and macrophage inflammatory protein (MIP)-2 (C and D), were decreased in 6=/~ mice. IL-1p increased CXCR2 mRNA
expression (E) similarly in B6*/* and B6~/~ mice. Absence of the B6 integrin subunit increased the mRNA expression and protein production of
monocyte chemoattractant protein (MCP)-1 (Fand G), and the mRNA expression of MCP-3 (H), in both control mice and IL-1B3-expressing mice.
The mRNA expression levels are shown relative to the mRNA expression level of control/g6™/+ mice, which was set to 1.0. Data are presented as
means (=SEM) (n = 7-12 per group). *P < 0.05, **P < 0.01, ***P < 0.001.

Interestingly, apoptosis in the lungs at PNO was suppressed by
IL-1B8 in B6*/*, but not in 36/~ mice (Figures 7A-7C).

As expected (39), apoptosis in control lungs decreased from
PNO to PN7 (Figures 7A-7C). IL-1B enhanced apoptosis in the
lungs of both B6*/* and B6~/~ mice at PN7 (Figure 7A). In
addition, the lungs of control/86~/~ mice had more apoptosis
than control/B6*/* mice at PN7 (Figure 7A). At PN7, IL-1B
increased the numbers of apoptotic cells in the airspace in both
B6** and B6~/~ mice (Figure 7C). However, there was no
difference in apoptosis between IL-18/6™/* and IL-1B/B6~/~
mice in the airspaces (Figure 7C). Thus, differences in apoptosis
did not explain the differences in the numbers of inflammatory
cells in the alveolar spaces between IL-13/86/* and IL-18/86 '~
mice. Absence of the B6 integrin increased the number of
apoptotic cells within the alveolar septa in both control and IL-
1B-expressing mice at PN7 (Figure 7B). This suggests that
increased apoptosis in the septa of IL-13/B6~/~ mice may have
contributed to the septal thinning in these mice.

The number of proliferating cells, as studied by Ki-67
labeling, rose sharply from PNO to PN7 in control/g6™/* lungs
(Figure 7D). This is consistent with previous results showing
a large increase in cell proliferation in the lung after birth (39).
The total number of proliferating cells within the distal lung of
control/B6™/* mice was approximately 30%, similar to results
previously obtained in wild-type murine lungs at PN7 (40). No
significant differences were seen in the numbers of proliferating
cells between the four different genotypes at either PNO or PN7
(Figure 7D).

Lack of Spontaneous Inflammation in Fetal
B6 Integrin—-Deficient Mice

B6 integrin deficiency leads to spontaneous inflammation in adult
mice (22). Similarly, more neutrophils and higher expression of

inflammatory proteins were present in the lungs of the infant
control/B6~/~ mice than in control/B6™/* mice at PN7 (Figures
3A, 4A—4H, and 5A-5C). Because spontaneous inflammation in
B6 integrin—deficient mice might protect their lungs against
subsequent inflammation, we studied whether lack of 36 integrin
caused inflammation in fetal mice at E14, the time at which hIL-
1B production is first initiated by doxycycline administration (18).
In this experiment, no doxycycline was given to pregnant mice,
and the lungs of fetuses were harvested at E14. Importantly, there
were no differences at this time point between 6+/* and 6~/ in
the numbers of macrophages or neutrophils (Table 1). Further-
more, we found no difference in the mRNA expression of the
following inflammatory genes in the lungs of B6™* and B6~/~
mice: KC, MIP-2, MCP-3, osteopontin, SI00A8, SI00A9, SAA3,
Ym1, and Ym2 (Table 1). The expression of MCP-1 was higher in
61T than in B6~/~ mice (1.44 * 0.05 versus 1.19 = 0.07; P <
0.01) (Table 1). Thus, we found no evidence of enhanced in-
flammation in 36/~ fetuses compared with 6™/ fetuses at E14.
The suppression of IL-1B—-induced inflammation in 6 integrin—
deficient infant mice is therefore unlikely due to a previous
inflammation in the mice.

Active TGF-B1 in the Lungs of IL-1B-Expressing and Control
Infant Mice

Because the avB6 integrin is an in vivo activator of TGF-1, we
measured the levels of active and total TGF-B1 in IL-1B/g6™/*
and IL-1B/B6~'~ mice and their controls at PN7. IL-1B in-
creased the levels of active TGF-B1 in both 6%+ and 6/~
mice (Figure 8A). IL-1B-expressing mice deficient in B6
integrin tended to have lower levels of active TGF-B1, but the
difference was not statistically significant (Figure 8A). The
levels of total TGF-B1 did not significantly differ between
the different genotypes (Figure 8B).
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DISCUSSION

IL-1B-Induced Lung Disease in 6 Integrin-Deficient Mice

The present results demonstrate, for the first time, that absence
of the B6 integrin subunit alleviates IL-1B-induced inflamma-
tion and injury in the lungs of infant mice. IL-1B—expressing
mice deficient in the 6 integrin had lower mortality, improved
growth, less pulmonary inflammation, less mucus metaplasia
and remodeling in the airways, and better postnatal alveolar
development than IL-1B-expressing mice with wild-type B6
loci.

Lung histology in infants with BPD is characterized by large
distal airspaces and paucity of alveolar septation (3). While
perinatal expression of hIL-13 disrupted alveolar septation in
infant mice (18), the lungs of IL-1B/B6~/~ mice had shorter
alveolar chord length than those of IL-18/86™/* mice, indicating
better septation in the absence of the B6 integrin subunit.
Alveolar wall thinning occurring during alveolar development
in the mammalian lung is thought to be important for normal gas
exchange (33). In infants with BPD, the alveolar walls remain
thick and hypercellular (41). Postnatal thinning of distal airspace
walls failed to occur in IL-18/86™/* mice, whereas absence of the
B6 integrin subunit improved alveolar wall thinning in mice
expressing IL-1p3.

Modulation of IL-18-Induced Pulmonary Inflammation by B6
Integrin Deficiency

In adult mice, absence of the PB6 integrin subunit causes
pulmonary inflammation characterized by increased numbers
of phagocytes in the bronchoalveolar lavage fluid (23). We
found more neutrophils in the alveolar spaces of infant 36/~
control mice than in B6™/* control animals. In addition, the
expression of the CXC chemokines, KC and MIP-2, of the CXC
chemokine receptor, CXCR2, and of the CC chemokines, MCP-
1 and MCP-3, was increased in the lungs of control/B6~/~ mice
compared with control/861/* mice. As expected, IL-18 expres-
sion caused pulmonary inflammation with neutrophils and
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0 il IL—I1B il IL—I1B 1B-induced expression of calgranulin A
(S100A8) (A), calgranulin B (STO0A9) (B),
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decreased in B6~/~ mice. Absence of the
B6 integrin subunit decreased the expres-
sion and production of osteopontin (D and
E) in both control and IL-1B-expressing
mice. The mRNA expression levels are
shown relative to the mRNA expression
level of control/B6*/* mice, which was
set to 1.0. Data are presented as means
(*=SEM) (n = 8-11 per group). **P < 0.01,
***p < 0.001.

macrophages in both 6/ and 6/~ mice. The IL-1B-induced
immigration of neutrophils into the alveolar airspaces was
suppressed in the lungs of mice lacking the B6 integrin subunit.
The production of KC and MIP-2, essential for maximal
neutrophil immigration into the alveolar spaces (42, 43), was
inhibited in the lungs of IL-13/B6~/~ mice compared with IL-
1B/B6™/* mice. Absence of the $6 integrin subunit lessened the
infiltration of macrophages into the alveolar septa as well as the
immigration of these cells into the airspaces in IL-1B—expressing
lungs. However, the expression of the monocyte and T lym-
phocyte chemoattractants, MCP-1 and MCP-3 was increased in
the lungs of IL-1B/86~/~ mice compared with IL-1B/B67/"
mice. These results are similar to those reported in adult mice
in response to intratracheal bleomycin, where MCP-1 levels
were higher at baseline and after bleomycin treatment in the
lungs of B6~/~ mice than in B6*/* mice (44).

In addition to CXC chemokines, the expression of other
chemotactic proteins, including SAA3 and the S100A8 and
S100A9 calgranulins, although enhanced by the absence of the
B6 integrin in control mice, was strongly suppressed in IL-13/86~/~
mice compared with IL-18/86™/* mice. SAA3, a member of the
serum amyloid A family, functions as a chemotactic agonist for
neutrophils and macrophages (45). S1I00A8 and S100A9 are
potently chemotactic for neutrophils and monocytes (46) and
up-regulate the expression of several chemokines, including KC,
MIP-2, and MCP-1, by endothelial cells (47). Blocking S1I00A8
and S100A9 strongly inhibits the migration of neutrophils and
macrophages into the alveolar spaces during streptococcal pneu-
monia, suggesting that these proteins regulate the migration of
phagocytes through epithelial cells into the airspaces (46). Thus,
the suppression of the expression of these proteins in IL-18/86 '~
mice may have contributed to the reduced immigration of macro-
phages and neutrophils into the alveolar lumen in these mice.

Osteopontin functions as a proinflammatory and profibrotic
cytokine (48), and participates in the development of type 2
inflammatory disorders, including asthma (49). Osteopontin
expression was inhibited by B6 integrin deficiency in both control
and IL-1B-expressing mice. Because osteopontin is chemotactic
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Figure 6. Airway structure and expression of the chitinases, Ym1 and Ym2. Dams were given doxycycline from the beginning of pregnancy until the
pups were killed at PN7. (A-D) Airway histology, periodic acid Schiff (PAS) staining. The airways of control/86+/* and control/B6~/~ mice appear
normal (A and C). Goblet cell hyperplasia, thickening of the airway epithelium, and accumulation of inflammatory cells are seen in the airways of
IL-18/B6*/* mice (B). In IL-18/86~/~ mice, the airways were thinner, mucus production was sparse, and airway inflammation was suppressed (D).
Scale bars, 100 pm. (E) Distribution (%) of airways with different percentages of PAS-positive cells. Open bars, airways having less than 20% goblet
cells; shaded bars, airways having 20-80% goblet cells; filled bars, airways having more than 80% goblet cells. Absence of the 6 integrin decreased
the IL-1B-induced goblet cell hyperplasia. 6 integrin deficiency reduced the expression of Ym1 (F) and Ym2 (G) in control and IL-1B—expressing
mice. The mRNA expression levels are shown relative to the mRNA expression level of control/86*/* mice, which was set to 1.0. Data are presented

as means (£SEM) (n = 9-10 per group). **P < 0.01, ***P < 0.001.

for various cells, notably macrophages (50), decreased expression
of osteopontin in IL-18/86 /'~ mice may have inhibited the influx
of macrophages into the lungs of these mice.

Absence of the B6 integrin suppressed airway inflammation,
goblet cell hyperplasia, and epithelial thickening induced by IL-
1B in the lungs of infant mice. The expression of the chitinase-
like lectins, Ym1 and Ym?2, was strongly induced by IL-1B in
mice with wild-type B6 integrin loci, whereas deficiency of B6
integrin subunit suppressed the expression of Ym1l and Ym?2 in
both control and IL-1B-expressing mice. Ym1 and Ym?2 are up-
regulated in allergic airway inflammation, and may play a role
in the development of asthma (34, 35). Treatment with anti-
sense Yml RNA reduces airway responsiveness in a model of
allergic asthma (35).

Apoptosis and Proliferation in the Lungs

Apoptosis and proliferation play important roles in normal lung
development. In the present study, the number of proliferating
cells in the lungs rose sharply from PNO to PN7, as expected (39),
but no differences were found in cell proliferation between the

different genotypes at either time point. In rodents, there is
a postnatal peak of apoptosis shortly after birth, a nadir in
apoptosis around 1 week of age, and another peak appearing
after the completion of alveolar septation at about 3 weeks of age
(39). The postnatal peak of apoptosis appearing normally soon
after birth was suppressed in IL-18/6™/*, but not in IL-18/86~/~
mice. Apoptosis was increased by IL-18 in both 36™/* and 6/~
mice at PN7. Dysregulated apoptosis may contribute to the
structural aberrations associated with acute and chronic lung
diseases, including BPD (36-38). On the other hand, enhanced
apoptosis of mesenchymal cells has been associated with im-
proved alveolarization and thinning of airspace walls (51). At
PN7,apoptosis was enhanced in the alveolar septa of IL-18/6~/~
mice compared with IL-18/86™/* mice. The combination of more
apoptosis and less inflammation in the septal walls in IL-18/86 '~
than in those of IL-1B/86*/* mice may have contributed to the
enhanced thinning of the septa in IL-18/86~/~ mice compared
with IL-18/86™/* mice. IL-1B enhanced the number of apoptotic
cells within the airspaces in both 6*/* and 6/~ mice. Because
the number of apoptotic cells within the alveolar lumen of IL-18/
61/ mice did not differ from those of IL-18/B6~/~ mice,
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differences in apoptosis did not explain why fewer inflammatory
cells were present in the alveolar spaces in IL-13/B6 /'~ mice than
in IL-1B/B6 /" mice.

Lack of Spontaneous Inflammation in B6 Integrin-Deficient
Fetal Mice

Deficiency of B6 integrin causes spontaneous inflammation in
adult mice (22, 23). Similarly, we observed higher numbers of
neutrophils (but not of macrophages) in the alveolar spaces and
higher levels of inflammatory proteins at PN7 in the lungs of
control/36~/~ infant mice than in those of control/f6*/* mice.
Because inflammation in B6 integrin—deficient mice before IL-13
expression might protect the mice against subsequent hIL-1B3-
induced inflammation, we studied inflammation and the expres-
sion of inflammatory genes in the lungs of fetal mice at E14, the
time point at which hIL-1B production in bitransgenic mice
becomes inducible by doxycycline administration (18). At E14,
we could not detect increased inflammation or enhanced expres-
sion of inflammatory genes in B6 integrin—deficient fetuses
compared with fetuses with wild-type 6 integrin loci. Thus, the
suppression of hIL-1B-induced inflammation and lung injury in
B6 integrin—deficient mice is probably not due to tolerance to
inflammatory injury arising from a previous inflammation in the
mice.

TGF-B1, B6 Integrin, and IL-1B-Induced Lung Injury

IL-1B increased the levels of active TGF-B1 in the lungs of 367/
and B6~/~ mice. The avp6 integrin is a known activator of
latent TGF-B1 (25). Consistent with other studies (25, 52), we
found no significant difference between the levels of active
TGF-B1 in the lungs of IL-18/86*'* and IL-18/86~/~ mice. The
expression of 36 integrin, as well as that of hIL-1p in the present
model, is restricted to epithelial cells in the lung (20, 21). avB6-

mediated TGF-B activation is thought to involve an induced
conformational change in integrin-bound latent TGF-B com-
plexes, without causing release of free TGF- (25). Lack of the
B6 integrin thus leads to a local deficiency in active TGF-B1
(25), which is difficult to detect in whole-tissue homogenates.
Overexpression of bioactive TGF-B1 in neonatal mouse lung
has been shown to cause abnormal alveolar development in the
newborn mouse (28). Mice with inducible dominant mutation of
the TGF-B type II receptor are protected against impaired
alveolarization induced by hypoxia (53). Moreover, administra-

TABLE 1. LACK OF SPONTANEOUS INFLAMMATION
IN B6-DEFICIENT MICE AT EMBRYONIC DAY 14

B6*/* 6=/~
Macrophages/HPF 4.86 + 0.42 4.14 = 0.55
Neutrophils/HPF 0.64 * 0.56 0.47 £ 0.18
KC mRNA 0.75 £ 0.22 0.70 £ 0.23
MIP-2 mRNA 0.23 + 0.04 0.36 + 0.06
MCP-1 mRNA 1.44 = 0.05* 1.19 = 0.07
MCP-3 mRNA 0.40 = 0.02 0.36 * 0.07
Osteopontin mRNA 0.15 = 0.02 0.19 = 0.03
ST00A8 mRNA 0.15 £ 0.07 0.17 £ 0.04
ST00A9 mRNA 0.10 = 0.04 0.16 = 0.03
SAA3 mRNA 0.16 + 0.07 0.37 £ 0.20
Ym1 mRNA 0.24 + 0.10 0.43 £ 0.13
Ym2 mRNA 0.35 £ 0.14 0.70 = 0.20

Definition of abbreviations: HPF, high-power field; KC, keratinocyte-derived chemo-
kine; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory
protein; STO0A8, calgranulin A; STO0A9, calgranulin B; SAA3, serum amyloid A3.

mRNA expression of inflammatory genes (relative to B-actin) (n = 8-12). For
macrophage and neutrophil counts, four to eight animals per group were studied.
Data are shown as means (+SEM).

* P < 0.01 versus B6-deficient mice. All other differences are not significant.
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Figure 8. Active and total transforming growth factor

(TGF)-B1 in the lungs of infant mice. Dams were given
doxycycline from the beginning of pregnancy until the
pups were killed at PN7. (A) The level of active TGF-B1
was increased in the lungs of IL-18/86™/* and IL-18/B6~/~
mice compared with control/6*/* and control/B6~/~
mice, respectively. (B) The level of total TGF-1 did not
significantly differ between the genotypes. The level of
TGF-B1 was determined by ELISA in lung homogenates
from 5-10 animals per group. Data are presented as

cl IL-1B Ctl IL-1B

Ctl I Ctl IL-1B

means (=SEM). *P < 0.05, ***P < 0.001.

B6+/+ Bs-/- BG+/+

tion of TGF-Bl-neutralizing antibodies was recently shown to
improve alveolar development in newborn mice in which lung
injury was induced by chronic hyperoxia (54).

Adult mice deficient in B6 integrin are protected from
pulmonary fibrosis due to a local decrease in active TGF-B1
in the lung (25). In adult murine lungs, transient overexpression
of IL-1B by adenoviral gene transfer increases lung vascular
permeability (27). Inhibition of avp6 integrin and/or TGF-8
reduced the IL-1B-induced increase in lung vascular perme-
ability and the quantity of pulmonary edema (27). In vitro
studies have shown that inhibition of the avB6 integrin and/or
TGF-B signaling blocks the IL-1B-mediated protein permeabil-
ity across alveolar epithelial monolayers (27). Together, these
data support the idea that inhibition of TGF-B1 activity is
a mechanism by which B6 deficiency protects the newborn lung
against IL-1B-induced injury.
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