Maternal IL-1$3 Production Prevents Lung Injury
in a Mouse Model of Bronchopulmonary Dysplasia
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Little is known about the influence of maternal inflammation on
neonatal outcome. Production of IL-18 in the lungs of newborn
infants is associated with bronchopulmonary dysplasia. Using
bitransgenic (bi-TG) mice in which human (h) IL-1p is expressed
with a doxycycline-inducible system controlled by the Clara cell
secretory protein promoter, we have shown that hiL-1p expression
causes a bronchopulmonary dysplasia-like illness in infant mice. To
study the hypothesis that maternal hIL-1$ production modifies the
response of the newborn to hiL-1B, doxycycline was administered to
bi-TG and control dams from Embryonic Day 0, inducing production
of hiL-1p by the bi-TG dams before hiL-1f production started in their
bi-TG fetuses, or from Embryonic Day 15, inducing simultaneous
production of hiL-18 by both the bi-TG dams and their bi-TG fetuses.
In addition to the lungs, hIL-1p was expressed at low levels in the
uteri of bi-TG dams. Maternal inflammation preceding fetal inflam-
mation increased the survival and growth of hiL-1B-expressing
pups, enhanced alveolarization, and protected the airways against
remodeling and goblet cell hyperplasia. Maternal hiL-1p production
preceding fetal hiL-18 production caused silencing of several in-
flammatory genes, including CXC and CC chemokines, murine IL-18,
serum amyloid A3, and Toll-like receptors 2 and 4, and suppressed
the expression of chitinase-like lectins Ym1 and Ym2 in the lungs of
infant mice. Maternal inflammation protects the newborn against
subsequent hiL-1B-induced lung inflammation and injury. In con-
trast, induction of hIL-1B production simultaneously in bi-TG dams
and their fetuses offered no protection against inflammatory lung
disease in the neonate.
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Preterm infants born at less than 30 weeks of gestational age are
at a high risk of severe respiratory morbidity. Due to pulmonary
immaturity and lack of surfactant, they often suffer from
respiratory distress syndrome (RDS) after birth. Approximately
30% of these very premature infants develop bronchopulmo-
nary dysplasia (BPD), a chronic lung disease defined as need of
supplemental oxygen beyond 36 weeks postmenstrual age (1).
This illness is characterized histologically by inflammation and
abnormal alveolar and vascular development of the lung (2). In
spite of advances in neonatal care, BPD remains an important
cause of chronic pulmonary morbidity, poor growth, and
mortality in infants.

Because early preterm birth is often preceded by intrauterine
infection, the majority of infants born at less than 30 weeks of
gestation have been exposed to antenatal inflammation. The
frequency of positive cultures of chorioamnionic tissue among
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CLINICAL RELEVANCE

Bronchopulmonary dysplasia (BPD) is the major inflam-
matory lung disease in premature infants. Although ma-
ternal inflammation is a common antecedent of premature
birth, little is known about the influence of maternal
inflammation on the development of BPD. The present
results show that maternal inflammation preceding inflam-
mation in the fetal lung protects the newborn against
inflammatory lung disease. These unexpected findings help
us to understand the complexity of the responses of
newborn infants to perinatal inflammation and infection.

women with spontaneous labor at less than 30 weeks of gestation
exceeds 70% (3). Women with positive fetal membrane cultures
have histological findings of leukocytosis in the fetal membranes,
and high levels of inflammatory cytokines, such as IL-18, TNF,
and IL-6, in amniotic fluid (3, 4). Intrauterine infection some-
times begins early in pregnancy, and remains undetected for
months before preterm delivery. For example, amniotic fluid
concentration of IL-6 is elevated already at 15 to 20 weeks of
gestation in some pregnancies ending in preterm delivery at 23 to
30 weeks (5, 6). In addition to intrauterine infections, extrauter-
ine infections, such as periodontitis (7) and pneumonia (8), are
also associated with preterm delivery.

Antenatal exposure to inflammation may modulate the
respiratory outcome of premature infants. For example, histo-
logic chorioamnionitis is associated with a lower risk of RDS in
neonates born at a gestational age between 23 and 32 weeks (9,
10). Experimental studies indicate that fetal exposure to in-
flammation accelerates the maturation of the fetal lung, and
thereby protects the newborn against RDS. Intra-amniotic
administration of IL-1 or endotoxin induces surfactant pro-
duction and improves gas exchange and lung mechanics in
preterm animals (11, 12). Exposure to inflammation may thus
be advantageous for the pulmonary adaptation in the early
postnatal period. The impact of antenatal inflammation on the
development of the chronic lung disease, BPD, is less clear.
Some clinical studies suggest that chorioamnionitis (9) or
increased concentrations of inflammatory cytokines, such as
IL-1B, IL-6, TNF, or IL-8 in amniotic fluid (13) or in cord blood
(14), are linked with the development of BPD. However, other
studies have not found a relationship between antenatal in-
flammation and BPD (10). Moreover, Van Marter and col-
leagues (15) found that chorioamnionitis decreased the risk of
BPD. The reasons for these discrepanicies are unclear, but may
be related to differences in the patient populations (e.g., varying
gestational age, time and invasiveness of antenatal inflamma-
tion, reception of postnatal therapies injurious to the lung, such
as oxygen administration, ventilator treatment, or possible
postnatal infection).

IL-1B is a central inflammatory cytokine that is present in
the amniotic fluid of women with chorioamnionitis and preterm
labor (16). Increased levels of IL-1B are also found in amniotic
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fluid and tracheal aspirates of infants developing BPD (13, 17).
To study the role of inflammation in perinatal lung injury
independent of confounding factors, such as preterm birth,
oxygen therapy, or ventilator-associated injury, we developed a
bitransgenic (bi-TG) Clara cell secretory protein (CCSP)/reverse
tetracycline transactivator (rtTA)-(tet operator [tetO])~IL-1B
mouse in which mature human (h) IL-18 is expressed in the lung
epithelium with a doxycycline-inducible system controlled by
the rat CCSP promoter. We have shown that, whereas chronic
hIL-1B expression in the lungs of adult mice causes inflamma-
tion, emphysema, and airway remodeling (18), perinatal pro-
duction of hIL-1p is sufficient to cause a pulmonary disease in
the newborn mouse that clinically and histologically closely
resembles BPD (19), suggesting that inflammation in the lung
per se is an important pathogenetic factor in BPD.

Little is known about the influence of maternal inflammation
on the development of inflammatory lung diseases, such as BPD,
in the newborn. We hypothesized that maternal inflammation
during pregnancy modifies the responses of the offspring to
inflammatory insult. To study this hypothesis, we compared
hIL-1B-induced immune responses and lung injury in the prog-
eny of dams producing hIL-1B before hIL-1B production in their
bi-TG fetuses, in the progeny of dams producing hIL-1p at the
same time as their bi-TG fetuses, and in the progeny of control
dams. Doxycycline administration induced hIL-$ production not
only in the lungs, but at low levels also in the uteri of pregnant bi-
TG dams. The present study shows, for the first time, that
maternal hIL-1B production preceding fetal hIL-1 production
causes silencing of inflammatory genes in the lungs of the
offspring, protecting them against hIL-1B-induced lung disease
and poor growth, as well as reducing mortality. Simultaneous
hIL-1B production in the dams and fetuses, on the other hand, had
no effect on lung inflammation or injury in the infant mice.

MATERIALS AND METHODS

Conditional Expression of IL-1f in the Mouse Lung

Bi-TG CCSP-rtTA/(tetO);CMV-IL-1B mice expressing mature hIL-18
in the lung epithelium under conditional control were generated by
mating CCSP-rtTA*/* activator transgenic control dams (20) expressing
the rtTA under the control of the rat CCSP promoter with (tetO);CM V-
IL-18™~ males in which the tetracycline-responsive promoter
(tetO);CMYV drives the expression of active, mature hIL-13 (18), or by
mating bi-TG CCSP-rtTA/(tetO);CMV-IL-18 dams with wild-type
males. Littermate single transgenic CCSP-rtTA™/~ mice were used as
controls. We chose to use these mice as controls to be able to study
specifically the effects of hIL-1B expression on the lung phenotype (21).
All mice were genotyped by PCR analysis of genomic tail DNA using
primers specific for transgene constructs, as previously described (18).
The mice were in FVB/N background.

Doxycycline (Sigma, St. Louis, MO) administration to pregnant mice
indrinking water at a concentration of 0.5 mg/ml was started on plug date,
counted as Embryonic Day (E) 0, or at E15, and was continued until
either E14, day of birth (counted as Postnatal Day [PN] 0), or PN7, as
indicated. The light-sensitive doxycycline solution was protected from
light by covering cage bottles with aluminum foil, and the solution was
changed three times per week. The CCSP promoter isinactive in the fetus
until E14, and is thereafter active throughout fetal and postnatal life (22).
This means that hIL-1B production can be induced by doxycycline in the
bi-TG dams at any time, whereas hIL-1B production in bi-TG fetuses is
only inducible after E14, as previously shown (19). This feature of the
transgenic system makes it possible to study how maternal hIL-13
production, either before or simultaneous with fetal hIL-1p production,
modifies the responses of the newborn to IL-1p3.

Animal Care

The mice were housed in pathogen-free conditions, and all experiments
were conducted in accordance with Animal Research Ethics Commit-

tee guidelines at the University of Gothenburg. All animals had access
to water and laboratory chow ad libitum. Blood samples from pregnant
dams at E14 were collected using EDTA as anticoagulant by heart
punction after anesthesia with intraperitoneal injection of a mixture of
ketamine, xylazine, and acepromazine. The lungs, the uteri, the
placentas, and the fetal membranes were also collected. Blood smears
were prepared, and the remaining blood was centrifuged at 1,000 X g
for 10 minutes to separate the plasma and the blood cell fraction. For
lung sample collection from infant mice, pups were anesthetized by
intraperitoneal injection with a mixture of ketamine, xylazine, and
acepromazine on PNO or PN7, the abdomen was opened, and the
animal was exsanguinated by transection of abdominal vessels.

RNA Isolation and Quantitative RT-PCR

Total RNA from fetal lung tissue, fetal membranes, maternal blood
cells, maternal liver, maternal uterus, and placentas was isolated using
TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions, and treated with RNase-free DNase (DNA-free;
Ambion, Austin, TX). Total RNA (1 wg) was reverse transcribed
(Omniscript; Qiagen, Hilden, Germany), and cDNA was analyzed by
real-time PCR using gene-specific, intron-spanning primers. For quan-
tification of lipocalin2 (24p3; the mouse homolog of human neutrophil
gelatinase—associated lipocalin), monocyte chemoattractant protein-1
(CCL2), monocyte chemoattractant protein-3 (CCL7), keratinocyte
chemokine (the mouse homolog of human CXC chemokine growth-
related oncogene-a, CXCL1), LPS-induced CXC chemokine (the
mouse homolog of human epithelial-derived neutrophil-activating
peptide-78, CXCLS), CXC chemokine receptor (CXCR)-2, matrix
metalloproteinase (MMP)-9, MMP-12, murine (m) IL-1B8, IL-1 re-
ceptor type (R) I, IL-1RII, IL-1 receptor antagonist (IL-1Ra), S100
calcium-binding protein A (S100A) 8 (myeloid-related protein-8),
S100A9 (myeloid-related protein-14), serum amyloid A3 (SAA3),
Toll-like receptor (TLR) 2, TLR4, Ym1 (chitinase 3-like 3) and Ym2
(chitinase 3-like 4) mRNA levels, PCR was performed on 20 ng of
c¢DNA, using Brilliant SYBR Green QPCR Master Mix (Stratagene,
La Jolla, CA) and an Mx3000P real-time PCR instrument (Stratagene).
Specificity of PCR was confirmed by gel analysis during reaction
optimization and melting curve analysis of each amplification product.
Relative quantification of starting amounts of mRNA was performed
with Mx3000P instrument software from amplification curves using
standard curves obtained from dilution series of cDNA. The results
were normalized to B-actin mRNA levels. Primer sequences used
(forward and reverse, respectively, 5’ to 3') were as follows:

24p3: ACA ACT GAA TGG GTG GTG AGT GTG
AGA AGA GGC TCC AGA TGC TCCTTG
B-actin: TCC GTA AAG ACC TCT ATG CCA ACA
CTC AGG AGG AGC AAT GAT CIT GAT

CCL2: GCT CTC TCT TCC TCC ACC ACC AT
GCT CTC CAG CCT ACT CAT TGG GAT

CCL7: TCT GCC ACG CIT CTG TGC CT

GCT CTT GAG ATT CCT CTT GGG GAT
CXCLI1: AAA CCG AAG TCA TAG CCA CACTCA
CTT GGG GAC ACCTTT TAG CAT CTT

CXCLS: GCT GGC ATT TCT GTT GCT GTT CA
ATG ACT TCC ACC GTA GGG CAC TGT
CXCR2: CCT CAG ACT TTT GGC TTC CTC GT
CGC AGT GTG AAC CCG TAG CAG A

MMP-9: TTC GCA GAC CAA GAG GGTTITC
AAG ATG TCG TGT GAG TTC CAG GGC
MMP-12: CTG TCT TTG ACC CAC TTC GCC A
TCC TGC CTC ACA TCATACCTCCAGT
mIL-1B: AGC CCA TCC TCT GTG ACT CA

TGT CGT TGC TTG GTT CTC CT
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IL-1RI: TGG AGG GAC AGT TTG GAT ACA AG
ATC AGC CTC CTG CTT TTC TTT AC

IL-1RII: GAT AAC CTG CTG GTG TGT GA

TCT GTC CAT TGA GGT GGA GA

IL-1Ra: ATA GTG TGT TCT TGG GCA TCC A
TGT CTT CTT CTT TGT TCT TGC TCA G
S100A8: GAG CAA CCT CAT TGA TGT CTA
TGC ATT GTC ACT ATT GAT GTC CA

S100A9: GCC AAC AAA GCA CCT TCT CAG AT
GCC ATC AGC ATC ATA CACTCCTCA A
SAA3: TGC TCG GGG GAA CTA TGA TGCT
CCA CTC GTT GGC AAA CTG GTC A

TLR2: CCG AAA CCT CAG ACA AAG CGT CA
TCA CAC ACC CCA GAA GCA TCA CAT

TLR4: GCA AAG TCC CTG ATG ACA TTC CTIT
CCA CAG CCA CCA GAT TCT CTA AA

Yml: GCT CAT TGT GGG ATT TCC AGC A
CCT CAG TGG CTC CTT CAT TCA GAA

Ym2: TTG GAG GAT GGA AGT TTG GAC CT
TGA CGG TTC TGA GGA GTA GAG ACC A

hIL-1B8 and Total Protein Measurement

The tissue (fetal lung and maternal uterus) was homogenized in PBS
containing protease inhibitor (Complete Protease Inhibitor; Roche
Diagnostics, Basel, Switzerland) and centrifuged at 10,000 X g for
10 minutes to remove cell debris. Supernatant was used for analysis.
Total protein concentration was measured using the bicinchoninic acid
method according to the manufacturer’s instructions (Sigma). Concen-
tration of hIL-1B was measured using DuoSet hIL-18 ELISA de-
velopment kit (R&D Systems, Abingdon, UK), specific for hIL-1p,
with no cross-reactivity with mIL-1f3. Assay standard concentration
range was 3.9-250.0 pg/ml. Concentration of hIL-18 in maternal
plasma and maternal uterus, and placenta homogenates, was measured
using Quantikine HS hIL-18 ELISA development kit (R&D Systems),
specific for hIL-1B, with no cross-reactivity with mIL-1B. Assay
standard concentration range was 0.125-8.000 pg/ml.

Lung Histology and Immunohistochemistry

Lungs were inflation-fixed as previously described (18). The chest
cavity was opened and the trachea exposed. A blunt cannula was
inserted and tied to the trachea, and the lungs were inflated by
instillation of PBS-buffered 4% paraformaldehyde fixative at a pressure
of 25 cm H,0. After overnight fixation at +4°C, the tissue was rinsed in
PBS and graded ethanol, dehydrated, and processed through conven-
tional paraffin embedding. Tissue sections (5 pm) were stained with
hematoxylin and eosin, or Alcian blue/periodic acid-Schiff (PAS)
(pH 2.5) (23) and counterstained with Mayer’s hematoxylin.
Immunohistochemistry for neutrophils and macrophages was per-
formed using monoclonal rat anti-mouse neutrophils, clone 7/4 (Sero-
tec, Oxford, UK) and monoclonal rat anti-mouse Mac3, clone M3/84
(BD Biosciences Pharmingen, San Diego, CA) antibodies, respectively.
Biotinylated secondary antibodies, rabbit anti-rat, and avidin-biotin
peroxidase (Vectastain Elite ABC) with NovaRed were used according
to the manufacturer’s instructions (Vector Laboratories, Burlingame,
CA). Sections were slightly counterstained with Mayer’s hematoxylin.

Cell Counts

Maternal and fetal lung sections were immunostained using primary
antibodies specific for neutrophils and macrophages. The numbers of
stained cells were counted in 10 random high-power fields (x40 lens) in
each section (four animals or more per group), and average numbers of
positive cells per square millimeter were calculated. The number of

white cells in maternal blood was counted using a hemacytometer.
Differential leukocyte counts were performed from blood smears
stained with Wright’s Giemsa stain.

Morphometric Analysis of Airspace Size and Septal
Wall Thickness

Quantification of distal airspace size at PN7 was performed from
hematoxylin and eosin-stained lung tissue sections, using the mean
chord length as a measure of alveolar size, as previously described (19).
A minimum of eight representative, nonoverlapping fields from lungs of
four to nine mice of each genotype and treatment group were acquired
in 8-bit greyscale, using a 20X lens, at a final magnification of 1.89 pixels/
wm using a Nikon Eclipse E800 microscope and DXM1200 digital
camera (Nikon, Tokyo, Japan). 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 U.S. National Institutes of Health at
http://rsb.info.nih.gov/nih-image). To obtain consistent results, images
were thresholded using equal threshold levels for all treatment groups.
Binarized, inverted lung micrographs were subjected to a logical “AND”
operation with horizontal and vertical grids of straight lines. The lengths
of lines overlying alveolar space were then averaged as the mean chord
length. Chord lines touching the edges of the image fields were excluded
from analysis, hence the calculated mean chord length is representative of
line segments touching air space walls at both ends. The same binarized
images were used to assess the thickness of saccular/alveolar septa, as
previously described (24). Ten nonoverlapping image fields per animal,
with a minimum of five animals in each treatment and genotype group,
were analyzed. Straight lines (~60-80 per field) were drawn at 90° angles
across the narrowest segments (to minimize the number of tangential
sections) of septa of distal airspaces. The mean length of lines crossing
the septa was determined using NIH Image software.

Goblet Cell Quantification

The percentage of goblet cells in the epithelium of 12-20 airways in at
least four mice from each group was assessed at PN7 on Alcian blue/
PAS-stained lung tissue sections. The distribution of airways having
less than 10%, 11-40%, 41-80%, or more than 81% PAS-positive cells
in the epithelium was then calculated. The trachea and the primary
bronchi were not included in this analysis.

Statistical Analysis

Measurement values are expressed as mean (=SEM). Groups were
compared with Student’s two-tailed unpaired ¢ test or with the Mann-
Whitney U-test, as appropriate. Neonatal mortality data were analyzed
using Kaplan-Meier survival analysis and logrank (Mantel-Cox) test.
P values less than 0.05 were considered statistically significant.

RESULTS

Pulmonary Phenotype and Systemic Inflammation in
hIL-1B-Expressing Dams

All dams appeared healthy during the experiments, and main-
tained a normal weight and activity level. In the present model,
hIL-1B production in the lungs increased rapidly during the first 2
days after initiation of doxycycline administration, and reached
a plateau of 79 (*£12) ng hIL-1B/mg protein after 5 days of
doxycycline treatment (18). Because prolonged pulmonary pro-
duction of hIL-1B in adult mice causes emphysema (18), we
studied whether hIL-1 expression in the lungs of pregnant mice
causes alveolar destruction. Pregnant control and bi-TG dams
were given doxycycline from the beginning of gestation until
E14. The alveolar chord length was similar in both groups of
dams (control dam, 37.4 * 2.3 wm, versus bi-TG dam, 39.4 =+
2.5 wm; not significant [NS]; n = 4). Thus, pulmonary hIL-18
production in the maternal lung during the first 14 days of
pregnancy did not cause airspace enlargement in the dams.
Immunostaining of lung sections with specific antibodies against
neutrophils and macrophages revealed that hIL-1B3-producing
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dams had a pulmonary inflammation characterized by an in-
creased number of neutrophils (control dam, 9.1 = 1.9/mm?,
versus bi-TG dam, 57.4 * 10.1/mm? P < 0.01; n = 4) and
macrophages (control dam, 22.6 * 2.7/mm?, versus bi-TG dam,
652 = 49/mm? P < 0.01; n = 4).

The levels of hIL-1B8 in the plasma of bi-TG dams were
below the detection limit of the assay, implying that very little, if
any, hIL-1B produced in the lung epithelium reached into the
circulation. The bi-TG dams had a mild systemic inflammation.
They had a higher white blood cell count than the control dams
(P =< 0.01; Figure 1A), as well as an altered differential count
that revealed increased percentages of neutrophils and eosino-
phils, and a decreased percentage of lymphocytes (P < 0.05;
Figure 1B). Accordingly, the mRNA expression of several
genes associated with inflammation, including 24p3, MMP-9,
S100A8, and S100A9, was higher in the blood cells of bi-TG
dams than in control dams (Figure 1C). The mRNA expression
of the acute-phase protein, SAA3, in maternal liver was higher
in bi-TG dams than in control dams (P < 0.01; Figure 1D),
further confirming the presence of a systemic inflammatory
response in hIL-1B-expressing dams.

hIL-18 Expression and Production in the Uteri of Bi-TG Dams

The expression of hIL-1B in the present transgenic system is
driven by the rat CCSP promoter. CCSP or uteroglobin,
expressed at high levels in the Clara cells in the airways, is also
expressed in the pregnant or pseudopregnant uterus of mammals
(25-27). We therefore studied whether hIL-18 was expressed in
the uteri of bi-TG dams that had received doxycycline from EO
until being killed at E14. hIL-18 mRNA expression was present
in the uteri of these mice. The level of hIL-1B8 in the uterine
homogenates of these mice was 21.0 (*£2.7) pg/ml, or 0.87
(£0.25) pg/mg protein (n = 10). No mRNA expression of hIL-
1B was detected in the placentas or fetal membranes.

Inflammation in Uterus, Placenta, and Fetal Membrane

To assess whether hIL-1B production in the uterus caused
inflammation in uterine or gestational tissues of bi-TG dams,
we counted the numbers of neutrophils and macrophages in uteri,
placentas, and fetal membranes from both control and bi-TG
dams given doxycycline from EO until being killed at E14.
Neutrophils in the uterus and placenta were seen mostly in the
endometrium and decidua basalis, respectively (Figures 2A-2D).
The numbers of neutrophils were higher in the endometrium and
decidua basalis of bi-TG dams than in those of control dams
(Figures 2A-2D and 2G). The numbers of macrophages in the
uterus or placenta were not significantly affected by hIL-1B
expression in the uterus (Figure 2H). No neutrophils or macro-
phages were detected in the fetal membranes (yolk sac and
amnion) in either maternal group (Figures 2E-2G). The expres-
sion of monocyte-attractant CC chemokines, CCL2 and CCL7,
and of MMP-12, was lower in placentas from bi-TG dams than in
those from control dams, but no such difference was detected in
the uteri (Figures 2I-2J and 2N). In both maternal genotypes, the
expression of the neutrophil-attractant CXC chemokine,
CXCL1, in the placentas was roughly eightfold higher than in
the uterus, and roughly 80-fold higher than in the fetal mem-
branes (Figure 2K). The mRNA expression of CXCL1 in the uteri
and placentas was not influenced by the genotype of the dam,
whereas the expression of CXCL1 was higher in the fetal
membranes (yolk sac and amnion) of bi-TG dams than in those
of control dams (Figure 2K). The expression of S100A8 and
S100A9 was higher in uteri and fetal membranes of bi-TG dams
than in control animals, but no difference was seen in the
placentas (Figures 2L-2M).
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Figure 1. Maternal inflammation. Pregnant bitransgenic (bi-TG) and
control dams received doxycycline in drinking water from Embryonic
Day (E) O until the dams were killed at E14. (A) White blood cell (WBC)
counts in dams. Bi-TG dams had a significantly higher number of
circulating white blood cells than control animals. (B) Differential
leukocyte counts in the blood of dams. Human (h) IL-1B—producing
dams had higher percentages of neutrophils and eosinophils, but
a lower percentage of lymphocytes than control animals. (C) mRNA
expression of inflammatory genes in the blood cells of dams. Bi-TG
dams had higher expression of lipocalin2 (24p3), MMP-9, S100
calcium-binding protein A (S100A) 8, and S100A9 than control dams.
(D) mRNA expression of SAA3 in maternal liver. Bi-TG dams had higher
expression of SAA3 than controls. Open bars, control dams; gray bars,
bi-TG dams; n = 4 in each group; *P < 0.05, **P < 0.01 control dams
versus bi-TG dams.

hIL-1B Production in the Lungs of Bi-TG Pups of Control and
Bi-TG Dams

When doxycycline is administered to the dams from the begin-
ning of pregnancy, hIL-18 mRNA expression and protein pro-
duction in the lungs of bi-TG fetuses start at E14, rapidly increase
thereafter, and reach a plateau at E16.5 (19). To confirm that
maternal transgenic status did not influence the expression of
hIL-1B in response to doxycycline in bi-T'G offspring, the levels of
mRNA expression and protein production were measured in bi-
TG pups of control and bi-TG dams. All dams received doxycy-
cline from the beginning of pregnancy until death of the pups at
PN7. Both hIL-18 mRNA expression (bi-TG pups of control
dam, 5.6 = 0.9 [n = 6], versus bi-TG pups of bi-TG dam, 5.3 + 0.8
[7n = 6];NS) and hIL-1p protein level (bi-TG pups of control dam,
146.9 = 7.3 ng hIL-1B/mg protein [n = §], versus bi-TG pups of bi-
TG dam, 163.6 *= 10.2 ng hIL-1B/mg protein [n = 5]; NS) were
similar in the two groups of hIL-1B—producing pups. As expected,
hIL-18 mRNA expression and hIL-1B protein production were
not detected in the lungs of any of the control pups in either
maternal group.

Maternal hiL-18 Expression Affected the Growth and Survival
of hlL-1B-Expressing Infant Mice

In all groups of dams, pups expressing hIL-18 were asymptom-
atic during the first days of life, but developed respiratory
symptoms (chest retractions) after PN3-PN4, at which time
their weight gain also started to decrease compared with that of
control littermates. The respiratory symptoms were more
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obvious in the bi-TG pups of both groups of control dams and
those of bi-TG dams given doxycycline from E15 than in bi-TG
pups of bi-TG dams given doxycycline from EO.

The birth weights of hIL-1B-expressing pups and their
control littermates did not differ (data not shown). In all
maternal groups, pups expressing hIL-18 had lower body weight
at PN7 than their control littermates (Figure 3A). Interestingly,
maternal hIL-18 production affected the weight of the control
pups, as control animals born to bi-TG dams were smaller than
those born to control dams (P < 0.01; Figure 3A). In spite of
this, bi-TG pups of bi-TG dams given doxycycline from EO
weighed more than all other groups of bi-TG pups (Figure 3A).

In all groups of mice, one to three pups died during the
immediate postnatal period (PN0O-2). When doxycycline was
administered from EOQ, the mortality of bi-TG pups of control
dams increased after PN3, whereas very few bi-TG pups of hIL-
1B—expressing dams died before PNS (Figure 3B). With this
doxycycline treatment, the survival of bi-TG pups of hIL-1p-
expressing dams was better than that of bi-TG pups of control
dams (bi-TG pups of bi-TG dams, 76%, versus bi-TG pups of
control dams, 52%; P = 0.02; Figure 3B). In contrast, when
doxycycline was administered from E15, the survival of the pups
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Figure 2. Maternal inflammation.
Pregnant bi-TG and control dams re-
ceived doxycycline in drinking water
* from EO until dams were killed at E14.
5 r‘lll (A-F) Immunohistochemical staining
endometrium decidua for neutrophils in the endometrium,
basalis decidua basalis, and yolk sac. (G)

Neutrophil counts in uterine and ges-

tational tissues. Bi-TG dams had sig-

nificantly ~ higher  numbers  of
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304 NS (yolk sac and amnion). (H) Macro-
204 phage counts in uterine and gesta-
tional tissues. The number of
macrophages in endometrium, de-
cidua basalis, or fetal membranes
(yolk sac and amnion) was not
affected by maternal genotype. No
NS macrophages were detected in the

fetal membranes. (I-N) mRNA ex-

pression of inflammatory genes in
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(yolk sac and amnion). Expression of

ST00A8 and ST00A9 was increased in

the uteri of bi-TG dams, whereas the
expression of CCL2, CCL7, and
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from bi-TG dams. Open bars, control
dams; gray bars, bi-TG dams; NS, not
significant; n = 5; *P < 0.05, **P <
La 0.01, ***P < 0.001 control dams
versus bi-TG dams. Scale bar, 50 pm.
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did not differ significantly between the two groups of dams
(bi-TG pups of bi-TG dams, 36%, versus bi-TG pups of control
dams, 48%; NS; Figure 3C). The survival of hIL-1B-expressing
pups of bi-TG dams given doxycycline from EO was better than
that of those of bi-TG dams given doxycycline from E15 (bi-TG
pups of bi-TG dams given doxycycline from EO, 76% versus
bi-TG pups of bi-TG dams given doxycycline from E15, 36%;
P = 0.001; Figures 3B and 3C).

Influence of Maternal hiL-1B Expression on Postnatal Lung
Morphogenesis in hiL-1B-Expressing Newborn Mice

Alveolar septation was underway in control pups at PN7,
independent of maternal genotype and time of doxycycline
administration (Figures 4A-4D). Distal airspaces were large,
and septation was lacking in the lungs of bi-TG pups of both
groups of control dams and of bi-TG dam given doxycycline
from E15 (Figures 4E, 4G, and 4H). In contrast, airspaces
appeared smaller and more septa were present in the lungs of
bi-TG pups of hIL-1B—expressing dams given doxycycline from
EO (Figure 4F). These results were confirmed by measurement
of alveolar chord length. Although the chord lengths of all
bi-TG pups in all four groups of dams were significantly greater
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Figure 3. Influence of maternal hIL-1B production on postnatal
growth and mortality of the offspring. Pregnant bi-TG and control
dams were given doxycycline in drinking water from EO or E15 until the
pups were killed at Postnatal Day (PN) 7. (A) Weight of pups at PN7. In
all maternal groups, bi-TG pups were smaller than control animals. Bi-
TG pups of hIL-1B-expressing dams given doxycycline from EO
weighed more than those of control dams and those of hIL-1B-
expressing dams given doxycycline from E15 (open bars, control pups;
gray bars, bi-TG pups; n = 15 in each group). (B) Survival of the
offspring of dams given doxycycline from EO until pups were killed on
PN7. The survival of bi-TG pups of bi-TG dams was significantly better
than that of pups of control dams (P = 0.02). (C) Survival of offspring of
dams given doxycycline from E15 until the pups were killed on PN7.
No difference in survival was seen between the two groups of bi-TG
pups. *P < 0.05, ***P < 0.001, bi-TG pups versus control pups within
each group of pups; %P < 0.01, control pups of bi-TG dam versus
control pups of control dam; TP < 0.05, TP < 0.01, compared with bi-
TG pups of bi-TG dam given doxycycline from EO. ctrl, control; dox,
doxycycline.

than those of their control littermates (P < 0.001), the chord
length of bi-TG pups of hIL-1p-expressing dams given doxy-
cycline from EO was less (P < 0.001) than that of bi-TG pups in
the other groups (Figure 41), indicating better alveolarization in
pups of dams in which hIL-1B expression preceded fetal hIL-1B
expression. There were no differences in chord length between
control pups of control and bi-TG dams in either doxycycline
treatment group.

Alveolar wall thickness was similar in all groups of control
pups (Figure 4]). hIL-1B-expressing newborn mice born to both
groups of control dams and those born to bi-TG dams given
doxycycline from E15 had between 38 and 54 % thicker alveolar
walls than corresponding control animals (P < 0.001; Figure 47J),
whereas the walls in hIL-1B-expressing pups of dams with
maternal hIL-1B expression preceding the fetal expression were
only 12% thicker than those of control animals (P < 0.01;
Figure 4J). Thus, alveolar thinning was better in hIL-1B-
expressing pups of hIL-1B—expressing dams given doxycycline
from EO than in the other groups of bi-TG pups (P < 0.001;
Figure 47).

Maternal hIL-1B8 Expression Modulated Inflammation
Induced by hIL-1pB in the Alveolar Regions of the
Lungs of Infant Mice

To assess inflammation in the alveolar regions in infant mice at
PN7, immunostaining of lung sections was performed with
specific antibodies against neutrophils and macrophages and
the numbers of stained cells were counted in the alveolar lumen
and alveolar walls. Areas of airways and blood vessels were
excluded from this analysis. hIL-1B-expressing pups of bi-TG
dams given doxycycline from EQ (Figures 5F and 5I) had fewer
neutrophils in their alveolar regions than all other groups of
hIL-1B-expressing pups (P < 0.001; Figures SE and 5G-5I). In
fact, hIL-1B production in the lungs of pups of hIL-1p-
expressing dams given doxycycline from EO did not induce
neutrophil infiltration into the alveoli or alveolar walls, as the
numbers of neutrophils in the lungs of these mice (NS; Figures
S5F and 5I) were similar to those in control mice (Figures SA-5D
and 5I).

Fetal hIL-1B production resulted in infiltration of the lungs
with macrophages in all groups of bi-TG offspring (Figure 6).
Maternal hIL-1B production preceding fetal hIL-1p production
suppressed the numbers of macrophages in the alveolar areas of
the bi-TG offspring (P < 0.001; Figures 6F and 6I) compared
with the bi-TG offspring in the other groups (Figures 6E and
6G-0I).

Maternal hIL-1B Production Influenced Airway Inflammation
and Remodeling and the Expression of Ym1 and Ym2 in the
Lungs of Infant Mice

Airway structure was similar in all groups of control pups
(Figures 7A-7D). Inflammatory cells accumulated in and
around the airways of hIL-1pB-expressing offspring of single
transgenic dams (Figures 7E and 7G) and of bi-TG dams given
doxycycline from E15 (Figure 7H), whereas few inflammatory
cells were seen in the airways of hIL-1B—expressing offspring of
bi-TG dams given doxycycline from EO (Figure 7F). In addition,
the airways of bi-TG offspring of control dams and of bi-TG
dams given doxycycline from E15 were thicker and had more
goblet cell hyperplasia (Figures 7E and 7G) than those of bi-TG
offspring of bi-TG dams given doxycycline from EO (Figure 7F).
The suppressive effect of maternal IL-13 production on sub-
sequent hIL-1B-induced goblet cell hyperplasia in the pups was
confirmed when the proportion of PAS-positive cells in the
epithelium of the airways was evaluated in the different groups
(Figure 71). The distribution of airways having less than 10%,
11-40%, 41-80%, or more than 81% PAS-positive cells in the
epithelium was similar in bi-TG pups born to bi-TG dams given
doxycycline from EO and in the control pups of all groups
(Figure 7I). Between 61 and 64% of the airways in bi-TG pups
born to control dams and those born to bi-TG dams given
doxycycline from E15 had more than 81% PAS-positive cells,
whereas no airways in bi-TG pups born to bi-TG dams given
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nant bi-TG and control dams in drinking water from EO
or E15 until the pups were killed at PN7. (A-H)
Pulmonary histology at PN7 (hematoxylin and eosin).
Alveolar septation was underway in control mice (A-
D). Septation was lacking in bi-TG pups of control
dams given doxycycline from EO (E), as well as in bi-TG
pups of both control and bi-TG dams given doxycy-
cline from E15 (G and H), whereas bi-TG pups of hiL-
1B-expressing dams given doxycycline from EO had
smaller airspaces and more septa (f). (/) Chord length
of the lungs of infant mice. The chord lengths were
greater in hlL-1B—producing pups in all maternal
groups than in control littermates. Maternal hIL-13
production preceding fetal hIL-18 production im-
proved alveolar septation in bi-TG pups compared
with the other groups of bi-TG pups. (/) Alveolar wall
thickness in infant mice. Alveolar walls were thicker in
bi-TG pups in all maternal groups than in control
littermates. Maternal hIL-18 production preceding
fetal hIL-1B ameliorated alveolar wall thinning in bi-
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doxycycline from EO had more than 81% PAS-positive cells
(Figure 71). Thus, maternal hIL-1B production preceding fetal
hIL-1B production protected the airways against inflammation,
remodeling, and goblet cell hyperplasia.

The expression of chitinase-like lectins, Ym1 and Ym2, was
up-regulated in all groups of hIL-B—expressing pups compared
with all control groups, but the increase was blunted in hIL-1p-
expressing pups previously exposed to maternal hIL-18 pro-

duction (Figures 7J and 7K). Interestingly, maternal hIL-18
production down-regulated the expression of Ym1 and Ym?2 in
both groups of control pups (Figures 7J and 7K).

Maternal hIL-18 Expression Modified the Expression of
Inflammatory Genes in the Lungs of Infant Mice

The differences in neutrophil and macrophage counts in the
lungs of newborn mice in the four maternal groups prompted us

dox from E 0 dox from E 15
ctrl dam bi-TG dam ctrl dam bi-TG dam
A - BB o D '
ctrl 2 . ? :
pup
¢ Figure 5. Neutrophils in the alveolar regions of infant
mice. Pregnant bi-TG and control dams received doxy-
= . #oes o 3w cycline in drinking water from EO or E15 until the pups
E¥ ° Ly F . § G i = -"H‘ * 7y ,-“;,' were killed at PN7. (A-H) Immunohistochemical stain-
bi-TG e & 4404 - -0 fhs vle TR ing for neutrophils. More neutrophils were seen in the
pup el s i e o 1_'._;,.' w0 ien  alveoliand alveolar walls of bi-TG pups (, G, H) than in
Gl £ b =::,  controls (A-D), exceptin the case of bi-TG pups of bi-TG
) gl = N B ».__%%  dams given doxycycline from EO (F). (/) Neutrophil
) -0 counts in the lungs of the offspring. Neutrophil in-
| o ftit H filtration in response to pulmonary hiL-18 production in
i S the infant mice was abrogated in pups of bi-TG given
04 o [ doxycycline from EO. Open bars, control pups; gray
e 11 bars, bi-TG pups; n = 4 in each group; ***P < 0.001,
E 601 il bi-TG pups versus control pups; TP < 0.001, com-
%’ 50 o pared with bi-TG pups of bi-TG dam given doxycycline
240 from EO. Scale bar, 100 pm. NS, not significant.
= 30 o
2 201 NS
Ll LT
0
Dam ctrl bi-TG ctrl  bi-TG
Dox fromE 0 fromE 15




156 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 42 2010

dox from E 0

dox from E 15

ctrl dam bi-TG dam ctrl dam

A B Cc ' D

ctrl
pup

bi-TGHESE# ¢ sy 7 £ 3 2R
Pup Hgy, Aty Bl DAL R

| 1t
. M
w0l L 11T

Kk =7
35 o

30 o
25 o
20

i rﬁﬁ -

0
Dam ctrl bi-TG ctrl bi-TG
Dox fromE 0 fromE 15

Macrophages/mm?

to study the expression of CC and CXC chemokines that
regulate the influx of these inflammatory cells. As seen in
Figure 8, hIL-1B production in the lungs of newborn mice
increased the mRNA expression of the CC chemokines, CCL2
and CCL7, and the CXC chemokines, CXCL1 and CXCLS5, as
well as of the chemokine receptor, CXCR2, in their lungs
compared with control littermates in all maternal groups.
Importantly, the expression of these chemokines was strongly
inhibited in hIL-1B—-expressing pups of hIL-1B—expressing dams
given doxycycline from EO compared with hIL-1B-expressing
pups in the other three groups (Figures SA-8E).

To further assess the impact of maternal hIL-1B production
on the expression of inflammatory genes in hIL-1p—producing
offspring, the expression of the acute-phase protein, SAA3, and
of TLR2 and TLR4, was studied. Although hIL-18 production
in the lungs of newborn mice induced the expression of SAA3 in
the lungs of the offspring of control and bi-TG dams, maternal
hIL-1B production preceding fetal hIL-18 production reduced
the expression of SAA3 in hIL-1B-expressing infant mice
compared with hL-1B-expressing pups in the other groups
(Figure 8F). The expression of TLR2 was induced in bi-TG
offspring of control dams or of bi-TG dams given doxycycline
from E15, but not in bi-TG offspring of hIL-1p—producing dams
given doxycycline from EO (Figure 8G). Thus, maternal hIL-1B
production preceding fetal hIL-18 production inhibited the
induction of these inflammatory genes by hIL-1B in the off-
spring. The mRNA expression of TLR4 was higher in hIL-1p3-
producing mice born to control dams than in hIL-1B—producing
offspring of bi-TG dams (Figure 8H). There was no difference
in the mRNA expression of any of the analyzed genes between
the four groups of control mice.

Expression of mIL-1pB, IL-1RI, and IL-1RIl, and IL-1Ra

The expression of mIL-1B was increased by hIL-1B expression in
all groups of bi-TG pups (P < 0.001). However, this increase was
blunted in bi-TG mice born to bi-TG dams receiving doxycycline

bi-TG dam

Figure 6. Macrophages in the alveolar regions of

] infant mice. Pregnant bi-TG and control dams received

"~ doxycycline in drinking water from EO or E15 until the

o 5 e pups were killed at PN7. (A-H) Immunohistochemical
. : staining for macrophages. More macrophages were
P seen in both groups of bi-TG offspring of control dams

ok sEA B, (E and G) and in bi-TG offspring of bi-TG dam given

o doxycycline from E15 (H) than in bi-TG pups of bi-TG
. dams given doxycycline from EO (F) and in all groups
of control pups (A-D). (I) Macrophage counts in the
lungs of offspring. Maternal hIL-18 production pre-
ceding fetal hIL-18 production inhibited infiltration of
the alveoli and alveolar walls of bi-TG pups with
macrophages. Open bars, control pups; gray bars, bi-
TG pups; n = 4 in each group; *P < 0.05, ***P <
0.001, bi-TG pups versus control pups; TP < 0.001,
compared with bi-TG pups of bi-TG dam given doxy-
cycline from EO. Scale bar, 100 pm.

from EO compared with all other groups of bi-TG pups (P < 0.01;
Figure 9A). The expression of IL-1RI and IL-1RII, and of IL-
1Ra, was measured to test whether the tolerance to hIL-1p3 of
bi-TG pups of hIL-1B-producing dams given doxycycline from
EO was due to a down-regulation in IL-1RI expression or to
increased expression of IL-1Ra or of IL-1RII. Instead, we found
that maternal production of hIL-1B preceding fetal hIL-1B
production inhibited the expression of IL-1RII in response to
hIL-1B in the offspring (Figure 9D). IL-1Ra expression was
increased by hIL-1B in all groups of bi-TG pups (Figure 9C),
whereas IL-1RI expression was up-regulated only in the bi-TG
offspring of control and bi-TG dams given doxycycline from EO
(Figure 9B). Thus the dampened inflammatory response in the
bi-TG offspring of bi-TG dams given doxycycline from EO0 was
not due to regulation of IL-1RI, IL-1RII, or IL-1Ra.

DISCUSSION

The present study shows, for the first time, that maternal
inflammation preceding fetal inflammation protects the offspring
against inflammatory lung disease. We have previously shown
that perinatal hIL-1B production in the fetal and newborn lung
causes a BPD-like illness in infant mice, characterized by
pulmonary inflammation, disrupted alveolar development, air-
way remodeling, poor growth, and increased postnatal mortality
(19). We now show that hIL-1B-expressing pups exposed to
prior maternal hIL-1 production have less infiltration of the
lungs with neutrophils and macrophages, better alveolar septa-
tion and alveolar wall thinning, less airway thickening and goblet
cell hyperplasia, better growth, and higher survival rates than
hIL-1B-expressing pups born to control dams. Interestingly, the
resistance of the infant mice to hIL-1B-induced inflammation
and injury was lost if hIL-1B production was initiated at the same
time in both the dam and the fetuses. In this case, the mortality,
poor growth, pulmonary inflammation, abnormal lung morpho-
genesis, and airway remodeling of hIL-1B—expressing mice born
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Figure 7. Airway remodeling, goblet
cell hyperplasia, and expression of
chitinase-like lectins, Ym1 and Ym2,
in the lungs of infant mice. Pregnant
bi-TG and control dams received
doxycycline in drinking water from
EO or E15 until the pups were killed
at PN7. (A-H) Airway inflammation
and remodeling. The airways of all
control pups appeared normal (A, C,
E, and G). Bi-TG pups of bi-TG dams
given doxycycline from EO had less
inflammation in and around the air-
ways, thinner airway walls, and less
goblet cell hyperplasia (D) than bi-TG
pups of the other three groups of dams
(B, F, H). () Distribution (%) of airways
with different proportions of goblet
cells in the epithelium in each geno-
type and treatment group at PN7
(open bars, airways having <10%
goblet cells; gray bars, airways having
11-40% goblet cells; dark gray bars,
airways having 41-80% goblet cells;
black bars, airways having =81% gob-
let cells). In bi-TG pups of bi-TG dams
given doxycycline from EO, few air-
ways had goblet cells, whereas most
cells were goblet cells in the epithe-
lium of the majority of the airways in
the other three groups of bi-TG pups.
The expression of Ym1 and Ym2 was
increased in all groups of bi-TG infant
mice compared with control animals,
but the increase was blunted in bi-TG
pups of bi-TG dams given doxycycline
from EO. Control pups of both groups
of bi-TG dams had lower expression of
Ym1 and Ym2 than those of control
dams. The mRNA expression levels are
shown relative to the mRNA expres-
sion level of control pups of control
dams given doxycycline from EO,
which was set to 1. Open bars, control
pups; gray bars, bi-TG pups; n = 4 in
each group; **P < 0.01, ***P < 0.001,
bi-TG pups versus control pups; P <
0.05, 8P =< 0.01, control pups of bi-TG
dam versus control pups of control
dam; TP<0.05, T"P<0.01, compared
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to hIL-1B-expressing dams were similar to those of hIL-1B8-
expressing mice born to control dams.

hIL-18 expression in the pulmonary epithelium of the
pregnant dam caused infiltration of her lungs with neutrophils
and macrophages, and induced a mild systemic inflammatory
reaction in the dam, whereas hIL-1p in her circulation was not
detectable. The peripheral white cell count was higher in the
blood of the hIL-1B—expressing dams than in control dams, and
the expression of inflammatory genes, including 24p3, MMP-9,
S100A8, and S100A9, was correspondingly increased in her
blood. In addition, the level of the acute-phase protein SAA3
was increased in the liver of hIL-1B-expressing dams.

Besides being highly expressed in the lung, CCSP (also
known as uteroglobin) is expressed at a low level in the uterine
epithelium of pregnant and pseudopregnant rats and mice (25—
27). Because the rat CCSP promoter drives the expression of
hIL-1B in the present bi-TG mouse model, we studied the
expression of hIL-1B in the uterus, and found that hIL-1B
mRNA expression and protein production were induced in the
uteri of pregnant bi-TG dams receiving doxycycline. This is the
first study showing that the CCSP promoter drives transgene
expression in the uterus. As expected (25), the uterine levels of
hIL-1B were extremely low compared with the pulmonary levels
of hIL-1B. The total amounts of hIL-1B in the pregnant uterus
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Figure 8. Expression of in-
flammatory genes in the lungs
of infant mice. Pregnant bi-TG
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and in the adult lung were approximately 100 pg and 1,000 ng,
respectively. However, because the expression of CCSP is
restricted to the uterine endometrium (25), and only very low
concentrations of IL-1B8 are required to elicit a biologic re-
sponse (28), the levels of hIL-1B were sufficient to cause a mild
infiltration of the uterine endometrium and the decidua basalis
of the placenta of bi-TG dams with neutrophils. The numbers of
macrophages in the endometrium or decidua basalis were not
affected by hIL-1B production. Importantly, no neutrophils or
macrophages were detected in the fetal membranes (yolk sac or
amnion) of fetuses of either bi-TG or control dams receiving
doxycycline. Thus, uterine hIL-1B production did not induce an
inflammation in the fetal membranes, despite the fact that these
tissues are adjacent to the uterine endometrium.

Preterm birth is the main risk factor for the development of
BPD in newborn infants. Urogenital infections (e.g., chorioamnio-
nitis, asymptomatic bacteriuria, and bacterial vaginosis) and in-
fections or inflammatory illnesses at other sites (e.g., pneumonia,
appendicitis, periodontal disease, and inflammatory bowel dis-
ease) have all been associated with preterm delivery (3, 8, 29).
These conditions may initiate a systemic inflammation (30, 31)
that may lead to preterm labor (32). Inflammatory cytokines,
including IL-1B, can induce preterm delivery in experimental
animals (33, 34). In the present study, no cases of preterm labor
occurred in the mice, perhaps because of the mildness of the
systemic and intrauterine inflammation and lack of inflammation
in the fetal membranes. In addition, the FVB/N strain of mice
seems to have a relatively high resistance to inflammation-induced

e - cline from EO, which was set
: C‘;'rom E'1T5G to 1. Open pars, control pups;
gray bars, bi-TG pups; n = 4 in
each group; *P < 0.05, **P <
0.01, ***P < 0.001, bi-TG
pups versus control pups;
TP < 0.05, TP < 0.01, TP <
0.001, compared with bi-TG
pups of bi-TG dam given
doxycycline from EO. TLR,
Toll-like receptor.

0
Dam ctrl
Dox___fromE 0

preterm labor. A recent study demonstrated a low incidence of
preterm labor in FVB/N mice injected with endotoxin compared
with other strains of mice (35).

Maternal hIL-1B production preceding fetal hIL-18 pro-
duction ameliorated alveolar septation and alveolar wall thin-
ning in bi-TG pups. In addition, airway thickening and goblet
cell hyperplasia caused by hIL-1B in infant mice were prevented
by prior exposure to maternal inflammation. hIL-18 enhanced
the expression of the chitinase-like lectins, Ym1 and Ym2, in
the lungs of infant mice. However, the expression of these
lectins was blunted if the mouse had been exposed to prior
maternal hIL-1B production. Ym1 and Ym?2 are markedly up-
regulated in allergic airway inflammation, and may play a role
in the development of asthma (36, 37). Treatment with anti-
sense Yml RNA reduces airway responsiveness in a model of
allergic asthma (37).

Maternal hIL-18 production preceding fetal hIL-1B pro-
duction abolished the hIL-B-induced infiltration of the alveolar
regions of the lungs of the offspring with neutrophils, and
reduced the macrophage infiltration by 60%. Inflammation in
and around the airways was also decreased in bi-TG offspring of
bi-TG dams given doxycycline from EOQ. In contrast, inflamma-
tion in the lung was not suppressed in bi-TG pups of bi-TG
dams given doxycycline from E15. In the former situation, but
not in the latter, maternal hIL-1B production caused silencing of
inflammatory genes in the lungs of the infant mice. The mRNA
expression of mIL-1p3, several neutrophil- and monocyte-attrac-
tant chemokines, SAA3, TLR2, and TLR4 was down-regulated
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Figure 9. Expression of murine (m) IL-1B, IL-1 receptor type (R) R, IL-
1RIl, and IL-1 receptor antagonist (IL-1Ra) in the lungs of infant mice.
Pregnant bi-TG and control dams were given doxycycline in drinking
water from EO or E15 until the pups were killed at PN7. (A, B, and D)
Maternal hIL-18 production preceding fetal hIL-18 production
inhibited the mRNA expression of mIL-18 and IL-1RIl, but not of IL-
1R, in response to hIL-1B in the offspring. (C) IL-1Ra mRNA expression
was up-regulated in all groups of bi-TG mice compared with control
animals. Bi-TG pups of bi-TG dams given doxycycline from EO had less
IL-1Ra than bi-TG pups of control dams given doxycycline from EO. The
mRNA expression levels are shown relative to the mRNA expression
level of control pups of control dams given doxycycline from EQ, which
was set to 1. Open bars, control pups; gray bars, bi-TG pups; n = 4 in
each group; *P < 0.05, **P < 0.01, ***P < 0.001, bi-TG pups versus
control pups; P < 0.05, P < 0.01, TP < 0.001, compared with bi-
TG pups of bi-TG dam given doxycycline from EO.

in the lungs of hIL-1B—expressing newborns exposed to prior
maternal inflammation compared with hIL-1B-expressing pups
of control dams and to those of bi-TG dams given doxycycline
from E15. Gene reprogramming to a silent phenotype, in-
dicating tolerance to hIL-1f3, may be a central mechanism by
which hIL-1B-induced lung injury is inhibited in the pups born
to dams producing hIL-1B from early gestation. To our knowl-
edge, silencing of inflammatory genes in the offspring after
chronic maternal inflammation has not been previously studied.
Injecting endotoxin directly into the fetal circulation induces
endotoxin tolerance in ovine fetuses, as seen by decreased
hypotensive response and smaller elevation of blood IL-6 levels
after subsequent injections (38). Similarly, cord monocytes
isolated from preterm lambs injected with intra-amniotic endo-
toxin and thereafter challenged in vitro with endotoxin have
a transient suppression of IL-6 production (39).

Silencing of acute proinflammatory genes is common to
severe animal and human systemic inflammation with infection
(40). Sustained silencing of inflammatory genes is observed in
blood neutrophils and monocytes during systemic inflammation
(40). Humans given intravenous endotoxin develop the silenc-
ing signature for a brief period, but in systemic inflammation,
the silencing of expression of proinflammatory genes can persist
for many days or even weeks (40). It is interesting that the
silencing of expression of acute proinflammatory genes in the
present model is still present postnatally about 4 weeks after the
initiation of hIL-1B expression in the dam, and about 2 weeks
after the fetuses themselves start to produce hIL-1B. It is
unknown at present how long the silencing signature persists,
and whether it is followed by a late proinflammatory response.

Both clinical and experimental evidence suggests that inflam-
mation plays a role in the pathogenesis of BPD. The inflammatory
response in the lungs of infants developing BPD is characterized
by infiltration of the lungs with neutrophils and macrophages and
increased production of various inflammatory cytokines and
chemokines (41-43). Inflammation in the preterm lung can be
caused by antenatal pulmonary or systemic infection in the fetus,
or by postnatal events, such as trauma associated with resuscita-
tion at birth, oxygen toxicity, volutrauma or barotrauma caused
by ventilator therapy, or postnatal infection (41). The present
study suggests that antenatal exposure to maternal inflammation
may confer resistance to the fetal/newborn lung against inflam-
matory insults by down-regulating inflammatory genes and
limiting the influx of inflammatory cells into the lung, and may
thereby prevent the development of BPD in the newborn. On the
other hand, silencing of inflammatory genes may render the infant
vulnerable to bacterial infections. Decreased expression of in-
flammatory genes participates in immunodepression and predicts
increased mortality in adults from sepsis (40).

Infections associated with preterm birth, such as chorioam-
nionitis, periodontitis, or asymptomatic bacteriuria, are often
indolent and chronic (6), but may also be acute and fulminant.
The fetal response to maternal inflammation is probably de-
pendent on the duration, timing, type, and invasiveness of the
inflammation. Differences in variables such as these may
explain why some infants unpredictably develop BPD, whereas
other infants born very early are spared from poor pulmonary
outcome. Such differences may also serve to explain why
studies examining the relationship of antenatal infection and
BPD have found variable results. Although antenatal inflam-
mation has been associated with the development of BPD in
some studies (9, 44), other studies have not found such an
association (10, 45, 46).

In summary, the present study demonstrates that maternal
inflammation modifies the responses of the newborn to in-
flammatory insult in ways that are critically dependent on the
timing of maternal inflammation with respect to the inflamma-
tion in the fetus. These results may have important clinical
implications, and may help us to understand the complexity of
the response of newborn infants to antenatal and postnatal
inflammation and infection.
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