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Rationale: Chorioamnionitis frequently associates with preterm de-
livery and increased amniotic fluid IL-1, and causes fetal lung
and systemic inflammation. However, chorioamnionitis is also asso-
ciated with a paradoxical reduction in the incidence of surfactant
deficiency–related respiratory distress syndrome in preterm infants.
Objectives: To identify the role of IL-1 signaling in the mediation of
pulmonary and systemic inflammation and lung maturation in a fetal
sheep model of lipopolysaccharide (LPS) induced chorioamnionitis.
Methods: After confirming the efficacy of recombinant human IL-1
receptor antagonist (rhIL-1ra), fetal sheep were exposed to intra-
amniotic (IA) injections of Escherichia coli LPS with or without prior IA
injections of rhIL-1ra. Preterm lambs were delivered at 82% of term
gestation.
Measurements and Main Results: rhIL-1ra decreased IA LPS–induced
lung inflammation assessed by decreased lung neutrophil and
monocyte influx, inducible nitric oxide synthase expression, lung
IL-6 and IL-1b mRNA expression, and airway myeloperoxidase
concentrations. rhIL-1ra inhibited IA LPS–induced fetal systemic
inflammation assessed by decreased plasma IL-8, protein carbonyls,
bloodneutrophilia, andtheexpressionof serumamyloidA3mRNAin
the liver. rhIL-1ra also partially blocked the lung maturational effects
of IA LPS. Therefore blockade of IL-1 signaling in the amniotic
compartment inhibited fetal lung and systemic inflammation and
lung maturation in response to LPS-induced chorioamnionitis.
Conclusions: IL-1 plays a central role in the pathogenesis of
chorioamnionitis-induced fetal inflammatory responses.

Keywords: respiratory distress syndrome; bronchopulmonary dyspla-
sia; preterm birth; interleukin-1 receptor; innate immunity

Approximately 70% of very low birth weight infants born
before 28 weeks of gestation are exposed to chorioamnionitis,
defined as inflammation of the fetal membranes (1). Although
fetal exposures to chorioamnionitis are associated with the

benefit of decreased incidence of respiratory distress syndrome
(2, 3), chorioamnionitis is associated with increased risks of
brain injury, necrotizing enterocolitis, and bronchopulmonary
dysplasia (3–6). Although the mechanisms of organ injury asso-
ciated with chorioamnionitis remain undetermined, pathogen-
induced fetal inflammatory responses are thought to play a
major role in the pathogenesis (7). Unlike systemic inflamma-
tion in the adult, fetal inflammatory responses are more subtle
and often clinically asymptomatic. Fetal inflammatory response
is clinically recognized by increased plasma IL-6 levels or by
umbilical cord inflammation (5, 7). IL-1 is consistently increased
in amniotic fluid with infection/chorioamnionitis (8–10). At
present there are no treatments for chorioamnionitis-associated
fetal inflammation.

In the fetal sheep, intraamniotic injection of LPS causes
chorioamnionitis and induces lung maturation (11, 12). However,
intraamniotic lipopolysaccharide (LPS) also decreases alveolar
septation in the fetal lung (similar to bronchopulmonary dyspla-
sia) (13, 14), induces a systemic inflammatory response, and
causes axonal disruption in the subcortical white matter of the
fetal brain (similar to periventricular leukomalacia) (15). Intra-
amniotic LPS robustly induces IL-1b expression in the cho-
rioamnion and fetal lung (16). Intraamniotic or intratracheal
injections of IL-1a or IL-1b cause chorioamnionitis, induce lung
inflammation, and enhance lung maturation (17, 18). It is
noteworthy that intraamniotic injections of other early response
cytokines such as tumor necrosis factor (TNF)-a, IL-8, or IL-6 do
not cause chorioamnionitis (19, 20). However, it is not known
whether IL-1 signaling is required for intraamniotic LPS–induced
lung/systemic inflammation or lung maturation.

We tested the hypothesis that IL-1 mediates intraamniotic
LPS–induced pulmonary and systemic inflammation and lung
maturation. Recombinant human IL-1 receptor antagonist

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Chorioamnionitis is associated with pulmonary and sys-
temic inflammation, an increase in pulmonary surfactant,
and organ injury responses in the fetus. The mediator/s of
these responses are not known.

What This Study Adds to the Field

Inhibition of IL-1 signaling in the amniotic compartment
decreased pulmonary and systemic inflammation and re-
versed lung maturation responses in a fetal sheep model of
chorioamnionitis induced by intraamniotic injection of
lipopolysaccharide.
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(rhIL-1ra) was used to block the receptor IL-1R1, thereby
inhibiting signaling by both IL-1a and IL-1b (21, 22). Preterm
fetal lambs were exposed to intraamniotic Escherichia coli LPS
and the effects of blockade with rhIL-1ra on fetal inflammation
and lung maturation were assessed.

METHODS

Detailed methods are reported in the online supplement.

Animals and Intraamniotic Injections

A total of 77 fetal lambs were studied in Western Australia with
approval from the animal care and use committees of the Cincinnati
Children’s Hospital (Cincinnati, OH), the Department of Agriculture
and Food Western Australia (South Perth, WA, Australia), and the
University of Western Australia (Perth, WA, Australia). In separate
protocols, time-mated Merino ewes with singleton fetuses were ran-
domly assigned to groups of five to nine animals (see Tables S1 and S2
in the online supplement), to receive either 10 mg of LPS (E. coli
055:B5; Sigma, St. Louis, MO), 100 mg of recombinant sheep IL-1a

(Protein Express, Cincinnati, OH), or an equivalent 2-ml volume of
saline (control) by intraamniotic injection at intervals of 2 or 7 days
before caesarean delivery at 124 6 1 day gestational age (11). IL-1
signaling was inhibited with rhIL-1ra (anakinra [Kineret]; Amgen, Inc.,
Thousand Oaks, CA). Lambs were given 100 mg of rhIL-1ra or saline
(control) via the amniotic fluid only, 3 hours before intraamniotic LPS
(10 mg) or saline injection. Animals delivered 2 days after LPS
exposure received only 1 dose, whereas animals delivered 6 or 7 days
after LPS exposure received two additional intraamniotic 100-mg doses
of rhIL-1ra or saline treatment at 2 and 4 days.

rhIL-1ra Levels and Blood Counts

rhIL-1ra levels were measured by a specific ELISA for human rhIL-1ra
(R&D Systems, Minneapolis, MN). Automated total white blood cell
differential counts were performed with correction for nucleated red
blood cells.

Assessment of Inflammation

Bronchoalveolar lavage fluid (BALF) was obtained as reported (11)
and cell counts were determined by Diff-Quik staining of cytospins.
BALF myeloperoxidase activity was determined by measuring the
oxidation of tetramethylbenzidine against standard concentrations of
pure myeloperoxidase (Athens Research & Technology, Athens, GA)
(23). BALF/plasma IL-8 protein was measured by an ELISA using
anti-ovine IL-8 antibodies (Chemicon, Temecula, CA) (23). Determi-
nation of IL-1b, IL-6, IL-8, and serum amyloid A3 gene expression in
the lung/liver was performed by RNase protection analysis using 10 mg
of total RNA (16, 24, 25). Plasma haptoglobin was measured in an
ELISA for bovine haptoglobin (ICL, Newberg, OR). Protein carbonyls
were measured by derivatizing the samples with dinitrophenylhydrazine
followed by an ELISA using an anti-dinitrophenylhydrazine antibody
(23). Blinded inflammatory scoring in the lung and liver was performed
by counting inducible nitric oxide synthase (NOSII)-positive inflam-
matory cells in 10 comparable nonoverlapping high-power fields from
each animal (four or five animals per group) (26). IL-1b in situ
hybridization was performed with a digoxigenin-labeled antisense sheep
IL-1b riboprobe (26).

Evaluation of Lung Maturation

Saturated phosphatidylcholine, a major component of surfactant lipid,
was extracted from the BALF and quantified by phosphorus assay (12).
Surfactant protein mRNAs were measured using 3 mg of total RNA from
the lung by S1 nuclease protection assay (12). Lung compliance was
evaluated by measuring the deflating limb pressure–volume curve (16).

Data Analysis

Results are given as means 6 SEM, except for pharmacokinetic data
(reported as means 6 SD). Comparisons between three or more groups
were performed by analyses of variance with Student-Newman-Keuls
tests used for post hoc analyses. Comparison of two groups was done by

nonparametric t test (Welch). Statistical significance was accepted at
P , 0.05.

RESULTS

Additional results are reported in the online supplement.

rhIL-1ra Inhibits Intraamniotic LPS–induced Fetal

Lung Inflammation

After demonstrating that rhIL-1ra completely blocked IL-1
signaling in vivo (see Figure E1 and Table E3 in the online
supplement), we asked whether IL-1 mediated fetal responses
to intraamniotic (IA) LPS. Intraamniotic injection of rhIL-1ra
before IA LPS decreased neutrophil and monocyte influx in the
fetal lung both at 2 days (Figure 1A) and 7 days (Figure 1B)
after exposure. Both saline controls and lambs given IA rhIL-
1ra alone (data not shown) had no neutrophils or monocytes
in BALF. Similarly, IA rhIL-1ra decreased IA LPS–induced
increases in BALF myeloperoxidase 2 days after exposure
(Figure 1C). Effects on myeloperoxidase activity were variable
7 days after exposure to IA LPS (Figure 1D).

Previous experiments showed increased IL-1b, IL-6, IL-8,
and serum amyloid A3 mRNA expression in the fetal lung
2 days after IA LPS with expression returning to baseline values
4–7 days after IA LPS (16, 27). In the present study, pre-
treatment with rhIL-1ra decreased IA LPS–induced increases in
IL-1b and IL-6 mRNA in the fetal lung (Figures 2A and 2B),
whereas the decrease in IL-8 mRNA did not reach significance
(P 5 0.09) (Figure 2C). In contrast, IA LPS–induced expression
of serum amyloid A3 mRNA in the fetal lung (Figure 2D) or
IL-8 protein in the BALF (Figure 2E) was not inhibited by
rhIL-1a. Control fetal lambs had essentially no IL-1b mRNA
expression (Figure 3A). Two days after IA LPS exposure,
robust expression of IL-1b mRNA was localized to the lung
inflammatory cells, with little expression in noninflammatory
cells (Figure 3B). Consistent with the mRNA quantitation in
Figure 2A, decreased numbers of IL-1b mRNA–expressing

Figure 1. Recombinant human IL-1 receptor antagonist (rhIL-1ra)

decreases intraamniotic LPS-induced lung inflammation. Bronchoal-

veolar lavage fluid (BALF) neutrophils (solid column) and monocytes
(open column) are expressed per kilogram body weight (A) 2 days and

(B) 7 days after exposure. BALF myeloperoxidase (C) 2 days and (D)

7 days after exposure. rhIL-1ra decreased intraamniotic LPS-induced

BALF inflammatory cell counts and myeloperoxidase expression (†P ,

0.05 vs. control, *P , 0.05 vs. intraamniotic LPS, 2 d of exposure).
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inflammatory cells were detected in the rhIL-1ra plus LPS
group (Figure 3C).

Pretreatment with IA rhIL-1ra decreased intraamniotic
LPS–induced activation of neutrophils and monocytes in the
fetal lung as demonstrated by reduced NOSII expression
(compare Figures 4C, 4D and 4E, 4F). Few neutrophils or
monocytes were detected in the lung parenchyma in the control
group (Figures 4A and 4B).

rhIL-1ra Inhibits Intraamniotic LPS–induced Lung Maturation

Previous experiments demonstrated that surfactant protein
mRNAs are induced at 2 days, whereas surfactant lipids and
lung compliance improve 6–7 days after IA LPS administration
in fetal sheep (16). In the present study, rhIL-1ra decreased
IA LPS–induced increases in surfactant protein A, B, and C
mRNAs (Figures 5A25C). Similarly, rhIL-1ra decreased the IA
LPS–induced increase in airway saturated phosphatidylcholine,
the most abundant surfactant lipid (Figure 5D). The net result
was reduced lung compliance in the IA LPS plus rhIL-1ra group
compared with the IA LPS group as measured by deflation limb
of the pressure–volume curve (Figure 5E).

rhIL-1ra Inhibits Intraamniotic LPS–induced

Systemic Inflammation

Intraamniotic rhIL-1ra inhibited the IA LPS–induced fetal
systemic inflammatory response as measured by serum amyloid

A3 mRNA expression in the fetal liver (Figure 6A) as well as
plasma IL-8 (Figure 6C) and protein carbonyl levels (a marker
of global protein oxidation) (Figure 6D); plasma haptoglobin
did not decrease (Figure 6B). IA rhIL-1ra inhibited IA LPS–
induced early neutropenia and a later neutrophilia (Table 1),
markers that are clinically widely used indicators of systemic
inflammation.

Pharmacokinetics of rhIL-1ra in Fetal Sheep

After an intravenous injection into fetal sheep, rhIL-1ra had
a volume of distribution of 3.7 6 0.9 L, clearance of 0.7 6 0.1 L/
hour, and a half-life of 3.5 6 0.6 hours in the fetal plasma. In
contrast to the plasma, the half-life of rhIL-1ra was about
threefold longer in the amniotic fluid after an intraamniotic
injection. Interestingly, the plasma level of rhIL-1ra, 2 days
after intraamniotic injection, was only 1% of the amniotic fluid
level, reflecting low amniotic to blood diffusion and a higher
clearance in the blood.

DISCUSSION

We report the novel finding that IL-1 is a mediator of intra-
amniotic (IA) LPS–induced lung and systemic inflammation
and lung maturation in the preterm fetus. The findings are
clinically relevant because the experiments used a model of
fetal inflammation induced by administration of LPS in the
amniotic cavity, which closely models human chorioamnionitis
(28). The chorioamnionitis-induced fetal inflammation causes
injury responses in the lung and the brain in both preterm
humans as well as preterm sheep (3, 6, 14, 15). A biologically
important conclusion from the present study is that IL-1
signaling in the amniotic compartment is critical to the patho-
genesis of chorioamnionitis-induced inflammation. Fetal inflam-
matory responses are different from those in the adult, because
the preterm fetus does not respond to TNF-a (19). Therefore,
it should not be surprising that whereas IL-1 blockade has
variable effects on LPS signaling in the adult, IL-1 blockade
significantly decreased LPS-induced inflammation in the fetus in
this study.

The biological activity of IL-1 is mediated by two different
gene products, IL-1a and IL-1b (21). These two proteins share
only 25% amino acid identity, but signal via binding of either
ligand to IL-1 receptor-1 (IL-1R1). The IL-1 receptor antago-
nist (IL-1ra), a member of the IL-1 cytokine family, binds to IL-
1R1 and thus antagonizes biological effects of IL-1. Both IL-1a

and IL-1b have been implicated in the pathogenesis of systemic
inflammatory disorders that respond to IL-1ra treatment (29–
31). The fetal tissues that express IL-1b mRNA in response to
intraamniotic LPS are the lung and the chorioamnion (16).
Although the predominant site of IL-1b expression in the fetal
lung is the inflammatory cells, IL-1a mRNA could not be
detected in fetuses exposed to intraamniotic LPS (our un-
published data). We also reported that the LPS receptor Toll-
like receptor-4 (TLR4) is expressed in all lung cell types in the
fetus and other proteins required for LPS signaling, such as
lipopolysaccharide-binding protein, can be detected in the fetal
airway (26, 32). The fetal airway epithelium can also respond to
IL-1 because intratracheal injection of IL-1a induces lung
inflammation similar to LPS (18). The present study demon-
strated that fetal intraamniotic injection of rhIL-1ra resulted in
IL-1 signaling blockade in the amniotic compartment, because
little transfer from the amniotic to blood compartment was
detected. Taken together, our study suggests that IL-1b se-
creted by the airway inflammatory cells amplifies LPS-induced
lung and systemic inflammation in the fetus. Also, preterm
lambs do not have macrophages in the airspaces (33, 34),

Figure 2. Recombinant human IL-1 receptor antagonist (rhIL-1ra)

variably decreases intraamniotic LPS-induced lung cytokine expression.

Shown is quantification by RNase protection assay of (A) IL-1b, (B) IL-6,
(C) IL-8, and (D) serum amyloid A3 (SAA3) mRNAs from fetal lung

normalized to L32 (ribosomal protein mRNA), 2 days after exposure.

(E) Bronchoalveolar lavage fluid (BALF) IL-8 protein levels 2 and 7 days

after exposure. For the RNA measurements, the mean mRNA signal in
control animals was given the value of 1 and levels at each time point

were expressed relative to controls. rhIL-1ra decreased intraamniotic

LPS-induced induction of IL-6 mRNA but not of IL-8 or SAA3 (†P , 0.05
vs. control, *P , 0.05 vs. intraamniotic LPS, 2 d of exposure).
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suggesting that the primary target of IL-1 receptor blockade is
likely to be the airway epithelium. However, the precise
mechanisms of how blockade of IL-1 signaling in the amniotic
compartment decreases fetal inflammation remain to be iden-
tified.

Fetal inflammatory response syndrome has been recognized
as a distinct, albeit nebulous entity that is associated with subtle
increases in umbilical cord plasma cytokine levels in the
absence of bacteremia (5, 7). By contrast, systemic inflamma-
tory response syndrome in the adult, generally caused by sepsis
or trauma, results in a ‘‘cytokine storm’’ causing multiorgan
dysfunction and a high risk of death (35). Despite the subtle
increases in plasma cytokines, a systemic inflammatory response
induced by chorioamnionitis is postulated to be the proximate
cause of fetal organ injury, for example, periventricular leuko-
malacia (4), necrotizing enterocolitis (3), or bronchopulmonary
dysplasia (4–6). In this study, some of the markers of systemic
inflammation (plasma haptoglobin and liver serum amyloid A3
expression) increased 2 days after LPS, whereas other markers
(plasma IL-8 and protein carbonyls) increased later, suggesting
different mechanisms of induction for these indicators of
systemic inflammation. Intraamniotic injection of rhIL-1ra
effectively decreased intraamniotic LPS-induced induction of
liver serum amyloid, plasma IL-8, protein carbonyls, and blood
neutrophil counts. However, rhIL-1ra did not significantly
reverse intraamniotic LPS-induced increases in plasma hapto-
globin and induction of NOSII expression in the fetal liver (see
Figure E2 in the online supplement). Taken together, intra-
amniotic inhibition of IL-1 signaling decreased most but not all
indicators of chorioamnionitis/LPS-induced fetal systemic in-
flammatory response. These results demonstrate that, although
IL-1 signaling is an important requirement for LPS effects in
chorioamnionitis, other pathways downstream of TLR4 signal-
ing also contributes to fetal inflammation.

Lung inflammation is a major consequence of IA LPS
injection (28). IL-1 is an important mediator of IA LPS–induced
lung inflammation because rhIL-1ra inhibited IA LPS–induced

airway neutrophil and monocyte influx and activation. Trans-
genic mice expressing IL-1b in the lung epithelium in the
perinatal period had pulmonary inflammation and disruption
of normal lung architecture (36). Both LPS and IL-1 receptors
share common downstream signaling molecules (37), and both
can induce the expression of IL-6, IL-8, and monocyte chemo-
tactic protein-1 in the perinatal lung (16, 18, 36). We previously
reported that intraamniotic injection of IL-1a and IL-1b (17),
but not TNF-a (19) or IL-8 (20), induced robust pulmonary
inflammatory cell recruitment, consistent with an important role
for IL-1 in chorioamnionitis-induced prenatal inflammation.
Because the responses to IL-1a were completely inhibited
under our experimental conditions, the present study is in-
formative for inflammatory pathways downstream of TLR4
signaling in the fetus that require IL-1 signaling, in contrast to
those that are IL-1 independent. Whereas recruitment and
activation of inflammatory cells in the lung were IL-1 de-
pendent, pulmonary expression of the acute-phase reactant
serum amyloid A3 was not. Also, intraamniotic rhIL-1ra had
dichotomous effects on NOSII and serum amyloid expression in

Figure 4. Recombinant human IL-1 receptor antagonist (rhIL-1ra)

decreases intraamniotic LPS-mediated induction of inducible nitric
oxide synthase (NOSII) expression in lung inflammatory cells. Immu-

nostaining was performed on 5-mm sections of fetal lung. (A) Ten high-

power fields (HPFs) in each of four animals per group were scored for
cells positive for NOSII immunostaining and are shown as dot plots

with means. NOSII expression in the lung sections from (B) saline

control, (C) 2 days after intraamniotic LPS, (D) intraamniotic LPS plus

rhIL-1ra at 2 days, (E) intraamniotic LPS at 7 days and (F ) intraamniotic
LPS plus rhIL-1ra at 7 days. NOS II expression was not detected in

control lung. Robust NOSII expression was detected in the inflamma-

tory cells (shown by arrow) 2 days after intraamniotic LPS with

a decreased expression at 7 days. Note the different patterns of
expression at 2 and 7 days [compare (C) and (E); insets show higher

magnification]. rhIL-1ra decreased NOSII expression both at 2 and

7 days (†P , 0.05 vs. control, * P , 0.05 vs. the corresponding LPS

group). Scale bar: 50 mm.

Figure 3. Cellular expression of IL-1b mRNA. In situ hybridization was

performed with digoxigenin-labeled antisense sheep IL-1b riboprobe

on 5-mm sections of fetal lung. (A) Saline control showing no IL-1b

mRNA expression. (B) Robust expression in lung inflammatory cells
(arrows) 2 days after intraamniotic (IA) LPS. (C) Fewer inflammatory

cells expressing IL-1b in the 2-day IA LPS plus rhIL-1ra group. Insets

show higher magnification of IL-1b expression in the inflammatory cells

(n 5 4 animals per group). Scale bar: 50 mm.
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the lung versus the liver, suggesting different mechanisms of
induction of these mediators in the lung versus the systemic
compartment.

Several studies in adult animals have examined the role of
IL-1 signaling in mediating physiological effects of LPS admin-
istered both systemically and via the airway. Mice lacking IL-
1R1, a major transducer of the IL-1 signal, responded to
systemically administered LPS with an acute-phase response
indistinguishable from controls (38). Human IL-1 receptor
antagonist modestly decreased systemically administered LPS-
induced fever but not plasma IL-6 levels in rats and caused
modest reversal of LPS-induced appetite suppression in mice
(39, 40). Treatment with rhIL-1ra did not prevent intraperito-
neal LPS-induced preterm labor in mice (41). Conversely, IL-1
receptor antagonist reduced systemically administered LPS-
induced lethality in adult rabbits and mice (42, 43). IL-1
signaling is required for mediating turpentine-induced inflam-
mation, because mice lacking IL-1R1 were resistant to in-
flammatory responses induced by subcutaneous turpentine
(21, 38). Similarly, IL-1 signaling is central to the pulmonary
inflammation induced by bleomycin (44). Compared with wild-
type mice, mice lacking IL-1R1 had no reduction in airway
inflammatory cell influx or airway hyperreactivity induced by
LPS given by airway inhalation (45). On the other hand, rhIL-1ra

decreased airway neutrophil recruitment induced by intratra-
cheal LPS by 45% (46). Collectively, these studies demonstrate
that blockade of IL-1 signaling has variable effects on LPS-
induced physiological effects in adult animals. In contrast, our
results in the preterm fetus demonstrate that IL-1 signaling in the
amniotic compartment is a significant mediator and serves to
amplify LPS-induced fetal inflammation.

Preterm fetal sheep have low lung surfactant pools and
intraamniotic LPS exposure increases surfactant protein
mRNAs followed by increased airway surfactant lipid pools,
leading to improved lung compliance (12, 16). In this study,
rhIL-1ra decreased intraamniotic LPS-induced pulmonary sur-
factant protein mRNA, surfactant lipid pool size, and lung
compliance. We previously reported that LPS-induced inflam-
matory cell influx mediated by the integrin CD18 is required to
mediate lung maturation (47). The results from this study

Figure 6. Recombinant human IL-1 receptor antagonist (rhIL-1ra)

decreases intraamniotic LPS-induced fetal systemic inflammatory re-

sponse. Quantification by RNase protection assay of (A) serum amyloid
A3 (SAA3) mRNA in the liver 2 days after intraamniotic (IA) LPS. SAA3

mRNA expression was normalized to L32 (ribosomal protein mRNA).

The mean mRNA signal in control animals was given the value of 1 and

levels at each time point were expressed as the increases relative to
controls: (B) plasma haptoglobin, (C) fetal plasma IL-8, and (D) plasma

protein carbonyls 2 and 7 days after exposure. rhIL-1ra decreased

intraamniotic LPS-induced systemic inflammation. (†P , 0.05 vs.

control, *P , 0.05 vs. intraamniotic LPS, exposure).Figure 5. Recombinant human IL-1 receptor antagonist (rhIL-1ra)

decreases intraamniotic LPS-induced lung maturation. Quantification
of surfactant protein mRNA by S1 nuclease protection assay, 2 days

after exposure. (A) SP-A, (B) SP-B, and (C) SP-C mRNAs from fetal lung

normalized to L32 (ribosomal protein mRNA), 2 days after exposure.
The mean mRNA signal in control animals was given the value of 1 and

levels at each time point were expressed relative to controls. (D)

Bronchoalveolar lavage fluid (BALF) surfactant saturated phosphatidyl-

choline (Sat PC) and (E) deflating limb pressure–volume curve, 7 days
after exposure. rhIL-1ra inhibited intraamniotic LPS-induced lung

maturation (†P , 0.05 vs. control, *P , 0.05 vs. intraamniotic LPS,

exposure).

TABLE 1. IL-1 RECEPTOR ANTAGONIST PREVENTS
INTRAAMNIOTIC LPS-INDUCED CHANGES IN
BLOOD LEUKOCYTES

Group

Blood Neutrophils

(3 109/L)

Blood Lymphocytes

(3 109/L)

Blood Monocytes

(3 109/L)

Control 0.76 6 0.08 2.1 6 0.18 0.14 6 0.04

IA LPS (2 d) 0.16 6 0.07* 2.1 6 0.32 0.07 6 0.02

rhIL-1ra 1 LPS (2 d) 0.47 6 0.2 2.2 6 0.23 0.06 6 0.03

LPS (7 d) 3.3 6 0.48* 2.5 6 0.23 0.35 6 0.08

rhIL-1ra 1 LPS (7 d) 0.46 6 0.17† 2.5 6 0.16 0.05 6 0.03†

Definition of abbreviations: IA 5 intraamniotic; rhIL-1ra 5 recombinant human

IL-1 receptor antagonist.

Note: All injections intraamniotic.

* P , 0.05 versus controls.
† P , 0.05 versus corresponding LPS group.
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demonstrate that IL-1 signaling is an important mediator of IA
LPS–induced lung inflammatory cell influx and lung maturation.

Because our studies suggest beneficial effects of rhIL-1ra in
chorioamnionitis/LPS-induced lung and systemic inflammation,
a valid concern would be the apparently deleterious effects on
fetal lung mechanics. In several different chorioamnionitis
models, fetal lung inflammation consistently causes lung matu-
ration (16–18, 48) and inhibition of inflammatory cell influx in
the lung reversed the intraamniotic LPS–induced lung matura-
tion in the fetal sheep (47). Preterm human fetuses exposed to
chorioamnionitis also have clinical lung maturation (2). There-
fore, reversal of the improved lung mechanics may be a neces-
sary consequence of inhibition of inflammation induced by
chorioamnionitis. The two clinical strategies to prevent/treat
respiratory distress syndrome in clinical use in preterm infants
are antenatal maternal glucocorticoids and postnatal surfactants
(49). Effects of the combination of these therapies with rhIL-1ra
in chorioamnionitis models remain to be evaluated.
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