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Summary
Bronchopulmonary dysplasia (BPD) remains the major morbidity of extreme preterm birth. The
incidence of BPD has remained stable despite recent efforts to reduce postnatal exposures to
volutrauma and hyperoxia. This review will focus on recent clinical and experimental insights that
provide support for the concept that the ‘new BPD’ is the result of inflammation-mediated injury
and altered lung development during a window of vulnerability in genetically susceptible infants
that is modified by maternal and postnatal exposures.
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Introduction
It is estimated that up to 90% of preterm births prior to 28 weeks’ gestation are associated
with intrauterine infection and/or inflammation.1 Despite recent advances in neonatal care to
minimize postnatal lung injury from mechanical ventilation,2,3 the incidence of
bronchopulmonary dysplasia (BPD) remains high in extremely low gestational age
newborns (ELGANs, <28 weeks) with antenatal infection/inflammation exposure. Although
analysis of a national database indicates that the absolute incidence of BPD diagnosis
decreased 3.3% per year from 1993 to 2006,4 the National Institutes of Child Health
Neonatal Network reported stable BPD rates from 2003 to 2007 for ~10 000 ELGANs
regardless of BPD definition used.5 The severity-based definition of BPD6 (including mild
cases) classified 68% of infants in the network cohort with BPD compared to 42% according
to the traditional definition of BPD [supplemental oxygen at 36 weeks’ postmenstrual age
(PMA)] and 40% for physiologic-defined BPD.5,7 The lung pathologic findings that
characterize the ‘new BPD’ in ELGANs include more uniform inflation, fewer but larger
alveoli, mild fibrosis, and less fulminant but persistent inflammation.8

Bronchopulmonary dysplasia is associated with longer hospital stays,4,5 higher medical
costs,4 other morbidities of prematurity including neurodevelopmental delays,9 and adverse
pulmonary outcomes in childhood10 and possibly beyond. This review will focus on recent
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clinical and experimental insights that provide support for the concept that the ‘new BPD’ is
the result of inflammation-mediated injury and altered lung development during a window
of vulnerability in genetically susceptible infants that is modified by maternal and postnatal
exposures (Fig. 1).

Chorioamnionitis and altered lung development
Infection/inflammation in the intrauterine compartment has been defined by histological
(presence of polymorphonuclear cells in choriodecidual space, fetal membranes, and/or
cord), microbiologic (positive culture or molecular detection methods), and/or biochemical
(elevated amniotic fluid cytokines, chemokines) criteria for chorioamnionitis.11 The fetal
inflammatory response syndrome (FIRS) has been defined histologically by fetal vasculitis/
funisitis characterized by polymorphonuclear infiltration of the chorionic vessels or
umbilical cord11 and biochemically by elevated umbilical cord concentrations of cytokines
[interleukin (IL)-1ß, IL-6 and TNF-α].12,13 The fetal inflammatory response also involves
upregulation of chemokines (IL-8, MIP-1ß, and RANTES), adhesion molecules (ICAM-1,
ICAM-3, and E-selectin), matrix metalloproteinases (MMP-1 and MMP-9), angiogenic
factors such as vascular endothelial growth factor (VEGF), and acute phase protein (C-
reactive protein, CRP) in venous blood in the first few days of life.14,15 These changes
indicate that the fetus is capable of initiating a complex cascade of immune responses to
microbial invasion.

Watterberg et al.16 observed that histologic chorioamnionitis was associated with a reduced
risk for respiratory distress syndrome (RDS), but an increased risk for BPD in a small cohort
of mechanically ventilated preterm infants <2000 g birth weight who were not exposed to
antenatal steroids or exogenous surfactant. This observation suggested that in-utero
infection/inflammation exposure accelerated functional lung maturation, but increased the
vulnerability of the preterm lung to postnatal injury. However, subsequent studies over the
past 15 years have found chorioamnionitis associated with reduced17–20 or no effect21–23 on
RDS risk, and increased,13,21,23 decreased24 or no effect18,22,25,26 on BPD risk. This may be
due to the imprecision of the clinical diagnoses of RDS and BPD, the multifactorial nature
of the disease, and variability of the study populations and clinical practices.

Recently, Laughon and ELGAN study investigators27 described three different patterns of
respiratory disease during the first 14 days of postnatal life in infants born at <28 weeks’
gestation. Approximately 20% received consistently low fractional inspired oxygen (FiO2)
during this period, and 43% were classified as early and persistent pulmonary dysfunction.
The remaining 38% of infants were classified with a pulmonary deterioration pattern if they
received FiO2 <0.23 on any day between 3 and 7 days of life and received FiO2 >0.25 on
day 14. The incidence of BPD defined as oxygen requirement at 36 weeks’ PMA was 17%
in the consistently low group, 51% in the pulmonary deterioration group, and 67% in the
early and persistent pulmonary dysfunction group. Although the rates of histologic
chorioamnionitis and funisitis were similar among the ELGAN groups, there was a trend
towards more frequent detection of mycoplasma species, including Ureaplasma species in
placentas from infants who developed early and persistent pulmonary dysfunction. Infants in
this group also were more likely to experience postnatal sepsis, suggesting that antenatal/
postnatal infection/inflammation events contribute to the pathogenesis of early and
persistent lung dysfunction and risk for BPD. This study underscores the importance of
delineating early patterns of respiratory disease to identify specific groups of infants at high
risk for pulmonary morbidity who may benefit from interventions to prevent or ameliorate
further lung injury.
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Experimental models of intrauterine infections
Animal models of intrauterine infection/inflammation provide experimental evidence for
altered lung development that result in accelerated functional maturation and arrested
alveolarization and vascular development. These models also demonstrate the central role of
the developing immune system in the pathogenesis of neonatal lung injury.

Experimental models of inflammatory neonatal lung injury
Experimental sterile chorioamnionitis models caused by Escherichia coli lipopolysaccharide
(LPS) have been developed in sheep28,29 and mice.30 In the sheep model, a single LPS
injection stimulated pulmonary inflammation with increased expression of pro-inflammatory
cytokines such as IL-1ß and IL-6 and chemokines IL-8 and monocyte chemoattractant
protein (MCP-1), recruitment of polymorphonuclear cells and monocytes, maturation of
monocytes to alveolar macrophages, increased secretion of surfactant proteins, and arrested
alveolar and microvascular development. Surfactant phospholipid secretion increased
contributing to increased pulmonary compliance. Hence, endotoxin exposure induces both
maturational responses as well as aberrant lung structural changes. Repeated LPS doses
induced immune tolerance to multiple stimuli.31 In BALB/cJ mice, intra-amniotic LPS
injection at embryonic day 15 increased airspace volume of fetal lungs at time of harvest on
E17 or E18.30 Lipopolysaccharide exposure of E15 lung explants inhibited distal airway
branching by altering the expression pattern of mesenchymal fibronectin, thus identifying a
potential mechanism linking immune responses to altered lung development pathways.

Saccular stage of lung development: window of vulnerability to inflammation
Interleukin (IL)-1ß is a central cytokine involved in the upregulation and maintenance of
inflammation. It is elevated in infected amniotic fluid, fetal lung fluid and tracheal aspirates
in preterm infants, and increased levels in these compartments are associated with the
development of BPD.12,13,32 To analyze the role of IL-1ß in BPD pathogenesis, Bry et al.33

developed a bitransgenic mouse in which human IL-1ß is conditionally expressed in lung
epithelial cells. When doxycycline was administered from the beginning of pregnancy
through lactation, pulmonary IL-1ß expression increased from E14.5 until late gestation and
decreased postnatally. Postnatal growth was impaired and mortality was higher in the IL-1ß-
expressing pups. The newborn lungs demonstrated many features of the BPD phenotype,
including disrupted alveolar septation and capillary development and disordered α-smooth
muscle actin (myofibroblast marker) and elastin deposition in alveolar septa.33 To determine
whether susceptibility to inflammation is developmental stage-specific, additional
experiments were conducted in the bitransgenic IL-1ß model in which doxycycline was
added to maternal drinking water beginning at different time points.34 All but the earliest
IL-1ß exposures were associated with increased neutrophil and macrophage counts and
chemokine expression at postnatal day 7. However, IL-1ß expression during the saccular
stage, but not during the late canalicular–early saccular stage, caused a BPD phenotype,
poor growth, and increased mortality. IL-1ß expression initiated postnatally during the late
saccular–alveolar stage resulted in thinner alveolar walls, shorter alveolar chord length, less
airway remodeling, and better survival compared to the saccular stage-exposed pups. This is
consistent with the clinical observation that ELGANs (23–27 weeks, early saccular stage)
are at highest risk for inflammation-mediated BPD whereas infants born at >32 weeks’
gestation (late saccular–alveolar stage) are much lower risk.8

Experimental models of Ureaplasma intrauterine infection—The genital
mycoplasmas Ureaplasma parvum and U. urealyticum are the most common organisms
isolated from the amniotic fluid in women with preterm labor, preterm and term premature
rupture of the membranes, short cervix, and cervical insufficiency.35 The rate of vertical
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transmission increases with an increase in duration of membrane rupture,36 suggesting that
an ascending infection at or near the time of delivery is the most common route of infection.
However, ureaplasmas have been detected by culture or by polymerase chain reaction in up
to 13% of amniotic fluid samples at the time of genetic amniocentesis at 16–20 weeks’
gestation in asymptomatic women, indicating possible prolonged subclinical infection.35

These organisms are the most common organisms isolated from cord blood,37,38

cerebrospinal fluid,38,39 and respiratory secretions40 of ELGANs. There is now considerable
clinical and experimental evidence that these organisms contribute to chorioamnionitis,37,41

a fetal inflammatory response,37,38,41 preterm birth,35,41–43 and neonatal morbidities
including BPD,29,40,44,45 intraventricular hemorrhage,38,46 and necrotizing enterocolitis.47

Pathologic changes in Ureaplasma-infected lungs of preterm infants are characterized by
moderate–severe fibrosis, disordered elastin accumulation, myofibroblast accumulation, and
chronic inflammation.48,49

Experimental models in non-human primates, sheep, and mice have provided insight into
possible mechanisms of Ureaplasma-mediated lung injury and altered immune responses.
Pneumonia models in preterm baboons50 and mice51–53 confirmed that direct inoculation of
Ureaplasma into the airway leads to inflammation and lung injury. In 140-day preterm
baboons, intratracheal Ureaplasma inoculation induced an acute bronchiolitis.50 Intranasal
inoculation in newborn but not 14-day-old mice resulted in an acute interstitial
pneumonitis.51 When combined with hyperoxia exposure, there was greater mortality,
increased lung inflammation severity, and delayed pathogen clearance in the Ureaplasma-
inoculated newborn mice.52

Intrauterine Ureaplasma infection models in non-human primates,41,45,54 sheep,29 and
mice55 more closely mimic the human exposure during early stages of lung development. In
the Rhesus macque model of antenatal infection, the severity of fetal pneumonitis worsened
with longer duration of in-utero exposure following inoculation with U. parvum serovar 1 at
132–147 days’ gestation (early saccular stage).41 Intra-amniotic inoculation with U. parvum
serovar 1 two days before delivery at 125 days’ gestation (early saccular stage, 67% of term)
in the baboon initiated a robust inflammatory response in the amniotic and fetal lung
compartments as well as vertical transmission to the fetal lung that persisted up to 2 weeks
postnatally in half of the antenatal-exposed animals.45 The combination of brief antenatal
infection and postnatal mechanical ventilation resulted in augmented inflammatory cell
recruitment, extensive lung fibrosis, myofibroblast proliferation, immunoreactive TGF-ß1
staining, increased bronchoalveolar lavage fluid IL-1ß, and active TGF-ß1 but not IL-10
concentrations, and a trend towards greater activation of pro-fibrotic transcription factors
Smad-2 and -3 relative to anti-fibrotic Smad-7 in lung homogenates.45,54 In the sheep
model, prolonged exposure to intra-amniotic U. parvum was associated with pulmonary
inflammation and improvement in indices of lung function.29 In contrast to the Rhesus
model, inflammation and altered lung development in the sheep model were inversely
related to duration of in-utero exposure. In CD-1 mice, antenatal exposure at E13.5
(pseudoglandular stage) to low dose U. parvum serovar 3 inoculum, but not postnatal
hyperoxia exposure, increased lung homogenate IL-1ß concentrations.55 Antenatal
Ureaplasma did not augment postnatal oxygen-induced lung injury in this model. In all
intrauterine models, ureaplasma organisms established a persistent infection in the
intrauterine compartment, indicating limited capacity to clear these organisms. These
findings suggest that antenatal Ureaplasma infection causes an imbalance of pro-
inflammatory, pro-fibrotic and anti-inflammatory, anti-fibrotic factors in the fetal lung that
may be augmented by postnatal exposure to hyperoxia and mechanical ventilation in some
experimental models.
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Discrepancies in the effects of antenatal Ureaplasma exposure in animal models might be
explained by differences in virulence of experimental isolates and host species differences.
Humans are the specific host for U. parvum and U. urealyticum, so the organism may elicit a
less robust response in less related species such as sheep and mice. Alternatively, as shown
with the conditional IL-1ß-expressing mouse model, acute inflammation occurring during
the saccular stage but not other stages of lung development results in arrested
alveolarization, and airway remodeling typical of human BPD. This may explain the
observed mild inflammation and limited changes in lung morphometry in the mouse model
inoculated during the pseudoglandular period (E13.5) and sheep inoculated during the
pseudoglandular period (day 55 gestation)56 or late canalicular period (days 110–121 of
gestation).57

Maternal inflammation: modulator of fetal inflammation
Extrauterine infections such as periodontitis, pneumonia, and urinary tract infections are risk
factors for preterm birth.58,59 Recently developed animal models shed light on the role of
maternal inflammation on the developing lung. To model maternal systemic infection,
pregnant rats were injected intraperitoneally with E. coli LPS on E20 and 21 (term, 22
days).59 This exposure resulted in prolonged pulmonary inflammation postnatally, a BPD
phenotype, and altered gene expression of molecules implicated in alveologenesis.59

Specifically, IL-1ß mRNA was increased in newborn lungs up to 14 days after maternal
exposure to LPS.

Timing of doxycycline introduction in the bitransgenic IL-1ß model differentiated maternal
inflammation prior to fetal onset of IL-1ß vs combined maternal and fetal expression.60

Since the fetal CCSP promoter is inactive in the fetus until E14, IL-1ß expression in
bitransgenic dams could be induced by doxycycline starting at E0, or simultaneously with
fetal IL-1ß expression when doxycycline is introduced at E15. Compared to simultaneous
maternal/fetal inflammation, prior maternal IL-1ß-induced inflammation improved survival,
growth, and lung development. Human IL-1ß expression in the pulmonary epithelium of the
dams was associated with local neutrophil and macrophage infiltration and a mild systemic
inflammatory reaction. The benefit of prior maternal inflammation may have been due to
maternal IL-1ß production, reducing expression of pro-inflammatory genes such as CXC
and CC chemokines, murine IL-1ß, and Toll-like receptors 2 and 4 in fetal lungs. By
contrast, simultaneous induction of human IL-1ß in the bitransgenic dams and their fetuses
did not provide protection from fetal lung injury. Although this study suggests that maternal
inflammation may reduce the risk for BPD by downregulating pulmonary inflammatory
responses, suppression of the fetal lung’s inflammatory response may increase susceptibility
to bacterial infections. These observations suggest that the fetal response to maternal
inflammation and pulmonary outcomes are dependent on the timing and duration of
exposure and the nature of the inflammatory stimuli.

Can modification of clinical practice reduce the contribution of postnatal
inflammation?

The pulmonary outcomes for preterm infants exposed antenatally to infection/inflammation
may depend on postnatal exposures that may augment lung injury. The detection of
microbes in tracheal and gastric aspirates at any time postnatally was associated with an
increased risk for BPD.61 Van Marter et al.62 demonstrated that prior exposure to
chorioamnionitis alone decreased the incidence of BPD, but the combination of prenatal
inflammation with postnatal sepsis or mechanical ventilation for >7 days increased the risk
for BPD. We observed a similar interaction of Ureaplasma respiratory colonization and
duration of mechanical ventilation in a cohort of 230 infants at <33 weeks’ gestation
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(unpublished data) (Fig. 2). Preterm infants mechanically ventilated for <12 days were less
likely to be colonized with Ureaplasma. Regardless of colonization status, infants ventilated
for ≤2 days had a very low risk for BPD while infants ventilated for >33 days had a high
risk of BPD. In infants ventilated for >2 and <33 days, Ureaplasma-colonized infants were
more likely than Ureaplasma-negative infants to develop BPD. Experimentally, postnatal
hyperoxia exacerbated inflammation and fibrosis induced by prenatal LPS exposure in
mice.63

These data highlight the importance of analyzing the confounding effect of chorioamnionitis
exposure in clinical trials of interventions to prevent BPD. For example, mortality and BPD
incidence were decreased in the infants in the treatment group exposed to chorioamnionitis,
but not in non-chorioamnionitis-exposed infants in a multicenter trial of hydrocortisone as
prophylaxis of early adrenal insufficiency to prevent BPD.64 The data also predict that
reducing mechanical ventilation in ELGAN infants should improve pulmonary outcomes.
However, in the SUPPORT trial comparing early continuous positive airway pressure
(CPAP) to intubation and surfactant in ELGANs, the early CPAP group experienced fewer
days of mechanical ventilation and less frequent postnatal steroid use, but no difference in
combined outcome of death or physiologic BPD.3 In a similar trial in New Zealand, there
was similar BPD or death composite outcome in the CPAP compared to early intubation
groups, but 46% of infants randomized to early CPAP were intubated in the first 5 days and
the incidence of pneumothorax was higher in this group (9%) compared to the intubation
group (3%).2 In these studies, groups were not stratified by chorioamnionitis exposure.

Since intrauterine and postnatal infections appear to be significant risk factors for BPD,
antibiotic therapies have been proposed as interventions. However, antibiotics alone may be
insufficient to prevent lung injury. In newborn rabbits exposed to intrauterine inoculation
with live E. coli at the end of gestation followed by effective eradication with antibiotic
therapy, postnatal growth and lung alveolarization were impaired despite absence of
inflammation in the lungs at birth.65 In the Rhesus macque intrauterine Ureaplasma
infection model, azithromycin alone or in combination with dexamthasone and indocin as
anti-inflammatory agents prevented fetal lung damage.66 Although Ureaplasma spp. are
susceptible to macrolide antibiotics in vitro, trials of erythromycin therapy in the first few
weeks of life in Ureaplasma-colonized infants failed to demonstrate efficacy to prevent
BPD or eradicate respiratory tract colonization.40 A phase I pharmacokinetics and safety
trial of a single dose of 10 mg/kg azithromycin in ELGAN infants found that azithromycin
was safe, but predicted that the dose as a single or multiple dose would be insufficient to
eradicate Ureaplasma.67 Carefully designed clinical trials will be required to assess whether
an appropriate dose of azithromycin can eradicate Ureaplasma and prevent BPD in
colonized infants.68

Genetic susceptibility to inflammation-mediated lung injury
Although randomized trials have shown benefits of vitamin A69 and caffeine70 in reducing
the risk for BPD, the effects were modest,72 suggesting that BPD risk in the smallest infants
is relatively independent of postnatal events. Recently, research has focused on identifying
the genetic contribution to risk of intrauterine infection, preterm birth, and BPD. Elevated
mid-trimester vaginal IL-1ß is associated with increased risk for spontaneous preterm birth.
Homozygous carriers of IL1RN*1, a single nucleotide polymorphism in the IL-1 receptor
antagonist (IL-1ra) gene, a genotype associated with elevated IL-1ß, are at increased risk for
preterm birth, suggesting that genetic polymorphisms that affect the innate immune system
may contribute to genetic susceptibility to altered vaginal flora, and risk for preterm birth.73

In women who had a preterm birth, the combination of clinical chorioamnionitis and IL-10
(-1082)*G allele was associated with an increased risk for delivery before 29 weeks’
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gestation, suggesting a gene–environment interaction.74 Twin concordance studies have
suggested that the contribution of genetic risk to BPD is high, accounting for 35–65% risk
for the outcome.75,76 To date, studies have focused on candidate genes that encode
components of the innate immune system, antioxidants, and determinants of lung and
vascular development, and surfactant proteins.76 Although a number of single nucleotide
polymorphisms have been described as associated with an increased or decreased risk for
BPD, the associations have not been replicated in subsequent studies. This may be due to the
challenges of enrolling an adequate sample size in the preterm population, racial/ethnic
heterogeneity in populations, variations in clinical practice, and the multifactorial
pathogenesis of BPD.76

Implications for future therapies
Recent insights into the contribution of intrauterine infection/inflammation to preterm birth
and BPD pathogenesis identify potential key factors in the design of future trials to prevent
these conditions. Since the saccular stage of lung development appears particularly
vulnerable to inflammation-mediated alterations in lung development, identifying women
with subclinical intrauterine infection/inflammation mid-trimester using genomic/proteomic
biomarkers for targeted antibiotic/anti-inflammatory therapy may prevent these outcomes.
For future randomized trials to prevent BPD in ELGAN, stratification by exposure to
chorioamnionitis will be important to assess possible response modification and effects on
long-term outcomes.
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Practice points

• The incidence of BPD in ELGANS remains high despite reduced use of
mechanical ventilation.

• Recognition of two distinct patterns of early lung disease in ELGANS
characterized by early and persistent lung dysfunction (consistently high FIO2)
and pulmonary deterioration (low FiO2 days 3–7 and increase FiO2 on day 14).

• Benefits of evidence-based efficacious therapies to prevent BPD (e.g. vitamin A
and caffeine) are modest (risk reduction ≤10%).

• Multidisciplinary approach is recommended to optimize pulmonary,
neurodevelopmental and growth outcomes of infants with BPD.
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Research directions

• Identification of screening biomarkers for early detection of intrauterine
infection.

• Development of rapid, inexpensive molecular tests for mycoplasma/ureaplasma
detection in amniotic fluid, blood, and respiratory secretions.

• Well-powered clinical trials of azithromycin in Ureaplasma-colonized infants to
determine whether pathogen clearance improves pulmonary outcomes.

• Genetic studies will yield powerful tools to provide insight into disease
processes, identify gene markers to identify at-risk infants for future clinical
trials, and to assess response to new therapies.
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Figure 1.
Proposed scheme of pre- and postnatal inflammation altering lung development during the
vulnerable saccular stage of lung development in genetically susceptible extremely low
gestational age newborns. ROS, reactive oxygen species.
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Figure 2.
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The relationship between Ureaplasma respiratory tract colonization and duration of
mechanical ventilation and risk for bronchopulmonary dysplasia (BPD). In a cohort of 230
preterm infants <33 weeks’ gestation, infants with duration of ventilation <12 days
compared to infants with longer duration of mechanical ventilation were less likely to be
colonized with Ureaplasma (P < 0.01) (A). Ureaplasma-colonized infants ventilated for >2
and <33 days were more likely to develop BPD than non-colonized infants (B).
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