
Bronchopulmonary dysplasia: 
Past, current and future 
pathophysiologic concepts 
and their contribution to 
understanding lung disease

Edited by  

Anne Hilgendorff and Andrew Bush

Published in  

Frontiers in Medicine

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/research-topics/3554/bronchopulmonary-dysplasia-past-current-and-future-pathophysiologic-concepts-and-their-contribution#articles
https://www.frontiersin.org/research-topics/3554/bronchopulmonary-dysplasia-past-current-and-future-pathophysiologic-concepts-and-their-contribution#articles
https://www.frontiersin.org/research-topics/3554/bronchopulmonary-dysplasia-past-current-and-future-pathophysiologic-concepts-and-their-contribution#articles
https://www.frontiersin.org/research-topics/3554/bronchopulmonary-dysplasia-past-current-and-future-pathophysiologic-concepts-and-their-contribution#articles
https://www.frontiersin.org/research-topics/3554/bronchopulmonary-dysplasia-past-current-and-future-pathophysiologic-concepts-and-their-contribution#articles


December 2022

Frontiers in Medicine frontiersin.org1

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-83251-027-8 
DOI 10.3389/978-2-83251-027-8

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


December 2022

Frontiers in Medicine 2 frontiersin.org

Bronchopulmonary dysplasia: 
Past, current and future 
pathophysiologic concepts 
and their contribution to 
understanding lung disease

Topic editors

Anne Hilgendorff — Ludwig Maximilian University of Munich, Germany

Andrew Bush — Imperial College London, United Kingdom

Citation

Hilgendorff, A., Bush, A., eds. (2022). Bronchopulmonary dysplasia: Past, current 

and future pathophysiologic concepts and their contribution to understanding lung 

disease. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83251-027-8

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-83251-027-8


December 2022

Frontiers in Medicine frontiersin.org3

05 Editorial: Bronchopulmonary Dysplasia: Past, Current and 
Future Pathophysiologic Concepts and Their Contribution to 
Understanding Lung Disease
Andrew Bush and Anne Hilgendorff

10 A breath of fresh air on the mesenchyme: impact of impaired 
mesenchymal development on the pathogenesis of 
bronchopulmonary dysplasia
Cho-Ming Chao, Elie El Agha, Caterina Tiozzo, Parviz Minoo and 
Saverio Bellusci

23 Commentary: A Breath of Fresh Air on the 
Mesenchyme: Impact of Impaired Mesenchymal 
Development on the Pathogenesis of Bronchopulmonary 
Dysplasia
Eric S. White

26 Updates on functional characterization of bronchopulmonary 
dysplasia – the contribution of lung function testing
Anne Greenough and Anoop Pahuja

34 Stem cells and their mediators – next generation therapy for 
bronchopulmonary dysplasia
Marius A. Möbius and Bernard Thébaud

46 Animal models, learning lessons to prevent and treat 
neonatal chronic lung disease
Alan H. Jobe

59 Affect of early life oxygen exposure on proper lung 
development and response to respiratory viral infections
William Domm, Ravi S. Misra and Michael A. O’Reilly

72 Understanding the Impact of Infection, Inflammation, and 
Their Persistence in the Pathogenesis of Bronchopulmonary 
Dysplasia
Jherna Balany and Vineet Bhandari

82 Commentary: Understanding the Impact of Infection, 
Inflammation and Their Persistence in the Pathogenesis of 
Bronchopulmonary Dysplasia
Jay K. Kolls

84 The Extracellular Matrix in Bronchopulmonary 
Dysplasia: Target and Source
Ivana Mižíková and Rory E. Morty

104 Aberrant Pulmonary Vascular Growth and Remodeling in 
Bronchopulmonary Dysplasia
Cristina M. Alvira

Table of
contents

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


December 2022

Frontiers in Medicine 4 frontiersin.org

118 The Future of Bronchopulmonary Dysplasia: Emerging 
Pathophysiological Concepts and Potential New Avenues of 
Treatment
Jennifer J. P. Collins, Dick Tibboel, Ismé M. de Kleer, Irwin K. M. Reiss 
and Robbert J. Rottier

135 Imaging Bronchopulmonary Dysplasia—A Multimodality 
Update
Thomas Semple, Mohammed R. Akhtar and Catherine M. Owens

142 Commentary: Expert Opinion to “Imaging 
Bronchopulmonary Dysplasia—A Multimodality Update”
Mark O. Wielpütz

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


EDITORIAL
published: 07 July 2022

doi: 10.3389/fmed.2022.922631

Frontiers in Medicine | www.frontiersin.org 1 July 2022 | Volume 9 | Article 922631

Edited and reviewed by:

Laurent Pierre Nicod,

University of Lausanne, Switzerland

*Correspondence:

Anne Hilgendorff

anne.hilgendorff@

med.uni-muenchen.de

Specialty section:

This article was submitted to

Pulmonary Medicine,

a section of the journal

Frontiers in Medicine

Received: 18 April 2022

Accepted: 27 April 2022

Published: 07 July 2022

Citation:

Bush A and Hilgendorff A (2022)

Editorial: Bronchopulmonary

Dysplasia: Past, Current and Future

Pathophysiologic Concepts and Their

Contribution to Understanding Lung

Disease. Front. Med. 9:922631.

doi: 10.3389/fmed.2022.922631

Editorial: Bronchopulmonary
Dysplasia: Past, Current and Future
Pathophysiologic Concepts and
Their Contribution to Understanding
Lung Disease

Andrew Bush 1,2,3 and Anne Hilgendorff 4,5,6*

1 Imperial Centre for Paediatrics and Child Health, London, United Kingdom, 2National Heart and Lung Institute, London,

United Kingdom, 3 Royal Brompton and Harefield NHS Foundation Trust, London, United Kingdom, 4Center for

Comprehensive Developmental Care (CDeCLMU) at the Interdisciplinary Social Pediatric Center, Department of Pediatrics, Dr.

von Hauner Children’s Hospital, University Hospital, LMU Munich, Ludwig-Maximilians University, Munich, Germany,
5 Institute for Lung Health and Immunology and Comprehensive Pneumology Center, Helmholtz Zentrum München, Munich,

Germany, 6German Center for Lung Research (DZL), Giessen, Germany

Keywords: neonate, preterm, chronic lung disease, bronchopulmonary dysplasia, long-term morbidity

Editorial on the Research Topic

Bronchopulmonary Dysplasia: Past, Current and Future Pathophysiologic Concepts and Their

Contribution to Understanding Lung Disease

Pulmonary disease arising from both pre- and immediate postnatal adverse events affecting the
developing lung was first described around 50 years ago by Northway and colleagues (1). By today’s
standards, the disease termed “bronchopulmonary dysplasia” (BPD) was seen in relatively mature
babies weighing over 2 kg at birth, who were ventilated with higher pressures and at slower rates
than would be acceptable today. Much has happened since then.

Whereas, the initial or so called “old” BPD (Northway) was characterized by a pronounced effect
on the airways, albeit with an element of failure of alveolar development, BPD today (“new” BPD) is
characterized by lung hypoplasia driven by dysregulated growth factor signaling (2) in the context
of extensive matrix remodeling and a pronounced inflammatory response (3, 4). This picture arises
because neonatologists worldwide now salvaging babies weighing <500 g at birth.

Despite improved perinatal care, and most likely reflecting the changing picture of structural
and functional consequences of lung injury in this patient cohort, the overall rates of chronic lung
disease in the preterm infant have not decreased significantly and BPD remains the most common
morbidity of prematurity (5–7). Adding another level of complexity, the validity and utility of
commonly used BPD definitions have been questioned and most prediction models for BPD
only hold limited value for clinical use (8–10). Likewise, contemporary changes in the perinatal
management of infants, such as the use of high-flow nasal cannula and less aggressive neonatal
resuscitation, limit the application of prior definitions, and may result in further misclassification
of the disease (11).

Unresolved as of today is the presumptive presence of different disease endotypes with variable
contributions of airway pathology, matrix remodeling and pulmonary vascular disease, all covered
by the umbrella term BPD.

As clinical understanding of the ever-changing picture of BPD is limited, conceptual insights
derived from careful clinical observations and validated scientific findings in human babies
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and preclinical animal models were and are needed to improve
clinical standards. As a consequence, the use of antenatal
steroids and postnatal surfactant have become routine and
resuscitation has become gentler, especially with the previous
imperative to get the baby fully oxygenated immediately after
birth having been removed. The use of supplemental oxygen to
maintain oxygen saturation in an evidence based low-normal
range (12)—depending on lung vascular and extrapulmonary
complications—is now known to be important as is the avoidance
of unnecessarily high oxygen concentrations even for short
periods of time. In addition to the reduction or prevention
of oxygen toxicity, ventilation regimens have been profoundly
revised with lower ventilation pressures and higher ventilation
rates than were applied in the early years of neonatology (13, 14).

As important for minimizing the risk of sustained lung injury
is the controlling of postnatal infections and the optimization
of fluid balance (15, 16) and nutrition while preventing fluid
overload and normalizing somatic growth. Prenatal risk factors
including intra-amniotic infections and growth retardation
are known to contribute to disease development in the
structurally and functionally immature lung, but are—despite
improved treatment regimen to initially support lung function
and potentially maturation (17, 18)—still poorly controlled
as of today and long-term benefits of existing therapies
remain unclear.

Identification of the risk factors outlined above has helped
to inform concepts of pre- and postnatal management although
many challenges are only partially understood and therefore still
unmet. Inevitable risks for BPD development remain including
the higher risk for males. As both experimental and clinical
studies revealed, other genetically determined risk factors are
important, and an initial report has highlighted the involvement
of a multitude of genes implicated in BPD (19).

Similarly challenging, new therapeutic developments that
have been and will be highly beneficial for babies and
their families, but are—as is well-known—accompanied by
iatrogenic complications and change the pattern of disease in
survivors. Two examples are the use of systemic corticosteroids
in pre- and postnatal treatment regimens (17, 20, 21) and
the careful consideration of potentially longer periods of
oxygen exposure (22) as a tradeoff for a reduced period of
invasive ventilation.

Nonetheless, even if neonatal practice was perfect, being born
preterm is enough to lead to long term respiratory consequences,
independent of any iatrogenic complications (23, 24).

In parallel with the change in the nature of BPD, tools
for investigation and monitoring have become increasingly
sophisticated. These include infant and pre-school lung function,
including sensitive tests such as multi-breath washout, and
imaging, initially with high-resolution computed tomography,
and now increasingly with magnetic resonance imaging.
Next to the need for further refinement of structural
assessment using advanced imaging technologies while
avoiding radiation exposure or general anesthesia, unmet
challenges include the lack of biomarkers allowing for
early disease detection and subsequent monitoring of
progression. Here, multiomic technologies and systems

biology may be of help including further sophisticated
probing of potential BPD endotypes, that could allow
individualized and maybe pathway specific treatment and
monitoring approaches.

Adding to the complex disease picture, knowledge about
co-morbidities is sparse but will—with increasing long-term
survival—likely gain importance. The understanding of the
late complications of BPD will inform neonatal practice, by
analogy with cystic fibrosis, where long survival has led to the
realization of the importance of detecting diabetes and bone
disease in children and instituting preventive and treatment
strategies. We have found out much about cardiovascular
and metabolic morbidity and mortality in survivors; low first
second forced expired volume (FEV1) is a marker of increased
risk in the normal term (25, 26), but also in BPD survivors
(27, 28). Is our monitoring for diabetes and hyperlipidaemia
adequate? These and other questions show that BPD is an
illustration of the importance of not living in “developmental
silos,” but taking a whole life course view of traditional
“pediatric” diseases.

In light of these considerations, a further challenge is engaging
adult thoracic physicians in following these children up to
determine the long-term consequences of BPD. Unfortunately,
and in contrast to the tremendous investment in intensive
care and the immediate aftermath, by and large respiratory
follow up has not happened, despite the known respiratory
morbidity in survivors (29). The survivors are thus often
likely to be given inappropriate therapy such as treatment
with inhaled corticosteroids for “asthma-like” phenotypes in
preterm infants, despite the compelling evidence of a non-
inflammatory airway phenotype in most BPD survivors with
wheeze. Many will not attain normal spirometric values and will
thus be at risk for being diagnosed with chronic obstructive
pulmonary disease (COPD) (30). In addition, adult patient
care often neglects early life events (31), increasing the risk
for survivors of prematurity to be falsely combined under
the COPD umbrella together with chronic smokers, although
they may have a very different endotype leading to the end
stage of a reduced FEV1/forced vital capacity (FEV1/FVC)
ratio. This knowledge—together with the exchange of insights
into potentially common pathways in neonatal and adult lung
disease and the contribution to regeneration strategies informed
by specialists in lung development—should lead to a fruitful
exchange between experts and care givers. But as the face of
the disease is changing, so a new generation of problems is on
the way.

In face of all these achievements and remaining challenges, it
becomes increasingly clear, that BPD is a dynamic disease that
will be changing with neonatal practice and it would be unwise to
assume that there will not be further important developments in
the years ahead.

Understanding BPD therefore requires novel concepts
stemming from clinically relevant experimental and translational
approaches that undergo holistic, multi-layered evaluation
to determine their utility for disease understanding and
clinical care (see Figure 1). Showcasing the complexity of
events is the need to understand cellular crosstalk in the

Frontiers in Medicine | www.frontiersin.org 2 July 2022 | Volume 9 | Article 9226316

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bush and Hilgendorff Editorial: BPD: Pathophysiologic Concepts and Future Goals

FIGURE 1 | BPD circle. In order to develop effective and comprehensive strategies to treat or prevent BPD, the identification and understanding of important pre- and

postnatal contributors, i.e., risk factors is key. In order to generate a more holistic understanding of the disease, the development of multilayered pathophysiological

concepts involving different areas of expertise will help us to move beyond over-simplified models of cause and consequence. In order to validate the relevance of

proposed effects, insights obtained during long-term follow-up need to translate into knowledge about initial injury and risk factor impact. Bearing these goals in mind,

the improvement of our understanding of the disease is supported by the development of diagnostic tools to better characterize lung structural changes and their

functional consequences. The identification of (potential) disease ‘subtypes’ may allow us to understand more differentiated relationships between risk factor impact

and clinical outcome. Complex, pre-clinical modeling is a prerequisite to drawing clinically relevant conclusions while considering the processes that mark the ‘tipping

point’ of resolution to progression to chronic disease. Created with BioRender.com.

developing alveolar niche while considering the impact of
the surrounding scaffold to gain insight into repair and
regeneration capacities as well as mechanisms of progression
to chronic disease. Premature ageing and the implications of
senescence are poorly understood but likely play an important
role in determining the outcomes. Questions that concern
e.g., the mechanisms behind a “switch off” of a specific
cellular developmental capacity in lung development and their
later “switch on” in adolescence or adulthood have yet to
be explored.

In order to inspire the development of novel, broader
concepts, a comprehensive overview over the state of knowledge
in the BPD field is needed covering ongoing research and
clinical developments.

We have been privileged to work with a stellar group
of authors and commentators to put this “BPD Research
Topic” together. The content includes a comprehensive
overview about available (and feasible) animal models
to unravel disease mechanisms and perform preclinical

studies (32, 33), insight into critical cell populations, the
lung matrix and their complex interaction as determinators
of the pulmonary landscape (2), and models of the nature
and causation of lung injury reviewing the most critical
pathophysiologic mechanisms (34, 35). Other manuscripts
reflect on the role of new diagnostic and treatment
concepts (36–39).

By combining specialist chapters with overview
commentaries—often from authors who are experts in other
fields of lung disease—we have furthermore aimed at giving a
broader context to BPD with an “outside” view complementing
the perspective from “within the NICU” (24).

We believe that the Research Topic on bronchopulmonary
dysplasia provides a rounded and comprehensive
picture of a disease that significantly determines quality
of survival throughout the life course in one of the
largest pediatric patient groups. It should paradigm for
understating long-term consequences of early (multiple
hit) injury.
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Southern California, Los Angeles, CA, USA, 6 Saban Research Institute, Childrens Hospital Los Angeles, University of
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The early mouse embryonic lung, with its robust and apparently reproducible branching
pattern, has always fascinated developmental biologists. They have extensively used this
embryonic organ to decipher the role of mammalian orthologs of Drosophila genes in
controlling the process of branching morphogenesis. During the early pseudoglandular
stage, the embryonic lung is formed mostly of tubes that keep on branching. As
the branching takes place, progenitor cells located in niches are also amplified and
progressively differentiate along the proximo-distal and dorso-ventral axes of the lung.
Such elaborate processes require coordinated interactions between signaling molecules
arising from and acting on four functional domains: the epithelium, the endothelium, the
mesenchyme, and the mesothelium. These interactions, quite well characterized in a
relatively simple lung tubular structure remain elusive in the successive developmental
and postnatal phases of lung development. In particular, a better understanding of the
process underlying the formation of secondary septa, key structural units characteristic
of the alveologenesis phase, is still missing. This structure is critical for the formation
of a mature lung as it allows the subdivision of saccules in the early neonatal lung
into alveoli, thereby considerably expanding the respiratory surface. Interruption of
alveologenesis in preterm neonates underlies the pathogenesis of chronic neonatal
lung disease known as bronchopulmonary dysplasia. De novo formation of secondary
septae appears also to be the limiting factor for lung regeneration in human patients
with emphysema. In this review, we will therefore focus on what is known in terms of
interactions between the different lung compartments and discuss the current under-
standing of mesenchymal cell lineage formation in the lung, focusing on secondary septae
formation.

Keywords: lung development, alveologenesis, bronchopulmonary dysplasia, epithelial–mesenchymal interaction,
endothelial–mesenchymal interaction, secondary septae formation
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Bronchopulmonary Dysplasia is
Characterized by Impaired Alveologenesis

Bronchopulmonary dysplasia (BPD) is a chronic lung disease of
prematurely born infants and remains a leading cause ofmorbidity
and mortality. Currently, there is no curative therapy available.
Based on the severity-based definition of BPD (inclusion of infants
with mild BPD) 68% of premature infants born with a gestational
age (GA) ≤28weeks develop BPD (1–3). The risk of developing
BPD correlates inversely with the GA and birth weight (BW) (4).
Since premature infants (24–28weeks of gestation) are bornwith a
lung, which is in the canalicular or saccular stages of development,
the lung structure (characterized by thickened airspace walls and
surfactant deficiency) is therefore not adequate to provide suffi-
cient ventilation and gas exchange. Thus, mechanical ventilation
and high-oxygen concentration are often necessary at birth. Baro-
trauma induced by mechanical ventilation as well as oxygen toxi-
city and inflammation are major contributing factors responsible
for the pulmonary damages in the morphological and functional
immature lung. In addition, some studies have suggested a strong
genetic component in BPD (5). For example, using genome-wide
association study, it has been shown that polymorphisms (SNPs)
inMMP16 and SPOCK2might be associated with BPD (6). Due to
remarkable advances in the management and therapy (e.g., gentle
ventilation, restricted oxygen supplementation, antenatal steroids,
and exogenous surfactant use) survival rate for premature infants
has increased over the last decades. These advances in treatment
have changed the histological characteristics of what is now called
the old BPD since it was first described by Northway in 1967. The
“old” BPD was mostly an airway disease characterized by intersti-
tial fibrosis and squamous metaplasia of airways. The prominent
histological findings in the lungs of “new” BPD are simplification
of alveolar formation (fewer and larger alveoli) and dysmorphic
pulmonary microvasculature (7, 8). Pulmonary hypertension is
also a common complication in infants with BPD, resulting in
high mortality (9). According to these findings, the “new” BPD
is considered as a consequence of the premature lung interrupted
in its development by postnatal lung injury leading to the growth
arrest of the lung in the canalicular/saccular phase of normal
lung development. BPD, as a chronic lung disease, leads to long-
term morbidity (e.g., pulmonary infection, neurodevelopmental
impairment) affecting quality of life during childhood and in some
severely affected patients even into adulthood. Treatment for BPD
represents a considerable health care burden (10–12).

The mechanisms responsible for alveolar simplification in BPD
remain understudied and poorly understood. However, autopsy
samples from premature infants from pre- and post-surfactant
era, who died from BPD consistently showed abnormalities in
the mesenchyme (interstitial fibrosis and dysmorphic microvas-
culature). In the new BPD, there is clear evidence for decreased
number of secondary septae, a derivative of the lung meso-
derm. Furthermore, animal models mimicking the premature
lung and the risk factors for BPD provide more evidence
that indeed the mesenchyme plays a pivotal role in late lung
development/alveologenesis and therefore in BPD. This review
will summarize the current understanding of the impaired
mesenchymal compartment of the BPD lungs, with a focus on

mesenchymal–endothelial and mesenchymal–epithelial crosstalk
known to contribute to disease pathogenesis.

Normal Lung Development in Human and
Mouse

In human and mouse, the lung arises from two germ layers: the
gut endoderm gives rise to the lung epithelium and the splanchnic
mesoderm is the origin of the lungmesenchyme. The human lung
consists of three lobes on the right and two lobes on the left side;
in mice four lobes form on the right (cranial, medial, caudal, and
accessory lobe) and one on the left. Compared to the 12 airway
generations observed in mice, human lungs comprise 23 airway
generations.

In humans, lung development arises from the laryngo-tracheal
groove and starts at week 4 of gestation as an outgrowth from
the ventral wall of the caudal primitive foregut. During the fur-
ther growth of the lung, the prospective trachea separates from
the foregut by the formation of the so-called tracheo-esophageal
septum. At the most distal part of the tracheal tube, two buds
that will form the right and left primary bronchial buds appear.
These primary buds are further ramified to form three secondary
bronchial buds on the right and two secondary bronchial buds
on the left side. These buds are the origin of the five lobes in the
mature lung (13).

In mice, at embryonic day 8 (E8), signaling molecules and
growth factors (e.g., Fgf1, Fgf2) emanate from the cardiac meso-
derm and specify the prospective lung field in the primitive
foregut endoderm, which is positive for the transcription factor
Nkx2.1 (or Ttf1). These pre-lung epithelial progenitor cells rep-
resent the earliest and most likely the most pluripotent epithe-
lial cells for the lung. At E9.5, the ventral foregut endoderm
evaginates and elongates caudally dividing into two buds that
form the prospective trachea and the first generation of bronchi
(main bronchi). The process of lung development (human and
mouse) has been divided into four distinct histological phases:
pseudoglandular, canalicular, saccular, and alveolar (Figure 1).

During the pseudoglandular stage (human: week 4–17; mouse:
E9.5–E16.5), the process of branching morphogenesis generates
the basic tree-like structure of the lung including the conduct-
ing airways and the numerous terminal bronchioles surrounded
by thick mesenchyme. Concurrently, epithelial cell progenitors
undergo differentiation to give rise to basal, neuroendocrine,
ciliated, and secretory cells. The mesodermal lung compartment
serves as progenitors for the smooth muscle, lymphatic, endothe-
lial, nerve, and chondrocytic cells.

In the subsequent canalicular stage (human: week 17–26;
mouse: E16.5–E17.5), the lung undergoes further subdivision
of the respiratory bronchioles accompanied by thinning of the
surrounding mesenchyme and the massive formation of capil-
laries. For the first time during development, a primitive res-
piratory epithelium competent of gas exchange is formed by
differentiation of distal lung epithelial progenitors. Recently, it
has been shown that type I and type II alveolar epithelial cells
(AEC I and II) emerge from a common alveolar bipotential
progenitor (14). In mice, interstitial fibroblasts containing cyto-
plasmic lipid droplets (so called lipofibroblast, LIF) emerge in
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FIGURE 1 | Timeline and stages of lung development in mice and
humans. Lung development starts with the specification of the lung
domain in the foregut endoderm followed by the formation of primary
lung buds. These buds will later give rise to the respiratory tree via the
process of branching morphogenesis. The latter is a characteristic of the
pseudoglandular stage of lung development. Most epithelial and
mesenchymal cell types start to form during the pseudoglandular stage.

The canalicular stage is characterized by blood capillary formation and
the appearance of AECI/II. During the saccular stage, primitive alveoli
(sac-like structures) start to form and this is accompanied by surfactant
production and the expansion of capillary and lymphatic networks. The
alveolar stage of lung developments starts in utero in humans whereas in
mice, it starts postnatally. Wk, week; E, embryonic; PN, postnatal; NE,
neuroendocrine.

the mesenchyme. Additionally, this is the earliest time point of
pregnancy (23–24weeks of gestation) where a preterm infant can
be born with a chance to survive. Those who died from BPD
showed pathologic characteristics of the lung (interstitial fibrosis
and dysmorphic microvasculature) similar to the morphology of
the immature lung at this developmental stage thus reinforcing the
concept that BPD results from interruption of normal lung devel-
opment by deleterious environmental events. The introduction
of antenatal steroids treatment and exogenous surfactant supple-
mentation drastically increased survival of premature infants born
at this stage (15).

The saccular stage of lung development occurs approximately
between 26 and 36weeks of gestation (mouse: E17.5–PN5). This
stage is characterized by the formation of alveolar sacs, surfactant

production, and thinning of the mesenchyme to facilitate gas
exchange. Kresch demonstrated that the thinning of the mes-
enchyme results from apoptosis of mesenchymal cells (16). Fur-
thermore, the capillary and lymphatic networks also expand in the
saccular stage of lung development.

The last stage of lung development is termed alveolar stage
(human: ~36weeks to 8 years; mouse: PN5–PN30). During this
stage, the alveolar surface area increases massively at the expense
of the mesenchyme through subdividing the alveolar sacs (also
called primitive alveoli) into mature alveoli by a process termed
alveolarization (or alveologenesis) (Figure 2). This process starts
with the deposition of elastin in primary septae (wall of alveolar
sacs) and subsequently secondary septae emerge at the place of
elastin and elongate toward the alveolar sac airspace to subdivide
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FIGURE 2 | Schematic representation of the secondary septum during
alveologenesis. Most of the alveolar surface is occupied by AECI (gas
exchange) whereas a minor surface is occupied by AECII (surfactant
production). The alveolar wall consists of the blood capillary, LIF, resident
fibroblast progenitor, alveolar MYF, and ECM (mostly elastin). It has been
proposed that alveolar MYF can originate from LIF (right panel) but this
concept needs further validation.

it into the smallest respiratory units of the lung – the mature alve-
oli. Importantly, concomitant with this process, primary septae,
still containing a double layer of capillaries, become thinner and
a single capillary network emerges allowing more efficient gas
exchange (microvascular maturation). The bulk of alveolarization
takes place during the first 6months after birth in humans (mouse:
PN5–PN15) (17). The alveolar myofibroblast (MYF), localized in
themesenchyme at the tip of the emerging secondary septae, is the
cell responsible for secondary septae formation. A more detailed
description of this mesenchymal cell lineage will be provided in
the following sections.

In summary, the lung is a complex ramified organ that devel-
ops through continuous and elaborate interaction among the
epithelium, mesenchyme, mesothelium, and endothelium. Dur-
ing this process, an intricate signaling network controls the
amplification, proliferation, migration, and differentiation of
diverse progenitor cells to populate these different compart-
ments. Importantly, most of the epithelial and mesenchymal cell
types in the lung are formed during the late pseudoglandu-
lar stage (E13.5–E16.6). This means that any deleterious factors
present prenatally (such as inflammations due to chorioam-
nionitis) or postnatally (such as barotrauma injury and subse-
quent inflammation due to oxygen or mechanical ventilation),
interfering with normal lung development at that time, could
lead to impaired pulmonary function postnatally. Since preterm
infants who die from BPD commonly display abnormal mes-
enchyme, a better understanding of aberrant signaling path-
ways in the lung mesenchyme of BPD lungs is important for
improving the existing, and may facilitate the development of
new preventive and curative therapies. In the next section, the
current knowledge, mostly obtained from animal models of BPD,
about abnormalities occurring in the lung mesenchyme will be
reviewed.

The Embryonic Lung Mesenchyme

During the pseudoglandular stage of lung development (~E13.5),
the distal lung bud is composed of three morphologically

distinguishable layers: the mesothelium (outer layer), the mes-
enchyme (middle layer), and the epithelium (inner layer). The
mesenchyme can be further divided into two domains, the subme-
sothelial mesenchyme (SMM) and the subepithelial mesenchyme
(SEM). Whereas mesenchymal cells constituting the SEM display
high density and circumferential orientation, those of the SMM
display low density and organization. Lineage-tracing experi-
ments have identifiedmarkers for somemesenchymal progenitors
such as Wnt2/Gli1/Isl1 (originating from the heart and invading
the lung), Ret, Pdgfrα, Vegfr2, Prox1, and Fgf10 (18–20). Progen-
itors in these two compartments give rise to various cell types
such as airway smooth muscle cells (ASMCs), vascular smooth
muscle cells (VSMCs), resident mesenchymal stem cells (MSCs),
LIFs, endothelial cells, chondrocytes, nerve cells, alveolar MYFs,
lymphatic cells, and others. Mesenchymal progenitor cells are
believed to play important roles not only in development but also
in homeostasis and regeneration after injury.

Epithelial–Mesenchymal Crosstalk in Normal
Lung Development and BPD
During development, the lung is formed through an elabo-
rated epithelial–mesenchymal crosstalk that drives lung specifica-
tion, budding, and branching. Signaling molecules like fibroblast
growth factors (Fgf), Wnt (wingless and int), Sonic hedgehog
(Shh), and bone morphogenetic proteins (Bmp) are key ligands
initiating the pulmonary cell fate and specifying the early lung
domain at the ventral foregut endoderm (21). So far, themost con-
vincing evidence for epithelial–mesenchymal interactions during
lung development came from recombination studies where dis-
tal lung mesenchyme, grafted on the tracheal epithelium led to
ectopic budding accompanied by expression of surfactant protein
C as a distal epithelial marker (22–24).

The mammalian Fgf family consists of 22 members subdi-
vided in 7 subfamilies, based on phylogenetic as well as gene loci
analyses (25). Fgfs acts in a paracrine, endocrine, or intracrine
fashion and have diverse biological activities during embryonic
organogenesis. These growth factors act via seven main receptors
(Fgfrs 1b, 1c, 2b, 2c, 3b, 3c, and 4), exhibiting different ligand-
binding specificity. The Fgf receptors are encoded by four Fgfr
genes (Fgfr1–Fgfr4), which undergo alternative splicing to pro-
duce the different isoforms. Each receptor comprises an extra-
cellular ligand-binding domain with three immunoglobulin-like
loops (D I, D II, D III), a transmembrane domain and an intracel-
lular tyrosine kinase domain. Human diseases involving gain or
loss of function mutations have been described. For example, loss
of function of FGF3 causes deafness, heterozygous loss of func-
tion of FGF10 results in lacrimo-auriculo-dento-digital syndrome
(LADD syndrome), FGF10 haploinsufficiency is also associated
with chronic obstructive pulmonary disease and FGF23 gain of
function leads to autosomal dominant hypophosphataemic rickets
(26–29). During early (E12.5) embryonic mouse lung develop-
ment, Fgf9 and Fgf10 have been shown to play an important
role in branching morphogenesis and the associated differenti-
ation of the epithelium and mesenchyme. Fgf9 is expressed in
the mesothelium and the epithelium and acts through Fgfr2c-
and Fgfr1c-expressing cells in the mesenchyme to maintain Fgf10
expression as well as mesenchymal progenitors proliferative and
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undifferentiated (30). It also can signal directly to the epithelium
to promote epithelial branching by induction of Dkk1 expression
and inhibition of Wnt signaling (31). Fgf10 is a diffusible key
molecule orchestrating branching morphogenesis during early
lung development in mice (32, 33) but the exact mechanism of
action remains unknown.During the early pseudoglandular stage,
Fgf10 is secreted by cells located adjacent to the mesothelium
in the distal mesenchyme and signals in a paracrine manner
mainly through fibroblast growth factor receptor 2-IIIb (Fgfr2b)
expressed on epithelial cells. Fgf10 has a high affinity for heparan
sulfate and is therefore unlikely to diffuse over a long distance.
Instead, Fgf10 promotes outgrowth of the distal epithelium via a
chemotactic mechanism. Several studies using transgenic mouse
lines that display abnormal Fgf10/Fgfr2b signaling confirmed the
importance of this pathway (Table 1). Fgf10 and Fgfr2b knockout
pups display similar phenotypes. Themutant pups die shortly after
birth due to lung agenesis and multiple organ agenesis/defects
(salivary gland, limb, inner ear, teeth, skin, pancreas, kidney,
thyroid, pituitary gland, mammary gland) (34–38).

In order to identify epithelial-specific gene expressions medi-
ated by recombinant human FGF10 during bud morphogene-
sis, Lu and colleagues (39) used mesenchyme-free epithelium in
culture. By using microarray analysis, they identified a panel of
transcriptional Fgf10 targets, which are associated with cell rear-
rangement, migration, inflammatory processes, lipid metabolism,
cell cycle, and tumor invasion. Interestingly, the authors did not
observe a remarkable induction of genes responsible for prolif-
eration. Moreover, Fgf10 is proposed to control the angle of the
mitotic spindle in distal epithelial cells during development. Thus,
Tang et al. argued that Fgf10 signals via a Ras-regulated Erk1/2

signaling pathway to shape the lung tube (40). Fgf10 is also critical
for the amplification of distal epithelial cell progenitors and for the
formation of multiple mesenchymal lineages during lung devel-
opment. Hypomorphic Fgf10lacZ/− pups expressing ~20% Fgf10
compared to wild type (WT) died within 24–48 h after birth due
to lung defects, which included decreased branching, thickened
primary septae, and vascular abnormalities with intrapulmonary
hemorrhages. At the cellular level, Fgf10 deficiency led to decrease
in Nkx2.1 and Sftpb-expressing cells, suggesting that adequate
Fgf10 expression level is critical for the amplification of epithelial
progenitors. Apart from the epithelium, constitutive decrease in
Fgf10 expression also affects mesenchymal cell lineages as Pecam
and αSma-positive cells are also diminished (41). Interestingly,
recent experiments conducted in our lab to investigate the impact
of Fgf10 levels on lung function demonstrate that even a 50%
decrease in Fgf10 expression (Fgf10 heterozygous pups) leads to
changes in the expression of genes relevant for lung development
such as Epcam, Sftpc, Fgfr2b, Tgf -β, and Collagen. Addition-
ally, Fgf10 heterozygous neonatal mice survive and do not dis-
play any obvious phenotypic differences compared to WT mice.
However, when exposed to hyperoxia between PN0 and PN8 to
trigger lung injury and mimic some of the clinical manifesta-
tions of BPD (impaired alveologenesis and inflammation), Fgf10-
deficient pups display drastically increased mortality compared
to WT controls. Further analysis indicates that under physio-
logical conditions, Fgf10-deficient mice already show structural
abnormalities during embryonic lung development supporting
that Fgf10-deficient pups carry congenital defects. These findings
suggest that Fgf10-deficient lung epithelium ismore susceptible to
oxygen toxicity and does not undergo normal repair after injury

TABLE 1 | Overview of proteins that are known to be involved in alveologenesis.

Protein
name

Origin Localization/
targets

Function in
alveologenesis

Alterations in BPD Alterations in animal
model of BPD

Effect of genetic
modulation in the
animal model

Elastin Alveolar myofibroblast Tip of growing
secondary septae

Secondary septae
formation (tips)

Increased and
disorganized in
saccular walls (66, 67)

Decreased in
hyperoxia (133)

KO: inhibited
alveolarization (87)

Pdgfa Epithelial cells,
macrophages

Pdgfrα-expressing
cells (ASMC, alv.
MYF, LIF)

Chemotactic attractant
for fibroblasts (134)

Not known Delayed in hyperoxia
(135)

KO: inhibited
alveolarization (93, 94)

Fgf10 Mesenchymal cells
located in SMM

Distal epithelial cells
expressing Fgfr2b

Under investigation Decreased (75) Decreased in
LPS-model (76)

KO: lung agenesis

Partial deficiency:
delayed/disturbed lung
branching (41)

Tgf-β/
Tgf-β1

Epithelial cells Epithelial and
mesenchymal cells

Modulation of cell
survival, differentiation
and ECM (Elastin)
deposition (136, 137)

Increased in tracheal
aspirate (138)

Increased in
hyperoxia (139, 140)

Overexpression: inhibition
of branching
morphogenesis and
alveolarization (141)
Inhibition: attenuated
hyperoxia-induced
hypoalveolarization (140)

Vegf Epithelial (during
embryonic
development also in
mesenchymal cells)

Endothelial cells
(Vegfr1/2)

Stimulation of
endothelial cells for
angio-/vasculogenesis
(essential for
alveolarization)

Decreased (8, 127) Decreased in
hyperoxia (125); (126)

Inhibition:
hypoalveolarization
(142, 143)
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(Chao and Bellusci, in preparation). Additionally, recent studies
suggest that Fgf10 may control basal cell density in the tracheal
epithelium (42–45). This is not surprising as it has already been
previously shown, by our group and others, that Fgf10 is part of
the stem cell niche in the lung (20, 46, 47).

Wnt (Wnt2, Wnt2b) ligands are expressed in the mesenchyme
and are important for lung domain specification of the foregut
endoderm from E9.0 to E10.5. Wnt signaling is also essential for
the proximo-distal patterning of the epitheliumduring embryonic
lung development. Genetic deletion ofWnt2/2b or β-catenin leads
to lung agenesis due to loss ofNkx2.1 (48, 49).Wnt2 null mice dis-
play lung hypoplasia and abnormal development of ASMCs (50).
Furthermore, Mucenski and colleagues demonstrated, by using
Spc-rtTA;tet(O)Cre double transgenic mice, that loss of function
of β-catenin in the distal lung epithelium leads to the inhibition
of distal airway formation (51). The authors showed an opposite
phenotype by inducing gain of function of β-catenin signaling
(52). The absence ofWnt7b results in a phenotype similar toWnt2
null mice (53) but a combination ofWnt7b andWnt2 loss of func-
tion leads to a more severe phenotype with decreased branching
and abnormal distal endoderm patterning (54). The constitutive
deletion of Wnt5a – a non-canonical Wnt ligand expressed in the
mesenchyme and the epithelium – leads to increased proliferation
of the mesenchyme and the distal epithelium as well as disrupted
lung maturation (55). β-catenin inactivation in the mesenchyme
(Dermo1-Cre line) leads to abnormal mesenchyme development
with disrupted amplification of ASMC progenitors and defects
in angioblast differentiation (56). Kumar and colleagues demon-
strated by using a clonal cell labeling approach that ASMC pro-
genitors are located exclusively at the tip mesenchyme and that
mesenchymalWnt signaling is able to prime the stalkmesenchyme
to form an ASMC progenitor pool at the tip (57).

Bmp4 is dynamically expressed in the endoderm and in the
mesenchyme during early embryonic lung development (E11.5).
It is also expressed at the distal epithelial buds and has been shown
to be an inhibitor of Fgf10-induced chemotaxis in the epithelium.
Bmp4 controls intraepithelial crosstalk to form ASMCs. It has
been shown that Fgf10 is able to upregulate Bmp4 mRNA expres-
sion. In vitro experiments demonstrated that exogenous recom-
binant human BMP4 inhibits Fgf10-induced bud outgrowth,
providing evidence that Bmp4 is acting downstream of Fgf10 to
inhibit its signaling cascade (58–61).

Other Fgf10 inhibitors are Sonic hedgehog (Shh) and Sprouty
homolog 2 (Spry2), both expressed in the epithelium of the out-
growing buds. Shh is a secreted growth factor that acts through
its mesenchymal receptor Patched (Ptc) to induce mesenchy-
mal cell proliferation and differentiation. In E11.5 lung explants,
exogenous recombinant SHH is able to induce expression of mes-
enchymal markers (Noggin, Acta2, Myosin) (19, 62). Spry2 is an
intracellular inhibitor of receptor tyrosine kinase signaling (63,
64); (32). Using in vitro approaches, it has been shown that Spry2
reduction leads to increased epithelial branching and vice versa.

Apart from its important role in development, themesenchyme
is crucial in disease pathogenesis. Indeed, it has been reproducibly
shown that the lung mesenchyme in preterm infants dying from
BPD includes interstitial fibrosis and thickening with increased
total collagen content (65–67). Similar findings were obtained

in diverse animal models (rat, mice, baboon) recapitulating the
conditions of preterm infants after birth (mechanical ventila-
tion, oxygen supplementation, exogenous surfactant) leading to a
human BPD-like phenotype (68–72). These pathological changes
in the lung mesenchyme in BPD strengthen the concept that
alveolarization depends on an intact andnormally developedmes-
enchyme. Several studies using animal models of BPD to identify
molecules located in the altered lung mesenchyme contributed to
our understanding of disease pathogenesis. Some of them will be
reviewed in the following section.

One of the major causes of BPD is believed to be inflam-
mation. Inflammation is caused prenatally by chorioamnioni-
tis and postnatally by mechanical stretch (ventilation), oxygen
toxicity, as well as infection. Emerging evidence gained from
in vitro and in vivo studies support this hypothesis (73–77). For
example, it has been shown that lipopolysaccharides (LPS from
Escherichia coli) inhibit branching morphogenesis in vitro (73).
Blackwell et al. published similar results using activated resi-
dent macrophages to inhibit epithelial branching. The proposed
mechanism is that LPS activates nuclear factor kappa beta (NF-
kappa B), which is then accompanied by increased expression
of interleukin-1beta (IL-1β) and tumor necrosis factor-a (TNF-a)
in resident macrophages (74). This branching inhibitory effect
caused by macrophage-mediated inflammation has been con-
firmed by a macrophage-depletion study in the lung. Benjamin
et al. explained this inhibitory effect by linking Fgf10 signal-
ing with inflammatory signals. Using in vitro experiments, they
demonstrated that NF-kappa B, IL-1β, and TNF-a are capable of
reducing Fgf10 expression in LPS-treated primary mesenchymal
cells. The mechanism involved activation of toll-like receptors 2
and 4 (TLR2/4). The authors showed that FGF10-positive cells
were decreased in lung samples of premature infants who died
from BPD (75).

Tgf-β1 has been demonstrated to induce epithe-
lial–mesenchymal transition (EMT) of AEC to MYF-like
cells leading to extracellular matrix (ECM) deposition and
thereby contributing to fibrosis and destruction of alveolar
structure (78–80) (see also Table 1). Endogenous nitric oxide is
proposed to attenuate EMT in AECs in an in vitro approach using
primary culture of AEC II (81).

As previously mentioned, the alveologenesis phase leads to a
dramatic increase in alveolar surface, which is essential for gas
exchange. The current consensus is that this process is inter-
rupted by exogenous deleterious factors leading to simplification
of alveoli in BPD. Many studies confirmed that the alveolar MYF,
located in the mesenchyme, is the unique cell type responsible for
secondary septae formation. During alveologenesis, the alveolar
myofibroblast is characterized by expression of alpha-smooth-
muscle-actin (αSMA or Acta2) compared to other mesenchymal
fibroblast population. By deposition of elastin and collagen, the
alveolar myofibroblast initiates the process of secondary septa-
tion (82, 83). Both elastin and alveolar myofibroblast have been
shown to be critical for secondary septae formation (83, 84).
Expression of tropoelastin starts in the pseudoglandular stage
of lung development and reaches the highest level during the
alveolar stage (85, 86). The strongest evidence so far showing
the importance of elastin for secondary septae formation came
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from the Elastin-knock-out mice that reveal a complete failure
of alveologenesis leading to an emphysematous-like phenotype
(87, 88) (Table 1). Interestingly, both hyperoxia and mechanical
ventilation lead to increased expression of Elastin (89–91). Fgfr3
and Fgfr4 have been shown to direct alveologenesis in the murine
lung by controlling elastogenesis (92). By using mice homozy-
gous for Pdgfa-null allele, Boström and colleagues demonstrated
failed alveolar formation due to loss of alveolar myofibroblasts
and consequent loss of Elastin fibers (93, 94). Likewise, blocking
antibody against Pdgfrα in newborn mice (PN1–PN7) led to
aberrant Elastin fiber deposition and impaired alveolar septation,
resulting in long-term failure in alveologenesis that lasted into
adulthood. Pdgfa is expressed in the epithelium and targets its
receptor (Pdgfrα) on mesenchymal cells such as alveolar myofi-
broblast and LIF (Table 1). Given the many mesenchymal targets
of Pdgfa, it is not clear whether the impact of Pdgfa or Pdgfrα
deletion on myofibroblast formation is via a direct effect of Pdgfa
on alveolar myofibroblasts (and or alveolar myofibroblast progen-
itors) or indirectly via Pdgfa action on other targets (ASMCs and
LIF). Gain and loss of function for Pdgfa/Pdgfrα signaling using
cell autonomous-based approaches in specific lineages should be
carried out in the future to sort out these issues.

Interestingly, increased levels of Fgf signaling in the mes-
enchyme also leads to arrested development of terminal airways
accompanied by reduced Elastin deposition (95). The authors
achieved this condition by taking advantage of Fgfr2c+/∆ mice
that develop an autocrine Fgf10–Fgfr2b signaling loop in the
mesenchyme due to a splicing switch, resulting in the ectopic
expression of Fgfr2b instead of Fgfr2c. The proposed mechanism
of action is that mesenchymal Fgf signaling suppresses the dif-
ferentiation of alveolar myofibroblast progenitors. Furthermore,
the blockade of Fgfr2b ligands in the lung from E14.5 to E18.5 by
overexpression of a soluble dominant negative receptor of Fgfr2b
(Sftpc-rtTA/+;tetOsolFgfr2b/+) blocking all Fgfr2b ligands also
leads to arrest in secondary septae formation and alveolar simplifi-
cation (96) suggesting that Fgfr2b ligands, during this time period,
are also important for the formation of alveolar myofibrob-
lasts. Subsequent treatment with retinoic acid (RA, biologically
active derivative of vitamin A) induced re-alveolarization and
was accompanied by increasedPdgfra-positive cells and decreased
αSma/Acta2-positive cells. Concurrent induction of the dominant
negative Fgfr2b in these experimental conditions is able to prevent
the RA-mediated alveolar regeneration. These data suggest that
re-alveolarization is dependent on Fgfr2b ligands. Furthermore,
the authors proposed a conceptual model that alveolar myofi-
broblasts (αSma/Acta2-positive) arise from Pdgfra-positive LIF.
Specific lineage-tracing studies targeting subsets of lung fibrob-
lasts (e.g., Adrp for LIF) are needed to validate this model. Chen
and colleagues also demonstrated that Fgfr2b ligands are neces-
sary for alveolar myofibroblast formation during compensatory
lung growth after pneumonectomy (97). However, the blockade
of Fgfr2b ligands by soluble Fgfr2b (decoy receptor) postnatally
during alveolarization does not impair alveologenesis in mice.
Recently, it has been shown that reduced Pdgfra expression is a
primary feature of human BPD. The authors showed decreased
mRNA and protein expression of PDGFR-α and PDGFR-β in
MSCs isolated from tracheal aspirates of premature neonates with

BPD. Similarly, lungs of infants dying from BPD display less
PDGFRα-positive cells in the alveolar septae. These findings were
confirmed using a BPD mouse model exposed to hyperoxia (75%
oxygen) for 14 days (98).

The LIF remains a poorly characterized lipid-containing inter-
stitial cell located in the mesenchyme in close proximity to AEC
II. LIFs, which accumulate lipid vacuoles (83, 99), are abundant
in the early postnatal lung and regress significantly in number
after alveolar septation. The presence of LIF in rodent lungs has
been demonstrated extensively. However, whether LIF reside in
adult human lung remains controversial (100, 101). Because of
their close localization to AEC II, LIF have been proposed to
interact with AEC II. Indeed, it has been shown convincingly
that LIF are involved in the trafficking of lipids to the AEC II
for surfactant production (102, 103). Apart from triglycerides, LIF
also secrete leptin and retinoic acid, both important for surfactant
production and alveolar septation (104, 105). On the other hand,
AECII secrete parathyroid hormone-related protein (Pthrp) to
signal through Pthrp receptor expressed on LIF to induce expres-
sion of adipose differentiation-related protein (Adrp) via per-
oxisome proliferator-activated receptor gamma (Pparg) pathway
(Figure 3). The current consensus is that this signaling pathway is
essential for the maintenance of the LIF phenotype as well as for
regulation of surfactant production (104, 106–108). By perform-
ing co-culture experiments it has been proposed recently that LIF
constitute a niche for AECII cells postnatally. Co-culture of LIF
with AECII cells allows the formation of alveolospheres (109).

The contribution of LIF to lung regeneration and structural
maintenance in later phases of life is currently unknown. Several
lung injury models including cigarette-smoke exposure induce
the transdifferentiation of LIF to αSma/Acta2+ MYF in vitro.
These αSma/Acta2+ MYF are highly proliferative and express
high levels of collagen (110). For this reason, it has been proposed
that LIF are progenitors for alveolar MYF (Figure 2). However,
an alternative and more plausible possibility is that LIF give
rise to the activated MYF. Activated MYF, unlike the alveolar
MYF, is involved in pathological situations and is responsible
for fibrosis. Supporting this possibility, we have recently shown
that during alveologenesis, Fgf10-positive cells give rise to LIF

FIGURE 3 | Interaction between type II alveolar epithelial cells (AEC II)
and lipofibroblasts (LIF) for surfactant production. The Pthrp (parathyroid
hormone-related protein)/Pparg (peroxisome proliferator-activated receptor
gamma) axis is important for LIF formation and maintenance. LIF secrete
triglycerides and leptin that are essential for surfactant production.
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rather than alveolar MYF and during adult life, a subpopulation
of Fgf10-expressing cells represents a pool of resident MSCs
(Cd45− Cd31− Sca-1+) (20). In addition, the LIF-to-“activated
MYF” transdifferentiation would translate indeed into loss of
pulmonary integrity by smoke in vivo. Such transdifferentiation
can be prevented and reversed in vitro using Pparg agonists such
as rosiglitazone (111). However, it remains unclear whether such
transdifferentiation occurs in vivo. Of note, exposure of premature
neonates to hyperoxia induces arrest of alveolar septation and
thickened primary septae due to MYF hyperplasia and excessive
ECM production. Therefore, LIFs are unlikely progenitors for
alveolarMYF. In the future, these results will have to be confirmed
by lineage-tracing experiments in the context of injury usingmore
specific knock-in lines to target the LIF and determine their fate.

Endothelial–Mesenchymal Crosstalk in Normal
Lung Development and BPD
In parallel to branching morphogenesis during early embry-
onic lung development the lung vasculature begins to form in
the mesenchyme at around E10.0 (112). This process involves
angiogenesis and vasculogenesis. Angiogenesis occurs when pre-
existing endothelial cells sprout to formcapillaries. In comparison,
vasculogenesis is characterized by migration and differentiation
of endothelial progenitor cells (or hemangioblasts) in the distal
mesenchyme to form new blood vessels. DeMello and colleagues
investigated the early fetal development of lung vasculature by
employing light and transmission electron microscopy as well as
vascular casts and scanning electron microscopy. They demon-
strated three features of the lung vasculature occurring between
E9.0 and E20.0 in mice: (1) angiogenesis occurs in the proximal
(central) lung vasculature, (2) peripheral lung vessels are estab-
lished by vasculogenesis, and (3) at E13.0/E14.0 the central and
peripheral parts of lung vasculature begin to connect to each
other via a lytic process (113, 114). Finally, the main event of
microvascular maturation takes place during the alveolar stage of
lung development where the transition from a double capillary
network to a single capillary system within alveolar walls occurs.

Although BPD has long been regarded as an epithelial disease
due to its emphysematous aspect, much emphasis has now been
placed also on the role of the lung vasculature in this disease. The
temporal–spatial proximity of lung vasculature development and
branching morphogenesis suggests a close interaction between
these two important structures via endothelial–epithelial tissue
crosstalk. The better understanding of this crosstalk in develop-
ment and disease condition might be highly relevant for future
therapies. Vascular endothelial growth factor receptor 2 (Vegfr2
or Flk-1) is an early marker for endothelial progenitors located
in the SEM (115, 116). However, it is not yet clear whether these
progenitors arise from the mesothelium or the mesenchyme (117,
118). Progenitors for VSMCs are believed to arise from Fgf10+
cells (20), Wnt2+, Gli1+ and Isl1+ cells (coming from the sec-
ond heart field) (18), Pdgfrb+ cells (119), and mesothelial cells
(117, 118).

During murine embryonic development, Vegfr2-positive cells
receive the Vegfa signal from epithelial and mesenchymal cells
until E14.5, after which Vegfa expression becomes restricted to
the epithelium (120) (Table 1). Furthermore, it has been shown

that Shh and Fgf9, secreted by the epithelium, are able to induce
expression of Vegfa in the mesenchyme (121). Reciprocally, mes-
enchymally secreted Fgf10 leads to the upregulation of Vegf in
the distal epithelium (122). In our previous work, we showed that
treatment of embryonic lung explants with recombinant Vegfa
not only upregulates Vegfr2 in the mesenchyme but also induces
branching of the epithelium (123). However, it is unclear whether
the effect of Vegfa on epithelial branching is direct or indirect.
This endothelial–epithelial tissue crosstalk has been extensively
examined by using in vitro recombination studies (co-culture of
epithelium andmesenchyme respectively andmesenchyme alone)
as well as in in vivo lung agenesis model (β-catenin knockout)
(112). Using an in vivo inducible decoy receptor of Vegfr1 (sol-
ubleVegfr1), Lazarus and colleagues demonstrated that Spry2 is
upregulated in the epitheliumupon inhibition of Vegfr1-mediated
signaling, suggesting an inhibition of Fgf signaling (as mentioned
before Spry2 is an inhibitor of Fgf10), which is essential for
branching morphogenesis (124). Another link in the endothe-
lial–epithelial crosstalk came from the Pecam1-deficient mice that
display a failure in endothelial cell formation accompanied by
simplified alveolarization (125).

During a pathological process, Vegfa has been found down-
regulated in preterm infants with BPD (8, 126, 127). Furthermore,
Thebaud and colleagues demonstrated that Vegf and Vegfr2 are
decreased in the hyperoxiamodel of BPD in newborn rats and that
adenoviral administration of VEGF improved alveolar architec-
ture and promoted capillary formation (128, 129). Although the
trophic and angiogenic potential of VEGF on the lung vasculature
is known, the aforementioned study, and the studies from other
groups, suggest that vascular growth serves as a driving force for
alveolar growth and maturation, leading to improvement of lung
structure, and promoting secondary septae formation. A recent
report revealed the association of a VEGF polymorphism with
BPD in Japanese preterm newborns (130).

Newborn mice that are hypomorphic for Fgf10 also display
reduced expression of Vegfa and Pecam. These mice suffer from
an oversimplified lung with an abnormally developed lung vas-
culature (41). Interestingly, Fgf10 expression is reduced in lungs
from BPD patients (75). Whether the effect of mesenchyme-
derived growth factors (such as Fgf10) on the lung endothe-
lium is direct needs to be demonstrated. Another animal injury
model demonstrating the importance of endothelial–epithelial
interactions is the pneumonectomy model in mice. An inducible
endothelium-specific deletion of Vegfr2 and Fgfr1 leads to reduc-
tion of Mmp14 secretion. Mmp14 is critical for expansion of
epithelial progenitor cells during compensatory lung growth by
unmasking Egfr ecto-domains. This was confirmed convinc-
ingly by rescue-experiments where EGF/MMP14 administration
resulted in restored alveologenesis (131).

Conclusion

Although advances in pharmacotherapy and medical technology
(e.g., gentle ventilation) have improved the management of pre-
mature infants, BPD remains themost common incurable chronic
lung disease of infancy with considerable mortality and long-term
morbidity. An unintended consequence of these advances has
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been the survival rate of premature infants born before the 24th
week of gestation who represent the highest risk group for patho-
genesis of BPD. This means that the number of infants born with
an immature lung (in the canalicular stage of lung development)
is increased, leading to an increase in the incidence of BPD.
Thus, it is urgent to find a treatment for BPD. The treatment of
BPD has been confounded by its multifactorial causes. Therefore,
only a comprehensive and individualized therapy adjusted to the
profile of risk factors of each prematurely born infant will likely
be able to provide a meaningful and effective strategy. The early
identification of infants predisposed to BPD is essential. Several
studies have been conducted to detect biomarkers in premature
infants indicating their level of risk for BPD (132). Yet, the results
remain inconclusive due to the low numbers of infants considered
for the study. Importantly, more effort should be made in estab-
lishing preventive therapy. For example, more research should
be conducted to understand the pathogenesis of preterm labor, a
common cause of preterm delivery, which is one of the main risk
factor associated with BPD. In addition, the current knowledge
about the mechanisms of alveolarization must be expanded. Due
to lack of human lung samples, the establishment of animal mod-
els precisely resembling the disease condition of BPD in humans
will be helpful. Single cell transcriptomic studies should be carried

out on alveolar myofibroblasts in physiological and pathologi-
cal conditions to unravel the aberrant gene expression patterns
and/or gene mutations responsible for impaired secondary septae
formation. Furthermore, the use of the pneumonectomy mouse
model and cell specific lineage-tracing approaches to understand
the process of de novo alveolarization should contribute signifi-
cantly to our understanding of lung regeneration. Last, but not
least, the knowledge about progenitor/stem cells located in niches
of the postnatal lung will be a valuable source of information
that would be useful in triggering lung regeneration subsequent
to injury.

Acknowledgments

We thank all the members of the Bellusci lab for their input.
We apologize to those colleagues whose references have been
omitted from this discussion; due to space restrictions and our
focus, we were unable to include all articles on this interesting
and diverse subject matter. PM acknowledges the support from
the Hastings foundation. PM and SB acknowledge the NHLBI
support (HL107307). SB was also supported by grants from the
DFG (BE4443/4-1 and BE4443/6-1), LOEWE and UKGM as well
as the programof competitive growth of Kazan Federal University.

References
1. Northway WH Jr, Rosan RC, Porter DY. Pulmonary disease following respi-

rator therapy of hyaline-membrane disease. Bronchopulmonary dysplasia. N
Engl J Med (1967) 276:357–68. doi:10.1056/NEJM196702162760701

2. Stoll BJ, Hansen NI, Bell EF, Shankaran S, Laptook AR, Walsh MC, et al.
Neonatal outcomes of extremely preterm infants from the NICHD Neonatal
ResearchNetwork. Pediatrics (2010) 126:443–56. doi:10.1542/peds.2009-2959

3. Baraldi E, Filippone M. Chronic lung disease after premature birth. N Engl
J Med (2007) 357:1946–55. doi:10.1056/NEJMra067279

4. Bhandari A, Bhandari V. Pitfalls, problems, and progress in broncho-
pulmonary dysplasia. Pediatrics (2009) 123:1562–73. doi:10.1542/peds.
2008-1962

5. Shaw GM, O’Brodovich HM. Progress in understanding the genetics of
bronchopulmonary dysplasia. Semin Perinatol (2013) 37:85–93. doi:10.1053/j.
semperi.2013.01.004

6. Hadchouel A, Durrmeyer X, Bouzigon E, Incitti R, Huusko J, Jarreau PH,
et al. Identification of SPOCK2 as a susceptibility gene for bronchopulmonary
dysplasia. Am J Respir Crit Care Med (2011) 184:1164–70. doi:10.1164/rccm.
201103-0548OC

7. Jobe AJ. The new BPD: an arrest of lung development. Pediatr Res (1999)
46:641–3. doi:10.1203/00006450-199912000-00007

8. Bhatt AJ, Pryhuber GS, Huyck H, Watkins RH, Metlay LA, Maniscalco WM.
Disrupted pulmonary vasculature and decreased vascular endothelial growth
factor, Flt-1, and TIE-2 in human infants dying with bronchopulmonary
dysplasia.Am J Respir Crit CareMed (2001) 164:1971–80. doi:10.1164/ajrccm.
164.10.2101140

9. Rossor T, Greenough A. Advances in paediatric pulmonary vascular disease
associated with bronchopulmonary dysplasia. Expert Rev Respir Med (2015)
9:35–43. doi:10.1586/17476348.2015.986470

10. Furman L, Baley J, Borawski-Clark E, Aucott S, Hack M. Hospitalization as a
measure of morbidity among very low birth weight infants with chronic lung
disease. J Pediatr (1996) 128:447–52. doi:10.1016/S0022-3476(96)70353-0

11. Schmidt B, Asztalos EV, Roberts RS, Robertson CM, Sauve RS, Whitfield MF.
Impact of bronchopulmonary dysplasia, brain injury, and severe retinopa-
thy on the outcome of extremely low-birth-weight infants at 18 months:
results from the trial of indomethacin prophylaxis in preterms. JAMA (2003)
289:1124–9. doi:10.1001/jama.289.9.1124

12. El Mazloum D, Moschino L, Bozzetto S, Baraldi E. Chronic lung disease of
prematurity: long-term respiratory outcome. Neonatology (2014) 105:352–6.
doi:10.1159/000360651

13. Moore KL, Persuad TVN. The Developing Human: Clinically Oriented Embry-
ology. Philadelphia, PA: W.B. Saunders Co (2002).

14. Treutlein B, Brownfield DG, Wu AR, Neff NF, Mantalas GL, Espinoza FH,
et al. Reconstructing lineage hierarchies of the distal lung epithelium using
single-cell RNA-seq. Nature (2014) 509:371–5. doi:10.1038/nature13173

15. Roberts D, Dalziel S. Antenatal corticosteroids for accelerating fetal lung
maturation for women at risk of preterm birth. Cochrane Database Syst Rev
(2006) 3:CD004454. doi:10.1002/14651858.CD004454.pub2

16. Kresch MJ, Christian C, Wu F, Hussain N. Ontogeny of apoptosis
during lung development. Pediatr Res (1998) 43:426–31. doi:10.1203/
00006450-199803000-00020

17. Schittny JC, Mund SI, Stampanoni M. Evidence and structural mechanism
for late lung alveolarization. Am J Physiol Lung Cell Mol Physiol (2008)
294:L246–54. doi:10.1152/ajplung.00296.2007

18. Peng T, Tian Y, Boogerd CJ, Lu MM, Kadzik RS, Stewart KM, et al. Coordi-
nation of heart and lung co-development by a multipotent cardiopulmonary
progenitor. Nature (2013) 500:589–92. doi:10.1038/nature12358

19. El Agha E, Bellusci S. Walking along the fibroblast growth factor 10 route:
a Key pathway to understand the control and regulation of epithelial and
mesenchymal cell-lineage formation during lung development and repair after
injury. Scientifica (Cairo) (2014) 2014:538379. doi:10.1155/2014/538379

20. El Agha E, Herold S, Al Alam D, Quantius J, Mackenzie B, Carraro G,
et al. Fgf10-positive cells represent a progenitor cell population during lung
development and postnatally. Development (2014) 141:296–306. doi:10.1242/
dev.099747

21. Hines EA, Sun X. Tissue crosstalk in lung development. J Cell Biochem (2014)
115:1469–77. doi:10.1002/jcb.24811

22. Shannon JM. Induction of alveolar type II cell differentiation in fetal tracheal
epithelium by grafted distal lung mesenchyme. Dev Biol (1994) 166:600–14.
doi:10.1006/dbio.1994.1340

23. Shannon JM, Nielsen LD, Gebb SA, Randell SH.Mesenchyme specifies epithe-
lial differentiation in reciprocal recombinants of embryonic lung and tra-
chea.Dev Dyn (1998) 212:482–94. doi:10.1002/(SICI)1097-0177(199808)212:
4<482::AID-AJA2>3.0.CO;2-D

24. Hyatt BA, Shangguan X, Shannon JM. FGF-10 induces SP-C and Bmp4
and regulates proximal-distal patterning in embryonic tracheal epithelium.

Frontiers in Medicine | www.frontiersin.org April 2015 | Volume 2 | Article 27918

http://dx.doi.org/10.1056/NEJM196702162760701
http://dx.doi.org/10.1542/peds.2009-2959
http://dx.doi.org/10.1056/NEJMra067279
http://dx.doi.org/10.1542/peds.2008-1962
http://dx.doi.org/10.1542/peds.2008-1962
http://dx.doi.org/10.1053/j.semperi.2013.01.004
http://dx.doi.org/10.1053/j.semperi.2013.01.004
http://dx.doi.org/10.1164/rccm.201103-0548OC
http://dx.doi.org/10.1164/rccm.201103-0548OC
http://dx.doi.org/10.1203/00006450-199912000-00007
http://dx.doi.org/10.1164/ajrccm.164.10.2101140
http://dx.doi.org/10.1164/ajrccm.164.10.2101140
http://dx.doi.org/10.1586/17476348.2015.986470
http://dx.doi.org/10.1016/S0022-3476(96)70353-0
http://dx.doi.org/10.1001/jama.289.9.1124
http://dx.doi.org/10.1159/000360651
http://dx.doi.org/10.1038/nature13173
http://dx.doi.org/10.1002/14651858.CD004454.pub2
http://dx.doi.org/10.1203/00006450-199803000-00020
http://dx.doi.org/10.1203/00006450-199803000-00020
http://dx.doi.org/10.1152/ajplung.00296.2007
http://dx.doi.org/10.1038/nature12358
http://dx.doi.org/10.1155/2014/538379
http://dx.doi.org/10.1242/dev.099747
http://dx.doi.org/10.1242/dev.099747
http://dx.doi.org/10.1002/jcb.24811
http://dx.doi.org/10.1006/dbio.1994.1340
http://dx.doi.org/10.1002/(SICI)1097-0177(199808)212:4<482::AID-AJA2>3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1097-0177(199808)212:4<482::AID-AJA2>3.0.CO;2-D
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive


Chao et al. Lung mesenchyme in BPD

Am J Physiol Lung Cell Mol Physiol (2004) 287:L1116–26. doi:10.1152/ajplung.
00033.2004

25. Itoh N, Ornitz DM. Fibroblast growth factors: from molecular evolution to
roles in development, metabolism and disease. J Biochem (2011) 149:121–30.
doi:10.1093/jb/mvq121

26. Tekin M, Hismi BO, Fitoz S, Ozdag H, Cengiz FB, Sirmaci A, et al. Homozy-
gous mutations in fibroblast growth factor 3 are associated with a new form
of syndromic deafness characterized by inner ear agenesis, microtia, and
microdontia. Am J Hum Genet (2007) 80:338–44. doi:10.1086/510920

27. Milunsky JM, Zhao G, Maher TA, Colby R, Everman DB. LADD syndrome
is caused by FGF10 mutations. Clin Genet (2006) 69:349–54. doi:10.1111/j.
1399-0004.2006.00597.x

28. Klar J, Blomstrand P, Brunmark C, Badhai J, Hakansson HF, Brange
CS, et al. Fibroblast growth factor 10 haploinsufficiency causes chronic
obstructive pulmonary disease. J Med Genet (2011) 48:705–9. doi:10.1136/
jmedgenet-2011-100166

29. White KE, Carn G, Lorenz-Depiereux B, Benet-Pages A, StromTM, EconsMJ.
Autosomal-dominant hypophosphatemic rickets (ADHR) mutations stabilize
FGF-23.Kidney Int (2001) 60:2079–86. doi:10.1046/j.1523-1755.2001.00064.x

30. del Moral PM, De Langhe SP, Sala FG, Veltmaat JM, Tefft D, Wang K, et al.
Differential role of FGF9 on epithelium andmesenchyme inmouse embryonic
lung. Dev Biol (2006) 293:77–89. doi:10.1016/j.ydbio.2006.01.020

31. Ornitz DM, Yin Y. Signaling networks regulating development of the lower
respiratory tract.Cold SpringHarb Perspect Biol (2012) 4:a008318. doi:10.1101/
cshperspect.a008318

32. Bellusci S, Furuta Y, Rush MG, Henderson R, Winnier G, Hogan BL. Involve-
ment of Sonic hedgehog (Shh) in mouse embryonic lung growth and morpho-
genesis. Development (1997) 124:53–63.

33. Bellusci S, Grindley J, Emoto H, Itoh N, Hogan BL. Fibroblast growth factor
10 (FGF10) and branching morphogenesis in the embryonic mouse lung.
Development (1997) 124:4867–78.

34. Peters K, Werner S, Liao X, Wert S, Whitsett J, Williams L. Targeted expression
of a dominant negative FGF receptor blocks branching morphogenesis and
epithelial differentiation of the mouse lung. EMBO J (1994) 13:3296–301.

35. Arman E, Haffner-Krausz R, Gorivodsky M, Lonai P. Fgfr2 is required for
limb outgrowth and lung-branching morphogenesis. Proc Natl Acad Sci U S
A (1999) 96:11895–9. doi:10.1073/pnas.96.21.11895

36. Sekine K, Ohuchi H, Fujiwara M, Yamasaki M, Yoshizawa T, Sato T, et al.
Fgf10 is essential for limb and lung formation. Nat Genet (1999) 21:138–41.
doi:10.1038/5096

37. De Moerlooze L, Spencer-Dene B, Revest JM, Hajihosseini M, Rosewell I,
Dickson C. An important role for the IIIb isoform of fibroblast growth fac-
tor receptor 2 (FGFR2) in mesenchymal-epithelial signalling during mouse
organogenesis. Development (2000) 127:483–92.

38. Mailleux AA, Spencer-Dene B, Dillon C, Ndiaye D, Savona-Baron C, Itoh N,
et al. Role of FGF10/FGFR2b signaling during mammary gland development
in the mouse embryo. Development (2002) 129:53–60.

39. Lu J, Izvolsky KI, Qian J, Cardoso WV. Identification of FGF10 targets in the
embryonic lung epithelium during bud morphogenesis. J Biol Chem (2005)
280:4834–41. doi:10.1074/jbc.M410714200

40. Tang W, Wei Y, Le K, Li Z, Bao Y, Gao J, et al. Mitogen-activated protein
kinases ERK 1/2- and p38-GATA4 pathways mediate the Ang II-induced
activation of FGF2 gene in neonatal rat cardiomyocytes. Biochem Pharmacol
(2011) 81:518–25. doi:10.1016/j.bcp.2010.11.012

41. Ramasamy SK, Mailleux AA, Gupte VV, Mata F, Sala FG, Veltmaat JM, et al.
Fgf10 dosage is critical for the amplification of epithelial cell progenitors and
for the formation of multiple mesenchymal lineages during lung development.
Dev Biol (2007) 307:237–47. doi:10.1016/j.ydbio.2007.04.033

42. Hines EA, Jones MK, Verheyden JM, Harvey JF, Sun X. Establishment of
smooth muscle and cartilage juxtaposition in the developing mouse upper
airways. Proc Natl Acad Sci U S A (2013) 110:19444–9. doi:10.1073/pnas.
1313223110

43. Turcatel G, Rubin N, Menke DB, Martin G, Shi W, Warburton D. Lung
mesenchymal expression of Sox9 plays a critical role in tracheal development.
BMC Biol (2013) 11:117. doi:10.1186/1741-7007-11-117

44. Sala FG, Del Moral PM, Tiozzo C, Alam DA, Warburton D, Grikscheit T,
et al. FGF10 controls the patterning of the tracheal cartilage rings via Shh.
Development (2011) 138:273–82. doi:10.1242/dev.051680

45. Volckaert T, Campbell A, Dill E, Li C, Minoo P, De Langhe S. Localized Fgf10
expression is not required for lung branching morphogenesis but prevents
differentiation of epithelial progenitors. Development (2013) 140:3731–42.
doi:10.1242/dev.096560

46. Volckaert T, Dill E, Campbell A, Tiozzo C, Majka S, Bellusci S, et al.
Parabronchial smooth muscle constitutes an airway epithelial stem cell niche
in the mouse lung after injury. J Clin Invest (2011) 121:4409–19. doi:10.1172/
JCI58097

47. McQualter JL, Yuen K, Williams B, Bertoncello I. Evidence of an epithelial
stem/progenitor cell hierarchy in the adult mouse lung. Proc Natl Acad Sci U S
A (2010) 107:1414–9. doi:10.1073/pnas.0909207107

48. Goss AM, Tian Y, Tsukiyama T, Cohen ED, Zhou D, Lu MM, et al. Wnt2/2b
and beta-catenin signaling are necessary and sufficient to specify lung pro-
genitors in the foregut. Dev Cell (2009) 17:290–8. doi:10.1016/j.devcel.2009.
06.005

49. Harris-Johnson KS, Domyan ET, Vezina CM, Sun X. Beta-catenin promotes
respiratory progenitor identity in mouse foregut. Proc Natl Acad Sci U S A
(2009) 106:16287–92. doi:10.1073/pnas.0902274106

50. Goss AM, Tian Y, Cheng L, Yang J, Zhou D, Cohen ED, et al. Wnt2 signaling is
necessary and sufficient to activate the airway smooth muscle program in the
lung by regulating myocardin/Mrtf-B and Fgf10 expression. Dev Biol (2011)
356:541–52. doi:10.1016/j.ydbio.2011.06.011

51. Mucenski ML, Wert SE, Nation JM, Loudy DE, Huelsken J, Birchmeier W,
et al. Beta-catenin is required for specification of proximal/distal cell fate
during lungmorphogenesis. J Biol Chem (2003) 278:40231–8. doi:10.1074/jbc.
M305892200

52. Mucenski ML, Nation JM, Thitoff AR, Besnard V, Xu Y, Wert SE, et al. Beta-
catenin regulates differentiation of respiratory epithelial cells in vivo. Am
J Physiol Lung Cell Mol Physiol (2005) 289:L971–9. doi:10.1152/ajplung.00172.
2005

53. Shu W, Jiang YQ, Lu MM, Morrisey EE. Wnt7b regulates mesenchymal
proliferation and vascular development in the lung. Development (2002)
129:4831–42.

54. Miller MF, Cohen ED, Baggs JE, Lu MM, Hogenesch JB, Morrisey EE. Wnt
ligands signal in a cooperative manner to promote foregut organogenesis. Proc
Natl Acad Sci U S A (2012) 109:15348–53. doi:10.1073/pnas.1201583109

55. Li C, Xiao J, Hormi K, Borok Z, Minoo P. Wnt5a participates in distal lung
morphogenesis. Dev Biol (2002) 248:68–81. doi:10.1006/dbio.2002.0729

56. De Langhe SP, Carraro G, Tefft D, Li C, Xu X, Chai Y, et al. Formation and
differentiation of multiple mesenchymal lineages during lung development is
regulated by beta-catenin signaling. PLoS One (2008) 3:e1516. doi:10.1371/
journal.pone.0001516

57. KumarME, Bogard PE, Espinoza FH,Menke DB, Kingsley DM, KrasnowMA.
Mesenchymal cells. Defining a mesenchymal progenitor niche at single-cell
resolution. Science (2014) 346:1258810. doi:10.1126/science.1258810

58. Weaver M, Dunn NR, Hogan BL. Bmp4 and Fgf10 play opposing roles during
lung bud morphogenesis. Development (2000) 127:2695–704.

59. Mailleux AA, Kelly R, Veltmaat JM, De Langhe SP, Zaffran S, Thiery JP, et al.
Fgf10 expression identifies parabronchial smooth muscle cell progenitors and
is required for their entry into the smooth muscle cell lineage. Development
(2005) 132:2157–66. doi:10.1242/dev.01795

60. Weaver M, Yingling JM, Dunn NR, Bellusci S, Hogan BL. Bmp signaling regu-
lates proximal-distal differentiation of endoderm in mouse lung development.
Development (1999) 126:4005–15.

61. Weaver M, Batts L, Hogan BL. Tissue interactions pattern the mesenchyme
of the embryonic mouse lung. Dev Biol (2003) 258:169–84. doi:10.1016/
S0012-1606(03)00117-9

62. Minowada G, Jarvis LA, Chi CL, Neubuser A, Sun X, Hacohen N, et al.
Vertebrate Sprouty genes are induced by FGF signaling and can cause chon-
drodysplasia when overexpressed. Development (1999) 126:4465–75.

63. Mailleux AA, Tefft D, Ndiaye D, Itoh N, Thiery JP, Warburton D, et al.
Evidence that SPROUTY2 functions as an inhibitor of mouse embryonic
lung growth and morphogenesis. Mech Dev (2001) 102:81–94. doi:10.1016/
S0925-4773(01)00286-6

64. Tefft D, Lee M, Smith S, Crowe DL, Bellusci S, Warburton D. mSprouty2
inhibits FGF10-activated MAP kinase by differentially binding to upstream
target proteins. Am J Physiol Lung Cell Mol Physiol (2002) 283:L700–6. doi:10.
1152/ajplung.00372.2001

Frontiers in Medicine | www.frontiersin.org April 2015 | Volume 2 | Article 271019

http://dx.doi.org/10.1152/ajplung.00033.2004
http://dx.doi.org/10.1152/ajplung.00033.2004
http://dx.doi.org/10.1093/jb/mvq121
http://dx.doi.org/10.1086/510920
http://dx.doi.org/10.1111/j.1399-0004.2006.00597.x
http://dx.doi.org/10.1111/j.1399-0004.2006.00597.x
http://dx.doi.org/10.1136/jmedgenet-2011-100166
http://dx.doi.org/10.1136/jmedgenet-2011-100166
http://dx.doi.org/10.1046/j.1523-1755.2001.00064.x
http://dx.doi.org/10.1016/j.ydbio.2006.01.020
http://dx.doi.org/10.1101/cshperspect.a008318
http://dx.doi.org/10.1101/cshperspect.a008318
http://dx.doi.org/10.1073/pnas.96.21.11895
http://dx.doi.org/10.1038/5096
http://dx.doi.org/10.1074/jbc.M410714200
http://dx.doi.org/10.1016/j.bcp.2010.11.012
http://dx.doi.org/10.1016/j.ydbio.2007.04.033
http://dx.doi.org/10.1073/pnas.1313223110
http://dx.doi.org/10.1073/pnas.1313223110
http://dx.doi.org/10.1186/1741-7007-11-117
http://dx.doi.org/10.1242/dev.051680
http://dx.doi.org/10.1242/dev.096560
http://dx.doi.org/10.1172/JCI58097
http://dx.doi.org/10.1172/JCI58097
http://dx.doi.org/10.1073/pnas.0909207107
http://dx.doi.org/10.1016/j.devcel.2009.06.005
http://dx.doi.org/10.1016/j.devcel.2009.06.005
http://dx.doi.org/10.1073/pnas.0902274106
http://dx.doi.org/10.1016/j.ydbio.2011.06.011
http://dx.doi.org/10.1074/jbc.M305892200
http://dx.doi.org/10.1074/jbc.M305892200
http://dx.doi.org/10.1152/ajplung.00172.2005
http://dx.doi.org/10.1152/ajplung.00172.2005
http://dx.doi.org/10.1073/pnas.1201583109
http://dx.doi.org/10.1006/dbio.2002.0729
http://dx.doi.org/10.1371/journal.pone.0001516
http://dx.doi.org/10.1371/journal.pone.0001516
http://dx.doi.org/10.1126/science.1258810
http://dx.doi.org/10.1242/dev.01795
http://dx.doi.org/10.1016/S0012-1606(03)00117-9
http://dx.doi.org/10.1016/S0012-1606(03)00117-9
http://dx.doi.org/10.1016/S0925-4773(01)00286-6
http://dx.doi.org/10.1016/S0925-4773(01)00286-6
http://dx.doi.org/10.1152/ajplung.00372.2001
http://dx.doi.org/10.1152/ajplung.00372.2001
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive


Chao et al. Lung mesenchyme in BPD

65. Husain AN, Siddiqui NH, Stocker JT. Pathology of arrested acinar devel-
opment in postsurfactant bronchopulmonary dysplasia. Hum Pathol (1998)
29:710–7. doi:10.1016/S0046-8177(98)90280-5

66. Thibeault DW, Mabry SM, Ekekezie II, Truog WE. Lung elastic tissue matura-
tion and perturbations during the evolution of chronic lung disease. Pediatrics
(2000) 106:1452–9. doi:10.1542/peds.106.6.1452

67. Thibeault DW, Mabry SM, Ekekezie II, Zhang X, Truog WE. Collagen scaf-
folding during development and its deformation with chronic lung disease.
Pediatrics (2003) 111:766–76. doi:10.1542/peds.111.4.766

68. Warner BB, Stuart LA, Papes RA,Wispe JR. Functional and pathological effects
of prolonged hyperoxia in neonatal mice. Am J Physiol (1998) 275:L110–7.

69. Dauger S, Ferkdadji L, Saumon G, Vardon G, Peuchmaur M, Gaultier C,
et al. Neonatal exposure to 65% oxygen durably impairs lung architecture and
breathing pattern in adult mice. Chest (2003) 123:530–8. doi:10.1378/chest.
123.2.530

70. Auten RL, Mason SN, Auten KM, Brahmajothi M. Hyperoxia impairs post-
natal alveolar epithelial development via NADPH oxidase in newborn mice.
Am J Physiol Lung Cell Mol Physiol (2009) 297:L134–42. doi:10.1152/ajplung.
00112.2009

71. Velten M, Heyob KM, Rogers LK, Welty SE. Deficits in lung alveolarization
and function after systemic maternal inflammation and neonatal hyperoxia
exposure. J Appl Physiol (1985) (2010) 108:1347–56. doi:10.1152/japplphysiol.
01392.2009

72. Coalson JJ, Winter VT, Siler-Khodr T, Yoder BA. Neonatal chronic lung
disease in extremely immature baboons. Am J Respir Crit Care Med (1999)
160:1333–46. doi:10.1164/ajrccm.160.4.9810071

73. Prince LS, Dieperink HI, Okoh VO, Fierro-Perez GA, Lallone RL. Toll-like
receptor signaling inhibits structural development of the distal fetal mouse
lung. Dev Dyn (2005) 233:553–61. doi:10.1002/dvdy.20362

74. Blackwell TS, Hipps AN, Yamamoto Y, Han W, Barham WJ, Ostrowski MC,
et al. NF-kappaB signaling in fetal lungmacrophages disrupts airwaymorpho-
genesis. J Immunol (2011) 187:2740–7. doi:10.4049/jimmunol.1101495

75. Benjamin JT, Smith RJ, Halloran BA, Day TJ, Kelly DR, Prince LS. FGF-
10 is decreased in bronchopulmonary dysplasia and suppressed by toll-like
receptor activation. Am J Physiol Lung Cell Mol Physiol (2007) 292:L550–8.
doi:10.1152/ajplung.00329.2006

76. Benjamin JT, Carver BJ, Plosa EJ, Yamamoto Y, Miller JD, Liu JH, et al. NF-
kappaB activation limits airway branching through inhibition of Sp1-mediated
fibroblast growth factor-10 expression. J Immunol (2010) 185:4896–903.
doi:10.4049/jimmunol.1001857

77. Carver BJ, Plosa EJ, Stinnett AM, Blackwell TS, Prince LS. Interactions
between NF-kappaB and SP3 connect inflammatory signaling with reduced
FGF-10 expression. J Biol Chem (2013) 288:15318–25. doi:10.1074/jbc.M112.
447318

78. Kim KK, Kugler MC, Wolters PJ, Robillard L, Galvez MG, Brumwell AN,
et al. Alveolar epithelial cell mesenchymal transition develops in vivo during
pulmonary fibrosis and is regulated by the extracellular matrix. Proc Natl Acad
Sci U S A (2006) 103:13180–5. doi:10.1073/pnas.0605669103

79. Willis BC, Liebler JM, Luby-Phelps K, Nicholson AG, Crandall ED, Du
Bois RM, et al. Induction of epithelial-mesenchymal transition in alveolar
epithelial cells by transforming growth factor-beta1: potential role in idio-
pathic pulmonary fibrosis. Am J Pathol (2005) 166:1321–32. doi:10.1016/
S0002-9440(10)62351-6

80. Phan SH. Themyofibroblast in pulmonary fibrosis.Chest (2002) 122:286S–9S.
doi:10.1378/chest.122.6_suppl.286S

81. Vyas-Read S, Shaul PW, Yuhanna IS, Willis BC. Nitric oxide attenuates
epithelial-mesenchymal transition in alveolar epithelial cells. Am J Physiol
Lung Cell Mol Physiol (2007) 293:L212–21. doi:10.1152/ajplung.00475.2006

82. Noguchi A, Reddy R, Kursar JD, Parks WC, Mecham RP. Smooth muscle
isoactin and elastin in fetal bovine lung. Exp Lung Res (1989) 15:537–52.
doi:10.3109/01902148909069617

83. Vaccaro C, Brody JS. Ultrastructure of developing alveoli. I. The role of the
interstitial fibroblast.Anat Rec (1978) 192:467–79. doi:10.1002/ar.1091920402

84. Dickie R, Wang YT, Butler JP, Schulz H, Tsuda A. Distribution and quantity
of contractile tissue in postnatal development of rat alveolar interstitium.Anat
Rec (Hoboken) (2008) 291:83–93. doi:10.1002/ar.20622

85. Mariani TJ, Sandefur S, Pierce RA. Elastin in lung development. Exp Lung Res
(1997) 23:131–45. doi:10.3109/01902149709074026

86. Willet KE, McMenamin P, Pinkerton KE, Ikegami M, Jobe AH, Gurrin L, et al.
Lung morphometry and collagen and elastin content: changes during normal
development and after prenatal hormone exposure in sheep. Pediatr Res (1999)
45:615–25. doi:10.1203/00006450-199905010-00002

87. Wendel DP, Taylor DG, Albertine KH, Keating MT, Li DY. Impaired distal
airway development in mice lacking elastin. Am J Respir Cell Mol Biol (2000)
23:320–6. doi:10.1165/ajrcmb.23.3.3906

88. Shifren A, Durmowicz AG, Knutsen RH, Hirano E, Mecham RP. Elastin
protein levels are a vital modifier affecting normal lung development and
susceptibility to emphysema. Am J Physiol Lung Cell Mol Physiol (2007)
292:L778–87. doi:10.1152/ajplung.00352.2006

89. Bruce MC, Bruce EN, Janiga K, Chetty A. Hyperoxic exposure of developing
rat lung decreases tropoelastin mRNA levels that rebound postexposure. Am J
Physiol (1993) 265:L293–300.

90. Albertine KH, Jones GP, Starcher BC, Bohnsack JF, Davis PL, Cho SC, et al.
Chronic lung injury in preterm lambs. Disordered respiratory tract develop-
ment. Am J Respir Crit Care Med (1999) 159:945–58. doi:10.1164/ajrccm.159.
3.9804027

91. Nakamura T, Liu M, Mourgeon E, Slutsky A, Post M. Mechanical strain and
dexamethasone selectively increase surfactant protein C and tropoelastin gene
expression. Am J Physiol Lung Cell Mol Physiol (2000) 278:L974–80.

92. Weinstein M, Xu X, Ohyama K, Deng CX. FGFR-3 and FGFR-4 function
cooperatively to direct alveogenesis in the murine lung. Development (1998)
125:3615–23.

93. Bostrom H, Willetts K, Pekny M, Leveen P, Lindahl P, Hedstrand H, et al.
PDGF-A signaling is a critical event in lung alveolar myofibroblast develop-
ment and alveogenesis. Cell (1996) 85:863–73. doi:10.1016/S0092-8674(00)
81270-2

94. Lindahl P, Karlsson L, Hellstrom M, Gebre-Medhin S, Willetts K, Heath
JK, et al. Alveogenesis failure in PDGF-A-deficient mice is coupled to lack
of distal spreading of alveolar smooth muscle cell progenitors during lung
development. Development (1997) 124:3943–53.

95. De Langhe SP, Carraro G, Warburton D, Hajihosseini MK, Bellusci S. Levels
of mesenchymal FGFR2 signaling modulate smooth muscle progenitor cell
commitment in the lung.Dev Biol (2006) 299:52–62. doi:10.1016/j.ydbio.2006.
07.001

96. Perl AK, Gale E. FGF signaling is required for myofibroblast differentiation
during alveolar regeneration. Am J Physiol Lung Cell Mol Physiol (2009)
297:L299–308. doi:10.1152/ajplung.00008.2009

97. Chen L, Acciani T, Le Cras T, Lutzko C, Perl AK. Dynamic regulation of
platelet-derived growth factor receptor alpha expression in alveolar fibroblasts
during realveolarization. Am J Respir Cell Mol Biol (2012) 47:517–27. doi:10.
1165/rcmb.2012-0030OC

98. Popova AP, Bentley JK, Cui TX, Richardson MN, Linn MJ, Lei J, et al. Reduced
platelet-derived growth factor receptor expression is a primary feature of
human bronchopulmonary dysplasia. Am J Physiol Lung Cell Mol Physiol
(2014) 307:L231–9. doi:10.1152/ajplung.00342.2013

99. O’Hare KH, SheridanMN. Electronmicroscopic observations on themorpho-
genesis of the albino rat lung, with special reference to pulmonary epithelial
cells. Am J Anat (1970) 127:181–205. doi:10.1002/aja.1001270205

100. Rehan VK, Sugano S, Wang Y, Santos J, Romero S, Dasgupta C, et al. Evi-
dence for the presence of lipofibroblasts in human lung. Exp Lung Res (2006)
32:379–93. doi:10.1080/01902140600880257

101. Tahedl D, Wirkes A, Tschanz SA, Ochs M, Muhlfeld C. How common is the
lipid body-containing interstitial cell in the mammalian lung? Am J Physiol
Lung Cell Mol Physiol (2014) 307:L386–94. doi:10.1152/ajplung.00131.2014

102. Torday J, Hua J, Slavin R. Metabolism and fate of neutral lipids of fetal lung
fibroblast origin. Biochim Biophys Acta (1995) 1254:198–206. doi:10.1016/
0005-2760(94)00184-Z

103. Tordet C, Marin L, Dameron F. Pulmonary di-and-triacylglycerols during the
perinatal development of the rat. Experientia (1981) 37:333–4. doi:10.1007/
BF01959845

104. Torday JS, RehanVK. Stretch-stimulated surfactant synthesis is coordinated by
the paracrine actions of PTHrP and leptin. Am J Physiol Lung Cell Mol Physiol
(2002) 283:L130–5. doi:10.1152/ajplung.00380.2001

105. Simon DM, Mariani TJ. Role of PPARs and retinoid X receptors in the
regulation of lungmaturation and development. PPAR Res (2007) 2007:91240.
doi:10.1155/2007/91240

Frontiers in Medicine | www.frontiersin.org April 2015 | Volume 2 | Article 271120

http://dx.doi.org/10.1016/S0046-8177(98)90280-5
http://dx.doi.org/10.1542/peds.106.6.1452
http://dx.doi.org/10.1542/peds.111.4.766
http://dx.doi.org/10.1378/chest.123.2.530
http://dx.doi.org/10.1378/chest.123.2.530
http://dx.doi.org/10.1152/ajplung.00112.2009
http://dx.doi.org/10.1152/ajplung.00112.2009
http://dx.doi.org/10.1152/japplphysiol.01392.2009
http://dx.doi.org/10.1152/japplphysiol.01392.2009
http://dx.doi.org/10.1164/ajrccm.160.4.9810071
http://dx.doi.org/10.1002/dvdy.20362
http://dx.doi.org/10.4049/jimmunol.1101495
http://dx.doi.org/10.1152/ajplung.00329.2006
http://dx.doi.org/10.4049/jimmunol.1001857
http://dx.doi.org/10.1074/jbc.M112.447318
http://dx.doi.org/10.1074/jbc.M112.447318
http://dx.doi.org/10.1073/pnas.0605669103
http://dx.doi.org/10.1016/S0002-9440(10)62351-6
http://dx.doi.org/10.1016/S0002-9440(10)62351-6
http://dx.doi.org/10.1378/chest.122.6_suppl.286S
http://dx.doi.org/10.1152/ajplung.00475.2006
http://dx.doi.org/10.3109/01902148909069617
http://dx.doi.org/10.1002/ar.1091920402
http://dx.doi.org/10.1002/ar.20622
http://dx.doi.org/10.3109/01902149709074026
http://dx.doi.org/10.1203/00006450-199905010-00002
http://dx.doi.org/10.1165/ajrcmb.23.3.3906
http://dx.doi.org/10.1152/ajplung.00352.2006
http://dx.doi.org/10.1164/ajrccm.159.3.9804027
http://dx.doi.org/10.1164/ajrccm.159.3.9804027
http://dx.doi.org/10.1016/S0092-8674(00)81270-2
http://dx.doi.org/10.1016/S0092-8674(00)81270-2
http://dx.doi.org/10.1016/j.ydbio.2006.07.001
http://dx.doi.org/10.1016/j.ydbio.2006.07.001
http://dx.doi.org/10.1152/ajplung.00008.2009
http://dx.doi.org/10.1165/rcmb.2012-0030OC
http://dx.doi.org/10.1165/rcmb.2012-0030OC
http://dx.doi.org/10.1152/ajplung.00342.2013
http://dx.doi.org/10.1002/aja.1001270205
http://dx.doi.org/10.1080/01902140600880257
http://dx.doi.org/10.1152/ajplung.00131.2014
http://dx.doi.org/10.1016/0005-2760(94)00184-Z
http://dx.doi.org/10.1016/0005-2760(94)00184-Z
http://dx.doi.org/10.1007/BF01959845
http://dx.doi.org/10.1007/BF01959845
http://dx.doi.org/10.1152/ajplung.00380.2001
http://dx.doi.org/10.1155/2007/91240
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive


Chao et al. Lung mesenchyme in BPD

106. Schultz CJ, Torres E, Londos C, Torday JS. Role of adipocyte differentiation-
related protein in surfactant phospholipid synthesis by type II cells. Am
J Physiol Lung Cell Mol Physiol (2002) 283:L288–96. doi:10.1152/ajplung.
00204.2001

107. Rubin LP, Kovacs CS, De Paepe ME, Tsai SW, Torday JS, Kronenberg HM.
Arrested pulmonary alveolar cytodifferentiation and defective surfactant syn-
thesis in mice missing the gene for parathyroid hormone-related protein. Dev
Dyn (2004) 230:278–89. doi:10.1002/dvdy.20058

108. Rehan VK, Torday JS. PPARgamma signaling mediates the evolution, devel-
opment, homeostasis, and repair of the lung. PPAR Res (2012) 2012:289867.
doi:10.1155/2012/289867

109. Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp BR,
et al. Type 2 alveolar cells are stem cells in adult lung. J Clin Invest (2013)
123:3025–36. doi:10.1172/JCI68782

110. Rehan VK, Wang Y, Sugano S, Romero S, Chen X, Santos J, et al.
Mechanism of nicotine-induced pulmonary fibroblast transdifferentiation.
Am J Physiol Lung Cell Mol Physiol (2005) 289:L667–76. doi:10.1152/ajplung.
00358.2004

111. Milam JE, Keshamouni VG, Phan SH, Hu B, Gangireddy SR, Hogaboam
CM, et al. PPAR-gamma agonists inhibit profibrotic phenotypes in human
lung fibroblasts and bleomycin-induced pulmonary fibrosis.Am J Physiol Lung
Cell Mol Physiol (2008) 294:L891–901. doi:10.1152/ajplung.00333.2007

112. Gebb SA, Shannon JM. Tissue interactions mediate early events in pul-
monary vasculogenesis. Dev Dyn (2000) 217:159–69. doi:10.1002/(SICI)
1097-0177(200002)217:2<159::AID-DVDY3>3.3.CO;2-0

113. deMello DE, Sawyer D, Galvin N, Reid LM. Early fetal development of lung
vasculature. Am J Respir Cell Mol Biol (1997) 16:568–81. doi:10.1165/ajrcmb.
16.5.9160839

114. Schachtner SK,Wang Y, Scott BaldwinH. Qualitative and quantitative analysis
of embryonic pulmonary vessel formation. Am J Respir Cell Mol Biol (2000)
22:157–65. doi:10.1165/ajrcmb.22.2.3766

115. Kappel A, Ronicke V, Damert A, Flamme I, Risau W, Breier G. Identi-
fication of vascular endothelial growth factor (VEGF) receptor-2 (Flk-1)
promoter/enhancer sequences sufficient for angioblast and endothelial cell-
specific transcription in transgenic mice. Blood (1999) 93:4284–92.

116. Yamaguchi TP, Dumont DJ, Conlon RA, Breitman ML, Rossant J. flk-1, an
flt-related receptor tyrosine kinase is an early marker for endothelial cell
precursors. Development (1993) 118:489–98.

117. Que J, Wilm B, Hasegawa H, Wang F, Bader D, Hogan BL. Mesothelium
contributes to vascular smooth muscle and mesenchyme during lung devel-
opment. Proc Natl Acad Sci U S A (2008) 105:16626–30. doi:10.1073/pnas.
0808649105

118. Dixit R, Ai X, Fine A. Derivation of lung mesenchymal lineages from the
fetal mesothelium requires hedgehog signaling for mesothelial cell entry.
Development (2013) 140:4398–406. doi:10.1242/dev.098079

119. Greif DM, Kumar M, Lighthouse JK, Hum J, An A, Ding L, et al. Radial
construction of an arterial wall. Dev Cell (2012) 23:482–93. doi:10.1016/j.
devcel.2012.07.009

120. Bhatt AJ, Amin SB, Chess PR, Watkins RH, Maniscalco WM. Expres-
sion of vascular endothelial growth factor and Flk-1 in developing and
glucocorticoid-treatedmouse lung.Pediatr Res (2000) 47:606–13. doi:10.1203/
00006450-200005000-00009

121. WhiteAC, LavineKJ,OrnitzDM. FGF9 and SHH regulatemesenchymalVegfa
expression and development of the pulmonary capillary network.Development
(2007) 134:3743–52. doi:10.1242/dev.004879

122. Scott CL, Walker DJ, Cwiklinski E, Tait C, Tee AR, Land SC. Control of
HIF-1{alpha} and vascular signaling in fetal lung involves cross talk between
mTORC1 and the FGF-10/FGFR2b/Spry2 airway branching periodicity clock.
Am J Physiol Lung Cell Mol Physiol (2010) 299:L455–71. doi:10.1152/ajplung.
00348.2009

123. Del Moral PM, Sala FG, Tefft D, Shi W, Keshet E, Bellusci S, et al. VEGF-
A signaling through Flk-1 is a critical facilitator of early embryonic lung
epithelial to endothelial crosstalk and branching morphogenesis. Dev Biol
(2006) 290:177–88. doi:10.1016/j.ydbio.2005.11.022

124. Lazarus A, Del-Moral PM, Ilovich O, Mishani E, Warburton D, Keshet E.
A perfusion-independent role of blood vessels in determining branching
stereotypy of lung airways.Development (2011) 138:2359–68. doi:10.1242/dev.
060723

125. DeLisser HM, Helmke BP, Cao G, Egan PM, Taichman D, Fehrenbach M,
et al. Loss of PECAM-1 function impairs alveolarization. J Biol Chem (2006)
281:8724–31. doi:10.1074/jbc.M511798200

126. Lassus P, Ristimaki A, Ylikorkala O, Viinikka L, Andersson S. Vascular
endothelial growth factor in human preterm lung. Am J Respir Crit Care Med
(1999) 159:1429–33. doi:10.1164/ajrccm.159.5.9806073

127. Lassus P, Turanlahti M, Heikkila P, Andersson LC, Nupponen I, Sarnesto A,
et al. Pulmonary vascular endothelial growth factor and Flt-1 in fetuses, in
acute and chronic lung disease, and in persistent pulmonary hypertension
of the newborn. Am J Respir Crit Care Med (2001) 164:1981–7. doi:10.1164/
ajrccm.164.10.2012036

128. Thebaud B, Ladha F, Michelakis ED, Sawicka M, Thurston G, Eaton F, et al.
Vascular endothelial growth factor gene therapy increases survival, promotes
lung angiogenesis, and prevents alveolar damage in hyperoxia-induced lung
injury: evidence that angiogenesis participates in alveolarization. Circulation
(2005) 112:2477–86. doi:10.1161/CIRCULATIONAHA.105.541524

129. Kunig AM, Balasubramaniam V, Markham NE, Morgan D, Montgomery G,
Grover TR, et al. Recombinant human VEGF treatment enhances alveolariza-
tion after hyperoxic lung injury in neonatal rats. Am J Physiol Lung Cell Mol
Physiol (2005) 289:L529–35. doi:10.1152/ajplung.00336.2004

130. Fujioka K, Shibata A, Yokota T, Koda T, NagasakaM, YagiM, et al. Association
of a vascular endothelial growth factor polymorphismwith the development of
bronchopulmonary dysplasia in Japanese premature newborns. Sci Rep (2014)
4:4459. doi:10.1038/srep04459

131. Ding BS, Nolan DJ, Guo P, Babazadeh AO, Cao Z, Rosenwaks Z, et al.
Endothelial-derived angiocrine signals induce and sustain regenerative lung
alveolarization. Cell (2011) 147:539–53. doi:10.1016/j.cell.2011.10.003

132. Bhandari A, Bhandari V. Biomarkers in bronchopulmonary dysplasia. Paedi-
atr Respir Rev (2013) 14:173–9. doi:10.1016/j.prrv.2013.02.008

133. Bruce MC, Pawlowski R, Tomashefski JF Jr. Changes in lung elastic fiber
structure and concentration associated with hyperoxic exposure in the devel-
oping rat lung. Am Rev Respir Dis (1989) 140:1067–74. doi:10.1164/ajrccm/
140.4.1067

134. Prodhan P, Kinane TB. Developmental paradigms in terminal lung develop-
ment. Bioessays (2002) 24:1052–9. doi:10.1002/bies.10177

135. Buch S, Han RN, Cabacungan J, Wang J, Yuan S, Belcastro R, et al. Changes
in expression of platelet-derived growth factor and its receptors in the lungs
of newborn rats exposed to air or 60% O(2). Pediatr Res (2000) 48:423–33.
doi:10.1203/00006450-200010000-00003

136. McGowan SE, McNamer R. Transforming growth factor-beta increases elastin
production by neonatal rat lung fibroblasts. Am J Respir Cell Mol Biol (1990)
3:369–76. doi:10.1165/ajrcmb/3.4.369

137. McGowan SE, Jackson SK, Olson PJ, Parekh T, Gold LI. Exogenous and
endogenous transforming growth factors-beta influence elastin gene expres-
sion in cultured lung fibroblasts. Am J Respir Cell Mol Biol (1997) 17:25–35.
doi:10.1165/ajrcmb.17.1.2686

138. Kotecha S, Wangoo A, Silverman M, Shaw RJ. Increase in the concentra-
tion of transforming growth factor beta-1 in bronchoalveolar lavage fluid
before development of chronic lung disease of prematurity. J Pediatr (1996)
128:464–9. doi:10.1016/S0022-3476(96)70355-4

139. Alejandre-Alcazar MA, Kwapiszewska G, Reiss I, Amarie OV, Marsh LM,
Sevilla-Perez J, et al. Hyperoxia modulates TGF-beta/BMP signaling in a
mouse model of bronchopulmonary dysplasia. Am J Physiol Lung Cell Mol
Physiol (2007) 292:L537–49. doi:10.1152/ajplung.00050.2006

140. Nakanishi H, Sugiura T, Streisand JB, Lonning SM, Roberts JD Jr. TGF-beta-
neutralizing antibodies improve pulmonary alveologenesis and vasculogenesis
in the injured newborn lung. Am J Physiol Lung Cell Mol Physiol (2007)
293:L151–61. doi:10.1152/ajplung.00389.2006

141. Gauldie J, Galt T, Bonniaud P, Robbins C, Kelly M, Warburton D. Transfer of
the active form of transforming growth factor-beta 1 gene to newborn rat lung
induces changes consistent with bronchopulmonary dysplasia. Am J Pathol
(2003) 163:2575–84. doi:10.1016/S0002-9440(10)63612-7

142. Le Cras TD, Markham NE, Tuder RM, Voelkel NF, Abman SH. Treatment of
newborn rats with a VEGF receptor inhibitor causes pulmonary hypertension
and abnormal lung structure. Am J Physiol Lung Cell Mol Physiol (2002)
283:L555–62. doi:10.1152/ajplung.00408.2001

143. McGrath-Morrow SA, Cho C, Zhen L, Hicklin DJ, Tuder RM. Vascu-
lar endothelial growth factor receptor 2 blockade disrupts postnatal lung

Frontiers in Medicine | www.frontiersin.org April 2015 | Volume 2 | Article 271221

http://dx.doi.org/10.1152/ajplung.00204.2001
http://dx.doi.org/10.1152/ajplung.00204.2001
http://dx.doi.org/10.1002/dvdy.20058
http://dx.doi.org/10.1155/2012/289867
http://dx.doi.org/10.1172/JCI68782
http://dx.doi.org/10.1152/ajplung.00358.2004
http://dx.doi.org/10.1152/ajplung.00358.2004
http://dx.doi.org/10.1152/ajplung.00333.2007
http://dx.doi.org/10.1002/(SICI)1097-0177(200002)217:2<159::AID-DVDY3>3.3.CO;2-0
http://dx.doi.org/10.1002/(SICI)1097-0177(200002)217:2<159::AID-DVDY3>3.3.CO;2-0
http://dx.doi.org/10.1165/ajrcmb.16.5.9160839
http://dx.doi.org/10.1165/ajrcmb.16.5.9160839
http://dx.doi.org/10.1165/ajrcmb.22.2.3766
http://dx.doi.org/10.1073/pnas.0808649105
http://dx.doi.org/10.1073/pnas.0808649105
http://dx.doi.org/10.1242/dev.098079
http://dx.doi.org/10.1016/j.devcel.2012.07.009
http://dx.doi.org/10.1016/j.devcel.2012.07.009
http://dx.doi.org/10.1203/00006450-200005000-00009
http://dx.doi.org/10.1203/00006450-200005000-00009
http://dx.doi.org/10.1242/dev.004879
http://dx.doi.org/10.1152/ajplung.00348.2009
http://dx.doi.org/10.1152/ajplung.00348.2009
http://dx.doi.org/10.1016/j.ydbio.2005.11.022
http://dx.doi.org/10.1242/dev.060723
http://dx.doi.org/10.1242/dev.060723
http://dx.doi.org/10.1074/jbc.M511798200
http://dx.doi.org/10.1164/ajrccm.159.5.9806073
http://dx.doi.org/10.1164/ajrccm.164.10.2012036
http://dx.doi.org/10.1164/ajrccm.164.10.2012036
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.541524
http://dx.doi.org/10.1152/ajplung.00336.2004
http://dx.doi.org/10.1038/srep04459
http://dx.doi.org/10.1016/j.cell.2011.10.003
http://dx.doi.org/10.1016/j.prrv.2013.02.008
http://dx.doi.org/10.1164/ajrccm/140.4.1067
http://dx.doi.org/10.1164/ajrccm/140.4.1067
http://dx.doi.org/10.1002/bies.10177
http://dx.doi.org/10.1203/00006450-200010000-00003
http://dx.doi.org/10.1165/ajrcmb/3.4.369
http://dx.doi.org/10.1165/ajrcmb.17.1.2686
http://dx.doi.org/10.1016/S0022-3476(96)70355-4
http://dx.doi.org/10.1152/ajplung.00050.2006
http://dx.doi.org/10.1152/ajplung.00389.2006
http://dx.doi.org/10.1016/S0002-9440(10)63612-7
http://dx.doi.org/10.1152/ajplung.00408.2001
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive


Chao et al. Lung mesenchyme in BPD

development. Am J Respir Cell Mol Biol (2005) 32:420–7. doi:10.1165/rcmb.
2004-0287OC

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Chao, El Agha, Tiozzo, Minoo and Bellusci. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org April 2015 | Volume 2 | Article 271322

http://dx.doi.org/10.1165/rcmb.2004-0287OC
http://dx.doi.org/10.1165/rcmb.2004-0287OC
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive


March 2016 | Volume 3 | Article 131

General Commentary
published: 31 March 2016

doi: 10.3389/fmed.2016.00013

Frontiers in Medicine | www.frontiersin.org

Edited by: 
Anne Hilgendorff,  

Helmholtz Zentrum München, 
Germany

Reviewed by: 
Cristina Maria Alvira,  

Stanford University School  
of Medicine, USA  

Melanie Königshoff,  
Helmholtz Zentrum München, 

Germany

*Correspondence:
Eric S. White  

docew@umich.edu

Specialty section: 
This article was submitted to 

Pulmonary Medicine,  
a section of the journal  

Frontiers in Medicine

Received: 26 August 2015
Accepted: 24 March 2016
Published: 31 March 2016

Citation: 
White ES (2016) Commentary: A 

Breath of Fresh Air on the 
Mesenchyme: Impact of Impaired 

Mesenchymal Development on the 
Pathogenesis of Bronchopulmonary 

Dysplasia.  
Front. Med. 3:13.  

doi: 10.3389/fmed.2016.00013

Commentary: a Breath of Fresh air 
on the mesenchyme: Impact of 
Impaired mesenchymal Development 
on the Pathogenesis of 
Bronchopulmonary Dysplasia
Eric S. White*

Division of Pulmonary and Critical Care Medicine, Department of Internal Medicine, University of Michigan Medical School, 
Ann Arbor, MI, USA

Keywords: bronchopulmonary dysplasia, mesenchymal cells, fibrosis, lung diseases, embryonic development

A commentary on 

A breath of fresh air on the mesenchyme: impact of impaired mesenchymal development on 
the pathogenesis of bronchopulmonary dysplasia 
by Chao C-M, El Agha E, Tiozzo C, Minoo P, Bellusci S. Front Med (2015) 2:27. doi: 10.3389/
fmed.2015.00027

Bronchopulmonary dysplasia (BPD) is a chronic lung disease of prematurity that is only now 
beginning to be understood at the molecular level. The review by Chao et al. (1) elegantly takes 
us through mouse and human lung development to identify possible mediators of the abnormal 
mesenchymal response characteristic of the disease. However, it quickly becomes clear that many 
aspects of BPD development seem to mimic chronic lung disease in adults. For example, secondary 
septa formation is a critical step in alveologenesis, with alveolar simplification in BPD thought to 
result from disordered septation. In the emphysematous adult lung, enlarged airspaces reminiscent 
of alveolar simplification are also seen; importantly, evidence suggests that many mediators thought 
to be important in BPD development are also important in COPD pathogenesis, such as wingless 
and int (Wnt) (2, 3), fibroblast growth factor (FGF) (4, 5), and sonic hedgehog (Shh) (6). Similarly, 
exuberant collagen and elastin deposition during alveologenesis bears remarkable similarity to the 
deposition of extracellular matrix proteins during adult lung fibrogenesis (7), although it is unclear 
whether the pattern and relative quantities of proteins are also similar. These observations, plus 
others, suggest a potential stereotypic lung injury response resulting in disrepair in adult lung and 
abnormal development in the neonate.

Despite the differences in etiology, both BPD and chronic adult lung injury are characterized 
by elevated expression and activity of transforming growth factor (TGF)-β, perhaps the most well-
known profibrotic cytokine. Implicated in epithelial–mesenchymal transition (EMT) (8), myofi-
broblast differentiation (9), and epithelial apoptosis (10), TGF-β overexpression may be pathogenic 
for BPD, emphasizing the critical need for TGF-β regulation during fetal lung development (11). 
Similarly, in adult lung, TGF-β overexpression is maladaptive, resulting in fibrosis that has been 
likened to recapitulation of developmental programs (12). Understanding how dysregulated TGF-β 
activity perturbs both normal development and postnatal lung repair has yet to be determined, but 
side-by-side comparisons of the role of mesenchymal cells in lung development and disease will 
likely shed further insight.
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An intriguing aspect of the review by Chao et al. is the sup-
portive role of the lipofibroblasts (LIFs), the interstitial fibroblasts 
identified in rodent lungs containing cytoplasmic lipid droplets 
(13) thought to be important in alveolar epithelial cell surfactant 
production. Despite one manuscript showing the existence of 
LIFs in human lung (14), controversy still remains (15) about the 
existence of this cell in humans. While LIFs seem to contribute to 
secondary septation in developing rodent lungs through transfer 
of lipids to Type II alveolar epithelial cells (16), their role in 
the adult rodent lung (if any) remains unclear. To be certain if 
LIFs are developmentally important and potentially reparative 
mesenchymal cells of the lung, identifying them in human lung 
of any age would be of paramount importance. Similarly, it will 
be important to determine whether LIFs are truly a separate 
type of mesenchymal cell or whether they are simply interstitial 
fibroblasts that uptake lipid droplets for transfer to alveolar epi-
thelium. Currently, there are few known markers of LIFs, such as 
platelet-derived growth factor receptor (PDGFR)-α and peroxi-
some proliferator-activated receptor (PPAR)-γ (17), but these are 
not specific for LIFs. More work in this area will obviously be 
necessary.

Mesenchymal–epithelial crosstalk, as described above for LIFs 
and type II alveolar epithelial cells, is obviously important for lung 
development, as nicely illustrated by Chao and colleagues (1). 
However, less is known about the contribution of the endothelium, 
and more specifically mesenchymal–endothelial interactions, in 
the development of chronic lung diseases, including BPD. Clearly, 
the transformation of a double vasculature to a single capillary 
system in primary alveolar septae is integral to gas exchange in 
the developing lung, as pointed out by Chao and colleagues. The 
development of this vasculature occurs through both angiogen-
esis and vasculogenesis. Along the same line, angiogenesis and 
vasculogenesis appear to be important in the development of 

certain adult chronic lung diseases, such as COPD, asthma, and 
idiopathic pulmonary fibrosis (IPF) (18–20). Indeed, nintedanib, 
a tyrosine kinase inhibitor that blocks vascular endothelial 
growth factor receptor, FGF receptor, and PDGFR, has recently 
gained approval around the world for treatment of IPF because of 
its effects on slowing the rate of decline of lung function (21). It is 
not yet known whether the salutary effect of nintedanib in IPF is 
related to its inhibitory effects on angiogenesis.

We have certainly learned much about BPD pathogenesis 
through elegant mouse modeling and human pathologic stud-
ies. However, there is still much to learn; murine studies, while 
informative, cannot take the place of knowledge generated in 
human samples of disease. Moreover, although mouse lung 
development occurs in a stereotypic fashion which has been well 
characterized, it is not proven that human lung development 
occurs entirely in the same way. Thus, better methods of studying 
human lung development need to be created and validated, with 
findings hopefully informing our understanding of chronic adult 
lung diseases as well.

As alluded to by Chao and colleagues (1), the incidence of BPD 
and its long-term effects appears to be on the rise as more prema-
ture infants survive owing to advances in supportive care. There 
are no definitive therapies for these patients. Just as research into 
the lung mesenchyme will surely enlighten our understanding of 
BPD, researchers of all chronic lung diseases are likely to gain 
better insights into disease pathogenesis and potentially pave 
the way for future therapies in numerous diseases. Impaired 
mesenchymal development and responses – it is not just for BPD.
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Bronchopulmonary dysplasia (BPD) is a chronic lung disease that predominantly affects 
prematurely born infants. Initially, BPD was described in infants who had suffered severe 
respiratory failure and required high pressure, mechanical ventilation with high concen-
trations of supplementary oxygen. Now, it also occurs in very prematurely born infants 
who initially had minimal or even no signs of lung disease. These differences impact 
the nature of the lung function abnormalities suffered by “BPD” infants, which are also 
influenced by the criteria used to diagnose BPD and the oxygen saturation level used to 
determine the supplementary oxygen requirement. Key also to interpreting lung function 
data in this population is whether appropriate lung function tests have been used and 
in an adequately sized population to make meaningful conclusions. It should also be 
emphasized that BPD is a poor predictor of long-term respiratory morbidity. Bearing in 
mind those caveats, studies have consistently demonstrated that infants who develop 
BPD have low compliance and functional residual capacities and raised resistances in the 
neonatal period. There is, however, no agreement with regard to which early lung function 
measurement predicts the development of BPD, likely reflecting different techniques were 
used in different populations in often underpowered studies. During infancy, lung function 
generally improves, but importantly airflow limitation persists and small airway function 
appears to decline. Improvements in lung function following administration of diuretics or 
bronchodilators have not translated into long-term improvements in respiratory outcomes. 
By contrast, early differences in lung function related to different ventilation modes have led 
to investigation and demonstration that prophylactic, neonatal high-frequency oscillation 
appears to protect small airway function.

Keywords: bronchopulmonary dysplasia, prematurity, resistance, compliance, diuretics, bronchodilators, 
corticosteroids

introduction

Bronchopulmonary dysplasia (BPD) is a chronic lung disease that predominantly affects prematurely 
born infants, but can occur in those born at term if they are subjected to high-inflation pressures. 
Initially, BPD was described in prematurely born infants who often had suffered severe respiratory 
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failure and required high pressure, mechanical ventilation with 
high concentrations of supplementary oxygen, often coined old 
BPD. Such infants were not routinely exposed to either antenatal 
corticosteroids or postnatal surfactant. BPD now also occurs in 
very prematurely born infants who initially had minimal or even 
no signs of lung disease, the so-called new BPD (1). At postmor-
tem, infants with new rather than old BPD have less interstitial 
fibrosis, but an arrest in acinar development, resulting in fewer and 
larger alveoli (2). The chest radiograph (CXR) appearance of new 
BPD, that is small volume, hazy lung fields, is very different from 
the cystic abnormalities and interstitial fibrosis seen in “old” BPD. 
As a consequence, lung function abnormalities are likely to differ 
according to whether an infant is developing old or new BPD. The 
nature of the lung function abnormalities may also be influenced 
by the criteria used to diagnose BPD. These have included oxygen 
dependency at 28 days or 36 weeks post conceptional age (PCA) 
with or without radiological abnormalities. Nowadays, there is 
a consensus that infants should be diagnosed as having BPD if 
infants are oxygen dependent at 28 days after birth (3). They are 
then classified as suffering from mild, moderate, or severe BPD 
according to their respiratory support requirement at a later date 
(36  weeks PCA if born prematurely) (3) (Table  1). A further 
problem is that different levels of oxygen saturation have been 
used to determine the need for supplementary oxygen leading to 
wide variations in the occurrence of BPD (4). As a consequence, 
it is now recommended that an oxygen reduction test is used to 
determine whether supplementary oxygen is still required (5). 
Of note, lung function abnormalities as assessed by pulmonary 
function testing are not part of the current criteria to diagnose 
BPD, likely reflecting pulmonary function testing is not routinely 
available in all neonatal intensive care units (NICU).

Bearing in mind those caveats, an aim of this review is to 
describe lung function abnormalities in infants developing or with 
established BPD and how they change with increasing postnatal 
age during infancy. In addition, we will highlight if lung function 
testing in the NICU and during infancy gives added value. For 
example, do lung function test results so accurately predict BPD 
development that they could be used to identify infants who would 
benefit from intervention strategies or have improvements in 
lung function given an early indication of clinically efficacious 
interventions.

It, however, should be emphasized at the outset that a diagnosis 
of BPD is a poor predictor of ongoing pulmonary problems (6) 
and infants with and without BPD suffer respiratory morbidity 
at follow-up. In addition, certain randomized controlled trials 

TABLe 1 | BPd severity modified from Jobe and Bancalari (3).

Infants <32 weeks of gestational age are assessed at 36 weeks PCA or at 
discharge home, whichever came first

Infants born at 32 weeks of gestation or greater are assessed at 56 days 
postnatal age or discharge home, whichever came first

The severity of BPD being graded in both groups accordingly

 • mild BPD – breathing air

 • moderate BPD – requirement for <30% supplementary oxygen

 •  severe BPD – requirement for more that 30% oxygen and/or positive 
pressure ventilation or nasal continuous positive airway pressure (CPAP)

(RCTs), which have demonstrated a reduction in BPD, have not 
been associated with improvements in long-term respiratory 
outcome (7) and equally interventions influencing long-term 
respiratory morbidity were not associated with a reduction in 
BPD (8, 9).

Appropriate Lung Function Tests

Key to interpreting lung function data is whether an appropriate 
test has been used and whether the test has been applied robustly. 
In infants with evolving or established BPD, the techniques have 
strengths and weaknesses. Dynamic lung compliance measure-
ments do not require airway occlusions, which may be poorly 
tolerated in infants with respiratory distress. Esophageal pressure 
measurements, however, are required, which may not accurately 
reflect pleural pressure changes in prematurely born infants who 
have a floppy chest wall or in the presence of lung disease. Single 
breath mechanics do require airway occlusions and the underly-
ing assumptions are invalid if the respiratory system cannot be 
described as single-compartment model. The high resistance of 
small endotracheal tubes (10) may invalidate attempts to detect 
small changes in resistance in intubated infants. Assessments of 
functional residual capacity (FRC) by gas dilution or washout, 
can be applied in ventilated infants, but may underestimate the 
FRC if insufficient time is allowed for complete equilibration (11). 
Nitrogen washout with pure oxygen is impractical for ventilated 
infants receiving a high-fractional inspired oxygen concentration 
and inappropriate for infants at risk of retinopathy of prematurity. 
Inert gases such as helium and sulfur hexafluoride (SF6) avoid 
these problems. As a relatively heavy gas with low diffusivity, SF6 
has the additional advantage of being less susceptible than helium 
to leaks (12), especially those occurring around an uncuffed 
endotracheal tube. Certain centers, however, use shouldered 
tubes, which have been demonstrated to have minimal or no 
leak (13). The major strength of measuring lung volume using 
infant whole-body plethysmography is that the total lung volume 
can be measured and hence, if used in conjunction with a gas 
dilution technique, can provide an assessment of hyperinflation 
and gas trapping (14). Systems are commercially available, but 
depend on electronic manipulation to close the pressure flow 
loop, which can result in erroneous results (15). A further dis-
advantage is that plethysmographs are not suitable for cot side 
measurements. In addition, the accuracy of plethysmographic 
measurements is dependent on rapid equilibration of pressures 
during respiratory efforts against occlusions, so that pressure 
changes at the airway opening reflect those in the alveoli (16). 
In the presence of severe airway obstruction, this may not occur, 
resulting in a phase lag between airway pressure and box volume, 
usually resulting in overestimation of lung volume (11). As 
infants actively elevate their end expiratory level, all lung volume 
measurements should be made during quiet, non-rapid eye move-
ment sleep (17). Respiratory impedance plethysmography (RIP) 
can provide information on respiratory rate and the degree of 
thoracoabdominal asynchrony. The interpretation of the results 
is dependent on sleep state and volume calibration is not possible 
in this population.
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Lung Function Abnormalities

Among infants with “old” BPD, increased resistance in the first 
week after birth and increased total respiratory and expiratory 
resistance with severe flow limitation, especially at low lung 
volumes at 28  days after birth was reported (18). More recent 
studies, which have included infants who usually have received 
surfactant, have demonstrated somewhat differing results. In a 
group of infants, the majority of whom had been given rescue 
surfactant, respiratory system resistance (Rrs) was abnormal at 
10 days after birth, but then there was progressive improvement 
to normal values (19). In a series in which infants were given 
prophylactic surfactant and exposed to antenatal steroids, Rrs 
differed significantly between those who did and did not develop 
BPD on day three, but not at 14 days after birth (20).

Compliance is initially low in infants destined to develop 
BPD. In one series of ventilated infants, compliance of the 
respiratory system (Crs), using the single breath technique, was 
50% of predicted at 10 days of age (19). Interestingly, there was 
a positive correlation (r  =  0.8, p  <  0.001) between those Crs 
results and maximal flow at FRC (Vmax

¢  FRC) using the forced 
expiratory volume technique at 2 years of age. In the presence of 
low-saccular compliance, the highly compliant distal bronchial tree 
is preferentially over distended resulting in marked distortion of 
both distal and central areas during mechanical ventilation (21). 
The authors (19), therefore, postulated that in infants with very 
low lung compliance in the neonatal period, cyclic bronchiolar 
stretching during positive pressure ventilation resulted in terminal 
airway ischemia and necrosis and subsequent fibrosis and smooth 
muscle hypertrophy. Compliance and lung volume abnormalities 
may persist over the neonatal period. Comparison of FRC results 
from 16 BPD infants (oxygen dependent for more than 28 days) 
and 8 infants without BPD demonstrated the BPD group had lower 
FRCs at both 14 and 28 days (22). Similarly, serial measurements 
of Crs and FRC in 74 infants, median gestational age 30 weeks, 
35 of whom developed BPD (23 had moderate/severe BPD) 
demonstrated that those developing BPD, particularly moderate/
severe BPD had significantly lower Crs and FRC results throughout 
the neonatal period compared to those who did not develop BPD 
(20). CXR thoracic areas and FRC measurements assessed in 
the first 72 h after birth in 53 infants, median gestational age of 
28 weeks, also demonstrated lower FRCs in the BPD group, but the 
CXR thoracic areas were higher in the infants who subsequently 
developed BPD (oxygen dependency at 28 days) perhaps indicating 
gas trapping. The differences were particularly marked in infants 
who developed moderate/severe BPD (23). The reduced Crs in the 
neonatal period may be due to ongoing surfactant abnormalities, 
edema, and atelectasis. Similarly, the initial functional lung volume 
is likely reduced because of atelectasis.

During evolving BPD, there is gas trapping. FRC measured by 
plethysmography (FRCpleth) has been reported to be elevated 
in infants with BPD (24, 25) and in an early study FRCpleth was 
higher than FRC assessed by nitrogen washout (26). In established 
BPD, functional lung volume around term equivalent has been 
reported to still be significantly reduced compared, to data, 
from healthy term born infants both in an early (27) and in a 
more recent (24) study and associated with disturbed gas mixing 

(28). Those results appear pertinent to the present population 
of prematurely born infants who develop BPD. In a subsequent 
study (29), approximately 50% of the infants were exposed to 
antenatal steroids and 100% of those who developed moderate 
or severe BPD received surfactant. At term corrected, the severe 
BPD group had lower FRC, less efficient gas mixing, and higher 
specific conductance than those with mild and moderate BPD or 
the prematurely born controls. The infants with mild or moderate 
BPD infants also differed from the controls (29). BPD infants have 
also been shown to have significant increases in FRC, residual 
volume (RV), and RV/total lung capacity, which were more marked 
in those with recurrent wheeze, suggestive of hyperinflation and 
air-trapping (24). In a follow-up of prematurely born infants all 
born at <29 weeks of gestational age, two-thirds of whom had 
BPD, the degree of gas trapping significantly correlated with days 
of wheeze (30).

Results from a small study suggest that single photon emission 
computed tomography (SPECT) may provide additional informa-
tion about regional lung function in BPD infants (31). SPECT 
was used to measure the distribution of lung ventilation (V) and 
perfusion (Q) in 30 BPD infants at a median PCA of 37 weeks. 
An unsatisfactory V/Q match was not correlated with the time 
spent on supplemental oxygen or CPAP, but was significantly 
negatively correlated with the time spent on mechanical ventila-
tion. Increasing severity of BPD, however, was not consistently 
associated with the degree of V/Q mismatch.

Other lung function abnormalities in infancy suggest 
impairment of alveolar development after very premature birth. 
Pulmonary diffusing capacity and alveolar volume were assessed 
at 11.6  months of age using a single breath hold maneuver at 
elevated lung volume in 39 BPD infants (oxygen requirement 
at 36 weeks) and 61 term born controls. The BPD patients had 
reduced pulmonary diffusing capacity when adjusted for body 
length or alveolar volume (32).

Longitudinal Assessment

Early studies assessing serial lung function highlighted that lung 
compliance and FRC improved with increasing age (19, 27), such 
that by 2 years of age they had reached the normal range (19). In 
addition, during the first 2 years after birth, a relative increase 
in FRC using a gas dilution technique was reported (19). More 
recently, results were apparently at variance as assessment of 55 
sedated VLBW infants (29 with BPD, oxygen dependency at 
36 weeks PCA) at 50, 70, and 100 weeks of PCA demonstrated 
significantly lower tidal volume, minute ventilation, compliance, 
and FRC results in the BPD infants (33). Those differences, how-
ever, were no longer statistically significant once the results were 
normalized for body weight, which was significantly lower in the 
BPD group (33).

Airflow limitation, however, appears to be a persisting prob-
lem. An early report highlighted that lower airway obstruction 
persisted in infants with BPD who had severe disease as indicated 
by requirement for a tracheostomy (34). Longitudinal assessment 
demonstrated that, in infants with severe BPD, abnormalities in 
forced vital capacity (FVC) took longer to improve them eventually 
reaching the normal range by 3 years of age, but there was no 
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improvement in forced expiratory flow at 75% of vital capacity 
(FEF75) over the study period (34). In another study, 70% of 
BPD infants assessed at 2  years had low flow rates below 40% 
of that predicted, whereas lung volumes, Crs, and Rrs results 
were in the normal range (19). More recent results in the present 
population of prematurely born infants confirm those results (25, 
34). Assessment of 44 children with BPD (oxygen dependency 
at 28 days or 36 weeks PCA with CXR changes) highlighted that 
there were no improvements in Vmax

¢  FRC at 6, 12, and 24 months 
(35). In a longitudinal study, which examined infants at a PCA of 
58 weeks and then 33 weeks later, the group mean lung volumes 
and flows tracked at or near their previous values, that is, there was 
a lack of catch up growth. There were, however, improvements in 
lung function in those with above average growth (25).

Serial lung function measurements in infants with BPD have 
shown a decline in small airway function (as evidenced by assess-
ments of Vmax

¢  FRC) during the first year after birth (36). Similar 
changes in small airway function, however, have been reported in 
healthy, unsedated, prematurely born infants (37). Those findings 
emphasize the importance of using an appropriate control group 
when interpreting long-term effects of respiratory disease or 
management strategies in the neonatal period.

Prediction of BPd

Initial studies focused on compliance and resistance results with 
differing results. In certain studies, resistance, but not compli-
ance, results were predictive of BPD development. One study, 
however, included only 20 infants who had required mechanical 
ventilation for at least 3 days; 8 developed BPD (supplementary 
oxygen for longer than 28 days) (38). In a study of 46 infants with 
a birth weight <1.0 kg, those who subsequently developed BPD 
had significantly higher Rrs, but not Crs, at 1 week and Rrs was 
significantly higher in those with evolving BPD throughout the 
neonatal period (39). In another study, Rrs but not Crs before 
surfactant therapy was associated with an increased risk of BPD. 
Areas under receiver operator characteristic (ROC) curves were 
reported and demonstrated that Rrs performed similarly to 
gestational age and birth weight (40).

By contrast, other studies have demonstrated compliance rather 
than resistance was predictive of BPD development. Dynamic 
compliance, assessed using flow measurements from a pneumo-
tachograph related to mean airway pressures in 47 infants mean 
gestational age of 30 weeks in the first 3 days after birth, was sig-
nificantly lower in those who developed BPD, which was diagnosed 
using radiological criteria (41). In a subsequent study, an occlusion 
technique was used to determine appropriate esophageal balloon 
placement and longitudinal assessment over the first month was 
made on 143 infants with a gestational age of 27–30 weeks. The 
model, which included gestational age and dynamic pulmonary 
compliance, had the highest positive predictive accuracy (100%) 
for BPD (the need for supplemental oxygen at 4 weeks of age), 
whereas the predictive value of total pulmonary resistance was 
minimal (42). In 39 ventilated infants with a mean gestational 
age 26–28 weeks, the predictive ability of the results of the inter-
rupter technique was compared to respiratory mechanics results 
obtained during mechanical ventilation. Dynamic compliance of 

the respiratory system on day 1, birth weight and gestational age 
were all significantly lower in the BPD infants (BPD diagnosed if 
the infant developed lung disease in the first week after birth, was 
oxygen dependent at 28 days of age and developed characteristic 
chest x-ray changes), but there were no significant differences in 
the interrupter technique results. Dynamic compliance of the 
respiratory system was a better independent predictor of BPD 
development than gestational age or birth weight (43). More 
recently, among 52 prematurely born infants who were ventilated 
for more than 72  h and had received a single dose of porcine 
surfactant, initial compliance results did not differ between infants 
who went on to develop mild or severe BPD, but at days 7 and 10 
the “severe” group had significantly poorer compliance results. 
BPD was diagnosed as a requirement of supplementary oxygen 
at 28 days to maintain oxygen saturation above 95%; the severity 
of BPD was determined by the CXR score. Compliance but not 
resistance on days 7 and 10 were predictive of severe BPD (44).

In other studies, neither compliance nor resistance results 
were predictive of BPD development (45, 46). In a study of 
104 ventilator-dependent infants, with a mean gestational age 
27–30  weeks, respiratory mechanics were measured using an 
airway occlusion technique between 6 and 48 h after birth and 
corrected for body length. Birth weight, but not respiratory system 
mechanics, predicted BPD development (supplemental oxygen 
requirement 28 days after birth) (45). In a series of 58 infants who 
had RDS, compliance and resistance results were assessed using 
a commercially available system. BPD was diagnosed as oxygen 
supplementation, respiratory distress, and an abnormal CXR at 
28 days. Neither lung compliance nor pulmonary resistance on 
days 1–4 predicted BPD, but gestational age and a ventilatory index 
on day 3 (ventilator frequency × maximum inspiratory pressure) 
were predictive (46).

It is not possible to conclude from the above studies whether 
assessment of lung mechanics is helpful in predicting BPD devel-
opment. The discrepancy in the results likely reflects that different 
techniques were used in different populations. Few of the above 
studies included a sample size calculation and thus there may have 
been both type I and II errors.

More recent studies have investigated whether assessment of 
FRC might be predictive of BPD. In 100 infants with a median 
gestational age 28 weeks and ventilated within 6 h of birth, FRCHe 
≥19 ml/kg and a low gestational age in the first 48 h were more 
accurate predictors of BPD at 28 days than Crs or Rrs. Indeed, if 
only the 50 infants whose gestational age was ≤28 weeks of gesta-
tion were considered, a low FRC on day 2 was the best predictor 
of BPD development (47). Subsequently, the results of FRC and 
Crs on days 3 and 14 after birth were compared to a marker of 
inflammation, end-tidal carbon monoxide (ETCO). Seventy-eight 
infants with a median gestational age of 29 weeks were assessed; 
39 developed BPD (oxygen dependency at 28 days); a sample size 
calculation was given. Gestational age, birth weight, ETCO, FRC, 
and Crs results on days 3 and 14 differed significantly between 
those who did and did not develop BPD. Multifactorial logistic 
analysis, however, demonstrated only birth weight and ETCO 
levels on day 14 were significant predictors of BPD with an area 
under the ROC curve of 0.97. Those ETCO results indicate ongoing 
inflammation in infants developing BPD (48).
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Response to Therapies

Lung function tests have been used to assess the response to 
therapies in infants with evolving or established BPD. Variable 
and often conflicting results have been reported, which reflects the 
use of different techniques, some of which were inappropriate in 
this age group, lack of a sample size, or an inappropriate sample 
size based on too optimistic a view of the likely effect. A further 
problem in interpreting the results are that many of the studies 
were reported more than 20  years ago and, therefore, include 
infants not exposed to antenatal steroids or postnatal surfactant, 
which could have affected their response to the intervention. More 
importantly, reported changes in lung function results were not 
always accompanied by a change in clinical status or affected 
longer-term outcome.

diuretics
Bronchopulmonary dysplasia infants often are poorly tolerant of 
fluid loads with excessive weight gain on standard fluid regimens. 
As a consequence, diuretics are frequently prescribed but have 
short- and long-term side-effects including electrolyte disturbance 
and nephrocalcinosis. It is, therefore, important to determine if 
they are having a positive effect. Early results demonstrated that 
administration of frusemide acutely increased lung compliance 
and reduced airway resistance (49, 50) was associated with a reduc-
tion in ventilator requirements (51) and transient improvements 
in blood gases (49). A systematic review, however, demonstrated 
that in prematurely born infants <3  weeks of age, frusemide 
administration had either inconsistent or no detectable effects (52). 
In addition, in 16 spontaneously breathing infants with postnatal 
ages ranging from 4 to 35 weeks, a single dose of frusemide was 
associated with improvement in pulmonary compliance but not 
blood gases or resistance. Furthermore, a 6- to 10-day course was 
associated with improvement in compliance and resistance (53), 
but better oxygenation was only achieved in 6 of the 16 infants.

Nebulized frusemide has been given with the hope that this 
would improve respiratory function while avoiding the systemic 
complications. In a study of eight ventilated infants with a mean 
postnatal age of 33 days, the effects of 0.1, 0.25, 0.5, and 1.0 mg/
kg of nebulized frusemide were assessed. A dose of 1 mg/kg was 
associated with a 28% improvement in pulmonary resistance and 
a 51% improvement in pulmonary compliance at 1 h; the effects 
lasted for least 4 h. A systematic review demonstrated a significant 
improvement in tidal volume after 1 and 2 h, but no improvement 
in compliance at either time point (54).

Due to the side-effects of frusemide, infants who require 
chronic diuretic therapy are often changed to chlorothiazide 
and spironolactone. It had been suggested that the combination 
improved the outcome of babies with severe BPD (55). In a rand-
omized, double blind, crossover trial, the effects of oral diuretics 
(chlorothiazide 20 mg/kg/dose and spironolactone 1.5 mg/kg/
dose) given twice daily for a week were compared to placebo 
(56). The mean airway resistance, specific airway conductance, 
and dynamic compliance improved significantly, but only 
10 infants were included in the study. In a further randomized 
trial (57), spironolactone and chlorothiazide were compared 
to placebo in 43 oxygen dependent BPD infants. Infants in the 

treatment group only had improvements in dynamic pulmonary 
compliance and airway resistance and, at 4 weeks after study 
entry, required less supplementary oxygen than the placebo 
group. There were, however, no significant differences in the 
pulmonary function test results after discontinuation of treat-
ment, nor in the total number of days supplementary oxygen 
was required between the two groups. Orally administered 
diuretics (chlorothiazide and spironolactone) in combination 
with theophylline have been demonstrated to have an additive 
positive effect on dynamic compliance, but no effect on clinical 
outcomes were reported (58).

Bronchodilators
Inhaled bronchodilators have been reported to improve 
pulmonary resistance, dynamic compliance, and transcutane-
ous blood gases when administered to ventilated babies with 
BPD at approximately 1 month of age (59) and reduce airway 
resistance in infants with BPD at term (60–62). Intravenously 
administered salbutamol (30  μg/kg) in six infants aged 
between 54 and 105 days resulted in an improvement in res-
piratory system compliance and resistance using the occlusion 
technique, but there was no correlation between salbutamol 
serum concentration and pulmonary function changes (63). 
Comparison of the effectiveness of aerosol and intravenous 
delivery of salbutamol was made in eight ventilator-dependent 
infants in randomized order; there were similar improvements 
in pulmonary mechanics with the two delivery methods (64). In 
a comparison of different inhalation devices in infants during 
unassisted breathing as well as in a group of ventilated infants 
(65, 66), it was reported that both Crs and Rrs were sensitive 
indicators of a bronchodilator effect. Interpretation of those 
data is, however, limited because the studies were performed 
prior to standardization of the technique and intra-individual 
variability was not reported.

Synergism was reported between ipratropium bromide (IB) 
and salbutamol in improving pulmonary mechanics in ventilated 
infants for up to 1–2 h after administration (67). In 10, ventilator-
dependent infants, mean age 25 days, various dose of IB (75, 125, 
and 175 μg) plus 0.04 mg salbutamol were compared to placebo. 
Rrs and Crs were measured by the single breath occlusion 
technique. The greatest decline in Rrs (mean 26%) was seen after 
175 μg IB with salbutamol. The authors, therefore, concluded that 
muscarinic receptors contribute to the increased bronchomotor 
tone of infants with BPD (67). No synergy, however, was shown 
between metaproterenol and atropine with lung function returning 
to baseline after both treatments (68).

All of the above studies were undertaken more than 20 years 
ago, there were no sample size calculations and no long-term 
benefits reported. As a consequence, in the present population of 
premature infants, diuretics should only be given to treat incipi-
ent heart failure in infants with evolving or established BPD and 
stopped as soon as that problem ceases. Equally, bronchodilators 
should only be administered to treat troublesome wheeze and 
continued if the administration is associated with a reduction in 
respiratory support requirements. Administration should be via 
a metered dose inhaler and spacer rather than a nebulizer, as the 
nebulizing fluid can cause bronchoconstriction (69).
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dexamethasone
The efficacy of dexamethasone to prevent and treat BPD has 
been tested in many RCTs. Unfortunately, although systemically 
administered steroids have many positive effects, they have short- 
and long-term adverse effects. As a consequence, attention has 
been given to assessing the response to lower doses and inhaled 
steroids. A 1-week tapering course of dexamethasone starting at 
0.5 mg/kg/day given at 7–14 days of age in ventilator dependent, 
VLBW infants increased pulmonary compliance and decreased the 
incidence of BPD at 36 weeks PCA (70). In a subsequent study, 
the effectiveness of that dose (total dose 2.35 mg/kg) compared 
to a lower dose (total dose 1 mg/kg) was compared. FRC using a 
nitrogen washout technique and Crs by an occlusion technique 
were measured in infants at a mean age of 11 days. The sample 
size was powered to detect that the increase in FRC in the lower 
dose group would be more than 10% smaller than in the higher 
dose group. No significant differences were shown (71). In a RCT, 
10 days of dexamethasone were compared to 100 μg qds per day 
of budesonide in 40 infants with a median postnatal age 27 days. 
The study was powered to detect a difference of 7% in the inspired 
oxygen requirement 1 week after starting therapy. After 36 h, only 
the systemic group had significant reductions in the inspired 
oxygen concentration and Crs and at 1 week the systemic group 
had significantly better results than the inhaled group (72).

Respiratory support
Lung function testing has been used to compare the acute and 
longer-term efficacy of respiratory support techniques. For 
example, in a randomized crossover study, proportional assist 
ventilation (PAV) and assist control ventilation (ACV) were exam-
ined in infants with evolving BPD. When on PAV the infants had 
superior respiratory muscle strength and a lower work of breathing 
and this was associated with better oxygenation (73). Follow-up 
studies assessing the efficacy of ventilation modes demonstrate the 
importance of which lung function technique was employed. In a 
follow-up study of an RCT, no advantage of HFO over conventional 

ventilation (CMV) was reported with respect to lung function at 
1 year corrected, but small airway function was only assessed by 
evaluation of gas trapping (74). In another study, Vmax

¢  FRC was 
assessed at 6 and 12 months in infants who developed BPD. Those 
who were initially supported by CMV showed the expected decline 
in small airway function, but this was not seen in those seen in the 
HRO group. As a consequence, at 12 months, the HFO group had 
superior lung function (75). The results of that non-randomized 
study suggested that HFO might protect small airway function. 
Follow-up at 11–14 years of children who had been entered into 
a neonatal RCT of prophylactic HFO has subsequently proved 
that hypothesis (9).

conclusion and Future directions

•	 Infants who develop BPD have low compliance and lung 
volumes and elevated resistances in the neonatal period.

•	 During infancy, lung function generally improves, but airflow 
limitation persists and small airway function declines.

•	 Improvements in lung function following administration of 
diuretics or bronchodilators have not translated into long-
term improvements in respiratory outcomes, but assessment 
at follow-up has demonstrated neonatal high-frequency 
oscillation appears to protect small airway function.

•	 Further investigation should be undertaken to determine 
whether a lung function assessment accurately predicts 
chronic respiratory morbidity and hence prophylactic 
interventions can be appropriately targeted.

•	 Lung function assessment at follow-up should be incorpo-
rated into all neonatal RCTs, which are aimed at improving 
respiratory outcome.
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Bronchopulmonary dysplasia (BPD) remains a major complication of premature birth.
Despite great achievements in perinatal medicine over the past decades, there is no
treatment for BPD. Recent insights into the biology of stem/progenitor cells have ignited
the hope of regenerating damaged organs. Animal experiments revealed promising lung
protection/regeneration with stem/progenitor cells in experimental models of BPD and
led to first clinical studies in infants. However, these therapies are still experimental and
knowledge on the exact mechanisms of action of these cells is limited. Furthermore,
heterogeneity of the therapeutic cell populations and missing potency assays currently
limit our ability to predict a cell product’s efficacy. Here, we review the therapeutic potential
of mesenchymal stromal, endothelial progenitor, and amniotic epithelial cells for BPD.
Current knowledge on the mechanisms behind the beneficial effects of stem cells is
briefly summarized. Finally, we discuss the obstacles constraining their transition from
bench-to-bedside and present potential approaches to overcome them.

Keywords: bronchopulmonary dysplasia, lung, stem cells, mesenchymal stromal cells, endothelial progenitor cells,
current good manufacturing practice, potency assay

Introduction

The proper ventilation and oxygenation of a premature newborn is the foremost task in neonatology.
But from the first breath of a premature newborn in the delivery room to the spontaneous or
mechanical ventilation on the Neonatal Intensive Care Unit, the immature lung is always exposed to
a non-physiological substance; it is not prepared for at this age: air, containing at least five times the
oxygen concentration of the amniotic fluid (1). The abrupt confrontation of the immature lung to

Abbreviations: AEC, amnion epithelial cell; ARDS, acute respiratory distress syndrome; ATP, adenosine triphosphate;
BMDAC, bone marrow-derived angiogenic cell; BOEC, blood outgrowth endothelial cell; BOS, bronchiolitis obliterans
syndrome; BPD, bronchopulmonary dysplasia; CD, cluster of differentiation; CDH, congenital diaphragmatic hernia; CdM,
conditioned media; cGMP, current good manufacturing practice; COPD, chronic obstructive pulmonary disease; CPC,
circulating progenitor cell; ECFC, endothelial colony forming cell; EPC, endothelial progenitor cell; EpCam, epithelial cell
adhesionmolecule; FBS, fetal bovine serum, FiO2 fraction of inspired oxygen; GvHD, graft-versus-host disease; IPF, idiopathic
pulmonary fibrosis; MSC, mesenchymal stromal cell; PCR, polymerase chain reaction; PDGFR, platelet-derived growth factor
receptor; SCID, severe combined immunodeficiency; SSEA, stage-specific embryonic antigen; TGF, transforming growth
factor; VEGF, vascular endothelial growth factor.
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this and other hostile extrauterine conditions leads to the chronic
lung disease of prematurity or bronchopulmonary dysplasia
(BPD).

Despite advances in the management of premature infants,
respiratory complications still account for approximately one-
quarter of all NICU deaths (2). BPD, characterized by impaired
lung growth, remains the most common complication of prema-
ture birth (3, 4). Currently, there is no effective treatment for
BPD and all present approaches remain either supportive, present
major adverse effects (steriods) or show only small benefits (vita-
min A, caffeine).

Cell-based therapies may open a completely new chapter in the
therapy of BPD.Over the past years, animal studies using stem and
progenitor cells as therapeutics showed very promising results,
which have lead to first trials in human (5). This review sum-
marizes our current knowledge about the therapeutic potential of
these genuine facilitators of lung growth and regeneration.

Stem Cells – Origin of Growth, Repair, and
Disease

Stem or progenitor cells reside in virtually all tissues at all stages
of development. They are generally defined by the ability to
(I) undergo self-renewal and (II) give rise to more differenti-
ated cells. The extent to which these cells can differentiate is
called potency. Stem cells harbor the potential to differentiate
into placental and embryonic tissue (totipotent stem cells of
the morula stage) and along the various embryonic germ lay-
ers (pluripotent, embryonic stem cells). They further give raise
to several adult cell types (multipotent, i.e., hematopoietic stem
cells). Conversely, progenitor cells are thought to give raise to
only one specific adult cell type (unipotent, i.e., type 2 alveolar
epithelial cells).

Toti-, pluri-, and multipotent stem cells enable early develop-
ment of the embryonal structures and subsequent organ differ-
entiation until the beginning of the fetal period approximately
8weeks post conceptionem. After this period, derivates of these
cells can be found as resident stem or progenitor cells in vir-
tually all fetal and adult tissues deriving from all three germ
layers, including the bone marrow (6), gut (7), brain (8), and
lung (9).

Their major task is the facilitation of growth and of tissue
regeneration and maintenance, e.g., providing new, differentiated
cells after cell loss due to normal usage or injury while remaining
in a proliferative, lesser differentiated state on their own (self-
renewal). This happens to various extends. Some tissues – such as
the gut or bonemarrow– contain stem cells with high proliferative
and regenerative capacity, while others – such as the brain and the
heart – grow until adulthood, but have only limited regenerative
potential once damaged.

The lung is a complex organ deriving from endodermal and
mesodermal origin and harbors several endodermal (epithelial)
and mesodermal (mesenchymal and endothelial) stem and pro-
genitor cell types (10), each of them with different capabilities to
differentiate and proliferate. As of now, over 40 different lung cell
types have been described; numerous of them exert more or less
characteristics of stem cells (9–11).

Since enabling growth and regeneration is the main role of
stem or progenitor cells in non-embryonic tissues, organ fail-
ure would suggest a pathology of the organ resident stem cell
population(s). Indeed, several events before (prolonged rupture
of the membranes, oligohydramnios, severe intrauterine growth
restriction, congenital diaphragmatic hernia/CDH) or after birth
(mechanical ventilation, oxygen) may impair stem cell function.
Lung diseases with abnormal growth of lung compartments, such
as the bronchiolitis obliterans syndrome (BOS) following lung
transplantation (12) or lung hypoplasia following CDH (13), can
be linked to dysfunction of the resident progenitor cells.

In BPD, qualitative or quantitative impairment of resident
mesenchymal and endothelial stem or progenitor cells seems
to contribute to the disease pathogenesis or to the incapac-
ity of the lung to repair itself (11). Less is known about the
pathogenic role of stem or progenitor cells in the endodermal,
epithelial lung compartments, such as the bronchioalveolar stem
cells (BASCs) (14).

Conversely, exogenous stem cells or their products derived
from the mesenchymal (14–26), epithelial (27–29), or endothelial
(30, 31) compartment of easily accessible tissue, such as the bone
marrow, placenta, or the umbilical cord prevent or restore lung
damage in animal models of BPD. Most of these data have been
generated in neonatal rodents exposed to hyperoxia, a model
which will be discussed below. Newer models combining several
factors contributing to BPD [such as antenatal hypoxia, inflam-
mation, and mechanical ventilation (32, 33)] will be useful to
assess the pathophysiology of BPD and therapeutic benefit of cell
therapies more completely. Various cell therapies have been pro-
posed (34), and the following paragraphs will focus on the most
extensively explored therapeutic stem cells for BPD:mesenchymal
stromal cells (MSCs), endothelial progenitor cells (EPCs, includ-
ing endothelial colony forming cells, ECFCs), as well as amnion
epithelial cells (AECs).

MSCs as Therapeutic Cells

Mesenchymal stem or stromal cells (MSCs) are the most promis-
ing cells in regenerative medicine. Their therapeutic potential is
currently investigated in virtually every disease one can think of.
As of February 2015, PubMed lists over 37,500 references for these
cells; almost double the number from 2012 (35).

First described in hematopoietic tissues by Friedenstein and
his colleagues in 1970 (36), MSCs have been identified in adult
organs deriving from the mesodermal germ layer, including the
bone marrow and adipose tissue. Furthermore, they can be found
in fetal-restricted mesodermal derivates like the umbilical cord
stroma and cord blood as well as in the placenta and the amniotic
fluid [comprehensively reviewed by Hass and colleagues (37)].
Interestingly, MSCs have also been identified in tissues deriving
from the (ectodermal) neural crest, such as the mandibula (38).

Cord-derived MSCs from the Wharton’s Jelly are of particu-
lar interest for the treatment of neonatal diseases. Indeed, the
umbilical cord stroma is

• readily available at birth and thus clinically relevant
• with 100 million births worldwide a large source of stem cells
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• safe and painless to the mother and her child as cells are har-
vested after delivery from otherwise discarded tissue and thus
devoid of ethical dilemma

• importantly, these cells hold superior healing capabilities com-
pared to adult bone marrow cells (39).

As implied by their multiple residence tissues, MSCs represent
a very heterogeneous cell population (40, 41). MSCs from one
source exert different properties thanMSCs from another (37, 42).
Some cells within the MSC population are true stem cells with
the potential to undergo complete self-renewal and some are not.
Therefore, the global population of MSCs should be identified
as “mesenchymal stromal cells” rather than “mesenchymal stem
cells” (35).

The minimal criteria to define a MSC (41) are widely accepted,
but relatively loose and include the following four:

• The ability of the cell to adhere and grow on plain, uncoated,
tissue culture treated plastic surfaces, e.g., the ability to secrete
large amounts of extracellular matrix.

• The presence of CD73, CD90 (thymocyte antigen thy-1), and
CD105 (endoglin 1) on the cell’s surface.

• The absence of the surface markers CD34, CD45,
CD14/CD11b, CD19/CD79α, and HLA-DR, which label
various cell lines from the hematopoetic lineage.

• The ability of the cells to differentiate along adipogenic,
osteogenic, and chondrogenic lineages when stimulated
in vitro.

These criteria were initially created to define MSCs derived
from the bone marrow, where they need to be distinguished from
the hematopoietic stem and progenitor cells giving rise to the
blood cell lines. But as mentioned above, MSCs can also be found
in other organs and tissues where they need to be distinguished
from resident,mature fibroblasts, endothelial cells, and other non-
hematopoetic cell types. Therefore, additional criteria for defining
potentially therapeutic MSCs from, i.e., the umbilical cord or
the adipose tissue, are required and currently under develop-
ment. Several additional surface markers including CD10, CD29,
CD106, CD146, CD166 orCD200 (42), andCD271 (43) have been
proposed.

Bone marrow-derived MSCs exert a robust differentiation
potential along osteogenic, chondrogenic, and adipogenic lin-
eages. Conversely, some MSC populations can be differentiated
into epithelial (44, 45), endothelial (46), and neural cells (47) while
lacking the ability to differentiate along certain other, i.e., chon-
drogenic lineages (35). Therefore, criteria for a characterization
by trilineage differentiation may need to be revised as well.

Functional tests, such as the assessment of the cell’s immune-
regulatory properties (48) and their secretome (49) following
specific stimuli, gain importance and will open a new avenue for a
functional, rather than a morphological description of potentially
therapeutic MSC products. Nevertheless, a single, striking marker
or feature to define an MSC has not yet been found; neither is
there a valid test to assess the “stemness” or “therapeutic poten-
tial” of such a cell, a major problem, which will be discussed
below.

Lung-Resident MSCs and the Development
of BPD
Our current understanding of normal alveolar growth and the cel-
lular and extracellular mechanisms behind its regulation suggest a
crucial role of tissue-resident lung stem cells from mesenchymal,
endothelial, and epithelial origin in this complex process (50,
51). Therefore, damage to the resident lung stem or progenitor
cells – by inflammation, hyperoxia, malnutrition, shear stress, or
other influences – may results in a loss or severe impairment of
endogenous growth and regeneration potential.

The lung-resident MSC may play a critical role as regulator of
lung development, coordinating epithelial and endothelial growth
(52). When these cells become damaged in preterm infants, lung
development gets out of sync leading to BPD. The properties of
human neonatal and fetal lung MSCs are currently under investi-
gation. While resident lung MSCs are by far not as well described
as, i.e., BM-MSCs or adipose tissue-derived MSCs, pioneering
work by Dr. Hershenson’s group found that the presence of MSCs
in the tracheal aspirates of ventilated preterm infants predicted
BPD (53–55).

These cells express less platelet-derived growth factor-receptor
alpha (PDGFR-α) as compared toMSCs frombabies without BPD
(56). Furthermore, they present a profound autocrine production
of transforming growth factor beta 1 (TGF-1) (57) and increased
β-catenin signaling (58). The disruption of these pathways con-
trolling the myofibroblastic differentiation (PDGFR-α, TGF-β1,
and β-catenin) leads to disrupted formation of alveolar tips and
interstitial lung fibrosis (58, 59). Moreover, the function of spe-
cific lung-resident stem cells with mesenchymal, endothelial, and
epithelial differentiation potential (lung side population cells) (60)
is disrupted in murine hyperoxia-induced lung injury (61).

Therefore, these findings suggest that damage to endogenous
MSCs may contribute to the disease pathogenesis of BPD. Con-
versely, exogenous MSCs show consistent therapeutic benefits in
experimental neonatal lung injury models. How these exogenous
MSCs affect resident lung MSCs is unknown.

Therapeutic Benefits of Exogenous MSCs
The beneficial effects of exogenous MSCs have best been
described in hyperoxia-induced rodent models mimicking BPD
(33, 62, 63). Rodents are convenient because they are born at the
saccular stage of lung development, which corresponds to the lung
developmental stage of a human infant born at 26–28weeks of ges-
tation (62). To summarize the models in brief, term born rodents
are exposed to hyperoxia (FiO2 0.60–0.95) for 1–2weeks; rats
or mice subsequently develop structural lung changes consistent
with pathological findings of human infants that died with BPD
(64). Alveolar simplification, capillary rarefaction, and leakage
with extravascular fibrin and plasma protein accumulation, lung
fibrosis with increased collagen and disordered elastin deposition,
pulmonary hypertension, as well as influx of inflammatory cells
can be observed (33, 62, 63).

A second model using prematurely delivered baboons model
at 125 days and mechanically ventilated for 2weeks offers unique
opportunities to test promising (stem cell-based) therapies in a
model close to the clinical setting (65). Due to the close rela-
tionship to man, long-term effects of treatment on growth and
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development can easily be observed, giving valuable information
for clinical applications in premature human infants.

Mesenchymal stromal cells have striking beneficial effects
in the hyperoxia-induced model of BPD. In 2007, Tian et al.
(26) reported that intravenous injection of bone marrow-derived
MSCs ameliorates the oxygen-induced neonatal lung injury. Two
papers published simultaneously by Aslam et al. (24) and van
Haaften et al. (25) in 2009 demonstrated that MSCs derived
from the bone marrow of healthy, adult rodents prevent oxygen-
induced neonatal lung injury.

Both authors administered MSCs on postnatal day 4 before
exposing the pups to hyperoxia to assess the preventive potential
of the cells. Aslam and colleagues administered 5× 104 cells
(approximately 5× 106 cells/kg bodyweight) intravenously,
whereas van Haaften et al. used an intratracheal administration
route and applied double the dose (1× 107 MSCs/kg bodyweight).
A significant decrease in alveolar wall thickness as well as an
increase in vessel density and alveolar septation was observed
in both studies. Furthermore, increased exercise capacity and
reduced pulmonary hypertension was noted (18, 25).

Remarkably, very few of the injected cells were retained in the
lung, indicating that cell engraftment contributes minimally – if
at all – to the therapeutic benefit of MSCs. The intratracheal,
intraperitoneal, or intravenous administration of cell free condi-
tioned medium (CdM; concentrated tissue culture supernatant of
MSCs) showed beneficial effects comparable to whole cell therapy.
However, as no reliable methods to describe and normalize doses
and composition of CdM have been utilized, a direct comparison
of the two therapy regimens is inaccurate.

These experiments have been repeated several timeswithMSCs
from the rat or human bone marrow (14, 17, 18, 21) or human
cord blood (16, 22, 23, 66) and their respective conditioned media
with similar results [reviewed by Fung et al. (67)]. Furthermore,
recent pre-clinical studies by Chang and colleagues investigated
the influences of the dose (22), timing (66), and administration
route (23) of MSCs in a rat model of BPD. These studies favor
an early, intratracheal administration of 0.5–5× 107 MSCs/kg
bodyweight.

MSCs and their CdM were also able to rescue hyperoxia-
induced lung injury (16). Moreover, the beneficial effects of a
treatmentwith these cells are not transient. Adult rats that received
MSCs in their neonatal period before (16), during (17), or after
exposure (16) to hyperoxia show persistent improvements in lung
architecture, exercise capacity, and vascularization in long-term
follow-up studies up to 6months.

The exact mechanism behind the effects remains unclear.
Secreted anti-inflammatory proteins, angiokines, and other
lung protective substances including stanniocalcin-1 (19, 68),
prostaglandin E2 (12), and TNF-stimulated gene/protein 6
(TSG-6) (69–71) are strongly suggested to account for the short-
term effects and protect the lungs against the acute injury. These
substances secreted by theMSCs blunt the immediate and oblique
injury effects like the influx of inflammatory cells and their asso-
ciated deleterious effects. This has not only been described in
neonatal hyperoxic models but also in several other experimental
studies using bleomycin (72), lipopolysaccaride (73), ovalbumin
(74), or prolonged ventilation (75) to challenge the lung.

The pathophysiology of BPD is not limited to inflammation,
despite a major contribution of this process to the development
of the disease (76). BPD is a multi-factorial disease and the char-
acteristic and life-impairing feature of BPD – compromised alve-
olar growth beyond the neonatal period – can best be explained
by a persistent impairment of the mechanisms regulating lung
growth and development, including the resident stem/progenitor
cells.

The M&M’s of Therapeutic Cells – Microvesicles
and Mitochondria in Long-Term Effects of MSCs
As described above, very few cells engraft in the lung (25). The
engrafted cells die rapidly and are not detectable with quantitative
PCR methods or high-specific stainings after a few weeks when
xenogeneicMSCs (=cells from a different species) were used (16).
Authors using an allogeneic approach described a comparably
low, but prolonged engraftment (up to 100 days) into the alveolar
wall with potential transdifferentiation into surfactant-protein C
producing cells (17, 25).

However, these events are very rare and do not contribute to
the therapeutic effect of MSCs in vivo [reviewed by Kotton and
Fine (77)]. Engraftment and transdifferentiation of MSCs may
be considered as artifacts of the immunohistochemical detection
method (78).

Microvesicles as Carriers of Therapeutic Agents
As discussed previously, secreted proteins mainly account for the
short-term effects of transplanted MSCs or their CdM. But a
long-term effect on the lung cells cannot be explained by just
a single administration or secretion of cytokines. Extracellular
vesicles, small microparticles containing nucleic acids, proteins,
and lipids (79) may answer this question. Specific subtypes of
these particles – so-called exosomes – are secreted by numer-
ous cell types, including MSCs (80). They harbor the potential
to reduce inflammation and blunt hypoxia-induced pulmonary
hypertension (80) as well as to ameliorate endotoxin-induced lung
injury (81).

Exosomes are, besides cytokines and other secreted proteins,
the potential therapeutic components of conditioned medium. As
reviewed comprehensively by Colombo et al. (79), exosomes can
be taken up into the target cell by various mechanisms. Specific
nucleic acids – so-called microRNA (82) – can transpose to the
nucleus and silence specific genes for long periods (83) or interfere
with the protein translation. These mechanisms could account for
long-term beneficial effects on damaged lung cells in BPD.

Therapeutic Mitochondrial Transfer in Lung Disease
Another mechanism contributing to the long-term efficacy of
MSCs may be the transfer of mitochondria from MSCs to dam-
aged lung cells. Mitochondrial dysfunction plays a critical role
in the development of experimental BPD in primates (84) and
rodents (85–88).

In 2006, mitochondrial transfer from MSCs to other cells
in vitro was described (89). Recent in vivo studies revealed that
mitochondrial transfer plays a crucial role in animal models of
lung injury. Intratracheally administered MSCs form microtubes
and transpose mitochondria toward damaged alveolar type II
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cells, which leads to higher alveolar ATP-content and profound
protection against lipopolysaccharide-induced acute lung injury
(90). In chronic lung injury, therapeutic cells were able to reduce
the alveolar damage as well as the interstitial fibrosis by mito-
chondrial transfer (91). Data supporting the role of mitochondrial
transfer in neonatal chronic lung disease are pending.

Safe, Efficacious, Effective? MSCs in Clinical
Studies
These promising laboratory studies have lead to early phase
clinical trials exploring the feasibility and safety of MSCs in
various pulmonary diseases (Table 1). Chang et al. recently
completed the first phase I dose escalation study using allo-
geneic human umbilical cord blood-derived MSCs in 9 preterm
infants at risk of developing BPD (5). They administered
1× 107 or 2× 107 MSCs derived from the cord blood of
healthy-term infants intratracheally and observed no serious
adverse events or acute toxicity of the cells. Currently, sev-
eral follow-up studies evaluating the long-term effects of the
administered cells are listed on www.clinicaltrials.gov, and a
placebo-controlled phase II trial (NCT01828957) is recruiting
patients.

Clinical studies with MSCs are warranted. Obviously, MSC
therapy in the neonatal population requires extremely careful
risk-benefit considerations. Lessons learned from large, placebo-
controlled phase III clinical trials usingMSCs in steroid-refractory
graft-versus-host disease (GvHD) (93) suggest that despite very
promising results in animal models and phase I and II studies
(94) current MSC preparations have no predictable therapeutic
effect. Therapy with MSCs is complex and influenced by more

factors than other cellular therapies, such as blood transfusions
or hematopoietic stem cells for bone marrow transplantation.

MSCs – a Pharmaceutical Product in the Making
A major problem for clinical trials is the heterogeneity of the cell
population termed MSCs. The markers and features defining an
MSC are still evolving. As outlined previously, the cells charac-
teristics, such as surface marker-, protein- and gene expression
vary with the source, isolation, culture and expansion methods
and donor age (35). Virtually every laboratory established (and
patented) its own protocols for isolation and culture of MSCs
from various sources, which makes it difficult to compare even
the results of pre-clinical studies (95).

For clinical trials, a defined, clinical-grade cell product is
required. As of now, over 80% of the MSCs used in clinical
studies are expanded in media containing fetal bovine serum
(FBS) (42), a crude and undefined mixture of growth factors
and various bovine proteins. Beyond the unknown influences of
various FBS preparations on the therapeutic effect of MSCs, even
the potential risk of a pathogen transmission (viruses, prions)
makes cells cultured with FBS not optimal for a clinical therapy
(96). Based on theMSCs source,many other products used during
the isolation process – including enzymes and growth factors –
also derive from animal origins. Ideally, a product suitable for
administration to a critically ill patient should be produced under
current good manufacturing practice (cGMP)-conditions using
defined xenogenic free chemicals.

Furthermore, it is crucial to accurately monitor growth and
aging of MSCs in vitro. It is known that MSCs age during ex vivo
expansion and that this influences biological properties of the

TABLE 1 |MSCs in clinical trails for pulmonary diseases.

Condition Phase Design Number of
participants

Cell origin NCT ID

Adult ARDS I Open 10 bm-msc (allo) NCT02215811
I Randomized, double-blind 9 bm-msc (allo) NCT01775774
II Randomized, placebo-controlled,

double-blind
60 bm-msc (allo) NCT02097641

I Randomized, placebo-controlled,
double-blind

20 at-msc (allo) NCT01902082

Air leakage after lung
resection

I/II Open 10 msc N/S (auto) NCT02045745

Asthma I/II Open 20 cdm-uc (allo) NCT02192736

BPD I
‡
(5) Open 9 ucb-msc (allo) NCT01297205

I Open 12 ucb-msc (allo) NCT02381366
II Randomized, placebo-controlled,

double-blind
70 ucb-msc (allo) NCT01828957

COPD II
‡
(92) Randomized, placebo-controlled,

double-blind
62 bm-msc (allo) NCT00683722

IPF I Open 18 bm-msc (auto) NCT01919827

I
‡

Open 8 pla-msc (allo) NCT01385644
II Randomized, open 60 at-msc (auto) NCT02135380

BOS after lung transplantation I Open 9 bm-msc (allo) NCT02181712
I Open 10 msc N/S (allo) NCT01175655

Pulmonary emphysema I/II Randomized, open 30 bm-msc (allo) NCT01849159

Ongoing and completed interventional clinical trails listed on www.clinicaltrials.gov using mesenchymal stem or stromal cells to treat diseases of the lung.
‡Completed trials are marked with a diesis.
pla-msc, placenta-derived MSCs; bm-msc, bone marrow-derived MSCs; ucb-msc, umbilical cord blood-derived MSCs; at-msc, adipose tissue-derived MSCs; cdm-uc, conditioned
media from umbilical cord-derived MSCs; msc N/S, source of cells not specified; allo, allogenic cells; auto, autologous cells.
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cells (97). Different methods to determine the age of MSCs
have been utilized. Most investigators and companies producing
MSCs determine the passage number, an easy but very inaccurate
parameter influenced by many factors (98). Therefore, it is not
possible to determine if insufficient clinical effects are caused by
real therapy failure or just by the fact that senescent therapeutic
cells have been administered. A better way than counting passages
might be the implementation of cumulative population doubling
measurements (99) and biochemical assays, such as telomere
attrition or β-galactosidase activity (100).

Prolonged culture ofMSCsmay also lead to genetic instabilities
(101, 102). The spontaneous malignant transformation of MSCs
observed in long-term culture experiments (103) has been proven
to be an in vitro contamination artifact (104). However, the risk
of tumorigenicity in MSC-based therapies is still under discus-
sion (99). A direct tumor formation seems unlikely, as MSCs do
not engraft. Indeed, in rats receiving MSCs for BPD no tumor
masses were seen 6months after therapy with the cells (16). The
risks of increased tumor formation by long-term immunosup-
pression (99) or the previously discussed stem cell-stimulating
effects remain unclear. A first meta-analysis of clinical trials using
MSCs showed no increased tumor risk in over 1000 patients
after 3–60months after treatment (105). But as with every drug,
definitive data regarding these issues can only be acquired in large
clinical trials.

While MSCs are immune-privileged and as such enable allo-
geneic cell therapy, autologous cell therapy has also been advo-
cated for. Autologous therapymay be associated with lower ethical
and technical boundaries than therapy with allogeneic cells. Con-
versely, the autologous approach is logistically more challenging
as it requires the manipulation of a fetal tissue (cord blood, cord
stroma . . .) ex vivo. Therefore, each product will need to be sub-
jected to a rigorous sterility and quality testing, which takes time,
financial, and human resources as opposed to a ready-to-use off-
the-shelf allogeneic cell product. It is also not yet clear for which
preterm infant an autologous cell product should be processed.
Furthermore, the autologous approachmay not always be possible
(outborn) or potentially deleterious (severe chorioamnionitis).
These considerations will mature over time as knowledge and
manufacturing technologies advance, allowing us to rationally
determine the best possible cell product.

The Quest for a “Potency Assay”
One fundamental problem hampering the widespread use of
MSCs in clinical trials is the absence of valid assays to assess their
quality or “therapeutic potential” prior to usage.

In applications were the anti-inflammatory effects of MSCs are
predominant (like GvHD), tests assessing the immunosuppressive
potential of the therapeutic cells may overcome this obstacle (100,
106). In brief,MSCs are co-culturedwithmitogen-stimulated allo-
geneic lymphocytes. They suppress the induced proliferation of
the inflammatory cells to various extends via paracrine effects fol-
lowing direct cell-cell interaction. A simple automated cell count
assesses the “therapeutic potential” of the MSC-population in this
setting. An even faster and easier method uses the interleukin-10
stimulated expression of a specific subtype of the HLA-receptor
complex (HLA-G) on the surface of MSCs (107) to assess their

immunosuppressive potential. By now, it has not been validated if
cells with higher anti-inflammatory potential in vitro lead to better
therapeutic effects in vivo (100).

The situation for multi-factorial diseases affecting the lung –
such as BPD – is, however, more complicated. As outlined previ-
ously, the mechanisms behind the beneficial effects of MSCs in
BPD are complex and involve cytokines, the direct or paracrine
interactionwith resident cell types andmaybe the transfer ofmito-
chondria or exosomes. Therefore, the generation of such a simple
functional assay is far ahead. In vitro approaches might involve
the ability of MSCs to support the generation of alveolospheres
out of murine alveolar type II cells in 3D organoid culture systems
(108). The assessment of strain resistance in alveolar epithelial
cells co-cultured with MSCs in vitro might be another interesting
approach. Nevertheless, all these approaches remain far from an
easy, fast, cheap, and reliable potency assay.

In summary, MSC therapies are promising and clinical condi-
tions, such as BPD, urge for efficient treatment strategies. How-
ever,MSC therapies also represent a disruptive technology and for
now, not a single trial investigated MSC products in man that met
all current regulatory or cGMP criteria (95, 109). A safe and high-
qualitative cell product to use in trials is still missing. As outlined
recently in a position paper by Wuchter et al. (100), standardiza-
tion and rigorous quality control of the production process is the
conditio sine qua non for successful clinical testings usingMSCs. If
the product does not fulfill these criteria, how should we interpret
the clinical results? Every disruptive technology is imperfect at the
beginning and needs to evolve with experience and time. But it is
imperative to do due diligence and obtain the best possible cell
product before testing it in our most vulnerable patients.

No Vessels, No Lung Growth: Progenitor
Cells from the Endothelial Lineage

Simplification of the pulmonary vasculature is a hallmark of BPD
(110), and angiogenesis is crucial for normal postnatal alveolar
development (111). Hyperoxia-induced lung injury can be attenu-
ated by increasing the pulmonary supply of angiokines like VEGF
in rodents (111, 112). Accordingly, if vascular growth factors and
lung angiogenesis contribute to the integrity of the lung, then
vascular progenitor cells are appealing candidate cells likely to be
involved in the same mechanisms.

After their first description as circulating cells in the peripheral
blood by Asahara et al. (113), endothelial progenitor cells have
been shown to promote the repair of damaged blood vessels in
various disease models [reviewed by Mund and colleagues (114)].
They are further investigated as biomarkers of cardiovascular
diseases [reviewed by Sen et al. (115)]. EPCs harbor the potential
to form tube-like structures on matrigel matrices in vitro, home
to ischemic sites in vivo, and augment angiogenesis by paracrine
effects (116).

However, the population termed EPCs is not homogeneous,
and the exact origin and definition of these cells remain unclear.
A direct relationship of EPC subsets to the myeloid progenitor
line has been described (117). Two groups provided evidence
for a hierarchy within circulating EPCs and identified a specific
subset named blood outgrowth endothelial cells (BOEC) (118) or
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endothelial colony forming cells (ECFCs) (119). This population,
further referred to as ECFCs, is thought to contain the therapeu-
tically active progenitor cells of the endothelial lineage (117). In
contrast to the global EPC population, ECFCs lack expression of
CD133 and CD115, exert high-clonal proliferative potential and
harbor the ability to form vessels de novo when transplanted into
immunodeficient SCID-mice [recently reviewed by Basile and
Yoder (116)].

Endothelial Progenitors in BPD
Using a mouse model of BPD, Balasubramaniam et al. described
that hyperoxia-induced lung damage depletes circulating EPCs
and bone marrow-derived angiogenic cells (BMDACs) (120).
Administration of BMDACs from healthy mice rescues the alveo-
lar and vascular structure after O2 injury (31).

The role of circulating endothelial progenitors in the pathogen-
esis of BPD was further confirmed in studies with human infants.
Borghesi and colleagues described that high numbers of ECFCs
in the cord blood of preterm babies are associated with a lower
risk to develop BPD (121). Interestingly, the blood counts of non-
ECFC endothelial progenitors fail to predict or correlate to any
disease associated with preterm birth (122), further substantiating
the role of circulating ECFCs. Baker et al. also reported the asso-
ciation between low-ECFC counts and the development of BPD.
They further showed that a decreased ratio between circulating
progenitor cells with pronounced in vitro angiogenic potential
(CPC) and those without (non-angiogenic, non-CPC) predicts
the development of moderate or severe BPD (123). Moreover,
ECFCs isolated from preterms are more prone to oxidative stress
than cells from term infants (124). CdM from cord blood-derived
ECFCs obtained from term infants promotes growth of the pul-
monary vasculature, but fails to promote alveolar septation in
bleomycin-induced lung injury (125).

The lung also harbors its own resident progenitor cells with
vasculogenic capacity (30, 126, 127). Human fetal and neonatal
rat lungs contain ECFCs with robust proliferative potential, sec-
ondary colony formation on replating, and de novo blood vessel
formation. Exposure to hyperoxia in vitro and in vivo impedes
ECFC function as exemplified by decreased proliferation, clono-
genic, and angiogenic capacity. In experimental chronic hyperoxic
lung injury in rats, administration of human cord blood-derived
ECFCs restored resident lung ECFC colony- and capillary-like
network-forming capabilities, lung function, alveolar and lung
vascular growth, and attenuated pulmonary hypertension. At
10months post-ECFC therapy improvement in lung structure,
exercise capacity, and pulmonary hypertension persisted without
signs of adverse effects (30). Comparable to MSCs, the benefit
seems to be mediated by a paracrine effect since cell engraftment
was minimal and CdM from ECFCs exerted similar therapeutic
benefit to whole cell therapy.

Room for a Clinical Application?
As of February 2015, no clinical trials using endothelial progenitor
cells or their CdM as therapeutic agents in BPD are listed on
www.clinicaltrials.gov. In the past,Wang et al. conducted two clin-
ical trials in adult patients suffering from idiopathic pulmonary
hypertension (NCT00641836 and NCT00257413). They used a

heterogeneous preparation of autologous endothelial progenitors
and demonstrated safety and feasibility as well as significantly
increased exercise capacity and reduced pulmonary blood pres-
sures 12weeks after intravenous administration (128). A Cana-
dian phase I study using EPCs transfected with endothelial nitric
oxide synthase (eNOS) in seven patients has recently been com-
pleted (NCT00469027); final results are pending.

EPCs for therapeutic purposes could be isolated from easily
accessible peripheral blood or cord blood without the ethical
problems raised by a bone marrow puncture to obtain BMSCs.
With the SCID-mouse transplantation assay, an excellent and
reliable method assessing the functional capacity of ECFCs is
available (117). However, the relatively complicated isolation and
expansion process requires sophisticated (and expensive) media
as well as many manual steps including the individual lifting of
emerging colonies (117, 119).

As of today, no large-scale production technique has been
developed to reliably isolate the quantities of cells required for
clinical studies. Compared to MSCs, less is known about the
behavior of EPCs or ECFCs in vivo and in vitro. Nevertheless,
given the importance of angiogenesis for a large variety of diseases,
cell-based vascular therapies will rapidly develop as our under-
standing of EPC biology advances in parallel with our knowledge
in bioengineering and cell manufacturing.

Not Stem Cells, Still Therapeutic: Amnion
Epithelial Cells

Cells from the human amniotic epithelium (AECs) represent the
third cell population that has been explored in experimental BPD.
The amniotic membrane is widely used as an effective and low-
immunogenic material to patch large skin defects (129). This
tissue contains epithelial cells with distinct regenerative (130)
and an anti-inflammatory potential (131) comparable to MSCs
(132). AECs further possess the potential to differentiate along
mesodermal, ectodermal, and endodermal lineages in vitro (130)
and are considered “stem-like cells” (133).

In 2010, Moodley and colleagues described that i.v. injection
of AECs abrogates lung fibrosis and inflammation in bleomycin-
challenged immunodeficient mice. Furthermore, the cells homed
and engrafted permanently into the damaged lung tissue, acquired
the phenotype of alveolar type II cells, and started producing
surfactant (133). In immunocompetent animals, similar effects
without cell engraftment were observed (134). The potent anti-
inflammatory and anti-fibrotic effects led to studies in fetal
sheep with intraamniotic LPS-induced lung injury. Here, i.v.
administration of AEC to the unborn lamb led to reduced lung
inflammatory cytokines without significant improvements on
lung structure (29).

In a study using in utero ventilation of fetal sheep to induce
BPD-like changes in lung histology, Hodges et al. demonstrated
significant improvements of the lung structure after combined i.v.
and intratracheal administration of AEC during the ventilation
procedure. Engraftment and transdifferentiation of AECs into
alveolar type I and type II cells were noted. However, these rare
events did not contribute to the overall impact of AECs in this
animal model (28).
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Currently, no clinical trials using AECs in pulmonary diseases
are listed. However, AECs are investigated in a clinical trial for
ocular limbal stem cell deficiency (135). Large quantities of the
AECs can easily be produced from birth-associated tissues. But by
now, no clear definitions and characterization regimen to define
amniotic epithelial cells exist (136). Cells used in pre-clinical
studies represent heterogenous populations, expressing a large
variety of surfacemarkers labeling pluripotent (SSEA-4), epithelial
(cytokeratin-7, EpCam), and mesenchymal cells (CD73, CD90,
CD166, among others) (29, 133). Nevertheless, first encouraging
steps toward controlled, cGMP-conform isolation methods have
been undertaken (137).

Conclusion

Cell therapies represent the next paradigm shift in medicine.
Unlike previous therapeutic game-changers, such as small
molecules and biologics, cells are part drug and part device,
which can sense diverse signals, interact with their environment,
integrate inputs to make decisions, and execute complex response
behaviors (138). These unique attributes of stem cells have been
harnessed for organ regeneration. In the developing lung, various
cell types includingMSCs, EPCs, andAECs harbor the fascinating
potential to provide pleiotropic therapeutic agents to protect from
and restore lung damage. These cells are thus ideally suited not
only for the treatment of a multi-factorial disease, such as BPD,
but also for other complications of extreme prematurity.

Phase I trials with MSCs have already started and while the
time is ripe for carefully designed early phase clinical trials,
more progress is required to better understand the mechanisms

of action and to optimize cell products. As with all disruptive
technology, there is a steep learning curve in the beginning and
the first product may be imperfect. Early on, common reference
standards of the isolation and manufacturing process should be
established to ensure uniformly high quality, effective and prac-
tical cell products. This will be crucial not only to ensure success
of stem cell clinical trials but also to interpret and compare these
trials. Finally, establishment of registries of all treated patients are
imperative to ensure long-term follow-up.

Three excellent reviews further addressing the obstacles of bench-
to-bedside transition of current stem cell therapeutics have been
written byD. Prockop, S. Prockop, and I. Bertonello (95), G. Daley
(139) and M. Fischbach, J. Bluestone, and W. Lim (138).
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Animal models, learning lessons to
prevent and treat neonatal chronic
lung disease
Alan H. Jobe*

Division of Pulmonary Biology, Cincinnati Children’s Hospital Medical Center, University of Cincinnati, Cincinnati, OH, USA

Bronchopulmonary dysplasia (BPD) is a unique injury syndrome caused by prolonged
injury and repair imposed on an immature and developing lung. The decreased septation
and decreased microvascular development phenotype of BPD can be reproduced in
newborn rodents with increased chronic oxygen exposure and in premature primates and
sheep with oxygen and/or mechanical ventilation. The inflammation caused by oxidants,
inflammatory agonists, and/or stretch injury frommechanical ventilation seems to promote
the anatomic abnormalities. Multiple interventions targeted to specific inflammatory cells
or pathways or targeted to decreasing ventilation-mediated injury can substantially
prevent the anatomic changes associated with BPD in term rodents and in preterm
sheep or primate models. Most of the anti-inflammatory therapies with benefit in animal
models have not been tested clinically. None of the interventions that have been tested
clinically are as effective as anticipated from the animal models. These inconsistencies
in responses likely are explained by the antenatal differences in lung exposures of the
developing animals relative to very preterm humans. The animals generally have normal
lungs while the lungs of preterm infants are exposed variably to intrauterine inflammation,
growth abnormalities, antenatal corticosteroids, and poorly understood effects from the
causes of preterm delivery. The animal models have been essential for the definition of the
mediators that can cause a BPD phenotype. These models will be necessary to develop
and test future-targeted interventions to prevent and treat BPD.

Keywords: prematurity, lung injury, inflammation, oxidant injury

Introduction

My charge is to evaluate the contributions from animal models that have resulted in better care
to prevent and treat chronic lung disease in newborns, which I will refer to as bronchopulmonary
dysplasia (BPD). I will focus exclusively on the BPD associated with very preterm birth (1). This
review will move between observations in animal models and the clinical syndrome of BPD with a
skeptical eye toward how results from models have translated to clinical outcomes. The cynic might
say that there has been no progress in the care of infants with BPD based on a recent systematic
review of randomized controlled trials (RCT) for the prevention of BPD (2). Of 47 RCTs for drug
therapies, only eight showed benefits for five agents (vitamin A, caffeine, dexamethasone, inositol,
and clarithromycin) and none of the 47 trials were registered for an Investigational New Drug
for BPD. This depressing perspective is in part the result of the lack of trial data to document
the continuing improvements in respiratory support and general clinical care that have strikingly
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Jobe Lessons from animal models

decreased mortality for preterm infants since 1967. For example,
the two major interventions of surfactant and antenatal corticos-
teroid treatments decrease the incidence and severity of respira-
tory disease syndrome (RDS) and decrease mortality after very
preterm birth (3, 4). The collateral damage of increased survival
is that more high infants are at risk of developing BPD. Antenatal
corticosteroids and surfactant change the population of infants at
risk for BPD but do not decrease the incidence of BPD. As the dis-
ease has evolved to primarily occur in the most immature infants,
the concepts about pathophysiology depend more on studies of
developing lungs in preterm and term animals. This review will
focus primarily on models of BPD in term newborn and preterm
animals. My perspective of the pathophysiology of BPD is that the
programs required for normal lung development from the saccu-
lar to the alveolarized lung are clashing with prolonged exposures
to lung injuries from oxygen toxicity, mechanical stretch, and
inflammation and simultaneously with repair programs to yield a
most complex and varied pathophysiology (Figure 1). Each of the
three elements in the equation – development, injury, and repair –
is crucial to anticipating how an animal model might contribute
to understanding the pathophysiology of BPD and to the testing
of treatment strategies.

An Historical Perspective on Animal
Models of BPD

Oxygen and BPD
Soon after the description of BPD as a progressive lung injury in
ventilated premature infants exposed to at least 150 h of 80–100%
oxygen (5), Northway’s group reported that newborn mice sur-
vived for weeks in 100% oxygen with only a small increase in
lung wet weights (6, 7). In contrast, adult mice died within sev-
eral days and had heavy and inflamed lungs. The histopathology
in the newborns demonstrated type II cell proliferation and a
hypertrophic bronchiolar epithelium. This increased survival of

FIGURE 1 | Overview of “big events” in pathophysiology of BPD. The
three major programs that are active during the course of BPD are lung
development, injury, and repair. The major injuries are from oxygen and
ventilation-associated inflammation. The time line for the fetus and infant
occurs over months to years, which contrasts to studies in term rodent
models.

newborns occurred despite low levels of the antioxidant enzymes
that ostensibly should put the newborn lung at increased risk of
injury (8). Nevertheless, the most frequently used animal model
for evaluating therapies for BPD is the newborn rodent – rats or
mice – exposed to various amounts of oxygen for periods of days
to weeks as reviewed by Hilgendorff et al. (9).

These rodent models are attractive as they are reproducible,
readily available, and relatively inexpensive. Oxidant injury of
the newborn rodent lung delays saccular septation to alveoli,
increases mesenchymal cellularity, causes a persistent inflamma-
tory response, blocks capillary formation in the distal lung, and
causes pulmonary hypertension (10). These changes are similar
to the abnormalities described for the lungs of infants who have
died of BPD after several months of life (11). Oxygen toxicity
models are deceptively simple and are assumed to capture the key
elements of the pathophysiology of BPD. However, multiple vari-
ables of relevance to BPD canmodulate oxygen toxicity responses.
As noted above, high concentrations of oxygen kill adult rodents
within about 3 days but newborns can survive for weeks in 100%
oxygen (6). This transition to oxygen sensitivity occurs after about
30 days of age in the rat (12). Calorie restriction of pregnant rats or
newborn rabbits increases the oxygen sensitivity of the lung (13).
In adult rats and mice, a variety of exposures prior to an exposure
to 100% oxygen can greatly decrease mortality from oxygen – the
phenomenon of preconditioning. For example, adult rats exposed
to 100% oxygen for 48 h and then returned to air for 24 h prior to
a second exposure to 100% oxygen survived for 7 days (14). A pre-
exposure of adult rats to endotoxin survive for >3 days in oxygen
(15). Fetal sheep exposed to antenatal corticosteroids or to intra-
amniotic endotoxin have large increases in antioxidant enzymes
in the fetal lungs (16, 17). Many infants at risk of BPD have
been exposed to intra-amniotic infection, corticosteroids, and
nutritional deficits. Further, hypoxia is a potent preconditioning
exposure (18). The assumption generally is that extremely low
birth weight (ELBW) infants are very sensitive to oxygen toxicity.
However, the animal model data suggest that ELBW infants may
have quite variable sensitivities to oxygen at different times during
their clinical course because of their antenatal and postnatal expo-
sures. There is no information about oxygen sensitivity in ELBW
infants or how that might be assessed (19).

Ventilation and BPD
In 1960s,mechanical ventilation of large preterm infantswithRDS
with primitive ventilators and no positive end expiratory pres-
sure (PEEP) resulted in mortality rates of about 70% worldwide.
In that context, Northway and colleagues (5) hypothesized that
the combination of very high and prolonged oxygen exposure,
together with mechanical ventilation, caused the new syndrome
of BPD. The initial animal models explored the oxygen exposure
component of the injury and no clinical progress was made with
ventilation strategies until Gregory and colleagues in 1971 (20)
described continuous positive airway pressure (CPAP) to open
the atelectatic and surfactant deficient lungs of infants with RDS
which improved oxygenation and survival. CPAP was quickly
designed into infant ventilators to provide PEEP. The respiratory
care of the larger infant with RDS was transformed within several
years without much in the way of clinical trials or animal-based
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research. However, smaller and more immature infants now sur-
vived with a new variant of BPD (11).

Animal models then became critical for understanding the
link between mechanical ventilation and injury of the preterm
lung. Robertson and colleagues developed techniques for short-
term ventilation of preterm rabbits, primarily to test physiological
responses to surfactant treatments (21). They described severe
bronchiolar epithelial disruption within minutes of ventilation
of surfactant deficient preterm rabbits (22). The epithelial injury
resulted in airspace flooding with intravascular proteins, which
could be prevented with surfactant treatment (23). Escobedo
et al. (24) and Coalson et al. (25) ventilated premature baboons
with oxygen and described chronic BPD-like lung changes as a
model to explore the pathogenesis of BPD. This group related
the progression of “diffuse alveolar damage” from the combined
exposures of oxygen and mechanical ventilation to similar studies

in adult baboonswith adult respiratory distress syndrome (ARDS)
(26). The exudative response to the injurywas delayed and blunted
in the preterm relative to the adult, a result consistent with less
injury from oxygen. However, airway injury was more severe in
the preterm lungs. The review of BPDbyO’Brodovich andMellins
(27) in 1985 identified oxygen as the primary instigator of BPD,
although mechanical ventilation was recognized as a contributor.

Concurrently, with extensive adult animal model research on
the mechanical causes of lung injury (28, 29), short-term stud-
ies with preterm sheep demonstrated that the preterm lung was
exquisitively sensitive to lung injury from volutrauma (30). With
the initiation of ventilation of the fluid-filled lung of the preterm
lamb with just six very large tidal volumes of 35–40ml/kg, the
preterm lung was injured such that there was no response to
surfactant treatment (31) (Figure 2). Tidal volumes of 20ml/kg
for 30min of ventilation resulted in better compliance and gas

FIGURE 2 | High tidal volumes inure the preterm lung. Six large tidal
volumes given by hand at delivery injure the preterm lamb lung and prevent a
response to surfactant given at 30min of age. Redrawn from data in Ref.
(31). B. An initial tidal volume of 20ml/kg results in a high compliance in

preterm lambs relative to a low tidal volume of 5ml/kg, but at 30min of age,
the surfactant response is lost with the high tidal volume. The low tidal
volume to 30min of age allows the lungs to respond to surfactant. Redrawn
from data in Ref. (32).
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exchange than tidal volumes of 5 or 10ml/kg, but the higher
tidal volume injured the lungs (32). This result is similar to the
outcomes of tidal volume ventilation of ARDS patients: a higher
tidal volume resulted in better gas exchange in the short-term but
more mortality from lung injury (33).

The association of both mechanical ventilation and oxygen
with BPD in infants and premature animal models is inevitable
as both the infants and the animals generally require both to
survive. Using short-term fetal mechanical ventilation with air
in sheep, O’Reilly et al. (34) reported injury and bronchiolar
remodeling over 7 days. Hillman et al. (35) of ventilated exterior-
ized fetal sheep for 15min with 100% nitrogen or 100% oxygen
and returned the animals to the uterus for 3 h. Expression of
response genes and cytokines demonstrated large injury responses
but no differences between the nitrogen- and oxygen-exposed
lungs.With chronic ventilation of preterm lambs for 3weeks using
oxygen concentrations<30%, Bland et al. (36) reported increased
and abnormally distributed elastin and reduced expression of
growth factors that regulate alveolarization. Innovative experi-
ments with ventilated newborn mice for 7 h with 40% oxygen
or room air disrupted elastin synthesis and increased apoptosis
(37). A subsequent study with 24 h air ventilations of newborn
mice demonstrated increased apoptosis and an inhibition of alve-
olarization and microvascular development, the key findings in
BPD (38). These effects were remarkable in that the ventilation
induced the BPD phenotype quickly and without a concurrent
oxygen exposure or inflammation. In contrast to newborn mice,
room airmay be “hyperoxic” for the very pretermhuman lung and
is thus an unavoidable exposure. Nevertheless, these experiments
with mice in the saccular phase of lung development are proof
of principle that mechanical ventilation alone can cause a BPD
phenotype.

Lung injury from mechanical ventilation has progressed from
considerations of pressure (barotrauma) to focused analyses of
tidal volumes (volutrauma), atelectotrauma (ventilation from low
lung volumes), and biotrauma (proinflammatory mediators), pri-
marily using adult animal models (39, 40). Strategies to decrease
ventilator-induced lung injury (VILI) are major components of
efforts to improve outcomes for patients with ARDS (39). VILI
was recently compared in adults, children, and with an analysis of
animal models (41). Newborn rodents have larger lung volumes
[functional residual capacity (FRC) and total lung capacity (TLC)]
than adult rodents, which seems to translate to less injury at a
given tidal volume in the newborn than for adult animals (42, 43).
However, the term newborn rodent is not a good model for the
preterm infant at risk of BPD. The preterm infant has a low FRC
and a low TLC compared with the term infant or the adult human
(30). Further, the surfactant-deficient preterm lung requires mean
airway pressures> 20 cmH2O to maximally recruit lung volume
(44). The preterm lung is easier to overstretch because the chest
wall is compliant and the lung collagen matrix is insufficient to
limit stretch of both the airways and the parenchyma (45). The
lung volume available between FRC and TLC for safe mechanical
ventilationmay be as low as 15ml/kg. Thus, with an unstable FRC
and a poorly defined TLC, VILI can easily occur with mechanical
ventilation. The animal models most relevant for understanding
how ventilation injury contributes to BPD are preterm sheep or

primates who can be ventilated for prolonged periods so that
injury progression can be evaluated.

Inflammation and BPD
A common theme since the early days of BPD research is the
association between inflammation and BPD. Airway aspirates
from infants with early lung injury that progresses to BPD contain
increased numbers of inflammatory cells and proinflammatory
cytokines (46, 47). As in adult animal models with high oxygen
exposures alone, newborn rodent lungs respond to injury with
recruitment and activation of inflammatory cells and increased
proinflammatory cytokines in alveolar washes (10). Similarly,
stretch-mediated injury causes a brisk proinflammatory response
in preterm sheep (35). Very preterm baboon lungs developing
BPD from oxygen and mechanical ventilation have greatly ele-
vated proinflammatory cytokines for the 4-week period of study
(48) (Figure 3). The preterm fetal sheep lung has a large inflam-
matory response to just 15min of stretch from ventilation with
nitrogen using high (15ml/kg) or to relatively normal tidal vol-
umes of 6ml/kg (49, 50). The inflammatory response is less with
the lower tidal volume, with antenatal corticosteroid treatment,
with surfactant treatment prior to ventilation, or with ventilation
with PEEP (51–53). However, even combinations of approaches
will not eliminate an inflammatory response with ventilation of
the preterm fetal lung. Further, the 15min lung stretch injury is
greatly amplified if the preterm fetus is subsequently delivered
and ventilated for brief periods. These experiments in baboons

FIGURE 3 | Cytokines are persistently elevated in airway samples from
ventilated preterm baboons. IL-6 and IL-8 were increased from day 1 to
week 4 in preterm baboons progressing to BPD. Data redrawn from Coalson
et al. (48).
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and sheep demonstrate that the preterm lung can generate rapid
and very prolonged inflammatory responses to care elements that
most ELBW infants need for survival.

However, the clinical environment is much more complex as
more than 50% of ELBW infants will have been exposed to infec-
tion/inflammation from chorioamnionitis prior to delivery (54).
An increased risk of BPD may be associated with fetal exposure
to histologic chorioamnionitis, although the increased risk has
been inconsistent in the multiple evaluations of the association
(55). Watterberg et al. (56) made the intriguing observation that
preterm infants exposed to histologic chorioamnionitis had a
decreased risk of RDS but an increased risk of BPD. The infants
exposed to chorioamnionitis had increased amounts of inflamma-
tory mediators and cells in airway aspirates collected shortly after
birth. Therefore, the lung inflammation proceeded the delivery
and subsequent exposures to oxygen and ventilation. The diffi-
culty with a consistent interpretation of the clinical data is that
chorioamnionitis is caused by organisms ranging from commen-
sals to pathogens, the fetal exposure is for various periods prior to
delivery, and the intensities of the exposures are variable (57).

Animal models have been effectively used to characterize the
ranges of fetal lung responses to inflammatory exposures. Bry
et al. (58) first reported that intra-amniotic injections of inter-
leukin 1 (IL-1)-induced lung maturation in preterm fetal rabbits
asmeasured by increasedmRNA for surfactant proteins, increased
surfactant lipids, and improved pressure–volume curves. Intra-
amniotic injections in fetal sheep of IL-1 or E. coli endotoxin
lipopolysaccharides (LPS), but not IL-6, IL-8, or TNF-α, induce
chorioamnionitis and early lung maturation as measured by large
increases in pressure–volume curves and lung mechanics and
gas exchange within 5 to 7d (59–61). The improvement in lung
performance is proceeded by increases in mRNA for the surfac-
tant proteins and then by increases in surfactant lipids (62). The
clinical phenotype consistent with these early maturational effects
would be a decrease in the severity of RDS, which should decrease
the risk of BPD.

The maturation response to fetal exposure to chorioamnionitis
induced by IL-1 or LPS is proceeded by modest inflammation
characterized by recruitment of activated granulocytes to the fetal
lung parenchyma and airspaces, high levels of proinflammatory
cytokine expression, increased apoptosis, and subsequent cell pro-
liferation (63). This injury response includes a transient inhibition
of alveolar septation and causes pulmonary vascular injury with
increased smooth muscle in vessel walls and decreased media-
tors of vascular development (64, 65). The fetal lung has more
functional maturation and more antioxidant enzymes but with
septation and microvascular injuries consistent with a mild BPD
phenotype. Despite prolonged exposure to intrauteral inflamma-
tion, infants have not been described as having BPD at birth. This
observation is consistent with the animal models, as repetitive
or continuous exposures for 28 days to intra-amniotic LPS do
not cause progression of the septation and microvascular injuries
(66). In fact, the preterm lung heals despite continued exposures
to proinflammatory agonists. The proinflammation is downregu-
lated soon after exposure to agonists, and the fetal lung “tolerizes”
in that subsequent inflammatorymediator exposures do not incite
inflammation in the fetal lung (67). LPS is the agonist most used

in animal models to evaluate effects on the fetal lung. LPS inhibits
structural development of the fetal mouse lung via TLR4 receptors
and NF-kB activation with suppression of FGF-10 (68, 69). Medi-
ators such as TGF-β1 and the SMADS are induced while others
such as connective tissue growth factor (CTGF) and caveolin-1
are suppressed, demonstrating multiple effects on LPS on the fetal
lung that may contribute to the changes of BPD (70, 71).

Multiple different organisms and polymicrobial infections have
been associated with histologic chorioamnionitis, but different
clinical presentations have not been associated with the types
of infection (57). In the fetal sheep or monkey, quite distinct
responses of fetal exposures to organisms and mediators can be
demonstrated. Intra-amniotic LPS or IL-1 causes limited but very
complex inflammatory responses that yield the phenotypes of
lung maturation, a mild BPD, and immune tolerance (67, 72).
Ureaplasma species are the most frequent organisms associated
with preterm labor and they may cause chronic and indolent
colonization (infection?) and have been associated with BPD (73).
Ureaplasma readily colonize the amniotic fluid of fetal sheep
and cause a generally mild but variable chorioamnionitis that
can persist for months (74). The fetal lung has a very mod-
est inflammatory response with low-grade cytokine expression
and a small increase in granulocytes (75). However, the induced
lung maturation and microvascular changes are reminiscent of
LPS effects (76, 77). In contrast, intra-amniotic Candida albicans
causes a modest chorioamnionitis but a severe consolidating and
necrotizing pneumonia with a progressive lethal fetal inflamma-
tion within about 3 days (78). These varied responses in animal
models provide the insight that chorioamnionitis may initiate
BPD by decreased septation and microvascular injury in fetal life
but may also protect from BPD by inducing lung maturation and
increasing antioxidant enzymes. As recently reviewed by Wright
and Kirpalani (79), attempts to target inflammation have not
translated to therapies for BPD.

Animal Models to Evaluate Therapies
for BPD

Overview
The major elements of BPD that have been targeted for thera-
pies are the arrest of alveolarization, the blunted microvascular
development, and the inflammation that is generally considered
a common path to the septation and vascular abnormalities. The
concept that inflammation was a common mediator for the pro-
gression of BPD resulted from the observations that inflammation
accompanied oxygen toxicity and ventilation-mediated injury in
newborn and adult animals and that overexpression of most any
proinflammatory cytokine in newborn mice lungs resulted in
inflammation and septation abnormalities (11). Early examples
of a BPD phenotype were overexpression of TGF-α, IL-11, and
IL-6 (80–82). More recently, overexpression of IL-1β or bioactive
TGF-β1 in airway epithelial cells in newborn mice were proposed
as models of BPD (83, 84). The experimental strategy to assess a
therapeutic benefit has generally been to cause a BPD-like injury
with oxygen exposure of newborn rodent lungs and to assess
agonists or antagonist effects on inflammation and changes in
septation and/or microvascular development. Primate and sheep
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models of combined ventilation and oxygen exposure have been
used to better replicate clinical reality and to test interventions
such as high-frequency ventilation (HFV) and inhaled nitric oxide
(iNO). I will assume that newborn rat and mouse models of
oxygen exposure are equivalent and I will not address stem cell
therapies. In general, the reports focus on individual mechanisms
and pathways, but many of the interventions may have pleotropic
(and presently unknown) effects.

BPD Therapy by Blocking Inflammatory Cells
If BPD is caused by chronic inflammation in the developing
lung, then blocking the major inflammation factories – the
granulocytes and macrophages should be effective. Auten et al.
(85) demonstrated that antibodies to the cytokine – induced
neutrophil chemoattractant-1 (CINC-1) effectively blocked neu-
trophil recruitment to the lungs and alveolar washes of 95%
oxygen-exposed newborn rats and alveolar architecture was pre-
served. This observation was extended to demonstrate that block-
ing the signaling of CINC-1 through its receptor CXC chemokine
receptor-2 with a small molecular weight antagonist completely
blocked neutrophil influx into the lungs of 60% oxygen-exposed
newborn rats (86). Surprisingly, the 60% oxygen exposure,
together with blocked neutrophil influx, enhanced lung growth
and septation. Treatment of newborn rats with 60% oxygen and
IL-1 receptor antagonist blocked neutrophil recruitment to the
lungs and improved alveolar septation with less of an effect on
the pulmonary vascular injury (87). Neutrophil recruitment to the
lungs of fetal sheep exposed to LPS can be effectively blocked by
either an anti-CD-18 antibody or by intra-amniotic IL-1 receptor
antagonist (88, 89). Either strategy to decrease inflammatory cell
recruitment to the fetal lungs prevents both the injury and the
lung maturation responses. Strategies to interfere with neutrophil
recruitment to prevent BPD have not been tried in infants at risk.
Such strategies have not been effective for ARDS and infants have
depressed immune responses that would be further compromised
by inhibition of granulocyte function.

The normal developing lung contains few mature macrophages
until after birth when an increase in GMCSF in the lungs activates
the transcription factor PU-1 in immature monocytes to differen-
tiate to mature monocytes (90). However, macrophages become
prominent in airway samples of infants with BPD. Monocytes in
the lungs of fetal sheep exposed to a 15min volutrauma injury
mature within 24 h to macrophages as do fetal lung monocytes
exposed to intra-amniotic LPS (90, 91). Jankov et al. (92) used
gadolinium chloride to block macrophage influx into the lungs of
newborn rats exposed to 60% oxygen. The treatment decreased
macrophages and prevented smooth muscle hypertrophy in pul-
monary vessels and prevented pulmonary hypertension but not
the septation defect – a partial response at best. As with inhibitors
of granulocyte recruitment, macrophage depletion may put the
preterm at risk of infection.

Targeting overall lung cell metabolism has not been exploited
for a possible therapy for BPD. In newborn mice exposed to
75% oxygen, decreased septation correlated with decreased mito-
chondrial oxidative phosphorylation (93). Thus, a general cellular
bioenergetics failure maybe a fundamental mechanism contribut-
ing to BPD. Inflammasome-mediated cytokine injury has not

been explored in the developing lung. Mechanical ventilation of
adult mice activated inflammasomes with IL-18 release, an effect
that was blocked with an anti-IL-18 antibody with reduced lung
injury (94). These reports may be relevant to future BPD research.

Antioxidants to Prevent BPD
Increased oxygen exposure is considered a major cause of BPD,
and oxygen is the agonist for the newborn rodent models of
BPD. Lung antioxidant enzymes are decreased with preterm birth
(8), so that antioxidant treatments are logical. Clinically, N-
acetylcysteine and recombinant superoxide dismutase did not
decrease BPD (95, 96). Vitamin A, which may have antioxidant
effects, did modestly decrease BPD (97). Consistent with the clin-
ical result, Vitamin A improved septation and alveolar capillary
growth in chronically ventilated preterm lambs (98). Vitamin A
also modulated elastin metabolism and the expression of vascular
growth factors as mechanisms distinct from antioxidant effects.
In preterm ventilated baboons given 100% oxygen for 10 days,
a small molecular weight catalytic antioxidant improved lung
anatomy relative to untreated animals (99). Peroxynitrites are
products of oxidant exposure, and a catalyst that decomposes
peroxynitrite decreased both the alveolarization and the vascular
injuries resulting from exposure of newborn rats to 60% oxygen
(100, 101). The animal model research with antioxidants for BPD
is not extensive and might be a productive avenue toward a
therapy.

Nitric Oxided to Prevent BPD
The animalmodel literature on the benefits of iNO for the preterm
lung is large and positive. Lambs exposed to mechanical ven-
tilation have decreased neutrophil accumulation and edema if
exposed to iNO (102). iNO also attenuates pulmonary hyperten-
sion and improves lung growth in newborn rats exposed to hyper-
oxia (103), as does the related compound ethyl nitrate (104). iNO
also corrects the lung structural abnormalities and pulmonary
hypertension from a bleomycin-induced lung injury in neonatal
rats that resembles BPD (105). iNO can improve the lung struc-
tural abnormalities caused by blockade of the vascular endothe-
lial growth factor (VEGF) receptor, suggesting iNO effects on
growth factor signaling (106). These beneficial effects translated
to chronically ventilated large animal models in preterm lambs
and baboons. Bland et al. (107) found that iNO protected ven-
tilated lambs from alveolar simplification and increased airway
resistance. iNO treatment of preterm ventilated baboons over
14 days improved lung function, improved septation, preserva-
tion of lung growth, and normalization of extracellular matrix
deposition (108). As a treatment strategy to mimic NO signaling,
Ladha et al. (109) treated newborn 95% oxygen-exposed rats
with sildenafil to increase cGMP and improved alveolar growth
with less pulmonary hypertension. Another approach used by
McCurnin et al. (110) was to give estradiol to increase NO syn-
thases, a treatment that improved lung function of preterm ven-
tilated baboons over 14 days, but without clear effects on lung
structure or elastin deposition. Despite this extensive literature
in both newborn rodents and chronically ventilated sheep and
baboons that identify multiple beneficial effects of iNO, multiple
clinical trials show no consistent benefit of iNO for the prevention
of BPD in preterm infants (111), a most disappointing result.
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Growth Factors in the Pathogenesis of BPD
Lung growth from the saccular to alveolar stages of development
is regulated by multiple growth factors that may be dysregulated
during the course of BPD. In newborn rats, inhibition of VEGF
decreases lung septation and microvascular development in par-
allel (112), a phenotype similar to the oxygen-exposed newborn
rodent. Therefore, Kunig et al. (113) exposed newborn rats to 75%
oxygen for 14 days and then treated the animals with intramuscu-
lar injections of rhVEGF and demonstrated improved recovery of
vascular growth and alveolarization relative to controls. A similar
result was reported for prevention of the initial oxygen injury
in newborn rats (114). The vascular and alveolar development
that was inhibited by 95% oxygen did not occur with postnatal
adenovirus-mediated VEGF therapy. Optimal treatment included
both VEGF and angiopoietin-1 gene transfers to decrease the
vascular leakage caused by the increased VEGF expression. Such
a complex treatment would be impractical in humans, but the
prevention of injury and repair responses of the oxygen-injured
rodent lung are proof of principal that VEGF dysregulation likely
contributes to clinical BPD.

Other growth factors also have therapeutic benefits in animal
models of BPD. Keratinocyte growth factor (KGF or FGF7) can
protect newborn rats from death from pulmonary hypertension
but not for the decreased septation in >95% oxygen over the
first 2 weeks of life (115). Franco-Montoya et al. (116) noted
that intraperitoneal KGF prevented neutrophil recruitment to
the airspaces of >95% oxygen-exposed newborn rats with less
decrease in DNA or cell proliferation, but the structural changes
in the newborn lungs were not changed by KGF treatment. Thus,
any treatment benefits of KGF in the rodent model were partial
at best.

In contrast, hepatocyte growth factor (HGF) hadmore remark-
able effects on newborn rodent lungs exposed to 90% oxygen.
Intraperitoneal HGF partially corrected increased airway resis-
tance and hyper-responsiveness, improved the alveolar simplifi-
cation, and increased the microvasculature (117). Platelet-derived
growth factor can have long-term effects on septation if its sig-
naling is disrupted with a receptor antagonist even briefly (118).
Therapy with PDGF has not been reported in BPDmodels. Subra-
maniam and colleagues (119) report that bombesin-like peptides
predict the severity of BPD in ventilated preterm baboons, and an
antibody to these peptides improved the septation. Clearly, multi-
ple growth factors act in time and space to regulate lung devel-
opment. Although animal models support growth factor–based
treatments for BPD, caution is warranted as such therapies may
have adverse effects on other developing systems.

Other Treatments for BPD in Animal Models
Glucocorticoid treatments have been used for the prevention of
BPD (early treatments) and to treat the progression of BPD (120).
Although there are concerns about the pleotropic developmental
effects, dexamethasone can decrease the incidence of BPD and
mortality. The presumed mechanism of action is as a potent anti-
inflammatory. Cyclooxygenase-2 (Cox-2) is upregulated in the
60%oxygen exposure rodentmodel of BPD and in lungswith BPD
(121). Therefore, Masood and colleagues (122) used a selective

Cox-2 inhibitor to suppress prostaglandin production during oxy-
gen exposure of newborn rats with remarkable results. The Cox-2
inhibitor prevented recruitment of neutrophils and macrophages
and blocked the inhibition of alveolar septation and the increase
in tissue fraction caused by oxygen. Choo-Wing et al. (121) used
transgenic technology to overexpress interferon-γ and small inter-
fering RNA to inhibit the endoplasmic reticulum stress pathway
in hyperoxia-exposed newborn mice. A Cox-2 inhibitor or the
siRNA prevented the arrest of alveolarization caused by INFα
and hyperoxia. These results suggest inhibition of Cox should
be an effective therapy for BPD, but indomethacin or ibuprofen
treatments of infants to decrease intraventricular hemorrhage or
to close the patent ductus arteriosus are not associated with a
decrease in BPD (123). However, specific Cox-2 inhibitors have
not been directly tested to prevent BPD.

TGF-β1 is an important mediator of both stimulation and
inhibition of lung cell development and airway branching (124).
Airspace fluids from infants with BPD contain increased amounts
of TGF-β1 and antenatal intra-amniotic LPS greatly induce TGF-
β1 in the lungs of fetal lambs (70). Nakanishi et al. (125) demon-
strated the alveolar and vascular abnormalities caused by 95%
oxygen in newborn mice can be partially prevented with a TGF-β
neutralizing antibody.

Focal elastin bundles identify the sites of septation, and inhibi-
tion of elastin formation or abnormal distributions of increased
amounts of elastin in saccular/alveolar walls inhibit septation.
Ventilated and oxygen-exposed preterm lambs have inhibited
alveolarization. Lung growth factors (VEGF, PDGF-A) and their
receptors were decreased at 3weeks (36). Elastin-related gene
expression increased and discrete septation initiation sites were
lost with prolonged ventilation of the preterm lamb. Remark-
ably, these effects on septation sites to uncouple the synthesis
and assembly of elastin can occur within 24 h of mechanical
ventilation in newborn mice (37). Using the ventilated newborn
mouse model, Hilgendorff et al. (126) then showed that intratra-
cheal treatment with the elastase inhibitor elafin prevented elastin
degradation, TGF-β activation, apoptosis, and decreased the sep-
tation abnormality. This result was reproduced using newborn
mice that overexpressed elafin (126). These experiments demon-
strate a therapeutic strategy that simply decreases the elastin
degradation that accompanies mechanical ventilation.

Other pathways activated by oxygen or bleomycin exposure of
newborn rodents demonstrate both the complexity of the oxygen
injury, but also how targeting single pathways can prevent much
of the injury. Rho-kinase is a ubiquitously expressed protein that
regulates numerous cell functions and proliferation. It is upreg-
ulated by bleomycin in the newborn rat, and inhibition of Rho-
kinase decreases the BPD-like changes caused by bleomycin (127).
B-catenin is another multifunctional signaling protein that is crit-
ical for normal lung development and remodeling and aberrant
β-catenin signaling has been associated with BPD. In the 90%
oxygen-exposed newborn rat model, an inhibitor of β-catenin
mitigated the septation defect and pulmonary hypertension (128).
A recent observation is that an extract from a Chinese traditional
herb Astragalus membranaceus has anti-inflammatory effects and
protects newborn rats from oxygen injury (129). Finally, infants
with BPD often have hypercarbia. Although hypercarbia can
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have deleterious effects on the lung (130), in the newborn rat
hypercapnea blunted the influx of macrophages, and the resulting
pulmonary hypertension caused by bleomycin (131). With use of
TNF-α inhibitor, the benefits of hypercapnea were explained by
fewer macrophages secreting TNF-α.

Ventilation Strategies to Decrease Lung
Injury

High-Frequency Oscillatory Ventilation
Mechanical ventilation of the premature infant is a major contrib-
utor to lung injury that progresses to BPD. A strategy to minimize
injury that was initially tested in preterm animals was high-
frequency oscillatory ventilation (HFOV). Preterm baboons sup-
ported byHFOVrequired less supplemental oxygen andhad fewer
air leaks than animals supported with conventional mechanical
ventilation (CMV) (132). All HFV animals survived for 11 days
while 5 of 11 animals on CMV died within 48 h. In 6 h exper-
iments, Jackson and colleagues (133) reported that premature
Macaca nemestrina ventilated with HFV had better expanded
lungs with less alveolar debris and better gas exchange. Other
measures of lung injury were not different. A subsequent report
with this primate model demonstrated that HFV when combined
with surfactant treatment caused less injury than HFV or surfac-
tant treatments alone (134). Yoder et al. (135) used very preterm
baboons at 125 days gestational age (GA) who were exposed to
antenatal steroids and treated with surfactant at birth to compare
HFV with CV using tidal volumes of 4–6ml/kg for 1–2 months.
Prolonged HFV resulted in better lung mechanics, a lower oxy-
gen requirement, and lower cytokine levels in airway samples at
selected timesV when combined to 1month of age. At autopsy,
the HFV animals had better inflated lungs, but both groups had
pathologic changes of BPD. Overall the animal studies support
substantial benefits of HFV relative to CMV. Unfortunately, meta-
analyses of 3,260 randomized infants found no net benefit of
HFV for decreasing BPD (136). An individual patient analysis of
nine trials to evaluate HFV relative to CMC also showed no BPD
benefit for HFV (137). However, a recent report demonstrated
better pulmonary function tests at 11–14 years of age for infants
randomized to HFC relative to CMV (138). Overall, the animal
testing was not predictive of clinical benefit.

Tidal Volumes and Continuous Positive Airway
Pressure
The preterm lung can be easily injured with high tidal volumes
as demonstrated by the effects of high tidal volumes following
birth (31, 32). Animalmodels were used to evaluate chronic effects
of tidal volumes and non-invasive ventilation strategies. Preterm
surfactant-treated lambs were randomized to 20 breaths/min with
15ml/kg tidal volumes or 60 breaths/min with 6ml/kg tidal vol-
umes for 3–4weeks by Albertine et al. (139). Both ventilation
groups had abnormal alveolarization relative to age matched non-
ventilated controls. The high tidal volume animals had more
impaired alveolarization and more elastin than the low tidal
volume animals. Studies of similarly ventilated lambs showed
decreased pulmonary microvasculature, interstitial edema and

increased pulmonary arteriolar smoothmuscle and elastin in both
groups of animals (140).

Animal models also were used to test the hypothesis that non-
invasive respiratory support would injure the preterm lung less
than CMV. 125 days GA baboons were treated with surfactant and
stabilized with CMV for 24 h before extubation to nasal CPAP for
4weeks (141). As compared to fetal controls, the CPAP animals
had enlarged thin walled air spaces, but with minimal injury
compared to animals supported with CMV. A second study with
preterm baboons evaluated an early 24 h extubation to CPAP or
a delayed 5 days extubation to CPAP (142). The delayed CPAP
group had worse oxygenation and more inflammation and higher
proinflammatory cytokine levels in the airway samples than did
the early CPAP group, but morphometry for alveolarization was
similar between groups. Preterm lambs ventilated using either
non-invasive high-frequency nasal ventilation or CMV with tidal
volumes of 5–7ml/kg were evaluated at 3 days for the effects of the
ventilation style on mesenchymal cell apoptosis and proliferation
(143). The non-invasive ventilation achieved more thinning of
the mesenchyme with more apoptosis and less proliferation that
supported alveolarization better than the CMV group. As with the
HFO studies, these non-invasive ventilation approaches decreased
a variety of indicators of lung injury better than CMV. However,
comparisons of CPAP strategies with intubation, surfactant treat-
ment, andCMVhadonlymarginal benefits to prevent BPD in four
trials in very low birth weight infants (144).

Preconditioning for BPD-Like Responses of
Newborn Lungs
The animal models and treatments described so far have used
a single lung injury – oxygen, bleomycin, or ventilation – to
induce BPD-like changes in developing lungs. Clinical medicine
is much more complex because of the multiple associations with
preterm delivery. There is a large literature about how an antenatal
exposure can modulate a postnatal exposure (18). A representa-
tive example is the report by Tang et al. (145) that demonstrates
that fetal exposure of mice to intra-amniotic LPS causes a BPD
phenotype in the newborn mice. Postnatal exposure to >95%
oxygen increases the BPD-like abnormalities. However, postnatal
exposure to 65% oxygen has the opposite effect of accelerated
lung growth and attenuated pulmonary hypertension. A second
example is the competing effects of intracervical E. coli and
betamethasone on postnatal hyperoxic exposures in rats (146).
The hyperoxic responses were increased by the antenatal inflam-
mation but attenuated by the combination of inflammation and
betamethasone. A post-delivery exposure such as hyperoxia also
can aggravate lung injuries later in life. Newborn mice exposed to
100% oxygen for 4 days and allowed to recover in room air were
much more sensitive to bleomycin-induced fibrosis or influenza
virus as adults (147, 148). The important message is that one
exposure that may cause a BPD phenotype may be substantially
modified by a previous or subsequent exposure. These complex
exposures can only be evaluated in animal models.

Summary

The animal models of BPD that use premature sheep, primates, or
newborn rodents have injury responses that are similar to what is
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known about the pathology of BPD. A cautionary note is that the
pathology is only available for infants who have died of end stage
BPD, with few exceptions. The range of abnormalities may be far
greater for themajority of infantswho survive BPD to remodel and
grow their lungs. The interventions in animal models to decrease
oxidant injury, inflammation, and volutrauma each show rather
striking benefits for the major pathologies of decreased septa-
tion and microvascular development. Given the list of positive
strategies enumerated in this review, effective treatments should
be either in use or in late stages of development. But they are not.

My explanation is that the animals are studied as normal
fetuses or newborns, and virtually all preterm infants are abnormal
because of the abnormalities associated with very preterm deliv-
ery, primarily placental dysfunction, fetal exposure to infection,
and fetal growth restriction (149). Further, >80% of the infants
have been exposed to antenatal corticosteroids (1). Precondition-
ing events likely change each infant’s responses to oxygen, ventila-
tion, and inflammation. The clinical responses also are likely to be
modulated by the genetic variability in humans that is greatlymin-
imized in the animal models. For example, clinical interventions
that have been extensively trialed such as antenatal corticosteroids
and surfactant treatments required several hundred humans to be
randomized to show clinically relevant effects such as decreased
mortality (3, 4). Experiments with sheep or primates with group
numbers of four to eight can show highly significant differences in
physiological outcomes such as lung compliances or oxygenation.
Effects of antenatal steroids or surfactant on BPD are minimal in
human trials because of decreased mortality with more high-risk
infants surviving.

However, the animal models of BPD have shaped our under-
standing of the disease. Care strategies have improved which has
allowed the survival of smaller and more fragile infants. Less
aggressive approaches to ventilation, better nutrition, and better
control of postnatal infection are hard to document, but in my
view are of substantial benefit to preterm infants. Finally, a major
deficiency is the clinical definition of BPD that is based on a
therapy – supplemental oxygen. The diagnosis does not directly
inform the clinician about how the lungs are working or what
the abnormalities may be. It may be most difficult to evaluate a
therapy based on animal models if there is not more precision in
knowing what components of BPD the therapy should improve.
Therapies targeting specific pathways that are effective in animal
models are most difficult to translate into a safe and effective ther-
apy in preterm infants because of constraints on clinical research
in this population. However, animal models will have a critical
role in refining our understanding of the pathophysiology of lung
injury and repair in the future. Research strategies should include
more complex models with multiple and sequential fetal and/or
newborn lung injuries. A focus on repair mechanisms may be
more informative than studies of acute injury mechanisms. The
identification of biomarkers that can be used to identify primary
injury or repair pathways may help in the testing of treatments
in infants, as surrogate indicators are preferable to long-term
outcomes for studies in infants.
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Children born preterm often exhibit reduced lung function and increased severity of 
response to respiratory viruses, suggesting that premature birth has compromised proper 
development of the respiratory epithelium and innate immune defenses. Increasing evi-
dence suggests that premature birth promotes aberrant lung development likely due to 
the neonatal oxygen transition occurring before pulmonary development has matured. 
Given that preterm infants are born at a point of time where their immune system is also 
still developing, early life oxygen exposure may also be disrupting proper development 
of innate immunity. Here, we review current literature in hopes of stimulating research 
that enhances understanding of how the oxygen environment at birth influences lung 
development and host defense. This knowledge may help identify those children at risk 
for disease and ideally culminate in the development of novel therapies that improve their 
health.

Keywords: hyperoxia, influenza A virus, innate immunity, lung development, prematurity

introduction

Growing evidence suggest gene–environment interactions during critical stages of development pro-
foundly influence health later in life. This concept of “developmental origins of health and disease,” 
also called DOHaD, originated with a study by Dr. David Barker who showed that low birth weight 
correlated with increased risk of coronary heart disease in adults (1). DOHaD has now been linked 
to a wide variety of diseases in children and adults. Preterm birth, infection, tobacco smoke, and 
exposure to many inhaled pollutants can permanently impact lung development and immune func-
tion (2–4). Similarly, exposure to exogenous chemicals, malnutrition, and low birth weight correlates 
with poorer immune function (5–8). Even socioeconomic status and child abuse have been shown to 
influence a healthy lifestyle later in life (9). In 1983, the comedy movie Trading Places starring Dan 
Aykroyd and Eddie Murphy “tested” whether nature or nurture were responsible for distinguishing 
social hierarchy between two individuals. Although the question was never resolved in the movie, 
we are now beginning to appreciate 30  years later that gene–environment interactions influence 
children’s health, in part, through metabolic and epigenetic reprograming of cells required for organ 
growth, regeneration, and immunity.

The human lung is designed to efficiently exchange oxidant gases between the environment 
and blood, and exclude or defend against inhaled pollutants that otherwise disrupts this process. 
When considering gene–environment interactions that influence lung function, the transition to 
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air at birth must surely be one of the most profound environ-
mental changes that one will ever experience. In this singular 
moment, the delivery of oxygen and nutrients via the placenta is 
transferred, respectively, to the lung and gut. Both organs must 
therefore be developmentally mature and functional by this 
time. Proper development of the lung involves a complex set of 
transcription factors, morphogens, growth factors, and matrix 
molecules be expressed during precise developmental windows 
(10–13). Expression profiling studies have defined a pattern of 
gene expression wherein developmental genes are expressed first 
and genes involved in oxygen transport, protection against reac-
tive oxygen species, and host defense are expressed near birth (14, 
15). This “time-to-birth” program ensures that the lung is ready 
to breathe air and defend against environmental toxins at birth.

The interaction of genes with the oxygen environment at 
birth is disrupted when infants are born too soon. Many preterm 
infants develop bronchopulmonary dysplasia, a chronic form 
of lung disease characterized by alveolar simplification and 
restrictive airways (16). Mechanisms that promote BPD include 
genetics and maternal, fetal, or postnatal environments (17). It 
has been difficult to define which is most important for initiating 
or promoting disease, perhaps because BPD is clinically defined 
by the amount of oxygen used at a specific gestational age (18, 
19). Fortunately, most preterm infants born >24 weeks gestation 
are surviving, albeit at the risk of developing a variety of lung 
and non-lung diseases later in life. Children born preterm often 
display reduced lung function, increased re-hospitalization fol-
lowing a respiratory viral infection, and incidence of non-atopic 
asthma (20, 21). They may also show neurodevelopmental delay 
and have greater risk for high blood pressure and heart disease as 
adults (22, 23). The annual cost of treating children in the United 
States who were born prematurely in 2005 was $26.2 billion dol-
lars, of which 10% was just for treating infants with BPD (http://
www.nhlbi.nih.gov/new/press/06-07-26.htm). Hence, there is an 
urgent need to understand how premature birth is a developmen-
tal antecedent of poorer health later in life.

The pathogenesis of BPD and the health sequela of survivors is 
a complex and poorly understood process, perhaps because it is 
a multi-organ disease originating from abnormal gene–environ-
ment interactions. Recognizing that there is a genetic program 
designed to create the lung and afford it anti-oxidant and innate 
immune defenses by birth, it seems rather obvious that preterm 
birth will disrupt the timing of when specific genetic programs 
need to be completed or in place to properly allow the lung to 
transition to an oxygen-rich environment. Therefore, identifying 
genetic variants that predispose to preterm birth may also identify 
variants that correlate with BPD. A screen of single-nucleotide 
polymorphisms identified two genes (CRHR1 and CYP2E1) act-
ing in the fetus and four genes (ENPP1, IGFBP3, DHCR7, and 
TRAF2) in the mother that predisposes to preterm birth (24). 
But, interestingly none of these genes have been detected in other 
studies seeking to find variants that predispose preterm infants 
to BPD (25, 26). In fact, the few weak candidates detected in one 
study were not detected in another, suggesting that BPD is not 
entirely a genetic disorder. On the other hand, widespread meth-
ylation was detected in the blood of extremely preterm infants, 
suggesting that there were changes in blood cell development, 

composition, and perhaps immune function (27). Since these 
changes in methylation resolved by 18 years of age, they may not 
be responsible for the long-term health effects reported in people 
born preterm. Therefore, genetic susceptibility to BPD is more 
likely to represent genetic variants that modify how cells respond 
to an environmental stress, such as infection or the transition to 
air too soon.

Environmental stresses known to promote BPD include pre-
natal and postnatal infections, and oxygen or ventilator-induced 
damage to the lung. In both cases, inflammation and oxidative 
stress or damage to the developing lung seems to be a primary 
driver of BPD. Preterm infants are deficient in anti-oxidant 
enzymes and are therefore susceptible to oxidative stress, whether 
initiated by inflammation or supplemental oxygen therapies in 
the preterm infant (28, 29). Lungs of preterm infants are often 
underdeveloped and cannot adequately exchange oxygen and 
carbon dioxide. Supplemental oxygen supported by ventila-
tion is often used to improve blood oxygen levels and prevent 
hypoxemia. However, it is now clear that high levels of oxygen 
can disrupt development of the lung and is a risk factor for neu-
rodevelopmental delay, retinopathy, and probably other diseases 
attributed to preterm birth (30). Oxygen-induced damage can 
also elicit an inflammatory response, subsequently compounding 
the oxidative stress to the lung. Consistent with oxygen playing 
a role in the pathogenesis of BPD and the long-term respiratory 
complications associated with preterm birth, anti-oxidant thera-
pies have proven partially effective in alleviating lung disease in 
humans and in animals exposed to high oxygen (31–34). Because 
the pathogenesis of neonatal oxygen exposure in humans and in 
animal models has been recently reviewed (19, 35–40), the fol-
lowing discusses oxygen-induced changes in lung development 
in relationship to how it also perturbs host response to respiratory 
viral infections.

Proper Lung Development

The pulmonary system, in highly simplistic form, can be described 
as the co-branching of air conducting and blood circulating 
systems that, due to simultaneous and congruent branching, effi-
ciently interact for proper gas-exchange and subsequent systemic 
circulation of oxygen. In humans, gas-exchange is accomplished 
by diffusion through squamous epithelial cells in the alveolar 
saccules of the mature lung. Branching morphogenesis of the 
airways that concludes with formation of the alveolus leads to an 
impressive pulmonary surface area of around 70 square meters 
with a thickness of 0.1  um capable of supporting an oxygen 
consumption of 250–5500 ml/min (41, 42). This developmental 
program progresses through five successive stages. The mamma-
lian lung undergoes five stages of maturation that begin with the 
embryonic stage, followed by the pseudoglandular, canalicular, 
saccular, and ending with the alveolar stage (Figure 1). The timing 
of these stages during fetal and postnatal periods varies between 
species, including between humans and mice. This is important 
when attempting to model human diseases in experimental 
animals. For example, many preterm infants born today are in 
the saccular phase of lung development, which pathologically 
corresponds to e17.5 to postnatal day 4 in mice. Hence, the mouse 
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is an appropriate experimental model for studying how too much 
oxygen can perturb saccular development in preterm humans. 
Additional details on factors controlling lung development have 
been reviewed elsewhere (10, 12, 41, 43).

Successive developmental stages are defined by changes in lung 
morphology. In the embryonic stage, the pulmonary branching 
pattern originates and two distinct lobes are formed. The pseu-
doglandular stage marks the appearance of numerous terminal 
buds projecting away from the initial two lung lobes and recent 
work has defined the patterns as domain branching, planar, and 
orthogonal bifurcation budding (44). During the canalicular 
stage, epithelial tubules form with large terminal buds while 
the mesenchyme separates into dense subsets between future 
alveolar septa. Specialized epithelial cell types and alveolar sacs 
emerge during the saccular stage of development. Squamous type 
I epithelial cells form the lining of the alveolar sacs with cuboidal 
type II epithelial cells interspersed. Thinning of the mesenchyme 
along with an increase in extracellular matrix allows for expan-
sion of these alveolar sacs culminating in the alveolar stage where 
dense connective tissue, containing cartilage and smooth muscle, 
surrounds the airways. The timing of developmental completion, 
leading to the formation of alveolar sacs, varies between species. 
In mice and rats, alveolar development concludes mainly postna-
tally characterized by lung expansion and alveoli subdividing into 
smaller gas-exchanging units (45). Importantly, this morphogenic 
process has been accompanied by blood vessel morphogenesis 
that concludes with capillary networks residing in close proxim-
ity to the alveolar epithelium.

It is often written that the normal adult mammalian lung con-
tains approximately 40 different cell types, yet the origin of this 
statement seems to have disappeared in the historical literature. 
However, it should not be surprising to find that this is a gross 

FiGURe 1 | Stages of lung development in the human and mouse. 
During development, the human (mouse) lung undergoes five 
successive stages of development; The Embryonic stage 3–6 weeks 
(e9.5–11.5), the Pseudoglandular stage 6–16 weeks (e11.5–16.5),  
the Canalicular stage 12–26 weeks (e16.5–17.5), the Saccular stage  
24–38 weeks (e17.5–PND4), and the Alveolar stage 38 weeks–2+ years 
(PND4–28). Preterm children who survive are often born between 
24 and 38 weeks of age and are in the saccular stage of development 
(circled) corresponding to the saccular stage in the mouse from  
e17.5–PND4.

underestimation when one considers how expression of cell sur-
face receptors has markedly increased the diversity of leukocytes 
present in the lung (46). The emerging use of microfluidic single-
cell RNA sequencing is also uncovering an equally rich diversity 
among non-hematopoietic cell populations (47, 48). Pulse-chase 
labeling with H-thymidine, cell-restricted fluorescent reporter 
genes, and cell-specific ablation with toxins has identified region-
specific niches containing stem cells required for proper lung 
development and repair (49). Unique specific stem cell niches 
may therefore have evolved to facilitate repair of specific areas 
of the lung damaged by region-specific toxins. Since perinatal 
exposures influence saccular and alveolar phases of development, 
the following briefly focuses on progenitor cells controlling distal 
airway and alveolar development and regeneration.

The region where the airway meets the alveolus has been 
termed the bronchoalveolar duct junction (BADJ) (50). The 
distal airway epithelium contains Clara (now called Club) cells 
defined by their cuboidal appearance and expression of secre-
toglobin family 1A, member 1 (Scgb1a1), also called Clara Cell 
Secretory Protein (CCSP) or uteroglobin. During recovery from 
naphthalene depletion, a population of Club cells proliferates 
from neuroendocrine bodies and from the BADJ (51, 52). These 
bronchoalveolar stem cells (BASC) express airway Scgb1a1, 
alveolar Type II surfactant protein (SP)-C, the stem cell markers 
Sca-1, and CD34, but not CD45 (53). These BASCs are able to 
self-renew and maintain expression of both airway Scgb1a1and 
alveolar SP-C expression when cultured on irradiated mouse 
embryonic fibroblasts. However, their importance in defining air-
way and alveolar epithelial cell development and repair remains 
unclear because they proliferate less frequently than Type II cells 
in a post-pneumonectomy model of lung regeneration (54).

A label-retaining population of airway cells expressing Scgb1a1 
and the stem cell markers Oct-4, Sca-1, and SSEA-1 has also been 
identified in BADJ (55). These cells can be maintained ex vivo 
for several weeks, but have the capacity to express SP-C and T1α 
when cultured on Type I collagen. Fate-mapping studies using 
Scgb1a1-driven reverse transcriptional transactivator (rtTA) gene 
or Cre fused to an estrogen responsive binding site (CreER) gene 
to durably label Scgb1a1+ cells with LacZ or fluorescent proteins 
has provided new insight into the ability of airway Scgb1a1+ 
progenitors to repopulate alveolar cells. Depending upon the 
model and the timing of activation, airway Scgb1a1+ progeni-
tors contribute to ~10–50% of adult type II cells during normal 
postnatal lung development (56–60). These cells also contribute 
to alveolar repair when adult mice are infected with Influenza A 
Virus (IAV) or injured with bleomycin, both of which damage 
alveolar type II cells (59). Interestingly, they do not participate in 
repair when mice are exposed to hyperoxia or naphthalene (58). 
Since hyperoxia injures alveolar type I cells, and naphthalene 
injures airway Club cells, these two studies suggest Scgb1a1  + 
cells may serve as precursors for themselves and type II cells.

Analogous to studies using naphthalene to ablate airway Clara 
cells, exposure of adult mice, rats, or monkeys to oxidant gases 
(hyperoxia, ozone, or nitrogen dioxide) kills alveolar type I epithe-
lial cells (61–63). Pulse-chase labeling studies with H-thymidine 
indicate type II epithelial cells proliferate and differentiate into 
type I cells following injury (64–66). Emerging evidence suggests 
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that subpopulations of type II cells exist and T1α, a protein 
expressed by Type I cells, has been shown to co-localize with the 
Type II cell-specific lectin Maclura pomifera (67). Tri-transgenic 
mice containing the rat airway CCSP promoter driving rtTA, the 
otet-Cre gene, and the LacZ/EGFP (Z/EG) reporter identified a 
lineage of epithelial cells that defines airway Club and a small 
population of alveolar Type II cells (68). Recently, single-cell RNA 
sequencing revealed the existence of four distinct populations of 
type II cells (48). Alveolar type I cells have historically be thought 
to be the most terminally differentiated cell of the lung whose 
sole function was to facilitate gas-exchange and maintain bar-
rier function (64–66). However, a study showing that type I cells 
isolated from rats can proliferate ex vivo, express the stem cell 
protein Oct-4, and can be induced to express SP-C and Scgb1a1 
has challenged this conclusion (69).

Pulmonary Response to influenza  
A infection

As the lung evolved to efficiently exchange oxygen and carbon 
dioxide, so did an innate immune system comprised of special-
ized epithelial resident cells and circulating immune cells that 
function to recognize and clear a variety of inhaled pathogens and 
toxicants. Failure to detoxify the airspace can result in significant 
disease and even death. These defenses are most likely designed 
to respond to inhaled pathogens, like respiratory viruses, which 
were present in the environment before vertebrates migrated onto 
land. We therefore will discuss the current understanding of the 
pulmonary interactions with respiratory infections, primarily 
focusing on IAV, in an attempt to build a greater understanding 
of the poor response experienced by children born prematurely.

Viral respiratory infections have been found to afflict preterm 
infants at a higher rate than full term controls. Respiratory 
Syncytial Virus (RSV), human Rhinovirus (RV), and Bocavirus 
infection of children less than 14 years of age hospitalized over 
a 7-year study period were described (70). The authors found 
that children who were preterm exhibited a higher rate of infec-
tion with human metapneumovirus and parainfluenza virus as 
compared to controls (70). Additionally, a recent study describes 
extremely and moderately preterm infants facing a 3.6 times 
increased risk of being hospitalized due to respiratory infection, 
likely from RSV or RV, in the first year of life (71). Preterm infants 
hospitalized due to RSV were found more likely to wheeze in the 
first six years of life and experience decreased quality of life versus 
those infants who were not hospitalized due to RSV infection (72). 
RV infection of preterm infants also increases the risk of develop-
ing wheeze and requiring respiratory medicines in the first year 
of life, and can be the source of serious lower respiratory tract 
infections (73–76). A recent NHLBI workshop report recom-
mends identifying prophylactic approaches to prevent RSV and 
RV infections to help lessen the burden of asthma development 
in childhood (77), however determining when the use of such 
prophylaxis is complicated (78). Thus, infants born preterm face 
serious consequences in response to respiratory viral infections.

In human pediatric populations, RSV is more common 
in infancy (first two years of life) while IAV is generally more 

common in school age children (79, 80). Gaining a better under-
standing of how early life oxygen exposure affects responses to 
respiratory viral infections necessitates the use of animal models. 
While different species have shown utilization in RSV modeling, 
each has advantages and disadvantages (81, 82). Human RSV 
does not efficiently replicate and leads to non-significant disease 
and mortality in mouse models, making it difficult to model 
how it is perturbed in preterm children (82). This is in contrast 
to IAV mouse models that have proven robust viral replication 
and disease that closely model human disease. Here, neonatal 
oxygen exposures that have been shown to promote BPD-like 
lung disease in mice have also been shown to alter the response to 
IAV infection (35). Understanding how the oxygen environment 
at birth disrupts the host response to IAV may provide insight 
into how it influences the response to RSV and other respiratory 
viruses.

IAV annually causes global seasonal epidemics but also novel 
IAV occasionally arise leading to global pandemics. The most 
notorious of which was the pandemic of 1918 and the most 
recent the 2009 swine-flu pandemic (83). Significant insight into 
IAV–host interactions has historically occurred through in vitro 
investigations. A much greater understanding of this virus–host 
interaction, prior to, during, and following significant pathologi-
cal outcomes in vivo, has been hampered due to a lack of traceable 
reporter expressing IAV that retain full virulence as well as other 
technical problems. Recently, IAV–host interactions and in vivo 
dynamics following infection have been investigated utilizing 
reporter expressing recombinant IAV (84, 85).

The first step in IAV infection involves the recognition of 
sialic-acid (SA) moieties on the surface of susceptible cells by the 
viral hemagglutinin (HA) protein. Human IAV primarily infect 
via α2-6 SA residues and avian IAV by α2-3 linked residues. In 
healthy humans, α2-6 SA has been primarily found on the epi-
thelial (ciliated and non-ciliated) and goblet cells of the upper 
respiratory tract in humans (86). Avian like α2-3 SA has primarily 
been found on non-ciliated bronchiolar and alveolar type II cells 
in the lower respiratory tract (86, 87). Viral attachment and histo-
chemical studies have revealed human IAV primarily interacting 
with the upper respiratory tract through ciliated epithelial cells, 
goblet cells, as well as to type I alveolar epithelial cells, to varying 
extents (86–89). Contrasting with human IAV, avian IAV has 
been shown to primarily attach to alveolar epithelial type II cells, 
alveolar macrophages, and bronchiolar non-ciliated epithelial 
cells (89, 90). Sialic-acid receptor expression is a good correlate 
of IAV binding based upon histochemical studies. Although 
human IAV is of primary concern for understanding infection 
of the population discussed in this review, understanding avian 
IAV infection is imperative in the face of novel viruses entering 
the human population.

Both human and avian IAV can infect human airway epithelial 
cultures with human IAV preferentially target non-ciliated air-
way cells whereas avian IAV infect ciliated populations (91, 92). 
Alveolar type II cells have also been demonstrated as a site of IAV 
infection and replication although their importance to human 
disease is currently unclear. Human alveolar type II cells were 
infected by IAV in a primary cell culture system (93). Alveolar 
type II cells are imperative for the maintenance of the alveoli by 
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producing and secreting surfactant as well as being a renewable 
source for themselves and type I alveolar cells. Although poorly 
understood, the affect of IAV infection of type II cells has been 
shown to affect their phenotype and subsequent innate immune 
responses (93). Taken together, IAV tropism as it relates to human 
disease requires further investigation. Differences based on the 
strain of IAV used and type of assay utilized must be clarified for 
a greater understanding of human disease.

The source of cells responsible for pulmonary regeneration 
following viral injury is currently an active area of research. 
Bronchiolar epithelial cells expressing p63 were found to rapidly 
expand and disseminate to areas of lung injury following IAV 
infection and repair (94). This cell population was also found to 
have the ability to form “pods” in both bronchiolar as well as alve-
olar regions following injury caused by IAV. Keratin 5 expression 
(Krt5) was also shown to map to these regions and, importantly, 
was only detected following IAV infection, during reparative 
processes (94). These p63/Krt5 + cell populations therefore may 
act as distal airway stem cells and serve as the source for alveoli 
cell regeneration following injury and recently these p63/Krt5 + 
cells were found to recapitulate alveoli following epithelial injury 
by IAV (95). This unique population also has the ability to form 
alveoli-like structures when delivered to IAV-infected lungs 
minimizing virus-induced pathology (95).

Oxygen Perturbation of Proper Lung 
Development and innate immunity

As discussed previously, the transition to an oxygen environment 
at birth may be one of the most profound environmental changes 
one will ever experience and can lead to disease when it occurs 
inappropriately. Lungs of infants born preterm are often in the 
saccular phase of development. Alveolar regions at this time have 
yet to develop into true gas-exchanging structures, which is why 
many preterm infants develop respiratory distress. Furthermore, 
the capillary network surrounding the alveolus, which shuttles 
oxygen to the circulation, has yet to effectively complement the 
alveolus (96). Despite the life-saving efficacy of supplemental 
oxygen treatment during this critical time, growing evidence 
suggests that this treatment contributes to bronchopulmonary 
dysplasia (BPD), a chronic lung disease that is characterized by 
alveolar simplification and restrictive airways (16, 30). Oxygen-
dependent changes in genes specifying lung structure and cell phe-
notype are likely to impact cells and molecules involved in innate 
immunity required for a proper host response to respiratory viral 
infection (Figure 2). This includes alveolar epithelial type II cells, 
goblet cells, eosinophils, macrophages, dendritic cells, T cells, B 
cells, and innate lymphoid cells, in addition to soluble mediators 
produced by these cells, including SPs, cytokines, chemokines, 
and mucus proteins mediate innate immunity (97–100). In other 
words, early life oxygen exposure or other oxidative stresses may 
drive the development of long-term lung disease by disrupting a 
delicate balance of cell communication between genes controlling 
lung development and innate immunity.

One hallmark of supplemental oxygen treatment at birth is the 
development of a highly simplified alveolar epithelium. Although 
incompletely understood, this may develop due to oxidative stress 

or an aberrant immune response that suppresses angiogenic fac-
tors (101). In mice, alveolar epithelial type II cells expand rapidly 
following neonatal hyperoxia compared to room air control 
littermates (102, 103). Following recovery in room air however, 
this population is significantly pruned (102, 103). This results in 
a significant decrease in the pool of alveolar type II cells later in 
life. Concomitant with the loss of type II cells, markers for type 
I alveolar epithelial cells increase during the same time frame. 
Currently, the source of these cells is unclear; however, evidence 
suggests that type II alveolar cells lost during recovery in room 
air are not the source of these cells (102). Further fate-mapping 
studies of type II and type I cells during and following exposure to 
hyperoxia should help to clarify the intricate balance and source 
of these cells. Regardless, the loss of type II cells may adversely 
impact alveolar repair as well as the production of innate immu-
nity. Indeed, adult mice exposed to hyperoxia exhibit persistent 
and altered immune responses, fibrosis (Figure 3), and increased 
mortality compared to room air littermates when infected with 
a sublethal dose of IAV (32, 104, 105). The altered host response 
was not attributable to CD8 T cells and therefore the pathology is 
not likely due to a defect in viral clearance (106). While reduced 
numbers of type II cells did not negatively impact surfactant pools 
(107), it reduced expression of the antiviral protein eosinophil-
associated RNase 1 (Ear1) detected in some type II cells (104). 
Reduced expression of Ear1, while conceptually attractive, does 
not solely account for the fibrotic phenotype observed in IAV-
infected mice that have been previously exposed to hyperoxia as 
neonates. This is because neonatal hyperoxia has also been shown 
to enhance the severity of fibrosis in the neonatal hyperoxia model 
following bleomycin administration (108). Hypothetically, the 
loss of some type II cells may impact the orderly innate immune 
response releasing cytokines, chemokines, and SPs that are the 
first responders following IAV infection (109).

One example is monocyte chemoattractant protein-1 (MCP-
1), which has been found to be selectively increased following 
IAV infection in a model of neonatal hyperoxia (105, 110). MCP-1 
plays important roles in the recruitment of monocytes, T cells, 
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and NK cells to sites of infection and has been shown to protect 
against viral and bacterial challenges (111, 112). However, aber-
rant MCP-1 control has also been associated with lung disease 
in children and adults (113, 114). While MCP-1 is an attractive 
target, it has recently been shown that MCP-1 is not solely respon-
sible for the enhanced respiratory sequelae observed following 
IAV infection in neonatal hyperoxia-treated mice (105). This 
suggests that increased MCP-1 production may be an effect rather 
than a driver of the mechanisms leading to enhanced respiratory 
disease due to neonatal oxygen exposure.

In addition to an imbalance in alveolar type II cells, there 
are many other pulmonary innate immune mechanisms that 
might be affected by oxygen at birth. Animal models have identi-
fied several innate immune factors common in BPD-like lung 
injury. These include alterations in IL-6, IL-8, TNF-α, TGF-β, 
macrophage inflammatory factor-1α, IL-1β, MCP-1 MCP-2, 
CXCL-1, and CXCL-2 (115). Recent work also has identified 
mast cells as being present in the lungs of pediatric subjects who 
were diagnosed with BPD prior to death (100). Members of the 
IL-6 cytokine family have been shown to have fibrotic potential, 
which could contribute to lung disease (116). The compliment 
subunit C5a plays a role in neutrophil recruitment to the mouse 
lung following IAV infection and may be a potent inducer of 
hyperoxia-mediated lung injury via recruitment of macrophages, 
neutrophils, and lymphocytes, and increased expression of IL-6, 
TNF-α, and MCP-1 occurs (117, 118). Furthermore, C5a has 
been shown to increase TGF-β1 in primary human small airway 
epithelial cells, which could then contribute to the development 
of fibrosis (119). Thus, multiple factors could lead to the accumu-
lation of C5a, which could induce inflammation in the lungs of 
preterm infants. Some of these factors have been proposed targets 
to prevent the development or to treat patients with BPD (120).

Several recent studies illustrated effects that hyperoxic stress 
imparts on the innate immune system. For instance, macrophages 
exposed to hyperoxic conditions experience cell cycle arrest and 
showed impaired phagocytic and chemotactic activity (121, 122). 
GM-CSF is critical for the maintenance of alveolar macrophages 
and hyperoxic stress has been demonstrated to decrease levels of 

GM-CSF via destabilization of mRNA in primary AEC cell cul-
tures (123). Other studies indicate that the decrease in GM-CSF 
mRNA is due to upregulation of the microRNA molecule, miRNA 
33 (124). This same publication illustrates the complex nature 
of hyperoxia by demonstrating that T cells actually up-regulate 
GM-CSF in response to hyperoxic stress (124). Taken together, 
this highlights the critical importance of macrophage balance on 
phenotype.

Macrophages have been shown to play a role in the develop-
ment of alveoli (125). If these cells become more inflammatory in 
nature, such as experienced due to hyperoxic stress, they likely will 
contribute to lung pathology (126). A recent study illustrates that 
overexpression of TGF-β1 in the lung leads to the accumulation 
of inflammatory macrophages in a TGFβR2-dependent manner 
(127). Given the role for alveolar macrophages in activating T 
cells, it is possible that regulatory function of CD4 T cells could 
be compromised by pro-inflammatory macrophages found in the 
lung (128). In fact, active research is being conducted to try and 
target inflammatory macrophages to treat lung disease (129).

Neutrophils play a prominent role in the pathology of many 
lung diseases, including BPD (130). In a mouse model of hyper-
oxia, histological damage is preceded by neutrophil infiltration 
into the lung following a wave of macrophage recruitment (131). 
Several studies using animal models of hyperoxia show that 
reducing neutrophil infiltration correlates with decreased lung 
disease (132–134). Neutrophils play a complex role in the mecha-
nism of inflammatory disease and it has recently been suggested 
that neutrophils can play an anti-inflammatory role in addition 
to their common pro-inflammatory role (135).

Human studies have reported an unexpected alteration in 
neutrophil counts in preterm infants, which could relate to the 
risk of preterm infants developing lung disease (136–138). Of 
note, one study reports that infants with respiratory distress syn-
drome born less than 32 weeks gestational age who develop BPD 
have elevated levels of IL-6 and IL-8 in tracheal aspirates prior to 
the influx of neutrophils versus those who do not develop BPD 
(139). A decrease in CD18 and CD62L on circulating neutrophils 
in the first 4 weeks of life in preterm infants was associated with 
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the development of BPD (140). Additionally, increased serum 
levels of neutrophil-associated gelatinase-associated lipocalin in 
preterm infants born less than 31 weeks of gestation was predic-
tive for the development of BPD (141). Of note, children who 
were born less than 32  weeks gestational age have higher IL-8 
and neutrophil cell counts in sputum at the preschool age, which 
illustrates long-term consequences in lung inflammation due to 
preterm birth (142). Thus, more studies are needed to understand 
how hyperoxia could alter the function of neonatal neutrophil 
function, which could then affect the development of inflamma-
tory lung disease later in life.

It is becoming more apparent that respiratory disease pathol-
ogy varies greatly and that unique subtypes of disease exist. Many 
of these subtypes display unique alterations in the skewing of the 
immune system toward a Th1, Th2, or Th17 response (143). The 
endotype of disease tends to track with the type of T cell skewing 
with a Th17/neutrophilic response being more damaging than 
other types of disease, and this is intimately related to the stimula-
tory conditions of activated T cells (144). In a study of extremely 
preterm infants (born <32 weeks GA) RV infection was shown 
to induce a Th2 and Th17 response, and IL-4 production was 
related to severity respiratory morbidity (145). Furthermore, 
alterations in T regulatory cells have been described in humans 
with respiratory disease (146). An important consideration is 
that T regulatory cells are associated with inhibition of fibroblast 
proliferation and in vascular repair in the lung following injury 
(144). Given the surprising finding that cord blood contains T 
cells with an activated/memory phenotype, it is possible that these 
cells are poised to contribute to inflammatory lung disease (147). 
Recent work has also reported decreased CD4 T cells in cord 
blood from preterm infants who develop moderate BPD (148). 
Despite the finding that cytotoxic T cell function is not altered in 
mice exposed to hyperoxia followed by IAV infection (106), it is 
possible that CD4 T cells play a role in hyperoxia-mediated lung 
damage in humans and in the development of disease later in life. 
However, small animal models of oxygen effects on BPD do not 
support this hypothesis.

In adults, oxidative stress plays a role in COPD disease pro-
gression (149). It is possible that changes in the oxidative state 
of the lung due to chronic oxygen exposure in preterm infants 
could change how cells from the immune system respond to envi-
ronmental exposures by altering cellular function or the types 
of cytokines that are produced (150–153). These cytokines could 
work in concert with cell types in the lung, including epithelial 
cells and innate lymphoid cells, known to produce pro-inflamma-
tory and pro-fibrotic factors under certain conditions (154). One 
recent report demonstrates that reactive oxygen species in the 
lung can alter signaling of the inflammasome, leading to increased 
inflammation (155). One cell lineage receiving a great deal of 
attention is the innate lymphoid cell, which is a bone-marrow 
derived population found at mucosal surfaces, including the lung. 
They have the ability to generate high levels of cytokines that can 
influence the balance of the immune system (156). Much like cells 
in the adaptive immune system, they can be skewed to express 
transcription factors and produce cytokines consistent with Th1, 
Th2, and Th17 CD4 T cell lineages and play an essential role in 
responding to infection (157, 158). Of particular interest, ILC2 

cells have been shown to play a role in the pathogenesis of lung 
disease by contributing to a Th2 T cell response (159, 160). IL-13 
is a Th2 cytokine that, when overexpressed in the lung, results 
in oxidative damage to peripheral blood cells (161). Of note is 
that oxidized guanidine perpetuates the inflammatory response 
(162). A related inflammatory mechanism could be present with 
complexes of oxidized high-mobility group box protein 1, which 
has been shown to induce hyperoxia-mediated lung inflam-
mation (136, 163). It is tempting to speculate that exposure to 
hyperoxia could contribute to this inflammatory loop of chronic 
lung disease through the induction of oxidized DNA.

Taken together, the balance of redox state within the lung is 
of critical importance in preventing chronic lung disease. It is 
very likely that early life exposure to hyperoxia changes this bal-
ance, which could result in permanent lung injury. Alterations 
in function of immune cells, including but not limited to CD4 T 
cells, neutrophils, and macrophages, likely play a major role in 
this development of lung disease. Importantly, pulmonary cells 
that produce innate immune molecules, like type II epithelial 
cells, might also be depleted or epigenetically modified in their 
ability to respond to injury (102). Taken together, it is likely that 
low levels of inflammation are present following exposure to 
hyperoxia, which could perpetually contribute to lung disease.

A Perspective on Oxygen as a Goldilock’s 
Modifier of Respiratory Health

If we accept that high levels of oxygen at birth can alter children’s 
health, does low levels of oxygen at birth also affect children’s 
health? Indeed, there is growing evidence that gene–environ-
ment interactions influences health of people living at high 
altitude (low oxygen). Populations of Tibetans, Ethiopians, and 
Andeans living at >2.5 miles or between 11 and 13% oxygen 
exhibit resistance to hypoxemia, and develop larger lungs and 
hearts. These phenotypic changes appear to be genetically fixed 
in Tibetans and Ethiopians, but not in Andeans. Between 2010 
and 2014, single-cell gene analysis and whole-exome sequencing 
identified haplotypes in the prolyl hydroxylase EGLN1, hypoxia-
inducible factor (HIF)-2α, and peroxisome proliferator-activated 
receptor (PPAR)-α genes that correlated with lower hemoglobin 
levels in Tibetans (164–167). These haplotypes are not detected 
in Ethiopians. Instead, haplotype changes in the retinoic acid 
orphan receptor have been detected, which is interesting because 
this receptor dimerizes with HIF-2α (168). Taken together, 
this suggests that Tibetan and Ethiopian populations adapted 
separately to hypoxia through a common EGLN-HIF signaling 
pathway. Genetic changes conferring resistance to hypoxia have 
yet to be detected in Andeans and the hypoxic-resistant pheno-
type is only present in children born at high altitude (169). This 
implies Andeans acclimatize to an environmentally low level of 
oxygen at birth.

Regardless of how adaptation at high altitude is achieved, it 
maladaptively influences long-term health. When compared to 
people living at sea level, high-altitude natives have increased 
risk for cardiovascular disease particularly related to cardiac 
hypertrophy (169). A zip code study of children born at high 
altitude in Colorado suggests that birth at high altitude increases 
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re-hospitalization following infection with RSV (170). Living at 
high altitude may also reduce brain activity (171). High-altitude 
natives may have lower rates of obesity (172), but are often born 
small for gestational age and exhibit transient growth delay 
with compensatory catch-up growth (169, 173). Some of these 
health risks may mirror those seen in children who had sleep 
apnea, placental insufficiency, or cyanotic congenital heart 
disease as infants. Hence, adapting to low oxygen at birth causes 
similar maladaptive changes to children’s health as high oxygen 
exposure.

This Goldilocks effect of oxygen reflects the convergence of 
an oxygen environment on genes present at birth, some of which 
have fixated changes that maintain the response to hypoxia even 
at sea level. Genetic changes that influence the response to high 
oxygen used to treat preterm infants have yet to be identified, 
perhaps because there is no evolutionary pressure or memory for 
adapting to hyperoxia. However, recognizing that the response to 
oxygen is non-linear, studying adaptation to low oxygen may help 
us understand adaptation to high oxygen (Figure 4).

In the preceding sections, we have highlighted the current 
understanding of normal pulmonary development and how 
it is perturbed due to premature birth. These changes become 
exasperated due to neonatal oxygen exposure that affects the pul-
monary epithelium, angiogenesis, and the innate immune system 
in the developing infant. Great strides have recently been realized 
in both the treatment and understanding the mechanisms leading 

to sequelae later in life in this susceptible population. Our hope is 
that this review has left the reader with an appreciation for previ-
ous work as well as highlighting future areas of research that are 
warranted. These include but are not limited to gaining a more 
complete understanding of the molecular programing that drives 
development and regeneration of the respiratory epithelium that 
will allow for a better appreciation of the affects an immature 
lung experiences due to premature birth into an oxygen rich 
environment. Infants born prematurely, and likely provided 
oxygen, experience enhanced disease due to respiratory infec-
tions later in life. Understanding what pulmonary cell types are 
principally infected by various respiratory pathogens, like IAV, in 
healthy subjects precludes our understanding of the cell-specific 
alterations occurring in preterm infants later in life. Although 
cell-specific pulmonary tropism of IAV is unlikely to drastically 
change in this population, it may prove that a cell-specific imbal-
ance in these aberrant lungs drives enhanced disease. It is also 
clear that genes involved in directing lung development overlap 
with those of the pulmonary innate immune system (97). It is 
therefore likely that overall respiratory health is accomplished 
by an interaction with oxygen at birth that influences the devel-
opmental trajectory of the lung and pulmonary innate immune 
system. A better understanding of how the oxygen environment 
at birth influences gene–innate immune interactions could help 
identify children at risk for disease and ideally treatments that 
improve their health.
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The concerted interaction of genetic and environmental factors acts on the preterm human 
immature lung with inflammation being the common denominator leading to the multi-
factorial origin of the most common chronic lung disease in infants –  bronchopulmonary 
dysplasia (BPD). Adverse perinatal exposure to infection/inflammation with added 
insults like invasive mecha nical ventilation, exposure to hyperoxia, and sepsis causes 
persistent immune dysregulation. In this review article, we have attempted to analyze 
and consolidate current knowledge about the role played by persistent prenatal and 
postnatal inflammation in the pathogenesis of BPD. While some parameters of the early 
inflammatory response (neutrophils, cytokines, etc.) may not be detectable after days to 
weeks of exposure to noxious stimuli, they have already initiated the signaling pathways 
of the inflammatory process/immune cascade and have affected permanent defects 
structurally and functionally in the BPD lungs. Hence, translational research aimed at 
prevention/amelioration of BPD needs to focus on dampening the inflammatory response 
at an early stage to prevent the cascade of events leading to lung injury with impaired 
healing resulting in the pathologic pulmonary phenotype of alveolar simplification and 
dysregulated vascularization characteristic of BPD.

Keywords: premature newborn, chronic lung disease, cytokines, sepsis, hyperoxia, mechanical ventilation

iNTRODUCTiON

Bronchopulmonary dysplasia (BPD) is the most common chronic respiratory disease affecting 
infants wherein the developmental program of the lung is altered secondary to preterm birth of the 
baby (1). Lung development progresses in five distinct stages: embryonic, pseudoglandular, cana-
licular, saccular, and alveolar (2, 3). Human preterm babies who develop BPD are born in the late 
canalicular or early saccular stage of lung development. The late canalicular stage is characterized by 
development of the primitive alveoli and the alveolar capillary barrier, and the differentiation of type 
I and type II pneumocytes. The early saccular stage is marked by initiation of surfactant production, 
pulmonary vascularization, and enlargement of terminal airways (2–5). Unique to lung development 
is the fact that unlike other organs, the lungs complete their development after birth (up to 8 years 
of age) (6). Alveolar sacs are formed by secondary septation of alveolar ducts. With preterm birth, 
this programed development is disrupted, and in the setting of inflammation [whether it is due 
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FiGURe 1 | Genetic predisposition and persistent inflammation due to 
environmental factors (sepsis, invasive mechanical ventilation, and 
hyperoxia) acting on the foundation of immature lung underlie the 
pathogenesis of BPD.
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to infection, mechanical ventilation (MV), or hyperoxia] causes 
impaired alveolarization leading to BPD. We need to remember 
that while in sheep, baboons, and humans, the saccular stage 
occurs in utero; in rodent models, it begins at embryonic day 18 
and continues through postnatal (PN) day 5 (4, 5).

In spite of many advances in neonatal medicine in the past few 
decades, like the introduction of better MV strategies and the use 
of surfactant and antenatal steroids, the incidence of BPD has not 
declined (7). The incidence of BPD in the United States is about 
10,000–15,000 new cases each year out of which the majority of 
those affected have a birth weight <1250 g (8). Pulmonary and 
neurodevelopmental sequelae of this devastating disease extend 
even into adulthood (9).

Genetic (10) and environmental factors (pre- and/or postnatal 
sepsis, invasive MV, and hyperoxia) (1) act on the preterm human 
immature lung with inflammation being the common denomina-
tor in all these interactions leading to the multifactorial origins 
of this disease. As shown in Figure 1, it is postulated that adverse 
perinatal exposure/infection with added insults like invasive MV, 
exposure to hyperoxia, and sepsis causes persistent immune dys-
regulation. This on top of genetic susceptibility and prematurity 
leads to persistent inflammation leading to lung remodeling and 
evolution of BPD.

In this review article, we have attempted to analyze and con-
solidate current knowledge about the role played by persistent 
prenatal and postnatal inflammation in the pathogenesis of BPD. 
We searched PubMed for articles limited to English language with 
the keywords: “Bronchopulmonary dysplasia or BPD,” “inflam-
mation,” “chorioamnionitis,” “mechanical ventilation,” “hyper-
oxia,” “postnatal sepsis,” either individually or in combination. 

We focused on articles published over the last 10 years and used 
the most relevant ones for this review.

MeDiATORS OF iNFLAMMATiON iN BPD

Bronchopulmonary dysplasia has been linked to the development 
of an inflammatory response that can occur in absence of clinical 
infection. Systemic fetal inflammatory response (11) and neona-
tal leukemoid reactions (12) have been implicated as a risk factor 
for BPD. Pulmonary inflammation in BPD is characterized by the 
presence of inflammatory cells like neutrophils and monocytes, 
pro-inflammatory cytokines, and other mediators, including 
soluble adhesion molecules.

The innate immunity and adaptive immunity reinforce each 
other and act in unison. Cells of the innate immune system 
secrete cytokines, which can prime lymphocytes thereby modu-
lating adaptive immunity (13). Exposure to a specific antigen 
causes these primed lymphocytes to have a more rapid and 
intense immune response (14, 15). Naïve T cells express CD62L 
(L-selectin) (16). Upon activation, the T cells shed their surface 
CD62L molecules. In infants with BPD, the expression of the 
CD62L is decreased on these CD4+ T-cells thereby suggesting 
T cell activation. CD54 (intercellular adhesion molecule-1 or 
ICAM-1) is an adhesion molecule that mediates a co-stimulatory 
signal in T cell activation. CD54 expression is increased upon cell 
activation (17).

The premature lung is exposed to ongoing oxidative and cel-
lular damage. Damaged lung tissue releases chemotactic factors 
and inflammatory cytokines, such as interleukin (IL)-1, IL-8 
(CXCL-8), and tumor necrosis factor alpha (TNF-α). This leads 
to an influx of neutrophils and other inflammatory cells with 
increased release/production of additional pro-inflammatory 
cytokines (Table  1). Multiple studies have shown that IL-1β, 
IL-6, and IL-8 are elevated very early in the respiratory course of 
the human preterm population that ultimately develop BPD, and 
in tracheal aspirates of those with BPD. In contrast, decreased 
levels of IL-10 in serum and tracheal aspirates have been shown 
in studies of those infants who developed BPD. In addition to 
ILs, a large variety of other biomarkers have been detected and 
associated with the development of BPD in tracheal aspirates, 
as well as blood and urine samples of premature infants (9, 18). 
The ones that have been implicated in the animal models include 
inflammatory cytokines, matrix proteins, growth factors, and 
vascular factors (9, 18–33). Their role is illustrated in Table 1.

We will now describe the major environmental factors that 
contribute to inflammation, and its persistence, in the pathogen-
esis of BPD. These include prenatal influences (chorioamnionitis) 
and postnatal influences, namely early- and late- onset sepsis, 
invasive MV, and hyperoxia.

PReNATAL FACTORS CAUSiNG 
iNFLAMMATiON – CHORiOAMNiONiTiS

As the name suggests, chorioamnionitis is inflammation of 
the chorion and amnion membranes of the placenta (34). 
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TABLe 1 | Selected mediators of inflammation, their role, and 
corresponding expression in BPD.

Mediators of inflammation Role expression 
in BPD

inflammatory cytokines

Interleukins: anti-inflammatory

 IL-10 Suppresses inflammatory 
response by inhibiting NF-κB

↓/↔

 IL-4, IL-13 Suppresses inflammation by 
inhibiting pro-inflammatory 
cytokine production

↔

Interleukins: pro-inflammatory

 IL-1, IL-6 Acute phase inflammatory 
response 

↑

 IL-8 (CXCL-8) Main chemoattractant for 
neutrophils

↑

CC chemokines

  Monocyte chemoattractant 
protein (MCP)-1, 1α, 1β, 2, 3

Recruit inflammatory cells to 
area of injury

↑

Macrophage migration 
inhibitory factor (MIF)

Upstream regulator of innate 
immune response

↓

Tumor necrosis factor alpha 
(TNF-α)

Enhances expression of other  
pro-inflammatory cytokines

↑

Transforming growth  
factor-beta 1 (TGF-β1)

Pro-inflammatory ↑

Matrix proteins

Matrix metalloproteinase-8 Disordered pulmonary 
remodeling after inflammation

↑

Matrix metalloproteinase-9 Pro-inflammatory, interferon-
gamma (IFN-γ) signaling

↑

Growth factors

Endothelin-1 Pro-inflammatory ↑
Vascular endothelial growth 
factor

Pro-inflammatory ↑/↓

Connective tissue growth factor 
(CTGF)

Pro-inflammatory ↑

Bombesin-like peptide (BLP) Increases mast cells in the lung ↑
Breast regression protein-39 
(human analog is YKL-40)

Anti-inflammatory ↓

Pulmonary hepatocyte growth 
factor (HGF)

Alveolar septation, repair ↓

Keratinocyte growth factor 
(KGF)

Regulates proliferation of 
alveolar epithelial cells

↓

Miscellaneous

Interferon-inducible protein 9 
(IP-9 – also known as CXCL11)

Pro-inflammatory, IFN-γ 
signaling

↑

Cyclooxygenase-2 (Cox-2) Pro-inflammatory, IFN-γ 
signaling

↑

CCAAT/enhancer-binding 
protein (C/EBP)

Pro-inflammatory, IFN-γ 
signaling

↑

Endoglin Pro-inflammatory ↑
Periostin Pro-inflammatory ↑
Clara cell secretory protein Modulates acute pulmonary 

inflammation
↓

Parathyroid hormone-related 
protein (PTHrP)

Alveolar growth ↓

Angiopoietin-2 Pro-inflammatory ↑
Lactoferrin Anti-inflammatory ↓

↑ – increase; ↔ – no change; ↓ – decrease.
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Although commonly seen in clinical practice, chorioamnionitis 
is a  complex syndrome associated with pregnancy leading to 
preterm deliveries (34). Chorioamnionitis has been classified as 
either histological or clinical. With histological chorioamnio-
nitis, there is infiltration of polymorphonuclear leukocytes and 
other inflammatory cells like macrophages and T cells as seen 
microscopically (35–37). Clinical chorioamnionitis is evidenced 
by fever >37.5°C, uterine tenderness, foul smelling vaginal dis-
charge, abdominal pain, maternal tachycardia with a heart rate 
>100 bpm, fetal  tachycardia HR >160 bpm, and white blood cell 
(WBC) count >15,000/mm3 (38, 39).

It has been shown in in vitro studies that bacterial products 
like phospholipase A2, peptidoglycan polysaccharide, proteolytic 
enzymes, and endotoxins can initiate an inflammatory response. 
Inoculation of the amniotic cavity with E. coli lipopolysac-
charide (LPS) or live Ureaplasma organisms has been shown to 
induce structural and functional fetal lung maturation (40–43). 
Antenatal lung inflammation impacts a variety of signaling 
pathway regulators like toll-like receptors 2 and 4 (TLR2 and 
TLR4), growth factors like TGF-β and CTGF, and mesenchymal 
structural proteins like bone morphogenetic protein-4 leading 
to vascular remodeling and alveolar simplification, which could 
be considered akin to a mild BPD phenotype (40–43). However, 
repetitive LPS exposure and/or chronic chorioamnionitis leads 
to immune tolerance and a dampened inflammatory response, 
which in turn allows the lungs to develop close to normal in 
experimental BPD animals (40–42).

Adverse perinatal outcomes are seen with intra-amniotic 
inflammation irrespective of the presence of intra-amniotic 
infection. Colonization per se, without inflammation is not asso-
ciated with adverse outcomes (44). The severity of the adverse 
outcomes is directly related to the severity of the intra-amniotic 
inflammation (44). Maternal antibiotic use has been associated 
with decreased BPD (45).

To summarize, in experimental animals, antenatal inflamma-
tion causes lung maturation and some degrees of lung injury, which 
is modified by the not fully developed innate immune response, 
exposure to antenatal steroids, and noxious postnatal factors. 
Not surprisingly, given the variability in definition and impact 
of various confounding factors, the issue of antenatal inflamma-
tion causing BPD in human infants is controversial (42, 46–49). 
Chorioamnionitis increases the incidence of preterm birth, and 
if accompanied by lung inflammation could result in surfactant 
dysfunction allowing for prolonged exposure to supplemental 
oxygen and invasive MV (11, 48). This “multiple hit” of events 
could explain the propensity to BPD in such infants (48), though 
this has not been consistently shown (50). In addition, persistence 
and non-resolution of lung inflammation lead to BPD by inhibit-
ing secondary septation, alveolarization and normal vascular 
development, and the compromised ability of the lungs to heal.

POSTNATAL FACTORS CAUSiNG 
iNFLAMMATiON – SePSiS

Preterm infants are more susceptible to infections since their 
immune defenses are not fully developed, have vulnerable skin 
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barrier, and require multiple invasive procedures (51). Postnatal 
infection/inflammation could either be localized to the lung or 
could be systemic in origin. Chorioamnionitis increases the risk 
of early-onset neonatal sepsis, which sets off an inflammatory 
cascade (48). Also, it has been shown that late-onset sepsis induces 
a pro-inflammatory and pro-fibrotic response in the preterm lung 
predisposing it to BPD (51).

Local (intra-tracheal) exposure to LPS (bacterial endotoxin) 
or dsRNA (a marker of viral replication) in the neonatal rat led to 
acute cellular and cytokine inflammatory responses, which were 
associated with histologic features of impaired alveolar develop-
ment (52, 53).

Neonatal mice injected with intraperitoneal LPS demonstrated 
reduced lung inflammation and apoptosis after 24 h as compared 
to adults, and this was associated with activation of the transcrip-
tion factor, nuclear factor kappa B (NF-κB) (54). Inhibition of 
NF-κB resulted in increased cell death and alveolar simplifica-
tion and disruption of angiogenesis via vascular growth factor 
(VEGF)-R2 (55). It has also been shown that using a targeted 
deletion of NF-κB signaling (using a lung epithelium-specific 
deletion of IKKβ – which is a known activating kinase upstream 
of NF-κB) in a mouse model results in alveolar hypoplasia with 
decreased VEGF expression (56). In addition, there was increased 
expression of CXCL-1, as well as its receptor CXCR2. Pre-
treatment with CXCR2-neutralizing antibody was able to reverse 
the effects in the developing lung (53). In summary, exposure to 
either bacterial or viral agents in the rodent model led to features 
of inflammation, with pulmonary histology suggestive of BPD.

Inflammatory response secondary to viral infections in early 
post natal stages could be worth considering in the evolution of 
BPD. Increased neutrophil accumulation, increased expression 
of CXCL-1 and its receptor CXCR2, and decreased lung alveo-
larization have been seen with intra-tracheal delivery of viral 
pro-inflammatory dsRNA in 10-day-old mouse model (53).

POSTNATAL FACTORS CAUSiNG 
iNFLAMMATiON – iNvASive 
MeCHANiCAL veNTiLATiON

Mechanical ventilation is a risk factor for the development of 
BPD in premature infants. Lung injury from MV results due to 
volutrauma, barotrauma, or atelectrauma (57).

When lungs are exposed to high tidal volumes, over disten-
sion leads to production of pro-inflammatory cytokines like IL-6, 
IL-8, and TNFα and reduced expression of anti-inflammatory 
cytokines like IL-10 (58). Even ventilation at low tidal volumes 
is deleterious because of the stretch injury it can induce by over-
distending partially collapsed lungs. Sustained lung inflation 
(SLI) has been shown to increase levels of pro-inflammatory 
cytokines and BPD-like changes in the lungs of preterm lambs 
(59). There is great need to find non-invasive ventilation strate-
gies for preterm neonates because even “gentle” invasive MV for a 
shorter duration can induce an inflammatory response (60).

In neonatal rats (7- to 14-day-old –  in the alveolar phase of 
lung development), high tidal volume ventilation increased IL-6 
mRNA and upregulated the TGF-β signaling molecule, CTGF 

mRNA, and protein expression compared to controls (61). In an 
8-day-old rat ventilation model, high tidal volumes increased the 
neutrophilic and inflammatory cytokine mRNA and/or protein 
expression (IL-1β, IL-6, CXCL-1 and 2) response (62). In a 7-day-
old rat model, exposure to MV for 24 h in room air led to cell cycle 
arrest (63), suggesting a harbinger to alveolar simplification, the 
pathologic hallmark of BPD.

In an invasive MV model in 2-week-old mice (well into the 
alveolar phase of lung development) for 1 h, IL-6 lung levels were 
increased in the high tidal volume ventilation group (64). Studies 
conducted in 2- to 6-day-old mice (late saccular to early alveolar 
phase of lung development) ventilated for 8–24 h with room air or 
40% O2 revealed dysregulated elastin (ELN) assembly, a threefold 
to fivefold increase in cell death, TGF-β activation, and a decrease 
in VEGF-R2 expression (65, 66). Inhibiting lung elastase activity 
by using recombinant human elafin or genetically modified mice 
that expressed elafin in the vascular endothelium was protective 
of the lung injury (67, 68).

Early studies using a chronically ventilated (3–4  weeks) 
preterm lamb model of BPD showed evidence of non-uniform 
inflation patterns and impaired alveolar formation with an abnor-
mal abundance of elastin (69). Inflammation was evident by the 
presence of inflammatory cells, namely alveolar macrophages, 
neutrophils, and mononuclear cells and edema (69). In this 
model, there was also reduced lung expression of growth factors 
that regulate alveolarization and differential alteration of matrix 
proteins that regulate ELN assembly (70). A non-invasive (nasal) 
ventilation approach preserved alveolar architecture (71) and 
had a positive effect on parathyroid hormone-related protein-
peroxisome proliferator-activated receptor-gamma (PTHrP-
PPARγ)-driven alveolar homeostatic epithelial–mesenchymal 
signaling in the preterm lamb model (72).

It has been seen in preterm fetal sheep that there is increased 
expression of early response gene-1 (Egr-1) as well as pro- and 
anti-inflammatory cytokines and dynamic changes in heat 
shock protein 70 (HSP70) (57). This stretch injury also increases 
expression of granulocyte/macrophage colony-stimulating fac-
tor mRNA leading to maturation of lung monocytes to alveolar 
macrophages (57). Induction of surfactant proteins A, B, and C 
mRNA is also increased (57). More recently, even short-term 
stretch injury (15  min) secondary to invasive MV in preterm 
fetal sheep led to increased levels of pro-inflammatory cytokines, 
IL-1β, IL-6, monocyte chemoattractant protein (MCP)-1, and 
MCP-2 mRNA by 1 h (57). This was accompanied by increased 
presence of inflammatory cells in the bronchoalveolar lavage fluid 
(BALF) with initial increases in neutrophils and monocytes by 
1 h and a transition to macrophages by 24 h (57).

The preterm ventilated baboon model of BPD (delivered at 
125 days – at 68% of gestation) showed evidence of alveolar hypo-
plasia and dysmorphic vasculature, akin to that seen in human 
BPD (73). Importantly, there were significant elevations of TNF-
α, IL-6, IL-8 levels, but not of IL-1β and IL-10, in tracheal aspirate 
fluids at various times during the period of ventilator support, 
supporting a role for inflammation (73). In addition, increased 
matrix metalloproteinase-9 (MMP-9) levels were associated with 
lung inflammation and edema seen in this invasive ventilation 
model (74). Alteration of VEGF was also noted in the lungs of 
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FiGURe 2 | Photomicrographs (×10, upper panel; ×20 lower panel; 
hematoxylin and eosin stain) of neonatal lung injury noted in newborn 
mice at postnatal day 2, after 100% O2 exposure since birth. Note the 
alveolar exudates and presence of inflammatory cells in the hyperoxia-
exposed lungs compared with litter-mate controls in room air. RA, room air; 
HYP, hyperoxia [with permission from Semin Fetal Neonatal Med (2010) 
15(4):223–9].

December 2015 | Volume 2 | Article 905

Balany and Bhandari Persistent Inflammation in BPD

Frontiers in Medicine | www.frontiersin.org

various baboon models (75, 76). Bombesin is a 14-amino acid 
peptide, initially detected in amphibian skin, but immunoreactive 
studies have shown the presence of bombesin-like peptide (BLP) 
in multiple organ systems in mammals (77). In the lung, BLP have 
been shown to be released by pulmonary neuroendocrine cells 
(77). BLP blockade improved alveolar septation and angiogenesis 
in the preterm baboon models (78, 79).

In the 125-day baboon model, treatment with early nasal 
continuous positive airway pressure (NCPAP) for 28  days 
led to a pulmonary phenotype similar to 156  days gestational 
control lungs, suggesting that this non-invasive approach could 
minimize lung injury (80). In the same model, delayed extuba-
tion (till 5 days) versus early extubation to NCPAP at 24 h led 
to significantly increased BALF IL-6, IL-8, MCP-1, macrophage 
inflammatory protein-1 alpha (MIP-1α), and growth-regulated 
oncogene-alpha (GRO-α) in the delayed NCPAP group (81).

Some epidemiological studies showed that replacing invasive 
MV with NCPAP was associated with BPD reduction (82). No 
reduction in the incidence of BPD or mortality in the NCPAP 
group was seen in the COIN study that randomized infants born 
at 25–28 weeks to receive either NCPAP or intubation with MV 
in the delivery room (83). The INSURE (IN: intubation, SUR: 
surfactant, E: extubation) technique has been shown to reduce 
the need for MV and incidence of BPD (84). Non-invasive 
ventilation strategies like nasal intermittent-positive pressure 
ventilation (NIPPV) not only reduce the need for intubation 
within the first 48–72 h of life, but also have been associated with 
decreased mortality and/or BPD and hence is a feasible option 
for the newborn (85–87), though additional studies are required 
(88). The optimal mode of non-invasive ventilation (for example: 
type of NCPAP, maximum level of NCPAP, synchronized or 
non-synchronized method of nasal ventilation), selection of 
the best nasal interface (short-prongs or mask), and choice of 
ventilator need to be determined, and this information would 
be helpful in management of the disease.

To summarize, while the lamb/sheep/baboon ventilation 
models are in the saccular stage (akin to the human premature 
babies who are at most risk for BPD at birth), the rat/mouse 
ventilation models are in the alveolar phase of lung develop-
ment. However, it is quite obvious that mechanical stretch injury 
generates an inflammatory response (mostly neutrophils, IL-1β, 
IL-6, CXCL-1/-2, TGF-β signaling), along with alterations in 
matrix proteins (ELN, MMP-9) and VEGF. In addition, there is 
increased cell death and cell cycle arrest. Thus, it appears that an 
initial inflammatory cascade triggers the signaling of additional 
molecular mediators that lead to dysregulated vascularization 
and impaired alveolarization. Interestingly, non-invasive (nasal) 
ventilation approaches were protective of these responses. Thus, 
prolonged invasive MV sets off a persistent cascade of inflamma-
tory response that in the setting of hyperoxia takes the “multiple 
hit” pathway of leading to BPD.

POSTNATAL FACTORS CAUSiNG 
iNFLAMMATiON – HYPeROXiA

Many studies have documented the injurious effects of perinatal 
supplemental oxygen on lung development. Target levels of O2 in 

extremely low birth weight (ELBW) have been studied extensively. 
The morphologic changes of human BPD resemble hyperoxic 
lung injury in newborn animals (73). Prolonged exposure to 
hyperoxia in the neonatal mouse for 14  days or longer results 
in a phenotype of “old” BPD (89, 90). Exposure to hyperoxia in 
the critical saccular stage of lung development replicates human 
BPD, with effects that are dose-dependent on the fraction of 
inspired oxygen (FiO2) concentration; the effects last lifelong with 
increased susceptibility to respiratory tract infections (91–95). 
Acute lung injury caused by hyperoxia (Figure 2) occurs second-
ary to an inflammatory response, which causes destruction of 
the alveolar–capillary barrier, vascular leak, influx of inflam-
matory mediators, pulmonary edema, and ultimately cell death 
(96). With continued exposure to hyperoxia this inflammatory 
response and pulmonary edema improve initially but chronic 
pulmonary inflammation ensues in the following weeks (97). 
At the cellular level, alveolar or interstitial macrophages express 
early response cytokines when exposed to hyperoxia, which in 
turn attract inflammatory cells to the lungs (19).

It has been shown that there exists a dose-dependent effect of 
hyperoxia on severity of BPD in the murine model. Mice exposed 
to varying concentrations of oxygen ranging from 40 to 100% at 
PN days 1–4 had more severe disease at higher concentrations of 
oxygen (92). An oxygen dose-dependent inflammatory response 
to influenza-A viral infection in adult mice that had been exposed 
to hyperoxia as neonates has been reported (95). Furthermore, 
this response was dependent upon the cumulative exposure to 
oxygen (98).

The specific role of individual inflammatory molecular 
mediators in the pathogenesis of BPD has been particularly 
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well illustrated by utilizing lung-targeted overexpressing trans-
genic models, in room air, resulting in pulmonary phenotypes 
reminiscent of human BPD. These include IL-1β (99, 100) and 
IFN-γ (25, 91). In the case of IL-1β transgenic mice, absence of 
the beta6 integrin subunit was protective of the BPD phenotype 
(101). Interestingly, inhibition of cyclooxygenase-2 (Cox-2) ame-
liorated the BPD phenotype in the hyperoxia-induced as well as 
the IFN-γ lung overexpressing transgenic mouse model in room 
air. A recent paper has reported that increased Cox-2 activity may 
contribute to proinflammatory responses in hyperoxia-exposed 
developing mouse lungs (102).

There is increased expression of IL-1α mRNA in neonatal mice 
exposed to hyperoxia (89). Lung mRNA for IL-1β also increases 
in neonatal mice exposed to hyperoxia (103). Transgenic IL-1β 
overexpression in lung epithelium resulted in BPD phenotype in 
neonatal mice (100). In hyperoxia-exposed newborn rabbits, the 
pattern of IL-1β rise and fall matches the rise and fall of histologic 
inflammation (104). However, in the immature baboon model 
of BPD, no such pattern between IL-1β levels and inflammation 
was seen in the tracheal aspirates (73). CINC-1 in premature rat 
lungs (105) and newborn rabbits (104) exposed to hyperoxia was 
upregulated. Also, IL-8 levels in tracheal aspirates of the prema-
ture baboon model of BPD have been shown to be increased (73).

The lungs of hyperoxia-exposed neonatal mice had no change 
in IL-10 mRNA expression (103). Also tracheal aspirates of 
baboon model of BPD show no difference in IL-10 levels (73). 
IL-1β, IL-6, and IL-8 are pro-inflammatory cytokines and are 
elevated very early in the course of BPD.

Typically viewed as pro-inflammatory, these cytokines have 
been shown to be elevated very early in the respiratory course 
of the human preterm population that ultimately develops 
BPD (20). Studies have found that serum and tracheal aspirate 
IL-10 levels were decreased in those infants who developed 
BPD (20).

A variety of potential therapeutic agents have been used 
in hyperoxia-exposed mice models that have been shown to 
decrease inflammation and/or attenuate other parameters of lung 
injury/BPD phenotype. These include rosiglitazone (106, 107), 
hepatocyte growth factor (HGF) (108), B-naphthoflavone (109), 
arginyl-glutamine as well as docosahexaenoic acid (110), and 
a combination of vitamin A and retinoic acid (111). Treatment 
with human amnion epithelial cells attenuated some parameters 
of hyperoxia-induced inflammatory lung injury (mRNA expres-
sion of IL-1α, IL-6, TGF-β, platelet-derived growth factor-beta 
or PDGF-β, mean linear intercept, and septal crest density), but 
not other aspects, for example, alveolar airspace volume, collagen 
content, or leukocyte infiltration in neonatal mice (112).

To summarize, while variable initiation and duration of expo-
sure to hyperoxia animal models have been reported as models of 
human BPD, exposure to hyperoxia for a relatively short (PN1–4) 
duration in mice, which is at the critical saccular stage of lung 
development, can result in an inflammatory response sufficient to 
create the BPD pulmonary phenotype. This can be recapitulated 
using transgenic mice models of the inflammatory mediators, 
but kept in room air. Importantly, exposure to 0.4, 0.6, >0.8 FiO2 
can mimic mild, moderate, and severe BPD, respectively. A vast 
array of therapeutic agents has been reported to be effective in 

improving alveolar and/or vascular architecture of the hyperoxia-
exposed neonatal lung in lambs, rats, and mice.

While hyperoxia exposure is a good starting point for testing 
the efficacy of potential therapeutic agents, it is important to be 
able to delineate the responsible molecule/signaling pathway in 
developmentally appropriate room air models and confirm the 
results in preventing/ameliorating the BPD phenotype. This 
would avoid the confounding variable of hyperoxia-induced 
alterations in multiple other molecular mediators, allowing 
delineation of targeted molecules in specific signaling pathways 
for maximal potential therapeutic relevance. Among the inflam-
matory mediators of hyperoxia-induced lung injury that can 
mimic the BPD phenotype in room air, the well-defined ones are 
IL-1β, TGF-β1, CTGF, IFN-γ, and MIF. It would be important 
to attempt to translate some of the newer targets in specific 
signaling pathways that have been recently reported, for example, 
inhibition of Cox-2 (91, 102) as a potential therapeutic option for 
prevention/amelioration of BPD.

PeRSiSTeNT iNFLAMMATiON iN BPD

It is important to highlight the fact that for BPD to occur, it requires 
the known environmental factors to be exposed to the immature 
lung for a sustained duration, resulting in persistent inflamma-
tion. For the chorioamnionitis rodent models, the exposure to 
LPS is over a few days in the late canalicular/early saccular stage of 
lung development. For the relative short duration of exposure to 
invasive MV and hyperoxia in rodent models, 1 postnatal day in 
the saccular stage of lung development is equivalent to 3–4 weeks 
in a human preterm infant. Obviously, the larger animal models 
(sheep/lamb/baboon) also need few days to weeks of injury to 
develop the pulmonary phenotype of BPD. While some param-
eters of the early inflammatory response (neutrophils, cytokines 
such as IL-1, TNFα) may not be detectable after days to weeks 
of exposure to noxious stimuli, they have already initiated the 
signaling pathways of the inflammatory process/immune cascade 
and have affected permanent defects structurally and functionally 
in the BPD lungs. This is borne out by the facts that the pathologic 
appearance of large simplified alveoli is permanent following just 
the first 4 PN days of hyperoxia exposure in mice models (93). 
Furthermore, these mice have increased mortality when exposed 
to viral infectious challenge as adults (98, 113). In concordance, 
preterm neonates with BPD have anatomical and functional 
pulmonary deficits well into childhood and as adults (114–116). 
There is some clinical evidence that early interruption of the 
initial inflammatory response could result in amelioration and 
potential reversal of these effects (117).

SUMMARY AND CONCLUSiON

It is important to remember that while in vitro studies are helpful 
in figuring out the mechanistic significance of a signaling pathway, 
these are usually conducted with cell lines or freshly isolated single 
cells of a particular phenotype. Thus, the results of such studies 
may not accurately reflect the in  vivo situation of interaction 
with the multiple cell types found in the lung. In addition, while 
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the significantly different responses between adult and neonatal 
lungs to the postnatal factors discussed here – invasive ventilation 
(118–121), local/systemic sepsis (52, 54, 122–124), and hyperoxia 
(19, 125–127) – are well established, it is also important to be cog-
nizant of the stages of lung development when comparing animal 
data for relevance to humans. This is best exemplified by studies 
that highlight the differential responses in the various stages of 
lung development (mostly, saccular vs. alveolar) in animal mod-
els (99). Furthermore, the degree and duration of exposure to the 
noxious stimulus (hyperoxia, for example) in the animal models 
needs to be appropriate in order to attempt to extrapolate the 
data to humans. For example, a prolonged exposure to hyperoxia 
from birth to 2  weeks in the mouse, i.e., almost to the end of 
alveolarization is akin to exposing a preterm neonate to the same 
to at least up to 2 years of age.

To conclude, it is the preterm lung in the late canalicular/
saccular phase of development that is most predisposed to BPD, 
when exposed to the pre- and postnatal factors. Inflammation 

and then its persistence in the preterm lung – whether initiated 
by prenatal factors like chorioamnionitis or whether propagated 
postnatally with the use of high FiO2 and invasive MV or sep-
sis  –  culminates in BPD. Hence, translational research needs 
to be aimed at decreasing chorioamnionitis and finding better 
strategies for early non-invasive MV and optimum use of oxygen 
for the immature preterm lung for dampening the inflammatory 
response.
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A Commentary on

Understanding the Impact of Infection, Inflammation, and Their Persistence in the Pathogenesis 
of Bronchopulmonary Dysplasia
by Balany J, Bhandari V. Front Med (2015) 2:90. doi:10.3389/fmed.2015.00090

As Drs. Balany and Bhandari (1) point out in their recent review, despite the development of sur-
factant therapy, and new forms of non-invasive ventilation, bronchopulmonary dysplasia (BPD) 
remains the most common chronic respiratory disease in newborns/infants. The authors point 
out the key drivers of disease including infection, barotrauma, hyperoxia, and inflammation and 
highlight the potential role that inflammation plays in driving the disease. Lung inflammation can 
be triggered by activation of the innate immune system and this can be triggered by cell surface or 
cytoplasmic receptors that fall into the three key categories—toll-like receptors (TLRs), Nod-like 
receptors (NLRs), and c-type lectin receptors (CLRs). TLRs 1, 2, 4, and 6 are surface receptors 
that recognize both exogenous stimuli such as lipopeptides or endotoxin (2) and endogenous 
ligands such as Hsp70 or oxidized phospholipids (3). Thus, inflammation in BPD could be driven 
by ligands from invading pathogens in an intubated patient or endogenous ligands that could be 
released during hyperoxia. One could envision that the therapeutic approach may be different given 
the proximal driver of inflammation. Thus, it is important to not only to characterize the type of 
inflammation but we need a keen understanding of what initiated the response. NLRs are cyto-
plasmic receptors and have several ligands including muramyl dipeptide (2). These receptors play 
a key role in activation of the inflammasome which is an intracellular protein structure that results 
in caspase-1 mediated cleavage of proIL-1β or pro-IL-18 into mature secreted proteins. By con-
trast, other IL-1 family members such as IL-1α or IL-33 can be released and be biologically active 
independent of caspase-1-mediated cleavage. This pathway is an active area of drug development 
as there is strong genetic evidence of IL-33 in asthma (4, 5). For ligands that bind IL-1R1, IL-1β, 
and IL-1α, Anakinra has been FDA approved for the treatment of rheumatoid arthritis and for the 
treatment of neonatal-onset multisystem inflammatory disease (5). Given that overexpression of 
IL-1β results in decreased alveolarization (6), this may be a viable target. However, this pathway 
is also critical for host immunity to several pathogens including influenza (7) and Staphylococcus 
aureus infection (8), so one would need to proceed with caution and likely exclude patients with 
active infection. CLRs recognize carbohydrate ligands such as mannans and glucans and drive 
inflammation but also can be involved in resolution of inflammation as well (9).
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As Drs. Balany and Bhandari state in their review (1), 
cytokines have been extensively evaluated in BPD including IL-1, 
IL-6, TNF, and IL-10. Moreover the CXCR2 ligands, CXCL1, and 
CXCL8 have also been found to be elevated in BPD. In preclinical 
models, CXCR2 antagonism appears to improve lung histology 
(10). CXCR2 antagonists have been studied in human clinical 
trials in cystic fibrosis and COPD. A recent phase 2 study showed 
an increased in FEV1 in COPD (11), and another trial showed 
reduced inflammation in sputum biomarkers in CF (12). Thus, 
this may be an approach in BPD. In the adult lung, CXCL8 can 
be made by both alveolar and tissue macrophages as well as the 
lung epithelium. It has been recently show in neonates that γδ 
T-cells are a major source of CXCL8 (13) and thus as the sources 
of CXCL8 may be unique in the neonatal lung—this will need to 
be taken into consideration for rational drug approaches.

Finally is the issue of resolution of inflammation. Namely, 
is BPD due to a failure to resolve inflammation? To this end, a 
critical area of needed research in this regard is the role of lipid 
mediators such as resolvins and lipoxins in BPD (14). Lipoxin 
A4 has been shown to be reduced in chronic neutrophilic 

lung inflammation in CF (15). Thus, in addition to cytokine 
measurement, there needs to be more research in assaying 
both pro-inflammatory and pro-resolving lipid mediators in 
the lungs of BPD subjects to determine if this may also be a 
target for therapeutic intervention. Moreover, we need more 
basic understanding of how gestational age and lung maturity 
affect the inflammatory response in the lung—both in terms of 
intitiating a response and in it’s resolution.

In conclusion, BPD is clearly a disease associated with airway 
inflammation with likely a complex series of initiators. However, 
defining inflammation—using unbiased omic approaches 
(proteomics and lipidomics) as well as replication studies in well-
characterized patient cohorts may improve our understanding of 
the potential role of inflammation in disease pathogenesis and 
open up new avenues of therapeutic intervention.
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Bronchopulmonary dysplasia (BPD) is a common complication of preterm birth that 
contributes significantly to morbidity and mortality in neonatal intensive care units. BPD 
results from life-saving interventions, such as mechanical ventilation and oxygen sup-
plementation used to manage preterm infants with acute respiratory failure, which may 
be complicated by pulmonary infection. The pathogenic pathways driving BPD are not 
well-delineated but include disturbances to the coordinated action of gene expression, 
cell–cell communication, physical forces, and cell interactions with the extracellular 
matrix (ECM), which together guide normal lung development. Efforts to further delineate 
these pathways have been assisted by the use of animal models of BPD, which rely 
on infection, injurious mechanical ventilation, or oxygen supplementation, where histo-
pathological features of BPD can be mimicked. Notable among these are perturbations 
to ECM structures, namely, the organization of the elastin and collagen networks in the 
developing lung. Dysregulated collagen deposition and disturbed elastin fiber organi-
zation are pathological hallmarks of clinical and experimental BPD. Strides have been 
made in understanding the disturbances to ECM production in the developing lung, 
but much still remains to be discovered about how ECM maturation and turnover are 
dysregulated in aberrantly developing lungs. This review aims to inform the reader about 
the state-of-the-art concerning the ECM in BPD, to highlight the gaps in our knowledge 
and current controversies, and to suggest directions for future work in this exciting and 
complex area of lung development (patho)biology.

Keywords: bronchopulmonary dysplasia, extracellular matrix, hyperoxia, mechanical ventilation, collagen, elastin, 
lung development

BRONCHOPULMONARY DYSPLASiA iN CONTeXT

The lung is the key organ of gas exchange in air-breathing mammals. This gas exchange structure 
is derived from the primitive foregut and proceeds through a phase of early (embryonic) develop-
ment (1–3), when the conducting airways and conducting vessels are generated and organized (4). 
Early lung development initiates with the embryonic stage that occurs 4–7 weeks post-conception in 
humans [embryonic day (E)9–E12 in the mouse]. The embryonic stage is followed by the pseudog-
landular stage, which occurs at 5–17 weeks post-conception in humans (E12–E17 in mice). The final 
stage of early lung development is the canalicular stage, occurring at 16–26 weeks post-conception 
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in humans (E17–E18 in mice), at which point, the process of 
alveolarization begins, which is characterized by the thinning 
of the interstitial tissue (Figure  1). This marks the beginning 
of late lung development, where the distal airways then form 
saccular units in the saccular stage, which is evident in humans 
at 24–38  weeks post-conception [E18-post-natal day (P)4 in 
mice], and these saccular units are divided by secondary septa 
(the process of “secondary septation”) during the alveolar stage, 
which is evident at 36 weeks post-conception to 36 months post-
natal (and beyond) in humans (P4–P28 in mice). The objective 
of late lung development is the production of a large number of 
small alveoli, the principal gas exchange units of the lung. This 
process, which is poorly understood, creates a large surface area 
over which gas exchange takes place. Current knowledge on late 
lung development implicates transcription factors and epigenetic 
effects, which together regulate genetic programs driving lung 
development. These programs work in concert with contact- and 
growth factor-mediated cell–cell communication (5–7) to drive 
lung development. The development of the lung is also driven in 
part by physical forces from breathing motions and the produc-
tion and remodeling of the extracellular matrix (ECM) scaffold.

Multiple diseases are complicated by disturbances to lung 
development. Notable among these is bronchopulmonary dys-
plasia (BPD), which affects prematurely born infants with acute 
respiratory failure that receive oxygen therapy, first described by 
William (Bill) Northway and colleagues in 1967 (10, 11). While 
oxygen supplementation is a life-saving intervention, the associ-
ated oxygen toxicity stunts the post-natal development of the 
lung. This damage to the developing lung is exacerbated by baro-
trauma and volutrauma caused by positive-pressure mechanical 
ventilation, and also by inflammation. Affected infants exhibit 
blunted lung maturation, and BPD represents a significant cause 
of morbidity and mortality in a neonatal intensive care setting 
(11–14). Longitudinal studies suggest that disease sequelae 
persist into adult life (15–17). Examinations of autopsy material 
from patients that have died with BPD have formed the basis of 

hypotheses about pathogenic processes at play that limit alveolari-
zation. These observations include (i) severe disturbances to the 
development of the pulmonary vasculature (18), (ii) changes in 
the cellular structure and composition of the developing alveolar 
units, (iii) increased proteolysis in the alveolar compartments, (iv) 
increased inflammatory cell infiltration, (v) deregulated growth 
factor signaling, and (vi) perturbations to the ECM architecture 
of the developing lung: most notably, the abundance and organi-
zation of collagen and elastin fibers (19–22). These disturbances 
have also been noted in animal models of BPD (23, 24).

It is the objective of this review to highlight key observa-
tions made regarding changes to the ECM architecture of the 
lung – both in clinical BPD and in experimental animal models 
of BPD (referred to herein as “experimental BPD”) – and to inte-
grate these observations into a pathogenic pathway. Furthermore, 
attention will be paid to current controversies in the field, and 
also, to the key gaps in our knowledge, where urgent additional 
work is still to be undertaken.

eARLY STUDieS: THe eCM iN LUNG 
DeveLOPMeNT AND BPD

The ECM represents a very complex network of structurally, 
mechanically, and biochemically heterogeneous components 
(25). The components include the classic “players”: collagen and 
elastin, which constitute 50% (26) and 18% (27), respectively, 
of the lung ECM. This list continues to grow, with fibrillin (28) 
and fibulin (29) glycoproteins, and integrin receptors of ECM 
components (30) being more recent additions. The ECM serves as 
a scaffold that directs lung development, and the ECM structure 
itself is continuously remodeled as lung development proceeds 
(31, 32). As such, the production of ECM components, as well 
as the systems that regulate the deposition and stability of the 
ECM, must be considered. These systems include chaperones and 
enzymes that catalyze the post-translational processing of ECM 
components, as well as systems that destabilize and degrade the 
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TABLe 1 | Cellular localization and origin of individual components of extracellular matrix and extracellular matrix remodeling enzymes.

extracellular matrix component Origin/source

epithelial cells Fibroblasts endothelial cells Smooth muscle cells inflammatory cells

Collagen (51–53)

EC-SOD (54, 55)

Elastin (51, 53, 56) (51, 57)

Fibrillin-1 (58, 59)

Fibronectin (58, 60–62) (60) (60) (60, 61)

Fibulin-5/DANCE (63) (64)

Heparan sulfate (65) (66)

Integrins (67–71) (69) (70) (70)

LOX (72, 73) (72, 73)

LOXL1 (72, 73) (72, 73)

LOXL2 (72, 73) (72, 73)

LTBP2 (58)

MMP-1 (74) (74)

MMP-14/MT1-MMP (74–76) (75) (76)

MMP-2 (74, 75, 77, 78) (75) (74) (77)

MMP-9 (74, 77–79) (61) (77, 79)

PLOD1 (80) (80) (80) (80)

PLOD2 (80) (80) (80) (80)

PLOD3 (80) (80) (80) (80)

Tenascin C (81, 82) (81–84) (83, 84) (83) (81)

TGF-β (78) (61)

TGM2/tTG (85–87) (52, 85, 86) (85) (85)

TIMP-1 (75) (75)

TIMP-2 (74, 75) (75) (74)

Numbers in parentheses indicate the citations reporting the identification of the extracellular matrix components or remodeling enzymes in the indicated lung cell types. The citations 
are not all inclusive, and represent only a selection of reports.
EC-SOD, extracellular superoxide dismutase 3; LOX, lysyl oxidase; LoxL1, lysyl oxidase-like 1; LoxL2, lysyl oxidase-like 2; LTBP2, latent TGF-β-binding protein 2; MMP, matrix 
metalloproteinase; MT1, membrane-type 1; PLOD, procollagen-lysine, 2-oxoglutarate 5-dioxygenase; TGF-β, transforming growth factor-β; TGM2, transglutaminase 2; TIMP, tissue 
inhibitor of metalloproteinase; tTG, tissue transglutaminase.
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ECM to facilitate ECM renewal. The remodeling of collagen 
during lung development has been recognized since the early 
1970s (33). Pioneering work by Ron Crystal’s group identified 
the heterogeneity of fibrillar collagens in the lung during lung 
development (34–36). Observations on the dynamic remodeling 
of other collagen types, including basement membrane-type 
IV collagen then followed, in the context of early lung develop-
ment (37, 38). Similarly, pioneering work by Janet Powell and 
Philip Whitney in the early 1980s described changes in lung 
elastin levels as post-natal lung development proceeded (39). 
Subsequent work by Ron Crystal (40) and Robert Rucker’s (41) 
teams highlighted the dynamic expression of tropoelastin during 
the course of post-natal lung development. Building on these 
studies, early work demonstrating that lathyrogens could disturb 
normal lung development (42) highlighted the role of collagen 
and elastin in the post-natal maturation of the lung. Soon to 
follow these reports were key observations of perturbed ECM 
structures in disorders of lung development. Leading work by 
Donald Thibeault and William Truog, in particular, identified 
secondary collagen fibers in the developing parenchyma of neo-
nates with BPD that were “disorganized, tortuous, and thickened” 
(20, 21). Similarly, elastin fibers exhibited an abnormal structure 
in infants with BPD, both in the parenchyma (43–45) and in the 
vasculature (46). These early studies firmly established a role for 

proper lung ECM homeostasis in normal lung development, and 
described severe structural perturbations to the lung ECM that 
accompanied aberrant lung development. Clearly, it is important 
to note that it is sometimes difficult to establish whether the 
perturbations to ECM structure noted in clinical subjects with 
BPD are a cause of aberrant alveolarization, or a consequence of 
blunted lung development. This applies equally to pathological 
material from animals in which BPD has been modeled. Since 
these initial studies reported above, many strides have been made 
in our understanding of the production of the structural compo-
nents of the ECM during post-natal lung development, which will 
be considered in detail below.

KeY STRUCTURAL COMPONeNTS OF 
THe eCM: COLLAGeN AND eLASTiN

Collagen
Collagen is the most abundant protein within the interstitial 
ECM. In the lung, collagen fibers [represented predominantly by 
the fibrillar collagens, collagen type I and III produced by fibro-
blasts (Table 1)] are found in the bronchi, blood vessels, and the 
alveolar septa (35, 47, 48). The abundance of lung parenchymal 
collagen increases over the course of lung development. In mice, 
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gene expression of fibrillar collagens Col1a1 and Col3a1, as well 
as basement membrane collagens Col4a1 and Col4a2, is reported 
to have peaked at P7 (Figure 1). By this time, the collagen had 
formed a delicate interstitial network of fibers that could aid the 
process of alveolar development (8). While Col1a1−/− mice, which 
lack collagen Iα1, died in utero due to the rupture of major blood 
vessels, no abnormalities were noted in lung branching morpho-
genesis in these mice (49, 50). However, elevated levels of other 
fibrillar collagens, including collagen III and V levels, were noted 
in Col1a1−/− mouse embryos, suggesting a possible compensation 
for the loss of functional collagen I (50).

Alterations to the structure and integrity of collagen networks 
have been reported in several animal models of BPD and emphy-
sema, which are diseases of the lung parenchyma that represent 
a failure of alveolar formation and the destruction of existing 
alveoli, respectively (21, 72, 88). Studies in various BPD animal 
models have revealed increased collagen production (Table 2), 
thickened collagen fibers, and increased rigidity of the lung (72, 
88, 89) to be associated with experimental BPD. This is consistent 
with observations made in clinical subjects, where an increased 
number of collagen-positive cells, elevated levels of the fibrillar 
collagens, collagen I and collagen III were observed; and BPD 
patients revealed a specific increase in the collagen I/collagen III 
ratio (48, 90). Furthermore, elevated levels of collagen IV (91) have 
been noted in bronchoalveolar lavage (BAL) fluids from patients 
with BPD. These observations are supported by microscopic 
studies on patient tissues. Thibeault and colleagues (21) observed 
thickened and disorganized collagen fibers, and a generally dam-
aged collagen network in the lungs of infants diagnosed with 
BPD after positive-pressure ventilation. It was proposed by those 
investigators that enlargement of alveoli due to ventilation leads 
to compression of surrounding ECM structures and damage to 
the collagen and elastin niche, disturbing the normal septation 
process. However, both adult rats (92) and newborn mice (93) 
exposed to sub-lethal normobaric hyperoxia up-regulated col-
lagen I production, assessed by northern blot and immunoblot, 
respectively. In the case of newborn mice, the increased collagen I 
production was attributed to activation of the pro-fibrotic growth 
factor, transforming growth factor (TGF)-β, which stimulated 
collagen production and secretion by fibroblasts. Increased col-
lagen deposition in the lung parenchyma of newborn mice has 
been confirmed in the hyperoxia-based mouse BPD model by 
picrosirius red staining (72, 94). Additionally, total lung collagen 
protein levels were increased by 63% after exposure of developing 
mouse pups to hyperoxia (89). Taken together, these reports make 
a strong case for dysregulated collagen expression in aberrant 
lung development associated with clinical and experimental BPD.

Collagen production under physiological and pathophysi-
ological conditions is regulated by inter alia growth factors, such 
as TGF-β, where in vitro stimulation of primary lung fibroblasts 
drives Col1a1 production (95, 116). This is significant, because 
elevated TGF-β levels were associated with BPD in preterm 
infants (115). TGF-β has also been causally implicated in the 
blunted alveolar development associated with hyperoxia expo-
sure in the mouse hyperoxia model of BPD (117). The connection 
between TGF-β and collagen deposition in the developing lung 
is noteworthy. Over-expression of TGF-β driven by the Scgb1a1 

(encoding surfactant-associated protein C, pro-SPC) promoter in 
a doxycycline-inducible system is sometimes used as an animal 
model of BPD. Over-expression of TGF-β in this model not only 
resulted in blunted alveolarization but also increased deposi-
tion of collagen in the developing septa (118). Furthermore, 
over-expression of TGF-β in the developing lung in utero caused 
pulmonary hypoplasia that was accompanied by thickening of 
the collagen fibers and excessive collagen deposition in the septa 
(119). Exactly how the blunted alveolarization connects with 
perturbed ECM generation, both of which are guided by TGF-β, 
remains to be clarified.

Failed alveolar septation in both clinical and experimental 
BPD is clearly accompanied by changes to collagen production 
and deposition in the lungs. Studies, to date, have addressed 
primarily the fibrillar collagens collagen I and collagen III, 
however, the remaining 26 other collagens have received little or 
no attention. It remains of interest to explore whether perturba-
tions to the expression of those collagens might be associated 
with arrested alveolar development. Similarly, no studies, to 
date, have examined the regulation or activity of the procollagen 
processing proteases, bone morphogenetic protein 1 (BMP-1) 
and ADAM metallopeptidase with thrombospondin type 1 
motif, 2 (ADAMTS2). Both enzymes are required for procollagen 
processing and assembly into fibrils, during lung development.

elastin
Elastic fibers consist of extensively cross-linked elastin and 
fibrillin (28) microfibrils. These structures are associated with 
accessory molecules, including latent TGF-β-binding protein 
(LTBP), microfibril-associated proteins, fibulin, emilin, and 
microfibril-associated glycoprotein (MAGP) family members. 
Elastin fibers are located throughout the developing lung, in the 
developing conducting airways and alveolar ducts, the conduct-
ing vessels, and the developing septa. As illustrated in Figure 1, 
the expression of elastin in mice is dynamically regulated over the 
alveolarization period. Elastin expression dramatically increases 
at a time-point coincident with the “burst” of secondary septa-
tion that drives the formation of the alveoli. Elastin expression 
remains high throughout the secondary septation period [for 
example, in mice, over (P5–P15)] and rapidly decreases once 
alveolarization has been completed (8, 120). However, reactiva-
tion of elastin expression occurs in adult lungs under pathological 
conditions, such as emphysema and pulmonary fibrosis, where 
disorganized elastic fibers have been described (22, 120). The first 
hints that elastin plays a role in lung development included the 
observations that lung elastin levels were modulated as post-natal 
lung development proceeded (39). Additionally, the expression of 
tropoelastin, the “elastin monomer,” was dynamically regulated 
over the course of post-natal lung development in rodents (40, 
41). During lung alveolarization, elastin is specifically deposited 
in “foci” at the tips of developing septa, suggesting a role in the 
process of secondary septation, which generates the alveoli. 
The spatially regulated deposition of elastin that coincides with 
secondary septation has led to the idea that elastin is a driver of 
lung development (121–123).

Further support for a role for elastin in lung development has 
been obtained using elastin-deficient mice. Elastin deficiency 
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TABLe 2 | Dysregulation of the expression of extracellular matrix components and remodeling enzymes in clinical bronchopulmonary dysplasia and 
experimental animal models.

eCM component expression in the disease/experimental condition

Bronchopulmonary dysplasia Hyperoxia Mechanical ventilation

Collagen ↑ (48, 91) ↓ (Fibroblasts, in vitro) (95)
↑ (Mouse) (72, 89, 93)
↑ (Rat) (92)

EC-SOD ↓ (Mouse) (55)

Elastin ↓ (Fibroblasts, in vitro) (95) ↑ (Mouse) (23, 99–101)
↓ (Mouse) (89, 96) ↑ (Lamb) (24, 102)
↑ (Mouse) (51, 72, 93, 97) ↑ (Rat) (103)
↑ (Rat) (98)

Fibrillin-1 ↑ (Mouse) (51) ↑ (Mouse) (99)
↑ (Lamb) (24)

EMILIN-1 ↑ (Mouse) (23, 72) ↓ (Mouse) (23)

Fibrillin-2 ↑ (Mouse) (51) ↓ (Mouse) (23, 99)

Fibronectin ↑ (60, 62, 104, 105) ↑ (Mouse) (105)
↑ (Rabbit) (106)

Fibulin-5/DANCE ↑ (Mouse) (51, 72) ↓ (Mouse) (23)
↑ (Rat) (103)
↑ (Lamb) (24)

Integrins ↑ (Mouse) (51)

Lox ↑ (72) ↑ (Mouse) (51, 72, 89) ↑ (Mouse) (23)
↑ (Lamb) (24)

Loxl1 ↑ (72) ↑ (Mouse) (72, 89) ↓ (Mouse) (23)
↑ (Lamb) (24)
↑ (Rat) (103)

Loxl2 ↑ (Mouse) (72, 89)

MMP-1 ↑ (Rat) (92) ↓ (Baboon) (107)

MMP-16 ↓ (Rat) (108)

MMP-2 ↓ (109) ↓ (Rat) (110)
↕ (Rat) (78)
↑ (Rat) (77)
↑ (Mice) (93)

MMP-8 ↑ (111, 112) ↓ (Baboon) (107)

MMP-9 ↓ (Rat) (110) ↑ (Rat) (103)
↕ (Rat) (78) ↑ (Mouse) (100, 101)
↑ (Rat) (77) ↑ (Baboon) (107)
↑ (Mice) (93)

MMP-9:TIMP-1 ↑ (113, 114) ↑ (Baboon) (107)

MT1-MMP ↑ (Rat) (78)

PLOD1 ↑ (Mouse) (80)

PLOD2 ↑ (80) ↑ (Mouse) (80)

PLOD3 ↑ (Mouse) (80)

Tenascin C ↑ (83) ↓ (Fibroblasts, in vitro) (95) ↑ (Rat) (103)

TGF-β ↑ (115) ↑ (Mouse) (51) ↑ (Lamb) (24)
↑ (Rat) (78, 92)

TIMP-1 ↓ (113) ↑ (Fibroblasts, in vitro) (95)
↑ (Rat) (78, 110)

tTG ↑ (85) ↑ (Mouse) (85)

Arrows indicate the direction of dysregulated expression: ↓, down-regulation; ↑, up-regulation; ↕, temporal regulation in either direction over time.
ECM, extracellular matrix; EC-SOD, extracellular superoxide dismutase 3; EMILIN-1, elastin microfibril interfacer 1; LOX, lysyl oxidase; LoxL1, lysyl oxidase-like 1; LoxL2, lysyl 
oxidase-like 2; LTBP2, latent TGF-β-binding protein 2; MMP, matrix metalloproteinase; MT1, membrane-type 1; PLOD, procollagen-lysine, 2-oxoglutarate 5-dioxygenase; TGF-β, 
transforming growth factor-β; TGM2, transglutaminase 2; TIMP, tissue inhibitor of metalloproteinase; tTG, tissue transglutaminase.
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is accompanied by perinatal lethality, and Eln−/− mice exhibit 
arrested perinatal development of the terminal airway branches, 
and enlarged terminal air sacs (124). Elastin haploinsufficient 
(Eln+/−) mice, which express 50% of the elastin seen in wild-type 
mice (125), exhibited normal lung development and normal 
alveolar structures, although there is some evidence that the elas-
tin deposition in Eln−/− mice was abnormal (99). Modulating the 
dose of elastin to <50%, by expressing the human elastin gene in a 
transgenic homozygous-null Eln−/− mouse strain reduced elastin 
levels to 37% of wild-type mouse levels. While transgenic expres-
sion of human elastin rescued the perinatal lethality observed 
in Eln−/− mice, a pronounced blunting of alveolar development 
was noted (125). These data indicate that a baseline threshold of 
elastin abundance is required for normal lung development to 
proceed. All of these observations underscore important roles for 
the correct spatio-temporal production of elastin structures in 
the developing lung.

In the context of lung disease, abnormal elastin fiber structures 
have been observed in the parenchyma of aberrantly developing 
lungs from prematurely born ventilated neonates (126). Parallel 
trends have been observed in animal models of BPD, where 
in response to mechanical ventilation or perinatal exposure to 
hyperoxia, the normally organized deposition of elastin fibers 
into foci at the tips of developing septa is lost. Rather, elastin fibers 
are noted in the walls (not the tips) of the thickened developing 
septa and have been described to be “brush-like,” “thickened,” and 
“loose” (32, 102, 127–129).

The pathological mechanisms behind the disturbed produc-
tion and deposition of elastin in aberrantly developing lungs 
remains to be clarified, however, much work in this area has been 
already done, and remains ongoing. There is a body of evidence 
that suggests that expression of the Eln gene is up-regulated by 
hyperoxia in animal models of BPD, as revealed by real-time 
reverse transcription (RT)-polymerase chain reaction (PCR) 
analysis of mRNA pools from lung homogenates (51, 72, 97). 
The cell types reported to produce elastin in the lung are listed in 
Table 1, which include fibroblasts and smooth muscle cells. How 
hyperoxia modulates Eln gene expression might be attributed to 
growth factor stimulation or inhibition of elastin synthesis. Both 
TGF-β (130, 131) and insulin-like growth factor (IGF) (132) 
stimulated Eln gene expression, whereas some forms of platelet-
derived growth factor (PDGF) suppressed Eln gene expression 
(133). Furthermore, the stability of Eln mRNA was increased by 
TGF-β, without impacting mRNA synthesis by lung fibroblasts 
(134). This is important, since increased TGF-β signaling and lev-
els of TGF-β ligands were associated with experimental (117) and 
clinical BPD (115). Apart from TGF-β, increased IGF levels were 
also associated with experimental (135) and clinical (136) BPD, 
whereas decreased levels of some forms of PDGF were associated 
with clinical BPD (137). Taken together, these data would suggest 
that the pro-elastogenic effects of TGF-β and IGF were promoted, 
while the anti-elastogenic activity of PDGF was blocked during 
arrested alveolarization associated with BPD. These effects may 
also explain the increased abundance of Eln mRNA in the lung in 
hyperoxia-based experimental animal models of BPD.

It might be argued that given the extraordinarily long half-life 
of elastin fibers in the lung [estimated to be several years in the 

mouse (138)], studies on gene expression are less meaningful 
than studies on elastin protein production and organization into 
elastic fibers. Experimental studies on alveolarization tend to 
examine elastin distribution by light microscopy [for example, 
with Hart’s stain (72, 100, 101) or immunohistochemistry (51)], 
and infer elastin abundance from those studies. However, some 
studies have directly addressed insoluble elastin fiber abundance 
biochemically, where, in contrast to elevated mRNA levels, there 
appeared to be a paucity of insoluble elastin in affected lungs, 
assessed by lung desmosine or isodesmosine amounts (89, 96). 
The paucity of elastin was generally accompanied by the clearly 
disorganized structure and distribution of elastin fibers evident in 
the developing septa. This discord between elastin gene expres-
sion (which was increased) and the abundance of insoluble elastin 
(which was decreased) in injured developing lungs (together with 
perturbed elastin fiber structure and distribution) has several 
possible explanations, none of which have yet been experimen-
tally tested. (i) The post-transcriptional regulation of Eln gene 
expression may be affected. For example, translation of mature 
Eln mRNA may be blocked by microRNA species generated in 
response to hyperoxia. Among the microRNA species that have 
been identified the target elastin are miR-29a/b/c (139) and miR-
184, miR-194, miR-299, and miR-376b (http://www.mirbase.
org). The possibility of microRNA regulation of elastin expression 
in the lung has not yet been addressed. Alternatively, the paucity 
of insoluble elastin in the background of increased Eln mRNA 
abundance might be attributed to (ii) defective post-translational 
maturation of elastin during fiber formation, or (iii) increased 
proteolytic degradation of elastin. Concerning post-translational 
maturation of elastin fibers, many accessory proteins have been 
identified that can associate with elastin fibers. These include the 
glycoproteins emilin (140), fibulin (29), LTBP (141), and MAGP 
family members (142). Discordant expression of these elastin 
fiber-associated proteins may result in unstable or malformed 
fiber structures. Indeed, Richard Bland has proposed that the 
uncoupling of elastin synthesis and assembly is a pathogenic 
contributor to disordered elastin fiber generation in BPD (23). 
Elastin fibers with abnormal physical properties may also result 
from the aberrant activity of the elastin maturation machinery, 
including the hydroxylation and cross-linking activities of lysyl 
hydroxylases and lysyl oxidases, respectively. These possibilities 
are discussed below. Alternatively, changes in the proteolytic 
capacity of injured, developing lungs may impact elastin fiber pro-
duction or turnover, either directly (by proteolysis) or indirectly 
(by regulating the activity of mediators of elastin production). It is 
these lines of enquiry that are likely to further our understanding 
of why elastin organization is disturbed, and what impact this has 
on alveolarization in the developing lungs.

Some reports addressing the role of serine proteinases in the 
regulation of elastin production have already yielded exciting 
data. The group of Richard Bland has examined the utility of 
blocking serine peptidase activity in the context of BPD. Serine 
peptidase activity, such as that of neutrophil elastase, was elevated 
in the lung in clinical and experimental BPD. Mechanical ventila-
tion of mouse pups with 40% O2 increased elastin degradation 
and disturbed septal elastin fiber deposition in the mouse lung, 
which was prevented by intratracheal administration of the 

89

http://www.frontiersin.org/Medicine/archive
http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.mirbase.org
http://www.mirbase.org


December 2015 | Volume 2 | Article 917

Mižíková and Morty The ECM in BPD

Frontiers in Medicine | www.frontiersin.org

neutrophil elastase inhibitor elafin (100). Thus, inhibition of neu-
trophil elastase activity [and probably matrix metalloproteinase 
(MMP)-9 activity as well, since MMP-9 can also be inhibited by 
elafin] partially restored proper elastin structures and improved 
lung alveolarization in this model. Furthermore, inhibition of 
neutrophil elastase activity blunted inflammation and inhibited 
the generation of active TGF-β that was proposed to be released 
from the ECM by proteolysis. In support of this idea, transgenic 
over-expression of elafin in the vascular endothelium similarly 
protected mice against the aberrant alveolarization and per-
turbed elastin assembly caused by mechanical ventilation (101). 
Subsequent exciting work by Keith Tanswell’s group has similarly 
reported that neutrophil elastase inhibition with sivelestat also 
improved lung structure and elastin deposition in the hyperoxia-
based BPD animal model in mice (98). In this study, it is also 
noted that administration of anti-elastin antibodies in the mouse 
hyperoxia model of BPD prevented inflammatory infiltration 
into the lungs. Thus, these investigators raised the exciting pos-
sibility that neutrophil elastase-generated elastin fragments acted 
as pro-inflammatory matrikines (143), suggesting a mechanism 
by which hyperoxia exposure provoked lung inflammation. These 
data also raise further questions, for example, while neutrophil 
elastase inhibition clearly improved alveolarization in two differ-
ent animal models of BPD, the underlying mechanisms remain 
unclear. The organization of elastin fibers was improved in both 
models, and inflammation and TGF-β activation was blunted. 
However, it remains unclear whether the improved alveolariza-
tion was a direct or indirect consequence of elastase inhibition 
(144). For example, was the generation of elastin fragments suffi-
cient to provoke lung inflammation, or did the elastase-mediated 
activation of TGF-β play a role in this process as well? Elastase 
inhibition in the background of TGF-β neutralization would go 
some distance to resolving these open questions.

One vexing controversy in the lung alveolarization field is: 
are elastin protein levels elevated or reduced in the aberrantly 
developing lungs in the hyperoxia-based animal models of BPD? 
In mechanically ventilated lambs and mice, multiple reports 
document increased Eln mRNA levels, which were consistent with 
increased elastin protein levels in the lung (23, 102). However, 
this was not the case with normobaric hyperoxia-based models 
in mice, where many reports also confirm that Eln mRNA levels 
were up-regulated by hyperoxia exposure, but there appeared to 
be a paucity of lung insoluble elastin, when (iso)desmosine was 
used as a surrogate for mature, insoluble elastin fibers (89, 96). 
However, these observations are complicated by other reports 
of increased elastin protein in the hyperoxia models, employing 
either slot–blots (98) or immunoblots (51, 93). This controversy 
must still be resolved. These discordant data might be attribut-
able to the methodology employed, where protein extraction by 
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis 
(PAGE) for the blot-based protocols may have a different capac-
ity for the extraction of insoluble elastin compared with the 
whole-lung hydrolyzates used in the (iso)desmosine approaches. 
Irrespectively, neither approach address the quantification of 
elastin specifically in the developing septa, which represents a 
major limitation of all of the approaches currently employed.

The current state of the field seems to suggest less lung elastin 
and more lung collagen, at least in the hyperoxia models of BPD. 
Given that, collagen imparts rigidity and elastin imparts elastic-
ity to the lung, a shift in the collagen:elastin ratio may impact 
alveologenesis. This shift in collagen:elastin ratio may be as much 
as threefold increased by hyperoxia exposure (89). This is likely to 
dramatically impact lung compliance, and given the importance 
of the physical forces generated by breathing motions in “pulling 
the alveoli into shape,” a shift in the lung collagen:elastin ratio 
cannot be discounted as a possible contributing factor to lung 
alveolar development.

ADDiTiONAL STRUCTURAL 
COMPONeNTS OF THe eCM

Fibrillins
Fibrillins are elastin-binding glycoproteins (Figure 2) that make 
up the bulk of the microfibril component of elastic fibers, and act 
as a scaffold for elastic fiber deposition (28). Fibrillin-1 (Fbn1) 
and fibrillin-2 (Fbn2) are the main microfibril proteins (145). 
Fbn1 is clearly important for alveolarization and the structural 
homeostasis of the alveoli, since Fbn1−/− mice exhibited an 
alveolarization defect (146), and fibrillin fibers were fragmented 
and disorganized in emphysema (147). In addition to imparting 
structural properties to elastic fibers, fibrillins may also help to 
mediate elastic fiber assembly, such as lysyl oxidase cross-linking 
of elastin fibers (28), which is thought to be highly relevant to 
lung development (27, 64, 72, 89, 148, 149). Similarly, Fbn1 
played a role in anchoring LTBP to ECM components (58). 
Changes in fibrillin expression have been noted in animal models 
of BPD. In mechanically ventilated mice, the ratio of Fbn1:Fbn2 
was increased, with elevated Fbn1 expression and reduced Fbn2 
expression noted (23, 99). By contrast, in the mouse hyperoxia 
model of BPD, the expression of both Fbn1 and Fbn2 mRNA was 
elevated (51). With these ideas in mind, disturbances to fibril-
lin expression may impact lung development either by directly 
modulating the physical properties of elastic fibers or by altering 
TGF-β dynamics in the ECM. These ideas await experimental 
investigation.

Tenascin C
Tenascins are a five-member family of large ECM glycoproteins, 
with tenascin C (Tnc), which is expressed in myofibroblasts, 
and endothelial, smooth muscle, and type II cells (81, 83), being 
the most studied in lung development (84) (Table 1). Tnc was 
comparatively highly expressed during human and animal devel-
opment, including in the lung, particularly during the pseudog-
landular and canalicular stages (84), at sites of active branching. 
Tnc is important for alveolarization, since Tnc−/− mice exhibited 
an alveolarization defect (150). Along these lines, administration 
of dexamethasone to developing mouse pups blunted alveolariza-
tion, which was accompanied by decreased Tnc expression (56), 
although the impact of dexamethasone on Tnc expression was not 
causally linked to the blunted alveolarization. In contrast to these 
findings, TNC expression was elevated in the lungs of patients 
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with BPD (83), which is consistent with the ability of TGF-β to 
drive Tnc expression in primary mouse fibroblasts in vitro (95). 
Tnc clearly plays a role in normal lung alveolarization; however, 
a causal role for changes on Tnc expression in aberrant lung 
alveolarization has yet to be demonstrated.

Fibronectin
Fibronectin (Fn1) is a large (440 kDa) glycoprotein dimer, con-
sisting of two almost identical subunits. Fn1 has been reported 
both as a soluble form in plasma and as an insoluble form associ-
ated with the ECM, where Fn1 binds collagen (Figure 2), as well 
as Tnc, and other ECM components (151). Fn1 is expressed in the 
lung (152), in interstitial fibroblasts, endothelial cells, and smooth 
muscle cells, but not in epithelial cells (Table 1). Fn1 expression 
was highest during lung development, and very low in adult lung 
tissue (152). Fn1−/− mice exhibited early embryonic lethality 
(153), and a role for Fn1 in lung development has not been dem-
onstrated but is assumed. Several studies have documented the 
increased expression of Fn1 in clinical BPD, including in plasma, 
in endotracheal aspirates, and in BAL fluid (60, 104, 154, 155), 
as well as in lung tissue (60). This is consistent with the ability of 
TGF-β to drive Fb1 expression in lung fibroblasts (152). To date, 
no causal role for Fb1 in normal or aberrant lung development 
has been demonstrated. However, one exciting observation has 
suggested that decreased miR-206 expression in both clinical 
and experimental BPD may underlie the increased levels of FB1 
noted in the lungs of BPD patients (60, 105), since FB1 has been 
described to be a target of miR-206 (105). Furthermore, miR-206 
levels were decreased, whereas Fb1 levels were increased in lungs 
from hyperoxia-exposed mouse pups (105). Taken together, these 
data make a compelling argument for the miR-206/Fb1 axis in 

aberrant alveolarization associated with BPD, although this idea 
requires experimental demonstration.

Fibulins and emilins
Fibulins and emilins promote proper elastin fiber formation, by 
mediating protein–protein interactions between ECM proteins, 
or between the ECM and ECM remodeling enzymes, such as 
lysyl oxidases (156). Fibulins are small calcium-dependent 
glycoproteins that bind elastin (Figure 2). Fibulin-5 (Fbln5; also 
called developmental arteries and neural crest EGF-like protein, 
DANCE) has been reported to play a role in lung alveolarization. 
Fbln5−/− mice exhibited short, fragmented, and thickened elastin 
fibers, as well as a pronounced arrest of alveolarization (29, 157). 
No studies have examined a role for fibulins in clinical BPD; 
however, studies in animal models of BPD consistently revealed 
increased expression of Fbln5 in mouse pups exposed to hyperoxia 
(51, 72). Since TGF-β can drive Fbln5 expression (158), increased 
Fbln5 production after hyperoxia exposure may have been due 
to the attendant increased TGF-β signaling seen in this model 
(95). Changes in fibulin expression also appear to be sensitive to 
mechanical ventilation, where Martin Post’s group demonstrated 
that Fbln5 expression was impacted by the duration and intensity 
of tidal volume ventilation, and breathing frequency, when rats 
were mechanically ventilated with room air (103). Conversely, 
Richard Bland’s group did not detect any impact of mechanical 
ventilation on Fbln5 expression when mice were ventilated with 
room air; however, ventilation with 40% O2 reduced Fbln5 levels 
in the lung, which was accompanied by blunted alveolarization. 
While the Fbln5−/− mouse studies have implied a role for Fbln5 
in alveolarization, the impact of increased Fbln5 expression on 
secondary septation and the development of the alveoli await 
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demonstration. By way of speculation, Fbln5 promoted activation 
of MMP-2 and MMP-9 (159), which have also been associated with 
clinical and experimental BPD (see below). This, together with 
the possibility that Fbln5 over-expression might disturb elastic 
fiber formation, and might regulate the association of superoxide 
dismutase (SOD) (160) and lysyl oxidase-like 1 (LoxL1) (64) with 
the ECM, suggests avenues by which fibulin over-expression may 
influence lung development.

Like fibulins, emilins are a related group of elastic fiber-
associated proteins (Figure 2), which impact elastogenesis, and 
have been reported to be expressed in the lung (161). Elastin 
microfibril interfacer 1 (Emilin-1) expression has not been 
studied in clinical BPD. However, Emilin1 expression has been 
reported to be dysregulated in animal models of BPD, including 
the hyperoxia exposure [Emilin1 mRNA expression up-regulated; 
(23, 72)] and mechanical ventilation [Emilin1 protein expression 
down-regulated; (23)] in mice. Emilin1−/− knockout mice do exist 
(162), although no lung phenotype has been reported. However, 
the reported dramatic (2,000-fold) up-regulation of Emilin1 
expression in c-Jun N-terminal kinase (Jnk) knockout mice was 
reported to be accompanied by an alveolarization defect, perhaps 
implicating Emilin1 in the alveolarization process (163), although 
a dramatic up-regulation of Fbln1, Fbln5, and Eln expression was 
also noted in that study.

Latent TGF-β-Binding Proteins
The LTBP family consists of four extracellular MAGPs (164), 
which interact with, thereby modulate the activity of TGF-β. 
Ltbp1, Ltbp3, and Ltbp4 are reported to all associate with the 
small latent complex of TGF-β ligands and latency-associated 
propeptide (LAP), to generate the large latent complex (164). 
The LTBP family members are structurally related to fibrillins 
and were reported to interact with the ECM and play a role in 
ECM assembly. Ltbp1−/− mice exhibited perinatal lethality with 
heart defects, while a lung phenotype was not studied or reported 
(165). By contrast, both Ltbp3−/− and Ltbp4−/− mice exhibited 
an arrest of alveolarization (166) that was more pronounced in 
Ltbp4−/− mice (167). Ltbp4, which is known to bind Fbln5 (167), 
is believed to independently modulate elastogenesis and TGF-β 
activity, and thus, regulate lung development (168). The function 
of Ltbp2 remains elusive (164), but it has been suggested that 
Ltbp2 plays a TGF-β-independent role in elastogenesis (141), and 
Ltbp2 has been co-localized with fibronectin and Fbn1 in lung 
fibroblast cultures (58). Studies on Ltbp2 are complicated by the 
embryonic lethality reported in Ltbp2−/− mice (169). Interestingly, 
despite a clear role in alveolarization, no studies, to date, have 
examined the expression of LTBP family members in clinical or 
experimental BPD. These exciting studies await experimental 
investigation.

Polysaccharide Conjugates
Heparin, heparan sulfate, hyaluronic acid (hyaluronan), and 
chondroitin sulfate are polysaccharides or polysaccharide con-
jugates that have been reported to be mediators of lung alveo-
larization (170–172). Proteins carrying these conjugates, such as 
syndecan, which contains both heparan sulfate and chondroitin 
sulfate, exhibited molecular polymorphism  –  notably changes 

in the length of the heparin sulfate chains – over the course of 
lung development (173), implicating a role for heparan sulfate 
proteoglycans in lung development.

Temporal and spatial changes in glycosaminoglycan syn-
thesis by lung fibroblasts have also been reported during lung 
development (174). Notably, fibroblasts in close proximity to the 
epithelium secreted hyaluronan, while more distant fibroblasts 
produced heparan sulfate and chondroitin sulfate during the 
pseudoglandular stage of lung development. During later stages 
of lung development, these fibroblasts switched to producing 
more hyaluronan, which was coincident with the thinning of 
the alveolar walls during the canalicular and later developmental 
stages. These authors postulated that developmentally regulated 
glycosaminoglycan generation by lung fibroblasts facilitated lung 
epithelial–mesenchymal interactions, which guided aspects of 
lung development (174).

Heparin and heparan sulfate have been reported to be the pre-
dominant glycosaminoglycans in epithelial basement membranes 
of the alveolus, and granules associated with collagen fibers of the 
basement membrane contained proteoglycan aggregates, which 
included chondroitin or dermatan sulfate (175). Heparan sulfate 
has been localized in the basement membrane during the embry-
onic, canalicular, and later phases of lung development (176). 
Heparan sulfate has received particular attention as a growth 
factor-binding protein, particularly in the context of fibroblast 
growth factor (FGF)-10, where Wellington Cardoso’s group has 
provided evidence that FGF-10 induction of local budding during 
early lung development is directed by developmentally regulated 
regional patterns of heparan sulfate sulfation (177). This idea has 
also been extended to cytokines, such as interleukin (IL)-1 in 
the developing chick lung (178), as well as members of the bone 
morphogenetic protein (BMP) family (179).

Several studies in transgenic mice have highlighted causal 
roles for enzymes of the heparan sulfate biosynthetic pathway 
in lung development. For example, deletion of N-deacetylase/N-
sulfotransferase (heparan glucosaminyl) 1 (Ndst1) led to 
pulmonary hyperplasia and acute respiratory distress in mice, 
possibly due to decreased surfactant production as a result of 
type II cells to mature (180). Similarly, deletion of glucuronyl 
C5-epimerase (Glce) in mice caused embryonic lethality, and 
stunted embryonic lung development, which was accompanied 
by a total loss of l-iduronic acid in heparan sulfate conjugates 
(181). Specifically concerning late lung development, defects 
in the development of the airspaces have been noted in both 
heparan sulfate 6-O-sulfotransferase 1 (Hs6st1) (182) and sul-
fatase 2 (Sulf2) (183) knockout mice. Apart from mice lacking 
enzymes involved in the heparan sulfate biosynthetic pathway, 
mice lacking heparan sulfate proteoglycans also exhibit lung 
development phenotypes. For example, deletion of glypican-3, a 
member of a family of heparan sulfate proteoglycans linked to 
the cell surface through a glycosyl-phosphatidylinositol anchor, 
generated abnormal lung structures in mice (184). These stud-
ies validated the earlier suggestion that heparin and heparan 
sulfate are mediators of lung development, although most work 
has been confined to the earlier stages of lung development that 
precede alveolarization. The generation of antibodies that detect 
specific heparan sulfate epitopes has facilitated the identification 
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of spatio-temporal changes in heparan sulfate structure during 
normal lung development, and aberrant lung development 
associated with congenital diaphragmatic hernia (CDH) (65, 
185), which will facilitate further mechanistic work in this area. 
To date, exactly how these structural abnormalities to heparan 
sulfate proteoglycans results in disturbed alveolar structure 
remains to be clarified.

In addition to heparan sulfate proteoglycans, some work 
in embryonic lung explants has also revealed a role for chon-
droitin sulfate proteoglycans in early lung development (186). 
Furthermore, an interesting connection with inflammatory 
cells has been made, with the suggestion that CD44-positive 
macrophages, which take up hyaluronan, may regulate the 
steady-state levels of hyaluronan during lung development (187). 
Further work in this area should examine how defined alterations 
to proteoglycan structures direct proper development of the lung. 
The existence of transgenic mice and monoclonal antibodies that 
allow the specific detection of proteoglycan structures will facili-
tate these efforts. Additionally, no studies, to date, have examined 
changes in the expression of proteoglycan biosynthetic enzymes, 
or proteoglycan structures, in animal models of BPD.

eCM-iNTeRACTiNG MOLeCULeS

integrins
Integrins are large heterodimeric transmembrane glycoproteins 
associated with various elements of the ECM. Integrin ligands 
include collagen I, Tnc, Fb1, laminins, TGF-β, and tissue trans-
glutaminase (Tgm2), among many others. Each integrin dimer 
consists of a single α and β subunit. There are many integrin subu-
nits, with 18 α and 8 β subunits having been identified in humans, 
to date (67). Expression of integrins is known to be dynamically 
regulated during lung development, where integrin-mediated 
cell–ECM interactions are known to play an important role (68, 
188). Integrin expression has been noted during alveolarization, 
with the α2, α3, α6, and β1 subunits having been reported to be 
expressed in the bronchial and alveolar epithelium during the 
alveolar stage of lung development, as well as in adult lungs. 
By contrast, the α4 subunit was reported to be expressed in the 
respiratory epithelium only during lung development and has 
not been detected in adult lungs (68, 69, 188). The fibronectin 
receptor, integrin α8β1 (189) has been demonstrated to play a 
particularly noteworthy role in early and late lung development, 
where the Lawrence Prince’s group demonstrated that in  utero 
exposure of developing embryos to bacterial lipopolysaccharide 
(LPS) caused a reduction in expression of Itga8, which encodes 
the α8 integrin subunit, in mesenchymal cells (30). Thus, these 
authors examined lung structure in Itga8−/− mice, which exhib-
ited a pronounced disturbance to the developing lung structure, 
including lobar fusion and alveolar simplification. Additionally, 
elastin fibers in these mouse lungs were described to be “wavy 
and short.” This led these authors to suggest that integrin–ECM 
interactions played a notable role in late lung development. This 
idea is supported by observations made in the mouse hyperoxia 
BPD model, where increased expression of Itgav, encoding the 
αv integrin subunit [which also binds fibronectin; (67)], was 

noted (51), and was accompanied by impaired alveolarization 
and increased Fbln5 expression and TGF-β activity, and aberrant 
elastin fiber deposition. These studies have opened up an exciting 
new avenue, that is, the role of integrin-mediated ECM interac-
tions in the regulation of alveolarization.

extracellular Superoxide Dismutase
Extracellular superoxide dismutase (EC-SOD or Sod3), is one of 
three forms of SOD, a group of antioxidant enzymes representing 
the major cellular defense against the superoxide anion O2

⋅( ) (54, 
190). EC-SOD is the only ECM-related antioxidant and has been 
reported to be the most abundant SOD in the lung (191). EC-SOD 
was reported to be expressed primarily in vessels, large airways, 
and alveolar septa. EC-SOD binds heparin (192) and heparan 
sulfate proteoglycans on the cell surface, and components of the 
ECM (54). EC-SOD binds collagen I (Figure 2) and is thought to 
protect against oxidative damage to collagen I (193). EC-SOD is 
also known to bind to tropoelastin, a process that is mediated by 
Fbln5 (160). EC-SOD is believed to play a role in protecting the 
ECM from oxidative damage, since reactive oxygen species (ROS) 
drive elastin degradation and increased collagen cross-linking 
(194, 195). Thus, EC-SOD might protect the developing and adult 
lung from oxidative damage (54), since EC-SOD was reported 
to be expressed throughout life (196), although EC-SOD protein 
expression and activity were blunted by hyperoxia exposure in 
adult mice (197). Along these lines, adult Sod−/− mice exhibited 
increased sensitivity to hyperoxic damage, with reduced survival 
and more pronounced alveolar edema, compared to wild-type 
mice; thus, supporting a role for EC-SOD in protection against 
oxidative damage to the lung (198). In support of this idea, over-
expression of EC-SOD in transgenic neonatal mice protected 
against the damaging effects of hyperoxia on lung alveolarization 
(196), and expression of EC-SOD in a mouse lung epithelial 
cell-line protected against oxidative damage-induced cell death 
(55). The protective effects of EC-SOD over-expression on lung 
epithelial cells has also been demonstrated in vivo in hyperoxia-
exposed newborn mice (199). None of these studies addressed 
collagen or elastin fiber integrity.

A wide spectrum of other ECM-interacting proteins still 
remains to be studied in the context of lung alveolarization. These 
proteins include the MAGP family members (142), as well as the 
small leucine-rich proteoglycans, such as decorin and related 
molecules, which play key roles in driving collagen fiber forma-
tion (200, 201). These future studies will no doubt add to the list 
of ECM-associated proteins that impact normal and aberrant late 
lung development.

eCM ReMODeLiNG eNZYMeS

Matrix Metalloproteinases and Their 
inhibitors
Matrix metalloproteinases are a large family of endopeptidases 
responsible for ECM breakdown and remodeling, which are 
necessary processes for proper formation of the ECM (9, 202). 
Different MMPs preferentially degrade different components of 
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the ECM, with MMP-1 and MMP-8 active against fibrillar colla-
gens, and MMP-2 and MMP-9 preferentially active against base-
ment membrane collagen (collagen IV), fibronectin, and elastin 
(77, 203–206). The proteolytic activity of MMPs can be regulated 
by MMP binding to cognate inhibitors, such as tissue inhibitor of 
metalloproteinases (TIMPs) (110, 207) (Figure 3). The expression 
of MMPs in the lung is known to be dynamically regulated over 
the course of lung development (Figure  1), with a progressive 
decrease in MMP-2 and MMP-14 [also called membrane-type-1 
(MT1)-MMP] expression, but a progressive increase in MMP-9 
expression between E10 and P21. These trends imply a role in lung 
alveolarization (9, 75, 78). Expression of MMP-2 and MMP-14 
has been noted in airway and alveolar epithelial cells, endothelial 
cells, and fibroblasts (74–76), whereas MMP-9 was reported to be 
expressed in epithelial cells, fibroblasts, and inflammatory cells, 
including neutrophils and alveolar macrophages (61, 77, 79) 
(Table 1). MMP expression in the lung was driven by exposure 
of adult (77) and neonatal (93) rodents to hyperoxia. Similarly, 
elevated MMP expression has been noted in endotracheal aspi-
rates or BAL fluid from preterm infants with BPD (109, 111–113). 
MMPs also played a role in alveolar destruction in experimental 
emphysema in mice (208). MMPs might impact alveolarization 
directly, through degradation of ECM components, or indirectly, 
through activation of growth factor pathways. For example, 
MMP-9 activated TGF-β signaling, which in turn stimulated 
lung fibroblasts to contract (61, 209). MMP-9 appeared to be able 
to influence lung alveolarization, since Mmp9−/− mice exhibited 
worsened lung development, in a mouse model where lung 
alveolarization was blocked by over-expression of IL-1β (210). 
In an alternative hyperoxia-based BPD model, Mmp9−/− mice 

were protected against the blunted alveolarization usually seen in 
the mouse hyperoxia BPD model (93). The reasons for these two 
discordant observations are currently unclear, however, may be 
related to the different models employed. Along the same lines, 
Mmp14−/− mice initially exhibited a 40% decrease in alveolar 
surface area compared to wild-type mice early during post-natal 
lung development (76), which was accompanied by thickened 
elastin fibers. By contrast, Mmp2−/− mice exhibited a “delayed” 
alveolarization, where an alveolarization defect was noted at 
P7, but alveolarization was normalized at P14 (76). It would be 
interesting to explore the impact of hyperoxia or mechanical ven-
tilation of the Mmp2−/− and Mmp14−/− mice on alveolarization.

Several studies have addressed MMP expression in clinical 
BPD cases, where reduced MMP-2 levels were noted in endotra-
cheal aspirates (109) and plasma (211), but increased MMP-8 
levels were noted in endotracheal aspirates (111) and BAL fluid 
(112) from preterm infants with BPD. Increased MMP-9:TIMP-1 
ratios have also been detected in BAL fluids from preterm infants 
that developed BPD (114) (Figure 4). Additionally, Ekekezie and 
coworkers (113) observed an increased MMP-9:TIMP-1 ratio in 
endotracheal aspirates from BPD patients, which correlated with 
poor patient outcome. These trends largely parallel observations 
made in animal models of BPD, where increased levels of MMP-2 
and MMP-9 proteins were noted in hyperoxia-exposed mouse 
pups (93). Similarly, MMP-9 levels were modulated in the lungs 
of hyperoxia-exposed rats (78), and increased MMP-9 levels and 
an increased MMP-9:TIMP-1 ratio were noted in a premature 
baboon BPD model (107). Not all trends in MMP expression 
are consistent between investigations. For example, Hosford and 
co-workers reported the decreased expression of MMP-9 and 
increased expression of TIMP-1 in the rat hyperoxia model of 
BPD (110), which was also accompanied by blunted alveolariza-
tion. These discordant observations might be attributed to the 
extraordinary variation in the application of the BPD models: 
(i) newborn rats exposed to >90% O2 for 9 days versus (ii) ven-
tilated, premature baboons versus (iii) rats exposed to >95% O2 
between P4 and P14. Irrespectively, the general trend is toward 
increased MMP-9 activity in aberrantly developing lungs.

Lysyl Oxidases
Lysyl oxidases constitute a family of five members: the arche-
typical lysyl oxidase (Lox) and four lysyl oxidase-like enzymes 
(Loxl1–LoxL4) (212, 213). All lysyl oxidases catalyze the oxida-
tive deamination of lysine and hydroxylysine residues, generating 
reactive semialdehydes, which then form intramolecular and 
intermolecular covalent cross-links in both elastin and collagen 
molecules (212, 213). Lysyl oxidases have been reported to play 
an essential role in normal lung development and have been 
implicated in the pathogenesis of several lung diseases, including 
pulmonary hypertension (73), lung adenocarcinoma (214), and 
BPD (72). Lysyl oxidases are known to play an important role 
in organogenesis, with Lox−/− mice exhibiting perinatal lethal-
ity, ostensibly due to a failure of the cardio-respiratory system 
(215, 216). Furthermore, Lox has been specifically implicated in 
the development of the respiratory system, where Lox has been 
reported to be required for the integrity of elastic and collagen 
fibers in multiple tissues (27). Interestingly, genetic ablation 
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exclusively of Lox expression significantly reduced total lysyl 
oxidase activity, suggesting that Lox is the primary contributor 
out of the five family members, to lysyl oxidase-mediated effects. 
In Lox−/− mouse lungs, both desmosine and hydroxyproline levels 
were decreased relative to wild-type mice (216). While viable, 
Loxl1−/− mice exhibited connective tissue weakness, and devel-
oped pelvic organ prolapse and cutis laxa (64). Furthermore, 
Loxl1−/− mice exhibited alveolar simplification and reduced lung 
desmosine levels, implying a role in lung development, as well as 
perturbed elastin fiber structures throughout the organism (64).

Lysyl oxidase expression has been studied in animal models of 
BPD. Increased Lox and Loxl1 expression has been noted in the 
lungs of preterm ventilated lambs (24). Lox expression was also 
increased by mechanical ventilation in mouse pups (23), but lung 
Loxl1 levels were reduced in mechanically ventilated mice (23). 
Elevated lysyl oxidase activity (72, 89, 94), and elevated Lox and 
Loxl1 levels (72, 89) were detected in newborn mice exposed to 

normobaric hyperoxia. This has led some investigators to propose 
that the ECM in affected lungs might be “over cross-linked,” and 
thus excessively stabilized, which has been proposed to be a 
potential contributing factor in arrested alveologenesis associ-
ated with clinical and experimental BPD (72, 89). Consistent 
with elevated Lox expression and activity, exposure to hyperoxia 
also generated increased amounts of insoluble collagen and the 
dihydroxylysinonorleucine (DHLNL) collagen cross-link, as well 
as an increased DHLNL:hydroxylysinonorleucine (HLNL) ratio, 
and disordered elastin organization in the alveolar septa (89). To 
address a causal role for lysyl oxidases in blunted alveolarization 
in the hyperoxia BPD model, newborn mice were treated with 
the pan-lysyl oxidase inhibitor β-aminopropionitrile (BAPN), 
which did not improve lung alveolarization, but did improve 
elastin organization assessed by visual inspection (89). This might 
indicate that the partial normalization of elastin organization in 
developing septa alone (through normalization of lysyl oxidase 
activity) was not sufficient to normalize lung alveolarization in 
the mouse hyperoxia BPD model. Several questions regarding 
lysyl oxidases and alveolarization come to mind, among them: 
what role do the different lysyl oxidases play in lung development, 
and in which tissues? Lysyl oxidases are expressed in several 
different cell types (Table 1), and it may be that different lysyl 
oxidases have different contributions to lung alveolarization, 
acting in different cell types. The generation of conditional, 
inducible deletions of the various lysyl oxidase genes would help 
to address this question. Additionally, “non-matrix” roles for 
lysyl oxidases should also be considered, where lysyl oxidases 
have been reported to modulate gene regulation in the nucleus, 
for example, the expression of COL3A1 (217). This has revealed 
nuclear functions  –  primarily of LoxL2  –  which modulated 
epigenetic effects in the nucleus by deamination of trimethylated 
Lys4 in histone H3, which was linked to transcriptional repression 
(218). Furthermore, LoxL2 regulated keratinocyte differentiation 
independent of lysyl oxidase catalytic activity (219). Similar 
studies have yet to be performed with other lysyl oxidases, but 
highlight possible roles for lysyl oxidases in lung alveolarization 
that are not related to ECM cross-linking.

Lysyl Hydroxylases
The ability of lysyl oxidases to generate covalent cross-links 
requires lysine or hydroxylysine residues in ECM substrates. 
These hydroxylysine residues are generated by another family of 
enzymes, the lysyl hydroxylases (officially named procollagen-
lysine, 2-oxoglutarate 5-dioxygenases, or PLODs) (220), which 
consist of three family members: PLOD1–PLOD3. A role for lysyl 
hydroxylases in organ development was underscored by the early 
embryonic lethality of Plod3−/− mice (221), while Plod1−/− mice 
were viable, but exhibited vascular pathology and abnormal 
collagen fiber structure (222). This family of ECM-modifying 
enzymes is relatively poorly characterized. Some evidence does 
exist illustrating that lysyl hydroxylases play a role in aberrant late 
lung development, both in humans and in mice. A recent study 
by Witsch and colleagues (80) revealed that the lung expression 
of PLOD family member PLOD2 was up-regulated in premature 
infants with BPD. Furthermore, Plod1, Plod2, and Plod3 expres-
sion was elevated in the lungs of mice in the hyperoxia BPD model 
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(80), and the elevated Plod2 expression was mediated by TGF-β. 
These data indicate that the lysyl hydroxylases may play a role 
in normal and abnormal lung development, and this possibility 
awaits experimental attention.

Transglutaminases
The transglutaminases constitute an eight-member family 
of calcium-dependent enzymes, which cross-link collagens 
and fibronectin, among other proteins (223). Of the transglu-
taminases, largely transglutaminase 2 (Tgm2; also called tissue 
transglutaminase, tTG) has been studied in lung disease and 
was reported to be expressed in fibroblasts, as well as epithelial, 
endothelial, and smooth muscle cells (85, 224). In addition to 
cross-linking activity, Tgm2 is an integrin-binding adhesion 
co-receptor for fibronectin (225). Tgm2 has also been implicated 
in lung fibrosis (86, 226, 227), allergy (87), cystic fibrosis (228, 
229), and pulmonary hypertension (230). Tgm2 has further 
been credited with a role in organogenesis (231), including lung 
development (232). In preterm infants with BPD, TGM2 mRNA 
levels were elevated (85), which was also seen in the lungs of 
hyperoxia-exposed newborn mice with experimental BPD (85). 
In the case of hyperoxia-exposed newborn mice, increased Tgm2 
levels were driven by TGF-β, most likely in lung epithelial cells. 
This is particularly noteworthy because not only can TGF-β drive 
Tgm2 expression but Tgm2 can also activate TGF-β (233), sug-
gesting a possible vicious circle of Tgm2 expression and TGF-β 
activation in aberrant lung alveolarization. These studies indicate 
that changes in transglutaminase expression are associated with 
normal and aberrant alveolarization; however, a causal role for 
transglutaminases in lung development has yet to be experimen-
tally documented. The existing Tmg2−/− knockout mice would be 
an ideal starting point for these studies (234).

PeRSPeCTive

Given that, the ECM plays a pivotal role in lung development, 
it comes as no surprise that perturbations to ECM production 
and remodeling accompany defective secondary septation and 
aberrant alveolarization associated with BPD. Identification of 
the perturbations to ECM organization that play a causal role 
in aberrant alveolarization would assist in our understanding of 
the pathological processes that disturb late lung development. 
Equally important is the delineation of pathogenic pathways that 
drive these causal disturbances to ECM structure.

Roles for ECM structural proteins and ECM remodeling 
enzymes in lung alveolarization have been identified using gene 
knockout approaches. These studies have provided a very solid 
foundation for future work but are complicated by the pre- or 
peri-natal lethal phenotype of some knockout mice. This has 
been partially remedied by the parallel over-expression of human 
genes, or genes with altered promoter activity, in the background 
of a homozygous-null strain (such as the expression of the human 
ELN gene in Eln−/− mice, described above), which overcome the 
lethality of the homozygous-null mutants, and facilitated further 
studies on the gene products of interest. However, this has been 
more the exception than the norm. Additionally, it is widely 
recognized that the discrete expression of particular genes, in 

particular, cell types at particular stages of lung development is 
the basis of the highly coordinated program of the generation of 
a very complex organ (1, 2). This makes the use of constitutive 
global knockout mouse strains problematic.

Rapidly evolving mouse transgenic technology makes an 
increasing number of conditional-ready gene-deletion strains 
available through the use of floxed alleles. In combination with 
inducible Cre-recombinase systems, these conditional strains 
become inducible, conditional strains, which facilitate gene 
deletion in developing mouse pups at particular time points dur-
ing post-natal lung development, in restricted cell types. These 
approaches rely largely on the use of doxycycline-inducible rtTA 
(tetO)7-Cre and tamoxifen-inducible CreERT2 systems. These 
inducible, conditional-ready mouse strains will prove invaluable 
in assessing how the temporal and tissue-specific expression of 
particular genes during lung development impacts lung develop-
ment per se (235). Among the drawbacks of this approach are the 
limitations of some floxed allele strains, which would have to be 
created de novo, and also, the lack of – or technical difficulties with 
the use of – some driver lines. For example, no suitable driver line 
currently exists that can exclusively target lung fibroblasts, or that 
can discriminate between airway and vascular smooth muscle 
cells (235). Remaining with transgenic mice, most studies, to 
date, have evaluated the loss of a particular gene on lung devel-
opment. However, particularly in the context of animal models 
of BPD, genes might be over-expressed or up-regulated, rather 
than down-regulated. As such, to be able to “phenocopy” a lung 
phenotype by over-expressing a gene of interest, in the correct cell-
type at the correct time, would go a long way to validate candidate 
pathogenic mediators of arrested alveolarization. Along these 
lines, many knockout and pharmacological intervention studies 
have identified new “players” in normal lung alveolarization 
(such as LTBP and elastin and collagen cross-linking enzymes), 
but a contribution to pathological lung development in animal 
models of BPD has not been undertaken. These exciting studies 
may well reveal new pathogenic pathways that drive aberrant 
lung alveolarization.

While elastin has received a tremendous amount of atten-
tion as a regulator of lung development, the collagens remained 
largely neglected. Since many candidate pathogenic mediators 
(such as elastin cross-linking enzymes) also influence collagen 
structure and function, it would be interesting to explore roles 
for disturbed collagen organization during lung development. 
Along these lines, the ratio of elastin:collagen is also notewor-
thy. In the hyperoxia models of BPD, there is a reported shift 
toward an increased collagen:elastin ratio. This would impact 
lung rigidity and elasticity, and thus lung development, which is 
dependent on physical forces generated by, for example, breath-
ing motions.

Animal models of BPD have proved very important for the 
identification of candidate pathogenic mediators of normal and 
aberrant late lung development. These studies are often not fol-
lowed up with validation studies that pin-point a role (if any) for 
a particular candidate mediator that exhibited changes in gene or 
protein expression in a BPD model. These studies are important, 
since changes in the gene or protein expression of a particular 
molecule may be (i) epiphenomenal (i.e., that the molecule in 
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question was a bystander without any role in the alveolarization 
process), (ii) causal (i.e., that molecule in question was a mediator 
of arrested alveolarization), or (iii) reparative (i.e., that molecule 
in question mediated a lung defense or repair program that was 
engaged during aberrant alveolarization, which aimed to restore 
proper alveolarization). It is very important to determine which 
of these three categories a “candidate” mediator of aberrant lung 
development falls into.

Interestingly, in many studies, once a candidate mediator of 
aberrant lung alveolarization was identified in an animal model of 
BPD, much effort was then expended on identifying how the can-
didate mediator impacted ECM structures during alveolarization. 
Rather, less energy is usually invested in understanding how the 
expression of the candidate mediator was altered by the injurious 
stimulus (for example, inflammation, hyperoxia, or mechanical 
ventilation). The identification of such proximal pathways would 
be important in a translational sense, where addressing the very 
proximal causes of arrested lung development might be thera-
peutically targeted, ultimately in affected patients. With this in 
mind, physical forces and oxidative stress might be good starting 
points to understand the activation of pathways that produce or 
remodel the ECM. Furthermore, ECM structures have recently 

been credited with a role in driving pluripotent cell differentiation 
in acellular lung scaffolds (236). Thus, how the ECM may shape 
stem cell niches in the developing lung, and direct phenotypic 
transformation of the constituent cell types of the developing 
lung are further areas that will no doubt receive attention in the 
coming years.

With the rapidly expanding repertoire of genetic tools, and the 
development of state-of-the-art methodology to study both lung 
alveolar architecture and the biochemical nature of the ECM, we 
have never been better positioned to explore the complex interac-
tions of the ECM during lung alveolarization. It is clear that there 
is much exciting work to be done!
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Aberrant Pulmonary vascular  
Growth and Remodeling in 
Bronchopulmonary Dysplasia
Cristina M. Alvira*

Department of Pediatrics, Division of Critical Care Medicine, Stanford University School of Medicine, Stanford, CA, USA

In contrast to many other organs, a significant portion of lung development occurs after 
birth during alveolarization, thus rendering the lung highly susceptible to injuries that 
may disrupt this developmental process. Premature birth heightens this susceptibility, 
with many premature infants developing the chronic lung disease, bronchopulmonary 
dysplasia (BPD), a disease characterized by arrested alveolarization. Over the past 
decade, tremendous progress has been made in the elucidation of mechanisms that 
promote postnatal lung development, including extensive data suggesting that impaired 
pulmonary angiogenesis contributes to the pathogenesis of BPD. Moreover, in addition 
to impaired vascular growth, patients with BPD also frequently demonstrate alterations 
in pulmonary vascular remodeling and tone, increasing the risk for persistent hypoxemia 
and the development of pulmonary hypertension. In this review, an overview of normal 
lung development will be presented, and the pathologic features of arrested development 
observed in BPD will be described, with a specific emphasis on the pulmonary vascular 
abnormalities. Key pathways that promote normal pulmonary vascular development will 
be reviewed, and the experimental and clinical evidence demonstrating alterations of 
these essential pathways in BPD summarized.

Keywords: pulmonary angiogenesis, pulmonary hypertension, alveolarization, chronic lung disease, veGF, HiF, 
nitric oxide

iNTRODUCTiON

A significant portion of lung development occurs after birth during the alveolar stage of develop-
ment. During this final stage, the alveolar ducts divide into alveolar sacs by secondary septation, and 
the pulmonary capillary bed expands via angiogenesis to markedly increase the gas exchange surface 
area of the lung (1). However, postnatal completion of growth renders the lung highly susceptible 
to insults that disrupt this developmental program. This is particularly evident in the setting of 
preterm birth, where disruption of alveolarization causes bronchopulmonary dysplasia (BPD), the 
most common complication of prematurity (2). While advances in the supportive care of extremely 
premature infants have reduced mortality, the morbidities associated with severe BPD persist (3). 
Accompanying this increase in survival, the clinical and pathologic features of BPD have changed 
significantly. In contrast to the severe lung injury characterizing “old BPD” as originally described by 
Northway (4), premature birth earlier in gestation appears to disrupt the normal program of alveolar 
and vascular development, resulting in the “new BPD,” characterized by an arrest in alveolar and 
vascular development (5).
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The impaired pulmonary angiogenesis observed in 
patients with BPD appears to be the key to the pathogenesis. 
Proangiogenic factors are decreased in the lungs of infants dying 
from BPD (6) and in animal models of BPD induced by hyperoxia 
(7). Administration of anti-angiogenic agents to neonatal rats 
impairs both pulmonary angiogenesis and alveolarization (8, 9), 
and overexpression of proangiogenic factors, such as vascular 
endothelial growth factor (VEGF), rescues the adverse effects of 
hyperoxia on alveolarization (7). Moreover, in addition to simple 
decreases in pulmonary microvascular growth, the pulmonary 
vascular abnormalities in BPD may also include pathologic 
remodeling and heightened tone, leading to the development 
of pulmonary hypertension (PH), as well as an increase in the 
development of abnormal aorto–pulmonary communications, 
potentially promoting intrapulmonary shunting.

This review presents an overview of lung development and 
details the pathology of the “new” BPD, characterized by an arrest 
in normal lung development. Specific focus will be centered upon 
the pulmonary vascular abnormalities in BPD including impaired 
pulmonary angiogenesis, abnormal pulmonary vascular remod-
eling, heightened pulmonary vascular tone, and development 
of abnormal collateral circulations. Key pathways that promote 
normal pulmonary vascular development will be reviewed, and 
the experimental and clinical evidence demonstrating how these 
pathways are altered in BPD summarized.

OveRview OF NORMAL AiRwAY AND 
PULMONARY vASCULAR DeveLOPMeNT

Lung development begins when the primitive lung bud emerges 
from the ventral foregut and divides during the embryonic stage 
of development (4–7  weeks gestation), forming two lung buds 
lying on either side of the future esophagus and surrounded by 
splanchnic mesenchyme (10). The remaining four stages follow 
sequentially, beginning with the development of the pre-acinar 
airways via branching morphogenesis during the pseudoglan-
dular stage (7–17 weeks gestation). During the canalicular stage 
(17–25 weeks gestation), the airways divide further to form the 
alveolar ducts, and the distal lung mesenchyme thins to allow 
close approximation of the developing respiratory epithelium and 
vascular endothelium. Widening and branching of these distal 
air sacs occurs in the saccular stage (26–36 weeks gestation), and 
finally, during the alveolar stage (36 weeks gestation onward), the 
terminal alveoli form by the process of secondary septation and 
rapidly increase in number throughout early childhood (11).

The mature lung contains approximately 500 million alveoli 
(12), each surrounded by a network of pulmonary capillar-
ies allowing close proximity of the air filled alveolus with the 
blood-filled capillary. This intimate association of the pulmonary 
microcirculation with the terminal airspaces is imperative for 
efficient gas exchange. Therefore, the pulmonary blood supply 
must develop in close relationship to the airways throughout 
lung development (10). Early recognition that the branching of 
the pre-acinar arteries (formed by the end of the pseudoglandular 
stage) occurs at the same time and along a similar pattern, as the 
branching of the airways, suggested that the airways may provide 

a template for the development of the pulmonary arteries and 
veins (13).

The pulmonary circulation likely forms through a combina-
tion of vasculogenesis, the de novo formation of vessels from the 
differentiation of primitive angioblasts and hemangioblasts, and 
angiogenesis, the sprouting and branching of new vessels from 
existing vessels (14, 15). However, the degree to which each pro-
cess contributes to the formation of the pulmonary vasculature 
at each stage of development remains a source for debate. Early 
evidence supported the notion that the proximal arteries form 
by angiogenic sprouting from the main pulmonary trunk and 
that distal branches form de novo in the distal mesenchyme via 
vasculogenesis. Using a method to make a cast of the developing 
pulmonary vasculature in fetal rats (from E9 to E20), deMelo 
et al. showed that isolated “blood lakes” form in the periphery 
of the lung (presumably by vasculogenesis) as early as E9. This 
was followed by the central sprouting of the proximal arteries, 
with the formation of five to seven generations of branching by 
E14, and connections between the proximal and distal vessels 
by E13–14 (16). In contrast, using transgenic reporter mice that 
express LacZ under the control of an endothelial specific pro-
moter, Schachtner et al. found evidence of connections between 
the proximal, branching pulmonary arteries, and endothelial cells 
located in the distal mesenchyme as early as E10.5, several days 
before patency of the central pulmonary arteries has occurred. 
These findings suggested the authors that vasculogenesis may 
contribute to the development of the proximal pulmonary vas-
culature as well (17).

Prior to term birth, the density of the peripheral pulmonary 
vessels markedly increases in density, suggesting expansion of the 
capillary network by angiogenesis (16). After birth, the pulmo-
nary capillary network continues to expand, resulting in a 35-fold 
increase by adulthood (13). Airway and vascular development 
are closely linked, with the disruption of one process impairing 
the other, and each culminating in a global disruption of lung 
development (18). Moreover, pulmonary vascular development 
continues throughout all stages of lung development in a man-
ner proportional to the overall growth of the lung, rendering it 
vulnerable to perturbations occurring in both embryonic and 
postnatal life (17).

eXTReMe LUNG iMMATURiTY AND 
ARReSTeD LUNG DeveLOPMeNT:  
THe “New” BPD

In 1967, Northway et al. used the term BPD to describe a novel 
form of chronic lung disease that developed in preterm infants 
(mean gestational age of 32 weeks) who had a history of neonatal 
respiratory distress (4). This original form of BPD was associated 
with positive-pressure ventilation and prolonged oxygen therapy, 
and characterized by histologic evidence of severe lung injury (e.g., 
inflammation, protein-rich edema, airway epithelial metaplasia, 
and peribronchial fibrosis) and marked airway and pulmonary 
vascular smooth muscle hypertrophy (19, 20). Abnormalities 
in the pulmonary vasculature were also a feature of the disease. 
Pathologic examination of post-mortem lung tissue from a small 
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group of infants with BPD who survived for at least 1  month 
demonstrated decreased density of peripheral pulmonary arteries 
as compared to control patients, both by barium angiogram and 
histologic measures (21).

However, advances in medical therapy, including antenatal 
steroids, surfactant replacement therapy, and the institution 
of lung protective strategies of ventilation, have permitted the 
survival of extremely immature, very low birth weight (VLBW) 
infants. Accompanying this increase in survival, the clinical, 
radiographic, and pathological features of BPD have changed 
significantly. In contradistinction to the original form of BPD, 
birth of VLBW infants during the late canalicular or early saccular 
stages of lung development appears to disrupt the normal alveolar 
and vascular development, resulting in the “new BPD.” Margraf 
et al. described the lung pathology of this new, post-surfactant 
form of BPD in a small case series of infants who died with severe 
BPD. One of the most striking findings observed by the authors 
was the severely reduced alveolar number in the infants with 
BPD compared to controls, with little evidence of the normal, 
physiologic increases in alveolar number typically observed with 
advancing age (22). Similarly, Husain et al. also showed evidence 
of arrested acinar development in a series of infants with post-
surfactant BPD, including both reductions in acinar number and 
increases in acinar size (23).

Pathologic data obtained from autopsy specimens can be dif-
ficult to interpret and generalize to the entire disease population, 
as these samples often represent the most severe lung disease in 
patients with BPD (24). This is particularly true now that key 
advances in the medical care of preterm infants have markedly 
decreased mortality, such that infants who die from BPD in this 
era truly represent an extremely ill subset of patients. However, 
Coalson et al. obtained important information surrounding the 
evolving histopathology in infants with this “new” form of BPD 
in a small series that examined open lung biopsies from low-birth 
weight babies on ventilator support who received surfactant but 
not steroids. Those infants also demonstrated alveolar simplifica-
tion but minimal metaplasia, and variable degrees of inflamma-
tion and abnormal extracellular matrix deposition (25).

ABNORMALiTieS iN PULMONARY 
vASCULAR DeveLOPMeNT AND 
ReMODeLiNG

Dysmorphic Pulmonary Microvascular 
Development
In addition to alveolar simplification (i.e., decreased complexity 
of distal lung septation), the pathology of this “new” form of BPD 
also appears to include abnormalities in the development of the 
pulmonary microvasculature. A comparison of autopsy speci-
mens taken from infants dying from BPD compared to infants 
dying without lung disease at similar post-conceptional ages 
demonstrated that the lungs of infants with BPD had an overall 
reduction in immunostaining for the endothelial specific marker 
CD31, suggesting a decrease in pulmonary microvascular density. 
Moreover, the pulmonary capillaries, when present, appeared to 
be abnormally dilated and frequently located within thickened 

alveolar septa, rather than immediately adjacent to the alveolar 
epithelium (6). These reductions in the growth of the distal pul-
monary vasculature were in keeping with the pathologic findings 
observed in specimens obtained from patients dying of BPD in 
the pre-surfactant era, where decreases in arterial number and 
cross-sectional area were thought to contribute to the increased 
dead space ventilation observed in those infants (26).

However, additional studies have suggested that rather than 
a simple decrease in pulmonary vascular growth, the vascular 
abnormalities observed in patients with BPD might be more 
accurately described as “dysmorphic.” In the open lung biopsy 
samples obtained by Coalson et al., evidence of abnormal capil-
lary development was apparent, with CD31 immunostaining 
demonstrating an “adaptive dysmorphic pattern of vascular 
organization.” This pattern included a paucity of capillaries 
within the walls of the thinned abnormally enlarged alveoli, and 
dilated, more abundant capillaries in other sites (25). In contrast, 
a stereology-based assessment of endothelial cell volume in 
short- and long-term ventilated preterm infants demonstrated 
that total endothelial cell volume increased in ventilated infants 
as compared to age-matched controls, in association with an 
increase in total parenchymal volume, suggesting an expansion 
of the pulmonary microvasculature. However, in the long-term 
ventilated patients, the capillary network was simplified, had 
decreased branching, and retained the dual capillary pattern 
characteristic of the saccular lung, features predicted to decrease 
gas exchange efficiency (27). Taken together, these studies suggest 
that variable abnormalities in the pulmonary capillaries may be 
observed in BPD, with suppressed vascular growth at some stages 
of the disease, and excessive, dysmorphic growth at other stages, 
perhaps representing a maladaptive compensatory response.

Abnormal Muscularization, Heightened 
vascular Tone, and the Development of 
Pulmonary Hypertension
In his original description of BPD, Northway noted that some 
patients had evidence of medial hypertrophy of the pulmonary 
arteries, suggesting the development of PH (4). This histologic 
finding was confirmed by clinical studies demonstrating elevations 
in pulmonary arterial pressures (PAPs) and pulmonary vascular 
resistance (PVR) by either cardiac catheterization or enchocar-
diography in survivors of BPD. In one such study, Fouron et al. 
found that the majority of patients with BPD in the “acute phase” 
had echocardiographic evidence of PH, and that pulmonary pres-
sures remained high in those infants who eventually died, but 
normalized in infants who recovered (28). However, long-term 
follow-up of patients with pre-surfactant BPD and PH showed 
that in many patients, elevations in PAPs persisted through early 
childhood (29).

With the evolution of BPD in the post-surfactant era, the 
development of PH remains a significant feature of the disease 
for a subgroup of patients and significantly impacts long-term 
prognosis. In a prospective study of preterm infants using a broad 
echocardiogram-based definition of PH, early evidence of PH 
was found in more than 40% of patients at 7 days of age, and late 
PH found in almost 15% of patients at 36 weeks PMA. In patients 
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the stage, pre- and postnatally, for the development of pulmonary hypertension. The decrease in gas exchange surface area resulting from the impaired secondary 
septation also sets up a vicious cycle of hypoxemia and dead space ventilation that prolongs the need for mechanical ventilation and oxygen therapy, and induces 
pathologic changes in pulmonary vascular remodeling and tone, further increasing the risk of pulmonary hypertension.
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who develop severe BPD, the incidence of late PH appears to be 
significantly higher ranging from 30 to 50% of patients (30–32). 
Moreover, the presence of PH in patients with BPD is indepen-
dently associated with a greater increase in the odds of death (30, 
32), with mortality rates as high as 40% in some studies (33). Of 
note, the risk of death appears to be highest in the first 6 months 
after the diagnosis of PH, and the majority of infants with BPD 
and PH who survive beyond a mean of 10 months of age demon-
strate an improvement in the severity of PH (33). Numerous risk 
factors have been associated with an increased incidence of PH in 
patients with BPD including: oligohydramnios (32, 34), low apgar 
scores (32, 34), postnatal sepsis (34), small for gestational age (33), 
and prolonged use of positive-pressure ventilation (31). Of note, 
while the risk of developing PH is significantly higher in patients 
with severe versus moderate BPD (32), a smaller percentage of 
infants with no, mild, or moderate BPD also develop late PH. This 
suggests that the risk for developing late PH may not be primarily 
dictated by the severity of lung disease (31). In addition, early PH 
appears to predict the development of BPD (35), again highlight-
ing the link between abnormalities in the pulmonary circulation 
and impairments in distal lung development (Figure 1). While a 
complete understanding of the mechanisms leading to PH in a 
subset of patients is lacking, the data suggest that patients with 
BPD and PH demonstrate abnormalities in both distal pulmo-
nary artery muscularization and tone.

Abnormalities in Pulmonary Arterial Muscularization
In his original report, Northway et al. identified “early vascular 
lesions of the pulmonary hypertensive type” in the cohort of 
infants in the later stages of the disease, which comprised medial 
hypertrophy and characteristic breakdown of the elastic lamina 
(4). Later studies demonstrated similar pathologic remodeling 
of small pulmonary arteries in patients with the pre-surfactant 
form of BPD. In a small study of preterm infants with severe BPD 
and cor pulmonale, affected patients demonstrated an increase in 
the percent medial thickness of distal arteries and an extension 
of arterial smooth muscle into peripheral arteries such that the 
majority of alveolar wall arteries were completely muscularized 
(26). Further, abnormal muscularization of the pulmonary arter-
ies was often a feature of pre-surfactant BPD even in patients 
that did not develop cor pulmonale. In premature infants with 
respiratory distress syndrome (RDS) who died early in life while 
still requiring mechanical support, many demonstrated increased 
medial thickness of distal arteries, appearing similar to the 
muscularized small arteries characteristic of a term infant on the 
first day of life (20). Moreover, in keeping with the findings of 
Bush et al., those infants with BPD who developed cor pulmonale 
had evidence of marked muscularization of small arteries, with 
complete muscularization of arteriolar wall arteries, and some 
patients with intimal proliferation of larger arteries (20). In a 
separate study, the combination of abnormal muscularization 
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of distal arteries with variable degrees of either increased or 
decreased pulmonary capillary density suggested a “dual process 
of adaptation and response to injury in a hypoplastic lung” (36).

In the post-surfactant era, mortality of premature infants has 
decreased, thus limiting the availability of autopsy specimens 
that would allow careful characterization of the pulmonary 
arterial histopathologic changes in the “new” form of BPD. 
However, in at least one study, it appears that the abnormal 
muscularization of peripheral arteries remains a consistent 
pathologic feature. In a study of post-mortem tissue obtained 
from surfactant-treated preterm infants with BPD, there was 
evidence of increased arterial wall thickness and musculariza-
tion of distal vessels in preterm infants with severe BPD, although 
these histologic changes were less marked than those observed 
in specimens obtained from infants who developed PH in the 
setting of persistent pulmonary hypertension of the newborn 
(PPHN) and premature rupture of membranes (PROM) (37). 
While the mechanisms that specifically induce pathologic 
pulmonary vascular remodeling in BPD are unknown, they are 
hypothesized to include some of the well recognized injurious 
stimuli that disrupt distal lung growth including hyperoxia, 
mechanical ventilation, and inflammation (38).

Abnormalities in Pulmonary Vascular Tone
In addition to abnormal pulmonary arterial remodeling, height-
ened pulmonary arterial tone also appeared to be an important 
component of the PH observed in patients with pre-surfactant 
BPD. Survivors of BPD with persistent oxygen requirements 
and evidence of right ventricular hypertrophy (RVH) on ECG 
had evidence of PH on cardiac catheterization, with pulmonary 
vascular beds that were responsive to even low levels of oxygen 
(39). In a prospective study of 15 patients with moderate to 
severe BPD and PH undergoing cardiac catheterization, all 
patients demonstrated a reduction in PA pressure with supple-
mental oxygen, and variable responses to vasodilator therapy 
depending on the presence or absence of systemic–pulmonary 
collaterals (40).

Elevated pulmonary vascular tone remains a key feature of 
the PH in BPD survivors in the post-surfactant era. A study 
examining BPD survivors with PH who underwent cardiac cath-
eterization found that most patients have significant pulmonary 
vascular reactivity, demonstrating elevations in mean PAP with 
hypoxia, and conversely, decreased mean PAP with the combina-
tion of hyperoxia and inhaled nitric oxide (iNO) (41). Similarly, 
in a study reporting data from the cardiac catheterization of 13 
patients with BPD and PH, PAP and PVR decreased significantly 
with vasodilator therapy (100% O2 or iNO) in the majority of 
patients, but still remained elevated above normal levels (33).

Abnormal Collateral Circulations
In an early report, cardiac catheterization of two premature 
infants who required prolonged mechanical ventilation found 
that although these infants had normal pulmonary pressures, 
they both had evidence of large systemic collaterals with left to 
right shunts, a finding the authors hypothesized likely contrib-
uted to their persistent ventilator dependence (42). This report 
was followed by the description of similar collateral vessels in 

a subgroup of patients with severe BPD and PH, in whom the 
administration of vasodilators had deleterious results, inducing 
respiratory acidosis, pulmonary edema, and more severe hypox-
emia (40). However, it was not clear from either report whether 
these abnormal vessels were congenital in nature or acquired, 
resulting from persistent hypoxemia, pathologic alterations in 
pulmonary blood flow, or disrupted lung development (43).

More recently, histologic examination of lung tissue from a 
number of patients dying with severe BPD demonstrated the 
presence of numerous smaller intrapulmonary arteriovenous 
anastomotic vessels (IAAV) that appear similar to the “misalign-
ment of veins” seen in alveolar capillary dysplasia. These vascular 
channels are located in the lobar periphery and extend toward the 
pulmonary arteries, appearing to connect with the microvascular 
plexus surrounding the pulmonary arteries and airways (44). Of 
note, these intrapulmonary anastomotic vessels are not unique to 
BPD, but observed in other diseases of impaired alveolarization. 
For example, in a similar study examining the lung tissue of infants 
dying from severe congenital diaphragmatic hernia (CDH) and 
associated PH, the lungs of all patients demonstrated prominent, 
engorged intrapulmonary vessels connecting the pulmonary 
veins to the microvessels surrounding the pulmonary arteries 
(45). Similar, intrapulmonary, bronchopulmonary anastomoses 
have also been noted in infants dying from meconium aspiration 
syndrome (46). These prominent IAAV may represent the failure 
of the normal fetal IAAV circulation to close after birth and have 
the potential to permit right to left intrapulmonary shunting, 
thus contributing to the hypoxemia observed in patients with 
severe BPD.

KeY PATHwAYS DiReCTiNG NORMAL 
PULMONARY vASCULAR DeveLOPMeNT 
AND FUNCTiON

Extensive clinical evidence obtained from patients with BPD in 
both the pre- and post-surfactant era has identified impaired and 
dysmorphic pulmonary vascular development as a key feature 
of the disease. These data suggest that the normal pathways that 
promote postnatal pulmonary vascular growth are disrupted in 
BPD. In this section, a number of key pathways that direct nor-
mal pulmonary vascular growth and function will be reviewed, 
and evidence demonstrating alterations in these pathways in 
experimental models of BPD (Table 1) and clinical studies will 
be summarized.

vascular endothelial Growth Factor
The endothelial cell mitogen and survival factor, VEGF, is essen-
tial for normal blood vessel development. Alternate splicing from 
a single gene produces three distinct isoforms: VEGF120, VEGF164, 
and VEGF188. These three isoforms demonstrate differential 
binding to heparin sulfate and affinities for the two predominant 
receptors: tyrosine kinases fms-like-tyrosine kinase-1 (FLT-1) 
and fetal liver kinase-1 (FLK-1) (47). The lung expression of the 
two heparin-binding isoforms, VEGF164 and VEGF188, increases 
during the late saccular stage of development in the mouse and 
remains high through adulthood (47), with VEGF188 becoming 
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TABLe 1 | Molecular mechanisms contributing to impaired alveolar and pulmonary vascular growth in animal models.

Molecule Physiologic functions and disruption in animal models of BPD Reference

VEGF Global deletion delays endothelial cell differentiation, impairs vascular development, and induces lethality at E8.5 (55, 56)
Isoform-specific deletion (VEGF164 and VEGF188) impairs lung microvascular development and delays airspace maturation (57)
Postnatal inhibition decreases somatic growth and impairs alveolarization (58)
Decreased expression in response to hyperoxia and mechanical ventilation in numerous animal models (60–64)
Overexpression promotes lung angiogenesis, and inhibits hyperoxia-induced alveolar simplification and mortality in rats (66)

FLK-1 Homozygous deletion prevents endothelial cell differentiation and blood vessel formation, and induces embryonic lethality (53)
Decreased expression in response to mechanical ventilation in neonatal mice (63, 64)
Postnatal inhibition impairs lung angiogenesis and alveolarization and induces pulmonary hypertension in neonatal rats (8, 9)

FLT-1 Homozygous deletion causes disorganization of vascular development and induces embryonic lethality (54)
Decreased expression in response to mechanical ventilation in preterm baboons (63)

NFκB Pharmacologic inhibition in neonatal mice impairs lung angiogenesis and alveolarization and decreases Flk-1 expression, and 
exaggerates the impairment in angiogenesis and alveolarization induced by systemic endotoxin

(65, 66)

HIF-1α Global deletion results in numerous cardiac and vascular abnormalities and embryonic lethality at E10.5 (71, 72)
Decreased expression in response to mechanical ventilation in preterm baboons and lambs (69, 75)
Stabilization of HIF improves alveolar growth in preterm baboons and neonatal rats exposed to combined endotoxin/hyperoxia (78–80)

HIF-2α Global deletion results in perinatal mortality due to respiratory failure, decreased VEGF expression, and decreased surfactant (73)
Decreased expression in mechanical ventilation of preterm baboons and lambs, and in neonatal rats exposed to chronic hypoxia (69, 75)

NO/eNOS Deletion of eNOS impairs VEGF-mediated angiogenesis and neovascularization, worsens pulmonary hypertension in adult mice 
exposed to chronic hypoxia, and increases susceptibility of neonatal mice to the impaired alveolarization induced by hyperoxia

(88, 90, 91, 
99, 100)

Decreased eNOS expression in mechanically ventilated preterm baboons and lambs, in fetal lambs exposed to intrauterine endotoxin (94–96)
Decreased NO production in pulmonary arteries from fetal lambs with intrauterine growth restriction (97)

H2S Deletion of enzymes that produce H2S impairs alveolarization, decrease lung vascular growth, and induce pathologic vascular 
remodeling

(104)

Exogenous administration improves alveolarization, limits pulmonary hypertension, and decreases lung inflammation in neonatal rats 
and mice exposed to hyperoxia

(105, 106)

Retinoic acid Deletion of the RA receptor-gamma impairs alveolarization and decreases lung elastin (110)
Promotes alveolar regeneration in adult mice with elastase-induced emphysema and limits the impaired alveolarization induced by 
glucocorticoids in neonatal mice

(108, 109)

LPA Deletion of the LPA-receptor 1 limits lung inflammation and fibrosis, and improves survival in neonatal rats exposed to hyperoxia (116)
Pharmacologic blockade of LPA receptors -1 and -3 limits pulmonary hypertension in newborn rats exposed to hyperoxia (116)

EC-SOD Deletion impairs alveolarization and lung angiogenesis, and decreases FLK-1 protein expression in neonatal mice (118)
Alveolar epithelial overexpression preserves alveolar and vascular growth of neonatal mice exposed to hyperoxia (119)

6

Alvira Vascular Abnormalities in BPD

Frontiers in Medicine | www.frontiersin.org May 2016 | Volume 3 | Article 21

the predominant isoform by late alveolarization (48). Paralleling 
the expression pattern observed with VEGF, FLT-1 and FLK-1 are 
highly expressed by endothelial cells during lung development 
(49), and in the murine lung, the expression of both receptors 
increase during alveolarization and remain high in the adult lung 
(47, 48). In addition to the full-length, membrane-bound form 
of FLT-1, a soluble form, comprised of the extracellular ligand 
binding domain, can be produced by alternative splicing from a 
single gene transcript (50, 51). It is thought that this soluble form 
(sFLT-1) may function as a physiologic inhibitor of angiogenesis 
given its ability to sequester VEGF ligands and prevent them from 
binding to the active transmembrane receptors (52).

The absolute requirement of intact VEGF signaling for 
vascular development is underscored by the severe phenotypes 
observed in mice containing targeted disruptions of discrete 
components of the pathway. Homozygous deletion of Flk-1 in 
mice results in early embryonic lethality, complete absence of 
blood vessel formation, and a failure of endothelial differentia-
tion (53). In contrast, while homozygous deletion of Flt-1 also 
results in embryonic lethality, endothelial cell differentiation is 

preserved, and the vasculature develops but is very disorgan-
ized  (54). Targeted deletion of Vegf in mice delays endothelial 
cell differentiation and severely impairs vascular development, 
resulting in embryonic lethality between E8.5 and 9.5 (55). Of 
note, even the absence of a single allele of Vegf impairs vascular 
development and induces embryonic lethality (56). Absence of 
the two heparin-bound isomers, VEGF164 and VEGF188, impairs 
lung microvascular development and delays airspace maturation 
in mice, suggesting that these isoforms which are bound tightly 
in the extracellular matrix may provide a source of local VEGF 
specifically essential for pulmonary vascular development (57).

In addition to these indispensable roles for VEGF during 
embryonic development, VEGF is also an important mediator of 
postnatal organ growth and development. Partial inhibition of 
VEGF in mice during the first week of life using an inducible gene 
targeting strategy decreases somatic growth and impairs organ 
development, while complete inhibition by the administration 
of a soluble VEGF receptor chimeric protein exaggerates these 
effects on organ development and growth and specifically impairs 
alveolarization (58). Moreover, the spatial expression of VEGF 
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during late development is critical. Expression of VEGF164 in the 
alveolar type II (ATII) cells using the SP-C promoter induces 
earlier and higher levels of VEGF in the developing lung and 
increases pulmonary blood vessel growth, but disrupts branch-
ing morphogenesis and inhibits alveolar type I cell differentiation 
(59). Taken together, these studies demonstrate the importance 
of tightly regulated temporal and spatial expression of VEGF for 
normal vascular development.

Abnormalities in VEGF signaling appear to be a key mecha-
nism in the impaired alveolarization and angiogenesis observed 
in experimental models of BPD. Chronic exposure to hyperoxia 
in neonatal rabbits decreases VEGF gene and protein expression 
by alveolar epithelial cells (60). In neonatal rats, high levels of 
hyperoxia decrease Vegf gene expression (61), and sustained 
hyperoxia from postnatal day (P)4–14 impairs alveolarization, 
and suppresses Vegf and Hif-2α gene expression and VEGF 
receptor protein expression (61, 62). In the preterm baboon 
model of BPD, mechanical ventilation and oxygen reduce pul-
monary capillary volume, impair alveolarization, and repress 
the physiologic increase in VEGF and FLT-1 observed in control 
animals (63). Similarly, mechanical ventilation of neonatal mice 
during the late saccular stage of development induces alveolar 
simplification and reduces lung expression of VEGF and FLK-1 
(64). Inhibiting constitutive activation of nuclear factor-κB, a 
direct regulator of Flk-1 during alveolarization, impairs pul-
monary angiogenesis and disrupts alveolarization in neonatal 
mice (65), and exaggerates the impairment in angiogenesis and 
alveolarization induced by systemic endotoxin (66). Moreover, 
blocking angiogenesis in neonatal rats directly using either 
non-specific anti-angiogenic compounds, or a selective FLK-1 
inhibitor, decreases pulmonary arterial density and impairs 
alveolarization, thus providing some of the first direct, experi-
mental evidence to support the notion that angiogenesis actively 
promotes distal lung growth (8). In fact, even the administration 
of a single dose of the FLK-1 inhibitor significantly decreases 
pulmonary arterial density, impairs alveolarization, and induces 
pulmonary artery muscularization and RVH that persist into 
adulthood (9). Consistent with these studies, overexpression of 
VEGF in newborn rats is effective in increasing survival, pro-
moting lung angiogenesis, and preventing hyperoxia-induced 
alveolar simplification (67).

Hypoxia-inducible Factor
Fetal development occurs at low oxygen tension. The hypoxia-
inducible factor (HIF) family of transcription factors is a key 
regulator of O2 homeostasis, activating genes critical for energy 
metabolism, oxygen transport, and angiogenesis. The HIFs 
are heterodimeric transcription factors comprised of oxygen 
sensitive subunits (HIF-1α, HIF-2α, and HIF-3) paired with the 
constitutively expressed HIF-1β (previously known as ARNT) 
subunit. Under normal oxygen tension, the O2 sensitive subunits 
are continuously degraded. However, under conditions of low 
oxygen tension, HIF degradation is inhibited, resulting in HIF 
protein stabilization and accumulation, thereby promoting the 
binding of HIF to hypoxia-response elements (HREs) located 
within the promoters of downstream target genes, including 
VEGF. During lung development, HIF-1α is expressed in the 

branching epithelium, and HIF-2 expressed in both the epithelium 
and the mesenchyme (68). In the primate lung, expression of both 
HIF-1α and HIF-2 is high in the third trimester of pregnancy; 
however, at term birth, HIF-2 expression remains high while 
HIF-1α is absent (69). In mouse lung, HIF-2α expression also 
increases immediately after birth and remains high throughout 
alveolarization, with production predominantly by ATII cells and 
colocalizing with VEGF expression (70).

The importance of this pathway in vascular development was 
highlighted by studies that performed targeted deletions of HIF 
family members in mice. Loss of Hif-1α results in embryonic 
lethality at E10.5, with null embryos demonstrating numerous 
cardiac and vascular malformations including vascular regres-
sion and abnormal vascular remodeling (71, 72). Interestingly, 
although this phenotype was similar to that seen in the VEGF 
null mice, Hif-1α−/− mice were found to have normal levels of Vegf 
mRNA, suggesting that the vascular malformations observed 
were independent of impairments in VEGF expression. In con-
trast, Hif-2α−/− mice die from RDS during the perinatal period in 
association with decreases in ATII-mediated expression of VEGF 
and insufficient surfactant production (73). Moreover, a similar 
phenotype is induced in mice by specifically deleting the HRE 
located within the Vegf promoter. Targeted deletion of ARNT, the 
dimerization partner for both HIF-1α and HIF-2α, as well as for 
other transcription factors, also results in embryonic lethality at 
E10.5, with affected embryos displaying defective angiogenesis of 
the yolk sac and branchial arteries (74).

Experimental studies in animal models of BPD suggest that 
HIF family members are important for late lung development 
in general and, in specific, that HIF plays an important role in 
both normal pulmonary vascular development and abnormal 
pulmonary vascular remodeling. HIF-1α and HIF-2α protein 
are decreased in the lungs of preterm baboon and lambs 
undergoing mechanical ventilation (69, 75). Expression of 
HIF-2α is also decreased in the lungs of neonatal rats exposed 
to chronic hypoxia, another stimulus that impairs alveolar 
development and decreases pulmonary vascular growth in 
mice (76). Enhancement of HIF signaling by either selective 
or non-selective inhibition of PHD-mediated HIF degradation 
increases angiogenesis of lung microvascular endothelial cells 
in vitro, in association with increases in PECAM-1, VEGF, and 
FLT-1 (77). A similar strategy to stabilize HIFs in vivo increases 
VEGF and PECAM expression in the lungs of preterm baboons 
(78), and improves alveolarization, oxygenation, and lung com-
pliance (79). In a newborn rat model of BPD induced by intra-
amniotic LPS followed by hyperoxia, non-selective inhibition of 
PHDs stabilizes HIF-1α in the whole lung, and attenuates the 
disrupted alveolar and vascular growth observed in this model 
(80). Interestingly, sildenafil, a phosphodiesterase inhibitor that 
has been used clinically to treat PH by increasing cGMP levels, 
improves alveolarization in neonatal mice exposed to hyperoxia 
and directly activates HIF-1α-mediated signaling in airway 
epithelial cells (81).

Nitric Oxide
Nitric oxide (NO) is a free radical gas that functions as a sec-
ond messenger, regulating diverse physiologic processes such 
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as angiogenesis, vasodilation, and anticoagulation (82). NO is 
produced by the nitric oxide synthase (NOS) family of proteins, 
which contains three isoforms: neuronal NOS (NOS1), inducible 
NOS (NOS2), and endothelial NOS (NOS3). After release from 
the endothelium, NO can diffuse to the luminal side of the vessel 
to inhibit platelet aggregation and adhesion or to the abluminal 
side of the vessel where it regulates vascular smooth muscle con-
traction and proliferation (83). Many of the downstream effects 
of NO on vascular tone result from the ability of NO to activate 
soluble guanylyl cyclase, thereby increasing cGMP and decreas-
ing intracellular calcium.

Endothelial nitric oxide synthase (eNOS), initially believed 
to be expressed solely by endothelial cells in a constitutive 
fashion, is now known to be expressed by additional cell types 
(84) and dynamically regulated in response to hypoxia, inflam-
mation, and other factors (84, 85). Importantly, VEGF induces 
eNOS expression via a FLK-1-dependent mechanism (86, 87), 
and loss of eNOS impairs VEGF-mediated angiogenesis (88). 
NO is a downstream effector of VEGF-mediated angiogenesis 
but not fibroblast growth factor (FGF)-mediated angiogenesis 
(89), and eNOS−/− mice demonstrate impaired VEGF-mediated 
angiogenesis (88) and neovascularization during wound healing 
and after ischemia (90, 91). Expression of eNOS is modulated by 
changes in oxygen tension both in vitro and in vivo. NOS activity 
in pulmonary artery endothelial cells increases at higher oxygen 
concentrations and decreases at lower oxygen concentrations 
(92), an effect mediated by both transcriptional and posttran-
scriptional mechanisms (93).

Decreased expression of eNOS is observed in a number of 
animal models of BPD. Chronic ventilation of preterm lambs 
increases pulmonary vascular and airway resistance, and 
decreases eNOS protein expression in the endothelium of the 
small intrapulmonary arteries and the airway epithelium (94). 
Similarly, chronic ventilation of extremely preterm fetal baboons 
also decreases lung eNOS expression (95). Intra-amniotic 
endotoxin also decreases eNOS expression in the lungs of fetal 
lambs, particularly in small pulmonary arteries (96). In an ovine 
model, intrauterine growth restriction decreases pulmonary vas-
cular density and alveolarization, in association with decreases 
in VEGF-induced NO production in large proximal pulmonary 
arteries (97).

In adult mice, compensatory lung growth after pneumonec-
tomy is severely impaired by targeted deletion of eNOS or inhibi-
tion of NO production with a NOS inhibitor (98). Exposing adult 
eNOS−/− mice to mild hypoxia induces more severe PH than that 
seen in control mice (99), and exposing neonatal eNOS−/− mice 
to mild hypoxia impairs alveolarization and decreases pulmonary 
vascular density (100). In both models, these detrimental effects 
on pulmonary pressures and lung structure are rescued by iNO 
(99, 101). Further, iNO appears to have beneficial effect in other 
experimental models of BPD. Treatment of neonatal rats with a 
single dose of the FLK-1 inhibitor, SU-5416, impairs alveolariza-
tion and induces RVH, and iNO administration prevents RVH 
development and significantly increases radial alveolar counts 
(102). Prolonged iNO therapy also prevents RVH and partially 
rescues the severe defect in alveolarization induced by bleomycin 
in neonatal rats (103).

ADDiTiONAL MOLeCULAR MeCHANiSMS 
THAT MAY iNFLUeNCe ALveOLAR AND 
vASCULAR GROwTH

In addition to the well-established molecular pathways described 
above that are central regulators of normal pulmonary vascular 
development and function, a number of additional molecules and 
pathways have been recently identified that also appear play a 
role in the aberrant vascular growth observed in BPD.

Hydrogen Sulfide
In addition to NO, hydrogen sulfide (H2S) is an additional 
gasotransmitter that appears to have an important role in late 
lung development. H2S is produced by two main enzymes: cys-
tathionine β-synthase (Cbs) and cystathionine γ-lysase (Cth). 
Deletion of either Cbs or Cth decreases alveolar number by 
50%, reduces the pulmonary vascular supply, and increases the 
number of muscularized small and medium-sized pulmonary 
arteries (104). In addition, H2S appears to have important, direct 
effects on the angiogenic function of pulmonary endothelial 
cells. Silencing or pharmacologic inhibition of Cbs and Cth, 
respectively, impairs in  vitro tube formation in human lung 
endothelial cells, and conversely, exogenous administration of 
H2S enhances tube formation in vitro (104). Further, exogenous 
administration of H2S improves alveolarization in vivo and limits 
PH in hyperoxia-exposed neonatal rats (105); and improves epi-
thelial repair and decreases inflammation in hyperoxia-exposed 
neonatal mice (106).

Retinoic Acid
Retinoic acid (RA) is a biologically active derivative of vitamin A. 
Early studies identified a role for vitamin A and RA in enhanc-
ing limb regeneration in amphibians after amputation (107). 
Subsequently, RA was shown to promote alveolar regeneration in 
adult rats in elastase-induced emphysema (108) and to blunt the 
impaired alveolarization induced by dexamethasone in neonatal 
rats (109). Mice with genetic deletion in the RA-receptor-gamma 
have decreased lung elastin and impaired alveolarization (110). 
Pulmonary endothelial cells are a source of RA in the develop-
ing lung, where it appears to promote pulmonary angiogenesis 
by increasing the expression of VEGF-A and to regulate elastin 
synthesis by increasing FGF-18 expression (111).

Lysophosphatidic Acid
Lysophosphatidic acid is a small glycerophospholipid that exerts 
multiple biologic effects on cell proliferation, migration, survival, 
and cell–cell interactions by binding to G-protein coupled 
receptors on the cell membrane (112). LPA appears to have an 
important role in many lung diseases, functioning to regulate 
airway inflammation, remodeling, and fibrosis (113–115). In the 
vasculature, LPA can function as either a vasodilator or a vaso-
pressor depending on context. For example, in the thoracic aorta, 
LPA causes NOS-dependent vasodilation by acting through the 
LPA receptor-1 (LPAR1). Mice containing mutations in the 
LPAR1 demonstrate decreased lung inflammation and fibrosis 
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and improved survival in an experimental model of BPD, and 
pharmacologic blockade of the LPAR-1 and -3 protects against 
pathologic vascular remodeling, limiting muscularization and 
RVH in newborn rats exposed to chronic hyperoxia (116). 
Although there were some phenotypic differences between the 
mice with genetic deletions of LPAR-1 and pharmacologic block-
ade that require future study, these studies suggest that the LPA 
pathway may prove to be a promising new target for BPD.

extracellular Superoxide Dismutase
Extracellular superoxide dismutase (EC-SOD) is a potent anti-
oxidant that catalyzes the dismutation of superoxide to hydrogen 
peroxide and oxygen (117). EC-SOD is highly expressed in the 
lung and vasculature, and EC-SOD expression and activity is 
suppressed in experimental models of BPD (118). Alveolar 
epithelial overexpression of EC-SOD preserves alveolar surface 
and volume density, decreases inflammation in newborn mice 
exposed to hyperoxia (119), and attenuates pathologic vascular 
remodeling and PH in adult mice exposed to chronic hypoxia 
(120). Conversely, deletion of EC-SOD impairs alveolarization 
in neonatal mice and decreases pulmonary vascular density 
and Flk-1 protein expression (118). Taken together, these 
studies highlight the importance of tight control of the oxida-
tive balance in the lung in promoting physiologic alveolar and 
vascular growth, and preventing pathologic airway and vascular 
remodeling.

Stem and Progenitor Cells
A number of resident stem and progenitor cell populations have 
been identified in the lung, deriving from epithelial, mesenchy-
mal, and endothelial origins. Each population is unique in its 
defining characteristics and putative functions, which are com-
prehensively discussed in a number of excellent, recent reviews 
(121–123). Accumulating evidence from clinical and experimen-
tal studies have suggested that alterations in circulating and/or 
resident lung stem and progenitor cells may contribute to the 
pathogenesis of BPD, sparking great interest in the investigation of 
cell-based therapeutic strategies as a potential treatment for BPD. 
Hyperoxia decreases lung and circulating endothelial progenitor 
cells in neonatal mice (124), and diminishes the number of lung 
side population (SP) progenitor cells, a population believed to 
have both epithelial and mesenchymal potential (125). Further, 
studies in experimental models suggest that mesenchymal stem 
cell therapy may have beneficial effects on preserving alveolar 
and vascular growth during injury. Intratracheal administration 
of mesenchymal stem cells attenuates induced lung cell apoptosis 
and inflammation, and improves alveolarization in neonatal rats 
exposed to hyperoxia (126). Intravenous administration of bone 
marrow-derived mesenchymal stem cells (BMSCs) in neonatal 
mice prevents PH and blunts the impaired alveolarization induced 
by hyperoxia despite a low level of engraftment. Importantly, in 
that study, the administration of conditioned media of these stem 
cells had an even greater beneficial effect, preserving normal 
alveolarization and preventing pathologic vascular remodeling 
(127). A similar improvement in alveolar and vascular growth is 
observed in hyperoxia-exposed neonatal rats after intratracheal 

administration of BMSCs (128), and this beneficial effect is 
evident even if the MSCs are administered after the initiation of 
lung injury (129). Moreover, MSC treatment results in durable 
improvements in lung structure, with sustained improvement in 
lung structure and exercise tolerance in adult mice at 6 months 
of age, and an absence of any evidence of long-term detrimental 
side effects. These exciting data prompted clinical studies to assess 
whether alterations in lung progenitor cells play a role in BPD, 
discussed in the following section.

ALTeRATiONS iN ANGiOGeNiC 
PATHwAYS iN PATieNTS wiTH 
BRONCHOPULMONARY DYSPLASiA

These data, obtained from experimental models demonstrating 
disruption of key pathways known to promote physiologic pulmo-
nary angiogenesis, appear to have some fidelity with the human 
disease. The impaired pulmonary vascular development observed 
in infants dying of severe BPD is associated with decreased expres-
sion of VEGF and FLT-1 (6). In response to short-term ventilation, 
the expression of classic angiogenic growth factors, such as VEGF 
and angiopoietin-1, decreases in the lungs of preterm infants, 
while expression of endoglin increases, suggesting that endoglin 
may be one important regulator of the vascular remodeling which 
occurs in BPD (130). In a similar, but separate, study by the same 
group, short-term ventilation decreases the gene expression of 
proangiogenic factors such as FLK-1, TEK tryrosine kinase, 
endothelial (TIE-2), and angiogenin, yet increases the expression 
of anti-angiogenic mediators such as thrombospondin-1 (131). 
Taken together, these two studies suggest that even short-term 
mechanical ventilation causes widespread alterations in a variety 
of angiogenic signaling pathways in the developing lung.

In contrast to these studies demonstrating changes in the 
gene and protein expression of angiogenic mediators from whole 
lung tissue of patients dying with BPD, studies evaluating levels 
of VEGF in the tracheal fluid have not shown clear differences 
between preterm infants who develop and those who do not 
develop BPD. Lassus et  al. found that the levels of VEGF in 
tracheal fluid obtained during the first 10  days of life are not 
significantly different in preterm infants who developed BPD 
versus those who do not develop BPD (132). In keeping with 
these results, two additional studies demonstrated that tracheal 
fluid VEGF levels obtained during the first month of life also did 
not correlate with the development of BPD (133). However, it is 
not clear whether the absence of positive findings in these studies 
represent differences between the pathogenesis of experimental 
BPD and the human disease, a lack of statistical power, or the 
inability of tracheal aspirates to reflect the true microenviron-
ment present in the developing lung.

Similarly, despite strong experimental evidence demonstrat-
ing the importance of both the HIF and NO signaling pathways in 
physiologic pulmonary angiogenesis, data assessing the integrity 
of the HIF of NO signaling in patients with BPD remain scarce. 
In the developing human lung, both HIF-2α and VEGFA gene 
expression demonstrate a positive correlation as lung develop-
ment progresses; however, little is known regarding how HIF 
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activity or expression is altered in preterm infants with BPD. 
Similarly, there is an absence of data directly demonstrating 
decreased NOS expression or NO production in infants with 
BPD. However, the levels of the endogenous NOS inhibitor, 
asymmetric dimethylarginine (ADMA), are increased in patients 
with BPD and PH, suggesting that heightened levels of ADMA 
may contribute to the increased PVR observed in patients with 
BPD and PH by limiting NO production (134). Yet, despite exten-
sive experimental evidence demonstrating disruptions in NO 
signaling and the therapeutic benefit of iNO therapy in animal 
models, a number of recent, prospective, and randomized trials 
have failed to demonstrate beneficial effects of iNO therapy in the 
prevention of BPD in preterm infants (135–137).

Given the accumulating evidence from experimental models 
that demonstrated the beneficial role of stem and progenitor cells 
in promoting alveolar and vascular growth during injury, clinical 
studies aimed to determine whether disruption of angiogenic 
progenitors might contribute to the pathophysiology of BPD. Late 
outgrowth endothelial colony-forming cells (ECFCs), a sub-type 
of EPCs that are highly proliferative, self-renewing, and capable of 
forming blood vessels de novo in vivo (138). ECFCs obtained from 
preterm infants are more proliferative than those obtained from 
term infants, yet more highly susceptible to the growth inhibit-
ing effects of hyperoxia (139). In a small, early prospective study, 
ECFCs were found to be low in extremely premature infants and 
to increase with increasing gestation. Further, extremely preterm 
infants with lower numbers of ECFC were found to be at increased 
risk of developing BPD (140). In keeping with these results, a sub-
sequent study confirmed that cord blood ECFCs are significantly 
lower in preterm infants who go onto develop moderate or severe 
BPD (141). Taken together, these studies lend further support to 
the notion that antenatal events may influence later respiratory 
outcomes, and suggest that ECFC may represent a biomarker for 
the identification of patients at greatest risk for the development of 
BPD. In addition to these endothelial progenitors, another small 
clinical study demonstrated the presence of fibroblast-like cells 
with colony-forming potential and cell surface marked similar 
to MSCs in the tracheal aspirates of premature infants with RDS. 
After adjusting for numerous potential confounders, including 
gestational age, duration of mechanical ventilation, and others, 
the presence of these tracheal MSC predicted the development 
of BPD (142). Although clinical evidence regarding the role of 
MSC in patients with BPD is limited, the strong experimental 
evidence demonstrating the benefit of MSC therapy on alveolar 
and vascular growth in animal models has already lead the way 

for phase 1 clinical trails for testing this therapy in preterm infants 
at high risk for BPD (143).

CONCLUSiON

Over the past three decades, significant advances in the sup-
portive care of extremely premature infants, including surfactant 
replacement therapy, have significantly decreased mortality 
from BPD, yet, the morbidity associated with BPD remains 
high. Numerous abnormalities of the pulmonary circulation are 
observed in patients with BPD, influencing long-term prognosis, 
including dysmorphic pulmonary capillary development, mala-
daptive pulmonary vascular remodeling, heighted pulmonary 
vascular tone, and the development of abnormal collateral cir-
culation. Extensive experimental and clinical data derived form 
studies over the last decade have advanced our understanding 
of the pathobiology contributing to BPD, including the recogni-
tion that pulmonary angiogenesis is essential for alveolarization, 
and that disrupted pulmonary angiogenesis likely contributes to 
BPD. Given the limited availability of human lung tissue from 
patients with BPD, much of our understanding of the molecular 
mechanisms involved have been derived from experimental 
animal models (144), and definitive clinical evidence dem-
onstrating that these same mechanisms are causative in the 
human disease are lacking. Nonetheless, these studies suggest 
that replacement of angiogenic factors and/or stem cell-based 
therapies could prove to be beneficial for the treatment of BPD. 
Moving forward, the development of innovative non-invasive 
diagnostic technologies that may permit an accurate assessment 
of the molecular pathways that are dysregulated in patients at 
risk for BPD will be required in order to foster the development 
of targeted biologic therapies that can effectively stimulate lung 
growth and regeneration.
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Yearly more than 15 million babies are born premature (<37 weeks gestational age), 
accounting for more than 1 in 10 births worldwide. Lung injury caused by maternal 
chorioamnionitis or preeclampsia, postnatal ventilation, hyperoxia, or inflammation 
can lead to the development of bronchopulmonary dysplasia (BPD), one of the most 
common adverse outcomes in these preterm neonates. BPD patients have an arrest 
in alveolar and microvascular development and more frequently develop asthma and 
early-onset emphysema as they age. Understanding how the alveoli develop, and repair, 
and regenerate after injury is critical for the development of therapies, as unfortunately 
there is still no cure for BPD. In this review, we aim to provide an overview of emerging 
new concepts in the understanding of perinatal lung development and injury from a 
molecular and cellular point of view and how this is paving the way for new therapeutic 
options to prevent or treat BPD, as well as a reflection on current treatment procedures.

Keywords: bronchopulmonary dysplasia, chronic lung disease of prematurity, respiratory distress syndrome, 
preterm birth, lung development, chronic lung disease

iNTRODUCTiON

Yearly over 15 million babies are born premature (<37 weeks gestational age), accounting for more 
than 1 in 10 births worldwide, of which approximately 2.4 million babies are born before 32 weeks 
of postmenstrual age (PMA) (1). Bronchopulmonary dysplasia (BPD) is the most common adverse 
outcome in very preterm neonates with an incidence of 5–68%, depending on the cohort and defini-
tion used, which increases significantly with declining gestational age (2, 3). BPD develops as a 
result of lung injury caused by maternal pre-eclampsia, chorioamnionitis, postnatal ventilation, 
hyperoxia, and/or inflammation, leading to an arrest in alveolar and microvascular development 
and pulmonary hypertension, although the relative contribution of the different pathogenic factors 
for the individual patient is hard to identify (4). Originally, BPD (“old” BPD) was defined based on 
lung injury resulting from mechanical ventilation and oxygen supplementation, and was seen mostly 
in premature infants born at 26–30  weeks PMA (5–7). The introduction of major interventions 
such as maternal corticosteroids (8, 9) and surfactant replacement therapy (10–12) resulted in a 
changed disease phenotype that was seen in preterm infants that could survive at younger gestational 
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FigURe 1 | The pathogenesis of bronchopulmonary dysplasia (BPD) is highly multifactorial in nature, with a wide variety of pre- and postnatal 
exposures influencing lung development. Depending on the timing and combinations of exposures, BPD likely exists of multiple different pathophysiologies that 
manifest themselves in a similar way clinically. The top arrow represents exposures that may to a certain extent protect from BPD pathogenesis and promote repair, 
while the bottom arrow indicates exposures that injure the preterm lung and contribute to BPD pathogenesis. Figure reprinted from Hütten et al., originally published 
by Springer (36).
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ages (24 to 26 weeks PMA). As a result, “new” BPD, defined as 
the requirement of supplemental oxygen at 36  weeks PMA or 
treatment with supplemental oxygen for more than 28  days 
(4), was characterized based on impaired alveolar and capillary 
development of the immature lungs (13). It is now becoming clear 
that BPD survivors continue to have respiratory morbidity after 
they leave the neonatal intensive care unit (NICU) [see compre-
hensive review by Islam et al. (14)], underlining that BPD really 
is a disease of disrupted lung development. Understanding how 
the alveoli and underlying capillary network develop and how 
these mechanisms are disrupted in BPD is critical for develop-
ing efficient therapies, which currently are lacking. Moreover, 
the nature of lung injury and consequently BPD is perpetually 
changing as treatment strategies evolve in an attempt to prevent 
injury to the premature lungs. Combined with increasing insight 
into the pathophysiology of BPD, this has started a discussion 
on yet a newer definition of what BPD is, basing it more on bio-
markers, pulmonary hypertension and the underlying vascular 
basis of BPD (15–17). In this review, we provide an overview of 
emerging new pathophysiological concepts in the understanding 
of perinatal lung development and injury from a molecular and 
cellular point of view and how this is paving the way for new 
therapeutic options to prevent or treat BPD, as well as a reflection 
on how this compares with current treatment procedures.

Overview of Lung Development
To understand BPD pathophysiology, it is important to under-
stand how the lung normally develops. Despite the large body of 
knowledge concerning the morphogenesis of the lung (18, 19),  
research on the intercellular communications that regulate 
growth, migration, and differentiation during lung development 
is still unfolding. Among the best characterized growth factors 
and their signaling components in early lung development are 
fibroblast growth factor (FGF), transforming growth factor β 
(TGFβ), bone morphogenetic protein (BMP), sonic hedgehog 
(SHH), wingless-type MMTV integration site family (WNT), 
vascular endothelial growth factor (VEGF), and retinoic acid 
signaling pathways [reviewed by Hogan and Morrissey (20) 

and Kool et al. (21)]. Far less is known about the molecular and  
cellular processes that direct saccular and alveolar development, 
the very stages that are clinically relevant after preterm birth and 
BPD pathogenesis. VEGF, which is expressed by alveolar epithe-
lial type II cells in response to hypoxia-induced factor (HIF), is 
crucial in directing pulmonary microvascular development and 
alveolar development (22). Moreover, VEGF plays an important 
role in BPD pathogenesis as BPD patients express little or no VEGF 
in their lung epithelium, and lack expression of VEGF receptors 
in pulmonary microvascular endothelium (23). Multiple studies 
have demonstrated that platelet derived growth factor (PDGF) 
and FGF signaling is crucial for myofibroblast differentiation and 
subsequent onset of secondary septation (24–29). WNT, BMP, 
and TGFβ signaling components have also been implicated to 
play a role in fibroblast differentiation during alveolarization 
(30–32). Additionally, correct deposition of extracellular matrix 
(ECM) proteins by myofibroblasts, like elastin and collagen, plays 
a crucial role during secondary septation (33, 34). These and 
other ECM components may exert their role in lung development 
by functioning as a scaffold for the growth factors to coordinate 
the growth interactions of cells (35).

BPD iN 2017

Current Understanding of Perinatal Risk 
Factors
Because BPD is still very much a functional diagnosis, which 
is made when preterm infants have already been exposed to a 
wide variety of perinatal stressors [Figure 1; (36)], it is hard to 
pinpoint exactly which exposure is more detrimental for lung 
development. Most of these insights have been obtained through 
decades of work on animal models [reviewed by Jobe (37)] and 
correlations found through epidemiological research. Already 
before preterm birth, intrauterine conditions can have a profound 
impact on lung development and susceptibility to BPD. Risk fac-
tors established by statistical correlation are first and foremost 
maternal risk factors associated with preterm birth, such as 
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smoking and socioeconomic background (38). Intrauterine 
growth restriction increases the risk of BPD threefold in infants 
born before 29 weeks (2, 39), while chorioamnionitis and pre-
eclampsia trigger the release of cytokines and growth factors that 
directly inhibit alveolar and microvascular development of the 
fetal lungs (2, 36, 40). Placental abnormalities, such as gestational 
hypertension, pre-eclampsia, and eclampsia, are emerging as an 
important antenatal risk factor for BPD. A French prospective 
cohort study found that placenta-mediated pregnancy complica-
tions with fetal consequences are associated with moderate to 
severe BPD in very preterm infants (41). The maternal adminis-
tration of corticosteroids prior to preterm birth leads to thinning 
of the primary septa, which narrows the air blood barrier, stimu-
lates the production of surfactant, which stabilizes the alveolar 
sacs and prevents collapse after exhalation, and stimulates the 
clearance of fetal lung fluid (42). Although this accelerated 
development improves neonatal outcome and survival of the 
infant, antenatal corticosteroids have the unwanted side effect of 
inhibiting secondary septation and impairing microvasculature 
development (28, 43–45).

Postnatally, inflammation is also considered to be an 
important risk factor for the development of BPD [reviewed 
in Ref (46)], either as a result of lung injury caused by invasive 
mechanical ventilation and supplemental oxygen or in the form 
of sepsis. Due to their lung immaturity and apnea of prematurity, 
preterm infants are also frequently exposed to hypoxia, which 
just like hyperoxia leads to impaired alveolar and microvascular 
development (47). Recently, the presence of oxygen-sensitive 
intrapulmonary bronchopulmonary anastomoses (IBA) was 
discovered in preterm infants with BPD and other infants with 
chronic lung diseases, which may stay patent in the setting of 
persistent hypoxia (16, 48–52). Thus, IBA may in itself lead to 
persistent hypoxemia and contribute to the pulmonary hyper-
tension that is often seen in conjunction with BPD, and could 
therefore be a significant risk factor for BPD (16). Considering 
that not all infants that are born very or extremely preterm go 
on to develop BPD, multiple pre- and/or postnatal hits are prob-
ably needed for lung development to be significantly affected, 
especially since the incidence of BPD has not decreased despite 
advances in neonatal care (2).

Current Treatment Procedures
In this complex multifactorial setting, current therapies are aimed 
to not only support the survival of the preterm infant, but also to 
limit or prevent further damage as much as possible [see review by 
Jain and Bancalari (53)]. In this regard, the most direct approach 
is to prevent the need for aggressive, prolonged invasive ventila-
tion. The first treatment of choice to prevent respiratory distress 
syndrome (RDS) is still antenatal maternal corticosteroid admin-
istration, followed by prophylactic surfactant therapy through 
endotracheal bolus administration after birth. The maternal 
administration of a single or repeated intramuscular injection of 
betamethasone or dexamethasone within a time window of 24 h 
to 7 days prior to preterm birth can significantly increase survival 
of the preterm infant and decrease the incidence and severity of 
RDS (9, 54). However, there is no consensus yet on how the use 
of antenatal steroids can be optimized by improving the timing 

of administration and dosing (42). Similarly, there is discussion 
as to whether surfactant therapy should be prophylactic or only 
selectively administered upon diagnosed RDS, as a result of the 
increased use of non-invasive ventilation methods such as nasal 
continuous positive airway pressure (CPAP) (53, 55). Without the 
application of routine CPAP, prophylactic surfactant treatment 
reduces neonatal mortality. However, the routine application of 
CPAP reduces the risk of BPD and neonatal death, and in these 
infants selective administration of surfactant is more beneficial 
(55). The INSURE method (intubate-surfactant-extubate to 
CPAP) is therefore now the recommended technique to avoid 
lung injury (56).

An alternative method of surfactant administration that builds 
on this is less invasive surfactant administration (LISA), which 
circumvents the need of endotracheal intubation and mechanical 
ventilation all together while improving pulmonary outcome in 
extreme premature infants (57–59). A more high-tech approach 
that is now being tested in the NICU is surfactant administration 
through aerosolization, nebulization, or atomization (60–67). It 
has proven technically challenging to achieve sufficient delivery 
of surfactant in the distal lung compared to bolus administra-
tion of surfactant, although the recent development of vibrating 
membrane nebulizers seems promising (67). Switching from 
animal-derived surfactants to new generation synthetic sur-
factants, which are more resistant to inactivation and even anti-
inflammatory in cell culture and animal studies, may be another 
step forward (11, 68–75). Several clinical trials are testing two 
promising synthetic surfactants to combat RDS in the NICU. A 
multicenter phase 2 study is comparing the safety and efficacy of 
CHF5633, a synthetic surfactant with surfactant protein (SP)-B 
and SP-C analogs, with poractant alfa in preterm infants with RDS 
(ClinicalTrials.gov identifier NCT02452476). In addition, two 
multicenter phase 2 studies are assessing the safety and efficacy of 
aerosolized lucinactant (also known as KL4 surfactant, Aerosurf, 
and Surfaxin) in preterm neonates 26 to 32 weeks PMA receiving 
nasal CPAP (ClinicalTrials.gov identifiers NCT02636868 and 
NCT02528318). Optimizing ventilation strategies and surfactant 
therapy are therefore seen as the most easily achievable targets in 
the prevention of BPD.

Besides ventilation strategies, surfactant therapy and corticos-
teroids, there are a few therapies that have a profound effect in the 
prevention of BPD. Prophylactic caffeine therapy is recommended 
to counter apnea of prematurity and is now common practice 
after it was shown to be effective in reducing BPD and subsequent 
neurodisability (56, 76–78). The protective effect of caffeine 
therapy appears greater when given earlier rather than later, 
although there is still discussion among experts as early therapy 
is also associated with slightly greater mortality in some studies 
(79–81). This effect has been attributed to infants receiving earlier 
extubation and subsequently shorter mechanical ventilation 
times, alleviating the injury burden on the developing premature 
lung (76, 79). Multiple recent animal studies have attempted to 
elucidate whether caffeine itself can promote or protect alveolar 
development directly, with mixed results. Using the hyperoxia 
model of experimental BPD, caffeine could protect against alveo-
lar simplification and inflammation in rats (82, 83) and rabbits 
(84), but not in mice (85, 86). Potential mechanisms include its 
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abilities to amplify glucocorticoid-mediated SP-B expression in 
alveolar type 2 cells (87, 88), to modulate connective tissue growth 
factor (CTGF) expression (89) and TGFβ pathway members 
(85), and to attenuate endoplasmic reticulum (ER) stress (82). 
Conflictingly, both up- and downregulation of alveolar apoptosis 
has been reported (82, 86). Caffeine is however primarily known 
as a methylxanthine, which is a non-selective phosphodiesterase 
(PDE) inhibitor (78). PDE inhibitors have potent immunomodu-
latory and vascular effects and are therefore still interesting 
targets for neonatal intensive care medicine. Animal studies 
using the neonatal rodent hyperoxia model of experimental BPD 
have shown promise for non-selective PDE inhibitor pentoxyfil-
line (90), PDE4 inhibitors rolipram, piclamilast, and cilomilast 
(91–93), and PDE5 inhibitor sildenafil (94), which were able 
to ameliorate pulmonary inflammation and hypertension and 
improve lung alveolarization. Inhaled nitric oxide (iNO) therapy, 
which has a complementary mode of action to PDE inhibitors 
by boosting cyclic guanosine monophosphate (cGMP) (95), has 
long been the subject of clinical trials after promising results in 
animal models of BPD. Although iNO decreases inflammatory 
mediators in tracheal aspirates of treated preterm infants (96), 
systematic reviews show no protective effect in the development 
of BPD (97). Interestingly, iNO therapy was effective in reducing 
BPD incidence when combined with vitamin A therapy (98). 
Supplementation with vitamin A improved alveolarization in 
neonatal rats and lambs (99, 100), while in clinical studies, sup-
plementation with vitamin A in preterm infants significantly 
reduced the risk of BPD (101–103). Unfortunately, these studies 
have not lead to the adoption of vitamin A supplementation in 
clinical practice, as the treatment benefits were deemed too small 
and the intramuscular route of administration too cumbersome 
in tiny preterm infants (104, 105). Other administration routes 
must be investigated for these promising therapies to become 
commonplace in the clinic.

For all currently used therapies, there is still ground to be 
gained through clinical trials and evidence-based medicine to 
ascertain optimal dosing, timing, and administration methods 
for maximum efficiency. It is essential that risk stratification 
takes place within the trial design to identify the real potential 
advantage of the different interventions. Despite all efforts at 
reducing lung injury through current treatment procedures, 
the incidence of BPD has remained stable over the past two 
decades (2). This is in part explained by the increased survival 
of extremely preterm infants born between 22 and 26  weeks 
PMA but probably also reflects the highly multifactorial nature 
of BPD. Prematurity is often not the first complication leading 
to BPD pathogenesis, as infants have already been exposed to 
a disadvantageous intrauterine environment, either through 
severe intrauterine growth restriction resulting from severe 
pre-eclampsia or chorioamnionitis. This is then followed by 
various exposures and comorbidities in the NICU, which in a 
substantial portion of these extreme premature infants leads 
to BPD with a similar phenotype, even though the underlying 
pathogenesis might have been quite different. It should not be 
forgotten that an astonishing portion of these infants does not 
go on to develop BPD, despite experiencing similar exposures. 
A better understanding of the pathophysiology leading to BPD 

is therefore crucial to create a better tailored treatment regimen 
for premature infants.

CURReNT UNDeRSTANDiNg OF BPD 
PATHOPHYSiOLOgY, New 
PATHOPHYSiOLOgiCAL CONCePTS,  
AND POTeNTiAL THeRAPieS

Infants at greatest risk of developing BPD are born when their 
developing lungs are still transitioning from the canalicular to 
saccular phase. Given the complexity of lung development and 
the wide variety of perinatal insults leading to BPD, there is 
likely no single pathophysiology of BPD. Because of a paucity of 
histopathological data from preterm infants and BPD patients, 
our current understanding of BPD pathophysiology has mostly 
been generated from various small and large animal models 
looking at the effect of perinatal inflammation, oxygen toxicity, 
and mechanical ventilation on lung development [reviewed by 
Jobe (37)]. Although these simplified animal models of BPD only 
approximate the actual disease in humans, they have helped us 
immensely to better understand the pathophysiology of BPD. A 
number of recent reviews have generated a detailed overview of 
the various pathophysiological mechanisms implicated in BPD 
that have been uncovered through these models [see review by 
Niedermaier and Hilgendorff (106) and Hilgendorff and O’Reilly 
(107)], focusing on the role of perinatal infection and inflamma-
tion (46, 108, 109), pulmonary vascular development (17), the 
mesenchyme (110), the extracellular matrix (111), and oxygen 
(112) [Figure 2 (107)]. For the remainder of this review, we will 
highlight new pathophysiological concepts that are promising 
avenues for potential future therapies for BPD. Because of the 
inherent intertwinement of the pathophysiological mechanisms 
and potential therapies, we have chosen to present these side by 
side for each pathophysiological concept.

Stem Cells in Development and for 
Therapy of BPD
In the past decade, the field of stem cell biology has advanced 
significantly, especially with respect to tissue resident stem cells 
in development and repair. A wide variety of lung epithelial stem/
progenitor cells has been described but also multipotent mes-
enchymal stromal cells (MSCs) and endothelial colony forming 
cells (ECFCs) [reviewed in Ref (113)]. In the developing lung, 
where an extensive microvasculature is crucial for lung function, 
resident lung MSCs (L-MSCs) are a heterogeneous progenitor 
population, which orchestrate the formation of the alveolar 
microvasculature, repair/regeneration, and tissue maintenance 
[reviewed in Ref (114, 115)]. Already at the beginning of lung 
budding, a multipotent cardiopulmonary mesoderm progenitor 
has been described, based on expression of Wnt2, Gli1 and Isl1, 
giving rise to pulmonary vascular and airway smooth muscle, 
proximal vascular endothelium and pericyte-like cells (116). 
During pseudoglandular lung development early Tbx4+ multipo-
tent MSCs give rise to a wide variety of distinct mesenchymal cell 
populations including airway and vascular smooth muscle and 
early fibroblast-like cells (117), reminiscent of quintipotential 
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FigURe 2 | A schematic overview of the pathophysiology of bronchopulmonary dysplasia (BPD). Pre- and postnatal risk factors lead to lung injury, 
resulting in apoptosis of distal lung cells, inflammation, extracellular matrix remodeling and altered growth factor signaling. These have long term effects on lung 
growth and function, including vascular and immune function, resulting in an increased disposition for chronic lung disorders. Figure reprinted from Hilgendorff and 
O’Reilly, originally published by Frontiers in Medicine (107).
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MSCs in bone marrow (118). During saccular and alveolar lung 
development, Pdgfrα+, Shh+, and Fgf10+ L-MSCs give rise to 
myofibroblasts and lipofibroblasts, which are crucial for alveolar 

development (119–122). Importantly, Pdgfrα + L-MSCs are sup-
portive of lung epithelial progenitor cells, which are unable to form 
colonies in their absence or in the presence of more differentiated 
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myofibroblasts (123, 124). There is mounting evidence from both 
human patients and animal models that L-MSCs are perturbed 
in BPD, potentially actively contributing to BPD pathogenesis. 
The presence of L-MSCs in tracheal aspirates from ventilated 
preterm infants could predict the subsequent development of 
BPD (125). In vitro, these L-MSCs showed signs of dysfunction 
through reduced PDGFRα expression, a propensity toward 
myofibroblast differentiation and impaired migration capacity 
(126, 127). This is supported by a recent study in neonatal mice, 
where suppression of Fgf10 expression left alveolar epithelial 
type 2 cells (AEC2) unable to regenerate after hyperoxia damage, 
leading to increased AEC1 differentiation (128). Combined with 
prior observations in parabronchial smooth muscle cells upon 
naphthalene injury (129), the secretion of FGF10 to stimulate 
epithelial repair may be one of the ways through which L-MSCs 
exert their regenerative capacities in the distal lung following 
injury (130).

Similarly, lung resident ECFCs, which are important for 
the development of the pulmonary microvasculature, were 
shown to be dysfunctional in a neonatal rat model of BPD 
(131). Moreover, the cord blood of preterm infants who go on 
to develop BPD contains lower numbers of circulating ECFCs, 
which are more vulnerable to hyperoxia-induced oxidative 
stress and dysfunction (132). Understanding how these resi-
dent progenitor populations are affected in BPD, but also how 
they normally mediate development, repair, and regeneration 
in the lung, will provide an insight into how we may mobilize 
these cells to actively engage in repair and normalize lung 
development.

Potential Therapies
Tapping into and stimulating the regenerative properties of 
L-MSCs and ECFCs through cell-based therapy may be a central 
way to ameliorate the lung injury leading to BPD pathogen-
esis. To this end, important lessons will come from exogenous 
stem cell therapy. In a neonatal rat hyperoxia model of BPD, 
intratracheal installation of either bone marrow or umbilical 
cord derived MSCs, or their conditioned media, could nearly 
completely repair experimental BPD, both on a histological and 
on a functional level (133, 134). The mode of action appears to 
be largely paracrine, as injection with MSC conditioned medium 
could promote alternatively activated (M2) macrophages (135). 
Exosomes, which are extracellular vesicles containing a cocktail 
of proteins, RNAs and even mitochondria, are secreted by a wide 
variety of cells including MSCs and likely play an active role in 
the paracrine therapeutic effects of MSCs (136). Their potential as 
a carrier of therapeutic paracrine factors makes them appealing 
and promising targets for cell-free MSC based therapy. However, 
several technical challenges must be overcome to ensure their 
safety, such as a robust reproducible isolation technique and 
their ability to facilitate infectious or damaging particles (137). 
The next decade will likely see large advances in the develop-
ment of exogenous stem cell therapy for BPD and a vast array 
of other diseases, either by injecting stem cells themselves, their 
conditioned medium or through exosomes [see recent reviews 
by Möbius and Thébaud (138), O’Reilly and Thébaud (139), and 
Mitsialis and Kourembanas (136)].

Pulmonary Macrophages Contribute to 
Alveolar Development and Repair
Arguably the most important immune cells to participate in wound 
repair are alternatively activated macrophages. Besides peripheral 
blood derived macrophages, the pulmonary microenviron-
ment contains three distinct resident pulmonary macrophage 
populations: alveolar macrophages, interstitial macrophages 
and primitive macrophages (140). Alveolar macrophages are the 
best-studied subset and are most abundantly present in the lung. 
They reside in the alveolar spaces where they phagocytose foreign 
particles and have a crucial role in the surfactant metabolism 
that facilitates alveolar function and gas exchange. Interstitial 
macrophages (IMF) reside on the other side of the epithelial 
barrier, among mesenchymal cells and capillaries. They have a 
distinct phenotype and behavior from alveolar macrophages and 
are geared more toward tissue repair and maintenance, antigen 
presentation and influencing dendritic cell functions to prevent 
allergy (140, 141). The third population, primitive macrophages, 
has only very recently been identified as a distinct subtype. These 
macrophages are the first to colonize the fetal lungs, and persist in 
adult lungs in the parenchyma of the peripheral alveoli. Because 
of their location in peripheral and perivascular spaces, which have 
been described as hotspots for alveolar regeneration, they are 
speculated to promote or be attracted to stem cell activity (140). 
The influx of these macrophages, which display an alternatively 
activated or M2 phenotype, and localization at the branching 
sites of the developing lung, suggest they potentially contribute 
to alveolar lung development (142). Conversely, if fetal lung 
macrophages are activated by an inflammatory stimulus, they 
actively inhibit expression of genes critical for lung development, 
leading to disrupted airway development and perinatal death in 
mice (143).

Potential Therapies
These insights provide new support for anti-inflammatory treat-
ments. Furthermore, exogenous MSC therapy may be beneficial 
in regulating pulmonary macrophage activity. As cells with potent 
immunomodulatory capacities, MSCs can regulate macrophage 
function and polarization (144). Steady-state MSCs drive mac-
rophages toward a wound healing or M2 phenotype through the 
production of IL-6 and inhibit differentiation toward dendritic 
cells (145, 146). However, in a proinflammatory environment 
MSCs stimulate macrophages toward a pro-inflammatory M1 
phenotype (147). Using cell-based therapy to activate resident 
L-MSCs may therefore also be effective in promoting an M2 
phenotype in pulmonary macrophages.

The Lung Microbiome: An important 
emerging Field of interest
Although there has been a surge in interest in the microbiome 
thanks to the Human Microbiome Project, the lung was not 
included in this research project. Research interest in the lung 
microbiome is now however on the rise, uncovering that not 
only the upper but also the lower airways are colonized, with 
numbers of 10–100 bacterial cells per 1,000 human cells being 
reported (148). The six most commonly detected bacterial phyla 
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are found throughout the body, but composition varies per organ. 
In the lung, composition varies between different areas, making 
consistent sampling of the same area extremely important when 
comparing between groups. The lungs of newborn infants are 
already colonized at birth with a variety of bacterial phyla, most 
predominately Acinetobacter (149). The composition of the lung 
microbiome changes and stabilizes in the first month of life, 
but is decidedly different in lungs of children and adult patients 
with lung disease (148, 149). Interestingly, amniotic fluid and 
the placenta harbor their own microbiota, suggesting that fetal 
tissues already get colonized in utero, potentially having an effect 
on early immune cell maturation (148).

Inflammation frequently occurs in preterm infants, both 
antenatal (chorioamnionitis) and postnatal (sepsis), and can 
strongly perturb lung development (150). In the neonatal period, 
the immune system is still immature, and evidence is mounting 
that host-microbial interactions are necessary for development 
and homeostatic control of the immune system (151). Recently, 
a strong correlation was found between decreased diversity of 
the lung microbiome at the time of birth in preterm infants and 
the development of BPD (149, 152). Other studies correlated 
prolonged antibiotics use during the first week of life and BPD 
(153, 154). The protective effect of bacterial exposure in early life 
on asthma and allergy development, the “hygiene hypothesis,” 
is extensively studied, and a greater microbial diversity of com-
mensal bacteria seems to underlie this protective effect (148). 
Beyond microbial diversity and exposure, the role of the lung 
microbiome in the regulation and maturation of the immature 
immune system and the developing neonatal lung is less clear. 
One route of how the lung microbiome might train the immature 
immune system is by inducing expression of programmed death 
ligand 1 (PD-L1) in pulmonary dendritic cells. Lack of microbial 
colonization, or blocking pulmonary PD-L1 during the first 
2 weeks of life in mice, induced a disproportionate inflammatory 
response to allergens later in life (155).

An imbalanced microbiome, called dysbiosis, may further 
impact the inflammatory and tissue repair response to oxygen 
exposure, as beneficial bacteria are lost or overrun by other 
bacteria. An important emerging mechanism through which the 
microbiome can influence cell function is through the produc-
tion of microbial metabolites, such as short chain fatty acids or 
tryptophane catabolites (156, 157). Tryptophane catabolites are 
produced via the enzyme indoleamine 2,3-dioxygenase 1 (IDO1) 
and function as agonists for the aryl hydrocarbon receptor (AhR). 
AhR activation leads to an immune suppressive response through 
the production of interleukin (IL) 22 and promotes development 
of regulatory T-cells (158). One genus of bacteria capable of 
metabolizing tryptophane into AhR agonists are Lactobacilli. The 
beneficial effects of tryptophane metabolites and Lactobacilli have 
been shown to inhibit inflammation and promote health in the 
gut, central nervous system and the lung (156, 157). Treatment 
of COPD patients with emphysema with the anti-inflammatory 
macrolide antibiotic azithromycin, resulted in increased levels 
of tryptophane catabolites in bronchoalveolar lavages, which 
decreased macrophage production of proinflammatory cytokines 
(156). In mice, intranasal administration of Lactobacilli was more 
potent in reducing allergic airway inflammation than intragastric 

administration, possibly linked to an increase in regulatory 
T lymphocytes in the lungs (159). Interestingly, Lactobacilli were 
found to be significantly less abundant in the lungs of preterm 
infants who develop BPD compared to preterm infants who are 
BPD resistant (152). Within this cohort, Lactobacilli abundance 
was particularly low in infants born to mothers with chorioam-
nionitis. Coincidentally, azithromycin treatment could reduce the 
risk of BPD in preterm infants (160), particularly those colonized 
with Ureaplasma spp., which have been associated with chorio-
amnionitis and BPD (161, 162). The beneficial impact of the lung 
microbiome and specifically Lactobacilli on lung development is 
supported by a study in mice, where there was a positive correla-
tion between microbial abundance and lung development (163). 
Injection of Lactobacilli into the lungs of germ-free mice could 
improve alveolar development (163).

Potential Therapies
In the near future, a potentially interesting avenue of therapy for 
the prevention or treatment of BPD may be the further explora-
tion of the benefits of azithromycin. Following the bacterial lung 
microbiome, the lung virome and mycobiome are now slowly also 
becoming unraveled, which may provide further insights and 
treatment opportunities (148, 164, 165). Additionally, the benefits 
of pre- or probiotics to promote a healthy growth promoting lung 
microbiome should be investigated, and in particular the presence 
of Lactobacilli. d-Tryptophane was recently identified as a potent 
probiotic that could ameliorate allergic airway inflammation in a 
mouse model of allergic airway disease, and may therefore also 
be of interest in the setting of BPD (166). One possible way to 
achieve the same effect as tryptophane catabolites may be through 
the proton pump inhibitor omeprazole, which induces detoxifica-
tion enzyme cytochrome P540 (CYP)1A1 possibly through an 
AhR-mediated process (167). AhR signaling is protective against 
hyperoxic injury in human fetal pulmonary microvascular cells 
and neonatal mice, likely because of its potent effects on the gene 
expression of immunomodulatory and developmental pathways 
(168). Combined pre- and postnatal omeprazole administration 
could attenuate hyperoxic lung injury in preterm rabbits even at 
low doses, making omeprazole an interesting potential therapeu-
tic intervention to prevent BPD (167). Further studies are needed 
to validate its effects and to ascertain that it has no adverse effects 
on other developing organs.

Anti-inflammatory Agents
Bronchopulmonary dysplasia is primarily considered to be a 
developmental disease resulting from perinatal inflammation, 
and therefore specialists in the field have for the past decade 
called for a special focus on the development and improvement 
of anti-inflammatory therapies in BPD (169). Currently there 
are multiple anti-inflammatory therapies under investigation. 
Interleukin 1 receptor antagonist (IL1RA) is particularly promis-
ing, as it can prevent the development of experimental BPD when 
administered at a low dose in the neonatal rodent “double hit” 
model of BPD, consisting of hyperoxia and perinatal inflam-
mation (170–172). In a sheep model for prenatal inflammation, 
intra-amniotic IL1RA could partially prevent the effects that 
lipopolysaccharide (LPS) had on lung maturation, measured as 
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surfactant protein gene expression and lung compliance (173). 
Interestingly, preterm infants who go on to develop BPD have 
elevated levels of IL1RA in their tracheal aspirates (174). A more 
recent study in preterm ventilated baboon and human infants 
suggested however that an increased IL1β:IL1ra ratio on days 
1 to 3 of life is more predictive of BPD (172). The same study 
provided compelling animal data that early IL1RA or glyburide 
therapy, which prevents the formation of the NLR family, pyrin 
domain containing 3 (NLRP3) inflammasome upstream of IL1β, 
can indeed ameliorate BPD development (172). IL1RA, also 
called anakinra or Kineret, and glyburide, also known as Diabeta, 
are both already approved by the Federal Drug Administration 
(FDA) for treatment in rheumatoid arthritis and type 2 diabetes, 
respectively, making them attractive treatment options. Future 
studies will have to show whether their use would also be safe in 
the neonatal setting.

Postnatal use of corticosteroids such as dexamethasone and 
hydrocortisone, which are potent anti-inflammatory compounds, 
can effectively reduce the incidence of BPD (175, 176). Despite this 
positive effect, there are significant adverse effects associated with 
systemic administration of corticosteroids. Short-term adverse 
effects include intestinal perforation, gastrointestinal bleeding, 
hypertension, hypertrophic cardiomyopathy, hyperglycemia, and 
growth failure, while follow-up studies pointed to adverse effects 
on neuronal development (175, 176). Experts in the field have 
therefore questioned whether the beneficial effects of reducing 
BPD and death can be weighed up to these significant adverse 
effects (175, 176), and are reluctant to recommend postnatal 
systemic corticosteroids for the prevention of BPD (177). A per-
haps more compelling alternative would be to more specifically 
target the lung through intratracheal administration. Early results 
obtained with inhaled corticosteroids have been mixed (178, 179), 
likely due to its efficiency to reach the lung parenchyma. However, 
as more studies are being done, there is increasing evidence that 
inhaled corticosteroids prevent BPD and death when adminis-
tered early, but long term follow-up studies are needed to assess 
the risk-benefit ratio (180–182). Recent in vitro studies in human 
fetal lungs attributed budenoside more potent anti-inflammatory 
effects than dexamethasone, swiftly decreasing gene expression 
of chemokines IL8 and CCL2 (MCP1) in whole lungs even in 
the presence of exogenous surfactant (183). Future validation 
studies should however closely monitor the combined effect of 
intratracheal corticosteroids and pre-existing pulmonary inflam-
mation, as combined antenatal exposure of fetal sheep to LPS and 
corticosteroids had much stronger effects on lung inflammation 
and developmental pathways than either agent alone (184–187). 
Additionally, it will be important to validate with combined 
budenoside and surfactant treatment also has the potential to 
prevent BPD in premature infants that initially present with mild 
RDS and do not receive surfactant therapy (188).

Potential Therapies
As outlined above, IL1RA, glyburide, and inhaled budenoside are 
currently the most promising anti-inflammatory therapies that 
have the potential to prevent BPD in premature infants. However, 
more studies will have to look into the safety and potential long-
term effects in human neonates.

Reactive Oxygen Species (ROS) and 
Mitochondrial Dysfunction
Although BPD pathogenesis has a very multifactorial nature, with 
oxygen exposure, mechanical ventilation and inflammation as 
some of the most widely accepted causes, one common pathway is 
shared by these insults: the generation of ROS. In animal models, 
exposure of neonatal animals to hyperoxia within a specific time 
period is sufficient to induce a pathophysiology similar to BPD 
(189). Underlying this pathophysiology is an exaggerated mito-
chondrial oxidant stress in response in newborn mice compared 
to adults, with an overall lower expression of antioxidant enzymes 
(190). The response to hyperoxia is developmentally regulated, 
leading specifically to the production of mitochondrial ROS-
dependent NADPH oxidase 1 (NOX1) expression in neonatal 
animals (191). Expression of antioxidant enzymes is controlled 
by AhR, as AhR-deficient fetal human pulmonary microvascular 
cells displayed significantly attenuated antioxidant enzyme 
expression and increased hyperoxic injury (192). Deficiency 
of another key antioxidant enzyme, extracellular superoxide 
dismutase (EC-SOD), was sufficient to impair alveolar develop-
ment and induce pulmonary hypertension in mice (193). This 
phenotype was worsened by additional oxidative stress caused by 
bleomycin exposure, which was also associated with decreased 
VEGF signaling (193). Further support for the hypothesis that 
ROS formation also plays a role in human BPD development 
has come from a genetic study in very low birth weight infants, 
which found an association between single nucleotide polymor-
phisms (SNPs) in antioxidant response genes and an increased 
or decreased risk for the development of BPD (194). The role of 
antioxidant enzymes in neonatal chronic lung disease is reviewed 
in depth by Berkelhamer and Farrow (195).

Mitochondria play a central role in oxygen metabolism, and 
mitochondrial abundance as measured by mitochondrial protein 
expression peaks around birth to facilitate the transition to the 
oxygen-rich world outside the womb (196, 197). Preterm infants 
are born before this peak, making them less prepared to deal with 
this shift in bioenergetics. Besides this mitochondrial immaturity, 
the exposures leading to chronic lung diseases have been linked to 
mitochondrial dysfunction (198, 199). Both hyperoxia exposure 
and mechanical ventilation of neonatal mice caused pulmonary 
mitochondrial dysfunction (200, 201). Moreover, direct inhibi-
tion of mitochondrial oxidative phosphorylation significantly 
impaired alveolar development, comparable to hyperoxia or 
mechanical ventilation. In vitro experiments indicate that 
elevated CO2 levels, called hypercapnia, a common occurrence in 
BPD patients, also causes mitochondrial dysfunction (202). One 
potential mechanism through which mitochondrial dysfunction 
and ROS generation potentially lead to impaired alveolar develop-
ment in hyperoxia exposed neonatal mice is through endoplasmic 
reticulum (ER) stress, which can cause apoptosis (82).

Potential Therapies
In animal studies, several potential treatments have been identi-
fied to decrease ROS generation. In neonatal mice, treatment with 
a specific mitochondrial antioxidant, (2-(2,2,6,6-tetramethylpi-
peridin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium 
chloride (mitoTEMPO), could protect against hyperoxia-induced 

125

http://www.frontiersin.org/Medicine
http://www.frontiersin.org
http://www.frontiersin.org/Medicine/archive


9

Collins et al. New Concepts in BPD

Frontiers in Medicine | www.frontiersin.org May 2017 | Volume 4 | Article 61

lung injury (191). Another promising treatment compound is 
GYY4137, a slow-releasing H2S donor, which could decrease 
ROS generation and thus protect and restore normal alveolar and 
microvascular development after neonatal hyperoxia injury in 
rats (203). Targeting the AhR would appear to be another promis-
ing approach considering it also has potent anti-inflammatory 
properties, as described above. Although omeprazole is generally 
seen as a potentiator of AhR activation, omeprazole treatment of 
hyperoxia-exposed newborn mice counterintuitively decreased 
functional AhR activation, worsening hyperoxic injury (204). 
Other approaches to promote AhR activation may however prove 
to be more effective. An entirely different approach in treating 
mitochondrial dysfunction may be through mitochondrial trans-
fer, a process that has been reported as one of the therapeutic 
mechanisms of MSC therapy (205). In human BPD patients, most 
neonatal antioxidant trials have unfortunately not shown any 
benefit in the prevention of BPD, with the exception of vitamin A 
therapy (195). However, none of these antioxidant therapies were 
specifically targeted against mitochondrial ROS or dysfunction. 
More targeted approaches, as those outlined in the animal stud-
ies, may prove to be more promising.

Other Promising Therapeutic Options 
Based on Novel Pathophysiological 
insights
Inflammation associated with BPD pathogenesis affects many 
molecular pathways, which by themselves can be interesting 
therapeutic targets. One of these is the ceramide pathway, which 
is upregulated in both hyperoxia and antenatal inflammation ani-
mal models (206–208) and also in other chronic lung diseases such 
as asthma, cystic fibrosis and COPD (209). Increased ceramide 
levels lead to increased apoptosis, both in epithelial cells of BPD 
patients and in animal models of BPD (208, 209). Intervention 
with a sphingosine-1-phosphate (S1P) analog in the mouse 
hyperoxia model of BPD could successfully ameliorate ceramide 
levels and hyperoxia-induced alveolar hypoplasia (208). In a more 
complex piglet model of lung injury by lavage, LPS instillation 
and injurious ventilation, tracheal installation with surfactant and 
d-myo-inositol-1,2,6-trisphosphate (IP3) could achieve a similar 
effect in reducing ceramide levels and improving oxygenation 
(210). In a different approach to decrease sensitivity to apoptosis 
in hyperoxia-exposed epithelial cells, inhibiting regulatory-asso-
ciated protein of mechanistic target of rapamycin (RPTOR) could 
prevent hyperoxia-induced lung injury in neonatal mice (211). 
Based on these studies, selective pharmacological interventions 
which temporarily reduce apoptosis could be a promising way to 
prevent or repair neonatal lung injury and reduce BPD severity.

An intervention that has garnered attention in neonatal care 
is lactoferrin (LF), an iron-binding protein that is a normal 
component of human colostrum and milk (212). It has potent 
antimicrobial activity, can stimulate the innate immune system 
and promote epithelial proliferation and differentiation of the 
immature gut (213). Recent studies have identified LF supple-
mentation as a promising agent for the reduction of late onset 
sepsis and necrotizing enterocolitis (214). Although the proper-
ties of LF may also be desirable for the prevention of BPD, to 

date no study has been able to show a significant reduction in the 
development of BPD following LF supplementation (214).

A pathophysiological mechanism of BPD that is slowly 
gaining more attention is the link between pre-eclampsia and 
BPD. Pre-eclampsia a proven risk factor for BPD (41), and the 
underlying impact on the developing fetus may be three-fold. 
Firstly, maternal preeclampsia is a frequent cause of preterm 
birth before 28 weeks (215). Secondly, severe preeclampsia can 
lead to intrauterine growth restriction, which in itself is a strong 
risk factor for BPD (38, 39). Thirdly, the placental dysfunction 
that lies at the root of pre-eclampsia leads to an overproduction 
of soluble VEGF receptor 1 [also known as soluble fms-like 
tyrosine kinase-1 (sFlt-1)], which inhibits VEGF signaling  
(216, 217). This not only leads to increased sVEGFR-1 in maternal 
serum, but also in amniotic fluid (218). By giving pregnant rats 
intra-amniotic injections with sVEGFR-1, Steven Abman’s group 
demonstrated a link between pre-eclampsia and BPD, as neonatal 
rats presented with impaired alveolar and microvascular develop-
ment and right and left ventricular hypertrophy (40). Moreover, 
intrauterine exposure to excess sVEGFR-1 led to increased 
apoptosis of endothelial and mesenchymal cells in neonatal rat 
lungs. Placental dysfunction and subsequent overexpression of 
sVEGFR-1 may therefore be a potential therapeutic target to 
improve fetal outcome and prevent development of BPD. At the 
very least, the diagnosis of maternal pre-eclampsia should be con-
sidered as a serious predisposition for the development of BPD.

From a developmental biology perspective, developmental 
molecular pathways that are downregulated in BPD provide other 
potential targets for the amelioration of BPD pathogenesis. These 
include the Wnt signaling pathway (187, 219, 220), SHH signal-
ing (185, 221–223), axonal guidance cues semaphorin 3 C and 
ephrin B2 (224, 225), Notch signaling (226, 227), and HIFs (228). 
In addition, a wealth of new molecular insights on mouse and 
human lung development has been and will be published in the 
upcoming years by the LungMAP consortium (1U01HL122638), 
funded by the National Heart, Lung, and Blood Institute (NHLBI) 
(http://www.lungmap.net) (229, 230). BPD is generally consid-
ered to be caused by environmental factors, but in recent years 
studies have uncovered that a genetic component may also be 
at play [reviewed in Ref (231, 232)]. Although associations are 
not conclusive, these studies suggest that genetic variants of 
genes in well-known lung development and repair pathways may 
predispose for severe BPD or mild/moderate BPD (232). micro-
RNAs have emerged as both a pathophysiological mechanism 
and a tempting tool to target transcription of multiple of these 
developmental signaling pathways at once. Although multiple 
human and animal studies have reported an association between 
altered microRNA levels and BPD, valid concerns have been 
raised about the lack of a causal link between altered microRNA 
levels and BPD pathogenesis [reviewed in Ref (233)]. However, 
if such a causal link can be confirmed, as was recently seen in a 
study which demonstrated the regulation of alveolar septation by 
microRNA-489 (234), the use of specific microRNA antagonists 
or agonists may be considered as a potential therapy for BPD. 
Caution should however be exercised when directly modulating 
potent developmental pathways, either directly or through micro-
RNA therapy. Further exploration of such therapeutic targets 
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FigURe 3 | Continued
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Conclusion and Future Directions
The pathophysiology of BPD is extremely multifactorial, which is 
underlined by the emerging role of cell types that have only recently 
been acknowledged, such as the microbiome, macrophages, and 
tissue stem cells (Figure 3). Our knowledge on the pathophysiol-
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M2 IMΦ, type 1/2 interstitial macrophage; DC, dendritic cell.
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Bronchopulmonary dysplasia is the most common form of infantile chronic lung disease 
and results in significant health-care expenditure. The roles of chest radiography and 
computed tomography (CT) are well documented but numerous recent advances in 
imaging technology have paved the way for newer imaging techniques including struc-
tural pulmonary assessment via lung magnetic resonance imaging (MRI), functional 
assessment via ventilation, and perfusion MRI and quantitative imaging techniques using 
both CT and MRI. New applications for ultrasound have also been suggested. With the 
increasing array of complex technologies available, it is becoming increasingly important 
to have a deeper knowledge of the technological advances of the past 5–10  years 
and particularly the limitations of some newer techniques currently undergoing intense 
research. This review article aims to cover the most salient advances relevant to BPD 
imaging, particularly advances within CT technology, postprocessing and quantitative 
CT; structural MRI assessment, ventilation and perfusion imaging using gas contrast 
agents and Fourier decomposition techniques and lung ultrasound.

Keywords: bronchopulmonary dysplasia, structural characterization, imaging techniques, quantitative pulmonary 
magnetic resonance imaging, lung parenchymal magnetic resonance imaging, hyperpolarized gas imaging, lung 
ultrasound

BRONCHOPULMONARY DYSPLASiA (BPD)

Bronchopulmonary dysplasia is the most common form of infantile chronic lung disease and 
is reported to occur in between 10.2 and 24.8% of European infants born between 24  +  0 and 
31 + 6 weeks of gestation (1). While only representing 8% of births in population-based data from 
the US, preterm or low-birth weight infants accounted for 47% of the total annual expenditure for 
all births (2, 3).

The clinical definition of BPD is the requirement of supplemental oxygen for at least 28 days in 
an infant born at less than 32 weeks of gestation (4).

The classic form of BPD was described in premature infants exposed to prolonged high-pressure 
mechanical ventilation and high concentrations of inspired oxygen (5). Pathological findings include 
alternating regions of overinflation and atelectasis, airway smooth muscle hypertrophy, squamous 
metaplasia of the airway epithelium, peribronchial fibrosis, constrictive obliterative bronchiolitis, 
and hypertensive pulmonary vascular changes (6).

While the current widespread administration of antenatal steroids, adoption of lower pressure 
ventilatory support, and reduction in the use of high concentration inspired oxygen have led to a 
decreased incidence of classical BPD, the increased survival of extremely premature (24–26 weeks of 
gestation) low-birth weight (<1,000 g) neonates has produced a new variant of BPD (7). Extremely 
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FigURe 2 | Axial computed tomography section through the upper lobes on 
lung window settings demonstrates linear and subpleural opacities, bronchial 
wall thickening, and areas of low attenuation (indicative of small airways 
disease) in a patient with bronchopulmonary dysplasia.

FigURe 1 | Chest radiograph demonstrating widespread coarse interstitial 
markings, atelectasis, and regions of hyperexpansion (particularly at the left 
lung base), typical of bronchopulmonary dysplasia. Note also the right upper 
lobe consolidation and malposition of the NG tube.

2

Semple et al. Imaging BPD—A Multimodality Update

Frontiers in Medicine | www.frontiersin.org June 2017 | Volume 4 | Article 88

premature neonates tend to respond well to the administration 
of exogenous surfactant and require relatively low-pressure 
mechanical ventilation with low to moderate oxygen concentra-
tions. However, they are more prone to infection and pulmonary 
edema from physiological shunts (e.g., patent ductus arteriosus) 
leading to increased respiratory support needs (8). The lungs of 
neonates born at 24–28 weeks of gestation are still undergoing 
significant development and maturation, transitioning from the 
canalicular stage (formation of acina and invasion of capillaries 
into the pulmonary mesenchyme), through the saccular stage 
(formation of alveolar saccules from the terminal bronchioles) 
toward the alveolar phase at around 32  weeks of gestation, 
where the first true alveoli are formed (9). Birth and premature 
initiation of gas exchange will interrupt this development, with 
studies demonstrating the presence of fewer, larger (simplified) 
alveoli with reduced vascularity in the lungs of neonates born 
prematurely (10, 11). Pathologic specimens demonstrate a lower 
incidence of airway and vascular diseases and less interstitial 
fibrosis than in the more severe classic form of BPD (12).

In the longer term, alongside other disorders related to 
prematurity, BPD can lead to recurrent hospitalizations with 
lower respiratory tract infections, reduced lung function, severe 
obstructive airways disease, and pulmonary hypertension with 
right heart dysfunction (13, 14) with neurological and cogni-
tive impairment causing further morbidity (15). Interestingly, 
a recent study has suggested an association with pulmonary  
vein stenosis (PVS) with 4.6% of a 213-patient cohort of infants 
with BPD affected, more frequently those with lower birth 
weights. Those with associated PVS experienced higher rates of 
mortality (16).

ROLe OF iMAgiNg iN BPD

During their initial neonatal intensive care unit (NICU) admis-
sion the imaging modality most commonly utilized in premature 
infants is chest radiography, allowing simultaneous assessment 
of support apparatus (endotracheal tubes, umbilical arterial, 
venous catheters, etc.), pulmonary parenchymal status [degree of 
respiratory distress syndrome (RDS) related change, edema from 
persistent shunting via a patent ductus arteriosus, etc.], and com-
plications of mechanical ventilation (pneumothorax, pulmonary 
interstitial emphysema, etc.).

Chest radiographic features of established BPD include 
interstitial thickening, focal or generalized hyperexpansion, 
and atelectasis (Figure  1) (17). Computed tomography (CT) 
is more sensitive to the abnormalities of BPD demonstrating 
abnormalities in over 85% of patients with BPD including regions 
of decreased attenuation, emphysema-like change, linear and 
subpleural opacities, and bronchial wall thickening (Figure  2). 
Furthermore, the extent of structural abnormality on CT has 
been shown to correlate with the clinical severity of BPD (18).

There have been many developments within pediatric thoracic 
imaging (and indeed medical imaging in general) over the past 
5–10  years with great potential to shed further light on the 
pathogenesis and temporal evolution of respiratory conditions 
such as BPD, further guide the treatment of RDS with the goal 
of reducing the subsequent development of BPD, and in the 

long-term follow-up of chronic respiratory disease. Some of the 
more significant developments are discussed below.

evOLUTiON OF iMAgiNg TeCHNiQUeS 
ReLevANT TO BPD

Computed Tomography
Traditional “step and shoot” high-resolution computed tomogra-
phy produced non-contiguous (interrupted) high spatial resolu-
tion images that could only be viewed in a single (axial) anatomical 
plane. This method has now largely been replaced with spiral/
volumetric acquisitions that produce continuous volumetric 
data sets with isotropic voxels (each voxel—three-dimensional 
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FigURe 3 | Vacuum immobilization device used to limit gross patient 
movement. Use of these devices, alongside ultrafast, high-pitch computed 
tomography, has dramatically reduced the need for general anesthetic or 
sedation for cardiothoracic CT at our institution.

FigURe 4 | Minimum intensity projection CT reconstruction demonstrating 
airway morphology and regions of heterogeneous (mosaic) attenuation in a 
child with bronchopulmonary dysplasia.
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pixel—is the same length in x, y, and z axis). This allows recon-
struction of the data in any plane (multiplanar reconstruction) 
and is essential for the more advanced postprocessing techniques 
discussed below.

Recent advances in CT technology have resulted in faster 
(subsecond) CT X-ray tube rotation speeds and smaller, more 
sensitive radiation detectors resulting in significant improve-
ments in both temporal and spatial resolution (19). Current state 
of the art CT scanners are available with a single 320-row detector 
array, allowing the coverage of 16 cm in the z-axis (craniocaudal 
length) in a single tube rotation. An alternative arrangement 
(dual source CT) consists of two X-ray tubes (rather than the tra-
ditional single tube) with two arrays of detector banks mounted 
at 95° to each other such that two interlocking spiral data sets 
are formed around the patient, thus scanning the same volume 
of tissue in half the time as a single source scanner. Both these 
methods allow an infant’s entire chest to be imaged in a fraction 
of a second (19, 20). This combination of faster tube rotation 
speeds, greater numbers of detectors and dual source systems, 
alongside the use of immobilization devices, such as vacuum 
splints (Figure 3) to keep the child still reducing the effects of 
patient body movement, has resulted in a paradigm shift within 
pediatric chest imaging, from scans requiring general anesthetic 
and breath-holding maneuvers, to ultrafast scans that produce 
diagnostic quality images, with minimal respiratory and cardiac 
motion artifact without the need for light sedation (21). Even 
at the high heart rates typical within the neonatal population, 
high-pitch CT, following the administration of intravenous (IV) 
contrast material has been proven capable of demonstrating 
small, fast-moving structures, such as the pulmonary veins, in 
diagnostically acceptable detail (22).

It is well known that the radiation burden of conventional 
thoracic CT is greater than that of chest radiography; however, 
technological advances (including rotational tube current 

modulation, adaptive array detectors and the introduction of 
iterative reconstruction techniques), alongside departmental 
dose optimization programs, have resulted in a significant reduc-
tion in CT radiation dose, while maintaining and even improving 
diagnostic image quality. There is also work in progress regarding 
the feasibility of ultralow dose thoracic CT with equivalent doses 
of the same order as chest radiography. Shi et al demonstrated a 
drop in equivalent dose from 0.89 to 0.61 mSv with no statistically 
significant difference in perceived image quality, and only a 14.8% 
decrease in measured signal to noise ratio when reducing tube 
voltage from 80 to 70 kV (23).

Postprocessing techniques are playing an increasingly impor-
tant role within cardiothoracic imaging. Basic reconstruction 
into multiple orthogonal planes allows for easy differentiation 
of pulmonary vessels from parenchymal nodules. Increasing the 
slice thickness (average intensity projection) can reduce image 
noise in low dose examinations of small infants. Maximum and 
minimum intensity projection images (MIP and MinIP, respec-
tively) can be utilized to better demonstrate vasculature and low 
attenuation regions such as regions of air trapping, respectively 
(24, 25). MinIP images are particularly well suited to demonstrat-
ing the areas of low attenuation alternating with higher attenua-
tion lung (variegate mosaic attenuation) seen in patients with a 
small airways component of BPD (Figure 4).

More advanced postprocessing techniques such as volume 
rendering techniques allow the formation of 3D images of lungs 
and airways that can aid discussion with the wider multidiscipli-
nary respiratory team and with families in clinic. There is further 
on-going research into the possible role of quantitative CT 
measures of lung volume, assessment of bronchial wall thickness, 
and quantification of abnormally low attenuation lung allowing 
potentially more robust and reproducible measures of airway and 
lung parenchymal disease (26).

As quantitative CT measures of respiratory tract disease 
become more mainstream, the necessity for protocol standardiza-
tion will become more important, particularly in young infants 
who cannot follow breathing instructions, resulting in scan acqui-
sitions during variable phases of the respiratory cycle. Attempts 
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FigURe 5 | (A) Coronal black blood SSFP magnetic resonance (MR) image 
and (B) coronal computed tomography (CT) reconstruction in a child with 
cystic fibrosis. Although the spatial resolution of MRI is relatively poor 
compared to CT, MRI is capable of demonstrating gross airway pathology.
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to overcome this problem, including spirometer-triggered CT, are 
currently in use in several specialist centers (27, 28).

Magnetic Resonance imaging (MRi)
As a cross-sectional imaging technique that does not rely on 
ionizing radiation exposure, MRI seems the ideal modality for 
cross-sectional imaging in the pediatric population. However, 
the significant inherent limitations of conventional MRI 
severely limit its use in pediatric thoracic imaging. The lung 
parenchyma is inherently low in proton density and contains 
many air–tissue interfaces. As such, it returns extremely low 
levels of rapidly decaying signal, resulting in the formation of 
extremely low-resolution images of the lung parenchyma and 
all tissues save for the most central airways. Long examination 
times necessitate general anesthesia or heavy sedation and 
produce significant respiratory and cardiac motion artifacts 
(29). Further limitations result from the overall large size and 
reasonably small inner bore of the scanner, the need to transfer 
an unwell infant from the NICU to the MRI scanner, and the 
magnetic field strength which limits the level of medical support 
an infant can be provided without the use of specific MRI safe 
monitoring and anesthetic equipment.

More robust respiratory and ECG/pulse gating techniques, 
along with new RF pulse sequences, and sampling and recon-
struction techniques have significantly improved the visu-
alization of the pulmonary parenchyma and airways resulting in 
renewed interest in structural lung assessment via MRI. Faster 
MRI sequences such as T2-HASTE (single shot half-Fourier 
turbo spin echo) and T1 3D gradient recalled echo with parallel 
imaging algorithms (e.g., generalized autocalibrating partially 
parallel acquisition) have been employed with more recent inter-
est in radial acquisitions [e.g., Periodically Rotated Overlapping 
ParallEL Lines with Enhanced Reconstruction (PROPELLER)], 
which are less sensitive to respiratory motion artifact, and 
ultrashort echotime sequences such as pointwise encoding time 
reduction with radial acquisition (PETRA)—a noiseless, free 
breathing sequence capable of isometric data acquisition at a 
submillimeter voxel size (30–32).

While significant headway has been made in improving struc-
tural lung assessment via MRI, the spatial resolution remains 
poor relative to CT (Figures 5A,B) [PETRA achieved a voxel size 
of 0.86 mm3 compared to 0.2 mm3 from a state of the art CT scan-
ner (19)] and image acquisition time remains high [8–12 min for 
PETRA (33), 7–10 min for respiratory triggered PROPELLER (31) 
compared to a fraction of a second via CT]. Lung MRI may, how-
ever, have far more to offer in terms of quantitative and functional 
data output. Multiple acquisitions following the administration 
of IV contrast material (gadolinium chelate) allow the study of 
regional pulmonary perfusion over time (Figure 6). Newer tech-
niques allow the formation of similar perfusion “maps” without 
the administration of contrast media and the associated risk in 
the presence of renal dysfunction (particularly relevant in pre-
mature infants). A variant of arterial spin labeling (ASL-FAIRER 
arterial spin labeling-flow sensitive alternating inversion recovery 
with an extra radiofrequency pulse) techniques involving the use 
of magnetic “tagging” of inflowing blood as a contrast medium 
has been used to study regional pulmonary perfusion without the 

need for IV administration of contrast medium (32). A second 
mathematically derived technique, Fourier decomposition, ena-
bles the formation of both perfusion and ventilation maps, again 
without the need for IV contrast administration, by extracting 
(decomposing) signal acquired throughout the respiratory cycle 
at respiratory and pulse frequencies, and has been shown to be 
feasible in children with cystic fibrosis (34).

Ventilation imaging via MRI has been extensively investigated 
with the highest resolution images obtained via the administra-
tion of hyperpolarized noble gases (typically He3 or Xe129) (35). 
Similar direct imaging of ventilation is also possible through the 
inhalation of fluorinated gases (e.g., sulfur hexafluoride and hex-
afluoroethane) (36). It is also possible to measure the degree of 
diffusion of these gases using multiple rapidly acquired diffusion-
weighted images at differing B-values to provide a “short range” 
apparent diffusion coefficient (37). The free diffusivity of 3He 
makes it ideal for ventilation imaging, but the solubility of 129Xe 
and oxygen allows imaging of not only the inhalational phase but 
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FigURe 6 | Magnetic resonance imaging angiogram in a child with 
bronchopulmonary dysplasia demonstrating poor perfusion of the right upper 
lobe related to severe small airways disease and reflex vasoconstriction.
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also the tissue and blood phases, giving further potentially useful 
information regarding the whole gas-exchange process (38).

Oxygen imparts a concentration-dependent paramagnetic 
effect on the rate of T1 recovery in adjacent tissue. Rapid T1 
mapping via low flip angle GRE or “FLASH” (fast low angle shot) 
sequences before and at multiple concentrations of inhaled oxy-
gen can thence produce an imaging measure of oxygen transfer 
(the oxygen transfer function—OTF) (39). The ready availability 
of oxygen as a medical gas and lack of the need for expensive 
hyperpolarization equipment make this a particularly attractive 
option for MR ventilation imaging. A combination of inversion 
pulses and single shot fast spin echo sequences, with prospective 
respiratory gating and retrospective deformable image registra-
tion, interleaved 2D slices with parallel imaging and half-Fourier 
reconstruction, allows whole lung oxygen-enhanced imaging of 
adult patients within 8–13 min (40).

While many of the abovementioned methods of ventilation/
perfusion MRI have yet to be reported in the context of BPD, the 
development of a small footprint 1.5 T MRI unit installed on the 
neonatal unit of Cincinnati Children’s Hospital has allowed several 
studies of MRI utilization in the investigation of neonatal lung 
disease. One such study identified a significantly higher volume 
of “high signal lung” in infants with BPD than was demonstrated 
in premature infants without BPD and healthy term infants. 
However, it should be noted that small numbers of infants were 
included (six term, six premature without BPD, and six infants 
with BPD) and that the infants with BPD were significantly lower 
weight and gestational age than the premature non-BPD and 
term groups. Also that “high signal” was defined as signal over 
45% of the patient’s mean chest wall signal without any mention 
of differing muscle mass/fat composition between groups. The 
study also assumes that the T1, T2, and T2* relaxation times of 
lung parenchyma and chest wall soft tissues are identical. While 
quantitative measurements of MRI signal in small neonates are in 
their infancy and should be interpreted with caution, this group 
did produce diagnostic-quality cross-sectional images of the lung 
parenchyma with no general anesthetic or sedation, with infants 

scanned during a 1.5-h period of free breathing. Two infants with 
BPD also underwent CT. In comparison with 3 mm CT sections 
(as opposed to more conventional 1 mm sections), CT demon-
strated a greater number of regions of hyperlucent “emphysema-
like” change and more severe bronchovascular distortion than 
MRI (Ochiai structural BPD score via CT of 12 vs 9 via MRI) (41).

Clearly significant headway has been made in pulmonary 
MRI, both in terms of structural and quantitative/functional 
imaging capability; however, further work, particularly regard-
ing reproducibility and the clinical significance of quantitative/
functional measures, remains to be done, before MRI can become 
a part of routine clinical care.

Ultrasound
Studies have suggested a role for ultrasound in the assessment 
of premature neonates with RDS (also known as hyaline mem-
brane disease—HMD) in predicting the development of BPD. 
Avni et al. reported homogeneous hyperechogenicity of the lung 
bases, obscuring the diaphragm on transhepatic/transsplenic 
ultrasound in the setting of HMD with hyperechoic reverberation 
artifacts, beyond that expected at the diaphragmatic position. 
This “HMD-pattern” was found to transform to a “BPD pattern” 
of streaky, irregular areas of lower echogenicity, seen at day 18 of 
life in all patients subsequently diagnosed with BPD, with a nega-
tive predictive value of 95% (42). A further study by Pieper et al. 
demonstrated similar changes with the greatest predictive value 
of subsequent BPD diagnosis achieved via ultrasound at day 9 
of life. They did, however, also observe a false positive case with 
the “BPD pattern” caused by bilateral lower lobe pneumonia (as 
demonstrated via chest radiography) (43). Clearly, there may be 
a specific role of lung ultrasound in the prediction of the develop-
ment of BPD, however, these appearances (essentially artifacts) 
cannot be interpreted in isolation, and overall ultrasound is not a 
safe alternative to chest radiography. Complications of mechani-
cal ventilation such as the misplacement of tubes and lines, air 
leaks (pneumothorax, pneumomediastinum, and pulmonary 
interstitial emphysema), and central pathology that do not abut 
the pleural surface can be completely invisible via ultrasound. 
There are, however potential roles in the setting of longitudinal 
research studies (as utilized in the Drakenstein Child Health 
Study), particularly in resource-poor areas (44).

CONCLUSiON

Despite numerous significant advances within imaging tech-
nology, especially in CT and MRI, the simple chest radiograph 
remains the cornerstone of pediatric parenchymal lung imag-
ing, particularly in the setting of premature neonates receiving 
complex support on a NICU. CT is reserved for specific clini-
cal questions, including the presence of complex pathology 
and the more recently recognized association of prematurity 
with PVS.

New low and ultra-low dose CT techniques have brought the 
radiation exposure associated with CT closer to that of plain 
radiography and faster CT scanners have significantly reduced 
the need for general anesthetic and sedation use when imaging 
small children.
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Improvements in respiratory and pulse gating in MRI 
alongside newer faster sequences and acceleration techniques 
have significantly improved the spatial resolution of pulmonary 
parenchymal MRI; however, the resolution remains inferior to 
that of CT. Coupled with long examination times, the role of MRI 
in pediatric pulmonary parenchymal imaging therefore remains 
predominantly as a research tool.

Ventilation MRI with hyperpolarized noble gases, fluorinated 
gases, oxygen, or via Fourier decomposition is making significant 
potential but again remains a research tool at this time.

Quantitative imaging by CT (lung volume calculation, bron-
chial wall thickness measurement, and low attenuation mapping) 
and MRI (OTF, quantification of regional signal) is showing 
significant promise, but still needs to be interpreted with care. It 
is clear that if imaging moves away from a traditional structural 
assessment toward a quantitative assessment, significant care will 
have to be taken to standardize examination techniques both 
within and between institutions. There is a very real risk that 
without a high level of standardization these techniques amount 
to a poor attempt at functional imaging, at a spatial resolution 
far below that of conventional nuclear medicine without its 
established robust clinical correlation.

Ultrasound has potentially established a niche use within 
risk assessment of premature neonates and may guide the future 
treatment of infants deemed to be at higher risk following the 
first few weeks of life. It should, however be noted that it does not 
constitute a potential replacement for plain radiography as sug-
gested by some authors (45), as central pathology and important 
complications arising from misplaced support apparatus or air 
leaks can be completely missed via ultrasound alone.

Clearly, we are at an exciting crossroads between conven-
tional structural and novel quantitative and functional imaging 

assessment, with ample room for new technology to signifi-
cantly influence the future of neonatal pulmonary imaging. As 
progressively more sophisticated and complex technology is 
introduced it becomes increasingly important to stay up to date 
with advances and to maintain a detailed understanding of each 
technique. Novel techniques need validation within large cohorts 
of patients paying careful attention to protocol standardization. 
In the meantime, the humble chest radiograph is here to stay.
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A Commentary on
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doi: 10.3389/fmed.2017.00088

Chronic lung disease in infancy and early childhood poses a diagnostic challenge to medicine.
(1) Entities are rare, with bronchopulmonary dysplasia (BPD) being the most prevalent in
infancy and with increasing prevalence in grown-ups due to improved survival of prematurity.
(2) Functional impairment is hard to measure because spirometry is practically impossible
to perform at an early age. (3) Structural imaging may be a key component to diagnosis
and monitoring, with computed tomography delivering high spatially resolved morphological
information, but cumulative radiation dose and periprocedural efforts may be of high concern
in radiation-susceptible young individuals and restrictive for imaging procedures (1). (4) Further,
apart from definite diagnosis, therapeutic relevance should guide the decision to perform imaging
tests andmust be weighed against potential risks. Obviously, this somewhat trivial dogma holds true
for all diagnostic tests in pediatric and adult clinical medicine, but it is specifically important in the
research context where the generation of advances in knowledge and the testing of hypotheses may
require a more liberal—yet well-considered—acquisition of study data, even in studies of human
subjects. In the case of pediatric lung disease, imaging with structural and functional techniques
may be the most comprehensive approach to characterize a pathophysiological process of the lungs
and to study the natural evolution of findings and the changes induced by therapeutic intervention.
In the case of new medication made available, imaging may provide a sensitive endpoint for
measuring successful treatment (2).

Cystic fibrosis lung disease has been the most prominent example, for which sustained
efforts in avoidance of radiation and improving imaging diagnostics have lead to the stepwise
introduction of proton magnetic resonance imaging (MRI) for structural and functional lung
disease, with a widely available MRI protocol, a scoring system for semi-quantification (3),
cross-validation against CT (4), X-ray (5, 6), multiple breath wash-out (7) and spirometry (8),
initial studies using MRI to monitor mid-term natural evolution (8), and as an endpoint for
therapeutic intervention (6, 7, 9, 10). Of note, contrast-enhanced perfusion MRI is the first
among many functional techniques to become widely available for the assessment of functional
abnormalities in the CF lung (Figure 1) (11, 12). Besides, a multitude of novel functional
techniques based on inhalational contrast agents such as hyperpolarized gas MRI using alternative
nuclei, or non-contrast-dependent techniques such as Fourier Decomposition MRI and T1
mapping have driven deeper insight into structure-function relationships in cystic fibrosis lung
disease (13–18). Logically, evidence from CF research as a model has been transferred to rarer
pediatric lung diseases and vice versa, such as primary ciliary dyskinesia or BPD (19, 20).
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FIGURE 1 | Perfusion MRI is a ready-to-use technique to study functional impairment in pediatric lung disease, based on gadolinium enhancement. Perfusion

abnormalities can be found in conjunction with structural lung disease in cystic fibrosis (A), Langerhans cell histiocytosis (B), or bronchopulmonary dysplasia (C). Of

note, perfusion abnormalities are non-specific and must be reviewed together with morphological imaging studies.

Although MRI has the advantage of relatively easy repeatability
and “no dose,” its application in neonates and infants, especially
in prematurity, may be cumbersome due to sedation, acquisition
time, MRI-compatible equipment, lines, and drug delivery, and
clinicians might demand a quick examination with highest
structural resolution. Specific MRI scanners for neonates will
probably remain a rare research tool in the very near future (21).
In this case, “low dose” may be acceptable, and CT can play to its
recent advantages in speed and clarity of details (22). Most recent
works focus on the use of “ultra low dose” CT with a radiation
dose close to a conventional X-ray, and will very quickly redefine
the aforementioned case-by-case balance between the benefits
and detriments of an imaging study.

At this point, the authors Semple et al. (23) step in and
elucidate on the recent advancements in radiation dose reduction
of CT techniques, and developments inMRI and lung ultrasound
to study BPD in infants and young children, and bring in their
personal long-standing experience in CF lung imaging research.
They provide a short introduction into the growing clinical
relevance of BPD in pediatric medicine, and why imaging will
play an important role for diagnosis and follow-up, similar to
what has been discussed in CF. With regard to CT in BPD, the
most relevant developments are summarized concisely, offering
the technical specifications applicable in routine medicine. The
frontiers of research on quantitative imaging and implications
for standardization of CT imaging parameters similar to other
diagnostic tests are only briefly touched upon.

MRI is presented as a research tool for BPD, and most studies
cited and discussed in the present manuscript refer to studies

performed in CF patients, whereas actual evidence for MRI in
BPD is relatively low, mostly due to the limitations mentioned
above in very young children and high technical effort to achieve
structural detail in their very small lungs. BPD as a disease is even
detrimental to the conditions for lung MRI, because of regional
tissue and thus proton loss (“minus pathology”) (24). Apart from
the aforementioned neonate-specific prototypeMRI (25), Förster
et al. have added further BPD-specific evidence for the use of
clinical state-of-the-art MRI for studying the pathophysiology of
BPD in neonates. The authors found a decrease in T1 and an
increase in T2 relaxation times were associated with an increased
risk for BPD, which can partially be explained by tissue loss and
perfusion changes in the diseased lung (26), and which was found
also in COPD and CF (17, 27). Such findings may support the use
of quantitativeMRI for risk stratification andmonitoring in BPD.

One should not forget about the potential of ultra-sound for
pediatric lung imaging in the hands of experienced and ambitious
examiners, which is also its main drawback—high levels of
training required, and limited inter-observer agreement together
with very limited overview render it an ancillary technique, and
Semple et al. emphasize that in the context of BPD and intensive
care treatment, X-ray remains the mainstay of everyday routine
imaging to monitor lines and tubes, and also parenchymal
lung changes.
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