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Preventing bronchopulmonary dysplasia: new tools for an old
challenge
María Álvarez-Fuente1, Laura Moreno2, Jane A. Mitchell3, Irwin K. Reiss4, Paloma Lopez5, Dolores Elorza5, Liesbeth Duijts6,
Alejandro Avila-Alvarez7, Luis Arruza8, Manuel Ramirez Orellana9, Eugenio Baraldi10, Patrizia Zaramella10, Santiago Rueda11,
Álvaro Gimeno-Díaz de Atauri12, Hercília Guimarães13, Gustavo Rocha13, Elisa Proença13, Bernard Thébaud14 and Maria Jesús del Cerro1

Bronchopulmonary dysplasia (BPD) is the most prevalent chronic lung disease in infants and presents as a consequence of preterm
birth. Due to the lack of effective preventive and treatment strategies, BPD currently represents a major therapeutic challenge that
requires continued research efforts at the basic, translational, and clinical levels. However, not all very low birth weight premature
babies develop BPD, which suggests that in addition to known gestational age and intrauterine and extrauterine risk factors, other
unknown factors must be involved in this disease’s development. One of the main goals in BPD research is the early prediction of
very low birth weight infants who are at risk of developing BPD in order to initiate the adequate preventive strategies. Other
benefits of determining the risk of BPD include providing prognostic information and stratifying infants for clinical trial enrollment.
In this article, we describe new opportunities to address BPD’s complex pathophysiology by identifying prognostic biomarkers and
develop novel, complex in vitro human lung models in order to develop effective therapies. These therapies for protecting the
immature lung from injury can be developed by taking advantage of recent scientific progress in -omics, 3D organoids, and
regenerative medicine.
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BACKGROUND
Bronchopulmonary dysplasia (BPD) is the most prevalent chronic
lung disease in infants and presents as a consequence of preterm
birth. First described in 1967,1 its definition and pathophysiology
have changed over the past two decades due to the development
of new ventilation strategies, advances in neonatal care, surfactant
therapy, and use of prenatal steroids. Currently, the most accepted
diagnostic criteria dictates a severity assessment at 36 weeks of
postmenstrual age, which is too late to implement an efficient
treatment strategy2 (Fig. 1).
BPD incidence is directly correlated with the degree of infant

immaturity, and this may explain why improvements in the
survival of extremely low birth weight infants seem to correlate
with an increased BPD incidence despite the development of new
therapeutic approaches.3–5 However, BPD rates show wide
variability with incidence values oscillating between 15 and 50%
in infants <1500 g.6

Current prevention strategies such as antenatal steroid therapy,
surfactant administration, less invasive respiratory strategies,

lower oxygen saturation targets, vitamin A, methylxanthines,
macrolides, inhaled nitric oxide, erythropoietin, and/or diet
supplements have not been able to diminish the increasing BPD
incidence (Table 1).7–22 In addition, many therapies (diuretics,
bronchodilators, postnatal corticosteroids, patent ductus arterio-
sus (PDA) treatment, improved nutrition, and fluid management)
currently used for BPD treatment remain controversial due to their
side effects and a lack of evidence (Table 2).13,15,16,18,23,24

BPD is no longer a disease limited to the perinatal period.
Recent data have shown that premature babies will have not only
respiratory morbidities in their childhood and adult life (decreased
lung function, increased incidence of emphysema, higher risk of
wheezing) but also present decreased right ventricular function,
increased cardiovascular risk, and higher incidence of arterial
hypertension in adolescence and adulthood.24–27 In addition, BPD
is associated with retinopathy of prematurity and neurological
morbidities like developmental delay and cerebral palsy.28,29

BPD currently represents a major therapeutic challenge that
requires continued research efforts at the basic, translational, and
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clinical levels. However, not all very low birth weight premature
babies develop BPD, which suggests that in addition to known
gestational age and intrauterine and extrauterine risk factors,
other unknown factors must be implicated in the development of
this disease. In this review, we will discuss the actual and future
challenges in the field.

BPD: A LUNG DEVELOPMENTAL PROBLEM
The first description of BPD was based on the clinical and
histological evaluation of premature babies with a mean birth
weight of 1660 g and 31 weeks of gestational age who were dying
from this complication.1 The pathology of the so-called old BPD
was characterized by alternating areas of alveolar emphysema and
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Fig. 1 Timeline of bronchopulmonary dysplasia (BPD) development, since birth until 36 weeks gestational age. At preterm birth
(23–28 weeks) the lung is still immature, at the sacular stage of development. During the first month the premature lung is damaged by
postnatal neonatal intensive care unit (NICU)-related factors that increase the risk of developing BPD. At 36 weeks postmenstrual age the
damage is already established. Therefore, the optimal time for preventive treatment with mesenchymal stromal cells (MSC) is in the first
2 weeks of life

Table 1 Prevention strategies7–21

Treatment Mechanism Effect in the lung Evidence

Antenatal steroids Promote maturation of surfactant system Reduce the incidence of
respiratory distress syndrome
(RDS)

Multiple courses may inhibit lung growth
(experimental model)

Non-invasive ventilation
and nCPAP

Avoid endotracheal intubation and
mechanical ventilation

Reduces lung injury due to
mechanical ventilation (VILI)

Reduces on the incidence of BPD or
death (meta-analyses)

Oxygen saturation targets
above or below 90%

Avoid lung exposure to hyperoxia Decrease oxidative stress and
free radicals in the lung

Oxygen saturation target below 90%
increased morbidity and mortality,
without decreasing BPD incidence

Vitamin A Maintains cell integrity and promotes
tissue repair

Reduces incidence of BPD at 36 weeks
PMA
High level of evidence (RCTs)

Caffeine Increases respiratory drive, diaphragmatic
contractility, and pulmonary compliance.
Decreases airway resistance

Standard of care for the
prevention and treatment of
apnea of prematurity

Reduces incidence of BPD at 36 weeks
PMA
High level of evidence (RCT)

Macrolides Antimicrobial agents with anti-
inflammatory actions

Reduces infection/inflammation Prophylatic use of azithromycin reduces
BPD or death
Low level of evidence (RCTs)

Inhaled nitric oxide Alveolar and vascular development No effect on the incidence of BPD
(RCTs)

Erythropoietin Mobilize endothelial progenitors in animal
models

Ongoing RCT

Other pharmacological strategies: Current evidence does not support these
strategies. Further RCTs are needed

• Recombinant human Clara cell 10 kDa protein

• Leukotriene receptor antagonist

• Pentoxifylline

• Inositol

• Superoxide dismutase

• N-acetyl cysteine

• Tocopherol

Ascorbic acid

Inhaled corticosteroids+ surfactant
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atelectasis, marked inflammation, fibrosis, prominent airway
injury, and smooth muscle hyperplasia. These chronic lesions
were thought to be secondary to mechanical ventilation and
oxygen toxicity. Advances in neonatal critical care and increased
survival of extremely premature infants have modified the
physiopathology of BPD to a new disease of predominantly
disrupted lung development with less lung injury.4

The lungs of very low birth weight infants (VLBWIs) at birth
are in the saccular or alveolar phase of their airway branching
morphogenesis after assuming a survival limit of 24 post-
menstrual weeks gestation. During the first weeks of life, these
infants are exposed to harmful stimuli that can alter lung
development16 (Fig. 1). The pathology of this new BPD is
characterized by a constant reduction in alveolarization with
enlarged air spaces and a highly variable degree of inflamma-
tion and fibrosis.28 Evidence suggests that vascular develop-
ment and alveolarization are closely related, which explains the
simplified lung vasculature found in clinical and experimental
BPD. Lung capillaries are reduced in number, dysmorphic,
abnormally distributed, present a decrease in branching, and
are separated from the air surface.29

This new BPD is considered a multi-factorial disease in which
the combination of prenatal and postnatal risk factors and lung
developmental arrest, in addition to an unknown role of genetics,
appear to be responsible for BPD development (Fig. 2). Prenatal
factors contributing to BPD include placental abnormalities
(preeclampsia, maternal smoking), intrauterine growth restriction,
intrauterine infections (chorioamnionitis), and multiple births in
addition to others.16,30 Postnatal factors directly implicated in BPD
development include mechanical ventilation and oxygen supple-
mentation, prematurity-related comorbidities, and infections
(sepsis, necrotizing enterocolitis, lung infections, and others).16,30

Cardiac and vascular factors such as ventricular dysfunction,
intracardiac shunts (both of which generate a lung volume
overload), or pulmonary vein stenosis also play an important role
in BPD development.31–33

THE CHALLENGE OF PREDICTING BPD IN PRETERM NEWBORNS
Considering the lack of effective treatments for BPD and a
diagnosis that is established at 36 weeks postmenstrual age,2 the
main goal in this area is to prevent BDP development by
identifying those VLBWI at higher risk of developing BPD and to
implement early postnatal strategies in these infants (Fig. 1). Other
benefits of determining the risk of BPD include providing
prognostic information and stratifying infants for clinical trial
enrollment.30

Gestational age, birth weight, gender, clinical parameters (PDA,
respiratory distress syndrome, pulmonary interstitial emphysema,
and others), chest X-rays, ventilator settings, oxygenation indexes,
and blood gases, as well as other risk factors for BPD have been
used to create these clinical predictive models. Despite these
efforts, a reliable and reproducible model that could be easily
applicable across neonatal intensive care units has not yet been
found.
In 2013, Onland et al.34 published the first systematic review

and external validation of the 26 most relevant clinical
predictive models of BPD in preterm infants >30 years. Eighteen
were derivation models (such as studies developing a novel
prediction model), and eight were validation studies (such as
studies evaluating a single predictor or a known model). The
external validation analysis showed that most prediction models
do not perform sufficiently well to be considered part of routine
care.
Finding an appropriate prediction model or risk score that

can establish the risk of presenting BPD at an early stage of the
disease in the first week of life prior to the start of the disease or
even at birth has been and still is a major challenge in BPD.Ta
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Many clinical prediction models have been developed and
published over the past few decades.35–38 However, despite
these efforts, a reliable and reproducible model that could be
easily applicable across neonatal intensive care units has not
yet been found. Therefore, the search for predictive factors for
early identification of infants at high risk of BPD is an important
area of research. Additional variables such as echocardiographic
parameters and/or biomarkers in addition to innovative
molecular diagnosis methods will be required to increase the
prediction accuracy of these models.

NEW TOOLS IN TRANSLATIONAL RESEARCH FOR BPD
Animal models of BPD
Animal models play an important role in understanding disease
pathogenesis and in preclinical drug development.
Both large (baboons, sheep, and pigs) and small (rabbits, rats,

and mice) animals have been exposed to known risk factors for
BPD (hyperoxia, perinatal inflammation, perinatal hypoxia, or
mechanical ventilation).39–42 However, the majority of the BPD
model studies have been performed using mice and rats delivered
at term and exposed to high levels of oxygen, ranging from 40%
to 100% O2.

43,44 In terms of mimicking human disease, exposure
to different oxygen concentrations allows induction of different
severity degrees.45 However, this advantage also represents one of
the main weaknesses of this model since the beneficial effects of
therapeutic interventions might go unnoticed in severe hyperoxia-
based BPD models (such as 85% O2), whereas small effects might
be overestimated in less severe hyperoxia models (such as <60%
O2).

45 Researchers also need to consider that in addition to the
oxygen concentration, the timing and duration of this exposure
may influence the histopathological findings and long-term
consequences of experimental BPD.46,47 In addition, VLBWI also
suffer from periods of hypoxia, which are often not considered
when developing a BPD model. Therefore, new BPD models
incorporating periods of either intermittent or transient hypoxia
are being developed to increase the translational potential of the
hyperoxia BPD model.48,49 Finally, there is an urgent need to
develop clinically relevant BPD models based on combined
exposure to other injurious stimuli such as mechanical ventilation
and inflammation that are involved in the development of
BPDn.44,50

One of the main problems faced during BPD animal model
development is the definition of BPD, which is an operational
definition (patient on oxygen therapy at 28 days or 36 weeks
postmenstrual age), and it does not consider the pathophysiology,

which is very complex. BPD is not a single entity; it is a more
extensive disease that results in alveolar simplification, severe
pulmonary vascular remodeling and pulmonary hypertension, and
airway problems such as tracheobronchomalacia or stenosis in
airway areas secondary to fibrosis and inflammation.51 This
heterogeneity in the disease is very difficult to reproduce in an
animal model and, indeed, most animal models present only mild
or moderate BPD rather than severe BPD.
Another major disadvantage of current BPD animal models is

the lack of genetic effect reproduction, which is partially
responsible for the broad spectrum of BPD and of variance for
moderate-to-severe BPD.52–55

Despite these and other limitations of current BPD animal
models, they are still the most appropriate tool available for
investigating possible BPD-related mechanisms in addition to
potential therapeutic targets and strategies. However, our ability
to translate these results to the clinical setting is limited; therefore,
there is a critical need for new in vitro models of human lungs to
accelerate the translation of basic research findings into applicable
clinical situations.

Novel human tissue-based and cell-based in vitro models for the
discovery and development of new drugs in BPD
Lung development involves complex cross-talk between the
different cell types present in the lung; therefore, in vitro studies
can be very complex. However, in vitro assays based on whole or
partial organ culture (such as the use of precision-cut lung slices)
allow for the preservation of highly differentiated functions,
including vascular and airway reactivity56 or ex vivo alveolarization
when harvested from newborn mice.57 These parameters can be
studied following in vitro exposure to relevant injurious stimuli,
including mechanical stretch.58 Similarly, numerous studies have
successfully applied the use of murine and human embryonic lung
explants to study the role of physiological and pathophysiological
mediators on airway morphogenesis;59–61 however, studies
analyzing vascular development are scarce.62 Furthermore, with
the development of three-dimensional (3D) cell culture assays, we
can now generate lung organoids which are being used to analyze
the impact of harmful stimuli on processes such as branching
morphogenesis or fibrosis.63–66 Finally, the new micro-engineered
models facilitate the development of the lung-on-a-chip model, a
biomimetic microdevice that can replicate the alveolar–capillary
barrier in the human lung that represents a promising tool for
understanding the interactions between the different types of
cells present in the lung with relevant physiological and
pathophysiological stimuli67 (Fig. 3). However, these techniques
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Fig. 2 Risk factors for bronchopulmonary dysplasia (BPD). ASD atrial septal defect, PDA patent ductus arteriosus
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are in the early stages of development, and they still need to
demonstrate whether they reflect better the clinical entity than
the animal models already available. In this regard, increasing
evidence supports their value for studying airway morphogenesis
and recapitulating pulmonary edema and lung fibrosis formation
following exposure to toxic agents; however, given that disrupted
vascular development is also a hallmark of BPD, efforts directed at

better reassembly of the vascular portion of the lung must be a
priority in this research area.
All of these technologies can be applied to lung tissue obtained

at BPD patient autopsies and can provide deeper insight into the
pathophysiology of late-stage disease and be used to test the
potential benefit of new therapeutic strategies. However, the lack
of availability of lung tissue from early-stage disease and BPD

EXPERIMENTAL MODELS BPD PATIENTS

LUNG BIOPSIESBODY FLUIDS

BLOOD, BALF, URINE

CELL-BASED ASSAYS
(COCULTURES,iPSCs,...)

“OMICS” AND CANDIDATE MARKER ANALYSIS FUNCTIONAL ANALYSIS

INTERACTOME

GENOMICS
TRANSCRIPTOMICS

PROTEOMICS METABOLOMICS

NOVEL DIAGNOSTIC & PROGNOSTIC BIOMARKERS

NOVEL THERAPEUTIC TARGETS DRUG RESPONSE BIOMARKERS

3D ASSAY FORMATS
(LUNG-ON-A-CHIP,LUNG

ORGANOIDS)

PRECISION CUT
LUNG SLICES

PATIENT-DERIVED ASSAYS

Fig. 3 New tools in translational research for bronchopulmonary dysplasia (BPD). Integrating in vitro assays based on organ culture (such as
precision-cut lung slices) with advances in pluripotent stem cell technology (notably induced pluripotent stem cells (iPSCs)), three-
dimensional (3D) or multicellular devices (such as lung-on-a-chip) is critical to develop more relevant models for BPD and to accelerate the
translation of basic research findings into the clinics. Traditional functional assays and candidate marker analyses should be combined with
“omics” and system biology approaches in order to identify novel therapeutic targets and new diagnostic and prognostic biomarkers which
allow us to identify those patients who could benefit from an early intervention. BALF bronchoalveolar lavage

Preventing bronchopulmonary dysplasia: new tools for an old challenge
M Álvarez-Fuente et al.

436

Pediatric Research (2019) 85:432 – 441



survivors is a major limitation to understanding the pathophysiol-
ogy of this disease and the development of new therapies.
Nevertheless, the unexpected discovery that somatic cells can be
reprogrammed into a pluripotent state68 has triggered the
possibility for generating pluripotent stem cell-based models of
human disease with unlimited applications in the development of
new therapeutics and personalized medicine.
These and other stem cell-based models of cardiovascular

disease are already under development. An in vitro bioassay has
recently been developed in which co-cultured endothelial cells
grown from stem cells in the peripheral blood (blood outgrowth
endothelial cells) and peripheral blood mononuclear cells from the
same donor can be used to predict the patient response to
biological drugs.69

OMICS IN BPD
BDP susceptibility and outcomes are influenced by the interac-
tions between genetic and environmental factors. This complexity
may underlie the limited success in identifying prognostic
biomarkers as discussed above. Thus, using an unbiased approach
can identify new networks and targets that can be used to stratify
BPD patients and potentially develop specific therapies.

Genomics. It is now evident that BPD has a strong hereditary
compound; several strategies used to define the genetic
background of BPD have failed. Thus, genome-wide association
studies (GWAS) that have been successfully applied to other
human diseases have been unsuccessful in BPD patients.
Indeed, a study by Wang et al.70 with 1726 infants could not
identify any BPD-associated single-nucleotide polymorphisms
(SNPs). It could also not validate the SNP identified in previous
studies.71 However, combining GWAS with other approaches
seems to increase our chances of success.72 Although no single
SNP achieved genomic-wide significance, in cases in which the
GWAS-derived data were combined with pathway-based
analysis, the authors identified two novel pathways (miR-219
and CD44) that were potentially involved in the genetic
predisposition to BPD or death.72 Similarly, a recent functional
genomics study of BPD patient blood samples identified rare
exome mutations in the genes involved in the control of
pulmonary structure and function.55

Microbiomics. Some pilot studies have attempted to characterize
the lung microbiome in preterm babies, and a clinical trial to
evaluate its potential association with the development of BPD is
currently ongoing (NCT03229967).37 To study the active surveil-
lance and screening of lower respiratory tract bacterial coloniza-
tion in newborns admitted to the neonatal intensive care unit is
challenging; thus, stratification of BPD risk is currently being
examined.38 In relation to the microbiome, proinflammatory and
chemotactic factors have been detected in high concentrations in
infants who develop BPD and have been implied in early lung
injury and systemic inflammation.39 Therefore, it is crucial to study
how bacterial colonization and inflammation sustain the detri-
mental effects toward BPD even if the effects are independent of
each other.

Transcriptomics. The characterization of genome-wide transcrip-
tional profiling via high-throughput technologies such as micro-
arrays or next-generation RNA sequencing technologies offer
novel insight into the molecular mechanisms of normal murine
and human lung development in addition to experimental models
of BPD.73–79 However, studies using samples from patients with
BPD are rare. Bhattacharya et al.79 studied altered pathways from
lung tissues obtained at autopsies from BPD patients. They
included both pathways previously identified in animal models
(such as insulin-like growth factor (IGF) or the Sonic hedgehog
(Shh) pathway) in addition to novel mechanisms of disease,

including those indicating mast cell accumulation in pulmonary
tissue from BPD patients.
More recently, microRNAs (miRNAs) have emerged as key

players of gene regulation during lung development and in
pulmonary disease pathogenesis.80,81 miRNAs are a class of small
non-coding RNA with relatively few nucleotides (≈22), but that can
repress multiple gene targets concurrently. A number of miRNAs
are differentially expressed during lung development.82–84 Some
studies have also analyzed the pattern of miRNA expression in
clinical samples from BPD patients and identified dysregulation of
the miR-17/92 cluster, miR-21, miR-206, miR-219, or Let-7f.72,85,86 A
recent study has suggested that a decrease in the expression of
miR-876-3p in airway exosomes might be associated with a higher
risk of developing severe BPD in preterm infants.87 However,
further mechanistic and validation studies are needed to confirm
the potential of these miRNAs as BPD biomarkers or pathogenic
mediators/therapeutic targets.

Proteomics and metabolomics. Proteomics can characterize the
global expression of proteins in a biological sample; metabolomics
can be used to quantify metabolites. Many studies have tried to
identify single or pre-defined groups of protein biomarkers in
clinical samples from patients with BPD with minimal success.88 To
the best of our knowledge, there is only one study using a
proteomic approach with bronchoaspiration lung fluid samples
from BPD patients.89 Using this approach, an increase in several
serum proteins (albumin, serotransferrin, clusterin) and a decrease
in calcium signaling-related proteins (calcyphosine, calcium, and
integrin-binding protein 1) was found in babies with higher risk
for BPD development. Studies applying metabolomics to BPD also
suggest that metabolic profiling of amniotic fluid or urine
collected within 24 h of life may identify those patients at a
higher risk of developing BPD.90,91 However, further studies
applying bioinformatics and integrating the massive amount of
data generated by -omic approaches with clinical data are needed
to efficiently identify those infants at high risk of BDP develop-
ment. In this regard, initiatives such as those promoted by the
LungMAP consortium to create an integrated and publicly
accessible molecular atlas of the developing lung will undoubt-
edly facilitate advancements in this area.92 In the near future,
microRNA studies could complement new clinical trials and help
elucidate the pathogenic mechanisms of the disease and effects
of new therapies.

INNOVATIVE THERAPIES IN THE PREVENTION OF BPD
Cell-based therapies For BPD
Advances in stem cell biology over the past two decades have
now positioned stem cells as a possible paradigm shift in
medicine. Unlike conventional drugs, cells can sense local
environmental signals and then proliferate, migrate, or differenti-
ate in response to those specific signals.93 These properties are
harnessed by numerous investigators in order to test the repair
potential of various stem cells in experimental models and in
human diseases, including BPD.
Mesenchymal stromal cells (MSCs) are the most extensively

studied cells because of their ease of isolation and culture and
their pleiotropic effects (anti-inflammatory, pro-angiogenic, anti-
apoptotic, anti-oxidant, and anti-fibrotic activities).94 Evidence
suggests that the depletion or dysfunction of MSC in the
developing lung is associated with BPD.95–98 These findings, in
combination with the pleiotropic effects of MSC, offer a strong
rationale for testing the therapeutic benefits of these cells in
BPD.99,100

MSCs have already been used in other pediatric diseases such
as graft-versus-host, lysosomal storage, and orthopedic diseases in
addition to spinal muscular atrophy with promising results and
safe and feasible administration.101 Allogeneic MSC therapy is
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feasible due to their low allergenic profile in which they express
human leukocyte antigen class I but not class II.100,102

MSC and lung repair in experimental BPD. In rodent models of
hyperoxia-induced lung damage, proof of concept studies with
bone marrow (BM)-derived MSC administered intratracheally,
intravenously, or intraperitoneally attenuate lung inflammation
and minimizes oxidative stress, alveolar growth, and lung
vascular damage.96,103–105 Furthermore, BM-derived MSC
improve survival, prevent vascular growth arrest, diminish lung
inflammation, inhibit lung fibrosis, and reduce pulmonary
hypertension in these rodent models.99 Likewise, human
umbilical cord/cord blood-derived MSC preserved and rescued
lung histology and lung function.106 These cells were found to
be safe (no tumor formation) in murine models and had
therapeutic benefits in lung structures persisting up to
6 months;106 however, additional precautions should be taken
in clinical trials in order to avoid the risk of anomalous
proliferation in infants with an immature immune system,
including premature newborns.106 A recent systematic review
and meta-analysis has evaluated all preclinical studies with MSC
in experimental BPD models.107

Interestingly, low engraftment rates (<5%) of MSC in the lung
suggest that the therapeutic benefits of MSC are mediated by a
paracrine mechanism.99,108 These observations are supported
by experiments demonstrating that the conditioned media
from MSC cultures attenuate lung injury.96,103–105,108,109 These
findings may open many new therapeutic options including
cell-free therapies based on individual active compounds or
extracellular vesicles shed by MSC.109 Purified exosomes from
MSC derived from human umbilical cord Wharton's jelly and
basement membrane (BM) can restore lung architecture and
improve lung development and function in hyperoxia-induced
BPD animal models.110 Extracellular vesicles can transfer a range
of biologically active compounds, including proteins, lipids,
oligonucleotides, and drugs and represent a potentially safer
alternative to cell-based therapies. However, the development
of exosome-based therapies still present major challenges,
including a lack of standardization in isolation and purification
methods.107,111,112

Early phase clinical trials with MSC for BPD. In a phase I, dose-
escalation trial with human umbilical cord blood-derived MSC
conducted in nine infants born between 23- and 29-week
gestational age, a single intra-tracheal administration within the
first 2 weeks of life was shown to be feasible with no adverse
effects113 (NCT01632475). A phase II trial to test the safety and
efficacy of human umbilical cord blood-derived MSC for the
prevention of BPD in a larger number of patients is currently
underway (NCT02381366).
While more laboratory research is definitely required, the next 5

years will provide an early indication as to whether the benefits
seen in animal research can be translated to clinical settings. A
variety of other stem/progenitor cells are currently being
investigated in lung injury animal models in addition to clinical
trials of neonatal lung disease, including cord blood-derived
mononuclear cells,114 endothelial progenitor cells,115 and amniotic
epithelial cells.100,116

A major challenge will be the standardization of quality
control for the practical manufacturing of cell products
that have uniform quality and efficacy.117 Also, questions
regarding the dosing, timing, and administration route will
need to be answered in appropriately designed clinical trials.
The introduction of new therapies in this vulnerable patient
population must be accompanied by rigorous assessment of the
short- and long-term outcomes. The establishment of registries
of all treated patients will be imperative to ensure long-term
follow-up.

Recombinant human IGF-1/recombinant human IGFBP-3
IGF-1 levels normally increase in the third trimester of pregnancy
but decrease in preterm infants.118 IGF-1 is upregulated by insulin
and stimulates cell proliferation, maturation, and differentiation.118

Hyperglycemia is common in preterm babies as a result of insulin
resistance secondary to acute stress and relative insulin deficiency.
Lower IGF-1 levels in preterm infants are associated with reduced
weight gain and increased risk of chronic lung disease, retino-
pathy of prematurity, and necrotizing enterocolitis. Early insulin
treatment during the first week of life induces a late increase in
IGF-1 levels between days 7 and 28 of life, improved weight gain,
and may improve the outcomes of these infants.118 Intravenous
infusion of recombinant human IGF-1 complexed with its binding
protein recombinant human IGFBP-3 (rhIGF-1/rhIGFBP-3) has been
investigated as a therapy since IGF-1 replacement in extremely
preterm infants has been demonstrated to be safe and well
tolerated.119,120 In a recent phase II clinical trial, IGFBP was shown
to reduce the incidence of retinopathy of prematurity with no
significant reduction in the incidence of BPD in the treatment
group and no safety issues.121 An extension of this trial is now
ongoing (NCT02386839). A phase 2b/3 clinical trial will start at the
end of 2018 and will recruit extremely preterm infants to prove
the efficacy and safety of rhIGF-1/rhIGFBP-3 (NCT03253263).
IGF-1 is a potential therapy for BPD, a topic that still requires

further investigation. The potential therapeutic power of IGF-1 for
retinopathy of prematurity and necrotizing enterocolitis makes
this treatment quite attractive for VLBWI. In addition, the absence
of toxicity encourages the performance of clinical trials.

Recombinant human Clara cell 10 kDa protein
Clara cell-specific 10-kDa (0CC10) is a major secretory protein
0CC10 binds to lipid components of the pulmonary surfactant
such as phosphatidylcholine and phosphatidylinositol, suggesting
that it may transport or protect these phospholipids from
degradation. It also negatively regulates airway inflammatory
responses and also regulates surfactant phospholipids catabo-
lism.122 The Clara cell protein (CC)10 reduces lung inflammation in
premature infants with respiratory distress syndrome.123 CC10 is
oxidized in premature infants who have developed BPD, suggest-
ing that the CC10 structure and function are critical for normal
bronchoalveolar fluid homeostasis.124 It is diminished in neonates
with respiratory distress syndrome.122 Treatment with recombi-
nant human CC10 (rhCC10) in a premature lamb model of
respiratory distress showed a significant rhCC10 dose-dependent
increase in respiratory compliance and ventilation efficiency
index.125 Early intervention with rhCC10 up-regulates surfactant
proteins and vascular endothelial growth factor expression. This
finding suggests that CC10 can protect against hyperoxia and
mechanical ventilation in the immature lung.125 Despite these
promising findings in animal models, further research on the
therapeutic effects of rhCC10 I in neonatal chronic lung diseases is
needed. An active clinical trial is ongoing to prove the efficacy of
treatment with rhCC10 in premature neonates with respiratory
distress (NCT01941745).

Summary
Given the complexity and heterogeneity of BPD, cooperative
research aimed to integrate animal and clinical studies is crucial to
improve our ability for early detection and to develop new
treatments for BPD. New diagnostic technology, “omics”, and
systems biology should be increasingly applied to neonatal critical
care medicine and should be combined with data from multi-
centric clinical trials to develop a prognostic index to identify
those babies at a higher risk of developing the disease. The
combination of biological samples’ analyses (amniotic fluid, urine,
blood, and bronchoaspiration fluid) in addition to these new
technologies could identify those patients who will benefit from
early intervention. Therefore, advances in BPD will require
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multidisciplinary teams, not only for clinical management and
follow- up, but also to conduct research projects that can integrate
the data obtained from animal models, metabolomics, proteomics,
genetics, and stem cell-based therapies. These new therapies and/
or predictive models will have to be tested with the proper clinical
trials. Several clinical trials exploring some of these innovative
therapies are underway; therefore, the old dream of preventing
BPD and its sequels in extremely preterm babies could shortly
become a reality
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