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Abstract

Purpose of review—Advances of medical therapy have increased survival of extremely
premature infants, and changed the pathology of bronchopulmonary dysplasia (BPD) from one of
acute lung injury to a disease of disrupted lung development. With this evolution, new questions
emerge regarding: (i) the molecular mechanisms that control postnatal lung development; (ii) the
effect of early disruptions of postnatal lung development on long-term lung function; and (iii) the
existence of endogenous mechanisms that permit lung regeneration after injury.

Recent Findings—Recent data demonstrate that a significant component of alveolarization, the
final stage of lung development, occurs postnatally. Further, clinical and experimental studies
demonstrate that premature birth disrupts alveolarization, decreasing the gas exchange surface area
of the lung and causing BPD. BPD is associated with significant short-term morbidity, and new
longitudinal, clinical data demonstrate that survivors of BPD have long-standing deficits in lung
function, and may be at risk for the development of additional lung disease as adults.
Unfortunately, current care is mainly supportive with few effective therapies that prevent or treat
established BPD. These studies underscore the need to further elucidate the mechanisms that
direct postnatal lung growth, and develop innovative strategies to stimulate lung regeneration.

Summary—Despite significant improvements in the care and survival of extremely premature
infants, BPD remains a major clinical problem. While efforts should remain focused on the
prevention of preterm labor and BPD, novel research aimed at promoting postnatal alveolarization
offers a unique opportunity to develop effective strategies to treat established BPD.
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Introduction

In contrast to other organs, the lung completes a significant portion of its development
immediately prior to, and after, birth. During alveolarization, the final stage of lung
development, 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 environmental 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].
Infants with BPD require significant respiratory support early in life and many demonstrate
long-term deficits in pulmonary function including persistent airway obstruction[3,4] and
delayed distal lung growth [5].

While advances in the medical care of extremely premature infants have reduced mortality,
the morbidities associated with severe BPD persist [6]. Accompanying this increase in
survival, the clinical, radiographic, and pathological features of BPD have changed
significantly. In contrast to the severe lung injury characterizing “old BPD” as originally
described by Northway [7], 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 development [8].

Evidence demonstrating that the new form of BPD results from impaired lung development
rather than acute lung injury underscores the need to better understand the molecular
pathways that direct normal alveolar development. Further, clinical studies demonstrating
the long-term effects of disrupted alveolarization on lung growth and lung function,
highlight the importance of determining whether the lung has the capacity to regenerate. In
this review, we summarize the most recent studies linking BPD to a defect in distal lung
growth, as well as the current knowledge regarding the capacity of the lung to regenerate
after injury. This is followed by a discussion of emerging therapies currently under
development as novel strategies to treat BPD.

Overview of Lung Development

Lung development begins when the primitive lung bud emerges from the ventral foregut
during the embryonic stage of development (4—7 weeks gestation), and divides to form two
lung buds that lie on either side of the future esophagus [9]. The remaining four stages
follow sequentially (Figure 1), resulting in successive branching from the trachea to the
terminal respiratory units, markedly increasing the cross-sectional surface area of the lung.
During the pseudoglandular stage (7—17 weeks gestation), branching morphogenesis, a
highly stereotyped pattern of repetitive sprouting and bifurcation [10], allows for the
formation of the pre-acinar airways. This process is dependent upon the secretion of growth
factors from the surrounding mesoderm, which signal to the endodermal cells of the
developing airway epithelium. Branching morphogenesis is completed during the
canalicular stage (17-25 weeks gestation), culminating in the formation of the terminal
bronchioles. At the same time, the epithelium begins to thin in order to form a primitive
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blood-gas interface, and near the end of this stage, differentiation of type Il alveolar
epithelial cells permits the onset of surfactant production [9,11]. Primitive terminal airspaces
form during the saccular stage (24-36 weeks gestation), consisting of smooth walled
saccules and ducts with thick primary septae containing a double pulmonary capillary layer
[11]. During the final, alveolar stage of lung development, new tissue ridges lift off from the
primary septae and extend into the airspaces via the process of secondary septation, forming
the interalveolar walls and dividing the saccules into smaller alveoli [12]. It is in this final
stage, beginning at 36 weeks gestation and extending for a number of years postnatally,
where the gas exchange surface area of the lung increases by 20-fold [13].

An intricate and organized pulmonary microvascular circulation is a necessary component of
the blood-gas interface in the lung. The pulmonary blood supply develops in close
relationship to the airways throughout the stages of lung development [9], and evidence
suggests that the airways provide a template for the development of the pulmonary arteries
and veins. In the early stages of lung development, pulmonary vascular development
appears to occur primarily via vasculogenesis, the de novo formation of vessels from the
differentiation of primitive angioblasts and hemangioblasts [14,15]. Capillary endothelial
cells deriving from these progenitor cells form tubules in the mesenchyme surrounding the
branching airways, coalescing to form the peripheral pulmonary arteries and veins alongside
the airways [9]. Beginning with the canalicular stage, angiogenesis appears to be the primary
mode of further pulmonary vascular growth, with new capillaries arising from the
proliferation of endothelial cells within existing capillaries rather than originating de novo
from the mesenchyme. By the end of the saccular stage, the primary septae contain a double
capillary layer, which extends into the secondary septae during the formation of the alveoli.
At the end of the alveolar stage, a period of microvascular maturation begins, where the
double capillary layer contained within the immature alveolar septa fuses to form a single
pulmonary capillary [16].

The process of secondary septation is a complex, integrated series of events involving
paracrine signaling between multiple cell types within the lung including fibroblasts,
epithelial cells, and endothelial cells. Myofibroblasts, located at the tips of the new
secondary crests secrete elastin and growth factors that promote the proliferation, migration
and differentiation of epithelial cells. Extensive proliferation of alveolar type 11 cells
provides a source of progenitor cells for the type | alveolar epithelial cells that line the
alveolar walls, and ensures adequate surfactant production after birth [17]. Alveolar
epithelial cells, in turn, promote the development of the pulmonary capillary bed by the
paracrine secretion of factors that stimulate pulmonary endothelial cells including, vascular
endothelial growth factor (VEGF). Each step in this intricate process is required for normal
alveolarization, and disruption of signaling from any one cell type is often sufficient to
disrupt the process as a whole.

Bronchopulmonary Dysplasia: A Disease of Disrupted Lung Development

The term bronchopulmonary dysplasia (BPD) was first used in 1967 to describe the chronic
lung disease associated with preterm birth and neonatal respiratory distress that, at the time,
was called hyaline membrane disease [7]. This form of BPD was associated with positive-
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pressure ventilation and prolonged oxygen therapy, and characterized by evidence of severe
lung injury including inflammation, protein-rich edema, airway epithelial metaplasia,
peribronchial fibrosis, and marked airway and pulmonary vascular smooth muscle
hypertrophy [18,19]. The cohort described by Northway was born at a mean gestational age
(GA) of 32 weeks (corresponding to the late saccular stage of lung development).

Medical advances in the care of premature infants including, but not limited to, artificial
surfactant, antenatal corticosteroids, and lung protective strategies of mechanical ventilation
now permit relatively consistent survival of infants born much earlier during gestation (in
the late canalicular and early saccular stages of lung development) [20,21]. While many of
these extremely premature infants have minimal lung disease at birth, BPD remains a
common complication, and results in significant short- and long-term morbidity [22,23].
However, the lung pathology observed in these more premature infants with BPD is distinct
from that described by Northway and colleagues. The marked lung inflammation, fibrosis,
and metaplasia frequently observed in the original form of BPD have now been replaced by
histopathologic evidence of alveolar simplification, characterized by fewer and larger alveoli
[24,25].

Impaired pulmonary capillary development also appears to be a key feature of the current
form of BPD [26]. Preterm infants who die from severe BPD have highly abnormal alveolar
microvessels and decreased VEGF expression [24,27]. These findings are recapitulated in
animal models of BPD [28,29], and experimental inhibition of angiogenesis impairs
alveolarization in newborn rats [30]. Furthermore, disruption of vascular growth predisposes
preterm infants to pulmonary hypertension (PH) and other manifestations of pulmonary
vascular disease (PVD) [31]. These findings suggest that proper development of the
pulmonary microstructure requires intact angiogenesis that is disrupted in infants with BPD.
Together, these disruptions in alveolar and vascular growth result in more simplified
pulmonary acini and vascular structures, reducing the surface area for gas exchange to cause
BPD [8,20].

Classically, BPD was defined in the clinical setting of a persistent oxygen requirement at 36
weeks GA, a chest radiograph with chronic changes, and respiratory distress (tachypnea,
retractions, adventitious breath sounds)[32]. However, changes in both the underlying
pathobiology and the clinical phenotype of BPD led to the need to define BPD with varying
degrees of severity. In 2000, a consensus statement categorized BPD in extremely premature
infants as follows: none (oxygen therapy needed for <28 days), mild (28 days of oxygen
therapy, but not at 36 weeks GA), moderate (FiO, < 0.3 at 36 weeks), or severe (FiO, = 0.3
at 36 weeks or any form of positive pressure ventilation)[2,32]. This panel identified the
need for a physiologic test to quantify oxygen status (rather than using a clinician-
determined oxygen “requirement”). A physiologic assessment or oxygen reduction test
(performed using an oxygen hood to avoid positive pressure ventilation) is now the preferred
means of determining a child’s FiO, need [33]. Of note, heated high-flow nasal cannula
(HHFNC) systems were not in common use at the time. HHFNC, which is reviewed below,
delivers an elevated pharyngeal pressure[34] and thus may cause some infants with severe
BPD to be incorrectly categorized as having moderate BPD when the clinical FiO5 is used to
determine BPD severity.
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According to the most recent large-scale study in the U.S. (9575 subjects), the incidence of
BPD is 68% in extremely low gestational age infants (born at 22—28 weeks; mean BW 836¢)
[35]. In these infants, both mortality and BPD were inversely associated with GA at birth. A
study examining over 9.5 million neonatal hospitalizations between 1993 and 2006 revealed
that the incidence of BPD decreased 4.3% per year during this period [36]. However, other
recent studies have suggested that, although survival is increasing, the prevalence of BPD is
not changing [37] and may even be increasing [38].

The early identification of preterm infants at greatest risk for BPD is critical for both clinical
prognostication, and for the development of targeted clinical trials aimed at preventing BPD
in the most severely affected individuals. BPD is a multifactorial clinical syndrome
influenced by genetic predisposition, maternal complications of pregnancy, and the child’s
early postnatal course. Low gestational age and birth weight remain key predictors of BPD
severity [23]. Although twin studies have shown that genetic predisposition may account for
over 50% of BPD risk [39,40], a recent genome-wide association study (GWAS) of over
1700 infants in California was unable to identify single nucleotide polymorphisms (SNPs)
associated with BPD, and failed to confirm candidate SNPs from previous studies [41].
Thus, additional research is necessary to better understand how genetic variation affects the
risk for BPD in preterm infants. Other identified risk factors for BPD include: maternal
preeclampsia [42—44], chorioamnionitis [45,46], sepsis [47,48], and fetal growth restriction
[49].

Laughon and colleagues showed that, in addition to the degree of prematurity, early
postnatal respiratory support (i.e., mechanical ventilation on day of life 7) was a risk factor
for BPD [50]. A recent meta-analysis suggests that strategies to avoid mechanical ventilation
have a small but significant impact on preventing BPD [51]. The presence of a patent ductus
arteriosus (PDA) is associated with BPD risk and typically results in either prompt medical
or surgical management [52]. However, it remains unclear whether PDA treatment increases
or decreases the risk of BPD [53,54]. Finally, an increased score for neonatal acute
physiology (SNAP), a valid indicator of the severity of neonatal illness, is associated with
BPD or death in preterm infants and may thus prove useful in the early identification of
preterm infants at greatest risk for BPD [55].

Current Management and Treatment

Although early interventions for the prevention of preterm birth and BPD are preferable to
treatments for the condition after it has developed, the latter remains an important focus of
both clinical and preclinical research to minimize its long-term sequelae. Our current
therapies are largely supportive and are aimed at stabilizing the preterm infant with as little
respiratory support and oxygen therapy as is needed. A recent meta-analysis of delivery
room practices suggested that nasal continuous positive airway pressure (NCPAP) is less
likely to result in death or BPD at 36 weeks as compared to endotracheal intubation (relative
risk 0.91, 95% confidence interval 0.84-0.99), and that one additional infant could survive
to 36 weeks without BPD for every 25 babies treated with nCPAP [56]. The ideal amount of
supplemental oxygen for use in either the delivery room or the neonatal intensive care unit
remains uncertain [57]. Numerous studies have investigated the appropriate amount of
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oxygen to be delivered and the safest target saturations for clinical use [58-61]. In the
recently published BOOST II study, retinopathy of prematurity was decreased, but death by
36 weeks was increased when targeting lower saturations (85-89%) [60]. This suggests that,
although efforts to avoid excessive oxygen therapy are reasonable, this should be done with
caution and oxygen therapy should not be withheld from the deteriorating child.

Over the past decade, heated high-flow nasal cannula (HHFNC) systems have been shown
to be as effective as NCPAP with similar rates of BPD [62,63]. HHFNC does not require a
tight seal and is thus, unlike nCPAP therapy, not associated with nasal trauma [62].
However, as noted above, these devices have been shown to deliver significant positive
pharyngeal pressure [34]. Although HHFNC has clinical benefit, providers ought recognize
that HHFNC provides significant respiratory support. Children requiring HHFNC may
possess greater pulmonary compromise than apparent on cursory evaluation.

Long Term Effects of Prematurity and BPD on Lung Function

As survivors of extreme prematurity in the post-surfactant era are now reaching childhood
and early adulthood, new evidence is emerging to suggest that the disruption of
alveolarization seen in these patients durably impairs lung function. In the EPlcure study,
over 50% of middle school aged children born at less than 25 weeks GA had abnormal
baseline spirometry (primarily demonstrating significant lower airway obstruction), and
these deficits were most pronounced in those patients with a history of BPD [64]. Further,
less than half of the children with lower airway obstruction who demonstrated a positive
response to bronchodilators had been treated with medication during the preceding 12
months, highlighting the need for continued and careful pulmonary follow up for patients
with a history of extreme prematurity, even if asymptomatic. However, more comprehensive
pulmonary function testing may be indicated, as spirometry alone is relatively insensitive in
these patients, missing lung function abnormalities in up to 40% of childhood survivors of
extreme prematurity [65]. Exercise tolerance may be impaired in school-age survivors of
premature birth to a much greater degree than predicted by the amount of airway obstruction
[66]. Further, Balinotti and colleagues demonstrated that pulmonary diffusion capacity was
significantly lower in infants and toddlers with a history of BPD, thus providing some of the
first physiologic data to support the histologic evidence that the “new” BPD results from
arrested alveolar development and diminished loss of gas exchange surface area [5]. The
high incidence of lung function abnormalities in children with a history of extreme
prematurity even in the absence of BPD[67] highlights the vulnerability of the immature
lung to premature birth.[67].

Mechanisms of Lung Regeneration

Experimental studies demonstrate that some species possess a remarkable capacity for lung
regeneration. This is perhaps best exemplified by the regenerative neo-alveolarization that
occurs following unilateral pneumonectomy in small rodents. In these models, the removal
of a single lung invokes a rapid period of compensatory growth in the remaining lung
characterized by the re-expression of growth factors and extracellular matrix components
produced during developmental alveolarization, and the proliferation of pulmonary
epithelial and endothelial cells, resulting in a complete restoration of total lung capacity
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[68]. Mechanical stretch of the remaining lung and increased pulmonary blood flow have
been hypothesized as initiating factors in invoking this compensatory growth, thought to
occur via increases in both alveolar number and size of existing alveoli [69,70].

Early data in humans suggested that the majority of compensation after pneumonectomy
resulted from the recruitment of reserve lung tissue rather than true lung growth [71].
However, more recent data suggest that the human lung also has some capacity for
regeneration after injury, and this appears to be greatest in pediatric patients. While post-
pneumonectomy adults demonstrate an increase in total lung capacity (TLC) in association
with decreased residual volumes (i.e., due to recruitment of lung reserves), children were
found to have similar increases in TLC without decreases in residual volume, suggesting
compensatory growth [72]. In a group of patients undergoing pneumonectomy prior to age
5, the TLC reached 96% of the normal value for two lungs at 30 years post pneumonectomy,
suggesting full compensation for the lost parenchyma [73]. In contrast, TLC reached a
maximum of 70% in older patients post-pneumonectomy, demonstrating a greater ability of
the immature lung to regenerate.

This increased capacity for lung regeneration in young patients may be better understood in
light of new evidence suggesting that alveolarization may continue through the first two
decades of postnatal life. Early data based on morphometric methods of counting alveoli,
suggested that the number of alveoli increased rapidly postnatally, reaching a maximum by
2 years of age [74], with further increases in lung capacity resulting from increases in
alveolar size and surface area, rather than additional increases in alveolar number. However,
high resolution CT scans obtained during the first three years of life showed that growth of
the lung parenchyma is primarily due to the addition of new alveoli, rather than the
expansion of existing alveoli [75]. These images demonstrated that alveolar number
increases through the first three years of life [75]. Moreover, recent animal studies using
more advanced morphometric techniques have demonstrated that secondary septation and
formation of new alveoli continue in rodents and non-human primates until time points that
are analogous to early adulthood in humans [76,77].

Emerging Therapies to Promote Lung Growth

The recognition that alveolarization may extend until early adulthood suggests that
therapeutic strategies could be developed to exploit these same mechanisms in order to
promote lung regeneration. Many of the signaling pathways essential for lung development
are suppressed during disease, and reactivated during lung repair. Thus, better delineation of
these pathways and their cellular targets may provide novel therapeutic strategies to
stimulate lung growth after injury. A number of putative resident progenitor cells have been
identified in the lung, including proximal airway, distal lung epithelial, lung mesenchymal,
and lung endothelial progenitor cells. Numerous experimental and clinical studies have
tested the efficacy of these cell-based therapies in promoting lung regeneration after injury
(comprehensively reviewed in [78]). Further, in a landmark report, Petersen et al.
successfully engineered rat lungs ex vivo using a decellularized lung extracellular matrix
entirely repopulated with neonatal rat epithelial and endothelial cells, that functioned for a
short time when implanted in rats in vivo [79]. While certainly only an initial step, this
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achievement raises the possibility that in the future, tissue-engineered lungs may represent
an innovative alternative to lung transplantation for patients with end-stage lung disease,
provided that a source of autologous lung progenitor cells can be identified.

Of these potential therapies, the efficacy of cell-based therapies for the treatment of
bronchopulmonary dysplasia has been the focus of many recent investigative efforts. Many
have speculated that circulating progenitors, such as umbilical cord blood-derived
endothelial progenitor cells (EPCs) or mesenchymal stromal cells (MSCs), contribute to
lung vascular development, are impaired in infants with BPD, and would thus serve as a
potent stem cell therapy for treating or preventing BPD [26,80,81]. Two specific EPC sub-
types, endothelial colony-forming cells (ECFCs) and circulating progenitor cells (CPCs) are
decreased in the cord blood of infants with BPD [80,82,83]. Recent studies have shown that
both ECFCs and MSCs help to prevent BPD and PH in newborn rodents with experimental
BPD (Table 1), likely by augmenting angiogenesis through paracrine mediated mechanisms
[84-88]. These promising preclinical results provide a rationale for studying ECFC and
MSC therapy in human infants with severe BPD. However, the effects of stem cell therapy
on other organs (such as the brain and the eye) are not well studied, and at this point, we
suggest that umbilical cord stem cell therapy for BPD is not yet ready for clinical trials [89].

Conclusions

Increasing rates of survival for extremely premature infants has changed the pathology of
bronchopulmonary dysplasia, resulting in a chronic lung disease that represents impaired
microvascular and alveolar growth. Despite significant advances, BPD continues to be a
major clinical problem. Recent longitudinal clinical data demonstrates that survivors of BPD
suffer from long-term deficits in lung function, and may be at higher risk for developing
emphysema as young adults. The lung may possess a greater capacity for regeneration than
previously recognized as alveolarization occurs in young children postantally and after
pneumonectomy. Emerging studies have identified resident progenitor populations in the
lung that can stimulate lung growth. Future investigation will elucidate signaling pathways
to promote and expand these populations in order to develop cell-based therapies. Innovative
advances in lung tissue engineering hold promise for individuals with the most severe BPD.
Further work is needed to bring these cutting edge advances to the bedside in order to cure
this debilitating disease.

Acknowledgments

Funding sources:

This work was supported in part by grants from the NIH K12-HL090147-01 (CDB) and NIH grants
1P30HL101315-01 (CMA) and American Heart Association FTF Award 0875001N, and 14BGI1A18980070
(CMA).

References

1. Galambos C, Demello DE. Regulation of alveologenesis: clinical implications of impaired growth.
Pathology. 2008; 40:124-140. [PubMed: 18203035]

2. Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit Care Med. 2001; 163:1723-
1729. [PubMed: 11401896]

Curr Opin Pediatr. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Baker and Alvira

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Page 9

. Doyle LW, Faber B, Callanan C, Freezer N, Ford GW, Davis NM. Bronchopulmonary dysplasia in

very low birth weight subjects and lung function in late adolescence. Pediatrics. 2006; 118:108-113.
[PubMed: 16818555]

. Fakhoury KF, Sellers C, Smith EO, Rama JA, Fan LL. Serial measurements of lung function in a

cohort of young children with bronchopulmonary dysplasia. Pediatrics. 2010; 125:e1441-1447.
[PubMed: 20439591]

. Balinotti JE, Chakr VC, Tiller C, Kimmel R, Coates C, Kisling J, Yu Z, Nguyen J, Tepper RS.

Growth of lung parenchyma in infants and toddlers with chronic lung disease of infancy. AmJ
Respir Crit Care Med. 2010; 181:1093-1097. [PubMed: 20133928]

. Kinsella JP, Greenough A, Abman SH. Bronchopulmonary dysplasia. Lancet. 2006; 367:1421—

1431. [PubMed: 16650652]

. Northway WH Jr, Rosan RC, Porter DY. Pulmonary disease following respirator therapy of hyaline-

membrane disease. Bronchopulmonary dysplasia. N Engl J Med. 1967; 276:357-368. [PubMed:
5334613]

. Jobe AJ. The new BPD: an arrest of lung development. Pediatr Res. 1999; 46:641-643. [PubMed:

10590017]

. Hislop AA. Airway and blood vessel interaction during lung development. J Anat. 2002; 201:325—

334. [PubMed: 12430957]

Metzger RJ, Klein OD, Martin GR, Krasnow MA. The branching programme of mouse lung
development. Nature. 2008; 453:745-750. [PubMed: 18463632]

Copland I, Post M. Lung development and fetal lung growth. Paediatr Respir Rev. 2004; 5(Suppl
A):S259-264. [PubMed: 14980282]

Roth-Kleiner M, Post M. Similarities and dissimilarities of branching and septation during lung
development. Pediatr Pulmonol. 2005; 40:113-134. [PubMed: 15965895]

Burri PH. Structural aspects of postnatal lung development - alveolar formation and growth. Biol
Neonate. 2006; 89:313-322. [PubMed: 16770071]

Flamme I, Risau W. Induction of vasculogenesis and hematopoiesis in vitro. Development. 1992;
116:435-439. [PubMed: 1286617]

Risau W. Mechanisms of angiogenesis. Nature. 1997; 386:671-674. [PubMed: 9109485]
Groenman F, Unger S, Post M. The molecular basis for abnormal human lung development. Biol
Neonate. 2005; 87:164-177. [PubMed: 15591817]

Bourbon J, Boucherat O, Chailley-Heu B, Delacourt C. Control mechanisms of lung alveolar
development and their disorders in bronchopulmonary dysplasia. Pediatr Res. 2005; 57:38R-46R.
Chambers HM, van Velzen D. Ventilator-related pathology in the extremely immature lung.
Pathology. 1989; 21:79-83. [PubMed: 2682493]

Hislop AA, Haworth SG. Pulmonary vascular damage and the development of cor pulmonale
following hyaline membrane disease. Pediatr Pulmonol. 1990; 9:152-161. [PubMed: 2148977]
Coalson JJ. Pathology of new bronchopulmonary dysplasia. Semin Neonatol. 2003; 8:73-81.
[PubMed: 12667832]

LeBlanc MH, Graves GR, Rawson TW, Moffitt J. Long-term outcome of infants at the margin of
viability. J Miss State Med Assoc. 1999; 40:111-114. [PubMed: 10389377]

Allen J, Zwerdling R, Ehrenkranz R, Gaultier C, Geggel R, Greenough A, Kleinman R,
Klijanowicz A, Martinez F, Ozdemir A, et al. Statement on the care of the child with chronic lung
disease of infancy and childhood. Am J Respir Crit Care Med. 2003; 168:356-396. [PubMed:
12888611]

Baraldi E, Filippone M. Chronic lung disease after premature birth. N Engl J Med. 2007;
357:1946-1955. [PubMed: 17989387]

Coalson, JJ. Pathology of Chronic Lung disease of early infancy. In: Bland, RD.; Coalson, JJ.;
Dekker, M., editors. Chronic lung disease in early infancy. 1999. p. 85-124.Lenfant C (Series
Editor): Lung biology in health and disease v. 37, vol 137

Husain AN, Siddiqui NH, Stocker JT. Pathology of arrested acinar development in postsurfactant
bronchopulmonary dysplasia. Hum Pathol. 1998; 29:710-717. [PubMed: 9670828]

Curr Opin Pediatr. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Baker and Alvira

Page 10

26. Abman SH. Bronchopulmonary dysplasia: “a vascular hypothesis”. Am J Respir Crit Care Med.
2001; 164:1755-1756. [PubMed: 11734417]

27. 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 Care Med. 2001;
164:1971-1980. [PubMed: 11734454]

28. losef C, Alastalo TP, Hou Y, Chen C, Adams ES, Lyu SC, Cornfield DN, Alvira CM. Inhibiting
NF-kappaB in the developing lung disrupts angiogenesis and alveolarization. Am J Physiol Lung
Cell Mol Physiol. 2012; 302:1.1023-1036. [PubMed: 22367785]

29. Thébaud B, Ladha F, Michelakis ED, Sawicka M, Thurston G, Eaton F, Hashimoto K, Harry G,
Haromy A, Korbutt G, 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; 112:2477-2486.
[PubMed: 16230500]

30. Jakkula M, Le Cras TD, Gebb S, Hirth KP, Tuder RM, Voelkel NF, Abman SH. Inhibition of
angiogenesis decreases alveolarization in the developing rat lung. Am J Physiol Lung Cell Mol
Physiol. 2000; 279:L600-607. [PubMed: 10956636]

31. Mourani PM, Abman SH. Pulmonary vascular disease in bronchopulmonary dysplasia: pulmonary
hypertension and beyond. Curr Opin Pediatr. 2013; 25:329-337. [PubMed: 23615175]

32. Bancalari E, Abdenour GE, Feller R, Gannon J. Bronchopulmonary dysplasia: clinical
presentation. J Pediatr. 1979; 95:819-823. [PubMed: 385815]

33. Walsh MC, Wilson-Costello D, Zadell A, Newman N, Fanaroff A. Safety, reliability, and validity
of a physiologic definition of bronchopulmonary dysplasia. J Perinatol. 2003; 23:451-456.
[PubMed: 13679930]

34. Collins CL, Holberton JR, Konig K. Comparison of the pharyngeal pressure provided by two
heated, humidified high-flow nasal cannulae devices in premature infants. J Paediatr Child Health.
2013; 49:554-556. [PubMed: 23782410]

35. Stoll BJ, Hansen NI, Bell EF, Shankaran S, Laptook AR, Walsh MC, Hale EC, Newman NS,
Schibler K, Carlo WA, et al. Neonatal outcomes of extremely preterm infants from the NICHD
Neonatal Research Network. Pediatrics. 2010; 126:443-456. [PubMed: 20732945]

36. Stroustrup A, Trasande L. Epidemiological characteristics and resource use in neonates with
bronchopulmonary dysplasia: 1993-2006. Pediatrics. 2010; 126:291-297. [PubMed: 20643728]

37. Latini G, De Felice C, Giannuzzi R, Del Vecchio A. Survival rate and prevalence of
bronchopulmonary dysplasia in extremely low birth weight infants. Early Hum Dev. 2013;
89(Suppl 1):S69-73. [PubMed: 23809356]

38. Ali Z, Schmidt P, Dodd J, Jeppesen DL. Bronchopulmonary dysplasia: a review. Arch Gynecol
Obstet. 2013; 288:325-333. [PubMed: 23420126]

39. Bhandari V, Bizzarro MJ, Shetty A, Zhong X, Page GP, Zhang H, Ment LR, Gruen JR. Familial
and Genetic Susceptibility to Major Neonatal Morbidities in Preterm Twins. PEDIATRICS. 2006;
117:1901-1906. [PubMed: 16740829]

40. Lavoie PM, Pham C, Jang KL. Heritability of bronchopulmonary dysplasia, defined according to
the consensus statement of the national institutes of health. Pediatrics. 2008; 122:479-485.
[PubMed: 18762515]

*41. Wang H, St Julien KR, Stevenson DK, Hoffmann TJ, Witte JS, Lazzeroni LC, Krasnow MA,
Quaintance CC, Oehlert JW, Jelliffe-Pawlowski LL, et al. A genome-wide association study
(GWAS) for bronchopulmonary dysplasia. Pediatrics. 2013; 132:290-297. This large GWAS
study of a heterogeneous population did not identify single nucleotide polymorphisms associated
with BPD. [PubMed: 23897914]

42. Eriksson L, Haglund B, Odlind V, Altman M, Kieler H. Prenatal inflammatory risk factors for

development of bronchopulmonary dysplasia. Pediatr Pulmonol. 2013

43. Durrmeyer X, Kayem G, Sinico M, Dassieu G, Danan C, Decobert F. Perinatal risk factors for
bronchopulmonary dysplasia in extremely low gestational age infants: a pregnancy disorder-based
approach. J Pediatr. 2012; 160:578-583. e572. [PubMed: 22048041]

Curr Opin Pediatr. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Baker and Alvira

Page 11

44. Hansen AR, Barnés CM, Folkman J, McElrath TF. Maternal preeclampsia predicts the
development of bronchopulmonary dysplasia. J Pediatr. 2010; 156:532-536. [PubMed: 20004912]

45. Been JV, Zimmermann LJ. Histological chorioamnionitis and respiratory outcome in preterm
infants. Arch Dis Child Fetal Neonatal Ed. 2009; 94:F218-225. [PubMed: 19131431]

46. Lee HJ, Kim E-K, Kim H-S, Choi CW, Kim BI, Choi J-H. Chorioamnionitis, respiratory distress
syndrome and bronchopulmonary dysplasia in extremely low birth weight infants. J Perinatol.
2010:1-5.

47. Fanaroff AA, Korones SB, Wright LL, Verter J, Poland RL, Bauer CR, Tyson JE, Philips JB 3rd,
Edwards W, Lucey JF, et al. Incidence, presenting features, risk factors and significance of late
onset septicemia in very low birth weight infants. The National Institute of Child Health and
Human Development Neonatal Research Network. Pediatr Infect Dis J. 1998; 17:593-598.
[PubMed: 9686724]

48. Klinger G, Levy |, Sirota L, Boyko V, Lerner-Geva L, Reichman B, Israel Neonatal N. Outcome of
early-onset sepsis in a national cohort of very low birth weight infants. Pediatrics. 2010;
125:e736-740. [PubMed: 20231184]

49. Shima Y, Kumasaka S, Migita M. Perinatal risk factors for adverse long-term pulmonary outcome
in premature infants: comparison of different definitions of bronchopulmonary dysplasia/chronic
lung disease. Pediatr Int. 2013; 55:578-581. [PubMed: 23745727]

50. Laughon M, Allred EN, Bose C, O’Shea TM, Van Marter LJ, Ehrenkranz RA, Leviton A. Patterns
of respiratory disease during the first 2 postnatal weeks in extremely premature infants. Pediatrics.
2009; 123:1124-1131. [PubMed: 19336371]

*51. Fischer HS, Buhrer C. Avoiding endotracheal ventilation to prevent bronchopulmonary dysplasia:
a meta-analysis. Pediatrics. 2013; 132:e1351-1360. This meta-analysis concluded that avoiding
endotracheal intubation in extremely preterm infants helped to prevent BPD. [PubMed:
24144716]

52. Bancalari E, Claure N, Sosenko IR. Bronchopulmonary dysplasia: changes in pathogenesis,
epidemiology and definition. Semin Neonatol. 2003; 8:63-71. [PubMed: 12667831]

53. Kaempf JW, Wu Y X, Kaempf AJ, Kaempf AM, Wang L, Grunkemeier G. What happens when the
patent ductus arteriosus is treated less aggressively in very low birth weight infants? J Perinatol.
2012; 32:344-348. [PubMed: 21818064]

54. Chock VY, Punn R, Oza A, Benitz WE, Van Meurs KP, Whittemore AS, Behzadian F, Silverman
NH. Predictors of Bronchopulmonary Dysplasia or Death in Premature Infants with a Patent
Ductus Arteriosus. Pediatr Res. 2013

*55. Li Y, Yan J, Li M, Xiao Z, Zhu X, Pan J, Li X, Feng X. Addition of SNAP to perinatal risk

factors improves the prediction of bronchopulmonary dysplasia or death in critically ill preterm
infants. BMC Pediatr. 2013; 13:138. A physiologic severity index on the first day of life was
associated with an increased risk of BPD or death in critically ill preterm infants. [PubMed:
24020335]

56. Schmolzer GM, Kumar M, Pichler G, Aziz K, O’Reilly M, Cheung PY. Non-invasive versus
invasive respiratory support in preterm infants at birth: systematic review and meta-analysis. BMJ.
2013; 347:f5980. [PubMed: 24136633]

57. Askie LM. Optimal oxygen saturations in preterm infants: a moving target. Curr Opin Pediatr.
2013; 25:188-192. [PubMed: 23399572]

58. Carlo WA, Finer NN, Walsh MC, Rich W, Gantz MG, Laptook AR, Yoder BA, Faix RG, Das A,
Poole WK, et al. Target ranges of oxygen saturation in extremely preterm infants. N Engl J Med.
2010; 362:1959-1969. [PubMed: 20472937]

59. Schmidt B, Whyte RK, Asztalos EV, Moddemann D, Poets C, Rabi Y, Solimano A, Roberts RS,
Canadian Oxygen Trial G. Effects of targeting higher vs lower arterial oxygen saturations on death
or disability in extremely preterm infants: a randomized clinical trial. JAMA. 2013; 309:2111~
2120. [PubMed: 23644995]

**60. Stenson BJ, Tarnow-Mordi WO, Darlow BA, Simes J, Juszczak E, Askie L, Battin M, Bowler

U, Broadbent R, Cairns P, et al. Oxygen saturation and outcomes in preterm infants. N Engl J
Med. 2013; 368:2094-2104. The BOOST II trial showed that targeting lower oxygen saturations
(<90%) was associated with an increased risk of death. [PubMed: 23642047]

Curr Opin Pediatr. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Baker and Alvira

Page 12

61. Vento M, Moro M, Escrig R, Arruza L, Villar G, Izquierdo I, Roberts LJ, Arduini A, Escobar JJ,
Sastre J, et al. Preterm Resuscitation With Low Oxygen Causes Less Oxidative Stress,
Inflammation, and Chronic Lung Disease. PEDIATRICS. 2009; 124:e439-e449. [PubMed:
19661049]

*62. Manley BJ, Owen LS, Doyle LW, Andersen CC, Cartwright DW, Pritchard MA, Donath SM,
Davis PG. High-flow nasal cannulae in very preterm infants after extubation. N Engl J Med.
2013; 369:1425-1433. In very preterm infants, high-flow oxygen and nasal CPAP had similar
failure rates after extubation. [PubMed: 24106935]

63. Yoder BA, Stoddard RA, Li M, King J, Dirnberger DR, Abbasi S. Heated, humidified high-flow
nasal cannula versus nasal CPAP for respiratory support in neonates. Pediatrics. 2013; 131:e1482—
1490. [PubMed: 23610207]

64. Fawke J, Lum S, Kirkby J, Hennessy E, Marlow N, Rowell V, Thomas S, Stocks J. Lung function
and respiratory symptoms at 11 years in children born extremely preterm: the EPICure study. Am
J Respir Crit Care Med. 2010; 182:237-245. [PubMed: 20378729]

65. Lum S, Kirkby J, Welsh L, Marlow N, Hennessy E, Stocks J. Nature and severity of lung function
abnormalities in extremely pre-term children at 11 years of age. Eur Respir J. 2011; 37:1199-
1207. [PubMed: 20947682]

66. Smith LJ, van Asperen PP, McKay KO, Selvadurai H, Fitzgerald DA. Reduced exercise capacity
in children born very preterm. Pediatrics. 2008; 122:e287-293. [PubMed: 18676514]

*67. Cazzato S, Ridolfi L, Bernardi F, Faldella G, Bertelli L. Lung function outcome at school age in
very low birth weight children. Pediatr Pulmonol. 2013; 48:830-837. This study showed that
school age survivors of extremem prematurity have long-standing lung function abnormalities
even in the absence of a history of BPD. [PubMed: 23129340]

**68. Thane K, Ingenito EP, Hoffman AM. Lung regeneration and translational implications of the
postpneumonectomy model. Transl Res. 2013 This review summarizes the cellular and moeluclar
mechansism events that occur during lung regeneration after pneumonectomy.

69. Voswinckel R, Motejl V, Fehrenbach A, Wegmann M, Mehling T, Fehrenbach H, Seeger W.
Characterisation of post-pneumonectomy lung growth in adult mice. Eur Respir J. 2004; 24:524—
532. [PubMed: 15459128]

70. Fehrenbach H, Voswinckel R, Michl V, Mehling T, Fehrenbach A, Seeger W, Nyengaard JR.
Neoalveolarisation contributes to compensatory lung growth following pneumonectomy in mice.
Eur Respir J. 2008; 31:515-522. [PubMed: 18032439]

**71. Paisley D, Bevan L, Choy KJ, Gross C. The pneumonectomy model of compensatory lung
growth: Insights into lung regeneration. Pharmacol Ther. 2013 This review highlights how
knoweldge gained from the experimental pneumonectomy model may be applied to novel
therapies to promote lung regeneration.

72. Werner HA, Pirie GE, Nadel HR, Fleisher AG, LeBlanc JG. Lung volumes, mechanics, and
perfusion after pulmonary resection in infancy. J Thorac Cardiovasc Surg. 1993; 105:737-742.
[PubMed: 8469008]

73. Laros CD, Westermann CJ. Dilatation, compensatory growth, or both after pneumonectomy during
childhood and adolescence. A thirty-year follow-up study. J Thorac Cardiovasc Surg. 1987;
93:570-576. [PubMed: 3561005]

74. Thurlbeck WM. Postnatal human lung growth. Thorax. 1982; 37:564-571. [PubMed: 7179184]

75. Rao L, Tiller C, Coates C, Kimmel R, Applegate KE, Granroth-Cook J, Denski C, Nguyen J, Yu Z,
Hoffman E, et al. Lung growth in infants and toddlers assessed by multi-slice computed
tomography. Acad Radiol. 2010; 17:1128-1135. [PubMed: 20542449]

76. Schittny JC, Mund S, Stampanoni M. Evidence and structural mechanism for late lung
alveolarization. Am J Physiol Lung Cell Mol Physiol. 2008; 294:1.246-254. [PubMed: 18032698]

77. Hyde DM, Blozis SA, Avdalovic MV, Putney LF, Dettorre R, Quesenberry NJ, Singh P, Tyler NK.
Alveoli increase in number but not size from birth to adulthood in rhesus monkeys. Am J Physiol
Lung Cell Mol Physiol. 2007; 293:L.570-579. [PubMed: 17586691]

78. O’Reilly M, Thebaud B. Cell-based strategies to reconstitute lung function in infants with severe
bronchopulmonary dysplasia. Clin Perinatol. 2012; 39:703-725. [PubMed: 22954277]

Curr Opin Pediatr. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Baker and Alvira Page 13

79. Petersen TH, Calle EA, Zhao L, Lee EJ, Gui L, Raredon MB, Gavrilov K, Yi T, Zhuang ZW,
Breuer C, et al. Tissue-engineered lungs for in vivo implantation. Science. 2010; 329:538-541.
[PubMed: 20576850]

80. Baker CD, Balasubramaniam V, Mourani PM, Sontag MK, Black CP, Ryan SL, Abman SH. Cord
blood angiogenic progenitor cells are decreased in bronchopulmonary dysplasia. Eur Respir J.
2012; 40:1516-1522. [PubMed: 22496315]

81. Thebaud B, Abman SH. Bronchopulmonary Dysplasia: Where Have All the Vessels Gone? Roles
of Angiogenic Growth Factors in Chronic Lung Disease. American Journal of Respiratory and
Critical Care Medicine. 2007; 175:978-985. [PubMed: 17272782]

82. Borghesi A, Massa M, Campanelli R, Bollani L, Tzialla C, Figar TA, Ferrari G, Bonetti E, Chiesa
G, De Silvestri A, et al. Circulating Endothelial Progenitor Cells in Preterm Infants with
Bronchopulmonary Dysplasia. American Journal of Respiratory and Critical Care Medicine. 2009;
180:540-546. [PubMed: 19574444]

83. Estes ML, Mund JA, Mead LE, Prater DN, Cai S, Wang H, Pollok KE, Murphy MP, An CST,
Srour EF, et al. Application of polychromatic flow cytometry to identify novel subsets of
circulating cells with angiogenic potential. Cytometry A. 2010; 77:831-839. [PubMed: 20803735]

84. Aslam M, Baveja R, Liang OD, Fernandez-Gonzalez A, Lee C, Mitsialis SA, Kourembanas S.
Bone marrow stromal cells attenuate lung injury in a murine model of neonatal chronic lung
disease. Am J Respir Crit Care Med. 2009; 180:1122-1130. [PubMed: 19713447]

*85. Baker CD, Seedorf GJ, Wisniewski BL, Black CP, Ryan SL, Balasubramaniam V, Abman SH.
Endothelial colony-forming cell conditioned media promote angiogenesis in vitro and prevent
pulmonary hypertension in experimental bronchopulmonary dysplasia. Am J Physiol Lung Cell
Mol Physiol. 2013; 305:L73-81. This study showed that both endothelial colony-forming cells
(ECFCs) and ECFC-conditioned media prevented pulmonary hypertension but did not restore
lung structure in experimental BPD. [PubMed: 23666751]

**86. lonescu L, Byrne RN, van Haaften T, Vadivel A, Alphonse RS, Rey-Parra GJ, Weissmann G,
Hall A, Eaton F, Thebaud B. Stem cell conditioned medium improves acute lung injury in mice:
in vivo evidence for stem cell paracrine action. Am J Physiol Lung Cell Mol Physiol. 2012;
303:L967-977. This important study showed that mesenchymal stromal cells secrete soluble
factors to protect against acute lung injury without sustained cellular engraftment. [PubMed:
23023971]

*87. Pierro M, lonescu L, Montemurro T, Vadivel A, Weissmann G, Oudit G, Emery D, Bodiga S,
Eaton F, Peault B, et al. Short-term, long-term and paracrine effect of human umbilical cord-
derived stem cells in lung injury prevention and repair in experimental bronchopulmonary
dysplasia. Thorax. 2013; 68:475-484. Treatment with cord-derived stem cells protects against
experimental BPD in hyperoxia-exposed newborn rats. [PubMed: 23212278]

88. Van Haaften T, Byrne R, Bonnet S, Rochefort GY, Akabutu J, Bouchentouf M, Rey-Parra GJ,
Galipeau J, Haromy A, Eaton F, et al. Airway Delivery of Mesenchymal Stem Cells Prevents
Arrested Alveolar Growth in Neonatal Lung Injury in Rats. American Journal of Respiratory and
Critical Care Medicine. 2009:1-55.

89. Baker CD, Abman SH. Umbilical cord stem cell therapy for bronchopulmonary dysplasia: ready
for prime time? Thorax. 2013

Curr Opin Pediatr. Author manuscript; available in PMC 2015 June 01.



Baker and Alvira Page 14

Curr Opin Pediatr. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Baker and Alvira Page 15

Gestational Birth
Weeks 1

I | | I I | I I | | I | | I I | I I | I |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Alveolar
| Saccular >
- *Secondary
[ Embryonic » | Canalicular D . Aweolar type Il seplation results in
| Pseudoglandular b Branching differentiation allows the division of
._. ] morphogenesis is for surfactant alveolar ducts into
« Initiation of branching g roduction terminal alveoli
: completed P
morphogenesis
« Terminal + Primitive terminal » Pulmonary capillary
- Growth factors secreted Siohchiclen ad airspaces form, bed expands by

from the mesenchyme consisting of thin angiogenesis
: e ; formed
signal repetitive branching walled saccules

to form pre-acinar airways —
P 4 *Alveolar epithelium

thins

Figure 1.
Overview of the Stages of Lung Development. After formation of the primitive lung bud

during the embryonic stage of development, the remaining four stages follow sequentially.
During the pseudoglandular stage, repetitive sprouting and bifurcation results in the
formation of the pre-acinar airways via branching morphogenesis. The terminal bronchioles
form, and branching morphogenesis is completed during the canalicular stage. Primitive
terminal airspaces form during the saccular stage of development, and alveolar type Il cells
differentiate and begin to produce surfactant. In the final, alveolar stage, beginning just
before term birth and extending for a number of years postnatally, secondary septation and
pulmonary angiogenesis markedly increase the gas exchange surface area of the lung.
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Therapy

Model of BPD

Route of Delivery

Physiologic Effect

Reference

MSC

Hyperoxia (neonatal mice)

Intravenous (temporal vein)

Modest improvement in alveolarization,
suppression of lung inflammation, and
prevention of pulmonary vascular
remodeling

Aslam [84]

MSC

Hyperoxia (neonatal mice)

Intratracheal

Prevention and rescue of arrested alveolar
growth, improved survival, attenuated
alveolar and vascular injury and pulmonary
hypertension.

Pierro [87]
Van Haaften
[88]

MSC

LPS Induced Lung Injury
(Mice)

Intratracheal

Decreased LPS-induced lung inflammation,
lung vascular permeability, and histologic
lung injury.

lonescu [86]

MSC-CM

Hyperoxia (neonatal mice)

Intravenous (temporal vein)

Marked improvement in alveolarization,
suppression of lung inflammation, and
prevention of pulmonary vascular
remodeling

Aslam [84]

MSC-CM

Hyperoxia (neonatal mice)

Intraperitoneal

Improved alveolar growth and pulmonary
vascular density, prevention of pulmonary
vascular remodeling and RVH.

Pierro [87]

MSC-CM

LPS Induced Lung Injury
(Mice)

Intratracheal

Decreased LPS-induced lung inflammation,
lung vascular permeability, and histologic
lung injury.

lonescu [86]

ECFC

Bleomycin (neonatal rats)

Intravenous (jugular vein)

Decreased RVH, no effect on
alveolarization or pulmonary vascular
density

Baker [85]

ECFC-CM

Bleomycin (neonatal rats)

Intravenous (jugular vein)

Decreased RVH, no effect on
alveolarization or pulmonary vascular
density

Baker [85]

ECFC-CM

Bleomycin (neonatal rats)

Intraperitoneal

Decreased RVH, no effect on
alveolarization or pulmonary vascular
density

Baker [85]

MSC = mesenchymal stromal cell. ECFC = endothelial colony-forming cell. CM = conditioned media. LPS = lipopolysaccharide.
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