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Abstract

Objective—To review the candidate gene and genome-wide association studies relevant to
bronchopulmonary dysplasia, and discuss the emerging understanding of the complexities
involved in genetic predisposition to bronchopulmonary dysplasia and its outcomes.

Findings—Genetic factors contribute much of the variance in risk for BPD. Studies to date
evaluating single or a few candidate genes have not been successful in yielding results that are
replicated in GWAS, perhaps due to more stringent p-value thresholds. GWAS studies have
identified only a single gene (SPOCK?2) at genome-wide significance in a European White and
African cohort, which was not replicated in two North American studies. Pathway gene set
analysis in a North American cohort confirmed involvement of known pathways of lung
development and repair (e.g. CD44, phosphorus oxygen lyase activity) and indicated novel
molecules and pathways (e.g. adenosine deaminase, targets of miR-219) involved in genetic
predisposition to BPD. The genetic basis of severe BPD is different from that of mild/moderate
BPD, and the variants/pathways associated with BPD vary by race/ethnicity. A pilot study of
whole exome sequencing identified hundreds of genes of interest, and indicated the overall
feasibility as well as complexity of this approach.

Conclusion—Better phenotyping of BPD by severity and pathophysiology, and careful analysis
of race/ethnicity is required to gain a better understanding of the genetic basis of BPD. Future
translational studies are required for the identification of potential genetic predispositions (rare
variants and dysregulated pathways) by next generation sequencing methods in individual infants
(personalized genomics).

Introduction

Extremely preterm infants are at high risk of mortality and morbidity. One of the most
common morbidities is bronchopulmonary dysplasia (BPD), affecting more than two-thirds
of a recent cohort of extremely preterm infants in the United States.! BPD also accounts for
much of the late (>60 days) mortality in extremely preterm infants.2 Even after controlling
for birth weight, gestational age, and sociodemographic characteristics, a diagnosis of BPD
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is associated with a large increase in direct costs for the initial neonatal intensive care unit
hospitalization.3 In a recent large cohort, 28% of extremely preterm infants were discharged
home on oxygen,* suggesting that the morbidity and costs of BPD therapy extend for many
infants well beyond the initial hospital stay. The genetics of BPD has been reviewed in
Seminarsin Perinatology by Bhandari and Gruen in 2006° and subsequently by Shaw and
O’Brodovich in 2013. This review is therefore an update on recent advances in the field,
with a brief overview of the evidence already covered in the previous reviews.

The search for genetic origins of BPD has been complicated by several factors. One issue is
that the diagnostic criteria for BPD have changed many times since Northway et al.” first
described BPD in 1967 as a pulmonary disease following mechanical ventilation of infants
with respiratory distress syndrome, characterized by airway injury, inflammation, and lung
fibrosis. In 1979, William Tooley defined BPD as when an infant at 30 days of age has any
radiologic abnormality of the lung parenchyma plus at least one of the following: (1) an O,
tension in arterial blood breathing room air of 60 torr or less: (2) CO5 tension in arterial
blood of more than 45 torr; and/or/(3) O, dependence (i.e., requires an FiO, of more than
0.21).8 In 1988, Shennan et al.9 observed that the need for oxygen at 28 days became
increasingly less useful as gestational age decreased, but irrespective of gestational age at
birth, the requirement for additional oxygen at 36 weeks' corrected postnatal gestational age
was a better predictor of abnormal outcome. A major limitation of these definitions is the
wide-ranging criteria for oxygen “requirement” used by different clinicians. A workshop on
BPD organized by the National Institute of Child Health and Human Development
(NICHD), the NHLBI, and the Office of Rare Diseases (ORD) developed diagnostic criteria
for BPD based on gestational age (< 32 weeks vs. >32 weeks) and severity (Mild, Moderate,
or Severe BPD, based on oxygen supplementation at 28 days of age and 36 weeks
postmenstrual age).19 Subsequently, Walsh et al.11 described a “physiologic definition” of
BPD by a standardized oxygen saturation monitoring at 36 weeks corrected age that was
highly reliable and improved the precision of diagnosis of BPD. Currently, the NIH
workshop definition and the physiologic definition are the most used. As these multiple
definitions have evolved over time, and considering the fact that the infants who develop
BPD in the current era (mostly 22—-26 weeks gestational age at birth) are much more
immature than the infants at highest risk of BPD in the 1970s (30-34 week infants) and
1990s (26—30 week infants), it is safe to state that the infants defined as having “BPD” in the
1970s or 1980s were very different from those with BPD in recent years. The pathology of
BPD has also changed over the years, with the lungs in “old” BPD being characterized by
alternating areas of atelectasis and overinflation, marked airway epithelial hyperplasia and
squamous metaplasia, airway smooth muscle hyperplasia, extensive fibrosis and pulmonary
hypertension, and decreased internal surface area and alveoli, while the histology of the
current “new” BPD having fewer and larger simplified alveoli, less airway lesions, variable
airway smooth muscle hyperplasia and interstitial fibrosis, fewer and dysmorphic capillaries,
and less severe arterial remodeling.12:13

Another issue is that the definition of BPD (oxygen requirement) being an operational
definition does not indicate the diverse underlying pulmonary pathology or the variable
magnitude of pathology between different preterm infants. The magnitude of inhibition of
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alveolar development,12 the extent of lung fibrosis (and resulting changes in lung
compliance),’ the severity of lung vascular remodeling (and resulting pulmonary
hypertension),1415 and the degree of trachea-bronchomalacial® vary from one infant to
another, and perhaps even in the same infant over time, as BPD is a disorder superimposed
on normal lung development. Yet another issue that we will discuss subsequently is that
severe BPD is different from mild or moderate BPD in its genetic basis, and that biologic
pathways associated with BPD risk are very different in infants of different race/ethnicity.1”
Therefore, the single diagnosis “BPD” has been applied using varying criteria to infants of
varying gestational age and illness severity, varying lung airway/vascular/parenchymal
pathology, and of varying genetic background. It is likely that “BPD” is not a single entity,
nor even a spectrum of disease resulting from a single pathophysiologic process, but the is
the result of multiple pathophysiologic processes leading to varying magnitudes of inhibited
alveolar septation, lung fibrosis, and abnormal vascular development and remodeling in
preterm infants at the saccular or early alveolar stage of lung development. As may be
expected, the genetic basis of each of these sub-phenotypes of BPD is likely to vary,
depending upon the underlying clinical variables and pathophysiology.

Identification of the genetic basis of BPD

Familial and genetic susceptibility to BPD (defined as oxygen requirement at 36 weeks
PMA with compatible radiographic findings) was evaluated in a multicenter retrospective
study of twin pairs born at <32 weeks of gestation by Bhandari et al.18 After controlling for
the effects of covariates, the twin data showed that 65.2% (95% CI: 53-79%, p<0.001) of
the variance in liability for BPD could be accounted for by genetic and shared
environmental factors. The genetic component was estimated from the correlation between
monozygotic twins beyond that of dizygotic twins, and the observed concordance in
monozygotic twins was significantly higher than the expected concordance. After
controlling for covariates, genetic factors were considered to account for as much as 53%
(95% CI 16-89%, p=0.004) of the variance in liability for BPD.18 Lavoie et al.19 evaluated
the heritability of BPD defined according to the NIH consensus definition using clinical data
from 318 twin pairs of known zygosity <30 weeks of gestation. Model-fitting analyses
indicated that genetic effects accounted for 79% of the observed variance in moderate to
severe BPD susceptibility.1% The genetic factors that contribute to BPD susceptibility (or
conversely, to the resistance to development of BPD in an otherwise susceptible extremely
preterm infant) have been the subject of much investigation in recent years, when the
technology has progressed sufficiently to (a) permit the survival of preterm infants despite
severe lung disease and progress to BPD, (b) allow evaluation of single nucleotide
polymorphisms (SNPs) in genes at sufficiently low cost and with rapid throughput.

Targeted evaluation of SNPs (candidate gene studies)

Several investigators have attempted to identify associations with BPD of molecules or
pathways that are known to be associated with lung development, maturation, inflammation,
fibrosis, angiogenesis, oxidative stress, or tissue injury and repair. In general, many of these
studies have focused on SNPs in relatively few genes or pathways, and have had limited
sample sizes from one or a few centers. A limitation of these approaches is that we currently
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do not have a good understanding of the regulation of the transition from the saccular to the
alveolar stage of lung development. Hence, we do not know all the molecules or pathways
of critical importance to distal lung development (and therefore to BPD pathogenesis) that
can be targeted for analysis. The SNPs associated with BPD in candidate gene studies have
not been corroborated in GWAS, perhaps because most candidate gene studies have used
standard thresholds (p<0.05) while GWAS thresholds are generally much stricter p<1078.

The role of surfactant proteins in surfactant biology is well known, and it is not surprising
that multiple surfactant protein loci have been found to be associated with BPD.20
Polymorphisms in surfactant protein B (SP-B) have been associated with BPD in multiple
studies, primarily the SP-B i4 deletion variant allele.21:22 Polymorphisms in surfactant
protein C (SP-C) have been shown to be associated with RDS and very premature birth,
though not with BPD.23 Ryckman et al.24 found associations of surfactant protein D
(SFTPD) with RDS and angiotensin-converting enzyme (ACE) with BPD. Polymorphisms
in SFTPD have also been found associated with respiratory distress and requirement for
respiratory support by Sorensen et al.2> and Hilgendorff et al.28, though not with BPD.

The Toll-like receptor (TLR) family of proteins is important in pathogen recognition and
clearance. Sampath et al.2” evaluated a cohort of 289 infants in whom 66 developed BPD
and 32 developed severe BPD. Nine TLR pathway single-nucleotide polymorphisms were
genotyped, and in regression models that controlled for potential confounders, the TIRAP
(9.2054C > T) variant was associated with BPD, and the TLR5 (g.1174C > T) variant that
encodes a stop codon was associated with severe BPD.27 Lavoie et al.28 evaluated whether
the TLR4 polymorphisms Asp299Gly (rs4986790) and Thr399lle (rs4986791) are
independently associated with BPD, and found that the TLR4-299 heterozygous genotype
was significantly under-represented in a Canadian cohort of infants without BPD (1.6% of
infants versus 12% in infants with severe BPD) after adjusting for covariates (p = 0.014), but
not in a Finnish cohort. TLR6 SNP rs5743827 was associated with a decreased risk for BPD
(OR 0.54 [0.31-0.95]).2°

As infection and inflammation are considered major contributors to BPD, multiple cytokine
SNPs have also been evaluated. Mailaparambil et al.30 assessed 37 polymorphisms within
16 genes in 155 infants <28w gestation, of whom 47 developed moderate/severe BPD. BPD
was more strongly associated with clinical factors such as birth weight and earlier
gestational age, than with genetic polymorphisms. Polymorphisms in TNF-a (rs1799724),
TLR10 (rs11096955) and VEGF (rs699947) were associated with BPD.30 Kazzi et al.3! and
Elhawary et al.32 found that the —238G > A polymorphism was associated with risk of BPD.
However, Strassberg et al.33 did not find any association between BPD and TNF-a. Huusko
et al.34 also evaluated five IL6, nine IL6R, four IL6ST, one IL10, two TNF-a, and 23
NR3C1 SNPs in very preterm infants from Finland and Canada, and did not find any of the
analyzed SNPs to be associated with BPD. Huusko et al.3% in a different publication and
using more subjects, noted that SNPs in Kit ligand (KITLG) were associated with
predisposition to BPD. Floros et al.3¢ conducted a case-control SNP association study of
candidate genes (n=601) or 6,324 SNPs in 1,091 prematurely born infants with gestational
age <35 weeks, with or without neonatal lung disease including BPD (O, at 28 days) and
found two significant SNPs, rs3771150 (interleukin 18 receptor accessory protein or
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IL-18RAP) and rs3771171 (interleukin 18 receptor 1 or IL-18R1), in African Americans but
not Caucasians with BPD. On a related note, Krueger et al.3” found that polymorphisms in
IL-18 were not associated with BPD.

Bokodi et al.38 found that the IFN-y (+874) A allele was over-represented in LBW infants,
while carriers of the IFN-y (+874) T allele were protected against BPD, suggesting that
carrier state of the IFN-y (+874) A allele may be an increased risk for premature birth and
BPD.38 Prencipe et al.39 found that macrophage migration inhibitory factor (MIF)
expression was increased in lung and serum of preterm infants and the high producing MIF
-173*C allele was associated with a lower incidence of BPD (OR 0.2). Polymorphisms in
mannose binding lectin (MBL) have been associated with risk of BPD in studies by Cakmak
et al.0, Hilgendorff et al.! and Capoluongo et al.#2

Oxidative stress is considered to contribute to lung injury and BPD. Therefore,
polymorphisms in antioxidant enzymes have been evaluated by many investigators. Poggi et
al.*3 and Giusti et al.** showed that SNPs in superoxide dismutase (SOD) 2 and SOD3 were
associated with BPD risk. Sampath et al.*® genotyped variants in the SOD2, NFE2L.2,
GCLC, GSTP1, HMOX1, and NQO1 genes in a cohort of 659 infants, of whom 284 infants
had BPD and 135 had severe BPD. The hypomorphic NQO1 SNP (rs1800566) in
homozygous state was associated with increased BPD, while NFE2L2 (nuclear factor
erythroid-2 related factor-2) SNP (rs6721961) was associated with decreased severe BPD.4°
The null genotypes of Glutathione S-transferases GSTM1 and GSTT1 have been associated
with BPD in the Chinese Han population.*6

Vitamin D and its receptor (VDR) are important in lung development, and VDR Fok 1
polymorphisms have been associated with increased risk of BPD.*’ Many peptide growth
factors, such as the fibroblast growth factor (FGF), are also key players in normal lung
development. A SNP (rs1966265) in FGF receptor 4 (FGFR4) has been associated with both
RDS and BPD.#8 Vascular endothelial growth factor (VEGF) and transforming growth
factor beta (TGF-B) signaling are necessary for normal lung development. Kwinta et al 49
evaluated selected polymorphisms in VEGF, TGF-f, IGF-1, and MTHFR. Multivariate
analysis indicated that the T allele in the VEGF —460T>C polymorphism increased the risk
of BPD by 9% (95%CI: 2-14%) above the baseline risk established for given gestational
age, length of oxygen therapy, and sex.#9 Fujioka found that the VEGF —634C > G
polymorphism was also an independent risk factor for BPD.50

Extracellular matrix remodeling requires the activity of matrix metalloproteinases (MMPs),
and Hadchouel et al. evaluated SNPs in MMP2, MMP14, and MMP16. After adjustment for
birth weight and ethnicity, the TT genotype of MMP16 C/T (rs2664352) and the GG
genotype of MMP16 A/G (rs2664349) were protective against BPD.%!

Genome-wide association studies

To date, there have been three genome-wide association studies (GWAS) for BPD — the
ones by Hadchouel et al.52, Wang et al.>3, and Ambalavanan et al.1’.
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Hadchouel et al.>2 conducted a GWAS of a multicenter population, combining pooling-
based genome-wide case-control analysis, fine-scale mapping of gene, and animal
experiments. 418 infants with a gestational age <28 weeks were prospectively included from
three French NICUs, and BPD was defined using the physiologic BPD definition. The
population was divided into two discovery series and an independent replication series. A
GWAS was done using a DNA pooling strategy in the two discovery series. SNPs associated
with BPD were validated by individual genotyping and the validated SNPs were then
genotyped in two different replication populations: the internal replication population and an
external population composed of 213 Finnish neonates < 30 weeks of gestation. In this
study, the 418 French neonates had a mean gestational age of 26.4+0.1w and birth weight of
845+9¢g, and 22% were diagnosed with BPD. Birth weight, male sex, need for a second dose
of surfactant, PDA, and postnatal sepsis were significantly associated with BPD, and were
used as adjustment covariates in genetic analyses. Two methods (allelic frequency
differences and combined Z-score analysis) were used to select SNPs for further individual
genotyping. SPOCK2 (Entrez Gene ID 9806) was the only gene identified in both
populations using both selection methods. rs1245560 (p=1.66x 10~7) was the only SNP
showing similar MAF in white and African control pools (0.463 and 0.497, respectively),
and was validated in the two discovery series and in the independent replication set. The C
allele was significantly associated with the risk of BPD in both white and African series, and
in the replication sample as well. The CC genotype was a risk factor for BPD even after
adjustment for perinatal factors with OR 2.96 (95% CI 1.37-6.40) for white subjects and
4.87 (95% CI 1.88-12.63) for African subjects, respectively.52 The investigators also
evaluated SPOCK2 during alveolarization in the newborn rat, after air or hyperoxia
exposure, and found that SPOCK2 mRNA levels increased during alveolarization. After
exposure to hyperoxia, SPOCK2 expression increased relative to air-exposed controls.
Immunofluorescence studies localized SPOCK2 to the extracellular matrix of the lung.

Wang et al.%3 conducted a discovery GWAS on 1726 very low birth weight infants (birth
weight <1500g, gestational age 25w to 29w 6d) who had a minimum of 3 days of
mechanical ventilation and were in the hospital at 36 weeks’ PMA. Moderate/severe BPD
(n=899) were those who required continuous supplemental oxygen, while controls (n=827)
were those on air. 795 comparable infants (371 cases and 424 controls) served as a
replication population. DNA isolated from newborn screening bloodspots was used for the
GWAS. In this study, no SNPs were associated with BPD at the genome-wide significance
level (5 x 1078) and none of the SNPs evaluated in previous studies reached replication-wide
significance. Pathway analyses that were done were also not informative.>3 Of interest, the
investigators further evaluated the GWAS discovery cohort and identified 259 “super-
controls” (infants breathing air at both 28 days’ age and 36w PMA) and 568 infants with
mild BPD (O, at 28 days but air at 36w PMA). However, no SNPs were found at the
genome-wide significance threshold associated with moderate-severe BPD relative to either
of these two groups (“super-controls” or mild BPD).53 15 SNPs were identified with
p<10-5 in either the discovery stage (e.g. rs8089528, rs118078182, rs12571250) or joint
analyses (e.g. rs556493, rs12356475). This study suggests that the heritability of BPD is
probably not attributable to one or a few variants in genes. A possible reason that the
findings from previous studies could not be replicated is because the majority of infants in
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this study were of Mexican-Hispanic origin, and Caucasian or African-American infants
were in relatively small numbers (while Caucasian infants made up the majority of the
previous studies).

More recently, Ambalavanan et al.1” used GWAS combined with pathway-based
approaches, and integrated these results with gene expression comparing BPD to controls,
and a newborn mouse model of hyperoxia exposure simulating BPD. In this study, 751
extremely preterm infants were analyzed, of whom 428 developed BPD or died. A genome-
wide scan was conducted on 1.2 million genotyped SNPs, and an additional 7 million
imputed SNPs. Genome-wide association and gene set analysis was performed for BPD or
death, severe BPD or death, and severe BPD in survivors. No SNPs reached genome-wide
significance (p<1078) although multiple SNPs in adenosine deaminase (ADARB2), CD44,
and other genes were just below p<1078. In the pathway/gene set enrichment analysis, of the
approximately 7650 gene sets evaluated, 77 pathways were identified with a false discovery
rate (FDR) <0.1 (suggesting about 10% of the pathways are false positives) for pathways
associated with BPD or death vs. survivors without BPD. Of these 77, only 3 were shared
with Severe BPD or death, or severe BPD in survivors. The top pathway was MIR-219
(http://www.broadinstitute.org/gsea/msigdb/cards/s GACAATC,MIR-219.html). The gene set
analysis for severe BPD or death vs. survivors without severe BPD identified 123 pathways
at FDR <0.1, of which only 3 where shared with BPD/death, but 108 (including the 3 shared
with BPD/death) were shared with those involved with severe BPD in survivors, including
the top 43 pathways. The top pathway associated with severe BPD or death and survivors
with severe BPD was Phosphorus Oxygen Lyase Activity (http://www.broadinstitute.org/
gsea/msigdb/cards/PHOSPHORUS _OXYGEN_LYASE_ACTIVITY.html), which consists
of adenylate and guanylate cyclases. The gene expression of components of these gene sets
were validated using a data set of gene expression in BPD versus controls.?>* Evaluation of
MIR-219 and CD44 was performed in mouse models, and it was found that expression of
MIR-219 and CD44 decreased over the course of alveolar septation and hyperoxia exposure
(a murine BPD model) was associated with an increase in MIR-219 and CD44 expression.
Expression of MIR-219 and CD44 were also noted to be increased in autopsy sections of
human lung, suggesting pathophysiological significance to the gene set and GWAS findings.

One of the main findings of this study is that there is significant overlap in the genetic basis
for severe BPD or death and severe BPD in survivors, but mild/moderate BPD probably has
a different genetic basis. The major pathway associated with severe BPD/death and in
survivors with severe BPD was Phosphorus Oxygen Lyase Activity. This result suggests that
modulation of the cGMP pathway (e.g. with inhaled nitric oxide or sildenafil) and cAMP
pathways (e.g. with caffeine or prostacyclin) may be specifically relevant to severe BPD,
and perhaps less important in mild/moderate BPD. Clinical studies have shown benefit
regarding BPD with use of caffeine,>>26 but inhaled nitric oxide has not been shown to
reduce BPD.57:58 |t may be important to analyze specifically for severe BPD, as the lack of
observed effect may be due to “any BPD” being evaluated, which does not seem to be
dependent upon Phosphorus Oxygen Lyase Activity.

The major finding was of marked differences in pathways by race/ethnicity indicates that
although the clinical phenotype of BPD may be similar, the underlying genetic
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predisposition may differ significantly. In this study, for Severe BPD/death, the p-
values/FDR were 4.29E-07/ 0.000917 for Black, 1.34E-06/ 2.44E-06 for Hispanic, and
0.08125/ 0.09776 for White. The differences in race/ethnicity of the population being
studied may be one reason that the results of the three GWAS studies!”:52:53 are not similar.
This finding also indicates that therapies may need to be targeted at pathways found to be
dysregulated, and therefore suggests a role of “personalized genomics” in BPD.

Overall, while the twin studies indicate that the majority of the variance in risk of BPD is
genetically determined, the GWAS studies explain only a small proportion of the
heritability. The use of pathway analysis enables the detection of variants across multiple
genes in the same pathway. Pathway-based approaches consider multiple variants in the
same biological pathway and complement the single marker approach and provide
understanding of GWAS data in many human diseases.>%:60 However, GWAS methods may
miss other heritable processes, such as epigenetic processes (e.g DNA methylation), copy
number variation, interactions among many loci, uncommon variants (that may not be
included on the chip) etc. It is possible that rare variants with relatively large effects on risk
may contribute to BPD.51

Exome sequencing

Next generation sequencing (NGS) technology has become increasingly affordable, and
enables the rapid identification of new or rare variants of potential functional and
pathological relevance. NGS may be either whole genome sequencing (WGS) or whole
exome sequencing (WES). WGS allows evaluation of single nucleotide variants, indels,
structural variants, and copy number variants in both protein coding sequences as well as
non-coding sequences. WES on the other hand is targeted to protein coding regions, which
represent only 1-2% of the genome. WES is therefore cheaper than WGS, although the cost
differential is not as much as might be anticipated.

Carrera et al.52 performed whole exome sequencing on 26 Italian infants of Caucasian origin
with severe BPD, selected from a larger prospective cohort of 366 premature infants from 12
NICUs. Overall, 3369 novel variants were identified (1524 potentially damaging), with a
median of 400 variations per sample (100 with a strong impact on protein structure and
function). 745 potentially interesting genes were identified. To narrow down the list of
genes, data analysis was focused on genes previously associated with BPD susceptibility and
to new candidates in related pathways. The top candidate genes were NOS2 (inducible nitric
oxide synthase), MMP1, CRP (C-reactive protein), LBP (lipopolysaccharide binding
protein), and the TLR family. Novel mis-sense mutations in ATP-binding cassette 3
(ABCA3) gene were also found in 3 patients, suggesting that ABCA3 may require further
investigation in BPD.%2 This pilot study is encouraging, as it suggests that NGS techniques
may help investigate the genetic background of BPD. Studies of this type identify multiple
potential candidate genes that will require additional functional studies as well as genetic
analysis to determine their relevance and importance to lung development and pathogenesis
of BPD.
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In conclusion

Twin studies indicate genetic factors contribute much of the variance in risk for BPD. Most
studies to date evaluating single or a few candidate genes have generally not been successful
in yielding results that are replicated in other cohorts. GWAS studies have identified only a
single gene (SPOCK?2) at genome-wide significance in a European White and African
cohort,>2 which was not replicated in two North American studies.1”-53 Pathway gene set
analysis in a North American cohort confirmed involvement of known pathways of lung
development and repair (e.g. CD44, phosphorus oxygen lyase activity) and indicated novel
molecules and pathways (e.g. adenosine deaminase, targets of miR-219) involved in genetic
predisposition to BPD.17 A pilot study of whole exome sequencing identified hundreds of
genes of interest, and indicated the overall feasibility as well as complexity of this approach.

Better phenotyping of BPD by severity (severe vs. moderate; gradations within severe e.g.
on mechanical ventilation at 36w PMA vs. nasal cannula or CPAP at 36w PMA) and
pathophysiology (e.g. airway malacia vs. pulmonary hypertension vs. parenchymal cystic
lesions vs. parenchymal fibrosis without cysts), and careful analysis of race/ethnicity (not
self-reported but by analysis of genetic markers) is required to gain a better understanding of
the genetic basis of BPD. Future translational studies are required for the identification of
potential genetic predispositions (rare variants and dysregulated pathways) by NGS methods
in individual infants (personalized genomics), and determine techniques for intervention
(selective pathway modulation using small molecule agonists or inhibitors) for preventing or
treating BPD.

It is however important to remember that despite the strong genetic basis of BPD,
environmental influences (mechanical ventilation, hyperoxia, infection, fluid and nutrition
status) interact with the underlying genetic basis to either predispose to BPD or prevent it.
These environmental influences are probably more easily measured and more readily
modifiable. Intercenter variations in BPD rate are large,63.64 and are of greater magnitude
than the effect of existing successful therapies (caffeine,>8 vitamin A%%) for the prevention
of BPD. Prediction of BPD risk using just a limited set of clinical variables (gestational age,
birth weight, race and ethnicity, sex, respiratory support, and FiO,) is good, increasing from
a C statistic of 0.79 on day 1 to a maximum of 0.85 on day 28.%8 Addition of genetic data to
these models is likely to provide only incremental improvement in prediction. The disease
phenotype of BPD is likely a reflection of various pathophysiological processes that interact
in a complex network, and the BPD disease network should include not only the genetic
factors but environmental factors that interact to induce pathology in the immature lung,
leading to intermediate phenotypes and subsequent varied outcomes (Figure). Therefore,
while efforts are underway to determine the genetic basis of BPD and develop personalized
genomic management, it is important to optimize routine clinical management of very
preterm infants in order to reduce the potential for lung injury, improve lung development,
and reduce BPD risk.
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Figure 1.
Proposed BPD disease network indicating potential disease-modifying genes and

environmental factors (which probably account for much of the center effects) that act on
the immature lung, leading to intermediate phenotypes of inflammation, fibrosis, apoptosis
or proliferation, atelectasis and cystic change. These in turn lead to the pathophenotypes
with varying components of inhibited alveolarization, abnormal lung vascular development
and pulmonary hypertension, and airway malacia (tracheo- or broncho-malacia). These
pathophenotypes in turn result in long-term impairment of lung function, which may also be
modified by genetic factors directly.
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