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Summary

The Division of Lung Diseases of the National Heart, Lung and Blood Institute (NHLBI) recently
held a workshop to identify gaps in our understanding and treatment of childhood lung diseases and
to define strategies to enhance translational research in this field. Leading experts with diverse
experience in both laboratory and patient-oriented research reviewed selected areas of pediatric lung
diseases, including perinatal programming and epigenetic influences;mechanisms of lung injury,
repair, and regeneration; pulmonary vascular disease (PVD); sleep and control of breathing; and the
application of novel translational methods to enhance personalized medicine. This report summarizes
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the proceedings of this workshop and provides recommendations for emphasis on targeted areas for
future investigation. The priority areas identified for research in pediatric pulmonary diseases
included: (1) epigenetic and environmental influences on lung development that program pediatric
lung diseases, (2) injury, regeneration, and repair in the developing lung, (3) PVD in children, (4)
development and adaptation of ventilatory responses to postnatal life, (5) nonatopic wheezing:
aberrant large airway development or injury? (6) strategies to improve assessment, diagnosis, and
treatment of pediatric respiratory diseases, and (7) predictive and personalizedmedicine for children.
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INTRODUCTION

Lung diseases are the fourth leading cause of death and disability in the United States.
Historically, much focus has been on the treatment of lung diseases once symptoms are
manifest and disease is well established. More recently, it has been recognized that many
diseases start early in life, even in utero. Lung development is rapid in the fetus; lungs must
be mature enough to support air breathing at birth, or respiratory difficulties will ensue.
Evidence now suggests that in addition to genetic factors, pre- and postnatal environmental
exposures exert specific long-term effects on lung structure and function which persist and
adversely affect lung function and respiratory health into adulthood. The mechanisms of these
early influences on lung health are not well understood. Recognizing the relationship of early
life events on lung health and disease, the National Heart, Lung, and Blood Institute (NHLBI)
convened a Working Group of extramural experts, entitled the “Pediatric Pulmonary Diseases
Strategic Planning Workshop” on July 9-10, 2008 in order to develop a strategic plan, which
would make recommendations to NHLBI about gaps in current knowledge, and priority setting
for new research directions that would capitalize on scientific opportunities. This pediatric plan
would synergize with the NHLBI Strategic Plan. A charge to the working group was to identify
methods to facilitate translation of basic research findings into practice to better diagnose, treat,
and prevent pulmonary diseases in children. A brief summary of these discussions, including
identified gaps in knowledge and potential strategies to enhance translational research in
pediatric lung diseases, are provided below.

PRIORITY 1: EPIGENETIC AND ENVIRONMENTAL INFLUENCES ON LUNG
DEVELOPMENT THAT PROGRAM PEDIATRIC LUNG DISEASES

Background

Early life events including epigenetic and environmental influences likely play a significant
role to program early lung development and influence later susceptibility to chronic lung
disease. An increased understanding of developmental plasticity, the ability to develop in
various ways depending upon environment, is likely to provide additional insights that could
lead to new preventive approaches. This information would be especially helpful for infants
who are at increased risk for specific lung diseases on the basis of personal characteristics or
environmental exposures.

Recent studies show an important role for epigenetic mechanisms of gene regulation in early
embryonic development.1 However, there is scarce information about epigenetic regulation of
normal cell differentiation in the developing or postnatal lung,23 although a link to chronic
diseases is becoming apparent. Methylation of cytosines in CG enriched regions of the genomic
DNA is the best characterized epigenetic mechanism of lung gene regulation. DNA
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methylation plays a role in regulation of tumor suppressor genes,* fibrosis,® and asthma related
genes.5:7 Other epigenetic mechanisms include covalent modification of the N-terminal
domain of histones by acetylation, methylation, phosphorylation, or ubiquitination. In the lung,
abnormally high histone acetylated regions were linked to active genes in asthma.® Differential
methylation of histones also modulates the expression of surfactant protein A by
glucocorticoids.® Another epigenetic mechanism consists of ATP-dependent complexes that
utilize energy derived from ATP hydrolysis to change contacts between histones and DNA,
mediating nucleosome sliding, remodeling, or histone replacement. These complexes may be
recruited to specific promoters by interactions with cell/tissue specific transcription factors,
altering the accessibility of the transcriptional machinery to DNA. These complexes play an
important role, for example, in the activation of TGF- (transforming growth factor-) and
steroid receptor target genes that are key to the development of several lung diseases.19 Finally,
there is a potential role for noncoding RNA in controlling epigenetic events. Although not all
noncoding RNA are epigenetic in nature, for example, post-transcriptional regulation by micro-
RNA, some cooperate with components of the chromatin remodeling and DNA methylation
machinery to produce stable epigenetic gene silencing.11 As the epigenetics research field
evolves, the role of these mechanisms in modulation of gene expression in normal lung
development and pre-disposition to chronic lung diseases needs to be explored.

Multifactorial Origin of Chronic Lung Disease

Twin studies reveal that genetic, nutritional, hormonal, and environmental factors are important
modulators of lung disease, even in single gene disorders such as cystic fibrosis (CF).
Environmental factors that influence lung development have been identified by epidemiologic
studies and characterized using animal models. While there have been extensive studies of the
in utero and postnatal effects of environmental tobacco smoke (ETS)12:13 and nutritional
deficiencies (e.g., vitamins A and D),14 there is a scarcity of information regarding other
environmental exposures that may affect fetal or early lung development. Existing research
suggests a number of possible environmental exposures which might affect the epigenome in
these early critical periods of development including diet, drugs, and toxins (e.g., air pollution)
as well as the social environment.15:16 Whether these exposures could cause subtle epigenetic
effects on developmental genes at any time during gestation, and predispose to certain postnatal
or adult diseases needs to be evaluated.1”+18 Recent advances in genomics and the development
of new tools has facilitated the discovery of DNA variants that may contribute to chronic lung
diseases. The availability of information on both genetic and environmental influences on lung
development provides an unprecedented opportunity to quantify the contribution of gene—
environment interactions to lung development.1® Furthermore, new methods that identify DNA
modifications at the genome-wide level could be employed to address whether environmental
factors detrimental to lung development operate by epigenetic mechanisms.2°

Viral Respiratory Infections Affect Lung Health in Early Life

Severe viral infections cause considerable morbidity in infancy, and have been associated with
the onset of long-term diseases such as asthma, and more recently, chronic obstructive
pulmonary disease.?! Although the majority of children who develop virus-induced wheeze in
infancy recover, up to a third of children develop persistent wheezing suggestive of asthma.
22 \More severe respiratory syncytial virus (RSV) infections, especially those requiring
hospitalization, appear to be a risk factor for asthma.23:24 Children with a family history of
atopy who wheeze with rhinovirus infections in infancy have a particularly high risk of
recurrent wheeze2® and sub-sequent asthma.26:27

A variety of mechanisms have been proposed to link bronchiolitis and asthma. Causal
explanations include virus-induced damage to the lung during a crucial period in lung
development,28 or imprinting of the epithelial/mesenchymal unit by virus-induced
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inflammation in infancy.2? Recent evidence suggests that severe RSV infections can induce
host epithelial production of chemokines, for example, CCL5, leading to an increased risk of
subsequent lung disease.30 Additional explanations for an association between viral infections
and asthma include abnormalities of the host immune system (e.g., reduced interferon or
dendritic cell responses) that could predispose to the constellation of severe viral respiratory
infections, atopy, and asthma.31:32

Research Opportunities

Despite recent advances in defining epigenetic and environmental mechanisms that modify
lung development early in life, there are substantial gaps in our knowledge of the following:
(1) the environmental factors that modify lung development in utero, (2) the environmental
postnatal factors that affect lung development early in life, (3) the epigenetic alterations in
utero or postnatally that are induced by environmental influences, and (4) the epigenetic and
environmental modifiers that contribute to postnatal lung diseases such as bronchopulmonary
dysplasia (BPD), CF, sickle cell, asthma, and chronic lung disease. These questions provide
multiple opportunities for further study.

1. Epigenetic influences on lung programming. Research is needed to:

»  Characterize the chromatin modification signatures in normal lung
development and diseased states and in specific cell compartments.

»  Determine whether in utero and early postnatal environmental exposures or
nutritional factors cause epigenetic alterations in the lung.

»  Determine whether specific viral pathogens induce epigenetic modifications
and functional consequences to airway cells.

»  Developanimal models (in addition to murine) to evaluate the role of in utero
and early postnatal environmental influences (e.qg., infection, diet, pollutants)
on lung development.

2. Translation of early life epigenetic programming to specific disease states. Additional
studies are needed to:

»  Develop high-throughput tools to detect and characterize epigenetic and
environmental modifications in the lung using animal models and large
clinical studies.

*  Useanimal models to determine whether altering epigenetic influences (e.g.,
reverting chromatin state) with pharmacotherapy in early life can alter the
incidence or progression of lung disease.

*  Apply knowledge gained from animal models of epigenetic and
environmental influences to longitudinal studies of the development of lung
diseases in humans.

» Evaluate if changes in epigenetic and/or phenotypic signatures predict
susceptibility, disease progression, or response to therapies for lung disease
in early life.

PRIORITY 2: INJURY, REGENERATION, AND REPAIR IN THE DEVELOPING

LUNG

Background

Lung injury in infants and children may alter postnatal lung growth and developmentto variable
degrees. Complete recovery often occurs; however, the determinants of appropriate and
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complete lung repair have not been well described. Lung repair depends on interaction with
the immune and circulatory systems, nutritional status, and continued interaction with the
environment, including toxicants and infections. The therapies provided to children during
lung injury may not only have beneficial effects but may also have adverse long-term effects.
Supplemental oxygen, positive pressure respiratory support, and corticosteroids are common
therapies for prematurely born infants which may permit survival but also impair subsequent
alveolar development and augment immune responses to future infectious and noninfectious
pulmonary insults.33 There is a gap in our knowledge regarding the developmental aspects of
the lung’s response to injury and the process of repair which might alter clinical care if better
understood.

The repair process is influenced by a variety of factors, including the nature, duration, and
recurrence of the injury, for example, aspiration events; the adaptive ability of the lungs to
persistent injury, for example, infections, mechanical ventilation, oxygen, nutritional
deprivation; exposure to pharmacologic agents, and remodeling in asthma; and the age at which
injury occurs. It is unclear if the nature and degree of fibrosis in various compartments of the
lung, that is, distal and proximal airways versus acinar regions, changes with postnatal age and
previous injury. We have yet to define the windows of pre- and postnatal life when
reprogramming of immune and growth processes is possible. Figure 1 depicts different
responses to serial lung injury depending on the age at which developmental plasticity and
reprogramming of growth and repair processes stop. It is also unclear when the lung’s adaptive
capabilities, such as compensatory lung growth, become limited. Recent evidence that primates
can develop new alveoli through young adulthood challenges the concept that plasticity of the
respiratory repair responses wanes with age.34 The finding that alveolar simplification and
emphysema is associated with nutritional deficits and that alveolarization occurs with refeeding
[3] provides support for the ability of the postnatal lung to regenerate. In addition, stem and
progenitor cells, including bone marrow-derived cell populations and progenitors that are
intrinsic to the lung, play critical roles in normal lung development, the response to prenatal
and postnatal lung injury, capacity to repair the lung following injury, and subsequent
susceptibility to late lung disease.3°

There are numerous clinical entities that reflect lung injury and incomplete recovery in
childhood. These include premature infants who develop chronic lung disease which persists
for years after birth, children with recurrent aspiration events, children with recurrent
respiratory infections and subsequent fibrosis and bronchiectasis, those with bronchiolitis
obliterans following infection or transplantation, children with ARDS/ALLI (acute respiratory
distress syndrome/acute lung injury), and infants and children with chronic interstitial
pneumonitis. The clinical recovery patterns and determinants of recovery in children with these
various diagnoses have not been examined in detail. Most outcomes reported are based on
clinical and physiologic measures and less often on tissue histology.38

Barriers to better understanding of repair include imprecise definitions of outcomes, crude
correlations between individual interventions and outcomes, and the inability to serially
measure lung physiology, structure, and tissue responses in injury. The NHLBI has expressed
interest in those initiatives that can be translated to the clinical arena within the next 5 years.
However, the invasive nature of repeated broncho-alveolar lavage and lung biopsies precludes
clinical research about lung repair in children in the near future and mandates that further basic
investigations about the developmental nature of lung repair occur in animal models. Useful
surrogate age-specific biomarkers are clearly needed.
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Research Opportunities

(AVA

Biomarkers and indicators of lung repair through animal models encompassing
different age groups and various models of lung injury, there is need to determine the
following:

1. Biomarkers that characterize lung repair, fibrosis, ongoing and
compensatory growth, and remodeling of various lung regions in response
to different insults.

2. Interactions between mechanical, immune, and hypoxic/hyperoxic states on
rate and degree of lung repair and age dependence of these interactions.

3. Clinically applicable ways to ascertain postnatal compensatory lung growth.

4. Indicators derived from sampling of the upper airway that accurately reflect
components of the repair processes in the lung.

5. Methods to clinically characterize features of lung recovery, such as
regeneration of functional ciliated airway epithelial cells and alveolar-
capillary integrity and surface area.

6. Roles of genes, gene networks, and the programming of the processes
regulating lung injury and repair during development. ldentification of the
developmental antecedents of adult lung disease.

7. ldentification of distinct populations of bone marrow-derived or intrinsic
lung progenitor cells that may serve as biomarkers for disease, mediate the
pathogenesis of lung disorders or provide novel therapeutic approaches to
childhood respiratory illnesses.

Development of clinical phenotypes of childhood lung injury for longitudinal studies.

Using cohorts of children with specific forms of lung injury, develop longitudinal
data through patient registries and/or clinical research networks to identify
determinants of recovery/repair despite similar high-risk entry features, for example,
nutritional interventions, oxygen therapy, pharmacologic agents. Due to the relatively
small numbers of patients with each form of lung injury, data collection among centers
and networks will be necessary to accrue sufficient patient numbers for meaningful
conclusions.

Develop interdisciplinary expertise in the developmental, cellular, molecular, and
physiologic bases of lung injury, repair, and recovery.

Convene meetings with experts in lung development, injury, repair, regeneration, and
recovery in order to interface with one another and develop a state of the art assessment
and basic research agenda on this complex topic.

Synergize multidisciplinary training opportunities to enhance both research and
career development related to the pathogenesis of childhood pulmonary diseases.

PRIORITY 3: PULMONARY VASCULAR DISEASE (PVD)

Background

Despite advances over the past decades, PVD continues to cause significant morbidity and
mortality in diverse pulmonary, cardiac, and hematologic disorders of child-hood. Structure
and function of the pulmonary circulation can be altered by primary aberrations of lung growth
and development [such as lung hypoplasia, pulmonary hemangiomatosis, arteriovenous
malformations, anomalous pulmonary venous return, pulmonary veno-occlusive disease
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(PVOD), and others], or secondary to injury associated with acute respiratory failure, chronic
lung disease after premature birth, chronic hypoventilation, congenital heart disease, and
chronic hemolysis.3":38 Whereas the impact of pulmonary hypertension (PH) on the clinical
course of children with congenital heart disease, persistent pulmonary hypertension of the
newborn (PPHN), and idiopathic pulmonary arterial hypertension (IPAH) is well appreciated,
the contribution of PH to the course and ultimate outcome of children with lung disease is often
overlooked or underestimated.

PH is often a “silent” contributor to morbidity and mortality of many chronic lung disorders
in pediatrics, including BPD, CF, sickle cell disease (SCD), and various interstitial lung
diseases (ILD). For example, 42% of pediatric patients with ILD have evidence of PH early in
their clinical course.3? Progressive PH, which appears to predict early death in adults with
SCD, is already detected by echocardiogram in 10-20% of children with SCD.*? In general,
clinical strategies that anticipate the development of PH may allow earlier recognition and
more aggressive therapy, thereby slowing the development of PH in many chronic lung
parenchymal and vascular diseases.

Despite some similarities, many aspects of PVD in children are often distinct from adult PH.
First, pediatric PH is intrinsically linked to issues of lung growth and development, including
many prenatal and early postnatal influences. The development of PH in the neonate and young
infant is often related to impaired functional and structural adaptation of the pulmonary
circulation during transition from fetal to postnatal life. Second, the timing of pulmonary
vascular injury is a critical determinant of the subsequent response of the developing lung to
such adverse stimuli as hyperoxia, hypoxia, hemodynamic stress, inflammation, and others.
Third, abnormalities of the lung circulation are significant beyond the adverse hemodynamic
effects of PH alone. The developing lung circulation plays critical roles in lung organogenesis
and development of the distal airspace, maintenance of lung structure, metabolism, gas
exchange, the ability to tolerate increased workloads imposed by exercise, and other stressors.
Disruption of lung vascular growth can impair distal airspace structure during development
and contributes to the pathobiology of diverse lung diseases.#? Fourth, there are apparent
differences in function, structure, genetics, and perhaps responsiveness to therapies between
adults and children with PH. Therapeutic strategies for adult PH have not been sufficiently
studied in children especially regarding potential toxicities or optimal dosing, and age-
appropriate endpoints for clinical use and research are lacking in this population.

Research Opportunities

I.  Priorities for laboratory-based research on normal development and structural and
functional abnormalities of the pulmonary circulation, including the basic biology of
disorders associated with PH in newborns, infants, and children.

1. Mechanisms of lung angiogenesis and vasculo-genesis including the role of
progenitor or stem cells.

2. Vascular—alveolar cross-talk: role in development and disease pathobiology.

3. Developmental physiology, regulation of lung vascular tone, reactivity, and
permeability.

4. Hemolysis and thrombosis in the developing lung circulation.
5. Role of the bronchial circulation in development and disease.

6. Pulmonary venous development, including mechanisms of PVOD and PV
stenosis.

Pediatr Pulmonol. Author manuscript; available in PMC 2009 November 17.
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Identification of new strategies and targets for therapy, including: rho kinase
inhibitors, statins, phosphodiesterase inhibitors, elastase inhibitors,
epidermal growth factor receptor inhibitors, tyrosine kinase inhibitors,
immunosuppression (mycophenolate), cell cycle inhibitors (rapamycin),
VIP (vasoactive intestinal peptide), adrenomedullin, PPARY (peroxisome
proliferator-activated receptor) rosiglitazone, serotonin antagonists, gene
therapy, progenitor cell therapy, cell-based gene therapy, soluble guanylate
cyclase activators/stimulators, and others.

I1. Priority areas to address gaps in our clinical knowledge include the following:

1.

6.

Define natural history, epidemiology, and course of pediatric PVD in diverse
diseases.

Determine outcome measures for clinical assessments of PH: molecular,
biochemical, cellular, physiologic (e.g., exercise tests, vasoreactivity), and
imaging approaches.

Develop novel imaging or physiologic approaches to assess lung vascular
and alveolar growth (surface area).

Study age-specific pharmacokinetic, pharmacodynamic, and efficacy
studies for drug therapies and predict pharmacogenetic, responsiveness, and
risk for drug toxicities.

Develop evidence-based clinical care guidelines for disease- and age-
specific diagnostic approaches and interventions.

Determine impact of early interventions on long-term outcomes.

111. Develop interdisciplinary approaches to integrate basic and clinical research and to
effectively apply findings in the clinical setting to improve outcomes of children with

PVD.

1.

Establish a pediatric PH network with expertise in PH, to characterize the
phenotypes of these disorders, define practice patterns and identify potential
outcome measures for interventional studies, develop and promote clinical
care guidelines, evaluate biomarkers and collect genetic/genomic or
proteomic samples, and institute effective multicenter interventional studies.

Develop a consortium of pediatric pathologists with expertise in PVD and
lung development to coordinate lung tissue collection and optimize the
preparation of lungs for rigorous diagnostic and investigational studies of
human tissue.

Explore novel approaches to the multidisciplinary training and development
of clinician-scientists in clinical research skills, including rotations across
disciplines and between centers with specialized expertise in different areas.

Determine strategies to best interface with Clinical and Translational
Science Award (CTSA) programs to encourage interdisciplinary
approaches, and better utilization of core labs in genomics, proteomics, and
bioinformatics.
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PRIORITY 4: DEVELOPMENT AND ADAPTATION OF VENTILATORY
RESPONSES TO POSTNATAL LIFE

Background

Conditions in which sleep-disordered breathing occurs are frequent across the pediatric age
spectrum and are associated with both significant morbidity and mortality. Sleep disordered-
breathing in such conditions as apnea of prematurity, SIDS, obstructive sleep apnea, and even
the prevalence of sleep associated respiratory disturbances in primary neurologic or pulmonary
diseases (e.g., asthma, chronic lung disease of infancy, SCD, spina bifida, CF) is still poorly
defined. Furthermore, the mechanisms of these common disorders are poorly understood,*2~
44 and the effects of the sleep and gas exchange disturbances have not been systematically
explored in children.#3=47 The gas exchange perturbations such as recurring hypoxia or
hyperoxia can lead to disparate effects depending on the developmental stage at which they
occur. For example, hyperoxia during early life can permanently alter respiratory control;
intermittent fetal hypoxia will persistently augment ventilatory output into adulthood; and early
postnatal intermittent hypoxia will permanently attenuate the baroreflex responses.#8:49 These
metaplasticity-related phenomena modulate the neural networks underlying sleep and
respiratory control. Therefore, innovative multidisciplinary research regarding the mechanisms
of causation and end-organ responses to early life abnormal gas exposure and respiratory
control abnormalities are needed. Knowledge of these mechanisms may improve the diagnosis,
and treatment of sleep disorders in children.50,51

Research Opportunities

Research is needed to better understand the effect of intermittent hypoxia, hyperoxia,
hypercapnia and asphyxia (hypoxia and hypercapnia), sleep arousal and fragmentation, upper
airway loading, and respiratory muscle development and adaptation. These abnormalities will
need to be studied across development in fetal, postnatal term and preterm infancy, childhood,
and adolescence. Other variables are gender and ethnic. Specific research topics are: (a) cellular
and molecular mechanisms of oxygen sensing; (b) carotid body and other peripheral
chemosensitive cells; (c) redox signaling during development; (d) membrane, cytosol,
mitochondria, and ER determinants of susceptibility; (e) eupneic mechanisms and their
plasticity/programming; (f) central nervous system (CNS) targets; (g) cardiovascular
programming and re-programming; (h) sleep generators; (i) interactions between sleep and
breathing; and (j) determinants of lymphadenoid proliferation in the upper airway.

This complex research agenda will require focused efforts on:

1. Ildentification and validation of genomic and proteomic diagnostic markers of disease
and of disease susceptibility to specific sleep breathing disorders.

2. Collahorative clinical networks for translational epigenetics and whole genome
scanning of selected disorders of respiratory control and sleep (e.g., CCHS [congenital
central hypoventilation syndrome], SIDS [sudden infant death syndrome], obstructive
sleep apnea).

3. Programs to study the complex biology of upper airway growth and pathology aiming
to characterize multiple disease entities associated with upper airway dysfunction in
children.

4. ldentification of fetal and childhood determinants of adult sleep-disordered breathing
and functional re-programming; that is, early antecedents of adult disease and its
modifiers.

Pediatr Pulmonol. Author manuscript; available in PMC 2009 November 17.
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5. Development of therapies specifically targeted toward prevention and treatment of
end-organ injury associated with sleep breathing disorders, and development of safe
respiratory stimulants for clinical situations currently lacking pharmacological
approaches.

6. Development of molecular imaging techniques permitting identification and
monitoring of patients at high risk for complications associated with sleep disordered
breathing.

PRIORITY 5: NONATOPIC WHEEZING: ABERRANT LARGE AIRWAY
DEVELOPMENT OR INJURY?

Background

Although the molecular mechanisms and long-term consequences of allergic asthma are being
actively studied, much less is known about nonatopic forms of wheezing. However, the
preponderant form of recurrent airway obstruction during the preschool years is nonatopic
wheezing,>2 which is associated with significant morbidity and health care cost; almost half
of all children hospitalized for “asthma” or “wheezing” are less than 6 years old and nonatopic
wheezing is likely the most common cause.®® Recent studies have shown that abnormalities
in lung function during a presymptomatic period in young infants tracks with late studies of
decreased airflow in older adolescents and young adults.>2

The two most common clinical presentations of non-atopic wheezing have been dubbed
“typical” and “atypical.” °* In the typical form, acute episodes of airway obstruction are
triggered by viruses, especially rhninovirus 27 followed by periods with few, if any, symptoms.
These children do not usually have a family history of asthma or personal history of atopic
dermatitis. The airway cellular pattern observed is often neutrophilic inflammation,®® but
increased epithelial loss, thickened basement membrane, increased numbers of vessels and of
eosinophils appear to be common features of both atopic and nonatopic wheezing.%8
Diminished airway function, measured shortly after birth or during the first year of life, is
associated with nonatopic wheezing,®’ but the airway segments involved and the mechanisms
causing alterations in airway function are unknown. Maternal smoking can cause deficits in
lung and airway development in utero.>® Neonatal and postneonatal deficits in immune
responses predict the risk of subsequent wheezing associated with viral infections.>® Recurrent
wheezing, occurring especially during the fall/winter period, often persists until the early
school years, but usually remits thereafter in nonatopic children.5 However, deficits in airway
function and airway hyperresponsiveness can be detected during the school years and beyond
in these patients.>?

Atypical wheezing is associated with persistent symptoms often not triggered by viral infection.
In children with this clinical presentation, CF should always be excluded. Congenital
malformations of the large airways (e.g., tracheo-bronchomalacia) and food aspiration with
gastro-esophageal reflux or abnormal deglutition are common risk factors for these atypical
forms. Bronchoscopy and other invasive procedures are used for diagnosis in these atypical
forms, but systematic longitudinal studies and randomized trials on the usefulness of such
procedures are lacking. As a consequence, no evidence-based guidelines are available that
could allow physicians to refer these patients to tertiary centers where these procedures can be
safely performed.

Research Opportunities

1. The prenatal and postnatal determinants of airway function and size are not known.
A better under-standing of the regulation of airway growth result in early interventions
and/or prevention of nonatopic wheezing.
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2. The pathophysiology and structure—function relationships that contribute to the high
incidence of non-atopic wheezing early in life are not known. Improved physiologic
measurements, imaging of airway structures and computational modeling of wheeze
generation are required to understand the multiple mechanisms that may contribute
to this infant airway phenotype.

3. The alterations in innate immune responsiveness that predispose to excessive
neutrophilic inflammation in nonatopic wheezing are not well understood. Genetic
and epigenetic studies of mediators known to be involved in normal and abnormal
responses to viruses could help elucidate the immune mechanisms of nonatopic
wheezing.

4. Reliable diagnostic tests of food aspiration with or without gastro-esophageal reflux
are urgently needed to assess the prevalence of these conditions in pediatric
populations and their role in atypical forms of wheezing in early life.

5. Randomized trials of the risks and benefits of antireflux medication in the treatment
of atypical nonatopic wheezing are also needed.

PRIORITY 6: STRATEGIES TO IMPROVE ASSESSMENT, DIAGNOSIS, AND
TREATMENT OF PEDIATRIC RESPIRATORY DISEASE

Background

Respiratory diseases continue to be the leading causes of morbidity and mortality in children.
61,62 This group of disorders is highly diverse, and includes asthma, pneumonia, bronchiolitis,
disorders of sleep, complications of tobacco exposure, acute lung injury, recurrent aspiration,
BPD, PVDs including PH, chronic respiratory failure requiring long-term, mechanical
ventilation, BPD, neuromuscular diseases, apparent life threatening episodes of infancy, chest
complications of SCD, ILD, congenital anomalies of the respiratory tract, and CF. Whereas
the mechanisms which determine these disorders are poorly understand, even the natural
history of most of them also remains unresolved. There is an immediate need for innovative
research across all disciplines directed toward improved assessment, diagnosis, and treatment
of child-hood lung diseases. There are no diagnostic criteria for many pediatric lung diseases,
and the full spectrum of disease for many pediatric respiratory disorders is unknown. In
addition, information regarding treatment approaches across centers is not available, making
assessments of outcomes difficult. There is an increasing appreciation of the heterogeneity of
lung involvement in different patients, further complicating assessment and treatment.53
Evidence highly supports the conclusion that factors which impair fetal and childhood lung
growth can set the stage for life-long functional derangements which persist into adult life.64

Research Opportunities

1. Research is needed to develop noninvasive collection methods that can be integrated
with genomic and environmental data to identify specific phenotypes within pediatric
respiratory disorders. Approaches to be considered include identification of
molecular, biochemical, and cellular biomarkers in blood, sputum, urine, and exhaled
breath condensates; assessment of lung function across development, such as lung
clearance index; acoustic evaluation of breath sounds and cough; improved
approaches to noninvasive imaging that allow topographic assessment of pulmonary
ventilation, perfusion, and structure; and robust statistical techniques including cluster
analysis of a range of phenotypic characteristics to better define specific diseases.
Another potentially fertile area of research is investigation of the respiratory
epithelium incorporating novel fluorescent-based histochemistry, flow cytometric
characterization of resident inflammatory cells, and ultra-specific molecular
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techniques to identify the complete microbiome. Studies of respiratory secretions and
mucociliary clearance are also needed across a number of pediatric respiratory
disorders. Research in patient reported outcomes, quality of life, pulmonary drug
delivery, and treatment adherence are also important in preparation for therapeutic
trials.

2. Establishment of disease registries would offer many fundamental opportunities for
research in pediatric respiratory disorders. A key step toward reversing this gap in
knowledge should align efforts across a wide geographic and socio-cultural spectrum,
as could be accomplished through a national registry. The broad purpose of this effort
will be to reduce mortality and morbidity of childhood respiratory diseases through
tracking of specific outcomes, exposure assessment, genomics, treatment approaches,
and standardized biomarker analysis. A national registry will leverage the opportunity
for the banking and study of difficult to obtain tissue specimens and facilitate
longitudinal studies. Ultimately, new knowledge obtained by these methods can be
applied to the development and conduct of meaningful clinical trials in disorders and
application of quality improvement techniques to treatment. Registries may be disease
specific or inclusive of a variety of conditions.

3. Studies aimed at elucidating the effects of early injury to the respiratory system to the
development of disease in later life should also be pursued. Questions to be pursued
should include whether or not there is a particularly vulnerable period of lung
development whereby specific exposures or injuries result in long-term perturbations,
and how these affects are modified across diverse at risk populations.

4. Recognition of the crucial need for controlled clinical trials of specific therapeutics
in well characterized patients.

PRIORITY 7: PERSONALIZED AND PREDICTIVE MEDICINE FOR PEDIATRIC
PULMONARY DISEASE

Background

The recent development of methods for high throughput DNA analysis and association of
specific variants or interacting pathway variants with disease phenotypes provides the
opportunity to personalize respiratory disease risk assessment and prediction for children.5°:
66 pediatric respiratory diseases contribute more to child-hood disease burden and health care
costs than any other group of tissue-specific diseases.®’ In addition, a substantial proportion
of adult respiratory diseases that might be prevented or ameliorated with early recognition
originates in childhood. The opportunity to predict and personalize care for pediatric and adult
respiratory diseases offers the possibility to develop diagnostic tools and diverse nutritional,
behavioral, environmental, and pharmacological intervention and treatment strategies to
improve health outcomes and reduce health costs. However, accurate, individualized prediction
of risk requires genetic information including replicated, statistically valid genotype—
phenotype correlation and knowledge of genomic architecture, credible biologic evidence of
a pathogenetic role for the identified variants, identification of environmental triggers for
specific respiratory phenotypes, and definition of developmentally based époques for specific
respiratory disease susceptibility. %8 Genetic prediction also carries ethical and emotional
consequences, the possibility of stigmatization, and lack of absolute precision. Despite these
problems, the benefits of substantial reduction in pulmonary disease burden for both children
and adults through personalized and predictive medicine for children led us to suggest specific
research questions. Answering these questions will require multidisciplinary teams that will
likely include, at a minimum, experienced pediatric pulmonary, otolaryngology, neonatology,
cardiovascular, and imaging clinicians, informationalists (e.g., genetic epidemiologists,
informaticians, data management experts), molecular, and developmental biologists familiar
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with lung specific pathways that regulate both normal development and pulmonary response
to injury and environmental stimuli, imaging scientists (including physicists,
nanotechnologists), geneticists, immunologists, environmental and social scientists, regulatory
and Institutional Review Board experts, and, most importantly, pediatric pulmonary trainees
and trainees in other disciplines who are focused on reducing the health burden of pediatric
and adult pulmonary diseases. Because childhood asthma is the most prevalent pediatric
pulmonary disease for which large, carefully phenotyped and genetically defined cohorts,
environmental information, and longitudinal data are available, it provides a major opportunity
for rapid scientific progress and public health impact.5%:70 Because phenotype and genetic
information, prenatal and postnatal environmental assessment, and defined developmental
status at birth are available for the large number of affected children, neonatal respiratory
distress syndrome and BPD provide opportunities for rapid acquisition of new knowledge.

1 The neonatal period also provides the opportunity to assess the contribution of prenatal and
perinatal programming to pediatric and adult lung outcomes.5472 Nongenetic biologic
responses, for example, the stress response, can permanently imprint pathways that regulate
pulmonary development and response to environment in utero and during early childhood
through epigenetic mechanisms that may be transmitted to progeny and will require new
intervention strategies.1®20 Finally, oxygen-related injury (hypoxia or hyperoxia) is a disease
process that represents a final common pathway for multiple pathogenic respiratory
mechanisms (e.g., SCD, sleep) and provides a third area of focus for development of tools for
personalized and predictive pediatric medicine for children.”3=76

Research Opportunities

1. Pharmacogenetics of asthma response: several already studied asthma drug target
genes provide the opportunity to develop a gene chip to permit prediction of optimal
acute and long-term drug therapy for asthma.

2. Environmental triggers of asthma: characterization of environmental triggers can
benefit from recent molecular and environmental methods for characterizing the
environmental microbiome and quantitating longitudinal exposure to potential asthma
triggers.

3. Developmental biomarkers of asthma phenotype: specific proteomic and/or cellular
signatures will provide developmental époque specific biomarkers of the asthma
phenotype.

4. Fetal/perinatal programming and asthma: fetal/perinatal programming contributes to
risk for the asthma phenotype. Studies of pathways of fetal/perinatal programming
(e.g., stress pathways that permanently imprint the hypothalamic—pituitary axis and
the autonomic nervous system possibly through epigenetic modifications) will
provide clinically useful targets for diagnosis and interventions.

5. Genetics and neonatal respiratory distress: genetic disruption of type 2 cell
metabolism is associated with irreversible neonatal respiratory distress. Studies to
identify rare, genetically disruptive variants will improve diagnosis and treatment of
genetically based neonatal respiratory distress.

6. Lung injury, hypoxia, and hyperoxia: intermittent hypoxia increase risk of stroke in
patients with SCD, while hyperoxia can induce lung injury in newborn infants. Studies
of genetic variants and/or biomarkers that predict risk of chronic intermittent hypoxia
or hyperoxia could be rapidly translated into clinical practice.
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SUMMARY

Extensive discussions during this recent NHLBI work-shop on translational approaches to
pediatric pulmonary diseases have identified key gaps in our knowledge and approaches, and
provide recommendations for the development of novel laboratory and clinical strategies to
address these needs. The need for developing registries and highly collaborative,
interdisciplinary networks between centers was highlighted. Information from adult trials to
support pediatric applications for new and even routine therapies should continue to be utilized,
but it should also be stressed that there is a need to conduct new randomized double-blind trials
in children to generate pharmacodynamic, Kinetic, safety, and ultimately, efficacy data. Larger,
multicenter trials, given the paucity of numbers from any of these rare diseases and
developmental differences across childhood in pharmacodynamics, Kinetics, and their
responses will require interactions with FDA, pharmaceutical industry, and multiple centers
in order to inform clinical practice for children with lung disease. In addition, the need to
develop an academic workforce through enhancement of educational and training approaches
isemphasized in order to develop and retain clinician—scientists in pediatric pulmonary disease.
Some of these problems were clearly delineated in a recent American Thoracic Society
consensus statement.”” Hopefully, this NHLBI workshop should provide new impetus and
stimulate future directions for improving our ability to understand and treat childhood lung
diseases.
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Fig. 1.
Responses to serial lung injury are dependent on periods of developmental susceptibility and
plasticity before and after birth.
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