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Abstract

Childhood rare lung diseases comprise a large number of heterogeneous respiratory disorders

that are individually rare but are collectively associated with substantial morbidity, mortality,

and healthcare resource utilization. Although the genetic mechanisms for several of these
disorders have been elucidated, the pathogenesis mechanisms for others remain poorly understood
and treatment options remain limited. Childhood rare lung diseases are enriched for genetic
etiologies; identification of the disease mechanisms underlying these rare disorders can inform
the biology of normal human lung development and has implications for the treatment of more
common respiratory diseases in children and adults. Advances in “-omics” technology, such as
genomic sequencing, clinical phenotyping, biomarker discovery, genome editing, in vitro and
model organism disease modeling, single-cell analyses, cellular imaging, and high-throughput
drug screening have enabled significant progress for diagnosis and treatment of rare childhood
lung diseases. The most striking example of this progress has been realized for patients with
cystic fibrosis for whom effective, personalized therapies based on CFTR genotype are now
available. In this chapter, we focus on recent technology advances in childhood rare lung diseases,
acknowledge persistent challenges, and identify promising new technologies that will impact not
only biological discovery, but also improve diagnosis, therapies, and survival for children with
these rare disorders.
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1| INTRODUCTION

There have been dramatic advances in pediatric lung disease in recent years that have
significantly impacted patient care. Significant progress has been made in our understanding
of the underlying mechanisms of cystic fibrosis, and we now have targeted, precision
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therapy available for up to 90% of cystic fibrosis patients that leads to significant

clinical improvement.1=3 There are also a number of adult interstitial lung diseases for
which improved understanding of the underlying mechanisms of disease have led to
precision medicine, such as the use of sirolimus for lymphangioleiomyomatosis. The
clinical improvement in lymphangioleiomyomatosis led to the use of sirolimus for other
lymphatic anomalies including pediatric lymphatic anomalies, with some significant clinical
improvements.>6

Advances have been slower in children’s interstitial lung disease (chILD), likely due to

the heterogeneous and rare nature of the disorders. Nevertheless, there have been important
advances in our understanding of disease mechanisms and genotype-phenotype interactions
in chILD. The addition of the suffix “-omics” to a molecular term (eg, genomics,
proteomics) indicates a global, comprehensive analysis of a set of molecules (eg, sequencing
the entire genome), and many of the technologies we discuss here are based in or rely on this
type of approach (discussed further in Section 4.1 below). This review will focus on some of
the newer technologies and recent advances in chlLD diagnosis and treatment, and will offer
potential avenues for further advances in these rare, pediatric lung diseases.

ADVANCES IN DIAGNOSIS AND CLINICAL PHENOTYPING

A number of testing modalities have been used for the diagnosis of chILD disorders.”2
A detailed clinical history is always required, with special attention to possible familial
disease, as a number of chlLD disorders are inherited. Chest computed tomography

(CT) is among the earliest tests performed in most patients with suspected chlLD, and

is required to demonstrate the diffuse parenchymal changes frequently seen in these
disorders.? Chest CT is considered by many experienced clinicians to be diagnostic

in some forms of chILD, such as neuroendocrine hyperplasia of infancy (NEHI) and
bronchiolitis obliterans, with a compatible clinical history.10-13 Laboratory testing can
be useful to evaluate for infectious processes, and to aid in the diagnosis of specific
disorders such as antineutrophil cytoplasmic antibody (ANCA) vasculitis.®1415 While
some disorders can be diagnosed without lung biopsy, such as NEHI or genetic disorders
of surfactant metabolism, many chILD disorders require lung biopsy for definitive
diagnosis. Idiopathic pulmonary capillaritis is indistinguishable from idiopathic pulmonary
hemosiderosis clinically, therefore a lung biopsy is critical to distinguish between these
causes of pulmonary hemorrhage, as treatment differs for these two disorders.16

While traditional diagnostic testing is required for initial characterization of chILD
disorders, there are issues that necessitate newer testing modalities. Although a detailed
history is critical, it rarely provides a definitive diagnosis. Chest CT exposes the patient to
radiation, and findings are most often nonspecific. Even in disorders for which CT can be
diagnostic, such as NEHI, there can be variability in chest CT findings, such as in atypical
NEHI.17:18 | ung biopsies may suggest diagnoses, but are often not diagnostic per se, such
as occurs with a nonspecific interstitial pneumonia (NSIP) pattern, which in older children
can be seen in surfactant disorders, as well as a number of connective disease disorders with
pulmonary involvement.19-20 |t is important to remember, therefore, that in many cases even
a well-defined histopathologic pattern on lung biopsy is not necessarily diagnostic. Recent
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advances in genomic testing, biomarker discovery, and expanded gene panels have been
crucial for extending our understanding of chILD disorders.

Advances in genetic disorders of surfactant metabolism

Genetic disorders of surfactant metabolism were among the first chILD disorders with an
identified genetic basis.2223 Currently recognized disorders in this category are due to
pathogenic sequence variations in one of seven genes, with variable age of onset, inheritance
patterns, and extrapulmonary findings (Table 1). While some of the genetic causes of
surfactant dysfunction have been known for over 20 years, recent advances, particularly

in genotype-phenotype relationships, have significantly improved our understanding of the
natural history of these disorders.

In subjects with biallelic variants in ABCAS3, genotype can be predictive of presentation
and outcome. Individuals with biallelic null (nonsense or frameshift) variants in ABCA3
present with respiratory failure at birth and die within the first year of life without lung
transplantation, whereas those with either one or two missense, in-frame insertion/deletions,
or splicing variants have variable presentation and clinical courses (mortality of 70%

and 60% at 1 year of life, respectively).24 These genotype-phenotype correlations have
facilitated family discussions regarding early referral for lung transplant or withdrawal

of life support as appropriate courses of action for infants with biallelic loss-of-function
variants in ABCA3.24

There have also been significant advances in surfactant protein (SP)-C-related lung disease.
The understanding that deleterious variants in the region of SF7PC coding for the terminal
BRICHOS domain mediate different mechanisms of cellular dysfunction vs those found
outside that region has been a critical insight.2> The BRICHOS domain is important

to maintain the strongly hydrophobic early surfactant from aggregating before being
incorporated into lamellar bodies. BRICHOS variants, which are the most common variants
identified in symptomatic individuals, cause aggregation in the endoplasmic reticulum

(ER) and Golgi apparatus, and may inhibit autophagy, an important mechanism for
degradation and recycling of cellular components that is critical to cell health. In contrast,
non-BRICHOS variants cause activation of the unfolded protein response and ER stress.
The development of a SP-C disease mouse model demonstrated significantly increased ER
stress with resultant fibrosis offering clues to the pathogenesis of human disease.2% As
more research is needed, these findings may have important implications for therapeutic
interventions: two of the available treatments for SP-C—related lung disease, azithromycin
and hydroxychloroquine, reduce inflammation and inhibit autophagy, respectively, and thus
may have differing efficacy based on genotype.

Recent insights have also improved our understanding of genotype-phenotype correlations
for sequence variants of NKX2.1, which encodes the thyroid transcription factor 1.
Classically, patients with variants in NKX2.1 manifested brain-thyroid-lung disease with
chorea, hypothyroidism, and chronic lung disease.2” Recent studies have identified
phenotypic variability with some individuals having neurologic, pulmonary, and thyroid
disease and others with findings limited to one organ system.28 Patients can have variable
pulmonary findings ranging from severe, neonatal respiratory disease consistent with
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surfactant dysfunction to recurrent pulmonary infections, as SPs A and D are involved in
innate immunity. In fact, individuals can have multiple histopathologic findings within the
same lung biopsy.28

A newly understood cause of pulmonary alveolar proteinosis (PAP), one of the classic
presentations of surfactant-related disorders, has recently been reported. Individuals with
variants in methionyl-tRNA synthetase (MARS) were found to manifest PAP in lung
biopsies.2? This discovery was made using whole exome sequencing (WES) from a

number of affected individuals within a geographically constrained cohort. Variants in
MARS also cause hepatic disease, which is an important diagnostic clue for clinicians
evaluating patients with PAP. MARS belongs to a group of genes that encode for aminoacyl
transfer RNA synthetases, which are critical in forming individual transfer RNA (tRNA)
for translating messenger RNA (mRNA) and protein translation. Variants in these genes
cause widely variable diseases, some of which also have a propensity for lung disease.30

In adults, autoantibodies to tRNA synthetase are associated with dermato/polymyositis with
subsequent high risk for interstitial lung disease.3! Studying how variants in, as well as
autoantibodies to, these tRNA synthetases result in lung disease could lead to an improved
understanding of the mechanisms of lung disease in both disorders of surfactant metabolism
and immune dysregulation, as well as potential novel treatment approaches.

Newly described disorders found with genetic testing

Advances in genetic testing have increased the number and scope of chlLD diseases,
especially for chlLD disorders related to immune dysfunction, which account for the
majority of chILD diagnoses in children over 2 years of age. Advances in rapid,
massively parallel genome sequencing have permitted rapid and affordable WES, leading
to identification of multiple new disorders.

One of these newly described diseases is the first known genetic cause of pulmonary
hemorrhage. Pathogenic variants identified in coatomer associated protein alpha (COFA)
were found in five un-related families with familial pulmonary hemorrhage and arthritis.32
Since the original publication, multiple other reports have expanded both the phenotype of
COPA syndrome and the underlying mechanisms of disease pathogenesis.33-36 Currently, it
is hypothesized that increased ER stress in COPA syndrome leads to skewing the immune
system to autoimmunity and the resultant symptoms, possibly through increased type 1
interferon pathway activation.36

Two other recently described chILD disorders both involve dysregulated immune stimulation
and lymphoproliferation. Variants in LRBA and STA73gain of function variants both lead
to unregulated expansion of immune cells.37:38 In the lungs, this leads to evidence of
lymphoproliferation, with nests of immune cells in the distal airways and interstitium, as
well as autoimmune lung disease. These recently described disorders demonstrate the utility
of exome sequencing to improve diagnosis for children with rare lung diseases.

Importantly, while the individual disorders are too rare for controlled clinical trials,
improved understanding of the disease mechanisms may inform more specific therapies.
Recently, effective treatment of COPA syndrome patients with ruxolitinib or baricitinib
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to inhibit type 1 interferon pathways has been reported.3%:40 Patients with L RBA variants
treated with abatacept, an agonist of cytotoxic T lymphocyte antigen-4, the downstream
protein that is deficient in LRBA variants, showed significant improvement in chest CT
findings and lung function testing.3” These examples offer a paradigm for improved and
targeted therapy in chiLD.

Genetic testing choices in chILD

As clinical genomic testing advances rapidly, determining the most efficient and accurate
genomic tests for chILD disorders is imperative. Genetic panels, which can include multiple
genes associated with a clinical syndrome, are commonly ordered. The molecular diagnosis
of cystic fibrosis is usually made with panels of common cystic fibrosis transmembrane
regulator (CFTR) variants as part of newborn screening in most states.*! Gene panels

are also frequently ordered for primary ciliary dyskinesia (PCD), and in fact recent
guidelines on PCD diagnosis recommend genetic testing before invasive testing.2:43 WES,
which involves sequencing all exons in the human genome using rapid, massively parallel
sequencing, is widely available and may decrease time to chILD diagnosis as has been
recently reported for molecular diagnosis of inborn errors of metabolism.** WES has also
been used for testing for neurologic conditions, and a molecular diagnosis was found in up
to 40% of patients (including some with two molecular diagnoses) and has been shown to
be a cost-effective, diagnostic method.*® Finally, whole genome sequencing (WGS), which
has previously been too expensive, difficult to analyze, or available only as part of research
protocols, is becoming more accessible for clinical diagnosis. Rapid WGS for disorders in
the neonatal intensive care unit has been shown to be effective*6:4” and may decrease time to
diagnosis.

There are important considerations with all three approaches to genetic testing for chiLD.
Although genetic panels may be individually less expensive and easier to interpret than WES
or WGS, candidate gene panels may miss potential diagnoses if the gene is not included on
the panel, or if deletion or duplication of a gene is present rather than a sequence variant.
Additionally, with an ever-expanding list of genes associated with chILD, most clinically
available panels are not comprehensive and there is tremendous variability among vendors,
which can confuse clinicians and patients. WES is often more expensive than candidate gene
panels (although the cost has been decreasing rapidly), and there is potential for incidental
genomic findings (eg, variants in cancer predisposing genes),*® which may be stressful

for patients and families. Also, some exons may be missed with WES. WGS is the most
expensive option and requires significant bioinformatics expertize to interpret results.

Biomarkers in chlLD

In addition to genetic testing, identification of disease-associated biomarkers may aid in the
diagnostic evaluation of chILD. A recent study by Deterding et al*® showed unique protein
signatures in NEHI and disorders of surfactant metabolism. Other studies have focused on
chest CT findings as a biomarker for NEHI.17 Additionally, there are a number of blood
biomarkers in adult and pediatric interstitial lung diseases, including KL-6, MUC5B, and the
metalloproteinases that could provide important insights into pediatric diseases.>0>1 All of
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these biomarkers require further study, however, they offer potential advances in diagnosis
and disease monitoring in chlLD.

3] NEW APPROACHES TO IDENTIFY MOLECULAR MECHANISMS AND
THERAPEUTIC TARGETS

The interpretation of clinical significance for rare, often private genomic variants identified
by WES or WGS remains a significant challenge for the application of genomic data to
diagnosis, pathogenesis, and treatment, that is, “personalized” or “precision” medicine.

The goal of personalized medicine is to tailor therapies for individual patients based on

their genomic variants. Monogenic disorders result from alteration of a single gene, are
inherited or spontaneously arise in autosomal dominant, autosomal recessive or X-linked
dominant/recessive patterns (eg, Mendelian disorders), and have emerged as potential targets
for individualized therapeutic interventions. Although individually rare, over 100 monogenic
respiratory disorders have been identified,2 and the most well characterized is cystic fibrosis
resulting from recessive variants in the CFTR gene. Treatment for individuals with cystic
fibrosis has been transformed by the application of sequencing technologies, model systems
for functional characterization of CFTR variants, and high-throughput drug screening.1-3:52
While over 1700 individual CFTR variants have been identified, CF7R variants are grouped
by pathogenesis mechanisms including absence of mature protein (nonsense, frameshift
variants), disruption of intracellular trafficking to the epithelial cell surface, and impaired
chloride transport (https://www.cftr2.org).53 Functional characterization of CFTR variants
and high-throughput screening of small-molecule compounds have led to personalized
therapies (eg, VX-770, VX-661, VX-809, VX-445) based on CFTR genotype,1-3:54-57 with
combination drugs that can now treat approximately 90% of CF patients, and can serve as a
paradigm for understanding and treating other monogenic lung diseases.

3.1| Interpretation of genomic variation

Considerable phenotypic variability is observed among individuals with monogenic
respiratory disorders, likely related to the specific types of variants24°8-60 hyt also by
genetic, epigenetic, developmental, and/or environmental modifiers. The majority of variants
identified among individuals with monogenic respiratory diseases are extremely rare (minor
allele frequency <0.005) or private.2*61 Null (nonsense or frameshift) variants have more
predictable effects on protein function, whereas the effects of missense variants, which
account for majority of identified variants, are less predictable (silent or pathogenic) and
these variants are often classified as “variants of uncertain significance” or VUS.2448
Additional variants include insertion/deletions (“indels™) which can be in-frame or disrupt
the reading frame, noncoding variants which can alter RNA splicing or regulation of

gene expression, and copy number variants (deletions or duplications). Strategies to aid

in the interpretation of these genomic variants include familial segregation of variants

with phenotype, in silico pathogenicity prediction algorithms, data sharing, and functional
assays.52 In familial segregation studies, specific relatives (affected or unaffected) are
evaluated to determine whether the VUS identified in the proband segregates with the
disease phenotype. In silico bioinformatic prediction algorithms (ie, using computational
modeling to predict whether a variant affects molecular function) can be extremely useful
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for large-scale screening of variant predicted pathogenicity,53 but typically focus on coding
variation, frequently conflict in their interpretation, and currently provide in-sufficient
evidence for clinical application.54-67 Data shared from large-scale genome and exome
sequencing projects (~140,000 adults) and chromosomal microarrays (~35,000 individuals)
have been organized into web-based, easily-accessed databases which provide variant
frequencies (https://gnomad.broadinstitute.org, https://decipher.sanger.ac.uk).68:62 On the
individual gene level, Gene-Matcher is a web-based tool designed to connect clinicians
and investigators with interests in the same gene to increase understanding of rare diseases
and identify novel candidate genes (https://genematcher.org).” Functional studies can be
powerful tools to assess variant pathogenicity, but are time and resource intensive and not
scalable for application to the hundreds to thousands of variants identified with exome and
genome sequencing. Functional assays studies typically use transfection or viral transduction
strategies to overexpress variant constructs in immortalized cell lines, which may not
accurately model the biologic impact of the variant on in vivo gene or protein function,
resulting in misclassification of variant pathogenicity.8.71.72

Advances in computational and functional methods

Despite these significant challenges, methods for computational and functional assessment
of genomic variants continue to advance. REVEL (Rare Exome Variant Ensemble Learner)
is an in silico ensemble method that combines results from 18 different individual
prediction algorithms into a single score.”® CADD (Combined Annotation Dependent
Depletion) integrates diverse genomic features (neighboring sequence context, gene models,
evolutionary constraint, epigenetic results, functional predictions) into a single score

for both coding and noncoding variants.54:67 Both REVEL and CADD can be applied

to large-scale genomic data for variant annotation and prioritization for data sharing

and functional studies. Improvements in efficiency and scalability of functional studies
have been enabled by multiplexed techniques. Multiplexed mutagenesis combines single-
stranded DNA templates, endonuclease nicking and exonuclease degradation, isothermal
assembly, and amplification for cloning to generate multiple variant constructs in a single
reaction.’ Saturational genome editing leverages CRISPR/Cas9 RNA-guided cleavage
(see below), multiplex homology-directed repair and donor templates to generate all
possible variants within specific gene regions in the native gene context.”® Multiplexed
assays of variant effect (MAVES) can simultaneously measure the functional effects of

all possible variants within protein coding, intronic, or transcriptional regulatory regions
using fluorescent reporters, enzymatic activity, protein interactions or other molecular or
cellular phenotypes.”®76 Multiplexed assays share a similar framework of variant synthesis,
introduction of variants into a model system, selection for the phenotype of interest,

and post-selection library sequencing to correlate variants with phenotype.’! In addition

to considerations of reproducibility, scalability, and cost, ideal multiplexed assays have
large, measurable differences between pathogenic and benign variants. Several different
multiplexed assays may be required for specific regions of the gene or protein.’’.’8
Coordinated efforts to produce large-scale functional data for specific genes (eg, medically
actionable genes such as BRCAI) will provide a genotype-phenotype atlas to assist with
interpretation of genomic variants.”® For rare lung diseases, multiplexed technologies will
permit functional characterization of all possible variants within a specific gene, potentially
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before any of them are identified in a symptomatic patient. This approach may be especially
relevant for missense, in-frame indels and splicing variants in genes associated with neonatal
respiratory failure (eg, ABCAS3, SFTPB, SFTPC), in that genotype-phenotype correlations
are variable, with some patients improving with chronic ventilation and some patients
progressing to lung transplantation.24:80-83

3.3 | High-throughput small-molecule screening

The development of personalized therapies for patients with cystic fibrosis, including
correction of intracellular trafficking (“correctors”) and improvement of chloride channel
activity (“potentiators™), have been achieved through high-throughput drug screening
campaigns.8485 Small-molecule compounds are chemically stable, bioavailable, and have
become the predominant therapy for correction of human monogenic diseases.88 Therapeutic
strategies for small-molecule correction of monogenic diseases include inhibition of target
activity, activation of abnormal proteins (eg, correction of misfolding or mistrafficking,>*87
impaired channel activity2), and restoration of normal levels of protein expression.88

A wide spectrum of biochemical and cell-based assays can be adapted, miniaturized,

and optimized in microplate format for high-throughput screening.8%-92 Multiple small-
molecule libraries are commercially available for screening including smaller libraries of
FDA-approved compounds which have safety and tolerability data (eg, Pharmakon library
of ~1800 compounds), as well as larger libraries of up to ~130,000 compounds. Assay
performance is typically monitored by using 2 factors® for assay readouts from the
mutant proteins compared to wild-type or the mutant protein with or without a corrector.53
Candidate compounds identified by high-throughput screens require significant medicinal
chemistry evaluation and prioritization to optimize potency, selectivity, and safety, and
reduce off-target effects.88 In addition to variant-specific treatments for cystic fibrosis,
high-throughput drug screening has been used to identify small molecules to ameliorate the
accumulation of misfolded proteins resulting from variants in SERP/NAIZ which encodes
a-1-antitrypsin,®-% and to inhibit myofibroblast differentiation for treatment of pulmonary
fibrosis.%’

4| EXPERIMENTAL MODELS AND EMERGING RESEARCH TOOLS

The approaches described above to unlock disease mechanisms and uncover therapeutic
targets have been revolutionized in the past few decades by powerful emerging genomic
tools, experimental model systems, and computational and bioinformatic advances.

4.1| The role of sequencing and the -omics revolution

A critical technology underlying much of contemporary biomedicine, and many of the
approaches described in this review, is rapid and accurate nucleic acid sequencing, and
so-called “massively parallel” sequencing, which has experienced a dizzying acceleration of
speed combined with a plummeting of cost, revealing genomic information at a previously
incomprehensible rate.98 This has ushered in the era of multiple “-omics,” aimed initially at
uncovering entire genomes (the entire DNA sequence of an organism), but the technology
has also facilitated rapid analysis of messenger RNA (transcriptomics), microRNA and other
noncoding RNAs, as well as analysis of DNA modifications such as cytosine methylation,
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and histone modifications (epigenomics). Simultaneously, advances in mass spectroscopy
and other technologies have allowed similarly rapid analysis of proteins (proteomics), lipids
(lipidomics), and other metabolites (metabolomics). Rapid transcriptomics combined with
microfluidics and/or ligation of specific adapters (“molecular barcoding™) has now made it
possible to analyze the transcriptional profile of thousands of single cells simultaneously
(single-cell RNA sequencing; scRNA-seq), allowing the analysis of cellular heterogeneity at
an unprecedented scale. This has already facilitated discovery of previously un-appreciated
pulmonary cell types, such as the airway ionocyte, which expresses high levels of
CFTR.99:100 These technologies have ushered in a new era of cell biology, and funding
efforts have been launched to develop comprehensive revised maps and atlases of tissues at
the cellular and molecular level. The LungMAP (https://lungmap.net/) has provided a wealth
of multi-omic data on the developing lung in mice and humans, with a focus on the alveolar
parenchyma.101.102 Combining massively parallel sequencing, molecular barcoding, and
advanced microscopy approaches makes it possible to map high-content molecular data back
to intact tissues,103 further refining molecular mapping and atlas efforts, exemplified by the
current second phase of the LungMAP as well as the Human Biomolecular Atlas Program
(HUBMAP194) and Human Cell Atlas (https://www.humancellatlas.org/). A recent review
captures how these emerging technologies have shaped our current understanding of lung
development and regeneration after injury.195 To date the application of these technological
advances to human disease is only beginning, but landmark efforts to “map” rare lung
diseases are beginning to emerge.106

The importance and potential of model organisms

Model organisms help define the roles of genes in vivo. Work in yeast, fruit flies, worms
and mice, for example, have uncovered a tremendous range of knowledge about fundamental
biological mechanisms such as cell division and function, circadian rhythms, DNA repair
and developmental biology. Fundamental studies of protein translation in yeast cells, for
example, can uncover therapeutic approaches to correct CFTR function in cystic fibrosis,107
arguably among the most dramatic therapeutic advances in current biomedicine. Critical
technological advances include the ability to “knock out” or “knock in” genes in organisms,
revealing effects in development and in laboratory models of diseasel%8: use of reporters
such as fluorescent protein genes for lineage tracing10%; and conditional activation or
inactivation of genes. Such advances have made it now possible to turn on or turn off
expression of a particular gene in a particular group of cells in a particular tissue at precise
time points, which is an incredible technological feat that is now taken as a matter of course
in lung research.

Gene editing

Another technological great leap forward has been enabled by rapid and precise genome
editing technology. Using CRISPRs (clusters of regularly interspaced short palindromic
repeats) together with the Cas9 enzyme, an RNA-guided endonuclease, cuts can be made

in precise locations in the DNA sequence, facilitating the introduction of specific altered
sequences. This allows, for example, the creation of a transgenic animal harboring a gene
variant associated with disease in a group of patients, rapidly generating very precise models
for studying disease pathogenesis and for testing novel therapies. CRISPR technology can
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also be applied to in vitro screening approaches to interrogate a broad range of biological
questions, and can accelerate drug discovery and development.110 Perhaps the most exciting
application of genome editing is the ability to correct a genetic defect in progenitor cells and
transplant them back into patients, which has revitalized interest in gene therapy.111

In vitro models

Mouse models have ushered in an era of highly granular understanding of lung biology and
disease, but retain important limitations. Microscopic structure, cellular composition, and
gene expression differ between mice and humans. Importantly, many therapeutic strategies
that work in mice fail in humans. On the other hand, access to human lung tissue is limited
and the single time point of tissue collection precludes longitudinal studies. Most available
tissues are from explanted lungs at transplantation, which are at end stage with alterations
that have progressed over years. Recent refinements in ex vivo and in vitro models have
made it feasible to recapitulate key cellular interactions and pathophysiologic events over
short- to medium-term timescales.

Lung “organoids,” of varying cellular composition, have been used to model numerous
aspects of lung and airways disease in vitro (reviewed in Barkauskas et al'12). Recent
studies using coculture of adult epithelial and mesenchymal cells recapitulate distal lung
structure, function and response to profibrotic insults, and have yielded novel insights into
the two-way communication between these cell types during homeostasis and evolution

of fibrosis.113.114 Organoids offer tremendous promise as tools to study complex cellular
interactions and developmental and disease pathways using human tissue with relevance

to particular diseases and individuals, but they are subject to some important limitations
(reviewed in Lehmann et al11%). They lack body axis, immune system, nerves, and vascular
components. However with regard to cellular phenotypes and cellular interactions, they offer
multiple advantages vs traditional two-dimensional (2D) tissue culture.

Stem cells and regenerative medicine

The scientific breakthrough of the recent past with possibly the highest potential impact
for rare diseases is the discovery that mature somatic cells can be reprogrammed to

a pluripotent stem cell state with the addition of four transcription factors.116 Induced
pluripotent stem cells (iPSCs) can be derived from patients’ tissues, allowing the
possibility of recapitulating the effects of an individual’s genotype on cellular functions

in vitro. Many laboratories have expended tremendous effort into differentiating iPSCs into
organ-specific cell types, including lung epithelial cells.}17 iPSC I-derived 3D organoids
with genetic variants associated with Hermansky-Pudlak syndrome-associated interstitial
pneumonia (HPSIP) were recently shown to recapitulate disease pathophysiology, with
fibrotic features (contraction, extracellular matrix deposition, profibrotic gene expression)
seen in organoids with gene variants associated with HPSIP.118 The study of stem and
progenitor cells, whether induced or isolated from bone marrow or other tissues, combined
with technological advances in culture substrates and conditions, has ushered in an era of
“regenerative medicine,” making possible the therapeutic use of stem cells or their products
to treat a wide variety of diseases, in addition to creating more accurate research models.
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DISCUSSION AND FUTURE PROSPECTS

How do these advances shape the future for children living with rare and interstitial

lung diseases, as well as those of their caregivers and clinicians? It is possible using
today’s technology, even with an extremely rare clinical phenotype, to rapidly identify a
potentially deleterious gene variant, predict its effects in silico, quickly (within months)
generate an animal model, assess alterations at a cellular and molecular level, determine
pathophysiologic mechanisms, and test therapeutic interventions. It is also possible without
knowing the genetic basis of a disease to create iPSC-derived cells and organoids with
which to study cellular pathophysiology and test therapeutic interventions using libraries of
available compounds. Pediatric pulmonologists and others caring for children with complex
respiratory disease in the past few decades have witnessed life-changing advances in care
for diseases that in the past were certain lethal diagnoses, including cystic fibrosis and
spinal muscular atrophy. The tools are already in place to develop similarly revolutionary
approaches to almost any genetic disease.

What are the barriers? Rare diseases have complex phenotypes, and no individual clinician
or clinical center is likely to have enough affected patients to advance knowledge

regarding natural history, pathophysiology, and treatment effectiveness. National and even
international registries permit aggregation of information from larger numbers of affected
individuals. New knowledge and technological advances are being generated at a pace that
is impossible even for academic specialists to keep up with, much less busy clinicians.
Advocacy groups such as the Cystic Fibrosis Foundation (CFF) and PCD Foundation
monitor research advances relevant to their constituencies and make the information
available through newsletters and electronic communications. Groups supporting more rare
disorders lack the personnel and resources for such efforts, as they are often composed of
caregivers struggling to support individuals with complex care needs. Small organizations
may need to join forces with other disease groups, or take advantage of the resources
available through larger organizations such as the American Thoracic Society. Research

is very expensive, particularly when it involves emerging technologies, so clinicians,
researchers and advocacy groups need to work together to raise awareness of research needs
and encourage funders, whether they be government agencies, corporations, philanthropic
foundations or individual donors, to invest in rare disease research.

We are poised to see dramatic improvements in the care of chILD and other rare lung
diseases, but the “next generation” of clinicians and researchers need to be optimally
prepared to generate and deploy the novel diagnostics and therapies of the future. Specialists
in training should study genomic science, data science, and bioinformatics so that they can
access, understand, and leverage the massive and complex data currently being generated.
We need more physician scientists with targeted training to bridge the gaps between
“bedside, bench, and server.” Even those who will not be engaged in direct discovery should
be conversant enough with emerging tools and discoveries to be able to offer their patients
full access to truly personalized care. Ideally we should facilitate communication among
families, clinicians, cutting edge researchers, and funders, to spur collaboration and remove
barriers to discovery and transformative therapy. The future is now.
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