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Abstract

Background: Children’s interstitial and diffuse lung disease (chILD) is a complex heterogeneous group of lung
disorders. Gene panel approaches have a reported diagnostic yield of ~12%. No data currently exist using trio exome
sequencing as the standard diagnostic modality. We assessed the diagnostic utility of using trio exome sequencing in
chILD. We prospectively enrolled children meeting specified clinical criteria between 2016 and 2020 from 16 Austral-
ian hospitals. Exome sequencing was performed with analysis of an initial gene panel followed by trio exome analysis.
A subset of critically ill infants underwent ultra-rapid trio exome sequencing as first-line test.

Results: 36 patients [median (range) age 0.34 years (0.02-11.46); 11F] were recruited from multiple States and Ter-
ritories. Five patients had clinically significant likely pathogenic/pathogenic variants (RARB, RPL15, CTCF, RFEXANK, TBX4)
and one patient had a variant of uncertain significance (VIP) suspected to contribute to their clinical phenotype, with
VIP being a novel gene candidate.

Conclusions: Trio exomes (6/36; 16.7%) had a better diagnostic rate than gene panel (1/36; 2.8%), due to the ability

to consider a broader range of underlying conditions. However, the aetiology of chILD in most cases remained unde-
termined, likely reflecting the interplay between low penetrant genetic and environmental factors.
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Background has suggested including the term diffuse lung diseases
Children’s interstitial and diffuse lung disease (chILD)isa  (DLD) [5].
heterogeneous group of disorders encompassing over 200 The causes of chILD are multifactorial and include

disparate rare pulmonary conditions, mostly prevalent in  genetic, developmental, inflammatory, infectious and
early childhood and often requiring life-long, complex environmental contributions, all on the background of
care [1-7]. The umbrella term, chILD, has a reported a developing and growing lung. This often means that
prevalence of 1.5-3.8 per million [1, 4, 8] Because many  making an accurate diagnosis is challenging and requires
of the diseases with similar clinical features do not significant diagnostic work-up including lung function
involve the interstitium, the American Thoracic Society  testing, imaging, bronchoalveolar lavage and lung biopsy
[1, 5, 9-11]. A multidisciplinary approach involving
review of patients by experts in the field has improved
the diagnostic accuracy [1].

Utilising genomics in the diagnosis of chILD is advo-
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Research Network (chILDRN) and European chILD
(chILD-EU) collaboration [1, 5]. A major advance has
been the discovery of genetic causes of chILD, includ-
ing genes associated with surfactant metabolic disorders
(summarised in [12]), pulmonary haemorrhage [13], and
immune dysregulation [14—16]. These gene discover-
ies highlight the role of next generation sequencing such
as whole exome sequencing (WES) and whole genome
sequencing (WGS), in advancing our understanding of
chILD and leading to new approaches to treatment [17].

Most respiratory physicians favour a gene panel
approach directed by phenotypic presentation. This is a
cheaper option with a reported diagnostic success rate of
approximately 12% [1, 4]. The cost of exome sequencing
analysis is rapidly declining and is likely to replace a panel
approach in the future. No data currently exist on using
an exome or genome-based approach as standard clini-
cal investigation. The aim of this study was to assess the
diagnostic utility of using trio (both parents and child)
exome sequencing in chILD.

Results

Eighty-five patients were referred to the chILDRANZ
study. Thirty-six were excluded (42%) because they did
not meet the study criteria, and 13 (26%) of those who
were approved were subsequently withdrawn from the
study as the family declined testing or samples from par-
ents were not available (Fig. 1). The median age (range)
of enrolled participants was 0.34 years (0.02—11.46); 30%
(n=11) were female; and patients were recruited from
five Australian States and Territories (Table 1; Additional
file 1: Table S1).

Five of the 36 patients enrolled were found to have
pathogenic or likely pathogenic variants (CTCE RFX-
ANK, RPL15, RARB, TBX4), and one patient had a vari-
ant of uncertain significance (VIP) (Table 1). Only the
TBX4 variant was identified using the chILDRANZ gene
panel. No patient had an incidental variant finding, unre-
lated to their lung phenotype.

RFXANK

Patient 1, a four-month-old boy with consanguine-
ous parents, presented with severe respiratory dis-
tress (tachypnoea, dyspnoea at rest, hypoxia) requiring
intubation, ground glass changes on CT-chest and low
immunoglobulins (Table 1). Given the clinical severity,
an expedited trio WES (10 days) was arranged, without
the chILD gene panel first being performed. A homozy-
gous previously reported pathogenic variant [18] was
identified in the gene encoding the Regulatory Fac-
tor X-Ankyrin repeat containing protein (RFXANK),
with both parents being heterozygous for the variant
(Table 1). Pathogenic variants in this gene cause major
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Fig. 1 Recruitment for chILDRANZ and number enrolled in trio
Whole Exome Sequencing (WES)

histocompatibility complex (MHC) class -II deficiency,
also known as bare lymphocyte syndrome type II
(OMIM# 209920), which is a rare immunological auto-
somal recessive disorder resulting from the absence of
MHC class II molecules on the surface of immune cells.
Individuals with biallelic variants in the RFXANK gene
have early onset and severe recurrent respiratory and
gastrointestinal infections [19].

Patient 1 underwent a lung biopsy while await-
ing genetic results, which, given his severe clinical
state, carried a high risk of operative morbidity. This
case highlighted that critically ill patients benefit from
rapid, comprehensive testing to avoid delays and had he
received his genetic diagnosis earlier he would have likely
avoided the need for a lung biopsy.

CTCF

Patient 2 was an 18-month-old girl who presented
with recurrent chest infections (associated with cough,
wheeze and crackles), along with developmental delay
and failure to thrive (Table 1). At the time of study refer-
ral, the treating physician considered that the mild bron-
chiectasis on CT-chest was insufficient to account for her
respiratory symptoms and was concerned that there was
an additional underlying diffuse lung process.

Trio exome analysis identified a de novo previously
reported pathogenic variant in the gene encoding the
CCCTC-binding factor (CTCF; OMIM# 604167). The
CTCF protein uses various combinations of its 11
zinc fingers to recognise a variety of unrelated DNA
sequences and can function as a transcriptional insulator,
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repressor, or activator, depending on the context of the
binding site [20]. Variants in the CTCF gene have been
associated with intellectual disability of varying severity,
feeding difficulties and below normal head circumference
and/or body height (SCV000491326.2; SCV001140119.1
(21)).

There has been no previous lung phenotype associated
with CTCF variants. The respiratory symptoms observed
in patient 2 were likely secondary to developmental delay
and hypotonia which resulted in aspiration and mild
bronchiectasis. At three years old, following PEG inser-
tion, her respiratory symptoms had resolved.

RPL15

Patient 3 was an eight-week-old girl who developed
respiratory failure (tachypnoea, dyspnoea at rest, and
hypoxia) and pulmonary arterial hypertension (PAH)
and was noted to have distinctive facial features (Table 1).
A de novo likely pathogenic variant was identified in
the gene encoding the Ribosomal Protein L15 (RPL15;
OMIM# 604174). Variants in the RPL15 gene have been
associated with Diamond-Blackfan anaemia 12 [22].
There are no reports of variants in the RPLI5 gene being
associated with severe respiratory distress. While the
finding was unexpected, the infant’s subsequent clinical
course was consistent with Diamond-Blackfan anaemia.

RARB

Patient 4 was a seven-week-old boy who following devel-
opment of respiratory failure (tachypnoea, dyspnoea at
rest, and hypoxia), was noted to have a diaphragmatic
eventration in addition to PAH, and distinctive facial
features including microphthalmia. Trio exome analysis
identified a de novo likely pathogenic variant in the gene
encoding Retinoic Acid Receptor Beta protein (RARB;
OMIM# 180220). This protein binds retinoic acid and
mediates cellular signalling required for the development
of several organs, including the eye, heart, diaphragm,
lungs and limbs [23]. Variants in the RARB gene have
been identified with syndromic microphalmia-12 which
is associated with diaphragmatic, cardiac and lung abnor-
malities [24, 25].

TBX4

Patient 5 was a two-month-old girl who had respiratory
distress (tachypnoea, dyspnoea at rest, and hypoxia)
within minutes after birth requiring ventilation and
developed bilateral pneumothoraces (Table 1). A CT
angiogram demonstrated PAH. A maternally inherited
heterozygous likely pathogenic variant was identified
in the gene encoding the T-box transcription factor 4
(TBX4; OMIM# 601719). The TBX4 gene is one of only
a few genes implicated as contributing to developmental
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lung diseases [7]. Heterozygous variants in TBX4 were
originally associated with the autosomal dominant ischi-
ocoxopodopatellar syndrome (ICPPS; OMIM 147891) or
small patella syndrome. TBX4 heterozygous variants have
subsequently been identified as being commonly associ-
ated with childhood-onset PAH, as present in patient 5
[26—29]. There is reported variable expression with par-
ents carrying the TBX4 variant being asymptomatic for
PAH but symptomatic for bone abnormalities associated
with TBX4 variants. Both patient 5 and her mother have
the typical TBX4 associated bone anomalies. Her mother
does not have a lung phenotype. TBX4 variants have also
been reported in children with severe pulmonary hypo-
plasia [29, 30].

VIP

Patient 6 was a three-month-old female with tachyp-
noea, dyspnoea at rest and hypoxia with failure to thrive
(Table 1). Trio exome analysis identified a de novo het-
erozygous variant (c.[1074+1G>C]; p.[?]) in the gene
encoding the vasoactive intestinal peptide (VIP; OMIM#
192320). Vasoactive intestinal peptide (VIP) is a member
of the glucagon-secretin family and exhibits a wide range
of biologic actions including relaxation of smooth muscle
[31].

VIP is abundantly expressed in the pulmonary vas-
culature [32]. VIP deficiency has been suggested to be
involved in the development of pulmonary hypertension
[33], with VIP a known neuropeptide causing relaxa-
tion of pulmonary vascular smooth muscle cells [34].
A knockout of the VIP gene leads to hemodynamic and
histomorphological features of PAH in mice, whereas
supplementation of VIP by subcutaneous application
partially reversed these changes [35]. However, VIP is not
currently considered a Mendelian disease gene and no
monogenic cause for PAH has been identified in the VIP
gene.

This splice variant has not previously been reported
in the ClinVar database or in published literature and is
classified as a VOUS as definitive evidence linking this
gene with interstitial lung disease has not been identi-
fied. Functional investigations and ongoing review of the
patient’s progress may help to further clarify the signifi-
cance of this variant.

Discussion

In our study, trio WES identified five pathogenic vari-
ants and one VOUS in 36 children with suspected chILD.
Only one of these five pathogenic variants were identi-
fied using the curated chILD 75 gene panel, including
disorders of surfactant. This study highlighted that lung
disease is a common presentation of a number of diverse
pathologies in childhood, not just primary lung disease,
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and a broad approach such as exome sequencing, is indi-
cated when genetic testing is considered in the diagnos-
tic work up of suspected chILD both in the acute and
chronic disease setting. In addition, our study supports
others [36] that show a higher diagnostic yield in acutely
critically unwell infants with five out of six of the chILD
patients with a diagnosis being four months or younger.

We did not identify any children with a surfactant dis-
order which was surprising. In our previous retrospec-
tive review of the chILD experience in Australia and New
Zealand, genetic studies were performed for disorders
of surfactant metabolism only and a diagnosis was made
in 12% of patients, similar to that reported by the EU-
chILD network [1]. We would therefore have expected to
identify approximately five children with surfactant defi-
ciency, but we identified six children with a broad range
of other syndromic genetic disorders instead. We con-
tacted all Australian genetic laboratories and all respira-
tory paediatricians and established that only five children
had been tested in other laboratories outside Australia
during the study period. None had a genetic surfactant
disorder. Thus, the absence of this diagnosis in our cohort
is most likely due to chance.

The increasing integration of genetic testing within
clinical care has highlighted the need for a multi-dis-
ciplinary approach, particularly utilising the expertise
of clinical geneticists and genetic counsellors in patient
selection, pre-test counselling, and data interpretation.
This involvement is critical with the use of trio exome
(and genome) sequencing, which has the possibility of
identifying variants of uncertain significance and inci-
dental findings, which can have implications for not only
the child but the child’s family. Patient 1 highlights the
need for ongoing involvement of genetic services as par-
ents who are both heterozygous carriers for an autosomal
recessive condition will likely require genetic counsel-
ling to discuss reproductive options. We believe that our
chILDRANZ 75 gene panel is the most comprehensive
panel to date and may be useful as a curated resource
for other groups to guide initial WES/WGS analysis.
Only the TBX4 variant in our study was identified using
the chILD gene panel, emphasizing the need to adopter
broader approaches to test requisition and analysis to
maximise the diagnostic benefits of genomic data.

One limitation of our study is that our sample size
was small, reflecting the low prevalence consistent
with a very rare disease in a national population of only
approximately five million children. The families who did
not consent to be involved in the study were a mixture
of active and passive decliners. There were also several
families where both parents were unavailable. However,
a strength is that we were able to capture most eligible
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children in Australia during the period of the study due
to established national research and clinical networks.
Overall, our genetic diagnostic rate for likely patho-
genic/pathogenic variants was 14% (5/36). While there
currently remains an increased cost of trio WES com-
pared to a targeted gene panel, although this difference
continues to reduce, the benefit of a trio WES approach,
rather than a chILDRANZ gene panel only (which incor-
porates the surfactant protein gene panel), was supported
by all variants being identified using trio WES, which
afforded the option of broader analysis. In addition, trio
WES/WGS provides the platform to discover novel can-
didate genes associated with chILD, such as the VIP gene.
The limitation of WES, and additional benefits of WGS
(although significantly more expensive), is its inability to
analyse deep intronic variants and structural variants.

Conclusions

It is likely that trio WES will become standard of care in
the management of chILD, particularly as costs decrease
and turnaround times improve. The role of WGS to fur-
ther increase diagnostic yield should be explored in
future studies. Finally, our study supports the notion that
chILD is a complex disorder and monogenic disorders
likely make up a small proportion of the approximate 200
chILD conditions, with the underlying aetiology likely a
combination of multiple common variants in conjunction
with environmental factors. This study, therefore, sup-
ports a trio WES/WGS approach for children with sus-
pected interstitial lung disease and highlights the value
of multi-disciplinary team approaches as well as the need
for rapid turnaround times for critically ill patients.

Methods

Human research ethics committee approval was received
from Melbourne Health (HREC/16/MH251). Parents/
carers provided informed consent following genetic
counselling which included the possibility of incidental
findings.

Study design and participants

These studies formed part of Australian Genomics, a
national research project aimed at assessing genomic
testing in healthcare [37].

The chILD research, Australia and New Zealand
(chILDRANZ) flagship prospectively enrolled children
between January 2016 and July 2020 from 16 Austral-
ian hospitals. Children under the age of 18 years were
recruited if the treating respiratory physician suspected
chILD. The inclusion criteria were based on that pro-
posed by Deutsch et al. [11]: respiratory symptoms and/
or
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(a) diffuse infiltrates on CT scanning; and/or
(b) abnormal pulmonary function.

Symptoms had to be present for greater than four
weeks except in neonates with acute neonatal respiratory
distress.

Critically ill neonates with suspected chILD were tested
through the Acute Care flagship, to access ultra-rapid trio
exome sequencing. Patients with more “common causes”
of diffuse lung disease and “masqueraders” were excluded
[5]. A multidisciplinary panel reviewed referrals to deter-
mine eligibility.

Registry

The Australian Genomics secure web-based REDCap
database was used for standardised systematic collec-
tion of clinical data [38]. Data elements were developed
from the US chILDRN registry (Robin Deterding, per-
sonal communication) and the European chILD registry
(chILD-EU) (Matthias Griese, personal communication).

Exome sequencing, data analysis, and interpretation
Trio exome sequencing was performed at one of three
nationally accredited Australian laboratories.

We first manually curated and compiled a chILD
gene panel following a systematic review of the litera-
ture (Additional file 2: Table S2). Except for critically ill
neonates, alignments and variant calls generated were
restricted to coding regions and the canonical splice sites
of the chILDRANZ panel of 75 genes (Additional file 2:
Table S2) in the proband (using SoftGenetics NextGene
version 2.4.1, SoftGenetics, State College, PA; GRCh37/
hg19). Variants identified were then annotated using Ala-
mut Batch (version 1.9, Interactive Biosoftware, Rouen,
France). Analysis of parental carriage of any variant
identified in the proband was performed. A multidisci-
plinary team (MDT) board reviewed all data to ascribe
causality. The initial analysis of the chILDRANZ panel
data had a turnaround time of approximately six weeks.
Expanded trio exome analysis was then performed, with
a final result available in 3-6 months. Critically ill neo-
nates received an ultra-rapid trio exome sequencing with
results available in less than five days [36].

Variants were classified according to the American Col-
lege of Medical Genetics (ACMG) criteria [39]. All path-
ogenic and likely pathogenic variants identified in this
study have been deposited in ClinVar (submission IDs:
SCV001763559.1, SCV001763560.1, SCV001244976.1,
SCV001245030.1, SUB10133140). The novel gene iden-
tified in this study, VIP, has been submitted to Gene-
Matcher [40].
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Statistical methods

As this was a prospective national epidemiological
study, no power calculation was required. Descrip-
tive statistics were used for participant characteristics,
referral source, and the molecular diagnostic yield.
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chlILD: Children’s interstitial and diffuse lung disease; DLD: Diffuse lung
diseases; PAH: Pulmonary arterial hypertension; VOUS: Variant of uncertain sig-
nificance; WES: Whole exome sequencing; WGS: Whole genome sequencing.
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