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ABSTRACT
Objective This study aimed to investigate the 
prevalence and clinical characteristics of monogenic 
disease in paediatric patients with a predominant 
respiratory phenotype.
Methods Exome sequencing was performed in a 
cohort of 971 children with a predominant respiratory 
phenotype and suspected genetic aetiology. A total of 
140 positive cases were divided into subgroups based 
on recruitment age and the primary biological system(s) 
involved.
Results There were 140 (14.4%) patients with a 
positive molecular diagnosis, and their primary clinical 
manifestations were respiratory distress (12.9%, 18 
of 140), respiratory failure (12.9%, 18 of 140) and 
recurrent/persistent lower respiratory infections (66.4%, 
93 of 140). Primary immunodeficiency (49.3%), 
multisystem malformations/syndromes (17.9%), and 
genetic lung disease (16.4%) were the three most 
common genetic causes in the cohort, and they varied 
among the age subgroups. A total of 72 (51.4%) 
patients had changes in medical management strategies 
after genetic diagnosis, and the rate in those with 
genetic lung disease (82.6%, 19 of 23) was far higher 
than that in patients with genetic disease with lung 
involvement (45.3%, 53 of 117) (p=0.001).
Conclusion Our findings demonstrate that exome 
sequencing is a valuable diagnostic tool for monogenic 
diseases in children with a predominant respiratory 
phenotype, and the genetic spectrum varies with age. 
Taken together, genetic diagnoses provide invaluable 
clinical and prognostic information that may also 
facilitate the development of precision medicine for 
paediatric patients.

INTRODUCTION
Respiratory diseases in children are the most 
common reason for hospitalisation. They are asso-
ciated with high morbidity and mortality world-
wide, and adversely impact childhood quality 
of life, education and physical activity. With the 
improvements in molecular diagnostic techniques, 
there has been an increased recognition of the 
importance of genetic testing in paediatric respira-
tory diseases. However, the current awareness of 
the issue is mainly restricted to genetic lung disease 
(GLD), including alveolar capillary dysplasia with 
misalignment of pulmonary veins, surfactant metab-
olism dysfunction (SMD), pulmonary alveolar 
proteinosis, hereditary haemorrhagic telangiectasia, 
cystic fibrosis (CF) and primary ciliary dyskinesia 
(PCD).1 An excellent example is CF, which has been 

the focus of long- standing research efforts that have 
led to significant progress in diagnosis and treat-
ment during the past few decades.2

In addition, respiratory management of genetic 
disease with lung involvement (GDL) has received 
relatively little attention, especially the respiratory 
management after receiving molecular diagnosis, 
because the focus has been directed on primary 
disease in most cases. GDLs include system- related 
genetic disorders, such as primary immunodefi-
ciency, neuromuscular diseases, inherited metabolic 
diseases (IMDs) and connective tissue diseases; 
among them, the early non- specific and overlap-
ping respiratory phenotypes pose enormous chal-
lenge for physicians.

Therefore, a large- scale investigation on mono-
genic diseases in children with a predominant 
respiratory phenotype is needed to enhance the 
knowledge about clinical characteristics, geno-
type, management, and outcome of these diseases 
and improve patient care and prognosis. In the 
present study, we analysed 140 patients (14.4%) 
who received a molecular diagnosis in our cohort 
of 971 patients with suspected genetic causes of 
respiratory manifestations. The objectives of the 
study were to: (1) investigate the prevalence of 

What is already known on this topic?

 ► Continuous progress has been made towards 
our understanding of genetic lung disease 
and genetic disease with lung involvement, 
especially the former, with substantial efforts 
and resources devoted to the research.

 ► The application of the next- generation 
sequencing in cohort studies in paediatric 
respirology is relatively rare, and little is known 
about its value for diagnosis and clinical 
management of paediatric patients with a 
predominant respiratory phenotype.

What this study adds?

 ► Genetic disorder spectrum of monogenic 
disease in paediatric patients with a 
predominant respiratory phenotype varies with 
age.

 ► Genetic diagnoses provide invaluable clinical 
and prognostic information that may also 
facilitate the development of precision medicine 
for paediatric patients.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D

ow
nloaded from

 
 on M

ay 19, 2023 by guest. P
rotected by copyright.

http://adc.bm
j.com

/
A

rch D
is C

hild: first published as 10.1136/archdischild-2021-322058 on 16 June 2021. D
ow

nloaded from
 

http://www.rcpch.ac.uk/
http://adc.bmj.com/
http://orcid.org/0000-0002-5133-0064
http://orcid.org/0000-0002-9992-6457
http://dx.doi.org/10.1136/archdischild-2021-322058
http://dx.doi.org/10.1136/archdischild-2021-322058
http://dx.doi.org/10.1136/archdischild-2021-322058
http://crossmark.crossref.org/dialog/?doi=10.1136/archdischild-2021-322058&domain=pdf&date_stamp=2022-01-06
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/
http://adc.bmj.com/


142 Dai D, et al. Arch Dis Child 2022;107:141–147. doi:10.1136/archdischild-2021-322058

Original research

monogenic diseases in children with a predominant respiratory 
phenotype; (2) reveal genotype–phenotype correlations and (3) 
determine the value of genetic diagnoses for the development of 
precision medicine for children.

MATERIALS AND METHODS
Participants
Patients who were undiagnosed following routine clinical proce-
dure and were suspected to have genetic disorders between 
1 January 2015 and 31 December 2019 in the Children’s 
Hospital of Fudan University were enrolled if they had one of 
the following respiratory phenotypes: (1) respiratory distress 
after birth; (2) dyspnoea, progressive respiratory failure and/or 
oxygen dependence; and (3) recurrent/persistent lower respi-
ratory infections (RLRIs/PLRIs). A detailed study protocol is 
described in the online supplemental methods. Informed consent 
was obtained from the parents of patients who were recruited in 
the present study.

Exome sequencing and data analysis
Details of sequencing and alignment processing are described in 
the online supplemental methods. The bioinformatics analysis 
pipeline that we adopted had been previously reported.3 Rare 
sequence variants (minor allele frequency ≤1%) affecting genes 
known to cause Mendelian disorders after the above screening 
were classified in accordance with the American College of 
Medical Genetics and Genomics guidelines.4

Statistical analysis
Differences in subject characteristics were determined using the 
Χ2 or Fisher’s exact test when comparing three age groups, and 
via Mann- Whitney U test when comparing two patient groups 
(SPSS V.26.0). The significance level was set at a p value of 0.05.

RESULTS
Demographic and clinical characteristics of the patients
In the entire cohort of 971 patients, a total of 140 (14.4%) 
patients received a positive molecular diagnosis and were 
included for further analysis (online supplemental figure S1). 
There were 98 (70%) boys and 42 (30%) girls, with a mean age 
at enrolment of 3.6 years (range: 0 days–17.8 years). The main 
respiratory manifestations at inclusion were respiratory distress 
(n=18, 12.9%), respiratory failure (n=18, 12.9%), and RLRI/
PLRI (n=93, 66.4%), with the mean onset age shown in table 1. 

Patients were grouped based on enrolment age, and basic infor-
mation and prevalent phenotype in each group are shown in 
table 1 and online supplemental results.

Spectrum of genetic disorders
There were 173 pathogenic/likely pathogenic variants spanning 
54 genes in the 140 patients diagnosed with genetic disorders. 
The proportion of the different inheritance modalities was seen 
in online supplemental table S1. The origins of variants in 103 of 
the diagnosed patients are listed in online supplemental table S2, 
whereas this information was unavailable for the remaining 37 
diagnosed patients because the DNA samples from their parents 
were not obtained.

Genetic disorders were classified into six categories according 
to the primary system(s) involved in the disease aetiology, 
primarily determined by 54 phenotype- related genes that were 
diagnosed, as follows: GLD, primary immunodeficiency (PID), 
multisystem malformations/syndromes (MM/S), IMD, neuro-
muscular disease and connective tissue disease. The latter five 
were collectively referred to as GDL. GLD included 23 patients 
(16.4%), and GDL comprised 117 patients (83.6%). Compari-
sons of the clinical and demographic characteristics between the 
two groups are shown in table 2. PID (49.3%, 69 of 140), MM/S 
(17.9%, 25 of 140) and GLD (16.4%, 23 of 140) were identified 
as the three most common genetic causes. The main cause of age 
subgroups is seen in figure 1.

The distribution of the causative genes identified in the GLD 
group, GDL group and age grouping source is shown in figure 2. 
SMDs caused by SFTPC and ABCA3 mutations and PCD by six 
pathogenic genes (DNAAF3, DNAH5, CCDC103, CCDC114, 
CCDC40 and DNAH11) were the most frequent genetic disor-
ders in the GLD group. For the GDL group, PID was the most 
common genetic disorder, in which the most enriched genes were 
BTK, CYBB, IL2RG and STAT3, followed by MM/S, where the 
most commonly mutated genes were CHD7, FBN1, COL2A1 
and PTPN11. Additionally, a genotype–phenotype relationship 
and age distribution of genetic disorders are shown in detail in 
online supplemental figure S2.

GLD and GDL exhibit different clinical outcomes and medical 
management
Notably, 51.4% (72 of 140) of the patients had changes in clin-
ical management after precise diagnosis in the following four 
areas5: (1) redirection of care (12.1%, 17 of 140), including 

Table 1 Characteristics of 140 genetic- positive patients in the study among subgroups

Categories of diseases
Total
(n=140)

Neonates
(n=31)

Infants
(n=38)

Children
(n=71)

Sex, male 98 (70%) 19 (61.3%) 30 (78.9%) 49 (69%)

Respiratory symptom onset age, median (range) 7 months (0–7.7 years) 0 (0–1 day) 2.3 months (0–7.5 months) 1 year (0–7.7 years)

Enrolment age, median (range) 3.6 years (0–17.8 years) 10.5 days (0–26 days) 5.5 months (38 days–1 year) 6.8 years (1–17.8 years)

Principal respiratory phenotype

  Respiratory distress, no (%) 18 (12.9) 17 (54.8) 1 (2.6) 0

  Respiratory failure, no (%) 18 (12.9) 14 (45.2) 3 (7.9) 1 (1.4)

  RLRI/PLRI, no (%) 93 (66.4) 0 30 (78.9) 63 (88.7)

  Other (interstitial lung disease, oxygen dependency, 
exercise intolerance)

11 (7.8%) 0 4 (10.6%) 7 (9.9%)

Method

  Panel, no (%) 48 (34.3) 29 (93.5) 8 (21.1) 11 (15.5)

  WES, no (%) 92 (65.7) 2 (6.5) 30 (78.9) 60 (84.5)

PLRI, persistent lower respiratory infection; RLRI, recurrent lower respiratory infection; WES, whole- exome sequencing.
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adopting palliative care and termination of treatment; (2) initi-
ation of new subspecialist care (13.6%, 19 of 140), including 
specialist care and other specific phenotypic monitoring; (3) 
changes in medication or diet (24.3%, 34 of 140); and/or (4) 
major procedures (7.9%, 11 of 140), including umbilical cord–
blood stem cell transplantation and hematopoietic stem cell 
transplantation. The most common medical impact of molecular 
diagnosis was in improving ongoing management by changing 
treatment or diet (24.3%) and the initiation of new subspecialist 
care (13.6%) (figure 3). Following genetic diagnosis, significantly 
more patients with GLD had a change in medical management 

compared with those with GDL (19 vs 53, 82.6% vs 45.3%, 
p=0.001) (table 2).

Among patients with GLD, five of seven patients with SMD 
(P003, P36–38, P86) harbouring SFTPC mutations received 
long- term hydroxychloroquine treatment with informed consent 
for off- label drug use; three of them responded well at follow- up 
visits, showing catch- up of growth and withdrawal of oxygen 
supply; however, one patient died of disease exacerbation within 
1 month after hydroxychloroquine treatment and the others did 
not respond to the treatment.6 In contrast, the other two patients 
eventually died of refractory respiratory distress syndrome (RDS) 

Table 2 Comparison of clinical severity and medical management impact of molecular diagnosis between patients diagnosed with genetic lung 
disease and genetic disease with lung involvement

Characteristics Total patients (n=140) Genetic lung disease (n=23) Genetic disease with lung involvement (n=117) P value*

Respiratory symptom onset age (boys) 7 months 5 months 7.3 months 0.682

Enrolment age (boys) 3.6 years 4.9 years 3.4 years 0.355

Molecular diagnostic age 3.8 years 5.1 years 3.5 years 0.426

ICU hospitalisation, no (%) 53 (37.9) 8 (34.8) 45 (38.5) 0.739

Invasive respiratory support, no (%) 34 (24.3) 5 (21.7) 29 (24.8) 0.755

Family history, no (%) 22 (15.7) 1 (4.3) 21 (17.9) 0.185

Management changes, no (%)† 72 (51.4) 19 (82.6) 53 (45.3) 0.001

Otherwise actionable medical measures, no (%)‡ 38 (27.1) 3 (13) 35 (29.9) NA

Deceased, no (%)§ 47 (33.6) 6 (26.1) 41 (35) 0.406

*Pearson’s Χ2 test, Fisher’s exact test or Mann- Whitney U test, when applicable.
†Indicates redirection of care, initiation of new subspecialist care, changes in medication or diet, major procedures and diagnosis- explained death.
‡Indicates patients who have not yet received management change but might do so in theory after molecular diagnosis.
§Death in hospitalisation or within 1 month from discharge.
ICU, intensive care unit; NA, not applicable.

Figure 1 Distribution of disease spectrum among neonate, infant and children groups. (A) Distribution of disease spectrum of all 140 molecular- 
positive patients; (B) disease spectrum of neonate group; (C) disease spectrum of infant group; (D) disease spectrum of children group.
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and critical illness without hydroxychloroquine treatment. Simi-
larly, a pair of full- term twins (P001–002) died of progressive 
aggravation of RDS, which may have been due to homozygous 
ABCA3 mutations that were revealed following subsequent gene 
sequencing. Nine patients with PCD with mucociliary clearance 
disorders and three patients with CF with chloride channel 
dysfunction enabled new specialised nursing practices, including 
airway clearance through daily chest physiotherapy, coordi-
nated inhaled hyperosmolar agents, and prompt and aggressive 
administration of inhaled tobramycin (300 mg nebulised two 
times per day); the latter was implemented for a 28- day period 
upon the first evidence of Pseudomonas aeruginosa growth, per 
a protocol that had been previously described.7 Furthermore, 
long- term oral administration of azithromycin was performed to 
protect patients (P084, P076) from respiratory infection and to 
ameliorate the decline in lung function.8 During follow- up visits 
for more than 6 months, there was no disease progression on 
imaging, and initial indications of improved lung function were 
revealed (data not shown).

As for the GDL in 53 patients, the primary impacts on 
medical management following molecular diagnosis included 
changes in medication and/or diet, especially for patients 
with PID. In contrast to patients with loss- of- function muta-
tions in STAT1 and STAT3 sequences who received supportive 
therapy (eg, intravenous immunoglobulin) and antiviral/anti-
mycobacterial prophylaxis, three patients harbouring STAT3 
gain- of- function mutations with multisystem autoimmunity 
symptoms had interferon- gamma treatment and supportive 
therapy with long- term antifungal treatment.9 Two patients with 

activated phosphatidylinositol 3- kinase δ syndrome 1 (PIK3CD, 
P115–116) received rapamycin (Akt- mTOR signalling inhib-
itor) treatment, whereas two patients with STING- associated 
vasculopathy (TMEM173, P068 and P140) were subjected to 
ruxolitinib (JAK1/2 inhibitor) or tofacitinib (JAK1/3 inhibitor) 
treatment on an off- label basis.10 11 It is also crucial to monitor 
the emergence of severe phenotypes, such as prevention and 
monitoring of joint damage and ocular lesions of type- II collag-
enopathies (COL2A1, P030–31), multisystem comorbidity 
including kidney and eye lesions, and cancer risk of Rubinstein- 
Taybi syndrome (CREBBP, P072).12–14 Fortunately, 7 of the 11 
patients (10 patients with PID and 1 patient with IMD) who had 
received transplantation achieved near- complete remission; four 
patients died of transplant- related complications, and additional 
two patients with SBDS and CYBB mutations were waiting for 
transplantation.

Moreover, for the additional 27.1% (38 of 140) patients, 
actionable medical measures could have been administered if 
an earlier molecular diagnosis or longer follow- up had been 
achieved (online supplemental table S2). We regretfully report 
that 33.6% (47 of 140) of patients died despite positive response 
to treatments, due to critical conditions/deterioration or the 
guardian choosing to give up treatment; 14 of them died before 
receiving molecular diagnoses that could have accounted for 
their deaths (table 2). It is also noteworthy that prenatal diag-
noses of amniocentesis were ongoing in two families based on 
the probands’ genetic findings (P052 and P065).

Figure 2 Causative gene distribution among genetic lung disease and genetic disease with lung involvement. (A) Causative gene distribution 
of genetic lung disease; (B) causative gene distribution of genetic disease with lung involvement. ACDMPV, alveolar capillary dysplasia with 
misalignment of pulmonary veins; CCHS, congenital central hypoventilation syndrome.
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DISCUSSION
The present study represents the first comprehensive survey on 
the genetic spectrum of monogenic diseases with predominant 
respiratory involvement. Our data revealed differences in spectra 
of genetic disorders, clinical features and precise treatments/
prognoses across age. Previous studies have provided detailed 
analyses on a variety of diseases, especially neurological pheno-
types, such as intellectual disability, developmental delay and 
epilepsy.3 15–17 Additionally, some studies have investigated the 
overall genetic diagnostic rates in specialised wards or key labo-
ratories.5 18–21 To the best of our knowledge, the median diag-
nostic yield of genome and exome sequencing of previous studies 
was approximately 33.2%, as determined by aggregate analyses, 
which highlights the clinical value of genetic sequencing as a 
diagnostic tool for paediatric patients.22 The overall diagnostic 
yield ranged from 8.4% to 68.3% in previous next- generation 
sequencing (NGS) research reports.23–27 In particular, a previous 
study showed a 13% diagnostic rate in the neonatal intensive 
care unit (NICU); the study also found that respiratory dysfunc-
tion was one of the phenotypes with the lowest molecular diag-
nostic rate in a comparative analysis of phenotypes in children.28 
Our present study had similar results, with a 14.4% diagnostic 
rate.

Patients with MM/S accounted for 45.2% of patients in the 
neonatal group, significantly more compared with the infant 
and children groups (p<0.05). Unfortunately, 64.3% of patients 
with MM/S in the neonatal group ultimately died prior to the 
completion of the study. In a previous study that explored 
genetic causes of death in NICUs, MM/S was identified as the 

leading genetic cause of death.29 However, in our study, apart 
from MM/S, we found that neuromuscular disease and IMD also 
represented high death rate categories, of which the IMD was 
without obvious visual clues to genetic conditions. Early gene 
detection in these patients with non- specific clinical manifesta-
tions is crucial for establishing precise diagnoses and predicting 
prognoses.

Our data showed that four patients presenting refractory 
RDS as newborns, caused by ABCA3 and SFTPC mutations, had 
poor prognoses, and exogenous surfactants or systemic steroids 
were ineffective in treating them; these phenomena are consis-
tent with those reported in the previous studies.30–32 Five of six 
infants/children with interstitial lung disease caused by SFTPC 
mutations received hydroxychloroquine treatments; three of 
them exhibited significant improvements in oxygen demand 
and chest CT.6 33 Since the prognosis of SMD varies greatly with 
phenotype and age as well as the effect of different gene muta-
tions on protein function, it is important that SMD is precisely 
diagnosed as early as possible. It is especially important for 
neonates suffering from severe dyspnoea immediately after birth 
and in those with persistent or recurrent episodes in the absence 
of obvious systemic inflammatory condition. Notably, only three 
patients received the diagnosis of CF in our cohort, while it is by 
far the most common monogenic cause of respiratory disease in 
the white population. The low incidence of CF in Chinese chil-
dren may explain our finding of very few patients with CF; of 
course, a possibility of missed detection due to lack of neonatal 
screening for CF also remains.

Figure 3 Impact of genetic diagnosis on medical management between patients with genetic lung disease and genetic disease with lung 
involvement.
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Certain entities of GDL, including PID, IMD and MM/S, 
which underlie typical respiratory phenotypes such as recurrent 
respiratory infections, have been highlighted in general paedi-
atric practice.34 35 Furthermore, in the present study, 70 patients 
(63.9%) received the diagnosis of PID in the infant and chil-
dren groups, which is much higher percentage compared with 
the results from previous studies.36–38 This discrepancy may be 
related to our role as a national tertiary referral chest centre.

Molecular diagnoses are of great importance for improving 
clinical management and family care strategies. However, they 
had a proportionally larger effect on GLD than on GDL (82.6% 
vs 45.3%, p=0.001). Moreover, 74% of patients with GLD 
obtained changes in medical care and medication; in contrast, 
only 24% of patients with GDL had changes in medical care 
and medication. On the one hand, in addition to specific treat-
ment, pulmonologists have a greater focus on the respiratory 
management, which was most responsible for this difference; 
this includes regular airway clearance by combinations of phys-
iotherapy and exercise, aggressive respiratory infection preven-
tion, routine monitoring of pulmonary function, and periodical 
imaging, most of which have achieved substantial gains in disease 
stability and improvement in patients with certain monogenic 
disease.8 39 However, the focus from other clinicians on the 
airway management is far from sufficient compared with that 
on the origin of primary disease because the airway as the widest 
portal provides the most extensive exposure to the outside envi-
ronment and contributes to exacerbation of the primary diseases 
to a certain extent. On the other hand, patient attitudes and 
compliance to respiratory management depend on their physi-
cians. Thus, positive management of airway is of paramount 
importance until effective treatments for respiratory impairment 
emerge.

To the best of our knowledge, the present report represents the 
first large- scale NGS study to investigate the genetic spectrum and 
diagnostic yield, as well as the impact on clinical management of 
monogenic diseases in children with a predominant respiratory 
phenotype. Since the application of NGS is relatively underused 
in paediatric respirology, our present study further clarifies the 
importance of NGS in this field. Our findings demonstrated that 
more than 50% of NGS- diagnosed patients experience changes 
in their ongoing clinical management, and even more patients 
may benefit from such NGS diagnoses in terms of improving 
clinical management in the future.

CONCLUSIONS
Taken together, our findings demonstrated that the spectra of 
monogenic diseases in children with a predominant respiratory 
phenotype varied with age. Furthermore, half of the patients 
experienced a change in management following genetic diag-
nosis; there was a difference in change in clinical management 
and prognostic prediction between GLD and GDL. For such 
patients, precise diagnosis plays a crucial role in the formulation 
of treatment strategies and prognostic evaluations.
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Supplementary Methods: 

1. study protocol 

Patients who were undiagnosed following routine clinical procedure and were suspected to have 

genetic disorders between January 1, 2015, and December 31, 2019 in the Children’s Hospital of 
Fudan University—one of the major referral centres with more than 20,000 referrals from lower-

level hospitals per year—were enrolled if they had one of the following respiratory phenotypes: (1) 

respiratory distress after birth; (2) dyspnoea, progressive respiratory failure and/or oxygen 

dependence; and (3) recurrent/persistent lower respiratory infections [RLRI/PLRI]). Each patient 

was evaluated by a pulmonologist and a clinical geneticist. Exome sequencing was performed in all 

of the patients and available parents within 5 days after enrolment. The detailed medical histories 

were collected by an experienced physician until discharge from the hospital or death; the data were 

no longer collected after receiving the result of genetic testing of patients that without a positive 

molecular diagnosis. Informed consent was obtained from the parents of patients who were recruited 

in the present study. This prospective, observational cohort study was approved by the Ethics 

Committee of the Children’s Hospital of Fudan University (approval number: 2014-121). 

2. Follow-up 

Data pertaining to the genetic counselling, general condition, and survival of each patient at 

one month after discharge were documented through outpatient visits and/or telephone 

conversations. 

3. Exome sequencing and data analysis  

Genomic DNA fragments of patients and their parents were extracted from 2 ml of venous 

whole blood and were ligated with adaptors to form two paired-end DNA libraries. Exome capturing 

via a 2742-gene panel and whole-exome sequencing (WES) were performed using the Agilent 

ClearSeq Inherited Disease panel kit (Agilent, Santa Clara, CA, USA) and Agilent SureSelectXT 

Human All Exon 50-Mb kit (Agilent, CA, USA), respectively. Exome sequencing was performed 

using the HiSeq2000/2500 sequencer (Illumina, San Diego, CA, USA), resulting in an average of 

more than 90× coverage for each sample. Additionally, more than 95% of targeted regions were 

sequenced with a coverage of more than 20×, and low-quality reads were discarded. Useable reads 

were aligned to the reference human genome (UCSC hg19) via the Burrows–Wheeler Aligner 

(BWA v.0.7.9a). Then, SAMtools and Picard (http://picard.sourceforge.net/index.shtml) were used 

to sort, merge, and remove duplicate paired-end reads of BAM files. Subsequent types of variation 

that differed from those of the reference sequence were determined by GATK (version v3.2).  

The pathogenic/likely-pathogenic variants obtained after the bioinformatic analysis that 

described in the main text were confirmed by Sanger sequencing. 

 

Supplementary Results: 

1. Demographic and clinical characteristics of the patients 

In the entire cohort of 971 patients, a total of 140 (14.4%) patients received a positive molecular 

diagnosis and were included for further analysis (Figure S1). Neonates mostly received 2742-gene-

panel sequencing (results usually within one month), while children primarily received WES (results 

usually within 2–3 months) depending on the clinical urgency and complexity of symptoms. All 

140 diagnosed patients were unrelated, with the exception of one pair of siblings. There were 98 

(70%) males and 42 (30%) females, with a mean age at enrolment of 3.6 years (range, 0 days to 

17.8 years). The main respiratory manifestations at inclusion were respiratory distress (n=18, 
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12.9%), respiratory failure (n=18, 12.9%), and RLRI/PLRI (n=93, 66.4%), with the mean onset age 

shown in Table 1. Based on enrolment age, the 140 diagnosed patients were categorised into a 

neonatal group (age range, 0–1 months; n=31, 22.1%), infant group (age range, 1–12 months; n=38, 

27.1%), and children group (age range, 12 months–18 years; n=71, 50.7%). The most prevalent 

phenotype in each group is shown in Table 1. 

2. Table S1 Inheritance pattern of disorders in 140 patients provided by exome sequencing. 

Inheritance Pattern Number of probands (% of total) 

Autosomal dominant 56 (40%) 

De novo 33 

Inherited 3 

Inheritance unknown 20 

Autosomal recessive 45 (32.1%) 

Homozygous 14 

Compound heterozygous 31 

X-linked  38 (27.1%) 

De novo 2 

Carrier mother 31 

Inheritance unknown  5 

Two diagnoses 1(0.7%) 

Autosomal dominant + X-linked 1 
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3. Table S2 The detailed information of genetic findings in 140 molecular positive patients and specific medical procedures taken and possible taken.  

patie

nt 

num

ber 

gene variant information variants 

classificati

on 

zygo inheritanc

e  pattern  

origin molecular 

diagnosis 

age (day) 

specific medical procedures taken possible medically actionable 

procedures could be taken 

P001 ABCA3 NG_011790.1(NM_001

089.3):c.3862+1G>C 

LP Hom AR NA 28 Redirection of care/diagnosis 

explained death 

Glucocorticoid/hydroxychloroq

uine/azitromycin 

P002 ABCA3 NG_011790.1(NM_001

089.3):c.3862+1G>C 

LP Hom AR NA 28 Redirection of care/diagnosis 

explained death 

Glucocorticoid/hydroxychloroq

uine/azitromycin 

P087 ACVRL1 NM_000020.3:exon3:c.

199C>T(p.R67W) 

LP Het AD NA 3604 / Tyrosine kinase inhibitors 

(Nintdanib, Pazopanib, etc.) 

P063 AGL NM_000642.3:exon20:c

.2590C>T(p.R864X) 

P Het AR NA 283 / High protein intake (~ 25% of 

energy) 

P063 AGL NM_000642.3:exon3:c.

118C>T(p.Q40X) 

P Het AR NA 283 / High protein intake (~ 25% of 

energy) 

P088 ATM NM_000051.4:exon62:c

.8929_8930insT(p.E297

7Vfs*3) 

P Het AD/AR Maternal 2184 / / 

P088 ATM NM_000051.4:exon62:c

.8918_8927del(p.R2973

Mfs*9) 

P Het AD/AR Maternal 2184 / / 

P088 ATM NM_000051.4:exon19:c

.2872G>T(p.E958X) 

P Het AD/AR Paternal 2184 / / 

P061 BTK NM_000061.3:exon18:c

.1764G>C(p.W588C) 

LP Hemi XLR Maternal 440 / / 
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P089 BTK NM_000061.3:exon12:c

.1039del(p.A347Lfs*56

) 

P Hemi XLR Maternal 705 / / 

P090 BTK NM_000061.3:exon2:c.

118T>G(p.Y40D) 

P Hemi XLR Maternal 879 / / 

P091 BTK NM_000061.3:exon11:c

.919dup(p.R307Kfs*16) 

P Hemi XLR Maternal/Sis

ter(Normal) 

1489 / / 

P092 BTK NM_000061.3:exon12:c

.1039G>C(p.A347P) 

P Hemi XLR NA 1884 / / 

P093 BTK NM_000061.3:exon2:c.

37C>T(p.R13X) 

P Hemi XLR Maternal 2118 / / 

P094 BTK NM_000061.3:exon14:c

.1181C>A(p.S394X) 

P Hemi XLR Maternal 2193 / / 

P095 BTK NM_000061.3:exon2:c.

119A>G(p.Y40C) 

P Hemi XLR Maternal 2485 / / 

P096 BTK NM_000061.3:exon15:c

.1558C>T(p.R520X) 

P Hemi XLR Maternal 4786 / / 

P097 BTK NM_000061.3:exon2:c.

82C>T(p.R28C) 

P Hemi XLR Maternal 5238 / / 

P098 BTK NG_009616.1(NM_000

061.3):c.1751-1G>C 

P Hemi XLR Maternal 5244 / / 

P099 BTK NM_000061.3:exon15:c

.1506C>A(p.C502X) 

P Hemi XLR Maternal 5518 / / 
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P074 CCDC103 NM_213607.3:exon3:c.

170_175delinsGG(p.K5

7Rfs*121) 

LP Hom AR Maternal/Pa

ternal 

803 Airway clearance therapy and 

administration of acute and 

prophylactic antibiotics 

/ 

P075 CCDC114 NM_144577.4:exon7:c.

702_705dup(p.P236Afs

*11) 

LP Het AR Maternal 1005 Airway clearance therapy and 

administration of acute and 

prophylactic antibiotics 

/ 

P075 CCDC114 NG_033251.1(NM_144

577.4):c.-41-2A>C 

VUS Het AR Paternal 1005 Airway clearance therapy and 

administration of acute and 

prophylactic antibiotics 

/ 

P076 CCDC40 NM_017950.4:exon6:c.

901C>T(p.R301X) 

LP Het AR Maternal 6535 Airway clearance therapy and 

administration of acute and 

prophylactic antibiotics 

/ 

P076 CCDC40 NM_017950.4:exon20:c

.3224T>C(p.L1075P) 

VUS Het AR Paternal 6535 Airway clearance therapy and 

administration of acute and 

prophylactic antibiotics 

/ 

P077 CFTR NM_000492.4:exon14:c

.2052dup(p.Q685Tfs*4) 

P Het AD/AR De novo 3761 Airway clearance therapy and 

administration of acute and 

prophylactic antibiotics 

/ 

P077 CFTR NM_000492.4:exon8:c.

935_937del(p.F312del) 

P Het AD/AR Maternal 3761 Airway clearance therapy and 

administration of acute and 

prophylactic antibiotics 

/ 

P078 CFTR NM_000492.4:exon3:c.

263T>G(p.L88X) 

P Hom AD/AR Maternal/Pa

ternal/Sister

(het) 

4445 Airway clearance therapy and 

administration of acute and 

prophylactic antibiotics 

/ 
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P079 CFTR NG_016465.4(NM_000

492.4):c.2988+1G>A 

P Hom AD/AR NA 6461 Airway clearance therapy and 

administration of acute and 

prophylactic antibiotics 

/ 

P023 CHD7 NG_007009.1(NM_017

780.4):c.2957+5G>A 

P Het AD De novo 31 Redirection of care Monitoring other malformations 

and specialized nursing 

P024 CHD7 NM_017780.4:exon12:c

.3106C>T (p.R1036X) 

P Het AD NA 34 / Monitoring other malformations 

and specialized nursing 

P025 CHD7 NM_017780.4:exon31:c

.6416dup(p.N2139Kfs*

27) 

LP Het AD NA 44 Redirection of care Monitoring other malformations 

and specialized nursing 

P026 CHD7 NM_017780.4:exon31:c

.6165_6166del(p.Y2056

Pfs*3) 

P Het AD NA 47 Redirection of care Monitoring other malformations 

and specialized nursing 

P027 CHD7 NM_017780.4:exon31:c

.6135_6153dup(p.S205

2Dfs*14) 

LP Het AD NA 48 Redirection of care Monitoring other malformations 

and specialized nursing 

P028 CHD7 NM_017780.4:exon34:c

.7192C>G(p.R2398G) 

P Het AD De novo 48 Diagnosis explained death Monitoring other malformations 

and specialized nursing 

P029 CHD7 NM_017780.4:exon15:c

.3634_3637del(p.N1212

Ffs*30) 

LP Het AD NA 56 / Monitoring other malformations 

and specialized nursing 

P070 CHD7 NM_017780.4:exon8:c.

2504_2508del(p.Y835S

fs*14) 

P Het AD NA 87 Diagnosis explained death Monitoring other malformations 

and specialized nursing 

P073 CHD7 NM_017780.4:exon32:c

.6850C>T(p.R2284X) 

P Het AD NA 223 / Monitoring other malformations 

and specialized nursing 
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P030 COL2A1 NG_008072.1(NM_001

844.5):c.2050-1G>C 

P Het AD/AR De novo 31 Prevention and evaluation of joint 

damage and ocular lesions 

/ 

P031 COL2A1 NM_001844.5:exon23:c

.1420_1430del(p.G474P

fs*10) 

P Het AD NA 52 Prevention and evaluation of joint 

damage and ocular lesions 

/ 

P016 CPS1 NM_001875.5:exon18:c

.2161C>T(p.R721X) 

P Het AR NA 28 Diagnosis explained death Hemodialysis and medicine 

therapy (N-carbamyl-L-

glutamate) 

P016 CPS1 NM_001875.5:exon30:c

.3572C>A(p.A1191D) 

LP Het AR NA 28 Diagnosis explained death Hemodialysis and medicine 

therapy (N-carbamyl-L-

glutamate) 

P017 CPS1 NM_001875.5:exon28:c

.3443T>A(p.M1148K) 

P Hom AR Maternal 35 Diagnosis explained death Hemodialysis and medicine 

therapy (N-carbamyl-L-

glutamate) 

P018 CPS1 NM_001875.5:exon32:c

.3875A>G(p.H1292R) 

LP Het AR Paternal 36 Diagnosis explained death Hemodialysis and medicine 

therapy (N-carbamyl-L-

glutamate) 

P018 CPS1 NM_001875.5:exon37:c

.4325_4327dup(p.N144

2dup) 

P Het AR NA 36 Diagnosis explained death Hemodialysis and medicine 

therapy (N-carbamyl-L-

glutamate) 

P018 CPS1 NM_001875.5:exon20:c

.2440C>T(p.R814W) 

LP Het AR NA 36 Diagnosis explained death Hemodialysis and medicine 

therapy (N-carbamyl-L-

glutamate) 

P015 CPT2 NM_000098.3:exon4:c.

1033G>A(p.G345R) 

LP Het AR NA 28 Diagnosis explained death Medicine therapy (Bezafibrate) 
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P015 CPT2 NM_000098.3:exon4:c.

764A>G(p.D255G) 

LP Het AR NA 28 Diagnosis explained death Medicine therapy (Bezafibrate) 

P072 CREBBP NG_009873.2(NM_004

380.3):c.1941+1G>T 

P Het AD De novo 217 Prevention of renal and eye 

phenotypes, recurrent respiratory 

infections, sleep apnea, and cancer 

risk 

/ 

P043 CYBB NG_009065.1(NM_000

397.4):c.253-2A>C 

P Hemi XLR Maternal/Sis

ter(Normal) 

70 Medicine therapy (IFN-gamma) Avoiding BCG vaccination 

P045 CYBB NM_000397.4:exon7:c.

779C>T(p.P260L) 

P Mosai

c 

XLR De novo 257 / Avoiding BCG vaccination 

P049 CYBB NG_009065.1(NM_000

397.4):c.484-1G>C 

P Hemi XLR Maternal 392 Umbilical cord blood stem cell 

transplantation 

Avoiding BCG vaccination 

P050 CYBB NM_000397.4:exon7:c.

771C>A(p.C257X) 

P Hemi XLR Maternal 126 Umbilical cord blood stem cell 

transplantation 

Avoiding BCG vaccination 

P056 CYBB NM_000397.4:exon5:c.

388C>T(p.R130X) 

P Hemi XLR Maternal 384 / Avoiding BCG vaccination 

P059 CYBB NM_000397.4:exon9:c.

1038del(p.E347Rfs*39) 

P Hemi XLR Maternal 258 Ongoing transplantation Avoiding BCG vaccination 

P100 CYBB NM_000397.4:exon11:c

.1414G>A(p.G472S) 

LP Hemi XLR   503 Peripheral blood stem cell 

transplantation 

Avoiding BCG vaccination 

P100 CYBB NG_009065.1(NM_000

397.4):c.1315-1G>T 

P Hemi XLR Maternal/Br

other(Norm

al) 

503 Peripheral blood stem cell 

transplantation 

Avoiding BCG vaccination 

P101 CYBB NM_000397.4:exon7:c.

676C>T(p.R226X) 

P Hemi XLR Maternal 1063 / Avoiding BCG vaccination 
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P102 CYBB NG_009065.1(NM_000

397.4):c.674+5G>A 

P Hemi XLR Maternal/Br

other(Norm

al) 

1110 Ongoing transplantation Avoiding BCG vaccination 

P103 CYBB NM_000397.4:exon6:c.

560_567dup(p.I190Yfs

*2) 

P Hemi XLR Maternal 1642 / Avoiding BCG vaccination 

P104 CYBB NG_009065.1(NM_000

397.4):c.252+1G>C 

P Hemi XLR Maternal 2129 Umbilical cord blood stem cell 

transplantation 

Avoiding BCG vaccination 

P035 DNAAF3 NM_001256714.1:exon

5:c.680del(p.L227Pfs*2

8) 

P Hom AR Maternal/Pa

ternal 

345 Airway clearance therapy / 

P080 DNAAF3 NM_001256714.1:exon

2:c.200C>A(p.S67Y) 

LP Het AR Maternal 565 Airway clearance therapy / 

P080 DNAAF3 NM_001256714.1:exon

6:c.811_815dup(p.R273

Tfs*13) 

P Het AR Paternal 565 Airway clearance therapy / 

P081 DNAAF3 NM_001256714.1:exon

6:c.811_815dup(p.R273

Tfs*13) 

P Het AR Maternal 6105 Airway clearance therapy / 

P081 DNAAF3 NG_032759.1(NM_001

256714.1):c.325_369+5

9del 

P Het AR Paternal 6105 Airway clearance therapy / 

P082 DNAH11 NM_001277115.2:exon

55:c.9017C>T(p.T3006

M) 

VUS Het AR Paternal 971 Airway clearance therapy / 
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P082 DNAH11 NM_001277115.2:exon

45:c.7292G>T(p.S2431I

) 

VUS Het AR Paternal 971 Airway clearance therapy / 

P082 DNAH11 NM_001277115.2:exon

82:c.13373C>T(p.P445

8L) 

LP Het AR Maternal 971 Airway clearance therapy / 

P082 DNAH11 NM_001277115.2:exon

45:c.7364A>C(p.D2455

A) 

VUS Het AR Paternal 971 Airway clearance therapy / 

P083 DNAH5 NM_001369.2:exon14:c

.1852C>T(p.R618X) 

P Het AR Maternal 2371 Airway clearance therapy / 

P083 DNAH5 NM_001369.2:exon37:c

.6139C>T(p.Q2047X) 

P Het AR Paternal 2371 Airway clearance therapy / 

P084 DNAH5 NM_001369.2:exon38:c

.6304C>T(p.R2102C) 

LP Het AR Paternal 3142 Airway clearance therapy and 

administration of acute and 

prophylactic antibiotics 

/ 

P084 DNAH5 NG_013081.2(NM_001

369.2):c.278-

1_295delinsACAACAA

CAA 

LP Het AR Maternal 3142 Airway clearance therapy and 

administration of acute and 

prophylactic antibiotics 

/ 

P032 EFTUD2 NG_032674.1(NM_004

247.4):c.869+1G>A 

P Het AD NA 35 / Monitoring other abnormalities 

and specialized nursing 

P105 ELANE NM_001972.4:exon3:c.

242G>C(p.R81P) 

P Het AD De novo 875 / Hemopoietic stem cell 

transplantation; Monitoring the 

risk of developing 
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myelodysplasia or acute 

myelogenous leukemia 

P106 ELANE NM_001972.4:exon2:c.

158A>G(p.H53R) 

P Het AD De novo 1836 / Hemopoietic stem cell 

transplantation; Monitoring the 

risk of developing 

myelodysplasia or acute 

myelogenous leukemia 

P147 EVC NM_153717.3:exon19:c

.2731C>T(p.R911X) 

P Hom AD/AR NA 30 / / 

P142 FBN1 NG_008805.2(NM_000

138.5):c.6038-1G>A 

P Het AD NA 1325 / / 

P143 FBN1 NM_000138.5:exon2:c.

2T>G(p.?) 

P Het AD NA 3601 / / 

P144 FBN1 NM_000138.5:exon66:c

.8557dup(p.Y2853Lfs*

5) 

LP Het AD NA 6528 / / 

P005 FOXF1 NM_001451.3:exon1:c.

147del(p.Y51Ifs*19) 

P Het AD NA 28 Diagnosis explained death / 

P064 GAA NM_000152.5:exon19:c

.2662G>T(p.E888X) 

P Het AR Maternal 260 High-protein and raw corn starch diet  RhGAA (Myozyme) 

P064 GAA NM_000152.5:exon4:c.

796C>T(p.P266S) 

P Het AR Paternal 260 High-protein and raw corn starch diet  RhGAA (Myozyme) 

P065 GAA NM_000152.5:exon7:c.

1082C>T(p.P361L) 

P Het AR NA 362 Prenatal diagnosis of amniocentesis High-protein diet and RhGAA 

(Myozyme) 
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P065 GAA NM_000152.5:exon14:c

.2015G>A(p.R672Q) 

P Het AR NA 362 Prenatal diagnosis of amniocentesis High-protein diet and RhGAA 

(Myozyme) 

P067 GAA NM_000152.5:exon2:c.

258del(p.N87Tfs*55) 

P Het AR Maternal 269 / High-protein diet and RhGAA 

(Myozyme) 

P067 GAA NM_000152.5:exon10:c

.1548G>A(p.W516X) 

P Het AR Paternal 269 / High-protein diet and RhGAA 

(Myozyme) 

P138 GAA NM_000152.5:exon12:c

.1669A>T(p.I557F) 

LP Het AR Maternal 420 High-protein and raw corn starch diet  RhGAA (Myozyme) 

P138 GAA NM_000152.5:exon6:c.

1013A>T(p.D338V) 

LP Het AR Paternal 420 High-protein and raw corn starch diet  RhGAA (Myozyme) 

P107 GATA2 NM_032638.5:exon6:c.

1187G>A(p.R396Q) 

P Het AD Paternal 5897 / / 

P108 HAX1 NM_006118.4:exon3:c.

430dup(p.V144Gfs*5) 

P Het AR Maternal 482 Early G-CSF treatment, Monitoring 

occurrence of myelodysplastic 

syndrome or acute myeloid leukemia 

/ 

P108 HAX1 NG_007369.1(NM_006

118.4):c.557-1G>C 

P Het AR Paternal 482 Early G-CSF treatment, Monitoring 

occurrence of myelodysplastic 

syndrome or acute myeloid leukemia 

/ 

P109 HAX1 NM_006118.4:exon3:c.

430dup(p.V144Gfs*5) 

P Het AR Paternal 1470 Early G-CSF treatment, Monitoring 

occurrence of myelodysplastic 

syndrome or acute myeloid leukemia 

/ 

P109 HAX1 NM_006118.4:exon2:c.

216_217insC(p.I73Hfs*

6) 

LP Het AR Maternal 1470 Early G-CSF treatment, Monitoring 

occurrence of myelodysplastic 

syndrome or acute myeloid leukemia 

/ 
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P137 IDS NM_000202.8:exon3:c.

253G>A(p.A85T) 

P Hemi XLR Maternal/ 

Normal 

1195 Hemopoietic stem cell transplantation / 

P110 IFNGR1 NG_007394.1(NM_000

416.3):c.861+2T>A 

P Hom AD/AR NA 1192 / avoiding BCG vaccination 

P039 IL10RA NM_001558.4:exon3:c.

301C>T(p.R101W) 

P Het AR NA 72 Umbilical cord blood stem cell 

transplantation 

/ 

P039 IL10RA NM_001558.4:exon4:c.

537G>A(p.T179T) 

P Het AR NA 72 Umbilical cord blood stem cell 

transplantation 

/ 

P041 IL10RA NM_001558.4:exon3:c.

301C>T(p.R101W) 

P Hom AR Paternal/Ma

ternal 

75 / Umbilical cord blood stem cell 

transplantation 

P044 IL2RG NM_000206.3:exon7:c.

865C>T(p.R289X) 

P Hemi XLR Maternal 284 / Umbilical cord blood stem cell 

transplantation 

P046 IL2RG NM_000206.3:exon3:c.

371T>G(p.L124R) 

P Hemi XLR Maternal 143 Diagnosis explained death Umbilical cord blood stem cell 

transplantation 

P053 IL2RG NM_000206.3:exon5:c.

664C>T(p.R222C) 

P Hemi XLR Maternal 224 Diagnosis explained death Umbilical cord blood stem cell 

transplantation 

P054 IL2RG NM_000206.3:exon6:c.

816_819del(p.I273Sfs*

20) 

P Hemi XLR Maternal 137 Diagnosis explained death Umbilical cord blood stem cell 

transplantation 

P058 IL2RG NM_000206.3:exon4:c.

548T>A(p.L183X) 

P Het XLR NA 129 / Umbilical cord blood stem cell 

transplantation 

P062 IL2RG NM_000206.3:exon5:c.

719G>A(p.W240X) 

LP Hemi XLR Maternal 197 Umbilical cord blood stem cell 

transplantation 

/ 

P111 IL2RG NM_000206.3:exon5:c.

670C>T(p.R224W) 

P Het XLR Maternal 551 Umbilical cord blood stem cell 

transplantation 

/ 
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P112 IL2RG NM_000206.3:exon8:c.

982C>T(p.R328X) 

P Hemi XLR Maternal 703 Umbilical cord blood stem cell 

transplantation 

/ 

P051 IL7R NG_009567.1(NM_002

185.5):c.537+1G>A 

P Hom AR Maternal/Pa

ternal 

181 / Avoiding BCG vaccination 

P141 MMP21 NM_147191.1:exon2:c.

557_558delinsTT(p.S18

6I) 

LP Het AR Paternal 5575 / / 

P141 MMP21 NM_147191.1:exon2:c.

414dup(p.R139Qfs*119

) 

LP Het AR Maternal 5575 / / 

P006 MTM1 NM_000252.3:exon12:c

.1262G>A(p.R421Q) 

P Hemi XL/XLR NA 28 Redirection of care Prevention of choke after eating 

and specialized nursing 

P007 MTM1 NG_008199.1(NM_000

252.3):c.231+1G>T 

P Hemi XLR NA 28 Redirection of care Prevention of choke after eating 

and specialized nursing 

P008 MTM1 NM_000252.3:exon9:c.

832G>A(p.D278N) 

LP Hemi XLR Maternal 28 Redirection of care Prevention of choke after eating 

and specialized nursing 

P009 MTM1 NG_008199.1(NM_000

252.3):c.528+1G>A 

P Het XLR NA 33 Redirection of care Prevention of choke after eating 

and specialized nursing 

P010 MTM1 NM_000252.3:exon9:c.

721C>T(p.R241C) 

P Hemi XLR Maternal 48 Redirection of care Prevention of choke after eating 

and specialized nursing 

P060 NCF2 NM_000433.4:exon13:c

.1180T>G(p.Y394D) 

LP Hom AR Maternal/Pa

ternal 

214 / / 

P071 NIPBL NM_015384.5:exon10:c

.1660C>T(p.Q554X) 

P Het AD De novo 118 / / 
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P069 OFD1 NM_003611.3:exon11:c

.1089del(p.R364Efs*5) 

P Het XLD De novo 336 / / 

P136 PHKA2 NM_000292.3:exon33:c

.3614C>T(p.P1205L) 

LP Hemi XLR Maternal 1449 High-protein and raw corn starch diet  / 

P011 PHOX2B NM_003924.4:exon3:c.

756_776dup(p.A254_A

260dup) 

P Het AD De novo 88 Redirection of care / 

P012 PHOX2B NM_003924.4:exon3:c.

741_761dup(p.A254_A

260dup) 

P Het AD De novo 44 Redirection of care / 

P013 PHOX2B NM_003924.4:exon3:c.

744_761dup(p.A255_A

260dup) 

LP Het AD NA 52 Redirection of care / 

P014 PHOX2B NM_003924.4:exon3:c.

726_743dup(p.A255_A

260dup) 

P Het AD De novo 54 Redirection of care / 

P113 PIK3CD NM_005026.5:exon24:c

.3061G>A(p.E1021K) 

P Het AD De novo 2705 / Monitoring occurrence of 

thrombocytopenia, 

Transplantation 

P114 PIK3CD NM_005026.5:exon24:c

.3074A>G(p.E1025G) 

P Het AD De novo 3163 / Monitoring occurrence of 

thrombocytopenia, 

Transplantation 

P115 PIK3CD NM_005026.5:exon24:c

.3061G>A(p.E1021K) 

P Het AD De novo 3274 Medicine therapy (Rapamycin) Monitoring occurrence of 

thrombocytopenia, 

Transplantation 
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P116 PIK3CD NM_005026.5:exon24:c

.3061G>A(p.E1021K) 

P Het AD NA 3297 Medicine therapy (Rapamycin) Monitoring occurrence of 

thrombocytopenia, 

Transplantation 

P117 PIK3CD NM_005026.5:exon24:c

.3061G>A(p.E1021K) 

P Het AD De novo 3891 / Monitoring occurrence of 

thrombocytopenia, 

Transplantation 

P118 PIK3R1 NG_012849.2(NM_181

523.3):c.1425+2T>G 

P Het AD/AR NA 4136 / / 

P033 PTPN11 NM_002834.3:exon4:c.

417G>C(p.E139D) 

P Het AD De novo 41 / / 

P034 PTPN11 NM_002834.3:exon7:c.

853T>C(p.F285L) 

P Het AD NA 56 / / 

P052 RAG1 NM_000448.3:exon2:c.

2095C>T(p.R699W) 

LP Het AD/AR Paternal 345 Diagnosis explained death, Prenatal 

diagnosis of amniocentesis 

Avoiding BCG vaccination 

P052 RAG1 NM_000448.3:exon2:c.

1971_1978del(p.L658Y

fs*5) 

P Het AD/AR Maternal 345 Diagnosis explained death, Prenatal 

diagnosis of amniocentesis 

Avoiding BCG vaccination 

P055 RAG1 NM_000448.3:exon2:c.

100C>T(p.R34W) 

LP Het AD/AR Maternal 408 Diagnosis explained death Avoiding BCG vaccination 

P055 RAG1 NM_000448.3:exon2:c.

1088G>A(p.C363Y) 

P Het AD/AR Maternal 408 Diagnosis explained death Avoiding BCG vaccination 

P055 RAG1 NM_000448.3:exon2:c.

2095C>T(p.R699W) 

P Het AD/AR Paternal 408 Diagnosis explained death Avoiding BCG vaccination 

P119 RAG1 NM_000448.3:exon2:c.

424C>T(p.R142X) 

P Het AD/AR Paternal 640 Redirection of care Avoiding BCG vaccination 
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P119 RAG1 NM_000448.3:exon2:c.

333C>A(p.C111X) 

LP Het AD/AR Maternal 640 Redirection of care Avoiding BCG vaccination 

P120 RAG1 NM_000448.3:exon2:c.

1186C>T(p.R396C) 

P Het AD/AR Maternal 773 / Avoiding BCG vaccination 

P120 RAG1 NM_000448.3:exon2:c.

2240A>C(p.H747P) 

LP Het AD/AR Paternal 773 / Avoiding BCG vaccination 

P121 RAG1 NM_000448.3:exon2:c.

2333G>A(p.R778Q) 

LP Het AD/AR Paternal 5111 / Avoiding BCG vaccination 

P121 RAG1 NM_000448.3:exon2:c.

2104_2105insGAAA(p.

K702Rfs*11) 

P Het AD/AR Maternal 5111 / Avoiding BCG vaccination 

P145 SAMD9 NM_017654.4:exon3:c.

2944C>T(p.R982C) 

P Het AD/AR De novo 550 / / 

P146 SBDS NM_016038.4:exon2:c.

184A>T(p.K62X) 

P Het AR Maternal 1947 Pancreatin replacement therapy, G-

CSF treatment, Monitoring 

occurrence of myelodysplastic 

syndrome or acute myeloid leukemia 

/ 

P146 SBDS NG_007277.1(NM_016

038.4):c.258+2T>C 

P Het AR Paternal 1947 Pancreatin replacement therapy, G-

CSF treatment, Monitoring 

occurrence of myelodysplastic 

syndrome or acute myeloid leukemia 

/ 

P003 SFTPC NM_003018.4:exon3:c.

218T>C(p.I73T) 

P Het AD/AR De novo 210 Hydroxychloroquine / 

P004 SFTPC NM_003018.4:exon5:c.

563T>C(p.L188P) 

P Het AD/AR NA 22 Redirection of care Glucocorticoid/hydroxychloroq

uine/azitromycin 
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P036 SFTPC NM_003018.4:exon4:c.

337T>C(p.Y113H) 

P Het AD/AR De novo 120 Hydroxychloroquine / 

P037 SFTPC NM_003018.4:exon3:c.

314A>G(p.D105G) 

P Het AD/AR Paternal 320 Hydroxychloroquine / 

P038 SFTPC NM_003018.4:exon3:c.

218T>C(p.I73T) 

P Het AD/AR De novo 210 Hydroxychloroquine / 

P085 SFTPC NM_003018.4:exon3:c.

218T>C(p.I73T) 

P Het AD/AR Maternal/Br

other(ILD) 

451 / Glucocorticoid/hydroxychloroq

uine/azitromycin 

P086 SFTPC NM_003018.4:exon3:c.

218T>C(p.I73T) 

P Het AD/AR De novo 994 Hydroxychloroquine / 

P135 SLC7A7 NM_001126106.4:exon

3:c.235G>A(p.G79R) 

LP Het AR Maternal 2352 Low-protein diet and citrulline 

supplement 

/ 

P135 SLC7A7 NG_012851.2(NM_001

126106.4):c.625+1G>A 

P Het AR Paternal/Bro

ther 

2352 Low-protein diet and citrulline 

supplement 

/ 

P022 SPINK5 NM_006846.4:exon24:c

.2260A>T(p.K754X) 

P Hom AD/AR NA 40 / / 

P122 STAT1 NM_007315.4:exon14:c

.1132A>G(p.R378G) 

LP Het AD/AR De novo 771 Antibiotic prophylaxis Avoiding BCG vaccination, 

Monitoring multiple organ 

diseases and autoimmune 

diseases 

P123 STAT1 NM_007315.4:exon12:c

.1078G>T(p.V360F) 

P Het AD/AR De novo 1370 Antibiotic prophylaxis Avoiding BCG vaccination, 

Monitoring multiple organ 

diseases and autoimmune 

diseases 
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P124 STAT1 NM_007315.4:exon10:c

.882C>G(p.I294M) 

LP Het AD/AR De novo 3935 Antibiotic prophylaxis Avoiding BCG vaccination, 

Monitoring multiple organ 

diseases and autoimmune 

diseases 

P125 STAT1 NM_007315.4:exon10:c

.854A>G(p.Q285R) 

P Het AD/AR De 

novo/Sister(

Normal) 

4955 Antibiotic prophylaxis Avoiding BCG vaccination, 

Monitoring multiple organ 

diseases and autoimmune 

diseases 

P040 STAT3 NM_139276.3:exon13:c

.1144C>T(p.R382W) 

P Het AD De novo 274 IFN-gamma treatment Monitoring phenotypes not 

appeared at present 

P042 STAT3 NM_139276.3:exon13:c

.1144C>T(p.R382W) 

P Het AD NA 293 IFN-gamma treatment monitoring phenotypes not 

appeared at present 

P048 STAT3 NM_139276.3:exon13:c

.1144C>T(p.R382W) 

P Het AD De novo 450 IVIG, Antibiotic prophylaxis Monitoring multiple organ 

diseases  

P112 STAT3 NM_139276.3:exon5:c.

454C>T(p.R152W) 

P Mosia

c 

AD De novo 703 Umbilical cord blood stem cell 

transplantation 

/ 

P126 STAT3 NM_139276.3:exon20:c

.1826G>C(p.R609T) 

LP Het AD De 

novo/S(Nor

mal) 

559 IVIG, Antibiotic prophylaxis Monitoring multiple organ 

diseases  

P127 STAT3 NM_139276.3:exon15:c

.1311C>A(p.H437Q) 

LP Het AD De novo 2400 IVIG, Antibiotic prophylaxis Monitoring multiple organ 

diseases  

P128 STAT3 NM_139276.3:exon20:c

.1863C>G(p.F621L) 

LP Het AD De novo 3853 IVIG, Antibiotic prophylaxis Monitoring multiple organ 

diseases  

P129 STAT3 NM_139276.3:exon15:c

.1311C>G(p.H437Q) 

LP Het AD De novo 4567 IVIG, Antibiotic prophylaxis Monitoring multiple organ 

diseases  
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P130 STAT3 NM_139276.3:exon14:c

.1261G>A(p.G421R) 

P Het AD De novo 5363 IFN-gamma treatment Monitoring multiple organ 

diseases  

P068 TMEM173 NM_198282.4:exon5:c.

461A>G(p.N154S) 

P Het AD De novo 282 Ruxolitinib / 

P140 TMEM173 NM_198282.4:exon7:c.

842G>A(p.R281Q) 

P Het AD De novo 2261 Tofacitinib and hydroxychloroquine / 

P131 TNFRSF13

B 

NM_012452.3:exon3:c.

365G>A(p.R122Q) 

LP Het AD/AR Maternal 1299 / / 

P132 TYK2 NM_003331.5:exon4:c.

209_212del(p.C70Sfs*2

1) 

P Hom AR Paternal/Ma

ternal 

1253 Umbilical cord blood stem cell 

transplantation 

/ 

P057 ZAP70 NG_007727.1(NM_001

079.4):c.703-1G>A 

P Het AR Paternal 259 Monitoring renal disease and severe 

autoimmune syndrome 

/ 

P057 ZAP70 NM_001079.4:exon12:c

.1523C>A(p.P508H) 

LP Het AR Maternal 259 Monitoring renal disease and severe 

autoimmune syndrome 

/ 

P134 ZBTB24 NM_014797.3:exon2:c.

649_652del(p.E217Nfs

*92) 

LP Het AR Paternal 3678 / / 

P134 ZBTB24 NM_014797.3:exon2:c.

705del(p.D236Mfs*74) 

LP Het AR Maternal 3678 / / 
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Figure S1. Collection of patients. 
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Figure S2. Causative gene distribution among respiratory distress, respiratory failure and recurrent/persistent lower respiratory infection. 

(A) Causative gene distribution of patients with onset manifestation of respiratory distress; (B) Causative gene distribution of patients with onset manifestation of respiratory failure; (C) Causative 

gene distribution of patients with onset manifestation of recurrent/persistent respiratory infection; ACDMPV, alveolar capillary dysplasia with misalignment of pulmonary veins; CCHS, congenital 

central hypoventilation syndrome. 
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