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Abstract
Background Several rare surfactant-related gene (SRG) variants associated with interstitial lung disease
are suspected to be associated with lung cancer, but data are missing. We aimed to study the epidemiology
and phenotype of lung cancer in an international cohort of SRG variant carriers.
Methods We conducted a cross-sectional study of all adults with SRG variants in the OrphaLung network
and compared lung cancer risk with telomere-related gene (TRG) variant carriers.
Results We identified 99 SRG adult variant carriers (SFTPA1 (n=18), SFTPA2 (n=31), SFTPC (n=24),
ABCA3 (n=14) and NKX2-1 (n=12)), including 20 (20.2%) with lung cancer (SFTPA1 (n=7), SFTPA2
(n=8), SFTPC (n=3), NKX2-1 (n=2) and ABCA3 (n=0)). Among SRG variant carriers, the odds of lung
cancer was associated with age (OR 1.04, 95% CI 1.01–1.08), smoking (OR 20.7, 95% CI 6.60–76.2)
and SFTPA1/SFTPA2 variants (OR 3.97, 95% CI 1.39–13.2). Adenocarcinoma was the only histological
type reported, with programmed death ligand-1 expression ⩾1% in tumour cells in three samples. Cancer
staging was localised (I/II) in eight (40%) individuals, locally advanced (III) in two (10%) and metastatic
(IV) in 10 (50%). We found no somatic variant eligible for targeted therapy. Seven cancers were surgically
removed, 10 received systemic therapy, and three received the best supportive care according to their stage
and performance status. The median overall survival was 24 months, with stage I/II cancers showing better
survival. We identified 233 TRG variant carriers. The comparative risk (subdistribution hazard ratio) for
lung cancer in SRG patients versus TRG patients was 18.1 (95% CI 7.1–44.7).
Conclusions The high risk of lung cancer among SRG variant carriers suggests specific screening and
diagnostic and therapeutic challenges. The benefit of regular computed tomography scan follow-up should
be evaluated.

Introduction
The high prevalence of lung cancer in patients with fibrotic interstitial lung disease (fILD), particularly
idiopathic pulmonary fibrosis (IPF), has specific diagnostic and therapeutic challenges [1–7]. Survival is
poorer with lung cancer and fILD than with either disease alone [1–7]. Smoking is a confirmed risk factor
for both diseases and an ideal culprit, but genetic risk factors for both diseases may also be involved [8].

The main known monogenic causes of fILD are variants in telomere-related genes (TRGs) or
surfactant-related genes (SRGs) [9]. Germline TRG variants account for 25–35% of familial pulmonary
fibrosis (FPF) cases and are also associated with high risk of haematological malignancy, but the reported
prevalence of lung cancer is <5% [10, 11].

Germline SRG variants account for 1–5% of FPF cases [12–15]. Six SRGs (SFTPA1, SFTPA2, SFTPB,
SFTPC, NKX2-1 and ABCA3) have been implicated in fILD [9]. SFTPA1, SFTPA2, SFTPB, SFTPC and
SFTPD code for the surfactant proteins A–D [16]. ABCA3, coding for an ATP-binding cassette family A,
member 3 (ABCA3) membrane transporter involved in surfactant alveolar homeostasis, and the alveolar
lineage transcription factor NKX2-1, regulating transcription of surfactant encoding genes, are usually
included in SRGs despite their different pathophysiology. Surfactant proteins B and C are secreted into the
alveolar space to the cell membrane after being processed through the lamellar bodies in which ABCA3
plays a critical function [17]. Thyroid transcription factor 1 (TTF-1, encoded by NKX2-1) is involved in
regulating surfactant protein B and C expression in addition to having a double-edged role in tumour
suppression [18] and tumour carcinogenesis [19, 20]. SFTPA1 and SFTPA2 variants found in adult ILD
are rare in childhood fILD [14]. SFTPB, SFTPC, NKX2-1 and ABCA3 variants are mostly identified in
childhood fILD and rarely found in adult fILD [21–23]. The pathophysiology of fILD remains unclear but
may involve endoplasmic reticulum stress and altered intracellular trafficking in alveolar type II epithelial
cells [24, 25].

In addition to ILD, increased risk of lung cancer in SRG variant carriers was suggested by the
high prevalence of lung cancer in the first reported families with SFTPA1 and SFTPA2 variants
(14 cases among 37 SRG variant carriers) [13, 14, 26]. Moreover, NKX2-1 variants are rare in adult ILD,
but at least four cases of lung cancer in adult variant carriers have been reported [27]; of note, NKX2-1
codes for TTF-1, a homeobox-containing transcription factor specifically involved in terminal
respiratory unit differentiation and adenocarcinoma lineage, showing amplification in 7% of lung
adenocarcinomas [28].

This study aimed to study the epidemiology of lung cancer in SRG variant carriers in comparison with
TRG variant carriers as the main monogenic cause of fILD and to describe lung cancer characteristics
occurring in SRG variant carriers.
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Methods
SRG cohort patient recruitment
In this retrospective, observational, non-interventional study, all centres from the OrphaLung network
identified adults (>18 years old) with a pathogenic or likely pathogenic variant in one of the SRG genes
that was diagnosed during 2008–2022, including 1) proband adult ILD patients with an SRG variant,
2) adult family member carriers of the SRG variant with or without ILD and 3) previously identified
children with ILD associated with a TRG variant who reached the age of 18 years during this period
(supplementary figure S1). Genetic analyses of SRG in adults began in 2008 in France. Cases were
cross-identified by the three molecular diagnostic laboratories in France.

The fILD pattern was classified locally in each OrphaLung centre, without central reviewing, according to
the 2022 official American Thoracic Society/European Respiratory Society/Japanese Respiratory Society/
Asociación Latinoamericana de Tórax statement for IPF and the revised classification for idiopathic
interstitial pneumonia [29, 30].

We collected clinical characteristics, genetic analyses, age at diagnosis and survival. Age at diagnosis
refers to age at ILD or lung cancer diagnosis for patients with ILD or lung cancer (no patient exhibited
ILD during follow-up) or age at genetic diagnosis for asymptomatic relatives in the framework of
pre-symptomatic testing. Environmental exposure refers to environmental exposure known to be associated
with risk of fILD that was queried during the ILD initial assessment: metal dust, wood dust, farming,
raising birds, hair dressing, stone cutting/polishing, and exposure to livestock and to vegetable dust/animal
dust [31].

Signed informed consent was obtained from all patients. The study was approved by local ethics
committees (CPP IDF1, 0811760 and CERC-SFCTCV-2016-3-23-16-35-3-MoPi).

Surfactant protein gene molecular analysis and DNA sequencing
Genomic DNA was obtained from whole-blood EDTA samples. Exons and intron–exon junctions of
SFTPA1, SFTPA2, SFTPB, SFTPC, NKX2-1 and ABCA3 were sequenced by Sanger or next-generation
sequencing (NGS) and compared with the reference sequences in one of the three molecular diagnosis
laboratories. All variants were centrally reviewed (M. Legendre and P. Fanen) and were interpreted as
pathogenic or likely pathogenic (hereafter called a variant) according to international guidelines [32].

TRG variant comparative group and general population
To compare the cancer incidence in SRG variant carriers with relevant control groups, we assessed lung
cancer incidence in a group of 233 TRG likely pathogenic/pathogenic variant carriers from the Bichat
database with follow-up data censored as of July 2023 (190 previously reported [11, 33–36]). Furthermore,
we estimated the French national lung cancer incidence from the open-access French national cancer
database for 2018 [37].

Lung cancer histology, molecular analysis and treatment
All histological samples were reviewed by an expert thoracic pathologist (A. Cazes). Tumour samples
underwent histological diagnosis with a standard immunohistochemistry panel for lung cancer (TTF-1,
cytokeratin 7 (CK7), cytokeratin 20 (CK20) and p40) with additional staining for anaplastic lymphoma
kinase (ALK), ROS and programmed death ligand-1 (PD-L1) expression. Molecular diagnosis for lung
cancer genes was available for 18 out of 20 patients (supplementary material). Cancer treatments were left
to the discretion of the investigators, with therapeutic decisions validated in local multidisciplinary tumour
boards according to international European Society for Medical Oncology/American Society of Clinical
Oncology guidelines and retrospectively retrieved from patients’ electronic files.

Statistical analysis
Data are expressed as median (interquartile range (IQR)) for quantitative variables or number (percentage)
for categorical variables. Because the phenotype associated with SFTPA1 and SFTPA2 variants is similar,
SFTPA1 and SFTPA2 variant carriers were merged for analysis and compared with non-SFTPA variant
carriers. Survival curves were plotted using the Kaplan–Meier method from the date of diagnosis and the
date of birth and compared using the log-rank test. Hazard ratios (HRs) for factors associated with overall
survival after ILD or lung cancer diagnosis and their 95% confidence intervals were studied with a Cox
proportional hazards model. Comparison of age of onset of ILD among the genotypes involved one-way
ANOVA. We used a univariable and multivariable logistic regression procedure to calculate odd ratios for
factors associated with the onset of lung cancer with or without a random intercept at the family level. In
multivariable analysis, we included variables according to the strength of association on univariable
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analysis and their medical relevancy with or without a random intercept at the family level (package
lme4). We plotted the cumulative incidence function of the cancer onset by genotype, using “death without
cancer” as a competitive risk. The Fine–Gray model [38] was used to calculate subdistribution HRs to
determine the competitive risk of lung cancer in the SRG group versus the TRG group. Two-sided p<0.05
was considered statistically significant. Statistical analyses were performed with R version 3.1.0 (www.
r-project.org).

Results
SRG cohort patient characteristics
In total, 101 adults with a diagnosis of SRG-associated ILD during 2008–2022 were referred for inclusion;
we included 99 adults with a pathogenic SRG variant (SFTPA1, SFTPA2, SFTPC, ABCA3 or NKX2-1)
(table 1), including 74 who were previously reported (supplementary figure S1) [14, 21, 23, 27, 39]. One
variant in SFTPC (c.500G>A, p.(Arg167Gln)) and one in ABCA3 (c.1502C>A, p.(Ala501Glu)) were
reclassified as likely benign, and the cases were excluded from the study.

Median (IQR) age at ILD, lung cancer or genetic diagnosis was 41.2 (29.8–49.2) years, with a sex ratio
(male/female) of 1.1. 82 patients were initially referred for an ILD diagnosis, two for a lung cancer
diagnosis with genetic analyses performed according to the recommended French diagnosis algorithm [40]
and 15 after genetic counselling in a context of familial ILD. The 99 patients belonged to 69 families with
1–10 members per family. Variants were identified in SFTPA1 (n=18), SFTPA2 (n=31), SFTPC (n=24),
ABCA3 (n=14) and NKX2-1 (n=12), and all were classified as pathogenic or likely pathogenic (table 1 and
supplementary table S1).

Overall, 82 (82.8%) patients had ILD at diagnosis; no new ILD case occurred during follow-up. Median
(IQR) age at ILD diagnosis was 41.9 (30.0–49.2) years. Compared with other genes, SFTPA1 and SFTPA2
were associated with older age at ILD diagnosis (median age 47.6 years) (p<0.001) (figure 1). Computed
tomography (CT) pattern was classified as indeterminate (n=48 (58.5%)), usual interstitial pneumonia
(UIP) (n=16 (19.5%)) or suggestive of another diagnosis: non-specific interstitial pneumonia (NSIP) (n=10
(12.2%)), pleuro-pulmonary fibro-elastosis (PPFE) (n=2 (2.5%)), desquamative interstitial pneumonia
(DIP) (n=2 (2.5%)), fibrotic hypersensitivity pneumonitis (fHP) (n=1 (1.2%)), lymphoid interstitial
pneumonia (LIP) (n=1 (1.2%)), organising pneumonia (OP) (n=1 (1.2%)) or multiple cystic lung disease
(n=1 (1.2%)).

Lung histology was available for 32 patients after video-assisted thoracoscopic surgical biopsy (n=21
(25.6%)) or lung transplantation (n=11 (13.4%)) and showed a pattern of UIP (n=14 (17.0%)), NSIP (n=9
(10.9%)), indeterminate (n=5 (6.0%)), fHP (n=2 (2.4%)), LIP (n=1 (1.2%)) or OP (n=1 (1.2%)).

The pulmonary diagnosis was unclassifiable pulmonary fibrosis (n=42 (51.2%)), IPF (n=23 (28.0%)),
NSIP (n=9 (11.0%)), PPFE (n=2 (2.5%)), DIP (n=2 (2.5%)), fHP (n=2 (2.4%)), LIP (n=1 (1.2%)) or OP
(n=1 (1.2%)).

The median (IQR) follow-up was 7.0 (3.0–11.7) years. Eight (9.8%) patients received antifibrotic treatment
and 27 (32.9%) underwent lung transplantation, with a median (IQR) time from ILD diagnosis to lung
transplantation of 4.8 (2.4–8.2) years.

Lung cancer characteristics in SRG patients
Lung cancer was diagnosed in 20 patients (20.2%) at a median (IQR) age of 50.3 (47.2–58.3) years with a
sex ratio (male/female) of 1.22 (table 1). Lung cancer was the reason for consultation for two (10%)
patients, revealed by fatigue in both patients. Three (15%) patients were referred for genetic counselling
and lung cancer was diagnosed after pre-symptomatic testing. Lung cancer was diagnosed during ILD
follow-up in 15 (75%) patients (table 1), including two with lung cancer diagnosed after lung
transplantation (one single lung transplantation with lung cancer on the native lung and one double lung
transplantation with prior infra-clinic lymph node invasion).

Lung cancer was associated with overt ILD in 18 (90%) patients, but two had no ILD (diagnosed after
genetic counselling). Lung cancer was located in lower zones in 13 (65%) patients. Tobacco smoking
history was reported in 15 (75%) patients with a mean cumulative exposure of 15 pack-years (table 1). We
reviewed the lung tissue from 10 patients: nine with ILD and one without radiological ILD (SFTPA1
(n=5), SFTPA2 (n=3), NKX2-1 (n=1) and ABCA3 (n=1)), including four patients (all with SFTPA1
variants) who had cancer. Bronchiolar metaplasia was observed in all 10 lung samples (figure 2). Of note,
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the four cancers were located in close proximity to bronchiolar metaplasia, which supports a link between
bronchiolar metaplasia and oncogenesis.

Compared with patients in whom lung cancer did not develop during follow-up, those with lung cancer
were older (median age 48.7 versus 37.5 years; p=0.02), were more frequently smokers (75% versus
12.6%; p<0.001) and carried an SFTPA1 or SFTPA2 variant versus other SRG variants (75% versus 43%;
p=0.01). The risk of lung cancer was significantly lower with SFTPC (12%; p=0.05) and ABCA3 (0%;
p=0.04) than SFTPA2 (table 2 and supplementary table S2). In addition, we ran a generalised linear
model with a random intercept at the family level to study the factors associated with lung cancer in the
SRG mutation carriers. Univariable and multivariable analysis showed comparable results without a

TABLE 1 Main characteristics of patients with surfactant-related gene (SRG) variants including characteristics of
subpopulations with and without lung cancer

Cohort Lung cancer No lung cancer

Population characteristics
Patients 99 20 79
Families 69 15 54
Male 52 (52.5) 11 (55) 41 (52)
Smoking >5 pack-years 25 (25.3) 15 (75) 10 (12.6)
Mean pack-years 0 (0.0–5.0) 14 (8.75–20.0) 0 (0.0–0.0)
Environmental exposure# 6 (6.1) 2 (10) 5 (6.3)
Long-term oxygen therapy 4 (20)
mMRC dyspnoea scale ⩽2 18 (90)
Performance status ⩽2 17 (85)

SRG variants
SFTPA1 18 (18.2) 7 (35.0) 11 (13.9)
SFTPA2 31 (31.3) 8 (40.0) 23 (29.1)
SFTPC 24 (24.3) 3 (15.0) 21 (26.6)
ABCA3 14 (14.1) 0 (0.0) 14 (17.7)
NKX2-1 12 (12.1) 2 (10.0) 10 (12.7)

ILD
Patients 82 18 64
Age at ILD diagnosis 41.4 (29.6–49.1) 48.7 (42.5–54.5) 35.5 (28.0–47.7)
CT pattern
Indeterminate 48 (58.5) 8 (44.0) 40 (62.5)
UIP (definite or probable) 16 (19.5) 5 (28.0) 11 (17.2)
Non-UIP 18 (24.4) 5 (28.0) 13 (20.3)

Histological pattern 32 7 25
UIP (definite or probable) 14 (17.0) 2 (11.0) 12 (18.7)
Non-UIP 18 (21.9) 5 (27.7) 13 (20.3)

ILD diagnosis
Unclassifiable 42 (51.2) 8 (44.0) 34 (53.5)
IPF 23 (28.0) 5 (28.0) 18 (28.1)
Non-IPF 17 (20.8) 5 (28.0) 12 (18.4)

Pulmonary function tests
FVC % pred 63 (52–78) 66 (53–82) 62 (51–77)
DLCO % pred 44 (28–59) 45 (35–64) 37 (28–56)

Cancer-related information
Age at cancer diagnosis (years) 50.3 (47.2–58.2)
Diagnostic circumstances
Fatigue 2 (10)
Genetic counselling 3 (15)
ILD follow-up 15 (75)
After lung transplantation 2 (10)

Data are presented as n, n (%) or median (interquartile range). mMRC: modified Medical Research Council
dyspnoea scale; ILD: interstitial lung disease; CT: computed tomography; UIP: usual interstitial pneumonia; IPF:
idiopathic pulmonary fibrosis; FVC: forced viral capacity; DLCO: diffusing capacity of the lung for carbon
monoxide. #: patients were questioned about their potential exposure to metal dust, wood dust, farming,
raising birds, hair dressing, stone cutting/polishing, and exposure to livestock and to vegetable dust/animal
dust known to be associated with risk of fibrotic ILD [31].
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random intercept at the family level; the odds ratios for STFPA versus non-SFTPA genes were 3.97 (95%
CI 1.39–13.2; p=0.014) on univariable analysis and 2.89 (95% CI 0.78–12.16; p=0.12) on multivariable
analysis. The SFTPA1 and SFTPA2 variants identified in patients with lung cancer span valine 178 to
cysteine 238, with no obvious hotspot.

The median cancer-free survival was not reached but was significantly lower among patients carrying
SFTPA1 or SFTPA2 variants than non-SFTPA variants (15-year cancer survival rate: 0.43 versus 0.85;

a) b)

c) d)

FIGURE 2 Representative lung histology of four surfactant-related gene variant carriers: a) patient 4, b) patient
20, c) patient 8 and d) patient 11 (supplementary table S1). All patients showed bronchiolar metaplasia
(asterisks), including one patient (c) without overt radiological interstitial lung disease. Haematoxylin eosin
staining. Arrows: adenocarcinoma. Scale bars: a, b, d) 250 µm; c) 100 µm.
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FIGURE 1 Age at interstitial lung disease (ILD) diagnosis by surfactant-related gene variant. p<0.001 SFTPA
versus non-SFTPA.
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log-rank p=0.003) (figure 3). The cumulative incidence of lung cancer and death without cancer was
significantly increased in the SFTPA1 or SFTPA2 variant carriers (p=0.02) (figure 4).

The pathological diagnosis of lung cancer was obtained by transthoracic needle biopsy (n=10 (50%)),
surgical biopsy (n=5 (25%)), endoscopic transbronchial biopsy (n=3 (15%)), endobronchial ultrasound
biopsy (n=1 (5%)) or thoracocentesis (n=1 (5%)). Adenocarcinoma was the only histological subtype
diagnosed, with a majority of invasive mucinous adenocarcinoma (35%) and acinar adenocarcinoma (35%)
cases (table 3). TTF-1 staining was positive for five samples. PD-L1 expression was available for 20
samples and was positive (⩾1%) for only three. NGS for somatic variants associated with lung cancer was
available for 18 out of 20 patients. Nine (45%) of the lung cancer patients had at least one somatic variant
(supplementary table S3). The KRAS variant (six out of nine patients with NGS-detected variant) was the
most frequent, without the KRAS G12C variant. None of the variants was eligible for a currently approved
targeted therapy.

TABLE 2 Factors associated with lung cancer in surfactant-related gene (SRG) variant carriers

No lung cancer Lung cancer Univariable analysis Multivariable analysis

OR (95% CI) p-value OR (95% CI) p-value

Patients 79 20
Age at diagnosis (years) 37.5 (28.9–47.9) 48.70 (42.5–53.3) 1.04 (1.01–1.08) 0.029 1.02 (0.98–1.07) 0.31
Male sex 41 (51.9) 11 (55) 1.13 (0.42–3.10) 0.80 ND
SRG variant
SFTPC/NKX2-1/ABCA3 45 (57.0) 5 (25) Reference Reference Reference Reference
SFTPA1/SFTPA2 34 (43.0) 15 (75) 5.24 (1.20–22.8)) 0.03 2.74 (0.45–16.69) 0.27

Smoking 10 (12.7) 15 (75) 20.7 (6.60–76.2) <0.001 17.5 (5.28–68.6) <0.0001
Environmental exposure 6 (7.6) 2 (10) 1.35 (0.19–6.45) 0.72 ND
ILD 64 (81.0) 18 (90) 2.29 (0.58–15.3) 0.30 3.14 (0.58–26.1) 0.22
Antifibrotic treatment 4 (5.1) 7 (35) 10.1 (2.68–43.4) <0.001 ND#

Lung transplantation 22 (27.8) 4 (20) 0.65 (0.17–2.00) 0.48 ND
FVC % pred 62 (51–77) 65 (53–84) 1.01 (0.99–1.04) 0.31 0.98 (0.92–1.03) 0.39
DLCO % pred 37 (28–57) 44 (32–64) 1.01 (0.98–1.04) 0.45 1.03 (0.97–1.11) 0.30

Data are presented as n, median (interquartile range) or n (%), unless otherwise stated. ILD: interstitial lung disease; FVC: forced viral capacity;
DLCO: diffusing capacity of the lung for carbon monoxide; ND: not done (variable not included in the multivariable analysis). #: antifibrotic treatment
was not included in the multivariate analysis because this variable is a proxy for ILD. Bold indicates p<0.05.
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Lung cancer treatments and specific survival
Among the eight patients with a localised cancer, seven (35%) underwent surgery as first-line treatment.
Because of chronic respiratory insufficiency, one patient received only chemotherapy. None of the seven
patients presented acute ILD exacerbation after surgery. The median (IQR) follow-up was 62.4
(2–130) months; one patient (pT1cN0) experienced relapse 50 months after surgery and one patient died
of chronic respiratory failure 70 months after surgery.
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TABLE 3 Lung cancer characteristics in the surfactant-related gene (SRG) and telomere-related gene (TRG)
populations

SRG population
(n=20 cases)

TRG population
(n=6 cases)

Tumour localisation
Upper zones 7 (45) 3 (50)
Lower zones 13 (65) 3 (50)

Stage at diagnosis
Stage I 7 (35) 0 (0)
Stage II 1 (5) 0 (0)
Stage III 2 (10) 1 (17)
Stage IV 10 (50) 5 (83)

Histopathology
Adenocarcinoma 20 (100) 3 (50)
Invasive mucinous 7 (35) 0 (0)
Acinar 7 (35) 0 (0)
Invasive lepidic 2 (10) 0 (0)
Non-specific 2 (10) 2 (66)
Solid 1 (5) 0 (33)
Mixed acinar and papillary 1 (5) 0 (0)
Micropapillary infiltration >5% 0 (0) 0 (0)

Squamous cell carcinoma 0 (0) 2 (33)
Small cell carcinoma 0 (0) 1 (17)

Immunohistochemistry
PD-L1 <1% 17 (85) 6 (100)
PD-L1 1–50% 2 (10) 0 (0)
PD-L1 ⩾50% 1 (5) 0 (0)

Somatic molecular alteration n=18
9 (45)

n=3
0 (0)

Data are presented as n (%). PD-L1: programmed death ligand-1.
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10 (50%) patients received platinum-based chemotherapy (pemetrexed (n=6), paclitaxel (n=3) and
vinorelbine (n=1)) and one patient carrying a KRAS G12F variant was included in a randomised clinical
trial (docetaxel±selumetinib [41]). The first-line chemotherapy response rate was 50%. Three (30%)
patients experienced major adverse effects (grade 3 or 4: fatigue, chronic kidney disease and
thrombocytopenia); all received platinum-pemetrexed treatment.

Three patients (two ILD and one non-ILD) received anti-PD1 immunotherapy (nivolumab) and two received
bevacizumab, including two during the first-line regimen with carboplatin and pemetrexed. The overall
response rate was 0%. After a median (IQR) follow-up of 3 (1–10) months, no adverse effects (including
fibrosis exacerbation) were reported. None of the patients had radiotherapy. Three (15.0%) patients received
only best supportive care: two due to impaired lung function and one the patient’s decision.

Median overall survival was 24 months. As expected, survival was longer with stage I/II lung cancer than
other stages and this was the only variable associated with survival (5-year survival 0.86 for stage I/II
versus 0.13 for stage IV; p=0.023) (figure 5 and supplementary table S4).

Overall outcome
28 (28.3%) patients, including 13 (18.2%) with a diagnosis of lung cancer, died during follow-up. The
most frequent causes of death were chronic respiratory failure (n=12) and post-operative complications
after lung transplantation (n=2); medical data were not available for 15 patients.

Median overall survival after an ILD diagnosis was not reached. Median (IQR) 5- and 10-year overall
survival was 0.83 (0.75–0.91) and 0.73 (0.63–0.83), respectively (figure 6 and supplementary material).
Among patients with ILD or lung cancer at diagnosis, older age, male sex, smoking and occurrence of
lung cancer at diagnosis were significantly associated with decreased survival (table 4). ILD characteristics
were not associated with survival (table 4). Survival was lower for patients with non-SFTPA SRG variants
versus SFTPA1/SFTPA2 variants (p=0.022) (figure 6 and supplementary material).

Lung cancer in SRG variant carriers, TRG variant carriers and the French general population
In SRG variant carriers, the lung cancer incidence was 1492.24 per 100 000 patient-years for women and
2043.84 per 100 000 patient-years for men (p=0.8).

We examined a comparative group: a cohort of 233 adults with a pathogenic/likely pathogenic TRG
variant (TERT (n=124), RTEL1 (n=42), PARN (n=41), TERC (n=25) and DKC1 (n=1)) (table 5).
Compared with SRG variant carriers, TRG variant carriers were older at diagnosis (age at ILD or genetic
diagnosis 57.3 versus 40.2 years; p<0.001) and more frequently current or ex-smokers (52.0% versus
25.3%; p<0.001). The prevalence of ILD was similar in the SRG and TRG groups (89% versus 83%;
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p=0.10), but an IPF diagnosis was more frequent in the TRG than SRG group (64% versus 28%; p<0.001)
and disease was less severe at ILD diagnosis (table 5). In the TRG cohort, after a median (IQR) follow-up
of 4.9 (2.2–8.3) years, lung cancer developed in six (2.5%) patients (three adenocarcinoma, two squamous
cell carcinoma and one small cell carcinoma). The observed incidence of lung cancer in the TRG cohort
was 190.1 per 100 000 patient-years for women and 679.6 per 100 000 patient-years for men (p=0.24
between women and men). After adjusting for sex, lung cancer incidence was higher in the SRG than
TRG group (HR 18.1, 95% CI 7.1–44.7; p<0.001) (figure 7).

As a second comparative group, we evaluated lung cancer incidence in the French general population aged
45–55 years from the French national population cancer register available in open access [37]. The active
smoker rate in France in the same period was 23.5% for men and 21.6% for women aged 45–55 years [42].
In this population, lung cancer incidence was 46.7 per 100 000 patient-years for women and 56.1 per
100 000 patient-years for men. The standardised incidence ratio (SIR) was 47.9 for women and 50.1 for
men among SRG variant carriers compared with the general population.

Discussion
Since the first report of SFTPA2 variants in two families with both fILD and lung cancer, the involvement
of SFTPA1 and SFTPA2 variants in ILD has been repeatedly confirmed, although the exact mechanism has
yet to be understood [43]. However, the increased risk of lung cancer in SRG variant carriers remains
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hypothetical. By reporting 20 cases of lung cancer in a cohort of 99 adult SRG variant carriers, a
competitive over-risk of more than 18.1 compared with TRG variant carriers and an SIR of 50 compared
with the general population, these data indicate an increased risk of lung cancer in patients with SRG rare
variants, particularly for carriers of SFTPA1/SFTPA2 variants.

In this series, as in the general population, lung cancer occurrence was highly associated with smoking, i.e.
a 20-fold increased risk compared with never-smoker variant carriers, which is important to emphasise for
patients and their family members.

Several arguments suggest a specific risk of lung cancer in SRG variant carriers. SRG variants are
associated with fILD and the relative risk of lung cancer is increased in fILD patients, estimated at almost
10% throughout life [9]. However, lung cancer is most frequently diagnosed after age 60 years in fILD
patients and patients with SRG would conceivably have a lower risk of lung cancer because of earlier
fILD-related mortality [44]. A 20.2% incidence of lung cancer at a median age of 50 years in this series
suggests that SRG variants could directly contribute to the development of lung cancer. In addition, the
presence of ILD was not significantly associated with the incidence of cancer in this cohort (table 2). Lack

TABLE 4 Factors associated with overall survival from the date of interstitial lung disease (ILD) or lung cancer
diagnosis, whichever was first (n=82)

Univariable analysis Multivariable analysis

HR (95% CI) p-value HR (95% CI) p-value

Age 1.05 (1.02–1.09) 0.0006 1.04 (1.00–1.08) 0.03
Male sex 3.16 (1.28–7.84) 0.013 3.22 (1.25–8.30) 0.015
SRG mutation
SFTPC/NKX2-1/ABCA3 Reference Reference Reference Reference
SFTPA1/SFTPA2 1.39 (0.61–3.16) 0.43 0.73 (0.28–1.89) 0.52

Smoking 6.36 (2.70–15.0) <0.0001 2.32 (0.92–5.90) 0.076
Diagnosis mode
ILD Reference Reference Reference Reference
Lung cancer 14.1 (4.49–44.1) <0.0001 5.57 (1.64–18.9) 0.006

IPF versus non-IPF ILD 1.24 (0.52–2.95) 0.62 ND
FVC % pred 1.01 (0.98–1.03) 0.57 ND
DLCO % pred 0.99 (0.97–1.02) 0.93 ND

HR: hazard ratio; SRG: surfactant-related gene; IPF: idiopathic pulmonary fibrosis; FVC: forced vital capacity;
DLCO: diffusing capacity of the lung for carbon monoxide; ND: not done (variable not included in the
multivariable analysis). Bold indicates p<0.05.

TABLE 5 Clinical characteristics of surfactant-related gene (SRG) and telomere-related gene (TRG) patients

SRG cohort (n=99) TRG cohort (n=233) p-value

Patients
Age at diagnosis (years) 40.2 (29.3–49.1) 57.3 (50.1–65.4) <0.001
Male 52 (52.5) 134 (57.5) 0.4
Smoking >5 pack-years 25 (25.3) 122 (52.0) <0.001
Environmental exposure 6 (6.1) 23 (9.8) 0.36

ILD 82 208 0.11
ILD diagnosis <0.001
Unclassifiable 42 (51.2) 14 (6.7)
IPF 23 (28.0) 133 (63.9)
Non-IPF 17 (20.8) 61 (29.4)

Pulmonary function tests
FVC % pred 63 (52–78) 76 (56–91) 0.001
DLCO % pred 44 (28–59) 45 (22–61) 0.038

Data are presented as median (interquartile range), n (%) or n, unless otherwise stated. ILD: interstitial lung
disease; IPF: idiopathic pulmonary fibrosis; FVC: forced viral capacity; DLCO: diffusing capacity of the lung for
carbon monoxide. Bold indicates p<0.05.
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of sensitivity due to the relatively small number of patients cannot be excluded, but this finding supports a
specific role for SRG variants in the development of lung cancer independent of associated fILD.

Of note, the pathophysiology of lung cancer may vary depending on the SRG. Indeed, SFTPA1, SFTPA2
and SFTPC are thought to cause ILD via gain-of-toxic-function mechanisms [14, 24]. NKX2-1-related
disease is thought to be due to haploinsufficiency, although there are some reports of possible
gain-of-function variants. Most importantly, in addition to its role in lung development, NKX2-1 also acts
as a tumour suppressor gene [18, 20, 45]. ABCA3 deficiency-associated ILD is a recessive disorder due to
loss-of-function variants [17], which may explain why we found no individuals with ABCA3 deficiency
and lung cancer in this series. However, we studied few patients for a relatively short time and the real risk
of lung cancer in ABCA3 biallelic variant carriers remains to be determined. Further research is needed to
determine whether lung cancer is related to a common mechanism in all SRG variant carriers or involves
different pathways and processes, opening potential routes for more appropriate treatments or prevention.
However, the presence of bronchiolar metaplasia of the alveolar epithelium, a potential pre-cancerous
lesion, may indicate common terminal pathways.

As expected, univariate and multivariable analyses indicated that tobacco smoking was an independent risk
factor for lung cancer (HR 17.7 (95% CI 5.34–69.4); p<0.001). This risk factor could be specifically
deleterious in patients with ILD and germline variants. Of note, the 24.7% rate of SRG variant carriers
with a smoking history is consistent with the 25.5% rate of reported daily smoking in the French
population in 2020 [42]. Patients with SRG variants and/or fILD should be advised to quit smoking to
prevent lung cancer.

All patients with germline SRG variants and lung cancer had adenocarcinoma, which contrasts with a rate
of 29–68% of squamous cell carcinoma among non-small cell lung cancer cases in the general and ILD
populations [2]. Lung cancer was located in lower lobes in more than half of the IPF patients and in 65%
of this cohort; such localisation could reflect the predominance of fibrotic lesions in the lower zones,
suggesting a pro-tumoural environment of ILD [2]. Overall, histopathological and molecular
characteristics in lung cancer suggested that specific pathogenesis may occur in people with SRG variants
with or without fILD.

Our work has several limitations, including its limited sample size despite representing the largest series of
patients with fILD, SRG germline variants and lung cancer. A second limitation is its retrospective and
observational design. Therefore, we were not able to calculate the penetrance of lung cancer in SRG
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variant carriers. In addition, this descriptive work focused on lung cancer, and fILD cases were not
centrally reviewed. The lack of an association between survival and ILD severity assessed by lung function
alteration could be explained by the large number of cancer-related deaths in this cohort (11 out of 27) and
the diversity of the patients included in the cohort, with five SRGs and different patterns of ILD.

The association of SRG mutations and lung cancer in this cohort may be driven by a few highly penetrant
variants in addition to unmeasured environmental exposures because four out of seven SFTPA1-associated
lung cancer cases belonged to the same family. However, statistical analysis stratified by gene or family
did not provide clarification on this point (table 2 and supplementary table S2). We grouped the SFTPA1
and SFTPA2 variants. From a pathophysiological standpoint, including BRICHOS variants of SFTPC in
this group could make sense. Dominant-negative SFTPC BRICHOS variants as well as SFTPA1 and
SFTPA2 variants may be considered toxic gain-of-function variants resulting in endoplasmic reticulum
stress, which may pathophysiologically link SRG variants, lung fibrosis and risk of lung cancer [46–48].
The biological mechanism of ILD is likely different for heterozygous non-BRICHOS-domain SFTPC and
NKX2-1 variants, and homozygous ABCA3 variants, resulting in a different or potentially no increased risk
of lung cancer [49]. Additional retrospective and prospective studies in addition to translational research
are necessary to address these questions and determine whether certain SRG variants confer a higher risk
of lung cancer than others and provide answers to patients and their relatives.

Despite these limitations, our findings of a high incidence of lung cancer in relatively young adults support
a proactive policy of avoiding or quitting tobacco smoking. Considering the other well-known
environmental risk factors for lung cancer, we also suggest paying particular attention to occupational and
personal air contaminants. In addition, a programme dedicated to lung cancer and ILD screening could be
proposed to SRG variant carriers, the modalities of which remain to be determined. Low-dose annual chest
CT scan is now recommended for lung cancer screening in high-risk populations in several countries
[40, 50] and might be evaluated for SRG variant carriers. The age at the first CT scan and the frequency of
repeated assessments need to be carefully considered because of the unknown long-term risk associated
with irradiation in this relatively young population.

In conclusion, unlike ABCA3 variants, SRG variants, especially SFTPA1 and SFTPA2, may be associated
with a high risk of lung cancer, which warrants scrutiny when interpreting chest CT scans in these patients
and a specific screening programme for both fILD and lung cancer in this relatively young adult population.
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