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ABBREVIATIONS

A549 Adenocarcinomic human alveolar basal epithelial
ACMG American College of Medical Genetics

AEC Alveolar epithelial cell

ALAT Latin American thoracic society

ATS American thoracic society

CRD Carbohydrate recognition domain

ER Endoplasmic reticulum

ERS European respiratory society

EV Empty vector

GGO Ground glass opacities

GRCh37 Genome Reference Consortium Human Build 37
HEK293T  Human embryonic kidney 293 with derived large T antigen
HRCT High resolution computed tomography

HSP Hypersensitivity pneumonitis

ILD Interstitial lung disease

IPF Idiopathic pulmonary fibrosis

JRS Japanese respiratory society

MDT Multidisciplinary team

NSIP Non-specific interstitial pneumonia

NT Non transfected

PF Pulmonary fibrosis

PFT Pulmonary function tests

PPFE Pleuroparenchymal fibroelastosis

RespiFIL National network for rare lung diseases (www.respiFIL.fr)
Rs Referenced single-nucleotide polymorphism

SP Surfactant protein

TGF Transforming growth factor

UIP Usual interstitial pneumonia

UPR Unfolded protein response

WT Wild type
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ABSTRACT

Introduction: Interstitial lung diseases (ILD) can be caused by mutations in the SFTPAI and
SFTPA2 genes, which encode the surfactant protein complex (SP)-A. Only 11 SFTPA1/2
mutations have so far been reported worldwide, of which 5 have been functionally assessed. In
the framework of ILD molecular diagnosis, we identified 14 independent patients with
pathogenic SFTPAI or SEFTPA2 mutations. The present study aimed to functionally assess the
11 different mutations identified and to accurately describe the disease phenotype of the patients
and their affected relatives.

Methods: The consequences of the 11 SFTPA1/2 mutations were analyzed both in vitro by
studying the production and secretion of the corresponding mutated proteins and ex vivo by
analyzing SP-A expression on lung tissue samples. The associated disease phenotypes were
documented.

Results: For the 11 identified mutations, protein production was preserved, but secretion was
abolished. The expression pattern of lung SP-A, available in 6 patients, was altered. The family
history reported ILD and/or lung adenocarcinoma in 13/14 (93%) families. Among the 28
SFTPA1/2 mutation carriers, the mean age at ILD onset was 45 [0.6-65] years and 48% of them
underwent lung transplantation (mean age 51); 7 carriers were asymptomatic.

Discussion: This study, which expands the molecular and clinical spectrum of SP-A disorders,
shows that those pathogenic SFTPAI/A2 mutations share similar consequences on SP-A
secretion in cell models and lung tissue immunostaining, whereas they are associated with a
highly variable phenotypic expression of the disease, ranging from severe forms requiring lung

transplantation to incomplete penetrance.
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INTRODUCTION

Chronic interstitial lung diseases (ILD) include a heterogeneous group of diffuse parenchymal
lung disorders that can affect patients of all ages [1-3]. In adult patients, the most severe form
of ILD, but also the most frequent, is idiopathic pulmonary fibrosis (IPF). The clinical course
of ILD patients is highly variable and unpredictable [4—6]. An unknown part of this
heterogeneity implicates genetic factors [7-9]. Pathogenic mutations have been identified in
approximately 30% of familial ILD, mainly in genes encoding the telomerase complex in adult
patients, and mainly in genes encoding proteins of the surfactant metabolism (SFTPAI,
SFTPA2, SFTPB, SFTPC, ABCA3, NKX2-1) in pediatric cases [7, 10, 8, 11-13].

Information on SFTPAI and SFTPA?2 defects in ILD remains limited. These genes are closely
related paralogs containing 6 exons each. They encode the surfactant proteins (SP)-A1l and SP-
A2, two collectins that oligomerize in a “bouquet-flower” octadecamer to generate the SP-A
complex. SP-A plays a structural role in the surfactant tubular myelin formation, but also an
immunomodulatory role through its carbohydrate recognition domain (CRD) that is encoded
by the last exon of SFTPA1/A2 (i.e. exon 6). The molecular epidemiology of SFTPA1/A42 is still
largely unknown. Indeed, over the last few years, only 11 SFTPA1/42 mutations have been
reported in patients with familial forms of ILD and lung cancer. The pathogenicity of these
mutations was attested by functional tests for only 5 of them [11, 14-20].

In the present study, performed in the framework of ILD molecular diagnosis, we identified 11
missense SFTPAI (n=3) or SFTPA2 (n=8) class 4 (likely pathogenic) and 5 (pathogenic)
mutations - according to the American College of Medical Genetics (ACMG) classification of
sequence variations - in 14 independent probands [21]. These findings prompted us to assess
the functional consequences of these missense variations by means of in vitro studies and to

accurately describe the associated disease phenotypes in the 14 involved families.
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PATIENTS AND METHODS

Patients

Patients with an ILD and with no telomerase complex mutations, were referred to us in the
frame of molecular diagnosis. ILD diagnosis was assessed by expert clinicians of one of the 23
adult centres of the French reference network for rare lung diseases (RespiFIL) that covers the
whole of France. Phenotypic information - including age at ILD onset, associated extra-
respiratory features, lung cancer association, and family history - was collected. Available high-
resolution computed tomography (CT)-scans and histologic samples were centrally reviewed
[3].

When a class 4 or class 5 mutation was identified, a genetic counseling was performed and a
familial genetic screening proposed to the symptomatic individuals and the asymptomatic major
relatives [21]. Each family was discussed within the French multidisciplinary team meeting for
genetic ILD [22]. The study was approved by the relevant ethics committees (“Comité de
Protection des Personnes”) and written informed consent was obtained from all participants or
legal representatives. Clinical information was collected in a legally authorized database (CNIL

N°681248).

Molecular analyses

SFTPAI and SFTPA2 molecular analyses were performed on DNA extracted from peripheral
blood leukocytes. The NM_005411.5 and NM_001098668.2 isoforms were used as a reference
for SFTPAI and SFTPA2, respectively. Coding exons and flanking intronic junctions of
SFTPAI and SFTPA2 were sequenced with a custom targeted-capture panel (SeqCap EZ
Choice, Roche Diagnostics). The library was prepared following manufacturer’s instructions.

Data were analyzed through an in-house double pipeline based on Bowtie2 and BWA tools.
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Reads were visualized with the IGV viewer (Broad Institute). Copy number variation analysis
was performed with a depth-ratio comparison between subjects sequenced in the same run.
Class 4 (n=10) and class 5 (n=1) mutations were checked by Sanger sequencing using the

previously described protocol [19].

Haplotype analyses

Haplotype analyses for families 5, 6, and 11 to 14 were performed by combining SF7PA2 and
flanking SFTPA1 SNP genotyping by targeted-capture in probands and Sanger sequencing in
probands and relatives (SFTPAI is the closest gene to SFTPA2, 50.5kb downstream on
chromosome 10). Phasing was performed through allele segregation within each family and
through proband NGS data when contiguous variations were included in at least four common

sequencing reads.

Structural and electrostatic changes induced by the SP-A1 and SP-A2 mutations on the
CRD

3D structures of wild type (WT) and mutant CRD of SP-A1/A2 were generated using the rat
SP-A crystal structure (residues 201-248) from the Protein Data Bank (PDB ID: 3PAR) as a
template. Briefly, homology modeling was performed using Modeller software v9.10.
Accuracy of output structures was further assessed using Procheck v3.5.4 [23, 24].
Conformational changes were evaluated by a RMSD value comparison between the WT and
the mutated SP-A1/A2 domains using SuperPose (Back Bone) v1.0 [25]. A <2 RMSD value is
in favor of a very similar protein structure. Electrostatic modeling of the protein domain surface

was generated with the use of the PyMOL vacuum electrostatics (v0.99).

Plasmid constructs
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The WT SFTPAI and WT SFTPA2 cDNAs, obtained from human universal RNA, were
inserted into the pcDNA3.1 V5 His TOPO expression vector (Invitrogen, Carlsbad, CA). A
27-aminoacid HA-tag and a 24-aminoacid FLAG-tag were subsequently added after the signal
peptide to generate the pSFTPA1 WT and pSFTPA2 WT plasmids respectively. Site-directed
mutagenesis was performed to generate the mutant plasmids carrying the identified mutations
using the Quick Change Site Mutation Mutagenesis kit (New England Biolabs, Ipswich, MA,
E0554S). The resulting plasmid constructs were checked by Sanger sequencing of the inserts

and cloning site flanking junctions.

Cell culture and transfection

WT and mutant pSFTPA1 and pSFTPA2 expression plasmids were used to assess protein
production (cell lysate) and secretion (medium) after transfection in HEK293T cells. 600,000
HEK293T cells were first cultured at 37°C with 5% CO; into 35mm wells in complete medium
(DMEM (1X) + GlutaMAX ™.[ (4.5g/L D-Glucose) (Life Technologies, Paisley, UK 31966-
021), 10% fetal bovine serum (FBS), 1% Penicillin/Streptomycin). On day 2, at 80%
confluence, the cells were transfected with 1pg of either pPSFTPA1 WT, pSFTPA2 WT, the
corresponding mutated plasmids or the empty vector by the FuGENE HD (Promega, Madison,
WI E2312) method with a 4/1 ratio. At day 4, the cells were refed with complete medium

without FBS. Protein production was studied at day 5.

Western blot analyses

Aliquots of the cellular lysates and of the cell culture medium were analyzed by western
blotting. The membranes were incubated overnight at 4°C, either with a monoclonal anti-HA
peroxidase high affinity antibody (Roche 12013819001®, 1/500) or with a monoclonal anti-

FLAG peroxidase high affinity antibody (Sigma-Aldrich A8592®, 1/500). Tubulin was used as

10



233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

a loading control of protein expression by using an anti-a-tubulin peroxidase-coupled antibody
(Cell Signaling (11H10) 9099®, 1/1,000) incubated overnight. LAMCI1 secretion was used as
a loading control of protein secretion by using an anti-LAMCI1 antibody (Sigma-Aldrich
HPAO001908®, rabbit, 1/1,000) incubated overnight, followed by a 1-hour incubation with an
anti-rabbit peroxidase-coupled antibody (Cell Signaling 7074®, 1/5000). Results are

representative of three independent experiments.

Immunohistochemistry on lung tissues

Tissue samples from lung biopsies or lung explants were centrally analyzed by optic
microscopy coupled with computerized image analysis of stained materials, and studied by
haematoxylin and eosin (HE) staining and immunohistochemistry [26]. A mouse SP-A
monoclonal antibody (Abcam-32E12, 1/200) was used according to manufacturer’s protocol.
Histopathological descriptions were provided according to the ATS/ERS/JRS/ALAT Clinical

Practice Guideline and SP-A staining was analyzed on the available tissues [3].

RESULTS

Spectrum of SFTPAI and SFTPA2 mutations in 14 independent patients

A total of 11 heterozygous class 4 or class 5 mutations were identified: 3 SFTPA 1 mutations in
three probands and 8 SFTPA2 mutations in 11 probands (Table 1). Eight of them have so far
never been reported. All are missense mutations identified in exon 6 that encodes the CRD of
SP-A1 and SP-A2. All these mutations involve an invariant or highly conserved residue in SP-

Al and SP-A2 and throughout evolution (Figure 1). None of them are prone to alter splicing

11
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according to the MaxEntScan tool. Their pathogenicity, as assessed through in silico means, is
provided in Table 1 [21]. Three SFTPA2 mutations have been each characterized in two distinct
families: V178M in families 5 and 6, C238S in families 11 and 12, and R242Q in families 13
and 14 (Figure 2). This could be related to a common ancestor to two families, or to recurrent
mutational events. Families 5 and 6 originate respectively from China and North Africa, and
families 13 and 15 from North Africa and La Réunion Island (Table 2). Haplotyping showed
that V178M arose on different haplotypes in families 5 (haplotype H2) and 6 (haplotype H4)
(Supplemental Figure 1A). The R242Q also arose on distinct haplotypes in families 13
(haplotype H11) and 14 (haplotype H14) (Supplemental Figure 1C). These data, together with
the diverse geographic origins of the families and the fact that those two mutations are G to A
transitions involving a CG dimer, strongly support the hypothesis of recurrent mutational events
in discrete populations. Regarding the C238S mutation, haplotype analysis of 17 SNPs did not
exclude the existence of an ancestor common to families 11 and 12 that both originate from
North Africa (Algeria) (Supplemental Figure 1B). This variation in not described in the
gnomAD database and is a G to C transversion (mutation mechanism independent of CG dimer
hotspots). However, the H6 haplotype characterized in both families is made of the most
frequent versions of the 17 SNPs in humans, and the occurrence of a recurrent mutational event

in a common haplotype cannot be fully rejected.

Structural and electrostatic changes induced by the identified SP-A1 and SP-A2
mutations

As compared to WT SP-A1 and SP-A2 CRD domains, prediction of the 3D structure of the
protein carrying the mutations disclosed no major consequences on the overall domain

structure: RMSD values < 1.1 between WT and mutated SP-A1 or SP-A2 domains. The

12
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electrostatic modeling of the mutant protein domain surface shows polarity changes for 6 of the

mutants, as compared to the corresponding WT SP-A CRD domain (Supplemental Figure 2).

Impact of the identified missense variants on SP-A1/SP-A2 production and secretion

As shown on the western blots performed on whole cell lysates, and on the histograms with
densitometry ratio from 3 or more independent experiments (Figure 3), the expression of each
mutant SP-A1 and SP-A2 protein (35-37 KDa) is similar to the normal proteins in HEK293T
lysates (p>0.05, Student test), thereby indicating that the identified SFTPAl and SFTPA2
missense variations have no effect on protein expression. However, the expression of each
mutant SP-A1 and SP-A2 protein is dramatically reduced in the cell medium (p <0.05, Student
test), thereby demonstrating that these missense variations result in the absence of SP-A1 and

SP-A2 secretion and are therefore deleterious.
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Table 1: Description of the 11 identified SFTPAI and SFTPA2 mutations

2 Mutation Mutation name Mutati?n GnomAD* ) Prone to Polyphen Sift Mutation

éa name (protein) abbreviated s allele Conservation** alt?r. score . score’ class + First report
(cDNA) name frequency splicing -+ HumDiv

~ ©C532G>A p.(Vall78Met) V178M 1215316727 1/250994 5/7 No 1 0 4 Doubkova et al. 2019

g c.631T>C p.(Trp211Arg) W211R _ Not described 7/7 No 1 0 5 Nathan et al. 2016

5: c.673G>A p.(Val225Met) V225M _ Not described 7/7 No 1 0 4 This study
c.512A>T p.(Asnl71lle) N1711 _ Not described 7/7 No 1 0 4 This study
c.532G>A p.(Vall78Met) V178M 371035540 3/250974 5/7 No 1 0 4 Coghlan et al. 2014
c.542A>G p.(Tyrl81Cys) Y181C - Not described 7/7 No 0.99 0.01 4 This study

;i c.697T>A p.(Trp233Arg) W233R - Not described 7/7 No 1 0 4 This study

a c.698G>T p.(Trp233Leu) W233L - Not described 7/7 No 1 0 4 This study
c.699G>C p.(Trp233Cys) W233C - Not described 7/7 No 1 0 4 This study
c.713G>C p.(Cys238Ser) C238S - Not described 7/7 No 1 0 4 This study
c.725G>A  p.(Arg242Gln) R242Q 759988686 3/251444 7/7 No 1 0.05 4 This study

All identified mutations are located in exon 6 of SFTPAI or SFTPA2, encoding the carbohydrate domain of the protein.

* GnomAD: includes non-filtered and filtered variants (number of mutated alleles / total number of alleles)

** The conservation has been evaluated through alignment of protein sequences of SP-A (SP-A1l and SP-A2) from species (Homo sapiens, Pan troglodytes,
Canis lupus, Bos taurus, Mus musculus, Rattus norvegicus, Gallus gallus)

-+ According to the MaxEntScan tool that is based on the maximum entropy principle applied to RNA splicing signals.

* Polyphen HumDiv score is compiled from all damaging alleles with known effects on the molecular function causing human Mendelian diseases, present in
the UniProtKB database, together with differences between human proteins and their closely related mammalian homologs, assumed to be non-damaging. A
score >0.957 is considered as probably damaging, a score between 0.453 and 0.956 is considered as possibly damaging and a score <0.452 is considered as
benign.

* SIFT predicts whether an amino acid substitution affects protein function based on sequence homology and the physical properties of amino acids.

+ According to the international guidelines: pathogenic (class 5), likely pathogenic (class 4), prior to this study’s functional assessment [21].

14
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Abbreviations: GRCh37, Genome Reference Consortium Human Build 37; rs, referenced single-nucleotide polymorphism; Polyphen, Polymorphism

308  Phenotyping v2.

309  Table 2: Clinical characteristics of the probands with identified SFTPA1 or SFTPA2 mutations
o Mutation Family Individual Geographic Ageat Exposures Lung  Other clinical CT-scan Family = Treatments Outcome
g * origin onset cancer features features of ILD  history
© (year)

V178M 1-GMO01220 11.2 North Africa 57 Tobacco Yes Seizures, heart UIP ILD and Pirfenidone at 64 Death at 68

disease lung for 3 months then
cancer Nintedanib. No
oxygen. No
treatment for
; adenocarcinoma
& W211R 2 - PP00S5 Iv.3 Europe 45 Tobacco, Yes No Indeterminate ILD and  Anti-fibrosing LT at 57 years-old.
53 silica pattern lung therapy. Alive at 59
cancer

V225M 3 - GM0537 IL.1 North Africa 49 Pigeons, No No Indeterminate ILD Anti-fibrosing LT at 54, Alive at 61
parakeet, pattern therapy
dust

1.1 NA No No No No ILD Asymptomatic at 32

N1711 4 - PP375 Iva1 Europe 32 No No Rheumatoid UIP and PPFE ILD LT at 37. Alive at 40

arthritis

V178M 5-GMO1611 1.1 China 33 No No Rheumatoid Indeterminate ILD LT at 45. Alive at 48

arthritis pattern and PPFE
6 - GM02482 1.1 North Africa 34 Tobacco No No Indeterminate ILDand No Oy, no Alive at 37
pattern lung treatment
cancer
N Y181C 7 - PP354 I1.6 North Africa 56 Tobacco No No ND ILD and  Anti-fibrosing Death at 63 from acute
§ lung therapies, exacerbation
[y cancer cyclophosphamide,
“ steroid pulses.

W233R 8-GM03569 IV4 North Africa 34 Tobacco, Yes No Indeterminate ILD and  Anti-fibrosing Death at 41 from lung
dust, pattern lung therapy fibrosis and
cannabis cancer (nintedanib) and adenocarcinoma

chemotherapy, O,  progression

W233L 9-GM02867 1I.1 Europe 45 No No No Indeterminate ILD and LT at 49, alive at 54

pattern lung
cancer

15
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W233C 10 - GM00127

C238S 11 - GMO1161

12 - GM00095

R242Q 13 - PP092

14 - GM00077

1.1

1.2

IL.1

IL.1

I1.2

Europe

North Africa

North Africa

North Africa

Reunion
Island

50

46

26

29

51

Tobacco,
birds

Tobacco,
cement

No

Tobacco

Yes

Yes

No

No

No

No

Klinefelter
syndrome

No

Fibrosing NSIP

ND

HSP

ND

NSIP

No

ILD and
lung
cancer
Lung
cancer

ND

ILD

0O,
cyclophosphamide

Pirfenidone 47

No treatment

O, before LT, no
anti-fibrosing
therapies

Death at 64 from lung
cancer and sepsis

LT at 49, death at 51

Asymptomatic, Alive
at 51

LT at 37, death at 39

from LT
complications.

LT at 51, death at 51, 6
weeks later from sepsis

* According to Figure 2

Abbreviations: ILD, interstitial lung disease, UIP, usual interstitial pneumonia; NSIP, non-specific interstitial pneumonia; PPFE, pleuroparenchymal
fibroelastosis; HSP, hypersensitivity pneumonitis; LT, lung transplantation
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Parenchymal expression pattern of SP-A in the lung tissue of probands

The tissue samples from the lung biopsy or explanted lungs of 4 probands (Figure 4) showed
“indeterminate for usual interstitial pneumonia (UIP)” pattern. The SP-A expression pattern
was characterized by a marked SP-A expression in hyperplastic pneumocytes and a
discontinuous expression surrounding the alveolar space. Such expression pattern contrasts
with the light expression and thin continuous linear layer of SP-A at the alveolar surface of the
control specimen [26]. In all patients, a residual SP-A expression was observed in alveolar
macrophages, consistently with the fact that the antibody used in these experiments recognizes
both SP-A1 and SP-A2 that are 98% identical. The same features were observed on the lung

biopsy of 2 affected siblings (Supplemental Figure 5).

Clinical characteristics of the 14 patients and their 14 relatives carrying a SFTPA1/2
mutation

The detailed phenotypic characteristics of the 14 unrelated probands are provided in Table 2.
Eight (57%) of them originated from North Africa. Only one proband aged 29 at ILD onset
(family 13, II.1) had neither lung cancer nor family history of lung cancer or ILD. Eleven (78%)
had a first-degree history of ILD and 9 (64%) had a personal (n=5, 36% assessed by lung biopsy
and/or explant analysis) or family (n=7, 50%) history of lung cancer (Figure 2). A total of 10
proband chest CT-scans could be centrally reviewed by a thoracic radiologist (Figure 5) [3].
Only 2 patients showed a usual interstitial pneumonia (UIP) pattern [3]. Half of cases were
classified indeterminate for UIP and 3 cases suggested either nonspecific interstitial pneumonia
or hypersensitivity pneumonitis (HSP). Two patients had apical subpleural consolidations
evoking pleuroparenchymal fibroelastosis associated to UIP and indeterminate fibrosis (one

case each). In total, predominant ground glass opacities (GGO) were observed in 7 out of 10
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(70%) patients and lung fibrosis was observed in 7 out of 10 patients (70%). Other inconstant
features were basal thickened interlobular septa, micronodules, reticulations, honeycombing
and bronchiectasis. The same results were observed on the chest CT-scans of 2 affected siblings

(Supplemental Figure 4).

The family screening led to identify a SFTPAI or SFTPA2 mutation in 14 more individuals

(Figure 2 and Supplemental Table 1).

Altogether, the present study allowed identifying 28 individuals with a SFTPA1/A2 mutation.
The male to female ratio was 0.65. The median age at onset of the ILD was 45 years old [0.6-
65]. Five (22%) patients presented an extra-respiratory manifestation, including two patients
with rheumatoid arthritis (9%). Ten patients (43%) declared neither tobacco nor professional
exposure. Seven relatives remained asymptomatic until a median age of 39 [19-55] and after a
median length of follow-up of 5, range [1-8] years. The penetrance of the disease was
incomplete as among them, 2 individuals were aged over 40 (42 and 55 years respectively) and
harbored normal pulmonary function tests (PFT) and CT-scan. The other asymptomatic
relatives had either abnormal PFT and/or minimal interstitial abnormalities on the CT-scan at
ages 18, 24, 32, 33, 39 years-old respectively. The first and last available PFT of the patients
are provided in Supplemental Figure 3. The evolution of the ILD was severe: 5 patients needed
anti-fibrosing therapies and 11 (48%) patients received a lung transplantation at a median age
of 51 [37-58] years with a median time from diagnosis of 5 years [0-19]. Regarding lung
transplantation, one patient with ILD and surgically treated lung cancer (Family 2, IV.3) benefit
from an atypical indication: despite a minimally invasive with a lepidic pattern adenocarcinoma
on the contralateral lung almost 10 years after the first one, lung transplantation was decided,
with a 2-years favorable outcome to date. For all the patients, the lung transplantation was

bilateral, in order to prevent lung fibrosis extension and lung cancer development on the native
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lung. Nine (32%) patients died at a median age of 51 years old [0.7-68], three of them shortly
after lung transplantation (7 days, 6 weeks and 13 months respectively) (Supplemental Table

1 and Figure 6).

DISCUSSION

The present study describes for the first time a large number of functionally assessed pathogenic
SFTPAI and SFTPA2 mutations in 14 independent families. Three mutations were identified in
SFTPAI and 8 in SFTPA2, bringing to 5 and 14 respectively the total number of reported
SFTPAI and SFTPA2 mutations (Supplemental Table 2) [11, 14—-19]. Interestingly, all the
described mutations are located in exon 6 that encodes the protein CRD, and all but one
(p-(Tyr208His)) were found in the heterozygous state.

In this study, the pathogenicity of the identified mutations was assessed by in vitro functional
studies and ex-vivo immunostaining showing that the secretion of all the mutant proteins was
similarly abolished and that the protein may be sequestered in the alveolar epithelial cells
(AEC)-2. Although part of these results rely on a cell model that overexpresses recombinant
proteins, such quite unequivocal presentation of the disease at the cellular level contrasts
sharply with the highly variable clinical expression of the disease, which ranges from

incomplete penetrance to severe forms requiring lung transplantation.

Phenotypic heterogeneity

The individuals with SFTPA1/42 mutations presented with a heterogeneous clinical phenotype,
with no evidence of phenotypic differences between patients with SF7PA 1 mutations and those
with SFTPA2 mutations. The penetrance of the disease was incomplete, with the identification
of carriers remaining asymptomatic in adulthood (with normal chest CT-scan and pulmonary

function tests). The age of onset was variable, from childhood to elderly [19]. However, in the
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majority of the patients, the ILD occurred at a younger age (mean 40 years old; SD 14; range
[0.6-65]) than the usual age at IPF onset as only one patient experienced a disease onset after
60 years-old. The CT-scan analysis gave highly heterogeneous results in terms of ATS/ERS
classification. This probably highlights that this classification is maybe not suitable in such
cases. As shown in the current study, and as observed in children with surfactant disorders, the
GGO pattern represents the most frequent pattern [27]. This observation differs from the typical
UIP pattern that is seen in IPF and could be one of the main arguments — on top of the family
form of ILD - for suspecting a surfactant disorder in adults. Of interest, no relationship could
be established between the severity of the CT images and the mutations. Moreover, various CT
patterns were observed within the same family. Altogether, as it is also the case in other causes
of genetic ILD, the variability in disease expression was observed among the different

individuals, including among those from a same family [22].

Variability in clinical expression of the disease phenotype is a common feature of most genetic
disorders, especially when dominant. In theory, this phenomenon may result from allelic
heterogeneity and/or from the influence of environmental or modifying genetic factors [28].
Moreover, post-translational modifications of SP-A proteins could at least partly account for
the heterogeneous presentation of the clinical phenotype. The role of viruses has been discussed
in pediatric patients who develop fatal pulmonary fibrosis [6]. This hypothesis has also been
discussed for mutations in other surfactant genes, especially SF7PC and ABCA3 mutations [29,
30]. In adults, tobacco smoking and occupational exposures are supposed to be the main triggers
in adult cases of IPF [6, 31] but the role of viral infections as a risk factor for pulmonary fibrosis
has also been reported by several authors and recently confirmed in a meta-analysis [32]. The
interactions between SP-A and various viruses have been studied in vitro and in SFTPA knock-

out mouse models. The viral infections appeared to promote lung fibrosis development, whereas
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the adjunction of a SP-A treatment allowed a beneficial effect on lung fibrosis progression [33].
SP-A binds the pathogens oligosaccharides via its CRD domain, induces their opsonisation
and/or phagocytosis and promotes a pro-inflammatory response [34]. Alternatively, the CRD
binding to the alveolar macrophages could induce an anti-inflammatory response by enhancing
apoptotic cells phagocytosis. This CRD ability to regulate pro- and anti-inflammatory responses
is known as the “head or tail hypothesis” depending on the orientation of SP-A binding to
alveolar macrophages via a CRD-dependent or CRD-independent mechanism [35, 36]. In this
context, molecular alterations of SP-A1/A2 CRD could alter its ability to respond to pathogens

exposures and to modulate pulmonary inflammation caused by environmental triggers.

The observation of a SP-A accumulation in the AEC2 observed on lung tissues sections
suggests the production of misfolded proteins in the AEC2 that could induce variable levels of
endoplasmic reticulum (ER) stress and promote cell death or cell reprogramming [37]. The
unsecreted abnormal SP-A protein could thus be responsible for an unfolded protein response
(UPR) challenge. UPR and ER stress have been found increased in case of SF7PC mutations
[37]. Evidence for increased ER stress as well as abnormal oligomerization and increased
proteasome degradation has also been reported for mutant SP-A2 proteins (G231V and F198S
mutations) [38]. Similarly, SFTPAI mutations have been associated with an increased
expression of ER stress and necroptosis markers (Y208H mutation) [39]. Thus, there are
compelling evidence for a major role of ER stress in SFTPA1/42 mutations, which need to be

further confirmed on patients’ lung tissues.

Lung cancer association
IPF has been associated with an increased risk of lung cancer, such association being observed

in up to 13.5% of the patients with pulmonary fibrosis [40, 41]. In the present study, the
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association of ILD and lung cancer reaches 36% in the probands, and 64% when including
family history, which strongly supports a link between SFTPA1/42 CRD mutations and lung
cancer development. Interestingly, such association has not been reported for SFTPC
mutations. Given the severity of the SFTPC-associated disease that leads to lung transplantation
or to death at a young age, the follow-up may not be long enough to lead to tumorigenesis
promotion. ER stress, via UPR, is also linked to tumorigenesis [42]. Increased ER stress can
alter tissue homeostasis by interfering with cell cycle in many ways, including cell death or cell
senescence attenuation (and thus tumorigenesis promotion) [43]. In case of SP-A mutations,
these hypotheses still need to be further evaluated. It has also been proposed that an increased
expression of SP-A could reduce adenocarcinogenesis in mice [44]. This could be explained by
the interactions between SP-A and Transforming growth factor (TGF)-, a crucial molecule
implicated in lung repair and tumor proliferation: SP-A has been shown to inhibit TGF-$1
inactivation [45, 46]. Thus, mutations of SP-A that alter its secretion could prevent SP-A from

inhibiting the TGF-f} pathway, leading to an impairment of the alveolar healing process [47].

Genetic studies, family screening and genetic counselling

This study suggests that a genetic screening for SFTPA1/42 mutations should be proposed to
patients with (i) a family form of ILD, especially if associated to a personal or family history
of lung cancer; (ii) an early-onset ILD (before 50 years) and no telomerase complex gene
mutations. When a mutation is found, in line with the incomplete penetrance and the risk of
ILD and lung cancer, a family screening should be offered to the siblings and other relatives,
including asymptomatic major relatives. The pre-symptomatic management of individuals with
SFTPAI/A2 mutations is not consensual yet, but it is likely that tobacco smoking and
environmental exposures can enhance the disease expression, and that genetic counseling

should also include targeted preventive measures. In France, national multidisciplinary team
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(MDT) meetings dedicated to genetic forms of pulmonary fibrosis have recently been launched
in the frame of the RespiFIL network [22]. Among other issues, prenatal and pre-implantation
managements are discussed for each family. Following the MDT report, a personalized genetic
counseling is given to the patient and his family. As shown in this study, the phenotypic
heterogeneity of the disease is important and could change the families’ perception of the

disease severity and their expectations in terms of prenatal / pre-implantation management.

Conclusion

Heterozygous SFTPAI and SFTPA2 mutations involving the exon 6 that encodes the CRD of
the corresponding proteins contribute to various fibrotic ILDs that can occur in young adults
and probably during childhood, and to a higher risk of lung cancer. Their pathogenicity is
attested to by impaired protein secretion leading to cytoplasmic retention in the alveolar
epithelium. However, the penetrance of the disease phenotype is incomplete and clinical
expression of the disease is highly variable with a major proportion of patients, including young
adults, presenting a severe disease requiring lung transplantation. As such, family screening
and genetic counseling as well as pre-symptomatic management of the relatives are major issues

that need to be discussed in the frame of multidisciplinary team meetings.
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FIGURES

Figure 1: SP-A1/SP-A2 mutation localization, SP-A1/SP-A2 conservation and interspecies
conservation of the SP-A1 and SP-A2 amino-acid impacted by the mutations

Reported SFTPAI and SFTPA2 mutations are respectively in green and red (see also Table 1
and Supplemental Table 1). The mutations identified in this study are in bold. The aminoacids
of the highly homologous carbohydrate recognition domain of SP-A1, SP-A2 and of 7 species
were aligned (Homo sapiens, Pan troglodytes, Canis lupus, Bos taurus, Mus musculus, Rattus
norvegicus, Gallus gallus). * aminoacids invariant between SP-A1 and SP-A2 and throughout

evolution.

Figure 2: Genealogical trees of the 14 included families with SFTPAI or SFTPA2
mutations

The arrows indicate the probands. Individuals with interstitial lung disease (ILD) are indicated
by a black symbol. Individuals with lung cancer are indicated by a checkerboard symbol.
Symbols that are half black and half checkerboard indicate individuals with ILD and lung
cancer. Light grey symbols represent undefined chronic lung diseases reported by the family.

Each individual is identified by his generation (Roman numbers) and its number (Arabic
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number). +/- indicates the presence of a SFTPA 1 or SFTPA2 mutation in the heterozygous state;

-/- indicates an absence of SFTPAI or SFTPA2 mutation.

Figure 3: Effects of SFTPAI and SFTPA2 variants on protein production and secretion
in HEK293T cells

A. Western blot. A 35-37-kDa molecular species consistent with the HA-tagged SP-A1l or
FLAG-tagged SP-A2 proteins is observed in lysates of cells expressing the wild-type (WT) or
mutant SP-A isoforms. A similar 35-37-kDa molecular species is also observed in the medium
of cells expressing the WT proteins, but in the medium of the cells transfected with the mutant
constructs of SP-A1 or SP-A2, an absence of secretion is observed. a-tubulin production was
used as a loading control of protein expression and LAMCI secretion was used as a loading
control of protein secretion.

B. Normalized protein expression based on densitometry from western blot experiments. Charts
show HA-tagged SP-A1 and FLAG-tagged SP-A2 protein expression normalized by a-tubulin
(cell lysate expression) and LAMCI (cell medium expression). Data are means of densitometry
ratio (Image J software) from 3 or more independent western blot experiments. Error bars show
standard error of the mean.

NT: not transfected; WT: wild type; EV: empty vector; *, p<0.05

Figure 4: Lung histopathological features and SP-A expression on lung tissue from
patients heterozygous for a SFTPAI or SFTPA2 mutation

Histological examination was performed on lung tissues from 4 index patients (family 5, II1.1;
family 3, II.1; family 14, II.1; and family 9, II.1) and compared to an adult lung tissue sample.
Haematoxylin and eosin (HE) staining was performed and SP-A expression was analyzed by

immunohistochemistry. In all the patients, the HE staining (left column, x25) confirmed the
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ILD, with however various patterns described according to the 2018 ATS/ERS/JRS/ALAT
guideline [3].

Tissue from patient F5, I11.1 showed diffuse fibrosis without fibroblastic foci delimitating some
unaffected lung parenchyma associated with prominent inflammation with lymphoid nodules
consistent with indeterminate for UIP.

Tissue from patient F3, II.1 showed diffuse fibrosis with very few unaffected lung parenchyma
with microscopic honey combing, inflammation away from areas of honeycombing,
bronchiolar metaplasia and osseous metaplasia consistent with indeterminate for UIP.

Tissue from patient F9, II.1 showed diffuse uniform fibrosis without subpleural or paraseptal
predominance and without fibroblast foci and was classified as indeterminate for UIP.

Tissue from patient F14, II.1 showed diffuse fibrosis with microscopic honeycombing and
without persistence of unaffected lung. Prominent pneumocyte hyperplasia was observed. This
case was classified as indeterminate for UIP.

SP-A immunostaining (right column, x25) documented SP-A expression by hyperplastic
pneumocytes without a continuous secreted SP-A linear layer observed in the control individual

(insert X200).

Figure 5: High-resolution computed tomography (CT) scans of the probands carrying the
SFTPAI / SFTPA2 mutations.

The CT-scans were separated into A: predominant ground glass opacities with or without signs
of fibrosis; B: lung fibrosis without predominant ground-glass opacities. Other features of ILD
were basal thickened septa, micronodules, reticulations, consolidations, honeycombing, and
bronchiectasis. The proposed classification is provided for each patient in Table 2 and

Supplemental Table 1 and includes usual interstitial pneumonia (UIP), non-specific interstitial
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pneumonia (NSIP), pleuroparenchymal fibroelastosis (PPFE), hypersensitivity pneumonitis

(HSP), indeterminate pattern

Figure 6: Kaplan-Meier survival curves with or without transplantation; and post-
transplantation.

A: Survival rate without (n=17) and with (n=11) transplantation of the 28 individuals with
identified SFTPA1/42 mutations. The age at diagnosis / age at screening was used as a starting
point. B. Survival rate after transplantation of the 11 patients with identified SFTPA1/A2
mutations. A and B: As all the patients did not complete the same duration of follow-up, the

end of follow-up of each patient is represented by a point.
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Figure 1: SP-A1/SP-A2 mutation localization, SP-A1/SP-A2 conservation and interspecies conservation of the SP-A1 and SP-

A2 amino-acid impacted by the mutations

Reported SFTPAI and SFTPA2 mutations are respectively in green and red (see also Table 1 and Supplemental Table 1). The
mutations identified in this study are in bold. The aminoacids of the highly homologous carbohydrate recognition domain of SP-Al,
SP-A2 and of 7 species were aligned (Homo sapiens, Pan troglodytes, Canis lupus, Bos taurus, Mus musculus, Rattus norvegicus,

Gallus gallus). * aminoacids invariant between SP-A1 and SP-A2 and throughout evolution.
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Figure 2: Genealogical trees of the 14 included families with SFTPA1 or SFTPA2 mutations

The arrows indicate the probands. Individuals with interstitial lung disease (ILD) are indicated by a black symbol. Individuals with
lung cancer are indicated by a checkerboard symbol. Symbols that are half black and half checkerboard indicate individuals with ILD
and lung cancer. Light grey symbols represent undefined chronic lung diseases reported by the family. Each individual is identified by
his generation (Roman numbers) and its number (Arabic number). +/- indicates the presence of a SFTPAI or SFTPA2 mutation in the

heterozygous state; -/- indicates an absence of SFTPA 1 or SFTPA2 mutation.
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Figure 3: Effects of SFTPAI and SFTPA2 variants on protein production and secretion in HEK293T cells

A. Western blot. A 35-37-kDa molecular species consistent with the HA-tagged SP-A1 or FLAG-tagged SP-A2 proteins is observed in
lysates of cells expressing the wild-type (WT) or mutant SP-A isoforms. A similar 35-37-kDa molecular species is also observed in the
medium of cells expressing the WT proteins, but in the medium of the cells transfected with the mutant constructs of SP-A1 or SP-A2, an
absence of secretion is observed. a-tubulin production was used as a loading control of protein expression and LAMCI secretion was used
as a loading control of protein secretion.

B. Normalized protein expression based on densitometry from western blot experiments. Charts show HA-tagged SP-Al and FLAG-
tagged SP-A2 protein expression normalized by a-tubulin (cell lysate expression) and LAMCI (cell medium expression). Data are means
of densitometry ratio (Image J software) from 3 or more independent western blot experiments. Error bars show standard error of the
mean.

NT: not transfected; WT: wild type; EV: empty vector; *, p<0.05
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Figure 4: Lung histopathological features and SP-A expression on lung tissue from patients heterozygous for a SFTPAI or
SFTPA2 mutation

Histological examination was performed on lung tissues from 4 index patients (family 5, III.1; family 3, II.1; family 14, II.1; and family
9, II.1) and compared to an adult lung tissue sample. Haematoxylin and eosin (HE) staining was performed and SP-A expression was
analyzed by immunohistochemistry. In all the patients, the HE staining (left column, x25) confirmed the ILD, with however various
patterns described according to the 2018 ATS/ERS/JRS/ALAT guideline [3].

Tissue from patient F5, III.1 shows diffuse fibrosis without fibroblastic foci delimitating some unaffected lung parenchyma associated
with prominent inflammation with lymphoid nodules consistent with indeterminate for UIP.

Tissue from patient F3, II.1 shows diffuse fibrosis with very few unaffected lung parenchyma with microscopic honey combing,
inflammation away from areas of honeycombing, bronchiolar metaplasia and osseous metaplasia consistent with indeterminate for UIP.
Tissue from patient F9, II.1 shows diffuse uniform fibrosis without subpleural or paraseptal predominance and without fibroblast foci
and was classified as indeterminate for UIP.

Tissue from patient F14, II.1 shows diffuse fibrosis with microscopic honeycombing and without persistence of unaffected lung.
Prominent pneumocyte hyperplasia was observed. This case was classified as indeterminate for UIP.

SP-A immunostaining (right column, x25) documented SP-A expression by hyperplastic pneumocytes without a continuous secreted

SP-A linear layer observed in the control individual (insert X200).
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Figure 5: High-resolution computed tomography (CT) scans of the probands carrying the SFTPAI / SFTPA2 mutations.

The CT-scans were separated into A: predominant ground glass opacities with or without signs of fibrosis; B: lung fibrosis without
predominant ground-glass opacities. Other features of ILD were basal thickened septa, micronodules, reticulations, consolidations,
honeycombing, and bronchiectasis. The proposed classification is provided for each patient in Table 2 and Supplemental Table 1 and
includes usual interstitial pneumonia (UIP), non-specific interstitial pneumonia (NSIP), pleuroparenchymal fibroelastosis (PPFE),

hypersensitivity pneumonitis (HSP), indeterminate pattern.
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Figure 6: Kaplan-Meier survival curves with or without transplantation and post-transplantation.

A. Survival rate without (n=17) and with (n=11) transplantation of the 28 individuals with identified SF7P41/4A2 mutations. The age at
diagnosis / age at screening was used as a starting point. B. Survival rate after transplantation of the 11 patients with identified
SFTPA1/A2 mutations. A and B: As all the patients did not complete the same duration of follow-up, the end of follow-up of each

patient is represented by a point.



