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ABSTRACT  Regulator of telomere length 1 (RTELI) mutations have been evidenced in 5-9% of familial
pulmonary fibrosis; however, the phenotype of patients with interstitial lung disease (ILD) and RTELI
mutations is poorly understood.

Whole exome sequencing was performed in 252 probands with ILD and we included all patients with
ILD and RTELI mutation. RTELI expression was evaluated by immunochemistry in the lungs of controls,
as well as in RTELI and telomerase reverse transcriptase (TERT) mutation carriers.

We identified 35 subjects from 17 families. Median age at diagnosis of ILD was 53.1 years (range
28.0-80.6). The most frequent pulmonary diagnoses were idiopathic pulmonary fibrosis (n=20, 57%),
secondary ILD (n=7, 20%) and unclassifiable fibrosis or interstitial pneumonia with autoimmune features
(n=7, 20%). The median transplant-free and overall survival periods were 39.2 months and 45.3 months,
respectively. Forced vital capacity at diagnosis was the only factor associated with decreased transplant-free
survival. Extra-pulmonary manifestations were less frequent as compared to other telomere-related gene
mutation carriers. A systematic analysis of the literature identified 110 patients with ILD and RTELI
mutations (including this series) and confirmed the heterogeneity of the pulmonary phenotype, the
prevalence of non-idiopathic diseases and the low prevalence of extra-pulmonary manifestations.

Immunohistochemistry showed that RTELI was expressed by bronchial and alveolar epithelial cells, as
well as by alveolar macrophages and lymphocytes, but not by fibroblasts.
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Introduction

Almost 10% of the patients with idiopathic pulmonary fibrosis (IPF) present a first-degree relative with
interstitial lung disease (ILD) suggesting a common genetic predisposition [1]. Rare genetic variants
reported to date involve mainly telomere related genes (TRGs) [2]. TRGs are involved in telomere
maintenance, controlling addition of repeated DNA sequences in the telomere region of chromosomes and
thereby protecting the chromosomes from loss of material during mitosis [3]. Among TRG mutations,
heterozygous telomerase reverse transcriptase (TERT) mutations are the most frequently observed, being
detected in approximately 15% of the cases of familial pulmonary fibrosis, whereas heterozygous
mutations in regulator of telomere length 1 (RTELI), poly(A)-specific ribonuclease (PARN), telomerase
RNA component (TERC), dyskerin pseudouridine synthase 1 (DKCI), TERFI interacting nuclear factor 2
(TINF2) and nuclear assembly factor 1 ribonucleoprotein (NAFI) are much rarer [4-7]. Most patients with
TERT or TERC mutations harbour shortened telomeres and display extrapulmonary diseases (skin,
haematological or liver diseases), usually labelled as “(short) telomere syndrome” [3].

RTELI is a DNA helicase playing roles in DNA replication, genome stability, DNA repair and telomere
maintenance [8]. Bi-allelic mutations in RTELI have been reported in patients with Hoyeraal-Hreidarsson
syndrome (see the Online Mendelian Inheritance in Man (OMIM) Catalogue; entry #305000, www.omim.org/),
a severe variant of short telomere syndrome characterised by early-onset bone marrow failure,
immunodeficiency and developmental defects associated with abnormally short telomeres, as well as
myelodysplasia and liver disease [9-14]. Heterozygous RTELI mutations are also detected in 5-9% of
patients with familial forms of ILD [15-18]. Little is known about specific sites of pulmonary RTEL1
expression in fibrotic lungs. The aim of the study was to describe the phenotype of patients with ILD who
were carriers of RTELI heterozygous mutation, from our genetic laboratory and from the literature, and to
evaluate lung RTELI expression in those patients.

Methods

Subjects

This is a retrospective, observational, non-interventional study. For this study, we included all patients
with confirmed ILD and RTELI mutation.

RTELI mutation carriers were identified by whole exome sequencing performed in two different cohorts
and considered as pathogenic according to the American College of Genetics and Genomics guidelines
and the European Society for Human Genetics recommendations [16, 19, 20]. The first cohort included
151 probands with suspected monogenic pulmonary fibrosis (familial or with extrapulmonary disease)
without TERT or TERC pathogenic mutation, while the second cohort included 101 patients with ILD
associated with rheumatoid arthritis (RA) [16, 20].

All patients signed informed consent for genetic analysis including research purposes. The clinical charts
of the patients and their relatives were reviewed and data were collected on a standardised and anonymous
collection form. Clinical data, chest computed tomography (CT) scan and lung histological pattern were
systematically reviewed, analysed by multidisciplinary team discussion and classified according to the 2011
statement for IPF and the 2013 classification of idiopathic interstitial pneumonias [21, 22]. Patients with a
possible usual interstitial pneumonia (UIP) pattern on CT scan were reclassified to probable or
indeterminate for UIP pattern according to the Fleischner Society criteria and without available histology
were given a working diagnosis of IPF or a diagnosis of unclassifiable fibrosis (UnF) after multidisciplinary
discussion [23]. Methods of genetic analysis are detailed in the supplementary material. This study was
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approved by the local ethics committee (CPP Ile de France 1, no. 0811760) and written informed consent
was obtained from all subjects.

Review of the literature

We searched Web of Science on December 01, 2017 using the search terms “pulmonary fibrosis” and
“RTEL1” with no restrictions on publication date or language. Full articles were retrieved for the 18 references
obtained. All the patients with pulmonary fibrosis and available clinical data were then included in this review.
The patients reported by Stuart et al. [15] were considered to be extensively reported by Newton et al. [7].
Five articles with clinical data and the present cohort were finally conserved for analysis [7, 10, 14, 17].

Immunohistochemistry

Lung samples were obtained at the time of lung transplantation from three IPF patients with RTELI
mutation, three IPF patients with TERT mutation and five IPF patients without any detected mutation.
Control lung samples were non-disease-involved segments from three patients who were undergoing lung
surgery for removal of a primary lung tumour.

Paraffin-embedded sections were treated as previously described [24]. For immunohistochemistry, we used
an in house developed and previously reported anti-RTEL1 antibody, the specificity of which has been
confirmed using CRISPR-Cas9 against the RTELI gene [25]. Briefly serial 7-um thick paraffin-embedded
tissue sections were deparaffinised and rehydrated. Antigen retrieval was performed in citrate buffer
(1.8 mM citric acid, 8.3 mM sodium citrate, pH 6) in a water bath at 97 °C for 40 min. Tissue sections
were blocked with 3% bovine serum albumin (BSA) for 1 h at room temperature, incubated with the
homemade primary antibody overnight at 4 °C and then assayed with a Vectastain ABC alkaline
phosphatase kit (Vector Labs, Les Uis, France) and fast red substrate (DakoCytomation, Glostrup,
Denmark) [10]. To test the specificity of immunostaining, antibodies were replaced by an isotype-matched
control. Light microscopy images were acquired with the use of a DM400B light microscope equipped
with a DFC420 CDD camera (Leica Microsystems, Nanterre, France).

RTELI expression was anonymously analysed patient by patient by an experienced thoracic pathologist,
blinded from the genetic analysis, using a semi-quantitative ladder.

Statistical analysis

Continuous variables were expressed as median (range) and were compared by Mann-Whitney U-test.
Categorical variables were expressed as n (%) and were compared by Chi-squared or Fisher exact tests
where appropriate. Transplant-free survival was estimated with the Kaplan-Meier method for censored
data and Cox models were used to analyse which factors at the time of diagnosis were associated with
transplant-free survival. A group of patients with ILD carrying a TERT or TERC mutation, as identified
in the laboratory and described previously, was used as a control group [26]. All tests were two-sided
with p<0.05 indicating statistical significance. A linear mixed model was used to derive the annual
decline of forced vital capacity (FVC) [27]. Analyses involved the use of GraphPad Prism V6 (GraphPad
Software, LaJolla, CA, USA) and R software version 2.15.2 (The R Project for Statistical Computing;
Www.r-project.org/).

Results

Patients

We identified 35 patients from 17 independent families with ILD and a pathogenic RTELI mutation. The
main clinical data are presented in figures 1 and 2 and tables 1 and 2. Complementary clinical data are
provided in the supplementary material. Mean age was unusually young for a population of lung fibrosis
patients (53 years) within a range extending from 28 years to 80 years. A UIP pattern was prominent on
high-resolution computed tomography (HRCT) in 25 out of 31 patients (81%) and IPF was the most
frequent diagnosis (57%). However, an alternative diagnosis was not rare, including UnF or interstitial
pneumonia with autoimmune features (IPAF) (seven patients, 17.2%), RA-ILD (four patients, 11.4%),
chronic hypersensitivity pneumonitis (HP; two patients, 5.7%), sarcoidosis (Sarc; one patient) and
pneumoconiosis (PC; one patient).

Eight patients (22.8%) reported premature hair graying (at less than 30 years of age) without any other
cutaneous sign of dyskeratosis congenita (DC). Complete blood count and liver function tests were
available for 32 patients. Four patients (12.5%) had a low platelet count (<150 G-L™") and five patients
(15.6%) had red blood cell macrocytosis (>100 pm3 ). Four patients showed repeated elevated liver enzymes
(11.4%) and further diagnoses of autoimmune hepatitis (n=1), alcoholic liver cirrhosis (n=1), alcoholic
and post-hepatitis C liver cirrhosis (n=1) and non-alcoholic steatohepatitis (n=1) were made.
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FIGURE 1 Pedigree of 12 families featuring segregation of familial interstitial lung disease (ILD) and regulator of telomere length 1 (RTELT)
heterozygous mutation. Five RTELT mutation carrying patients had no family members with lung disease, extrapulmonary signs of telomere
disease, or known carrier of the RTELT mutation. Individuals with pulmonary fibrosis are indicated by black symbols. Individuals in grey are
deceased with no possibility of knowing the cause of death. Heterozygosity for the mutation is indicated by */wt (with wt for wild-type status and
* for the presence of the variant]. When indicated, numbers are ages at diagnosis of ILD. IPF: idiopathic pulmonary fibrosis; Neu: neutropenia;
Sarc: sarcoidosis; RA: rheumatoid arthritis; IPAF: interstitial pneumonia with autoimmune features; AL: acute leukaemia; Hep: hepatitis; HP:
hypersensitivity pneumonitis; Cirr: cirrhosis; An: anaemia; PC: pneumoconiosis; UnF: unclassifiable fibrosis.

Telomere length was available for 17 patients and the median value was 6.5 kb (4.4-10.8). Telomere length
was below the tenth percentile (<10th) in six patients (35%). Median telomere length of the patients from
the second generation was similar to that of the patients from the first generation (6.5 kb versus 8.4 kb,
p=0.19).
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FIGURE 2 Spectrum of interstitial lung disease (ILD) in patients with heterozygous regulator of telomere
length 1 (RTELT) mutations. Details are as follows: a) a 58 year-old female smoker (subject II, 3, family 1)
with an indeterminate usual interstitial pneumonia (UIP) pattern on computed tomography (CT) scan.
Histology showed a possible UIP pattern with rare granuloma (not provided). She was exposed to birds and
precipitating antibodies to birds were positive. A diagnosis of hypersensitivity pneumonitis (HP) was made and
the pulmonary function tests (PFTs) remained stable during follow-up; b) a 43 year-old male smoker (subject
I, 3, family E) with an initial UIP pattern on CT scan [(not provided). A diagnosis of idiopathic pulmonary
fibrosis (IPF) was made and his pulmonary function declined progressively. He received lung transplantation
6 years after ILD diagnosis. Histology of the explant confirmed an atypical UIP pattern; ¢ and d) a 54 year-old
male smoker (subject Il, 1, family D) with a typical UIP pattern on CT scan at ILD diagnosis [c) leading to a
diagnosis of IPF. The patient presented an acute exacerbation of IPF with superimposed ground glass
opacities on CT scan (d) and eventually died; e and f) a 40 year-old female smoker (subject II, 2, family A)
with mediastinal adenopathy in the mediastinal window of a contrast-enhanced CT scan (e) and ground glass
opacities with lower predominance in the parenchymal window (f]. Histology of adenopathy revealed
well-formed non-necrotising granulomas and a diagnosis of sarcoidosis was made.

Evolution and survival

Twenty-eight patients received a specific treatment for the ILD, as follows: steroids (n=23),
immunosuppressants (n=11), antifibrotics (n=11) and N-acetyl cysteine (n=2) (table 3). Seven patients did
not receive any treatment. Pulmonary improvement (as assessed by pulmonary function test (PFT) or
decreased oxygen requirement) was achieved with steroids in four patients (two patients with nonspecific
interstitial pneumonia (NSIP) and two patients with acute exacerbation of IPF) (figure 3). Due to the
limited number of patients who received antifibrotic therapy, an assessment of antifibrotic therapy efficacy
was not feasible. The mean decline of FVC for the whole population was 140.5 mLyear ' (—229.9;
—51.21), corresponding to a decrease of 4.5% per year (—7.3; —1.6) of the predicted value.

After a median follow-up of 47.3 months, 25 patients had died and four patients had undergone lung
transplantation. The median transplant-free survival period was 39.2 months and the overall survival
period was 45.3 months. One patient died of lung cancer and two after lung transplantation (due to
haematological complications and chronic lung rejection). In the other 22 patients, death was related to
lung fibrosis progression. On univariate analysis, FVC measured at diagnosis was the only factor that was
associated with decreased transplant-free survival (p=0.009) (table 4).

Genetics

Herein we report 11 new families carrying RTEL] mutations, while four occurences of familial pulmonary
fibrosis (families A, B, C, D) and two patients with sporadic RA-ILD were reported previously [16, 20].
Altogether 13 different heterozygous RTELI mutations were identified (table 2), including eight previously
reported mutations and five never previously reported mutations (bold in table 2) [16, 20, 28].

Among the five new mutations, three result in a premature stop codon (c.2896del, ¢.3420C>A and
¢.3556_3559de]AGAC) and two are predicted to interfere with RTELI splicing (c.1228_1266+39del78,
¢.1266+3A>G and ¢.2266-1G>C). No variant within another known TRG was evidenced in any of the
families.

Review of the literature

Including this series and without the patients reported by STuarT et al. [15], we identified 110 patients
with ILD and RTELI mutations in five publications as of December 01, 2017 [7, 10, 14, 17]. The median
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TABLE 1 Main characteristics of the patients at diagnosis (n=35)

Characteristics Result
Age at diagnosis years 53.1 (28.0-80.6)
Male 21 (60.0)
ILD cases per family 3 (1-5)
Aero-contaminant exposure

Ever smoker 25 (71.4)

Fibrogenic exposure 11 (31.4)

Smoking or fibrogenic exposure 29 (82.9)
PFTs

FVC % predicted 75 (36-128)

DiLco % predicted 61(28-112)
Computed tomography pattern (n=31)

Typical or probable UIP 25 (80.6)

Indeterminate or inconsistent with UIP 6(19.3)

Histological pattern (n=10)
Definite or probable UIP

7
NSIP 1
NSIP + DIP 1
PC 1

Multidisciplinary diagnosis

IPF# 20 (57.1)
RA-ILD 4 (11.4)
IPAF 3(8.6)
UnF 4 (11.4)
Chronic HP 2 (5.7)
Sarcoidosis 1(2.9)
PC 1(2.9)

Data are presented as n, n (%) or median (range). ILD: interstitial lung disease; PFT: pulmonary function
test; FVC: forced vital capacity; DLco: diffusing capacity of the lung for carbon monoxide; UIP: usual
interstitial pneumonia; NSIP: nonspecific interstitial pneumonia; DIP: desquamative interstitial pneumonia;
PC: pneumoconiosis; IPF: idiopathic pulmonary fibrosis; RA: rheumatoid arthritis; IPAF: interstitial
pneumonia with autoimmune features; UnF: unclassifiable fibrosis; HP: hypersensitivity pneumonitis.
#. IPF, or probable IPF or possible IPF diagnosis based on CT scan and histology. Patients with probable
UIP on CT scan without histology, but with a working diagnosis of IPF after multidisciplinary discussion,
are classified as IPF.

age at ILD diagnosis was 60.0 years (0.7-82), there was a predominance of males (60.9%) and 51% of the
patients were current or past smokers (table 5). Only one study reported genetic anticipation [7].

The most frequent pattern was definite UIP (82.6%) and the most frequent pulmonary diagnosis was IPF
(72.2%). Other diagnoses were IPAF or connective tissue disease (CTD)-ILD (7.2%), UnF (6.3%), chronic
HP (4.5%), pleuroparenchymal fibroelastosis (PPFE; 1.8%), Sarc (0.9%), PC (0.9%) and unknown (UNK;
6.2%). Significant emphysema was reported in 24.4% of patients and three patients with lung cancer were
reported (2.7%).

No patient with haematological or hepatic disease without ILD has been reported in any subject of a
family with pulmonary fibrosis and heterozygous mutation of RTELI. In patients with ILD,
thrombocytopenia was reported in 8.1% of cases, macrocytosis in 18.3% of cases and anaemia (An) in
16.3% of cases. Hepatic disease was reported in 9.8% of cases.

RTEL1 expression

We used immunohistochemistry to analyse the cell distribution of RTELI in control non-fibrotic lung
samples (n=3), nonmutated sporadic IPF samples (n=5), TERT mutated samples (n=3) and RTELI mutated
IPF samples (n=3) (figure 4). In control lungs, RTEL1 was detected in the cytoplasm and the nucleus of
bronchial epithelial cells, alveolar macrophages and in alveolar Type-2 epithelial cells (figure 4a). In fibrotic
lungs, RTEL1 was detected in bronchial epithelial cells, alveolar macrophages, hyperplastic alveolar epithelial
cells and lymphocytes (particularly within lymphoid follicles) (figure 4b). RTEL1 was localised in the nucleus
and in the cytoplasm in all cell types, but was not detected in fibroblastic foci or endothelial cells (figure 4c).
Isotype control staining was negative (figure 4f) and, using a semi-quantitative evaluation, RTEL1 expression
was similar in samples with TERT or RTELI mutation and in sporadic IPF without mutation.
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TABLE 2 Regulator of telomere length 1 (RTELT) variations retained as disease-associated in 17 families

Mutation Position of RTEL1 variation Families* Presence on  In silico analysis of Segregation* Telomeres® Haematological/liver Variant
gnomADT RTEL1 variation disease’ classification
[19, 26]
cDNA Amino acid Poly-Phen2 CADD Type Patients Generations Length Age Percentile
(PHRED) kb years
Splicing c.1228_1266+39del78, NA G Absent NA 32 F 5 2 6.5 48 N 5
c.1266+3A>G
Splicing €.2266-1G>C NA E Absent NA 22 F 3 2 6.5 51 N 5
Nonsense c.28%6del p.Glu966Argfs* Q Absent NA 29.9 F 3 2 7.0 73 N Autoimmune haemolytic 5
anaemia (1)
Nonsense .2956C>T## p.Arg986* 24 (0.00008) NA 35 S 1 1 10.8 57 N 5
Nonsense €.2956C>T## p.Arg986* T 24 (0.00008) NA 35 S 1 1 5.0 52 <10th Macrocytosis, 5
thrombocytopenia,
post-transplantion
pancytopenia (1)
Nonsense .2956C>T## p.Arg986* | 24 (0.00008) NA 35 F 2 2 NA NA NA 5
Nonsense ¢.3420C>A p.Trp1140* P Absent Damaging 35 F 2 1 7.1 50 N Alcoholic and HCV-related 5
10.3 51 N liver cirrhosis (1)
Nonsense ¢.3493dupC p.GIn1165Profs*22 D [16] Absent NA 25 F 2 2 A 54 <10th Autoimmune hepatitis (1) 5
5.4 80 N Acute leukaemia (1)
Nonsense  ¢.3556_3559delAGAC p.Gln1187Gly H Absent NA 1.3 F 5 3 9.2 55 N 5
fs*176
Missense c.146C>T p.Thr49Met A[16]  1(0.000004) Damaging 28.4 F 3 4.5 47 <10th Neutropenia (2) 5
5.0 51 <10th
Missense c.146C>T p.Thr49Met u 1(0.000004) Damaging 28.4 F 2 1 6.3 47 N Alcoholic liver cirrhosis (1) 5
Missense c.637C>T p.Arg213Trp B [16] 5(0.00002)  Damaging 35 F 2 2 7.6 28 N 4
Missense €.2695T>C p.Phe899Leu L [20] 1(0.000004) Damaging 25.3 S 1 1 5.3 66 <10th 4
Missense .2869C>T## p.Arg957Trp J 11 (0.00004) Damaging 33 F 3 2 NA NA NA Alcoholic liver cirrhosis (1) 5
Thalassaemia (2)
Missense c.2875C>T p.His959Tyr K[20]  1(0.000004) Damaging 15.3 S 1 1 8.4 b4 N 3 (VUSD)
Missense c.2890T>C*# p.Phe9é4Leu C[16]  1(0.000004) Damaging 12.9 F 3 1 5.7 48 <10th 5
Missense .28907>C## p.Phe%64Leu 0 1(0.000004) Damaging 12.9 S 1 1 8.5 57 N Thrombocytopenia (1) 5

Data in bold are for new mutations. NA: not applicable; HCV: hepatitis C virus; N: within normal range; <10th: below 10th percentile; VUSD: variant of unknown significance with a
working diagnosis of damaging. #: family details are by reference if previously reported (figure 1); : the Genome Aggregation Database (gnomAD; http://gnomad.broadinstitute.org) is a
public database providing exome sequencing data from more than 120000 individuals. Data are presented as number of individuals (allele frequency); *: available segregation can be
familial (F) or apparently sporadic (S). Data presented includes the number of affected patients and the number of generations involved; &: telomere data presented includes telomere
length, age at sampling and percentile details. When available, data for several patients of the same family is presented as multiple entries in the same table cells; *: values in
parentheses are for the number of affected patients; *#: previously reported.
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TABLE 3 Therapy received not including post-transplantation therapies

Therapy Subjects Duration Pulmonary status Adverse events”
months Improvement Stable Worsening Type n (%)
Steroids 23 9 (2-120) 4 8 " 0
Immunosuppressants 117
Cyclophosphamide 6 3 (1-5) 0 1 5 Neutropenia 2 (33)
Azathioprine 7 12 (2-70) 0 3 4 0
Mycophenolate mofetil 1 7 0 1 0 0
Antifibrotics 17
Pirfenidone 7 4 (3-24) 0 3 4 0
Nintedanib 7 44 (1-80) 0 3 4 0
Bosentan 1 15 0 0 1 0
N-acetylcysteine 2 6 (6-6) 0 0 2 0
No ILD therapy 7 54 (2-174) 0 0 7 0
Lung transplantation 4 50 (35-52) 2 patients alive, 2 patients dead ~ Pancytopenia 2 (50)

Data are presented as n, n (%) or median (min-max). ILD: interstitial lung disease. #: serious hepatic or
haematological adverse events; T: one patient may have received multiple therapies.

Discussion

In this large series, we show that patients with ILD and RTEL] mutations present with various pulmonary
and extrapulmonary phenotypes, including Sarc and RA-ILD, although haematological features are rare.
In addition, we have shown that RTELI is expressed in the lung, mostly in epithelial cells and alveolar
macrophages, without evidence of a role for the RTEL] mutations in modulating this expression.

After being involved in Hoyeraal-Hreidarsson syndrome, a severe form of DC, heterozygous mutations of
RTELI were reported in 5-9% of familial ILD by three independent research groups in 2014 [15-17],
albeit with sparse clinical data (table 5). A series of 10 patients who underwent lung transplantation was
published thereafter, but detailed clinical data was not provided. More recently, clinical data about 14
patients with familial pulmonary fibrosis carrying a RTEL1 mutation were reported and results are
comparable to this series [7]. Indeed UIP (82.6%) was the most frequent pattern and IPF (74%) was the
most frequent ILD associated with RTELI mutation. However, UnF, chronic HP, CTD-ILD or PPFE may
be diagnosed even in the same family [7].

Whether there could be a specific pulmonary phenotype associated with TRG mutation is a matter of
discussion. PPFE has been reported in 13 patients with a TRG mutation [29, 30], including in two patients

ILD final diagnosis

—HP
— IPF
— RA-ILD
_ IPAF
—PC
—
1004 — — e Sarc

o

(9]
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O 50
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0.0 2.5 5.0 7.5 10.0
Time years

FIGURE 3 Individual evolution of forced vital capacity (FVC) of patients with interstitial lung disease (ILD)
associated with regulator of telomere length 1 (RTEL7) mutation according to pulmonary diagnosis. HP:
hypersensitivity pneumonitis; IPF: idiopathic pulmonary fibrosis; RA: rheumatoid arthritis; IPAF: interstitial
pneumonia with autoimmune features; PC: pneumoconiosis; Sarc: sarcoidosis.
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TABLE 4 Factors at the time of diagnosis associated with transplant-free survival on univariate
analysis

Variable Hazard ratio (95% Cl) p-value
Age® 1.03 (0.97-1.09) 0.34
Smoking status 1.04 (0.82-1.32) 0.74
Generation' 1.98 (0.62-6.36) 0.25
Computed tomography pattern* 0.66 (0.13-3.27) 0.61
Final diagnosis of IPF 2.11(0.78-5.69) 0.14
FVCE % predicted 0.88 (0.80-0.97) 0.009
DLco® % predicted 0.96 (0.87-1.05) 0.36

FVC: forced vital capacity; DLco: diffusing lung capacity for carbon monoxide. #: impact of an increase of

1 year on survival; : first generation with interstitial lung disease (ILD) versus second or third generation
with ILD ; *: typical usual interstitial pneumonia (UIP)/probable UIP; 8: impact of a decrease of 1% on
survival.

with a RTEL] mutation [7]. None of the patients from the present series presented PPFE. TRG mutations
have also been associated with combined pulmonary fibrosis and emphysema and with familial
emphysema in female smokers [31]. In a cohort of 292 patients with severe chronic obstructive pulmonary
disease (COPD), three patients (1%) were found to have TERT mutations [32]. We observed a 24%
prevalence of combined pulmonary fibrosis and emphysema in the present series, a prevalence which is in
accordance with that commonly observed in IPF cohorts [33].

TABLE 5 Reported patients with interstitial lung disease (ILD) and regulator of telomere length 1 (RTEL7) mutations

Characteristic

Author and reference

Deng Speckmann Cogan Stuart  Newton®  Petrovski This series Total
[10] [14] [17] [15] [71 [18] (incl. [16, 20])
Family testingT One DC case One DC 9/188 5/99 10/262* 17/(151+101)8 38
report series
Patients 1 1 49 16 14 10 35 110
Age at diagnosis years 58 0.7 64.8 65.9 60.0 UNK 53.2 60.0
Male 1 (100) 0(0) 29 (59) 7 (44) 8 (57) 8 (80) 21 (60) 67 (61)
Anticipation UNK UNK UNK Yes Yes UNK Maybe
Ever smoker UNK 0(0) 19 (39) 7 (44) 7 (50) UNK 25 (71)
Pulmonary diagnosis
IPF UNK UNK 47 (96)  >8(>50) 3 (30) 10 (100) 20 (57) 80 (73)
IPAF or CTD-ILD UNK UNK UNK UNK 1(10)f 0 7 (20) 8(7)
UnF UNK UNK UNK UNK 3(30) 0 4(11) 7 (6)
Chronic HP UNK UNK UNK UNK 1(10)f 0 2 (6) 3(3)
Sarcoidosis UNK UNK UNK UNK 0(0) 0 1(3) 1(1)
PC UNK UNK UNK UNK 0 (0) 0 1(3) (1)
PPFE UNK UNK UNK UNK 2 (20 0 0 2(2)
Lung cancer 0 0 UNK 2 (13) 2 (14) 0 1(3) 3(3)
Haematological disease 0 1 (100) UNK 5(31) 5 (36) UNK 7 (20) 13(12)
Thrombocytopenia 0 1 (100) UNK 1(6) 0(0) UNK 4(11) 5 (5)
Macrocytosis 0 1(100) UNK 2(13) 4(29) UNK 5(14) 10 (9)
Anaemia 0 1 (100) UNK 3(19) 3(21) UNK 5 (14) 9 (8)
Hepatic disease 0 0 UNK 1(6) 11(7) UNK 4(11) 5 (5)

Data are presented as n or n (%). When available for analysis, all available data from the manuscripts were retrieved and considered
individually. DC: dyskeratosis congenita; UNK: unknown; IPF: idiopathic pulmonary fibrosis; IPAF: interstitial pneumonia with autoimmune
features; CTD: connective tissue disease; UnF: unclassifiable fibrosis; HP: hypersensitivity pneumonitis; PC: pneumoconiosis; PPFE:
pleuroparenchymal fibroelastosis. #: the patients reported by Stuart et al. [15] were considered to be extensively reported by Newton et al. [7]
and as such none of the patients reported by StuarT were included in the total column; T: data on testing is recorded as number of mutated
families/number of families tested (where available) unless otherwise stated; *: including sporadic ILD that have been evaluated for lung
transplantation at a mean age of 63.2+8.2 years; $: 151 monogenic and 101 rheumatoid arthritis (RAJ-ILD, including suspected monogenic
ILD included probands with familial ILD or short telomere syndrome without telomerase reverse transcriptase (TERT) or telomerase RNA
component (TERC) pathogenic mutation; : only ten patients had a clearly defined pulmonary diagnosis.
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FIGURE 4 Immunohistochemical regulator of telomere length 1 (RTELT) staining in the lung as follows: a)
normal lung (x10 magnification; insert x40 magnification; scale bar 24 um); b) idiopathic pulmonary fibrosis
(IPF; x10 magpnification; insert x40 magnification; scale bar 24 um); c) fibroblastic foci (x40 magnification;
insert x160 magnification; scale bar 6 um); d] normal area and e] honeycomb cyst from an IPF lung (x40
magnification; insert x160 magnification; scale bar 6 um); f] control of isotype (x10 magnification; scale bar
24 um). RTELT was detected in the cytoplasm and the nucleus of bronchial epithelial cells, alveolar
macrophages and in alveolar Type-2 epithelial cells (arrows). RTELT was not detected in fibroblastic foci or
endothelial cells.

This case series also reports heterogeneous evolution with a mean decline in FVC of 140.5 mL-year™". For
instance, two patients with NSIP presented pulmonary improvement with steroids that persisted after
18 months of treatment. These observations suggest that alongside the aetiology and the genetic
background, the pattern of ILD should be considered in the therapeutic decision. However, this suggestion
should be supported by future studies. Concerning disease progression, NEwToN et al. [7] reported a
300 mL-year ' decline in FVC in 71 TRG mutation carriers, whatever the gene or the pulmonary
diagnosis (i.e. IPF or not), which is very similar to the decline we measured in one series
(314.5+107.6 mL~year_1) [34]. Interestingly, post-hoc analysis of randomised clinical trials showed that
patients with a rare variant of TERT, PARN, TERC, or RTELI had a more rapid decline in predicted FVC
than patients without a single variant (1.66% versus 0.83% per month). Furthermore, it was shown that
pirfenidone reduced the decline in FVC of patients with rare variants of TERT, PARN, TERC, or RTELI [35].
TERT and TERC mutations have also been shown to reduce transplant-free survival times and to increase
the number of haematological complications after lung transplantation [26, 36, 37].

Altogether, hematological abnormalities and liver involvement were reported in nearly 25% and 10% of
patients, respectively, suggesting RTELl-associated ILD patients are less prone to displaying the
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TABLE 6 Main characteristics of interstitial lung disease (ILD) subjects from our database with
heterozygous telomerase reverse transcriptase (TERT), telomerase RNA component (TERC), or
regulator of telomere length 1 (RTELT) mutations

Characteristic Mutation p-value®
RTEL1 TERT TERC
Patients 35 34 6
Age at diagnosis years 53 (28-81) 58 (36-79) 46 (39-55) 0.82
Male 21 (60) 24 (71) 4 (67) 0.36
Number of ILDs per family 3 (1-5) 1(1-3) 1(1-3) 0.54
Smoking or fibrogenic exposure 29 (83) 24.(71) 4 (67) 0.19
Typical or probable UIP pattern by CT 25 (71) 20 (59) 3(50) 0.21
IPF diagnosis 20 (57) 21 (62) 3 (50) 0.80
Extra-pulmonary signs
Premature hair graying 8 (23) 9 (26) 2 (33) 0.64
Haematological disease 7 (20) 21 (62) 3 (50) 0.001
Thrombocytopenia 4(11) 17 (50) 3(50) 0.001
Macrocytosis 5 (14) 13 (38) 3 (50) 0.06
Anaemia 5 (14) 5 (15) 1017) 0.93
Hepatic disease 4(11) 12 (35) 4 (67) 0.005
Telomere length kb 6.5 (4.4-10.8) 7.33 (3.78-10.6) 4.5 (4.3-5.5) 0.05

Data are reported as n, n (%), or median (min-max). UIP: usual interstitial pneumonia; CT: computed
tomography; IPF: idiopathic pulmonary fibrosis. #. patients with RTELT mutations were compared to the
whole group of patient carriers of TERT or TERC mutations by the Mann-Whitney U-test or the Chi-squared
test.

extrapulmonary phenotypes evidenced in other TRG-associated ILD patients (table 6). Indeed, ILD
patients from this series presented less frequent low platelet counts and less frequent red blood cell
macrocytosis compared to previously reported ILD patients who were carriers of TERT or TERC
mutations (table 6) [26].

It confirms the results reported by Newton et al. [7] where, unlike three out of seven patients with TERC
mutations, none of the 14 patients with RTELl mutations presented thrombocytopenia nor
myelodysplastic syndrome. Furthermore, the bone marrow suppression noted with cyclophosphamide and
after lung transplant in the current series may be related to a side effect of well-known cytotoxic
medications rather than to an RTELI-related event. Moreover, no patients with haematological or hepatic
disease without ILD were reported within these families. However, a recent study identified a cohort of
patients with bone marrow failure and myeloid neoplasms carrying germinal RTELI mutations, including
two pedigrees with pulmonary fibrosis and haematological diseases [38].

The pathophysiology of pulmonary fibrosis in carriers of RTELI mutations remains unknown. Even
though RTEL1 is known to regulate telomere length, the exact mechanism by which specific mutations
cause telomere shortening is the topic of ongoing research [39]. Telomere dysfunction causes stem cell
failure in the bone marrow and has been linked to alveolar epithelial senescence in the lung [40]. We
showed that RTEL1 was expressed in normal and fibrotic lungs, including in patients who were carriers of
TERT or RTELI mutations. RTEL1 was detected in epithelial cells but not in fibroblastic foci, supporting
the hypothesis that RTEL1 alteration is involved in alveolar epithelial dysfunction, a fundamental element
in lung fibrosis pathophysiology [41].

Telomere length was shortened in most of the patients, although some had a normal telomere length as
assessed by Southern blot. However, telomere length and analysis of telomerase activity may be difficult to
interpret in older adult patients. In one study, 15% of the TERT mutation carriers had a normal telomere
length [42], while half of the >60 years old patients with pulmonary fibrosis and TERT, TERC or RTELI
mutation presented with above 10th percentile (>10th) telomere length in another study [43]. We assessed
telomere length by Southern blot, a method that requires large amounts of DNA but may be performed on
stored material. Southern blot and flow-FISH (fluorescent in-situ hybridisation) analysis provide comparable
results for telomere length, but flow-FISH requires fresh or fresh-frozen lymphocytes which were unavailable
in this retrospective case series [44]. Compared to Southern blot, quantitative PCR requires a lesser amount
of DNA, but telomere length analysis may show a coefficient of variation of up to 25% [43-45]. Lastly,
Southern blot analysis only provides a mean telomere length and does not provide inter-chromosomal and
inter-cellular heterogeneity of telomere length that may be more accurately related to telomerase dysfunction
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induced by TRG mutations. However, all mutations were considered as pathogenic according to the absence
or very low frequency of these RTELI variations in the general population, the impact of the mutation
(already associated disease mutations, variations leading to premature stop codon, splicing mutations etc), in
silico analysis and, when available, co-segregation of the mutation and telomere length [19].

This series is limited by its retrospective nature and the absence of some CT scans and PFT results.
Indeed, we were not able to retrieve any CT scans for four patients and the diagnosis of unspecified
pulmonary fibrosis reported in the medical records could not be confirmed. Furthermore, we should
assume an incomplete understanding of these families and the history of family members may easily miss
liver and haematologic abnormalities in family members without ILD. Given the retrospective nature of
the investigation, RTEL] mutations do not necessarily affect outcome variables and the phenotypes
described herein should actually be considered as an association.

We conclude that RTELI mutations are most frequently associated with IPF, but that other lung
phenotypes may be observed. Extra-respiratory manifestations, mainly haematologic and hepatic, are
similar to those associated with other TRG mutations, although less frequent. Such phenotypic
heterogeneity requires a thorough evaluation of RTELI-associated ILD patients in order to define tailored
therapeutic strategies [46, 47].
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