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Abstract

At least 10% of patients with pulmonary fibrosis, whether idiopathic or secondary,
present heritable pulmonary fibrosis suspected on familial aggregation of pulmonary
fibrosis, specific syndromes or early age of diagnosis. Approximately 30% of those patients
have an identified mutation mostly in telomere related genes (TRG) more rarely in surfactant
homeostasis or other genes.

TRG mutation may be associated with hematological and hepatic diseases that may
worsen after lung transplantation requiring a specific care and adapted immunosuppression.
Surfactant genes mutations are usually associated with ground glass opacities and cysts on
CT scan and may improve with steroids, hydroxychloroquine or azithromycin. Moreover
relatives should benefit from a genetic analysis associated with a clinical evaluation
according to the gene involved.

Genetics of pulmonary fibrosis raise specific problems from diagnosis, therapy or

genetic counseling varying from one gene to another.



1 Introduction

Genetic predisposition to interstitial lung disease (ILD) in adults was first suggested by a
10-fold increase in prevalence of the disease in families of patients with a diagnosis of
idiopathic pulmonary fibrosis (IPF) (1,2). Genetic studies of familial forms of ILD led to the
discovery initially of mutations in surfactant homeostasis (SFTPC, ABCA3, NFKX2.1) then in
telomeres related genes (TRG: TERT, TERC, RTEL1, PARN, DKC1, TINF2, NAF1) and more
recently associated with complex syndromes (COPA, TMEM173, HPS1 to 8, FAM111B).
Mutation associated with alveolar proteinosis such as MARS or GATA2, although sometimes
associated with fibrosing ILD won’t be discussed herein (Table 1 and Figure 1) (3-9).

While international recommendation for clinical practice are needed, we describe

herein how genetic analysis can been added to the ILD diagnosis.

2. General characteristics of familial pulmonary fibrosis (FPF)

2.1 Epidemiology and risk factors

The prevalence of IPF is estimated at 1/5000 people (10), whereas the prevalence of ILD
in a first-degree relative of a patient with IPF is =10% which indicates a familial linkage
(1,11,12). The pedigree features an autosomal-dominant transmission in 80% of cases, with
cases occurring in several successive generations (vertical transmission) without known
consanguinity (2,13). In a case—control Mexican study, family history of pulmonary fibrosis
was a risk factor for IPF (odds ratio [OR] = 6.1 [95% CI 2.3-15.9])(12). The risk of death with
pulmonary fibrosis is increased 4.7-fold in first-degree relatives (14). Also, the risk of
developing secondary ILD such as hypersensitivity pneumonitis (HP) is increased in the same
family: in a Japanese series of 114 patients with chronic HP, 17.5% had a family history of

pulmonary fibrosis (15).



In ILD families, the presence of ILD is more frequent in men, smokers and older adults

(mean age 68) in one study (13).

2.2 Radiographic and pathological pattern and evolution

Two retrospective series reported discordant prevalence of chest CT pattern in FPF
(13,16). While a series of 289 FPF patients reported a prevalent unclassifiable radiological
pattern (50%), followed by usual interstitial pneumonia (UIP)(22%), nonspecific interstitial
pneumonia (NSIP)(12%) and organizing pneumonia (1%), another series of 309 patients
showed a prevalent pattern of UIP (80%), followed by unclassifiable (12%) and NSIP (6%)
(13,16) .

Different pathological patterns may be observed in FPF, although UIP is the most
frequent (25-50% of cases) (16,17). A pattern of NSIP, fibroelastosis, organizing pneumonia
or HP may be observed. However, in a series of 30 cases re-evaluated by 3 pathologists, the
histology pattern was unclassifiable in 17 (16,17).

In most series, the evolution of FPF was comparable to that of sporadic IPF forms and
the causes of death were similar to those observed with sporadic IPF forms (18,19). As
observed in sporadic pulmonary fibrosis a definite radiological or histological UIP pattern is

associated with a worst prognosis in FPF (13,17).

2.3 Asymptomatic involvement

Systematic high-resolution chest CT performed in asymptomatic members of families
with FPF revealed ILD in 14% to 25% (2,13,20). The most commonly observed anomalies
were thickening of septal lines, peribronchovascular thickening, subpleural reticular
opacities and ground-glass opacities (2,13,20).

The transbronchial biopsies from 71 asymptomatic relatives of FPF patients

presented histological abnormalities in 26 (36.6%) including interstitial fibrosis (n=12,
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16.9%), peribronchiolar fibrosis (n=15, 21.1%), chronic inflammation (n=10, 14.1%),

respiratory bronchiolitis (n=2, 2.8%) or granulomas (n=6, 8.5%) (2).

2 Rare variants associated with pulmonary fibrosis

2.1 Surfactant protein mutations

2.1.1 Genetic

Surfactant is secreted by type Il alveolar epithelial cells. Surfactant is composed of
90% lipids and 10% proteins (surfactant (SP-)A, B, C and D) (21). The corresponding genes are
SFTPA, SFTPB, SFTPC and SFTPD (21). SP-B and SP-C are transported to the cell membrane in
lamellar bodies by the ATP binding cassette family A, member 3 (ABCA3) transporter
encoded by ABCA3 (22).

Homozygous SFTPB mutations have been associated with a neonatal respiratory
distress syndrome but not with adult ILD (21). SFTPD mutations have not been associated
with lung disease.

Among surfactant genes, SFTPC mutations were the first described in adult familial ILD
(23)(24). Transmission is autosomal dominant. Neomutations are frequent and may explain
as much as 50% of cases (25). Though SFTPC mutations were first linked to pediatric cases of
ILD, adult FPF is associated with mutations in this gene. In 2002, Thomas and colleagues
described a family in which 11 adults had ILD, 6 with biopsy-confirmed UIP/IPF and five with
clinical diagnoses of IPF, as well as 3 pediatric cases of NSIP (26). Subsequently, additional
mutations in SPFTC have been found in other FPF cohorts (27,28), up to 25% of FPF cases in a
Dutch cohort, a much higher proportion than what has been observed elsewhere, and their

frequency is usually less than 5% of FPF (29)



SFTPC mutations are rarely found in sporadic IPF cases. In a cohort of 89 patients
with UIP, 46 with NSIP, only one coding mutation in SFTPC was found (24).

Given the numerous findings of SFTPC mutations in FPF cases, investigators soon
examined other surfactant proteins in terms of their role in FPF. In 2009, Wang and
colleagues analyzed a large family with 15 affected subjects with FPF and/or lung
adenocarcinoma with bronchoalveolar cell carcinoma features (30). Genetic sequencing of
surfactant proteins found an heterozygous mutation in SFTPA2. Additional 58 families were
studied, and one different SFTPA2 mutation was found. In vitro study of these mutations
suggests that the resultant protein becomes retained in the ER and causes ER stress (30,31).
More recently Nathan and colleagues analyzed 12 families affected by IPF and lung cancer.
They identified, in one family, 9 members carrying heterozygous missense mutation of
SFTPA1 located in the carbohydrate recognition domain that impairs SP-A1l secretion (32).

Biallelic ABCA3 mutations were first reported in children with ILD and are associated
with adult ILD in cases of biallelic missense and nonsense mutations (33—35). Although
homozygous ABCA3 mutations are usually associated with respiratory failure in newborn
(35), one teenage ILD patient with UIP pattern and one 41 year-old patient with combined
pulmonary fibrosis and emphysema, carriers of mutations of ABCA3, have been reported
(36)(37).

Thyroid transcription factor 1 (TITF1), a transcription factor encoded by NKX2-1,
expressed in the lung, thyroid and central nervous system, is implicated in surfactant genes
transcription (22)(38). Heterozygous mutations are classically associated with the triad of
ILD, hypothyroidism, and neurologic anomalies (hypotonia, delayed development, chorea)
(39). These mutations may be associated with ILD without hypothyroidism and neurologic

anomalies in up to 1/3 of cases, including adult cases (39).



2.1.2 Clinical presentation

Biallelic ABCA3 mutations and heterozygous SFTPC mutations in adults may have a
similar clinical and radiological presentation (40,41).

The most frequent radiological pattern associates predominant diffuse ground-glass
opacities, septal thickening and cysts of variable size with a preferential distribution in the
upper lobes and in sub-pleural areas (Figure 3) (41-43). Differentiating emphysema from
cysts is sometimes difficult, and SFTPC mutation must be evoked in a young patient
presenting combined pulmonary fibrosis and emphysema (44). However, at a later stage of
disease, honeycombing can predominate.

Histologically, the most frequently described pattern in adults is UIP, but NSIP,
organizing pneumonia or desquamative interstitial pneumonia have also been reported.
Granulomas have not been reported, but moderate inflammation and centrolobular fibrosis
can be observed (41).

The HRCT pattern of ILD associates with NKX2-1, SFTPA1 or SFTPA2 mutation is atypical
for UIP and usually associated predominant diffuse ground-glass opacities and septal
thickening (39).

2.1.3 Treatment

In children, successful treatments reported in case reports or short series include
methylprednisolone, hydroxychloroquine or azithromycin (9,22,33,45). In a retrospective
study of 40 children carriers of ABCA3 mutation, 10/32 patients (31%) were improved with
with steroids, 9/15 (60%) were improved with hydroxycloroquine and 1/3 patients (33%)
with azithromycin (46). An international, phase 2a, randomized, double-blind, placebo-
controlled, parallel-group, multinational study investigating the initiation or withdrawal of

hydroxycloroquine in subjects with chlILD is acutally recruiting (NCT02615938).



In any case, no treatment appears to reduce disease in a patient with predominant
honeycombing lesions. The effect of antifibrotic drugs, such as pirfenidone or nintedanib, is
unknown. The disease does not appear and should not recur after pulmonary

transplantation.

2.2 TRG mutations

2.2.1 Genetic mutations and complex inheritance

The telomerase complex catalyzes the addition of repeated DNA sequences in the
telomere region, thereby protecting chromosomes against loss of material (47). The activity
of the telomerase complex requires the activity of several proteins including telomerase
reverse transcriptase (TERT), dyskerin (encoded by the DKC1 gene), telomere binding protein
(TIN2, encoded by the TINF2 gene), interaction with the telomerase repeat binding factor
(TERF1) and the telomerase RNA component (TERC, encoded by the TERC gene, also known
as TR or hTR abbreviation), a specialized RNA that contains a template for telomere repeat
addition [28]. In addition to the telomerase complex, other proteins such as regulator of
telomere elongation 1 (RTEL1), poly(A) specific ribonuclease (PARN) and nuclear assembly
factor 1 (NAF1), have been implicated in telomere maintenance and pulmonary fibrosis
(5,48).

Heterozygous mutations have been detected in familial forms of pulmonary fibrosis
involving TERT (=15%), RTEL1 (5-10%), PARN (=5%) and TERC (=3%). Mutations in DKC1,
NAF1, and TINF2 are much rarer (Figure 1) (5,8,29,49-55). TERT or TERC mutations have
initially been found in about 1% to 3% of sporadic IPF cases (3,4). However rare variants
within TERT, TERC, PARN, RTEL1 have been reported in 149 (9%) of 1739 IPF patients
included in 4 clinical trials (INSPIRE, CAPACITY, ASCEND and RIFF) and 29 (11.3%) of 262 IPF

patients evaluated in one center before lung transplantation (56,57). However the



pathogenicity of the variants was for most of them not confirmed, and the IPF populations
were selected and younger than usual sporadic IPF population.

None of the TRG is the site of a frequent mutation, and new genetic variants are
continually being identified (http://telomerase.asu.edu/diseases.html#tr). The penetrance (risk
of pulmonary fibrosis developing in a carrier of TERT and TERC mutations) depends on
several factors, including environmental exposure (49,58). The gene—environment
interaction reported for carriers of TERT or TERC mutations may also be implicated for
carriers of RTEL1 mutations (8,59).

When evaluated from blood cells (granulocytes or monocytes), patients with mutations
in TRG show shortened telomeres in 80-90% of the cases (49,60). Patients with ILD have
shorter telomere than age-matched controls, and patients with IPF have shorter telomere
length than patients with other ILD (60). Within patients from FPF, patients with TERT
mutations have the shorter telomere (60). Telomere length may be measured on circulating
leucocytes, Flow-FISH, gPCR and Southern blot are different methods that are used for
diagnostic purposes, but all of them require a well-defined control population (61). Telomere
length shortens with age and the decrease is accelerated on exposure to toxins (tobacco,
pesticides) and with numerous chronic diseases (62). Fifteen percent of the TERT mutation
carriers presented normal telomere length in one study (49). In another study, almost all
pulmonary fibrosis patients, older than 60 years, with TERT, TERC or RTEL1 mutations, had a
telomere length >1°¢ percentile and half of them had a telomere length >10%™" percentile (63).

Telomeres shorten from generation to generation in patients with TERT, TERC or RTEL1
mutations because of transmission of the short telomeres independent of transmission of
the mutation (8,49). This epigenetic-like inheritance in human disorders of telomerase

explains the phenomenon of genetic anticipation, defined by an earlier onset of the disease



with each generation (Figure 2) (8,64,65). Because telomere shortening varies depending on
the involved gene and its impact on telomere length, genetic anticipation may be more
pronounced for carriers of TERC than PARN mutations (8).

Eventually telomere length could be assessed from lung tissue of ILD patients and
particularly form alveolar type 2 cells (AT2). Indeed telomere length is also reduced in AT2
form TERT mutation carriers, though telomere length might differ in AT2 from fibrotic or
from non-fibrotic region (66).

2.2.2 Pulmonary involvement

Prevalence of ILD in carriers of TRG mutations increases with age (49). In an American
cohort of TERT mutation carriers, none of the patients younger than 40 years showed ILD,
but the prevalence was greater than 60% in those older than 60 (49). Patients with TERC
mutations may be relatively younger at ILD diagnosis than cases of mutations in other genes
(8). In a series of 114 patients with ILD associated with TRG mutation, the ILD was diagnosed
at a mean age of 51 years (n=7) for TERC mutation carriers, 58 years (n=75) for TERT
mutation carriers, 60 years (n=14) for RTEL1 mutation carriers and 65 years (n=19) for PARN
mutation carriers (p=0.03) (8,58). The male/female ratio of patients with ILD varies from 0.5
to 0.7. In one series, men were younger than women (54 vs 63 years) at ILD diagnosis [30].
Smoking and other pneumotoxic exposures are frequently observed in patients with ILD (40-
96%) (8,49,58).

A typical UIP pattern on chest CT is observed in 46-74% of cases (Figure 4) (8,49,58).
Unusual features found in 13% to 20% of cases includes upper-lung predominance of
fibrosis, centrolobular fibrosis, or a pleuro-parenchymal fibroelastosis pattern (8,49,58). In
all, 14% to 40% of cases show a combined pulmonary fibrosis and emphysema pattern (67).

TERT and NAF1 mutations have been associated with severe chronic obstructive pulmonary
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disease and emphysema, particularly in female smokers, with an increased risk of
pneumothorax (5,68).

IPF is the most frequent diagnosis in ILD patients with TRG mutation (86% in one
cohort, 45-47% in recent cohorts) [9, 30, 38]. Pleuroparenchymal fibroelastosis (up to 10%),
chronic HP (7-11%) and unclassifiable fibrosis (19-30%) are also frequent (8,49,58).

A rapid decline of pulmonary function is observed in patients with ILD associated with
TRG mutations in IPF clinical trials (130-210 mL/year) (69). Newton and al. recently reported
a 300 mL/year decline of FVC whatever the gene involved (TERC, TERT, RTEL1 or PARN), and
the ILD entity (IPF or not) (8).

Pulmonary fibrosis associated with TERT mutation is lethal, and most patients die of
respiratory causes (8,49,58). The mean survival for symptomatic patients is 2.8 to 5.2 years
after diagnosis. However, the evolution can be longer, particularly in asymptomatic patients
(70). Transplant-free survival could be lower for carriers of TERT or TERC mutations than
patients with familial ILD without TERT or TERC mutation (58).

2.2.3 Extra-pulmonary manifestations

Pulmonary fibrosis and extra-pulmonary manifestations associated with TRG mutations
are variably called “telomere disease”, “telomeropathy” or “short telomere syndrome”, with
lack of a consensual definition.

Mucocutaneous involvement

Dyskeratosis congenita (DKC), was the first telomeropathy associated with TRG
mutations (71,72)(73). DKC is classically defined by a triad of mucocutaneous manifestations:
reticular skin pigmentation, nail dystrophy and oral mucosal leukoplakia (73). The triad is

present in childhood, and bone-marrow failure usually appears in the second decade of life

(73). Lung fibrosis is also a feature that may spontaneously appear in DKC, and these
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patients show severe pulmonary complications after hematopoietic stem-cell
transplantation (74).

In patients with TERT mutation and pulmonary fibrosis, the classical triad of DKC is
usually absent. However 15% to 40% of mutation carriers present premature hair graying
(before the age of 30) (58,75). The same gene mutation can lead to different phenotypes:
descendants from patients with pulmonary fibrosis and TRG mutation may present typical

DKC (8).

Haematological involvement

TRG mutations have been described in patients with bone-marrow failure,
myelodysplasia, or acute leukaemia in the absence of mucocutaneous DKC signs (76—78). in
In a young patient, the coexistence of pulmonary fibrosis and bone-marrow failure suggests
TRG mutation. This is probably not the case in older patients (personal observation and

(79)).

In patients with TRG mutations and pulmonary fibrosis, anaemia is present in 17% to
27%, macrocytosis in 24% to 41% and thrombocytopenia in 8% to 54% (8,58). DKC1, TINF2
and TERC mutation carriers seem more prone to the development of haematological

involvement than TERT or RTEL1 mutation carriers (personal observation and (8)).

Liver involvement

Elevated liver enzyme levels or liver involvement was reported in 5% to 27% of patients
with ILD and TRG mutation (8,58). Patients also present liver cirrhosis — cryptogenic, viral or
alcoholic. In a series of 10 patients with liver cirrhosis and TERT or TERC mutations, all were
considered to have cirrhosis secondary to hepatitis C, alcohol consumption, Wilson’s disease,

nonalcoholic steatohepatitis, or primary biliary cirrhosis (80,81).
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The presence of a TERT or TERC mutation increases the risk of liver cirrhosis in cases
of hepatitis C infection and probably with equivalent alcohol consumption (80,81). Patients
with the same mutation even in the same family may present normal or elevated liver
enzyme levels with variable degrees of necrosis, inflammation, fibrosis and regeneration on
liver histology (80).

Gorgy et al. highlighted the high frequency of hepatopulmonary syndrome associated
with TRG mutations (82). In a retrospective series of 42 patients with dyspnea and TRG
mutation, 9 patients had minimal or absent ILD and a hepatopulmonary syndrome, defined
as liver disease with evidence of intrapulmonary vascular dilatation resulting in pulmonary
gas exchange abnormalities and hypoxemia. Genetic analysis showed mutations in TERT
(n=4), RTEL1 (n=1), or DKC1 (n=1) but no mutations in 3 patients despite their typical DKC
phenotype. Among the 6 patients with available liver biopsies, the most common
abnormality was nodular regenerative hyperplasia (n=4/6). The final diagnosis was non-
cirrhotic portal hypertension. Two patients underwent liver transplantation, and lung fibrosis

developed 18 months and 12 years later (82).

Other manifestations

Other manifestations linked to telomere disease include cellular or humoral
immunodeficiency, exudative retinopathies, central neurological involvement with cerebral
calcifications, gastrointestinal bleeding, radiation sensitivity, infertility, osteoporosis or renal
insufficiency [54]. Indeed whole sequencing sequencing was done in a cohort of 92 patients
with chronic kidney disease of unknown cause and identified loss-of-function mutations in
PARN in 2 probands with tubulointerstitial fibrosis (83). Immunodeficiency has been mainly

been described in children. However an opportunistic infection with Pneumocystis jivocii in a
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TERC mutation carrier had been reported and patients with TRG mutations present an
increased risk of CMV infection after lung transplantion (84,85).
2.2.4 Treatment

The safety and efficacy of pirfenidone has recently been reported. One European
multicentric retrospective study was not able to show an effect of pirfenidone on lung
function decline, with a decline of FVC of 161.8 + 31.2 mL/year before and 235.0 + 49.7
mL/year after pirfenidone initiation (86). A post-hoc analysis of 2 prospective phase 3 clinical
trials (CAPACITY, ASCEND), showed 102 patients with IPF carriers of rare variants within one
of the TRG. Those patients had a more rapid decline in predicted FVC than patients without a
rare variant (1,66% vs 0,83% per month), and pirfenidone reduced the decline of FVC in this
subgroup of severe patients (56). No data have been published concerning nintedanib in
those patients.

Additionally, danazol, a synthetic sex hormone with androgenic properties, showed
promise for pulmonary fibrosis associated with TRG mutation, with stabilization of diffusing
capacity of the lung for CO (DLCO), FVC and CT scan findings during the 2-year treatment in a
prospective 2 years study involving 10 patients with “overt” pulmonary fibrosis and 15
patients with “subclinical” pulmonary fibrosis (48). Moreover treatment with danazol was
associated with telomere elongation and hematological response in 79% of the cases
(19/24). However this drug is poorly tolerated in many patients, with liver adverse effects
and increased risk of venous thrombosis. Indeed a phase I/Il trial (ANDROTELO,
NCT03710356) with danazol in lung fibrosis has been set up in France.

Given the young age of most patients, lung transplantation is often discussed. Three
retrospective series reported the outcome of lung transplantation in 26 patients with TERT

and TERC mutations (87—89). Most patients required adjustment of immunosuppression
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because of haematologic toxicity. Thrombocytopenia and a need for platelet transfusion
were frequent, and myelodysplastic syndrome and/or bone-marrow failure occurred in
some patients. Acute kidney failure requiring dialysis support seemed unexpectedly frequent
in two series (22-50%) (87,88). Study in post-transplant pulmonary fibrosis patients show
that telomere length < 10™ percentile before transplant was associated with worse survival
and also a shorter time to onset of chronic lung allograft dysfunction (90). Comparison of the
<10™ percentile telomere length group with the >10™ percentile group showed a higher rate
of primary graft dysfunction, but there were no differences in the incidence of acute

rejection, cytopenias, infection, or renal dysfunction (90).

2.3 Other Genetic Diseases that Can Cause fibrosing ILD

2.3.1Hermansky-Pudlak Syndrome

Hermansky-Pudlak Syndrome (HPS) refers to a group of heterogeneous autosomal
recessive disorders. To date, eight different subtypes have been described associated with
different genetic abnormalities. HPS is diagnosed clinically in patients with oculocutenaous
albinism, clotting dysfunction secondary to defective platelets, and, in some subtypes that
affect Type Il AECs, ILD. It is thought that genetic mutations in HPS lead to abnormal protein
trafficking with associated lysosome-related organelles (91). HPS is the most commonly
encountered genetic disease in Puerto Rico, with 1/1800 individuals in regions of Puerto Rico
affected (92).

HPS-1 is the most common subtype of this disease, accounting for approximately
50% of HPS cases outside the Puerto Rican population. Over 20 disease-causing mutations
have been reported in HPS1 (93). Among HPS subtypes, ILD and pulmonary fibrosis occur in

HPS-1 and HPS-4.
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In most individuals with HPS-1 and HPS-4 who survive to adulthood, ILD can be
found, with many patients having severe progressive pulmonary fibrosis resulting in
respiratory failure (94,95). Patients who present with lung fibrosis have a mean age of onset
of symptoms of 35 and an average age of death related to respiratory failure of 37—
therefore, these patients experience rapidly progressive disease (95).

Clinical presentations for HPS-1- and HPS-4-related pulmonary fibrosis have much in
common with what can been seen with some IIPs. Lung biopsy in HPS can reveal a pathologic
pattern similar to UIP, but can also show hyperplastic AECs filled with phospholipid-rich
droplets and enlarged lamellar bodies, pointing to possible defects in the secretory pathway
(96). Compared to HPS-1, HPS-4 is much less common, but lung manifestations occur in the
same pattern as noted in HPS-1 (97). Two small trials evaluated the effect of pirfenidone vs
placebo in this patients and contradictory results were reported. One report with 35 patients
did not find a difference between the two groups. The other with 21 patients reported a
slowing of lung function decline in treated patients(98,98)

2.3.2 Heritable Forms of Pulmonary Fibrosis with auto-immune features

Recently, 10 pediatric and young adult patients with systemic inflammation, peripheral
vascular inflammation with skin involvement, and ILD, associated with gain-of-function
TMEM173 gene mutations, have been reported (99,100). The TMEM173 gene encodes the
stimulator of interferon gene (STING). The mutations are associated with a strong interferon
signature in blood monocytes with increased interferon-induced cytokines levels in the
serum. Screening for autoantibodies shows variable lupus-like positivity (antinuclear or
antiphospholipid antibodies) and ANCA positivity has also been reported (99,100).

Pulmonary fibrosis may lead to respiratory insufficiency, lung transplantation, or death
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(100). Janus kinase inhibitors (tofacitinib or ruxolitinib) have shown promising results on
systemic inflammation (101,102) .

Otherwise, 21 patients from five families were initially reported with arthritis, renal
disease, and ILD that were associated with heterozygous COPA mutations, impairing
endoplasmic—Golgi transport (7). Similarly to patients carriers of TMEM173 gene mutations,
COPA mutations induce a strong upregulation of interferon-stimulated genes (103). Most of
the patients (76%) were under 5 years, 95% had joint pain, and all had ILD or alveolar
hemorrhage (7). Screening for autoantibodies showed positivity for ANCA (71%), antinuclear
antibodies (67%), and rheumatoid factor (43%). Specificity of ANCA was initially not
reported.

Alveolar hemorrhage generally occurs before the age of 5 years and may be life
threatening. After the second decade of life, patients develop ILD. Chest CT scans initially
showdiffuse ground-glass opacities with septal thickening and honeycombcysts. The number
of cyst then increases as the ground-glass opacities decrease, with a pattern suggestive of
NSIP or lymphocytic interstitial pneumonia (103). Cysts are commonly observed on CT (104).
Recently, two other patients were reported, one with a CT pattern suggestive of NSIP and
the other with a CT showing cysts and tree-in-bud opacities (103,105). Histopathological
evaluation shows initially alveolar hemorrhage and pulmonary capillaritis with necrosis of
the capillary walls, and neutrophils along the capillaries, but also lymphoid aggregates
around airways (106). Lung biopsies of older patients show NSIP and follicular bronchiolitis
or diffuse interstitial pulmonary neuroendocrine cell hyperplasia (104,106).

All patients have at least a partial response to immunosuppression particularly in case of
alveolar hemorrhage but several patients died during acute exacerbation of the disease and

one patient required lung transplantation(106).
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2.3.3 FAM111B and NDUFAF6

At least 5 families presented poikilodermia associated with tendon contractures and
pulmonary fibrosis were associated with FAM111B mutations (6). In this series, CT seems
also to be inconsistent with UIP.

Acadian variant of Fanconi syndrome refers to a specific condition characterized by
proximal tubular dysfunction in newborn, resulting in chronic kidney disease and pulmonary
interstitial fibrosis. It has been associated wiht bialleleic intronic variants of NDUFAF6 coding
for a mitochondrial enzyme. Pulmonary data are sparse, but age of the patients varied from

19 to 50 and patients presented lung fibrosis (107).

3 Common variants associated with fibrosing ILD

3.1 MUC5B

In 2011, with the benefit of a large study cohort, Seibold and colleagues discovered
that rs35705950 a variant located in the promoter region of MUC5B with both FPF and IPF
(108). MUC5B encodes mucin 5B (MUC5B), a glycosylated macromolecular component of
mucus. Heterozygous (GT) and homozygous (TT) carriers had increased odds ratios (ORs) for
disease—6.8 (95% confidence interval [Cl], 3.9-12.0) and 20.8 (95% Cl, 3.8-113.7) for FPF and
9.0 (95% Cl, 6.2 to 13.1) and 21.8 (95% Cl, 5.1 to 93.5) for IPF, respectively (108). This initial
study revealed that the rs35705950 minor allele frequency (MAF) was 0.338 in FPF subjects
and 0.375 in sporadic IPF subjects, indicating a similar influence in disease risk in the two
conditions. The minor allele rs35705950 is associated wiht an increased expression of
MUCS5B in the lung (108).

Numerous groups have validated the association between rs35705950 genotype and
IPF, making this variant the strongest and most well-replicated single genetic risk factor for

disease (108-115). The presence of the variant alone is insufficient to cause disease. In the
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non-Hispanic white population, the rs35705950 variant is pretty common, found in 9%
(MAF=0.09) of those without disease (116). Since IPF does not occur in 10% of this
population. Approximately half of the IPF patients do not carry this variant. Therefore, the
rs35705950 variant is neither necessary nor sufficient to cause the disease, suggesting
interplay between rs35705950 and other genetic or environmental factors to cause disease
development; this remains an area of active research (117).

The MUC5B promoter polymorphism also appears to be linked to the risk of UIP
pattern, and then most frequently associated with IPF, but eventually also associated with
UIP in the context of hypersensitivity pneumonitis (HP) or the context of rheumatoid
arthritis-ILD (RA-ILD). A recent study of two separate cohorts with chronic HP showed that
minor allele at rs35705950 was associated with disease and the MAFs observed were similar
to those previously published in IPF cohorts (118). The rs35705950 was also shown to be
associated with the risk of RA-ILD compared to controls (OR=4.7 95%CI[3.9-5.8]; P=1.3x10"
49) and more interestingly associated with an increased risk of ILD among RA patients
(OR=3.1 95%Cl[1.8-5.4]; P=7.4x10). The association of the MUC5B promoter variant with
RA-ILD increased significantly when restricted to UIP pattern (OR=6.1 95%CI[2.9-13.1];
P=2.5x10%) (119).

Otherwise rs35705950 has not been associated with ILD without UIP pattern such as
systemic sclerosis-ILD (110,112), or sarcoidosis (110), or with chronic obstructive pulmonary
disease, and asthma (120). A subsequent GWAS that examined numerous genetic loci as well
as rs35705950 in a fibrotic IIP cohort that largely contained IPF subjects but also contained
other forms of fibrotic IIP confirmed the association between MUC5B genotype and the

fibrotic IIP phenotype (121).
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Studies of diverse ethnic groups suggest that rs35705950 is a genetic risk factor for
IPF in Mexican cohorts (OR 7.36, p=0.0001), but is rare in Korean IPF cohorts (115). The
overall rs35705950 frequency is low in Asian populations, yet the variant had higher
prevalence in IPF cases compared to controls in Japanese and Chinese cohorts (114,122).
Overall, the MAF for rs35705950 appears to be associated with populations in which IPF is
more commonly diagnosed; non-Hispanic whites appear to be at higher risk of developing
IPF than Hispanics or Asians, and the disease is thought to be rare in African populations
(123) where the rs35705950 MAF is extremely low (NCBI  dbSNP
h[ttps://www.ncbi.nlm.nih.gov/projects/SNP/]:  rs35705950). The examination of
rs35705950 in the context of other disease-associated SNPs and rare variants will be critical

to understand its relative importance to disease in different populations.

3.2 Other Common Genetic Variants and IPF

More recent investigations have used genome-wide approaches and discovered
common genetic variants (defined as a MAF in the relevant population as > 0.05) associated
with pulmonary fibrosis. In 2008, researchers from Japan analyzed a cohort of patients with
IPF and controls and identified an association of a common TERT variant with susceptibility
to IPF (124). Among 242 IPF cases and 1469 controls, the MAF in diseased subjects was 0.277
versus 0.409 in controls (p = 2.9 x 10®), indicating that the more common A was the risk
allele in this cohort (124,125).

In 2013, Fingerlin and colleagues performed a case-control GWAS in 1,616 fibrotic IIP
and 4,683 control subjects. This large GWAS confirmed several known disease-associated
loci (chromosome 5p15 which contains TERT; 11p15 which contains MUC5B; 3925 near
TERC), but also identified seven new loci, including FAM13A (4922), DSP (6p24), OBFC1

(10924), ATP11A (13q4), DPP9 (19p13), and regions on chromosomes 7922 and 15q14-15

20



(121). The implicated genes span a wide variety of biological functions, but could be
categorized into the following: host defense (MUC5B and ATP11A), cell-cell adhesion (DSP
and DPP9), and DNA repair (TERT, TERC, and OBFC1) (117,121,126,127). It has been
estimated that these loci, excluding the MUCS5B variant, may account for up to one-third of
disease risk, emphasizing the importance of genetic predisposition in fibrotic ILD (121,127).

Another GWAS performed by an independent group compared IPF subjects to non-
diseased controls, confirming the MUC5B promoter polymorphism association, but also
noted further risk alleles, including one in Toll-interacting protein (TOLLIP) and another in
signal peptidase-like 2C (SPPL2C) (111). Importantly, this study not only identified risk
variants, but also drew connections between specific variants (rs5743890) in TOLLIP and
differential mortality from disease (111,128).

More recently a GWAS performed in 2760 IPF patients and 8561 controls identified a
new locus associated with IPF near A-kinase anchoring protein 13 (AKAP13; rs62025270,
OR=1.27 [95% CI 1-18-1.37], p=1.32x107°). The allele associated with increased
susceptibility to IPF was also associated with increased expression of AKAP13 mRNA in
control lung tissue (129).

Interestingly, as was observed in the initial MUC5B promoter polymorphism study
(108), the ORs for loci identified by the 2013 GWAS by Fingerlin and colleagues did not differ
between FPF and sporadic IPF cases (121). The same was true in a secondary analysis of the
data that compared non-IPF fibrotic IIPs to the cases of diagnosed IPF, suggesting that
genetic risk factors for fibrotic IIPs in general, whether recognized as familial or not, are

similar.

3.3 Common variants associated with secondary ILD

21



Numerous auto-immune disorders are associated with fibrosing ILD, and for many of
them it is a prominent finding with significant implications for morbidity and mortality.

Systemic sclerosis (SSc), or scleroderma, is an autoimmune disease that is not
inherited in a Mendelian fashion; however, having a relative with SSc increases an
individual’s risk of disease (130). SSc has a strong association with pulmonary fibrosis, which
is a frequent cause of mortality in this disease (130). Various lung pathologies are observed
in SSc-ILD: NSIP is commonly found on histologic pattern (77.5% in one observational study),
though UIP is also observed (15%) (131). Though treatment with immunosuppressive
medications is generally pursued in these patients, clinical course is variable, and there are
many patients with progressive and fatal lung disease. A study in Greece found associations
with HLA-DRB1%11, specifically finding that the allelic subtype *1104 was associated with the
presence of anti-topoisomerase antibodies and lung fibrosis (132). Numerous other genes
have been analyzed as well using a candidate gene approach. In a study by Sato and
colleagues, tumor necrosis factor (TNF) alleles were not associated with lung fibrosis, but the
TNF -863A allele was strongly associated with anticentromere antibody disease, in which
pulmonary fibrosis is observed less frequently (133). Two haplotypes (Hap-5 and Hap-6) in
the fibrillin 1 gene (FBN1) have been associated with SSc, with Hap-5 specifically associated
with pulmonary fibrosis (134). Two separate studies detailed an association between the
TGF-8 L10P codon and lung fibrosis in systemic sclerosis (135,136). In a study by Beretta and
colleagues (137), 104 subjects with systemic sclerosis were followed longitudinally, with 25
(12.3%) of these individuals developing severe lung fibrosis. In this cohort, the interleukin-13
(IL-18) C+3962T polymorphism was found to be associated with the presence of severe

restrictive lung disease (137).
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The connective tissue growth factor (CTGF) locus was one of many loci significantly
associated with SSc in a genome-wide study of a cohort enriched for the disease (138).
Subsequent study of this locus through targeted sequencing in cases and follow-up larger-
scale genotyping found that genotype at rs6918698, a SNP in the CTGF promoter region, was
found to be significantly associated with SSc (139). Additionally the G allele at this variant
was associated with SSc-ILD (139). Subsequent study of a Japanese cohort confirmed this
association between the G allele at rs6918698 and SSc as well as SSc-ILD. Though there have
been attempts to replicate these findings in diverse ethnic groups, these studies have not
always validate earlier findings, suggesting that different genetic risk factors may be at play

in different sub-groups of disease.

3.5 Disease severity

Retrospective analyses of large clinical trials data reveals that IPF patients with the
minor allele (T) at rs35705950 in MUC5B had improved survival when compared to wild-type
(GG) subjects of the safe cohort (140). This survival difference is significant even when
controlling for age, sex, lung function, and treatment status. Therefore, while the minor
allele at rs35705950 increases risk of disease, IPF patients with the risk allele appear to have
improved survival (140), suggesting that the MUC5B promoter variant identifies a subset of
patients with IPF who have a distinct phenotype/prognosis.

A post-hoc analysis of CAPACITY and ASCEND trials showed that patients with the at risk
MUC5B allele were older (68.1 years vs 65.5 years) and had a slower disease progression
than the patient without the at risk allele. Pirfenidone was though still associated with a
decrease decline of FVC (56). Nintedanib has not been examined in terms of efficacy by

genotype.
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Genotype at the variant in TOLLIP first associated with IPF by Noth and colleagues
(rs5743890) is also associated with differential survival (111). In the case of rs5743890, the
minor allele (G) is associated with decreased disease severity within diseased subjects,
minor-allele carriers with IPF have increased mortality (111). Retrospective analysis of the
PANTHER-IPF clinical trial data showed that when TOLLIP
(rs5743890/rs5743894/rs5743854/rs3750920) and MUC5B (rs35705950) variants were
examined, of those who received oral N-acetylcysteine (NAC), those with TT genotype at
rs3750920 (TOLLIP) had decreased risk of the trial’s composite endpoint of death,
transplantation, hospitalization, or greater than 10% decrease in FVC (128). Patients with the
CC genotype at rs3750920, on the other hand, had an increased risk of the composite
endpoint. These findings suggest that though NAC has not been shown to be efficacious in
treating IPF in general (141), it is possible that a subset of patients defined by their

rs3750920 genotype could benefit from the drug.

4 Clinical application of genetic analysis

4.1 Genetic analysis

We don’t offer genetic testing to every patient with ILD, but limited to some specific
situations though specific recommendations are still pending (2)(142). Telomere length
analysis is the first step analysis for some teams (2), though it is not our clinical practice and
we propose genetic analysis for:

- Every patients with familial pulmonary fibrosis regardless of patient age
- Pulmonary fibrosis and personal or familial telomeropathy features i. e. patients with
ILD and haematological anomalies (unexplained macrocytosis/thrombocytopenia or

myelodysplasia/aplastic anemia), or unexplained liver disease (particularly
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unexplained portal hypertension) or cutaneous findings suggestive of DKC, including
premature hair graying (Table 2).

- Patients with ILD and extra-pulmonary manifestation suggestive of specific syndrome
such as chorea and hypothyroidism (NFKX2-1) or oculocutaneous albinism (HPS)
(Table 1).

- Sporadic cryptogenic pulmonary fibrosis occurring before 50. In these cases, SFTPC
and ABCA3 mutations are more common than is TERT or TERC mutation, in the
absence of a telomere syndrome or familial ILD (143).

- Before lung transplantation (57).

4.2 Genetic multidisciplinary discussion

In Bichat hospital with the RESPIFIL and ORPHALUNG networks we have developed a
monthly multidisciplinary discussion involving pulmonologists specialized in ILD and lung
transplantation, pediatricians specialized in ILD, geneticists, radiologists, pathologists and
psychologists. Hematologists, hepatologists, dermatologists, and immunologists, are
involved in discussion when a specific question is raised. This monthly multidisciplinary
discussion produces for each patient 3 questions:

- Molecular diagnosis: is a mutation identified and how likely is the mutation
pathogenic?

- Therapeutic management: what treatment can be proposed for the lung disease:
anti-fibrotic treatment, lung or medullar transplantation, others?

- Genetic counseling: what is the proposed advice for the relatives, and is there a place

for a prenatal diagnosis, if asked for by the family?

4.3 Genetic counseling
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Genetic counseling must be performed by physicians with specific expertise.
Furthermore specific rules may apply in each country. For instance, in France, physicians are
not allowed to contact relatives without the proband’s agreement.

Relatives should be evaluated in a specific outpatient clinic including a pneumologist
with ILD expertise, geneticist, hematologist and psychologist. First consultation includes
interview with a pneumologist, a psychologist and a clinical geneticist. According to the
nature of the mutation and the possible associated phenotypes, evaluation may be
scheduled with a hematologist, a rheumatologist, a dermatologist, a gastro-enterologist, a
gynecologist, or a neurologist. Currently, genetic analysis takes several months. Results of
genetic analysis are given and explained to the subject in our specialized outpatient clinic in

a dedicated appointment scheduled 3 to 6 months after the DNA sampling.

5. Conclusions

FPF is relatively frequent and raises specific problems. Approximately 25% of families
have an identified mutation and should benefit from specific genetic counseling. Current
studies aim to identify new genes by whole-genome sequencing to increase this percentage
and to develop specific therapies. These molecular progresses come along with specific
guestions such as the significance of numbers of VUS identified.

In adults, the most frequently detected mutations are within TERT, PARN and RTEL1.
Beyond pathophysiological knowledge, detection of these mutations has practical
consequence for patients. For instance, mutations in TERT and TERC are associated with
haematological complications after lung transplantation and may require adapted
immunosuppression but are also associated with genetic anticipation and different

phenotypes even in the same family.
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Prospective clinical trials are needed to evaluate the therapeutic options for these
patients depending on the genetic background. Regarding the rarity of the disease and the
limited evidence to set up specific diagnostic counseling, international collaboration is

mandatory to address these crucial issues
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Figure 1. Prevalence of (A) main genes and (B) corresponding pathways (TRG, telomeres
related genes) with mutations associated with monogenic pulmonary fibrosis in adults.
Figure 2 Pedigree suggestive of a telomeres related genes mutation. Filled in blue, patients
wiht interstitial lung disease (ILD), filled in green patients with hematogical disease (MDS,
myelodysplatic syndrome)

Figure 3 Representative CT scan of patients carriers of (A) homozygous non null ABCA3
mutation, (B) SFTPC mutation and (C) SFTPA2 mutation all inconsistent with UIP pattern
Figure 4 Representative CT scan of patients with TRG mutations and (A) UIP pattern (A)
hepatopulmonary syndrome and (C) inconsistent with UIP pattern suggestive of

pleuroparenchymal fibroelastosis.
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Disease or Gene Transmission Reference
associated signs
IPF, Dyskeratosis TERT-TERC- AD/X (144)(145)(146)(147)(148)
congenital TINF2- PARN-
NAF1-

RTEL1/DKC1
IPF, Lung cancer SFTPA1-SFTPA2- AD/AR (32)(28)(149)
Combined SFTPC/ ABCA3
pulmonary
fibrosis and
emphysema
Alveolar
proteinosis
Chorea, NKX2.1 (TITF1) AD (39)
hypothyroidism
Hermansky HPS-1 to 8/AP- AR (150)
Pudlak syndrome 3B1
STING associated | TMEM173/ COPA AD (99,100)(7)
vasculopathy
with onset in
infancy
Poikilodermia FAM111B AD (6)
Lung fibrosis
Acadian variant NDUFAF6 AR (107)

of Fanconi
syndrome

Table 1 Main genes with rare variant associated with pulmonary fibrosis
IPF Idiopathic pulmonary fibrosis; AR, autosomal recessive; AD, autosomal dominant; X X linked
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