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Introduction

Pulmonary fibrosis describes the process of progressive scarring and ultimately structural
changes to the basement membranes of the alveolar interstitium, leading to impaired gas
exchange and respiratory insufficiency. This process occurs in the interstitial lung diseases
(ILDs), of which there are greater than 150 disease types. ILDs are also known as diffuse
parenchymal lung diseases (DPLDs) which include not only the alveolar interstitium, but
adjacent structures such as capillaries, terminal and respiratory bronchioles, and lymphatics
of the bronchovascular bundle and interlobular septae [1] The ILDs are a clinically
heterogeneous group with both known and unknown causes of fibrosis. The known causes
of pulmonary fibrosis include occupational and environmental exposures (both inorganic
and organic), drug toxicities, and collagen vascular diseases [2]. Pulmonary fibrosis can also
occur in the absence of these causes as an isolated finding limited to the lungs. This latter
category is known as the idiopathic interstitial pneumonias (11Ps) which were defined by the
American Thoracic Society in 2002 into distinct classifications [3]. The IIPs are composed
of several subtypes, identified by their clinico-radiological- pathological classification. The
I1Ps consist of idiopathic pulmonary fibrosis (IPF), nonspecific interstitial pneumonia
(NSIP), respiratory bronchiolitis-associated interstitial lung disease (RB-ILD), desquamative
interstitial pneumonia (DIP), cryptogenic organizing pneumonia (COP), acute interstitial
pneumonia (AIP), and lymphoid interstitial pneumonia (LIP). Of these, IPF is the most
common and the most severe [4]. IPF is associated with fibrosing interstitial pneumonia of
unknown cause, a usual interstitial pneumonia pattern (UIP) on surgical lung biopsy and/or
high-resolution CT scan (HRCT), an older age of onset, (usually >50 years), and exclusion
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of other known causes of ILD. IPF affects men greater than women and has been associated
with cigarette smoking. IPF has a median survival of 3-5 years [2] and currently there is no
approved treatment other than lung transplantation [4]. While IPF is thought to be a disease
of unknown origin, risk factors such as cigarette smoking, certain environmental exposures
(e.g. metal dusts, wood dusts, farming, bird-raising, hair-dressing), microbial agents
(viruses-EBV, CMV, HHV-7,8), gastroesophageal reflux and genetic factors are risk factors
for this disease [4].

Several lines of evidence exist that pulmonary fibrosis has a genetic basis. First, it is known
that pulmonary fibrosis is a consistent finding in other rare pleiotropic hereditary conditions.
Pulmonary fibrosis is a reported finding in such heritable disorders such as Hermansky-
Pudlak syndrome (HPS) [5], neurofibromatosis (NF) [6], Gaucher’s disease [7], familial
hypocalciuric hypercalcemia [8], tuberous sclerosis (TS) [9] and dyskeratosis congenita
(DC) [10]. Second, it has been shown that there is variability in the developmental outcome
of pulmonary fibrosis amongst workers exposed to similar exposures, whether it was
fibrogenic dusts or organic antigens [11, 12]. Third, mouse models have shown a difference
in the development of pulmonary fibrosis when exposed to bleomycin or asbestos depending
upon whether they were wild-type mice or inbred strains [13, 14]. The most compelling
epidemiological evidence for a genetic basis is the observation of familial clustering of
pulmonary fibrosis. This clustering has been reported in monozygotic twins raised apart
[15-17], in consecutive generations of families [18], and in family members separated at an
early age [19]. The majority of pedigrees exhibit an autosomal dominant with reduced
penetrance transmission pattern [18, 20] although one report proposed an autosomal
recessive pattern [20]. The recognition of familial clustering has since led to a designation of
a familial form of pulmonary fibrosis, familial interstitial pneumonia (FIP).

Familial Interstitial Pneumonia (FIP)

While no formal definition has been proposed for familial forms of pulmonary fibrosis,
multiple attempts to describe it have been made. Previous descriptions were termed “familial
IPF” in which at least two or more primary biological family members (parent, sibling or
child) had a clinical classification of IPF [2]. Past studies [21, 22] have reported sporadic
IPF and familial IPF to be indistinguishable from a clinical, radiological and pathological
standpoint and to have similar male: female (males>females) affection ratios, yet differences
in age of onset such as younger age of onset (& 55 years in familial IPF vs. s 67 years in
sporadic IPF) have been reported [22]. However, we reported up to 45% of pedigrees
demonstrated heterogeneous diagnoses of greater than one type of IIP within families with a
median age of onset of 68 yrs similar to sporadic IPF [18]. The various forms of IIP were
thought to have clinical, radiological and pathological distinction (Figure 1). In addition, this
report [18] showed an independent association with cigarette smoking within families,
significant enough to be considered a risk factor for individuals with a family history of IPF.
The findings suggested a possible common underlying pathogenic mechanism amongst the
different forms of 11Ps within families. The authors suggested that a gene in families may
predispose individuals to develop pulmonary fibrosis, but it would take another event such
as another gene, environmental exposure or a medical condition to result in a specific type
of 1P, a possible “two-hit” model. Due to these findings, a more accurate description of
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these families would conceivably be familial interstitial pneumonia (FIP). In our studies, we
have defined FIP as the presence of two or more cases of definite or probable idiopathic
interstitial pneumonia within three generations of a family, and at least one of those cases
having the phenotype of IPF [23]. Familial IPF is best used to refer to a pedigree where all
affected members have an IPF phenotype. In contrast, familial interstitial pneumonia (FIP)
refers to a pedigree with two or more cases of IIP (i.e. NSIP and IPF in a pedigree, or 2 or
more cases of IPF). Consequently, studies comparing sporadic IPF to familial IPF must be
interpreted with these distinctions in mind. However, these studies do not clearly distinguish
multiple types of IIP within a pedigree and therefore, FIP would be a better term to
encompass the familial forms of pulmonary fibrosis.

Epidemiology

No studies on incidence of FIP have been performed, but an early report from Marshall et al
[22] in 2000 estimated familial cases to be 0.5-2.2% of IIP cases and the prevalence to be
1.34 cases per 108 in the United Kingdom in the largest cohort of families reported to date at
the time. Hodgson et al [24] reported a prevalence of 3.3-3.7% in Finland. Subsequent
reports have since showed a higher prevalence, showing a possible underestimation of FIP.
Vanderbilt University Hospital lung transplant center described 19% of patients undergoing
lung transplant reported a positive family history of ILD [25]. In a Netherlands ILD clinic,
10% of IIP patients reported a positive family history [26]. The National Institute of
Respiratory Diseases in Mexico has published that 20% of IPF patients reported a family
history [27]. From these latter studies it appears that FIP is more prevalent than originally
reported. But until a formal definition is established and a better way of tracking or
confirming the diagnoses within families occurs, the true prevalence and incidence of FIP
will remain an estimate.

Genetic Associations

Many studies have been performed searching for genetic associations in IPF. These studies
have focused on candidate genes involved with such areas as inflammation, matrix turnover,
oxidative stress, profibrotic molecules, the surfactant pathways, coagulation pathway genes
and matrix metalloproteinase amongst others[4]. Outcomes in association with IPF vary
depending on the gene studied, and further investigations should be pursued in larger
cohorts.

The familial studies have been the most successful in providing insight into genetic
associations, although for the most part the rare genetic mutations reported represent a very
low frequency amongst families with FIP, indicating a need for further research. Those
genes with rare variants identified to date from studies on FIP include surfactant genes
SFTPC, SFTPA2, and telomerase genes TERT and TERC. A candidate gene, ELMOD2 has
been linked to FIP in a Finnish cohort. More recently, a common variant in the promoter
polymorphism of mucin gene MUCS5B has been identified with a higher proportion of FIP
and IPF (Table 1).
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Surfactant Proteins

Pulmonary surfactant is a mixture of proteins and phospholipids secreted by type Il alveolar
cells and are responsible for lowering surface tension and preventing collapse at the air-
liquid interface of the alveoli. Disorders of surfactant proteins are more commonly seen in
the pediatric forms of interstitial lung diseases (PILD). PILD is a heterogeneous group of
disorders with some overlap of their adult counterparts, but are generally thought to be
separate entities due to differences in frequency, clinical presentation and spectrum of
disease. Overlapping histological patterns such as DIP, NSIP and COP in adult and pediatric
ILD exist, but do not seem to carry out a similar clinical course [28, 29]. Pulmonary
surfactant deficiency was first described in newborns with severe respiratory distress
syndrome (RDS) as early as 1959 [30]and since then mutations in surfactant protein A
(SFTPA), surfactant protein B (SFTPB), ATP-binding cassette A3 (ABCA3) and surfactant
protein C (SFTPC) have been identified in inherited forms of ILD [31]. SFTPB and ABCA3
deficiency are considered recessive disorders and most often present with lethality in the
newborn period with RDS. ABCAS3 can contain milder mutations with a clinical course that
extends into later childhood. SFTPC mutations are dominantly inherited if not de novo, with
reduced penetrance. SFTPC mutations have been reported in families with both PILD and
FIP, and have been reported as a rare cause of sporadic cases of IPF. SFTPA mutations have
been described in adult onset FIP linked with cancer and sporadic cases of IPF. Compound
heterozygosity for a SFTPC mutation and ABCA3 mutation has been reported and shown to
be a possible modifier of SFTPC associated lung disease [32].

Surfactant Protein C (SFTPC)

The surfactant protein C gene (SFTPC) encodes a hydrophobic, pulmonary protein known as
SPC which is essential for lung function and produced exclusively by type 1l alveolar cells.
SPC is one of multiple surfactant proteins that make up pulmonary surfactant which
prevents lung collapse by lowering surface tension in the alveoli. SFTPC mutations are not
considered to be strongly represented in FIP, but can be considered in earlier onset cases of
FIP such as family members affected under the age of 40, or families with both pediatric and
adult-onset of ILD. In 2001, Nogee et al [33] reported a kindred involving a female infant
with biopsy proven cellular NSIP, whose mother had been diagnosed with DIP, and the
maternal grandfather had died from lung disease of unknown cause. Tissue samples were
obtained from both infant and mother and genetic and protein analyses were performed. The
results showed a heterozygous SFTPC mutation (c.460 +1 G>A) in the infant and mother,
which was consistent with the autosomal dominant transmission inheritance pattern in the
family. In 2002 Thomas et al [34]reported a large kindred spanning adults with UIP and
children with cellular NSIP to have heterogyzosity for a SFTPC mutation. The mutation
found in this family was exon 5 + 128 T>A/L188Q, a transversion mutation associated with
both cellular NSIP in children and adults with UIP which segregated with disease. It is
estimated that based on these studies, SFTPC mutations only account for approximately 3%
of FIP [35]. Recently in a Dutch study, van Moorsel reported 5 out of 20 unrelated patients
with FIP had SFTPC mutations, (25%, Cl 10-49%) [26], the highest frequency of SFTPC
mutations yet reported in FIP. Due to the above findings, SFTPC mutations have been
explored in the sporadic forms of IIP in at least two studies, in which only sequence
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variations were found and of those, only one had been previously reported in an infant with
lung disease [36, 37]. Therefore, SF-TPC mutations are not considered to be a significant
cause of sporadic types of IPF, perhaps as low as 1% or less, but may vary based on
ethnicity.

Surfactant Protein A2 (SFTPA2)

Wang et al [38] reported a large kindred with adult early-onset pulmonary fibrosis and lung
cancer cosegregating in an autosomal dominant pattern. The lung cancer was described as
adenocarcinoma with features of broncholalveolar cell carcinoma (BAC). Other related
family members without fibrosis had either pulmonary adenocarcinoma or BAC. Whole
genome linkage analysis was performed on 29 family members of this kindred and affected
family members (affected = pulmonary fibrosis and/or lung cancer) shared an identical-by-
descent region on chromosome 10. Candidate genes in the region were narrowed to genes
encoding surfactant proteins A and D, which are both highly expressed in the lungs and
whose function is to maintain the alveoli of the lung. There are two isoforms of surfactant
protein A, SP-Al and SP-A2 and each are encoded by genes SFTPAL and SFTPA2
respectively. These genes resided in close proximity within the described linked region and
are >90% identical in their coding regions. Further sequencing of these two genes in the
proband and other affected family members yielded a misense mutation (c.692G>T, G231V)
in a heterozygous state in SFTPA2. Interrogation of 58 other probands in their familial
cohort for SFTPAL and SFTPA2 mutations revealed a heterozygous mutation (¢.593T>C,
F198S) in the gene SFTPA2 in a proband with IPF and lung cancer. No rare variants were
reported in SP-D and the rare and common variants in SP-A were found not to impact
protein function. While an important finding, mutations in surfactant proteins are not well
represented in the FIP population.

Telomerase Mutations (TERT/TERC)

As previously mentioned, pulmonary fibrosis is a pleiotropic finding in several other known
hereditary syndromes. In one of those syndromes, Dyskeratosis Congenita (DC), pulmonary
disease described as reduced diffusion capacity and/or restrictive defect was reported to
occur in 20% of patients [10]. DC is a rare inherited syndrome classically known for a triad
of mucocutaneous findings of oral leukoplakia, skin hyperpigmentation and nail dystrophy.
Other multisystem disorders in addition to the pulmonary disease were recognized in
patients with DC such as bone marrow failures, liver disease, osteoporosis, premature
graying/hair loss and malignancy. DC may manifest as X-linked, autosomal recessive or
autosomal dominant forms. Mortality in DC results from bone marrow failure disorders (60—
70%), pulmonary disease (10-15%), and malignancy (10%), and it is now recognized that
bone marrow disorders may be the presenting features of DC rather than the classical
mucocutaneous features [39]. The genes involved in the development of DC have been
discovered and thus far are made up of seven genes (DKC1, TERC, TERT, NOP10, NHP2,
TINF2, and TCAB1) in what is known as the telomerase pathway. DKC1 is responsible for
the X-linked forms of DC while TERC, TERT and TINF2 are implicated in the autosomal
dominant forms of DC.
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Telomerase is an enzyme that serves in the end-replication repair of telomeres during cell
division. Telomeres are composed of DNA sequences of TTAGGG tandem repeats located
at chromosomal ends. During cell division, asymmetric replication of DNA leaves newly
synthesized DNA strands shorter than the original template. Telomerase solves this end-
replication problem by providing the addition of repetitive sequences to the telomeres to
maintain chromosomal integrity. Telomerase has several critical subunits, two of which are
telomerase reverse transcriptase ("nTERT) and a specialized RNA component hTR, or
hTERC (telomerase RNA component) [40, 41]. These two components are encoded by
genes TERT and TERC respectively. Of these two critical components, hTERC is expressed
in all tissues, but hTERT is usually repressed in somatic cells causing those telomeres to
shorten with each cell cycle. However, germ-line cells, stem cells and immortal cancer cells
continue to express hTERT for longevity [42]. Absence or dysfunction of telomerase causes
the telomeres to shorten with each cell division, until the cell eventually undergoes
apoptosis. This process has been implicated in age-related diseases [43].

Telomerase mutations in TERT and TERC associated with FIP were first reported by two
independent groups in 2007 using different approaches. In the first study, Armanios et al
[44] performed a candidate gene study of TERT and TERC in 73 probands of families with
FIP in their cohort and discovered that 8% had heterozygous mutations in TERT or TERC.
None of these mutations were found in healthy controls. By studying the families, they
found the pattern of inheritance to be consistent with autosomal dominance with reduced
penetrance, and that the onset of disease may be age-dependent. Mutant telomerase was
further shown to be associated with shortened telomeres in the probands and asymptomatic
mutation carriers compared to healthy controls and noncarrier relatives. Telomere length in
peripheral blood mononuclear cells for mutation carriers fell below the 10t percentile of the
controls. In the second study, Tsakiri et al [45] used genome-wide linkage analysis in two
large FIP families and discovered several mutations within a linked region to chromosome
5, in which lies the TERT gene. Further sequencing of TERT in probands of 44 additional
FIP families discovered additional mutations, and applying the same techniques to 44
individuals with sporadic ILD revealed a missense mutation in a similar codon found in one
of the TERT mutation FIP families. Knowing that telomerase is made up of the two essential
components of TERT and TERC and that TERC mutations have been reported in patients
with DC, they sequenced TERC in their 46 FIP probands and their cases of sporadic
pulmonary fibrosis and found one heterozygous mutation in an FIP proband. Overall,
functional analyses of the combined mutations showed variable activity of the telomerase
enzyme, ranging from zero to 100% of wild-type activity. Telomere measurements in
mutation carriers (Symptomatic or asymptomatic) indicated a significant shorter telomere
length over family members without mutations, and all mutations resulted in shorter
telomeres. Collectively, these two studies showed that heterozygous telomerase mutations in
TERT and TERC were associated with pulmonary fibrosis in 8-15% of families with FIP
without the classical mucocutaneous features of DC. Interestingly, a few of the families
between the two studies did exhibit extrapulmonary disease in the spectrum of DC including
mild to moderate anemia, axial osteoporosis, liver cirrhosis of unknown etiology and
aplastic anemia. Further studies of a large familial cohort found 18% of FIP was associated
with TERT mutations [46].
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As discussed previously, mutations in TERT and TERC have been linked to shortened
telomeres in mutation carriers with FIP, DC and bone marrow failure [40]. Further studies of
both sporadic and familial cases of pulmonary fibrosis have revealed heterozygous
mutations in TERT and TERC in 1-3% of sporadic IPF/IIP cases and shortened telomeres in
a significant fraction of affected individuals from FIP, sporadic IPF and IIP in the absence of
TERT and TERC mutations [43, 47]. This may indicate that other genetic loci or phenotypic
characteristics (older age or smoking) may well be involved in the process of telomere
shortening in patients with FIP or sporadic IIP. In one report, family members who did not
inherit a TERT mutation had shorter telomere lengths than controls, demonstrating that
factors other than mutations in TERT (such as mutations in other genes, epigenetic
inheritance, or a shared environment) can affect telomere length [46]. A large GWAS,
primarily consisting of patients with sporadic 1P, identified common variants in both TERT
and TERC to be associated with increased risk of developing pulmonary fibrosis
demonstrates that common variants in TERT or TERC with smaller effect-size also
predispose to pulmonary fibrosis [48]. Telomere length has been reported to be a heritable
trait with parental affects [47]. Along with FIP, rare variants and mutations in the genes
TERT and TERC have also been reported in aplastic anemia (along with shortened
telomeres) [49, 50], myelodysplastic syndrome [51], liver disease [52] and acute leukemia
[41], all disorders previously described in families with DC. Families with FIP as described
previously may have one or more of these diagnoses as pleiotropic manifestations of
telomerase mutations or shortened telomeres. The spectrum of disease phenotypes
associated with mutations in TERT and TERC has been put forth as a “telomere syndrome”
or a “telomeropathy” recognizing telomere-mediated disease to have an underlying common
etiology [40, 41] (Figure 2). In more than one report, IPF was the most common
manifestations of telomerase syndromes [40, 53]. Shortened telomeres in the presence or
absence of telomerase mutations may be the reason FIP and the sporadic 11Ps occur at a later
age of onset. Furthermore, mutations in TERT and TERC, and heritability of a shorter
telomere set-point in families may explain earlier diagnoses of family members with FIP.

ELMOD?2 was first described to be associated with FIP after Hodgson et al [54] performed a
genome-wide linkage analysis in six families with FIP from Finland. Five of those families
originated from the southeastern area of Finland, where there is a higher frequency of both
sporadic and familial pulmonary fibrosis than in the rest of the country, and the prevalence
of FIP was 50-fold higher than the rest of the country. The sixth family was not from this
region. Three loci were of interest on chromosomes 3, 4, and 13, and further investigation
led to an additional two loci on chromosomes 9 and 12 of interest due to a shared haplotype.
Fine mapping, interrogation of these regions and of shared haplotypes amongst the six
pedigrees and the addition of remaining multiplex families found that 8 of 24 families
shared a haplotype on chromosome 4. A candidate gene, ELMOD2 was found to be located
within the shared haplotype; however no mutations in ELMOD?2 were discovered. ELMOD?2
is expressed in the lung, but not exclusively, and the authors performed expression studies of
ELMOD?2 in both healthy lung and in IPF lung samples. They observed significantly lower
expression levels of ELMOD2 among patients with IPF than controls. These findings
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provided some evidence for ELMOD2 to be a susceptibility gene for FIP. However, these
findings have not been validated in other populations. Follow-up studies in Finland set out to
determine the function of ELMOD?2 [55]. By thoroughly interrogating the gene-signaling
pathways of ELMOD?2 in human alveolar epithelial cells, they determined that ELMOD?2
regulated interferon-related antiviral responses and there was a decrease in the expression of
ELMOD?2 in response to viral infection. Furthermore, they were able to show that ELMOD?2
was expressed in lung epithelial cells as well as alveolar macrophages, both of which are
cell types infected by respiratory viruses. These results supported their hypothesis that viral
infections may be involved in the development of IPF.

A genome-wide linkage study in 82 multiplex families with FIP led to the discovery of a
linked region on chromosome 11 [23]. Once the linkage to chromosome 11 was established,
further interrogation of the region by fine mapping was performed in an independent cohort
of FIP, sporadic IPF and controls. This narrowed the region to 11p15 in which there were
several SNPs in the region of a mucin gene cluster inclusive of MUC2, MUC5AC and
MUCESB genes. Further evaluation in a third independent cohort of FIP (n=85), IPF (n=494)
and controls (n=332) revealed a MUC5B promoter-region SNP (rs35705950, G>T) located
three kilobases (3kb) upstream of the transcription start site of MUC5B that was the most
significantly associated with both sporadic IPF and FIP. The minor allele (T) was present at
a frequency of 34% in FIP cases, 38% in IPF cases, and 9% in controls. Odds ratios for
disease in FIP heterozygotes and homozygotes were 6.8 and 20.8 respectively and for
sporadic IPF heterozygotes and homozygotes the odds ratios were 9.0 and 21.8 respectively.
To show the effect of the rs35705950 SNP on MUCS5B gene expression, the authors utilized
lung tissue from 33 subjects with IPF and 47 unaffected subjects and showed MUC5B
expression to be 14.1 times higher in IPF subjects as controls. There was also a 37.4-fold
increase in MUC5B expression in unaffected subjects who carried at least one copy of the
SNP in contrast to those subjects with two copies of the wild-type allele (G). This work was
further validated in four independent cohorts [48, 56-58]. While it is unclear what role the
MUCS5B promoter SNP is playing in the development of IPF and FIP, Seibold et al [23]
hypothesize that the MUC5B SNP could be impairing mucosal defense due to excess
production of MUCS5B protein, interfering in alveolar repair, or directly causing lung injury;
either one or all three working together. The common variant rs35705950 in the putative
promoter of the MUCBSB gene has been the most strongly associated genetic variant to IPF
and FIP to date. Furthermore, this finding was the first to implicate mucin genes in the
development of IPF and FIP, presenting an opportunity of future targeted research and
therapeutics. In a follow-up study, association between the MUC5B promoter polymorphism
and IPF showed improved survival amongst patients who were heterozygous or homozygous
carriers of the MUCSB SNP (either GT or TT) when compared to those with the wild type
genotype (GG). This study utilized retrospective data on two independent cohorts of
sporadic IPF from an international clinical trial in IPF and from an ILD clinic at the
University of Chicago [58]. A genetic test developed for the detection of the promoter SNP
could be used to identify persons at risk for IPF/FIP, in particular family members, and

Clin Pulm Med. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Talbert et al. Page 9

aiding clinicians in potentially assessing survival of patients with IPF once the clinical
implications of the survival data is determined.

Genome-wide association studies (GWAS) in IPF

In a report by a Japanese group who performed a genome-wide association study (GWAS)
on 159 patients with sporadic IPF and 934 controls, they found nine single nucleotide
polymorphisms (SNPs) that were significant in relation to IPF [59]. To verify their findings,
they further interrogated the nine SNPs in an independent case-control study from additional
samples of IPF and controls from a Japanese biobank. They found evidence of association
between a common SNP found in the TERT gene (rs2736100) and development of IPF. The
authors suggested the common SNP in TERT contributed significantly to susceptibility of
sporadic IPF, thereby validating TERT’s presence in IPF and FIP. A GWAS with 542 IPF
cases and 542 controls identified three SNPs in TOLLIP (rs111521887, rs5743894,
rs5743890) and one SNP MUCS5B (rs35705950) in the adjacent mucin gene cluster on
chromosome 11p15, one SPPL2C SNP (rs17690703), and one MDGA2 SNP (rs7144383)
that reached genome wide significance (P, 5 x 10 ~8). All SNPs except rs7044383 were
reproduced in validation in an independent population[57]. The authors interpreted the
TOLLIP associations to be independent of MUC5B rs35705950 based on low linkage
disequilibrium. Having the TOLLIP minor allele rs5743890 was associated with decreased
risk of IPF and increased mortality. Recently, a large GWAS study of individuals with
fibrotic I1Ps inclusive of FIP (N=1,616) and controls (N= 4,683) and then subsequently
validated with a replication population of cases (N= 876) and controls (N=1,890) confirmed
association with genes TERT, MUC5B and a region near TERC as well as identifying seven
newly identified loci [48]. The most highly associated SNP in this study was in the promoter
region of MUCS5B in 11p15 in which that region has been previously reported to be
associated with IPF and FIP [23]. In addition, the SNP previously reported in TERT by the
Japanese study previously mentioned [59], rs2736100 was validated in this study, and
another SNP in TERT, rs2853676 was discovered. In addition, the TERC gene was again
implicated in its presence in 1IPs and FIP in this study as a SNP near the TERC gene,
rs1881984. These findings show that MUC5B, TERT and TERC maintain a consistent
representation in FIP and IPF and must be important in the development of these diseases,
whether acting as rare or common variants. The study identified seven novel loci (FAM13A
at 4q22, DSP at 6p24, OBFC1 at 10924, ATP11A at 13934, DPP9 at 19p13 and regions
7022 and 15q14-15) that in addition to the confirmed genes above appear to be involved in
host defense, cell-cell adhesion and DNA repair.

Genetic Testing

Clinical genetic testing is available for genes TERT, TERC, additional genes in the
telomerase pathway, SFTPC, and MUC5B sequencing. Patients with FIP are appropriate to
test as 8-18% of these patients are expected to have rare variants in the SFTPC, TERT or
TERC genes, and 50-60% of individuals with FIP have variants in the promoter of MUCB5B.
Patients presenting with 1P who have extrapulmonary features associated with a
telomeropathy, such as hematological failures, liver cirrhosis, osteoporosis, and premature
graying (the latter with variable expressivity) with or without a family history of lung
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fibrosis are also candidates for sequencing in TERT and TERC. As stated previously, family
members may be pleiotropically affected with some members manifesting IPF, liver
cirrhosis or another manifestation of Dyskeratosis Congenita. IPF is the most common
finding in these telomeropathies. In sporadic cases of IPF without a personal or family
history of clinical manifestations of a telomeropathy, TERT and TERC sequencing would not
necessarily be appropriate as there is a 1-3% chance that a rare variant or mutation would be
found. Patients presenting with IPF under the age of 40 with or without a family history of
lung fibrosis may be considered for SFTPC sequencing, especially if pediatric ILD is
reported in the family. However, the representation of SFTPC mutations in FIP remains
lower than that of the telomerase genes at approximately 3%. It is most appropriate to test a
patient with FIP over unaffected family members for TERT/TERC and SFTPC initially.
Genetic testing for SFTPA2 and the MUC5B SNP are not readily available clinically, but
this may change in the near future.

Genetic counseling is highly recommended prior to and after genetic testing. Risk to other
family members to develop FIP is a major concern in the families who have multiple
members affected. Since FIP appears to follow an autosomal dominant with reduced
penetrance transmission in families, it represents a challenge to provide specific risk
numbers to family members, especially in the absence of a known mutation in the family.
The exact penetrance of FIP is unknown. Therefore, risk to offspring of patients with FIP is
up to 50%, but with reduced penetrance is most likely less. Second and third degree relatives
of patients diagnosed with FIP are presumed to have lower risk, but increased over the
general population. Based on the MUC5B SNP, unaffected family members of FIP patients
with one or two copies of the SNP could have anywhere from a 6.8 to 20.8 fold risk,
respectively, to develop pulmonary fibrosis.

Clinicians, patients and family members may be concerned for the potential of genetic
discrimination in genetic testing for FIP. Genetic discrimination is a common fear in the
general population when unaffected family members are at risk for a familial disease and
genetic testing is available. The Genetic Information and Nondiscrimination Act (GINA)
passed in 2008 [60] is a federal law that prevents genetic test results of an individual or a
family member, family health history, or receipt of genetic services (e.g. genetic counseling,
genetic testing, genetic research) from being used to discriminate against a person for health
care coverage and employment. GINA prevents health insurance companies from raising
premiums, setting eligibility or coverage, premium and contribution amounts based on
genetic information as described above. It is important to note that this law does not extend
to elective types of insurance such as life insurance. Therefore, if a specific mutation is
known in the family, unaffected family members could be tested for the same mutation to
find out if they are carriers without full risk of it impacting their health insurance based on
the coverage GINA provides. Genetic counseling surrounding the issues of genetic testing
and questions on genetic discrimination is recommended prior to and after any genetic
testing is performed.
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Based upon the vast amount of evidence presented, there leaves little doubt that FIP is a
recognized entity. FIP may present clinically similar to sporadic cases of 1IP with the family
history being the only distinguishing feature, or can present with younger age of onset. The
younger age of onset may be a misrepresentation due to heightened awareness of the disease
amongst family members who may seek early screening and are diagnosed early. The
genetics of the two appear to be telling us something different, as the majority of genes
discovered have some overlap between FIP and the sporadic forms of 1IP. It is very possible
that patients with FIP are more heavily weighted with genetic risk factors than their sporadic
counterparts. For example, rare variants in TERT or TERC that have large deleterious effects
are more penetrant, and have a higher representation in FIP than in sporadic IPF (8-18% vs.
1-3% respectively), whereas common variants with lower penetrance and small effect may
be more prevalent in sporadic IPF. Overall, the genes discovered through familial studies
and large GWA studies have confirmed at least three genes, TERT, TERC and MUC5B as
key genes, as well as several other loci in the development of pulmonary fibrosis. This alone
shows that FIP and IIPs in general are multigenic and cannot be labeled as a single-gene
disorder. These, along with evidence of environmental components support a multifactorial
cause for lung fibrosis within FIP as well as the sporadic forms of IIP.
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The pedigree demonstrates multiple affected individuals in the second generation and male
to male transmission consistent with autosomal dominant inheritance. The third generation
is unaffected at the time of ascertainment reflecting late age of disease onset. Phenotypic
heterogeneity is reflected by both NSIP and UIP in two siblings.
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Figure 2.
The pedigree demonstrates the pleiotropic manifestations of telomere-mediated disease in

FIP. Family members may be affected with one or more phenotypes, with IPF being the
most common manifestation. A thorough family history should include inquiries regarding
telomere-mediated diseases as seen in Dyskeratosis Congenita (DC).
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