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There has been increasing recognition that
genetic factors play important roles in both
sporadic and familial cases of idiopathic
pulmonary fibrosis (IPF) (1). Current data
indicate that at least one-third of the risk

to develop sporadic or familial IPF can be
explained by common genetic variants
identified through large genome-wide
association studies (2). Interestingly, several
of these loci appear to have prognostic
implications for patients with IPF (3, 4). In
addition to common variants, a growing
number of genes carrying rare genetic variants
are being identified that influence susceptibility
to disease in familial interstitial pneumonia
(FIP), the familial form of IPF (1). As of yet,
there is no guidance for clinicians regarding
when to pursue genetic testing in patients with
IPF or how to use test results in patient care.
Below, we offer our perspective on the current
usefulness of genetic evaluation and testing
in familial and sporadic IPF, as well as for
individuals at risk for development of IPF.
Continued research investigating the genetic
underpinnings of IPF is needed to support
future development and validation of more
comprehensive, evidence-based guidelines for
genetic testing and screening for IPF.

Familial Interstitial
Pneumonia

FIP is defined by the diagnosis of an idiopathic
interstitial pneumonia (IIP), predominantly
IPF, in two or more relatives who share
common ancestry (5, 6). Deleterious rare
genetic variants (mutations) in 9 genes
(telomerase reverse transcriptase [TERT],
telomerase RNA component [hTR], dyskerin
[DKCI], telomere repeat binding factor
1-interacting nuclear factor 2 [TINF2],
regulator of telomere elongation helicase
[RTEL1], poly(A)-specific ribonuclease
[PARN], surfactant protein C [SFTPC],
surfactant protein A2 [SFTPA2], and
adenosine triphosphate-binding cassette
subfamily A member 3 [ABCA3]) (7-20) and
common variants at 10 loci (326, 422, 5p15,
6p24, 7q22, 10424, 11p15, 13q34, 15q14-15,
and 19q13) (2) have been implicated in FIP,
including 6 genes related to telomere biology,
and 3 genes related to surfactant production.
ABCA3 has a recessive mode and DKCI is
X-linked, but the other disease-associated rare
genetic variants are inherited in an autosomal
dominant manner such that affected
individuals carry a single (heterozygous)

mutation. Current evidence indicates that
disease penetrance in carriers of these rare
genetic variants is incomplete; however, further
studies are needed to define disease penetrance
in relationship to individual disease-associated
genes. Mutations in currently identified FIP-
causing genes are found in approximately 20%
of affected families; thus rare genetic variants
are yet to be identified in 80% of FIP families.
In addition to FIP, pulmonary fibrosis is also a
feature of some multisystem genetic disorders,
including Hermansky-Pudlak syndrome and
dyskeratosis congenita. As opposed to FIP, the
role of genetic testing for Hermansky—Pudlak
syndrome and dyskeratosis congenita is well
described (21, 22).

In all subjects with IPF, a thorough
family history should be performed
regardless of patient age and should be
updated at each visit. In our experience, up
to 10% of patients presenting as “sporadic
IPF” will subsequently have a bloodline
relative diagnosed with an IIP during
follow-up, sometimes many years later.
Because most patients are not aware of the
possibility of a familial basis at the initial
referral visit, we frequently find that the
second case in the family is reported at the
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second visit, after the patient has been
educated to seek out IIP in relatives. In
addition to family history of interstitial lung
disease, particular emphasis should be
placed on determining whether there is a
family history of cryptogenic cirrhosis,
aplastic anemia, and/or premature graying,
suggesting that a short telomere syndrome
could be present (Table 1). A family history
of neonatal respiratory distress or
childhood interstitial lung disease is
relevant for suggesting the possibility of a
surfactant-related disorder, which can
present across a wide age spectrum.

We believe that genetic testing for rare
variations (mutations) in disease-associated
genes, with appropriate counseling on
potential risks and benefits of such testing,
should be offered to all patients with FIP
and recommended in circumstances when a
genetic diagnosis is likely to be achieved.

A positive genetic diagnosis in FIP can aid
in disease course prognostication and risk
stratification when considering lung
transplantation. In addition, a genetic
diagnosis can have implications for estimating
the risk for relatives and determining the need
for testing of other family members.

To maximize the positive predictive
value of genetic tests, our current practice is
to use a combination of personal medical
and family history in combination with
biomarkers to identify families in which
there is high likelihood (pretest probability)
of identifying a genetic diagnosis (Figure 1).
For example, in families or patients with a
personal or family history suggestive of a

Table 1. Key Personal and Family History
Elements

Short
Telomere
Syndromes

Adult ILD ++
Premature graying* ++
Cryptogenic cirrhosis ++
Aplastic anemia ++
Myelodysplasia/leukemia +

Definition of abbreviation: LD = interstitial lung
disease.

The presence of two or more features in an
individual or family suggests a short telomere
syndrome. Other features including
osteoporosis, enterocolitis, and nonmelanoma
skin cancer are also observed in some
individuals and families with short telomere
syndromes.

*Significant graying before age 30 years.
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short telomere syndrome, we recommend
peripheral blood mononuclear cell (PBMC)
telomere length testing performed
on a clinical basis through a CLIA
(Clinical Laboratory Improvement
Amendments)-certified laboratory.
Many different laboratory approaches
are available to assess telomere length;
however, we recommend flow cytometric
measurements because they are precise,
well validated, and controlled (23, 24).
If the PBMC telomere length is short
(<10% for age), our experience suggests that
the likelihood of identifying a pathogenic
mutation in a known telomerase-related
gene is high. Of note, telomere length can
be inherited independently from a culprit
rare genetic variant, and thus it is possible
to inherit short telomeres (and disease risk)
without inheriting a mutation; this has been
termed “occult genetic disease” (25, 26).
Alternatively, when the family history is
notable for early-onset lung disease
(especially in childhood), or if there is a
family history of disease onset before age
45 years and a history of lung cancer (27),
a mutation in a surfactant-related gene is
more likely. Thus, the only genes that we
currently recommend sequencing for rare
variants are telomerase genes (TERT, h1R,
DKCI1, TINF2, RTEL1, and PARN) or
surfactant protein genes (SFTPC, SFTPA2,
and ABCA3); we anticipate that this list will
grow in the future. However, our limited
understanding of disease penetrance in
individuals with disease-associated rare
variants constrains our ability to risk-
stratify unaffected FIP family members
based only on the presence of rare variants.
Approaches to interpretation of genetic
variation continue to evolve, and the current
guidelines from the American College of
Medical Genetics and Genomics provide a
framework for reporting and interpreting
pathogenicity of rare genetic variants
(pathogenic, likely pathogenic, uncertain
significance, likely benign, and benign) (28).
Nonsense and splice variants of FIP-
causing genes typically lead to loss of
function and are generally pathogenic,
whereas missense genetic variants that
result in amino acid substitution present
greater challenges and are frequently
classified as genetic variants of uncertain
significance (VOUS). The usefulness of
these VOUSs in guiding clinical care and
informing at-risk individuals presents a
particular challenge for clinicians and
genetic counselors. Currently employed

algorithms to predict the pathogenicity of
missense VOUSs have only fair accuracy
(65-80%); therefore, assigning significance
to these genetic variants can be
problematic.

Identification of a disease-associated
rare genetic variant in a patient with
FIP may suggest the need for additional
screening and/or testing for extrapulmonary
disease. For example, subjects with
telomerase pathway mutations may undergo
periodic monitoring of blood counts and
liver tests (29). In addition, the presence
of an FIP-associated mutation in an
affected family member should prompt
consideration of genetic testing for at-risk
asymptomatic family members in concert
with genetic counseling. The American
Board of Genetic Counseling (www.abgc.
net) and the National Society of Genetic
Counselors (www.nsgc.org) provide
resources for identifying a local genetic
counselor. Decisions by individuals about
whether to pursue genetic testing in this
setting are highly personal, and some family
members choose not to learn their
mutation carrier status. Issues related to the
personal knowledge of genetic risk for
disease are particularly relevant in diseases
such as FIP, where disease onset typically
occurs late in life and age- and sex-specific
penetrance cannot be predicted with
high confidence. In addition, because
environmental influences in FIP other than
cigarette smoking are not well understood,
opportunities for risk modification are
modest. However, as knowledge of
mutation carrier status may impact a
variety of personal and health decisions,
including decisions regarding the desire
and approach to bearing children, there can
be benefits for asymptomatic relatives of
patients with FIP with known FIP-causing
mutations to learn their mutation status.
In particular, in families with telomerase
mutations, earlier-onset and more severe
extrapulmonary disease have been observed
in successively younger generations,
suggesting that closer monitoring of
asymptomatic mutation carriers may be
beneficial (30). Consideration of genetic
testing in asymptomatic children within
families with FIP may be appropriate in the
context of available information about the
natural history of the specific disease-
causing gene. Our approach is to defer
recommendations for genetic testing until
adult age unless manifestations of disease in
childhood are likely. Information about
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Diagnosis of IIP

Yes Disease onset Yes Genetic testing for
Family History of IP  —————> before age 18 in surfactant -
family* mutations Mutation
detected
No No
¥ No 2
o - ] Mutation
Personal or family history of cryptogenic cirrhosis, detected Screen for extra- Offer genetic testing to
aplastic anemia, or premature graying pulmonary disease extended family
A
No Yes Mutation
| detected
. ] Mutation
No genetic testing >10" % PBMC telomere <10" % Genetic testing for detected
) telomerase
offered length testing .
mutations

Figure 1. Recommendations for diagnostic genetic testing for familial interstitial pneumonia (FIP)-associated genetic variants. *Age 18 is included
because at this age patients will have reached majority and can provide personal consent for genetic testing and/or sharing of protected health
information; however, consideration should be given to testing for surfactant mutations in patients with FIP with a family history of disease onset before
age 30. lIP =idiopathic interstitial pneumonia; PBMC = peripheral blood mononuclear cell.

genetics and testing for professionals and
the general public is available online at
Genetics Home Reference at https://ghr.
nlm.nih.gov/.

The issue of radiologic screening for
at-risk relatives of patients with FIP is
complex, and there are insufficient data to
support a strong recommendation for or
against screening at this time. If radiographic
screening is performed, we favor using high-
resolution computed tomography (HRCT)
as symptom-based screening and
pulmonary function testing have limited
sensitivity for early disease (31). Some
providers may recommend periodic
screening for individuals who carry known
familial mutations to clarify disease status
because normal findings can be reassuring.
However, we and others have reported that
radiologic evidence of mild interstitial
abnormalities is common in asymptomatic
relatives of patients with FIP (6, 31, 32),
and the frequency and timing of
progression from mild radiologic
abnormalities to clinical FIP are unknown,
although this important question is the
subject of an ongoing longitudinal study
by our group. In our cohort of more than
200 asymptomatic first-degree relatives of
patients with FIP (median age, 50 yr), 24%
had evidence of mild interstitial disease on
HRCT. The availability of U.S. Food and
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Drug Administration-approved drugs to
treat IPF (33, 34) provides another potential
rationale for HRCT screening of at-risk
relatives of patients with FIP. Although it
has not been shown that treating individuals
with “presymptomatic” IPF affects long-
term outcomes, analyses of patients with
mild disease in trials of both pirfenidone
(35) and nintedanib (36) seem to suggest
these medications can be efficacious in
patients with mild symptoms and near-
normal pulmonary function. Thus, screening
for presymptomatic disease in high-risk
individuals followed by initiating early
treatment seems to be a promising but
unproven strategy. Further studies of early
disease treatments are needed to clarify this
critical question, and pose challenging issues
regarding their design and end points.

Sporadic IPF

Patients with IPF who do not have a known
family history of IIP are classified as having
sporadic IPF. Although genetic association
studies have indicated that common genetic
variants contribute similarly to disease risk
in sporadic and familial IPF (2), large
studies evaluating genetic screening for
disease-associated rare genetic variants in
these patients with sporadic IPF have not

been performed. Available studies testing
for TERT and SFTPC mutations have
suggested that the prevalence of mutations
in telomerase and surfactant protein genes
is low in patients with sporadic IPF
(37-39). Because current evidence indicates
a low pretest probability for finding disease-
causing rare genetic variants, we do not
recommend genetic testing in individuals
with sporadic IPF or other IIPs unless their
family history suggests a short telomere
syndrome as described previously. If the
personal and/or family history does suggest
a short telomere syndrome, we favor
clinical telomere length testing as the next
step, similar to patients with FIP. If
telomere length is short (<10th percentile),
then we suggest that genetic testing for
mutations in telomerase-related genes be
considered to detect de novo or low-
penetrance heterozygous mutations.

It is recognized that approximately
one-third of patients with IPF have short
telomeres (less than the 10th percentile,
adjusted for age) in peripheral blood (39, 40),
and telomere length is shorter in patients
with IPF compared with that in patients
with other interstitial lung diseases (41).
In a significant proportion of patients with
IPF, the cause of short telomeres is not yet
known and may be acquired, rather than
genetically determined in some cases.
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Regardless of etiology, it appears that PBMC
telomere length provides prognostic
information in IPF. In 2014, Stuart and
colleagues reported that among patients
with IPF (although not those with other
interstitial lung diseases) from three academic
centers in the United States, PBMC telomere
length was independently associated with
transplantation-free survival (42). Similar
results have also been reported in a Chinese
cohort (43). Extrapulmonary disease may be
common in patients with IPF with short
telomeres (29) and may be useful in
anticipating complications after lung
transplantation (44). Thus, we suggest that
PBMC telomere length testing should be
considered as a component of the
pretransplantation evaluation of those patients
with IPF in whom this treatment is being
considered. Future studies are needed to
more comprehensively define the lung
transplantation outcomes of patients with
short telomeres and to determine optimal
approaches to minimize posttransplantation
complications related to short telomeres.
Although formal cost-benefit analyses have
not yet been performed, the expense of
telomere length testing from CLIA-certified
laboratories is less than the cost of routinely
performed pulmonary function tests in many
centers. In the future, it may be possible to
use PBMC telomere length to identify a
subphenotype of patients with IPF who would
benefit from telomere-directed therapy.
Provocatively, in a small study of patients with
dyskeratosis congenita, danazol treatment of
subjects who had pulmonary fibrosis appeared
to lengthen PBMC telomeres and was
associated with stability of lung function (45).
Further work will be needed to more
comprehensively determine the safety and
possible benefits of this approach.

Common genetic variants, including a
polymorphism in the mucin 5B (MUC5B)
promoter, have been linked to risk of
developing familial and sporadic IPF (2,
46-51); however, because the positive and
negative predictive values of risk allele
carrier status are modest (i.e., disease
penetrance in carriers of this polymorphism
is low), we do not advocate testing for
these common polymorphisms as a
screening approach for IPF. In addition to
correlations with disease risk, common
polymorphisms in the MUC5B promoter
(4) and in toll interacting protein (TOLLIP)
(4) have been associated with outcomes in
patients with IPF and offer promise as
prognostic indicators. Carriers of the allele
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that confers risk for IPF have better
outcomes than patients with IPF who do
not have these alleles, suggesting that these
variants identify a prognostic (and possibly
biologically distinct) subtype of IPF.
Carriers of at least one T allele of the
MUCS5B polymorphism appear to have at
least 50% improved survival compared with
GG carriers (3). Interestingly, T allele
carriers have modestly better lung function
than do G allele carriers at similar ages (3),
consistent with a slower disease course.
Carriers of the TOLLIP risk polymorphism
rs5743890 A allele have approximately 35%
reduced risk of mortality compared with
G allele homozygotes (4). Although
routine testing clinically for these two
polymorphisms in patients with IPF seems
premature, further prospective studies for
risk stratification for disease progression
and mortality are promising and warranted.

Another area of possible usefulness for
testing of common genetic variants in IPF is
stratification of patient populations in clinical
intervention trials. It has been suggested that
carriers of a TOLLIP polymorphism may
benefit from treatment with N-acetylcysteine
(52), whereas other single-nucleotide
polymorphisms may predict harm from this
intervention. Although these preliminary
results require further validation and
prospective clinical trials, the concept of
studying genetically distinct disease
subphenotypes and gene-by-drug interactions
should be incorporated into future clinical
studies of IPF. Peripheral blood gene
expression (53) and biomarker signatures (54)
also hold promise for identifying patients
with IPF most likely to benefit from specific
therapies, as well as those at high risk for
rapid disease progression.

What Further Research Is
Needed?

Numerous advances in the genetics and
genomics of IPF have improved our
understanding of this disease and offer the
promise of new treatments and personalized
information about disease risk and prognosis.
Identifying additional disease-associated
genes in FIP is a high priority, as is
developing a better understanding of the
mechanisms by which common genetic
variants identified by genome-wide
association studies affect risk and outcomes
of familial and sporadic IPF. Defining the
disease penetrance associated with rare and

common genetic variants in individual genes
will be important to aid in genetic counseling
of patients. Importantly, the role of FIP- and
IPF-associated genetic variants in other adult
and pediatric interstitial lung diseases
remains incompletely understood and
requires further study. Given the shared rare
and common genetic risks between familial
and sporadic IPF, further characterization of
the at-risk population is needed.

Related to the role of radiologic screening
in familial and sporadic IPF, ongoing studies
by our group are designed to clarify the natural
history of radiographic abnormalities in
individuals at risk for developing disease in FIP
families. Further study is needed to determine
whether relatives of patients with sporadic IPF
are also at increased risk for developing disease
themselves. If so, these individuals could
represent another “high-risk” group to target
for screening and/or early intervention.
Although it seems likely that a combination of
genetic information and biomarkers could be
used to identify the highest risk individuals for
screening and/or early intervention trials, this
approach will require additional prospective
studies. In addition to identifying individuals
who might benefit from early treatment, these
studies could have broader relevance because
a substantial proportion of the population
over age 50 years has subtle radiographic
changes that could reflect early interstitial lung
disease (55).

Further studies are required to
understand if and how presently known
genetic risk factors for disease progression
can be used to personalize IPF treatment.
For example, in the future it may be
that reasonable treatment options for a
72-year-old patient with an FVC of 85%,
normal-length telomeres, and low-risk
TOLLIP/MUCS5B genotypes could be
N-acetylcysteine (an inexpensive, well-
tolerated medication) (52) or continued
observation. In contrast, a 56-year-old with
similar pulmonary function but very short
telomeres and high-risk TOLLIP/MUC5B
genotypes would choose more aggressive
(perhaps telomere-directed) treatment (45)
alone or in combination with presently
approved therapies (33, 34). In the future,
we anticipate that treatment of IPF/FIP will
be guided by personalized genetic and
genomic information, and we believe the
time has arrived to begin to use these data in
the care of our patients and their families.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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