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Abstract

Rationale: Rare genetic variants in telomere-related genes have been
identified in familial, idiopathic, and rheumatoid arthritis—associated
pulmonary fibrosis. Short peripheral blood leukocyte (PBL) telomere
length predicts poor outcomes in chronic hypersensitivity
pneumonitis (CHP).

Objectives: Determine the prevalence and clinical relevance of rare
protein-altering variants in telomere-related genes in patients with
CHP.

Methods: Next-generation sequences from two CHP cohorts

were analyzed to identify variants in TERT (telomerase reverse
transcriptase), TERC (telomerase RNA component), DKCI (dyskerin
pseudouridine synthase 1), RTELI (regulator of telomere elongation
helicase 1), PARN (poly[A]-specific RNase), and TINF2 (TERF1-
interacting nuclear factor 2). To qualify, variants were required to
have a minor allele frequency less than 0.005 and be predicted to be
damaging to protein function. Variant status (binary variable) was
used in statistical association tests, including Cox proportional

hazard models for transplant-free survival. PBL telomere length was
measured using quantitative PCR.

Measurements and Main Results: Qualifying variants were
identified in 16 of 144 patients (11.1%; 95% confidence interval [CI],
6.5-17.4) in the discovery cohort and 17 of 209 patients (8.1%; 95%
CI, 4.8-12.7) in the replication cohort. Age- and ancestry-adjusted
PBL telomere length was significantly shorter in the presence of a
variant in both cohorts (discovery: —561 bp; 95% CI, —933 to
—190; P=0.003; replication: —612 bp; 95% CI, —870 to —354;
P=5.30 X 10~ °). Variant status was significantly associated with
transplant-free survival in both cohorts (discovery: age-, sex-, and
ancestry-adjusted hazard ratio, 3.73; 95% CI, 1.92-7.28; P=0.0001;
replication: hazard ratio, 2.72; 95% CI, 1.26-5.88; P=0.011).

Conclusions: A substantial proportion of patients diagnosed with
CHP have rare, protein-altering variants in telomere-related genes,
which are associated with short peripheral blood telomere length and
significantly reduced transplant-free survival.
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At a Glance Summary

Scientific Knowledge on the
Subject: Rare variants in telomere-
related genes (TERT [telomerase
reverse transcriptase], TERC
[telomerase RNA component], DKCI
[dyskerin pseudouridine synthase 1],
RTELI [regulator of telomere
elongation helicase 1], PARN [poly
[A]-specific RNase], and TINF2
[TERF1-interacting nuclear factor 2])
have been identified in families with
pulmonary fibrosis and sporadic
idiopathic pulmonary fibrosis.
Although most patients with familial
pulmonary fibrosis are diagnosed with
IPF, up to 12% are diagnosed with
chronic hypersensitivity pneumonitis
(CHP). Short peripheral blood
telomere length has been associated
with reduced transplant-free survival
in patients with CHP.

What This Study Adds to the Field:
This is the first study to demonstrate
that a substantial proportion of
patients diagnosed with CHP have rare
protein-altering variants in telomere-
related genes, which are associated with
short peripheral blood telomere length
and significantly reduced transplant-
free survival. These findings support
the role of telomere dysfunction in the
pathogenesis and prognosis of a subset
of patients with CHP.

Hypersensitivity pneumonitis (HP) is an
interstitial lung disease caused by an
abnormal immune response to a variety of
inhaled antigens (1). A subset of patients
with HP develops significant lung fibrosis,
the hallmark of chronic HP (CHP) (1).
Lung fibrosis in CHP is believed to develop
from chronic or repetitive lung injury
resulting from persistent interstitial lung
inflammation, possibly due to ongoing
antigen exposure. The presence and extent
of lung fibrosis are strong predictors of
mortality in CHP (2). However, it remains
poorly understood why only a subset of
patients with HP develops progressive lung
fibrosis.

Telomere dysfunction is a core
mechanism in the pathogenesis of idiopathic
pulmonary fibrosis (IPF), and emerging
evidence suggests it may also be important

in a subset of patients with CHP (3, 4). For
example, rare variants in six telomere-related
genes (TERT [telomerase reverse transcriptase],
TERC [telomerase RNA component], DKCI
[dyskerin pseudouridine synthase 1], RTELI
[regulator of telomere elongation helicase 1],
PARN [poly[A]-specific RNase], and TINF2
[TERF1-interacting nuclear factor 2]) have
been identified in families with pulmonary
fibrosis. Although the majority of affected
family members are diagnosed with IPF, up
to 12% are diagnosed with CHP (5-13). In
addition, shorter telomere length measured in
peripheral blood leukocytes (PBLs) of
patients with CHP is associated with more
severe lung fibrosis, features of lung
remodeling typical of usual interstitial
pneumonia (UIP), and reduced survival (3).
Whether telomere shortening in patients with
CHP is due to defects in genes responsible for
telomere maintenance is unknown.

Using next-generation sequencing in
two well-described cohorts of patients with
CHP, our objective was to determine the
prevalence of otherwise rare, protein-
altering variants in the six telomere-related
genes that have previously been identified in
familial pulmonary fibrosis and IPF as well
as their associations with clinical features
and outcomes.

Methods

Study Participants

The discovery cohort included patients
diagnosed with CHP at the University of
California San Francisco (UCSF) who were
prospectively enrolled into a database and
biorepository between September 2003 and
March 2016. The replication cohort
consisted of patients diagnosed with CHP at
three interstitial lung disease (ILD) centers:
University of California Davis (March 2011
to December 2017), the University of
Chicago (October 2001 to August 2016),
and additional patients from UCSF not
included in the discovery cohort (May 2006
to November 2017). Local institutional
review boards approved these registries
and biorepositories (UCSF 10-01592 and
10-00198; University of California Davis
585448-7 and 875917-2, University of
Chicago 14163A), and all subjects provided
written informed consent at the time of
enrollment, including consent for use of
samples in future genetics studies. All
patients who had a confident diagnosis of
CHP made by in-person multidisciplinary
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team discussion and who provided
peripheral blood were included. At each
institution, a confident diagnosis of CHP
generally required either I) well-established
exposure and classic high-resolution
computed tomography findings (i.e., mixed
pattern of fibrosis and air trapping in three
or more lobes with or without ground-glass
opacities or centrilobular nodules), or 2)
surgical lung biopsy most consistent with
CHP. These criteria are consistent with
those reported in a recent international
Delphi survey identifying diagnostic criteria
for CHP (14). All patients with a
multidisciplinary diagnosis of IPF enrolled
into the UCSF database over the same time
period were used for survival comparisons.
Internal whole-genome sequencing datasets
from patients with asthma and age-related
macular degeneration were used for
comparison to the discovery cohort, and
the Exome Aggregation Consortium
(v0.3.1) dataset (ExAC) was used for
comparison to the replication cohort. See
online supplement for additional details,
including clinical, radiographic, and
histopathologic data collection.

DNA Analysis

Whole-genome sequencing (30X coverage)
and whole-exome sequencing (50X
coverage) were performed on DNA isolated
from peripheral blood samples in the
discovery and replication cohorts,
respectively. Variant discovery was
performed following the Genome Analysis
Toolkit best practices (15-18). See
supplemental methods in the online
supplement for more detailed sequencing
and variant discovery methods. Qualifying
variants in six telomere-related genes
(TERT, TERC, DKCI, RTELI, PARN, and
TINE2) were defined as 1) rare (minor allele
frequency [MAF] less than 0.005 in ExXAC
and the Exome Sequencing Project), and 2)
protein altering (loss-of-function variants
or missense variants predicted to be at least
“possibly damaging” by Polyphen-2 [19,
20] or “damaging” by Sorting Intolerant
from Tolerant [SIFT]; 21-25]). Combined
Annotation Dependent Depletion (CADD)
version 1.5 scores were calculated for each
qualifying variant but were not used as
selection criteria for qualifying variants
(26). PBL telomere length was measured
using quantitative PCR in triplicate as
previously described (27). The intra-assay
intraclass correlation coefficient for
triplicate measurements was 0.901.

11585



Statistical Analysis

For all analyses, a simple burden test

was applied in which patients were coded as
possessing or not possessing (a binary
predictor variable) at least one

qualifying telomere-related gene variant
(no patients had more than one

qualifying variant). Variant burden (per
individual) in cases was compared with
control subjects using the odds ratio (OR)
and Fisher exact test (see additional
methodologic details in the online
supplement). Principal component analysis
was performed in Plink version 1.9 (see
Figures E3-E6 in the online supplement).
The association of variant status with
clinical, radiographic, and histopathologic
features was evaluated using the ¢ test or
Wilcoxon rank sum test, where appropriate,
for continuous features, and the Fisher
exact test for categorical features.
Difference in telomere length by variant
status was evaluated using a linear
regression model adjusted for age and the
first two principal components. Transplant-
free survival (the primary outcome) was

Table 1. Baseline Characteristics

defined as time from initial diagnosis to
either death or lung transplantation,

with right-censoring at the date of last
vital status/transplant status verification.
Transplant-free survival was compared by
variant status using Kaplan-Meier plots
and the log-rank test. Three Cox
proportional hazards models were
constructed, including 1) an unadjusted
model including only variant status; 2)
an adjusted model including the key
confounders of age, sex, and first two
principal components; and 3) a model
additionally adjusted for baseline FVC %
predicted. All analyses were performed
in the whole cohort and then restricted
to the European subgroup (as defined

by principal component analysis).
Pooled analyses were then performed
combining all patients from both cohorts
to evaluate transplant-free survival
stratified by MUC5B (mucin 5B gene)
genotype, variant status, and PBL telomere
length. In these analyses, short PBL
telomere length was defined as the lowest
quartile of telomere length. Pooled

survival analyses were adjusted for age,
sex, FVC % predicted, and self-reported
race/ethnicity (non-Hispanic white vs.
other).

Results

Cohort Comparisons and Qualifying
Telomere-related Variants

A total of 144 and 209 patients were
included in the discovery and replication
cohorts, respectively (Table 1). The
prevalence of a qualifying telomere-related
variant was 16 of 144 (11.1%; 95%
confidence interval [CI], 6.5-17.4) in the
discovery cohort and 17 of 209 (8.1%; 95%
CI, 4.8-12.7) in the replication cohort
(P=0.345). In patients without a family
history of ILD (i.e., sporadic CHP), the
prevalence was 11 of 132 (8.3%; 95% ClI,
4.2-14.4) and 15 of 195 (7.7%; 95% CI,
4.4-12.4), respectively. The burden of
qualifying variants was significantly
increased in the discovery (OR, 4.49;
P=0.0017) and replication cohorts (OR,

Characteristic

N
Enroliment date range
Age, mean (SD), yr
Sex, M, n (%)
Self-reported race/ethnicity, n
African American
Asian
European
Hispanic
Other or unknown
Family history, n (%)
Ever-smoker, n (%)
Exposure type, n (%)
Avian
Mold
Other
Unknown
FVC % predicted, mean (SD)
DLco % predicted, mean (SD)
UIP pattern, n/total (%)
Definite
Possible
Inconsistent
CT fibrosis, n/total (%)
Surgical lung biopsy, n (%)
MUCS5B genotype, n (%)
G/G

(%)

G/T
/T
Telomere length, median (IQR), bp

Discovery Cohort

144
Sept. 10, 2003, to Feb. 18, 2016
63.5 (11.2)
59 (41.0)

—_
)
CINECENN

arOO WNWW2LhW

I N NG N

A O
NNN DO N=
N o

PR

5/134 (3.
12/134 (9.
117/134 (87.
110/1 34 (82.
1 (63.

w

6, 075

Replication Cohort

209
Oct. 28, 2001, to Dec. 14, 2017
65.2 (10.3)
91 (43.5)
10 (4.8)
4(1.9)
169 (80.9)
18 (8.6)
8 (3.8)
14 (6.7)
109 (52.2)
88 (42.1)
45 (21.5)
9 (4.3)
67 (32.1)
65.5 (18.2)
59.0 (21.2)
13/204 (6.4)
16/204 (7.9)
173/204 (85.6)
172/202 (85.1)
16 (55.5)
114 (54.8)
86 (41.3)
8 (3.8)
6,060 (5,627-6,369)

Definition of abbreviations: CT =computed tomography of the chest; IQR=

pneumonia.
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interquartile range; MUC5B =mucin 5B gene; UIP =usual interstitial
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Figure 1. Kaplan-Meier plots of transplant-free survival by telomere-related gene variant status in patients with chronic hypersensitivity pneumonitis,
including all patients in the (A) discovery and (B) replication cohorts, and within the genetically defined subgroup of European patients in the (C) discovery

and (D) replication cohorts.

4.46; P=1.94 X 10~ ®) compared with
control subjects (Tables E1-E3). This
association was primarily driven by

the increased frequency of qualifying
variants in TERT and RTELI in both
cohorts. TERT and RTELI variants

were most common among qualifying
variants, followed by PARN variants
(Table 2; see also Tables E4 and E5). PBL
telomere length was significantly shorter
in those with a variant than those without
a variant in both cohorts after adjustment
for age and the first two principal
components: difference in bp, —561 (95%
CIL, —933 to —190; P=0.003) in the
discovery cohort and —612 (95% CI, —870
to —354; P=5.30 X 10~ °) in the replication
cohort.
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Association of Variant Status with
Clinical, Radiographic, and

Pathologic Features

There were no statistically significant
differences by variant status, in either
cohort, in several baseline clinical features,
including age at diagnosis, sex, self-reported
race/ethnicity, smoking history, whether an
exposure was identified, exposure type, or
MUCS5B genotype (Table E6). In the
discovery cohort, patients with a variant
were significantly more likely to have a
family history of ILD than patients without
a variant (31.2% vs. 5.5%, respectively;
P=0.004). In the replication cohort,
patients with a variant had a nonsignificant
trend toward lower mean baseline FVC %
predicted (66.2 vs. 57.5; P=0.057) and

DLco % predicted (59.8 vs. 49.7; P=0.077)
than patients without a variant.

Variant status was not associated with any
of the measured baseline computed
tomography morphologic features in
either cohort, including 2011 American
Thoracic Society/European Respiratory
Society UIP pattern classification (28),
extent of fibrosis, honeycombing,

traction bronchiectasis, craniocaudal or
axial distribution, ground-glass opacities,
or mosaic perfusion/air trapping (Table
E7). The subgroup of patients drawn
from UCSF who had prospectively scored
surgical lung histopathology included 75
from the discovery cohort and 35 from
the replication cohort (total n=110; 12
variant-positive and 98 variant-negative).
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Table 3. Association of Telomere-related Gene Variant Status with Transplant-Free Survival in Patients with Chronic

Hypersensitivity Pneumonitis

Discovery Replication

Model/Variables N HR LCL UCL P Value N HR LCL UCL P Value
All patients 144 209

Unadjusted: telomere variant 3.38 1.76 6.49 0.0002 2.93 1.36 6.30 0.006

Adjusted, model 1*: telomere variant 3.73 1.92 7.28 0.0001 2.72 1.26 5.88 0.011

Adjusted, model 2T telomere variant 3.28 1.66 6.46 0.001 2.10 0.97 4.58 0.061
European 105 159

Unadjusted: telomere variant 4.26 2.01 9.01 0.0002 2.92 1.21 7.03 0.017

Adjusted, model 1*: telomere variant 417 1.94 8.98 0.0003 2.74 1.12 6.72 0.028

Adijusted, model 27: telomere variant 3.06 1.39 0.74 0.006 2.08 0.83 5.22 0.117

Definition of abbreviations: HR = hazard ratio; LCL =lower 95% confidence limit; UCL = upper 95% confidence limit.

*Model 1 adjusted for age, sex, and first two principal components.
"Model 2 adjusted for age, sex, FVC % predicted, and first two principal components.

In this subset, there was a statistically
significant association of variant status
with increased profusion of fibroblast
foci, adjusting for age and ancestry
(P=0.004). This analysis was
exploratory and not corrected for
multiple comparisons. There were no
significant associations with other
histopathologic features typical of UIP
(microscopic honeycombing,
heterogeneous distribution, and
subpleural fibrosis) or HP
(bronchiolocentric fibrosis, interstitial
granulomas or giant cells, or lymphocytic
inflammation; Table ES8).

Association of Variant Status with
Transplant-Free Survival

The median follow-up time was 3.3

years (interquartile range, 2.0-6.0 yr)

and 1.6 years (interquartile range,

1.0-3.2 yr) in the discovery and
replication cohorts, respectively. In the
discovery cohort, 45 of 144 (31%)

patients died and 11 of 144 (7.6%)
underwent lung transplantation, for a
total of 56 events occurring in 38.6% of the
cohort. In the replication cohort, 46 of
209 (22%) patients died and 8 of 209 (3.8%)
underwent lung transplantation, for a
total of 54 events occurring in 25.8% of
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Figure 2. Kaplan-Meier plot of transplant-free survival in the pooled cohort of patients with chronic
hypersensitivity pneumonitis categorized by peripheral blood leukocyte telomere length (TL) and

telomere-related gene variant status.

Ley, Torgerson, Oldham, et al.: Telomere Variants in Hypersensitivity Pneumonitis

the cohort. Median transplant-free
survival for those with versus without a
variant was 1.8 years (95% CI, 1.44-3.42)
versus 10.7 (95% CI, 7.7 to infinity) in the
discovery cohort (log-rank P=0.0001)
and 4.5 years (95% CI, 0.7 to infinity)
versus 7.4 (95% CI, 5.9 to infinity) in
the replication cohort (log-rank
P=0.004) (Figures 1A and 1B). After
adjusting for age, sex, and the first two
principal components, there was a
significantly increased risk of death or
lung transplantation for patients with a
variant versus without a variant in the
discovery (hazard ratio [HR], 3.73;

95% CI, 1.92-7.28; P=0.0001) and
replication cohorts (HR, 2.72; 95% CI,
1.26-5.88; P=0.011) (Table 3). This
effect was slightly attenuated in the
replication cohort, but not the discovery
cohort, after additional adjustment for
baseline FVC % predicted. The

observed effects were similar in the
analysis restricted to the European
subgroup (Table 3 and Figures 1C and
1D). There was no evidence for a cohort
difference in the effect of variant status on
transplant-free survival (P value for
interaction = 0.57).

In the pooled cohort, transplant-
free survival was similarly reduced for
patients with any evidence of telomere
dysfunction (short PBL telomeres
and/or telomere-related gene variant)
compared with those with longer PBL
telomeres and no variant (Figure 2 and
Table 4). Patients were then categorized
by presence or absence of telomere
dysfunction (defined as short PBL
telomeres and/or a telomere-related gene
variant) and MUC5B minor allele status.
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Table 4. Transplant-Free Survival in the Pooled Cohort of Patients with Chronic
Hypersensitivity Pneumonitis Categorized by Peripheral Blood Leukocyte Telomere
Length and Telomere-related Gene Variant Status

Variable* HR
Normal TL/no variant Ref
Short TL/no variant 2.37
Normal TL/variant 2.56
Short TL/variant 3.94

95% CI P Value n (%)
Ref Ref 234 (71.1)
1.44-3.90 0.0007 62 (18.8)
1.15-5.68 0.021 12 (3.6)
2.08-7.48 0.00003 21 (7.3)

Definition of abbreviations: Cl=confidence interval; HR = hazard ratio; Ref =reference; TL =telomere

length.

*Adjusted for age, sex, FVC % predicted, and self-reported race/ethnicity (non-Hispanic white vs.
other). Normal TL indicates upper three quartiles of peripheral blood leukocyte TL for the cohort; short
TL indicates lowest quartile of peripheral blood leukocyte TL for the cohort; no variant indicates
absence of a qualifying telomere-related gene variant; and variant indicates presence of a qualifying
telomere-related gene variant. Comparison of “normal TL/variant” group to “short TL/no variant
group,” P=0.86; “short TL/variant” to “short TL/no variant group,” P=0.15; and “short TL/variant” to

“normal TL/variant group,” P=0.36.

Compared with patients who were MUC5B
homozygous wild type and had no evidence

of telomere dysfunction, patients with at
least one MUC5B minor allele but no
evidence of telomere dysfunction had
intermediate transplant-free survival (HR,
1.59; 95% CI, 0.91-2.77; P=0.103), and
patients with telomere dysfunction
(regardless of MUC5B genotype) had the
worst transplant-free survival (HRs,
3.38-3.52; both P < 0.0001), which was
overall similar to the average patient with
IPF (Figure 3 and Table 5).
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Discussion

This study demonstrates for the first time
that a subset of patients diagnosed with CHP
harbors rare protein-altering variants in
telomere-related genes at an increased
frequency compared with control
populations and that these variants are
associated with shorter peripheral blood
telomere length and significantly reduced
transplant-free survival. These findings were
reproduced independently in two cohorts of
patients drawn from three expert ILD

HP subgroups, log rank p=8.9x10/-8

HP: MUC5B-/TLD+
HP: MUC5B-/TLD-

6 8 10
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Figure 3. Kaplan-Meier plot of transplant-free survival in the pooled cohort of patients with chronic
hypersensitivity pneumonitis (HP) categorized by MUC5B (mucin 5B gene) minor allele status and
telomere dysfunction (TLD). IPF =idiopathic pulmonary fibrosis.
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centers using two different sequencing
methods. They provide further evidence for
the role of telomere dysfunction in the
pathogenesis and prognosis of CHP.

Although criteria for qualifying
variants have varied among studies, the
prevalence of otherwise rare protein-altering
telomere-related gene variants found in this
study of CHP (8.1-11.1%) is remarkably
similar to that identified in previous studies
of sporadic IPF (9.0-11.3%) (29, 30) and
rheumatoid arthritis—associated ILD
(RA-ILD) (9.9%) (31). To compare more
directly, we determined the frequency of
qualifying variants in TERT, RTELI, and
PARN (the genes common across all three
prior studies) in our study among non-
Hispanic white patients that would have
also met the inclusion criteria for these
prior studies (Table E10). Petrovski and
colleagues applied the strictest variant
criteria in terms of MAF and predicted
effects on protein function in patients with
sporadic IPF. Variant frequency in our CHP
cases (3.3-3.6%) is intermediate between
that found in IPF (9.9%) and control
subjects (0.26%) in the Petrovski and
colleagues study (29). Juge and colleagues
applied less strict criteria in terms of MAF
but similar criteria for predicted effects on
protein function, compared with our study,
in patients with RA-ILD (31). The frequency
of variants in our CHP cases that would
have met these criteria was again
intermediate (7.7-8.3%) between RA-ILD
(12.3%) and control subjects (3.8%) in the
Juge and colleagues study (31). Finally, the
Dressen and colleagues study applied less
strict criteria for MAF and predicted protein
effects, compared with our study, to whole-
genome sequence datasets of patients with
IPF included in clinical trials and internal
control subjects and found a qualifying
variant frequency (8.5%) that is similarly
increased in our CHP cases (8.3-9.9%)
compared with their control subjects (2.9%)
(30). Similar to these prior studies, we found
that rare, protein-altering variants in
telomere-related genes are increased in both
CHP cohorts compared with available
control datasets.

We selected, a priori, criteria for
qualifying variants that were less strict than
those applied in the Petrovski and
colleagues study (29) on the basis of the
hypothesis that “more common” and “less
deleterious” variants that may have lower
penetrance for causing disease responsible
for idiopathic and familial cases would
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Table 5. Transplant-Free Survival in the Pooled Cohort of Patients with Chronic
Hypersensitivity Pneumonitis Categorized by MUC5B Minor Allele Status and Telomere

Dysfunction

Variable* HR 95% CI P Value n (%)
MUC5B—/TLD— Ref Ref Ref 129 (40.2)
MUC5B+/TLD— 1.59 0.91-2.77 0.103 97 (30.2)
MUC5B—/TLD+ 3.38 1.87-6.08 0.00005 53 (16.5)
MUC5B+/TLD+ 3.52 1.87-6.62 0.00009 42 (13.1)

Definition of abbreviations: Cl=confidence interval; HR = hazard ratio; MUC5B = mucin 5B gene;

Ref=reference; TLD =telomere dysfunction.

*Adjusted for age, sex, FVC % predicted, and self-reported race/ethnicity (non-Hispanic white vs.
other). MUC5B— =homozygous wild-type (GG) for MUCSB rs35705950 SNP; MUC5B+ = at least
one copy of the minor allele (GT or TT) for MUC5B rs35705950 SNP; TLD— = normal telomere length
and absence of a qualifying telomere-related gene variant; TLD+ = short telomere length and/or
presence of a qualifying telomere-related gene variant; comparison of MUC5B—/TLD+ to
MUC5B+/TLD—, P=0.006; MUC5B+/TLD+ to MUC5B+/TLD—, P=0.0075; and MUC5B+/TLD+

to MUC5B—/TLD+, P=0.89.

impact survival through disease
modification in the context of established
hypersensitivity pneumonitis. The reduced
transplant-free survival observed in patients
with CHP harboring rare telomere-related
gene variants in our study is consistent with
the poor prognosis previously observed in
patients with familial pulmonary fibrosis
with rare telomere variants, regardless of
clinical diagnosis (13). In the context of
these prior studies, our findings contribute
to the mounting evidence that telomere
dysfunction contributes to the pathogenesis
and poor prognosis of multiple clinical
subtypes of fibrotic interstitial lung disease.

This genetic association study did not
explore the biochemical impact of the
identified variants. However, 26 of 29
identified variants had a CADD score of 10
or greater, and 20 of 29 had a score of 20 or
greater, indicating they are predicted to be in
the 10% and 1%, respectively, most
deleterious substitutions possible in the
human genome. Furthermore, PBL telomere
length was significantly shorter in
individuals with a variant than those
without a variant in both cohorts, suggesting
that the variants influence telomere length.
Many of the same variants identified in this
study or variants resulting in amino acid
changes at the same position (e.g., TERT
R951W [32], H412Y [33], A716T [34], and
H592N [35]; RTELI R957Q [36]; and
DKCI S280R [37]) have been reported in
patients with diseases recognized to be
caused by telomere dysfunction (see also
Table E5). In addition, many of the
identified RTELI variants are in key regions
of the gene (38). The identified TERC

variant occurs in the 5" end of the
pseudoknot/template domain of its
secondary structure near where three SNPs
and a small deletion have been previously
associated with short telomere syndromes
(6, 34, 39-43). Interestingly, the identified
DKCI variant, a gene associated with X-
linked dyskeratosis congenita and adult-
onset pulmonary fibrosis, was found in a
female patient without a family history.
However, the identified variant is known to
cause X-linked dyskeratosis congenita, and
heterozygous female carriers in DKCI
families have been reported to develop
mucocutaneous manifestations typical of
short telomere syndromes and early-onset
emphysema (8). To our knowledge, this
would be the first reported case of a female
heterozygous for a pathogenic DKCI
variant without a family history to develop
a fibrotic ILD, although this finding does
not definitively prove causation. Why the
dominant organ affected by the telomere
dysfunction varies between patients, or is
not found in others carrying the variant,
requires further investigation (34).
Interestingly, short peripheral blood
telomere length and rare telomere-related
gene variants did not demonstrate complete
overlap among patients with CHP, and yet
both measures of telomere dysfunction
appear to be prognostic. This suggests that
identification of patients with clinically
relevant telomere dysfunction and poor
prognosis may require both measurement of
peripheral blood telomere length and
genetic analysis for rare protein-altering
telomere-related gene variants. Future
prospective studies are needed to evaluate
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the ability of clinical-grade telomere length
measurement and telomere gene sequencing
to stratify patients with CHP into prognostic
subgroups. Importantly, it does not appear
that any individual clinical or radiographic
information will reliably predict which
individuals with CHP harbor telomere
variants. In addition to predicting prognosis,
it will be important to determine whether
the presence of short telomeres and/or
telomere-related gene variants also predict
differential response to or harm from the
two major classes of medications currently
available for treatment of fibrotic ILDs
(immune-suppressing medications and IPF
medications). If so, genetic classification
could inform personalized treatment
strategies for patients with CHP, and similar
studies should be conducted across all
fibrotic ILDs.

We hypothesize that two conceptual
etiologic models could explain our findings.
In one model, telomere-related gene
variants act as genetic modifiers of
established hypersensitivity pneumonitis. In
this scenario, disease begins with exposure
and abnormal immune response to antigens
that cause HP. Persistent inflammation
and injury to the alveolar-bronchiolar
epithelium in the context of dysfunctional
maintenance of telomeres then results in
critical telomere shortening and senescence
of alveolar-bronchiolar epithelial cells
leading to progressive fibrosis and lung
remodeling. In model two, telomere-related
gene variants are the primary cause of
disease, resulting in disease that is
pathobiologically similar to IPF. In this
scenario, additional genetic factors, the
cellular subtype preferentially affected by
telomere shortening, comorbid diseases,
and/or environmental exposures may
influence formation of morphologic
features that are atypical of IPF and similar
to that of the classification used to define
CHP, which are difficult to distinguish
from one another on the basis of the
current clinical diagnostic framework.
Potential cofactors in this scenario could
include other genetic risk factors, smoking,
air pollution, gastroesophageal reflux
disease, or chitin inhalation (44-46). In
either scenario, telomere dysfunction is the
central driver of disease progression. Larger
case—control studies that include detailed
exposure evaluation will be needed to
determine the relative contribution of
telomere-related gene variations and their
interaction with other genetic variants and
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environmental exposures in the
pathogenesis of CHP.

There are several strengths of this
study. First, the inclusion of patients from
expert ILD centers increases confidence in
the CHP diagnosis and allowed for detailed
clinical-radiographic-pathologic description
of the cohorts. These cohorts included
patients with sporadic CHP and are distinct
from prior reports of CHP occurring in
patients with familial pulmonary fibrosis
(13). Second, all analyses were first
conducted in a discovery cohort, followed
by reproduction of findings in an
independent replication cohort that
included patients from separate ILD centers
and that used different sequencing
methods. The findings were also consistent
when adjusting or restricting for ancestry in
statistical models. Third, criteria for rare
protein-altering telomere-related gene
variants were established a priori, and
sequences from both cohorts were
processed using an identical bioinformatics
pipeline.

This study has limitations that
should be noted. Control subjects for the
case-control analyses were not
sequenced in randomized fashion along
with cases (for the discovery cohort) or
were drawn from a public database (for
the replication cohort), and therefore
results of these analyses should be
considered preliminary. This was an
epidemiologic association study and
does not prove biologic causality of the
identified telomere gene variants.
However, the consistent association of
identified telomere variants in both

cohorts with telomere length and
transplant-free survival strongly supports
the biologic relevance of the majority of
identified variants. The effect of telomere
variants on transplant-free survival was
slightly attenuated (but not significantly
different) in the replication cohort,
compared with the discovery cohort, which
may be at least partially explained by the
shorter follow-up time in the replication
cohort. Also, the effect of telomere variants
on transplant-free survival was attenuated
(but not substantially different) in the
replication cohort, but not the discovery
cohort, after adjustment for baseline FVC
percent predicted. However, this is to be
expected, because disease severity, as
reflected by lung function parameters, is
likely a mediator in the causal pathway
between a genetic variant and death. The
minor differences in prevalence and
outcome associations between the discovery
and replication cohorts could also be partly
due to differences in sequencing methods,
which could result in differences in
coverage of the candidate telomere genes.
In any case, these differences were not
statistically significant. There is well-
recognized lack of agreement on CHP
diagnosis among expert ILD centers,

likely due to the absence of accepted
international CHP diagnostic criteria (47).
This could result in the misclassification of
some IPF cases as CHP, resulting in biased
prevalence and transplant-free survival
estimates. However, given the similarity of
telomere variant prevalence in this study
compared with studies of IPF, the
misclassification rate would have to be

nearly 100% to explain our findings,
which we believe is unlikely, considering
that the large majority of patients did not
meet radiographic or pathologic criteria for
IPF. Because nearly all patients were treated
with immune-suppressing medications, we
were unable to evaluate the possibility of
effect modification on the survival effect by
treatment with immune suppression.
Future prospective studies should evaluate
for differential outcomes and adverse
events of immune suppression in patients
with CHP by telomere length and/or
telomere variant status. Finally, telomere
length was measured using quantitative
PCR, which some researchers find to
provide variable measures (48). In our
experience however, the method provides
reproducible measures when carefully
applied (49). Furthermore, poor test
characteristics would only increase the
probability of not finding the associations
reported herein.

In conclusion, a substantial subset of
patients diagnosed with CHP harbors rare
variants in telomere-related genes, even
among nonfamilial (i.e., sporadic) cases.
These variants appear to be biologically and
clinically relevant, given their associations
with shorter PBL telomere length and
reduced transplant-free survival.
Prospective studies are needed in CHP, and
across fibrotic ILD subtypes, to determine
the contribution of telomere gene variation
to disease risk, progression, and response to
treatments.

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