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Interstitial lung disease (ILD) comprises a heterogeneous group of diffuse parenchymal 
lung processes with overlapping clinical, radiographic, and histopathologic features. 
Among the most common and deadly ILDs are idiopathic pulmonary fibrosis (IPF) and 
chronic hypersensitivity pneumonitis (CHP). As the name implies, the cause of IPF 
remains elusive, but a variety of genetic and infectious risk factors have been identified. 
CHP results from chronic inhalation of an organic antigen, usually of avian or mold 
origin, and may occur in patients with a genetic predisposition. While IPF is treated 
with anti-fibrotic compounds, CHP is generally treated by suppression of the immune 
system and elimination of the causative antigen. Despite advances in our understand-
ing of IPF and CHP, there exists substantial variability in the diagnosis and treatment 
of these disease processes. Furthermore, IPF and CHP natural history and treatment 
response remain far from uniform, leaving it unclear which patients derive the most ben-
efit from disease-specific therapy. While clinical prediction models have improved our 
understanding of outcome risk in patients with various forms of ILD, recent advances 
in genomic technology provides a valuable opportunity to begin understanding the 
basis for outcome variability. Such advances will ultimately allow for the incorporation 
of genomic markers into risk stratification and clinical decision-making. In this piece, we 
highlight recent advances in our understanding of the genomic factors that influence 
susceptibility and outcome risk among patients with IPF and CHP. Genomic modalities 
used to identify these genomic markers include genome-wide association studies, 
analyses of gene expression, drug–gene interaction testing, telomere length determi-
nation, telomerase mutation analysis, and studies of the lung microbiome. We then 
identify gaps in knowledge that should be addressed to help facilitate the incorporation 
of these genomic technologies into ILD clinical practice.

Keywords: idiopathic pulmonary fibrosis, hypersensitivity pneumonitis, interstitial lung disease, idiopathic 
interstitial pneumonia, genomics

iNTRODUCTiON

The interstitial lung diseases (ILDs) are comprised of a heterogeneous group of diffuse parenchymal 
lung processes with overlapping clinical, radiographic, and histopathologic features (1). Among the 
most common ILDs are idiopathic pulmonary fibrosis (IPF) and chronic hypersensitivity pneumo-
nitis (CHP). IPF is progressive fibrosing interstitial pneumonia of unclear etiology with recently 
identified genetic and microbial risk factors (2–7). CHP results from an inappropriate immunologic 
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response to chronic inhalation of organic antigen, usually of  
avian or mold origin, and results in pulmonary fibrosis after 
prolonged exposure (8). Like IPF, one’s genetic makeup likely 
influences CHP susceptibility (9–11).

Idiopathic pulmonary fibrosis is now treated with compounds 
targeting fibrotic mediators after phase III clinical trials demon-
strated efficacy in slowing pulmonary function decline (12–14). 
Prospective treatment data for CHP is lacking, but management 
is generally geared toward attempted removal of the causative 
antigen, along with variable suppression of the immune system, 
as this has been associated with stability in pulmonary function  
(15, 16). While these disease-specific treatment approaches 
appear to favorably impact disease course, there remains substan-
tial variability in outcomes within IPF and CHP. Recent advances 
in genomic technologies have provided a valuable opportunity to 
begin understanding the basis for this outcome variability.

In this review, we highlight recently identified genomic factors 
influencing susceptibility and outcomes of patients with IPF and 
CHP. These include single-nucleotide polymorphisms (SNPs) 
identified by targeted sequencing and genome-wide association 
studies (GWAS), gene expression profiling, telomere length 
testing, and lung microbiome bacterial DNA profiling. We then 
identify gaps in knowledge that should be addressed to help 
facilitate the incorporation of these genomic technologies into 
ILD clinical practice.

Gene Polymorphisms
Three GWAS have been performed in patients with IPF to date, 
which identified SNPs within a number of loci to be associated 
with IPF susceptibility (2, 3, 6). Among the variants identified by 
this approach were several on the short arm of chromosome 11, 
including a SNP in the promoter of MUC5B (rs35705950) and 
an intronic SNP near TOLLIP (rs5743890). MUC5B encodes one 
of several mucin-producing genes, which facilitate airway clear-
ance and function to maintain immune homeostasis (5, 17, 18). 
TOLLIP encodes toll-interacting protein, which inhibits toll-like 
receptor signaling and acts as a critical mediator of airway host 
defense (17, 19–22). The MUC5B promoter SNP increases the 
risk of developing IPF by roughly threefold, while the intronic 
TOLLIP SNP reduces the risk by about 70%. The MUC5B pro-
moter polymorphism has also been shown to increase the risk 
of developing interstitial lung abnormalities (ILA) among the 
general population (23). While the proportion of patients with an 
ILA that ultimately develop IPF remains unknown, this variant 
does appear to increase risk of progressive disease (24).

Besides influencing IPF susceptibility, SNPs within MUC5B 
and TOLLIP may also have prognostic significance. While 
increasing IPF susceptibility risk, the MUC5B promoter SNP is 
paradoxically associated with a twofold decrease in mortality 
risk (25). A similar finding is observed with the intronic TOLLIP 
SNP, which is associated with a 65% increase in mortality risk, 
despite reducing the risk of developing IPF (6). A recent phar-
macogenetic investigation sought to determine whether relevant 
variants in TOLLIP and MUC5B may influence IPF treatment 
response. Using paired clinical and genotype data from patients 
enrolled in the previously completed effectiveness of Prednisone, 
Azathioprine, and N-Acetylcysteine in Patients with Idiopathic 

Pulmonary Fibrosis (PANTHER) trial (26, 27), investigators 
showed that an exonic SNP within TOLLIP (rs3750920) was 
associated with a favorable responsive to N-acetylcysteine (NAC) 
(28). Compared to placebo, those with the TT genotype at this 
SNP treated with NAC had a significantly reduced composite 
endpoint risk, including death, hospitalization, and forced vital 
capacity decline (Figure 1). Those with the CC genotype treated 
with NAC had a trend toward harm when compared to placebo 
and outcomes were similar in those with the CT genotype. 
Approximately 25% of patients with IPF carry both copies of this 
polymorphism, suggesting that NAC may benefit a large minority 
of IPF patients if these findings are replicated in a prospective 
clinical trial.

No GWAS have been performed in patients with CHP to date, 
but studies employing targeted genotyping have identified gene 
variants linked to disease susceptibility and outcomes. Camarena 
and colleagues conducted targeted genotyping of SNPs within the 
major histocompatibility complex (MHC) II region and found 
that SNPs within HLA-DRB1 were disproportionately present 
in patients with avian antigen-associated CHP compared to 
control subjects (11). Subsequent studies by this group implicated 
polymorphisms in transporter-associated antigen processing 
genes and tumor necrosis factor as potential risk factors for 
CHP susceptibility (29). Ley and colleagues recently showed the 
MUC5B promoter polymorphism linked to IPF susceptibility to 
be present in a significantly higher proportion of patients with 
CHP compared to healthy controls (30). However, as opposed to 
patients with IPF, the MUC5B promoter SNP was associated with 
increased mortality risk in those with CHP, though the strength 
of this association varied across cohorts. These investigators also 
assessed the intronic TOLLIP SNP previously linked to IPF, but 
found no association with either susceptibility or survival in 
those with CHP.

Gene expression
While GWAS have identified gene polymorphisms that may 
influence IPF susceptibility, transcriptomic analyses of RNA 
isolated from lung tissue and peripheral blood have shed impor-
tant light on gene expression pathways involved in IPF and CHP 
pathogenesis and outcomes. Selman and colleagues conducted a 
microarray analysis of RNA obtained from lung tissue in patients 
with IPF and CHP to determine whether gene expression profiles 
could differentiate these disease processes. These investigators 
showed that while patients with IPF had upregulation of genes 
involved in tissue remodeling, apoptosis and fibroblast signal-
ing, those with CHP displayed upregulation of genes critical 
to immunologic function, including those T cell signaling and 
others related to MHC function (9).

Subsequent transcriptomic investigations using lung and 
peripheral blood specimens from patients with IPF supported 
the role of genes involved in alveolar epithelial injury and 
remodeling in IPF pathogenesis (31, 32). Yang and colleagues 
showed that alpha defensin signaling in the peripheral blood 
may play a role in disease progression, as differential expression 
of this and other associated pathways characterized disease 
severity in these patients (32). Selman and colleagues showed 
that compared to IPF patients with relatively stable disease, lung 
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FiGURe 1 | Composite endpoint-free survival between N-acetylcysteine (NAC) and placebo groups after stratification by rs3750920 (TOLLIP) genotype. In those 
with a CC genotype (A), NAC therapy is associated with worse survival than placebo [Plogrank = 0.01; hazard ratio (HR), 3.23; 95% confidence interval (CI), 
0.79–13.16; P = 0.10]. In those with a CT genotype (B), survival is similar between groups (Plogrank = 0.82; HR 0.76; 95% CI 0.27–2.19; P = 0.62). In those with a TT 
genotype (C), NAC therapy is associated with improved survival compared with placebo (Plogrank = 0.06; HR 0.14; 95% CI 0.02–0.83; P = 0.03). Multivariable Cox 
regression models adjusted for age, sex, forced vital capacity (percentage predicted), and diffusion capacity of the lung for carbon monoxide (percentage predicted) 
at time of study enrollment. Reprinted from Ref. (28) with permission of the American Thoracic Society. Copyright © 2016 American Thoracic Society.
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tissue of patients with accelerated disease progression displayed 
an overexpression of genes involved in oxidative stress and 
fibroblast proliferation (31). These data suggest that unique 
molecular phenotypes exist that may help better predict disease 
trajectory.

In addition to differentiating IPF from other forms of ILD, 
investigators have utilized transcriptomic analysis to develop a 
peripheral blood-based genomic prediction tool to predict IPF 
survival. Using a two-stage, multi-center derivation and valida-
tion approach, Herazo-Maya and colleagues identified a gene 
signature composed of 52 differentially expressed genes could 
effectively categorize patients with high versus low mortality 
risk over a 4-year follow-up period (33). This gene signature had 
similar test performance characteristics as a validated clinical 
prediction model (34) and significantly improved the clinical 
model when the gene signature was incorporated. These inves-
tigators then validated this 52-gene signature across 6 centers 
in the United States and Europe (Figure  2) and showed that 

initiation of anti-fibrotic therapy was associated with favorable 
modulation of the gene signature (35). Many of the differentially 
expressed genes identified by this approach are critical to immu-
nologic activation, suggesting that dysregulation of the immune 
response may contribute to IPF progression.

Telomere Length
Studying large families with multiple affected members led to the 
discovery of multiple genes associated with monogenetic forms 
of familial pulmonary fibrosis (FPF) and improved our under-
standing of the genetic underpinnings of ILD. To date, there have 
been seven telomere-related genes that have been implicated in 
adult-onset FPF (TERT, TERC, RTEL1, PARN, NAF1, TINF2, 
DKC1) (36–43). Pathogenic variants in telomere-related genes 
are associated with extremely short age-adjusted telomere length 
that predispose to multisystem organ dysfunction, including 
pulmonary fibrosis, liver dysfunction, and bone marrow failure 
(44, 45).
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FiGURe 2 | 52-gene risk profiles and outcomes independent of demographic and clinical variables. (A) Pooled data analysis comparing high-risk profile 
patients with low-risk profile patients from all cohorts. Color scale is shown adjacent to heat maps in log-based two scale. Mortality (B) and transplant-free 
survival (C) differ between high-risk and low-risk patients from all cohorts after adjusting for age, sex, FVC%, and immunosuppressive therapy. AUC of 
time-dependent receiver operating characteristic analysis for mortality (D) and transplant-free survival (e) based on the GAP index alone or the G-GAP index 
in all patients. Abbreviations: BWH–HMS, Brigham and Women’s Hospital–Harvard Medical School; FVC, forced vital capacity; AUC, area under the curve; 
GAP, Gender, Age, and Physiology; G-GAP, GAP and genomic; HR, hazard ratio. Reprinted from Ref. (35) with permission from Elsevier. Copyright © 2017 
Elsevier.
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FiGURe 3 | Telomere length is associated with prognosis in idiopathic pulmonary fibrosis (IPF), chronic hypersensitivity pneumonitis (CHP), and telomere-related 
familial pulmonary fibrosis (FPF). Telomere lengths for healthy controls follow a normal distribution (dashed line). Mean telomere length for CHP, IPF, and telomere-
related FPF cohorts are shorter than healthy controls (49, 50). Overall prognosis and mean telomere length follow similar pattern across diagnoses 
(CHP > IPF > telomere-related FPF); and shorter individual telomere length is associated with worse prognosis in patients with IPF and CHP (49, 30). The presence 
of a rare variant in the telomere-related genes (TERT, TERC, PARN, or RTEL1) is associated with extremely short telomere length and poor prognosis (37, 48).
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Telomeres, or the ends of chromosomes, solve the end 
replication problem and prevent the activation of DNA dam-
age pathways. Telomere-related pathogenic variants are found 
in ~30% of all FPF kindred (36, 37, 46–48); TERT is the 
most commonly affected gene and accounts for ~20% of FPF  
(36, 38). The inheritance of a telomere-related pathogenic 
variant confers substantial risk for ILD development; however, 
other factors such as age, gender, environmental exposures, and 
telomere length also contribute to the variability in penetrance  
(36, 46–48). Unfortunately, there is poor genotype-ILD pheno-
type correlation in individuals with telomere-related pathogenic 
variants. While IPF is the most common clinical diagnosis 
among these FPF kindred, it accounts for less than half of cases; 
the other portion of FPF includes ILD of both known (CHP and 
connective tissue disease-associated ILD) and unknown causes 
(idiopathic nonspecific interstitial pneumonia and idiopathic 
pleuroparenchymal fibroelastosis) (48). Interestingly, the pres-
ence of a telomere-related rare variant in TERT, TERC, PARN, 
or RTEL1 is associated with rapid disease progression and poor 
survival regardless of the diagnosis (48). This finding implies that 
the presence of a pathogenic variant in a telomere-related gene 
trumps the clinical diagnosis in terms of disease behavior and 
overall prognosis. This also suggests that telomere dysfunction 
not only predisposes to disease development but may also be 
involved in disease progression and fibrosis propagation.

Short age-adjusted telomere lengths are found more com-
monly in ILD patients than rare genetic variants (46) and are 
present across a wide variety of ILDs, including IPF and CHP 
(49, 50). Short telomere length is relatively common in both of 
these diseases, 23–50% of patients with sporadic IPF and 24% of 
CHP patients have age-adjusted telomere length less than 10th 
percentile (46, 51, 30). Similar to telomere-related rare variants, 
the presence of short telomere length is associated with poor 
prognosis in patients with IPF and CHP (Figure 3).

The association between short telomere length and survival 
in IPF has been replicated in multiple independent cohorts  

(49, 52), and recently this association was expanded to patients 
with CHP (30). There is significant overlap between the clinical, 
radiographic, and histopathologic features of IPF and CHP. 
Telomere length may be partly responsible for this overlap since 
short age-adjusted telomere length is associated with radiographic 
and histopathologic “IPF-like features” including honeycombing, 
temporal heterogeneity, and fibroblastic foci in patients with 
well characterized CHP (30). Further studies are needed across 
other subtypes of ILD, such as autoimmune-mediated ILD, to 
determine if short telomere length represents a robust predictor 
of prognosis or disease progression across clinical diagnoses. If 
so, this would argue that molecular classification, specifically 
with telomere length, could improve our ability to predict disease 
course in a wide variety of ILD subtypes.

Lung Microbiome
Genetic susceptibility alone is not enough to develop pulmonary 
fibrosis and an environmental trigger is likely required to initi-
ate the fibrotic cascade. Many environmental factors associated 
with IPF susceptibility have been identified, but historically most 
research of infective agents has focused on the role of viruses in 
the pathogenesis and progression of IPF (53). This was in part 
due to the incorrectly held mantra that the lungs were sterile 
outside of times of clinical infection and also due to the limited 
tools available in our armamentarium; almost 70% of mucosal 
bacteria cannot be cultured (54).

Molecular, culture independent, microbiology has benefited 
from the explosion of sequencing technologies in the past decade, 
which have transformed the microbial ecology landscape. High 
throughput large-scale studies relying on genetic identification 
of the bacterial housekeeping 16S-rRNA gene can now identify 
bacterial species that were previously unable to be cultured. The 
epithelial surfaces of the respiratory tract, previously thought 
to be sterile, have been shown using these culture-independent 
techniques to accommodate dynamic microbial communities 
in health and disease (55). These communities are surprisingly 
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FiGURe 4 | Kaplan–Meier curves for time until death. Subjects with 
idiopathic pulmonary fibrosis (IPF) in the top tertile with the highest bacterial 
load (16S copy number per mL of bronchoalveolar lavage) (depicted by the 
large dashed line) were at increased risk of mortality compared to IPF 
subjects in the tertile with the lowest bacterial burden (depicted by a solid 
line) (hazard ratio 4.59) (95% confidence interval, 1.05–20). Reprinted from 
Ref. (5) with permission of the American Thoracic Society. Copyright © 2016 
American Thoracic Society.
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stable in healthy individuals (55). In disease, this normal har-
mony is disrupted with distinct bacterial communities seen in 
asthma, COPD, bronchiectasis, and cystic fibrosis (55–57). In 
recent years, we have come to understand these communities are 
also altered in pulmonary fibrosis (58, 59).

The first application of a culture-independent molecular 
technique in ILD studied the microbiome in bronchoalveolar 
lavage (BAL) from patients diagnosed with a variety of idiopathic 
interstitial pneumonias using 16S-rRNA gene PCR and degen-
erating gel electrophoresis (60). This was followed by a study 
investigating the upper and lower respiratory tract microbiota 
in a group of patients with ILD compared to healthy controls 
(61). These initial studies demonstrated the presence of bacte-
rial DNA in the lower airways of patients with ILD, but revealed 
no significant differences in the microbiome between these 
patients and healthy controls. The first study to employ these 
techniques to study the microbiome in fibrotic lung disease on a 
large scale was undertaken as part of the Correlating Outcomes 
with biochemical Markers to Estimate Time-progression in IPF 
(COMET) study (4). A subset of individuals enrolled in COMET 
underwent BAL at time of enrollment, which was analyzed for 
association between microbiome indices and disease outcomes. 
Investigators identified an association between disease progres-
sion and the relative abundance of two specific Steptococcus and 
Staphylococcus OTUs. By dichotomizing patients into cohorts 
with high and low numbers of these bacterial OTUs, these authors  
demonstrated clear differences in survival. Despite this obser-
vation, however, few patients had bacterial levels above the 
statistical significance threshold, suggesting they alone did not 
explain disease progression (62). The retrospective nature of this 
investigation, along with lack of control subjects, limited the 
conclusions that could be drawn.

A subsequent prospective study of the lung microbiome 
compared IPF cases to healthy control subjects and controls 
with COPD, allowing for direct compassions between health 
and disease (5). This investigation demonstrated higher numbers 
of Veillonella, Neisseria, Streptococcus, and Haemophilus spp. 
in patients with IPF compared to controls. The most striking 
differences, however, were observed in the bacterial burden, 
which was increased twofold in IPF patients compared to control 
subjects. Within the IPF cohort, bacterial burden correlated with 
disease progression. When stratifying the cohort by this metric, 
the authors demonstrated a clear increase in mortality risk with 
increasing bacterial burden (Figure 4).

These authors also showed few differences in the microbiome 
between IPF subjects with progressive or stable disease, sug-
gesting bacterial load itself might be more important in driving 
disease progression. The authors hypothesized a mechanistic 
link between host and environment and demonstrated an 
association with bacterial burden and the MUC5B promoter 
polymorphism, with individuals carrying the minor allele of this 
SNP having a lower bacterial burden. Driven by these tantaliz-
ing interactions between host and environment, authors of both 
microbiome studies have attempted to advance the studies of the 
lung microbiome from merely descriptive and observational to 
functional (63, 64). Integrating microbial data with peripheral 
blood transcriptome data demonstrates an association between 

the microbiome and upregulation of genes involved in host 
defense and bacterial clearance. Indeed, in subjects in the 
COMET study patients with IPF and a downregulated peripheral 
immune response had higher bacterial loads of Streptococcus and 
Pseudomonas and worse survival.

GAPS iN KNOwLeDGe AND POTeNTiAL 
CLiNiCAL APPLiCATiONS

While some SNPs associated with IPF susceptibility, notably 
those within MUC5B and TOLLIP, influence both susceptibility 
and mortality risk, few others have demonstrated significant 
outcome association (6, 28). Given the substantial heterogeneity 
in IPF natural history (31, 65), it stands to reason that genomic 
factors influencing IPF susceptibility may be independent of 
those influencing IPF survival. The aforementioned GWAS 
were designed to identify SNPs disproportionately present in 
patients with IPF relative to healthy controls. A case-only GWAS 
specifically designed to identify SNPs linked to IPF survival has 
the potential to identify novel genes involved in IPF progression 
and may improve upon current outcome prediction models for 
patients with IPF and other forms of fibrotic ILD (34, 66).

The development of a transcriptomic signature to predict 
mortality has greatly improved our understanding of IPF patho-
biology. Now that IPF has two currently approved therapies, it 
will be important to assess the test performance characteristics 
of this signature in those treated with prolonged anti-fibrotic 
therapy and in those without prior exposure to immunosuppres-
sive therapy, as was common practice prior to completion of the 
PANTHER trial (27). In addition, the use of this gene signature 
to predict biologic responsiveness to anti-fibrotic therapy holds 
great promise as the field moves toward an era of personalized 
medicine. While mortality remains the most important endpoint 
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for patients and clinicians alike, the development of additional 
transcriptomic signatures to predict other clinically relevant 
endpoints, such as pulmonary function decline, has the potential 
to guide clinical trial design through enrichment of clinical trial 
cohorts with patients at high risk for meeting the trial primary 
endpoint.

The presence of telomere-related rare variants or short tel-
omere length predispose to rapid disease progression in both IPF 
and CHP, however, there is very little data regarding response 
to specific treatments. The therapeutic strategies for IPF and 
CHP differ substantially. Immune suppression is often employed 
for patients with CHP and progressive disease, while immuno-
suppression is detrimental in IPF (27). To our knowledge, the 
safety or efficacy of immunosuppression in patients with short 
telomeres and ILD has not been systematically tested. However, 
small case series of patients with rare variants in TERT and 
TERC suggest that immunosuppression after lung transplant for 
ILD may be associated with high rates of side effects including 
bone marrow failure, liver toxicity, and infections (67–69). This 
raises the question of safety and tolerability of this therapeutic 
strategy for patients with short telomere length across a wide 
variety of ILDs that are often treated with immune suppression. 
Anti-fibrotic medications, including pirfenidone and nintedanib, 
are effective at slowing lung function decline in patients with IPF 
(12–14), but their effectiveness in CHP is unknown. Pirfenidone 
was well tolerated in a small cohort of TERT carriers (70) but 
larger studies are needed to determine efficacy in patients with 
telomere dysfunction.

Idiopathic pulmonary fibrosis is characterized by a distinct 
respiratory microbiome, with a higher bacterial burden than 
in health. This is further disturbed during exacerbations of 
disease (71). Despite advances in our understanding of how the 
microbiome may influence disease susceptibility and progres-
sion, a causal, mechanistic link to these observations has yet to 
be delineated. Additionally a number of technical challenges 
remain for studies of the lung microbiome, and future work 
will need to address these (72, 73). The role of the microbiome 
in treatment response also remains unclearly defined. Two 
clinical trials assessing the efficacy of antibiotic therapy for 
patients with IPF—The Efficacy and Mechanism Evaluation 
of Treating Idiopathic Pulmonary fibrosis with the Addition 
of Co-trimoxazole (ISRCTN17464641) and Study of Clinical 
Efficacy of Antimicrobial Therapy Strategy Using Pragmatic 
Design in Idiopathic Pulmonary Fibrosis (CleanUp-IPF) 

(NCT02759120)—are currently enrolling. These trials will not 
only assess how co-trimoxazole (or doxycycline) therapy impact 
relevant IPF outcomes but also will provide the opportunity to 
study how the lung microbiome may be altered by these therapies.

The majority of genomic data generated to date has been in 
patients with IPF, leaving CHP ripe for similar investigation. 
However, standardization of diagnostic criteria through inter-
national consensus is first needed. Once that occurs, GWAS 
to identify SNPs linked to disease susceptibility and survival 
would advance our understanding of disease underpinnings and 
potentially identify novel therapeutic targets for this devastat-
ing disease without proven therapy. In addition, determining 
whether outcome-related transcriptomic signatures derived in 
patients with IPF informs outcomes in patients with CHP will 
be of immense clinical value. Finally, determining whether the 
microbiota makeup of patients with CHP influences disease 
susceptibility and outcomes has the potential to guide therapy 
in these patients.

CONCLUSiON

In this review, we highlight the most developed genomic technol-
ogies informing susceptibility and outcome risk in patients with 
IPF and CHP. There remain critical questions to be answered to 
characterize the extent to which these technologies will improve 
risk stratification. In addition, a cost benefit analysis will be nec-
essary to determine whether individual technologies make sense 
from a cost utilization perspective. The field of ILD has advanced 
rapidly over the last 10 years and will continue to do so into the 
foreseeable future. Clinical genetics represents the logical next 
step for the field and holds great potential to be a cornerstone of 
personalized medicine in the field.

AUTHOR CONTRiBUTiONS

CN, PM, and JO contributed to the conception and writing of this 
review. All authors have reviewed and approved the submitted 
work.

FUNDiNG

Funding was provided by the National Heart, Lung, and Blood 
Institute [NHLBI K23HL138190 (JO)] and National Center for 
Advancing Translational Sciences [KL2TR001103 (CN)].

ReFeReNCeS

1. King TE Jr, Pardo A, Selman M. Idiopathic pulmonary fibrosis. Lancet (2011) 
378:1949–61. doi:10.1016/S0140-6736(11)60052-4

2. Allen RJ, Porte J, Braybrooke R, Flores C, Fingerlin TE, Oldham JM, et  al. 
Genetic variants associated with susceptibility to idiopathic pulmonary fibro-
sis in people of European ancestry: a genome-wide association study. Lancet 
Respir Med (2017) 5:869–80. doi:10.1016/S2213-2600(17)30387-9 

3. Fingerlin TE, Murphy E, Zhang W, Peljto AL, Brown KK, Steele MP, 
et  al. Genome-wide association study identifies multiple susceptibility 
loci for pulmonary fibrosis. Nat Genet (2013) 45:613–20. doi:10.1038/ 
ng.2609 

4. Han MK, Zhou Y, Murray S, Tayob N, Noth I, Lama VN, et al. Lung micro-
biome and disease progression in idiopathic pulmonary fibrosis: an analysis 
of the COMET study. Lancet Respir Med (2014) 2:548–56. doi:10.1016/
S2213-2600(14)70069-4 

5. Molyneaux PL, Cox MJ, Willis-Owen SA, Mallia P, Russell KE, Russell AM, 
et al. The role of bacteria in the pathogenesis and progression of idiopathic pul-
monary fibrosis. Am J Respir Crit Care Med (2014) 190:906–13. doi:10.1164/
rccm.201403-0541OC 

6. Noth I, Zhang Y, Ma SF, Flores C, Barber M, Huang Y, et al. Genetic variants 
associated with idiopathic pulmonary fibrosis susceptibility and mortality: 
a genome-wide association study. Lancet (2013) 1:309–17. doi:10.1016/
S2213-2600(13)70045-6 

https://www.frontiersin.org/Medicine
https://www.frontiersin.org
https://www.frontiersin.org/Medicine/archive
https://doi.org/10.1016/S0140-6736(11)60052-4
https://doi.org/10.1016/S2213-2600(17)30387-9
https://doi.org/10.1038/ng.2609
https://doi.org/10.1038/ng.2609
https://doi.org/10.1016/S2213-2600(14)
70069-4
https://doi.org/10.1016/S2213-2600(14)
70069-4
https://doi.org/10.1164/rccm.201403-0541OC
https://doi.org/10.1164/rccm.201403-0541OC
https://doi.org/10.1016/S2213-2600(13)70045-6
https://doi.org/10.1016/S2213-2600(13)70045-6


8

Newton et al. ILD Clinical Genetics

Frontiers in Medicine | www.frontiersin.org April 2018 | Volume 5 | Article 116

7. Seibold MA, Wise AL, Speer MC, Steele MP, Brown KK, Loyd JE, et  al.  
A common MUC5B promoter polymorphism and pulmonary fibrosis.  
N Engl J Med (2011) 364:1503–12. doi:10.1056/NEJMoa1013660 

8. Selman M, Pardo A, King TE Jr. Hypersensitivity pneumonitis: insights in 
diagnosis and pathobiology. Am J Respir Crit Care Med (2012) 186:314–24. 
doi:10.1164/rccm.201203-0513CI 

9. Selman M, Pardo A, Barrera L, Estrada A, Watson SR, Wilson K, et  al. 
Gene expression profiles distinguish idiopathic pulmonary fibrosis from 
hypersensitivity pneumonitis. Am J Respir Crit Care Med (2006) 173:188–98. 
doi:10.1164/rccm.200504-644OC 

10. Aquino-Galvez A, Camarena A, Montaño M, Juarez A, Zamora AC, 
González-Avila G, et al. Transporter associated with antigen processing (TAP) 
1 gene polymorphisms in patients with hypersensitivity pneumonitis. Exp Mol  
Pathol (2008) 84:173–7. doi:10.1016/j.yexmp.2008.01.002 

11. Camarena A, Juárez A, Mejía M, Estrada A, Carrillo G, Falfán R, et al. Major 
histocompatibility complex and tumor necrosis factor-alpha polymorphisms 
in pigeon breeder’s disease. Am J Respir Crit Care Med (2001) 163:1528–33. 
doi:10.1164/ajrccm.163.7.2004023 

12. King TE Jr, Bradford WZ, Castro-Bernardini S, Fagan EA, Glaspole I,  
Glassberg MK, et  al. A phase 3 trial of pirfenidone in patients with idio-
pathic pulmonary fibrosis. N Engl J Med (2014) 370:2083–92. doi:10.1056/
NEJMoa1402582 

13. Noble PW, Albera C, Bradford WZ, Costabel U, Glassberg MK, Kardatzke D,  
et  al. Pirfenidone in patients with idiopathic pulmonary fibrosis 
(CAPACITY): two randomised trials. Lancet (2011) 377:1760–9. doi:10.1016/
S0140-6736(11)60405-4 

14. Richeldi L, du Bois RM, Raghu G, Azuma A, Brown KK, Costabel U, et al. 
Efficacy and safety of nintedanib in idiopathic pulmonary fibrosis. N Engl 
J Med (2014) 370:2071–82. doi:10.1056/NEJMoa1402584 

15. Adegunsoye A, Oldham JM, Fernandez Perez ER, Hamblin M, Patel N,  
Tener M, et al. Outcomes of immunosuppressive therapy in chronic hyper-
sensitivity pneumonitis. ERJ Open Res (2017) 3:00016–2017. doi:10.1183/ 
23120541.00016-2017 

16. Morisset J, Johannson KA, Vittinghoff E, Aravena C, Elicker BM, Jones KD, 
et al. Use of mycophenolate mofetil or azathioprine for the management of 
chronic hypersensitivity pneumonitis. Chest (2017) 151:619–25. doi:10.1016/ 
j.chest.2016.10.029

17. Pruitt KD, Brown GR, Hiatt SM, Thibaud-Nissen F, Astashyn A,  
Ermolaeva O, et al. RefSeq: an update on mammalian reference sequences. 
Nucleic Acids Res (2014) 42:D756–63. doi:10.1093/nar/gkt1114 

18. Roy MG, Livraghi-Butrico A, Fletcher AA, McElwee MM, Evans SE,  
Boerner RM, et  al. Muc5b is required for airway defence. Nature (2014) 
505:412–6. doi:10.1038/nature12807 

19. Zhang G, Ghosh S. Negative regulation of toll-like receptor-mediated signal-
ing by Tollip. J Biol Chem (2002) 277:7059–65. doi:10.1074/jbc.M109537200 

20. Shah JA, Vary JC, Chau TT, Bang ND, Yen NT, Farrar JJ, et  al. Human 
TOLLIP regulates TLR2 and TLR4 signaling and its polymorphisms are 
associated with susceptibility to tuberculosis. J Immunol (2012) 189:1737–46. 
doi:10.4049/jimmunol.1103541 

21. Saito T, Yamamoto T, Kazawa T, Gejyo H, Naito M. Expression of toll-like 
receptor 2 and 4 in lipopolysaccharide-induced lung injury in mouse. Cell 
Tissue Res (2005) 321:75–88. doi:10.1007/s00441-005-1113-9 

22. Janardhan KS, McIsaac M, Fowlie J, Shrivastav A, Caldwell S, Sharma RK, 
et  al. Toll like receptor-4 expression in lipopolysaccharide induced lung 
inflammation. Histol Histopathol (2006) 21:687–96. doi:10.14670/HH-21.687 

23. Hunninghake GM, Hatabu H, Okajima Y, Gao W, Dupuis J, Latourelle JC, 
et  al. MUC5B promoter polymorphism and interstitial lung abnormalities.  
N Engl J Med (2013) 368:2192–200. doi:10.1056/NEJMoa1216076 

24. Araki T, Putman RK, Hatabu H, Gao W, Dupuis J, Latourelle JC, et al. Development 
and progression of interstitial lung abnormalities in the Framingham Heart Study. 
Am J Respir Crit Care Med (2016) 194:1514–22. doi:10.1164/rccm.201512-2523OC 

25. Peljto AL, Zhang Y, Fingerlin TE, Ma SF, Garcia JG, Richards TJ, et  al. 
Association between the MUC5B promoter polymorphism and survival 
in patients with idiopathic pulmonary fibrosis. JAMA (2013) 309:2232–9. 
doi:10.1001/jama.2013.5827 

26. Idiopathic Pulmonary Fibrosis Clinical Research Network, Martinez FJ, de 
Andrade JA, Anstrom KJ, King TE Jr, Raghu G. Randomized trial of acetyl-
cysteine in idiopathic pulmonary fibrosis. N Engl J Med (2014) 370:2093–101. 
doi:10.1056/NEJMoa1401739 

27. Idiopathic Pulmonary Fibrosis Clinical Research Network, Raghu G, 
Anstrom KJ, King TE Jr, Lasky JA, Martinez FJ. Prednisone, azathioprine, and 
N-acetylcysteine for pulmonary fibrosis. N Engl J Med (2012) 366:1968–77. 
doi:10.1056/NEJMoa1113354 

28. Oldham JM, Ma SF, Martinez FJ, Anstrom KJ, Raghu G, Schwartz DA, et al. 
TOLLIP, MUC5B, and the response to N-acetylcysteine among individ-
uals with idiopathic pulmonary fibrosis. Am J Respir Crit Care Med (2015) 
192:1475–82. doi:10.1164/rccm.201505-1010OC 

29. Falfán-Valencia R, Camarena A, Pineda CL, Montaño M, Juárez A, Buendía-
Roldán I, et al. Genetic susceptibility to multicase hypersensitivity pneumo-
nitis is associated with the TNF-238 GG genotype of the promoter region 
and HLA-DRB1*04 bearing HLA haplotypes. Respir Med (2014) 108:211–7. 
doi:10.1016/j.rmed.2013.11.004 

30. Ley B, Newton CA, Arnould I, Elicker BM, Henry TS, Vittinghoff E, et  al. 
The MUC5B promoter polymorphism and telomere length in patients with 
chronic hypersensitivity pneumonitis: an observational cohort-control study. 
Lancet Respir Med (2017) 5:639–47. doi:10.1016/S2213-2600(17)30216-3 

31. Selman M, Carrillo G, Estrada A, Mejia M, Becerril C, Cisneros J, et  al. 
Accelerated variant of idiopathic pulmonary fibrosis: clinical behavior and 
gene expression pattern. PLoS One (2007) 2:e482. doi:10.1371/journal.
pone.0000482 

32. Yang IV, Luna LG, Cotter J, Talbert J, Leach SM, Kidd R, et al. The peripheral 
blood transcriptome identifies the presence and extent of disease in idio-
pathic pulmonary fibrosis. PLoS One (2012) 7:e37708. doi:10.1371/journal.
pone.0037708 

33. Herazo-Maya JD, Noth I, Duncan SR, Kim S, Ma SF, Tseng GC, et al. Peripheral 
blood mononuclear cell gene expression profiles predict poor outcome in 
idiopathic pulmonary fibrosis. Sci Transl Med (2013) 5:205ra136. doi:10.1126/
scitranslmed.3005964 

34. Ley B, Ryerson CJ, Vittinghoff E, Ryu JH, Tomassetti S, Lee JS, et al. A multidimen-
sional index and staging system for idiopathic pulmonary fibrosis. Ann Intern 
Med (2012) 156:684–91. doi:10.7326/0003-4819-156-10-201205150-00004 

35. Herazo-Maya JD, Sun J, Molyneaux PL, Li Q, Villalba JA, Tzouvelekis A, 
et al. Validation of a 52-gene risk profile for outcome prediction in patients 
with idiopathic pulmonary fibrosis: an international, multicentre, cohort 
study. Lancet Respir Med (2017) 5:857–68. doi:10.1016/S2213-2600(17) 
30349-1 

36. Tsakiri KD, Cronkhite JT, Kuan PJ, Xing C, Raghu G, Weissler JC, et al. Adult-
onset pulmonary fibrosis caused by mutations in telomerase. Proc Natl Acad 
Sci U S A (2007) 104:7552–7. doi:10.1073/pnas.0701009104 

37. Stuart BD, Choi J, Zaidi S, Xing C, Holohan B, Chen R, et al. Exome sequenc-
ing links mutations in PARN and RTEL1 with familial pulmonary fibrosis and 
telomere shortening. Nat Genet (2015) 47:512–7. doi:10.1038/ng.3278 

38. Armanios MY, Chen JJ, Cogan JD, Alder JK, Ingersoll RG, Markin C, et al. 
Telomerase mutations in families with idiopathic pulmonary fibrosis. N Engl 
J Med (2007) 356:1317–26. doi:10.1056/NEJMoa066157 

39. Cogan JD, Kropski JA, Zhao M, Mitchell DB, Rives L, Markin C, et al. Rare 
variants in RTEL1 are associated with familial interstitial pneumonia. Am 
J Respir Crit Care Med (2015) 191:646–55. doi:10.1164/rccm.201408-1510OC 

40. Kannengiesser C, Borie R, Ménard C, Réocreux M, Nitschké P, Gazal S, et al. 
Heterozygous RTEL1 mutations are associated with familial pulmonary 
fibrosis. Eur Respir J (2015) 46:474–85. doi:10.1183/09031936.00040115 

41. Stanley SE, Gable DL, Wagner CL, Carlile TM, Hanumanthu VS, Podlevsky JD,  
et al. Loss-of-function mutations in the RNA biogenesis factor NAF1 predis-
pose to pulmonary fibrosis-emphysema. Sci Transl Med (2016) 8:351ra107. 
doi:10.1126/scitranslmed.aaf7837 

42. Alder JK, Stanley SE, Wagner CL, Hamilton M, Hanumanthu VS, Armanios M.  
Exome sequencing identifies mutant TINF2 in a family with pulmonary 
fibrosis. Chest (2015) 147:1361–8. doi:10.1378/chest.14-1947 

43. Kropski JA, Mitchell DB, Markin C, Polosukhin VV, Choi L, Johnson JE, et al. 
A novel dyskerin (DKC1) mutation is associated with familial interstitial 
pneumonia. Chest (2014) 146:e1–7. doi:10.1378/chest.13-2224 

44. Diaz de Leon A, Cronkhite JT, Yilmaz C, Brewington C, Wang R, Xing C, et al. 
Subclinical lung disease, macrocytosis, and premature graying in kindreds 
with telomerase (TERT) mutations. Chest (2011) 140:753–63. doi:10.1378/
chest.10-2865 

45. Parry EM, Alder JK, Qi X, Chen JJ, Armanios M. Syndrome complex of bone 
marrow failure and pulmonary fibrosis predicts germline defects in telomer-
ase. Blood (2011) 117:5607–11. doi:10.1182/blood-2010-11-322149 

https://www.frontiersin.org/Medicine
https://www.frontiersin.org
https://www.frontiersin.org/Medicine/archive
https://doi.org/10.1056/NEJMoa1013660
https://doi.org/10.1164/rccm.201203-0513CI
https://doi.org/10.1164/rccm.200504-644OC
https://doi.org/10.1016/j.yexmp.2008.01.002
https://doi.org/10.1164/ajrccm.163.7.2004023
https://doi.org/10.1056/NEJMoa1402582
https://doi.org/10.1056/NEJMoa1402582
https://doi.org/10.1016/S0140-6736(11)60405-4
https://doi.org/10.1016/S0140-6736(11)60405-4
https://doi.org/10.1056/NEJMoa1402584
https://doi.org/10.1183/23120541.00016-2017
https://doi.org/10.1183/23120541.00016-2017
https://doi.org/10.1016/j.chest.2016.10.029
https://doi.org/10.1016/j.chest.2016.10.029
https://doi.org/10.1093/nar/gkt1114
https://doi.org/10.1038/nature12807
https://doi.org/10.1074/jbc.M109537200
https://doi.org/10.4049/jimmunol.1103541
https://doi.org/10.1007/s00441-005-1113-9
https://doi.org/10.14670/HH-
21.687
https://doi.org/10.1056/NEJMoa1216076
https://doi.org/10.1164/rccm.201512-2523OC
https://doi.org/10.1001/jama.2013.5827
https://doi.org/10.1056/NEJMoa1401739
https://doi.org/10.1056/NEJMoa1113354
https://doi.org/10.1164/rccm.201505-1010OC
https://doi.org/10.1016/j.rmed.2013.11.004
https://doi.org/10.1016/S2213-2600(17)30216-3
https://doi.org/10.1371/journal.pone.0000482
https://doi.org/10.1371/journal.pone.0000482
https://doi.org/10.1371/journal.pone.0037708
https://doi.org/10.1371/journal.pone.0037708
https://doi.org/10.1126/scitranslmed.3005964
https://doi.org/10.1126/scitranslmed.3005964
https://doi.org/10.7326/0003-4819-156-10-201205150-00004
https://doi.org/10.1016/S2213-2600(17)
30349-1
https://doi.org/10.1016/S2213-2600(17)
30349-1
https://doi.org/10.1073/pnas.0701009104
https://doi.org/10.1038/ng.3278
https://doi.org/10.1056/NEJMoa066157
https://doi.org/10.1164/rccm.201408-1510OC
https://doi.org/10.1183/09031936.00040115
https://doi.org/10.1126/scitranslmed.aaf7837
https://doi.org/10.1378/chest.14-1947
https://doi.org/10.1378/chest.13-2224
https://doi.org/10.1378/chest.10-2865
https://doi.org/10.1378/chest.10-2865
https://doi.org/10.1182/blood-2010-11-322149


9

Newton et al. ILD Clinical Genetics

Frontiers in Medicine | www.frontiersin.org April 2018 | Volume 5 | Article 116

46. Cronkhite JT, Xing C, Raghu G, Chin KM, Torres F, Rosenblatt RL, et  al. 
Telomere shortening in familial and sporadic pulmonary fibrosis. Am J  
Respir Crit Care Med (2008) 178:729–37. doi:10.1164/rccm.200804-550OC 

47. Diaz de Leon A, Cronkhite JT, Katzenstein AL, Godwin JD, Raghu G,  
Glazer CS, et al. Telomere lengths, pulmonary fibrosis and telomerase (TERT) 
mutations. PLoS One (2010) 5:e10680. doi:10.1371/journal.pone.0010680 

48. Newton CA, Batra K, Torrealba J, Kozlitina J, Glazer CS, Aravena C, et  al. 
Telomere-related lung fibrosis is diagnostically heterogeneous but uniformly 
progressive. Eur Respir J (2016) 48:1710–20. doi:10.1183/13993003.00308-2016 

49. Stuart BD, Lee JS, Kozlitina J, Noth I, Devine MS, Glazer CS, et al. Effect of 
telomere length on survival in patients with idiopathic pulmonary fibrosis: an 
observational cohort study with independent validation. Lancet Respir Med 
(2014) 2:557–65. doi:10.1016/S2213-2600(14)70124-9 

50. Snetselaar R, van Moorsel CHM, Kazemier KM, van der Vis JJ, Zanen P, van 
Oosterhout MFM, et al. Telomere length in interstitial lung diseases. Chest 
(2015) 148:1011–8. doi:10.1378/chest.14-3078 

51. Alder JK, Chen JJ, Lancaster L, Danoff S, Su SC, Cogan JD, et al. Short telo-
meres are a risk factor for idiopathic pulmonary fibrosis. Proc Natl Acad Sci  
U S A (2008) 105:13051–6. doi:10.1073/pnas.0804280105 

52. Dai J, Cai H, Li H, Zhuang Y, Min H, Wen Y, et  al. Association between 
telomere length and survival in patients with idiopathic pulmonary fibrosis. 
Respirology (2015) 20:947–52. doi:10.1111/resp.12566 

53. Molyneaux PL, Maher TM. The role of infection in the pathogenesis of 
idiopathic pulmonary fibrosis. Eur Respir Rev (2013) 22:376–81. doi:10.1183/ 
09059180.00000713 

54. Wilson R, Dowling RB, Jackson AD. The biology of bacterial colonization  
and invasion of the respiratory mucosa. Eur Respir J (1996) 9:1523–30.  
doi:10.1183/09031936.96.09071523 

55. Dickson RP, Erb-Downward JR, Martinez FJ, Huffnagle GB. The microbiome 
and the respiratory tract. Annu Rev Physiol (2016) 78:481–504. doi:10.1146/
annurev-physiol-021115-105238 

56. Cardenas PA, Cooper PJ, Cox MJ, Chico M, Arias C, Moffatt MF, et al. Upper 
airways microbiota in antibiotic-naive wheezing and healthy infants from 
the tropics of rural Ecuador. PLoS One (2012) 7:e46803. doi:10.1371/journal.
pone.0046803 

57. Molyneaux PL, Mallia P, Cox MJ, Footitt J, Willis-Owen SA, Homola D, et al. 
Outgrowth of the bacterial airway microbiome after rhinovirus exacerbation 
of chronic obstructive pulmonary disease. Am J Respir Crit Care Med (2013) 
188:1224–31. doi:10.1164/rccm.201302-0341OC 

58. Hewitt RJ, Molyneaux PL. The respiratory microbiome in idiopathic pulmo-
nary fibrosis. Ann Transl Med (2017) 5:250. doi:10.21037/atm.2017.01.56 

59. Salisbury ML, Han MK, Dickson RP, Molyneaux PL. Microbiome in intersti-
tial lung disease: from pathogenesis to treatment target. Curr Opin Pulm Med 
(2017) 23:404–10. doi:10.1097/MCP.0000000000000399 

60. Friaza V, la Horra Cd, Rodríguez-Domínguez MJ, Martín-Juan J, Cantón R, 
Calderón EJ, et al. Metagenomic analysis of bronchoalveolar lavage samples 
from patients with idiopathic interstitial pneumonia and its antagonic 
relation with Pneumocystis jirovecii colonization. J Microbiol Methods (2010) 
82:98–101. doi:10.1016/j.mimet.2010.03.026 

61. Garzoni C, Brugger SD, Qi W, Wasmer S, Cusini A, Dumont P, et al. Microbial 
communities in the respiratory tract of patients with interstitial lung disease. 
Thorax (2013) 68:1150–6. doi:10.1136/thoraxjnl-2012-202917 

62. Molyneaux PL, Maher TM. Respiratory microbiome in IPF: cause, 
effect, or biomarker? Lancet Respir Med (2014) 2:511–3. doi:10.1016/
S2213-2600(14)70088-8 

63. Huang Y, Ma SF, Espindola MS, Vij R, Oldham JM, Huffnagle GB, et  al. 
Microbes are associated with host innate immune response in idiopathic pul-
monary fibrosis. Am J Respir Crit Care Med (2017) 196:208–19. doi:10.1164/
rccm.201607-1525OC 

64. Molyneaux PL, Willis-Owen SAG, Cox MJ, James P, Cowman S, Loebinger M,  
et  al. Host-microbial interactions in idiopathic pulmonary fibrosis. Am J  
Respir Crit Care Med (2017) 195:1640–50. doi:10.1164/rccm.201607-1408OC 

65. Ley B, Collard HR, King TE Jr. Clinical course and prediction of survival in 
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med (2011) 183:431–40. 
doi:10.1164/rccm.201006-0894CI 

66. Ryerson CJ, Vittinghoff E, Ley B, Lee JS, Mooney JJ, Jones KD, et al. Predicting 
survival across chronic interstitial lung disease: the ILD-GAP model. Chest 
(2014) 145:723–8. doi:10.1378/chest.13-1474 

67. Tokman S, Singer JP, Devine MS, Westall GP, Aubert JD, Tamm M, et  al. 
Clinical outcomes of lung transplant recipients with telomerase muta-
tions. J Heart Lung Transplant (2015) 34:1318–24. doi:10.1016/j.healun. 
2015.05.002 

68. Silhan LL, Shah PD, Chambers DC, Snyder LD, Riise GC, Wagner CL, 
et al. Lung transplantation in telomerase mutation carriers with pulmonary  
fibrosis. Eur Respir J (2014) 44:178–87. doi:10.1183/09031936.00060014 

69. Borie R, Kannengiesser C, Hirschi S, Le Pavec J, Mal H, Bergot E, et  al. 
Severe hematologic complications after lung transplantation in patients with 
telomerase complex mutations. J Heart Lung Transplant (2015) 34:538–46. 
doi:10.1016/j.healun.2014.11.010 

70. Justet A, Borie R, Nunes H, Cottin V, Marchand Adam S, Cadranel J, 
et  al. Safety and efficacy of pirfenidone in patients with lung fibrosis and 
TERT mutation. Eur Respir J (2016) 48:OA484. doi:10.1183/13993003.
congress-2016.OA484

71. Molyneaux PL, Cox MJ, Wells AU, Kim HC, Ji W, Cookson WO, et al. Changes 
in the respiratory microbiome during acute exacerbations of idiopathic 
pulmonary fibrosis. Respir Res (2017) 18:29. doi:10.1186/s12931-017-0511-3 

72. Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, et  al. 
Reagent and laboratory contamination can critically impact sequence-
based microbiome analyses. BMC Biol (2014) 12:87. doi:10.1186/s12915- 
014-0087-z 

73. Cox MJ, Moffatt MF, Cookson WO. Outside in: sequencing the lung 
microbiome. Am J Respir Crit Care Med (2015) 192:403–4. doi:10.1164/
rccm.201506-1138ED 

Conflict of Interest Statement: CN, PM, and JO have no relevant conflicts to 
disclose related to the submitted work.

Copyright © 2018 Newton, Molyneaux and Oldham. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License  
(CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

https://www.frontiersin.org/Medicine
https://www.frontiersin.org
https://www.frontiersin.org/Medicine/archive
https://doi.org/10.1164/rccm.200804-550OC
https://doi.org/10.1371/journal.pone.0010680
https://doi.org/10.1183/13993003.00308-2016
https://doi.org/10.1016/S2213-2600(14)70124-9
https://doi.org/10.1378/chest.14-3078
https://doi.org/10.1073/pnas.0804280105
https://doi.org/10.1111/resp.12566
https://doi.org/10.1183/09059180.00000713
https://doi.org/10.1183/09059180.00000713
https://doi.org/10.1183/09031936.96.09071523
https://doi.org/10.1146/annurev-physiol-021115-105238
https://doi.org/10.1146/annurev-physiol-021115-105238
https://doi.org/10.1371/journal.pone.0046803
https://doi.org/10.1371/journal.pone.0046803
https://doi.org/10.1164/rccm.201302-0341OC
https://doi.org/10.21037/atm.2017.01.56
https://doi.org/10.1097/MCP.0000000000000399
https://doi.org/10.1016/j.mimet.2010.03.026
https://doi.org/10.1136/thoraxjnl-2012-202917
https://doi.org/10.1016/S2213-2600(14)70088-8
https://doi.org/10.1016/S2213-2600(14)70088-8
https://doi.org/10.1164/rccm.201607-1525OC
https://doi.org/10.1164/rccm.201607-1525OC
https://doi.org/10.1164/rccm.201607-1408OC
https://doi.org/10.1164/rccm.201006-0894CI
https://doi.org/10.1378/chest.13-1474
https://doi.org/10.1016/j.healun.2015.05.002
https://doi.org/10.1016/j.healun.2015.05.002
https://doi.org/10.1183/09031936.00060014
https://doi.org/10.1016/j.healun.2014.11.010
https://doi.org/10.1183/13993003.congress-2016.OA484
https://doi.org/10.1183/13993003.congress-2016.OA484
https://doi.org/10.1186/s12931-017-
0511-3
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1164/rccm.201506-1138ED
https://doi.org/10.1164/rccm.201506-1138ED
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Clinical Genetics in Interstitial Lung Disease
	Introduction
	Gene Polymorphisms
	Gene Expression
	Telomere Length
	Lung Microbiome

	Gaps in Knowledge and Potential Clinical Applications
	Conclusion
	Author Contributions
	Funding
	References


