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 Introduction 

 Pulmonary fibrosis is one of the most serious and life-threatening complications of 

 the telomere biology disorders (TBDs). Pulmonary fibrosis represents a 

 heterogeneous group of conditions termed the fibrotic Interstitial Lung Diseases 

 (ILDs), which are characterized by the deposition of collagen and extracellular 

 matrix in the space between alveolar epithelial cells and capillary endothelial cells. 

 Pulmonary fibrosis can manifest across the age spectrum in patients with TBDs. 

 Pulmonary fibrosis in young patients with dyskeratosis congenita (DC) has been 
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 described after hematopoietic cell transplantation (HCT) for bone marrow failure. 

 Pulmonary fibrosis in this setting may be accelerated by exposure to conditioning 

 regimens for hematopoietic cell transplantation [1, 2]. In patients who have 

 received a HCT, respiratory symptoms develop early in life (median 14 years), with 

 survival to early adulthood [3]. Pulmonary fibrosis may also occur in patients with 

 DC later in life, in the absence of HCT, and may also be found concurrently with 

 cytopenias [4, 5]. For this group of DC/TBD patients, respiratory symptoms develop 

 later (median 37 years), and median survival is longer. Finally, pulmonary fibrosis 

 may be the dominant, and only, clinical manifestation of telomere-mediated 

 disease [6-9]. Patients presenting in this manner are typically older and do not 

 have the mucocutaneous findings or severe bone marrow failure associated with 

 DC, although they may have a family or personal history of less severe 

 DC-associated phenotypes. The most common diagnosis for this last group of 

 patients is Idiopathic Pulmonary Fibrosis (IPF), which is typically diagnosed after 

 the fifth decade of life [10]. Regardless of when the pulmonary fibrosis starts, it is 

 usually relentlessly progressive and leads to respiratory failure. Considering that 

 the prevalence of IPF associated with TBDs is estimated to be greater than the 

 prevalence of classic DC, IPF is recognized as one of the most common TBD 

 presentations [11]. 

 Clinical Presentation 

 Patients typically present with respiratory complaints including exertional dyspnea 

 (shortness of breath) and chronic cough. They may have inspiratory rales and digital 

 clubbing on physical exam. The disease is associated with a restrictive pattern on 
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 pulmonary function testing and decreased diffusion capacity for carbon monoxide 

 (DL  CO  ). Screening chest X-rays may appear normal during  the early stages of disease, 

 which is why high-resolution computed tomography (HRCT) imaging of the chest is the 

 gold-standard diagnostic study. HRCT often demonstrates diffuse interstitial markings 

 (reticulations), architectural distortion of the airways (traction bronchiectasis), and loss 

 of normal lung parenchyma in scarred tissue (cysts, honeycombing). 

 The pattern of lung involvement is often complex in patients with DC and pulmonary 

 fibrosis. Lung histopathology generally features a mixture of cellular inflammatory 

 infiltrates and interstitial fibrosis that does not typically mirror the findings in older 

 adults. Assessing these patients may be particularly difficult not only because the 

 clinical findings and histopathology are non-specific, but because of the range of 

 possible differential diagnoses, including lung involvement of graft versus host disease 

 after HCT, opportunistic infection, and drug-induced lung injury. 

 Telomere Biology Disorders Diagnosis and Management Guidelines, 2nd Edition, available at teamtelomere.org  235 



 Guidelines for providing an accurate ILD diagnosis in adults have evolved over the last 

 decade [12-14]. As with any chronic lung disease, a thorough medical history is 
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 necessary to determine if there are underlying environmental insults or comorbidities 

 that may be contributing to the lung disease. In certain clinical contexts, when there is 

 no clear cause of the pulmonary fibrosis, a diagnosis of IPF is considered. This 

 diagnosis requires a definite or probable radiographic pattern of usual interstitial 

 pneumonitis (UIP) on HRCT. In cases in which the radiographic pattern is indeterminate 

 or not consistent with UIP, evaluation of lung tissue is often needed to make a definitive 

 diagnosis. However, the risks and benefits of a surgical lung biopsy should be carefully 

 weighed, as surgical biopsy has been associated with increased mortality in patients 

 with TBDs [15], and no significant difference in survival has been found in patients with 

 different fibrotic ILD diagnoses [10]. Thus, clinical work-up, including the least invasive 

 procedures, and multidisciplinary discussion are recommended. 

 Telomere-Related Genetic Variants Associated With 
 Pulmonary Fibrosis 
 Rare, damaging, protein-coding variants in several telomere-related genes linked to DC 

 are enriched in patients with fibrotic ILDs (see also Chapter 4, The Genetics of 

 Dyskeratosis Congenita and Telomere Biology Disorders and Chapter 5, Genetic 

 Counseling for Families). In older adults, they are found most (~25%) in patients with a 

 family history of pulmonary fibrosis (FPF) and less commonly (~5%) in those with 

 sporadic IPF [16]. Pathogenic variants in the telomerase genes (  TERT, TERC  ) are most 

 commonly represented [6, 7, 17], followed by variants in  PARN  and  RTEL1  [18-22]. Fewer 

 FPF kindreds and cases have been described with pathogenic variants in  NAF1  [23], 

 DKC1  [24, 25],  NHP2  [26],  TINF2  [27-29],  NOP10  [30,  31] and  ZCCHC8  [32]. 

 Telomere Biology Disorders Diagnosis and Management Guidelines, 2nd Edition, available at teamtelomere.org  237 



 Individuals with deleterious variants in telomere biology genes have evidence of short 

 telomeres (see also Chapter 3, Diagnosing TBDs). The manifestations of TBDs follow 

 the general trend that affected pediatric patients have mean lymphocyte telomere 

 lengths far below the 1  st  percentile for their age,  those presenting in early adulthood 

 have telomere lengths <1  st  percentile, and patients  >50 years of age have more modest 

 telomere shortening, i.e., <10  th  percentile for their  age [33]. When evaluating for short 

 telomeres in individuals with rare variants in telomere-related genes, a cutoff of mean 

 lymphocyte telomere length <1  st  percentile by flow-FISH  (see Chapter 3, Diagnosing 

 TBDs) is usually employed to implicate a diagnosis of DC [34]. The appropriate cutoff 

 for adults is less well established. 

 Fibrotic ILD Associated With Short Telomeres and 
 Telomere Biology Gene Pathogenic Variants 
 Heterozygous rare, deleterious, genetic variants in telomere biology genes have been 

 linked with different clinical ILD diagnoses that can lead to progressive forms of 

 pulmonary fibrosis [10]. For adults, a clinical diagnosis of IPF is typically the most 

 common, accounting for about 50% of cases [10]. Unclassifiable ILD, chronic 

 hypersensitivity pneumonitis (CHP), connective tissue disease-associated ILD (CTD-ILD) 

 pleuroparenchymal fibroelastosis, and other idiopathic interstitial pneumonias make up 

 the other half of cases [10, 35]. Extra-pulmonary manifestations, including 

 macrocytosis, thrombocytopenia, liver disease, and cutaneous abnormalities, may be 

 prevalent in carriers of rare genetic variants [8, 17]. 
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 Age at the time of pulmonary fibrosis diagnosis correlates with gene mutation and 

 degree of telomere shortening. DC/TBD patients with  DKC1, NHP2  , or  TINF2  mutations 

 have a younger age of ILD onset than those with  TERT  or  TERC  mutations [15]. For 

 adult-onset pulmonary fibrosis, patients with  TERC  mutations are diagnosed with a 

 fibrotic ILD at an earlier age (mean 51 years), than those with  TERT  (58 years),  RTEL1 

 (60 years), or  PARN  (65 years) mutations [10]. 

 Fibrotic ILD Associated With Short Telomeres, With No 
 Identifiable Telomere Biology Gene Pathogenic Variant(s) 
 The telomere length cutoff considered to be “short” is not well established for adults 

 with pulmonary fibrosis. Age-adjusted peripheral blood leukocyte telomere length <10  th 

 percentile is frequently seen in patients with FPF and sporadic IPF without identifiable 

 telomere-related mutations [36, 37]. There are now at least 12 independent IPF cohorts 

 across the globe that demonstrate evidence of telomere shortening of this degree [17, 

 19, 37-43]. The percentage of patients with various non-IPF fibrotic ILDs, such as CHP 

 [44], unclassifiable ILD [45], rheumatoid arthritis-associated ILD [46], and other CTD-ILDs 

 [47], with age-adjusted telomere length <10  th  percentile  is higher than would be 

 predicted, but to a lesser degree than what is observed for IPF. Mendelian 

 randomization studies suggest that telomere length, identified from a polygenic risk 

 score, is causally related to the development of IPF, but not COPD, in the UK Biobank 

 [48]. Thus, short telomeres are a common finding in, and are likely causally related, to a 

 wide array of fibrotic ILDs. 

 Telomere Biology Disorders Diagnosis and Management Guidelines, 2nd Edition, available at teamtelomere.org  239 



 The explanation for short telomeres in patients with no identifiable rare genetic 

 mutation in a telomere biology gene is unclear. Combinatorial effects from common 

 genetic variants associated with short telomeres may explain some proportion of 

 patients [49, 50]. Environmental factors, such as cigarette smoking, may contribute [51]. 

 Additionally, epigenetic inheritance of short telomeres may contribute to this heritability 

 gap. Family members of telomere biology gene variant carriers with pulmonary fibrosis, 

 who did not inherit the mutation themselves, may harbor short telomeres [52]. 

 There is an inverse association between telomere length and lung transplant-free 

 survival for patients with IPF [19, 38-40, 42], CHP [53], and interstitial fibrosis with 

 autoimmune features (IPAF) [46], independent of patient age, sex, ethnicity, and baseline 

 Forced Vital Capacity (FVC) and diffusing capacity of the lungs for carbon monoxide 

 (DL  CO  ). Similarly, the rate of FVC decline is faster  for IPF, CTD-ILD, and IPAF patients with 

 leukocyte telomere length <10  th  percentile versus  those with ≥10  th  percentile [46]. Thus, 

 telomere length is a biomarker that can inform clinically relevant outcomes for adults 

 with a variety of fibrotic ILDs. 

 Medical Treatment 

 Immunosuppression poses increased risk of adverse outcomes in patients with IPF, 

 particularly in those with short telomeres [15, 43]. Similarly, in patients with CHP, 

 immunosuppression shows no efficacy in those with the shortest telomere lengths [54]. 

 As such, patients with pulmonary fibrosis and short telomeres should be treated with 
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 immunosuppressive therapies only when benefits outweigh risks, such as after lung 

 transplantation, and should be carefully monitored for infectious complications. 

 One phase 1-2 clinical trial showed that danazol, a synthetic sex hormone with 

 androgenic properties, was associated with telomere elongation and hematologic 

 response in some patients with TBDs and pancytopenia [55]. The effect of danazol in 

 slowing pulmonary fibrosis is currently unknown but is undergoing study in ongoing 

 clinical trials. 

 Clinical trials that have led to FDA approval of pirfenidone [56] and nintedanib [57] as 

 antifibrotic therapies for IPF have not enrolled or stratified patients by telomere length. 

 These studies have included large numbers of patients and have shown that the rate of 

 FVC decline was significantly lower among patients who received an antifibrotic than 

 among those who received placebo. Meta-analysis of ~13,000 patients with IPF across 

 26 studies have shown improved survival and fewer acute exacerbations in those 

 patients taking these antifibrotics [58]. Lower risk of all-cause mortality and 

 hospitalization of patients with IPF taking antifibrotics as compared to patients with no 

 treatment have also been seen by analyzing large US insurance databases [59]. 

 Recently, nintedanib was also FDA approved for progressive fibrosing ILD, based on a 

 double-blind, placebo-controlled, phase 3, international clinical trial [60]. 

 Only a handful of studies have evaluated treatment of TBD-mediated pulmonary fibrosis 

 with antifibrotic medications. Post-hoc analysis of two phase 3 clinical trials indicates a 

 reduced rate of FVC decline in IPF patients with short telomeres randomized to 
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 treatment with pirfenidone as compared to placebo [19]. Safety and efficacy of the 

 antifibrotics for IPF patients who carry a telomere biology gene pathogenic variant have 

 been reported [61]. 

 Thus, it is our recommendation that TBD patients with IPF or progressive pulmonary 

 fibrosis should be started on an antifibrotic medication. Those with interstitial lung 

 abnormalities (ILA) in a non-fibrotic or a non-UIP pattern should be followed with serial 

 pulmonary function tests annually or more frequently depending on symptom 

 progression. Repeat HRCT scans can be performed if there are progressive symptoms 

 or pulmonary function test (PFT) decline to determine if there is progressive pulmonary 

 fibrosis. 

 Screening for Pulmonary Fibrosis 

 There are few studies assessing the utility of screening protocols for pulmonary fibrosis 

 in DC/TBD. Some providers feel that chest imaging poses too high a risk from medical 

 radiation for children relative to its potential benefit. Pulmonary function testing affords 

 no exposure to radiation, and thus, is safer means of determining functional limitations. 

 Given the risk of pulmonary complications after HCT, all patients should have careful 

 assessment of lung function prior to HCT. Additionally, current consensus guidelines 

 suggest lung function tests every 3 months for 2 years following HCT [62]. For 

 individuals with persistently diminished lung function, further work-up with imaging and 

 bronchoscopy should be considered. 

 242  Telomere Biology Disorders Diagnosis and Management  Guidelines, 2nd Edition, available at teamtelomere.org 



 Asymptomatic carriers of telomere biology gene pathogenic variants have a very high 

 prevalence of pulmonary fibrosis, which increases with age. ILAs, which are subtle and 

 often incidentally found, are thought to represent early ILD in high-risk individuals [63]. In 

 one study, fifty percent of at-risk family members with rare  TERT  variants were found to 

 have ILA and a DL  CO  less than 80% predicted [64].  Similarly, adults with just a family 

 history of fibrotic lung disease are at higher risk for pulmonary fibrosis. The estimated 

 prevalence of early or subclinical manifestations of pulmonary fibrosis in relatives of 

 individuals with familial pulmonary fibrosis ranges from 15-22% [65, 66]. Development 

 of ILA in family members of patients affected with sporadic IPF or pulmonary fibrosis 

 due to other etiologies is dependent on the presence of environmental risk factors (such 

 as cigarette smoking) and common genetic variants, including the  MUC5B  promoter risk 

 allele (rs35705950) [67]. 

 Given that the FDA approved therapies for fibrotic ILD are not curative and do not 

 reverse fibrosis, their utility in slowing down the rate of progression is best if 

 implemented early in the course of disease. Thus, for family members at high risk of 

 disease (such as mutation carriers or those with a strong family history of disease), we 

 recommend a screening HRCT scan of the chest, spirometry, and plethysmography 

 10-15 years before the earliest manifestation of ILD in the family. The age at which to 

 start screening should consider effects of genetic anticipation related to accelerated 

 telomere shortening. 

 In symptomatic individuals with a family history of pulmonary fibrosis and/or evidence 

 of a personal or family history of a TBD (such as early graying of hair before 30 years of 
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 age, idiopathic liver disease, cytopenia, macrocytosis), we recommend telomere length 

 testing as part of the workup [68]. We recommend genetic testing for inherited 

 mutations if the peripheral blood leukocyte telomere length falls below the 10  th 

 percentile, with cascade testing of pathogenic or likely pathogenic variants in at-risk 

 family members. Individuals with a family history of pulmonary fibrosis without 

 evidence of a TBD may wish to undergo genetic testing, but the likelihood of discovering 

 pathogenic or likely pathogenic variants is typically low, especially if there are few 

 affected individuals in the kindred. Currently, we do not recommend telomere length 

 testing in individuals with sporadic pulmonary fibrosis without a personal or family 

 history suggestive of a TBD. 

 Exposures to Avoid 

 The development of pulmonary fibrosis is associated with various environmental, 

 occupational, and iatrogenic exposures. Vigilance is needed to avoid these insults, 

 especially for those that have a genetically inherited susceptibility to ILD. The following 

 list, although not comprehensive, includes: 

 ●  Smoking.  Cigarette smoking is known to accelerate  the onset of lung disease 

 and is associated with various ILDs [69]. Smoking of cigarettes, cigars, pipes, 

 e-cigarettes, vaping, hookahs, and recreational drugs all lead to lung injury and 

 increased risk of ILD. Smoking should be strongly discouraged, and 

 multi-disciplinary effort should be made to support patients in avoiding both 
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 primary and secondary sources of smoke. Referral to support groups, counseling, 

 and medication aides should be considered in high-risk populations. 

 ●  Cytotoxic medications and radiation.  Ionizing radiation  should be minimized and 

 procedures for aggressive lung shielding should be implemented [70]. Cytotoxic 

 medications used as conditioning agents prior to HCT should be avoided 

 whenever possible [1, 2]. Preparative agents with the smallest potential for 

 pulmonary toxicity should be considered. 

 ●  Medications.  Several medications are strongly associated  with pulmonary 

 toxicity [71], such as amiodarone [72] and nitrofurantoin [73]. A growing number 

 of checkpoint inhibitors are associated with increased incidence of ILD. Some 

 anti-depressants are associated with increased risk of ILD in older adults [74]. 

 These medications should be avoided when possible. 

 ●  Surgical risk.  Exacerbations of lung disease in adults  with ILD have been 

 well-documented following both pulmonary and non-pulmonary surgeries. The 

 risk should be weighed in planning elective procedures because these 

 complications can be fatal. Pirfenidone has been shown to be safe and 

 promising for reducing the risk of acute exacerbations of IPF in patients 

 undergoing lung cancer surgery [75] but has not been studied in patients with 

 TBD. When feasible, elective surgery is preferably pursued using regional 

 anesthesia to avoid aspiration or high partial pressure oxygen, which can cause 

 alveolar epithelial injury. 
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 ●  Occupational and environmental risk factors.  Occupations and exposures that 

 have been associated with an increased risk of ILA progression in individuals at 

 risk for familial ILD include aluminum smelting as well as lead, bird, and mold 

 exposure [76]. Exposure to a number of organic antigens (most commonly bird 

 feathers, fungal, and bacterial antigens) can result in chronic hypersensitivity 

 pneumonitis (CHP), which can mimic IPF and other fibrosing ILDs. Changing 

 occupations is not feasible for many individuals. In these cases, implementing 

 respiratory protection plans that include wearing a particulate-filtering respiratory 

 may reduce hazards associated with these exposures. 

 ●  Respiratory illness.  Infections suspected or confirmed  to be caused by bacterial 

 pathogens should be promptly and appropriately treated with antibiotics. 

 Immunizations to respiratory tract pathogens should be offered. 

 Lung Transplantation 

 Lung transplantation is the only known modality that cures fibrotic ILD. Please refer to 

 Chapter 15, Lung Transplantation for more details. 

 Conclusion 

 Pulmonary fibrosis is one of the most common and life-threatening complications of the 

 TBDs. Treatment with antifibrotic agents offers promise for patients with IPF or 

 progressive pulmonary fibrosis in slowing the rate of respiratory decline, but current 

 medications do not halt or reverse the disease. Additional studies are needed to 
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 specifically study the effects of antifibrotic medications in patients with TBDs. Thus, 

 screening for pulmonary fibrosis in high-risk individuals, avoidance of environmental 

 contributors to fibrosis, and consideration of early implementation of antifibrotic 

 treatment should be cornerstones of clinical management. 
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