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General introduc琀椀on

Idiopathic pulmonary 昀椀brosis (IPF) is a severe form of pulmonary 昀椀brosis and is an inter-
s琀椀琀椀al lung disease (ILD). ILD are characterized by cellular prolifera琀椀on, inters琀椀琀椀al in昀氀am-
ma琀椀on, or 昀椀brosis in the pulmonary inters琀椀琀椀um (Figure 1).1 ILD are rare diseases, but IPF 
is one of the most prevalent ILD.2 The incidence of IPF is es琀椀mated to be 3-9 cases per 100 
000 per year in Europe and North America, and somewhat lower in East Asia and South 
America.3 Risk factors for IPF include older age, male sex, having a family member with 
pulmonary 昀椀brosis, cigare琀琀e smoking, and environmental exposures (Table 1).2

 

DIAGNOSIS OF IPF

The diagnosis of IPF is o昀琀en琀椀mes made a long 琀椀me a昀琀er the onset of symptoms. In part 
this is caused by the indolent course of the disease. Most pa琀椀ents present with gradual-
onset dyspnoea or cough, and this can be present for over 昀椀ve years prior to the 昀椀nal 

Figure 1: (A) histopathology slide of alveoli with nearby capillaries (↑) and pulmonary venule (*), haematox-
in-eosin-staining, magni昀椀ca琀椀on 200x, courtesy of www.humpath.com. (B) schema琀椀c representa琀椀on of an 
alveolus with associated capillary; alveolar walls consist of type I and II alveolar epithelial cells (AT I, AT II). The 
pulmonary inters琀椀琀椀um is the space between the alveolar wall and the capillaries over which gas exchange 
takes place. Figure adapted from Nova and colleagues,4 used under Crea琀椀ve Commons license. 

Table 1: known risk factors for IPF

Male sex5

Older age6

Family member with pulmonary 昀椀brosis7

Cigare琀琀e smoking8

Occupa琀椀onal history of farming or agriculture8

Exposure to metal dust8

Exposure to wood dust8

Exposure to pes琀椀cide8

Exposure to asbestos9
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diagnosis being made.10 In a recent study, the 琀椀me from onset of symptoms un琀椀l the 
昀椀nal diagnosis was over one year in about half of pa琀椀ents with IPF, and it was found that 
comorbid cardiac condi琀椀ons can increase the diagnos琀椀c delay.11 Furthermore, diagnos琀椀c 
delay also seems to be related to insu昀케cient awareness of IPF in general prac琀椀琀椀oners and 
some pulmonologists.12,13 Finally, it can be complicated to dis琀椀nguish IPF from many other 
ILD, and this requires signi昀椀cant exper琀椀se (Figure 2).

A diagnosis of IPF has to be made in accordance with interna琀椀onal clinical prac琀椀ce 
guidelines. According to the 2011 ATS/ERS/JRS/ALAT guideline,15 pa琀椀ents suspected of IPF 
should undergo high-resolu琀椀on computed tomography (HRCT) scanning. When the HRCT 
shows a usual inters琀椀琀椀al pneumonia (UIP) pa琀琀ern (Figure 3A), and no other iden琀椀昀椀able 
causes for the ILD can be found, a diagnosis of IPF can be made. When the HRCT shows 
a possible UIP pa琀琀ern, or is inconsistent with UIP, a surgical lung biopsy should to be 
considered. Depending on the histopathological pa琀琀ern of the lung biopsy specimen, a 
de昀椀nite diagnosis of IPF, a probable diagnosis of IPF, or a possible diagnosis of IPF can 
be made. Alterna琀椀vely, the diagnosis of IPF can be dismissed for speci昀椀c combina琀椀ons 
of HRCT and histopathology 昀椀ndings. In 2018 a new version of the interna琀椀onal clinical 
prac琀椀ce guidelines was introduced.16 According to the 2018 criteria, the HRCT pa琀琀erns 
can be categorized into UIP, probable UIP, indeterminate for UIP, and alterna琀椀ve diagnosis 
(Table 2). A surgical lung biopsy is recommended when the HRCT pa琀琀ern is probable UIP, 
indeterminate for UIP, or alterna琀椀ve diagnosis. The histopathology pa琀琀erns can also be 

Figure 2: classi昀椀ca琀椀on of inters琀椀琀椀al lung disease, based on the ar琀椀cle by Co琀�n and colleagues.14 ILD, inter-
s琀椀琀椀al lung disease.
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categorized into UIP, probable UIP, indeterminate for UIP, and alterna琀椀ve diagnosis (Figure 
4A, Table 2).

Figure 3: (A) Usual inters琀椀琀椀al pneumonia (UIP) pa琀琀ern on high-resolu琀椀on computed tomography (HRCT) 
scan: the pa琀琀ern is subpleural and basal predominant, and o昀琀en heterogeneously distributed; there is hon-
eycombing (↑↑) with peripheral trac琀椀on bronchiectasis (↑).16 (B) UIP pa琀琀ern on histopathology: there is 
dense 昀椀brosis with architectural distor琀椀on at the periphery of the lobule (↑), with sparing of the centrilobular 
regions.16 Figure adapted from Smith17, used under Crea琀椀ve Commons License.

Table 2: high-resolu琀椀on computed tomography (HRCT) and histopathology pa琀琀erns according to the 2018 
ATS/ERS/JRS/ALAT clinical prac琀椀ce guidelines.16

 

UIP Probable UIP Indeterminate for 
UIP

Alterna琀椀ve diagnosis

HRCT Subpleural and basal 
predominant
O昀琀en 
heterogeneously 
distributed
Honeycombing 
with or without 
peripheral trac琀椀on 
bronchiectasis or 
bronchiolectasis

Subpleural and basal 
predominant
O昀琀en 
heterogeneously 
distributed
Absence of 
honeycombing, 
re琀椀cular pa琀琀ern with 
peripheral trac琀椀on 
bronchiectasis or 
bronchiolectasis
May have mild 
ground glass 
opaci琀椀es

Subpleural and basal 
predominant
Subtle re琀椀cula琀椀on
May have mild 
ground glass 
opaci琀椀es or 
distor琀椀on

Cysts
Marked mosaic 
a琀琀enua琀椀on
Predominant ground 
glass opaci琀椀es
Profuse micronodules
Centrilobular nodules
Nodules
Consolida琀椀on
Predominant 
peribronchovascular, 
perilympha琀椀c, or upper 
or mid-lung distribu琀椀on
Pleural plaques
Dilated oesophagus
Distal clavicular erosions
Extensive lymph node 
enlargement
Pleural e昀昀usions or 
pleural thickening
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The diagnosis of IPF can be made in pa琀椀ents in whom the HRCT scan shows a UIP pa琀琀ern 
when other causes of ILD are excluded. A diagnosis of IPF can also be made when the HRCT 
pa琀琀ern is probable UIP and the histopathology is UIP or probable UIP, or when the HRCT 
pa琀琀ern is indeterminate for UIP and the histopathology pa琀琀ern is UIP. In pa琀椀ents who 
have a combina琀椀on of probable UIP on HRCT and indeterminate for UIP on histopathol-
ogy, or indeterminate for UIP on HRCT and probable UIP on histopathology, or alterna琀椀ve 
diagnosis on HRCT and UIP on histopathology, a diagnosis of IPF is considered to be likely 
(Table 3).

In clinical prac琀椀ce, a somewhat di昀昀erent approach is o昀琀en used, as has been described 
in a Fleischner Society White Paper from 2017.18 This approach allows for a working diag-
nosis of IPF to be made in the absence of diagnos琀椀c 琀椀ssue for pa琀椀ents who do not have a 

Table 2: high-resolu琀椀on computed tomography (HRCT) and histopathology pa琀琀erns according to the 2018 
ATS/ERS/JRS/ALAT clinical prac琀椀ce guidelines.16  (con琀椀nued)

UIP Probable UIP Indeterminate for 
UIP

Alterna琀椀ve diagnosis

Histopathology Dense 昀椀brosis 
with architectural 
distor琀椀on
Predominant 
subpleural and/
or paraseptal 
distribu琀椀on of 
昀椀brosis
Patchy involvement 
of lung parenchyma 
by 昀椀brosis
Fibroblast foci

Some features of 
a UIP pa琀琀ern are 
present, but to an 
extent that precludes 
a de昀椀ni琀椀ve diagnosis 
of UIP

Fibrosis with or 
without architectural 
distor琀椀on, with 
features favouring 
either a pa琀琀ern 
other than UIP or 
features favouring 
UIP secondary to 
another cause
Some features of 
a UIP pa琀琀ern are 
present, but with 
other features 
sugges琀椀ng an 
alterna琀椀ve diagnosis

Cellular in昀氀ammatory 
in昀椀ltrate away from 
areas of honeycombing
Prominent lymphoid 
hyperplasia including 
secondary germinal 
centers
A dis琀椀nctly 
bronchiolocentric 
distribu琀椀on

Table 3: diagnosis of IPF for speci昀椀c combina琀椀ons of HRCT pa琀琀erns and histopathology pa琀琀erns according to 
the 2018 ATS/ERS/JRS/ALAT clinical prac琀椀ce guidelines.16

Histopathology pa琀琀ern

UIP Probable UIP Indeterminate 
for UIP

Alterna琀椀ve 
diagnosis

HRCT pa琀琀ern UIP IPF IPF IPF Alterna琀椀ve 
diagnosis

Probable UIP IPF IPF IPF likely Alterna琀椀ve 
diagnosis

Indeterminate 
for UIP

IPF IPF likely Indeterminate 
for IPF

Alterna琀椀ve 
diagnosis

Alterna琀椀ve 
diagnosis

IPF likely Alterna琀椀ve 
diagnosis

Alterna琀椀ve 
diagnosis

Alterna琀椀ve 
diagnosis
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UIP pa琀琀ern on HRCT. A working diagnosis of IPF can only be made a昀琀er mul琀椀disciplinary 
discussion, when the pa琀椀ent has a progressive 昀椀brosing lung disease, and there is no 
alterna琀椀ve explana琀椀on.

PATHOGENESIS OF IPF

In the past decades signi昀椀cant progress has been made in our understanding of the 
pathogenesis of IPF. IPF is thought to be the result of aberrant repair and deposi琀椀on of 
inters琀椀琀椀al 昀椀brosis in response to recurrent (sub)clinical epithelial injury.2,19 Genome-wide 
associa琀椀on studies (GWAS) have iden琀椀昀椀ed variants in several genes involved in cell-ad-
hesion and mechanotransduc琀椀on that are overrepresented in pa琀椀ents with IPF.20–22 Type 
II alveolar epithelial cells have emerged to be the key cells in IPF pathogenesis through 
several lines of evidence.23 First, muta琀椀ons in surfactant protein C, which is only expressed 
in type II alveolar epithelial cells, were found to underlie several cases of familial pul-
monary 昀椀brosis in adults.24,25 Muta琀椀ons in the genes encoding other surfactant proteins, 
as well as surfactant processing genes, have since been found to underlie other cases 
of familial pulmonary 昀椀brosis.26 Furthermore, GWAS iden琀椀昀椀ed associa琀椀ons between IPF 
and common variants in telomere-related genes,20–22 and rare variants in telomere-related 
genes have been iden琀椀昀椀ed in both pa琀椀ents with familial and sporadic IPF.27–29 Subsequent 
studies found that telomere dysfunc琀椀on in type II alveolar cells alone leads to senescence 
and is su昀케cient to recapitulate a pulmonary 昀椀brosis phenotype in mice.30–32 In the lungs 
of pa琀椀ents with IPF, telomere shortening and accumula琀椀on of DNA damage mainly a昀昀ects 
type II alveolar epithelial cells.33

 

The variant rs35705950 in the Mucin 5B (MUC5B) promoter has been iden琀椀昀椀ed as the 
strongest gene琀椀c risk factor for developing IPF.20,34,35 The rs35705950 variant is associated 
with MUC5B overexpression in broncho-alveolar epithelia.34,36 MUC5B is a component of 
normal mucus especially in the smaller airways, and is essen琀椀al for mucociliary clearance 
and immune regula琀椀on in mice.37 Excessive produc琀椀on of MUC5B is hypothesized to im-
pair normal mucociliary clearance, and to lead to increased reten琀椀on microorganisms and 
par琀椀cles that damage the alveolar epithelium. In a mouse model higher Muc5b concentra-
琀椀ons correlated with the degree of pulmonary 昀椀brosis a昀琀er a bleomycin challenge.38

TELOMERE SYNDROMES

Telomeres are repe琀椀琀椀ve hexanucleo琀椀de structures (TTAGGG) with their associated pro-
teins at the end of chromosomes (Figure 4A). An overview of telomere-associated proteins 
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is presented in Table 4.  Because chromosome ends cannot be fully replicated, telomeres 
shorten with every cell division. The shortening of telomeres in human embryonic and 
stem cells is counteracted by the ac琀椀vity of the telomerase enzyme, which can add nucleo-
琀椀des to the telomere. Nevertheless, the telomerase enzyme does not completely keep up 
with telomere shortening, and thus telomeres become increasingly short with age. When 
telomeres become cri琀椀cally short, replica琀椀ve senescence or cellular apoptosis ensues. 
Telomere shortening can be accelerated when telomere maintenance is impaired.39

Figure 4: (A) telomere structure and representa琀椀on of proteins involved in telomere maintenance. Telomeres 
are repe琀椀琀椀ve hexanucleo琀椀de sequences (TTAGGG), found at the ends of chromosomes in a duplex “D-loop-
T-loop” con昀椀gura琀椀on. RTEL1 is a helicase that disrupts T-loops for telomere replica琀椀on and repair. Shelterin 
protects telomeres from DNA damage surveillance and comprises of six polypep琀椀de components: TRF1, TRF2, 
RAP1, TIN2, TPP1 and POT1. Telomerase comprises of the essen琀椀al components TERT and TERC, which synthe-
sise telomeres and maintain telomere length. Dyskerin forms a complex with NHP2, NOP10 and GAR1. It binds to 
TERC to stabilise the telomerase complex. TCAB1 regulates the recruitment of telomerase to telomeres. Figure 
and descrip琀椀on adapted from Kam and colleagues40 under Crea琀椀ve Commons license. (B) poten琀椀al manifesta-
琀椀ons of telomere dysfunc琀椀on categorized by organ system, image adapted from Rossiello and colleagues,41 with 
permission. (C) illustra琀椀on of gene琀椀c an琀椀cipa琀椀on, where telomeres become increasingly short in successive 
genera琀椀ons, leading to more severe disease earlier in life. On the le昀琀 telomere length in individuals with four 
di昀昀erent clinical presenta琀椀ons across the age range is indicated. The dashed lines represent a typical age range 
in which these disorders may 昀椀rst manifest, and ‘Gn’, ‘Gn + 1’ and ‘Gn + 2’ designate three successive genera琀椀ons 
manifes琀椀ng with earlier-onset and evolving disease type owing to progressive telomere shortening. On the right, 
a typical family tree is shown, wherein disease type evolves from lung-predominant to bone-marrow-failure-
predominant. Figure and descrip琀椀on adapated from Armanios and Blackburn,39 with permission. AA, aplas琀椀c 
anaemia; AD, Alzheimer’s disease; ALD, alcoholic liver disease; AMD, age-related macular degenera琀椀on; CKD, 
chronic kidney disease; COPD, chronic obstruc琀椀ve pulmonary disease; IPF, idiopathic pulmonary 昀椀brosis; IRI, 
ischaemia–reperfusion injury; MDS, myelodysplas琀椀c syndrome; NAFLD, non-alcoholic fa琀琀y liver disease; PBC, 
primary biliary cirrhosis; PD, Parkinson’s disease; T2D, type 2 diabetes mellitus.



15

General introduc琀椀on

Condi琀椀ons of impaired telomere maintenance are termed telomere syndromes. These 
syndromes can have a wide variety of manifesta琀椀ons throughout the body, including skin 
abnormali琀椀es, bone marrow failure, liver disease, gastrointes琀椀nal disease, early greying 
of hair, and pulmonary 昀椀brosis or emphysema (Figure 4B). Speci昀椀c gene琀椀c muta琀椀ons 
can have a wide range of disease phenotypes, and speci昀椀c phenotypes can be caused by 
various gene琀椀c muta琀椀ons.47 IPF is by far the most common manifesta琀椀on of a telomere 
syndrome, but it is di昀케cult to es琀椀mate the propor琀椀on of IPF pa琀椀ents in whom disease 

Table 4: selected proteins involved in telomere maintenance. 

Protein Gene Func琀椀on

TRF1 TERF1 Part of the shelterin complex; binds double-strand telomeric DNA

TRF2 TERF2 Part of the shelterin complex; binds double-strand telomeric DNA

RAP1 TERF2IP Part of the shelterin complex; accessory subunit of TRF2

TIN2 TINF2 Part of the shelterin complex; connects TRF1 and TRF2 dimers with POT-TPP1

POT1 POT1 Part of the shelterin complex; binds single-strand telomeric DNA

TPP1 ACD Part of the shelterin complex; forms heterodimer with POT1; recruits telomerase to 
telomeres

CTC1 CTC1 Part of the CST complex; necessary for C-strand 昀椀ll-in process during telomere 
replica琀椀on

STN1 STN1 Part of the CST complex; necessary for C-strand 昀椀ll-in process during telomere 
replica琀椀on

TEN1 TEN1 Part of the CST complex; necessary for C-strand 昀椀ll-in process during telomere 
replica琀椀on

TERT TERT Part of telomerase complex

TR TERC Part of telomerase complex

Dyskerin DKC1 Part of telomerase complex; subunit of H/ACA complex, required for stabilisa琀椀on of 
TER

NHP2 NHP2 Part of telomerase complex; subunit of H/ACA complex, required for stabilisa琀椀on of 
TER

NOP10 NOP10 Part of telomerase complex; subunit of H/ACA complex, required for stabilisa琀椀on of 
TER

GAR1 GAR1 Part of telomerase complex; subunit of H/ACA complex, required for stabilisa琀椀on of 
TER

NAF1 NAF1 Part of telomerase complex; subunit of H/ACA complex, required for stabilisa琀椀on of 
TER; later replaced by GAR1

TCAB1 WRAP53 Facilitates telomerase localiza琀椀on to Cajal bodies

RTEL1 RTEL1 DNA helicase; facilitates telomerase func琀椀on 

PARN PARN Exoribonuclease, involved in matura琀椀on of TR

ZCCHC8 ZCCHC8 Involved in matura琀椀on of TR

More informa琀椀on on shelterin and the CST-complex can be found in a recent paper by Lim and Cech.42 More informa琀椀on on 
telomerase can be found in a paper by Schmidt and Cech.43 More informa琀椀on on RTEL1 func琀椀oning can be found in a paper by 
Vannier and colleagues.44 More informa琀椀on on PARN can be found in a paper by Tummala and colleagues.45 More informa琀椀on 
on ZCCHC8 can be found in a paper by Gable and colleagues.46
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is caused by telomere dysfunc琀椀on.28 Previous work has shown that leukocyte telomere 
length is shorter in pa琀椀ents with IPF compared to that in pa琀椀ents with other types of ILD.48

Telomere length is hereditary, and in families with a telomere syndrome, the phenomenon 
of gene琀椀c an琀椀cipa琀椀on has been observed, where succeeding genera琀椀ons have increased 
disease severity and earlier onset of disease.28 Depending on the severity of the telomere 
gene muta琀椀on, there can be a long 琀椀me between the introduc琀椀on of the muta琀椀on in a 
family and the 昀椀rst family member with overt telomere-related disease.49 Recent work 
con昀椀rms that IPF can also present in pa琀椀ents who inherit short telomeres but not the 
pathogenic muta琀椀on of their ancestors.50

NATURAL COURSE AND PROGNOSIS OF IPF

In most pa琀椀ents, the natural course of IPF is characterized by gradually progressive 昀椀brosis 
and a decline in lung func琀椀on over several years. Some pa琀椀ents will remain stable for 
a longer period, and another minority of pa琀椀ents will experience a very rapid decline 
of lung func琀椀on (Figure 5).15 It is not well-known whether these dis琀椀nct disease courses 
represent di昀昀erent phenotypes of IPF, and what factors underly disease progression. The 
prognosis of a pa琀椀ent with IPF can be es琀椀mated by the use of the Gender-Age-Physiology 
(GAP) Index, which includes informa琀椀on on the pa琀椀ent’s sex, age, and lung func琀椀on.51

 

Factors associated with a worse prognosis include older age, male sex, having a family 
member with pulmonary 昀椀brosis, lower lung func琀椀on parameters, lower walking distance 
and increased desatura琀椀on during a 6-minute walking test, increased extent of pulmonary 
昀椀brosis on HRCT scan, exposure to air pollu琀椀on, and the presence of comorbid condi琀椀ons 
such as pulmonary hypertension, cardiovascular diseases and malignancy.15,52–55 In addi-
琀椀on, shorter leukocyte telomere length and muta琀椀ons in telomere related genes, as well 
as increased serum concentra琀椀ons of the biomarker Krebs von den Lungen 6 (KL-6) have 
been associated with shorter survival of pa琀椀ents with IPF.15,56–59

Between 5 and 20% of pa琀椀ents with IPF will experience an acute exacerba琀椀on of IPF each 
year.60 An acute exacerba琀椀on of IPF is de昀椀ned as an acute, clinically signi昀椀cant respiratory 
deteriora琀椀on characterized by evidence of new widespread alveolar abnormality.60 The 
diagnosis of an acute exacerba琀椀on of IPF requires a previous or concurrent diagnosis of 
IPF, acute worsening or development of dyspnoea usually for a dura琀椀on of less than one 
month, new bilateral ground glass opaci琀椀es and/or consolida琀椀ons on HRCT, and the in-
ability to fully explain the deteriora琀椀on by cardiac failure or 昀氀uid overload.60 The prognosis 
of pa琀椀ents with an acute exacerba琀椀on of IPF is poor, with a median survival of 3 months.60

 

Risk factors for an acute exacerba琀椀on of IPF include increased disease severity, a UIP pat-
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tern on HRCT, concurrent pulmonary hypertension, having never smoked cigare琀琀es, and 
higher serum concentra琀椀ons of KL-6.61 There are several poten琀椀al triggers for acute exac-
erba琀椀ons of IPF, including infec琀椀ons, aspira琀椀on, air pollu琀椀on, thoracic surgical procedures, 
bronchoalveolar lavage, lung cryobiopsy, chemotherapy, and thoracic radiotherapy.55,61–63

 

However, a trigger cannot be iden琀椀昀椀ed in all cases.

TREATMENT OF IPF

Currently, there is no cura琀椀ve treatment available for IPF other than lung transplanta琀椀on. 
However, in the past decade signi昀椀cant advances have been made in the pharmacologic 
management of pa琀椀ents with IPF. The an琀椀昀椀bro琀椀c medica琀椀ons pirfenidone and nintedanib 
have become available, and are now condi琀椀onally recommended for the treatment of 
pa琀椀ents with IPF.2 Both medica琀椀ons have been shown to slow the rate of lung func琀椀on 
decline,64,65 and also seem to prolong survival.66,67 The 2018 ATS/ERS/JRS/ALAT clinical 
prac琀椀ce guideline further includes a condi琀椀onal recommenda琀椀on for antacid therapy, 
condi琀椀onal recommenda琀椀ons against the endothelin receptor antagonists macitentan and 
bosentan, the phosphodiesterase-5 inhibitor sildena昀椀l, N-acetylcysteine monotherapy, 
and an琀椀-pulmonary hypertension therapy for IPF-associated pulmonary hypertension, 
as well as strong recommenda琀椀ons against an琀椀coagula琀椀on, combina琀椀on prednisone, 

Figure 5: illustra琀椀on of the natural course of IPF: most pa琀椀ents will have a slowly progressive course of disease 
over several years, but some pa琀椀ents will remain stable for years or have a rapidly progressive disease course. 
Lightning bolts represent an acute exacerba琀椀on of IPF, which can lead to acute and rapid worsening. Figure 
from Raghu and colleagues,15 reprinted with permission of the American Thoracic Society.  Copyright © 2022 
American Thoracic Society. All rights reserved. 
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azathioprine and N-acetylcysteine, the endothelin receptor antagonist ambrisentan, and 
the tyrosine kinase inhibitor ima琀椀nib (Table 5).68 In addi琀椀on, the 2011 clinical prac琀椀ce 
guidelines include strong recommenda琀椀ons for the use of supplemental oxygen therapy 
in pa琀椀ents with res琀椀ng hypoxemia and lung transplanta琀椀on in selected pa琀椀ents, as well 
as condi琀椀onal recommenda琀椀ons for the use of pulmonary rehabilita琀椀on therapy and 
cor琀椀costeroids for pa琀椀ents with an acute exacerba琀椀on of IPF.15

Table 5: treatment recommenda琀椀ons for pa琀椀ents with IPF according to the 2015 ATS/ERS/JRS/ALAT clinical 
prac琀椀ce guideline.68

Treatment Recommenda琀椀on

Pharmacological treatment

Ambrisentan Strong recommenda琀椀on against use

An琀椀coagula琀椀on Strong recommenda琀椀on against use

Bosentan Condi琀椀onal recommenda琀椀on against use

Colchicine Strong recommenda琀椀on against use *

Combina琀椀on prednisone, azathioprine, and 
N-acetylcysteine

Strong recommenda琀椀on against use

Combined cor琀椀costeroid and immune-modulator 
therapy

Strong recommenda琀椀on against use *

Cor琀椀costeroid monotherapy Strong recommenda琀椀on against use *

Cyclosporine A Strong recommenda琀椀on against use *

Etanercept Strong recommenda琀椀on against use *

Ima琀椀nib Strong recommenda琀椀on against use

Interferon gamma 1b Strong recommenda琀椀on against use *

Macitentan Condi琀椀onal recommenda琀椀on against use

N-acetylcysteine monotherapy Condi琀椀onal recommenda琀椀on against use

Nintedanib Condi琀椀onal recommenda琀椀on for use

Pirfenidone Condi琀椀onal recommenda琀椀on for use

Non-pharmacological treatment

Lung transplanta琀椀on Strong recommenda琀椀on for use * (in appropriate 
pa琀椀ents)

Mechanical ven琀椀la琀椀on Condi琀椀onal recommenda琀椀on against use *

Pulmonary rehabilita琀椀on therapy Condi琀椀onal recommenda琀椀on for use *

Supplemental oxygen therapy Strong recommenda琀椀on for use * (in pa琀椀ents with 
res琀椀ng hypoxemia)

Management of comorbid condi琀椀ons

Antacid therapy Condi琀椀onal recommenda琀椀on for use

An琀椀-pulmonary hypertension therapy for IPF-associated 
pulmonary hypertension

Condi琀椀onal recommenda琀椀on against use *

Management of acute exacerba琀椀ons of IPF

Cor琀椀costeroid therapy Condi琀椀onal recommenda琀椀on for use *

* Not included in 2015 guideline and based on the 2011 clinical prac琀椀ce guideline.15
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Other common measures that are not included in the guidelines include smoking cessa-
琀椀on, avoidance of poten琀椀ally toxic environmental exposures and drugs, yearly in昀氀uenza 
vaccina琀椀on and 5-yearly pneumococcal vaccina琀椀on.69 Furthermore, symptoma琀椀c treat-
ment through both pharmacological and non-pharmacological interven琀椀ons of cough, 
dyspnoea, depression and anxiety is important, as is 琀椀mely ini琀椀a琀椀on of pallia琀椀ve care.69,70

No speci昀椀c treatments are available at present for pa琀椀ents with IPF in the context of a 
telomere syndrome and management of these pa琀椀ents is similar to that of other pa琀椀ents 
with IPF.71 Recent studies indicate that morbidity a昀琀er lung transplanta琀椀on is higher in 
pa琀椀ents with a telomere syndrome, including a higher risk for haematological complica-
琀椀ons.72 However, overall post-transplant survival is similar to that of pa琀椀ents without a 
telomere syndrome.72,73 Several treatments that speci昀椀cally target telomere dysfunc琀椀on 
or shortening have been inves琀椀gated,74 including treatment with sex hormones such as 
danazol,75 which seem to lengthen telomeres by increasing telomerase expression.

Recently there has been a shi昀琀 in the treatment paradigm for other types of pulmonary 
昀椀brosis that have a similar disease course to that of IPF.76 Historically, the focus has been 
on immunosuppressive therapy for pa琀椀ents with non-IPF ILD. However, recent studies 
indicate that pa琀椀ents with so-called progressive 昀椀brosing ILD bene昀椀t from treatment with 
pirfenidone or nintedanib, regardless of the underlying lung disease.77,78

 

OUTLINE AND GOALS OF THIS THESIS

This thesis will explore clinical and gene琀椀c features of a telomere syndrome in pa琀椀ents 
with IPF, and their rela琀椀on to leukocyte telomere length, acute exacerba琀椀ons of IPF, and 
survival. In Chapter 2 the prediagnos琀椀c trajectory of pa琀椀ents with IPF is explored, with a 
focus on imaging performed prior to the start of symptoms, as well as the iden琀椀昀椀ca琀椀on of 
factors associated with a longer 琀椀me to diagnosis. In Chapter 3 the prevalence of poten琀椀al 
extrapulmonary features of a telomere syndrome in pa琀椀ents with IPF is studied, including 
clinical history, family history, and laboratory features sugges琀椀ve of a telomere syndrome. 
It is inves琀椀gated whether these factors are associated with survival. In Chapter 4 the focus 
is on immunological markers in pa琀椀ents with IPF, both in blood and in bronchoalveolar 
lavage 昀氀uid, and their associa琀椀on with leukocyte telomere length, acute exacerba琀椀ons of 
IPF and survival. In Chapter 5 coronary artery calci昀椀ca琀椀on score and bone mineral density, 
derived from HRCT scans, are described and their rela琀椀on to leukocyte telomere length 
and survival are inves琀椀gated.
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In Chapter 6 pulmonary phenotypes associated with common and rare variants in 
telomere-related genes are reviewed. In Chapter 7 and Chapter 8 pathogenic muta琀椀ons 
in the telomere-related ACD and TINF2 genes in pa琀椀ents with IPF are described. Chapter 9 

describes the e昀昀ect of treatment with danazol, which is thought to elongate telomeres, on 
lung func琀椀on and survival in pa琀椀ents with IPF. Finally, in Chapter 10 a novel framework is 
proposed for the treatment of 昀椀brosing ILD, including IPF. This framework is based on the 
treatable traits concept, which focusses on the treatment of clinically relevant traits that 
can be iden琀椀昀椀ed through the use of validated biomarkers.
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ABSTRACT

Background: 
Idiopathic pulmonary 昀椀brosis (IPF) o昀琀en has signi昀椀cant diagnos琀椀c delay. At present it is 
not well-known what factors associate with 琀椀me to diagnosis and if this is associated with 
survival a昀琀er the diagnosis. There has also been increasing a琀琀en琀椀on for inters琀椀琀椀al lung 
abnormali琀椀es on chest CT-scans. In this study we assessed what factors associate with 
琀椀me to diagnosis in pa琀椀ents with IPF, and whether early stages of pulmonary 昀椀brosis can 
be seen on chest X-rays prior to the start of symptoms.

Methods:  
In this retrospec琀椀ve study, 409 Dutch pa琀椀ents with IPF were included. Clinical character-
is琀椀cs, including pa琀椀ent demographics, medical history, 琀椀me of start of symptoms, 琀椀me of 
昀椀rst visit to pulmonologist, and any previous radiographic imaging reports were collected 
from pa琀椀ent records.

Results: 
In 96 pa琀椀ents (23%) a chest X-ray was available that had been made prior to the start of 
symptoms (median of 50.5 months (IQR 26.3-83.3 months)), and this showed poten琀椀al 
inters琀椀琀椀al lung abnormali琀椀es in 56 pa琀椀ents (58%).  The median 琀椀me from the start of 
symptoms to the 昀椀nal diagnosis was 24.0 months (interquar琀椀le range 9.0-48.0 months). In 
a mul琀椀variate model that corrected for di昀昀usion capacity of the lung for carbon monoxide, 
forced vital capacity, sex, and age at diagnosis, 琀椀me to diagnosis did not associate with 
survival (hazard ra琀椀o 1.051 (95% CI 0.800-1.380; p=0.72)).

Conclusions: 
There is a signi昀椀cant diagnos琀椀c delay for pa琀椀ents with IPF, but longer 琀椀me to diagnosis 
did not associate with survival. Inters琀椀琀椀al lung abnormali琀椀es were seen in more than half 
of the pa琀椀ents in whom a chest X-ray had been made prior to the start of symptoms. This 
illustrates that a computed tomography scan should be strongly considered for analysis 
of unexplained abnormali琀椀es on a chest X-ray. This could facilitate early detec琀椀on and 
possibly preven琀椀on of disease progression for pa琀椀ents with pulmonary 昀椀brosis.
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INTRODUCTION

Idiopathic pulmonary 昀椀brosis (IPF) is a severe 昀椀bro琀椀c inters琀椀琀椀al lung disease (ILD) with a 
median survival of 3-5 years a昀琀er diagnosis. No cura琀椀ve treatment is available except for 
lung transplanta琀椀on, but the an琀椀昀椀bro琀椀c agents pirfenidone and nintedanib have been 
shown to slow disease progression. Therefore, 琀椀mely diagnosis and/or referral to an 
Inters琀椀琀椀al Lung Diseases centre is important.1

Previous studies have shown that diagnos琀椀c delay for pa琀椀ents with IPF is common, and 
that consulta琀椀ons with a pulmonologist, as well as pulmonary func琀椀on tes琀椀ng, chest CT-
scans, and addi琀椀onal diagnos琀椀cs are o昀琀en performed in the years leading up to the even-
tual diagnosis.2 Over half of all pa琀椀ents report having received another diagnosis prior to 
the diagnosis of IPF,3 and the 昀椀nal diagnosis is o昀琀en琀椀mes made more than one year a昀琀er 
the onset of symptoms.3–8 Factors that lead to an increased 琀椀me to diagnosis in pa琀椀ents 
with IPF include underrepor琀椀ng of ILD features on diagnos琀椀c tes琀椀ng and prolonged 琀椀me 
to pulmonology referral from a primary care se琀�ng,9 as well as male sex, older age, and 
comorbid condi琀椀ons such as cardiac and gastro-oesophageal disorders.4,5

 

In a study that was performed prior to the availability of an琀椀昀椀bro琀椀c agents, longer diagnos-
琀椀c delay was associated with worse survival, independent of disease severity at diagnosis.7

 

However, in a more recent study, diagnos琀椀c delay, stra琀椀昀椀ed by symptom onset >1 year or 
≤1 year prior to diagnosis, did not associate with survival.4 In another study, pa琀椀ents who 
were referred to an ILD centre within 12 months of symptom onset had signi昀椀cantly longer 
survival compared to pa琀椀ents referred later. Yet, when corrected for disease severity at 
diagnosis, diagnos琀椀c delay no longer associated with survival in that study either.8

 

Recently, there has been increased a琀琀en琀椀on for inters琀椀琀椀al lung abnormali琀椀es on chest 
computed tomography (CT) scans, as these likely represent an early stage of pulmonary 
昀椀brosis.10 However, inters琀椀琀椀al lung abnormali琀椀es are not de昀椀ned on chest X-rays and it 
is not known if early stages of pulmonary 昀椀brosis can be seen on chest X-rays of pa琀椀ents 
with IPF prior to the start of symptoms.

In the present study we inves琀椀gated the pa琀椀ent trajectory prior to diagnosis in a large 
Dutch cohort of pa琀椀ents with IPF, including radiographic imaging that was performed prior 
to the start of symptoms, as well as factors associated with 琀椀me to diagnosis and the 
rela琀椀on between 琀椀me to diagnosis and mortality.
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PATIENTS AND METHODS

This was a retrospec琀椀ve study. All pa琀椀ents with a diagnosis of IPF between January 2011 
and October 2017 that were included in the Biobank for ILD of St. Antonius Hospital were 
included. Par琀椀cipants of the Biobank have given permission for the use of their clinical 
data in scien琀椀昀椀c research (approved by the local ethics commi琀琀ee (MEC-U) under study 
number R05-08A). The study was performed in accordance with the declara琀椀on of Helsinki.

The diagnosis of IPF was always made by a mul琀椀disciplinary team, and this was done in 
accordance with the Fleischner Society recommenda琀椀ons and ATS/ERS/JRS/ALAT guide-
lines.11,12 Diagnoses were classi昀椀ed as either a consensus or a working diagnosis of IPF. A 
consensus diagnosis of IPF can be made when, in the appropriate clinical context of IPF, a 
de昀椀nite pa琀琀ern of usual inters琀椀琀椀al pneumonia (UIP) is seen on the chest CT-scan, or a昀琀er 
integra琀椀on of clinical, radiographic and histopathologic 昀椀ndings during mul琀椀disciplinary 
discussion. All biopsy results included were from surgical lung biopsies. A working diagno-
sis of IPF can be made when a pa琀椀ent has a progressive 昀椀brosing inters琀椀琀椀al pneumonia 
in the absence of an alterna琀椀ve explana琀椀on, and IPF is thought to be the most likely 
diagnosis by the mul琀椀disciplinary team.

Clinical characteris琀椀cs were retrieved from pa琀椀ent records. This included pa琀椀ent demo-
graphics, medical history, 琀椀me of start of symptoms, 琀椀me of 昀椀rst visit to pulmonologist, 
and, when available, any previous radiographic imaging reports. When the imaging report 
men琀椀oned re琀椀cular abnormali琀椀es, inters琀椀琀椀al abnormali琀椀es, in昀椀ltra琀椀ve abnormali琀椀es, or 
pulmonary 昀椀brosis, this was considered to represent poten琀椀al inters琀椀琀椀al lung abnormali-
琀椀es.

Pa琀椀ent follow up was completed up to December 2018. Study data were collected and 
managed using REDCap electronic data capture tools hosted at St. Antonius Hospital.13

 

Data analyses were performed using IBM SPSS Sta琀椀s琀椀cs for Windows, version 26 (IBM 
Corp., Armonk, N.Y., USA). Median values with interquar琀椀le range (IQR) are reported for 
non-normally distributed con琀椀nuous variables. For comparing two groups, Student’s t-
test, Mann-Whitney U-test, Kruskall-Wallis test, Fisher’s exact test, or chi-squared test 
were used where appropriate. For survival analyses, Kaplan-Meier curves were made, and 
Log-rank tests and Cox-regression analyses were performed where appropriate. Pa琀椀ents 
were censored when lost to follow up, when they underwent lung transplanta琀椀on, or 
at the 琀椀me of data collec琀椀on. A p-value <0.05 was considered to represent sta琀椀s琀椀cal 
signi昀椀cance.
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RESULTS

Four-hundred-and-nine pa琀椀ents were included. Baseline characteris琀椀cs are provided in 
Table 1. Three-hundred-and-thirteen pa琀椀ents were male (77%), the median age at diag-
nosis was 68.2 years (IQR 62.0-74.5), and 78 pa琀椀ents (19%) were under 60 years of age 
at the 琀椀me of diagnosis. Presen琀椀ng complaints included cough in 284 pa琀椀ents (69%) and 
dyspnoea in 343 pa琀椀ents (84%). Nine pa琀椀ents (2%), did not have any respiratory com-
plaints, of whom 昀椀ve (1%) were screened for pulmonary 昀椀brosis because they had a family 
member with pulmonary 昀椀brosis.

Table 1: baseline characteris琀椀cs for 409 pa琀椀ents with idiopathic pulmonary 昀椀brosis. 

Total pa琀椀ents 409

Male (%) 313 (77)

Median age at diagnosis (IQR) 68.2 (62.0-74.5)

First-degree family member with pulmonary 昀椀brosis (%) 116 (28)

Other family member with pulmonary 昀椀brosis (%) 24 (6)

Current smoker (%) 33 (8)

Former smoker (%) 298 (73)

Never smoker (%) 78 (19)

Signi昀椀cant exposure to asbestos, dusts, fumes, or 
radia琀椀on (%)

79 (9)

Gastro-oesophageal re昀氀ux (%) 149 (36)

Cardiovascular disease (%) 188 (46)

Ini琀椀al symptoms

Cough 284 (69)

Dyspnoea 343 (84)

No respiratory complaints 9 (2)

Evalua琀椀on in context of screening of family members of 
pa琀椀ents with familial pulmonary 昀椀brosis

5 (1)

Chest X-ray done prior to start of symptoms (%) 96 (23)

Showing poten琀椀al inters琀椀琀椀al lung abnormali琀椀es (%) 56 (58)

CT-imaging done prior to start of symptoms (%) 44 (11)

Showing inters琀椀琀椀al lung abnormali琀椀es or pulmonary 
昀椀brosis (%)

34 (77)

Symptoms started directly a昀琀er infec琀椀ous episode (%) 40 (10)

Symptoms started directly a昀琀er surgery (%) 5 (1)

Treatment with steroids prior to diagnosis (%) # 103 (25)

Treatment with other immunosuppressant prior to 
diagnosis (%)

23 (6)

Other ILD diagnosis prior to diagnosis of IPF (%) 67 (16)
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In 98 pa琀椀ents (23%) a chest X-ray was available that had been made prior to the start of 
symptoms, and this showed poten琀椀al inters琀椀琀椀al lung abnormali琀椀es in 56 pa琀椀ents (58%). 
Two examples are provided in Figure 1. The indica琀椀ons for the chest X-rays are shown in 
Supplementary Table 1. Chest X-ray 昀椀ndings are described in more detail in Supplemen-
tary Table 2. The median 琀椀me between the chest X-ray and the start of symptoms was 50.5 
months (IQR 26.3-83.3 months). In 91 pa琀椀ents, the 琀椀me between the chest X-ray and the 
start of symptoms was one year or more. The 琀椀me between the chest X-ray and the start 
of symptoms did not signi昀椀cantly di昀昀er between pa琀椀ents in whom the chest X-ray did or 
did not show poten琀椀al inters琀椀琀椀al lung abnormali琀椀es (median 44.5 months (IQR 24.0-73.0 
months) compared to 58.0 months (IQR 32.3-97.5 months); p-value 0.16). CT-imaging that 
had been done prior to the start of symptoms was available in 44 pa琀椀ents (11%), and 
showed inters琀椀琀椀al lung abnormali琀椀es or pulmonary 昀椀brosis in 34 pa琀椀ents (77%). Details 
on CT-imaging 昀椀ndings are provided in Supplementary Tables 2 and 3. In 23 of those 34 
pa琀椀ents with abnormali琀椀es seen on CT-imaging a chest X-ray had also been made, and this 
showed poten琀椀al inters琀椀琀椀al lung abnormali琀椀es in seventeen pa琀椀ents (74%). A CT-scan, 
done prior to the start of symptoms, was available for 19 pa琀椀ents with poten琀椀al inters琀椀琀椀al 

Table 1: baseline characteris琀椀cs for 409 pa琀椀ents with idiopathic pulmonary 昀椀brosis. (con琀椀nued)

Cardiology workup for symptoms prior to pulmonology 
visit (%)

45 (11)

Time from start of symptoms to 昀椀rst visit with 
pulmonologist, median months (IQR) 

5.0 (2.0-12.0)

Time from 昀椀rst visit with pulmonologist to start of 
symptoms, median months (IQR)

10.0 (4.0-33.0)

Time from start of symptoms to diagnosis, median 
months (IQR)

24.0 (9.0-48.0)

Forced vital capacity at diagnosis, median percentage of 
predicted (IQR)

78.1 (64.0-91.3)

Di昀昀usion capacity for carbon monoxide at diagnosis, 
median percentage of predicted (IQR)

41.0 (32.0-51.0)

Radiographic pa琀琀ern at diagnosis

UIP pa琀琀ern (%) 238 (58)

Probable UIP (%) 101 (25)

Inconsistent with UIP or indeterminate for UIP (%) 70 (17)

Histology pa琀琀ern at diagnosis 99 (24)

UIP pa琀琀ern (%) * 70 (70)

Probable UIP (%) * 16 (16)

Inconsistent with UIP or indeterminate for UIP (%) * 13 (13)

Consensus diagnosis of IPF (%) 190 (47)

Received treatment with an琀椀昀椀bro琀椀c therapy a昀琀er 
diagnosis (%)

331 (81)

# prednisolone equivalent >=10mg/daily for >4 weeks. * percentages represent the percentage of the pa琀椀ents in whom lung 
biopsy specimens were available.
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lung abnormali琀椀es on chest X-ray, and showed abnormali琀椀es consistent with pulmonary 
昀椀brosis or inters琀椀琀椀al lung abnormali琀椀es in 17 (89%). Symptoms had started directly a昀琀er 
a respiratory tract infec琀椀on in 40 pa琀椀ents (10%) and directly a昀琀er surgery in 昀椀ve pa琀椀ents 
(1%).

The median 琀椀me from the start of symptoms to the 昀椀rst visit with a pulmonologist was 
5.0 months (IQR 2.0-12.0 months), and 45 pa琀椀ents (11%) had undergone evalua琀椀on by 
a cardiologist prior to their visit to a pulmonologist. The median 琀椀me from the 昀椀rst visit 
with a pulmonologist to the 昀椀nal diagnosis was 10 months (IQR 4.0-33.0) and the median 
琀椀me from the start of symptoms to the 昀椀nal diagnosis was 24.0 months (IQR 9.0-48.0). In 
209 pa琀椀ents (51%), the 琀椀me from start of symptoms to the 昀椀nal diagnosis was less than 
24 months.

Figure 1: examples of pa琀椀ents who had poten琀椀al inters琀椀琀椀al lung abnormali琀椀es on chest X-rays that were 
made prior to the start of symptoms. (A) pa琀椀ent who presented with temporary dyspnoea a昀琀er a wasp s琀椀ng 
58 months prior to developing a cough and exer琀椀onal dyspnoea. The chest X-ray at the 琀椀me showed minimal 
re琀椀cular changes in the le昀琀 lower lung. The chest X-ray that was made 20 months a昀琀er symptoms started 
shows bilateral re琀椀cular changes in the lower 昀椀elds, especially on the le昀琀. (B) pa琀椀ent who was evaluated for 
an episode of chest pain 30 months prior to developing a cough. The chest X-ray at the 琀椀me showed bilateral 
re琀椀cular abnormali琀椀es. The chest X-ray that was made 2 months a昀琀er symptoms started showed progressive 
re琀椀cular changes mainly in the lower 昀椀elds.
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The associa琀椀on between clinical characteris琀椀cs and 琀椀me to diagnosis is shown in Table 2. 

Factors that associated with longer 琀椀me from the start of symptoms to diagnosis included 
having any family member with pulmonary 昀椀brosis (median 琀椀me to diagnosis 19.0 months 
(IQR 6.0-42.5 months) compared to 24.5 months (IQR 10.3-49.0); p=0.03), no chest X-ray 
having been made prior to the start of symptoms (median 琀椀me to diagnosis 17.0 months 
(IQR 7.0-34.5), compared to 26.0 months (IQR 10.0-50.8); p-value 0.01), symptoms that did 
not start directly a昀琀er a respiratory tract infec琀椀on (median 琀椀me to diagnosis 25.0 months 
(IQR 10.0-49.0), compared  to 9.5 months (IQR 5.0-27.8); p<0.001), having received treat-
ment with prednisolone prior to diagnosis (median 琀椀me to diagnosis 37.0 months (IQR 
19.0-78.0), compared to 18.5 months (IQR 8.0-41.3); p<0.001), having received treatment 
with other immunosuppressive medica琀椀on prior to diagnosis (median 琀椀me to diagnosis 
48.0 months (IQR 26.0-84.0), compared to 23.0 months (IQR 9.0-45.5); p=0.002), and hav-
ing received another ILD diagnosis prior to the diagnosis of IPF (median 琀椀me to diagnosis 
47.0 months (IQR 26.0-83.0), compared to 19.0 months (IQR 8.0-42.0); p<0.001). Pa琀椀ents 
who had received another ILD diagnosis prior to the diagnosis of IPF had received treat-
ment with prednisolone or other immunosuppressive medica琀椀on signi昀椀cantly more o昀琀en 
(69% versus 17%, p<0.001; 15% versus 4%, p=0.001).

Table 2: clinical characteris琀椀cs associated with 琀椀me to diagnosis in 409 pa琀椀ents with IPF. 

Time from symptom onset to diagnosis, months (IQR) p-value

Factor present Factor absent

Male sex (n=313) 24.0 (9.0-47.5) 24.5 (8.3-49.8) 0.70

Age at diagnosis <60 
years (n=78)

17.0 (6.8-45.0) 25.0 (10.0-49.0) 0.10

First-degree family 
member with pulmonary 
昀椀brosis (n=116)

19.5 (6.3-41.8) 24.0 (10.0-49.0) 0.05

Other family member 
with pulmonary 昀椀brosis 
(n=24)

11.5 (5.3-57.8) 24.0 (9.0-48.0) 0.12

Any family member 
with pulmonary 昀椀brosis 
(n=125)

19.0 (6.0-42.5) 24.5 (10.3-49.0) 0.03

Current smoker (n=33) 19.0 (5.5-39.0) 0.07

Former smoker (n=298) 26.0 (10.0-52.0)

Never smoker (n=78) 23.0 (7.8-37.8)

Signi昀椀cant exposure to 
asbestos, dusts, fumes, 
or radia琀椀on (n=79)

26.0 (10.0-49.0) 23.0 (8.0-47.0) 0.18

Gastro-oesophageal 
re昀氀ux (n=149)

24.0 (9.5-57.0) 24.0 (9.0-46.5) 0.49
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Time to diagnosis did not signi昀椀cantly associate with survival a昀琀er diagnosis. In pa琀椀ents 
with 琀椀me to diagnosis >24 months, median survival a昀琀er diagnosis was 1012 days (IQR 
530-1863), compared to 1322 days (IQR 610-2476) in pa琀椀ents with 琀椀me to diagnosis ≤24 
months (Figure 2; p=0.05). In a mul琀椀variate model that corrected for di昀昀usion capacity 
of the lung for carbon monoxide, forced vital capacity, sex, and age at diagnosis, 琀椀me to 
diagnosis did not associate with survival (hazard ra琀椀o 1.051 (95% CI 0.800-1.380; p=0.72)). 
When using 琀椀me to diagnosis as a con琀椀nuous variable in the same mul琀椀variate model, this 
did not associate with survival either (hazard ra琀椀o 1.000 (95% CI 0.997-1.004; p=0.97)). 
Factors that associated with survival in the same mul琀椀variate model included being a 
current smoker (hazard ra琀椀o 0.46 (95% CI 0.21-0.97); p=0.04), a history of cardiovascular 

Table 2: clinical characteris琀椀cs associated with 琀椀me to diagnosis in 409 pa琀椀ents with IPF. (con琀椀nued)

Time from symptom onset to diagnosis, months (IQR) p-value

Factor present Factor absent

Cardiovascular disease 
(n=188)

24.5 (8.0-52.0) 24.0 (9.0-44.0) 0.35

Chest X-ray done prior to 
start of symptoms (n=96)

17.0 (7.0-34.5) 26.0 (10.0-50.8) 0.01

Chest X-ray showing 
poten琀椀al inters琀椀琀椀al lung 
abnormali琀椀es (n=56) *

17.0 (7.0-27.8) 21.0 (7.0-45.0) 0.34

Symptoms started 
directly a昀琀er infec琀椀ous 
episode (n=40)

9.5 (5.0-27.8) 25.0 (10.0-49.0) <0.001

Symptoms started 
directly a昀琀er surgery 
(n=5)

12.0 (7.5-88.5) 24.0 (9.0-48.0) 0.99

Treatment with steroids 
prior to diagnosis 
(n=103) #

37.0 (19.0-78.0) 18.5 (8.0-41.3) <0.001

Treatment with other 
immunosuppressant 
prior to diagnosis (n=23)

48.0 (26.0-84.0) 23.0 (9.0-45.5) 0.002

Other ILD diagnosis prior 
to diagnosis of IPF (n=67)

47.0 (26.0-83.0) 19.0 (8.0-42.0) <0.001

Cardiology workup 
for symptoms prior to 
pulmonology visit (n=45)

23.0 (8.0-60.5) 24.0 (9.0-48.0) 0.59

Consensus diagnosis of 
IPF (n=190)

23.0 (9.0-49.0) 24.0 (9.0-47.0) 0.75

Received treatment with 
an琀椀昀椀bro琀椀c therapy a昀琀er 
diagnosis

25.0 (10.0-49.0) 19.5 (7.0-42.0) 0.17

* compared to pa琀椀ents in whom a chest X-ray was performed but did not reveal poten琀椀al inters琀椀琀椀al lung abnormali琀椀es. # 
prednisolone equivalent >=10mg/daily for >4 weeks.
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disease (hazard ra琀椀o 1.41 (95% CI 1.07-1.86); p=0.01), and treatment with an琀椀昀椀bro琀椀c 
therapy (hazard ra琀椀o 0.52 (95% CI 0.37-0.75; p<0.001) (Table 3).

Figure 2: survival a昀琀er diagnosis in 409 pa琀椀ents with IPF, stra琀椀昀椀ed by 琀椀me to diagnosis >24 months or 
≤24 months. Median survival a昀琀er diagnosis was 1012 days in pa琀椀ents with 琀椀me to diagnosis >24 months 
(interquar琀椀le range (IQR) 530-1863), compared to 1322 days in pa琀椀ents with 琀椀me to diagnosis ≤24 months 
(IQR 610-2476) (p=0.05). In a mul琀椀variate model that corrected for di昀昀usion capacity of the lung for carbon 
monoxide, forced vital capacity, sex, and age at diagnosis, 琀椀me to diagnosis did not associate with survival 
(hazard ra琀椀o 1.051 (95% con昀椀dence interval 0.800-1.380; p=0.72)). At risk tables represent the number of 
pa琀椀ents at the start of every year during follow up. 

Table 3: factors associated with survival. 

Hazard ra琀椀o (95% con昀椀dence 
interval)

p-value

First-degree family member with 
pulmonary 昀椀brosis (n=116)

1.18 (0.86-1.63) 0.30

Other family member with 
pulmonary 昀椀brosis (n=24)

1.35 (0.69-2.63) 0.38

Any family member with pulmonary 
昀椀brosis (n=125)

1.18 (0.86-1.62) 0.29

Current smoker (n=33) * 0.46 (0.21-0.97) 0.04

Former smoker (n=298) * 1.01 (0.68-1.50) 0.97

Signi昀椀cant exposure to asbestos, 
dusts, fumes, or radia琀椀on (n=79)

1.12 (0.85-1.47) 0.44

Gastro-oesophageal re昀氀ux (n=149) 0.98 (0.75-1.30) 0.91

Cardiovascular disease (n=188) 1.41 (1.07-1.86) 0.01

Chest X-ray prior to start of 
symptoms showing poten琀椀al 
inters琀椀琀椀al lung abnormali琀椀es 
(n=56) #

1.65 (0.88-3.08) 0.56
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DISCUSSION

In this cohort of 409 pa琀椀ents with IPF from the Netherlands, a long 琀椀me between the 
start of symptoms and the 昀椀nal diagnosis was common. The median 琀椀me between the 
start of symptoms and the 昀椀nal diagnosis was 24 months, and the 琀椀me to diagnosis was 
longer than 24 months in 49% of the pa琀椀ents. Most pa琀椀ents had an insidious onset of the 
disease, but in 10% of pa琀椀ents the 昀椀rst symptoms became apparent a昀琀er a respiratory 
tract infec琀椀on, and in 1% of pa琀椀ents a昀琀er surgery. The insidious disease onset is also evi-
denced by the fact that in 96 pa琀椀ents a chest X-ray had been done for other reasons prior 
to the start of symptoms, and that 58% of those chest X-rays showed poten琀椀al inters琀椀琀椀al 
lung abnormali琀椀es. In the 44 pa琀椀ents for whom CT-imaging of the lungs was done prior 
to the start of symptoms, inters琀椀琀椀al lung abnormali琀椀es were seen on 77% of the scans. 
The median 琀椀me between the 昀椀rst visit to a pulmonologist and the 昀椀nal diagnosis was 10 

Table 3: factors associated with survival. (con琀椀nued)

Hazard ra琀椀o (95% con昀椀dence 
interval)

p-value

CT-scan prior to start of symptoms 
showing poten琀椀al inters琀椀琀椀al lung 
abnormali琀椀es (N=34) $

0.98 (0.37-2.58) 0.97

Symptoms started directly a昀琀er 
infec琀椀ous episode (n=40)

0.82 (0.51-1.34) 0.43

Symptoms started directly a昀琀er 
surgery (n=5)

0.65 (0.16-2.64) 0.55

Treatment with steroids prior to 
diagnosis (n=103) ^

1.10 (0.81-1.49) 0.55

Treatment with other 
immunosuppressant prior to 
diagnosis (n=23)

0.94 (0.53-1.65) 0.82

Other ILD diagnosis prior to 
diagnosis of IPF (n=67)

1.01 (0.71-1.44) 0.96

Cardiology workup for symptoms 
prior to pulmonology visit (n=45)

0.96 (0.64-1.44) 0.83

Time from start of symptoms to 昀椀rst 
visit with pulmonologist (n=409)

1.00 (0.99-1.01) 0.81

Time from start of symptoms to 
diagnosis (n=409)

1.00 (1.00-1.00) 0.97

Consensus diagnosis of IPF (n=190) 0.89 (0.68-1.17) 0.40

Received treatment with an琀椀昀椀bro琀椀c 
therapy a昀琀er diagnosis

0.52 (0.37-0.75) <0.001

Hazard ra琀椀os are derived from a mul琀椀variate model that corrected for di昀昀usion capacity of the lung for carbon monoxide, 
forced vital capacity, sex, and age at diagnosis. * compared to never smokers as a reference category. # compared to pa琀椀ents 
in whom a chest X-ray was performed but did not reveal poten琀椀al inters琀椀琀椀al lung abnormali琀椀es. $ compared to pa琀椀ents 
in whom a CT-scan was performed but did not reveal poten琀椀al inters琀椀琀椀al lung abnormali琀椀es. ^ prednisolone equivalent 
>=10mg/daily for >4 weeks.
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months, indica琀椀ng a signi昀椀cant doctor’s delay in addi琀椀on to a pa琀椀ent’s delay in arriving at 
the 昀椀nal diagnosis. 

Factors that associated with longer 琀椀me to diagnosis were having no family member with 
pulmonary 昀椀brosis, treatment with immunosuppressive medica琀椀on prior to the diagnosis, 
having received another ILD diagnosis prior to the diagnosis of IPF, and symptoms not 
having started directly a昀琀er a respiratory tract infec琀椀on. In contrast to previous studies,4

 

we did not 昀椀nd an associa琀椀on between a history of cardiovascular disease or gastro-oe-
sophageal re昀氀ux and longer 琀椀me to diagnosis, nor was longer 琀椀me to diagnosis associated 
with a cardiology consulta琀椀on prior to the 昀椀rst visit to a pulmonologist.

Somewhat counterintui琀椀vely, longer 琀椀me to diagnosis was not signi昀椀cantly related to 
shorter survival a昀琀er diagnosis, also in a mul琀椀variate model that corrected for sex, age 
and lung func琀椀on at diagnosis. This is in contrast to a previous study that was done prior 
to the availability of an琀椀昀椀bro琀椀c therapy.7 However, this is in line with the 昀椀ndings from 
two more recent studies. 4,8 Other than a clinical history of cardiovascular disease and 
being a current smoker, no other clinical factors associated with survival in our study. The 
absence of an associa琀椀on between longer 琀椀me to diagnosis and survival is sobering, as 
this illustrates that despite our best e昀昀orts, we s琀椀ll have li琀琀le to o昀昀er to IPF pa琀椀ents in 
order to prevent disease progression and prolong survival. In this cohort, it needs to be 
taken into account that approximately 80% of pa琀椀ents was treated with an琀椀昀椀bro琀椀c medi-
ca琀椀on a昀琀er they were diagnosed with IPF. Notably, pirfenidone and nintedanib do seem 
improve survival in pa琀椀ents with IPF according to meta-analyses of randomized controlled 
trials, but the actual magnitude of this e昀昀ect is uncertain.14 In our cohort treatment with 
an琀椀昀椀bro琀椀c therapy was also associated with be琀琀er survival in a mul琀椀variate model, but 
we cannot exclude that this is due to selec琀椀on bias.

The fact that a signi昀椀cant propor琀椀on of pa琀椀ents in whom either a chest X-ray or a CT-scan 
had been done for some other reason, prior to the start of symptoms related to IPF, had 
poten琀椀al inters琀椀琀椀al lung abnormali琀椀es, is of interest. Inters琀椀琀椀al lung abnormali琀椀es are 
found on CT-scans of 2-9% of older adults. 10 When followed up, inters琀椀琀椀al lung abnor-
mali琀椀es are o昀琀en琀椀mes progressive, and they associate with respiratory symptoms and 
increased mortality.10 However, as far as we are aware, it is not known what propor琀椀on 
of pa琀椀ents with IPF had poten琀椀al inters琀椀琀椀al lung abnormali琀椀es on previous imaging. The 
propor琀椀on of 58% that we found on chest X-rays is very high. Furthermore, these chest 
X-rays were done a median of 44.5 months prior to the start of symptoms, which indicates 
that subclinical disease can be present for a long 琀椀me in many pa琀椀ents. This would indicate 
that screening of certain popula琀椀ons at high risk for IPF might be worthwhile, as there 
would be ample 琀椀me for interven琀椀on and hal琀椀ng disease progression.15 However, it is im-
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portant to acknowledge that it is presently unknown whether treatment with an琀椀昀椀bro琀椀c 
medica琀椀on can prevent progression of inters琀椀琀椀al lung abnormali琀椀es.15 Furthermore, it is 
not known whether the abnormali琀椀es seen on the chest X-rays represent the same clinical 
en琀椀ty as inters琀椀琀椀al lung abnormali琀椀es seen on chest CT-scans. The la琀琀er are o昀琀en subtle 
changes that are not visible on chest X-rays, and might represent a much earlier stage of 
昀椀brosis.

We were not able to explore precisely how the radiology reports that men琀椀oned poten琀椀al 
inters琀椀琀椀al lung abnormali琀椀es were interpreted by the reques琀椀ng physician at the 琀椀me 
that the imaging was done. In any case, the absence of (persis琀椀ng) respiratory symptoms 
might have caused the physician at that 琀椀me to refrain from further inves琀椀ga琀椀ons or 
follow-up. Unfortunately, in these cases, this has meant that a rather easy opportunity 
for earlier diagnosis of pulmonary 昀椀brosis or inters琀椀琀椀al lung abnormali琀椀es was missed. 
A poten琀椀al solu琀椀on to be considered is that the radiologist report speci昀椀cally advises to 
perform a chest CT-scan in case of poten琀椀al inters琀椀琀椀al lung abnormali琀椀es on a chest X-ray. 
Considering that 23% of this cohort had a chest X-ray done and 58% of chest X-rays showed 
abnormali琀椀es in this cohort, this would facilitate earlier diagnosis in at least one in eight 
pa琀椀ents with IPF. However, this might cause unnecessary CT-scans to be performed, and 
it is not known if this would lead to more 琀椀mely diagnosis or recogni琀椀on of pa琀椀ents with 
inters琀椀琀椀al lung abnormali琀椀es that are a precursor to IPF.

Despite our 昀椀ndings, we do not think that chest X-ray is a useful screening tool for pa琀椀ents 
with suspected IPF, such as 昀椀rst-degree rela琀椀ves of pa琀椀ents with pulmonary 昀椀brosis.16,17

 

This is par琀椀ally because chest X-ray is a cruder diagnos琀椀c tool, and some subtle abnormali-
琀椀es may be missed. Furthermore, in the context of recent studies in rela琀椀ves of pa琀椀ents 
with pulmonary 昀椀brosis, as well as lung cancer screening programs, more informa琀椀on will 
be available on the prognos琀椀c signi昀椀cance of inters琀椀琀椀al lung abnormali琀椀es, as seen on 
CT-scan, than abnormali琀椀es seen on chest X-ray.10,16,17

The present study has several limita琀椀ons. First, this was a retrospec琀椀ve study, and this 
can always lead to missing data or incorrect categoriza琀椀on. Second, because pa琀椀ents es琀椀-
mated the 琀椀me since the start of symptoms at the 琀椀me of the 昀椀rst visit to a pulmonologist, 
this could be subject to recall bias, and may not be a completely reliable value. We are 
however con昀椀dent that in most if not all cases, the imaging was done before the start of 
symptoms. In the majority of pa琀椀ents, the 琀椀me between the chest X-ray and the reported 
symptom onset was one year or more, and for the pa琀椀ents in whom we were able to 
assess the reason for reques琀椀ng the chest X-ray, this was not related to symptoms of IPF. 
Third, because radiographic imaging was o昀琀en琀椀mes performed at another hospital, we 
are not certain that we were able to assess all chest X-rays and CT-scans that were done 
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prior to the start of symptoms in our pa琀椀ents. In addi琀椀on, we were not able to view the 
original images, and had to determine whether poten琀椀al inters琀椀琀椀al lung abnormali琀椀es 
were present based on the radiologist’s report. This could have led to underrepor琀椀ng of 
inters琀椀琀椀al lung abnormali琀椀es.

CONCLUSION

In this cohort of 409 Dutch pa琀椀ents with IPF, the median 琀椀me between the start of symp-
toms and the 昀椀nal diagnosis was 24 months, with half of the pa琀椀ents having a 琀椀me to 
diagnosis of over two years. In 23% of the pa琀椀ents, a chest X-ray was made a median of 
50.5 months prior to the start of symptoms, and this showed poten琀椀al inters琀椀琀椀al lung 
abnormali琀椀es in 58%, which demonstrates the poten琀椀al for earlier diagnosis in a propor-
琀椀on of pa琀椀ents with IPF. Time to diagnosis did not associate with survival, illustra琀椀ng 
that more work needs to be done on preven琀椀on of disease progression in pa琀椀ents with 
pulmonary 昀椀brosis.
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SUPPLEMENTARY DATA

Supplementary Table 1: Indica琀椀ons for chest X-rays done prior to the start of symptoms in 96 pa琀椀ents with 
IPF

Indica琀椀on N pa琀椀ents

Prior to/a昀琀er thoracic surgery 12

Cough (temporary) 10

Chest pain 6

Dyspnoea (temporary) 5

Follow-up a昀琀er pneumonia 5

Trauma 3

Crackles 2

Follow-up for malignancy 2

Haemoptysis 1

Family history 1

Heart murmur 1

Tuberculosis screening 1

Tiredness 1

Recurrent infec琀椀ons 1

Unknown 45

Supplementary Table 2: addi琀椀onal informa琀椀on on radiographic 昀椀ndings in 56 pa琀椀ents with poten琀椀al inter-
s琀椀琀椀al lung abnormali琀椀es detected on chest X-ray prior to start of symptoms of idiopathic pulmonary 昀椀brosis. 

Pa琀椀ent Time between chest 
X-ray and start of 
symptoms (months)

Chest X-ray descrip琀椀on Time between 
chest X-ray and CT-
scan (months)

CT-scan 昀椀ndings

1 101 Increased inters琀椀琀椀al markings 
bilaterally

12 Fibro琀椀c changes

2 34 Inters琀椀琀椀al abnormali琀椀es

3 12 Fibro琀椀c changes

4 60 Fibro琀椀c abnormali琀椀es

5 24 Inters琀椀琀椀al abnormali琀椀es 1 Fibro琀椀c changes

6 56 Fibro琀椀c abnormali琀椀es 1 Fibro琀椀c 
abnormali琀椀es

7 51 Increased subpleural 
re琀椀cula琀椀on

8 73 Increased inters琀椀琀椀al markings 11 Some 昀椀bro琀椀c 
changes

9 12 Fibro琀椀c changes

10 27 Increased re琀椀cular markings in 
the right lung

11 45 Inters琀椀琀椀al abnormali琀椀es 1 Fibro琀椀c 
abnormali琀椀es
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Supplementary Table 2: addi琀椀onal informa琀椀on on radiographic 昀椀ndings in 56 pa琀椀ents with poten琀椀al inter-
s琀椀琀椀al lung abnormali琀椀es detected on chest X-ray prior to start of symptoms of idiopathic pulmonary 昀椀brosis. 
(con琀椀nued)

Pa琀椀ent Time between chest 
X-ray and start of 
symptoms (months)

Chest X-ray descrip琀椀on Time between 
chest X-ray and CT-
scan (months)

CT-scan 昀椀ndings

12 58 Some inters琀椀琀椀al abnormali琀椀es

13 120 Fibro琀椀c abnormali琀椀es

14 35 Inters琀椀琀椀al abnormali琀椀es

15 33 Fibro琀椀c abnormali琀椀es 4 Inters琀椀琀椀al lung 
abnormali琀椀es

16 44 Inters琀椀琀椀al abnormali琀椀es, 
especially in the righ lung

1 Fibro琀椀c 
abnormali琀椀es

17 4 Inters琀椀琀椀al abnormali琀椀es -5 Minimal re琀椀cula琀椀on

18 106 Fibro琀椀c abnormali琀椀es 75 Fibro琀椀c 
abnormali琀椀es

19 33 Fibro琀椀c abnormali琀椀es

20 104 Increased inters琀椀琀椀al markings 
in lower and middle 昀椀elds as 
well as right upper 昀椀eld

21 64 Increased inters琀椀琀椀al markings

22 92 Somewhat increased 
inters琀椀琀椀al markings

23 67 Somewhat increased 
inters琀椀琀椀al markings

24 20 Inters琀椀琀椀al abnormali琀椀es 
bilaterally

25 74 Inters琀椀琀椀al abnormali琀椀es, 
possibly redistribu琀椀on

63 Fibro琀椀c 
abnormali琀椀es

26 50 Re琀椀cular abnormali琀椀es

27 6 Inters琀椀琀椀al abnormali琀椀es, 
especially in the right lung

28 10 Inters琀椀琀椀al abnormali琀椀es

29 7 Increased markings in both 
pleural sinuses

30 15 Inters琀椀琀椀al abnormali琀椀es 2 Fibro琀椀c 
abnormali琀椀es

31 15 Increased inters琀椀琀椀al markings, 
somewhat more on the right

32 37 Inters琀椀琀椀al abnormali琀椀es

33 65 Fibro琀椀c changes 48 Fibro琀椀c changes

34 34 Fibro琀椀c changes bilaterally

35 23 Increased inters琀椀琀椀al markings 
peripherally

1 Fibrosis
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Supplementary Table 2: addi琀椀onal informa琀椀on on radiographic 昀椀ndings in 56 pa琀椀ents with poten琀椀al inter-
s琀椀琀椀al lung abnormali琀椀es detected on chest X-ray prior to start of symptoms of idiopathic pulmonary 昀椀brosis. 
(con琀椀nued)

Pa琀椀ent Time between chest 
X-ray and start of 
symptoms (months)

Chest X-ray descrip琀椀on Time between 
chest X-ray and CT-
scan (months)

CT-scan 昀椀ndings

36 3 Fibro琀椀c changes in the lower 
zones peripherally

37 70 Somewhat increased 
inters琀椀琀椀al markings

2 Small airways 
disease

38 40 Inters琀椀琀椀al abnormali琀椀es

39 86 Fibro琀椀c abnormali琀椀es

40 73 Increased inters琀椀琀椀al markings 20 Subpleural 昀椀bro琀椀c 
changes

41 212 Bilateral re琀椀cular and nodular 
abnormali琀椀es

1 No abnormali琀椀es

42 24 Increased inters琀椀琀椀al markings

43 12 Increased inters琀椀琀椀al markings 
bilaterally in the lower 昀椀elds

44 24 Inters琀椀琀椀al abnormali琀椀es

45 126 Fibro琀椀c abnormali琀椀es

46 78 Bronchopathic and 昀椀bro琀椀c 
abnormali琀椀es

47 71 Somewhat increased 
inters琀椀琀椀al markings

48 91 Fibro琀椀c abnormali琀椀es 3 Fibro琀椀c changes

49 26 Increased inters琀椀琀椀al markings 
especially peripherally

1 Bilateral subpleural 
re琀椀cula琀椀on

50 73 Increased inters琀椀琀椀al markings

51 30 Increased inters琀椀琀椀al markings, 
especially in the le昀琀 lower 
zone

52 101 Some 昀椀ne changes, especially 
in the le昀琀 lower zone

53 51 Fibro琀椀c abnormali琀椀es 1 Fibro琀椀c changes

54 53 Re琀椀cular abnormali琀椀es

55 43 Inters琀椀琀椀al abnormali琀椀es

56 43 Di昀昀usely increased inters琀椀琀椀al 
markings

Note that the chest X-ray and CT-scan descrip琀椀on was based on radiology reports and not on revision of the images. Nega琀椀ve 
琀椀me between chest X-ray and CT-scan indicates that the CT-scan was made before the chest X-ray.
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Supplementary Table 3: addi琀椀onal informa琀椀on on radiographic 昀椀ndings in 17 pa琀椀ents with poten琀椀al inter-
s琀椀琀椀al lung abnormali琀椀es detected on CT-scan prior to start of symptoms of idiopathic pulmonary 昀椀brosis. 

Pa琀椀ent Time between CT-scan 
and start of symptoms

CT-scan 昀椀ndings Time between 
CT-scan and chest 
X-ray

Poten琀椀al 
inters琀椀琀椀al lung 
abnormali琀椀es on 
chest X-ray

1 40 Some 昀椀bro琀椀c abnormali琀椀es

2 82 Some 昀椀bro琀椀c abnormali琀椀es -2 No

3 44 Mild 昀椀brosis

4 52 Normal

5 9 Mild 昀椀brosis

6 43 Mild 昀椀bro琀椀c abnormali琀椀es in lower 
昀椀elds (abdominal scan)

7 43 Some 昀椀brosis

8 108 Normal

9 60 Normal

10 62 Normal 1 No

11 142 Some bronchiectasis and alveolar 
in昀椀ltrates

12 No

12 29 Mild 昀椀brosis

13 68 Normal 0 No

14 110 Some 昀椀bro琀椀c abnormali琀椀es -30 No

15 33 Normal 28 No

16 18 Fibro琀椀c abnormali琀椀es in lower 
昀椀elds 
(abdominal scan)

17 48 Normal -240 No

18 34 Subtle inters琀椀琀椀al lung 
abnormali琀椀es

1 No

19 99 Some 昀椀bro琀椀c abnormali琀椀es in right 
upper lobe

20 40 Fibro琀椀c abnormali琀椀es -108 No

21 84 Minimal 昀椀bro琀椀c changes 2 No

22 84 Normal 47 No

23 46 Subpleural re琀椀cula琀椀on

24 54 Bilateral 昀椀bro琀椀c abnormali琀椀es

25 42 Some 昀椀brosis

Seventeen other pa琀椀ents with poten琀椀al inters琀椀琀椀al lung abnormali琀椀es on CT-scan that are included in Supplementary Table 
2 are not included here, so no pa琀椀ents in this table have abnormali琀椀es on chest X-ray. Note that the chest X-ray and CT-scan 
descrip琀椀on was based on radiology reports and not on revision of the images. Nega琀椀ve 琀椀me between CT-scan and chest X-ray 
indicates that the chest X-ray was made before the CT-scan.
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ABSTRACT

Background: 
Idiopathic pulmonary 昀椀brosis (IPF) is a heterogenous disease with a median survival of 3-4 
years. Pa琀椀ents with muta琀椀ons in telomere-related genes were shown to exhibit extrapul-
monary signs and symptoms of a telomere syndrome and represent a dis琀椀nct phenotype 
of IPF with worse survival. As gene琀椀c analyses are not available for most pa琀椀ents with IPF, 
we sought to determine the predic琀椀ve value of extrapulmonary signs and symptoms of a 
telomere syndrome in pa琀椀ents with IPF.

Methods:  
We retrospec琀椀vely studied 409 pa琀椀ents with IPF. Clinical characteris琀椀cs, laboratory results, 
and family history sugges琀椀ve of a telomere syndrome were related to leukocyte telomere 
length measured by quan琀椀ta琀椀ve polymerase chain reac琀椀on and pa琀椀ent outcomes.

Results: 
The cohort included 293 pa琀椀ents with sporadic IPF and 116 pa琀椀ents with background 
of familial pulmonary 昀椀brosis. Any or a combina琀椀on of a clinical history (haematological 
disease, liver disease, early greying of hair, nail dystrophy, skin abnormali琀椀es), a family his-
tory, or haematological laboratory abnormali琀椀es (macrocytosis, anaemia, thrombopenia 
or leukopenia) sugges琀椀ve of a telomere syndrome was present in 27% of IPF pa琀椀ents 
and associated with shorter leukocyte telomere length and shorter survival (p=0.002 in 
a mul琀椀variate model). In sporadic IPF, having either a clinical history, family history, or 
haematological laboratory abnormali琀椀es was not signi昀椀cantly associated with decreased 
survival (p=0.07 in a mul琀椀variate model).

Conclusions: 
Taking a careful clinical and family history focused on extrapulmonary manifesta琀椀ons of a 
telomere syndrome can provide important prognos琀椀c informa琀椀on in pa琀椀ents with IPF, as 
this is associated with shorter survival.
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INTRODUCTION

Idiopathic pulmonary 昀椀brosis (IPF) is a severe inters琀椀琀椀al lung disease. It is characterized by 
progressive 昀椀brosis and decline in pulmonary capacity, with a median survival of 3-4 years 
a昀琀er diagnosis.1 Current treatments include the an琀椀昀椀bro琀椀c agents pirfenidone and nint-
edanib, which are not cura琀椀ve but have been shown to slow pulmonary func琀椀on decline 
in clinical trials.1 Risk factors for IPF include male sex, smoking, other 昀椀brogenic exposures 
(e.g. wood dust, irritant inhalants, etc.), and having a family member with pulmonary 
昀椀brosis.2 Up to 10% of pa琀椀ents with IPF have one or more family members with pulmonary 
昀椀brosis. In case of two or more 昀椀rst-degree family members with pulmonary 昀椀brosis, it is 
termed familial idiopathic pulmonary 昀椀brosis (fIPF).1

 

Telomere dysfunc琀椀on plays a key role in disease pathogenesis in a part of IPF and fIPF 
pa琀椀ents.3 Telomere dysfunc琀椀on can be caused by decreased func琀椀onality of telomere-
related proteins or (inheritance of) short telomeres, and causes replica琀椀ve senescence or 
cellular apoptosis.4 Condi琀椀ons of impaired telomere maintenance are termed telomere 
syndromes. These syndromes can have various manifesta琀椀ons throughout the body, 
including skin abnormali琀椀es, bone marrow failure, liver disease, gastrointes琀椀nal disease, 
early greying of hair, and pulmonary 昀椀brosis or emphysema.4 Muta琀椀ons in telomere-
related genes can have a wide range of disease phenotypes, and speci昀椀c phenotypes can 
be caused by various gene琀椀c muta琀椀ons.5 IPF is by far the most common manifesta琀椀on of 
a telomere syndrome, but it is di昀케cult to es琀椀mate the propor琀椀on of IPF pa琀椀ents in whom 
disease is caused by telomere dysfunc琀椀on.3 Up to 25% of pa琀椀ents with fIPF and up to 10% 
of pa琀椀ents with sporadic IPF have muta琀椀ons in telomere-related genes.6 These pa琀椀ents 
seem to represent a dis琀椀nct clinical phenotype of IPF, characterized by shorter survival 
a昀琀er diagnosis. 7,8

Some, but not all pa琀椀ents with pulmonary 昀椀brosis who have proven muta琀椀ons in 
telomere-related genes show extrapulmonary manifesta琀椀ons of a telomere syndrome. 
Previous studies that inves琀椀gated possible extrapulmonary manifesta琀椀ons of telomere 
syndromes in IPF pa琀椀ents studied highly selected popula琀椀ons (i.e. only lung transplant 
recipients, or only pa琀椀ents with proven telomere-related gene muta琀椀ons), and might not 
be representa琀椀ve of the general IPF popula琀椀on.7–9 Furthermore, gene琀椀c analyses are not 
always available in clinical prac琀椀ce. The aim of this study was to determine the prevalence 
of extrapulmonary manifesta琀椀ons sugges琀椀ve of a telomere syndrome in the general IPF 
popula琀椀on and their associa琀椀on with prognosis and leukocyte telomere length.
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PATIENTS AND METHODS

Pa琀椀ents were retrospec琀椀vely included from the St. Antonius Hospital Inters琀椀琀椀al Lung Dis-
eases Biobank. This study was approved by the local medical ethics commi琀琀ee (Medical 
Resarch Ethics Commi琀琀ees United; number R05-08A). Par琀椀cipants have given informed 
consent for the use of their clinical data in scien琀椀昀椀c research, and have provided blood to 
be stored and used for later analyses. This study involves all pa琀椀ents with IPF who were 
included in the Biobank from January 2011 to October 2017. Only pa琀椀ents in whom a DNA 
sample was available were included. Pa琀椀ents were followed up to June 2019.

The diagnosis of IPF was always made by a mul琀椀disciplinary team using clinical, radio-
logical, and if necessary histopathological data, in accordance with the Fleischner Society 
recommenda琀椀ons, as well as ATS/ERS/JRS/ALAT guidelines.10,11 Pa琀椀ents were given either 
a consensus or a working diagnosis of IPF. A consensus diagnosis of IPF was given in 
the appropriate clinical context of IPF (age >60 years, absence of signi昀椀cant exposure, 
no evidence of collagen vascular disease), with a de昀椀nite CT-pa琀琀ern of usual inters琀椀琀椀al 
pneumonia (UIP), or a昀琀er integra琀椀on of clinical, imaging and histologic features. A work-
ing diagnosis of IPF was given to pa琀椀ents with probable UIP on CT or progressive 昀椀brosing 
inters琀椀琀椀al pneumonia, in the absence of an alterna琀椀ve diagnosis, and when IPF was 
thought to be the most likely diagnosis.

Clinical data were retrieved from pa琀椀ent records. Retrieved informa琀椀on included comorbid 
condi琀椀ons, full clinical history and physical examina琀椀on. Family history up to third-degree 
family members and history of pulmonary exposures were retrieved from standardized 
forms that pa琀椀ents 昀椀lled in at 琀椀me of referral. Results from pulmonary func琀椀on tes琀椀ng 
(in accordance with European Respiratory Society standards) at 琀椀me of diagnosis were 
automa琀椀cally retrieved from pa琀椀ent records. High-resolu琀椀on computed-tomography 
(HRCT) scans at 琀椀me of diagnosis were retrieved from the hospital’s radiology database. 
Scan reports were reviewed for the radiological 昀椀brosis pa琀琀ern. Histopathological infor-
ma琀椀on, when available, was retrieved from histopathology reports generated at the 琀椀me 
of diagnosis. Laboratory test results were retrieved from the hospital laboratory system. 
Only test results within 6 months of the date of diagnosis were included, and in all cases 
values as close to the date of diagnosis as possible were used. 

Familial pulmonary 昀椀brosis was de昀椀ned as two or more 昀椀rst-degree family members with 
pulmonary 昀椀brosis. Clinical features that were deemed sugges琀椀ve of a telomere syndrome 
included anaemia or thrombocytopenia, bone marrow failure, haematological malignan-
cies, liver cirrhosis or liver cancer, greying of hair before 30 years, oral leucoplakia, nail 
dystrophy, and skin hyperpigmenta琀椀on. Features were not counted if a clear alterna琀椀ve 
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ae琀椀ology was apparent from the pa琀椀ent records. Features in the family history that were 
deemed sugges琀椀ve of a telomere syndrome included 昀椀rst-, second-, or third-degree fam-
ily members with aplas琀椀c anaemia, bone marrow failure, liver cirrhosis, liver cancer, or 
dyskeratosis congenita. Laboratory features deemed sugges琀椀ve of a telomere syndrome 
included anaemia, thrombocytopenia, leukopenia, and macrocytosis. Local laboratory 
cut-o昀昀 values were used as lower limits of normal. Pa琀椀ents with any one or more of these 
features (i.e. clinical features in the pa琀椀ent history, family history, or laboratory features 
sugges琀椀ve of a telomere syndrome) are referred to as pa琀椀ents in whom there is a clinical 
suspicion of a telomere syndrome.

Blood samples were taken around 琀椀me of diagnosis. The samples were stored at -80 
degrees Celsius un琀椀l use. DNA was isolated from white blood cells using a magne琀椀c 
beads-based method (chemagic DNA blood 10k kit; PerkinElmer chemagen Technologie 
GmbH, Baesweiler, Germany). Telomere length was determined using a previously de-
scribed quan琀椀ta琀椀ve polymerase chain reac琀椀on (PCR) method.12 Brie昀氀y, telomere length 
was es琀椀mated for each sample from the ra琀椀o of telomere repeat copy number to a single 
gene (human β-globin gene) copy number (T/S ra琀椀o).  Measurements were performed 
on the Bio-Rad CFX96™ Real-Time PCR Detec琀椀on System (Bio-Rad, Hercules, CA, USA) in 
duplicate, with addi琀椀onal measurements if the duplicates di昀昀ered more than 0.05; the 
mean value of the measured samples was used. Furthermore, quality control samples 
were included on each PCR-run, with a <0.05 margin of variance to reference values al-
lowed. The control cohort included 164 healthy adults (71 male) who were between 20-70 
years of age. Age-adjusted normal values for the T/S-ra琀椀o were calculated by determining 
the best-昀椀琀�ng linear regression line through the data, and percen琀椀les were derived from 
the regression line.

Study data were collected and managed using REDCap electronic data capture tools 
hosted at St. Antonius Hospital.13 Data analyses were performed using IBM SPSS Sta琀椀s-
琀椀cs for Windows, version 25 (IBM Corp., Armonk, N.Y., USA). For comparing two groups, 
Student’s t-test, Mann-Whitney U-test, Fisher’s exact test, or chi-squared test were used 
where appropriate. For the rela琀椀on between telomere length and other con琀椀nuous vari-
ables, univariate and mul琀椀variate generalized linear regression analyses were used. For 
survival analyses, Kaplan-Meier curves were calculated and Cox-regression analyses were 
performed, with the la琀琀er adjus琀椀ng for age and lung func琀椀on (forced vital capacity and 
di昀昀usion capacity of the lung for carbon monoxide) at diagnosis in mul琀椀variate analyses. 
We also explored the e昀昀ect of adding smoking status to the mul琀椀variate analyses, and did 
a mul琀椀variate analyses that corrected for the GAP-score, a composite index that uses data 
on sex, lung func琀椀on, and age, and can be used to determine the prognosis for pa琀椀ents 
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with idiopathic pulmonary 昀椀brosis.14 Pa琀椀ents were censored when lost to follow up, when 
they underwent lung transplanta琀椀on, or at the 琀椀me of data collec琀椀on.

RESULTS

Baseline characteris琀椀cs for the included pa琀椀ents are shown in Table 1. The cohort com-
prised 190 pa琀椀ents with a consensus diagnosis of IPF, and 219 pa琀椀ents with a working di-
agnosis of IPF. There were no signi昀椀cant di昀昀erences between pa琀椀ents with a working and 
consensus diagnosis, except that having familial pulmonary 昀椀brosis was more common 
in pa琀椀ents with a working diagnosis (p=0.02), and a UIP pa琀琀ern on radiological imaging 
or histopathology was more common in pa琀椀ents with a consensus diagnosis (p<0.001). 
Seventy-seven percent of the pa琀椀ents was male, and the median age at diagnosis was 68 
years. There were 116 pa琀椀ents with familial pulmonary 昀椀brosis.

Table 1: Baseline characteris琀椀cs for 409 pa琀椀ents with idiopathic pulmonary 昀椀brosis (IPF)

Clinical characteris琀椀cs

Male (%) 313 (77)

Median age at diagnosis (range) 68 (21-89)

Median years between start of symptoms and diagnosis (IQR) 2.0 (0.8-4.0)

Consensus diagnosis of IPF (%) 190 (46)

1st-degree rela琀椀ve with pulmonary 昀椀brosis (%) 116 (28)

Smoking status

≥5 packyears (%) 302 (74)

≥20 packyears (%) 190 (47)

Lung func琀椀on at diagnosis

Median FVC% (IQR) 78 (64-91)

Median FEV1% (IQR) 82 (69-96)

Median DLCOc% (IQR) 41 (32-51)

Radiology 昀椀ndings

UIP pa琀琀ern (%) 238 (58)

Probable UIP (%) 101 (25)

Inconsistent with UIP or indeterminate for UIP (%) 70 (17)

Emphysema (%) 111 (27)

Histopathology 昀椀ndings 99 (24)

UIP pa琀琀ern (%)# 70 (70)

Probable UIP (%)# 16 (16)

Inconsistent with UIP or indeterminate for UIP (%)# 13 (13)

# percentages represent the percentage of the pa琀椀ents in whom lung biopsy specimens were available. FVC = forced vital 
capacity; FEV1 = forced expiratory volume in one second; DLCOc = di昀昀usion capacity of the lung for carbon monoxide, cor-
rected for haemoglobin level; UIP = usual inters琀椀琀椀al pneumonia
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In total, 35 pa琀椀ents (9%) had a clinical history sugges琀椀ve of a telomere syndrome (Table 
2 and Table 3). The most common 昀椀nding was haematological disease in 23 pa琀椀ents, fol-
lowed by liver disease in twelve pa琀椀ents. Thirty pa琀椀ents had one 昀椀nding sugges琀椀ve of a 
telomere syndrome in their clinical history, and 昀椀ve had two. In addi琀椀on, 41 pa琀椀ents (10%) 
had a family history sugges琀椀ve of a telomere syndrome (Supplementary Table 1). Seventy-
seven pa琀椀ents (19%) had any haematological laboratory abnormality at 琀椀me of diagnosis. 
These characteris琀椀cs are presented in more detail in Table 3. A family history sugges琀椀ve of 
a telomere syndrome was signi昀椀cantly more common in pa琀椀ents with familial pulmonary 
昀椀brosis (p<0.001), as was a clinical history of haematological disease (p=0.03).

Table 2: extrapulmonary clinical features sugges琀椀ve of a telomere syndrome in 409 pa琀椀ents with idiopathic 
pulmonary 昀椀brosis (IPF), stra琀椀昀椀ed by sporadic and familial background. 

Sporadic idiopathic 
pulmonary 昀椀brosis 
(n=293)

IPF with familial 
background of 
pulmonary 昀椀brosis 
(n=116)

p-value

Any extrapulmonary clinical 
feature sugges琀椀ve of a telomere 
syndrome 

23 (8) 12 (10) 0.44

History of anaemia (%) 4 (1) 3 (3) 0.41

History of thrombocytopenia (%) 2 (1) 3 (3) 0.14

History of bone marrow failure (%) 4 (1) 4 (3) 0.23

Haematological malignancy (%) 1 (0) 2 (2) 0.20

Liver cirrhosis (%) 10 (3) 2 (2) 0.52

Liver malignancy (%) 1 (0) 0 (0) 1.00

Early greying (%) 3 (1) 0 (0) 0.56

Nail dystrophy (%) 0 (0) 1 (1) 0.28

Skin hyperpigmenta琀椀on (%) 0 (0) 1 (1) 0.28

Familial pulmonary 昀椀brosis was de昀椀ned as two or more 昀椀rst-degree family members with pulmonary 昀椀brosis. Early greying 
was de昀椀ned as grey hair before the age of 30.

Table 3: clinical manifesta琀椀ons sugges琀椀ve of a telomere syndrome in pa琀椀ents with IPF stra琀椀昀椀ed by sporadic 
and familial disease. 

Idiopathic 
pulmonary 昀椀brosis 
(n=293)

Familial pulmonary 
昀椀brosis (n=116)

p-value

Family history sugges琀椀ve of telomere syndrome (%) 16 (5) 25 (22) <0.001

Liver disease (%) 4 (1) 7 (12) 0.009

Haematological disease (%) 13 (4) 19 (16) <0.001

Clinical history sugges琀椀ve of telomere syndrome (%) 23 (8) 12 (10) 0.42

Early greying (%) 3 (1) 0 (0) 0.56

Liver disease (%) 10 (3) 2 (2) 0.52
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One-hundred-and-twelve pa琀椀ents had any of or a combina琀椀on of: clinical history sugges-
琀椀ve of a telomere syndrome, family history sugges琀椀ve of a telomere syndrome, or any 
haematological laboratory abnormality. This group included 68 pa琀椀ents with sporadic IPF 
as well as 44 pa琀椀ents with fIPF (23% versus 38%; p=0.003). Supplementary Table 2 shows 
addi琀椀onal clinical characteris琀椀cs of the pa琀椀ents with sporadic IPF. Pa琀椀ents with sporadic 
IPF in whom there was a clinical suspicion of a telomere syndrome were signi昀椀cantly less 
likely to have been exposed to asbestos (p=0.04; 18% versus 30%) or other poten琀椀ally 
昀椀brogenic substances (p=0.04; 12% versus 24%). Other clinical characteris琀椀cs were not 
signi昀椀cantly di昀昀erent between pa琀椀ents with sporadic IPF in whom there was or was no 
clinical suspicion of a telomere syndrome. 

Leukocyte telomere length was below the 10th percen琀椀le for age in 122 pa琀椀ents with 
sporadic IPF (42%) and 48 pa琀椀ents with fIPF (41%) (Figure 1). The percentage of pa琀椀ents 
with age-adjusted telomere length below the 1st percen琀椀le was 12% for sporadic IPF pa-
琀椀ents and 19% for fIPF pa琀椀ents (p=0.08). For the whole cohort, 26% of pa琀椀ents in whom 
there was a clinical suspicion of a telomere syndrome had telomere length below the 1st

 

percen琀椀le for age, compared to 10% of pa琀椀ents who did not have a clinical suspicion of 
a telomere syndrome (p<0.001; Supplementary Table 3). When restric琀椀ng analyses to pa-

Table 3: clinical manifesta琀椀ons sugges琀椀ve of a telomere syndrome in pa琀椀ents with IPF stra琀椀昀椀ed by sporadic 
and familial disease. (con琀椀nued)

Idiopathic 
pulmonary 昀椀brosis 
(n=293)

Familial pulmonary 
昀椀brosis (n=116)

p-value

Haematological disease (%) 12 (4) 11 (9) 0.03

Skin manifesta琀椀ons (%) 0 (0) 2 (2) 0.08

Any haematological laboratory abnormality (%) 50 (17) 27 (23) 0.15

Anaemia (%)# 5 (2) 2 (2) 1.00

Macrocytosis (%)# 36 (12) 21 (19) 0.12

Leukopenia (%) 0 (0) 0 (0) -

Thrombocytopenia (%)# 15 (5) 10 (9) 0.18

Number of domains with any clinical manifesta琀椀ons 
sugges琀椀ve of a telomere syndrome (family history, 
clinical, history, or laboratory abnormali琀椀es)

One domain (%) 48 (16) 29 (25) 0.06

Two domains (%) 19 (6) 10 (9) 0.59

Three domains (%) 1 (0) 5 (4) 0.008

Any domain (%) 68 (23) 44 (38) 0.003

Familial pulmonary 昀椀brosis was de昀椀ned as two or more 昀椀rst-degree family members with pulmonary 昀椀brosis. Early greying 
was de昀椀ned as grey hair before the age of 30. Anaemia was de昀椀ned as haemoglobin level <7.0 mmol/L, macrocytosis was de-
昀椀ned as mean corpuscular volume >98 fL, leukopenia was de昀椀ned as leukocytes <2.5 x109/L, thrombocytopenia was de昀椀ned 
as thrombocytes <150 x109/L.  # unavailable in 5 pa琀椀ents
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琀椀ents with sporadic IPF, leukocyte telomere length of pa琀椀ents with a clinical suspicion of 
a telomere syndrome did not di昀昀er from pa琀椀ents without clinical suspicion of a telomere 
syndrome (Supplementary Table 2).  

Survival was signi昀椀cantly longer in pa琀椀ents with fIPF (median (IQR) 1448 days (674-NA) 
compared to 990 days in pa琀椀ents with sporadic IPF (496-1863); p=0.02), but this was not 
signi昀椀cant in a mul琀椀variate model that corrected for age and lung func琀椀on at diagnosis 
(hazard ra琀椀o 1.17 (95% con昀椀dence interval 0.85-1.61); p=0.33). Univariate survival analyses 
for clinical characteris琀椀cs sugges琀椀ve of a telomere syndrome are shown in Supplementary 
Table 4. Pa琀椀ents in whom there was a clinical suspicion of a telomere syndrome had signi昀椀-
cantly shorter survival (p=0.002; Figure 2A).  In a mul琀椀variate model that corrected for age 
and lung func琀椀on at diagnosis (Supplementary Table 5), survival was signi昀椀cantly shorter 
in pa琀椀ents in whom there was a clinical suspicion of a telomere syndrome (p=0.002), as 
well as in a mul琀椀variate model that corrected for GAP-score (p=0.0004).14 When restric琀椀ng 
the analyses to pa琀椀ents with sporadic IPF, pa琀椀ents in whom there was a clinical suspicion 
of a telomere syndrome had signi昀椀cantly shorter survival (p=0.01; Figure 2B). This was not 
signi昀椀cant in a mul琀椀variate model that corrected for age and lung func琀椀on at diagnosis 
(p=0.07).

Figure 1: Leukocyte telomere length in sporadic and familial idiopathic pulmonary 昀椀brosis pa琀椀ents. Green 
dots represent pa琀椀ents with any clinical manifesta琀椀on or family history sugges琀椀ve of a telomere syndrome, 
blue dots represent pa琀椀ents who had no sugges琀椀ons of a telomere syndrome. The mean T/S-ra琀椀o was 0.75 
(standard devia琀椀on 0.12). The solid line represents the 50th percen琀椀le for the age-adjusted normal value. 
The course dashed line represents the 10th percen琀椀le and the 昀椀ne dashed line represents the 1st percen琀椀le.
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Figure 2: Associa琀椀on between clinical characteris琀椀cs sugges琀椀ve of a telomere syndrome and survival in 
409 pa琀椀ents with idiopathic pulmonary 昀椀brosis (IPF). (A) pa琀椀ents with sporadic IPF or familial idiopathic 
pulmonary 昀椀brosis (fIPF) in whom there was a clinical suspicion of a telomere syndrome (either a family 
history sugges琀椀ve of a telomere syndrome, clinical characteris琀椀cs sugges琀椀ve of a telomere syndrome, or 
haematological laboratory abnormali琀椀es), had signi昀椀cantly shorter survival. Median survival was 898 days 
(interquar琀椀le range (IQR) 416-1718), compared to 1267 (592-2476); p=0.002. This was s琀椀ll signi昀椀cant in a 
mul琀椀variate model that corrected for di昀昀usion capacity of the lung for carbon monoxide, forced vital capacity, 
and age at diagnosis (hazard ra琀椀o (HR) 1.58 (95% con昀椀dence interval (95% CI) 1.19-2.11); p=0.002), and also 
in a mul琀椀variate model that corrected for GAP-score13 (HR 1.68 (95% CI 1.26-2.24); p=0.0004), or when adding 
smoking status to the 昀椀rst mul琀椀variate model (HR 1.59 (95% CI 1.19-2.12); p=0.002). (B) pa琀椀ents with spo-
radic IPF in whom there was a clinical suspicion of a telomere syndrome (either a family history sugges琀椀ve of a 
telomere syndrome, clinical characteris琀椀cs sugges琀椀ve of a telomere syndrome, or haematological laboratory 
abnormali琀椀es), had signi昀椀cantly shorter survival. Median survival was 852 days (IQR 279-1475) compared to 
1071 days (IQR 548-1960); p=0.01. This was not signi昀椀cant in a mul琀椀variate model that corrected for di昀昀usion 
capacity of the lung for carbon monoxide, forced vital capacity and age at diagnosis (HR 1.37 (95% CI 0.97-
1.94); p=0.07), or in a mul琀椀variate model that corrected for GAP-score (HR 1.39 (95% CI 0.99-1.96); p=0.06).13

 

or when adding smoking status to the 昀椀rst mul琀椀variate model (HR 1.38 (95% CI 0.98-1.96); p=0.07). At risk 
tables represent the number of pa琀椀ents at the start of every year during follow up.



59

Extrapulmonary manifesta琀椀ons of a telomere syndrome in pa琀椀ents with IPF 

DISCUSSION

In this cohort of 409 pa琀椀ents with IPF, extrapulmonary manifesta琀椀ons sugges琀椀ve of a 
telomere syndrome, including known haematological disease, liver disease, early greying 
of hair, and nail dystrophy, were present in 9% of pa琀椀ents. These manifesta琀椀ons were not 
signi昀椀cantly more common in pa琀椀ents with fIPF compared to sporadic IPF. A family history 
sugges琀椀ve of a telomere syndrome, with family members having liver or haematological 
disease, was noted in 10% of pa琀椀ents, and was signi昀椀cantly more common in pa琀椀ents with 
fIPF. Haematological laboratory abnormali琀椀es were seen in 19% of pa琀椀ents, with macrocy-
tosis being the most common abnormality, seen in 14%. Twenty-seven percent of pa琀椀ents 
had one or more of: extrapulmonary manifesta琀椀ons sugges琀椀ve of a telomere syndrome, 
a family history sugges琀椀ve of a telomere syndrome or haematological laboratory abnor-
mali琀椀es. These pa琀椀ents had leukocyte telomere length below the 10th or 1st percen琀椀le for 
age signi昀椀cantly more o昀琀en and had signi昀椀cantly shorter survival. When only analysing 
pa琀椀ents with sporadic IPF, there was a clinical suspicion of a telomere syndrome in 23% of 
pa琀椀ents. In these pa琀椀ents, leukocyte telomere length below the 10th or 1st percen琀椀le for 
age was not more common, and survival was signi昀椀cantly shorter. 

In previous reports, the prevalence of clinical features sugges琀椀ve of a telomere syndrome 
in pa琀椀ents with IPF was higher than 40% or even higher than 70%.7,8 The rela琀椀ve paucity of 
extrapulmonary manifesta琀椀ons sugges琀椀ve of a telomere syndrome in our cohort could be 
explained by the fact that our cohort consists of unselected IPF pa琀椀ents, whereas previous 
studies focussed on pa琀椀ents with muta琀椀ons in telomere-related genes.

The rela琀椀on between leukocyte telomere length and survival has been studied in sev-
eral cohorts of pulmonary 昀椀brosis pa琀椀ents. Most studies found that shorter leukocyte 
telomere length at 琀椀me of diagnosis was associated with shorter survival,15–17 but some 
did not.8 A recent study in Spanish pa琀椀ents with IPF found that short leukocyte telomere 
length in young pa琀椀ents (<60 years old) who also had haematological laboratory abnor-
mali琀椀es was associated with worse survival, but this was not seen in older IPF pa琀椀ents.18

 

In the current study there was no associa琀椀on between survival and leukocyte telomere 
length, even though pa琀椀ents with a clinical suspicion of a telomere syndrome did have 
shorter leukocyte telomere length and shorter survival. We have no clear explana琀椀on why 
the associa琀椀on between leukocyte telomere length and survival could not be con昀椀rmed, 
as our cohort seems to be comparable to those of previous studies. However, in general 
leukocyte telomere length may not be a perfect marker for telomere dysfunc琀椀on in the 
lung, as a previous study found no correla琀椀on between leukocyte telomere length and 
telomere length measured by qPCR in lung 琀椀ssue of pa琀椀ents with IPF.19
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Our study has some limita琀椀ons. First, this was a retrospec琀椀ve study and the availability of 
data was limited by what was recorded in pa琀椀ent 昀椀les and there was no standard template 
for the history focussing on possible manifesta琀椀ons of a telomere syndrome. This might 
lead to an underes琀椀ma琀椀on of the prevalence of certain clinical characteris琀椀cs, such as 
skin abnormali琀椀es and early greying of hair. However, our cohort was large and all pa琀椀ents 
underwent an otherwise standardized and thorough evalua琀椀on, meaning that the results 
are representa琀椀ve of the informa琀椀on that is available in clinical prac琀椀ce. Second, telomere 
length was measured using a qPCR technique. It has been suggested that this technique is 
less reliable for measuring telomere length than other techniques.20 The main concern is 
a rela琀椀vely high level of varia琀椀on between replica琀椀on samples. Also, di昀昀erences between 
labs in the precise techniques used mean that absolute telomere length values cannot 
be translated to other popula琀椀ons.21 To ameliorate this, we used strict quality control 
measures in measuring telomere length, and telomere length in controls was measured in 
the same manner. This allowed us to reliably es琀椀mate which pa琀椀ents had short telomeres 
for age, although the absolute values cannot be compared to external cohorts. Third, we 
did not have gene琀椀c tes琀椀ng results available for the present study, and were not able to 
relate clinical manifesta琀椀ons to the presence of telomere gene muta琀椀ons. This would have 
been valuable informa琀椀on given that the interest in using telomere length as well as the 
presence of telomere gene muta琀椀ons in clinical decision making is growing.22 Finally, this 
was a single centre study, and the results will need to be con昀椀rmed in another cohort.

CONCLUSION

In conclusion, we found features sugges琀椀ve of a telomere syndrome in 27% of pa琀椀ents 
with IPF. This included extrapulmonary clinical manifesta琀椀ons such as liver disease and 
haematological disease in 9% of pa琀椀ents, a family history of liver or haematological dis-
ease in 10% of pa琀椀ents, and haematological laboratory abnormali琀椀es in 19% of pa琀椀ents. 
The presence of any of these features was associated with signi昀椀cantly shorter leukocyte 
telomere length and decreased survival. When excluding pa琀椀ents with fIPF from the 
analyses, 23% had any feature sugges琀椀ve of a telomere syndrome. In these pa琀椀ents this 
was however not associated with shorter leukocyte telomere length, but there was a trend 
towards shorter survival. Clinical features sugges琀椀ve of a telomere syndrome are easily 
iden琀椀昀椀ed and have prognos琀椀c relevance for pa琀椀ents with IPF in the absence of gene琀椀c 
test results.
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SUPPLEMENTARY DATA

Supplementary Table 1: Family history sugges琀椀ve of a telomere syndrome in 409 pa琀椀ents with idiopathic 
pulmonary 昀椀brosis

Any family history sugges琀椀ve of a telomere syndrome (%) 41 (10)

First-degree rela琀椀ve with aplas琀椀c anaemia or bone marrow failure (%) 9 (2)

Second-degree rela琀椀ve with aplas琀椀c anaemia or bone marrow failure (%) 1 (0)

Third-degree rela琀椀ve with aplas琀椀c anaemia or bone marrow failure (%) 4 (1)

First-degree rela琀椀ve with haematological malignancy (%) 15 (4)

Second-degree rela琀椀ve with haematological malignancy (%) 6 (1)

First-degree rela琀椀ve with liver cirrhosis (%) 5 (1)

Second-degree rela琀椀ve with liver cirrhosis (%) 1 (0)

Third-degree rela琀椀ve with liver cirrhosis (%) 2 (0)

First-degree rela琀椀ve with liver malignancy (%) 1 (0)

Second-degree rela琀椀ve with liver malignancy (%) 3 (1)

First-degree rela琀椀ve with dyskeratosis congenita (%) 1 (0)

Second-degree rela琀椀ve with dyskeratosis congenita (%) 0 (0)

Third-degree rela琀椀ve with dyskeratosis congenita (%) 1 (0)

Supplementary Table 2: Clinical characteris琀椀cs of 293 sporadic IPF pa琀椀ents, stra琀椀昀椀ed for the presence or 
absence of clinical signs, family history, or laboratory abnormali琀椀es sugges琀椀ve of a telomere syndrome. 

Clinical suspicion of 
telomere syndrome (n=68)

No clinical suspicion of 
telomere syndrome (n=225)

p-value

Male (%) 60 (88) 179 (80) 0.11

Median age at diagnosis (range) 71.9 (62.9-76.1) 68.9 (63.9-74.5) 0.37

Median years between start of 
symptoms and diagnosis (IQR)

2.2 (0.8-4.8) 2.0 (0.9-4.0) 0.58

Consensus diagnosis of IPF (%) 36 (53) 111 (49) 0.60

Lung func琀椀on at diagnosis

Median FVC% (IQR) 71.1 (62.0-85.5) 77.0 (65.5-90.0) 0.14

Median FEV1% (IQR) 76.0 (66.0-88.3) 80.2 (70.0-94.5) 0.14

Median DLCOc% (IQR) 35.0 (28.7-47.4) 39.0 (32.0-49.1) 0.23

Smoking status

≥5 packyears (%) 53 (78) 170 (76) 0.69

≥20 packyears (%) 37 (54) 108 (48) 0.35

Other 昀椀brogenic exposures

Asbestos 12 (18) 68 (30) 0.04

Other 8 (12) 53 (24) 0.04

Comorbidi琀椀es

Malignancy (%) 16 (24) 33 (15) 0.09

Auto-immune disease (%)# 4 (6) 23 (10) 0.35
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Supplementary Table 2: Clinical characteris琀椀cs of 293 sporadic IPF pa琀椀ents, stra琀椀昀椀ed for the presence or 
absence of clinical signs, family history, or laboratory abnormali琀椀es sugges琀椀ve of a telomere syndrome. (con-
琀椀nued)

Clinical suspicion of 
telomere syndrome (n=68)

No clinical suspicion of 
telomere syndrome (n=225)

p-value

Chronic obstruc琀椀ve pulmonary disease 
(%)

4 (6) 17 (8) 0.79

Obstruc琀椀ve sleep apnea (%) 5 (7) 19 (8) 1.00

Hypothyroidism (%) 4 (6) 10 (4) 0.75

Diabetes mellitus type II (%) 15 (22) 44 (20) 0.65

Leukocyte telomere length

<10th percen琀椀le for age (%) 32 (47) 90 (40) 0.30

<1st percen琀椀le for age (%) 9 (13) 27 (12) 0.79

IQR = interquar琀椀le range. # please note that all pa琀椀ents were diagnosed with IPF a昀琀er mul琀椀disciplinary discussion, and that 
no pa琀椀ents were diagnosed with connec琀椀ve-琀椀ssue disease associated inters琀椀琀椀al lung disease.

Supplementary Table 3: Clinical characteris琀椀cs of 409 pa琀椀ents with idiopathic pulmonary 昀椀brosis in rela琀椀on 
to leukocyte telomere length, stra琀椀昀椀ed by percen琀椀le for age. 

Leukocyte 
telomere length 
≥10th percen琀椀le

Leukocyte 
telomere length 
<10th percen琀椀le

p-value Leukocyte 
telomere length 
<1st percen琀椀le

p-value

All pa琀椀ents (%) 239 (58) 170 (42) - 58 (14) -

Family history sugges琀椀ve of 
telomere syndrome (%)

16 (39) 25 (61) 0.008 15 (37) <0.001

Liver disease (%) 2 (18) 9 (82) 0.01 6 (55) 0.002

Haematological disease (%) 14 (44) 18 (56) 0.08 11 (34) 0.001

Clinical history sugges琀椀ve of 
telomere syndrome (%)

17 (49) 18 (51) 0.22 8 (23) 0.12

Early greying (%) 2 (67) 1 (33) 1.00 0 (0) 1.00

Liver disease (%) 3 (25) 9 (75) 0.03 5 (42) 0.02

Haematological disease (%) 12 (52) 11 (48) 0.53 5 (22) 0.35

Skin manifesta琀椀ons (%) 0 (0) 2 (100) 0.17 1 (50) 0.26

Any haematological 
laboratory abnormality (%)

36 (47) 41 (53) 0.02 18 (23) 0.01

Anaemia (%) 5 (71) 2 (29) 0.70 0 (0) 0.60

Macrocytosis (%) 22 (39) 35 (61) 0.001 16 (28) 0.001

Thrombocytopenia (%) 12 (48) 13 (52) 0.28 7 (28) 0.04

Any feature sugges琀椀ve of 
telomere syndrome (%)

53 (47) 59 (53) 0.005 29 (26) <0.001

P-values were calculated compared to pa琀椀ents in whom a certain feature was not present.
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Supplementary Table 4: univariate survival analyses for clinical characteris琀椀cs sugges琀椀ve of a telomere syn-
drome in 409 pa琀椀ents with idiopathic pulmonary 昀椀brosis. 

Median survival if factor 
present, days (IQR)

Median survival if factor 
absent, days (IQR)

p-value

Family history sugges琀椀ve of telomere 
syndrome (N=41)

990 (666-1809) 1125 (536-2135) 0.98

Liver disease (N=11) 814 (709-968) 1125 (547-2135) 0.52

Haematological disease (N=32) 990 (635-NA) 1125 (545-1960) 1.00

Clinical history sugges琀椀ve of telomere 
syndrome (N=35)

974 (347-1475) 1130 (565-2135) 0.13

Early greying (N=3) - 1112 (547-1960) 0.18

Liver disease (N=12) 898 (279-NA) 1125 (548-2135) 0.38

Haematological disease (N=23) 898 (347-1475) 1125 (565-2135) 0.09

Skin manifesta琀椀ons (N=2) 47 (NA) 1122 (548-1960) 0.25

Any haematological laboratory 
abnormality (N=77)

852 (406-1377) 1195 (586-2476) 0.001

Anaemia (N=7) 406 (47-1164) 1125 (565-2135) 0.03

Macrocytosis (N=57) 864 (545-1475) 1161 (565-2135) 0.02

Leukopenia (N=0) - 1122 (548-1960) -

Thrombocytopenia (N=25) 864 (518-1475) 1138 (554-2135) 0.07

Elevated liver enzymes (N=101) 1112 (496-2476) 1125 (566-1960) 0.66

Clinical suspicion of a telomere syndrome 
(N=112)

898 (416-1718) 1267 (592-2476) 0.002

Leukocyte telomere length <10th 
percen琀椀le for age (N=170)

1071 (565-NA) 1122 (536-2135) 0.52

Leukocyte telomere length <1st percen琀椀le 
for age (N=58)

1267 (645-NA) 1091 (532-1954) 0.31

P-values were calculated using a log-rank test. Early greying was de昀椀ned as grey hair before the age of 30. Anaemia was 
de昀椀ned as haemoglobin level <7.0 mmol/L, macrocytosis was de昀椀ned as mean corpuscular volume >98 fL, leukopenia was 
de昀椀ned as leukocytes <2.5 x109/L, thrombocytopenia was de昀椀ned as thrombocytes <150 x109/L. Elevated liver enzymes were 
de昀椀ned as AST level >31 u/L or ALT >34 u/L. IQR = interquar琀椀le range, NA = not available. Note that 75th percen琀椀le cannot be 
provided for subgroups where cumula琀椀ve survival did not get below 25% at the end of follow up.
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Supplementary Table 5: mul琀椀variate survival analyses for clinical characteris琀椀cs sugges琀椀ve of a telomere 
syndrome in 409 pa琀椀ents with idiopathic pulmonary 昀椀brosis. 

Hazard-ra琀椀o (95% con昀椀dence interval) p-value

Family history sugges琀椀ve of telomere syndrome (N=41) 1.14 (0.89-2.25) 0.15

Liver disease (N=11) 1.17 (0.51-2.68) 0.72

Haematological disease (N=32) 1.53 (0.92-2.56) 0.10

Clinical history sugges琀椀ve of telomere syndrome (N=35) 1.49 (0.93-2.40) 0.10

Liver disease (N=12) 1.38 (0.66-2.86) 0.39

Haematological disease (N=23) 1.68 (0.964-2.93) 0.07

Any haematological laboratory abnormality (N=77) 1.50 (1.10-2.06) 0.01

Anaemia (N=7) 2.48 (0.91-6.74) 0.08

Macrocytosis (N=57) 1.33 (0.93-1.90) 0.12

Thrombocytopenia (N=25) 1.38 (0.83-2.31) 0.22

Elevated liver enzymes (N=101) 1.09 (0.81-1.49) 0.56

Clinical suspicion of a telomere syndrome (N=112) 1.58 (1.19-2.11) 0.002

Leukocyte telomere length <10th percen琀椀le for age (N=170) 1.20 (0.91-1.57) 0.20

Leukocyte telomere length <1st percen琀椀le for age (N=58) 0.98 (0.64-1.51) 0.93

P-values were calculated using a Cox-regression analysis, correc琀椀ng for age, forced vital capacity, and di昀昀usion capacity of 
the lung for carbon monoxide, corrected for haemoglobin level, at diagnosis. Anaemia was de昀椀ned as haemoglobin level <7.0 
mmol/L, macrocytosis was de昀椀ned as mean corpuscular volume >98 fL, leukopenia was de昀椀ned as leukocytes <2.5 x109/L, 
thrombocytopenia was de昀椀ned as thrombocytes <150 x109/L. Elevated liver enzymes were de昀椀ned as AST level >31 u/L or 
ALT >34 u/L.
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ABSTRACT

Background:
Idiopathic pulmonary 昀椀brosis (IPF) is a severe 昀椀bro琀椀c lung disease, in which in昀氀amma琀椀on 
is thought to only play a secondary role. Several factors associated with acute exacerba-
琀椀ons of IPF (AE-IPF) have been iden琀椀昀椀ed, including infec琀椀ons. This study inves琀椀gated 
whether humoral immunode昀椀ciency or increased in昀氀ammatory markers at diagnosis were 
associated with AE-IPF and survival.

Methods:
Four-hundred-and-nine pa琀椀ents diagnosed with IPF between 2011 and 2017 were retro-
spec琀椀vely included. Immune status inves琀椀ga琀椀ons at diagnosis included measurement of 
serum immunoglobulins (available in 38%), leukocyte and lymphocyte subsets in blood 
and bronchoalveolar lavage (BAL) 昀氀uid (available in 58%), as well as response to pneumo-
coccal vaccina琀椀on (available in 64%).

Results:
Serum immunoglobulins or IgG subclass levels were below the lower limit of normal in 6%. 
The response to pneumococcal vaccina琀椀on was severely impaired in 1%. Thirteen percent 
of pa琀椀ents developed an AE-IPF (4.7% per year). AE-IPF were associated with elevated 
lymphocytes in BAL-昀氀uid at diagnosis (p=0.03). Higher serum IgA and IgG at diagnosis 
were associated with worse survival (p=0.01; and p=0.04), as were an increased BAL 
lymphocyte percentage (p=0.005), and higher blood leukocytes and neutrophils (p=0.01; 
and p=0.0005). In a mul琀椀variate model, only BAL lymphocyte count retained sta琀椀s琀椀cal 
signi昀椀cance (p=0.007).  

Conclusions:
The prevalence of humoral immunode昀椀ciencies was low in pa琀椀ents with IPF and not as-
sociated with AE-IPF or survival. Elevated lymphocytes in BAL were associated with the 
development of AE-IPF and worse survival. Higher serum immunoglobulins and immune 
cells in blood were also associated with worse survival. The local immune response in the 
lungs may be a target for future therapies.
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INTRODUCTION

In the past, idiopathic pulmonary 昀椀brosis (IPF) was thought to be an in昀氀ammatory disease, 
and immunosuppressive drugs were the mainstay of treatment.1 Since the PANTHER-trial 
showed that mortality was increased in pa琀椀ents treated with prednisolone, azathioprine 
and N-acetylcysteine compared to placebo, immunosuppressive therapy has been strongly 
discouraged for pa琀椀ents with IPF.2 Standard treatment currently consists of an琀椀昀椀bro琀椀c 
drugs.3 However, in recent years, there has been a renewed interest in the role of in昀氀am-
matory processes in the pathogenesis of IPF.

Although in昀氀amma琀椀on is not considered to be the primary process responsible for the 
development of IPF, it does seem to modify disease development.4,5 Several measures of 
increased in昀氀amma琀椀on have been associated with survival of pa琀椀ents with IPF. There is 
also increasing evidence that infec琀椀ons modify the disease course in pa琀椀ents with IPF.6

 

Furthermore, IPF is known to be caused by dysfunc琀椀on of telomeres in at least a part of 
the pa琀椀ents.7 Telomere dysfunc琀椀on can also lead to disease in other organ systems, and 
pa琀椀ents with a so-called telomere syndrome can have an immunode昀椀ciency.8 In addi琀椀on, 
leukocyte telomere length has been associated with the robustness of B-cell responses.9

 

Some pa琀椀ents will experience acute exacerba琀椀ons (AE) of IPF. An AE-IPF is an acute 
deteriora琀椀on of respiratory func琀椀on, which is associated with new widespread alveolar 
abnormali琀椀es.10 Histopathologically, AE-IPF are characterized by a pa琀琀ern of di昀昀use alveo-
lar damage (DAD) superimposed on pulmonary 昀椀brosis. AE-IPF are associated with a very 
poor prognosis, and there is no e昀昀ec琀椀ve treatment available.10 Poten琀椀al triggers for AE-IPF 
include infec琀椀ons, gastro-oesophageal re昀氀ux, surgical interven琀椀ons, and bronchoscopy 
with bronchoalveolar lavage.10 Risk factors for AE-IPF include more severe lung func琀椀on 
impairment, and never having smoked.11

 

The role of the immune system in AE-IPF is not yet clear. In this study we have inves琀椀gated 
the humoral immune status of pa琀椀ents with IPF. Immune status inves琀椀ga琀椀ons included 
several immunological markers in blood, response to pneumococcal vaccina琀椀on, and im-
munological markers in bronchoalveolar lavage 昀氀uid. We have explored two hypotheses. 
First, we hypothesized that the humoral immune system is impaired in part of the pa琀椀ents 
with IPF due to telomere dysfunc琀椀on, which leads to increased risk of infec琀椀ons and AE-
IPF. We therefore examined the prevalence of humoral immunode昀椀ciency in pa琀椀ents with 
IPF and related this to leukocyte telomere length, AE-IPF and overall survival. Second, we 
hypothesized that some pa琀椀ents with IPF have an increased tendency to in昀氀amma琀椀on, 
which increases the risk of AE-IPF. We therefore inves琀椀gated whether increased immune 
status markers at diagnosis were associated with AE-IPF and overall survival.
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PATIENTS AND METHODS

This was a retrospec琀椀ve study. Pa琀椀ents were included from the Biobank for inters琀椀琀椀al 
lung diseases of St. Antonius Hospital. Par琀椀cipants of the Biobank have given informed 
consent for the use of their clinical data in scien琀椀昀椀c research, and have provided blood 
and/or other samples to be stored and used for later analyses (approved by the local eth-
ics commi琀琀ee (MEC-U) under study number R05-08A). The study was performed in accor-
dance with the Declara琀椀on of Helsinki. We studied pa琀椀ents included in the Biobank from 
January 2011 to October 2017 who had a consensus diagnosis or a working diagnosis of 
IPF. The diagnosis was always made by a mul琀椀disciplinary team using clinical, radiological, 
and histopathological data, in accordance with the Fleischner Society recommenda琀椀ons 
and ATS/ERS/JRS/ALAT guidelines.12,13 A consensus diagnosis of IPF is made when there 
is an appropriate clinical context of IPF (age >60 years, absence of signi昀椀cant exposure, 
no evidence of collagen vascular disease), and a de昀椀nite CT-pa琀琀ern of usual inters琀椀琀椀al 
pneumonia (UIP), or a昀琀er integra琀椀on of clinical, imaging and histologic features during 
mul琀椀disciplinary discussion. A working diagnosis of IPF is made during mul琀椀disciplinary 
discussion in the presence of a progressive 昀椀brosing inters琀椀琀椀al pneumonia, in the absence 
of an alterna琀椀ve explana琀椀on, and when IPF was thought to be the most likely diagnosis by 
the expert clinicians that were present.

Clinical characteris琀椀cs were retrieved from pa琀椀ent records. Data was collected un琀椀l 
December 2018. Acute exacerba琀椀ons of IPF were diagnosed based on the de昀椀ni琀椀on of a 
2016 Interna琀椀onal Working Group Report.10 An AE-IPF was always veri昀椀ed by the inves琀椀-
gators, and was only diagnosed in pa琀椀ents who had new widespread areas of ground glass 
on a chest computed tomography scan. When 昀椀ndings on post-mortem examina琀椀on were 
concordant with an AE-IPF, a computed tomography scan was not required. The GAP-score 
was calculated as has previously been described.14

 

Leukocyte subsets, immunoglobulin levels and IgG subclass levels were rou琀椀nely mea-
sured at diagnosis for pa琀椀ents with pulmonary 昀椀brosis that were primarily evaluated at 
our center or referred for lung transplanta琀椀on. The results were retrieved from the hos-
pital laboratory system or from the referring hospital. In the pa琀椀ents who had developed 
an AE-IPF, leukocyte subsets from the 琀椀me of the AE-IPF were retrieved as well. Local 
laboratory reference values were used for interpreta琀椀on of these values.

Bronchoalveolar lavage (BAL) was performed at the discre琀椀on of the trea琀椀ng physicians, 
mainly to exclude alterna琀椀ve diagnoses. Leukocyte counts, leukocyte subset counts, lym-
phocyte subset counts, and albumin in BAL 昀氀uid were retrieved from the hospital labora-
tory database or from correspondence of the referring hospital. Blood lymphocyte subset 
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counts and serum albumin were measured on the same day and were retrieved from the 
laboratory database as well. Immunoglobulin A and G levels were measured in BAL 昀氀uid 
samples using enzyme-linked immunosorbent assay kits (Invitrogen, Carlsbad, CA., USA).

All new pa琀椀ents with pulmonary 昀椀brosis who had not yet received a pneumococcal vac-
cina琀椀on in the previous 昀椀ve years were vaccinated with the pneumococcal polysaccharide 
vaccine (23vPPV). If possible, blood samples were drawn prior to vaccina琀椀on and three 
weeks a昀琀er vaccina琀椀on with 23vPPV. Serum samples were stored at −80°C un琀椀l use. 
Serum IgG an琀椀body concentra琀椀ons against 13 pneumococcal serotypes (1, 3, 4, 5, 6A, 6B, 
7F, 9V, 14, 18C, 19A, 19F and 23F (Danish nomenclature)) were measured using a Luminex 
pla琀昀orm.15

  

The 2015 AAAAI/ACAAI classi昀椀ca琀椀on was used for overall categoriza琀椀on of the response 
to pneumococcal vaccina琀椀on.16 Responses are categorized as (1) normal, (2) mildly im-
paired (an琀椀body levels >1.3 g/mL for ≥70% of serotypes, but twofold or greater increase 
between prevaccina琀椀on and postvaccina琀椀on an琀椀body 琀椀ters for <70% of serotypes), (3) 
moderately impaired (an琀椀body levels >1.3μg/mL for <70% of serotypes), or (4) severely 
impaired (an琀椀body levels >1.3 g/mL for ≤2 serotypes). As we evaluated 13 pneumococcal 
serotypes, we used a cuto昀昀 value of <69% instead of <70%: in case of adequate an琀椀body 
levels against ≥9 of 13 serotypes, the response was categorized as normal.

Blood samples were taken around 琀椀me of diagnosis. The samples were stored at -80 
degrees Celsius un琀椀l use. DNA was isolated from white blood cells using a magne琀椀c 
beads-based method (chemagic DNA blood 10k kit; PerkinElmer chemagen Technologie 
GmbH, Baesweiler, Germany). Telomere length was determined using a previously de-
scribed quan琀椀ta琀椀ve polymerase chain reac琀椀on (PCR) method.17 Brie昀氀y, telomere length 
was es琀椀mated for each sample from the ra琀椀o of telomere repeat copy number to a single 
gene (human β-globin gene) copy number (T/S ra琀椀o).  Measurements were performed 
on the Bio-Rad CFX96™ Real-Time PCR Detec琀椀on System (Bio-Rad, Hercules, CA, USA). All 
sample measurements were performed in duplicate, with addi琀椀onal measurements if the 
duplicates di昀昀ered more than 0.05; the mean value of the measured samples was used 
(in case of suspected faulty measurements, that value was excluded when calcula琀椀ng the 
mean). Quality control samples were included on each PCR-run, with a <0.05 margin of 
variance to reference values allowed. The control cohort included 164 healthy adults. Age-
adjusted normal values for the T/S-ra琀椀o were calculated by determining the best-昀椀琀�ng 
linear regression line through the data, and percen琀椀les were derived from the regression 
line.



Chapter 4

74

Study data were collected and managed using REDCap electronic data capture tools 
hosted at St. Antonius Hospital.18 Data analyses were performed using IBM SPSS Sta琀椀s琀椀cs 
for Windows, version 26 (IBM Corp., Armonk, N.Y., USA). Median values with interquar琀椀le 
range (IQR) or mean values with 95% con昀椀dence intervals (95% CI) are reported for non-
normally and normally distributed con琀椀nuous variables. For comparing two groups, Stu-
dent’s t-test, Mann-Whitney U-test, Kruskall-Wallis test, Fisher’s exact test, or chi-squared 
test were used where appropriate. For correla琀椀on between two non-normally distributed 
con琀椀nuous variables, Kendall’s Tau correla琀椀on coe昀케cient was used. For survival analyses, 
Kaplan-Meier curves were made, and Log-rank tests and Cox-regression analyses were 
performed where appropriate. Pa琀椀ents were censored when lost to follow up, when they 
underwent lung transplanta琀椀on, or at the 琀椀me of data collec琀椀on. For analyses on the 
rela琀椀on of certain variables to AE-IPF or survival, only pa琀椀ents in whom that variable was 
available were used. A p-value <0.05 was considered to represent sta琀椀s琀椀cal signi昀椀cance.

RESULTS

The cohort comprised 409 pa琀椀ents. Seventy-seven percent of all pa琀椀ents was male, and 
the median age was 68.2 years (range 21-89 years). Baseline characteris琀椀cs are shown in 
Table 1. Response to pneumococcal vaccina琀椀on, BAL 昀氀uid samples, and immunoglobulin 
levels were not available in all pa琀椀ents (Supplementary Table 1). Baseline characteris琀椀cs 
were not signi昀椀cantly di昀昀erent between pa琀椀ents in whom response to pneumococcal vac-
cina琀椀on or BAL 昀氀uid was or was not available. Pa琀椀ents in whom immunoglobulin levels 
were available, were signi昀椀cantly younger compared to pa琀椀ents in whom these were not 
available (p<0.001).

Serum immunoglobulin levels are shown in Supplementary Table 2. Ten pa琀椀ents had one 
or more immunoglobulins or IgG subclasses below the lower limit of normal. The response 
to pneumococcal vaccina琀椀on was normal in 165 pa琀椀ents (64%), while 18 pa琀椀ents (7%) 
had a mildly impaired response, 74 pa琀椀ents (29%) had a moderately impaired response, 
and three pa琀椀ents (1%) had a severely impaired response. There were no signi昀椀cant dif-
ferences in clinical characteris琀椀cs between pa琀椀ents with a normal response compared to 
pa琀椀ents with an impaired response (Table 2). 
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Table 1: pa琀椀ent characteris琀椀cs at diagnosis in 409 pa琀椀ents with mul琀椀disciplinary team diagnosis of idiopathic 
pulmonary 昀椀brosis. 

 Total (n=409)

Male (%) 313 (77)

Median age (IQR) 68.2 (62.0-74.5)

Age <60 (%) 78 (19)

Ever smoker (%) 331 (81)

Smoked >20 packyears (%) 190 (47)

First-degree family member with pulmonary 昀椀brosis (%) 116 (28)

Consensus diagnosis IPF (%) 190 (47)

Lung func琀椀on

Median FVC % of predicted (IQR) 78.0 (64.0-91.0)

Median DLCO % of predicted (IQR) 41.0 (32.0-51.0)

Leukocyte telomere length <1st percen琀椀le 58 (14)

Leukocyte telomere length <10th percen琀椀le 170 (42)

Leukocyte subsets in blood available 406 (99)

Serum immunoglobulins available 157 (38)

Response to pneumococcal vaccina琀椀on available 260 (64)

Bronchoalveolar lavage available 237 (58)

Immune status inves琀椀ga琀椀ons were not available for all pa琀椀ents, and in 77 pa琀椀ents all four were available. There were no sig-
ni昀椀cant di昀昀erences in clinical characteris琀椀cs between pa琀椀ents in whom response to pneumococcal vaccina琀椀on or BAL 昀氀uid cell 
counts were available and pa琀椀ents in whom these were not available. Pa琀椀ents in whom immunoglobulin levels were available, 
were signi昀椀cantly younger compared to pa琀椀ents in whom these were not available (p<0.001). IQR = interquar琀椀le range.

Table 2: clinical characteris琀椀cs in pulmonary 昀椀brosis pa琀椀ents with a normal response to 23-valent pneumo-
coccal polysaccharide, compared to pa琀椀ents with an impaired response. 

 Normal response (n=165) Impaired response (n=95) p-value

Male (%) 121 (73) 74 (78) 0.41

Median age (IQR) 67.7 (62.1-72.4) 70.3 (62.9-76.3) 0.09

Age <60 (%) 25 (15) 18 (19) 0.43

Ever smoker (%) 132 (80) 81 (85) 0.31

Smoked <20 packyears (%) 93 (56) 50 (53) 0.56

First-degree family 
member with pulmonary 
昀椀brosis (%)

48 (29) 28 (30) 0.95

Consensus diagnosis IPF 
(%)

81 (49) 56 (59) 0.13

Leukocyte telomere length 
<1st percen琀椀le

22 (13) 10 (11) 0.51

Leukocyte telomere length 
<10th percen琀椀le

73 (44) 34 (36) 0.18

Vaccina琀椀on responses were categorized as normal or impaired (mildly, moderately, or severely impaired), according to 
AAAAI/ACAAI criteria. IQR = interquar琀椀le range
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Blood leukocyte subsets and lymphocyte subsets at the 琀椀me of diagnosis are shown in 
Supplementary Table 3, Figure 1A, and Figure 1B. Leukocyte subset percentages and 
lymphocyte subset counts and percentages are shown in Supplementary Table 4 and 
Figure 1C. BAL lymphocyte percentage but not eosinophil or neutrophil percentage was 
associated with smoking status (median (IQR) 7.0 (2.6-12), 4.6 (2.5-8.9), and 1.8 (0.9-2.5) 
for never, former, and current smokers, respec琀椀vely; p=0.005). Immunoglobulin A and G 
levels in BAL 昀氀uid had a poor correla琀椀on to serum immunoglobulin levels (Supplementary 
Figure 1).

Pa琀椀ents were followed up for a median of 877 days (IQR 482-1256) a昀琀er the diagnosis. 
Two hundred and twenty-six pa琀椀ents (55%) died, 29 pa琀椀ents (7%) underwent lung 
transplanta琀椀on and 37 pa琀椀ents were lost to follow up (9%). Forty-seven pa琀椀ents (13%) 
experienced an AE-IPF during the follow-up, corresponding to a rate of 4.7% per year. 
AE-IPF was preceded by an infec琀椀on in 28 pa琀椀ents (60%). Of the pa琀椀ents with an AE-IPF, 

Figure 1: leukocyte subsets in blood and bronchoalveolar lavage 昀氀uid. (A) percentage of pa琀椀ents with blood 
levels of leukocytes and leukocyte subsets above the upper limit of normal. Upper limits of normal were as 
follows: leukocytes 8.2 x 109/L; neutrophils 5.45 x 109/L; lymphocytes 2.40 x109/L; monocytes 0.70 x 109/L; 
basophils 0.10 x 109/L; and eosinophils 0.50 x 109/L. Leukocytosis was present in 227 pa琀椀ents (56%). Neu-
trophilia was present in 186 pa琀椀ents (46%), monocytosis in 186 pa琀椀ents (46%), eosinophilia in 28 pa琀椀ents 
(7%), and lymphocytosis in 113 pa琀椀ents (28%). (B) leukocyte subset percentages in bronchoalveolar lavage 
昀氀uid from pa琀椀ents with pulmonary 昀椀brosis at 琀椀me of diagnosis. Bars represent 95% con昀椀dence intervals. (C) 
neutrophil percentage, eosinophil percentage, and lymphocyte percentage above 15%, 10% and 5% in bron-
choalveolar lavage 昀氀uid from pa琀椀ents with pulmonary 昀椀brosis at 琀椀me of diagnosis. 
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42 (89%) had died at the end of follow-up, and three (6%) underwent lung transplanta琀椀on. 
Clinical characteris琀椀cs did not signi昀椀cantly di昀昀er between pa琀椀ents with and without an 
AE-IPF (Table 3), except that pa琀椀ents with AE-IPF were more likely to have smoked <20 
packyears (p=0.006).

The results of immune status inves琀椀ga琀椀ons in pa琀椀ents who developed or did not develop 
an AE-IPF are shown in Figure 2, Supplementary Table 5 and Supplementary Table 6. A BAL 

lymphocyte percentage >10% was signi昀椀cantly more common in pa琀椀ents who developed 
an AE-IPF (p=0.03), as was a lymphocyte percentage >15% (p=0.05). A BAL neutrophil 
percentage >10% was signi昀椀cantly less common in pa琀椀ents who developed an AE-IPF 
(p=0.02). The median percentage of T-lymphocytes in BAL 昀氀uid was signi昀椀cantly higher 
in pa琀椀ents who developed an AE-IPF (p=0.01), as was the CD4/CD8-ra琀椀o (p=0.03). Im-
munoglobulin A and G levels in BAL 昀氀uid did not di昀昀er between pa琀椀ents who developed or 
did not develop an AE-IPF, also when corrected for BAL albumin concentra琀椀on.

Table 3: clinical characteris琀椀cs in pulmonary 昀椀brosis pa琀椀ents with and without AE-IPF. 

 AE-IPF (n=47) No AE-IPF (n=362) p-value

Male (%) 37 (79) 276 (76) 0.71

Median age, years (IQR) 66.1 (60.1-71.2) 68.5 (62.2-74.7)) 0.09

Age <60 (%) 11 (23) 67 (19) 0.42

Ever smoker (%) 37 (79) 194 (81) 0.57

Smoked <20 packyears (%) 34 (72) 185 (51) 0.006

Gastro-oesophageal re昀氀ux (%) 19 (40) 130 (36) 0.55

Pulmonary hypertension 4 (9) 56 (15) 0.27

First-degree family member with pulmonary 昀椀brosis 15 (32) 101 (28) 0.57

Consensus diagnosis IPF (%) 21 (45) 169 (47) 0.80

CT-imaging

UIP (%) 30 (64) 208 (58) 0.79

Possible UIP (%) 11 (23) 90 (25)

Inconsistent with UIP (%) 64 (18) 6 (13)

Lung func琀椀on

Median FVC % of predicted (IQR) 74.9 (63.2-85.3) 78.6(64.2-92.1) 0.15

Median DLCO % of predicted (IQR) 42.8 (32.1-56.5) 41.0 (32.0-51.8) 0.58

Leukocyte telomere length <1st percen琀椀le 6 (13) 52 (14) 0.77

Leukocyte telomere length <10th percen琀椀le 24 (51) 146 (40) 0.16

IQR = interquar琀椀le range
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Blood leukocyte subsets at the 琀椀me of an AE-IPF were available for 37 pa琀椀ents (Figure 
3). Compared to the 琀椀me of diagnosis, blood neutrophil and monocyte counts were sig-
ni昀椀cantly higher (p<0.001), whereas lymphocyte counts were signi昀椀cantly lower (p=0.01).

Median survival was 1122 days (IQR 548-1960), and was not signi昀椀cantly di昀昀erent be-
tween pa琀椀ents with a consensus and working diagnosis of IPF. Pa琀椀ents who developed an 
AE-IPF had worse survival than pa琀椀ents who did not develop an AE-IPF (median survival 
711 days (IQR 155-1012), versus 1195 days (IQR 611-2360) p<0.001 compared to pa琀椀ents 
without an AE-IPF). Leukocyte telomere length <10th percen琀椀le for age was not associated 
with shorter survival (HR 1.09 (95%-CI 0.84-1.32); p=0.52).

A mul琀椀variate model was built that corrected GAP-score and smoking status (Table 
4). Higher serum IgA and IgG levels at diagnosis were both associated with increased 
mortality (p=0.001 and p=0.04, respec琀椀vely). Higher blood leukocytes and neutrophils 
at diagnosis were associated with worse survival (p=0.01, and p=0.0005, respec琀椀vely). 
Increased lymphocyte count and percentage in BAL were associated with worse survival 
(p=0.005). BAL lymphocyte percentage >5% was signi昀椀cantly associated with shorter sur-
vival (p=0.001; Figure 4). Higher BAL basophil percentage was also associated with worse 
survival (p=0.03). In a model that included GAP-score, smoking status, blood leukocytes 

Figure 2: Immune status inves琀椀ga琀椀ons at diagnosis in pa琀椀ents with and without acute exacerba琀椀ons of IPF 
(AE-IPF). (A) serum immunoglobulin levels and IgG subclass levels. (B) blood leukocyte subset levels at diag-
nosis. (C) bronchoalveolar lavage 昀氀uid (BAL) leukocyte subset counts. (D) immunoglobulin A and G levels in 
BAL 昀氀uid. Pa琀椀ents who developed an AE-IPF more o昀琀en had a BAL lymphocyte percentage >10%, and a higher 
percentage of CD3+- lymphocytes, as well as a higher CD4-CD8-ra琀椀o (Table S4 and Table S5). Bars represent 
95% con昀椀dence intervals.
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and neutrophils at diagnosis, serum IgA and IgG at diagnosis, and lymphocyte count in BAL 
at diagnosis, only GAP-score and BAL lymphocyte count retained sta琀椀s琀椀cal signi昀椀cance 
(p<0.0001 and p=0.007, respec琀椀vely; 109 pa琀椀ents available for the model). 

Figure 3: leukocyte subsets in blood at diagnosis and at 琀椀me of an acute exacerba琀椀on of idiopathic pul-
monary 昀椀brosis (AE-IPF). (A) mean blood neutrophil counts were signi昀椀cantly higher at the 琀椀me of AE-IPF 
compared to diagnosis (mean 10.0 x109/L (95%-CI 8.29-11.72) compared to 5.51 x109/L (95%-CI 4.7-6.31); 
p<0.001). (B) mean blood monocyte counts were signi昀椀cantly higher at the 琀椀me of AE-IPF compared to diag-
nosis (mean 0.96 x109/L (95%-CI 0.78-1.14) compared to 0.67 x109/L (95%-CI 0.58-0.76); p<0.001). (C) mean 
blood lymphocyte counts were signi昀椀cantly lower at the 琀椀me of an AE-IPF (mean 1.51 x109/L (95%-CI 1.18-
1.83) compared to 1.87 x109/L (95%-CI 1.66-2.07); p=0.01). (D) mean blood eosinophil counts were not sig-
ni昀椀cantly di昀昀erent between the 琀椀me of AE-IPF (mean 0.19 x109/L (95%-CI 0.12-0.25) compared to 0.25 x109/L 
(95%-CI 0.20-0.30); p=0.09) Bars represent 95% con昀椀dence intervals. 

Table 4: immune status inves琀椀ga琀椀ons at 琀椀me of diagnosis in rela琀椀on to survival in a mul琀椀variate model. 

Variable Hazard ra琀椀o (95%-con昀椀dence 
interval)

p-value

Serum IgM 0.97 (0.69-1.35) 0.85

Serum IgA 1.15 (1.03-1.29) 0.01

Serum IgG 1.05 (1.00-1.10) 0.04

Impaired response to pneumococcal 
vaccina琀椀on

1.00 (0.70-1.43) 1.00

Blood leukocyte count 1.07 (1.02-1.14) 0.01

Blood neutrophil count 1.11 (1.05-1.17) 0.0005

Blood lymphocyte count 0.87 (0.73-1.03) 0.10

Blood lymphocytes > 2.40 x 109/L 0.74 (0.55-1.01) 0.06

Blood monocyte count 0.94 (0.53-1.67) 0.83
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Table 4: immune status inves琀椀ga琀椀ons at 琀椀me of diagnosis in rela琀椀on to survival in a mul琀椀variate model. 
(con琀椀nued)

Variable Hazard ra琀椀o (95%-con昀椀dence 
interval)

p-value

Blood monocytes > 0.70 x 109/L 0.99 (0.76-1.30) 0.96

Blood monocytes > 0.95 x 109/L 0.98 (0.69-1.39) 0.90

Blood basophil count 0.26 (0.00-16.79) 0.53

Blood eosinophil count 0.63 (0.27-1.47) 0.28

BAL leukocyte count 1.01 (0.99-1.02) 0.08

BAL macrophage percentage 0.99 (0.98-1.00) 0.12

BAL neutrophil percentage 0.99 (0.98-1.02) 0.89

BAL lymphocyte percentage # 1.03 (1.01-1.06) 0.005

BAL lymphocyte percentage >5 # 1.87 (1.03-2.71) 0.001

BAL lymphocyte percentage >10 # 1.49 (0.97-2.30) 0.07

BAL lymphocyte percentage >15 # 1.40 (0.79-2.47) 0.25

BAL basophil percentage 1.76 (1.06-2.94) 0.03

BAL eosinophil percentage 1.01 (0.99-1.04) 0.30

BAL IgA 1.01 (0.97-1.05) 0.66

BAL IgG 1.01 (0.97-1.06) 0.54

BAL IgA corrected for BAL albumin 2.03 (0.18-23.59) 0.57

BAL IgG corrected for BAL albumin 2.59 (0.15-43.91) 0.51

The model (Cox-regression) corrects for GAP-score at diagnosis. # also corrected for smoking status. BAL = bronchoalveolar 
lavage

Figure 4: survival of pa琀椀ents with idiopathic pulmonary 昀椀brosis in rela琀椀on to lymphocyte percentage in 
bronchoalveolar lavage 昀氀uid. Survival in pa琀椀ents with pulmonary 昀椀brosis stra琀椀昀椀ed by lymphocyte percent-
age >5% or ≤5% in bronchoalveolar lavage 昀氀uid at 琀椀me of diagnosis. Mul琀椀variate cox-regression correc琀椀ng 
for GAP-score at diagnosis, smoking status, blood leukocytes and neutrophils at diagnosis, and serum IgA and 
IgG at diagnosis, showed signi昀椀cantly shorter survival in pa琀椀ents with BAL 昀氀uid lymphocyte percentage >5%.
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DISCUSSION

In this study we explored the humoral immune status of 409 pa琀椀ents with IPF. We in-
ves琀椀gated whether humoral immunode昀椀ciency was associated with an increased risk of 
AE-IPF and reduced survival. We found a low prevalence of humoral immunode昀椀ciencies 
at the 琀椀me of diagnosis. Only 6% of the pa琀椀ents had one or more immunoglobulin or IgG 
subclass levels below the lower limit of normal, and only 1% of pa琀椀ents had a severely 
impaired response to pneumococcal polysaccharide vaccina琀椀on. The response to pneu-
mococcal vaccina琀椀on was comparable to that in healthy elderly.19 No pa琀椀ents with low 
serum immunoglobulins or a severely impaired response to pneumococcal vaccina琀椀on 
developed an AE-IPF, even though the majority of AE-IPF were preceded by an infec琀椀on. 
We therefore do not see a place for measurement of the response to pneumococcal vac-
cina琀椀on in the standard evalua琀椀on of pa琀椀ents with IPF.

We then inves琀椀gated whether increased in昀氀ammatory markers at diagnosis were asso-
ciated with development of AE-IPF and decreased survival. Pa琀椀ents who developed an 
AE-IPF had signi昀椀cantly higher lymphocytes in BAL at baseline, with a higher percentage 
of T-lymphocytes and a higher CD4/CD8-ra琀椀o. Blood neutrophils and monocytes were 
signi昀椀cantly higher at the 琀椀me of AE-IPF compared to at the 琀椀me of diagnosis, and blood 
lymphocyte levels were signi昀椀cantly lower. Several immunological parameters at diagnosis 
were found to be associated with survival. This included higher serum IgG and IgA levels, 
which were signi昀椀cantly associated with decreased survival. In addi琀椀on, higher blood 
neutrophils and leukocytes and higher BAL lymphocytes were associated with decreased 
survival as well. In a mul琀椀variate model that included all the aforemen琀椀oned factors, only 
BAL lymphocyte count retained sta琀椀s琀椀cal signi昀椀cance. We were unable to con昀椀rm a previ-
ously reported associa琀椀on between blood monocytes and survival, also when adop琀椀ng 
the cut-o昀昀 level (0.95 x 109/L) that was used in that study.20

This study expands on previous work and has several strengths. First, we studied mul琀椀ple 
factors in the same popula琀椀on, and were able to provide an overall characteriza琀椀on of 
the humoral immune system, instead of only inves琀椀ga琀椀ng individual factors. Second, the 
response to pneumococcal vaccina琀椀on and immunoglobulin levels in BAL have not been 
inves琀椀gated in pa琀椀ents with IPF before. Third, the diagnoses in this cohort were made 
in accordance with the Fleischner Society recommenda琀椀ons,12 which are o昀琀en used in 
prac琀椀ce, and di昀昀er from the diagnos琀椀c criteria used in older studies. And fourth, we were 
able to study leukocyte subsets both at 琀椀me of diagnosis and at 琀椀me of AE-IPF.

The combined 昀椀ndings of this study point to an associa琀椀on between increased lympho-
cyte in昀氀amma琀椀on and AE-IPF and decreased survival. The role of lymphocytes in the 
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pathogenesis of IPF is not completely clear.4 Previous studies have shown that autoreac-
琀椀ve T-cells, as well as IgG autoan琀椀bodies are present in the blood of pa琀椀ents with IPF.21

 

Circula琀椀ng T-helper and B-cell popula琀椀ons in pa琀椀ents with IPF are di昀昀erent from those in 
healthy controls.22 The associa琀椀on between increased serum IgA and decreased survival 
has been reported before,23 and pa琀椀ents with IPF  have higher levels of auto-reac琀椀ve IgA 
compared to controls.24 Lymphocytes are present in patches of induced bronchus associ-
ated lymphoid 琀椀ssue in IPF lungs, also in end-stage disease.25 It has been found that B-cells 
from pa琀椀ents with IPF produce higher amounts of in昀氀ammatory mediators compared to 
those of healthy controls, and the supernatants of these B-cells s琀椀mulated prolifera琀椀on 
and migra琀椀on of 昀椀broblasts.26 In another study on IPF pa琀椀ents who underwent a lung 
transplanta琀椀on, the amount of in昀氀ammatory cells, including neutrophils, macrophages, 
and lymphocytes, in explanted lungs was associated with faster disease progression prior 
to transplanta琀椀on.27

Despite the evidence that in昀氀amma琀椀on plays an important role in AE-IPF, treatment with 
cor琀椀costeroids or cyclophosphamide does not seem to improve outcomes.28–30 The op琀椀-
mal treatment for pa琀椀ents with an AE-IPF will need to be the subject of further studies as 
mortality a昀琀er AE-IPF is very high, also in our cohort. The results from one pilot study sug-
gest that auto-an琀椀body-targeted treatment, in the form of rituximab, plasma exchange, 
and intravenous immunoglobulins, might be bene昀椀cial for pa琀椀ents that are experiencing 
an AE-IPF.31

The rate of AE-IPF reported in the literature is 5-20%.10,32 In this study the rate was 4.7% 
per year, which is on the low end of this range. This is probably because not all pa琀椀ents 
were admi琀琀ed to the hospital prior to death. Pa琀椀ents who died at home with an AE-IPF 
were not diagnosed accordingly in the absence of CT-imaging. Underdiagnosis of AE-IPF 
might have in昀氀uenced our results, but this would probably have made it less likely that any 
true associa琀椀ons could be iden琀椀昀椀ed. An alterna琀椀ve explana琀椀on would be that most previ-
ous studies were done prior to the availability of an琀椀昀椀bro琀椀c treatment for IPF, whereas 
the majority of this study popula琀椀on received treatment with an琀椀昀椀bro琀椀c medica琀椀on. 
Nintedanib in par琀椀cular has been associated with a reduc琀椀on of the frequency of AE-IPF.33

 

This study has several limita琀椀ons. The immune status inves琀椀ga琀椀ons, including BAL analy-
sis, were not available for all pa琀椀ents, and this might in昀氀uence the generalisability of our 
昀椀ndings to all pa琀椀ents with IPF. However, there were no signi昀椀cant di昀昀erences between 
pa琀椀ents with certain immune status inves琀椀ga琀椀on results available or not available, except 
for a younger age in pa琀椀ents in whom immunoglobulins levels were measured. This is 
probably because immunoglobulin levels are included in the screening inves琀椀ga琀椀ons for 
lung transplanta琀椀on. The missing data also leads to a smaller pa琀椀ent group being avail-
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able for mul琀椀variate analyses, which might have lowered the chance of con昀椀rming any 
true associa琀椀ons. In addi琀椀on, our cohort consists of pa琀椀ents with consensus and working 
diagnoses of IPF, which leads to some heterogeneity in clinical characteris琀椀cs. However, 
we think this cohort is representa琀椀ve of pa琀椀ents with IPF worldwide, as the prac琀椀ce of 
making working diagnoses of IPF in the absence of lung biopsy results is widespread. Fur-
thermore, we have mainly inves琀椀gated the humoral immune system, and did not evaluate 
T-cell func琀椀on in detail. This would be an interes琀椀ng topic for further studies. Last, with 
these results we cannot de昀椀ni琀椀vely di昀昀eren琀椀ate between cause and e昀昀ect. The associa-
琀椀on between increased in昀氀ammatory markers at diagnosis and development of AE-IPF 
and decreased survival could indicate that in昀氀amma琀椀on modulates the disease process 
in pa琀椀ents with IPF. Contrarily, this could also be a bystander e昀昀ect of another factor 
that modulates disease progression, such as chronic or intermi琀琀ent infec琀椀on. A higher 
bacterial burden in the lungs of pa琀椀ents with IPF is associated with decreased survival, 
independent of the severity of the underlying disease.34,35 Furthermore, in pa琀椀ents with 
an AE-IPF, the bacterial burden is increased compared to pa琀椀ents who are stable.36 There 
are also clues that viral infec琀椀ons play a role in the development of AE-IPF.6

CONCLUSION

In conclusion, the prevalence of humoral immune de昀椀ciency is low in pa琀椀ents with IPF. 
Pa琀椀ents that did have immune defects were not more prone to develop AE-IPF. Contrarily, 
higher levels of lymphocytes in BAL 昀氀uid at the 琀椀me of diagnosis were associated with the 
development of AE-IPF and shorter survival. Higher serum IgA and IgG at diagnosis, as well 
as higher blood leukocytes and neutrophils at diagnosis, might also be associated with 
shorter survival. This emphasizes the role of in昀氀amma琀椀on as a disease modi昀椀er in pa琀椀ents 
with IPF. The associa琀椀on between increased in昀氀ammatory markers and both AE-IPF and 
survival warrants further inves琀椀ga琀椀ons. This local immune response in the lung may be a 
target for future therapies.
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SUPPLEMENTARY DATA

Supplementary Table 1: pa琀椀ent characteris琀椀cs at diagnosis in 409 pa琀椀ents with pulmonary 昀椀brosis. 

 Immunoglobulins 
(n=157)

Pneumococcal 
vaccina琀椀on 
response (n=260)

Bronchoalveolar 
lavage (n=237)

Total (n=409)

Male (%) 113 (72) 195 (75) 186 (79) 313 (77)

Median age (IQR) 65.3 (59.2-73.3) # 68.1 (62.9-74.3) 67.7 (62.0-73.6) 68.2 (62.0-74.5)

Age <60 (%) 45 (29) # 43 (16.5) 47 (20) 78 (19)

Ever smoker (%) 122 (78) 213 (82) 188 (79) 331 (81)

Smoked >20 packyears (%) 74 (47) 117 (45) 111 (47) 190 (47)

First-degree family member 
with pulmonary 昀椀brosis (%)

45 (29) 76 (29) 63 (27) 116 (28)

Consensus diagnosis IPF (%) 67 (43) 137(53) 100 (42) 190 (47)

CT-imaging

UIP (%) 94 (60) 153 (59) 127 (54) 238 (58)

Probable UIP or indeterminate 
for UIP (%)

31 (20) 54 (25) 65 (27) 101 (25)

Inconsistent with UIP (%) 32 (20) 42 (16) 45 (19) 70 (17)

Histopathology (%) 46 (30) 65 (25) 64 (27) 99 (24)

UIP (%) 30 (19) 48 (19) 43 (18) 70 (17)

Probable UIP or indeterminate 
for UIP (%)

8 (5) 10 (4) 12 (5) 16 (4)

Inconsistent with UIP (%) 8 (5) 7 (3) 9 (4) 13 (3)

Lung func琀椀on

Median FVC % of predicted 
(IQR)

77.7 (62.9-94.0) 78.0 (64.1-90.0) 79.2 (65.9-92.1) 78.0 (64.0-91.0)

Median DLCO % of predicted 
(IQR)

41.0 (32.1-53.0) 41.1 (33.0-50.0) 44.5(35.0-53.9) 41.0 (32.0-51.0)

Leukocyte telomere length <1st 
percen琀椀le

23 (15) 32 (12) 31 (13) 58 (14)

Leukocyte telomere length 
<10th percen琀椀le

66 (42) 107 (41) 101 (43) 170 (42)

There were no signi昀椀cant di昀昀erences in age, sex, smoking status, family history of pulmonary 昀椀brosis, propor琀椀on of pa琀椀ents 
with a consensus diagnosis if IPF, lung func琀椀on, radiology 昀椀ndings, histopathology 昀椀ndings and leukocyte telomere length be-
tween pa琀椀ents in whom response to pneumococcal vaccina琀椀on or BAL 昀氀uid cell counts were available and pa琀椀ents in whom 
these were not available. Pa琀椀ents in whom immunoglobulin levels were available, were signi昀椀cantly younger compared to 
pa琀椀ents in whom these were not available (Median 65.3 (59.2-73.3) versus 69.9 (64.6-75.0) years (IQR); p<0.001; 29% versus 
13% with age <60 years at diagnosis; p<0.001). The other baseline characteris琀椀cs did not di昀昀er between the two groups. IQR 
= interquar琀椀le range. # = p<0.05 compared to the rest of the cohort.
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Supplementary Table 2: blood immunoglobulin and IgG subclass levels at 琀椀me of diagnosis in pa琀椀ents with 
pulmonary 昀椀brosis. 

Median IgM g/L (IQR) 0.80 (0.56-1.28)

IgM <0.3 g/L (%) 0 (0)

Median IgA g/L (IQR) 3.59 (2.66-5.00)

IgA < 0.7 g/L (%) 1 (0)

Median IgG g/L (IQR) 12.65 (10.25-16.68)

IgG < 7.0 g/L (%) 4 (2)

Median IgG1 g/L (IQR) 7.90 (6.98-9.63)

IgG1 < 4.9 g/L (%) 4 (6)

Median IgG2 g/L (IQR) 2.95 (2.38-4.30)

IgG2 < 1.5 g/L (%) 2 (3)

Median IgG3 g/L (IQR) 0.50 (0.36-0.65)

IgG3 < 0.2 g/L (%) 0 (0)

Median IgG4 g/L (IQR) 0.71 (0.32-1.36)

IgG4 < 0.08 g/L (%) 2 (3)

Any immunoglobulin below the lower limit of normal 
(%)

10 (6)

Lower limit of normal values were derived from the local hospital reference ranges. Serum immunoglobulin levels were avail-
able for 157 pa琀椀ents. IgG subclass levels were available for 64 pa琀椀ents. IgA and IgG levels were signi昀椀cantly higher in pa琀椀ents 
with leukocyte telomere length <10th percen琀椀le for age (IgA median 3.90 g/L (IQR 2.72-5.35) versus 3.26 g/L (IQR 2.56-4.44); 
p=0.02; (IgG median 13.00 g/L (IQR10.58-17.43) versus 11.90 g/L (IQR 10.13-14.78); p=0.005). IQR = interquar琀椀le range

Supplementary Table 3: blood leukocyte subset counts at 琀椀me of diagnosis in 406 pa琀椀ents with pulmonary 
昀椀brosis. 

Leukocyte subsets

Mean leukocytes x 109/L (95%-CI) 8.17 (7.73-8.60)

Leukocytes < 2.50 x 109/L (%) 0 (0)

Leukocytes > 8.20 x 109/L (%) 227 (56)

Mean neutrophils x 109/L (95%-CI) 5.06 (4.70-5.42)

Neutrophils > 5.45 x 109/L (%) 186 (46)

Mean lymphocytes x 109/L (95%-CI) 2.08 (1.92-2.23)

Lymphocytes > 2.40 x 109/L (%) 114 (28)

Mean monocytes x 109/L (95%-CI) 0.71 (0.66-0.75)

Monocytes > 0.70 x 109/L (%) 185 (46)

Monocytes > 0.95 x 109/L (%) 66 (16)

Mean basophils x 109/L (95%-CI) 0.05 (0.05-0.06)

Basophils > 0.10 x 109/L (%) 20 (5)

Mean eosinophils x 109/L (95%-CI) 0.27 (0.24-0.30)

Eosinophils > 0.50 x 109/L (%) 28 (7)

Lymphocyte subsets

Mean CD3+ % (95%-CI) 71 (69-72)
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Supplementary Table 3: blood leukocyte subset counts at 琀椀me of diagnosis in 406 pa琀椀ents with pulmonary 
昀椀brosis.  (con琀椀nued)

Mean CD4+ % (95%-CI) 41 (39-43)

Mean CD8+ % (95%-CI) 27 (25-29)

Mean CD56+CD16+ % (95%-CI) 18 (16-20)

Mean CD19+ % (95%-CI) 10 (9-11)

Median CD4-CD8-ra琀椀o (IQR) 1.50 (1.00-2.82)

Lymphocyte subsets were available in 126 pa琀椀ents. Lower limit of normal values were derived from the local hospital refer-
ence ranges. IQR = interquar琀椀le range; 95%-CI = 95%-con昀椀dence interval

Supplementary Table 4: leukocyte subset counts and percentages in bronchoalveolar lavage 昀氀uid from 237 
pa琀椀ents with pulmonary 昀椀brosis.  

Leukocyte subsets

Median leukocytes x 107/L (IQR) 22.4 (17.0-33.1)

Median macrophages x 107/L (IQR) 17.9 (12.1-27.3)

Median macrophage % (IQR) 31.1 (72.0-90.7)

Median neutrophils x 107/L (IQR) 1.31 (0.65-2.55)

Median neutrophil % (IQR) 5.0 (3.0-9.0)

Median lymphocytes x 107/L (IQR) 1.0 (0.4-2.3)

Median lymphocyte % (IQR) 4.6 (2.1-10.2)

Median basophils x 107/L (IQR) 0.0 (0.0-0.1)

Median basophil % (IQR) 0.1 (0.0-0.4)

Median eosinophils x 107/L (IQR) 0.6 (0.3-1.2)

Median eosinophil % (IQR) 2.4 (1.1-5.6)

Lymphocyte subsets

Median CD3+ % (IQR) 93.0 (86.0-95.0)

Median CD19+ % (IQR) 1.0 (0.4-2.0)

Median CD4-CD8-ra琀椀o (IQR) 2.0 (1.1-3.8)

Lymphocyte subsets were available for 159 pa琀椀ents.
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Supplementary Table 5: results of immune status inves琀椀ga琀椀ons at diagnosis compared between pa琀椀ents 
with pulmonary 昀椀brosis who developed an acute exacerba琀椀on of idiopathic pulmonary 昀椀brosis (AE-IPF) and 
pa琀椀ents who did not develop an AE-IPF. 

AE-IPF (n=47) No AE-IPF 
(n=362)

p-value

Immunoglobulin levels available N (%) 22 (47) 135 (37)
Median IgM g/L (IQR) 1.29 (0.72-2.41) 0.91 (0.63-1.37) 0.11
Median IgA g/L (IQR) 4.24 (3.79-8.15) 4.03 (2.66-5.02) 0.13
Median IgG g/L (IQR) 12.90 (12.55-17.80) 11.30 (9.46-

16.00)
0.78

Median IgG1 g/L (IQR) 9.20 (7.65-13.35) 7.38 (6.20-8.70) 0.20
Median IgG2 g/L (IQR) 2.82 (2.25-3.95) 3.15 (2.30-4.30) 0.72
Median IgG3 g/L (IQR) 0.37 (0.20-0.75) 0.50 (0.40-0.80) 0.59
Median IgG4 g/L (IQR) 0.40 (0.27-1.12) 0.84 (0.30-1.15) 0.51
Any immunoglobulin level below lower limit of normal 0 (0) 10 (7) 0.36
Response to pneumococcal vaccina琀椀on available N (%) 26 (55) 234 (65)
Mildly impaired response 2 (8) 16 (7) 0.70
Moderately impaired response 8 (31) 66 (28) 0.82
Severely impaired response 0 (0) 3 (1) 1.00
Any impaired response 10 (38) 85 (36) 0.83
Median number of serotypes with post-vaccina琀椀on an琀椀body 
level >1.3 µg/ml

10 (7-13) 10 (8-12) 0.74

Median number of serotypes with >2-fold increase of pre-
vaccina琀椀on over post-vaccina琀椀on an琀椀body level

11 (9-12) 11 (10-12) 0.85

Leukocyte subsets available N (%) 47 (100) 359 (99)
Mean leukocytes x 109/L (95%-CI) 7.33 (6.44-8.22) 8.39 (7.89-8.88) 0.53
Leukocytes > 8.20 x 109/L (%) 23 (49) 204 (57) 0.33
Mean neutrophils x 109/L (95%-CI) 4.44 (3.72-5.16) 5.22 (4.81-5.64) 0.97
Neutrophils > 5.45 x 109/L (%) 22 (47) 164 (47) 0.88
Mean lymphocytes x 109/L (95%-CI) 1.92 (1.64-2.21) 2.12 (1.94-2.30) 0.16
Lymphocytes > 2.40 x 109/L (%) 11 (23) 103 (29) 0.46
Mean monocytes x 109/L (95%-CI) 0.67 (0.58-0.76) 0.72 (0.67-0.77) 0.32
Monocytes > 0.70 x 109/L (%) 20 (43) 165 (46) 0.66
Monocytes > 0.95 x 109/L (%) 6 (13) 60 (17) 0.49
Mean basophils x 109/L (95%-CI) 0.04 (0.03-0.05) 0.05 (0.05-0.06) 0.16
Basophils > 0.10 x 109/L (%) 1 (2) 19 (5) 0.49
Mean eosinophils x 109/L (95%-CI) 0.25 (0.19-0.30) 0.28 (0.24-0.31) 0.59
Eosinophils > 0.50 x 109/L (%) 3 (6) 25 (7) 1.00
Lymphocyte subsets available N (%) 25 (53) 96 (27)
Mean CD3+ % (95%-CI) 70 (66-73) 71 (69-73) 0.62
Mean CD4+ % (95%-CI) 43 (38-47) 41 (38-43) 0.43
Mean CD8+ % (95%-CI) 24 (20-29) 27 (25-30) 0.24
Mean CD56+CD16+ % (95%-CI) 18 (15-22) 18 (16-20) 0.74
Mean CD19+ % (95%-CI) 11 (9-13) 10 (9-11) 0.36
Median CD4-CD8-ra琀椀o (IQR) 1.40 (1.25-5.21) 1.10 (0.60-2.40) 0.19

Lower limit of normal values were derived from the local hospital reference ranges. Percentages were based on the number 
of pa琀椀ents in whom the relevant inves琀椀ga琀椀ons were available. Interpreta琀椀on of the response to pneumococcal vaccina琀椀on 
was based on the 2015 AAAAI/ACAAI criteria. IQR = interquar琀椀le range; 95%-CI = 95%-con昀椀dence interval
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Supplementary Table 6: leukocyte subsets, lymphocyte subsets, and immunoglobulins A and G in bronchoal-
veolar lavage 昀氀uid from pa琀椀ents with pulmonary 昀椀brosis, around 琀椀me of diagnosis.  

AE-IPF (n=47) No AE-IPF (n=362) p-value

Leukocyte subsets available N (%) 31 (66) 202 (56)

Median leukocytes x 107/L (IQR) 20.8 (15
3-30.1)

22.7 (15.3-33.7) 0.32

Median macrophages x 107/L (IQR) 14.8 (9.0-25.2) 18.1 (13.1-27.4) 0.10

Median macrophage % (IQR) 81.7 (66.7-90.7) 85.6 (74.5-92.2) 0.68

Median neutrophils x 107/L (IQR) 1.2 (0.4-1.7) 1.2 (0.5-2.6) 0.37

Median neutrophil % (IQR) 4.4 (2.9-6.8) 4.6 (2.4-10.5) 0.30

Neutrophil % >5 N (%) 15 (48) 110 (54) 0.57

Neutrophil % >10 N (%) 3 (10) 61 (30) 0.02

Neutrophil % >15 N (%) 3 (10) 40 (20) 0.22

Median lymphocytes x 107/L (IQR) 1.2 (0.7-3.2) 0.8 (0.3-1.9) 0.09

Median lymphocyte % (IQR) 7.6 (2.8-12.2) 3.6 (1.6-8.0) 0.05

Lymphocyte % >5 N (%) 19 (61) 94 (47) 0.15

Lymphocyte % >10 N (%) 12 (39) 42 (21) 0.03

Lymphocyte % >15 N (%) 7 (23) 20 (10) 0.05

Median basophils x 107/L (IQR) 0.0 (0.0-0.1) 0.0 (0.0-0.1) 0.70

Median basophil % (IQR) 0.1 (0.0-0.4) 0.1 (0.0-0.3) 0.75

Median eosinophils x 107/L (IQR) 0.4 (0.2-0.9) 0.6 (0.2-1.2) 0.78

Median eosinophil % (IQR) 2.6 (1.1-3.9) 2.2 (1.0-5.5) 0.85

Eosinophil % >5 N (%) 7 (23) 69 (34) 0.20

Eosinophil % >10 N (%) 4 (13) 27 (13) 1.00

Eosinophil % >15 N (%) 3 (10) 11 (5) 0.40

Lymphocyte subsets available N (%) 26 (55) 113 (31)

Median CD3+ % (IQR) 94.4 (91.5-96.0) 92.0 (84.0-95.0) 0.01

Median CD19+ % (IQR) 1.0 (0.5-2.0) 1.0 (0.4-2.0) 1.00

Median CD4-CD8-ra琀椀o (IQR) 2.3 (1.4-4.5) 1.8 (0.9-3.8) 0.03

Immunoglobulin levels available N (%) 10 (21) 66 (18) 0.69

Median IgA mg/L (IQR) 4.4 (3.4-12.2) 4.5 (2.0-6.8) 0.41

Median IgG mg/L (IQR) 7.9 (6.2-12.4) 7.5 (4.7-10.1) 0.41

Median IgA per mg/L of albumin mg/L (IQR) 0.08 (0.06-0.16) 0.07 (0.03-0.13) 0.37

Median IgG per mg/L of albumin mg/L (IQR) 0.13 (0.10-0.18) 0.12 (0.09-0.19) 0.55

Values are compared between pa琀椀ents who developed an AE-IPF and pa琀椀ents who did not develop an AE-IPF. Percentages 
were based on the number of pa琀椀ents in whom the relevant inves琀椀ga琀椀ons were available. IQR = interquar琀椀le range; 95%-CI 
= 95%-con昀椀dence interval



Chapter 4

92

Supplementary Figure 1: immunoglobulin levels in bronchoalveolar lavage 昀氀uid from pa琀椀ents with idio-
pathic pulmonary 昀椀brosis. Immunoglobulin levels in BAL 昀氀uid were measured in 76 pa琀椀ents. (A) the median 
level of IgA in BAL 昀氀uid was 4.53 mg/L (IQR 2.16-7.29), the correla琀椀on between IgA in serum and bronchoalve-
olar lavage 昀氀uid was not signi昀椀cant (correla琀椀on coe昀케cient 0.119 (p=0.126)). (B) the median level of IgG in BAL 
昀氀uid was 7.59 mg/L (IQR 4.77-10.14), the correla琀椀on between IgG in serum and bronchoalveolar lavage 昀氀uid 
was not signi昀椀cant (correla琀椀on coe昀케cient 0.120 (p=0.127)). (C) the correla琀椀on between IgA in serum and IgA 
in BAL 昀氀uid was not sta琀椀s琀椀cally signi昀椀cant when the la琀琀er was corrected for the concentra琀椀on of albumin in 
BAL 昀氀uid (correla琀椀on coe昀케cient 0.119 (p=0.130)). (D) the correla琀椀on between IgG in serum and IgG in BAL 
昀氀uid was sta琀椀s琀椀cally signi昀椀cant when the la琀琀er was corrected for the concentra琀椀on of albumin in BAL 昀氀uid 
(correla琀椀on coe昀케cient 0.171 (p=0.031)). There was a signi昀椀cant correla琀椀on between BAL lymphocyte count 
and IgA in BAL 昀氀uid (correla琀椀on coe昀케cient 0.206(p=0.01)), as well as IgG in BAL 昀氀uid (correla琀椀on coe昀케cient 
0.160 (p=0.04)). Correla琀椀on coe昀케cients are Kendall’s Tau. BAL = bronchoalveolar lavage
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ABSTRACT 

Background: 
Pa琀椀ents with idiopathic pulmonary 昀椀brosis (IPF) frequently su昀昀er from comorbidi琀椀es, 
some琀椀mes in the context of a short telomere syndrome (a form of accelerated aging). We 
took advantage of extra-pulmonary features available from CT-scans at the 琀椀me of diag-
nosis, and inves琀椀gated if these were related to clinical characteris琀椀cs or pa琀椀ent outcomes.

Methods:  
We retrospec琀椀vely interpreted rou琀椀nely obtained CT-scans that were performed without 
contrast-enhancement or cardiac triggering. Scans were scored for coronary artery calci-
昀椀ca琀椀on score, presence or absence of diaphragma琀椀c hernia, and vertebral bone a琀琀enu-
a琀椀on in 406 pa琀椀ents diagnosed with IPF between 2011 and 2017. Radiographic 昀椀ndings 
were correlated with clinical characteris琀椀cs and outcomes.

Results: 
The presence of any type of cardiovascular disease (n=178; 44%) was associated with 
decreased survival, also when corrected for age, sex, and lung func琀椀on (p=0.02). Higher 
coronary artery calci昀椀ca琀椀on score associated with decreased survival, independent of a 
history of coronary artery disease (p=0.03 in a mul琀椀variate model correc琀椀ng for age, sex, 
lung func琀椀on, smoking status, and a history of coronary artery disease). Coronary artery 
calci昀椀ca琀椀on score did not associate with cardiac events a昀琀er diagnosis. Complaints of 
gastro-oesophageal re昀氀ux and diaphragma琀椀c hernia (present in 148 (37%) and 175 (43%) 
pa琀椀ents, respec琀椀vely) did not associate with survival. Leukocyte telomere length did not 
correlate with radiographic 昀椀ndings.

Conclusions: 
In this cohort of pa琀椀ents with IPF, a history of cardiovascular disease and increased 
coronary artery calci昀椀ca琀椀on score were independent predictors of decreased survival. 
There was no associa琀椀on between gastro-oesophageal re昀氀ux complaints or diaphragma琀椀c 
hernia on CT scan and pa琀椀ent outcomes.
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INTRODUCTION

Idiopathic pulmonary 昀椀brosis (IPF) is characterized by a progressive 昀椀bro琀椀c process in the 
lungs, which leads to increasing breathlessness and eventually death.1 The diagnosis of IPF 
can be made using clinical characteris琀椀cs and the radiological pa琀琀ern seen on high-res-
olu琀椀on computed tomography scan (HRCT) of the chest, some琀椀mes in combina琀椀on with 
the histologic pa琀琀ern seen on lung biopsy specimens.2 Median survival is approximately 
4 years, and there are no cura琀椀ve treatments available, except for lung transplanta琀椀on.1

 

Classical risk factors for IPF include old age, male sex, cigare琀琀e smoking, other 昀椀brogenic 
exposures, and having a 昀椀rst-degree family member with pulmonary 昀椀brosis.1 There is 
signi昀椀cant overlap between these risk factors and risk factors for coronary artery disease 
(CAD), and the prevalence of CAD in pa琀椀ents with IPF ranges from 4-25% in most studies.3

 

The presence of CAD seems has been associated with worse outcomes.4 Even though CAD 
is usually diagnosed using le昀琀-heart catheteriza琀椀on, previous work suggests that the stan-
dard diagnos琀椀c HRCT-scan in pa琀椀ents with IPF might be used as a screening tool for CAD.5

 

At present it is unknown whether coronary artery calci昀椀ca琀椀on, as seen on the HRCT-scan 
in pa琀椀ents with IPF, has prognos琀椀c implica琀椀ons. 

Gastro-oesophageal re昀氀ux is also considered to be a risk factor for the development and 
progression of IPF, but this is rather controversial.6 Gastro-oesophageal re昀氀ux and hiatal 
hernia are both very common in IPF, but the associa琀椀on between these factors and IPF 
could also be the result of reverse causa琀椀on, as 昀椀bro琀椀c lungs could lead to distor琀椀on of 
medias琀椀nal structures.6

 

An addi琀椀onal risk factor for IPF development and disease evolu琀椀on is leukocyte telomere 
length.7 Short telomeres can lead to disease in various organ systems, but IPF is the most 
common form of a telomere syndrome.8 Other poten琀椀al disease manifesta琀椀ons include 
bone marrow failure, malignancies, pulmonary 昀椀brosis and liver cirrhosis. But also neu-
rological, gastrointes琀椀nal, cardiovascular and skeletal problems can be found.9 It is not 
known at present if cardiovascular disease or osteopenia in pa琀椀ents with IPF is associated 
with leukocyte telomere length.

For this study we took advantage of the fact that all IPF pa琀椀ents receive a HRCT-scan of 
the chest during their diagnos琀椀c work-up. HRCT-scans were evaluated for coronary artery 
calci昀椀ca琀椀on, bone a琀琀enua琀椀on, and the presence of diaphragma琀椀c hernia. We then inves-
琀椀gated whether CT-昀椀ndings are related to clinical characteris琀椀cs and leukocyte telomere 
length.
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PATIENTS AND METHODS

Pa琀椀ents were retrospec琀椀vely included from the Biobank for inters琀椀琀椀al lung diseases of St. 
Antonius Hospital. Par琀椀cipants of the Biobank have given informed consent for the use of 
their clinical data in scien琀椀昀椀c research, and have provided blood to be stored and used for 
later analyses (approved by the local medical ethics commi琀琀ee (MEC-U); study number 
R05-08A). This study included all pa琀椀ents in the Biobank with a working or consensus 
diagnosis of IPF from January 2011 to October 2017. Only pa琀椀ents in whom a DNA sample 
was available were included. The diagnosis of IPF was always made by a mul琀椀disciplinary 
team using clinical, radiological, and if necessary histopathological data. This was done in 
accordance with the Fleischner Society recommenda琀椀ons, as well as ATS/ERS/JRS/ALAT 
guidelines.10,11. A consensus diagnosis of IPF is given in the appropriate clinical context of 
IPF (age >60 years, absence of signi昀椀cant exposure, no evidence of collagen vascular dis-
ease), with a de昀椀nite CT-pa琀琀ern of usual inters琀椀琀椀al pneumonia (UIP), or a昀琀er integra琀椀on 
of clinical, imaging and histologic features. A working diagnosis of IPF is given to pa琀椀ents 
with probable UIP on CT or progressive 昀椀brosing inters琀椀琀椀al pneumonia, in the absence of 
an alterna琀椀ve diagnosis, and when IPF was thought to be the most likely diagnosis. 

Clinical characteris琀椀cs, including demographics, presence of any form of cardiovascular 
disease, osteoporosis and gastro-oesophageal re昀氀ux were retrospec琀椀vely collected from 
pa琀椀ent records. Pa琀椀ents were followed up un琀椀l December 2018. During the course of 
follow up acute exacerba琀椀ons of IPF were diagnosed based on the de昀椀ni琀椀on of a 2016 
Interna琀椀onal Working Group Report.12

 

HRCT-scans of the chest were retrieved from the hospital radiology database when 
available. Bone a琀琀enua琀椀on was scored using a modi昀椀ca琀椀on of a previously published 
method.13 Coronary and aor琀椀c calci昀椀ca琀椀on was scored using visual grading according to a 
modi昀椀ca琀椀on on a previously published scoring system.14 The de昀椀ni琀椀ons used are provided 
in Supplementary Table 1. The four main coronary artery branches (le昀琀 main coronary 
artery, le昀琀 anterior descending artery, le昀琀 circum昀氀ex artery, and right coronary artery) 
were each scored on a scale of 0-3, calci昀椀ca琀椀on of the ascending and descending aorta 
were each scored on a scale of 0-3, and calci昀椀ca琀椀on of the supra-aor琀椀c branches of the 
aor琀椀c arch was scored on a scale of 0-2. The cut-o昀昀 level of the ascending aorta was 
a昀琀er the le昀琀 subclavian artery, and the cut-o昀昀 level of the descending aorta was the 11th 
thoracic vertebra. Scores were summed into a single score for coronary artery calci昀椀ca琀椀on 
(0-12), aor琀椀c calci昀椀ca琀椀on (0-8), and an overall calci昀椀ca琀椀on score (0-20).

For measurement of bone a琀琀enua琀椀on, the most central sec琀椀on of thoracic vertebrae 4, 
7, and 10 was iden琀椀昀椀ed with the help of coronal or sagi琀琀al images. On these loca琀椀ons on 
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the transversal images, a circular region of interest was placed in the central part of the 
vertebral body. Care was taken to avoid the cortex and the basivertebral venous plexus. 
The size of the region of interest varied, but a distance of one-third of the radius of the 
vertebral body was always maintained from the cortex. In case of obvious intravertebral 
abnormali琀椀es, such as a haemangioma or enostoses, the vertebral body superior to the 
vertebral body of interest was used (e.g. T3 instead of T4).

Scans made with various CT-machines and imaging protocols were included. Only CT-
imaging without intravenous contrast and cardiac triggering was used, as the scoring 
system for coronary artery calci昀椀ca琀椀on that we used was developed using similarly ob-
tained CT-imaging.14 When the scan on which the diagnosis was based was not available 
or when this was a scan with intravenous contrast, any other chest CT-imaging within 6 
months of the diagnosis was used. Scans were viewed in a commercially available so昀琀ware 
program (Sectra PACS; Sectra AB, Linköping, Sweden). For all scans coronal and sagi琀琀al re-
construc琀椀ons were made. Scans were read by one of the authors (TWH), who was blinded 
to pa琀椀ent history and telomere length. Data were collected on standardised forms. The 
use of the score form was trained under supervision of an experienced board-cer琀椀昀椀ed 
radiologist (HWvE). Collected data included presence of vertebral compression fractures, 
presence of aor琀椀c valve calci昀椀ca琀椀on, presence of mitral annular calci昀椀ca琀椀on, and pres-
ence of diaphragma琀椀c hernia. 

Blood samples were taken around 琀椀me of diagnosis and leukocyte telomere length was 
determined using a previously described quan琀椀ta琀椀ve polymerase chain reac琀椀on (PCR) 
method.15 Brie昀氀y, telomere length was es琀椀mated for each sample from the ra琀椀o of telo-
mere repeat copy number to a single gene (human β-globin gene) copy number (T/S ra琀椀o).  
Measurements were performed on the Bio-Rad CFX96™ Real-Time PCR Detec琀椀on System 
(Bio-Rad, Hercules, CA, USA). The samples were stored at -80 degrees Celsius un琀椀l use. 
DNA was isolated from white blood cells using a magne琀椀c beads-based method (chemagic 
DNA blood 10k kit; PerkinElmer.chemagen Technologie GmbH, Baesweiler, Germany). All 
sample measurements were performed in duplicate, with addi琀椀onal measurements if the 
duplicates di昀昀ered more than 0.05; the mean value of the measured samples was used 
(in case of suspected faulty measurements, that value was excluded when calcula琀椀ng the 
mean). Furthermore, quality control samples were included on each PCR-run, with a <0.05 
margin of variance to reference values allowed. The control cohort included 164 healthy 
adults. Age-adjusted normal values for the T/S-ra琀椀o were calculated by determining the 
best-昀椀琀�ng linear regression line through the data, and percen琀椀les were derived from the 
regression line.
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Study data were collected and managed using REDCap electronic data capture tools 
hosted at St. Antonius Hospital.16 Data analyses were performed using IBM SPSS Sta琀椀s琀椀cs 
for Windows, version 25 (IBM Corp., Armonk, N.Y., USA). For survival analyses, Kaplan-
Meier curves were calculated and Cox-regression analyses were performed, with the la琀琀er 
correc琀椀ng for age at diagnosis, sex, and lung func琀椀on at diagnosis in mul琀椀variate analyses. 
Pa琀椀ents were censored when lost to follow up, when they underwent lung transplanta-
琀椀on, or at the 琀椀me of data collec琀椀on.

RESULTS

The cohort included 406 pa琀椀ents in whom chest CT-scans around 琀椀me of diagnosis were 
available. Baseline characteris琀椀cs are shown in Table 1. 

Table 1: Baseline characteris琀椀cs in 406 pa琀椀ents with pulmonary 昀椀brosis. 

Clinical parameter N (% of total)

Male (%) 310 (78)

Median age at diagnosis (IQR) 68 (62-75)

1st degree family member with pulmonary 昀椀brosis (%) 113 (28)

Forced vital capacity, percentage of predicted, median (IQR) 78.0 (64.0-91.1)

Di昀昀usion capacity of the lung for carbon monoxide, percentage of predicted, median (IQR) 41.0 (32.0-51.0)

Former or current smokers (%) 328 (81)

>5 packyears 299 (74)

>20 packyears 189 (47)

Diabetes mellitus 71 (17)

Hypercholesterolemia 164 (40)

Hypertension (%) 117 (29)

Pulmonary hypertension (%) 60 (15)

Any cardiovascular disease (%) 178 (44)

Coronary artery disease (%) 122 (30)

Acute coronary syndrome (%) 54 (13)

Peripheral arterial disease (%) 20 (5)

Heart failure (%) 19 (5)

Atrial 昀椀brilla琀椀on (%) 22 (5)

Cerebrovascular accident or transient ischemic a琀琀ack (%) 35 (9)

Other cardiovascular disease (%) 53 (13)

Osteoporosis 15 (4)

Gastro-oesophageal re昀氀ux 148 (37)

IQR = interquar琀椀le range.
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One-hundred-and-twenty-two pa琀椀ents had known CAD. There were 178 pa琀椀ents who 
had any type of cardiovascular comorbidity, excluding hypertension and pulmonary hy-
pertension (44%). CAD speci昀椀cally associated with male sex (n=108; p<0.001 compared 
to pa琀椀ents without CAD), and having smoked more than 5 or 20 packyears (n=105 and 
n=72; p<0.001 and p=0.001, respec琀椀vely). CAD was associated with decreased survival in a 
univariate analysis (Figure 1; p=0.02; Log-rank test), but not in a mul琀椀variate analysis that 
corrected for age at diagnosis, lung func琀椀on at diagnosis and smoking status (p=0.26; Cox-
regression). The presence of any type of cardiovascular disease associated with decreased 
survival (p<0.001), also when corrected for age at diagnosis, sex, Forced Vital Capacity at 
diagnosis, and Di昀昀usion Capacity of the Lung for Carbon Monoxide at diagnosis (p=0.02; 
Cox regression).

Coronary artery calci昀椀ca琀椀on score ranged from 0-12, and had a median value of 3 (inter-
quar琀椀le range 1-5). Eighteen percent of pa琀椀ents had a coronary artery calci昀椀ca琀椀on score 
of 0. Coronary artery calci昀椀ca琀椀on score was signi昀椀cantly higher in pa琀椀ents with a history 

Figure 1: (A) median coronary artery calci昀椀ca琀椀on score for pa琀椀ents with and without a history of coronary 
artery disease. Whiskers represent 95% con昀椀dence intervals for the median. P-value calculated using Mann-
Whitney U test. (B) survival stra琀椀昀椀ed by presence (red) or absence (blue) of coronary artery disease. P-value 
calculated using Log-rank test. This associa琀椀on was no longer signi昀椀cant in a mul琀椀variate analysis that cor-
rected for age at diagnosis, lung func琀椀on at diagnosis and smoking status (p=0.26; Cox-regression). (C) survival 
stra琀椀昀椀ed by coronary artery calci昀椀ca琀椀on score ≥8 (red) or <8 (blue). P-value calculated using Log-rank test. 
This associa琀椀on was s琀椀ll signi昀椀cant in a mul琀椀variate model that corrected for age at diagnosis, sex, lung func-
琀椀on at diagnosis, smoking status, and a history of coronary artery disease (p=0.03; Cox-regression).
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of CAD (median 6 (interquar琀椀le range 4-8) versus median 2 (interquar琀椀le range 0.25-4); 
p<0.001). Higher coronary artery calci昀椀ca琀椀on score was associated with decreased sur-
vival (p=0.04 Log-rank test), also when corrected for age at diagnosis, sex, lung func琀椀on 
at diagnosis, smoking status, and a history of CAD (p=0.03; Cox regression). In the same 
mul琀椀variate model, coronary artery calci昀椀ca琀椀on score ≥8 was signi昀椀cantly associated with 
shorter survival (n=36; p=0.03; hazard-ra琀椀o 1.708 (95% con昀椀dence interval 1.066-2.738) 
Cox-regression). Pa琀椀ents with coronary artery calci昀椀ca琀椀on score ≥8 were signi昀椀cantly 
older at diagnosis, had lower baseline di昀昀usion capacity, were more likely to be current or 
former smokers and more o昀琀en had a history of cardiovascular or coronary artery disease 
(Table 2). There was no rela琀椀on between a history of CAD, any type of cardiovascular 
disease, or coronary artery calci昀椀ca琀椀on score and leukocyte telomere length.

Table 2: Baseline characteris琀椀cs of pa琀椀ents with coronary artery calci昀椀ca琀椀on score ≥8 and <8. 

Clinical parameter Coronary artery 
calci昀椀ca琀椀on score ≥8 
(N=36)

Coronary artery 
calci昀椀ca琀椀on score <8 
(N=370)

p-value

Male (%) 32 (89) 278 (75) 0.07

Median age at diagnosis (IQR) 74.6 (67.5-78.3) 67.7 (61.4-73.7) <0.001

Forced vital capacity, percentage of predicted, 
median (IQR)

74.5 (63.5-85.0) 78.8 (64.1-92.0) 0.58

Di昀昀usion capacity of the lung for carbon 
monoxide, percentage of predicted, median (IQR)

34.0 (26.8-42.3) 42.0 (32.2-53.0) 0.003

Former or current smokers (%) 34 (94) 294 (79) 0.03

	 >5 packyears 34 (94) 265 (72) 0.002

	 >20 packyears 28 (78) 161 (44) <0.001

Diabetes mellitus 6 (17) 65 (18) 0.89

Hypercholesterolemia 27 (75) 137 (370) <0.001

Hypertension (%) 17 (47) 100 (27) 0.01

Pulmonary hypertension (%) 6 (17) 54 (15) 0.74

Any cardiovascular disease 32 (89) 146 (39) <0.001

	 Coronary artery disease (%) 31 (86) 91 (25) <0.001

	 Acute coronary syndrome (%) 13 (34) 41 (11) <0.001

	 Peripheral arterial disease (%) 6 (17) 14 (4) 0.001

	 Heart failure (%) 4 (11) 15 (4) 0.08

	 Atrial 昀椀brilla琀椀on (%) 3 (8) 19 (5) 0.43

	 	Cerebrovascular accident or transient 
ischemic a琀琀ack (%)

2 (6) 33 (9) 0.76

	 Other cardiovascular disease (%) 13 (36) 40 (11) <0.001

IQR = interquar琀椀le range.



103

Coronary artery calci昀椀ca琀椀on score in pa琀椀ents with IPF 

There were 20 pa琀椀ents (5%) who developed acute coronary syndrome, heart failure, atrial 
昀椀brilla琀椀on, or stroke a昀琀er the diagnosis of IPF. Thirteen of these pa琀椀ents (65%) had a 
prior history of any cardiovascular disease (p=0.05) and two (10%) had a coronary artery 
calci昀椀ca琀椀on score ≥8 (p=0.69). The median coronary artery calci昀椀ca琀椀on score in these 
pa琀椀ents was 4 (interquar琀椀le range 2-6) compared to a median of 3 (interquar琀椀le range 
1-5) in other pa琀椀ents (p=0.08).

Fi昀琀een pa琀椀ents (4%) had a history of osteoporosis. In these pa琀椀ents, average bone a琀琀enu-
a琀椀on on CT-scans was signi昀椀cantly lower compared to pa琀椀ents without osteoporosis (mean 
122, 95% CI 104-141 versus mean 157, 95% CI 152-161; p=0.003). Seventeen pa琀椀ents had 
one or more vertebral compression fractures on the CT-scan. This was signi昀椀cantly more 
common in pa琀椀ents with osteoporosis (n=5; p<0.001). Osteoporosis was not associated 
with survival. There was no associa琀椀on between osteoporosis and leukocyte telomere 
length, nor was there a correla琀椀on between bone a琀琀enua琀椀on and leukocyte telomere 
length (Supplementary Figure 1).

One-hundred-forty-eight pa琀椀ents (37%) had complaints of gastro-oesophageal re昀氀ux, and 
on CT-imaging 175 pa琀椀ents (43%) had a diaphragma琀椀c hernia. Presence of diaphragma琀椀c 
hernia on CT-imaging associated with gastro-oesophageal re昀氀ux complaints (Figure 2A; 
p=0.04).  Gastro-oesophageal re昀氀ux was not related to smoking status (p=0.45), but dia-
phragma琀椀c hernia was signi昀椀cantly less common in former or current smokers compared 
to never-smokers (42% versus 15% versus 58%; p<0.001).

An acute exacerba琀椀on of IPF was noted for 47 pa琀椀ents (12%), and was not associ-
ated with either the presence of gastro-oesophageal re昀氀ux complaints (n=19; p=0.63) 
or diaphragma琀椀c hernia (n=25; p=0.64). Neither gastro-oesophageal re昀氀ux complaints, 
nor diaphragma琀椀c hernia were associated with survival in a univariate model (Figure 2B 

and C; Log-rank test; p=0.54 and p=0.41, respec琀椀vely). The presence of a diaphragma琀椀c 
hernia was also not associated with lung func琀椀on at diagnosis, or the observed pulmonary 
昀椀brosis pa琀琀ern on CT-imaging (data not shown).
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DISCUSSION

In this study we inves琀椀gated the value of unrequested informa琀椀on from CT-imaging of the 
chest in 406 pa琀椀ents with IPF. This included coronary artery calci昀椀ca琀椀on, bone a琀琀enua-
琀椀on of the thoracic vertebrae, and the presence of diaphragma琀椀c hernia. We found that 
coronary artery calci昀椀ca琀椀on score was an independent predictor for survival, with higher 
scores being associated with lower survival. Notably, the predic琀椀ve value of coronary 
artery calci昀椀ca琀椀on score was independent of a clinical history of CAD. None of the CT-
昀椀ndings associated with leukocyte telomere length. 

Signi昀椀cantly, we found that higher coronary artery calci昀椀ca琀椀on score, as read from stan-
dard HRCT-imaging, was associated with decreased survival, independent of a history 
of CAD. In a previous study Nathan and colleagues found a prevalence of 29% and 66% 
for signi昀椀cant and any degree of CAD, respec琀椀vely, in pa琀椀ents with IPF who underwent 
screening for lung transplanta琀椀on.4 Pa琀椀ents with signi昀椀cant CAD in that study had a 
signi昀椀cantly worse survival, but not in a mul琀椀variate model that corrected for sex, lung 
func琀椀on, and age.  In another study by the same authors, they showed that coronary calci-
昀椀ca琀椀on score had a sensi琀椀vity and speci昀椀city of 81% and 85%, respec琀椀vely, for signi昀椀cant 

Figure 2: (A) number of pa琀椀ents with diaphragma琀椀c hernia on CT-imaging, stra琀椀昀椀ed by presence or absence 
of gastro-oesophageal re昀氀ux. Presence of diaphragma琀椀c hernia on CT-imaging associated with gastro-oe-
sophageal re昀氀ux complaints (p=0.04). (B) survival stra琀椀昀椀ed by presence (red) or absence (blue) of diaphrag-
ma琀椀c hernia. Survival did not signi昀椀cantly di昀昀er between the two groups (Log-rank test). (C) survival stra琀椀昀椀ed 
by presence (red) or absence (blue) of gastro-oesophageal re昀氀ux complaints. Survival did not signi昀椀cantly 
di昀昀er between the two groups (Log-rank test).
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CAD as determined by le昀琀 heart catheteriza琀椀on.5 It must be noted that the authors used a 
di昀昀erent calci昀椀ca琀椀on score than the one used in the present study. However, it seems that 
coronary artery calci昀椀ca琀椀on score as determined from standard CT-imaging is a useful, 
non-invasive, prognos琀椀c factor. The use of this prognos琀椀c factor could be implemented in 
prac琀椀ce quite easily, although it should s琀椀ll be determined if di昀昀erent types of (automated) 
coronary artery calci昀椀ca琀椀on scoring systems could be used. It remains to be inves琀椀gated 
if serial calcula琀椀on of coronary artery calci昀椀ca琀椀on has prognos琀椀c implica琀椀ons as well, as 
HRCT-scans are typically done repeatedly in the course of follow up of pa琀椀ents with IPF. In 
addi琀椀on, whether pa琀椀ents with signi昀椀cant CAD would bene昀椀t from a cardiology referral 
and possible treatment of CAD remains to be determined. In this study, coronary artery 
calci昀椀ca琀椀on score did not associate with cardiac events during follow up, but this might 
be related to a rela琀椀vely small percentage of pa琀椀ents (5%) who actually developed such 
an event.

The roles of gastro-oesophageal re昀氀ux and diaphragma琀椀c hernia in IPF pathogenesis and 
disease progression have been the subject of debate.6 Rates of gastro-oesophageal re昀氀ux 
complaints (37%) and diaphragma琀椀c hernia (43%) in the present cohort were compa-
rable to those in earlier cohorts.17–20 The present study comprised a much larger pa琀椀ent 
popula琀椀on of over 400 pa琀椀ents compared to around or below 100 pa琀椀ents in previous 
studies. In contrast to previous studies, we did not 昀椀nd an associa琀椀on between gastro-
oesophageal re昀氀ux and survival.19,20 Taken together, our 昀椀ndings are not indica琀椀ve of a 
role of gastro-oesophageal re昀氀ux or diaphragma琀椀c hernia in disease progression for IPF 
pa琀椀ents. This seems to 昀椀t within the context of several recent studies. Notably, the WRAP-
IPF trial randomised IPF pa琀椀ents with proven gastro-oesophageal re昀氀ux to re昀氀ux surgery 
or conserva琀椀ve treatment and found no di昀昀erence in lung func琀椀on decline or survival 
between both groups.21 A recent meta-analysis did 昀椀nd a signi昀椀cant associa琀椀on between 
the presence of gastro-oesophageal re昀氀ux and IPF, but noted that this associa琀椀on was no 
longer signi昀椀cant when correc琀椀ng for smoking.22 A meta-analysis of pharmacologic treat-
ment of gastro-oesophageal re昀氀ux in pa琀椀ents with IPF found a reduc琀椀on of IPF-related 
mortality in the treated pa琀椀ents, but no reduc琀椀on in all-cause mortality.23 Furthermore, 
a recent Australian registry-based study did not 昀椀nd an e昀昀ect of proton-pump inhibitor 
use or gastro-oesophageal re昀氀ux symptoms on long-term outcomes in 587 IPF pa琀椀ents.24

 

This study has several limita琀椀ons. First, this was a retrospec琀椀ve study and the availability 
of data was limited by what was recorded in pa琀椀ent 昀椀les. This might lead to an underes琀椀-
ma琀椀on of the prevalence of some clinical characteris琀椀cs, such as osteoporosis. However, 
our cohort was large and all pa琀椀ents underwent a rela琀椀vely standardized and thorough 
evalua琀椀on. This means that the results are representa琀椀ve of the informa琀椀on that is avail-
able in clinical prac琀椀ce. Second, we have not corrected our survival analyses for the use 
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of an琀椀昀椀bro琀椀c therapies, which are now an integral part of the management of pa琀椀ents 
with IPF. This was deemed likely to introduce bias, as the choice for an an琀椀昀椀bro琀椀c agent 
was 琀椀me-dependent, pirfenidone having become available on the Dutch market earlier 
than nintedanib. With regard to the absence or presence of gastro-oesophageal re昀氀ux we 
have only included clinical complaints, and not invasive measurement of oesophageal pH. 
It has been shown in previous studies that gastro-oesophageal re昀氀ux can be clinically oc-
cult,25 and therefore we might have missed gastro-oesophageal re昀氀ux in pa琀椀ents without 
symptoms. 

CONCLUSION

An increased coronary artery calci昀椀ca琀椀on score was an independent predictor of de-
creased survival in a cohort of 406 pa琀椀ents with IPF. We found no associa琀椀on between 
coronary artery calci昀椀ca琀椀on score or vertebral bone a琀琀enua琀椀on and leukocyte telomere 
length. Furthermore, in contrast to earlier studies, we did not 昀椀nd an associa琀椀on between 
the presence of gastro-oesophageal re昀氀ux complaints or diaphragma琀椀c hernia and pa琀椀ent 
outcomes.
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SUPPLEMENTARY DATA

Supplementary Table 1: Visual grading system for calci昀椀ca琀椀on of coronary arteries and aorta. 

Grade 0 Grade 1 Grade 2 Grade 3

Coronary artery 
calci昀椀ca琀椀on

Absent 1-2 foci >2 foci or 1 calci昀椀ca琀椀on 
extending over 10mm

Calci昀椀ed arteries covering a 
large segment of a coronary 
branch

Supra-aor琀椀c artery 
calci昀椀ca琀椀on

Absent Calci昀椀ca琀椀ons in 1 
supra-aor琀椀c artery

Calci昀椀ca琀椀ons in >1 supra-
aor琀椀c artery

-

Aor琀椀c wall 
calci昀椀ca琀椀on

Absent ≤3 foci 4-5 foci or 1 calci昀椀ca琀椀on 
extending over 15mm

>5 foci or 1 calci昀椀ca琀椀on 
extending over 25mm

Coronary arteries scored are the le昀琀 main coronary artery, le昀琀 anterior descending artery, le昀琀 circum昀氀ex artery and right 
coronary artery. The ascending and descending aorta are scored separately. Adapted from Jacobs et al.14

Supplementary Figure 1: Average vertebral bone a琀琀enua琀椀on in Houns昀椀eld Units (HU) in 406 pa琀椀ents with 
idiopathic pulmonary 昀椀brosis. As measured for thoracic vertebrae 4, 7 and 10, subcategorized according to 
telomere length below (red) or above (blue) the 昀椀rst percen琀椀le for age. There was no signi昀椀cant di昀昀erence in 
vertebral bone a琀琀enua琀椀on between pa琀椀ents with telomere length below or above the 昀椀rst percen琀椀le for age 
(median 161 (interquar琀椀le range 131-199) versus 147 (124-179); p=0.08).
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ABSTRACT 

Genomic muta琀椀ons in telomere-related genes have been recognized as a cause of familial 
forms of idiopathic pulmonary 昀椀brosis (IPF). However, it has become increasingly clear 
that telomere syndromes and telomere shortening are associated with various types of 
pulmonary disease. Addi琀椀onally, it was found that also single nucleo琀椀de polymorphisms 
(SNPs) in telomere-related genes are risk factors for the development of pulmonary dis-
ease. This review focuses on recent updates on pulmonary phenotypes associated with 
gene琀椀c varia琀椀on in telomere-related genes.

Genomic muta琀椀ons in seven telomere-related genes cause pulmonary disease. Pulmonary 
phenotypes associated with these muta琀椀ons range from many forms of pulmonary 昀椀brosis 
to emphysema and pulmonary vascular disease. Telomere-related muta琀椀ons account for 
up to 10% of sporadic IPF, 25% of familial IPF, 10% of connec琀椀ve-琀椀ssue disease-associated 
inters琀椀琀椀al lung disease, and 1% of COPD. Mixed disease forms have also been found. 
Furthermore, SNPs in TERT, TERC, OBFC1, and RTEL1, as well as short telomere length, 
have been associated with several pulmonary diseases. Treatment of pulmonary disease 
caused by telomere-related gene varia琀椀on is currently based on disease diagnosis and not 
on the underlying cause.

Pulmonary phenotypes found in carriers of telomere-related gene muta琀椀ons and SNPs 
are primarily pulmonary 昀椀brosis, some琀椀mes emphysema and rarely pulmonary vascular 
disease. Genotype–phenotype rela琀椀ons are weak, sugges琀椀ng that environmental factors 
and gene琀椀c background of pa琀椀ents determine disease phenotypes to a large degree. A 
disease model is presented wherever genomic varia琀椀on in telomere-related genes cause 
speci昀椀c pulmonary disease phenotypes whenever triggered by environmental exposure, 
comorbidity, or unknown factors.
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INTRODUCTION

Telomeres are repe琀椀琀椀ve hexanucleo琀椀de structures located at the end of chromosomes. 
Telomeres protect chromosome ends from being recognized as DNA breaks by the cell’s 
DNA damage repair machinery.1 Because chromosome ends cannot be fully replicated, 
telomeres shorten with every cell division.2 This is counteracted by ac琀椀va琀椀on of the 
telomerase enzyme in embryonic and stem cells, which can add nucleo琀椀des.3 However, in 
most cells the telomerase enzyme does not completely keep up with telomere loss, and 
thus telomeres become increasingly short with age.4 When telomere length falls below a 
cri琀椀cal threshold, cellular senescence or apoptosis ensues.5

 

Genomic muta琀椀ons in genes encoding the telomerase enzyme, the shelterin protein 
complex (which binds to telomeres, and is required for their protec琀椀on and proper 
func琀椀oning of the telomerase enzyme), and other telomere-related genes can lead to 
increased telomere shortening.6 This can become clinically manifest in various 琀椀ssues, and 
is termed a telomere syndrome. Telomere syndromes are systemic diseases in principle, 
but disease presenta琀椀on can be very variable.6 Manifesta琀椀ons of a telomere syndrome 
can include nail dystrophy, skin hyperpigmenta琀椀on, oral leucoplakia (the characteris琀椀c 
clinical triad of dyskeratosis congenita (DKC)), premature hair greying, liver cirrhosis (or 
milder liver abnormali琀椀es), bone marrow failure (or milder haematological abnormali琀椀es), 
acute leukaemia, and pulmonary disease, among others.6 Pa琀椀ents with di昀昀erent disease 
phenotypes can have the same underlying muta琀椀on and vice versa.7

 

In 2007 it was discovered that muta琀椀ons in telomerase genes were the cause of the fa-
milial form of Idiopathic pulmonary 昀椀brosis (IPF) in several families.8,9 IPF is a very severe 
lung disease, and is the most frequent form of the idiopathic inters琀椀琀椀al pneumonias.10

 

The diagnosis of IPF is based on radiological and histological features, which should show 
a characteris琀椀c usual inters琀椀琀椀al pneumonia (UIP) pa琀琀ern. Although IPF is rare, with an 
es琀椀mated prevalence of 1-28/100000 persons in western countries,11 it is by far the most 
common manifesta琀椀on of a telomere syndrome.6,12 A昀琀er these ini琀椀al discoveries, disease-
causing genomic muta琀椀ons in various other telomere-related genes have been found in 
IPF pa琀椀ents.13–18

 

In early studies of telomere genes in pa琀椀ents with pulmonary disease, even when focussed 
on pa琀椀ents with the familial form of IPF, it was already seen that some family members of 
the index pa琀椀ents had pulmonary disease incompa琀椀ble with the diagnosis of IPF.12 In the 
past years, it has become increasingly clear that telomere syndromes are associated with 
various types of pulmonary disease. Addi琀椀onally, it has been found that not only telomere 
gene muta琀椀ons, but also short telomere length in the absence of a muta琀椀on, as well as 
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single nucleo琀椀de polymorphisms (SNPs) in telomere-related genes may be associated with 
developing pulmonary disease.19,20 Almost 10 years a昀琀er the landmark descrip琀椀ons of the 
昀椀rst muta琀椀ons in telomere-related gene in pa琀椀ents with familial IPF, this review addresses 
recent updates in pulmonary phenotypes associated with gene琀椀c varia琀椀on in telomere-
related genes. The review will focus on diseases associated with short telomeres, and the 
gene琀椀c varia琀椀on discussed will be of a genomic nature, rather than soma琀椀c.

INTERSTITIAL LUNG DISEASES ASSOCIATED WITH TELOMERE-
RELATED GENE MUTATIONS

An overview of the pulmonary diseases associated with muta琀椀ons in telomere-related 
genes is provided in Table 1. Inters琀椀琀椀al lung disease (ILD) is the best-known pulmonary 
manifesta琀椀on of muta琀椀ons in telomere-related genes, with the most common diagnosis 
being IPF.12 The frequency of muta琀椀ons in telomere-related genes in familial IPF is shown in 
Figure 1. The prevalence of ILD in carriers of telomere gene muta琀椀ons increases with age. In 
an American cohort of TERT muta琀椀on carriers, none of the pa琀椀ents younger than 40 years 
showed ILD, but the prevalence was greater than 60% in those older than 60.21 Pa琀椀ents with 
TERC muta琀椀ons may be rela琀椀vely younger at ILD diagnosis than pa琀椀ents with muta琀椀ons in 
other genes. In a recent series of 114 pa琀椀ents with ILD associated with telomerase complex 
muta琀椀on, the ILD was diagnosed at a mean age of 51 years (n=7) for TERC muta琀椀on carri-
ers, 58 years (n=75) for TERT muta琀椀on carriers, 60 years (n=14) for RTEL1 muta琀椀on carriers 
and 65 years (n=19) for PARN muta琀椀on carriers (p=0.03).22 In case of TERT muta琀椀ons, male 
muta琀椀on carriers are more o昀琀en a昀昀ected compared to female carriers, and present with 
disease at an earlier age.21 Smoking and pneumotoxic exposure are frequently observed in 
pa琀椀ents with ILD (40-96%).21–23 Also in pa琀椀ents who were ini琀椀ally diagnosed with silicosis 
or drug-induced pulmonary 昀椀brosis, telomere gene muta琀椀ons have been found a昀琀er family 
members had been diagnosed with pulmonary 昀椀brosis.8,23

 

Figure 1: Frequency of muta琀椀ons in telomere-related genes in pa琀椀ents with familial pulmonary 昀椀brosis. (A) 
frequency of telomere-related gene muta琀椀ons compared to muta琀椀ons in surfactant or other genes. (B) rela-
琀椀ve frequencies of muta琀椀ons in speci昀椀c telomere-related genes.
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Table 1: pulmonary diseases associated with muta琀椀ons in telomere-related genes. 
Pulmonary 
phenotype

Radio-
logical 
pa琀琀ern*

Histopatho-
logical pat-
tern*

Phenotypic 
character-
is琀椀cs

Implicated 
telomere-
related 
genes

% of cases 
with telo-
mere gene 
muta琀椀on

Phenotype associ-
ated with telomere 
gene muta琀椀on

Inters琀椀琀椀al lung 
disease
IPF8,9,24–27,13–18,22,23

UIP UIP - TERT, TERC, 
DKC1, TINF2, 
RTEL1, 
PARN, NAF1

5-10% 
(sporadic); 
20-25% 
(familial)

Extrapulmonary signs 
of telomeropathy in 
some pa琀椀ents

NSIP
17,22,23,28,29

NSIP NSIP - TERT, 
(TERC,) 
PARN, DKC1, 
RTEL1 

?

DIP
22

DIP DIP Usually smok-
ers

TERT ?

PPFE 22,30,31 PPFE PPFE/UIP Pneumotho-
rax common

TERT, TERC, 
RTEL1 

50% F>M

Unclassi昀椀able 
PF8,17,22,23,32

PF PF - TERT, TERC, 
RTEL1, 
PARN, DKC1

?

HP
22,23,25

HP HP Exposure to 
inhala琀椀on an-
琀椀gens; mostly 
non-smokers

TERT, TERC, 
RTEL1, PARN 

?

CTD-
ILD

15,17,22,23,28,33
NSIP/UIP/
other

NSIP/UIP/
other

Co-exis琀椀ng 
connec琀椀ve 
琀椀ssue disease

TERT, TERC, 
RTEL1, PARN

10% Younger age at 
diagnosis

Drug-induced 
PF23

NSIP/UIP/
other

NSIP/UIP/
other

Exposure to 
pneumotoxic 
drug

TERT, (TERC) ?

Other
CPFE18,34,35 UIP/NSIP + 

emphy-
sema

UIP/NSIP Usually smok-
ing

TERT, TERC, 
NAF1

?

COPD18,34,36 Emphy-
sema

Emphysema Usually smok-
ing

NAF1, TERT, 
TERC

1% Mostly smoking fe-
males; pneumothorax 
rela琀椀vely common

Pulmonary 
arteriovenous 
malforma琀椀ons37

PAVM PAVM TERT, RTEL1, 
PARN, DKC1, 
TINF2 

? Young pa琀椀ents 
with dyskeratosis 
congenita

Hepatopulmo-
nary syndrome38

Intrapul-
monary 
vascular 
dilata琀椀on

Intrapul-
monary 
vascular 
dilata琀椀on, 
arterio-
venous 
communica-
琀椀ons

Liver disease DKC1, TERT, 
RTEL1 

? Extrapulmonary 
features of telomere 
syndrome (premature 
hair greying, bone 
marrow failure, mu-
cocutaneous abnor-
mali琀椀es); presenta-
琀椀on at early age

Inters琀椀琀椀al lung disease (idiopathic inters琀椀琀椀al pneumonia) classi昀椀ca琀椀on according to the 2013 ATS/ERS criteria.10 * most 
common, but not exclusive, radiological or histopathological pa琀琀ern. UIP= usual inters琀椀琀椀al pneumonia; NSIP= non-speci昀椀c 
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A typical UIP pa琀琀ern on chest CT was reported in 46% to 74% of pa琀椀ents with a telomere-
related gene muta琀椀on.21–23,33 Atypical features are found in 13% to 20% of pa琀椀ents includ-
ing upper-lung predominance of 昀椀brosis, a pleuro-parenchymal 昀椀broelastosis pa琀琀ern, 
or centrilobular 昀椀brosis.21–23 IPF is the most frequent diagnosis given to pa琀椀ents with 
telomere gene muta琀椀ons (45% to 86%).21–23 Unclassi昀椀able 昀椀brosis (19-30%), pleuropa-
renchymal 昀椀broelastosis (up to 10%), chronic hypersensi琀椀vity pneumoni琀椀s (HP) (7-11%), 
and connec琀椀ve 琀椀ssue disease (CTD)-associated ILD (2%) can also be found.21–23,28,30,31 The 

varia琀椀on in 昀椀bro琀椀c pa琀琀erns that can be observed in pa琀椀ents with telomere-related gene 
muta琀椀ons is illustrated in Figure 2. The frequency of telomere gene muta琀椀ons in pa琀椀ents 
with a given ILD phenotype has not been studied extensively for most phenotypes. In IPF, 
up to 10% of pa琀椀ents have a muta琀椀on in a telomere-related gene.28 The propor琀椀on in 
CTD-ILD could be similar,33 and the propor琀椀on of pa琀椀ents with telomere gene muta琀椀ons in 

inters琀椀琀椀al pneumonia; DIP= desquama琀椀ve insters琀椀琀椀al pneumonia; PPFE= pleuroparenchymal 昀椀broelastosis; PF= pulmo-
nary 昀椀brosis; HP= hypersensi琀椀vity pneumoni琀椀s; CTD-ILD= connec琀椀ve 琀椀ssue disease-associated inters琀椀琀椀al lung disease; 
CPFE=combined pulmonary 昀椀brosis and emphysema; COPD= chronic obstruc琀椀ve pulmonary disease; PAVM= pulmonary ar-
teriovenous malforma琀椀on

Figure 2: Computed-tomography of the chest in pa琀椀ents with pulmonary disease due to telomere-related 
gene muta琀椀ons. (A) usual inters琀椀琀椀al pneumonia (UIP). (B) possible UIP. (C and D) inconsistent with UIP sug-
ges琀椀ve of pleuro-parenchymal 昀椀broelastosis. (E) ground glass opaci琀椀es superimposed with 昀椀brosis revealed 
to be secondary to pneumocys琀椀s infec琀椀on. (F) normal chest CT scan in a pa琀椀ent with hypoxemia and liver 
disease. (G) reconstruc琀椀on with maximum intensity projec琀椀on revealed intrapulmonary vascular dilata琀椀on.
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PPFE was 50% in a small group.31 A family history of pulmonary 昀椀brosis is associated with 
an increased chance of 昀椀nding a muta琀椀on in all subtypes of ILD reported here. 

The decline of lung func琀椀on (forced vital capacity (FVC)) in pa琀椀ents with telomere-related 
gene muta琀椀ons seems unexpectedly high when compared to placebo arms of IPF clinical 
trials (130-210 mL/year).39 Newton and colleagues recently reported a 300 mL/year de-
cline of FVC whatever the gene (TERC, TERT, RTEL1 or PARN), or the clinical diagnosis (IPF 
or not) involved.22 Pulmonary 昀椀brosis associated with telomere-related gene muta琀椀ons 
is lethal, and most pa琀椀ents die of respiratory causes. The mean survival for symptoma琀椀c 
pa琀椀ents is 2.8 to 5.2 years a昀琀er diagnosis. However, disease evolu琀椀on can be longer, par-
琀椀cularly in asymptoma琀椀c carriers of muta琀椀ons.40 Transplant-free survival could be lower 
for carriers of TERT or TERC muta琀椀ons than for pa琀椀ents with familial ILD without TERT or 

TERC muta琀椀on.23
 

COPD AND EMPHYSEMA

Chronic obstruc琀椀ve pulmonary disease (COPD) is much more common than inters琀椀琀椀al 
lung disease, and gene琀椀c causes of this disease were long limited to alpha-1 an琀椀trypsin 
de昀椀ciency. A昀琀er telomere dysfunc琀椀on was implicated as a cause of IPF, mouse models in-
teres琀椀ngly showed that mice with short telomeres developed emphysema and not 昀椀brosis 
in response to cigare琀琀e smoke. Therea昀琀er, a family with a TERC muta琀椀on was iden琀椀昀椀ed, 
where carriers presented with either early-onset pulmonary 昀椀brosis or emphysema.34 Sub-
sequently, muta琀椀ons in TERT and NAF1 were found in pa琀椀ents with emphysema.18,36 COPD 
in pa琀椀ents with telomere-related gene muta琀椀ons seems to be more severe compared to 
other COPD pa琀椀ents. Within families with telomere-related gene muta琀椀ons, especially 
females who smoke, seem to be suscep琀椀ble to develop emphysema.41 The frequency of 
TERT muta琀椀ons in a cohort of 292 pa琀椀ents with severe COPD was 1%.36 Emphysema has 
been observed in families with muta琀椀ons in other telomere genes as well (RTEL1, PARN), 
but extensive clinical data were not available in those cases.17

 

In all, up to 40% of pa琀椀ents with IPF show a combined pulmonary 昀椀brosis and emphysema 
(CPFE) pa琀琀ern.42 CPFE is usually characterized by pulmonary 昀椀brosis in the lower lobes 
and emphysema in the upper lobes. Whether it is a dis琀椀nct clinical syndrome or a com-
bina琀椀on of di昀昀erent lung phenotypes is s琀椀ll under debate.10,43 There are several reports 
of pa琀椀ents with telomere gene muta琀椀ons and CPFE.18,25,34,35 However, concurrent emphy-
sema in pa琀椀ents with ILD and muta琀椀ons in telomere-related genes has not been studied 
extensively. As CPFE is not included in the current and past classi昀椀ca琀椀ons of ILD,10 previous 
studies might o昀琀en have reported a pa琀椀ent’s diagnosis to be IPF, when that pa琀椀ent also 
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had emphysema. In one study that did separately report emphysema on chest imaging, 
the prevalence was 20% in a cohort of TERT muta琀椀on carriers with pulmonary 昀椀brosis.21

 

This is lower than the 40% prevalence in all IPF pa琀椀ents men琀椀oned above, but the la琀琀er 
percentage comes from a study that speci昀椀cally scored chest imaging for emphysema, 
whereas the former used available clinical data. Furthermore, it has not been studied 
whether muta琀椀ons in telomere-related genes are associated with more emphysema in IPF 
pa琀椀ents when correc琀椀ng for smoking behavior.

PULMONARY VASCULAR DISEASE

Muta琀椀ons in telomere-related genes have been associated with several types of liver 
disease, most characteris琀椀cally cryptogenic liver cirrhosis.6 Recently, Gorgy and colleagues 
studied the prevalence of hepatopulmonary syndrome (HPS) in pa琀椀ents with telomere 
gene muta琀椀ons who presented with dyspnoea.38 In most cases the dyspnoea was caused 
by pulmonary 昀椀brosis or emphysema, but in 21% of pa琀椀ents the cause was HPS. Histology 
of liver 琀椀ssue showed nodular regenera琀椀ve hyperplasia in most pa琀椀ents, without cirrho-
sis. Interes琀椀ngly, HPS is a rare complica琀椀on of non-cirrho琀椀c portal hypertension, which is 
rare in itself. Therefore, the associa琀椀on of both features with telomere gene muta琀椀ons 
is remarkable. The precise pathophysiological mechanisms underlying this phenotype 
remain to be determined. Possibly, dysfunc琀椀on of hepa琀椀c endothelial cells leads to liver 
disease which in turn causes a vascular response in a lung that is more suscep琀椀ble to 
vascular changes because of lung endothelial cell dysfunc琀椀on.38

 

In addi琀椀on to these 昀椀ndings, some pa琀椀ents with telomere syndromes who do not 
have HPS do develop pulmonary arteriovenous malforma琀椀ons (PAVMs).37 The precise 
pathophysiologic mechanism underlying the forming of PAVMs in this case needs to be 
elucidated, but could involve transforming growth factor β-signalling.37 Importantly, both 
these vascular diseases have only been observed in the se琀�ng of pa琀椀ents with telomere 
syndrome manifesta琀椀ons in other organs as well, although in some pa琀椀ents with HPS 
shortness of breath was the 昀椀rst presen琀椀ng sign.

INFECTION AND IMMUNOLOGY

Respiratory tract infec琀椀ons are the most common infec琀椀ous manifesta琀椀on of immuno-
de昀椀ciency.44 Pa琀椀ents with DKC have been found to have immunode昀椀ciencies, including 
lymphopenia, low B-cell numbers, hypogammaglobulinemia, and decreased T-cell func-
琀椀on.45,46 These pa琀椀ents therefore frequently have respiratory tract infec琀椀ons. However, 
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in pa琀椀ents with telomere gene muta琀椀ons who have pulmonary disease but not DKC, 
leukopenia is rare.21,22 Furthermore, most pulmonary 昀椀brosis pa琀椀ents with telomere gene 
muta琀椀ons have immunoglobulin levels within the normal range (Ho昀昀man/van Moorsel, 
unpublished observa琀椀on). However, immune dysfunc琀椀on is observed in some telomere 
gene muta琀椀on carriers with pulmonary disease, as some pa琀椀ents have concomitant my-
elodysplas琀椀c syndrome (MDS).21–23 Overall, the infec琀椀on risk in pa琀椀ents with pulmonary 
disease and muta琀椀ons in telomere-related genes seems to be comparable to pulmonary 
disease pa琀椀ents without telomere-related gene muta琀椀ons. DKC pa琀椀ents are par琀椀cularly 
at risk for pneumocys琀椀s infec琀椀on, and we recently reported the case of a pa琀椀ent with a 
TERC muta琀椀on and primary immunode昀椀ciency revealed by pneumocystosis, which could 
have been misdiagnosed as an acute exacerba琀椀on of ILD (Figure 2).47 Furthermore, we 
previously reported the case of an IPF pa琀椀ent with a TINF2 muta琀椀on who 昀椀rst presented 
with pneumonia and was concurrently diagnosed with common variable immunode昀椀-
ciency (CVID). This pa琀椀ent did not have a history of recurrent infec琀椀ons, but did ful昀椀ll the 
diagnos琀椀c criteria for CVID.26 Following lung transplanta琀椀on, pa琀椀ents with lung 昀椀brosis 
and telomere gene muta琀椀ons did not appear to present a higher risk of opportunis琀椀c 
infec琀椀on, but recurrent respiratory tract infec琀椀ons are common.48–50

 

SINGLE NUCLEOTIDE POLYMORPHISMS IN TELOMERE GENES 

ASSOCIATED WITH PULMONARY DISEASE

Apart from rare gene琀椀c muta琀椀ons that cause shortening of telomeres and can directly lead to 
development of disease, common variants with smaller e昀昀ect sizes can also contribute to disease 
development. Table 2 provides an overview of common variants in telomere genes that are as-
sociated with telomere shortening and pulmonary disease. Genome-wide associa琀椀on studies 
(GWAS) have found several common gene琀椀c variants in telomere genes to be associated with 
IPF.20,51 These include variants in TERT and near TERC (rs6793295), as well as OBFC1 (rs11191865), 
a gene that is also implicated in telomere biology. One variant in the TERT gene (rs2736100) 
was subsequently found to be associated with other idiopathic inters琀椀琀椀al pneumonias as well.52

 

Interes琀椀ngly, this same variant has also been associated with lung cancer.53 However, in lung 
cancer it is not the major allele (A), but the minor allele (C) that increases disease risk. The minor 
allele has been associated with longer telomeres, whereas the major allele is associated with 
shorter telomeres.54 Other variants in TERT are associated with development of lung cancer as 
well, and are also associated with longer telomeres.55–57 Furthermore, variants in the OBFC1 and 
RTEL1 genes have also been associated with lung cancer.57 This lung-cancer associated variant in 
the OBFC1 gene has also been associated with longer telomeres.54
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Claar and colleagues found that a common variant near the TERC gene was signi昀椀cantly as-
sociated with asthma, as well as pulmonary 昀椀brosis using a so-called PheWAS approach.61

 

The variant they selected (rs6793295) was found to be associated with IPF by Fingerlin 
and colleagues, as well as in a con昀椀rma琀椀on study in a Mexican popula琀椀on by Peljto and 
colleagues.51,62 Unfortunately, because extensive data on other SNPs was not available in 
their study, Claar and colleagues could only examine the e昀昀ect of this variant. Future stud-
ies will have to determine whether this variant is indeed associated with asthma. Asthma 
GWAS have thus far not iden琀椀昀椀ed any common variants in telomere genes.63 An associa-
琀椀on between COPD and a variant in RTEL1 (rs4809324) was found by one candidate-gene 
study,59 but COPD GWAS have not iden琀椀昀椀ed any telomere-related gene variants.64 This 
associa琀椀on will also need to be con昀椀rmed in future studies.

Interes琀椀ngly, a recent candidate-gene study by Rong and colleagues found a common vari-
ant in the RTEL1 gene (rs6010621) to be associated with the development of high-al琀椀tude 
pulmonary oedema (HAPE).60 HAPE is a condi琀椀on of acute pulmonary oedema caused by 
pulmonary hypertension in response to ascension to high al琀椀tude.65 Other studies have 
found an associa琀椀on between the risk of developing HAPE and common variants in the 
ACYP2 gene.66,67 The ACYP2 gene is found in a locus that has been linked to telomere length.54

 

However, it is not clear if ACYP2 plays a role in telomere biology. The link between telomere 
biology and HAPE is s琀椀ll elusive, and these results require con昀椀rma琀椀on in future studies.

Table 2: common gene琀椀c variants in telomere-related genes associated with pulmonary disease. 

Gene Risk allele Pulmonary disease 
associated with 
variant

Variant associated with 
shorter telomeres?

Independent 
replica琀椀on?

References

TERT rs2736100 major allele 
(A)

IPF Yes
 

Yes 20,51,52

IIP other than IPF Yes No
52

(near) 
TERC

rs1881984 minor allele 
(G)

IPF Unknown No* 51

OBFC1 rs11191865 major allele 
(A)

IPF No No* 51,58

RTEL1 rs4809324 (T) COPD Unknown No
59

rs6010621 (G) HAPE Unknown No
60

# The Fingerlin et al study included pa琀椀ents with diagnoses other than IPF as well, but IPF pa琀椀ents comprised the vast major-
ity of the 昀椀bro琀椀c IIP cohort. *the Fingerlin study included a valida琀椀on cohort. For Fingerlin et al. only sen琀椀nel variants were 
included. Telomere length was measured in blood in healthy controls for all variants. IPF= idiopathic pulmonary 昀椀brosis; 
COPD= chronic obstruc琀椀ve pulmonary disease; HAPE= high-al琀椀tude pulmonary edema
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RELATION BETWEEN TELOMERE LENGTH AND PULMONARY 

DISEASE

Telomere length is o昀琀en used as a proxy for telomere dysfunc琀椀on and the likelihood 
that a given telomere gene muta琀椀on causes disease or that a person develops clinical 
manifesta琀椀ons of a telomere syndrome. This is at least par琀椀ally correct, as most known 
muta琀椀ons that cause telomere syndromes lead to markedly shortened telomeres (50-90% 
of cases).21,23,68 Furthermore, the phenomenon of gene琀椀c an琀椀cipa琀椀on can be observed in 
families with telomere gene muta琀椀ons. This is de昀椀ned as an earlier onset of disease with 
each next genera琀椀on.6 Telomeres shorten from genera琀椀on to genera琀椀on in pa琀椀ents with 
TERT, TERC, PARN or RTEL1 muta琀椀ons because of transmission of the short telomeres 
independent of transmission of the muta琀椀on.21–23 This epigene琀椀c-like inheritance in hu-
man disorders of telomerase also explains observa琀椀ons of a昀昀ected pa琀椀ents who do not 
carry the familial muta琀椀on.69,70

 

In pa琀椀ents with genomic muta琀椀ons in telomere-related genes, the disease phenotype is 
clearly caused by telomere dysfunc琀椀on due to shortening of telomeres. However, in other 
pa琀椀ents a link between short telomere length and disease development may not be as 
straigh琀昀orward. Telomere length is not only dependent on inherited telomere length and 
func琀椀oning of telomere maintenance proteins, but also on environmental factors.71 For ex-
ample, exposure to cigare琀琀e smoke can shorten lung telomeres in mice and cell lines, and 
is associated with shorter blood telomeres in humans.72–74 In general, if more pulmonary 
琀椀ssue needs to be renewed during life, telomeres will become shorter. The same principle 
applies to blood cells, which is also relevant since telomere length is usually measured 
in blood. In this light it is important to note that a correla琀椀on between lung and blood 
telomere length has not unequivocally been shown.19,32,75 This all makes that associa琀椀ons 
between telomere length and various diseases cannot easily be interpreted as causa琀椀ve 
rela琀椀ons. Even so, in the past years a large number of studies have inves琀椀gated telomere 
length in rela琀椀on to a mul琀椀tude of phenotypes.

With regard to the lung, several studies have focused on ILD. Pa琀椀ents with ILD have shorter 
telomeres than controls, and pa琀椀ents with IPF have shorter telomeres than pa琀椀ents with 
non-IPF ILD. Within familial pulmonary 昀椀brosis, pa琀椀ents with TERT muta琀椀ons have the 
shortest telomeres. Compared to other ILD, pa琀椀ents with sarcoidosis have rela琀椀vely long 
telomeres, albeit s琀椀ll shorter than controls.68 Pa琀椀ents with COPD have shorter telomeres 
than non-smoking and smoking controls, and non-COPD smokers have shorter telomeres 
than non-smokers.76 Asthma pa琀椀ents were also found to have shorter telomere length 
than controls, though this was limited to pa琀椀ents with life-course persistent asthma in one 
study.77,78 Telomere length has not been studied in pa琀椀ents with HAPE. In lung transplant 
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pa琀椀ents, short donor telomere length seems to be associated with the development of 
chronic lung allogra昀琀 disease (CLAD),79 although other studies did not 昀椀nd this associa-
琀椀on.80 Short recipient telomere length was associated with the development of CLAD in 
one large study,81 but not in other studies.79,80

 

At 昀椀rst, it was thought that lung cancer pa琀椀ents have shorter telomeres than controls. 
Larger and more recent studies, on the other hand, indicate that lung cancer pa琀椀ents 
have longer telomeres compared to controls.82–84 This also 昀椀ts with the observed associa-
琀椀ons between lung cancer and SNPs in telomere genes that are associated with longer 
telomeres.53,57 These 昀椀ndings suggest a disease model where short telomeres can lead to 
degenera琀椀ve diseases, whereas long telomeres lead to malignant disease.85

DISEASE MODEL FOR PULMONARY DISEASE CAUSED BY GENETIC 

VARIATION IN TELOMERE-RELATED GENES

The above 昀椀ndings show that telomeres play an important role in the development of 
various types of pulmonary disease. In case of gene琀椀c muta琀椀ons and variance in common 
gene琀椀c variants, a causa琀椀ve role for telomere biology in the development of pulmonary 
disease can be inferred. However, not all associa琀椀ons between telomere length and pul-
monary disease indicate a causa琀椀ve rela琀椀on. The current state of knowledge points to a 

Figure 3: Disease model of pulmonary disease caused by variance in telomere-related genes. Environmental 
triggers or comorbidity, in combina琀椀on with telomere dysfunc琀椀on in lung cells leads to development of pul-
monary disease. The speci昀椀c phenotype is dependent on the trigger involved, and on the gene琀椀c background 
of an individual. HP: hypersensi琀椀vity pneumoni琀椀s; HPS: hepatopulmonary syndrome; NSIP: non-speci昀椀c inter-
s琀椀琀椀al pneumonia; PAVMs: pulmonary arteriovenous malforma琀椀ons; PPFE: pleuroparenchymal 昀椀broelastosis; 
UIP: usual inters琀椀琀椀al pneumonia
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pathogene琀椀c model where telomere shortening, which is in昀氀uenced by common gene琀椀c 
variants, rare gene琀椀c muta琀椀ons, and inherited telomere length, can lead to pulmonary 
disease dependent on environmental factors, comorbid condi琀椀ons, and the general ge-
ne琀椀c background of an individual (Figure 3). This model applies to at least IIP, pulmonary 
emphysema and vascular malforma琀椀ons. For other diseases, such as asthma and HAPE, 
pathophysiological rela琀椀ons with telomere dysfunc琀椀on have yet to be con昀椀rmed.

The best illustra琀椀on of this model is IPF, as telomere dysfunc琀椀on in disease pathogenesis 
has been studied most extensively there. In both the familial and sporadic form of IPF ge-
nomic muta琀椀ons in telomere-related genes have been iden琀椀昀椀ed and related to increased 
telomere shortening. IPF GWAS have also iden琀椀昀椀ed a common promoter polymorphism 
in the MUC5B gene (a non-telomere-related gene) as an important risk factor for develop-
ing disease.86 Moreover, the risk MUC5B allele is also signi昀椀cantly more common in IPF 
pa琀椀ents with telomere gene muta琀椀ons,23,28,87 illustra琀椀ng the role of the pa琀椀ents’ gene琀椀c 
background in development of the pulmonary phenotype associated with telomere muta-
琀椀ons. Environmental factors, smoking and 昀椀brogenic exposures are important risk factors 
for IPF, and a majority of pa琀椀ents (up to 80%) are current or former smokers.88 In pa琀椀ents 
with TERT or TERC muta琀椀ons, this percentage was 55.2%. Addi琀椀onally, 昀椀brogenic exposure 
was reported in 42.1% of pa琀椀ents and either smoking or 昀椀brogenic exposure in 73.6%.23

 

In another study, 96% of pulmonary 昀椀brosis pa琀椀ents with a TERT muta琀椀on reported a his-
tory of smoking or exposure to other 昀椀brinogens (ever smoker 63%, 昀椀brogenic exposure 
71%).21 Pa琀椀ents with RTEL1 muta琀椀ons who had smoked or had other 昀椀brinogenic exposure 
(or both) presented at an earlier age compared to pa琀椀ents with no known exposures.15

 

For other pulmonary diseases the contribu琀椀ng factors are less clear. Most forms of pulmo-
nary disease related to exposure, as well as a pulmonary disease related to autoimmune 
disease, can cause various pulmonary phenotypes in combina琀椀on with telomere dysfunc-
琀椀on. In these cases, the gene琀椀c background of an individual likely determines the precise 
phenotype. However, gene琀椀c factors that are strongly associated with non-IPF diagnoses 
have not yet been iden琀椀昀椀ed. 

SPECIFIC TREATMENT FOR PULMONARY PHENOTYPES OF TELOMERE 

GENE MUTATIONS

When a group of diseases is caused by the same underlying mechanism, this gives the 
opportunity for speci昀椀c treatments that a昀昀ect that mechanism. Poten琀椀ally, telomere-
targeted treatment can be used for various pulmonary diseases caused by telomere gene 
muta琀椀ons. These drugs are not yet available, but they would provide a unique opportunity 
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in IPF pa琀椀ents.89 There is currently no cura琀椀ve treatment for IPF (except lung transplanta-
琀椀on), and pa琀椀ents with telomere-related disease have a worse prognosis. The safety and 
e昀케cacy of an琀椀昀椀bro琀椀c drugs has not speci昀椀cally been evaluated in pa琀椀ents with gene琀椀c 
forms of pulmonary 昀椀brosis. Telomere-related forms of other 昀椀bro琀椀c ILD all have a similarly 
bad prognosis as IPF, indica琀椀ng that the e昀케cacy of standard treatment is low.22 Treatment 
e昀케cacy in COPD pa琀椀ents with muta琀椀ons in telomere-related genes has not been studied.

Danazol, a synthe琀椀c sex hormone with androgenic proper琀椀es, showed promise for pul-
monary 昀椀brosis associated with telomere disease, with stabiliza琀椀on of di昀昀using capacity 
of the lung for CO (DLCO), FVC and CT scan 昀椀ndings during a 2-year treatment period.90

 

Moreover, treatment with danazol was associated with telomere elonga琀椀on and hema-
tological response in 79% of the cases (19/24). However, this drug is poorly tolerated 
in many pa琀椀ents, and has poten琀椀al liver adverse e昀昀ects and increased risk of venous 
thrombosis. Other drugs targe琀椀ng telomere homeostasis are being evaluated. Original in 

vitro studies also demonstrated that TERC, PARN or DKC1 de昀椀ciency could be reversed by 
pos琀琀ranscrip琀椀onal manipula琀椀ons sugges琀椀ng a poten琀椀al therapeu琀椀c strategy.91,92 In the 
future, speci昀椀c telomere-targe琀椀ng drugs will likely become available. These would be a 
unique therapeu琀椀c opportunity in pa琀椀ents with IPF, as current therapies do not treat the 
cause of the disease (i.e. telomere dysfunc琀椀on (in part of the pa琀椀ents)), but the 昀椀bro琀椀c 
process in itself.89 These telomere-targe琀椀ng drugs might be of use in pa琀椀ents with other 
types of pulmonary 昀椀brosis and emphysema caused by telomere disease as well. On the 
other side of the spectrum, several promising telomere-targe琀椀ng drugs for the treatment 
of various malignancies are currently under inves琀椀ga琀椀on, and might become of use in lung 
cancer pa琀椀ents.89

 

Given the young age of most pa琀椀ents with IPF caused by telomere gene muta琀椀ons, lung 
transplanta琀椀on is o昀琀en discussed. This may explain the high frequency of telomere-related 
gene muta琀椀ons in a cohort of sporadic IPF pa琀椀ents who underwent lung transplanta琀椀on 
reported by Petrovski and colleagues.28 Three retrospec琀椀ve series reported the outcome 
of lung transplanta琀椀on in 26 pa琀椀ents with TERT and TERC muta琀椀ons.48–50 Almost all 
pa琀椀ents required adjustment of immunosuppression because of hematological toxicity. 
Thrombocytopenia and a need for platelet transfusion were frequent, and myelodys-
plas琀椀c syndrome and/or bone marrow failure occurred in some pa琀椀ents. Acute kidney 
failure requiring dialysis support seemed unexpectedly frequent in two series (0-50%). 
Prevalence of infec琀椀ons and acute/chronic rejec琀椀ons did not di昀昀er from historical data, 
but there was no control group.48–50
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GENETIC SCREENING FOR TELOMERE-RELATED GENE MUTATIONS

As pulmonary 昀椀brosis is the most common pulmonary manifesta琀椀on of a telomere-related 
gene muta琀椀on, it has been discussed recently if and when pulmonary 昀椀brosis pa琀椀ents 
should undergo gene琀椀c tes琀椀ng for muta琀椀ons in telomere-related genes.  In line with other 
authors,93,94 we would now recommend screening for telomere-related gene muta琀椀ons in 
pulmonary 昀椀brosis in the following situa琀椀ons: any case of familial pulmonary 昀椀brosis; any 
case of pulmonary 昀椀brosis in the context of personal or familial features sugges琀椀ve of a 
telomere syndrome; or before lung transplanta琀椀on. As the frequency of telomere-related 
gene muta琀椀ons is lower in non-昀椀bro琀椀c pulmonary disease, and the role of telomere 
dysfunc琀椀on in these diseases needs to be be琀琀er studied, we only recommend gene琀椀c 
screening in these pa琀椀ents in case of personal or family features sugges琀椀ve of a telomere 
syndrome.

CONCLUSION

Genomic muta琀椀ons in seven telomere-related genes cause pulmonary disease. Pulmonary 
phenotypes associated with these muta琀椀ons range from di昀昀erent forms of pulmonary 
昀椀brosis (most commonly IPF) to emphysema and pulmonary vascular disease. Telomere-
related muta琀椀ons account for up to 10% of sporadic IPF, 25% of familial IPF, 10% of 
connec琀椀ve-琀椀ssue disease-associated inters琀椀琀椀al lung disease, and 1% of COPD. The fre-
quency of telomere-related gene muta琀椀ons in other pulmonary phenotypes has not yet 
been studied. There regularly is overlap between di昀昀erent forms of pulmonary disease in 
the same pa琀椀ent, and di昀昀erent types of pulmonary disease can be found within families 
that carry telomere-related gene muta琀椀ons. Furthermore, SNPs in TERT, TERC, OBFC1 

and RTEL1, have been associated with pulmonary disease, and some of these variants 
have been associated with short telomere length. Short telomere length in itself has also 
been associated with many types of pulmonary disease, but causal rela琀椀ons have not 
been established for asthma, CLAD, and sarcoidosis. Genotype-phenotype rela琀椀ons are 
weak, sugges琀椀ng that environmental factors and gene琀椀c background of pa琀椀ents deter-
mine disease phenotypes to a large degree. In pa琀椀ents with pulmonary 昀椀brosis and a 
telomere-related gene muta琀椀on, the prognosis seems to be worse compared to other 
pa琀椀ents regardless of the precise diagnosis. All these 昀椀ndings point to a disease model 
where genomic varia琀椀on in telomere-related genes can cause pulmonary disease when 
triggered by environmental exposure, comorbidity, or unknown factors. The pulmonary 
phenotype then depends on the nature of the trigger, as well as gene琀椀c background of the 
individual. At present, treatment of pulmonary disease caused by telomere-related gene 
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varia琀椀on is based on disease diagnosis and not on the underlying cause, but telomere-
targe琀椀ng therapies are currently under development. 
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ABSTRACT

Background: 
Disease-causing muta琀椀ons in telomere-related genes are iden琀椀昀椀ed in 10-25% of pa琀椀ents 
with sporadic and familial idiopathic pulmonary 昀椀brosis (IPF). Muta琀椀ons in the ACD gene, 
encoding the telomere protein TPP1, have been iden琀椀昀椀ed in pa琀椀ents with other manifes-
ta琀椀ons of a telomere syndrome, but not in pa琀椀ents with IPF.

Methods:  
Sixty pa琀椀ents with pulmonary 昀椀brosis underwent gene琀椀c screening through the use of 
whole exome sequencing, 昀椀ltered for variants in genes related to telomere syndromes or 
pulmonary 昀椀brosis.

Results:
Poten琀椀ally disease-causing variants were iden琀椀昀椀ed in three pa琀椀ents. The 昀椀rst pa琀椀ent was 
a 33-year-old female who also had bone marrow failure, in whom a pathogenic muta琀椀on 
in ACD was iden琀椀昀椀ed. The second pa琀椀ent was a 62-year-old male who had a family history 
of pulmonary 昀椀brosis, in whom a likely pathogenic muta琀椀on in ACD was iden琀椀昀椀ed. The 
third pa琀椀ent was a 57-year-old male who also had liver cirrhosis, in whom a variant of 
unknown signi昀椀cance in ACD was iden琀椀昀椀ed. All pa琀椀ents had leukocyte telomere length 
below the 昀椀rst percen琀椀le for age.

Conclusions: 
Pulmonary 昀椀brosis is associated with muta琀椀ons in the ACD gene, encoding the telomere 
protein TPP1. Poten琀椀ally disease-causing variants were found in 5% of a cohort of 60 
unrelated pa琀椀ents with pulmonary 昀椀brosis who were referred for gene琀椀c screening.
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INTRODUCTION

Telomeres are a repe琀椀琀椀ve DNA sequence at the ends of chromosomes. Telomeres shorten 
with every cell division, and thus become increasingly short with age. Stable telomeres are 
necessary for cellular survival, and cri琀椀cally short or dysfunc琀椀onal telomeres lead to cel-
lular senescence or apoptosis. Muta琀椀ons in genes encoding telomere-associated proteins 
can lead to increased telomere shortening or telomere dysfunc琀椀on.1 These muta琀椀ons can 
cause various disease manifesta琀椀ons, which are termed telomere syndromes.1

Disease-causing muta琀椀ons in genes encoding telomere-associated proteins, most com-
monly TERT, TERC, RTEL1 and PARN, have been iden琀椀昀椀ed in up to 11% of pa琀椀ents with 
sporadic idiopathic pulmonary 昀椀brosis, and in up to 25% of pa琀椀ents with familial pulmo-
nary 昀椀brosis (≥2 昀椀rst-degree rela琀椀ves with pulmonary 昀椀brosis).2–4 Here we studied the 
ACD gene, which encodes the telomere protein TPP1, in pa琀椀ents with pulmonary 昀椀brosis.

PATIENTS AND METHODS

Between October 2017 and December 2018 60 unrelated pa琀椀ents with pulmonary 昀椀brosis 
from St. Antonius Hospital in Nieuwegein, a referral center for pa琀椀ents with inters琀椀琀椀al 
lung diseases in The Netherlands, underwent gene琀椀c screening. Screening was o昀昀ered in 
case of a family history of pulmonary 昀椀brosis, clinical suspicion of a telomere syndrome, or 
rela琀椀vely young age at presenta琀椀on (44, 9, and 7 pa琀椀ents, respec琀椀vely). Clinical suspicion 
of a telomere syndrome was based on haematological abnormali琀椀es such as bone marrow 
failure or anaemia in 6 pa琀椀ents and liver cirrhosis in 3 pa琀椀ents. The cohort included 18 
females, and the median age at the 琀椀me of gene琀椀c screening was 69 years (range 33 - 84). 

DNA was isolated from blood samples. Exome sequencing and processing of the data 
were performed at the University Medical Center Utrecht. A昀琀er enrichment of the exome 
with the Agilent SureSelect CREV2 kit (Agilent Technologies, Santa Clara, California, USA), 
whole exome sequencing was performed on an Illumina Novaseq 6000 sequencer. The 
Illumina sequencing data was processed with the in-house pipeline, IAP v2.6.1, includ-
ing GATK v3.4-46, according to the best prac琀椀ces guidelines.5 Results were 昀椀ltered for 
exonic variants with a popula琀椀on frequency below 0.5% in 36 genes related to telomere 
syndromes or pulmonary 昀椀brosis (ABCA3, ACD, AP3B1, CSF2RA, CSF2RB, CTC1, DKC1, 

FAM111B, HPS1, HPS4, ITGA4, LIG4, MARS, NAF1, NKX2-1, NOP10, PARN, POT1, RNF168, 
RTEL1, SAMD9L, SFTPA1, SFTPA2, SFTPB, SFTPC, SFTPD, STN1, TEN1, TERC, TERF1, TERF2, 

TERT, TINF2, TMEM173, USB1, and WRAP53). Leukocyte telomere length was measured 
using previously described methods.6 Brie昀氀y, telomere length was es琀椀mated for each 
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sample from the ra琀椀o of telomere repeat copy number to a single gene (human β-globin 
gene) copy number (T/S ra琀椀o).  Measurements were performed on the Bio-Rad CFX96™ 
Real-Time PCR Detec琀椀on System (Bio-Rad, Hercules, CA, USA). Reference values were de-
rived from a cohort of 164 healthy controls. Pulmonary 昀椀brosis diagnoses were made a昀琀er 
mul琀椀disciplinary discussion, in accordance with the 2018 ATS/ERS/JTS/ALAT guideline.7

 All 

pa琀椀ents gave wri琀琀en informed consent in research project R05-08A.

RESULTS

In 19 pa琀椀ents poten琀椀ally disease-causing variants in one or more telomere genes were 
found, including four pa琀椀ents with pathogenic muta琀椀ons in TERT and four pa琀椀ents with 
pathogenic muta琀椀ons in RTEL1. Poten琀椀ally disease-causing variants in ACD were iden琀椀昀椀ed 
in three pa琀椀ents (Figure 1). The 昀椀rst pa琀椀ent was a 33-year-old female referred to our cen-
tre because of dyspnoea on exer琀椀on. She had been diagnosed with bone marrow failure at 
age 25 and had also experienced several transient episodes of gastro-intes琀椀nal mucosi琀椀s, 
which had not led to a de昀椀ni琀椀ve diagnosis, and had improved without speci昀椀c treatment. 
She reported having grey hair since she was 21 years old. The family history was only 
available for her mother and sister, and was not sugges琀椀ve of a telomere syndrome (Figure 
1A). She had a smoking history of eight packyears, but no other 昀椀brogenic exposures. On 
physical examina琀椀on, re琀椀cular hyperpigmenta琀椀on of the skin on the neck was noted, but 
no oral leucoplakia or nail dystrophy. No hepa琀椀c abnormali琀椀es were seen on abdominal 
ultrasound. A high-resolu琀椀on CT-scan (HRCT) of the thorax showed pulmonary 昀椀brosis 
with honeycombing, but inconsistent with a Usual Inters琀椀琀椀al Pneumonia (UIP) pa琀琀ern. 
(Figure 1B) The pa琀椀ent was given a working diagnosis of pulmonary 昀椀brosis in the context 
of a telomere syndrome. Gene琀椀c analysis revealed a heterozygous dele琀椀on in ACD: c.508-
510del; p.(Lys170del) (NM_001082486.1), and no abnormali琀椀es in the other tested genes. 

The second pa琀椀ent was a 62-year-old male who presented with dyspnoea on exer琀椀on. His 
past medical history revealed no clues sugges琀椀ve of telomere disease, and he reported no 
early greying of his hair. His family history was notable for pulmonary and autoimmune 
diseases in several family members, including pulmonary 昀椀brosis in an uncle (Figure 1A). 
The pa琀椀ent did not report any signi昀椀cant 昀椀brogenic exposures and had a smoking history 
of two packyears when he was in his twen琀椀es. No skin abnormali琀椀es were noted on physi-
cal examina琀椀on, and laboratory inves琀椀ga琀椀ons revealed normal platelet, erythrocyte and 
leukocyte counts and no macrocytosis. Pulmonary 昀椀brosis with a probable UIP pa琀琀ern 
(Figure 1C) was seen on HRCT, and the pa琀椀ent was given a working diagnosis of idio-
pathic pulmonary 昀椀brosis (IPF). Gene琀椀c screening revealed a heterozygous variant in ACD: 
c.508A>G; p.(Lys170Glu), and no abnormali琀椀es in the other tested genes. 
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Figure 1: (A) Pedigrees for pa琀椀ents 1-3. Par琀椀ally 昀椀lled squares indicate speci昀椀c diagnoses: red represents pul-
monary 昀椀brosis, blue represents bone marrow failure, and green represents liver cirrhosis. (B-D) Chest high-
resolu琀椀on CT-scans for pa琀椀ents 1-3, respec琀椀vely, showing pulmonary 昀椀brosis in the basal 昀椀elds. In pa琀椀ent 1, 
there was bilateral subpleural re琀椀cula琀椀on and honeycombing, as well as minimal trac琀椀on bronchiectasis on 
the le昀琀. The pa琀琀ern was inconsistent with a UIP pa琀琀ern because of central extension of the 昀椀brosis as well 
as airtrapping. The scan in pa琀椀ent 2 showed subpleural re琀椀cula琀椀on, predominantly in the basal 昀椀elds, but 
without honeycombing, consistent with a possible UIP pa琀琀ern. In pa琀椀ent 3 there was subpleural re琀椀cula琀椀on 
with trac琀椀on bronchiectasis predominantly in the lower 昀椀elds, as well as honeycombing, consistent with a UIP 
pa琀琀ern.  Groundglass opaci琀椀es were noted, but this was not the dominant pa琀琀ern. (E) Leukocyte telomere 
length in pa琀椀ents 1-3 compared to a cohort of 164 healthy controls. The uninterrupted line represents the 50th

 

percen琀椀le for age. The dashed lines represent the 99th, 90th, 10th and 1st percen琀椀les for age.
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The third pa琀椀ent was a 57-year-old male who presented with dyspnoea on exer琀椀on and 
chronic cough. His past medical history was notable for cryptogenic liver cirrhosis since 
age 24, and he reported grey hair since age 30. His family history revealed no addi琀椀onal 
clues for a telomere syndrome (Figure 1A). The pa琀椀ent had never smoked, but he worked 
as an electrician and reported exposure to rockwool and dust at work. On physical ex-
amina琀椀on, vi琀椀ligo of his 昀椀ngers, toes and right lower leg was seen, but no other skin 
abnormali琀椀es were noted. Laboratory inves琀椀ga琀椀ons revealed mild thrombocytopenia, 
with normal erythrocyte and leukocyte counts and no macrocytosis. Pulmonary 昀椀brosis 
with honeycombing, consistent with a UIP pa琀琀ern (Figure 1D), was seen on HRCT. The 
pa琀椀ent was given a diagnosis of IPF. Gene琀椀c screening revealed a heterozygous variant in 
ACD: c.215C>A; p.(Ala72Glu), and no abnormali琀椀es in the other tested genes. 

Leukocyte telomere length was below the 昀椀rst percen琀椀le for age in all three pa琀椀ents 
(Figure 1E). Blood samples were not available for the family members of pa琀椀ents 1 and 2. 
However, gene琀椀c analysis could be performed in the parents of pa琀椀ent 3, and the pa琀椀ent’s 
82-year-old father was found to have the same ACD-variant. The father had no signs or 
symptoms sugges琀椀ve of telomere disease, but did not undergo addi琀椀onal inves琀椀ga琀椀ons 
such as lung func琀椀on tes琀椀ng or CT-scanning.

DISCUSSION

This study shows that pulmonary 昀椀brosis pa琀椀ents can have heterozygous muta琀椀ons in 
ACD. In 5% of pa琀椀ents with pulmonary 昀椀brosis referred for gene琀椀c screening, (poten琀椀ally) 
disease-causing variants were present. ACD encodes the shelterin component TPP1, which 
is responsible for telomerase recruitment to telomeres.8 Disease-causing muta琀椀ons in ACD 

have been previously iden琀椀昀椀ed in pa琀椀ents with aplas琀椀c anemia and Hoyeraal-Hreidarsson 
syndrome, the most severe form of dyskeratosis congenita.9,10

The variants that were iden琀椀昀椀ed in pa琀椀ents 1 and 2 are located in the OB-fold domain of 
TPP1, which is the telomerase-interac琀椀ng domain. The variant iden琀椀昀椀ed in pa琀椀ent 3 is lo-
cated in the N-terminal domain, the func琀椀on of which is currently not known. The variant 
in pa琀椀ent 1 is classi昀椀ed as a pathogenic muta琀椀on, as the same variant has previously been 
func琀椀onally characterized in pa琀椀ents with a aplas琀椀c anemia and Hoyeraal-Hreidarsson 
syndrome.9–11 This showed that it disrupts TPP1 binding to telomerase, and the muta琀椀on 
itself is su昀케cient for causing telomere dysfunc琀椀on in a human cell line.12 The phenotype 
of pa琀椀ent 1 is of interest because it 昀椀ts well within the concept of a telomere syndrome 
but is not a classic case of dyskeratosis congenita despite the young age at presenta琀椀on 
and involvement of mul琀椀ple organs. Because of the extremely short telomeres in pa琀椀ents 
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2 and 3, as well as liver cirrhosis and early greying consistent with a telomere syndrome 
phenotype in pa琀椀ent 3, a telomere gene muta琀椀on would be a likely explana琀椀on for their 
disease. The ACD-variants from pa琀椀ent 2 and 3 were absent in the Exome Sequencing 
Project, 1000 Genomes Project and the Exome Aggrega琀椀on Consor琀椀um. Also, PolyPhen-2 
analysis (at h琀琀p://gene琀椀cs.bwh.harvard.edu/pph2/index.shtml) predicted both variants 
to be probably damaging. Of note, it has been suggested that the qPCR technique is less 
reliable for measuring telomere length than other techniques.13

 

The variant in pa琀椀ent 2 is classi昀椀ed as likely pathogenic,11 because it concerns the same 
amino acid, Lys170, as the pathogenic muta琀椀on in pa琀椀ent 1. The variant in pa琀椀ent 3 is 
classi昀椀ed as a variant of unknown signi昀椀cance.11 The fact that the father of pa琀椀ent 3 
was healthy, despite carrying the same ACD-variant, would suggest that the variant is 
not disease-causing. Alterna琀椀vely, gene琀椀c an琀椀cipa琀椀on, where symptoms of a telomere 
syndrome become more severe and have an earlier onset in each successive genera琀椀on, 
occurs in families with telomere syndrome. This allows for incomplete penetrance of 
telomere syndrome features in the father.1 Unfortunately, there was no blood sample 
available for telomere length measurement.

CONCLUSION

In conclusion, this study shows that pulmonary 昀椀brosis is associated with muta琀椀ons in the 
ACD gene, encoding the telomere protein TPP1. Poten琀椀ally disease-causing variants were 
found in 5% of the pa琀椀ents in this cohort, including two muta琀椀ons classi昀椀ed as pathogenic 
(3% of pa琀椀ents).
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ABSTRACT 

Background: 
Pulmonary 昀椀brosis is a frequent manifesta琀椀on of a telomere syndrome. Telomere-related 
gene muta琀椀ons are found in up to 25% and 3% of pa琀椀ents with familial disease and spo-
radic disease, respec琀椀vely. The telomere gene TINF2 encodes an eponymous protein that 
is part of the shelterin complex, a complex involved in telomere protec琀椀on and mainte-
nance. A TINF2 gene muta琀椀on was recently reported in a family with pulmonary 昀椀brosis. 

Methods:  
A sequence analysis of TINF2 was performed in a cohort of 158 pulmonary 昀椀brosis pa琀椀ents.

Results: 
We iden琀椀昀椀ed a heterozygous Ser245Tyr muta琀椀on in the TINF2 gene of previously healthy 
female pa琀椀ent that presented with progressive cough due to pulmonary 昀椀brosis as well 
as an underlying panhypogammaglobulinemia at age 52. Retrospec琀椀ve mul琀椀disciplinary 
evalua琀椀on classi昀椀ed her as a case of possible idiopathic pulmonary 昀椀brosis. Telomere 
length-measurement indicated normal telomere length in the peripheral blood compart-
ment. 

Conclusions: 
This is the 昀椀rst report of a TINF2 muta琀椀on in a sporadic pa琀椀ent with pulmonary 昀椀brosis, 
which strengthens the associa琀椀on between TINF2 muta琀椀ons and this disease. Further-
more, this case underlines the poten琀椀al importance of telomere dysfunc琀椀on and not 
telomere length alone in telomere syndromes and draws a琀琀en琀椀on to hypogammaglobu-
linemia as a manifesta琀椀on of telomere syndromes.
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INTRODUCTION

Idiopathic Pulmonary Fibrosis (IPF) has been described as a condi琀椀on of “accelerated ag-
ing” of the lungs and the prevalence of IPF rises drama琀椀cally with age.1 IPF is characterized 
by progressive 昀椀brosis, leading to respiratory failure and eventually death. Median sur-
vival a昀琀er diagnosis of IPF is 3-4 years,2 although recently two new treatments have come 
available that slow disease progression and might increase survival.3 The pathogene琀椀c 
processes leading to IPF are s琀椀ll not completely understood, but in a subset of pa琀椀ents, 
telomere dysfunc琀椀on plays a key role.4

   

Telomere dysfunc琀椀on is the hallmark of the telomere syndromes, condi琀椀ons that are 
clinically characterized by premature aging and are exempli昀椀ed by dyskeratosis congenita 
(DC).5 Telomeres are repe琀椀琀椀ve TTAGGG sequences at chromosome ends that serve as a 
solu琀椀on to the end-replica琀椀on problem and end-protec琀椀on problem that arise in cells 
with linear DNA.6 Every cell division results in shorter telomeres, and with increasing age 
telomeres become cri琀椀cally short and induce cellular senescence or apoptosis.7

 

Telomeres are highly regulated structures that are maintained by various regulatory 
proteins. Muta琀椀ons have been found in genes encoding parts of the telomerase and the 
shelterin complex, as well as other genes involved in telomere biology.8 The telomerase 
complex is ac琀椀ve in embryonic cells and stem cells and can increase telomere length by 
adding the repe琀椀琀椀ve telomere sequence to telomere ends.9 The shelterin complex spe-
ci昀椀cally locates to telomeres and is involved in their protec琀椀on and maintenance.10 In IPF 
pa琀椀ents, muta琀椀ons have been found in TERT, TERC, DKC1, RTEL1 and PARN genes.11–15

Muta琀椀ons in telomere genes can lead to cri琀椀cally short telomeres in both high-turnover 
and low-turnover 琀椀ssues, resul琀椀ng in various disease phenotypes.5 In the lung, a slow-
turnover 琀椀ssue, exogenous damage in combina琀椀on with short telomeres due to telomere 
gene muta琀椀ons, is suggested to trigger pulmonary 昀椀brosis.5 Muta琀椀ons in telomere genes 
have been found in up to 25% of familial and 1-3% of sporadic IPF pa琀椀ents.5,13–15 In fact, 
although DC was the 昀椀rst telomere syndrome to be iden琀椀昀椀ed, it is now understood that 
IPF is by far the most common manifesta琀椀on of a telomere syndrome.16 What makes the 
lung especially suscep琀椀ble to telomere dysfunc琀椀on has not been de昀椀ni琀椀vely proven, but 
constant exposure to irrita琀椀ng or infec琀椀ous substances from the outside world, as well 
as con琀椀nuous mechanical stress caused by ven琀椀la琀椀on have been implicated as factors 
contribu琀椀ng to IPF pathogenesis.1

In addi琀椀on to the previously men琀椀oned telomere genes, a muta琀椀on has recently been 
reported in the TRF1-Interac琀椀ng Nuclear Factor 2 gene (TINF2) in the se琀�ng of familiar 
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pulmonary 昀椀brosis.17 The TINF2 gene encodes an eponymous protein, which is part of 
the shelterin complex. TINF2 muta琀椀ons have o昀琀en been found to underlie telomere 
syndrome manifesta琀椀ons other than pulmonary 昀椀brosis.8 Therefore, we performed a se-
quence analysis of TINF2 in our cohort of 158 pulmonary 昀椀brosis pa琀椀ents, which revealed 
a heterozygous Ser245Tyr muta琀椀on in one pa琀椀ent (Figure 1). All pa琀椀ents provided formal 
wri琀琀en consent.

CASE PRESENTATION

The pa琀椀ent was a 52-year-old female that presented with progressive cough and dyspnea 
for 8 weeks. Her medical history was unremarkable; she did not su昀昀er from chronic dis-
ease. She had never smoked and had no known allergies or exposure to toxics. She had 
no family history sugges琀椀ve for telomere syndromes or lung disease and she had two 
healthy daughters. She was admi琀琀ed to a general hospital, where she was diagnosed with 
IPF based on high-resolu琀椀on computed tomography scan and open lung biopsy 昀椀ndings. 
Simultaneously, laboratory analysis revealed that she had severe panhypogammaglobu-
linemia (IgM 0.32 g/L; IgA <0.1 g/L and IgG 2.2 g/L), and she was given the diagnosis com-
mon variable immunode昀椀ciency (CVID). There were no other clinical features sugges琀椀ve 
of telomere disease or autoimmune disease. The pa琀椀ent had no history of recurrent infec-
琀椀ons. Bronchoalveolar lavage 昀氀uid showed no lymphocytosis or other abnormali琀椀es, and 
an琀椀-nuclear an琀椀body and an琀椀-neutrophil cytoplasmic an琀椀body tests were nega琀椀ve. She 
was started on oral cor琀椀costeroid treatment for her pulmonary 昀椀brosis (as was common 
prac琀椀ce at the 琀椀me) and immunoglobulin replacement therapy, both of which she would 
receive during her en琀椀re course of disease. 

Her situa琀椀on was rela琀椀vely stable for 48 months, and she showed no signs of infec琀椀ons. 
When she became progressively dyspnoeic, she was screened for lung transplanta琀椀on. 
Because there were no contra-indica琀椀ons for lung transplanta琀椀on, she was placed on the 
wai琀椀ng list 65 months a昀琀er diagnosis. Unfortunately, a donor was not available in 琀椀me 
and she passed away 71 months a昀琀er diagnosis at the age of 58. As this all occurred 
a decade ago, we have retrospec琀椀vely reviewed the case based on current guidelines 18

 

in our mul琀椀disciplinary inters琀椀琀椀al lung diseases-team. Based on pathological and radio-
logical 昀椀ndings, and in the absence of features sugges琀椀ve of other diagnoses, our pa琀椀ent 
can be classi昀椀ed as a case of possible IPF (Figure 1). Because she failed to respond to 
cor琀椀costeroid treatment, there was mul琀椀disciplinary consensus on the clinical diagnosis 
of IPF. We retrospec琀椀vely measured the T/S ra琀椀o in DNA extracted from peripheral blood 
monocytes obtained 65 months a昀琀er diagnosis and found a T/S ra琀椀o of 1.03, indica琀椀ng 
normal telomere length in this cell compartment.
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DISCUSSION

This case is interes琀椀ng for mul琀椀ple reasons. First, this case strengthens the associa琀椀on be-
tween TINF2 muta琀椀ons and pulmonary 昀椀brosis. Previously, TINF2 muta琀椀ons were found 
in three DC pa琀椀ents that developed pulmonary 昀椀brosis19–21 and in a family with pulmonary 
昀椀brosis, infer琀椀lity and short telomeres17

 (Figure 2). In the literature, 昀椀ve persons with 
the same heterozygous Ser245Tyr muta琀椀on as our pa琀椀ent have been described. These 
muta琀椀on carriers include a 50-year-old male with aplas琀椀c anemia,22 a 7-year-old girl with 
abnormal skin pigmenta琀椀on and bone marrow failure and her asymptoma琀椀c 35-year-old 

Figure 1: (A) DNA sequence of a segment of TINF2 exon 6 demonstrates a cytosine to adenine change at 
posi琀椀on c.734 that leads to the amino acid subs琀椀tu琀椀on of serine to tyrosine at codon 245. The M denotes 
that both a cytosine and an adenine nucleo琀椀de at cDNA posi琀椀on 734 are present, indica琀椀ng a heterozygous 
muta琀椀on. (B) Lung biopsy specimen of our pa琀椀ent taken at the 琀椀me of diagnosis (H&E 12,5x). The biopsy 
shows temporal and spa琀椀al heterogeneous 昀椀brosis consistent with a usual inters琀椀琀椀al pneumonia (UIP) pat-
tern: marked subpleural 昀椀brosis with honeycombing (F) and central sparing (*), and the presence of 昀椀broblast 
foci (inset 200x, arrows). No features sugges琀椀ve of an alterna琀椀ve diagnosis were seen. Speci昀椀cally, histologi-
cally there was no granulomatous disease or lymphocy琀椀c inters琀椀琀椀al pneumonia pa琀琀ern present sugges琀椀ve of 
granulomatous-lymphocy琀椀c inters琀椀琀椀al lung disease (GLILD) and there was no inters琀椀琀椀al elastosis sugges琀椀ve 
of pleuroparenchymal 昀椀broelastosis (PPFE). (C) HRCT scan image of the lungs of our pa琀椀ent when she was 
referred for lung transplanta琀椀on.  The scan shows thickening of the inter- and intralobular septae, subpleural 
and peribronchovascular. Honeycombing is seen on the le昀琀. This is inconsistent with a UIP pa琀琀ern, due to the 
peribronchovascular extension of the 昀椀brosis. No radiological features sugges琀椀ve of alterna琀椀ve diagnoses 
were seen. Speci昀椀cally, there were no pulmonary micronodules that are typical of GLILD, and there was no 
pleuroparenchymal thickening in the upper lung zones, which is typical of PPFE. With these 昀椀ndings com-
bined, the pa琀椀ent can be classi昀椀ed as a case of possible IPF, in accordance with current guidelines.18
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mother23 and a 14-year-old boy with aplas琀椀c anemia and his asymptoma琀椀c father.24 None 
of these pa琀椀ents had pulmonary 昀椀brosis.

Secondly, the nature of the Ser245Tyr muta琀椀on is of interest. The TINF2 protein has 
mul琀椀ple roles in telomere maintenance, by way of the binding of TINF2 to several other 
telomere maintenance proteins (Figure 2), thereby forming the shelterin complex. One 
end of TINF2 binds to the TRF1 protein, while the other end binds to the TRF2 protein.25

 

The area adjacent to the TRF2-binding site binds to the TPP1 protein.26 All three aforemen-
琀椀oned proteins are cri琀椀cal for the protec琀椀on of telomeres against cellular DNA damage 
repair mechanisms. The majority of the TINF2 muta琀椀ons found in telomere syndrome 
pa琀椀ents, however, lie in a cluster outside the binding regions of TINF2 to TRF1, TRF2 and 
TPP1, and do not seem to in昀氀uence the interac琀椀on of TINF2 with these proteins.30,32 The 
precise pathogene琀椀c consequences of muta琀椀ons in this cluster have not been elucidated, 

Figure 2: TINF2 gene overview visualizing the sequence of protein domains and describing the interac-
琀椀ons of the TINF2 protein in the shelterin complex. TINF2 mediates the forma琀椀on of the shelterin complex 
by binding to the TRF1, TRF2 and TPP1 proteins. Numbers along the lower side of the TINF2 gene denote 
encoded amino acid posi琀椀ons. The known binding domains of the TINF2 interac琀椀on partners TRF1, TRF2 and 
TPP1 are indicated in light grey.25,26 TINF2 interac琀椀ng protein func琀椀ons are annotated in boxes. TRF1 protein 
func琀椀on is based on references.27,28 TRF2 protein func琀椀on is based on reference.27 TPP1 protein func琀椀on is 
based on references.27,29 TINF2 muta琀椀on cluster func琀椀on is based on references.30,31 Numbers along the upper 
side of the TINF2 gene indicate amino acid posi琀椀ons of TINF2 muta琀椀ons in pa琀椀ents with pulmonary 昀椀brosis. 
The Ser245Tyr muta琀椀on loca琀椀on is shown in red. The TINF2 DC muta琀椀on cluster is indicated in dark grey.32

 

Blue lines indicate TINF2 muta琀椀ons found in pa琀椀ents with pulmonary 昀椀brosis at amino acids 282,20 284,17
 

287,21 and 290.19 aa= amino acid
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but it has been found that the muta琀椀ons impair the binding of heterochroma琀椀n protein 
1 gamma (HP1γ) to TINF2.31 The TINF2-HP1γ interac琀椀on is involved in sister telomere 
cohesion during cell division, which is thought to be required for adequate telomerase 
func琀椀oning.31 Impairment of this interac琀椀on leads to telomere shortening.31 A recent 
study suggests that telomere shortening due to muta琀椀ons in the TINF2 muta琀椀on cluster is 
caused by impaired telomerase recruitment to telomeres rather than impaired telomerase 
func琀椀onality.30

The Ser245Tyr muta琀椀on lies outside of this muta琀椀on cluster, and also outside of the bind-
ing regions of TINF2 to TRF1, TRF2 and TPP1. The func琀椀on of the 245th amino acid of TINF2 
is not known at the present, as are the biochemical consequences of the serine to tyrosine 
subs琀椀tu琀椀on at this loca琀椀on. All reported pa琀椀ents with the Ser245Tyr muta琀椀on described, 
including our pa琀椀ent, have normal telomere length. This led the authors of one study to 
state that this muta琀椀on is non-pathogenic.23 However, the muta琀椀on has been associated 
with a telomere syndrome phenotype in three pa琀椀ents (four when our pa琀椀ent is included), 
and therefore others consider the Ser245Tyr muta琀椀on to be pathogenic, but associated 
with a milder telomere syndrome phenotype compared to other TINF2 muta琀椀ons.24

 

In support of the la琀琀er posi琀椀on, Sor琀椀ng Intolerant from Tolerant (SIFT) analysis33 predicted 
this muta琀椀on to be deleterious (performed at h琀琀p://si昀琀.jcvi.org/ using default se琀�ngs; 
SIFT value 0.00 (version 1.03, reference sequence: NP_001092744.1)). Polyphen-2 
predic琀椀on34 reported that this muta琀椀on is possibly damaging (performed at h琀琀p://
gene琀椀cs.bwh.harvard.edu/pph2/ using default se琀�ngs; value 0.907 (version 2.2, refer-
ence sequence: NP_001092744.1)). Furthermore, we screened 100 self-reported healthy 
hospital employees, 125 lung-transplanta琀椀on donors, and 63 self-reported healthy other 
controls, none of whom were found to carry the TINF2 Ser245Tyr muta琀椀on. In addi琀椀on the 
minor allele frequency for the muta琀椀on in the 1000genome project35 is 0.001 (at h琀琀p://
browser.1000genomes.org, data from Ensembl release 68), indica琀椀ng very low popula琀椀on 
frequency.

That our pa琀椀ent, as well as other reported Ser245Tyr muta琀椀on carriers, had normal telo-
mere length in the blood compartment does not 昀椀t within the model of cri琀椀cally short 
telomeres that lead to telomere syndrome manifesta琀椀ons. However, we believe that this 
view of telomere syndrome pathogenesis is incomplete. It has been shown in mice that 
condi琀椀onal dele琀椀on of Trf1 or Trf2 in type 2 alveolar epithelial cells leads to a signi昀椀cant 
telomere damage response, cellular senescence and a pulmonary 昀椀brosis phenotype, 
while maintaining normal telomere length.7,36 In addi琀椀on, in pa琀椀ents with severe telomere 
syndrome phenotypes, some show very short telomeres in the blood cell compartment, 
while others show a normal telomere length in the presence of a severe telomere damage 
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response.37 This points to a model where telomere dysfunc琀椀on, and not short telomere 
length per se, is the ul琀椀mate cause of a telomere syndrome phenotype. 

In this model telomere shortening decreases the concentra琀椀on of telomere maintenance 
proteins at telomeres, and thereby causes telomere protec琀椀on to fall below a certain 
threshold, leading to a telomere damage response.38 Mechanisms that in昀氀uence telomere 
protec琀椀ve mechanisms without in昀氀uencing telomere length, such as loss of TRF1 or TRF2, 
can lead to a telomere damage response as well.  The telomere damage response then 
leads to telomere dysfunc琀椀on and subsequent cellular senescence or apoptosis. Short 
telomeres are no prerequisite for telomere dysfunc琀椀on, and the Ser245Tyr muta琀椀on in 
our pa琀椀ent might in昀氀uence telomere protec琀椀on in a manner that is not presently known.

Thirdly, this case draws a琀琀en琀椀on to late-onset hypogammaglobulinemia as a manifesta-
琀椀on of telomere syndromes. It is highly likely that our pa琀椀ent developed hypogamma-
globulinemia later in life, as she had no history of recurrent infec琀椀ons. Immunode昀椀ciency 
is commonly seen in DC and can even precede other bone marrow manifesta琀椀ons.39 The 
working diagnosis of CVID could not be con昀椀rmed in accordance with current diagnos琀椀c 
criteria (available at h琀琀p://esid.org/Working-Par琀椀es/Registry/Diagnosis-criteria) due to a 
lack of data on our pa琀椀ents’ vaccina琀椀on responses and isohemagglu琀椀nin 琀椀ter levels. To 
our knowledge, the associa琀椀on of IPF and CVID has never been reported. CVID is known to 
have infec琀椀ous pulmonary complica琀椀ons, such as bronchiectasis, and also non-infec琀椀ous 
pulmonary complica琀椀ons, such as granulomatous-lymphocy琀椀c inters琀椀琀椀al lung disease 
(GLILD).40 In our pa琀椀ent, radiological and pathological studies found no features sugges琀椀ve 
of GLILD or inters琀椀琀椀al lung disease other than IPF. This report raises the ques琀椀on whether 
some cases of CVID are in fact manifesta琀椀ons of a telomere syndrome. Interes琀椀ngly, a 
subset of CVID pa琀椀ents has signi昀椀cantly shorter telomeres in comparison with others and 
displays telomere-dependent B-cell senescence.41

CONCLUSION

In summary, we iden琀椀昀椀ed a heterozygous Ser245Tyr muta琀椀on in the TINF2 gene of a 
sporadic pulmonary 昀椀brosis pa琀椀ent. This case strengthens the associa琀椀on between TINF2 

muta琀椀ons and pulmonary 昀椀brosis. Furthermore, this case illustrates the importance of 
telomere dysfunc琀椀on and not telomere length alone in telomere syndromes and draws 
a琀琀en琀椀on to hypogammaglobulinemia as a manifesta琀椀on of telomere syndromes.
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ABSTRACT

Background: 
Telomere dysfunc琀椀on underlies the development of idiopathic pulmonary 昀椀brosis (IPF) 
in at least part of the pa琀椀ents, and recent work suggests that pa琀椀ents with telomere 
syndromes might bene昀椀t from treatment with androgens, such as danazol.

Methods: 
This was a prospec琀椀ve observa琀椀onal cohort study. Fi昀琀y pa琀椀ents with IPF received o昀昀-
label treatment with danazol a昀琀er they showed progressive disease under treatment with 
pirfenidone or nintedanib. The primary outcome was the di昀昀erence in yearly decline in 
forced vital capacity (FVC) prior to (pre) and a昀琀er (post) start of treatment with danazol. 

Results: 
There was no signi昀椀cant di昀昀erence in FVC-decline between one-year pre and one-year 
post start of danazol treatment (mean decline pre 395 mL (95% con昀椀dence interval (CI) 
290 – 500) compared to post 461 mL (95% CI 236 – 686); p=0.59; paired T-test). Eleven 
pa琀椀ents (22%) were s琀椀ll on danazol a昀琀er 1 year, and thirty-seven pa琀椀ents (74%) had 
stopped danazol, mainly because of side e昀昀ects (57%) or death (32%). In pa琀椀ents who 
were s琀椀ll using danazol a昀琀er one year, FVC-decline signi昀椀cantly slowed down under dan-
azol treatment (mean pre 512 mL (95% CI 308 – 716) versus post 198 mL (95% CI 16 – 380); 
p=0.04). Median survival a昀琀er start of treatment with danazol was 15.1 months (95% CI 
10.9 – 19.4).

Conclusion: 
Danazol as a treatment of last resort in pa琀椀ents with IPF did not lead to slowing of lung 
func琀椀on decline and was associated with signi昀椀cant side e昀昀ects. It remains to be deter-
mined if earlier treatment or treatment of speci昀椀c pa琀椀ent subgroups is bene昀椀cial.
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INTRODUCTION

Idiopathic pulmonary 昀椀brosis (IPF) is a severe lung disease with a median survival of three 
years a昀琀er diagnosis.1 Progressive scarring of the lung leads to increasing breathlessness 
and eventually death. Treatment op琀椀ons include the an琀椀-昀椀bro琀椀c drugs pirfenidone and 
nintedanib. Both drugs have been shown to slow disease progression, but do not cure 
the disease.2,3 So, even under an琀椀-昀椀bro琀椀c treatment pa琀椀ents progress towards advanced 
昀椀brosis, which highlights the need for other medica琀椀on.

Telomere dysfunc琀椀on plays an important role in the pathogenesis of IPF.4 Telomeres are 
repe琀椀琀椀ve nucleo琀椀de sequences at the ends of chromosomes. Telomeres shorten with 
every cell division, and thus telomeres become increasingly short with age. Cri琀椀cally short 
telomeres will eventually lead to cellular senescence or apoptosis.5 Abnormally short 
telomeres lead to condi琀椀ons of accelerated aging, called short telomere syndromes. These 
condi琀椀ons include dyskeratosis congenita and some forms of bone marrow failure, as well 
as IPF.6 Telomere dysfunc琀椀on in these pa琀椀ents is the result of a gene琀椀c muta琀椀on in a gene 
encoding a component of the telomere maintenance proteins.6

 

IPF is the most common manifesta琀椀on of a short telomere syndrome,6 and muta琀椀ons 
in telomere genes have been found in up to 35% of familial IPF cases and up to 11% of 
sporadic IPF cases.7,8 In addi琀椀on, it has been found that a substan琀椀al propor琀椀on of IPF 
pa琀椀ents in whom no muta琀椀on was found has decreased telomere length compared to 
healthy controls and to pa琀椀ents with other chronic lung diseases.9–11 In one study, over 
half of pa琀椀ents with IPF who had no known telomerase muta琀椀on did have short lung 
telomere length, in the same range as pa琀椀ents with a telomerase gene muta琀椀on.12

 

Clinical studies in pa琀椀ents with aplas琀椀c anaemia or dyskeratosis congenita showed that 
pa琀椀ents with telomere-related gene muta琀椀ons may bene昀椀t from androgen therapy.13–19

 

The most extensive study to date reported on the use of danazol in pa琀椀ents with telomere 
syndromes.20 Danazol is a synthe琀椀c hormone with light androgenic e昀昀ects. The study 
included 27 pa琀椀ents, of whom 10 had overt pulmonary 昀椀brosis, and 2 had a primary 
diagnosis of IPF. Most of the other pa琀椀ents had a primary diagnosis of aplas琀椀c anaemia 
with secondary pulmonary 昀椀brosis. Pa琀椀ents were treated with oral danazol for two years. 
The main outcome parameter was peripheral blood telomere length, and this signi昀椀cantly 
increased during danazol treatment. Secondary outcome parameters included follow up 
of chest computed tomography (CT) scans, which showed that the pulmonary 昀椀brosis was 
radiologically stable in all but one pa琀椀ent. Also, the mean lung func琀椀on was stable dur-
ing the study period, whereas there was a mean lung func琀椀on decline prior to the study 
period.20,21
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Although these 昀椀ndings are promising, the e昀케cacy of danazol for the treatment of 
pa琀椀ents with IPF is not yet well-known. This study reports on the e昀케cacy of danazol in 
pa琀椀ents with IPF, to whom danazol was o昀昀ered as an o昀昀-label treatment when there was 
progressive lung func琀椀on decline despite treatment with pirfenidone or nintedanib.

PATIENTS AND METHODS

Study subjects
Pa琀椀ents with IPF who had disease progression under the current standard-of-care, based 
on lung func琀椀on (decline in forced vital capacity >5% of predicted) and radiographic test-
ing (worsening of 昀椀brosis on high-resolu琀椀on CT scan), and who started treatment with da-
nazol at St. Antonius Hospital were included. Subjects were included star琀椀ng August 2018 
up to July 2022. Per local protocol, pa琀椀ents were not eligible for treatment with danazol 
in case of severe cardiac, hepa琀椀c, or renal disease, when they used sta琀椀ns metabolized by 
CYP3A4 (sta琀椀ns were switched if needed), when they had an androgen-dependent tumour 
(such as prostate cancer), increased thromboembolic risk without adequate prophylac琀椀c 
measures taken (e.g. an琀椀coagula琀椀on use), or when they were pregnant or of childbearing 
poten琀椀al and unwilling to take adequate contracep琀椀ve measures during danazol treat-
ment. Pa琀椀ents who had concomitant (severe) disease that was deemed likely to result in 
death within 30 days, or precluded the ability to par琀椀cipate in the study protocol, were 
also excluded.

All pa琀椀ents underwent clinical screening prior to star琀椀ng treatment with danazol. This 
screening included the drawing of blood for laboratory work-up (liver func琀椀on tests, 
hormone pro昀椀le, standard renal, electrolyte, and other general labs, full blood count with 
di昀昀eren琀椀al count, lipid spectrum, prostate speci昀椀c an琀椀gen (in men)), as well as ultrasound 
inves琀椀ga琀椀on of the liver and reproduc琀椀ve organs and a thrombophilia screening ques琀椀on-
naire. Repeat laboratory tes琀椀ng was done at two, four, and eight weeks, as well as at 
three, six, nine, and twelve months. In the course of regular clinical care, follow-up of lung 
func琀椀on was scheduled every three months, a chest X-ray was scheduled every three or 
six months and a CT-scan was scheduled a昀琀er twelve months. 

The star琀椀ng dose of danazol was 400mg twice daily. Per local protocol, in case of sus-
pected mild to moderate adverse e昀昀ects, the dose was reduced in steps of 200 mg (i.e. 
to 300 mg twice daily, then to 200 mg twice daily, then to 100 mg twice daily). Step-wise 
dose reduc琀椀on was con琀椀nued un琀椀l side e昀昀ects are acceptable. If a pa琀椀ent was unable to 
tolerate a dose of 100 mg twice daily, danazol was discon琀椀nued.
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Study design
This was a prospec琀椀ve observa琀椀onal cohort study. Danazol was prescribed o昀昀-label to 
pa琀椀ents with IPF a昀琀er shared decision making. The study was registered locally under 
protocol number NL 62034.100.17, and was approved by the local medical ethics com-
mi琀琀ee (MEC-U; study number R17.047). The study was conducted in accordance with the 
principles of the Declara琀椀on of Helsinki. All pa琀椀ents provided wri琀琀en informed consent

All subjects included in the study were followed up for at least one year, regardless of 
withdrawal from treatment, or un琀椀l the subject’s death or lung transplant. Pa琀椀ents s琀椀ll 
on treatment a昀琀er one year of follow up were followed further, while for pa琀椀ents that 
withdrew from treatment, follow up ceased one year a昀琀er start of treatment.

Laboratory inves琀椀ga琀椀ons
Blood samples were taken around 琀椀me of diagnosis. The samples were stored at -80 
degrees Celsius un琀椀l use. DNA was isolated from white blood cells using a magne琀椀c 
beads-based method (chemagic DNA blood 10k kit; PerkinElmer chemagen Technologie 
GmbH, Baesweiler, Germany). Telomere length was determined using a previously de-
scribed quan琀椀ta琀椀ve polymerase chain reac琀椀on (PCR) method.33 Brie昀氀y, telomere length 
was es琀椀mated for each sample from the ra琀椀o of telomere repeat copy number to a single 
gene (human β-globin gene) copy number (T/S ra琀椀o).  Measurements were performed 
on the Bio-Rad CFX96™ Real-Time PCR Detec琀椀on System (Bio-Rad, Hercules, CA, USA) in 
duplicate, with addi琀椀onal measurements if the duplicates di昀昀ered more than 0.05; the 
mean value of the measured samples was used. Furthermore, quality control samples 
were included on each PCR-run, with a <0.05 margin of variance to reference values 
allowed. The control cohort included 164 healthy adults (71 male) with an age ranging 
between 20-70 years. Age-adjusted normal values for the T/S-ra琀椀o were calculated by 
determining the best-昀椀琀�ng linear regression line through the data, and percen琀椀les were 
derived from the regression line. 

A昀琀er enrichment of the exome with the Agilent SureSelect CREV2 kit (Agilent Technolo-
gies, Santa Clara, California, USA), whole exome sequencing was performed on an Illumina 
Novaseq 6000 sequencer. The Illumina sequencing data was processed with the in-house 
pipeline, IAP v2.6.1, including GATK v3.4-46, according to the best prac琀椀ces guidelines.34

 

Results were 昀椀ltered for exonic variants with a popula琀椀on frequency below 0.5% in 36 
genes related to telomere syndromes or pulmonary 昀椀brosis (ABCA3, ACD, AP3B1, CSF2RA, 
CSF2RB, CTC1, DKC1, FAM111B, HPS1, HPS4, ITGA4, LIG4, MARS, NAF1, NKX2-1, NOP10, 
PARN, POT1, RNF168, RTEL1, SAMD9L, SFTPA1, SFTPA2, SFTPB, SFTPC, SFTPD, STN1, TEN1, 
TERC, TERF1, TERF2, TERT, TINF2, TMEM173, USB1, and WRAP53).
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Sta琀椀s琀椀cal analysis
The main study parameter is di昀昀erence in yearly decline in lung func琀椀on between the 
period prior to danazol treatment and the 昀椀rst year a昀琀er start of danazol treatment. Sec-
ondary outcome parameters are overall survival, radiological quali昀椀ca琀椀on of pulmonary 
昀椀brosis at baseline compared to during danazol treatment, and adverse events during 
danazol treatment.

For the primary analysis, yearly FVC-decline was compared between the period prior to 
therapy and the 昀椀rst year of the study period (i.e. the 昀椀rst year that a pa琀椀ent was receiving 
danazol) using a paired T-test. In case of missing data, FVC-decline a昀琀er one year was 
imputed using linear extrapola琀椀on of available lung func琀椀on measurements a昀琀er start 
of danazol treatment. When no pulmonary func琀椀on tes琀椀ng a昀琀er the start of danazol was 
available, FVC-decline a昀琀er one year was imputed using linear extrapola琀椀on of the FVC-
decline prior to start of danazol.  

Secondary analyses included restric琀椀ng included pa琀椀ents to those in whom lung func琀椀on 
measurements were available at 12 months and restric琀椀ng included pa琀椀ents to those who 
were s琀椀ll using danazol a昀琀er one year. Secondary end points were compared between 
the period prior to therapy and the treatment period using paired T-tests, Chi-squared 
test, or Fisher’s exact test, where appropriate. For survival analyses, Log-rank and Cox-
regression analyses were used, and pa琀椀ents were censored when follow up ended, when 
they underwent lung transplanta琀椀on, or when they were lost to follow up. Data analyses 
were performed using IBM SPSS Sta琀椀s琀椀cs for Windows, version 26 (IBM Corp., Armonk, 
N.Y., USA).

RESULTS

The total cohort comprised 50 pa琀椀ents. Baseline characteris琀椀cs at the 琀椀me of diagnosis 
and when star琀椀ng danazol treatment are provided in Table 1. Forty-four (88%) of the 
pa琀椀ents were male, sixteen (32%) had a 昀椀rst-degree family member with pulmonary 
昀椀brosis, ten (20%) had a family history sugges琀椀ve of a telomere syndrome, and four (8%) 
had extrapulmonary disease sugges琀椀ve of a telomere syndrome. All pa琀椀ents had received 
treatment with either pirfenidone or nintedanib prior to star琀椀ng treatment with danazol, 
and 36 pa琀椀ents were s琀椀ll using pirfenidone or nintedanib when they started treatment 
with danazol. Pa琀椀ents started treatment with danazol a median of 2.44 years (interquar-
琀椀le range (IQR) 1.69-3.32) a昀琀er the diagnosis of IPF.



163

Danazol treatment in pa琀椀ents with IPF

Leukocyte telomere length at diagnosis was available for 43 pa琀椀ents (86%), and was below 
the 10th percen琀椀le for age in 22 (51%). Whole exome sequencing, with results 昀椀ltered for 
genes related to telomere syndromes or pulmonary 昀椀brosis, was performed in 36 pa琀椀ents 
(72%) and revealed a likely pathogenic variant in six pa琀椀ents (17%) and a variant of un-
known signi昀椀cance in nine pa琀椀ents (25%).

Table 1: Baseline characteris琀椀cs of 50 pa琀椀ents with idiopathic pulmonary 昀椀brosis who started treatment with 
danazol. 
Baseline characteris琀椀cs
Male sex (%) 44 (88)
Median age at diagnosis, years (IQR) 67.6 (61.5 – 71.1)
Median age at start of danazol, years (IQR) 70.0 (66.2 – 73.8)
First-degree family member with pulmonary 昀椀brosis (%) 16 (32)
Smoking status
Current (%) 3 (6)
Former (%) 39 (78)
Never (%) 8 (16)
Median FVC % of predicted at diagnosis (IQR) 79 (68 – 87)
Median FVC % of predicted at start of danazol (IQR) 64 (56 – 80)
Median DLCOc % of predicted at diagnosis (IQR) 45 (37 – 51)
Median DLCOc % of predicted at start of danazol (IQR) 32 (25 – 37)
Treatment with an琀椀昀椀bro琀椀c agent prior to start of danazol(%) 50 (100)
Nintedanib (%) 44 (88)
S琀椀ll using nintedanib (%) 28 (56)
Pirfenidone (%) 29 (58)
S琀椀ll using pirfenidone (%) 9 (18)
Leukocyte telomere length (%) 43 (86)
<10th percen琀椀le for age (%) 22 (51)
<1st percen琀椀le for age (%) 8 (19)
Whole exome sequencing (%) 36 (72)
Variant of unknown signi昀椀cance in telomere- or pulmonary 昀椀brosis-related 
gene (%)

10 (28)

Likely pathogenic variant in telomere- or pulmonary 昀椀brosis-related gene (%) 6 (17)
Any clinical sugges琀椀on of telomere syndrome (%) 18 (36)
Family history sugges琀椀ve of telomere syndrome (%) 10 (20)
Extrapulmonary disease sugges琀椀ve of telomere syndrome (%) 4 (8)
Haematological laboratory abnormali琀椀es
Anaemia (%) 6 (12)
Macrocytosis (%) 9 (18)
Thrombocytopenia (%) 3 (6)
Leukopenia (%) 0 (0)

Percentages for subgroups calculated based upon the total number of pa琀椀ents for whom data was available. With whole 
exome sequencing, one pa琀椀ent was found to have two variants of unknown signi昀椀cance. DLCOc = di昀昀usion capacity of the 
lung for carbon monoxide, corrected for haemoglobin level; FVC = forced vital capacity; IQR = interquar琀椀le range. Extrapul-
monary disease sugges琀椀ve of a telomere syndrome included liver cirrhosis in two pa琀椀ents, myelodysplas琀椀c syndrome in 
one pa琀椀ent, and otherwise unexplained cytopenia in two pa琀椀ents (one pa琀椀ent had cytopenia and liver cirrhosis). Anaemia, 
macrocytosis, thrombocytopenia, and leukopenia were de昀椀ned based on local laboratory lower-limit-of-normal levels. Any 
clinical sugges琀椀on of a telomere syndrome was de昀椀ned as either a clinical history, family history, or laboratory abnormality 
sugges琀椀ve of a telomere syndrome.22
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Danazol
Pa琀椀ents received danazol for a median of 123 days (IQR 48 – 314 days). Thirty-seven 
pa琀椀ents (74%) stopped danazol prior to having received one year of treatment, mainly 
because of side e昀昀ects (57% of pa琀椀ents who stopped) or death (32% of pa琀椀ents who 
stopped) (Figure 1; Table 2). Presumed side e昀昀ects of danazol treatment were observed in 
29 pa琀椀ents (58%) and included elevated liver enzymes, malaise, decreased renal func琀椀on, 
myalgia, and other (Table 3). Dose adjustments were made in fourteen pa琀椀ents (28%) 
and danazol was temporarily discon琀椀nued because of side e昀昀ects in eleven pa琀椀ents 
(22%). There was no signi昀椀cant di昀昀erence in terms of side e昀昀ects between pa琀椀ents who 
had leukocyte telomere length below or above the 10th percen琀椀le for age (Supplemen-
tary Table 1), or pa琀椀ents with or without any clinical sugges琀椀on of a telomere syndrome 
(Supplementary Table 2).

Figure 1: Outcomes of 50 pa琀椀ents with idiopathic pulmonary 昀椀brosis treated with danazol, per 3 months. 
When a pa琀椀ent who had stopped using danazol died or did not yet reach a certain 琀椀me of follow up, this was 
reported as the outcome.

Table 2: Dura琀椀on of danazol use of 50 pa琀椀ents with idiopathic pulmonary 昀椀brosis and reasons for stopping. 

Danazol use N = 50

Median dura琀椀on of danazol use, days (IQR) 123 (48 – 314)

Stopped using danazol <1 year a昀琀er start, N (%) 37 (74)

	 Side e昀昀ects (%) 21 (57)

	 Deceased (%) 12 (32)

	 Progression of disease (%) 3 (8)

	 Lung transplant (%) 1 (3)

S琀椀ll using danazol >1 year a昀琀er start, N (%) 11 (22)

Started danazol <1 year ago, N (%) 2 (4)

Percentages for subgroups calculated based upon the total number of pa琀椀ents for whom data was available.  IQR = inter-
quar琀椀le range
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Course of lung func琀椀on
For all pa琀椀ents, the lung func琀椀on declined signi昀椀cantly in the year prior to star琀椀ng dan-
azol, with a mean FVC-decline of 395 mL (95% con昀椀dence interval (CI) 290 – 500; p<0.001). 
In the year a昀琀er star琀椀ng danazol, the lung func琀椀on also declined signi昀椀cantly, with a mean 
FVC-decline in the year a昀琀er star琀椀ng danazol of 461 mL (95% CI 236 – 686; p=0.0001; 
Figure 2A). Lung func琀椀on measurements a昀琀er the start of danazol were available in 
31 pa琀椀ents, and lung func琀椀on decline was imputed from lung func琀椀on decline prior to 
danazol in the remainder. There was no signi昀椀cant di昀昀erence between FVC-decline in 
the year prior to star琀椀ng danazol and in the year a昀琀er star琀椀ng danazol (p=0.59; paired 
T-test). FVC-decline in the year a昀琀er star琀椀ng danazol was not signi昀椀cantly di昀昀erent be-
tween pa琀椀ents who had leukocyte telomere length below or above the 10th percen琀椀le 
for age (Supplementary Table 1), or pa琀椀ents with or without any clinical sugges琀椀on of a 
telomere syndrome (Supplementary Table 2). When restric琀椀ng the analysis to pa琀椀ents in 
whom lung func琀椀on measurements where available at 12 months (N=13), there was no 
signi昀椀cant di昀昀erence between FVC-decline in the year prior to star琀椀ng danazol and in the 
year a昀琀er star琀椀ng danazol (mean pre 399 mL (95% CI 203 – 594) compared to post 265 mL 
(95% CI 74 – 457); p=0.32). For pa琀椀ents who were s琀椀ll using danazol a昀琀er one year (N=11), 
the rate of FVC-decline was signi昀椀cantly higher in the year prior to star琀椀ng danazol then 
under danazol (mean pre 512 mL (95% CI 308 – 716) versus post 198 mL (95% CI 16 – 380); 
p = 0.04; Figure 2B). 

Table 3: Presumed side e昀昀ects of danazol in 50 pa琀椀ents with idiopathic pulmonary 昀椀brosis

Side e昀昀ects N= 50

Temporarily discon琀椀nued because of side e昀昀ects (%) 11 (22)

Permanently discon琀椀nued because of side e昀昀ects (%) 23 (46)

Dose adjustment made (%) 14 (28)

Any side e昀昀ects (%) 29 (58)

	 Elevated liver enzymes 10

	 Malaise 6

	 Decreased renal func琀椀on 4

	 Myalgia 4

	 Oedema 3

	 Tiredness 2

	 Shivering 2

	 Stomach pain 2

	 Reduced appe琀椀te 2

	 Weight gain 2

	 Headache 2

	 Acne 1
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Radiographic imaging during follow up was available for 33 pa琀椀ents, including CT-scans 
in eighteen pa琀椀ents (3-12 months a昀琀er start Danazol). CT-scans for twelve pa琀椀ents (67%) 
showed radiographic progression of 昀椀brosis. In addi琀椀on, radiographic progression of 
昀椀brosis was observed on chest X-ray in four pa琀椀ents for whom no CT-scan was available.  

Survival
One year a昀琀er star琀椀ng treatment with danazol, 20 pa琀椀ents had died (eight of these pa-
琀椀ents had stopped danazol prior to dying), two pa琀椀ents underwent lung transplanta琀椀on 
(one pa琀椀ent had stopped danazol prior to the transplanta琀椀on), and 23 pa琀椀ents were s琀椀ll 
followed up (twelve of these pa琀椀ents had stopped using danazol), of which 昀椀ve pa琀椀ents 
had not yet completed the follow up period of one year (three of these pa琀椀ents had 
stopped using danazol). Pa琀椀ents who were s琀椀ll alive and using danazol a昀琀er 12 months 
did not have signi昀椀cantly di昀昀erent baseline characteris琀椀cs from the other pa琀椀ents (Table 
4). Median survival a昀琀er start of treatment with danazol was 15.1 months (95% CI 10.9 – 
19.4); Figure 3). 

Figure 2: Forced vital capacity (FVC) in pa琀椀ents with IPF prior to, at start and 12-months a昀琀er treatment 
with danazol. (A) Mean FVC in 50 pa琀椀ents for the primary analysis at 12 months prior to star琀椀ng danazol, at 
start of danazol, and 12 months a昀琀er star琀椀ng danazol. (B) Mean FVC in 11 pa琀椀ents who were s琀椀ll using dan-
azol a昀琀er one year. Whiskers represent 95% con昀椀dence intervals. P-values represent di昀昀erences between FVC 
at two 琀椀me points, and p-slope represents the di昀昀erence between rates of decline (paired T-test).
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Table 4: Pa琀椀ent characteris琀椀cs of 11 pa琀椀ents s琀椀ll alive and using danazol a昀琀er 12 months compared to the 
rest of the cohort. 

S琀椀ll using danazol at 12 
months (N=11)

Not using danazol at 12 
months (N=36)

p-value

Male sex (%) 9 (82) 32 (89) 0.61

Median age at start of danazol, 
years (IQR)

69.7 (65.8 – 73.2) 70.3 (66.6 – 75.7) 0.43

First-degree family member with 
pulmonary 昀椀brosis (%)

4 (36) 10 (28) 0.71

Median 琀椀me a昀琀er IPF diagnosis 
before start Danazol, years (IQR)

3.6 (2.2 – 4.8) 2.3 (1.5 – 3.0) 0.08

Median FVC % of predicted at start 
(IQR)

68 (61 – 86) 66 (57 – 80) 0.43

Mean FVC-decline prior to start, 
mL (95% CI)

512 (308 – 716) 376 (242 – 509) 0.24

Median DLCOc % of predicted at 
start (IQR)

37 (28 – 43) 32 (22 – 37) 0.12

S琀椀ll using an琀椀昀椀bro琀椀c agent 9 (82) 25 (69) 0.70

	 S琀椀ll using nintedanib 7 (78) 18 (72) 1.00

	 S琀椀ll using pirfenidone 2 (22) 7 (28) 1.00

Leukocyte telomere length (%) 10 (91) 32 (89) 1.00

<10th percen琀椀le for age (%) 7 (70) 15 (47) 0.28

<1st percen琀椀le for age (%) 2 (20) 6 (19) 1.00

Whole exome sequencing (%) 10 (91) 24 (67) 0.15

Variant of unknown signi昀椀cance in 
telomere- or pulmonary 昀椀brosis-
related gene (%)

2 (20) 8 (33) 0.68

Likely pathogenic variant in 
telomere- or pulmonary 昀椀brosis-
related gene (%)

1 (10) 4 (17) 1.00

Family history sugges琀椀ve of 
telomere syndrome (%)

1 (9) 8 (22) 0.66

Extrapulmonary disease sugges琀椀ve 
of telomere syndrome (%)

1 (9) 2 (6)  0.56

Any clinical sugges琀椀on of telomere 
syndrome (%)

3 (27) 13 (36) 0.73

Pa琀椀ents not using danazol because they underwent lung transplanta琀椀on or because they did not yet complete the 昀椀rst year 
of follow up were excluded from this analysis. Percentages for subgroups calculated based upon the total number of pa琀椀ents 
for whom data was available.  IQR = interquar琀椀le range
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DISCUSSION

In this prospec琀椀ve observa琀椀onal drug study, the use of danazol as a treatment of last resort 
for pa琀椀ents with IPF did not lead to slowing of lung func琀椀on decline. Secondary outcomes, 
including radiographic progression and survival, also did not indicate a bene昀椀cial e昀昀ect of 
danazol. Notably, the pa琀椀ents included in our study represent a subgroup of pa琀椀ents with 
an advanced stage of IPF.  Prior to the start of danazol, pa琀椀ents showed a greater mean 
decline in FVC than observed in both the treatment and placebo arms of pirfenidone and 
nintedanib trials in pa琀椀ents with IPF.2,3 Median 琀椀me a昀琀er diagnosis and before star琀椀ng 
danazol treatment was 2.44 years. A昀琀er start of danazol, survival in the study cohort was 
low. It could be speculated that the pa琀椀ents included already had a too advanced stage 
of IPF, where the therapeu琀椀c poten琀椀al for any treatment might have been limited. Thera-
peu琀椀c poten琀椀al for telomere-targe琀椀ng treatments may be higher in earlier stages of the 
disease. Notably, pa琀椀ents who remained on danazol for ≥1 year appeared to have a be琀琀er 
DLCOc percentage of predicted at the start of danazol and showed a signi昀椀cant decrease 
in the rate of FVC-decline a昀琀er 1 year of danazol therapy. This suggests that earlier start 
with danazol may have a posi琀椀ve e昀昀ect. 

Previously, danazol was shown to have a bene昀椀cial e昀昀ect in pa琀椀ents with proven short 
telomere syndromes.20 Alterna琀椀ve to the advanced stage of IPF, the poor treatment 
e昀昀ect might be related to the fact that not all study par琀椀cipants had proven telomere 
dysfunc琀椀on. Pa琀椀ents were not selected for low leukocyte telomere length or telomere-
related gene muta琀椀ons, although about half of the study par琀椀cipants did have leukocyte 
telomere length <10th percen琀椀le for age. When combining signs and symptoms sugges琀椀ve 
for telomere-associated pathology we found no evidence for their in昀氀uence on outcome 
of danazol therapy.  Albeit not sta琀椀s琀椀cally signi昀椀cant, when looking at pa琀椀ents who were 

Figure 3: survival in pa琀椀ents with IPF who were treated with danazol. Subjects were censored when lost to 
follow-up or when they underwent lung transplanta琀椀on. 
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s琀椀ll alive and using danazol a昀琀er 12 months, a nominally higher percentage had leuko-
cyte telomere length <10th percen琀椀le for age compared to other par琀椀cipants. Whether 
treatment with danazol is bene昀椀cial in such a speci昀椀c subgroup will be addressed in the 
ongoing TELO-SCOPE study.23

 

In recent years, the evidence for the role of androgens in the regula琀椀on of telomerase 
ac琀椀vity has increased. Telomere length in di昀昀erent cell lines can be modulated by sex 
hormones in vitro.

24–27 Oestrogen receptors act directly on the TERT (telomerase gene) 
promotor, whereas androgens in昀氀uence expression of telomerase indirectly.26,28 Higher 
circula琀椀ng levels of testosterone metabolites and oestrogen have been associated with 
longer leukocyte telomere length in healthy volunteers. Furthermore, a Chinese case-
control study found decreased serum testosterone levels in pa琀椀ents with IPF, as well as 
an associa琀椀on between shorter leukocyte telomere length and lower serum testosterone 
levels in pa琀椀ents with IPF.29 A recent UK Biobank study found that IPF was more com-
mon in females with earlier menopause and premature ovarian failure, and in men with 
lower bioavailable testosterone concentra琀椀ons. Furthermore, lower concentra琀椀ons of sex 
hormones were associated with faster disease progression. For both sexes, lower concen-
tra琀椀ons of sex hormones were associated with shorter leukocyte telomere length.30 In ad-
di琀椀on, anecdotal reports on the bene昀椀cial e昀昀ect op androgen treatment in pa琀椀ents with 
pulmonary 昀椀brosis have been published a昀琀er the study by Townsley and colleagues.19,31,32

 

All in all, androgen treatment does s琀椀ll seem to be a theore琀椀cally a琀琀rac琀椀ve treatment 
op琀椀on for pa琀椀ents with IPF.

Presumed side e昀昀ects of danazol were common in this study, as was the case in the study 
by Townsley and colleagues.20 However, in our study a higher percentage of pa琀椀ents 
stopped treatment due to side e昀昀ects (42% in our study versus 19% in the previous study). 
Although the side e昀昀ect pro昀椀le seemed similar, we hypothesize that in our study, because 
danazol was used as a treatment of last resort, side e昀昀ects might have been less accept-
able to pa琀椀ents and trea琀椀ng physicians. Second, most pa琀椀ents used danazol as an add-on 
treatment, and were already receiving treatment with an琀椀昀椀bro琀椀cs.  Some side e昀昀ects of 
an琀椀昀椀bro琀椀cs overlap with the side e昀昀ects that we found. 

Limita琀椀ons other than those discussed above include the fact that this was not a ran-
domised controlled trial, that there was missing data (partly related to the fact that 
pa琀椀ents with end-stage IPF did not come to the hospital as frequently), and the absence 
of longitudinal data on leukocyte telomere length.
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CONCLUSION

In conclusion, in this study of 昀椀昀琀y pa琀椀ents with IPF who showed evidence of disease 
progression despite treatment with pirfenidone or nintedanib, add-on treatment with da-
nazol did not lead to slowing of lung func琀椀on decline. Lung func琀椀on decline pre and post 
treatment was worse than that in previous trials. Side e昀昀ects necessitated stopping treat-
ment in 42% of pa琀椀ents. Whether earlier treatment or treatment of speci昀椀c subgroups of 
pa琀椀ents with IPF would be bene昀椀cial, remains to be determined.
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SUPPLEMENTARY DATA

Supplementary Table 1: Outcomes stra琀椀昀椀ed by leukocyte telomere length below or above the 10th percen琀椀le 
for age

Leukocyte telomere length 
<10th percen琀椀le for age 
(N=22)

Leukocyte telomere length >10th
 

percen琀椀le for age (N=21)
p-value

Any side e昀昀ects (%) 14 (64) 13 (62) 1.00

Stopped because of side e昀昀ects 
(%)

10 (45) 11 (52) 0.76

Any dose adjustments (%) 7 (32) 7 (33) 1.00

S琀椀ll using danazol >1 year a昀琀er 
start (%)

7 (32) 3 (14) 0.28

Mean FVC-decline a昀琀er one 
year, mL (95% con昀椀dence 
interval)

491 (281 - 702) 468 (-30 - 967) 0.93

Supplementary Table 2: Outcomes stra琀椀昀椀ed by presence or absence of any clinical sugges琀椀on of a telomere 
syndrome

Any clinical sugges琀椀on of a 
telomere syndrome (N=18)

No clinical sugges琀椀on of a 
telomere syndrome (N=32)

p-value

Any side e昀昀ects (%) 12 (67) 17 (53) 0.39

Stopped because of side e昀昀ects 
(%)

10 (56) 13 (41) 0.38

Any dose adjustments (%) 5 (28) 9 (28) 1.00

S琀椀ll using danazol >1 year a昀琀er 
start (%)

3 (17) 8 (25) 0.72

Mean FVC-decline a昀琀er one 
year, mL (95% con昀椀dence 
interval)

392 (167 - 616) 500 (163 - 837) 0.65
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ABSTRACT 

Inters琀椀琀椀al lung diseases (ILD) are a heterogeneous group of disorders, of which many 
have the poten琀椀al to lead to progressive pulmonary 昀椀brosis. A dis琀椀nc琀椀on is usually made 
between primarily in昀氀ammatory ILD and primarily 昀椀bro琀椀c ILD. As recent studies show 
that an琀椀-昀椀bro琀椀c drugs can be bene昀椀cial in pa琀椀ents with primarily in昀氀ammatory ILD that is 
characterized by progressive pulmonary 昀椀brosis, treatment decisions have become more 
complicated. In this perspec琀椀ve we propose that the ‘treatable trait’ concept, which is 
based on the recogni琀椀on of relevant exposures, various treatable phenotypes (disease 
manifesta琀椀ons) or endotypes (shared molecular mechanisms) within a group of diseases, 
can be applied to progressive pulmonary 昀椀brosis. These targets for medical interven琀椀on 
can be iden琀椀昀椀ed through validated biomarkers and are not necessarily related to speci昀椀c 
diagnos琀椀c labels. Proposed treatable traits are: cigare琀琀e smoking, occupa琀椀onal, allergen 
or drug exposures, excessive (pro昀椀bro琀椀c) auto- or alloimmunity, progressive pulmonary 
昀椀brosis, pulmonary hypertension, obstruc琀椀ve sleep apnoea, tuberculosis, exercise intol-
erance, exer琀椀onal hypoxia, and anxiety and depression. There are also several poten琀椀al 
traits that have not been associated with relevant outcomes or for which no e昀昀ec琀椀ve 
treatment is available at present: air pollu琀椀on, mechanical stress, viral infec琀椀ons, bacterial 
burden in the lungs, surfactant-related pulmonary 昀椀brosis, telomere-related pulmonary 
昀椀brosis, the rs35705950 MUC5B promoter polymorphism, acute exacerba琀椀ons, gastro-
oesophageal re昀氀ux, dyspnoea, and nocturnal hypoxia. The ‘treatable traits’ concept can 
be applied in new clinical trials for pa琀椀ents with progressive pulmonary 昀椀brosis and could 
be used for developing new treatment strategies.
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INTRODUCTION

The current classi昀椀ca琀椀on of human diseases, which is based on disease manifesta琀椀ons 
in speci昀椀c organ systems with di昀昀erent physiological, anatomical and histopathological 
correlates, does not seem to capture disease complexity for many types of diseases.1,2

 

The de昀椀ni琀椀on of clinical phenotypes or endotypes, permi琀�ng the iden琀椀昀椀ca琀椀on of dis琀椀nct 
disease a琀琀ributes that di昀昀eren琀椀ally respond to treatment in pa琀椀ents with the same type 
of disease, does not fully capture the biological complexi琀椀es that lead to disease.2 The 
‘treatable traits’ concept has been proposed by Agus琀椀 for use in airway disease, and is 
dis琀椀nct from endotyping or phenotyping.1,3 Instead of requiring mutually exclusive phe-
notypes or endotypes, the ‘treatable traits’ concept can accommodate overlap between 
mul琀椀ple traits in the same individual, regardless of a classifying diagnosis. Treatable traits 
should be clinically relevant, iden琀椀昀椀able and measurable through the use of validated 
biomarkers, and treatable.1,2 This ar琀椀cle explores how the ‘treatable traits’ concept can be 
applied to pulmonary 昀椀brosis, a subgroup of inters琀椀琀椀al lung diseases (ILD).

Histopathologically, ILD are characterized by either predominant in昀氀amma琀椀on or 昀椀brosis, 
and, in the past, it has been proposed that they can be placed on an in昀氀amma琀椀on-昀椀brosis 
spectrum.4 Diseases on one end of the spectrum, such as organizing pneumonia (OP), 
were considered to be solely in昀氀ammatory diseases, to be treated with immunosuppres-
sive drugs. Diseases on the other end of the spectrum, such as IPF, were considered to 
be dominant 昀椀bro琀椀c diseases, to be treated with an琀椀-昀椀bro琀椀c drugs instead. Albeit help-
ful, the spectrum does not always capture the underlying ILD pathophysiology. Pa琀椀ents 
with the same type of ILD can show a wide range of disease behaviour, varying from mild 
and stable to severe and rapidly progressive disease, including the poten琀椀al for acute 
exacerba琀椀ons of ILD. Pa琀椀ents with primarily in昀氀ammatory disease can also develop 
pulmonary 昀椀brosis. In recent years there has been increased a琀琀en琀椀on for the so-called 
progressive pulmonary 昀椀brosis phenotype in pa琀椀ents with various types of ILD.5 Several 
studies now suggest that an琀椀-昀椀bro琀椀c drugs can be bene昀椀cial in pa琀椀ents with ILD that 
are usually thought to be on the in昀氀ammatory side of the spectrum such as ILD related 
to connec琀椀ve 琀椀ssue disease (CTD-ILD), hypersensi琀椀vity pneumoni琀椀s (HP), sarcoidosis, 
and idiopathic non-speci昀椀c inters琀椀琀椀al pneumonia (NSIP)6–9 Apart from the previously 
men琀椀oned diseases, other diseases that can manifest as progressive pulmonary 昀椀brosis 
include pleuraparenchymal 昀椀broelastosis, 昀椀brosing organizing pneumonia, desquama琀椀ve 
inters琀椀琀椀al pneumonia, occupa琀椀onal inters琀椀琀椀al lung disease, such as asbestosis or pneu-
moconiosis, pulmonary Langerhans cell his琀椀ocytosis, pulmonary alveolar proteinosis, and 
unclassi昀椀able inters琀椀琀椀al lung disease.10 A recent update of the Clinical Prac琀椀ce Guideline 
on diagnosis and treatment of IPF recommends an琀椀-昀椀bro琀椀c treatment for pa琀椀ents with 
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progressive pulmonary 昀椀brosis in ILD other than IPF.10 Consequently, developing personal-
ized treatment strategies has become even more important. 

It has been stated previously that treatable traits might at some point be iden琀椀昀椀ed in pa-
琀椀ents with progressive pulmonary 昀椀brosis, but a concrete framework has not been devel-
oped.11 In this perspec琀椀ve we propose that the ‘treatable traits’ concept can be applied to 
progressive pulmonary 昀椀brosis and propose concrete treatable traits, as well as poten琀椀al 
treatable traits. We think that the ‘treatable traits’ concept be琀琀er re昀氀ects the complexity 
of pulmonary 昀椀brosis pathophysiology and can be especially useful for the development 
of novel treatment strategies for pa琀椀ents with progressive pulmonary 昀椀brosis.

APPLICATION OF THE ‘TREATABLE TRAITS’ CONCEPT IN FIBROTIC 

ILD

We propose the following treatable traits for pa琀椀ents with progressive pulmonary 昀椀brosis 
(Table 1): cigare琀琀e smoking, occupa琀椀onal, allergen or drug exposures, excessive (pro昀椀-
bro琀椀c) auto- or alloimmunity, progressive 昀椀brosis, pulmonary hypertension, obstruc琀椀ve 
sleep apnoea, tuberculosis, exercise intolerance, exer琀椀onal hypoxia, and anxiety and 
depression. As has also been suggested for bronchiectasis,12 we have classi昀椀ed the traits 
into environmental factors, pulmonary disease, comorbidi琀椀es and func琀椀onal traits.

Environmental traits
Cigare琀琀e smoking is a known risk factor for IPF, with evidence of a dose-response re-
la琀椀onship.13 Furthermore, there are several other ILD with a very strong e琀椀ological 
link to cigare琀琀e smoking: such as pulmonary Langerhans cell his琀椀ocytosis, respiratory 
bronchioli琀椀s-associated ILD, and desquama琀椀ve inters琀椀琀椀al pneumonia. For pa琀椀ents with 
IPF ini琀椀al observa琀椀ons suggested that smoking is associated with a be琀琀er prognosis, but 
this is likely related to the ‘healthy-smoker e昀昀ect’, which represents less severe disease 
at diagnosis. When correc琀椀ng for disease severity, survival actually seems to be worse in 
pa琀椀ents with IPF who are current smokers.14 The detrimental e昀昀ect of smoking on survival 
was recently demonstrated in pa琀椀ents with progressive pulmonary 昀椀brosis due to non-IPF 
ILD.

15 There have been no randomized controlled trials inves琀椀ga琀椀ng the e昀昀ect of smok-
ing cessa琀椀on in pa琀椀ents with ILD, but smoking cessa琀椀on alone has been associated with 
clear improvement in some pa琀椀ents with smoking-related ILD13 and is likely bene昀椀cial for 
pa琀椀ents with all types of pulmonary 昀椀brosis.

Numerous other exposures that can cause pulmonary 昀椀brosis have been described, includ-
ing radia琀椀on, asbestos, metal dust, wood dust, and various drugs.46–51 Alterna琀椀vely, many 
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organic and inorganic compounds are also capable of inducing a lymphocyte-dependent 
immune response, which causes hypersensi琀椀vity pneumoni琀椀s. In these cases, it is not 
the o昀昀ending an琀椀gen per se, but the local in昀氀ammatory response that can serve as a 
trigger for the 昀椀brogenic response.52 Con琀椀nuous exposure to the o昀昀ending agent has been 
associated with disease progression in HP, pneumoconiosis, and drug-induced ILD.17–22

 No 

randomized controlled trials of exposure avoidance have been performed, but removal 
of the o昀昀ending exposure is very likely to be bene昀椀cial for all pa琀椀ents with pulmonary 
昀椀brosis related to speci昀椀c exposures.

Pulmonary traits
Persistent in昀氀amma琀椀on can be a feed-forward mechanism in pulmonary 昀椀brosis. Several 
types of pulmonary 昀椀brosis, such as CTD-ILD and HP are known to be caused by excessive 
auto- or allo-in昀氀amma琀椀on.25,27 Previous work has shown that alveolar macrophages from 
pa琀椀ents with several types of 昀椀bro琀椀c lung disease show increased expression of the pro-
Th2-in昀氀ammatory cytokine CCL 18, which seems to represent a feed-forward mechanism 
in the 昀椀bro琀椀c process.53 CCL18 expression has been associated with survival in pa琀椀ents 
with IPF and pa琀椀ents with CTD-ILD due to SSc.54–56 Gene expression studies performed on 
peripheral blood also support the role of in昀氀ammatory processes in progression of IPF,57–60

 

and in IPF lungs there is increased expression of genes related to in昀氀ammatory processes 
in 昀椀bro琀椀c and non-昀椀bro琀椀c areas.61 In a small cohort study, genes related to in昀氀ammatory 
processes were also upregulated in pa琀椀ents with 昀椀bro琀椀c sarcoidosis and hypersensi琀椀vity 
pneumoni琀椀s.62 Furthermore, it has been suggested that auto-in昀氀amma琀椀on might play a 
role in disease progression for pa琀椀ents with IPF, as increased numbers of circula琀椀ng IgA 
auto-an琀椀bodies correlated with disease severity.63

A caveat here is that in昀氀amma琀椀on is a broad concept, and In昀氀ammatory processes are 
a necessary part of the normal response to 琀椀ssue damage and the normal 昀椀bro琀椀c re-
sponse.64 Elevated markers of in昀氀amma琀椀on might simply represent more 昀椀brosis, and do 
not necessarily imply a causa琀椀ve role for the in昀氀ammatory process in 昀椀brosis progression. 
The presence of in昀氀ammatory cells in regions of 琀椀ssue 昀椀brosis can even be interpreted as 
their being part of an an琀椀昀椀bro琀椀c feedback loop.65 The contribu琀椀on of the immune system 
to the pathogenesis of pulmonary 昀椀brosis is likely to be nuanced, as di昀昀erent immune 
cells can have either pro昀椀bro琀椀c or an琀椀昀椀bro琀椀c func琀椀ons.66 It will have to be determined 
what novel markers are able to dis琀椀nguish a ‘normal’ in昀氀ammatory response from in昀氀am-
ma琀椀on that is pathogenic and should be treated with an琀椀-in昀氀ammatory drugs. At this 
琀椀me, an琀椀-in昀氀ammatory treatment is known to be useful for pa琀椀ents with CTD-ILD, HP, and 
sarcoidosis, and can be considered for pa琀椀ents with idiopathic NSIP, but not in pa琀椀ents 
with IPF.25,27,67,68
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In recent years the progressive pulmonary 昀椀brosis phenotype has been de昀椀ned and is 
increasingly recognized. Independent of the underlying diagnosis, progressive pulmonary 
昀椀brosis despite op琀椀mal treatment is associated with a worse prognosis.28

 Progressive 

pulmonary 昀椀brosis is de昀椀ned as at least two out of three of: worsening symptoms, radio-
graphic progression, and physiological progression.10 Predictors of progressive pulmonary 
昀椀brosis include greater impairment in lung func琀椀on, more extensive disease on CT-imaging, 
and the presence of honeycombing or a UIP pa琀琀ern on imaging.5 Several trials have now 
shown a bene昀椀t of treatment with the an琀椀昀椀bro琀椀c agents pirfenidone and nintedanib in 
pa琀椀ents with progressive pulmonary 昀椀brosis,6–9 and this was consistent across subgroups 
of pa琀椀ents with di昀昀erent underlying diagnoses.69

Comorbidi琀椀es
Many di昀昀erent comorbidi琀椀es can be found in pa琀椀ents with pulmonary 昀椀brosis, but 
we have now only included comorbid condi琀椀ons for which we think speci昀椀c screening 
is warranted at this point. This means that a speci昀椀c test is available to diagnose these 
condi琀椀ons, and that e昀昀ec琀椀ve treatment is available. Other comorbid condi琀椀ons might 
be added in the future. Pulmonary hypertension is commonly observed in pa琀椀ents with 
pulmonary 昀椀brosis, with the prevalence depending on the underlying diagnosis and the 
characteris琀椀cs of the studied cohort.30 For example, in pa琀椀ents with IPF who are listed for 
lung transplanta琀椀on, the prevalence of pulmonary hypertension varies from 18-51%.30 In 
pa琀椀ents with IPF, pulmonary hypertension is associated with shorter survival.30 Interna-
琀椀onal treatment guidelines recommend treatment with pulmonary hypertension speci昀椀c 
medica琀椀on for pa琀椀ents with connec琀椀ve 琀椀ssue disease and (possible) group 1 pulmonary 
hypertension (i.e. pulmonary hypertension due to in昀氀ammatory vasculopathy).32 The 
clinical prac琀椀ce guideline for IPF recommends against the use of pulmonary hypertension 
speci昀椀c therapy for pa琀椀ents with IPF, and a recent trial failed to 昀椀nd a bene昀椀t of adding the 
pulmonary hypertension speci昀椀c drug sildena昀椀l to pirfenidone for pa琀椀ents with IPF70,71

. A 

small randomized controlled trial suggests that inhaled nitric oxide might be bene昀椀cial in 
pa琀椀ents with pulmonary 昀椀brosis complicated by pulmonary hypertension, but only used 
physical ac琀椀vity markers as outcome measures.72 A recent large randomized controlled 
trial of inhaled Trepros琀椀nil has showed that this leads to increased exercise tolerance in 
pa琀椀ents with group 3 pulmonary hypertension (i.e. pulmonary hypertension secondary to 
lung disease),31 but it is not known if this improves survival.

Obstruc琀椀ve sleep apnoea (OSA) has been observed in 32-85% of pa琀椀ents with IPF,33 but 
the prevalence in pa琀椀ents with other types of pulmonary 昀椀brosis is not well characterized. 
OSA in pa琀椀ents with IPF is associated with decreased survival34, as well as the develop-
ment of pulmonary hypertension.33 Treatment of OSA with con琀椀nuous posi琀椀ve airway 
pressure (CPAP) was associated with improved quality of life in pa琀椀ents with good treat-
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ment adherence, and might lead to be琀琀er survival.35,36 How screening for OSA can best be 
implemented for pa琀椀ents with pulmonary 昀椀brosis remains to be determined.

Tuberculosis is a very common disease worldwide, although the prevalence in most 
Western countries is low.41 It has been shown that pa琀椀ents with pneumoconiosis are at 
an especially high risk to develop ac琀椀ve tuberculosis, and this is associated with worse 
survival.37,38 In pa琀椀ents with IPF, the prevalence of ac琀椀ve tuberculosis seems to be higher 
than in the general popula琀椀on, and this might also be associated with worse survival.39

 

The presence of ac琀椀ve tuberculosis may be suggested by radiographic abnormali琀椀es 
such as nodular abnormali琀椀es or consolida琀椀ons, but can be di昀케cult to dis琀椀nguish from 
the 昀椀bro琀椀c disease.40,73 It remains to be determined if standard treatment regimens for 
tuberculosis should be extended for pa琀椀ents with pulmonary 昀椀brosis, and if pa琀椀ents with 
pulmonary 昀椀brosis would bene昀椀t from screening for and treatment of latent tuberculosis.

Func琀椀onal traits
Exercise intolerance has been associated with decreased quality of life in pa琀椀ents with ILD, 
and this can be improved by pulmonary rehabilita琀椀on.42 Exer琀椀onal hypoxia also leads to 
reduced exercise tolerance in pa琀椀ents with pulmonary 昀椀brosis, and can be treated with 
supplemental oxygen during exercise.43 It remains to be determined what the op琀椀mal 
pulmonary rehabilita琀椀on programme is and what the best oxygen delivery system is.  A 
randomized controlled trial of oxygen supple琀椀on via a portable concentrator in pa琀椀ents 
with IPF is planned74,75

Clinically relevant anxiety and depression are found in 12 and 7% of pa琀椀ents with inter-
s琀椀琀椀al lung disease,44 and are associated with reduced quality of life.76 A pallia琀椀ve care 
interven琀椀on that included a comprehensive assessment, care plan, and community case 
conference has been shown to improve anxiety and depression in pa琀椀ents with pulmonary 
昀椀brosis and caregivers.45 Further development of care packages and trials of an琀椀-anxiety 
medica琀椀on in pa琀椀ents with pulmonary 昀椀brosis are warranted.

Future avenues for detec琀椀on and treatment of treatable traits
As indicated in the table, several markers to dis琀椀nguish these traits already exist. However, 
novel biomarkers will need to be developed to be琀琀er iden琀椀fy the traits and associated 
response to treatment. In recent years the term inters琀椀琀椀al pneumonia with auto-immune 
features (IPAF) has been introduced in the context of research, and this might be a promis-
ing start to iden琀椀fy the in昀氀amma琀椀on trait, including dis琀椀nguishing between normal or 
physiological in昀氀amma琀椀on and excessive or pathological in昀氀amma琀椀on.26 Other promising 
avenues include the use of ar琀椀昀椀cial intelligence for interpre琀椀ng radiological imaging, as 
well as the study of new biomarkers in peripheral blood, BAL 昀氀uid, or exhaled air.77,78,87,79–86
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Treatable traits for pulmonary 昀椀brosis

Several new insights have been derived from single-cell transcriptomic analysis of 昀椀bro琀椀c 
lung 琀椀ssue, and this could lead to the iden琀椀昀椀ca琀椀on and targe琀椀ng of novel pathways in-
volved in the 昀椀bro琀椀c process.88 Molecular classi昀椀ers derived from gene expression signa-
tures in transbronchial biopsies can poten琀椀ally be used to determine which non-IPF ILD 
pa琀椀ents will have progressive pulmonary 昀椀brosis, without having to wait for the 昀椀brosis 
to actually be progressive.89,90 Therapeu琀椀c trials based on these markers will help guide 
treatment of pa琀椀ents with pulmonary 昀椀brosis in the future.

Development of novel treatments within the treatable traits framework
The treatable traits framework will also be useful for the development and evalua琀椀on 
of novel treatments for pa琀椀ents with progressive pulmonary 昀椀brosis. Table 2 presents 
several possible traits that have been iden琀椀昀椀ed in pa琀椀ents with 昀椀bro琀椀c ILD, but for which 
no clear associa琀椀on with relevant outcomes, clear method for detec琀椀on, or proven treat-
ment exists. This includes air pollu琀椀on as an environmental trait, mechanical stress to the 
lungs, viral infec琀椀ons, bacterial burden in the lungs, surfactant-related pulmonary 昀椀brosis, 
telomere-related pulmonary 昀椀brosis, the rs35705950 MUC5B promoter polymorphism, 
and acute exacerba琀椀ons of pulmonary 昀椀brosis as pulmonary traits, gastro-oesophageal 
re昀氀ux as a comorbidity, and dyspnoea and nocturnal hypoxia as func琀椀onal treats, although 
the la琀琀er could also be related to or grouped with OSA. An overview of all proposed treat-
able traits, as well as poten琀椀al treatable traits, is provided in Figure 1.

Figure 1: proposed treatable traits for progressive pulmonary 昀椀brosis, divided into pulmonary, environmen-
tal, func琀椀onal, and comorbidity domains. Traits for which either a clear associa琀椀on with relevant outcomes, 
a clear method for measuring the trait, or a proven treatment is not available are marked in grey.
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DISCUSSION

Treatable traits are not yet a proven concept for management of progressive pulmonary 
昀椀brosis, and much will need to be done in order for this to happen. Some key points are 
presented in Box 1. There are also several other caveats to the treatable traits approach. 
First, not all traits presented here might be treatable in the foreseeable future, although 
fascina琀椀ng new developments such as high-content screening using in-vitro cell-based 
assays might give unexpected accelera琀椀on.108 Of course, the proposed set of traits is not 
昀椀xed, and traits could be changed, added, or removed depending on future discoveries. 
Second, if many traits are implicated in the same pa琀椀ent, this could lead to a prohibi琀椀vely 
complicated cocktail of therapies. Third, the traits can poten琀椀ally be present to di昀昀erent 
degrees at di昀昀erent stages of the disease, and determining at which degree treatment 
for a given trait should be started could be di昀케cult in prac琀椀ce. Finally, adop琀椀ng a new 
classi昀椀ca琀椀on will always be confusing ini琀椀ally, and should only be done when the clinical 
bene昀椀ts are large enough to jus琀椀fy this.130 Despite this, we think it is s琀椀ll worthwhile to 
further develop the treatable traits concept for pulmonary 昀椀brosis. This approach is quite 
昀氀exible, and the treatable traits model can be very useful to capture evolu琀椀on of the 
disease process with 琀椀me in an individual pa琀椀ent. 

•  Create larger pa琀椀ent cohorts through interna琀椀onal collabora琀椀on, and study markers 
for disease behaviour in non-IPF 昀椀bro琀椀c ILD

•  Inves琀椀gate which markers can di昀昀eren琀椀ate ‘normal’ in昀氀amma琀椀on related to the 
昀椀bro琀椀c process from ‘excessive’ in昀氀amma琀椀on that enhances the 昀椀bro琀椀c process, 
and whether immunosuppressive therapy is bene昀椀cial in pa琀椀ents with IPAF

•  Inves琀椀gate in which pa琀椀ents immunosuppressive therapy is e昀昀ec琀椀ve in addi琀椀on to 
an琀椀昀椀bro琀椀c therapy

•  Develop targeted therapies for 昀椀bro琀椀c ILD pa琀椀ents with gene琀椀c abnormali琀椀es
•  Inves琀椀gate whether response to targeted therapies can be predicted by serum, BAL, 

or exhaled air biomarkers
•  Inves琀椀gate the value of molecular classi昀椀ers based on gene expression in transbron-

chial lung biopsies for iden琀椀fying treatable traits
•  Inves琀椀gate the value of machine learning on radiological imaging for iden琀椀fying 

treatable traits

Box 1: developments necessary for the use of treatable traits for progressive pulmonary 昀椀brosis in clinical 
prac琀椀ce
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CONCLUSION

In conclusion, there are many types of 昀椀bro琀椀c lung disease, and there is large clinical 
varia琀椀on in clinical presenta琀椀on and disease course, even between pa琀椀ents with the same 
diagnosis under the current classi昀椀ca琀椀on scheme. There are clear di昀昀erences between 
the various diagnoses, but several processes seem to regularly play a role in pa琀椀ents with 
di昀昀erent types of progressive pulmonary 昀椀brosis. These processes can be designated as 
treatable traits, which can be applied to all pa琀椀ents with progressive pulmonary 昀椀brosis. 
Treatable traits are: cigare琀琀e smoking, occupa琀椀onal, allergen or drug exposures, excessive 
(pro昀椀bro琀椀c) auto- or alloimmunity, progressive 昀椀brosis, pulmonary hypertension, obstruc-
琀椀ve sleep apnoea, tuberculosis, exercise intolerance, exer琀椀onal hypoxia, and anxiety and 
depression. There are also several poten琀椀al traits that have not been associated with 
relevant outcomes or for which no e昀昀ec琀椀ve treatment is available at present: air pollu琀椀on, 
mechanical stress, viral infec琀椀ons, bacterial burden in the lungs, surfactant-related pul-
monary 昀椀brosis, telomere-related pulmonary 昀椀brosis, the rs35705950 MUC5B promoter 
polymorphism, acute exacerba琀椀ons, gastro-oesophageal re昀氀ux, dyspnoea, and nocturnal 
hypoxia. 

This ar琀椀cle tries to provide a comprehensive framework for viewing all types of progres-
sive pulmonary 昀椀brosis. There are several advantages of the treatable traits model: it 
is a 昀氀exible model, obviates the need to iden琀椀fy a single or several ul琀椀mate causes for 
pulmonary 昀椀brosis, allows for the co-existence of mul琀椀ple traits within the same pa琀椀ent, 
and allows for the existence of di昀昀erent traits at di昀昀erent 琀椀mes during the disease course. 
Furthermore, using treatable traits would make it easier to include pa琀椀ents with very 
rare or unclassi昀椀able forms of pulmonary 昀椀brosis under the present classi昀椀ca琀椀on system 
in future clinical trials. In addi琀椀on, the use of combina琀椀on treatment for pa琀椀ents with 
progressive pulmonary 昀椀brosis can be directed by the concept of treatable traits. This can 
pave the way for precision medicine in pulmonary 昀椀brosis. 
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This thesis aimed to explore clinical and gene琀椀c features of a telomere syndrome in 
pa琀椀ents with idiopathic pulmonary 昀椀brosis (IPF). IPF is thought to represent a chronic 
disease process, where slowly accumula琀椀ng lung damage in a suscep琀椀ble lung eventually 
leads to pulmonary symptoms and 昀椀nally overt disease.1 In support of this concept, it 
has been found that so-called inters琀椀琀椀al lung abnormali琀椀es on chest imaging are o昀琀en 
progressive and can develop into full-blown pulmonary 昀椀brosis.2 These inters琀椀琀椀al lung 
abnormali琀椀es therefore seem to represent an early stage of pulmonary 昀椀brosis.2 Inter-
s琀椀琀椀al lung abnormali琀椀es seem to be especially relevant in family members of pa琀椀ents 
with pulmonary 昀椀brosis, and likely even more so when this is in the context of a telomere 
syndrome. Asymptoma琀椀c 昀椀rst-degree family members of pa琀椀ents with familial pulmonary 
昀椀brosis who have shorter leukocyte telomere length more o昀琀en have inters琀椀琀椀al lung 
abnormali琀椀es or inters琀椀琀椀al lung disease.3,4 Short telomeres in alveolar epithelial cells are 
also associated with inters琀椀琀椀al lung abnormali琀椀es in a similar popula琀椀on.5

In Chapter 2 we show that in pa琀椀ents with IPF, abnormali琀椀es were o昀琀en seen on chest 
X-rays even prior to the ini琀椀al symptoms of pulmonary 昀椀brosis. In 96 of 409 (23%) pa-
琀椀ents with IPF a chest X-ray had been made a median of 50.5 months prior to the start of 
symptoms, and on 56 X-rays (58%) abnormali琀椀es were seen that poten琀椀ally represented 
early stages of IPF. Even a昀琀er the start of symptoms, the median 琀椀me to a 昀椀nal diagnosis 
was 24 months. This illustrates that there is a signi昀椀cant poten琀椀al for earlier detec琀椀on 
and diagnosis of IPF. A computed tomography (CT)-scan should be advised for analysis 
of unexplained abnormali琀椀es on chest X-ray, and regular follow up should be considered 
if inters琀椀琀椀al lung abnormali琀椀es are found. A study in the United States found that, in 
pa琀椀ents with inters琀椀琀椀al lung abnormali琀椀es as seen on lung cancer screening CT-scans, the 
abnormali琀椀es were noted in only 64% of the reports. Furthermore, in 42% of the reports 
in which inters琀椀琀椀al lung abnormali琀椀es were noted, the 昀椀nding was only men琀椀oned in the 
昀椀ndings and not the impression sec琀椀on.6 Therefore, increased awareness of early stages of 
pulmonary 昀椀brosis, as seen on CT-scan or even chest X-ray, is required among radiologists.

A sobering 昀椀nding of our study is that there was no associa琀椀on between survival and a 
longer 琀椀me to diagnosis a昀琀er the start of symptoms. This was in spite of the fact that 
approximately 80% of the pa琀椀ents were treated with either pirfenidone or nintedanib. 
This illustrates that, despite our best e昀昀orts, we s琀椀ll have li琀琀le to o昀昀er in terms of preven-
琀椀on of disease progression and lengthening of survival. Inves琀椀ga琀椀ons into the e昀케cacy of 
current an琀椀昀椀bro琀椀c medica琀椀on on disease progression of inters琀椀琀椀al lung abnormali琀椀es, as 
well as poten琀椀al new an琀椀昀椀bro琀椀c drugs, are needed. This will become increasingly relevant 
with the implementa琀椀on of lung cancer screening programmes, and increased a琀琀en琀椀on 
for screening of 昀椀rst-degree rela琀椀ves of pa琀椀ents with pulmonary 昀椀brosis.3,7
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CLINICAL FEATURES OF A TELOMERE SYNDROME IN PATIENTS WITH 

IPF

It has become increasingly clear that pa琀椀ents with pulmonary 昀椀brosis in the context of a 
telomere syndrome have a dis琀椀nct clinical phenotype, characterized by worse survival.8,9

 

Furthermore, shorter leukocyte telomere length in pa琀椀ents with IPF has been associated 
with worse survival.10–12 However, gene琀椀c tes琀椀ng and leukocyte telomere length o昀琀en-
琀椀mes are not available in clinical prac琀椀ce, and in some pa琀椀ents with a suspected telomere 
syndrome no gene琀椀c muta琀椀ons are found. Simpler clinical parameters that can predict 
survival could therefore be useful. For example, recent work showed that a family history 
of pulmonary 昀椀brosis associated with worse survival in pa琀椀ents with IPF.13 Previous stud-
ies have inves琀椀gated the prevalence of extrapulmonary features sugges琀椀ve of a telomere 
syndrome in selected popula琀椀ons of pa琀椀ents with IPF, such as lung transplant candidates 
or pa琀椀ents with proven muta琀椀ons in telomere-related genes.8,9,14,15

In Chapter 3 we show that extrapulmonary features sugges琀椀ve of a telomere syndrome 
were present in 27% of a cohort of 409 pa琀椀ents with IPF. These features included any 
or a combina琀椀on of a clinical history (9% of pa琀椀ents; including haematological disease, 
liver disease, early greying of hair, nail dystrophy, skin abnormali琀椀es), a family history 
(10% of pa琀椀ents), or haematological laboratory abnormali琀椀es (19% of pa琀椀ents; including 
macrocytosis, anaemia, thrombopenia or leukopenia) sugges琀椀ve of a telomere syndrome. 
The presence of any of these features was associated with shorter leukocyte telomere 
length and shorter survival (hazard ra琀椀o 1.58 (95% con昀椀dence interval 1.19-2.11); p=0.002 
in a mul琀椀variate model correc琀椀ng for age and lung func琀椀on at diagnosis). The presence of 
any of these features was signi昀椀cantly more common in pa琀椀ents with IPF who had a family 
history of pulmonary 昀椀brosis (38% of pa琀椀ents, versus 23% of pa琀椀ents with sporadic IPF; 
p=0.003). When only pa琀椀ents with sporadic IPF were included, there was no signi昀椀cant 
associa琀椀on between the presence of any feature sugges琀椀ve of a telomere syndrome and 
leukocyte telomere length or survival. This is likely due to reduc琀椀on in the sample size, as 
the presence of any feature sugges琀椀ve of a telomere syndrome was s琀椀ll associated with 
survival when a family history of pulmonary 昀椀brosis was added to the mul琀椀variate model 
for the whole cohort.

Our study con昀椀rms that features sugges琀椀ve of a telomere syndrome are present in a 
rela琀椀vely large propor琀椀on of pa琀椀ents with IPF, including pa琀椀ents with sporadic IPF. Fur-
thermore, the presence of any of these features, which can be assessed using informa琀椀on 
available from the clinical history and standard laboratory tests, is associated with worse 
survival. Importantly, in the context of recent studies, it remains uncertain whether this 
associa琀椀on is mainly driven by pa琀椀ents with familial pulmonary 昀椀brosis. Interes琀椀ngly, in 
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contrast to an American study,13 we did not 昀椀nd an associa琀椀on between survival and a 
family history of pulmonary 昀椀brosis when using a mul琀椀variate model and found longer 
survival in pa琀椀ents with familial pulmonary 昀椀brosis in a univariate model, likely because 
these pa琀椀ents were signi昀椀cantly younger at diagnosis. In contrast to the other study, 
pa琀椀ents with a family history of pulmonary 昀椀brosis in our cohort had signi昀椀cantly be琀琀er 
lung func琀椀on parameters at diagnosis. Similar results were found in another European 
cohort of pa琀椀ents with familial and sporadic pulmonary 昀椀brosis, which also did not report 
a signi昀椀cant associa琀椀on between a family history of pulmonary 昀椀brosis and survival.16

 

It therefore remains uncertain whether a family history of pulmonary 昀椀brosis or clinical 
features sugges琀椀ve of a telomere syndrome is the best predictor of survival.   

An associa琀椀on between leukocyte telomere length and survival was not found in our study, 
which is in contrast to previous studies.10–12 The reason for this remains elusive. A Spanish 
study suggests that the associa琀椀on between leukocyte telomere length and survival may 
be relevant for younger but not for older pa琀椀ents with IPF.17 Another poten琀椀al explana琀椀on 
is that most of our pa琀椀ents were treated with an琀椀昀椀bro琀椀c drugs, whereas this was not 
the case in the other cohorts.10–12 In any case, the use of leukocyte telomere length as 
a prognos琀椀c biomarker for pa琀椀ents with IPF is s琀椀ll problema琀椀c. There is poor concor-
dance between various available methods for measuring leukocyte telomere length.18

 We 

used the quan琀椀ta琀椀ve polymerase chain reac琀椀on (qPCR) method for measuring telomere 
length, the accuracy of which has been debated.19 The qPCR method, however, was also 
used in other studies that inves琀椀gated the rela琀椀on between leukocyte telomere length 
and survival, and is, at the moment, the easiest and cheapest way to measure leukocyte 
telomere length. A poor correla琀椀on has been found between leukocyte and lung telomere 
length,20 and an interes琀椀ng area for future research would be measuring telomere length 
from bronchial biopsy or bronchial brush samples. This has been done in lung transplant 
recipients,21,22 but not in pa琀椀ents with IPF.

As we did not have informa琀椀on on telomere gene muta琀椀ons available for our cohort, 
future studies will have to determine the rela琀椀ve values of clinical and gene琀椀c informa-
琀椀on for determining the prognosis of pa琀椀ents with IPF, possibly combined with telomere 
length measurement.23 Whether the features sugges琀椀ve of a telomere syndrome that we 
observed are true manifesta琀椀ons of telomere dysfunc琀椀on or simply represent a shared 
risk factor or more severe disease, especially in case of the laboratory abnormali琀椀es, can 
also not de昀椀ni琀椀vely be stated. It seems promising to explore telomere length in various 
琀椀ssue compartments in rela琀椀on to clinical manifesta琀椀ons of a telomere syndrome in those 
琀椀ssue compartments.20,24
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There has been increasing a琀琀en琀椀on for comorbid condi琀椀ons in pa琀椀ents with IPF, as some 
of these condi琀椀ons can lead to reduced quality of life and also impact survival.25,26 The 
prevalence of comorbid condi琀椀ons in pa琀椀ents with IPF is related to shared risk factors (e.g. 
cigare琀琀e smoking, old age, muta琀椀ons in telomere-related or surfactant-processing genes), 
as well as the 昀椀bro琀椀c process in itself. It is unclear to what degree certain comorbid condi-
琀椀ons in pa琀椀ents with IPF are related to telomere dysfunc琀椀on. In some pa琀椀ents with a 
telomere syndrome, an immunode昀椀ciency has been observed.27,28 Interes琀椀ngly, repeated 
injury to the pulmonary epithelium due to infec琀椀ons has been proposed as one of the 
pathophysiologic mechanisms that can lead to pulmonary 昀椀brosis,1 and respiratory tract 
infec琀椀ons might be a risk factor for progression or development of acute exacerba琀椀ons 
of IPF.29

 

In Chapter 4 we therefore sought to inves琀椀gate the presence of humoral immunode-
昀椀ciency in pa琀椀ents with IPF, in rela琀椀on to leukocyte telomere length. However, the 
prevalence of humoral immunode昀椀ciency was low. Only 6% of pa琀椀ents with IPF had 
serum immunoglobulin or IgG subclass levels below the lower limit of normal and 1% had 
a severely impaired response to pneumococcal vaccina琀椀on. These factors were not associ-
ated with the development of acute exacerba琀椀ons of IPF or leukocyte telomere length. 
Humoral immunode昀椀ciency therefore does not seem to be a relevant comorbid condi-
琀椀on in pa琀椀ents with IPF. We then inves琀椀gated whether increased in昀氀ammatory markers 
were associated with acute exacerba琀椀ons of IPF and survival. In the total cohort, the rate 
of acute exacerba琀椀ons was 4.7% per year, and most pa琀椀ents who developed an acute 
exacerba琀椀on died. Pa琀椀ents who developed an acute exacerba琀椀on of IPF had signi昀椀cantly 
higher lymphocytes in bronchoalveolar lavage 昀氀uid at the 琀椀me of diagnosis. At the 琀椀me 
of an acute exacerba琀椀on, blood lymphocyte counts were signi昀椀cantly lower compared to 
at the 琀椀me of diagnosis, which could represent recruitment of lymphocytes to the lungs. 
Higher lymphocytes in bronchoalveolar lavage 昀氀uid at the 琀椀me of diagnosis were also 
associated with worse survival in a mul琀椀variate model (hazard ra琀椀o 1.87 for lymphocyte 
percentage >5 (95% con昀椀dence interval 1.028-2.71); p=0.005). Other factors associated 
with worse survival included higher blood neutrophil count, and serum IgA and IgG levels. 

Taken together these 昀椀ndings support that in昀氀amma琀椀on may be a disease modi昀椀er in 
pa琀椀ents with IPF, and an increased in昀氀ammatory response might predispose pa琀椀ents to 
developing acute exacerba琀椀ons of IPF. The role of in昀氀ammatory cells and cytokines has re-
ceived more a琀琀en琀椀on in recent years, and it seems that there is more to IPF pathogenesis 
than a purely 昀椀bro琀椀c process.30,31 However, our 昀椀ndings cannot de昀椀ni琀椀vely di昀昀eren琀椀ate 
between cause and e昀昀ect, as these increased in昀氀ammatory markers might simply rep-
resent a reac琀椀on to more repe琀椀琀椀ve micro-injuries with failing regenera琀椀on and subse-
quent severe pulmonary 昀椀brosis, or a bystander phenomenon related to another factor 
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in昀氀uencing IPF disease progression, such as chronic or recurrent infec琀椀ons.32 Whether 
an琀椀-in昀氀ammatory therapy can be useful for a subgroup of pa琀椀ents with IPF remains to be 
determined. Notably the results of the PANTHER-IPF trial, in which mortality was increased 
in pa琀椀ents who were treated with prednisolone, azathioprine and N-acetylcysteine com-
pared to placebo,33 have led to the discouragement of immunosuppressive therapy for 
pa琀椀ents with IPF. Future trials will therefore need to explore other immunosuppressants 
or other combina琀椀ons of immunosuppressants and may bene昀椀t from selec琀椀ng pa琀椀ents 
with increased in昀氀ammatory markers.

In Chapter 5 we looked at the presence of extrapulmonary 昀椀ndings available from standard 
diagnos琀椀c CT imaging in rela琀椀on to leukocyte telomere length and survival. Characteris-
琀椀cs that were retrieved from CT-scans included coronary artery calci昀椀ca琀椀on score, bone 
mineral density, and the presence of diaphragma琀椀c hernia. We found a high prevalence of 
comorbid cardiovascular disease, with 44% of pa琀椀ents having any type of cardiovascular 
comorbidity. This included 30% of all pa琀椀ents who had coronary artery disease. The pres-
ence of any type of cardiovascular disease was associated with decreased survival. Fur-
thermore, higher coronary artery calci昀椀ca琀椀on score was also associated with decreased 
survival, especially when coronary artery calci昀椀ca琀椀on score was ≥8 (hazard ra琀椀o 1.71 (95% 
con昀椀dence interval 1.07-2.74); p-value 0.03 in a mul琀椀variate model that also corrected 
for a history of coronary artery disease). Neither a history of cardiovascular disease, coro-
nary artery disease, or coronary artery calci昀椀ca琀椀on score was associated with leukocyte 
telomere length. The presence of cardiovascular comorbid condi琀椀ons is a dis琀椀nct clinical 
phenotype within IPF pa琀椀ents, but does not seem to be related to telomere dysfunc琀椀on.

Other observa琀椀ons in our study included that 4% of pa琀椀ents had a history of osteoporosis, 
and 4% of pa琀椀ents had one or more vertebral compression fractures, as seen on CT-scan 
(some overlap between these two groups). There was no associa琀椀on between osteoporo-
sis and leukocyte telomere length, or between bone mineral density, as measured on the 
CT-scan, and leukocyte telomere length. Therefore, osteoporosis is an infrequent comorbid 
condi琀椀on in pa琀椀ents with IPF and does not seem to be related to telomere dysfunc琀椀on. 
Furthermore, we inves琀椀gated the prevalence of gastro-oesophageal re昀氀ux symptoms and 
diaphragma琀椀c hernia as seen on CT-scan. Gastro-oesophageal re昀氀ux is a controversial risk 
factor for the development or progression of IPF, with con昀氀ic琀椀ng results from previous 
studies.34 In our study, we did not 昀椀nd an associa琀椀on between gastro-oesophageal re昀氀ux 
complaints or diaphragma琀椀c hernia and acute exacerba琀椀ons of IPF or survival. This argues 
against a signi昀椀cant role of gastro-oesophageal re昀氀ux in disease progression of IPF. This 
is in line with the results of several recent studies.35–38 A recent update of the IPF Clini-
cal Prac琀椀ce Guideline no longer recommends antacid medica琀椀on for pa琀椀ents with IPF,39

 

which represents a signi昀椀cant change from the previous guidelines.40



Chapter 11

208

GENETIC FEATURES OF A TELOMERE SYNDROME IN PATIENTS WITH 

IPF

In Chapter 6 the spectrum of pulmonary disease related to gene琀椀c abnormali琀椀es in telo-
mere-related genes is reviewed. It is noted that genomic muta琀椀ons in telomere-related 
genes TERT, RTEL1, PARN, TERC, DKC1, TINF2, and NAF1 can cause pulmonary disease. 
This not only includes IPF, but also other types of pulmonary 昀椀brosis, chronic obstruc-
琀椀ve pulmonary disease, hepatopulmonary syndrome, and pulmonary arteriovenous 
malforma琀椀ons. Pulmonary phenotypes associated with short telomere length and with 
single nucleo琀椀de polymorphisms (SNPs) in TERT, TERC, OBFC1 and RTEL1 overlap with 
phenotypes associated with disease-causing muta琀椀ons in telomere genes. Interes琀椀ngly, 
overlapping forms of pulmonary phenotypes within an individual or within families with a 
telomere-related gene琀椀c muta琀椀on are regularly found. However, pa琀椀ents with muta琀椀ons 
in telomere-related genes and pulmonary disease have worse prognosis regardless of the 
phenotype at presenta琀椀on. In recent years, muta琀椀ons in several new telomere-related 
genes have been found to underly IPF.

In Chapter 7 we describe a group of 60 pa琀椀ents who were referred for gene琀椀c screening 
because of suspected gene琀椀c abnormali琀椀es (in case of a family history of pulmonary 昀椀bro-
sis, clinical suspicion of a telomere syndrome, or a young age at presenta琀椀on). Poten琀椀ally 
disease-causing variants were iden琀椀昀椀ed in 32% of the pa琀椀ents. This is included variants 
in TERT and RTEL1, but also variants in ACD in three pa琀椀ents (two variants classi昀椀ed as 
pathogenic and one variant classi昀椀ed as variant of unknown signi昀椀cance). ACD encodes 
the shelterin component TPP1, which is responsible for the recruitment of telomerase to 
telomeres.41 Previous studies had iden琀椀昀椀ed disease-causing muta琀椀ons in ACD in pa琀椀ents 
with other telomere syndromes, namely aplas琀椀c anemia and Hoyeraal-Hreidarsson syn-
drome,42,43 but not in pa琀椀ents with pulmonary 昀椀brosis.

In Chapter 8 we present the results of sequencing exon 6 of the TINF2 gene in 158 pa琀椀ents 
with sporadic IPF. Muta琀椀ons in the TINF2 gene, which encodes the shelterin component 
TINF2, have been previously described in pa琀椀ents with familial pulmonary 昀椀brosis and 
other telomere syndromes.44,45 We iden琀椀昀椀ed one pa琀椀ent (0.6% of the cohort) with a 
variant in TINF2 that lead to a Ser245Tyr subs琀椀tu琀椀on. The variant was predicted to be 
damaging by in-silico analyses. The same variant has been described in three pa琀椀ents 
with other types of telomere syndromes.45–47 Our pa琀椀ent had pulmonary 昀椀brosis, as well 
as hypogammaglobulinemia, which could also be a manifesta琀椀on of a telomere syndrome. 
However, leukocyte telomere length was found to be normal in our pa琀椀ent, as well as in 
the other pa琀椀ents with the same muta琀椀on.45–47 This either indicates that the variant that 
was iden琀椀昀椀ed is not pathogenic, as it does not lead to telomere shortening, or alterna-
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琀椀vely, that muta琀椀ons in telomere-related genes can also lead to disease through other 
mechanisms than telomere shortening.

Since the publica琀椀on of our study, no new reports of the Ser245Tyr muta琀椀on have been 
published. Several recent studies provide even stronger support for a causal role of short 
telomeres in the development of IPF.48 When the pathogenic c.2005T muta琀椀on in the 
TERT-gene appeared in a Dutch family, it took seven genera琀椀ons for telomeres in mu-
ta琀椀on carriers to become so short that the family was a昀昀ected by pulmonary 昀椀brosis.49

 

Furthermore, it has been shown that, in families with telomere-related gene muta琀椀ons, 
even non-carriers can develop pulmonary 昀椀brosis, and this was related to short telomere 
length.50 However, it must be stressed that it is not short telomeres per se that cause cel-
lular senescence or apoptosis, but ac琀椀va琀椀on of the DNA damage response at telomeres.51

 

Even in non-dividing cells, accumula琀椀on of damage to telomeres over 琀椀me can lead to 
senescence, and this is not associated with short telomere length.51 Moreover, it is not 
average telomere length, but the shortest telomere in a cell that determines the onset of 
senescence.52 It is therefore conceivable that increased sensi琀椀vity to telomere damage by 
muta琀椀ons in telomere-related genes can cause the onset of senescence in the absence 
of short average telomere length. However, this is more di昀케cult to study than average 
telomere length. Previous studies did con昀椀rm the presence of DNA damage in the relevant 
cell types in pa琀椀ents with pulmonary 昀椀brosis, and that this is a key event in the develop-
ment of pulmonary 昀椀brosis.53,54

 

Several new reports have been published on telomere-related gene muta琀椀ons in pa琀椀ents 
with pulmonary 昀椀brosis in recent years. Table 1 provides an overview of telomere-related 
genes and the genes in which muta琀椀ons have been iden琀椀昀椀ed in pa琀椀ents with pulmonary 
昀椀brosis. Muta琀椀ons in many telomere-related genes have now been iden琀椀昀椀ed in pa琀椀ents 
with various manifesta琀椀ons of a telomere syndrome, including pulmonary 昀椀brosis, liver 
cirrhosis, bone marrow failure, and dyskeratosis congenita, suppor琀椀ng the concept of a 
spectrum of telomere dysfunc琀椀on-related diseases.55,56 Integra琀椀ng genomics into manage-
ment of IPF remains challenging.57 Muta琀椀ons in TERC seem to be associated with earlier 
disease onset than muta琀椀ons in PARN.

9  However, informa琀椀on on gene琀椀c muta琀椀ons does 
not always provide certainty; because of complex gene琀椀c inheritance, family members of 
pa琀椀ents with pulmonary 昀椀brosis due to gene琀椀c muta琀椀ons might s琀椀ll be at risk of pulmo-
nary 昀椀brosis, even if they are not muta琀椀on carriers themselves.58 At present, there are 
no clear therapeu琀椀c implica琀椀ons when telomere-related gene muta琀椀ons are iden琀椀昀椀ed 
for pa琀椀ents with pulmonary 昀椀brosis, although short leukocyte telomere length can have 
treatment consequences for pa琀椀ents with bone marrow failure.59 Of note, pa琀椀ents with 
telomere-related gene muta琀椀ons that undergo lung transplanta琀椀on are at a higher risk 
for haematological complica琀椀ons,60 although post-transplant survival does not seem to 
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be impacted.61,62 Whether these pa琀椀ents need intensi昀椀ed monitoring or reduced doses of 
post-transplanta琀椀on immunosuppressive medica琀椀on, remains to be determined.

TREATMENT OF PATIENTS WITH IPF IN THE CONTEXT OF A TELOMERE 
SYNDROME, WITHIN THE TREATABLE TRAITS FRAMEWORK

Current treatment op琀椀ons for pa琀椀ents with IPF are limited. Poten琀椀al treatments include 
the an琀椀昀椀bro琀椀c medica琀椀ons pirfenidone and nintedanib, as well as lung transplanta琀椀on for 
selected pa琀椀ents.40 However, these treatments are only aimed at trea琀椀ng 昀椀brosis, and do 
not target the causa琀椀ve pathophysiological process in pa琀椀ents with pulmonary 昀椀brosis re-
lated to telomere dysfunc琀椀on. A previous study suggested that the androgen danazol can 
lengthen leukocyte telomeres and reduce the need for blood transfusions in pa琀椀ents with 
aplas琀椀c anaemia or bone marrow failure in the context of a telomere syndrome. Further-
more, in pa琀椀ents who received danazol, lung func琀椀on seemed to stabilize, instead of an 
observed decline prior to danazol treatment.71 We therefore inves琀椀gated whether danazol 
could slow disease progression in pa琀椀ents with IPF. In Chapter 9 we describe the results of 

Table 1: telomere-related genes in which muta琀椀ons have been reported in pa琀椀ents with familial pulmonary 
昀椀brosis or IPF

Gene Associa琀椀on with pulmonary 昀椀brosis

TERF1 Not reported

TERF2 Not reported

TERF2IP Not reported

TINF2 IPF, familial pulmonary 昀椀brosis44 (this thesis)

POT1 IPF, familial pulmonary 昀椀brosis 63

ACD IPF, familial pulmonary 昀椀brosis (this thesis)

CTC1 Not reported

STN1 Not reported

TEN1 Not reported

TERT IPF, familial pulmonary 昀椀brosis64

TERC IPF, familial pulmonary 昀椀brosis64

DKC1 IPF, familial pulmonary 昀椀brosis65

NHP2 IPF, familial pulmonary 昀椀brosis66

NOP10 IPF, familial pulmonary 昀椀brosis67

GAR1 Not reported

NAF1 IPF, familial pulmonary 昀椀brosis68

WRAP53 Not reported

RTEL1 IPF, familial pulmonary 昀椀brosis69

PARN IPF, familial pulmonary 昀椀brosis69

ZCCHC8 IPF, familial pulmonary 昀椀brosis70
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a prospec琀椀ve observa琀椀onal study of pa琀椀ents with IPF who were treated with danazol as 
a last resort. Pa琀椀ents were o昀昀ered treatment with danazol in case of disease progression 
despite treatment with pirfenidone and/or nintedanib or intolerance to an琀椀昀椀bro琀椀c drugs. 
We found that treatment with danazol did not lead to slowing of lung func琀椀on decline. 
Secondary outcomes, including radiographic imaging and survival analyses, also did not 
point towards a bene昀椀cial e昀昀ect of danazol treatment. The absence of an e昀昀ect might be 
related due to the fact that our study popula琀椀on seemed to represent pa琀椀ents with an 
advanced stage of IPF, where therapeu琀椀c poten琀椀al may be limited. Notably, the pa琀椀ents 
who used danazol for one year did have a slower lung func琀椀on decline under danazol 
than prior to danazol. Alterna琀椀vely, androgen treatment may only be useful in pa琀椀ents 
with proven telomere dysfunc琀椀on. Future studies will have to determine whether earlier 
treatment with danazol or treatment of subgroups of pa琀椀ents with IPF is bene昀椀cial. In this 
context, the TELO-SCOPE study, an ongoing randomized controlled trial where pa琀椀ents 
with pulmonary 昀椀brosis and leukocyte telomere length below the 10th percen琀椀le for age 
will receive treatment with danazol or placebo, is of interest.72 However, it should be noted 
that the inves琀椀gators of this study chose change in leukocyte telomere length, and not 
lung func琀椀on, as their primary outcome, which is in contrast to most recent therapeu琀椀c 
studies for pa琀椀ents with IPF.

Novel treatments for telomere dysfunc琀椀on in the lung are being inves琀椀gated. Possible de-
velopments include the senoly琀椀c darca琀椀nib/querce琀椀n,73 telomerase gene transfec琀椀on,74,75

 

delivery of TERT mRNA to relevant 琀椀ssues,76 telomerase ac琀椀vators,77 or small-molecule 
enhancers of TERC.78,79 These therapies might eventually be used to prevent development 
of pulmonary 昀椀brosis in known telomere-related gene muta琀椀on carriers, or be used as an 
add-on therapy in pa琀椀ents with pulmonary 昀椀brosis that is (partly) mediated by telomere 
dysfunc琀椀on.

In Chapter 10 we provide an overarching framework for the management of IPF and other 
昀椀bro琀椀c lung disease. This framework is based on the treatable traits concept, which was 
昀椀rst developed for airway diseases.80,81 This model allows for the iden琀椀昀椀ca琀椀on of dis琀椀nct 
but some琀椀mes overlapping phenotypes or endotypes within a certain disease. It requires 
validated biomarkers, relevant outcome measures, and evidence-based treatments. We 
think that this approach can be very useful for pa琀椀ents with pulmonary 昀椀brosis in view 
of several developments in the past years. First, it has become clear that pa琀椀ents with 
non-IPF progressive pulmonary 昀椀brosis also bene昀椀t from treatment with an琀椀昀椀bro琀椀c 
drugs,82–84 and these diseases now require a treatment approach that recognizes both 
the underlying cause of the 昀椀brosis (e.g. exposure to an an琀椀gen in hypersensi琀椀vity pneu-
moni琀椀s), as well as the inherently progressive 昀椀brosis. A recent update of the IPF Clinical 
Prac琀椀ce Guidelines includes a de昀椀ni琀椀on for progressive pulmonary 昀椀brosis, and suggests 
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treatment with nintedanib for these pa琀椀ents.39 Second, for pa琀椀ents with IPF and non-IPF 
ILD, several underlying causes have been iden琀椀昀椀ed, including telomere dysfunc琀椀on and 
surfactant-processing disorders. Treatments targe琀椀ng these mechanisms could be devel-
oped, but will need to be incorporated into a treatment framework that already includes 
an琀椀昀椀bro琀椀c drugs and other treatments that can be given irrespec琀椀ve of the underlying 
disease mechanism. Finally, there has been increased a琀琀en琀椀on for symptom relief and 
pallia琀椀ve care interven琀椀ons in pa琀椀ents with end-stage pulmonary 昀椀brosis, and it is impor-
tant to incorporate these interven琀椀ons in a broader treatment framework.

Proposed treatable traits in pa琀椀ents with 昀椀bro琀椀c ILD are: cigare琀琀e smoking, occupa琀椀onal 
exposure, allergen or drug exposures, excessive (pro昀椀bro琀椀c) auto- or alloimmunity, pro-
gressive 昀椀brosis, pulmonary hypertension, obstruc琀椀ve sleep apnoea, exercise intolerance, 
exer琀椀onal hypoxia, and anxiety and depression. There are also several poten琀椀al traits that 
have not been associated with relevant outcomes or for which no e昀昀ec琀椀ve treatment is 
available at present: air pollu琀椀on, mechanical stress, viral infec琀椀ons, bacterial burden in 
the lungs, surfactant-related pulmonary 昀椀brosis, telomere-related pulmonary 昀椀brosis, the 
rs35705950 MUC5B promoter polymorphism, acute exacerba琀椀ons, gastro-oesophageal 
re昀氀ux, dyspnoea, and nocturnal hypoxia. The ‘treatable traits’ concept can be applied in 
new clinical trials for pa琀椀ents with pulmonary 昀椀brosis and could be used for developing 
new treatment strategies.

GENERAL CONSIDERATIONS AND PROSPECTS FOR FUTURE 

RESEARCH

The work presented in this thesis provides new insight into IPF as a part of the spectrum 
of telomere syndromes. It shows that poten琀椀al manifesta琀椀ons of a telomere syndrome 
outside the lung are common in pa琀椀ents with IPF, with 9% and 19% of pa琀椀ents having 
a clinical history sugges琀椀ve of a telomere syndrome, and laboratory abnormali琀椀es sug-
ges琀椀ve of a telomere syndrome, respec琀椀vely. These factors are associated with shorter 
leukocyte telomere length and worse survival. It was also found that other hypothesized 
extrapulmonary manifesta琀椀ons of a telomere syndrome, namely humoral immunode昀椀-
ciency and osteoporosis, were uncommon in pa琀椀ents with IPF, and did not associate with 
leukocyte telomere length. Coronary artery disease and a higher coronary artery calci昀椀ca-
琀椀on score are common, and indicate a worse prognosis, but were not associated with 
leukocyte telomere length and are unlikely to be manifesta琀椀ons of telomere dysfunc琀椀on 
in pa琀椀ents with IPF. Figure 1 provides an overview of prognos琀椀c factors in pa琀椀ents with 
IPF over several domains, and indicates which factors are related to telomere dysfunc琀椀on. 
Taken together, these 昀椀ndings support that IPF is more than a single organ disease.
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Furthermore, this thesis shows that muta琀椀ons in various telomere genes can underly pul-
monary disease, including muta琀椀ons in ACD and TINF2. It is noted that muta琀椀ons in most 

telomere-related genes that were 昀椀rst iden琀椀昀椀ed in pa琀椀ents with other manifesta琀椀ons of a 
telomere syndrome and no pulmonary 昀椀brosis can also be found in pa琀椀ents with IPF. This 
illustrates that IPF is truly part of a spectrum of telomere dysfunc琀椀on-related diseases. 
Speci昀椀c treatments for these diseases remain to be further explored.

Several important ques琀椀ons remain. It has not been elucidated why the lungs are espe-
cially sensi琀椀ve to telomere dysfunc琀椀on, and why IPF is the most common manifesta琀椀on 
of a telomere syndrome, and is o昀琀en the 昀椀rst telomere syndrome phenotype to appear in 
pedigrees characterized by gene琀椀c an琀椀cipa琀椀on.27 One factor might be that average lung 
telomere length is rela琀椀vely short compared to most 琀椀ssues other than blood.85 In addi-
琀椀on, environmental exposures are likely to play a role, as pulmonary 昀椀brosis is more likely 
to develop in carriers of telomere-related gene muta琀椀ons or 昀椀rst-degree family members 
of pa琀椀ents with IPF who are exposed to cigare琀琀e smoke or other occupa琀椀onal or envi-

Figure 1: Factors associated with a poor prognosis of pa琀椀ents with IPF, divided into several domains. Factors 
that are thought to be related to telomere dysfunc琀椀on are highlighted in orange. FVC = forced vital capacity. 
DLCO = di昀昀usion capacity of the lung for carbon monoxide. 6MWT = 6-minute walking test.
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ronmental exposures.4,14 Similarly, in mouse models of telomere dysfunc琀椀on, exposure 
to bleomycin is required for the development of pulmonary 昀椀brosis.86 Another poten琀椀al 
explana琀椀on would be that telomerase ac琀椀vity, which is variable among human stem cell 
compartments, and is extensively regulated,87 is lower in type 2 alveolar epithelial cells 
compared to other stem cells. This has not been con昀椀rmed though, and an obvious reason 
why this would be the case is not apparent. Finally, in pa琀椀ents with dyskeratosis congenita, 
soma琀椀c reversion of pathogenic muta琀椀ons has been found in the blood compartment, 
which might protect against bone marrow failure, and could explain some of the variance 
in disease manifesta琀椀ons in di昀昀erent 琀椀ssues.88,89 In any event, it is probable that whether 
a person develops pulmonary 昀椀brosis depends on a combina琀椀on of inherited telomere 
length, the func琀椀oning of telomerase and telomere protec琀椀on proteins, and exposure 
to internal or external damaging factors. Future studies might shed more light on the 
factors that determine who develops pulmonary 昀椀brosis by measuring telomere length in 
blood and lung cells, including measurement of the shortest telomeres as well as average 
telomere length,90 measurement of telomere damage foci,91 measurement of telomerase 
ac琀椀vity,92 whole genome sequencing, and es琀椀ma琀椀on of life琀椀me exposure using the expo-
some paradigm.93  Novel treatments for pa琀椀ents with pulmonary 昀椀brosis due to telomere 
dysfunc琀椀on can be developed in the context of the treatable traits model.
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Idiopathische pulmonale 昀椀brose (IPF) is een erns琀椀ge longziekte die wordt gekenmerkt 
door steeds verdere verli琀琀ekening van de longen. Pa琀椀ënten met IPF krijgen vaak steeds 
meer last van benauwdheid en komen uiteindelijk aan de ziekte te overlijden. De enige 
genezende behandeling is longtransplanta琀椀e, maar deze is niet voor elke pa琀椀ent mogelijk. 
Behandeling met de an琀椀昀椀bro琀椀sche medicijnen pirfenidon en nintedanib kan achteruitgang 
remmen, maar kan verli琀琀ekening niet stoppen of terugdraaien. Er is steeds meer aandacht 
voor het vroeg琀椀jdig opsporen van IPF of voorstadia van IPF. Hopelijk kan er zo eerder 
worden gestart met een behandeling om verli琀琀ekening te voorkomen. In Hoofdstuk 2 

wordt beschreven dat zelfs jaren voordat pa琀椀ënten met IPF symptomen van de ziekte 
krijgen, er vaak al afwijkingen kunnen worden gezien op röntgenfoto’s die om andere 
redenen waren gemaakt. Dit beves琀椀gt dat IPF een ziekte is die zich vaak langzaam ontwik-
kelt, en dat er poten琀椀e is voor het eerder opsporen van (voorstadia van) de ziekte. Verder 
werd gevonden dat er geen betere overleving was van pa琀椀ënten bij wie sneller na het 
begin van de symptomen de diagnose werd gesteld, ondanks dat de meeste pa琀椀ënten wel 
werden behandeld met een an琀椀昀椀bro琀椀sch medicijn. Dit laat zien dat er nog veel werk moet 
worden verricht voordat eerdere opsporing van long昀椀brose ook voor betere overleving 
van pa琀椀ënten zal zorgen.

In een deel van de pa琀椀ënten komt IPF of een andere vorm van long昀椀brose voor in de 
familie. IPF is dus soms erfelijk. Het kan dat deze pa琀椀ënten, maar ook pa琀椀ënten zonder 
long昀椀brose in de familie, afwijkingen hebben in genen die betrokken zijn bij het onderhoud 
van telomeren. Telomeren zijn de uiteinden van chromosomen, en normaliter worden 
deze na elke celdeling iets korter. Wanneer telomeren te kort zijn, kan een cel niet verder 
delen en raakt deze in een soort slaaptoestand of gaat deze te gronde. In de long betekent 
dit dat schade die ontstaat als gevolg van constante blootstelling aan virussen, bacteriën, 
luchtvervuiling, of andere factoren, niet goed kan worden hersteld en er verli琀琀ekening 
ontstaat. In het algemeen is de overleving van pa琀椀ënten met IPF afwijkingen in telomeer-
genen slechter dan in pa琀椀ënten met IPF zonder afwijkingen in telomeergenen. Pa琀椀ënten 
met een zogenaamd telomeersyndroom kunnen ook ziekten buiten de long hebben, zoals 
verli琀琀ekening van de lever, bloedarmoede, beenmergfalen, en nagel- of huidafwijkingen. 
In Hoofdstuk 3 wordt beschreven dat ongeveer een kwart van de pa琀椀ënten met IPF mo-
gelijke ui琀椀ngen van een telomeersyndroom hee昀琀 buiten de long. Dit is bijvoorbeeld een 
voorgeschiedenis van bloedarmoede of verli琀琀ekening van de lever, een familiegeschiede-
nis van beenmergfalen of verli琀琀ekening van de lever, of laboratoriumafwijkingen in een 
van de verschillende bloedlijnen. Pa琀椀ënten die een of meer van deze ui琀椀ngen hebben, 
hadden een slechtere overleving dan pa琀椀ënten die dit niet hebben. Deze informa琀椀e kan 
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dus worden gebruikt om een inscha琀�ng van de prognose te maken, zelfs als speci昀椀eke 
informa琀椀e over afwijkingen in telomeergenen niet beschikbaar is.

In Hoofdstuk 4 en Hoofdstuk 5 worden mogelijke andere ui琀椀ngen van een telomeer-
syndroom buiten de long onderzocht. Stoornissen in de afweer, botontkalking, en 
kransslagaderverkalking lijken allemaal niet geassocieerd te zijn met kortere telomeren. 
Afweerstoornissen en botontkalking komen maar weinig voor bij pa琀椀ënten met IPF. Krans-
slagaderverkalking komt wel vaker voor, in ongeveer 30% van de pa琀椀ënten. Ondanks dat 
dit niet een ui琀椀ng van een telomeersyndroom lijkt te zijn, is dit wel geassocieerd met een 
slechtere overleving. Een zogeheten kransslagader-calci昀椀ca琀椀e-score kan vrij gemakkelijk 
worden bepaald aan de hand van de scan die van de longen wordt gemaakt voor het 
stellen van de diagnose van IPF. Pa琀椀ënten bij wie deze score hoog is, hebben een slechtere 
overleving.

De verschillende ui琀椀ngen van een telomeersyndroom lijken zich op een spectrum te bev-
inden. In Hoofdstuk 6 wordt een overzicht gegeven van de verschillende ui琀椀ngen van een 
telomeersyndroom in de long. Het blijkt dat dit niet alleen IPF is, maar ook andere vormen 
van long昀椀brose, emfyseem, en afwijkingen aan de longvaten komen voor. Afwijkingen 
in verschillende telomeergenen kunnen allemaal tot vergelijkbare ziekte lijden, terwijl 
dezelfde afwijking soms to verschillende ziekten kan lijden. In Hoofdstuk 7 wordt aan-
getoond dat in sommige pa琀椀ënten met IPF muta琀椀es in het ACD-gen ten grondslag liggen 
aan de ziekte. Muta琀椀es in dit telomeergen werden eerder al aangetoond in pa琀椀ënten met 
een andere vorm van een telomeersyndroom (bloedarmoede). In Hoofdstuk 8 wordt een 
pa琀椀ënt beschreven met een afwijking in het telomeergen TINF2. Deze pa琀椀ënt had naast 
IPF ook een afweerstoornis. Opvallend was dat de lengte van telomeren in het bloed van 
deze pa琀椀ënt normaal was. Dit laat zien dat telomeerlengte waarschijnlijk niet de enige 
belangrijke factor is. Ook telomeren die een normale lengte hebben, maar om een andere 
reden onvoldoende stabiel zijn, kunnen tot vergelijkbare problemen leiden als te korte 
telomeren.

Er is nog geen speci昀椀eke behandeling beschikbaar voor pa琀椀ënten met IPF in het kader 
van een telomeersyndroom. Er zijn wel aanwijzingen dat het middel danazol pa琀椀ënten 
met bloedarmoede in het kader van een telomeersyndroom kan helpen, en mogelijk ook 
verli琀琀ekening van de long kan remmen. In Hoofdstuk 9 worden de resultaten beschreven 
van behandeling van pa琀椀ënten met IPF met danazol. In deze studie wordt, voor de hele 
groep pa琀椀ënten, geen e昀昀ect gezien van behandeling met danazol op de achteruitgang van 
longfunc琀椀e, en ook secundaire uitkomstmaten zoals overleving en radiogra昀椀sche beelden, 
geven geen aanwijzingen voor een posi琀椀ef e昀昀ect van danazol. De afwezigheid van dit ef-
fect zou er mee te maken kunnen hebben dat alleen pa琀椀ënten in een laat stadium van de 
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ziekte behandeling met danazol kregen, nadat ze ondanks behandeling met an琀椀昀椀bro琀椀sche 
middelen achteruit gingen. Een andere belangrijke bevinding is dat 42% van de pa琀椀ënten 
binnen een jaar stopte met danazol vanwege bijwerkingen. Pa琀椀ënten die  danazol wel ten 
minste een jaar gebruikten, hadden een langzamere achteruitgang van hun longfunc琀椀e 
dan voordat ze het middel gebruikten. Dit zou kunnen betekenen dat eerdere of meer 
langdurige behandeling nodig is voordat danazol een posi琀椀ef e昀昀ect hee昀琀. Of behandeling 
met danazol in een eerder stadium van de ziekte of in speci昀椀eke subgroepen van pa琀椀ënten 
met IPF inderdaad zinvol is, zal uit toekoms琀椀g onderzoek moeten blijken.

Het wordt steeds duidelijker dat er veel overlap is tussen onderliggende oorzaken van IPF 
en andere vormen van long昀椀brose. Daarnaast is recent aangetoond dat de an琀椀昀椀bro琀椀sche 
medicijnen ook bij andere vormen van long昀椀brose dan IPF lijken te werken. Het wordt 
daarom ingewikkelder om te bepalen welke behandeling of behandelingen het meest 
geschikt zijn voor een speci昀椀eke pa琀椀ënt met long昀椀brose. In Hoofdstuk 10 wordt het 
zogeheten ‘treatable traits’ model toegepast op long昀椀brose. Binnen dit model kunnen 
er verschillende onderliggende oorzaken of risicofactoren van long昀椀brose worden onder-
zocht met behulp van gevalideerde tests, zoals een test in het bloed, een scan, of een 
vragenlijst. A昀栀ankelijk van de uitslag van een test kan een bepaalde behandeling worden 
gestart om een speci昀椀eke ‘trait’ te behandelen. Meerdere onderliggende oorzaken of risi-
cofactoren kunnen aanwezig zijn in dezelfde pa琀椀ënt en dus kunnen ook meerdere soorten 
behandeling nodig zijn. Dit model is een belangrijke stap op weg naar gepersonaliseerde 
behandeling voor pa琀椀ënten met long昀椀brose.

Toekoms琀椀ge onderzoeken kunnen hopelijk beter inzicht geven in de precieze oorzaak 
van IPF in pa琀椀ënten met een telomeersyndroom. Waarom krijgt de ene pa琀椀ënt met een 
afwijking in een telomeergen IPF, en de andere pa琀椀ënt een andere longziekte of zelfs een 
ziekte buiten de longen? Omgevingsfactoren lijken in ieder geval een rol te spelen. Het 
systema琀椀sch nagaan van telomeerlengte in verschillende weefsels, de ac琀椀viteit van ver-
schillende mechanismen betrokken bij het onderhoud van telomeren, en blootstellingen 
aan (mogelijke) schadelijke sto昀昀en kunnen hier hopelijk antwoord op geven. Daarnaast 
kunnen uiteindelijk nieuwe behandelingen voor long昀椀brose in het kader van een telo-
meersyndroom worden ontwikkeld binnen het ‘treatable traits’ model.
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