Acta Pharmaceutica Sinica B 2026;16(8):4829—4853

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

REVIEW

Telomere-associated non-malignant pulmonary =
diseases: Pathogenic mechanisms and o
therapeutic strategies

Hongyan Zhan™', Ruifang Zheng®', Yanyan Li*, Xinyu Liu?,
Yujie Shi®, Ruxuan Chen®, Qi Hou?, Hui Huang™", Mingbao Lin™"

Unstitute of Materia Medica, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing
100050, China

Department of Pulmonary and Critical Care Medicine, Peking Union Medical College Hospital, Chinese Academy
of Medical Sciences & Peking Union Medical College, Beijing 100730, China

“Xinjiang Key Laboratory of Uygur Medical Research, Xinjiang Institute of Materia Medica, Urumgqi 841100,
China

Received 24 May 2025; received in revised form 12 December 2025; accepted 15 January 2026

KEY WORDS Abstract Telomeres and telomerase have been extensively implicated in the cellular processes of aging
and inflammation. Recent studies have shown that telomere length (TL), the shelterin complex, and telo-

;ziziz:;e; merase dysfunction are closely related to non-malignant pulmonary diseases, including interstitial lung
Non-malignant pulmonary disegses (ILD), c.hron.ic obstructive Pulmonary disease (COPD), and asthma. .Short telomere defec.ts with
diseases; or without mutations in telomere maintenance genes and telomerase are relatively common, affecting the
Senescence; progression of non-malignant pulmonary diseases, explaining disease susceptibility, and revealing clini-
Inflammation; cally relevant manifestations. In this review, we examine the biological characteristics and functions of
Senescence-associated telomeres and telomerase, and investigate the intricate relationship between changes in TL and mutations
secretory phenotype; in telomerase genes in non-malignant pulmonary diseases after a detailed associated literature review.
Mechanisms; Subsequently, we focus on the clinical features of non-malignant pulmonary diseases related to dysfunc-

Therapeutic strategies tional telomeres/telomerase, as well as the potential molecular mechanisms underlying these associations,

along with the current status of therapeutic interventions. Finally, we delineate current knowledge gaps
and transformative opportunities in telomere biology research, with a focus on bridging molecular discov-
eries to clinical innovations for telomere-associated non-malignant pulmonary diseases, aiming to accel-
erate the development of precision diagnostic tools and mechanism-based therapeutics.
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1. Introduction

Human lungs, as a major internal organ requiring continuous
bidirectional exchange with the external environment through the
respiratory tract, endure various biological, chemical, mechanical,
and immunological stresses throughout an individual’s lifetime.
Pulmonary diseases are responsible for millions of deaths world-
wide each year, and pulmonary function continues to decline with
age and environmental exposures, especially among the elderly'.
To date, at least 40 distinct cell types have been identified in the
lung®. Emerging technologies such as single-cell transcriptomics
and in vivo lineage tracing have helped uncover cellular diversity
and clarify lineage hierarchies®. In the aging lung, diverse cell
populations undergo distinct structural and functional declines,
broadly classified into four categories: respiratory epithelium,
lung progenitor cells, pulmonary immune cells, and interstitial
compartment'. These alterations collectively impair pulmonary
function. Specifically, aging respiratory epithelium exhibits
quantitative and qualitative deficits, such as a loss of specific cell
types and reduced mucociliary clearance®. Lung-resident stem
cells face a diminished capacity for tissue repair and regeneration
with age, while pulmonary immune cells, such as alveolar mac-
rophages, display various functional deficits, like impaired
phagocytic clearance and weakened antiviral responses>®.
Concurrently, the aging interstitial compartment contributes to
tissue remodeling and fibrosis”®. However, the upstream drivers of
lung aging, its comprehensive impact on the pulmonary cellular
landscape, and the reason why premature senescence increases the
susceptibility to non-malignant pulmonary diseases remain un-
clear. Therefore, it is urgent to elucidate the role and mechanisms
of lung aging in relation to organ aging for a comprehensive un-
derstanding of non-malignant pulmonary disease development.
Telomeres are specialized chromatin structures that protect the
ends of chromosomes from detrimental degradation, fusion, or
aberrant DNA repair responses. In most somatic cells, telomeres
undergo progressive shortening due to the “end replication problem
(ERP)”. That is, DNA polymerases are unable to completely
replicate chromosome ends, resulting in the loss of DNA at the
chromosome ends during each replication cycle. In the absence of
telomere maintenance mechanisms such as the expression of telo-
merase or recombination among telomeres, cumulative telomere
attrition across successive cell divisions ultimately induces repli-
cative senescence, a state of permanent growth arrest defined by the
Hayflick limit'®. Furthermore, telomeres are highly vulnerable to
oxidative stress due to their G-rich sequence, which favors the
formation of 8-oxo-7,8-dihydro-2/-deoxyguanosine''. Compound-
ing this inherent susceptibility, the compact heterochromatin
structure of telomeres hinders the access and efficiency of key DNA
damage repair pathways, leaving oxidative lesions inadequately
repaired'?. This damage directly disrupts DNA replication, leading
to accelerated telomere shortening13. Consequently, telomere
shortening is recognized as a biomarker of cumulative oxidative
damage and cellular senescence. Nowadays, a spectrum of meth-
odologies exists for assessing telomere length (TL) in human cells,
each presenting distinct advantages and drawbacks'® (Fig. 1).

Recent studies have revealed that telomere shortening exerts a
substantial influence on the progression of non-malignant pulmo-
nary diseases'>. It is now clear that telomere shortening is not
merely a marker of aging but a dynamic and influential driver of
disease pathogenesis across a spectrum of conditions, including
interstitial lung diseases (ILD), chronic obstructive pulmonary
disease (COPD), and asthma'® 2. This pervasive role is evidenced
by the significantly shortened telomeres observed in peripheral
blood cells of patients with specific subtypes of ILD*' as well as in
alveolar epithelial cells, endothelial cells, fibroblasts, and smooth
muscle cells of COPD patients®>>*. The mechanisms linking telo-
mere shortening to pathology are multifaceted, encompassing
genomic instability>®, cellular senescence®, compromised immune
function®®, senescence-associated secretory phenotypes (SASP)?’,
and mitochondrial impairment®. In light of these mechanisms,
telomerase activation therapy, gene editing, and antioxidant/anti-
senescence therapies emerge as promising therapeutic strategies
to address telomere dysfunction in non-malignant pulmonary dis-
eases (Fig. 1).

This review is therefore constructed around a central scientific
thesis: while telomere shortening represents a fundamental patho-
genic element in non-malignant pulmonary diseases, its specific
pathological manifestation, ranging from progressive fibrosis in
ILD to inflammatory tissue destruction in COPD and immune-
mediated remodeling in asthma, is determined through precise
molecular mechanisms within distinct cellular microenvironments.
To substantiate this thesis, we first present an overview of telomere
biology, highlight the intricate interplay between TL changes and
telomerase function, and explore the connection between telomere
(TL or the shelterin complex) and telomerase dysfunction with age-
related non-malignant pulmonary diseases. Then, we discuss the
potential molecular mechanisms of telomere shortening in the
pathogenesis of non-malignant pulmonary diseases and a compar-
ative analysis of disease-specific molecular mechanisms, identi-
fying how divergent signaling pathways and distinct SASP translate
telomere shortening into discrete pathological programs across
different diseases. Subsequently, we critically evaluate the current
therapeutic strategies and drug status for treating non-malignant
pulmonary diseases associated with telomere-dependent senes-
cence. Finally, we delineate the persistent gaps in our mechanistic
understanding of telomere biology and its clinical translation. These
limitations, primarily stemming from the complexity of
telomere—environment interactions and the incomplete character-
ization of regulatory networks, highlight critical opportunities to
refine diagnostic frameworks and therapeutic strategies for
telomere-associated non-malignant pulmonary diseases.

2. The connection of telomeres and telomerase with age-
related non-malignant pulmonary diseases

2.1.  Characteristics and biological functions of telomeres and
telomerase

Telomeres, protective structures located at the ends of chromo-
somes in eukaryotes, consist of repetitive DNA sequences
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Figure 1

Schematic diagram of telomeres and telomerase, and the relationship between telomere-related dysfunction and non-malignant

pulmonary diseases. Fan-shaped pink area: the factors that affect telomere length. Fan-shaped yellow area: the effects that are caused by telo-
mere shortening and the potential mechanisms of telomere shortening in non-malignant pulmonary diseases. Blue area: the methods for evaluating

telomere length. Purple area: potential therapeutic strategies for telomere
ations: ERP, end replication problem; ILD, interstitial lung diseases; PF,
TERC, telomerase RNA component; TERT, telomerase reverse transcripta:
binding factor 2; RAP1, repressor/activator protein 1; TIN2, TRF1-interac
telomeres 1; TERRA, telomeric repeat-containing RNA; PCR, polymera
associated secretory phenotype.

(TTAGGG) and a six-protein complex (shelterin). Among the
shelterin components, telomeric repeat-binding factors 1 and 2
(TRF1 and TRF2) bind to telomeric double-stranded DNA as
dimers, playing critical roles in maintaining telomere structural
stability and regulating TL. TRF1 primarily mediates the negative
regulation of TL, while TRF2 is essential for protecting telomere
ends from being recognized as DNA damage sites and facilitating
the formation of telomere loops. Another protein, repressor/acti-
vator protein 1 (RAP1), interacts with TRF2 to enhance the
specificity of TRF2’s binding to telomeric DNA sequences and
regulate its localization at chromosome ends. Protection of telo-
meres 1 (POT1) binds to a single-stranded sequence and interacts
with TRF1 and TRF2 through TINT1/PTOP/PIP1 (TPP1), while
also binding to TRFI-interacting nuclear factor 2 (TIN2)'¢2%733
The shelterin complex has an immensely complex role in safe-
guarding exposed telomeric DNA ends from damage and fusion
(solving the end protection problem), and regulating telomerase
recruitment to control TL changes (solving the end replication
problem)** 7.

Telomerase, a special enzyme responsible for synthesizing new
telomere repeats, mainly consists of telomerase reverse

dysfunction-associated non-malignant pulmonary diseases. Abbrevi-
pulmonary fibrosis; COPD, chronic obstructive pulmonary disease;
se; TRF1, telomeric repeat-binding factor 1; TRF2, telomeric repeat-
ting nuclear factor 2; TPP1, TINT1/PTOP/PIP1; POT1, protection of
se chain reaction; AAV, adeno-associated virus; SASP: senescence-

transcriptase (TERT), telomerase RNA component (TERC), and
dyskerin. Telomerase counteracts some of the telomere shortening
acquired during cell replication. However, telomerase expression
exhibits stringent cell type-specificity, and it is usually active
mainly in stem cells and germ line cells’®. The epigenetic
silencing of its activity in somatic cells induces progressive telo-
mere attrition. Once reaching the genomic stability threshold, this
process ultimately triggers replicative senescence through the
DNA damage response (DDR) machinery'®. Pulmonary epithelial
stem cells, including an identified population of distal bronchiolar
alveolar epithelial cells with self-renewal and differentiation ca-
pacity, are crucial for maintaining tissue homeostasis and medi-
ating repair after injury®”. The functional integrity of these cells is
critically dependent on telomerase, which maintains TL homeo-
stasis by synthesizing telomeric repeats to counteract their pro-
gressive erosion. This telomerase-mediated maintenance of
telomeres is essential for the sustained regenerative capacity of the
pulmonary epithelium, and its dysfunction is a key driver of age-
related tissue decline®”. TL serves as an indicator of cellular
fitness, with its attrition rate varying across different cell types,
which is potentially linked to differential telomerase activity and
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the efficacy of antioxidant defense mechanisms*'. In addition to
age and ERP, lung-specific stressors such as chronic inhalation of
airborne pollutants, oxidative stress, recurrent respiratory in-
fections, pressure, metabolic dysfunction such as obesity, and
genetic vulnerabilities such as TERT/TERC mutations and shel-
terin complex defects could lead to sustained DNA damage and
subsequent telomere shortening in pulmonary or immune cells, the
manifestation of which is clinically evident in a variety of non-
malignant pulmonary diseases®>*"** (Fig. 1).

2.2.  Association between telomere shortening and non-
malignant pulmonary diseases

Emerging evidence reveals that telomere attrition exhibits disease-
specific patterns in non-malignant pulmonary disorders such as
ILD, COPD, and asthma. These patterns directly link telomere
dysfunction to cellular senescence, impaired alveolar regenera-
tion, and persistent tissue inflammation, highlighting the critical
role of telomere biology in lung pathophysiology.

However, changes in TL are also heterogeneous, and what are
the primary factors influencing this? And what is the specific
correlation between TL changes and telomerase regulation? The
heterogeneity of TL changes in non-malignant pulmonary diseases
arises from three hierarchical determinants: 1) intrinsic drivers
such as genetic variants and initial inherited TL; 2) extrinsic
modifiers such as environmental exposures and TL attrition from
therapeutic interventions for underlying diseases over the years; 3)
disease-stage feedback loops wherein progressive telomere crisis
amplifies tissue dysfunctional events and perpetuates pulmonary
epithelial injury*>**. Additionally, TL dynamics are primarily
regulated by the activity of telomerase, but also exhibit complex
modulation through telomerase recruitment efficiency, regulation
of shelterin complex, and cell proliferation rate, collectively
shaping TL changes in a cell type- and stress-dependent manner™’.
Genetic mutations that impact the expression or function of
telomerase, as well as subtle metabolic, environmental, or sys-
temic changes, can influence TL and increase susceptibility to
non-malignant pulmonary diseases'”. Notably, even when telo-
merase is normally expressed, not all telomeres undergo extension
during each cell cycle*®. Therefore, there exists a complex inter-
play between TL and telomerase activity. Revealing this rela-
tionship will greatly enhance comprehension of the role of
telomere dysfunction in the pathogenesis of non-malignant pul-
monary diseases (Fig. 1).

2.2.1. Interstitial lung diseases

Short telomeres are a common defect in ILD, characterized by
inflammation and fibrosis within the interstitial space, as well as
impaired gas exchange*”*®. Numerous studies have demonstrated
that maintaining TL is crucial in some ILDs, exhibiting signs of
telomere shortening®'*>°. For example, shortened peripheral
blood leukocyte telomere length (PBL-TL) has been associated
with the presence of ILD in both rheumatoid arthritis-associated
interstitial lung disease (RA-ILD) and systemic sclerosis-
associated interstitial lung disease (SSc-ILD), correlating with
disease severity’'>2. Variability in telomere shortening exists
among different forms of ILD, which can be categorized as
congenital defects in telomere biology and stress-induced acquired
telomere shortening. Although acquired telomere shortening is a
common feature of many non-malignant respiratory diseases,
patients with idiopathic pulmonary fibrosis (IPF) have signifi-
cantly shorter TL than those with other forms of ILD, including

nonspecific interstitial pneumonia, cryptogenic organizing pneu-
monia, hypersensitivity pneumonitis, and sarcoidosis®"**. There-
fore, congenital defects in telomere biology are crucial in IPE.
Genetic factors associated with telomere biology are fundamental
to telomere shortening in IPF patients, with IPF being the
phenotype most closely linked to germline defects in telomere
maintenance. The subsequent section will delve into pulmonary
fibrosis (PF) and its related molecular mechanisms.

Telomere-associated mutations underlie the inheritance of fa-
milial pulmonary fibrosis (FPF). However, patients with sporadic
IPF also exhibit generally shortened telomeres in multiple lineages,
including lymphocytes, granulocytes, lung fibroblasts, and alveolar
epithelial cells. This supports the idea that the short telomere in IPF
is systemic'>*3. Notably, telomerase mutations could occur
independently of a telomere-mediated family history, further
complicating genotype—phenotype correlations in telomere-
associated non-malignant pulmonary diseases’®. Meanwhile, mu-
tations in telomere-related genes such as TERT, poly (A)-specific
ribonuclease (PARN ), and regulator of telomere elongation heli-
case 1 (RTELI) were also present in RA-ILD, suggesting a
contribution of FPF-related genes to susceptibility for RA-ILD and
partially shared genetic pathogenic mechanisms>>.

Overall, these diverse clinical phenotypic observations and
genetic clues support that IPF is the most common manifestation
of telomere dysfunction in non-malignant pulmonary diseases, but
not the only one. This indicates phenotypic heterogeneity and has
important implications for making accurate diagnoses, providing
effective genetic counseling, anticipating genetic risks, adjusting
drug dosages, and guiding therapeutic decisions”®>’.

2.2.2.  Chronic obstructive pulmonary disease
Short telomeres serve as a predictive marker of COPD progression,
marked by progressive and irreversible airflow limitation, including
chronic obstructive bronchiolitis and emphysema. TL is indicative
of all-cause mortality risk, disease progression, survival expec-
tancy, and quality of life in COPD®. Compared to smokers with
normal lung function, patients with COPD experienced more sig-
nificant telomere shortening in circulating leukocytes™®°. Shorter
TL was also observed in alveolar epithelial and endothelial cells of
emphysema patients, leading to accelerated cellular senescence®’.
A longitudinal study revealed that smoking significantly acceler-
ated lung function decline in subjects with shorter TL®?. Moreover,
COPD patients with shorter TL had a worse prognosisf’3. A 10-year
study of TL dynamics in COPD patients revealed that those
experiencing accelerated telomere shortening exhibited diminished
lung gas exchange capacity, excessive lung expansion, and
extrapulmonary lesions during follow-up®. These findings suggest
that TL may serve as an effective biomarker for assessing the
progression of COPD. However, while TL is influenced by lifestyle
and environment, its variability depends more on genetic factors.
Baseline TL is genetically determined, and changes in TL during
diseases are closely associated with age-adjusted baseline TL.
Telomere shortening was accelerated in COPD patients, but the
shortening rate of telomeres was negatively correlated with base-
line TL, which could be explained by negative feedback regulation
in the dynamics of telomere shortening®. However, the association
between dynamic TL changes in pulmonary structural and immune
cells and long-term lung function changes remains unclear. This
may require a larger sample size and a longer study period to draw
definitive conclusions.

Emphysema is another pulmonary phenotype strongly associ-
ated with telomere dysfunction®. Telomerase mutations mediate a
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unique gene—environmental interaction that increases smokers’
susceptibility to emphysema®’. In the COPD cohort, approxi-
mately 1% of COPD patients were found to carry TERT muta-
tions, which significantly reduce telomerase activity, impact TL,
and correlate with the severity of emphysema®®. The study by
Ding et al.*” demonstrated that single-nucleotide polymorphisms
(SNPs) in TERT are associated with an increased risk of COPD in
certain populations, suggesting that the interaction of TERT gene
loci may be more important than a single locus. Additionally,
SNPs near TERC could independently influence the risk of COPD,
regardless of TL’’. These findings provide deeper insights into the
heterogeneity of COPD across different populations and offer
crucial information for assessing risk and identifying novel
candidate genes.

2.2.3. Asthma

Short telomeres are an etiological mediator of asthma, often
accompanied by airway hyperresponsiveness and reversible
airflow limitation. A meta-analysis revealed a negative correlation
between TL and asthma, while a positive correlation was found
between TL and lung function indicators, such as forced expira-
tory volume in 1 s (FEV)), forced vital capacity (FVC), and FEV,/
FVC'. This suggests that TL-indicated accelerated senescence
may be involved in the pathogenesis of asthma and inter-
individual variability in lung function. The TL of bronchial
fibroblasts was shorter in mild asthma patients than in healthy
individuals, which was associated with elevated (-galactosidase
levels’!. Severe therapy-resistant asthma is strongly related to
different clinical and inflammatory phenotypes, with severely
shortened telomeres and up-regulated eotaxin-1 levels’>>. These
findings indirectly suggest that cellular senescence may contribute
to the pathogenesis of asthma and potentially increase suscepti-
bility to early asthma. Furthermore, the end-stage of telomere
shortening not only accounts for the limited cell proliferation and
premature senescence in asthma patients but also highly correlates
with the clinical features and severity of asthma. Research has
confirmed that telomere shortening in bronchial fibroblasts is
associated with airway hyperresponsiveness and reduced forced
expiratory flow’"’*. Moreover, shorter telomeres may serve as
indicators of asthma persistence throughout life, possibly through
systemic eosinophilic inflammation’. TL could also reflect the
therapeutic effect of medication on asthma, as patients receiving
steroid therapy experienced less telomere shortening compared to
untreated patients’®.

3. Potential molecular mechanisms of telomere shortening in
non-malignant pulmonary diseases

Genetic defects in telomere maintenance and accelerated telomere
shortening are recognized as important drivers of chronic lung
pathologies through their dual impact on cellular function and
tissue microenvironment. By impairing alveolar regeneration,
perpetuating fibrotic signaling, and amplifying inflammaging,
these telomere-centric alterations create a self-reinforcing loop
that exacerbates disease progression. Identifying the pathogenic
mechanisms of telomere shortening in non-malignant pulmonary
diseases and exploring novel therapeutic approaches represent
pressing and complex challenges, which can suggest prognosis
and provide a theoretical basis for drug research and therapy
selection.

3.1.  Interstitial lung diseases

3.1.1.  Genetic features of telomere/telomerase-mediated ILD
Approximately one-third of patients with FPF carry pathogenic
mutations in telomerase or other telomere maintenance genes'”.
To date, 17 genes have been implicated in telomere biology dis-
orders, each contributing to telomere dysfunction through distinct
mechanisms, such as impaired telomere maintenance, disrupted
telomeric structure, loss of protective capping function, or altered
telomerase abundance and activity (Fig. 2)””. A common hallmark
across most telomere biology disorders is accelerated telomere
shortening, which underlies key clinical features, including ge-
netic anticipation. In affected families, offspring with genetic
mutations and shorter TL exhibit earlier and more severe disease
onset’’. Notably, the genetically expected pattern of offspring may
display phenotypic heterogeneity within the same family, mani-
festing as different pathologies of idiopathic interstitial pneumo-
nitis>”. This suggests that underlying genetic factors can increase
susceptibility to PF but not to a specific subtype of pathology. As a
result, it is more accurate to describe the phenotype of some
families as FPF rather than familial IPF**7%,

Telomerase components (partial). TERT mutations are the
most common genetic defect in IPF, accounting for 15% of fa-
milial inheritance. These mutations span the entire gene and lead
to diminished telomerase activity, compromising its conserved
catalytic function’®”. NOP10, as part of the H/ACA ribonu-
cleoprotein complex, plays a critical role in stabilizing TERC®®. A
monoallelic variant in NOPI0 was recently reported in a family
with adult-onset PF and short telomeres, although the precise
pathogenic mechanism remains to be elucidated®'. Additionally,
heterozygous mutations in NHP2, a contributing component of the
telomerase holoenzyme, have been identified in three unrelated
patients with PF®?. Telomere Cajal body protein 1 (TCABI),
encoded by WRAP53, influences trafficking of telomerase to Cajal
bodies, recruitment of telomerase to telomeres, and folding of the
TERC domain, which are essential for telomerase activation®>34,
Moreover, TCAB1 has also been involved in DNA repair®®. To
date, whether the disruption of this function contributes to the
telomere-associated clinical phenotype remains unknown.
Notably, TRiC chaperonin complex functions as an integral
component of telomere maintenance by properly folding and
stabilizing TCAB1. Recent work has identified right open reading
frame kinase 2 as an upstream transcriptional regulator, whose
deficiency downregulates mRNA expression of both TRiC and
dyskerin complex subunits that impairs telomerase activity and
triggers telomere shortening in IPF®.

TERC biogenesis and stability factors. Another class of
genes associated with FPF mainly influences the integrity,
biogenesis, and catalytic function of TERC, including TERC,
DKCI, NAFI, ZCCHCS, and PARN. These mutations predomi-
nantly result in autosomal dominant disease, except for DKCI
mutations, which manifest as X-linked disease in males'>*.
Mutations in the TERC gene itself often disrupt its structural
integrity and the base pairings required for TERT to perform its
catalytic functions. Another mutant gene, DKCI, encodes dys-
kerin, a protein essential for stabilizing cassette H/ACA RNA such
as TERC, and mutations that impair this interaction compromise
TERC maturation and stability, leading to decreased telomerase
activity and accelerated telomere shortening®’. DKCI mutations
could lead to an overall lack of dyskerin, resulting in PF mani-
festation in adults'>®8°. NAFI encodes a ribonucleoprotein
whose mutations affect TERC transport and nucleolar
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Mechanisms linking telomere biology disorders to pulmonary fibrosis. Multiple factors involved in global genome integrity play

critical roles at telomeres by facilitating telomere replication, participating in 3’G-overhang production, affecting TERC or its biogenesis and
localization, and promoting telomerase recruitment. Mutant components are highlighted in color. Abbreviations: RAP, repeat addition

processivity.

localization, resulting in PF and emphysema®. The defective
function of ZCCHCS, a targeting component of nuclear RNA
exosomes, affects TERC 3’ end post-transcriptional maturation,
leading to FPF®'. Similarly, PARN mutations disrupt the pro-
cessing of nascent and adenylated TERC, impacting their stability
and enhancing susceptibility to PF*>3,

Telomeric accessory factors. RTELI1, an essential DNA
helicase, safeguards telomere replication by unwinding
G-quadruplexes and disassembling the telomere loop structure.
RTELI mutations tightly link FPF to telomere shortening, but the
precise mechanisms require further investigation’>. The single-
strand DNA-binding protein RPA1, critical for DNA replication
and repair, is also integral to telomere maintenance. Monoallelic
RPA1I variants have recently been identified in four unrelated in-
dividuals, presenting with short telomeres and telomere biology
disorder manifestations, including PF**. Recently, a study revealed
that UBQLNT1 could regulate TL by shutting RPA1 off from the
replication fork. The deficiency of UBQLN1 causes a replication
problem and telomere shortening. Moreover, knocking down
UBQLNI in lung cells of the IPF model would accelerate senes-
cence and aggravate PF, indicating that the UBQLN1—RPA1 axis
plays a vital role in telomere maintenance and the pathogenesis of
IPF”. Other telomeric accessory factors, such as DCLREIB,
CTCl1, and STN1, play a crucial role in regulating the telomeric 3’/
G-overhang’’. However, whether they play a causative role in PF
has yet to be elucidated.

Shelterin factors. TIN2 is a telomerase-recruiting factor, and
TINF2 mutations may affect telomerase processivity, leading to
telomere shortening. Although 7/NF2 mutations represent a
relatively rare etiology of adult-onset PF, the observed depletion

of TIN2 in fibrotic lungs suggests a broader role in disease
pathogenesis. The extent to which this loss impairs local telo-
merase function and contributes to alveolar maintenance failure
represents a significant gap in our mechanistic understanding of
fibrotic progression®® %, The shelterin component TPP1, encoded
by ACD, serves as a key regulator of telomere stability and telo-
merase recruitment. Importantly, disease-causing mutations in
ACD have been identified in patients with PF, implicating dis-
rupted telomere maintenance as a contributing mechanism in the
disease®®. Another shelterin protein, POT1, interacts with TPP1 to
form a complex that orchestrates the protection of telomeric 3’
G-overhang, while also recruiting telomerase to telomeres and
regulating its activity and repeat addition processivity'%.
Disruption of these critical functions is exemplified by the recently
identified POT! (L259S) mutation. Functionally, this mutation
causes telomere shortening, lagging-strand defects, telomere-
induced DNA damage, and premature senescence with irrevers-

ible G1 arrest'°".

3.1.2.  Telomeric repeat-containing RNA (TERRA) expression
regulates the course of ILD

Long non-coding RNA (IncRNA) is a type of RNA molecule
lacking protein-coding ability and exhibiting specificity in tissue
and cell type. It is closely related to epigenetic regulation of genes
in physiological and pathological processes'*'*®. Cao et al.'™
found that the expression profile of IncRNA was significantly
altered in PF tissues, correlating with multiple signaling pathways
such as PPAR, JAK—STAT, and chemokines. Telomere-associated
IncRNA, TERRA, is a telomeric repeat-containing RNA tran-
scribed from the sub-telomeric region. It can invade the telomeric
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DNA double-strand and form an RNA: DNA heteroduplex with
the template strand (R-loop structure)'®. This structure is essen-
tial for the recognition of shelterin and regulation of biological
processes in DNA to maintain telomere homeostasis’ 957197,
Increased expression of TERRA has been reported to correlate
with susceptibility to oxidative stress and apoptosis in type II
alveolar epithelial cells (AT2) from ILD patients and PF mice' %,
Furthermore, its overexpression inhibits telomerase activity and
induces cellular senescence in the specific absence of telomere
maintenance'®. Additionally, TERRA can be delivered via exo-
somes and exists in a cell-free form. It promotes intercellular
communication and activates the innate immune response by
stimulating the secretion of IL-6, TNF-«, and CXCL10, suggest-
ing that TERRA may serve as a tool for inducing a specific in-
flammatory microenvironment in non-malignant respiratory
diseases*'. TERRA may also be released into circulation from the
lungs through exosomes and impact other organs by stimulating
the production of inflammatory factors and senescent cells, which
could explain the co-morbid mechanisms of chronic lung diseases,
such as the extrapulmonary phenotype of ILD'®*119 Moreover,
exosomes isolated from bronchoalveolar lavage fluid of IPF pa-
tients were found to contain WNT-5a, a protein that induces
fibroblast proliferation'''. Therefore, could TERRA delivered via
exosomes be used as an indicator of an inflammatory environment
or a marker for cellular senescence? These questions require
further exploration.

3.1.3.  Telomere dysfunction initiates the program of alveolar
epithelial senescence and pulmonary fibrosis

Epidemiological and molecular studies consistently show that
germline mutations in telomere-related genes predispose offspring
to critically short TL. However, children and young adults with
severe telomere shortening typically develop non-malignant pul-
monary diseases only after the age of 40, which suggests that short
telomeres alone are insufficient to cause non-malignant pulmonary
diseases®” %2 This discovery is further supported by the
observation that late-generation telomerase-knockout mice did not
spontaneously develop PF''>. As a result, secondary hits are
required for the onset of telomere-mediated non-malignant pul-
monary diseases, including endogenous factors such as endo-
plasmic reticulum stress’ 'S, and DNA damage*', as well as
exogenous factors such as cigarette smoking®', pneumonia’®, and
viral infections'"* "7 thereby lowering the threshold for these
diseases due to cumulative damage. Therefore, characteristics of
short telomeres may simply underlie genetic susceptibility to age-
related fibrotic diseases. The interplay between genes and both the
internal and external environment is critical for disease
progression.

AT?2 are crucial for maintaining alveolar homeostasis and
serve as progenitor cells for self-renewal and differentiation into
type I alveolar epithelial cells (AT1)!5: 118120, Notably, regarding
the general importance of epithelial injury as an initiator in
fibrosis, genetic polymorphisms confer susceptibility to prema-
ture senescence in alveolar epithelial cells, while environmental
exposures accelerate this process by inducing oxidative stress and
DNA damage'?!. During this phase, the cyclic GMP—AMP
synthase (cGAS)—stimulator of interferon genes (STING)
pathway is activated by cytoplasmic DNA, reinforcing the
senescence program and amplifying local inflammatory re-
sponses'?>. When lungs are subjected to secondary injurious
stimuli, AT2 cells exhibit severe functional defects, manifested as
enhanced cellular stress responses, increased activation of

apoptotic pathways, and impaired progenitor function''®'"

Senescence of alveolar epithelial stem cells impairs the re-
epithelialization of the alveolar basement membrane after
injury'?. This denuded state stimulates pathways involved in the
normal wound healing response, thereby promoting the activa-
tion and transformation of fibroblasts into myofibroblasts'>*. At
this stage, the TGF-8/Smad pathway emerges as the core driver
of fibrosis. TGF-g ligands bind to their receptors, phosphorylate
Smad2/3, which then form complexes with Smad4 and trans-
locate into the nucleus to directly upregulate the transcription of
genes such as collagen and alpha-smooth muscle actin. Concur-
rently, aberrant activation of the Wnt/f-catenin pathway, through
inhibition of GSK-38, leads to cytoplasmic accumulation and
nuclear translocation of B-catenin. There, it cooperates with (-
catenin—T-cell factor/lymphoid enhancer-binding factors (TCF/
LEF) to promote fibroblast proliferation and suppress
apoptosis'*2. Additionally, recruited monocyte-derived alveolar
macrophages, neutrophils, or lymphocytes contribute to the
profibrotic milieu by synthesizing and locally secreting profi-
brotic growth factors. The collagens and extracellular matrix
(ECM) proteins secreted by activated fibroblasts and myofibro-
blasts alter the composition and stiffness of the lung parenchyma,
thereby creating a sustained profibrotic stimulus'?®. The pro-
gressive deposition of ECM and resultant stiffening of the lung
parenchyma activate mechanotransduction pathways. The path-
ological matrix stiffness is primarily sensed through the
integrin—focal adhesion—YAP/TAZ axis. The ensuing signaling
cascade promotes the nuclear translocation of YAP/TAZ to
initiate a potent pro-fibrotic gene program'*®. Consequently, once
initiated, the fibrotic process becomes self-propagating through
this mechanobiological framework, thereby perpetuating disease
progression. Furthermore, telomere-mediated senescence within
specific cellular niches, particularly AT2 cells and fibroblasts,
drives pathological lung remodeling. Critically, SASP acts as the
key executor of this pathology. These senescent cells secrete
distinct and highly active SASP molecules, enriched with key
mediators such as TGF-g8 and IL-1e. It is primarily through this
paracrine SASP that a dual pathological effect is exerted, by
which a senescence-like phenotype is induced and telomere
damage exacerbated in neighboring cells, while pathogenic
reprogramming, including epithelial-mesenchymal transition
(EMT) and fibroblast-to-myofibroblast differentiation, is simul-
taneously driven''®1?7. Together, the SASP-mediated bystander
effect and cellular reprogramming establish a self-amplifying
positive-feedback loop. The autonomous propagation of the
SASP within this dysregulated microenvironment ultimately
drives the progressive destruction of lung architecture, irrevers-
ible scar formation, and consequent impairment of gas
exchange'$127.

The pulmonary vasculature also undergoes significant
changes in PF, where endothelium and smooth muscle cells
acquire a pathologically activated phenotype'*®!2°. Activated
endothelial cells can undergo endothelial-to-mesenchymal
transition (EndMT), which contributes to the myofibroblast
pool'*°. Concurrently, the loss of endothelial barrier function
facilitates the recruitment of circulating immune cells, thereby
amplifying the pro-fibrotic inflammatory milieu'*'. Additionally,
the loss of functional capillaries may create localized hypoxia,
stabilizing hypoxia-inducible factor-le, which in turn tran-
scriptionally upregulates key fibrotic genes, establishing a
self-perpetuating cycle of vascular drop-out and scar forma-
tion'*? (Fig. 3).
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Figure 3

Multifactorial pathogenesis of telomere-driven ILD (primarily PF) and an overview of molecular signaling pathways. This schematic

diagram illustrates the pathogenic progression from telomere dysfunction to established fibrosis, driven by genetic susceptibility and environ-
mental “second hits”. Initiation: genetic polymorphisms and cumulative environmental exposures induce severe dysfunction and premature
senescence in AT2 cells. Amplification: dysfunctional AT2 cells interact with immune cells, amplifying initial damage events and promoting
mesenchymal expansion, which can be supplemented by epithelial-mesenchymal crosstalk (via EMT). Fibrogenesis: the failure of
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3.2. Chronic obstructive pulmonary disease

3.2.1. Telomerase mutations and SNPs underlie the genetics of
COPD pathogenesis

Although smoking is a significant risk factor for COPD, only
10%—15% of smokers eventually develop COPD, implying that
genetic mutations, as well as epigenetic and post-translational
modifications, also increase the risk for certain individuals'?3.
Section 2.2.2 has presented that mutations in telomerase genes are
susceptibility factors for COPD and may enhance an individual’s
vulnerability to it. SNPs at loci near telomerase-related genes have
also been associated with an increased risk of developing COPD.
Therefore, mutations in telomerase genes contribute dispropor-
tionately to COPD disease mechanisms despite their low preva-
lence in affected individuals.

3.2.2.  Short telomeres combined with other aging features
contribute to COPD progression

COPD is a disease of accelerated lung aging. Telomere shortening,
one of the hallmarks of aging, interacts with other aging features
such as mitochondrial dysfunction, cellular senescence, epigenetic
changes, metabolic reprogramming, and microRNA profiles to
promote disease progression®”. With each cell division, telomeres
undergo progressive attrition. When they reach a critical length, a
DDR is triggered, resulting in the activation of p53 (replicative
senescence). In addition, exposure to exogenous stressors such as
cigarette smoke or endogenous factors such as reactive oxygen
species (ROS) can activate p16INK4a (stress-related senescence).
These pathways may converge to activate p21“"F"VAH Jeading to
irreversible cell cycle arrest. The activation of p21<FWVAF! injtiates
the SASP response, thereby activating pathways such as mitogen-
activated protein kinases (MAPKs), JAKs, and nuclear factor-xB
(NF-kB)'®. Despite ceasing to divide, senescent cells remain
metabolically active and undergo a profound shift in metabolic
reprogramming, which deeply influences the neighboring non-
senescent cells through SASP'**7'%, The senescence-mediated
secretome is highly heterogeneous, cell context- and cell type-
dependent, being released either directly or through macro-
vesicles/exosomes, acting as primary mediators of the senescent
state’s influence on the tissue microenvironment'®’. A critical and
detrimental consequence is the paracrine propagation of telomere
dysfunction. Senescent cells release ROS and pro-inflammatory
cytokines like IL-6 and TNF-«, which induce oxidative stress in
neighboring cells, directly damaging their telomeric DNA and
accelerating telomere attrition'**'*°. Furthermore, these SASP
factors potently activate the DDR in adjacent cells, a process
molecularly evidenced by the formation of telomere-associated
DNA damage foci (TAFs) and the subsequent activation of the
p53—p21 pathway, thereby driving them into a senescent state'’.
This senescence-by-stander effect creates a self-amplifying and
feed-forward loop of senescence that spreads through the pulmo-
nary architecture. In COPD, senescent airway epithelial cells
release SASP factors that recruit and activate immune cells like
neutrophils, which in turn release proteases like matrix

metalloproteinase-9 (MMPY) that destroy the alveolar walls and
generate more ROS, further fueling the cycle of epithelial damage
and telomere attrition in adjacent epithelial cells'>*!9~1%2 Ulti-
mately, these intricate SASP-mediated interactions result in the
recruitment and sustained activation of inflammatory cells, perpet-
uate the chronic low-grade inflammation known as inflammaging,
disrupt lung tissue homeostasis, and directly promote the local
tissue destruction and aberrant repair that characterize COPD
pathology.

Immune cells in the COPD microenvironment also exhibit
significant metabolic alterations'*’. In macrophages, for instance,
activation, polarization, and energy metabolism are intrinsically
linked to their inflammatory status'**. The spectrum of macro-
phage phenotypes is broadly categorized into two distinct subsets
with different functions and metabolic patterns: the pro-
inflammatory, glycolytic M1 macrophages and the anti-
inflammatory, pro-resolving oxidative M2 macrophages'**. How-
ever, under senescent conditions, M2 macrophages accumulate
dysfunctional mitochondria with increased membrane perme-
ability, impairing ATP production, shifting M2 macrophages to-
ward a more pro-inflammatory phenotype. Similarly, M1
macrophages also experience functional damage, characterized by
lysosomal permeabilization and leakage of lipids and trace ele-
ments into the cytosol'**. These changes lead to impaired
phagocytosis, diminished microbicidal capacity, and an overall
ineffective immune response, creating a critical vulnerability in
the lungs. While these cells fail to adequately clear pathogens and
apoptotic debris, their persistent basal inflammatory activity
continues to release proteases and ROS. This paradoxical state
establishes a self-perpetuating cycle of tissue injury and impaired
repair: the inability to resolve microbial invasions leads to
recurrent infections that exacerbate inflammation, while the
ongoing inflammatory milieu further damages lung parenchyma
and amplifies emphysematous destruction. Iron metabolism adds
another regulatory layer to the immunometabolic dysfunction of
COPD macrophages'*®. Cigarette smoke delivers inherent iron-
rich particles and triggers alveolar microhemorrhages that
release heme, thereby loading alveolar macrophages with iron'#¢.
Excess iron catalyzes the Fenton reaction, potentiating oxidative
injury and telomere dysfunction'*’. This telomere attrition,
particularly in alveolar epithelial cells and macrophages, accel-
erates cellular senescence and reinforces SASP. Simultaneously,
iron-dependent lipid peroxidation drives ferroptosis in epithelial
cells, which is increasingly recognized as a significant patholog-
ical mechanism in COPD'*®. The ensuing cell death and inflam-
mation are further amplified by iron-laden macrophages, which
propagate tissue damage and create a pro-inflammatory micro-
environment that sustains this destructive cycle, ultimately driving
disease progression through combined genomic instability and
inflammatory tissue destruction.

In addition, neutrophils that accumulate in the lower airways of
COPD patients also undergo metabolic adaptations with reduced
glycolytic activity, diminished lactate production, and an impaired
capacity to utilize glutamine for gluconeogenesis'*®. This energy

re-epithelialization of the basement membrane and sustained senescence signaling activate fibroblasts (via EndMT and other pathways, including
TGF-G/Smad, Wnt/G-catenin, cGAS—STING, integrin-focal adhesion-YAP/TAZ, and PI3K—AKT axis) into collagen-producing myofibroblasts,
driving progressive fibrosis. Additionally, endothelial cell activation triggers vascular leakage and initiates the clotting cascade, which activates
platelets and promotes fibrin deposition. Abbreviations: SASP, senescence-associated secretory phenotype; MMPs, matrix metalloproteinases;
TGF-g, transforming growth factor-G; ECM, extracellular matrix; EMT, epithelial—mesenchymal transition; EndMT, endothelial-to-mesenchymal

transition; RBC, red blood cell.
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crisis, evidenced by critically low ATP and NADH levels, underlies
their functional impairment and senescent phenotype, which in-
cludes decreased phagocytosis, bacterial killing, chemotaxis, and
apoptosis, as well as increased release of elastolytic proteases'™.
Neutrophil elastase contributes directly to emphysematous
destruction by degrading key components of the lung ECM and
disrupting epithelial cadherin integrity, thereby accelerating alve-
olar tissue loss and disease progression'>""'>%. The breakdown of
ECM can generate tripeptide neutrophil chemoattractant N-acetyl
Pro-Gly-Pro, which acts as a structural homology of chemokines to
orchestrate neutrophil chemotaxis and superoxide production
through engagement of C—X—C motif chemokine receptors'>>.
Additionally, the proteolytic activity of neutrophils further com-
promises innate immunity via cell-type-specific receptor cleavage.
Elastase and cathepsins cleave C—X—C motif chemokine receptor
1 on the neutrophil surface, thereby blunting its phagocytic and
inflammatory responsiveness'>*. Concurrently, these proteases
target the IL-22 receptor expressed in the lung mucosa, disrupting a
critical STAT3 signaling axis for antimicrobial defense and tissue
repair'>. Beyond its direct proteolytic activity, neutrophil elastase
instigates a self-sustaining inflammatory circuit by activating
bronchial epithelial receptors to upregulate IL-8 transcription,
thereby fueling further neutrophil influx into the airways'>®!%’,
Unopposed neutrophil elastase activity also drives goblet cell hy-
perplasia and mucus hypersecretion by inducing MUC5AC mucin
expression through a protein kinase C (PKC)—ROS—TNF-
a—converting enzyme signaling cascade in human airway epithelial
cells'*®. Consequently, the senescent and metabolically imbalanced
microenvironment in COPD creates a dysfunctional state charac-
terized by a loss of protective immunity but a persistence of tissue-
destructive capacity, thereby directly driving disease progression
(Fig. 4).

The phosphoinositide-3-kinase (PI3K)—mammalian target of
rapamycin (mTOR) signaling pathway, a central regulator of
growth and metabolism, is important for regulating anti-aging
processes'*. Increased PI3K activation, as assessed by phosphor-
ylation of its downstream kinase AKT, has been observed in the
lungs and peripheral blood mononuclear cells of COPD patients'®°.
Inhibition of this pathway could extend lifespan across a diverse
range of model organisms'>®. Sirtuins, a family of nicotinamide
adenine dinucleotide (NAD™)-dependent histone deacetylases
implicated in aging and longevity, play key roles in telomere
maintenance, DDR, inflammatory homeostasis, and metabolic
adaptation'” %161 'MicroRNAs are short non-coding single-stranded
RNAs that regulate post-transcriptional gene expression'®%.
Oxidative stress can upregulate microRNA-34a in peripheral lung
and epithelial cells through the PTEN—PI3K—mTOR pathway,
resulting in reduced protein levels of sirtuin-1 (SIRT1) and sirtuin-6
(SIRT6)"®. Another microRNA, microRNAS570, can inhibit SIRT1
expression through the activation of p38 MAPK—cJun—activator
protein 1. Reduced levels of SIRT1 and SIRT6 have been found in
COPD patients'®*'®*. On one hand, decreased SIRT1 accelerates
senescence by increasing the acetylation of proteins, including
Ku70 (which plays an important role in DNA repair), p53 (which
induces cellular senescence), NF-kB (which regulates SASP and
MMP9), FOXO3a (which has a positive feedback on oxidative
stress), and critically, PGC-lae (which leads to mitochondrial
dysfunction)'®. The mitochondrial dysfunction resulting from PGC-
1o dysregulation creates a demand for quality control via mitoph-
agy, the selective autophagy of damaged mitochondria regulated by
the PTEN-induced kinase 1 (PINK1)-parkin RBR E3 ubiquitin
protein ligase (PRKN) pathway. Research highlighting this link has

shown that Arylsulfatase K counteracts airway epithelial cell
senescence in COPD by enhancing PRKN-mediated mitophagy,
underscoring a promising therapeutic strategy'®>. Furthermore,
SIRT1’s role extends to telomere maintenance. The shelterin
component TPP1 interacts with and is deacetylated by SIRTI.
Cigarette smoke disrupts this interaction, leading to TPP1 acety-
lation, degradation, and subsequent telomere damage and cellular
senescence'%®. This mechanism provides a theoretical foundation
for targeting shelterin complexes to alleviate cellular aging in
COPD. On the other hand, the reduction of SIRT6 can directly
induce telomere shortening, leading to cellular senescence and
impaired autophagy. Moreover, it can also inhibit the activity of
nuclear factor erythroid-2-related factor 2, a key regulator of anti-
oxidant genes, thereby potentiating oxidative stress. This interplay
constitutes a detrimental feedback loop that exacerbates the pro-
gression of COPD™ (Fig. 4).

In summary, while telomeres and telomerase are undeniably
central to COPD pathogenesis, their precise and individual
mechanistic contributions remain elusive. The research has not yet
fully deciphered their isolated roles; rather, the prevailing para-
digm integrates telomere dysfunction as a critical node within a
complex network of interconnected aging hallmarks. This system-
level approach has been instrumental in revealing the accelerated
aging phenotype of COPD. To propel the field forward, several
pivotal questions demand exploration. First, is telomere attrition a
primary causative driver or a critically exacerbated consequence
within the COPD aging network? Second, how do cell-type-
specific telomere maintenance mechanisms dictate distinct path-
ological outcomes, such as emphysema or airway remodeling?
Finally, beyond maintaining TL, what non-canonical roles does
telomerase play in modulating inflammation and metabolism in
COPD? Addressing these questions will be crucial for moving
from association to mechanism and for translating our under-
standing of telomere biology into targeted therapies for COPD.

3.3.  Asthma

3.3.1.  Short telomere-associated senescence is involved in the
development of asthma

In asthma, telomere shortening serves as a critical nexus, where
diverse pathological stimuli, such as oxidative stress, mitochon-
drial dysfunction, and inflammation, converge to accelerate
cellular senescence. The process is initiated when asthma-related
risk factors, such as allergens and pollutants, induce oxidative
damage to telomeric DNA, leading to the functional disruption of
the shelterin complex and exposure of telomeric ends. This
exposure is perceived as double-strand breaks, triggering a
persistent DDR mediated by the ATM/ATR kinases, which sta-
bilizes p53 and upregulates p21, enforcing cell cycle arrest and
initiating cellular senescence®”'’. A pivotal mechanism involves
the ¢cGAS—STING pathway: chromatin rupture from dysfunc-
tional telomeres releases telomeric fragments into the cytosol,
where they are sensed by cGAS, which activates STING and
subsequently drives the production of type I interferons and pro-
inflammatory cytokines through NF-«kB and IRF3-mediated
pathways, thereby directly linking a nuclear telomere crisis to
innate immune activation. This process could be synergistically
amplified by a feedforward loop. In this loop, mitochondrial
dysfunction impairs biogenesis and causes a ROS burst, which in
turn exacerbates telomeric damage and thereby reinforces the
senescent program'®’~'7!. The senescent cell then orchestrates
tissue damage through the SASP by activating nucleotide-binding
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Figure 4  Signaling pathways of cellular senescence in COPD pathogenesis. The integrated pathogenic cascade initiates with core senescence
pathways, as replicative and stress-induced senescence trigger cell cycle arrest and metabolic alterations. These changes lead to dysfunctional
lysosomes and mitochondria that exacerbate macromolecular damage. Subsequently, senescent cells activate NF-kB and p38 MAPK signaling,
driving secretion of multiple pro-inflammatory cytokines, termed SASP, which promotes destructive lung structural changes, including fibrosis,
tissue destruction, and functional decline. This process is further integrated with oxidative stress pathways that modulate microRNAs via
PTEN—PI3K—mTOR and p38 MAPK—cJun—AP-1 pathways, impacting mitochondrial and telomere homeostasis, while telomere-related mu-
tations constitute an important genetic component within this pathogenic network. Abbreviations: ROS, reactive oxygen species; SIRT1, sirtuin-1;
SIRT®, sirtuin-6; MAPK, mitogen-activated protein kinase; NF-«kB, nuclear factor-kB. miR-570, microRNA-570; miR-34, microRNA-34; PTEN,
phosphatase and tensin homolog; PI3K, phosphoinositide-3-kinase; mTOR, mammalian target of rapamycin; AP-1, activator protein-1; UPR,
unfolded protein response; SAPD, senescence-associated protein degradation; OXPHOS, oxidative phosphorylation; FAO, fatty acid oxidation;
EGF, epidermal growth factor; IGF, insulin like growth factor; Nrf2, nuclear factor erythroid-2-related factor 2.
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domain, leucine-rich repeat, and pyrin domain-containing family
protein 3 inflammasome and releasing inflammatory cytokines
such as IL-6, TNF-«, IL-13, and MMPs that perpetuate chronic
inflammation, recruit immune cells, induce paracrine senescence,
and compromise the epithelial barrier®*'72,

3.3.2.  The impact of telomeres being triggered in asthma differs
from IPF and COPD

Some features of asthma differ from IPF and COPD, suggesting
that telomeric damage may be triggered or have different effects
on the disease. Firstly, asthma mostly develops in childhood,
indicating that patients may experience premature senescence,
potentially initiated by environmental stressors during critical
developmental stages, including neonatal hyperoxia, air pollutant
inhalation, and childhood/adolescent allergen challenges'’>~'7.
Previous research has delineated a correlation between asthma and
telomere attrition. However, the question remains whether short
telomeres at birth precipitate asthma and its progression, or if
asthma causes damage at the cellular and molecular level that
induces telomere shortening? A causal relationship has not yet
been elucidated. According to the study by Belsky and col-
leagues’”, there are two possible mechanistic pathways: either an
accelerated telomere shortening, which may be influenced by
genetic factors or/and early developmental processes, contributes
to chronic disease phenotypes; or significant telomere shortening
results from the persistence of active symptoms from childhood
into adulthood and the associated inflammatory processes.
Notably, premature senescence may only occur in specific cell
types and be caused by specific inflammatory factors.

Secondly, the heterogeneous inflammatory phenotypes of
asthma are closely linked to telomere shortening-induced senes-
cence, with underlying molecular mechanisms revealing a new
dimension of immunosenescence. Asthma is primarily classified
into eosinophilic (Th2-high) and neutrophilic (Th2-low) subtypes
based on the predominant type of immune cells that infiltrate the
airways'®’. Emerging evidence indicates that telomere dysfunc-
tion plays a pivotal role in driving this process. Telomere
shortening-driven senescence and the consequent SASP collec-
tively foster a chronic pro-inflammatory microenvironment.
Concurrently, the decline in repair capacity of senescent airway
epithelial progenitor cells compromises the airway barrier, facil-
itating allergen penetration. This not only causes persistent
epithelial damage and substantial release of IL-25, IL-33, and
thymic stromal lymphopoietin (TSLP) but also leads to sustained
activation of the Th2 immune pathway, which characterizes the
Th2-high asthma endotype'’®. Moreover, the SASP can also
propel the Th2-low phenotype. The specific immune polarization
is strongly influenced by the immunomodulatory effects of SASP.
A microenvironment shaped by factors like TGF-8 and IL-6
promotes Th17 lineage commitment by activating the SMAD/
STAT3—RAR-related orphan receptor yt (RORyt) signaling
cascade'””'”® In contrast, the SASP may promote a microenvi-
ronment that leads to the production of IL-12, which could skew
differentiation towards the Thl pathway, activating STAT1 and
inducing the key transcription factor T-bet'’*'8° Notably, the
microenvironment shaped by telomere shortening-induced senes-
cence may converge with impaired autophagy and mitochondrial
dysfunction to disrupt the Th1/Th2 immune balance, thereby
promoting lung aging and immunosenescence, which contributes
to asthma progression'®'. In addition, Th17/Treg bias is more
common in asthma, a phenomenon that could be affected by
immunosenescence ' (Fig. 5).

Beyond modulating immune responses, SASP contributes crit-
ically to airway remodeling. This process is sustained by a para-
crine  network of senescent cells across the airway
microenvironment. Senescent epithelial cells secrete remodeling
factors such as TGF-6, EGF, and MMPs, which directly promote
airway hyperresponsiveness and tissue restructuring'®’. These
epithelial signals further activate adjacent resident interstitial cells.
In addition, lung fibroblasts also release SASP molecules and
exosomes, which stimulate epithelial hyperplasia and impaired
repair, thereby entrenching a maladaptive remodeling cycle'®,
Furthermore, senescent immune cells amplify this cascade by
producing MMPs, leading to airway wall thickening, fibrosis, and
ultimately exacerbating airflow obstruction'®”. Collectively, airway
remodeling in asthma can be conceptualized as a propagating
cascade initiated and sustained by SASP-mediated crosstalk among
epithelial, interstitial, and immune cells, creating a self-reinforcing
cycle that perpetuates asthma progression. However, the mecha-
nistic links connecting telomere dysfunction and cellular senes-
cence to both immune skewing (Th1/Th2, Th17/Treg) and SASP-
mediated structural pathologies remain largely unexplored.

Thirdly, the molecules and pathways involved in telomere
shortening-induced senescence in asthma may differ from those in
IPF and COPD, depending on stimulus source, senescence time,
environment, and cell types. Different types of senescent cells or
tissues predispose to various non-malignant pulmonary diseases.
Specifically, senescence of bronchial and alveolar epithelial cells
may correlate with acute or chronic respiratory infections;
senescence of alveolar epithelial progenitor cells may cause IPF;
and senescence of mesenchymal stem cells may lead to COPD'"®,
In addition, it is crucial to determine how changes in different
genes are connected to telomeres, senescence, and diseases.
Integrin B4 may be a key gene linking epithelial cellular senes-
cence to asthma pathogenesis'®*. Moreover, significant interest
has been garnered regarding the potential role of telomere-induced
cellular senescence in the pathogenesis of asthma. Consequently,
further investigations should focus on examining the impact of
mutations in telomere-related genes on the diverse phenotypes of
asthma, as well as the underlying molecular mechanisms.

3.3.3.  Understanding the role of telomerase-mediated
inflammation and immune response in asthma

Despite the nascent understanding of telomerase in asthma,
emerging evidence suggests that telomerase activity and its inter-
action with shelterin complexes may contribute to the physiopa-
thology of the disease. Asthma patients have significantly thickened
airway smooth muscle (ASM) cell layers in the airways that secrete
various chemokines, with the NF-«B transcription factor playing a
central role in this inflammatory process®'®>13¢, Telomerase and
PIN2/TERF1 interacting-telomerase inhibitor 1 were found to
regulate NF-«kB activity and chemokine expression in ASM cells,
indicating that the telomerase and shelterin complexes are impor-
tant in modulating inflammation in airway cells and represent po-
tential targets for anti-inflammatory therapy in asthma'®’.
Furthermore, a study of memory T lymphocytes in asthma revealed
that telomerase activity was up-regulated during antigen-specific
immune response, with an increased response to house dust mite
allergens'®’. This may contribute to the persistent allergen-specific
tendency observed in asthma patients, suggesting a potential role
for telomerase inhibitors in controlling atopic asthma. Overall,
these results indicate that the telomerase/shelterin complex may
play a critical role in the development of asthma.
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Potential role of telomere-associated cellular senescence in asthma. Multiple stimuli, including pollutants, viruses, and allergens,

induce telomere damage, oxidative stress, and mitochondrial dysfunction, collectively driving senescence in airway epithelial, mesenchymal, and
immune cells. These senescent cells amplify their effect through SASP, establishing a pro-inflammatory microenvironment characterized by
inflammaging and immunosenescence. In this context, damaged epithelial cells release alarmins (TSLP, IL-25, IL-33), activating dendritic cells
(DCs) and group 2 innate lymphoid cells (ILC2s). DCs further promote the differentiation of naive T cells into Th2 lymphocytes, which, together
with ILC2s, secrete type 2 cytokines (IL-4, IL-5, IL-9, IL-13) to initiate and sustain inflammation. Simultaneously, environmental triggers
stimulate the epithelium to release IL-1(, IL-6, and neutrophil-attracting chemokines such as IL-8. DCs further recruit neutrophils and amplify
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3.4.  Comparative perspective

Telomere dysfunction operates across a pathogenic spectrum in
non-malignant pulmonary diseases, ranging from a core genetic
etiology to a perpetuating amplifier and finally a consequential
biomarker, with distinct causal contributions and temporal se-
quences defining each disease (Fig. 6).

In ILD, telomere shortening acts as an upstream and initiating
cause. Germline mutations in telomerase or shelterin complex
genes set a genetically low ceiling for alveolar epithelial repli-
cative capacity, creating a vulnerable cellular substrate. Critically,
the clinical manifestation of disease typically requires additional
environmental “second hits”. These exposures inflict direct dam-
age on the epithelium, overwhelming its repair capacity and
precipitating the onset of the senescence-fibrosis cascade.
Although germline defects establish a near-linear genetic-to-
pathologic causal chain, which is strongly supported by the
Mendelian randomisation study, environmental factors act as
essential triggers that determine the timing and possibly the rate of
disease progression. In COPD, telomere shortening functions as
the central amplifier within a self-perpetuating vicious cycle.
While not a direct genetic cause, as in ILD, a genetic predispo-
sition, such as a shorter baseline TL, lowers the threshold for
damage from environmental stimuli. These stimuli induce oxida-
tive stress and chronic inflammation, accelerating telomere attri-
tion. This attrition then induces cellular senescence and a distinct
pro-inflammatory/proteolytic SASP, such as IL-8 and MMPs,
which further exacerbates tissue destruction (emphysema) and
inflammation. Critically, this sustained inflammatory milieu re-
generates oxidative stress, thereby closing the loop and reinforcing
the cycle of telomere damage and disease progression. In asthma,
however, the evidence positions telomere shortening primarily as a
downstream consequence and an integrative biomarker. It results
from the combined effects of environmental factors and chronic
inflammation-induced cellular stress. This telomere dysfunction
may contribute to a local senescence microenvironment that po-
tentiates airway remodeling and therapeutic refractoriness,
thereby amplifying disease severity and chronicity in a feed-
forward manner. The evidence remains largely associative, high-
lighting its role as a severity marker rather than a primary initiator.

Therefore, deciphering the causal hierarchy and temporal se-
quences of telomere dysfunction across this spectrum provides a
powerful lens for developing mechanistically grounded therapies
tailored to the unique pathogenesis of each disease.

Additionally, to provide a more systematic and in-depth eluci-
dation of the core mechanistic differences in telomere dysfunction
across distinct pulmonary disease subtypes, current evidence and
understanding regarding the primary causes of telomere shortening,
key effector cells, causal link, most relevant SASP factors, and core
signaling pathways in conditions such as ILD, COPD, and asthma

have been integrated. These details are summarized in
Table 1 !8:19:21.50-52.61.65.68.71.73.76.113.122,130.167.188203

4. Therapeutic interventions targeting telomere-associated
senescence

Emerging technologies link the most prominent manifestations
of telomere and telomerase dysfunction to the etiology of

non-malignant pulmonary diseases, deepening our understanding
of the pathogenic mechanisms underlying these conditions. The
increasing discovery and utilization of drugs and novel thera-
peutics with anti-senescence properties through modulation of TL
and telomerase activity will significantly impact the progression of
chronic lung diseases and the future of “health span”.

4.1.  Telomere gene therapy

Telomere shortening is a prevalent defect in non-malignant pul-
monary diseases, which raises potential therapeutic approaches
involving telomerase-targeted gene therapy and CRISPR editing
to lengthen TL. One potential therapeutic strategy involves the
application of non-integrating and replication-incompetent
adenoviral vectors, specifically adeno-associated viruses (AAVs).
AAV09 has been utilized for delivering TERT into murine models,
resulting in an extension of their lifespan without increasing the
risk of cancer’®?%. Treatment with AAV9-TERT could also
potentially reduce lung DNA damage, delay senescence, and
lower susceptibility to non-malignant pulmonary diseases'*>'%.
However, pre-existing or therapy-induced immunity against the
AAV capsid may provoke inflammatory responses and limit re-
dosing efficacy®®®. Current mitigation strategies include engi-
neering novel capsids with enhanced pulmonary specificity and
employing tissue-specific promoters to restrict transgene expres-
sion to target cells, thereby improving the safety profile®®’.
Another novel approach is the targeted insertion of transgenes
into specific chromosomal sites, where the transgenes can be
stably expressed in relevant tissues without adversely affecting
endogenous gene structure and expressionzos. The CLYBL gene on
chromosome 13 holds therapeutic promise as a “safe Harbor”
locus in human cells, with transgenes inserted into this locus
showing high levels of expression and less localized effects on
genes>®. The primary challenge lies in the critical dependence on
precise gene-editing machinery, and off-target editing remains a
non-negligible risk, as unintended genomic alterations could lead
to deleterious consequences. In cellular gene therapy, it is crucial
to avoid cellular immortalization. Transient ectopic expression of
TERT mRNA consisting of modified nucleotides has been reported
to enhance telomerase activity and increase TL without immor-
talizing the cells. This approach may target disease-specific cells
such as stem or progenitor cells, representing a major advance-
ment in the field of biological research and medicine?””. However,
despite its designed transient nature, a paramount concern remains
the intrinsic oncogenic risk of even systemic temporary telome-
rase activation. As telomerase reactivation is a hallmark of
approximately 90% of human cancers, there is a justified appre-
hension that enhancing its activity systemically could inadver-
tently promote the proliferation of pre-neoplastic cells or
accelerate the growth of undiagnosed microtumors?'®?!!. There-
fore, the development of tissue-specific or cell-type-specific de-
livery systems is not merely an optimization goal but a critical
safety prerequisite. Strategies such as inhalation delivery of
mRNA or nanoparticle-based vectors could potentially confine
telomerase activity to the lung epithelium, thereby minimizing
systemic exposure and off-target risks®'?>2'*. Beyond safety,
significant pharmacological hurdles remain®'>. For interventions
aimed at lung aging, achieving efficient and sustained delivery to

inflammation through Th1 and Th17 pathways, contributing to chronic airway inflammation, immune dysregulation, and structural remodeling in
asthma. Abbreviations: Treg, regulatory T cell; TSLP, thymic stromal lymphopoietin; PGD2, prostaglandin D2.
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Figure 6

The causal-temporal spectrum of telomere dysfunction in non-malignant pulmonary diseases. The conceptual framework outlines a

unifying causal-temporal spectrum to comparatively analyze the role of telomere shortening in non-malignant pulmonary diseases. It highlights
that telomere dysfunction is not a uniform entity but varies fundamentally across diseases in its causal primacy (primary cause or secondary
consequence) and its temporal position within the disease pathogenesis timeline.

the target cell populations, such as AT?2 cells, resident stem cells,
or specific immune cells, presents a formidable challenge. The
development of novel delivery platforms, such as lipid nano-
particles, viral vectors with lung tropism, and branched-tail
ionizable lipidoids, is essential to overcome biological barriers
and ensure expression efficiency or sufficient biodistribution to
diseased areas, particularly in fibrotic lungs where tissue archi-
tecture is severely compromised®'> 218,

In addition, several intrinsic obstacles in telomere biology raise
concerns about the safety, feasibility, and efficacy of the afore-
mentioned methods. First, effective telomere elongation is strictly
dependent on the cell cycle, specifically the S phase, during which
the telomeric conformation is permissive for extension. However,
the lung epithelium exists largely in a state of relative quiescence
and is innate. Thus, the mere reintroduction of telomerase is un-
likely to achieve its goal in these predominantly non-cycling cells,
presenting a primary challenge to feasibility. The second chal-
lenge is the limited and transient efficacy of telomerase; its
elongation is often insufficient to overcome inherited short telo-
mere defects, and a significant corrective lag in TL is consistently
observed despite functional restoration of telomerase, questioning
the durability of the intervention'>*'°. Furthermore, the distinct
temporal nature, multifactorial and multistep pathogenesis of
telomere-mediated pulmonary diseases indicate that the pathology
results from damage accumulated over decades. This implies even

if the short telomere defect is corrected, the decades of accumu-
lated damage and the established pathological microenvironment
may prevent the full restoration of normal tissue function'®.
Therefore, despite the prevalence of telomere defects in non-
malignant pulmonary diseases, significant challenges still exist
for approaches to reverse telomere defects and aging phenotypes.
A deeper understanding of lung biology, immunology, and
regenerative technologies is required to explore innovative thera-
pies for telomere-associated non-malignant pulmonary diseases.
In conclusion, while the path forward is fraught with chal-
lenges, the compelling preclinical evidence warrants a concerted
effort to innovate solutions. Overcoming these hurdles will pave
the way for harnessing telomere biology to combat age-related
non-malignant pulmonary diseases, ultimately shifting the para-
digm from symptom management to targeting a fundamental
driver of aging.
4.2.  Pharmacotherapy
Therapeutic interventions targeting key molecules or signaling
pathways of telomerase and telomere-related senescence show
significant promise in delaying aging and alleviating telomere-
associated non-malignant pulmonary diseases. These approaches
can be broadly organized into a multi-level framework addressing
distinct aspects of telomere biology (Table 24+2207228),
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Table 2 Mechanisms of therapeutic interventions for anti-aging or treating non-malignant pulmonary diseases by regulating telomeres/
telomerase.
Therapeutic intervention Disease Mechanism Effect Ref.
TERT activator compound = Enhances TERT transcription In primary human cells and naturally 220
through MEK/ERK/AP-1 cascade. aged mice, it could promote telomere
synthesis, attenuate tissue senescence
features, reduce cellular senescence
and inflammatory cytokines, and
repress pl6™5** expression.
Small molecule PAPD5 PF Target TERC and upregulate Restoration of TL in cells from 221
inhibitors (BCHO0O01, telomerase based on the patients with genetic
RG7834) physiological expression of TERT in “telomeropathies” and human blood
stem cells. stem cells xenotransplanted into
mice.
Molecular hydrogen therapy RA-ILD, Delays telomere shortening rate, Clinically, the inflammatory level in 222
(Drinking hydrogen-rich PF, COPD, attenuates mitochondrial impairment  the patients’ airways was attenuated;
water, HRW) asthma and regulates cellular senescence by at the animal level, the number of
inhibiting inflammation and inflammatory cells in the BALF was
oxidative stress. reduced, along with alleviation of
small airway remodeling and goblet
cell hyperplasia.
Danazol PF Inhibits telomere attrition by PF patients with shorter telomeres 44,223,224
inducing TERT gene expression. increased TL and maintained
pulmonary function.
Melatonin = Blocks TERRA—PARP-1-mediated Melatonin treatment reduced SASP 225
SASP secretion by protecting release stimulated by TERRA
telomeres. —PARP-1 interaction by 67.9% (in
terms of IL-8).
Small molecule telomerase PF A mechanism dependent upon Suppressed the development of 226
activator (GRN510) telomerase activation. fibrosis and accumulation of
senescent cells in the lung in the
model of bleomycin-induced fibrosis.
Cycloastragenol (CAG) = Affects the expression of aging- Exerts anti-aging effects on human 227
related Klotho genes. embryonic lung fibroblasts.
TA-65 SAR Affects many important cellular Potential protective effects on 228
processes such as gene expression, cigarette smoke-induced SAR
mitochondrial function, cell survival, models.
and stress resistance through non-
obligatory extra-telomeric functions.
Epimedium brevicornu = Possible protection of TL by Significantly extended the population 227

inhibiting the expression of the p/6
gene and promoting the production
of phosphorylated Rb protein.

doublings of human diploid
fibroblasts and improved the TL
without telomerase activation.

Abbreviations: AP-1, activator protein-1; PF, pulmonary fibrosis; TL, telomere length; RA-ILD, rheumatoid arthritis-associated interstitial lung
disease; COPD, chronic obstructive pulmonary disease; BALF, bronchoalveolar lavage fluid; SASP, senescence-associated secretory phenotype;

IPF, idiopathic pulmonary fibrosis; SAR, small airway remodeling.

Firstly, telomerase activity can be modulated directly or indi-
rectly. A TERT activator compound has been identified that en-
hances TERT transcription through the MEK/ERK/AP-1
cascade®®. PAPD5 is an atypical polymerase that oligomerizes
adenylate and destabilizes TERC, with its specific inhibitors
BCHO01 and RG7834 to modulate TERC levels, thereby restoring
telomerase activity and TL in patient-induced pluripotent stem
cells*?!. Moreover, estrogen and androgens have been reported to
induce TERT gene expression*??*?**  Concurrently, in-
terventions aimed at protecting telomeres from exogenous/
endogenous damage are being explored. Molecular hydrogen
protects telomeres by counteracting oxidative stress, a key driver
of telomere attrition®?>. Furthermore, targeting the downstream
inflammatory consequences of telomere dysfunction represents a
third strategy, as demonstrated by melatonin, which may protect
telomeres by blocking PARP-1 and TERRA-mediated SASP

events®?. This discovery established a new epigenetic paradigm
for understanding aging-related diseases involving inflammation.

Beyond these targeted strategies, natural products and their
derivatives constitute a structurally and mechanistically diverse
source of potential therapeutics. For instance, the synthetic de-
rivative GRN510 suppresses the accumulation of senescent cells
and the development of PF phenotype in IPF mice by activating
telomerase”*®. Cycloastragenol (CAG) could affect Klotho
expression and exerts anti-aging effects on human embryonic lung
fibroblasts, while flavonoid from Epimedium brevicornu may
maintain TL through the Rb/p16 pathway without direct telome-
rase activation®?’,

Collectively, these approaches delineate a multifaceted
framework for tackling telomere-driven lung aging, but their
clinical translation necessitates further validation of long-term
safety and efficacy.
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5. Conclusion and future perspective

In recent years, significant advancements have been made in the
understanding of telomeres and telomerase in non-malignant
pulmonary diseases. Telomere shortening with or without muta-
tions in telomere maintenance genes and telomerase is relatively
prevalent in non-malignant pulmonary diseases such as ILD,
COPD, and asthma. This impacts the progression, prognosis, and
survival outcomes of these respiratory conditions. Mutations in
telomerase and telomere maintenance genes have potential value
in predicting, diagnosing, and targeting therapies for non-
malignant pulmonary diseases.

However, the relationship between telomeres/telomerase and
non-malignant pulmonary diseases is mostly limited to charac-
terization phenomena, and the understanding of specific causal
relationships and underlying molecular mechanisms remains
poorly understood. Moreover, there are more obstacles from basic
research to clinical translation, especially regarding the precise
effects of TL, mutations in telomere maintenance genes and
telomerase on various lung and immune cells (cellular heteroge-
neity), as well as their impact on relative susceptibility to different
non-malignant pulmonary diseases. Looking forward, resolving
cellular heterogeneity presents a fascinating frontier. Future in-
vestigations employing single-cell multi-omics, such as single-cell
RNA sequencing coupled with an assay for transposase-accessible
chromatin using sequencing and spatially resolved tran-
scriptomics, are poised to not only identify the key responder cell
types but also reconstruct the transcriptional networks and
cell—cell communication events that drive the pathophysiology.
Furthermore, leveraging lung organoids or precision-cut lung sli-
ces could empower a targeted and cell-type-specific manipulation
of these pathways, moving beyond correlation to definitive
causation. Such a deep and mechanistic dissection is the next
critical step toward understanding lung homeostasis and diseases
with unprecedented resolution, ultimately informing the devel-
opment of highly targeted diagnostic and therapeutic strategies.

To bridge these foundational insights into clinical application,
several key translational challenges should be addressed. The
immediate priority lies in establishing robust clinical standards for
TL assessment, particularly regarding disease-specific and clinical
samples threshold values and precise measurement standardiza-
tion. The current absence of universal diagnostic cutoffs necessi-
tates contextual interpretation based on age, genetic background,
and disease etiology. In clinical practice, TL below the 10th age-
adjusted percentile demonstrates high positive predictive value in
ILD, especially when combined with pathogenic telomere-related
gene mutations, whereas in COPD and asthma, it may serve better
as a prognostic indicator of disease severity and progression®*>%°.
Methodological standardization across techniques, such as qPCR
and Flow-FISH, demands the establishment of length standards
and disease-specific reference ranges. Future directions should
advance beyond single measurements toward dynamic monitoring
of telomere attrition rates and development of integrated “senes-
cence burden indices” combining TL with complementary
markers such as specific SASP factors or p/6™5#* expression.

Moreover, the translation of TL measurement into clinical
practice is fundamentally constrained by the choice of biological
sample, a decision that pits clinical feasibility against biological
precision. Current research primarily utilizes two sample sources:
readily accessible PBL and specific tissue samples that directly
capture lesion pathology, each defining distinct pathways for
biomarker interpretation and application. PBL-TL reflects the

average telomeric status of the hematopoietic system, integrating
the influence of age, genetics, inflammation, and lifestyle. Thus,
PBL-TL serves as a biomarker for assessing an individual’s sys-
temic aging burden and risk of multisystem age-related dis-
eases’. However, it often weakly correlates with telomere
dynamics in disease-relevant somatic tissues, such as lung
epithelia. Therefore, while PBL-TL efficiently answers “is there a
systemic risk?”, it poorly addresses “where is the pathology
localized?”. Conversely, specific tissue samples (from lung bi-
opsy) offer direct mechanistic insight into the target organ’s
replicative history and stress exposure. This is essential for
directly linking telomere attrition to local pathophysiology.
However, this specificity is compromised by invasive collection,
sampling bias, and limited suitability for repeated monitoring,
rendering such samples impractical for screening or longitudinal
tracking. Moving forward, establishing a reliable correlative
model between TL derived from these two sample types, along
with the development of novel non-invasive techniques such as
liquid-biopsy-based approaches that measure TL in cell-free DNA
from specific cellular origins, may be key to advancing the
translation into precise clinical practice.

With this foundation in place, advancing along the precision
medicine pathway also requires systematically addressing the
following key issues. Who constitutes the target population for
screening? Which specific indicators should be tested (telomerase-
related genes, telomere length, or both)? And crucially, how can
we discover and select therapeutic drugs targeting telomeres based
on target efficacy with off-tumor toxicity (telomerase activation in
latent malignancies)? By delving deeper into these scientific in-
quiries, more valuable references and insights can be provided for
respiratory diagnosis and treatment.

Acknowledgments

This study was supported by the Non-profit Central Research
Institute Fund of Chinese Academy of Medical Sciences (No.
2024-RW350-01, China), the major special project of Xinjiang
Uygur Autonomous Region in China (No. 2025A03006-1), Na-
tional High Level Hospital Clinical Research Funding (No. 2022-
PUMCH-C-069, China), and the CAMS Initiative for Innovative
Medicine (No. 2021-12M-1-028, China).

Author contributions

Hongyan Zhan: Conceptualization, Visualization, Writing - orig-
inal draft, Writing - review & editing. Ruifang Zheng: Visuali-
zation, Co-rewriting - the revised manuscript. Yanyan Li:
Conceptualization, Visualization, Writing - review & editing.
Xinyu Liu: Writing - original draft. Yujie Shi: Conceptualization,
Writing - review & editing. Ruxuan Chen: Conceptualization,
Writing - review & editing. Qi Hou: Conceptualization, Writing -
review & editing. Hui Huang: Conceptualization, Visualization,
Supervision, Writing - review & editing, Funding acquisition.
Mingbao Lin: Conceptualization, Visualization, Supervision,
Writing - review & editing, Funding acquisition. All authors
approved the final version of the manuscript.

Conflicts of interest

The authors declare no conflicts of interest.



4848

Hongyan Zhan et al.

Refe

L.

(98]

10.

11.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

rences

Schneider JL, Rowe JH, Garcia de Alba C, Kim CF, Sharpe AH,
Haigis MC. The aging lung: physiology, disease, and immunity. Cell
2021;184:1990—2019.

. Franks TJ, Colby TV, Travis WD, Tuder RM, Reynolds HY,

Brody AR, et al. Resident cellular components of the human lung:
current knowledge and goals for research on cell phenotyping and
function. Proc Am Thorac Soc 2008;5:763—6.

. Schiller HB, Montoro DT, Simon LM, Rawlins EL, Meyer KB,

Strunz M, et al. The human lung cell atlas: a high-resolution refer-
ence map of the human lung in health and disease. Am J Respir Cell
Mol Biol 2019;61:31—41.

. Svartengren M, Falk R, Philipson K. Long-term clearance from small

airways decreases with age. Eur Respir J 2005;26:609—15.

. Kotton DN, Morrisey EE. Lung regeneration: mechanisms, applica-

tions and emerging stem cell populations. Nat Med 2014;20:822—32.

. Albright JM, Dunn RC, Shults JA, Boe DM, Afshar M, Kovacs EJ.

Advanced age alters monocyte and macrophage responses. Antioxid
Redox Signal 2016;25:805—15.

. Hernandez Segura A, Nehme J, Demaria M. Hallmarks of cellular

senescence. Trends Cell Biol 2018;28:436—53.

. Yanai H, Shteinberg A, Porat Z, Budovsky A, Braiman A, Zeische R,

et al. Cellular senescence-like features of lung fibroblasts derived
from idiopathic pulmonary fibrosis patients. Aging (Albany NY)
2015;7:664—72.

. Levy MZ, Allsopp RC, Futcher AB, Greider CW, Harley CB.

Telomere end-replication problem and cell aging. J Mol Biol 1992;
225:951—60.

Di Micco R, Krizhanovsky V, Baker D, D’Adda DFF. Cellular
senescence in ageing: from mechanisms to therapeutic opportunities.
Nat Rev Mol Cell Biol 2021;22:75—95.

Kawanishi S, Oikawa S. Mechanism of telomere shortening by
oxidative stress. Ann N Y Acad Sci 2004;1019:278—84.

. Ahmed W, Lingner J. Impact of oxidative stress on telomere biology.

Differentiation 2018;99:21—7.

. Gordon C, Madamanchi NR, Runge MS, Jarstfer MB. Effect of

oxidative stress on telomere maintenance in aortic smooth muscle
cells. Biochim Biophys Acta Mol Basis Dis 2022;1868:166397.

Lai T, Wright WE, Shay JW. Comparison of telomere length mea-
surement methods. Philos Trans R Soc Lond B Biol Sci 2018;373:
20160451.

Alder JK, Armanios M. Telomere-mediated lung disease. Physiol
Rev 2022;102:1703—20.

Martinez P, Blasco MA. Telomere-driven diseases and telomere-
targeting therapies. J Cell Biol 2017;216:875—87.

Rossiello F, Jurk D, Passos JF, d’Adda di Fagagna F. Telomere
dysfunction in ageing and age-related diseases. Nat Cell Biol 2022;
24:135—47.

Barnes PJ, Baker J, Donnelly LE. Cellular senescence as a mecha-
nism and target in chronic lung diseases. Am J Respir Crit Care Med
2019;200:556—64.

Albrecht E, Sillanpdd E, Karrasch S, Alves AC, Codd V, Hovatta I,
et al. Telomere length in circulating leukocytes is associated with
lung function and disease. Eur Respir J 2014;43:983—92.

Wang ZN, Su RN, Yang BY, Yang KX, Yang LF, Yan Y, et al. Po-
tential role of cellular senescence in asthma. Front Cell Dev Biol
2020;8:59.

Snetselaar R, van Moorsel CHM, Kazemier KM, van der Vis JJ,
Zanen P, van Oosterhout MFM, et al. Telomere length in interstitial
lung diseases. Chest 2015;148:1011—8.

Kordinas V, Ioannidis A, Chatzipanagiotou S. The telomer-
e/telomerase system in chronic inflammatory diseases. Cause or ef-
fect?. Genes 2016;7:60.

Adnot S, Amsellem V, Boyer L, Marcos E, Saker M, Houssaini A,
et al. Telomere dysfunction and cell senescence in chronic lung dis-
eases: therapeutic potential. Pharmacol Ther 2015;153:125—34.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Steele MP, Speer MC, Loyd JE, Brown KK, Herron A, Slifer SH,
et al. Clinical and pathologic features of familial interstitial pneu-
monia. Am J Respir Crit Care Med 2005;172:1146—52.

Zhang J, Rane G, Dai X, Shanmugam MK, Arfuso F, Samy RP, et al.
Ageing and the telomere connection: an intimate relationship with
inflammation. Ageing Res Rev 2016;25:55—69.

Machahua C, Buendia Roldan I, Ocaia Guzman R, Molina Molina M,
Pardo A, Chavez Galan L, et al. CD4™ T cells in ageing-associated
interstitial lung abnormalities show evidence of pro-inflammatory
phenotypic and functional profile. Thorax 2021;76:152—60.

Correia Melo C, Hewitt G, Passos JF. Telomeres, oxidative stress and
inflammatory factors: partners in cellular senescence?. Longev
Healthspan 2014;3:1.

Kang Y, Zhang H, Zhao Y, Wang Y, Wang W, He Y, et al. Telomere
dysfunction disturbs macrophage mitochondrial metabolism and the
NLRP3 inflammasome through the PGC-1a/TNFAIP3 axis. Cell Rep
2018;22:3493—506.

Shay JW. Telomeres and aging. Curr Opin Cell Biol 2018;52:1—7.
Xu Y. Chemistry in human telomere biology: structure, function and
targeting of telomere DNA/RNA. Chem Soc Rev 2011;40:2719—40.
Janouskova E, Necasova I, Pavlouskova J, Zimmermann M,
Hluchy M, Marini V, et al. Human Rapl modulates TRF2 attraction
to telomeric DNA. Nucleic Acids Res 2015;43:2691—700.

Arat NO, Griffith JD. Human Rapl1 interacts directly with telomeric
DNA and regulates TRF2 localization at the telomere. J Biol Chem
2012;287:41583—94.

Zinder JC, Olinares PDB, Svetlov V, Bush MW, Nudler E, Chait BT,
et al. Shelterin is a dimeric complex with extensive structural het-
erogeneity. Proc Natl Acad Sci U S A 2022;119:¢2201662119.

de Lange T. Shelterin: the protein complex that shapes and safe-
guards human telomeres. Genes Dev 2005;19:2100—10.

Jones M, Bisht K, Savage SA, Nandakumar J, Keegan CE, Maillard 1.
The shelterin complex and hematopoiesis. J Clin Investig 2016;126:
1621-9.

Smith EM, Pendlebury DF, Nandakumar J. Structural biology of
telomeres and telomerase. Cell Mol Life Sci 2020;77:61—79.

Barral A, Déjardin J. Telomeric chromatin and TERRA. J Mol Biol
2020;432:4244—56.

Liu B, He Y, Wang Y, Song H, Zhou ZH, Feigon J. Structure of active
human telomerase with telomere shelterin protein TPP1. Nature
2022;604:578—83.

Jiang Y, Zhou Y, Wang Y, Li Z, Ashraf GM, Guo L. Telomerase
dynamics in stem cells: unraveling the molecular nexus of cellular
aging and regeneration. Ageing Res Rev 2025;112:102853.
Waisberg DR, Barbas Filho JV, Parra ER, Fernezlian S, de
Carvalho CRR, Kairalla RA, et al. Abnormal expression of telo-
merase/apoptosis limits type II alveolar epithelial cell replication in
the early remodeling of usual interstitial pneumonia/idiopathic pul-
monary fibrosis. Hum Pathol 2010;41:385—91.

Ruiz A, Flores Gonzalez J, Buendia Roldan I, Chavez Galan L.
Telomere shortening and its association with cell dysfunction in lung
diseases. Int J Mol Sci 2021;23:425.

Bellon M, Nicot C. Telomere dynamics in immune senescence and
exhaustion triggered by chronic viral infection. Viruses 2017;9:289.
Dugdale HL, Richardson DS. Heritability of telomere variation: it is
all about the environment. Philos Trans R Soc Lond B Biol Sci 2018,;
373:20160450.

Molina-Molina M, Borie R. Clinical implications of telomere
dysfunction in lung fibrosis. Curr Opin Pulm Med 2018;24:440—4.
Nandakumar J, Cech TR. Finding the end: recruitment of telomerase
to telomeres. Nat Rev Mol Cell Biol 2013;14:69—82.

Fernandes JR, Pinto TNC, Piemonte LL, Arruda LB, Marques da
Silva CCB, F Carvalho CR, et al. Long-term tobacco exposure and
immunosenescence: paradoxical effects on T-cells telomere length
and telomerase activity. Mech Ageing Dev 2021;197:111501.

Steele MP, Schwartz DA. Molecular mechanisms in progressive
idiopathic pulmonary fibrosis. Annu Rev Med 2013;64:265—76.



Telomere-associated non-malignant pulmonary diseases

4849

48.

49.

50.

51.

52.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Wijsenbeek M, Suzuki A, Maher TM. Interstitial lung diseases.
Lancet 2022;400:769—86.

Guan JZ, Maeda T, Sugano M, Oyama J, Higuchi Y, Suzuki T, et al.
An analysis of telomere length in sarcoidosis. J Gerontol A Biol Sci
Med Sci 2007;62:1199—203.

Alder JK, Chen JJ, Lancaster L, Danoff S, Su SC, Cogan JD, et al.
Short telomeres are a risk factor for idiopathic pulmonary fibrosis.
Proc Natl Acad Sci U S A 2008;105:13051—6.

Doyle TJ, Juge PA, Peljto AL, Lee S, Walts AD, Esposito AJ, et al.
Short peripheral blood leukocyte telomere length in rheumatoid
arthritis-interstitial lung disease. Thorax 2024;79:182—5.

Liu S, Chung MP, Ley B, French S, Elicker BM, Fiorentino DF, et al.
Peripheral blood leucocyte telomere length is associated with pro-
gression of interstitial lung disease in systemic sclerosis. Thorax
2021;76:1186—92.

. Cronkhite JT, Xing C, Raghu G, Chin KM, Torres F, Rosenblatt RL,

et al. Telomere shortening in familial and sporadic pulmonary
fibrosis. Am J Respir Crit Care Med 2008;178:729—37.

Dai J, Cai H, Zhuang Y, Wu Y, Min H, Li J, et al. Telomerase gene
mutations and telomere length shortening in patients with idiopathic
pulmonary fibrosis in a Chinese population. Respirology 2015;20:
122—8.

Juge PA, Borie R, Kannengiesser C, Gazal S, Revy P, Wemeau
Stervinou L, et al. Shared genetic predisposition in rheumatoid
arthritis-interstitial lung disease and familial pulmonary fibrosis. Eur
Respir J 2017;49:1602314.

Selb J, Osolnik K, Kern I, Korosec P, Rijavec M. Utility of telo-
merase gene mutation testing in patients with idiopathic pulmonary
fibrosis in routine practice. Cells 2022;11:372.

Armanios M. Telomerase and idiopathic pulmonary fibrosis. Mutat
Res 2012;730:52—8.

Lee J, Sandford AJ, Connett JE, Yan J, Mui T, Li Y, et al. The
relationship between telomere length and mortality in chronic
obstructive pulmonary disease (COPD). PLoS One 2012;7:¢35567.
Barnes PJ. Senescence in COPD and its comorbidities. Annu Rev
Physiol 2017;79:517—39.

Houben JM, Mercken EM, Ketelslegers HB, Bast A, Wouters EF,
Hageman GJ, et al. Telomere shortening in chronic obstructive pul-
monary disease. Respir Med 2009;103:230—6.

Tsuji T, Aoshiba K, Nagai A. Alveolar cell senescence in patients with
pulmonary emphysema. Am J Respir Crit Care Med 2006;174:886—93.
Andujar P, Courbon D, Bizard E, Marcos E, Adnot S, Boyer L, et al.
Smoking, telomere length and lung function decline: a longitudinal
population-based study. Thorax 2018;73:283—5.

Jin M, Lee EC, Ra SW, Fishbane N, Tam S, Criner GJ, et al. Rela-
tionship of absolute telomere length with quality of life, exacerba-
tions, and mortality in COPD. Chest 2018;154:266—73.

Cordoba Lantds E, Cazorla Rivero S, Garcia Bello MA, Mayato D,
Gonzalvo F, Ayra-Plasencia J, et al. Telomere length dynamics over
10-years and related outcomes in patients with COPD. Respir Res
2021;22:56.

Coérdoba Lants E, Cazorla Rivero S, Espinoza Jiménez A, de
Torres JP, Pajares MJ, Aguirre Jaime A, et al. Telomere shortening
and accelerated aging in COPD: findings from the BODE cohort.
Respir Res 2017;18:59.

Alder JK, Guo N, Kembou F, Parry EM, Anderson CJ, Gorgy Al,
et al. Telomere length is a determinant of emphysema susceptibility.
Am J Respir Crit Care Med 2011;184:904—12.

Stanley SE, Merck SJ, Armanios M. Telomerase and the genetics of
emphysema susceptibility. Implications for pathogenesis paradigms
and patient care. Ann Am Thorac Soc 2016;13:5S447—51.

Stanley SE, Chen JJ, Podlevsky JD, Alder JK, Hansel NN,
Mathias RA, et al. Telomerase mutations in smokers with severe
emphysema. J Clin Investig 2015;125:563—70.

Ding Y, Li Q, Wu C, Wang W, Zhao J, Feng Q, et al. TERT gene
polymorphisms are associated with chronic obstructive pulmonary
disease risk in the Chinese Li population. Mol Genet Genom Med
2019;7:¢773.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Tacheva T, Zienolddiny S, Dimov D, Vlaykova D, Vlaykova T. The
leukocyte telomere length, single nucleotide polymorphisms near
TERC gene and risk of COPD. PeerJ 2021;9:¢12190.

Hadj Salem I, Dubé J, Boulet LP, Chakir J. Telomere shortening
correlates with accelerated replicative senescence of bronchial fi-
broblasts in asthma. Clin Exp Allergy 2015;45:1713—5.

Israel E, Reddel HK. Severe and difficult-to-treat asthma in adults. N
Engl J Med 2017;377:965—76.

Barbé-Tuana FM, Grun LK, Pierdona V, Parisi MM, Friedrich F,
Guma FTCR, et al. Shorter telomeres in children with severe asthma,
an indicative of accelerated aging. Aging (Albany NY) 2021;13:
1686—91.

Henckel E, Svenson U, Nordlund B, Berggren BE, Hedlin G,
Degerman S, et al. Telomere length was similar in school-age chil-
dren with bronchopulmonary dysplasia and allergic asthma. Acta
Paediatr 2018;107:1395—401.

Belsky DW, Shalev I, Sears MR, Hancox RJ, Lee Harrington H,
Houts R, et al. Is chronic asthma associated with shorter leukocyte
telomere length at midlife?. Am J Respir Crit Care Med 2014;190:
384-91.

Lee EY, Oh SS, White MJ, Eng CS, Elhawary JR, Borrell LN, et al.
Ambient air pollution, asthma drug response, and telomere length in
African American youth. J Allergy Clin Immunol 2019;144:839—45.
Revy P, Kannengiesser C, Bertuch AA. Genetics of human telomere
biology disorders. Nat Rev Genet 2023;24:86—108.

Garcia CK. Idiopathic pulmonary fibrosis: update on genetic dis-
coveries. Proc Am Thorac Soc 2011;8:158—62.

Armanios MY, Chen JJ, Cogan JD, Alder JK, Ingersoll RG,
Markin C, et al. Telomerase mutations in families with idiopathic
pulmonary fibrosis. N Engl J Med 2007;356:1317—26.

Ghanim GE, Fountain AJ, van Roon AM, Rangan R, Das R,
Collins K, et al. Structure of human telomerase holoenzyme with
bound telomeric DNA. Nature 2021;593:449—53.

Kannengiesser C, Manali ED, Revy P, Callebaut I, Ba I, Borgel A,
et al. First heterozygous NOPI0 mutation in familial pulmonary
fibrosis. Eur Respir J 2020;55:1902465.

Benyelles M, O’Donohue M, Kermasson L, Lainey E, Borie R,
Lagresle Peyrou C, et al. NHP2 deficiency impairs rRNA biogenesis
and causes pulmonary fibrosis and Hgyeraal-Hreidarsson syndrome.
Hum Mol Genet 2020;29:907—22.

Venteicher AS, Abreu EB, Meng Z, McCann KE, Terns RM,
Veenstra TD, et al. A human telomerase holoenzyme protein required
for Cajal body localization and telomere synthesis. Science 2009;
323:644—8.

Chen L, Roake CM, Freund A, Batista PJ, Tian S, Yin YA, et al. An
activity switch in human telomerase based on RNA conformation and
shaped by TCABI1. Cell 2018;174:218—30.

Henriksson S, Rassoolzadeh H, Hedstrom E, Coucoravas C, Julner A,
Goldstein M, et al. The scaffold protein WRAPS538 orchestrates the
ubiquitin response critical for DNA double-strand break repair.
Genes Dev 2014;28:2726—38.

Ghosh S, Nguyen MT, Choi HE, Stahl M, Kiihn AL, Van der
Auwera S, et al. RIOK2 transcriptionally regulates TRiC and dys-
kerin complexes to prevent telomere shortening. Nat Commun 2024;
15:7138.

Shukla S, Schmidt JC, Goldfarb KC, Cech TR, Parker R. Inhibition
of telomerase RNA decay rescues telomerase deficiency caused by
dyskerin or PARN defects. Nat Struct Mol Biol 2016;23:286—92.
Gaysinskaya V, Stanley SE, Adam S, Armanios M. Synonymous
mutation in DKCI causes telomerase RNA insufficiency manifesting
as familial pulmonary fibrosis. Chest 2020;158:2449—57.

Kropski JA, Mitchell DB, Markin C, Polosukhin VV, Choi L,
Johnson JE, et al. A novel dyskerin (DKC1) mutation is associated
with familial interstitial pneumonia. Chest 2014;146:e1—7.

Stanley SE, Gable DL, Wagner CL, Carlile TM, Hanumanthu VS,
Podlevsky JD, et al. Loss-of-function mutations in the RNA
biogenesis factor NAFI predispose to pulmonary fibrosis-emphy-
sema. Sci Transl Med 2016;8:351ral07.



4850

Hongyan Zhan et al.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Gable DL, Gaysinskaya V, Atik CC, Talbot Jr CC, Kang B,
Stanley SE, et al. ZCCHCS, the nuclear exosome targeting compo-
nent, is mutated in familial pulmonary fibrosis and is required for
telomerase RNA maturation. Genes Dev 2019;33:1381—96.

Stuart BD, Choi J, Zaidi S, Xing C, Holohan B, Chen R, et al. Exome
sequencing links mutations in PARN and RTELI with familial pul-
monary fibrosis and telomere shortening. Nat Genet 2015;47:512—7.
Moon DH, Segal M, Boyraz B, Guinan E, Hofmann I, Cahan P, et al.
Poly(A)-specific ribonuclease (PARN) mediates 3’-end maturation of
the telomerase RNA component. Nar Genet 2015;47:1482—8.
Sharma R, Sahoo SS, Honda M, Granger SL, Goodings C,
Sanchez L, et al. Gain-of-function mutations in RPAJ cause a syn-
drome with short telomeres and somatic genetic rescue. Blood 2022;
139:1039—-51.

Zhou H, Xie C, Xie Y, He Y, Chen Y, Zhang C, et al. UBQLNI1
deficiency mediates telomere shortening and IPF through interacting
with RPA1. PLoS Genet 2023;19:¢1010856.

Pike AM, Strong MA, Ouyang JPT, Greider CW. TIN2 functions
with TPP1/POT1 to stimulate telomerase processivity. Mol Cell Biol
2019;39:¢00593-18.

Arish N, Petukhov D, Wallach-Dayan SB. The role of telomerase and
telomeres in interstitial lung diseases: from molecules to clinical
implications. Int J Mol Sci 2019;20:2996.

Alder JK, Stanley SE, Wagner CL, Hamilton M, Hanumanthu VS,
Armanios M. Exome sequencing identifies mutant 7/INF2 in a family
with pulmonary fibrosis. Chest 2015;147:1361—8.

Hoffman TW, van der Vis JJ, van der Smagt JJ, Massink MPG,
Grutters JC, van Moorsel CHM. Pulmonary fibrosis linked to variants
in the ACD gene, encoding the telomere protein TPP1. Eur Respir J
2019;54:1900809.

Nandakumar J, Bell CF, Weidenfeld I, Zaug AJ, Leinwand LA,
Cech TR. The TEL patch of telomere protein TPP1 mediates telo-
merase recruitment and processivity. Nature 2012;492:285—9.
Kelich J, Aramburu T, van der Vis JJ, Showe L, Kossenkov A, van
der Smagt J, et al. Telomere dysfunction implicates POT1 in patients
with idiopathic pulmonary fibrosis. J Exp Med 2022;219:¢20211681.
Herman AB, Tsitsipatis D, Gorospe M. Integrated IncRNA function
upon genomic and epigenomic regulation. Mol Cell 2022;82:2252—66.
Chen Y, Li Z, Chen X, Zhang S. Long non-coding RNAs: from
disease code to drug role. Acta Pharm Sin B 2021;11:340—54.

Cao G, Zhang J, Wang M, Song X, Liu W, Mao C, et al. Differential
expression of long non-coding RNAs in bleomycin-induced lung
fibrosis. Int J Mol Med 2013;32:355—64.

Wang C, Huang Y, Yang Y, Li R, Li Y, Qiu H, et al. ILF3 safeguards
telomeres from aberrant homologous recombination as a telomeric
R-loop reader. Protein Cell 2024;15:493—511.

Bettin N, Oss Pegorar C, Cusanelli E. The emerging roles of TERRA
in telomere maintenance and genome stability. Cells 2019;8:246.
Lalonde M, Chartrand P. TERRA, a multifaceted regulator of telo-
merase activity at telomeres. J Mol Biol 2020;432:4232—43.

Gao Y, Zhang J, Liu Y, Zhang S, Wang Y, Liu B, et al. Regulation of
TERRA on telomeric and mitochondrial functions in IPF pathogen-
esis. BMC Pulm Med 2017;17:163.

Maicher A, Kastner L, Dees M, Luke B. Deregulated telomere
transcription causes replication-dependent telomere shortening and
promotes cellular senescence. Nucleic Acids Res 2012;40:6649—59.
Wang Z, Deng Z, Dahmane N, Tsai K, Wang P, Williams DR, et al.
Telomeric repeat-containing RNA (TERRA) constitutes a nucleo-
protein component of extracellular inflammatory exosomes. Proc
Natl Acad Sci U S A 2015;112:E6293—300.

Martin Medina A, Lehmann M, Burgy O, Hermann S, Baarsma HA,
Wagner DE, et al. Increased extracellular vesicles mediate WNTSA
signaling in idiopathic pulmonary fibrosis. Am J Respir Crit Care
Med 2018;198:1527—38.

Alder JK, Hanumanthu VS, Strong MA, DeZern AE, Stanley SE,
Takemoto CM, et al. Diagnostic utility of telomere length testing in a
hospital-based setting. Proc Natl Acad Sci U S A 2018;115:
E2358—065.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Povedano JM, Martinez P, Flores JM, Mulero F, Blasco MA. Mice
with pulmonary fibrosis driven by telomere dysfunction. Cell Rep
2015;12:286—99.

Borchers AT, Chang C, Keen CL, Gershwin ME. Idiopathic pulmo-
nary fibrosis-an epidemiological and pathological review. Clin Rev
Allergy Immunol 2011;40:117—34.

Hong X, Wang L, Zhang K, Liu J, Liu JP. Molecular mechanisms of
alveolar epithelial stem cell senescence and senescence-associated
differentiation disorders in pulmonary fibrosis. Cells 2022;11:877.
Azadeh N, Limper AH, Carmona EM, Ryu JH. The role of infection
in interstitial lung diseases: a review. Chest 2017;152:842—52.
Wang J, Hu K, Cai X, Yang B, He Q, Wang J, et al. Targeting
PI3K/AKT signaling for treatment of idiopathic pulmonary fibrosis.
Acta Pharm Sin B 2022;12:18—32.

Katzen J, Beers MF. Contributions of alveolar epithelial cell
quality control to pulmonary fibrosis. J Clin Investig 2020;130:
5088—99.

Parimon T, Yao C, Stripp BR, Noble PW, Chen P. Alveolar epithelial
type II cells as drivers of lung fibrosis in idiopathic pulmonary
fibrosis. Int J Mol Sci 2020;21:22609.

Ruaro B, Salton F, Braga L, Wade B, Confalonieri P, Volpe MC, et al.
The history and mystery of alveolar epithelial type II cells: focus on
their physiologic and pathologic role in lung. Int J Mol Sci 2021;22:
2566.

Pauchet A, Chaussavoine A, Pairon JC, Gabillon C, Didier A,
Baldi I, et al. Idiopathic pulmonary fibrosis: what do we know about
the role of occupational and environmental determinants?. A sys-
tematic literature review and meta-analysis. J Toxicol Environ Health
B Crit Rev 2022;25:372—92.

Di X, Li Y, Wei J, Li T, Liao B. Targeting fibrosis: from molecular
mechanisms to advanced therapies. Adv Sci (Weinh) 2025;12:
e2410416.

Lee JS, La J, Aziz S, Dobrinskikh E, Brownell R, Jones KD, et al.
Molecular markers of telomere dysfunction and senescence are
common findings in the usual interstitial pneumonia pattern of lung
fibrosis. Histopathology 2021;79:67—76.

Rieder F, Nagy LE, Maher TM, Distler JHW, Kramann R, Hinz B,
et al. Fibrosis: cross-organ biology and pathways to development of
innovative drugs. Nat Rev Drug Discov 2025;24:543—69.

Asano S, Ito S, Takahashi K, Furuya K, Kondo M, Sokabe M, et al.
Matrix stiffness regulates migration of human lung fibroblasts. Phys
Rep 2017;5:e13281.

Long Y, Niu Y, Liang K, Du Y. Mechanical communication in
fibrosis progression. Trends Cell Biol 2022;32:70—90.

O’Reilly S, Tsou P, Varga J. Senescence and tissue fibrosis: oppor-
tunities for therapeutic targeting. Trends Mol Med 2024;30:1113—25.
Renzoni EA, Walsh DA, Salmon M, Wells AU, Sestini P,
Nicholson AG, et al. Interstitial vascularity in fibrosing alveolitis. Am
J Respir Crit Care Med 2003;167:438—43.

Yanagihara T, Tsubouchi K, Zhou Q, Chong M, Otsubo K,
Isshiki T, et al. Vascular-parenchymal cross-talk promotes lung
fibrosis through BMPR2 signaling. Am J Respir Crit Care Med
2023;207:1498—514.

Jiang M, Bu W, Wang X, Ruan J, Shi W, Yu S, et al. Pulmonary
fibrosis: from mechanisms to therapies. J Transl Med 2025;23:515.
Fliesser E, Jandl K, Lins T, Birnhuber A, Valzano F, Kolb D, et al.
Lung fibrosis is linked to increased endothelial cell activation and
dysfunctional vascular barrier integrity. Am J Respir Cell Mol Biol
2024;71:318-31.

Tzouvelekis A, Harokopos V, Paparountas T, Oikonomou N,
Chatziioannou A, Vilaras G, et al. Comparative expression profiling in
pulmonary fibrosis suggests a role of hypoxia-inducible factor-1alpha
in disease pathogenesis. Am J Respir Crit Care Med 2007;176:
1108—19.

da Silva CO, de Souza Nogueira J, do Nascimento AP, Victoni T,
Bartholo TP, da Costa CH, et al. COPD patients exhibit distinct gene
expression, accelerated cellular aging, and bias to M2 macrophages.
Int J Mol Sci 2023;24:9913.



Telomere-associated non-malignant pulmonary diseases

4851

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Roth Walter F, Adcock IM, Benito-Villalvilla C, Bianchini R,
Bjermer L, Caramori G, et al. Metabolic pathways in immune
senescence and inflammaging: novel therapeutic strategy for chronic
inflammatory lung diseases. An EAACI position paper from the task
force for immunopharmacology. Allergy 2024;79:1089—122.
Vasileiou PVS, Evangelou K, Vlasis K, Fildisis G, Panayiotidis MI,
Chronopoulos E, et al. Mitochondrial homeostasis and cellular
senescence. Cells 2019;8:686.

Dash UC, Bhol NK, Swain SK, Samal RR, Nayak PK, Raina V, et al.
Oxidative stress and inflammation in the pathogenesis of neurolog-
ical disorders: mechanisms and implications. Acta Pharm Sin B
2025;15:15—34.

Basisty N, Kale A, Jeon OH, Kuehnemann C, Payne T, Rao C, et al.
A proteomic atlas of senescence-associated secretomes for aging
biomarker development. PLoS Biol 2020;18:¢3000599.

Victorelli S, Passos JE. Telomeres: beacons of autocrine and para-
crine DNA damage during skin aging. Cell Cycle 2020;19:532—40.
Victorelli S, Lagnado A, Halim J, Moore W, Talbot D, Barrett K,
et al. Senescent human melanocytes drive skin ageing via paracrine
telomere dysfunction. EMBO J 2019;38:¢101982.

Guo DY, Liu ZY, Xu XC, Yu JK, Zhou JS, Li ZY, et al. Neutrophil
heterogeneity in airway inflammatory diseases. Inflammation 2025;
48:3800—27.

Lagnado A, Leslie J, Ruchaud Sparagano MH, Victorelli S,
Hirsova P, Ogrodnik M, et al. Neutrophils induce paracrine telomere
dysfunction and senescence in ROS-dependent manner. EMBO J
2021;40:e106048.

Jacome Burbano MS, Cherfils Vicini J, Gilson E. Neutrophils:
mediating TelOxidation and senescence. EMBO J 2021;40:e108164.
Wang L, Hong W, Zhu H, He Q, Yang B, Wang J, et al. Macrophage
senescence in health and diseases. Acta Pharm Sin B 2024;14:
1508—24.

Van den Bossche J, O’Neill LA, Menon D. Macrophage immuno-
metabolism: where are we (going)?. Trends Immunol 2017;38:
395—406.

Cloonan SM, Mumby S, Adcock IM, Choi AMK, Chung KF,
Quinlan GJ. The “iron”-y of iron overload and iron deficiency in
chronic obstructive pulmonary disease. Am J Respir Crit Care Med
2017;196:1103—12.

Wesselius LJ, Nelson ME, Skikne BS. Increased release of ferritin
and iron by iron-loaded alveolar macrophages in cigarette smokers.
Am J Respir Crit Care Med 1994;150:690—5.

Kepinska M, Szyller J, Milnerowicz H. The influence of oxidative
stress induced by iron on telomere length. Environ Toxicol Phar-
macol 2015;40:931-5.

Yoshida M, Minagawa S, Araya J, Sakamoto T, Hara H,
Tsubouchi K, et al. Involvement of cigarette smoke-induced epithe-
lial cell ferroptosis in COPD pathogenesis. Nat Commun 2019;10:
3145.

Sadiku P, Willson JA, Ryan EM, Sammut D, Coelho P, Watts ER,
et al. Neutrophils fuel effective immune responses through gluco-
neogenesis and glycogenesis. Cell Metab 2021;33:411-23.

Ham J, Kim J, Ko YG, Kim HY. The dynamic contribution of neu-
trophils in the chronic respiratory diseases. Allergy Asthma Immunol
Res 2022;14:361—78.

Russell DW, Gaggar A, Solomon GM. Neutrophil fates in bronchi-
ectasis and alpha-1 antitrypsin deficiency. Ann Am Thorac Soc 2016;
13(Suppl 2):S123-9.

Boxio R, Wartelle J, Nawrocki-Raby B, Lagrange B, Malleret L,
Hirche T, et al. Neutrophil elastase cleaves epithelial cadherin in
acutely injured lung epithelium. Respir Res 2016;17:129.
Weathington NM, van Houwelingen AH, Noerager BD, Jackson PL,
Kraneveld AD, Galin ES, et al. A novel peptide CXCR ligand derived
from extracellular matrix degradation during airway inflammation.
Nat Med 2006;12:317—23.

Greene CM, Marciniak SJ, Teckman J, Ferrarotti I, Brantly ML,
Lomas DA, et al. al-antitrypsin deficiency. Nat Rev Dis Primers
2016;2:16051.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Guillon A, Jouan Y, Brea D, Gueugnon F, Dalloneau E, Baranek T,
et al. Neutrophil proteases alter the interleukin-22-receptor-depen-
dent lung antimicrobial defence. Eur Respir J 2015;46:771—82.
Walsh DE, Greene CM, Carroll TP, Taggart CC, Gallagher PM,
O’Neill SJ, et al. Interleukin-8 up-regulation by neutrophil elastase is
mediated by MyD88/IRAK/TRAF-6 in human bronchial epithelium.
J Biol Chem 2001;276:35494—9.

Kuwahara I, Lillehoj EP, Lu W, Singh IS, Isohama Y, Miyata T, et al.
Neutrophil elastase induces IL-8 gene transcription and protein
release through p38/NF-«xB activation via EGFR transactivation in a
lung epithelial cell line. Am J Physiol Lung Cell Mol Physiol 2006;
291:L407—16.

Shao MX, Nadel JA. Neutrophil elastase induces MUC5AC mucin
production in human airway epithelial cells via a cascade involving
protein kinase C, reactive oxygen species, and TNF-a-converting
enzyme. J Immunol 2005;175:4009—16.

Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR is a key modu-
lator of ageing and age-related disease. Nature 2013;493:338—45.
To Y, Ito K, Kizawa Y, Failla M, Ito M, Kusama T, et al. Targeting
phosphoinositide-3-kinase-6 with theophylline reverses corticoste-
roid insensitivity in chronic obstructive pulmonary disease. Am J
Respir Crit Care Med 2010;182:897—904.

Zhang XY, Li W, Zhang JR, Li CY, Zhang J, Lv XJ. Roles of sirtuin
family members in chronic obstructive pulmonary disease. Respir
Res 2022;23:66.

Lu TX, Rothenberg ME. MicroRNA. J Allergy Clin Immunol 2018;
141:1202—7.

Rajendrasozhan S, Yang SR, Kinnula VL, Rahman I. SIRT1, an anti-
inflammatory and antiaging protein, is decreased in lungs of patients
with chronic obstructive pulmonary disease. Am J Respir Crit Care
Med 2008;177:861—70.

Baker JR, Vuppusetty C, Colley T, Papaioannou Al, Fenwick P,
Donnelly L, et al. Oxidative stress dependent microRNA-34a acti-
vation via PI3K« reduces the expression of sirtuin-1 and sirtuin-6 in
epithelial cells. Sci Rep 2016;6:35871.

Yang R, Zhan Y, Deng Z, Zhang J, Chen S, Zhang Y, et al. Aryl-
sulfatase K attenuates airway epithelial cell senescence in COPD by
regulating parkin-mediated mitophagy. Redox Biol 2025;86:103793.
Ahmad T, Sundar IK, Tormos AM, Lerner CA, Gerloff J, Yao H,
et al. Shelterin telomere protection protein 1 reduction causes telo-
mere attrition and cellular senescence via sirtuin 1 deacetylase in
chronic obstructive pulmonary disease. Am J Respir Cell Mol Biol
2017;56:38—49.

Wan R, Srikaram P, Guntupalli V, Hu C, Chen Q, Gao P. Cellular
senescence in asthma: from pathogenesis to therapeutic challenges.
EBioMedicine 2023;94:104717.

Zhu Y, Liu X, Ding X, Wang F, Geng X. Telomere and its role in the
aging pathways: telomere shortening, cell senescence and mito-
chondria dysfunction. Biogerontology 2019;20:1—16.

Yang H, Wang H, Ren J, Chen Q, Chen ZJ. cGAS is essential for
cellular senescence. Proc Natl Acad Sci U S A 2017;114:E4612—20.
Li T, Chen ZJ. The cGAS—cGAMP—STING pathway connects DNA
damage to inflammation, senescence, and cancer. J Exp Med 2018;
215:1287—99.

Michaeloudes C, Abubakar Waziri H, Lakhdar R, Raby K, Dixey P,
Adcock IM, et al. Molecular mechanisms of oxidative stress in
asthma. Mol Aspect Med 2022;85:101026.

Kim SR, Kim DI, Kim SH, Lee H, Lee KS, Cho SH, et al. NLRP3
inflammasome activation by mitochondrial ROS in bronchial
epithelial cells is required for allergic inflammation. Cell Death Dis
2014;5:¢1498.

Parikh P, Britt RD Jr, Manlove LJ, Wicher SA, Roesler A, Ravix J,
et al. Hyperoxia-induced cellular senescence in fetal airway smooth
muscle cells. Am J Respir Cell Mol Biol 2019;61:51—60.

Lee EY, Lin J, Noth EM, Hammond SK, Nadeau KC, Eisen EA, et al.
Traffic-related air pollution and telomere length in children and ad-
olescents living in Fresno, CA: a pilot study. J Occup Environ Med
2017;59:446—52.



4852

Hongyan Zhan et al.

175.

176.

177.

178.

179.

180.

181.

182.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Chan TK, Loh XY, Peh HY, Tan WNF, Tan WSD, Li N, et al. House
dust mite-induced asthma causes oxidative damage and DNA double-
strand breaks in the lungs. J Allergy Clin Immunol 2016;138:
84—96.el.

Boonpiyathad T, Sozener ZC, Satitsuksanoa P, Akdis CA. Immuno-
logic mechanisms in asthma. Semin Immunol 2019;46:101333.
Wang F, Yang Y, Li Z, Wang Y, Zhang Z, Zhang W, et al. Mannan-
binding lectin regulates the Th17/Treg axis through JAK/STAT and
TGF-B/SMAD signaling against Candida albicans infection. J
Inflamm Res 2022;15:1797—810.

Soma T, Nagata M. Immunosenescence, inflammaging, and lung
senescence in asthma in the elderly. Biomolecules 2022;12:1456.
Xie C, Yang J, Gul A, Li Y, Zhang R, Yalikun M, et al. Inmunologic
aspects of asthma: from molecular mechanisms to disease patho-
physiology and clinical translation. Front Immunol 2024;15:1478624.
Xue C, Yao Q, Gu X, Shi Q, Yuan X, Chu Q, et al. Evolving
cognition of the JAK—STAT signaling pathway: autoimmune disor-
ders and cancer. Signal Transduct Targeted Ther 2023;8:204.
Sachdeva K, Do DC, Zhang Y, Hu X, Chen J, Gao P. Environmental
exposures and asthma development: autophagy, mitophagy, and
cellular senescence. Front Immunol 2019;10:2787.

Papi A, Brightling C, Pedersen SE, Reddel HK. Asthma. Lancet
2018;391:783—800.

3. Haj-Salem I, Plante S, Gounni AS, Rouabhia M, Chakir J. Fibroblast-

derived exosomes promote epithelial cell proliferation through TGF-
(2 signalling pathway in severe asthma. Allergy 2018;73:178—86.
Liu C, Liu HJ, Xiang Y, Tan YR, Zhu XL, Qin XQ. Wound repair and
anti-oxidative capacity is regulated by ITGB4 in airway epithelial
cells. Mol Cell Biochem 2010;341:259—69.

Deacon K, Knox AJ. PINX1 and TERT are required for TNF-a-
induced airway smooth muscle chemokine gene expression. J
Immunol 2018;200:1283—94.

Yang L, Xu H, Hong Q, Xu N, Zhang Y, Tao R, et al. Crocus sativus
L. produces anti-inflammatory effects and regulates the NLRP3—NF-
kB pathway. Acupunct Herb Med 2024;4:375—85.

Haruta Y, Hiyama K, Ishioka S, Hozawa S, Maeda H, Yamakido M.
Activation of telomerase is induced by a natural antigen in allergen-
specific memory T lymphocytes in bronchial asthma. Biochem Bio-
phys Res Commun 1999;259:617—23.

Wang B, Han J, Elisseeff JH, Demaria M. The senescence-associated
secretory phenotype and its physiological and pathological implica-
tions. Nat Rev Mol Cell Biol 2024;25:958—78.

Stuart BD, Lee JS, Kozlitina J, Noth I, Devine MS, Glazer CS, et al.
Effect of telomere length on survival in patients with idiopathic
pulmonary fibrosis: an observational cohort study with independent
validation. Lancet Respir Med 2014;2:557—65.

Duckworth A, Gibbons MA, Allen RJ, Almond H, Beaumont RN,
Wood AR, et al. Telomere length and risk of idiopathic pulmonary
fibrosis and chronic obstructive pulmonary disease: a mendelian
randomisation study. Lancet Respir Med 2021;9:285—94.

van Batenburg AA, Kazemier KM, van Oosterhout MFM, van der
Vis JJ, van Es HW, Grutters JC, et al. From organ to cell: multi-level
telomere length assessment in patients with idiopathic pulmonary
fibrosis. PLoS One 2020;15:€0226785.

Schafer MJ, White TA, Iijima K, Haak AJ, Ligresti G, Atkinson EJ,
et al. Cellular senescence mediates fibrotic pulmonary disease. Nat
Commun 2017:8:14532.

Alvarez D, Cardenes N, Sellarés J, Bueno M, Corey C,
Hanumanthu VS, et al. IPF lung fibroblasts have a senescent pheno-
type. Am J Physiol Lung Cell Mol Physiol 2017;313:L1164—73.
Tesolato S, Vicente Valor J, Jarabo JR, Calatayud J, Sdiz Pardo M,
Nieto A, et al. Role of telomere length in survival of patients with
idiopathic pulmonary fibrosis and other interstitial lung diseases.
Biomedicines 2023;11:3257.

Povedano JM, Martinez P, Serrano R, Tejera A, Gémez Lopez G,
Bobadilla M, et al. Therapeutic effects of telomerase in mice with
pulmonary fibrosis induced by damage to the lungs and short
telomeres. eLife 2018;7:¢31299.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

Pifieiro Hermida S, Autilio C, Martinez P, Bosch F, Pérez Gil J,
Blasco MA. Telomerase treatment prevents lung profibrotic pathol-
ogies associated with physiological aging. J Cell Biol 2020;219:
€202002120.

Savale L, Chaouat A, Bastuji Garin S, Marcos E, Boyer L, Maitre B,
et al. Shortened telomeres in circulating leukocytes of patients with
chronic obstructive pulmonary disease. Am J Respir Crit Care Med
2009;179:566—71.

Birch J, Anderson RK, Correia Melo C, Jurk D, Hewitt G,
Marques FM, et al. DNA damage response at telomeres contributes
to lung aging and chronic obstructive pulmonary disease. Am J
Physiol Lung Cell Mol Physiol 2015;309:L1124—37.

Cagsin H, Uzan A, Tosun O, Rasmussen F, Serakinci N. Tissue-
specific ultra-short telomeres in chronic obstructive pulmonary dis-
ease. Int J Chronic Obstr Pulm Dis 2020;15:2751-7.

Liu S, Chen L, Shang Y. CEACAMS exacerbates asthma by
inducing ferroptosis and autophagy in airway epithelial cells
through the JAK/STAT6-dependent pathway. Redox Rep 2025;30:
2444755.

Zhang Z, He Y, Liu H, Liu Y, Wu T, Li R, et al. NLRP3 regulates
ferroptosis via the JAK2/STAT3 pathway in asthma inflammation:
insights from in vivo and in vitro studies. Int Immunopharmacol
2024;143:113416.

Liu H, Zhou L, Wang X, Zheng Q, Zhan F, Zhou L, et al. Dexa-
methasone upregulates macrophage PIEZO1 via SGK1, suppressing
inflammation and increasing ROS and apoptosis. Biochem Pharma-
col 2024;222:116050.

Aghali A, Khalfaoui L, Lagnado AB, Drake LY, Teske JJ,
Pabelick CM, et al. Cellular senescence is increased in airway
smooth muscle cells of elderly persons with asthma. Am J Physiol
Lung Cell Mol Physiol 2022;323:L558—68.

Bernardes de Jesus B, Vera E, Schneeberger K, Tejera AM, Ayuso E,
Bosch F, et al. Telomerase gene therapy in adult and old mice delays
aging and increases longevity without increasing cancer. EMBO Mol
Med 2012;4:691—704.

Mora AL, Rojas M, Pardo A, Selman M. Emerging therapies for
idiopathic pulmonary fibrosis, a progressive age-related disease. Nat
Rev Drug Discov 2017;16:755—72.

Wang JH, Gessler DJ, Zhan W, Gallagher TL, Gao G. Adeno-asso-
ciated virus as a delivery vector for gene therapy of human diseases.
Signal Transduct Targeted Ther 2024;9:78.

Kochergin Nikitsky K, Belova L, Lavrov A, Smirnikhina S. Tissue
and cell-type-specific transduction using rAAV vectors in lung dis-
eases. J Mol Med (Berl) 2021;99:1057—71.

Cerbini T, Funahashi R, Luo Y, Liu C, Park K, Rao M, et al.
Transcription activator-like effector nuclease (TALEN)-mediated
CLYBL targeting enables enhanced transgene expression and one-
step generation of dual reporter human induced pluripotent stem
cell iPSC) and neural stem cell (NSC) lines. PLoS One 2015;10:
e0116032.

Ramunas J, Yakubov E, Brady JJ, Corbel SY, Holbrook C, Brandt M,
et al. Transient delivery of modified mRNA encoding
TERT rapidly extends telomeres in human cells. FASEB J 2015;29:
1930-9.

Kim NW, Piatyszek MA, Prowse KR, Harley CB, West MD, Ho PL,
et al. Specific association of human telomerase activity with
immortal cells and cancer. Science 1994;266:2011—5.

Shay JW, Bacchetti S. A survey of telomerase activity in human
cancer. Eur J Cancer 1997;33:787—91.

Zhang M, Lu H, Xie L, Liu X, Cun D, Yang M. Inhaled RNA drugs
to treat lung diseases: disease-related cells and nano-bio interactions.
Adv Drug Deliv Rev 2023;203:115144.

Webb C, Ip S, Bathula NV, Popova P, Soriano SKV, Ly HH, et al.
Current status and future perspectives on mRNA drug manufacturing.
Mol Pharm 2022;19:1047—58.

Huang C, Li H, Duan X, Zhang P, Qi S, Du J, et al. Inhaled non-viral
delivery systems for RNA therapeutics. Acta Pharm Sin B 2025;15:
2402-30.



Telomere-associated non-malignant pulmonary diseases

4853

215.

216.

217.

218.

219.

220.

221.

222.

223.

Bai X, Chen Q, Li F, Teng Y, Tang M, Huang J, et al. Optimized
inhaled LNP formulation for enhanced treatment of idiopathic pul-
monary fibrosis via mRNA-mediated antibody therapy. Nat Commun
2024;15:6844.

Petersen DMS, Weiss RM, Hajj KA, Yerneni SS, Chaudhary N,
Newby AN, et al. Branched-tail lipid nanoparticles for intravenous
mRNA delivery to lung immune, endothelial, and alveolar cells in
mice. Adv Healthcare Mater 2024;13:¢2400225.

Ye JL, Grieger K, Lu D, Brandenberger C, Juchem M, Jordan M,
et al. Telomerase modRNA offers a novel RNA-based approach to
treat human pulmonary fibrosis. Aging Cell 2025;24:¢70240.

Cao Y, Wang R, He X, Ding Y, Chang Y, Yang R, et al. Targeted
delivery of BMPR2 mRNA attenuates pulmonary arterial hyperten-
sion by reversing pulmonary vascular remodeling. Acta Pharm Sin B
2025;15:5416—30.

Armanios M, Alder JK, Parry EM, Karim B, Strong MA,
Greider CW. Short telomeres are sufficient to cause the degenerative
defects associated with aging. Am J Hum Genet 2009;85:823—32.
Shim HS, Iaconelli J, Shang X, Li J, Lan ZD, Jiang S, et al. TERT
activation targets DNA methylation and multiple aging hallmarks.
Cell 2024;187:4030—42.

Nagpal N, Wang J, Zeng J, Lo E, Moon DH, Luk K, et al. Small-
molecule PAPDS inhibitors restore telomerase activity in patient
stem cells. Cell Stem Cell 2020;26:896—909.¢e8.

Fu Z, Zhang J, Zhang Y. Role of molecular hydrogen in ageing and
ageing-related diseases. Oxid Med Cell Longev 2022;2022:2249749.
Bayne S, Jones ME, Li H, Pinto AR, Simpson ER, Liu JP. Estrogen
deficiency leads to telomerase inhibition, telomere shortening and

224.

225.

226.

2217.

228.

229.

230.

reduced cell proliferation in the adrenal gland of mice. Cell Res
2008;18:1141-50.

Townsley DM, Dumitriu B, Liu D, Biancotto A, Weinstein B,
Chen C, et al. Danazol treatment for telomere diseases. N Engl J Med
2016;374:1922—31.

Yu S, Wang X, Geng P, Tang X, Xiang L, Lu X, et al. Melatonin
regulates PARP1 to control the senescence-associated secretory
phenotype (SASP) in human fetal lung fibroblast cells. J Pineal Res
2017;63:e12405.

Le Saux CJ, Davy P, Brampton C, Ahuja SS, Fauce S, Shivshankar P,
et al. A novel telomerase activator suppresses lung damage in a
murine model of idiopathic pulmonary fibrosis. PLoS One 2013;8:
e58423.

Shen CY, Jiang JG, Yang L, Wang DW, Zhu W. Anti-ageing active
ingredients from herbs and nutraceuticals used in traditional Chinese
medicine: pharmacological mechanisms and implications for drug
discovery. Br J Pharmacol 2017;174:1395—425.

Tiendrébéogo AJF, Soumagne T, Pellegrin F, Dagouassat M,
Tran Van Nhieu J, Caramelle P, et al. The telomerase activator
TA-65 protects from cigarette smoke-induced small airway
remodeling in mice through extra-telomeric effects. Sci Rep 2023;
13:25.

Zhang D, Eckhardt CM, McGroder C, Benesh S, Porcelli J,
Depender C, et al. Clinical impact of telomere length testing for
interstitial lung disease. Chest 2024;166:1071—81.

Demanelis K, Jasmine F, Chen LS, Chernoff M, Tong L, Delgado D,
et al. Determinants of telomere length across human tissues. Science
2020;369:eaaz6876.



