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Abstract
Background Little is known about the underlying relationship between mosaic loss of chromosome Y
(mLOY), the most common chromosomal alterations in older men, and the risk of age-related lung diseases.
Methods We included 217 780 participants from the UK Biobank (UKB) and 42 859 participants from the
China Kadoorie Biobank. The mLOY events were detected using the Mosaic Chromosomal Alterations
(MoChA) pipeline. Outcomes included all lung diseases, COPD, lung cancer and idiopathic pulmonary
fibrosis (IPF). Cox proportional hazard models were fitted to estimate the hazard ratios and 95%
confidence intervals of mLOY with lung diseases in both cohorts. The combined hazard ratios were
derived from meta-analysis.
Results Results from the two cohorts showed that expanded mLOY was associated with increased risks of
all lung diseases (HR 1.19 (95% CI 1.04–1.36)), COPD (HR 1.20 (95% CI 1.13–1.28)), lung cancer (HR
1.34 (95% CI 1.21–1.48)) and IPF (HR 1.34 (95% CI 1.16–1.56) in the UKB). There was evidence of
positive interactions between mLOY and smoking behaviour (relative excess risk due to interaction (97.5%
CI) >0). Additionally, we observed that current smokers with expanded mLOY had the highest risk of
incident lung diseases in both cohorts.
Conclusions mLOY may be a novel predictor for age-related lung diseases. For current smokers carrying
mLOY, adopting quitting smoking behaviour may contribute to substantially reducing their risk of incident
lung diseases.

Introduction
Ageing leads to reduced lung function and increased vulnerability to environmental stressors [1], which
increase one’s susceptibility to age-related lung diseases including COPD, lung cancer and idiopathic
pulmonary fibrosis (IPF) [1–3]. These diseases contribute significantly to the burden of diseases worldwide
[4, 5], with COPD and lung cancer among the 10 leading causes of disability-adjusted life-years in
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populations aged ⩾50 years in 2019. Unfortunately, IPF patients have a median survival period of only
2–4 years post-diagnosis due to a lack of treatment options [6]. Therefore, identifying potential risk factors
for age-related lung diseases and implementing effective interventions for high-risk individuals is crucial.

Mosaic chromosomal alterations (mCAs) are structural changes on chromosomes that are considered a
hallmark of human ageing [7–9]. Somatic mosaic loss of chromosome Y (mLOY) is the most common
type of mCA in older men, affecting >40% of men aged >70 years [10, 11]. Although once considered a
normal age-related process, in recent years mLOY has been shown to be associated with reduced life
expectancy and an increased risk of age-related diseases such as cardiovascular disease, solid tumours and
Alzheimer’s disease [10–15]. However, the underlying relationship of mLOY with the risk of lung diseases
is still unclear. Previous studies examining the correlation between mLOY and lung cancer have yielded
conflicting findings [16–18], while the relationship between mLOY and other lung diseases remains
unexplored. In addition, it is well known that tobacco smoking increases the risks of both age-related lung
diseases and mLOY [19, 20]. Thus, whether there is a synergistic interaction between mLOY and smoking
behaviour with lung diseases is largely unknown.

In this study, we used genotyping data from the UK Biobank (UKB) and the China Kadoorie Biobank
(CKB) to estimate the prospective associations of mLOY with the risk of lung diseases. We also
investigated the joint association of mLOY and tobacco smoking with the risk of lung diseases and
examined the potential modifying effect of smoking behaviour.

Methods
Study population
The UKB is a large prospective cohort that recruited over 500 000 participants aged 40–69 years from 22
assessment centres across the UK during 2006–2010 [21]. In the CKB study, 512 891 adults aged 30–
79 years were recruited in 10 geographically defined regions (five urban and five rural) in China between
2004 and 2008 [22]. Baseline characteristics were collected through questionnaires, physical measurements
and blood samples in both studies. Detailed information about the UKB and the CKB has been described
previously [21, 22]. The UKB has approvals from the North West Multi-Centre Research Ethics
Committee, and the CKB was approved by the Ethical Review Committee of the Chinese Center for
Disease Control and Prevention (Beijing, China) and the Oxford Tropical Research Ethics Committee,
University of Oxford (Oxford, UK). All participants provided informed consent at baseline. After
exclusion, a total of 217 780 UKB participants (supplementary figure S1) and 42 859 CKB participants
(supplementary figure S2) were included in the analysis.

Detection of mLOY events
The mCA call sets for UKB participants were obtained from previous studies [8, 9, 11]. We followed
similar procedures to identify mLOY carriers in the CKB population, as described elsewhere [11]. Briefly,
we used the Mosaic Chromosomal Alterations (MoChA) pipeline (https://github.com/freeseek/mocha) to
detect mLOY events among male participants with the log R ratio (LRR) and B-allele frequency (BAF)
values, which were calculated according to the allele-specific genotyping intensities in the pseudoautosomal
region 1 (PAR1) of the sex chromosomes [11]. The fraction of cells carrying mLOY was determined using
the deviation of BAF on the PAR1 region. Based on this, detectable mLOY was further classified as
non-expanded (cell fraction <10%) or expanded (cell fraction ⩾10%).

Ascertainment of outcome
The incident health events of UKB participants were determined by linking to hospital admission records
and the national mortality register. In the CKB study, the disease incidence information was ascertained
via Chinese national health insurance databases and linkage with local disease and death registries.
Incident cases were determined using International Classification of Diseases, 10th Revision codes in both
studies, and the outcomes of interest included the incidence of all lung diseases (C33–C34, J09–J29, J40–
J98), COPD ( J41–J44), lung cancer (C33–C34) and IPF ( J84.1). However, IPF was not included as an
outcome in the CKB study due to the limited number of IPF cases recorded. The end of follow-up was
defined as the onset of certain outcomes, loss to follow-up, death or censoring, whichever occurred first. In
the UKB, the end of follow-up was 30 September 2021 for England, 31 July 2021 for Scotland and 28
February 2018 for Wales. The end of follow-up for the CKB was 31 December 2018.

Tobacco smoking and other covariates
According to self-reported smoking status, participants were categorised into never-smokers, former
smokers and current smokers. Smoking intensity was measured by the proportion of the lifespan exposed
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to smoking, defined as pack-years divided by the number of years between age at recruitment and the age
of 16 years.

The following covariates were included in the UKB analyses: 1) sociodemographic characteristics,
including age, age squared, assessment centre (England, Scotland or Wales), ethnic background (White or
non-White), socioeconomic status (measured by the Townsend deprivation index), qualification (college
or other) and occupation (agricultural and related work, industrial and related work, non-agricultural or
industrial work, retirement, or other); 2) lifestyle and health factors, including smoking status, smoking
intensity, alcohol consumption, total Metabolic Equivalent Task (MET) minutes per week, healthy diet
(defined as daily intake of fruits and vegetables), body mass index (BMI) and prevalent health conditions
(diabetes and hypertension); and 3) genotyping batch and top 10 principal components. In the CKB
cohort, we adjusted for the region (urban or rural areas) instead of the assessment centre, and
socioeconomic status was measured by household income (CNY <2500, 2500–4999, 5000–9999, 10 000–
19 999, 20 000–34 999 or ⩾35 000).

Statistical analysis
Baseline characteristics were presented as mean with standard deviation or median (interquartile range) for
continuous variables and number (percentage) for categorical variables, stratified by the status of mLOY.
Both ANOVA and the Kruskal–Wallis H-test were utilised to obtain p-values for continuous variables,
while the Chi-squared test was employed for categorical variables.

Multiple imputation by chained equations was employed to generate 10 complete datasets in the UKB,
with a maximum of 10 iterations [23]. Cox proportional hazard models were used to estimate the hazard
ratios and 95% confidence intervals of mLOY and its subtypes with the risk of lung diseases. Participants
without mLOY were set as the reference group. Estimates from each dataset in the UKB were pooled
according to Rubin’s rules. We adjusted for potential confounders and constructed the following models:
1) Model 1 included age, age squared and assessment centre or region; 2) Model 2 further adjusted for
ethnic background (in the UKB only), socioeconomic status, qualification, occupation, alcohol
consumption, total MET minutes per week for all activities, healthy diet, BMI, prevalent health conditions
(diabetes and hypertension), genotyping batch and top 10 principal components; and 3) Model 3
additionally adjusted for smoking status and smoking intensity. Schoenfeld residuals were used to assess
the proportional hazard assumption, and no violation was detected. In addition, results from the UKB and
the CKB were meta-analysed using a random effects model.

To investigate the joint association between mLOY and smoking status on the risk of lung diseases, we
divided participants into six groups according to their joint categories, with non-smokers without mLOY as
the reference group. We performed a similar analysis by further dividing mLOY into non-expanded and
expanded mLOY, with smoking status categorised as non-current smokers and current smokers. The
Chi-squared test was used to test for multiplicative interaction between mLOY and smoking status in
relation to lung diseases by comparing models with and without a cross-product term in the fully adjusted
model. To test for additive interaction, the relative excess risk due to interaction (RERI) and the
attributable proportion due to interaction (AP) were calculated using the R package “epiR”. We provided a
97.5% confidence interval for RERI and AP to avoid false positives due to multiple tests.

To test the robustness of our results, we performed several sensitivity analyses: 1) by excluding incident
cases during the first 2 years of follow-up; 2) by adopting a broader definition of IPF as J84.0, J84.1, J84.8
and J84.9 in the UKB cohort [24]; 3) by further adjusting for several additional smoking-related
characteristics, including time since quitting, type of tobacco currently smoked and exposure to
second-hand smoke; and 4) by excluded those with missing information at baseline to ensure the
imputation datasets were unbiased. As an additional analysis, we also investigated the association of
mLOY events with the co-occurrence of lung disease. All analyses were performed using R version 4.1.2
(www.r-project.org). The statistical significance level was set at a two-tailed p<0.05.

Results
Baseline characteristics
In total, 217 780 UKB participants (mean age 56.7 years) were included in the current study, 43 994 of
whom (20.2%) were identified as mLOY carriers. Overall, mLOY carriers were more likely to be older,
less deprived, White, less educated, less engaged in agriculture and industry, current smokers, exposed to
higher levels of tobacco, daily drinkers, have higher levels of physical activity, healthier eating habits,
lower BMI, and have a higher proportion of diabetes and hypertension (supplementary table S1).
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Similarly, 2458 mLOY carriers (5.7%) were detected among 42 859 male participants (mean age
54.8 years) in the CKB cohort. Compared with non-mLOY carriers, those with mLOY were more likely to
be older, living in urban areas, better educated, less engaged in agriculture and industry, current smokers,
exposed to higher levels of tobacco, and daily drinkers. Additionally, individuals with mLOY had lower
levels of physical activity, lower BMI, and a higher proportion of diabetes and hypertension
(supplementary table S2).

Associations of mLOY with the risk of lung diseases
Before the final analysis of each specific outcome, we excluded individuals with the corresponding disease
at baseline. During a median follow-up period of 12.5 years, 27 817 incident lung disease cases, 8734
incident COPD cases, 2662 incident lung cancer cases and 1606 incident IPF cases were documented in
the UKB cohort. The CKB study recorded 5848 cases of incident lung diseases, 2358 cases of incident
COPD and 1037 cases of incident lung cancer during a median follow-up period of 12.2 years. The
distribution of cell fraction of mLOY in both cohorts is presented in supplementary figure S3.

After adjusting for sociodemographic characteristics, lifestyle and health factors (except for smoking status
and intensity) in the Cox regression model (Model 2), participants with mLOY had higher risks of all
outcomes in the UKB cohort. However, in the CKB cohort, mLOY was only associated with a higher risk
of lung cancer (table 1). The associations were greatly attenuated after adjusting for smoking status and
intensity (table 1). In the fully adjusted model, mLOY carriers had a 6% higher risk of all lung diseases
(HR 1.06 (95% CI 1.03–1.09)), a 9% higher risk of COPD (HR 1.09 (95% CI 1.04–1.14)), a 14% higher
risk of lung cancer (HR 1.14 (95% CI 1.05–1.24)) and a 15% higher risk of IPF (HR 1.15 (95% CI 1.04–
1.28)) in the UKB, and a 22% higher risk of lung cancer (HR 1.22 (95% CI 1.00–1.50) in the CKB (table 1).
The random effects meta-analysis yielded similar results to those in the UKB cohort (table 1).

When classifying mLOY by cell fraction, we found that increased cell fraction was associated with an
elevated risk of all outcomes in both cohorts (ptrend<0.05) (figure 1), except for COPD in the CKB study
(ptrend=0.079) (figure 1). Only expanded mLOY was associated with an increased risk of all outcomes
(figure 1 and supplementary table S3). The combined results showed that expanded mLOY was associated
with an increased risk of all lung diseases (HR 1.19 (95% CI 1.04–1.36)), COPD (HR 1.20 (95% CI 1.13–
1.28)) and lung cancer (HR 1.34 (95% CI 1.21–1.48)) (figure 1 and supplementary table S3). In the UKB
cohort, expanded mLOY was also associated with a 34% increased risk of IPF (HR 1.34 (95% CI 1.16–

TABLE 1 Associations of mosaic loss of chromosome Y (mLOY) with the risk of age-related lung diseases

mLOY carrier Hazard ratio (95% CI)

Cases/mLOY carriers (n/N) Incident cases per 1000 person-years Model 1# Model 2¶ Model 3+

All lung diseases
UKB 7938/38 079 18.7 1.14 (1.11–1.17) 1.15 (1.12–1.18) 1.06 (1.03–1.09)
CKB 479/2014 24.5 1.07 (0.97–1.18) 1.08 (0.98–1.19) 1.05 (0.95–1.15)
Combined 1.12 (1.07–1.18) 1.13 (1.08–1.19) 1.06 (1.03–1.09)
pheterogeneity-value 0.221 0.272 0.852

COPD
UKB 2963/42 132 6.1 1.39 (1.33–1.46) 1.37 (1.31–1.44) 1.09 (1.04–1.14)
CKB 218/2037 10.6 1.07 (0.93–1.24) 1.13 (0.98–1.30) 1.08 (0.94–1.25)
Combined 1.23 (0.95–1.59) 1.26 (1.04–1.52) 1.09 (1.04–1.14)
pheterogeneity-value 0.001 0.011 0.904

Lung cancer
UKB 1017/43 923 2.0 1.55 (1.42–1.68) 1.49 (1.37–1.62) 1.14 (1.05–1.24)
CKB 111/2442 4.5 1.33 (1.09–1.63) 1.31 (1.07–1.60) 1.22 (1.00–1.50)
Combined 1.48 (1.29–1.70) 1.44 (1.31–1.59) 1.15 (1.07–1.24)
pheterogeneity-value 0.169 0.310 0.497

IPF
UKB 563/43 940 1.1 1.22 (1.10–1.35) 1.23 (1.11–1.37) 1.15 (1.04–1.28)

UKB: UK Biobank; CKB: China Kadoorie Biobank; IPF: idiopathic pulmonary fibrosis. #: Model 1 adjusted for age, age squared and assessment centre
or region; ¶: Model 2 further adjusted for ethnic background (in the UKB only), socioeconomic status, qualification, occupation, alcohol
consumption, total Metabolic Equivalent Task minutes per week for all activities, healthy diet, body mass index, prevalent health conditions
(diabetes and hypertension), genotyping batch and top 10 principal components; +: Model 3 additionally adjusted for smoking status and smoking
intensity.
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1.56)) (figure 1 and supplementary table S3). Similar conclusions were drawn from sensitivity analyses
(supplementary tables S4–S10). In addition, expanded mLOY was associated with more lung conditions in
both cohorts (supplementary table S11). Considering that asthma and pneumonia are also common among
the elderly, we additionally analysed the association between mLOY and these conditions, and found that
expanded mLOY is associated with a higher risk of both asthma (HR 1.17 (95% CI 1.04–1.31))
(supplementary table S12) and pneumonia (HR 1.14 (95% CI 1.08–1.20)) (supplementary table S13).

Joint association and interaction of mLOY and smoking behaviour with the risk of lung diseases
Furthermore, we investigated the joint effect of mLOY and smoking status on the risk of incident lung
diseases. Compared with non-smokers without mLOY, we observed that current smokers carrying mLOY
had the highest risk of all outcomes in the UKB cohort: all lung diseases (HR 1.85 (95% CI 1.75–1.95)),
COPD (HR 5.80 (95% CI 5.30–6.35)), lung cancer (HR 8.23 (95% CI 6.94–9.75)) and IPF (HR 2.24
(95% CI 1.76–2.85)) (figure 2). Similar associations were observed in the CKB cohort for all lung diseases
(HR 1.21 (95% CI 1.06–1.38)), COPD (HR 1.48 (95% CI 1.22–1.80)) and lung cancer (HR 2.13 (95% CI
1.59–2.85)) (supplementary figure S4). Positive additive interactions (RERI (97.5% CI) >0) were found
between mLOY and smoking status on the risk of all lung diseases, COPD and lung cancer in the UKB
but not in the CKB (table 2). In addition, multiplicative interactions were also found in the UKB cohort
(all lung diseases pinteraction<0.001 and COPD pinteraction=0.013) (table 2).

We further classified mLOY according to cell fraction and repeated the analysis. Our findings showed that
current smokers carrying expanded mLOY had the highest risk of all outcomes in the UKB cohort when
compared to non-current smokers without mLOY: all lung diseases (HR 1.86 (95% CI 1.73–1.99)), COPD
(HR 3.38 (95% CI 3.07–3.72)), lung cancer (HR 4.42 (95% CI 3.80–5.13)) and IPF (HR 1.72 (95% CI
1.31–2.26)) (figure 3). Similar associations were observed in the CKB cohort: all lung diseases (HR 1.50
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FIGURE 1 Associations between mosaic loss of chromosome Y (mLOY) subtypes and lung diseases: a) all lung diseases; b) COPD, c) lung cancer
and d) idiopathic pulmonary fibrosis (IPF). UKB: UK Biobank; CKB: China Kadoorie Biobank.
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FIGURE 2 Joint association of mosaic loss of chromosome Y (mLOY) and smoking status with the risk of lung diseases in the UK Biobank: a) all lung diseases; b) COPD, c) lung cancer and
d) idiopathic pulmonary fibrosis (IPF).

https://doi.org/10.1183/13993003.00968-2024
6

EU
RO

PEAN
RESPIRATO

RY
JO

U
RN

AL
O
RIG

IN
AL

RESEARCH
ARTICLE

|
C.W

EN
G
ET

AL.

 on July 17, 2025 by guest. Please see licensing inform
ation on first page for reuse rights. 

https://publications.ersnet.org
D

ow
nloaded from

 



(95% CI 1.27–1.77)), COPD (HR 1.64 (95% CI 1.29–2.09)) and lung cancer (HR 2.38 (95% CI 1.70–
3.33)) (supplementary figure S5). There was a positive additive interaction between expanded mLOY and
current smoking status on the risk of all lung diseases (RERI 0.16 (97.5% CI 0.00–0.32)) (supplementary
table S14) in the UKB cohort.

As an additional analysis, we performed a similar analysis by dividing participants into nine groups based on
mLOY subtypes and smoking status (supplementary table S15). The sample size of some groups was too
small (especially in the CKB) (supplementary table S16), thus the results should be interpreted with caution.

Discussion
In these two large-scale prospective cohorts, we discovered that peripheral blood leukocyte mLOY was
linked to a higher risk of incident lung diseases, including all lung diseases, COPD, lung cancer and IPF.
These associations were primarily driven by expanded mLOY. In the UKB cohort, we observed evidence of
interactions between mLOY and smoking status on diseases on both multiplicative and additive scales.
Additionally, the cohorts showed the highest risks of lung diseases in current smokers with expanded mLOY.

Our study of the two large-scale cohorts is the first to report significant associations of mLOY with
incident COPD and IPF, which has extended the disease spectrum of mLOY to a wider range of lung
diseases besides lung cancer. The associations of mLOY with COPD and lung cancer have also been
assessed in a phenome-wide association study conducted in the UKB population, but no significant result
was generated [18]. This may be due to a stricter significance threshold (p<4.39×10–5). Conversely, the
classification rules by which individuals with diseases diagnosed before enrolment were assigned into the
control group could have masked the correlation to some extent since significant associations were reported
between mLOY and prevalent lung diseases. Our study excluded baseline cases from the main analysis to
eliminate such an effect. For lung cancer, while results from the UKB and Biobank Japan support the
findings in our study [14, 16], inconsistent results from the latest study in the INTEGRAL-ILCCO cohort
have also been found [25]. A Mendelian randomisation study conducted in a Chinese population even
found that genetically predicted mLOY may protect against lung cancer [17]. Plausible explanations for
these inconsistent results are still lacking. Therefore, more prospective research or validations in different
studies or races are still needed.

To further elucidate these associations, we divided mLOY carriers into subgroups by the fraction of cells
affected. We found that expanded mLOY was the main driving factor for increased disease risk, suggesting
the accumulating effects of mutated cells on human lungs. Similar associations of expanded mosaic events
of chromosome Y with lung cancer were reported by ZEKAVAT et al. [26]. In another study using median
LRR (mLRR) thresholds to identify mLOY carriers, increased incident lung cancer risk was only found in
carriers with lower mLRR values (mLRR <−0.40), which also reflected a higher fraction of cells carrying
mLOY mutations [14]. These results indicate that when examining the health effects of mLOY, it is
important to identify mLOY mutations and infer the average levels of cells affected by mLOY.

TABLE 2 Interactions between mosaic loss of chromosome Y and smoking status on the effect of lung diseases in the UK Biobank (UKB) and the
China Kadoorie Biobank (CKB)

Former smoker Current smoker pinteraction-value

RERI (97.5% CI) AP (97.5% CI) RERI (97.5% CI) AP (97.5% CI)

All lung diseases
UKB 0.06 (−0.02–0.13) 0.05 (−0.01–0.11) 0.15 (0.03–0.28) 0.08 (0.02–0.15) <0.001
CKB −0.26 (−0.72–0.19) −0.29 (−0.88–0.30) −0.10 (−0.41–0.22) −0.08 (−0.35–0.18) 0.444

COPD
UKB 0.30 (0.10–0.51) 0.13 (0.04–0.22) 0.70 (0.22–1.18) 0.12 (0.04–0.20) 0.013
CKB −0.42 (−1.29–0.46) −0.40 (−1.42–0.63) −0.33 (−0.93–0.27) −0.22 (−0.64–0.19) 0.323

Lung cancer
UKB 0.55 (0.10–1.01) 0.18 (0.04–0.33) 1.10 (−0.01–2.22) 0.13 (0.01–0.26) 0.390
CKB −0.65 (−1.96–0.66) −0.73 (−2.74–1.28) 0.18 (−0.79–1.20) 0.08 (−0.37–0.54) 0.400

IPF
UKB 0.09 (−0.33–0.51) 0.04 (−0.15–0.23) −0.04 (−0.73–0.64) −0.02 (−0.32–0.29) 0.269

RERI: relative excess risk due to interaction; AP: attributable proportion due to interaction; IPF: idiopathic pulmonary fibrosis.
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FIGURE 3 Joint association of mosaic loss of chromosome Y (mLOY) subtypes and smoking status with the risk of lung diseases the UK Biobank: a) all lung diseases, b) COPD, c) lung cancer
and d) idiopathic pulmonary fibrosis (IPF).
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The mechanisms underlying the associations between mLOY and age-related lung diseases are not fully
understood. However, mLOY is thought to accelerate the ageing process and thus promote age-related
diseases [7]. For instance, mLOY is linked to the dysregulation of around 500 autosomal genes, indicating
the potential role of mLOY as a genome ageing inducer that ultimately results in chronic tissue
decline [27]. The mLOY tumour tissue exhibited a higher level of genomic instability [28]. Furthermore,
lung cancer tissues with a low Y gene expression phenotype showed significant DNA methylation loss,
indicating that mLOY may contribute to epigenetic ageing in affected cells [29]. More importantly, the
decline of the body’s immune function is another shared pathogenesis of COPD, lung cancer and IPF
[30–32], and mLOY mutations are capable of disrupting immune homeostasis and function by inducing
the senescence of haematopoietic stem cells and immune cells and dysregulating the expression of
immune-related genes. The effects of mLOY on tumours through the immune system have been verified in
a recent experimental study by establishing Y− cancer cell models in mice, which showed a more
aggressive development of Y− cancer cells and an immunosuppressive tumour micro-environment with
significant T-cell exhaustion in Y− mouse models [33]. All these mechanisms may contribute to understanding
the associations between mLOY and lung ageing, and the immune suppression function may account for part
of the reasons why mLOY detected in blood cells could affect organs elsewhere.

Notably, the novel association of mLOY with IPF, along with previous studies focusing on cardiac fibrosis,
may stimulate interest in examining the effects of mLOY on fibrotic diseases. IPF and cardiac fibrosis are
characterised by the abnormal accumulation of collagen fibres. A recent study has revealed the mechanism
behind accelerated cardiac fibrosis in mLOY carriers. Through the enhancement of the transforming growth
factor (TGF)-β1-dependent feed-forward signalling loop, peripheral blood mLOY macrophages localised to
the heart cause the activation and proliferation of fibroblasts, eventually leading to cardiac fibrosis and heart
failure [12]. Meanwhile, the downregulation of genes associated with TGF-β signalling (TGIF1, TGIF2,
SMAD7) and the upregulation of genes related to fibrosis and TGF-β signalling observed in circulating
peripheral blood mLOY monocytes further supported such mechanism [34]. Given that fibrosis also
occurred in the lung interstitium of mLOY mice and the results yielded by our study [12], we hypothesise
that similar mechanisms may be the key linking mLOY with IPF. Further investigation is needed to validate
this hypothesis in future biological studies, examining the dose–response effect of cell fraction.

Mechanistically, how expanded mLOY contributes to a higher risk of chronic lung disease remains elusive.
A higher proportion of mCA-affected cells signifies a more severe state of the ageing genome and
epigenome [7]. Meanwhile, high-frequency mCAs may also be an indicator of a reduction in the stem cell
pool [35]. Disease manifests when mutated cells proliferate enough to alter physiological processes,
potentially leading to serious health conditions [35]. Further research is needed to uncover the potential
mechanism.

Our study has important implications for public health. Tobacco smoking is the major shared risk factor
between mLOY and lung diseases [19, 20], and the associations observed were largely attenuated after
adjusting for smoking status and smoking intensity. Interestingly, further investigation revealed evidence of
positive interactions between mLOY and smoking behaviour with the risk of incident lung diseases, which
is biologically plausible. mLOY and tobacco smoking may cause lung diseases through common
mechanistic pathways such as inducing genomic instability and chronic inflammation [7, 20]. Additive
interactions were observed in both former and current smokers, suggesting that ever-smokers may face
greater damage from mLOY. However, former smokers suffer a relatively lower excess risk than current
smokers. This implies that adopting quitting smoking behaviour may contribute to lowering the risk for
mLOY carriers. However, additive interactions were not observed in the CKB population, indicating that
such effects might differ in different ethnic backgrounds. In addition, our findings also support the
potential clinical utility of mLOY, especially expanded mLOY, as a strong predictor of age-related lung
diseases as well as a risk stratification tool for older men. Given that the presence of mLOY events is also
associated with other age-related diseases, including cardiovascular disease, dementia and cancer [10–15],
we believe that mLOY may serve as a powerful predictor of men’s long-term health.

Our study has notable strengths. Based on genotyping and phenotyping data from two large-scale cohorts,
we were able to provide the prospective association between peripheral blood leukocyte mLOY and the
risk of age-related lung diseases, with comprehensive adjustment for potential confounders. Moreover, we
present evidence from both British and Chinese populations, enhancing the robustness and generalisability
of our findings.

Several limitations should be acknowledged. First, although we adjusted for smoking status and smoking
intensity, concerns are that the residual confounding from smoking behaviour which was not fully considered
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could bias our results. However, our sensitivity analysis adjusting for detailed smoking history yielded
similar results, and we also found an additive interaction between mLOY and smoking, suggesting that
mLOY is likely to have a similar but separate role in age-related lung diseases as tobacco smoking.
Therefore, the significant associations observed may not be entirely due to residual confounding. Second, the
genetic data used to detect mLOY were collected from baseline blood samples in both cohorts, which makes
it impossible to assess the dynamic changes of mLOY. Given that the prevalence of mLOY increases with
age, the association between mLOY and lung diseases may have been underestimated. Third, other potential
risk factors, such as exposure to polycyclic aromatic hydrocarbons and glyphosate use, are difficult to define
and subsequently adjust [36, 37]. However, we attempted to capture as much of these occupation-related
pollutant exposure histories as possible by adjusting for occupations.

In summary, our study indicates that mLOY is associated with an increased risk of lung diseases,
particularly age-related lung diseases. These associations were primarily observed in individuals with
expanded mLOY. With the advancement and implementation of next-generation sequencing technology,
detecting mLOY in the future will no longer be challenging. Although it is still difficult to determine
whether there is a causal association between mLOY and diseases, mLOY can serve as a biomarker of
great potential or even be considered a pre-disease state. Experiments aiming at identifying the
mechanisms might be considered to provide more evidence and gain a deeper understanding of how
mLOY contributes to disease. Future research on the development of mLOY-targeted drugs and their
potential health benefits is also urgent. Additionally, this study again emphasises the importance of
tobacco control, especially for mLOY carriers.
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