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Abstract
Background: Chronic obstructive pulmonary disease (COPD) is an age-related condition that has been associated with early telomere attrition; the clinical
implications of telomere shortening in COPD are not well known. In this study we aimed to determine the relationship of the epigenetic regulation of telomeric
length in peripheral blood with the risk of exacerbations and hospitalization in patients with COPD. 

Methods: Blood DNA methylation pro�les were obtained from 292 patients with COPD enrolled in the placebo arm of the Macrolide Azithromycin to Prevent
Rapid Worsening of Symptoms Associated With Chronic Obstructive Pulmonary Disease study (MACRO) and who were followed for 1-year. We calculated
telomere length based on DNA methylation markers (DNAmTL) and related this biomarker to the risk of exacerbation and hospitalization and health status (St.
George respiratory questionary score [SGRQ]) over this time using a Cox proportional hazards model. We also used linear models to investigate the
associations of DNAmTL with the rates of exacerbations and hospitalizations (adjusted for chronological age, lung function, race, sex, smoking, and body
mass index).

Results: Participants with short DNAmTL demonstrated increased risk of exacerbation (P=0.02) and hospitalization (P=0.03) compared to those with longer
DNAmTL. DNAmTL age acceleration was associated with higher rates of exacerbation (P=1.35x10-04) and hospitalization (P=5.21x10-03) and poor health
status (SGRQ) independent of chronological age (P=0.03).

Conclusion: Telomeric age based on blood DNA methylation is associated with COPD exacerbation and hospitalization and thus is a promising biomarker for
poor outcomes in COPD.

Background
Chronic Obstructive Pulmonary Disease (COPD) is characterized by persistent airway in�ammation and air�ow limitation. COPD is an age-related condition
that is associated with cellular senescence [1]. One form of early aging is replicative senescence, which is closely linked with accelerated telomere attrition.
Telomeres are repetitive DNA sequences at the end of chromosomes. Their primary function is to protect the chromosome from damage and prevent
premature cell death or abnormal cell proliferation. With each cell cycle, telomeres shorten until a critical length is reached just prior to permanent cell cycle
arrest [2]. Exposure to noxious particles such as tobacco smoke, or enhanced in�ammatory process can accelerate telomere shortening [3] and induce cellular
senescence [4]. It is well known that short telomeres are associated with increased risk of COPD and decreased lung function [5]. However the clinical
consequences of telomere shortening and cellular senescence in COPD are not fully understood.

The traditional techniques that measure telomere length, such as Quantitative Polymerase Chain Reaction (Q-PCR), have technical limitations, including
reproducibility between laboratories, amongst others [6]. Even the gold standard measurement for telomeres, Terminal Restriction Fragment (TRF) analysis,
has its limitations. While TRF captures a range of telomere sizes, the shortest telomeres are not visualized [6, 7]. These are mainly a result of replicative
senescence, thus limiting TRF from accurately re�ecting cellular replication. Furthermore, telomeres can vary between individuals from birth [8], and speci�c
haplotypes in the telomerase gene are associated with longer telomeres [9]. Thus, telomere shortening based on measurements of absolute and relative
telomeric length is likely confounded by the effect of telomerase activity.

Telomere shortening is associated with epigenetic activity characterized by DNA methylation [10, 11]. DNA methylation is determined by the dynamic addition
or removal of a methyl group from a cytosine-guanine residue. DNA methylation is a well-established marker of biological age [12, 13] that can be altered by
disease, chronic infections or environmental factors. Thus, the examination of peripheral blood DNA methylation pro�les can provide insights into the
mechanisms that contribute to cellular aging in COPD. To date, multiple epigenetic “clocks” have been developed to determine biological age of individuals
and these have been shown to predict mortality in the general population [12, 13]. To investigate the epigenetic regulation of telomere length, a DNA
methylation marker of telomeric age has been developed and has been shown to have a higher correlation with chronologic age than telomere length
measurements themselves [11]; however, its relationship with various COPD outcomes is unknown.

Here, we hypothesized that in COPD patients, advanced epigenetic telomeric age is associated with a high risk of exacerbations and poor health outcomes.
Our primary aim was to investigate the clinical impact of telomeric ageing in COPD by applying a DNA methylation blood biomarker of telomere length
(DNAmTL).

Methods

Study cohort
For the present analyses we utilized data from the Macrolide Azithromycin to Prevent Rapid Worsening of Symptoms Associated With Chronic Obstructive
Pulmonary Disease study (MACRO) [14]. This study was a randomized controlled trial that was conducted between 2006 and 2010 (ClinicalTrials.gov
identi�er: NCT00325897). Its design, as well as its inclusion and exclusion criteria have been previously described [14–16]. Brie�y, MACRO included
participants with a clinical diagnosis of COPD as de�ned by the Global initiative for chronic Obstructive Lung Disease (GOLD) [4]. Participants were 40 years
of age or older, and were cigarette users (10 pack-years or more; either currently or in the past). In addition, the participants had a history of supplemental
oxygen use or had received a course of systemic corticosteroids or antibiotics within the year prior to study entry but not within 4 weeks of enrollment.
Participants had to be clinically stable at the time of recruitment without a prior history of asthma, bronchiectasis, or chronic renal or hepatic insu�ciency.
Blood samples were collected at baseline using a standard venipuncture protocol. Patients were randomly assigned to 250 mg/day of azithromycin or a
matching placebo in a 1:1 ratio. The participants were followed for 12 months. To remove the confounding effects of azithromycin on exacerbation rates, we
used data only from participants in the placebo arm (n = 292) of MACRO, who provided blood and consented to genetic studies (Additional �le 1). This subset
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of patients had similar lung function, body mass index (BMI), and gender distribution as participants in whom DNA materials were not collected (Additional
�le 2).

Health outcomes
Health outcomes recorded in MACRO included exacerbations, hospitalizations, lung function (as expressed by forced expiratory volume in 1 second [FEV1] and
forced vital capacity [FVC]) and health status (as measured by the St. George’s Respiratory Questionnaire [SGRQ]) [14, 15]. Acute COPD exacerbations
(AECOPDs) were de�ned as events that resulted in a signi�cant increase in patient symptoms leading to modi�cation of COPD therapy. AECOPDs were graded
in terms of severity using the following scale: i) mild: treatment conducted at home (with or without contacting a health care provider); ii) moderate: treatment
requiring a visit to the emergency room or the institution of systemic corticosteroids and/or antibiotics; iii) severe: treatment requiring hospitalization; and iv)
very severe: treatment requiring hospitalization and ventilatory support. For the present study, we analyzed the data based on total counts of AECOPD
(regardless of severity), and in subsequent analyses focused on mild and moderate to severe AECOPDs.

DNA methylation pro�ling
DNA was extracted from blood samples and processed according to a previously described pipeline [17, 18]. Unmethylated cytosine residues in the DNA
extracts were converted to uracil. The Illumina HumanMethylation450 microarray was used to pro�le methylation sites (CpGs probes). The beta-value for each
CpG probe was calculated as the ratio of methylation probe intensity to the overall intensity ranging from 0 (fully unmethylated) to 1 (fully methylated). CpG
probes with a detection P > 1x10− 10 in at least 5% of the samples, non-CG probes, and XY-chromosome probes were removed. We used Normal-exponential
out-of-band [19], Beta-Mixture Quantile Normalization [20] and ComBat [21] methods for background correction, normalization, and batch correction,
respectively. At the end of this process, we were able to retain 467,368 CpG probes for downstream analyses.

Epigenetic marker of telomere length
We estimated DNA methylation measurement of telomere length (DNAmTL) for each sample using a method described by Horvath et al [11]. DNAmTL was
derived from 140 methylation sites (CpGs) that were highly associated with leukocyte telomere length. We determined the association between DNAmTL and
the following outcome variables: number of AECOPDs (total, mild, and moderate to severe), rate of exacerbations, hospitalization, number of hospitalizations,
rate of hospitalization, and SGRQ (measured on the same visit as the blood draw).

Statistical analyses
Principal component analysis. A principal component analysis (PCA) based on cell proportions (D8T, CD4T, NK, B, Monocytes and Granulocytes) was
conducted. DNA methylation varies depending on tissue and cell type [22]; therefore PCs that explained more that 5% of the variance were used to adjust the
statistical models (PC1 to PC5). PCA was performed using the “prcomp” function implemented in the “stats” R package [23].

Cox Proportional-Hazards regression analysis. We investigated the effect of DNAmTL age acceleration on exacerbation and hospitalization over time.
DNAmTL age acceleration was de�ned as the residuals obtained from the regression of DNAmTL on chronological age. Negative residuals indicate shorter
DNAmTL than expected based on age (and positive residuals indicate the opposite). We calculated DNAmTL age acceleration for each sample and adjusted
this value for potential confounders including chronological age, FEV1 % predicted (FEV1%), race, sex, smoking status, body mass index (BMI), number of
months in the study, and the �rst 5 PCs. We ranked the participants in our cohort based on the residuals, which resulted in three groups: i) participants with
DNAmTL residual values that were in the 25th percentile (short DNAmTL); ii) participants with DNAmTL residuals between the 25th and 75th percentiles
(intermediate DNAmTL); and iii) participants with DNAmTL residuals that were in the top 75th percentile (long DNAmTL). These categories were used to
assess the probability of exacerbation and hospitalization over time using Cox regression models.

For the Cox analyses, we used 1) time to 1st AECOPD (regardless of severity); 2) time to 1st mild AECOPD; 3) time to 1st moderate to severe AECOPD; and 4)
time to 1st hospitalization. Signi�cant effects were de�ned using a threshold of P < 0.05 (likelihood ratio test). Assumption of proportional hazards for all
analyses was tested using the survival R package and this assumption was met (AECOPD P = 0.48, mild AECOPD P = 0.11, moderate to severe AECOPD P = 
0.49, hospitalization P = 0.97). Cox analyses were performed using the “survival” package implemented in R [24].

DNAmTL and clinical features. We used a linear model (lm) to test the association of DNAmTL with exacerbation (yes/no), number of exacerbations (total,
mild, and moderate-severe AECOPD), and SGRQ score. The �nal lm is shown below:

A Jonckheere-Terpstra test was used to determined signi�cant trends across DNAmTL for number of AECOPD. Signi�cant trends were set at P < 0.05. This test
was executed using the “DescTools” implemented in R statistical [23].

We also tested the association between DNAmTL and the rate of exacerbation (total, mild, and moderate to severe AECOPD) and hospitalization, which were
expressed as number of exacerbations or hospitalizations per year. The number of months in the study were converted to year units by dividing the number of
months that each participant remained in the study by twelve. For these two variables we used the following lm:

We de�ned signi�cant associations based on P < 0.05 for continuous variables. The p-values that corresponded to categorical variables with more than 2
levels were adjusted using Tukey’s method for multiple comparison. Lm and p-value adjustments were estimated using the R statistical software [23].

DNAmTL
~
Age + (variableofinterest) + FEV 1%pre + race + sex + smoking + BMI + (numberofmonthsinthestudy) + (PC1toPC5)

DNAmTL
~
Age + (Exacerbationorhospitalizationrate) + FEV 1%pre + race + sex + smoking + BMI + (PC1toPC5)
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Results

Study cohort overview
The baseline characteristics of the study cohort are shown in Table 1. A majority of the participants experienced at least one AECOPD during follow-up (n = 
211). No signi�cant differences in age, BMI, lung function or use of inhaled corticosteroids at baseline were found between the two groups (Table 1). However,
male sex was a predictor of exacerbation (P = 0.001). Lung function was lower in the subset of patients who experienced a hospitalization for AECOPD (P = 
0.01).

Table 1
Study cohort baseline characteristics.

  All Exacerbation During Follow-Up *P

    No Yes

n 292 81 211 -

Age, year 67 ± 8 67 ± 9 67 ± 8 0.97

Males, No. (%) 165 (57) 58 (72) 107 (51) 0.002

Non-Hispanic whites, No. (%) 246 (84) 65 (80) 179 (85) 0.42

Current smokers, No. (%) 53 (18) 16 (20) 37 (18) 0.74

BMI, kg/m2 27 ± 6 27 ±

(23–31)

26 ±

(23–31)

0.84

Hospitalizations, No. (%) 68 (23) - 68 (32) -

Post-bronchodilator FVC, L 2.52 ± 0.80 2.60 ± 0.73 2.50 ± 0.83 0.23

Post-bronchodilator FVC, % of predicted 69.53 ± 17.35 69.56 ± 16.43 69.51 ± 17.73 0.75

Post-bronchodilator FEV1, L 1.07 ± 0.49 1.09 ± 0.47 1.07 ± 0.49 0.72

Post-bronchodilator FEV1, % of predicted 39.3 ± 15.62 38.96 ± 15.56 39.49 ± 15.68 0.70

FEV1/FVC, % 42.29 ± 12.05 41.45 ± 11.45 42.31 ± 12.28 0.41

Inhaled steroid use (ICS), No. (%) 230 (79) 65 (80) 165 (78) 0.75

ICS/LABA, No. (%) 148 (77) 44 (54) 104 (49) 0.51

Continuous variables are described with the mean ± SD. *Differences between the groups’ demographic characteristics were tested using a Wilcoxon test for
continuous variables, and a Fisher’s Exact test for count variables. “Post” refers to spirometry tests after bronchodilator use. Denominators used for the
percentages (%) correspond to the total number of participants in each group. LABA: Long-Acting Beta Agonists.

Epigenetic marker of telomere length is associated with COPD exacerbations
DNAmTL was signi�cantly correlated with chronological age (R=-0.56, P = 5.54x10− 26) (Additional �le 3). Before any adjustments, DNAmTL was associated
with increased risk of AECOPD (P = 0.02). Based on a Cox regression analysis, DNAmTL age acceleration was associated with a higher probability of
exacerbation over time, regardless of its severity (Global test P = 0.03) (Fig. 1a). Likewise, DNAmTL age acceleration was associated with probability of
moderate to severe exacerbation (Global test P = 0.04) (Fig. 1b). Although the Cox’s global test for the probability of mild exacerbations was borderline
signi�cant (Global test P = 0.05), the comparison between the short and long DNAmTL showed that short DNAmTL was associated with a greater probability
of mild AECOPD over time (P = 0.03) compared to long DNAmTL. Table 2 shows that while individuals with short telomere length have an increased
probability of exacerbation compared to those with intermediate or long telomeres, there was no signi�cant difference observed between individuals with
intermediate and long telomeres.

Participants who experienced an AECOPD at follow-up demonstrated shorter DNAmTL than expected based on chronological age (Fig. 2a). Participants who
experienced three or more AECOPDs during follow-up demonstrated DNAmTL accelerated aging compared to those who did not experience any or only one
AECOPD, and there was a signi�cant trend across DNAmTL across groups (P = 8x10− 04) (Fig. 2b). A similar relationship was also observed in patients with 3
mild exacerbations or more (Fig. 2c), while DNAmTL accelerated aging was associated with one or more moderate to severe exacerbation (Fig. 2d). Rate of
exacerbation was associated with accelerate aging in which higher rates of AECOPD were linked to shorter DNAmTL than expected based on chronological
age (Table 3).

 

P-values correspond to likelihood ratio test for the global test (Cox analysis).
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Table 2
Cox analysis: DNAmTL and probability of AECOPD and hospitalization

Reference group ◊ DNAmTL ≤ 25th percentile

(Short)

DNAmTL ≥ 75th percentile

(Long)

AECOPD

≥ 75th percentile    

Direction Lower risk  

HR (95% CI) 0.61 (0.41–0.90)  

P 0.01  

25-75th percentile    

Direction Lower risk Higher risk

HR (95% CI) 0.71 (0.51–0.97) 1.15 (0.82–1.63)

P 0.03 0.42

≤ 25th percentile    

Direction   High risk

HR (95% CI)   1.63 (1.11–2.40)

P   0.01

Mild AECOPD

≥ 75th percentile    

Direction Lower risk  

HR (95% CI) 0.60 (0.38–0.94)  

P 0.03  

25-75th percentile    

Direction Lower risk Higher risk

HR (95% CI) 0.65 (0.45–0.96) 1.09 (0.73–1.64)

P 0.03 0.67

≤ 25th percentile    

Direction   Higher risk

HR (95% CI)   1.67 (1.07–2.62)

P   0.03

Moderate to severe AECOPD

≥ 75th percentile    

Direction Lower risk  

HR (95% CI) 0.49 (0.27–0.87)  

P 0.02  

25-75th percentile    

Direction Lower risk Higher risk

HR (95% CI) 0.62 (0.39–0.98) 1.26 (0.73–2.18)

P 0.04 0.41

≤ 25th percentile    

Direction   Higher risk

P-value (P) and hazard ratio (HR) correspond to the Cox regression analyses for total and moderate to severe acute COPD exacerbations (AECOPD), and
hospitalizations. Direction: direction of the effect of DNAmTL age residual group compared to the reference groups (top row). DNAmTL age residuals
correspond to the regression of DNAmTL on chronological age adjusted for sex, body mass index, smoking status and the �rst �ve principal components
of blood cell proportions. The group with short DNAmTL corresponds to DNAmTL residuals < -0.12 or 25th percentile. Long DNAmTL corresponds to
DNAmTL residuals > 0.13 or 75th percentile. The group with intermediate DNAmTL length corresponds to DNAmTL age residuals between the 25th and
75th percentile.
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Reference group ◊ DNAmTL ≤ 25th percentile

(Short)

DNAmTL ≥ 75th percentile

(Long)

HR (95% CI)   2.02 (1.13–3.61)

P   0.02

Hospitalization

≥ 75th percentile    

Direction Lower risk  

HR (95% CI) 0.40 (0.20–0.83)  

P 0.01  

25-75th percentile    

Direction Lower risk Higher risk

HR (95% CI) 0.63 (0.37–1.05) 1.54 (0.77–3.04)

P 0.08 0.21

≤ 25th percentile    

Direction   Higher risk

HR (95% CI)   2.46 (1.20–5.01)

P   0.01

P-value (P) and hazard ratio (HR) correspond to the Cox regression analyses for total and moderate to severe acute COPD exacerbations (AECOPD), and
hospitalizations. Direction: direction of the effect of DNAmTL age residual group compared to the reference groups (top row). DNAmTL age residuals
correspond to the regression of DNAmTL on chronological age adjusted for sex, body mass index, smoking status and the �rst �ve principal components
of blood cell proportions. The group with short DNAmTL corresponds to DNAmTL residuals < -0.12 or 25th percentile. Long DNAmTL corresponds to
DNAmTL residuals > 0.13 or 75th percentile. The group with intermediate DNAmTL length corresponds to DNAmTL age residuals between the 25th and
75th percentile.

 

Table 3
Clinical features associated with DNAmTL age acceleration

Variable Estimate effect on DNAmTL P

Rate of AECOPD (total) -0.02 1.35x10− 04

Rate of mild AECOPD -0.02 6.62 x10− 03

Rate of moderate to severe AECOPD -0.04 9.74x10− 03

Rate of hospitalization -0.04 5.21x10− 03

*SGRQ total score -0.002 2.60x10− 02

P-value and estimate correspond to linear regression of DNA methylation measurement of telomere length (DNAmTL) on each variable adjusted for age,
sex, body mass index, smoking status and the �rst �ve principal components of blood cell proportions. Negative estimates indicate that as predictor
values increase DNAmTL becomes shorter. AECOPD: acute COPD exacerbations. St. George Respiratory Questionnaire (SGRQ).

Before adjusting for potential confounders, a signi�cant association was found between hospitalization and DNAmTL (P = 0.01). DNAmTL age acceleration
was associated with a higher probability of hospitalization over time (Global test P = 0.03), this association was particularly notable when participants in the
two extreme groups for DNAmTL age acceleration (P = 0.01) (Fig. 3a, Table 2). Furthermore, hospitalizations and rate of hospitalization were also signi�cantly
associated with DNAmTL age acceleration (Fig. 3b, 3c and Table 3). The SGRQ score had a signi�cant association with DNAmTL (Table 3), in which higher
score (indicating poor health status) was associated with shorter DNAmTL compared to those with lower scores (indicating good health status).

Discussion
The most signi�cant �nding of our study was that telomeric age acceleration based on blood DNA methylation was associated with increased risk of
exacerbations, hospitalizations and poor health status in patients with moderate to severe COPD. Together, these data highlight the importance of replicative
senescence in the outcomes of COPD patients and suggest that epigenetic biomarkers may be developed to predict important health events such as
exacerbations and hospitalizations in COPD, though additional work will be needed to validate this notion.

We have shown previously that short absolute telomere length is associated with increased risk of mortality and exacerbation in COPD [16]. However absolute
and relative telomere lengths are in�uenced by two important factors: telomerase activity and baseline telomere length, both of which may vary between
individuals [8], leading to poor signal-to-noise ratio as a biomarker. DNAmTL, on the other hand, is independent of these factors and have a better correlation
with chronological age than telomere length itself [11]. In addition, in vitro assays have shown that DNAmTL captures cellular replication better than absolute
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leukocyte telomere length [11], making DNAmTL a more attractive biomarker of replicative senescence than absolute or relative telomere lengths for clinical
translation.

Here, we linked DNAmTL to three health outcomes of clinical importance for COPD patients: AECOPD, hospitalizations and SGRQ. First, we found that
independent of chronological age, short DNAmTLs are associated with increased risk of exacerbation and hospitalization over time. Second, we demonstrated
this relationship to be “dose-dependent” such that DNAmTLs progressively decreased with increasing number of exacerbation events during follow-up. It is
important to note that DNAmTL was associated with exacerbations, independent of chronological age and other potential confounders including lung
function and smoking status. This observation is consistent with the notion that although telomere shortening is an age-related feature, it is not tantamount to
chronological ageing, particularly in the context of COPD. Third, as poor health status often precedes frequent exacerbations and hospitalizations, the inverse
relationship between SGRQ and DNAmTL raises the possibility that short telomeres may be apparent earlier in the course of disease.

While it is widely known that COPD is associated with short telomeres [5], the mechanistic link between telomeres and AECOPD is not entirely clear. The
epigenetic regulation of telomeric aging re�ects in part cell replication [11]; thus our results support the idea that chronic in�ammation in COPD alters the
normal life course of cells by accelerating their aging and subsequently promoting their arrest and death. Although environmental factors such as obesity, and
cigarette smoking promote secretion of in�ammatory mediators of cellular senescence [25, 26], our analyses adjusted for these key factors, suggesting that
there are other factors in COPD pathogenesis that are responsible for accelerated telomeric shortening.

Our study had certain limitations. First, we were not able to assess changes in DNAmTL longitudinally. Second, the small number of patients with more than
one moderate to severe exacerbations could have impacted our ability to identify additional associations. Third, it remains to be determined whether short
DNAmTL is a causal factor for COPD progression or a consequence of the in�ammatory and oxidative stress burden of COPD. Fourth, it remains to be
determined whether the epigenetic signal in peripheral blood is similar to that in the lung. Last, it is unknown whether certain therapeutics or dietary factors
can reverse or halt replicative senescence of COPD.

In summary, short DNAmTL in peripheral blood, re�ective of replicative senescence, is associated with increased risk of exacerbation and hospitalization and
poor health status in COPD and thus is a very promising biomarker to predict poor outcomes in patients with COPD.

Conclusions
This study provides new evidence that supports that notion that the epigenetic regulation of telomeric age in blood plays a key role in the worsening of
respiratory symptoms in moderate to severe COPD. Epigenetic biomarkers may be developed to predict important health events such as exacerbations and
hospitalizations in COPD, and to disease-strati�ed COPD patients that are at higher risk of poor outcomes.

Abbreviations
AECOPD
Acute Exacerbation COPD
BMI
Body Mass Index
COPD
Chronic Obstructive Pulmonary disease
DNAmTL
DNA methylation telementor length
FEV1

forced expiratory volume in 1 second
FVC
forced vital capacity
GOLD
Global initiative for chronic Obstructive Lung Disease
ICS
Inhaled steroids
MACRO
The Macrolide Azithromycin to Prevent Rapid Worsening of Symptoms Associated With Chronic Obstructive Pulmonary Disease study
LABA
Long-Acting Beta Agonists
PC
principal component
PCA
principal component analysis
SGRQ
St. George’s Respiratory Questionnaire

Declarations



Page 8/12

Ethics Approval and Consent to Participate
This study was approved by the University of British Columbia Clinical Research Ethics Board (approval No. H11-00786). All participants in this study provided
informed consent for participation. 

Consent for publication
Not applicable

Availability of Data and Materials
The �ndings of this study are included in the article. Methylation data will be deposited on GEO data base after submission. Further inquiries can be directed
to the corresponding author.

Competing Interests
None directly with the project.

Outside of the project, DDS has received honoraria for speaking engagements with AstraZeneca, GlaxoSmithKline and Boehringer Ingelheim. 

Funding
The project was funded by a grant from Genome Canada, CIHR and St. Paul’s Foundation. MACRO Study was funded by the National Institutes of Health

Authors’ Contributions
A.I.H.C.: conceived of the idea, manuscript drafting, interpretation, and data analysis. 

C.X.Y.: data analysis and �nal manuscript revision. 

X.L: data analysis and �nal manuscript revision. 

S.M: Interpretation and �nal manuscript revision. 

V.C.: data analysis, methylation pro�ling and manuscript revision

Z.H.: data analysis, methylation pro�ling and manuscript revision

R.N.: data analysis, methylation pro�ling and manuscript revision

G.J.C.: data collection, sample procurement and manuscript revision

P.G.W: data collection, sample procurement and manuscript revision

S.C.L: data collection, sample procurement and manuscript revision

J.E.C: data collection, sample procurement and manuscript revision

M.K.H: data collection, sample procurement and manuscript revision

F.J.M: data collection, sample procurement and manuscript revision

R.M.R: data collection, sample procurement and manuscript revision

S.F.M: data collection, sample procurement and manuscript revision

J.M.L.: Study design, interpretation, and �nal manuscript revision. 

D.D.S.: Study design, interpretation, and manuscript drafting. 

Acknowledgements
A.I.H.C and S.M. are supported by MITACS and Providence Airway Centre. J.M.L. is supported by the Michael Smith for Health Research Foundation Health
Professional Investigator Award and the CIHR/AstraZeneca Early Career Investigator Award. D.D.S. is a Tier 1 Canada Research Chair in COPD and holds the
De Lazzari Family Chair at the Centre for Heart Lung Innovation.



Page 9/12

References
1. Tsuji T, Aoshiba K, Nagai A. Alveolar Cell Senescence in Patients with Pulmonary Emphysema. Am J Respir Crit Care Med. 174: American Thoracic Society

- AJRCCM; 2006. pp. 886–93.

2. Hornsby PJ. Telomerase and the aging process. Exp Gerontol. 2007;42:575–81.

3. von Zglinicki T. Oxidative stress shortens telomeres. Trends Biochem Sci. 2002;27:339–44.

4. Singh D, Agusti A, Anzueto A, Barnes PJ, Bourbeau J, Celli BR, et al. Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive
Lung Disease: the GOLD science committee report 2019. Eur Respir J. 2019;53:1900164.

5. Rode L, Bojesen SE, Weischer M, Vestbo J, Nordestgaard BG. Short telomere length, lung function and chronic obstructive pulmonary disease in 46 396
individuals. Thorax. 68: BMJ Publishing Group Ltd; 2013. pp. 429–35.

�. Lai T-P, Wright WE, Shay JW. Comparison of telomere length measurement methods. Philosophical Transactions of the Royal Society B: Biological
Sciences Royal Society. 2018;373:20160451.

7. Kimura M, Stone RC, Hunt SC, Skurnick J, Lu X, Cao X, et al. Measurement of telomere length by the Southern blot analysis of terminal restriction
fragment lengths. Nat Protoc. 2010;5:1596–607.

�. Okuda K, Bardeguez A, Gardner JP, Rodriguez P, Ganesh V, Kimura M, et al. Telomere Length in the Newborn. Pediatr Res. 2002;52:377–81.

9. Atzmon G, Cho M, Cawthon RM, Budagov T, Katz M, Yang X, et al. Genetic variation in human telomerase is associated with telomere length in Ashkenazi
centenarians. PNAS. 2010;107:1710–7.

10. Wang Y. The Epigenetic Trends in Telomere Research. Journal of Clinical Epigenetics [Internet]. iMedPub; 2017 [cited 2021 Jul 6];3. Available from:
https://clinical-epigenetics.imedpub.com/the-epigenetic-trends-in-telomere-research.php?aid=21284.

11. Lu AT, Seeboth A, Tsai P-C, Sun D, Quach A, Reiner AP, et al. DNA methylation-based estimator of telomere length. Aging. 2019;11:5895–923.

12. Horvath S. DNA methylation age of human tissues and cell types. Genome Biol. 2013;14:R115.

13. Hannum G, Guinney J, Zhao L, Zhang L, Hughes G, Sadda S, et al. Genome-wide methylation pro�les reveal quantitative views of human aging rates. Mol
Cell. 2013;49:359–67.

14. Albert RK, Connett J, Bailey WC, Casaburi R, Cooper JAD, Criner GJ, et al. Azithromycin for Prevention of Exacerbations of COPD. New England Journal of
Medicine Massachusetts Medical Society. 2011;365:689–98.

15. Leitao Filho FS, Mattman A, Schellenberg R, Criner GJ, Woodruff P, Lazarus SC, et al. Serum IgG Levels and Risk of COPD Hospitalization: A Pooled Meta-
analysis. Chest. 2020;158:1420–30.

1�. Jin M, Lee EC, Ra SW, Fishbane N, Tam S, Criner GJ, et al. Relationship of Absolute Telomere Length With Quality of Life, Exacerbations, and Mortality in
COPD. Chest. 2018;154:266–73.

17. Hernandez Cordero AI, Yang CX, Obeidat M, Yang J, MacIsaac J, McEwen L, et al. DNA methylation is associated with air�ow obstruction in patients living
with HIV. Thorax. 2020.

1�. Yang CX, Schon E, Obeidat M, Kobor MS, McEwen L, MacIsaac J, et al. Occurrence of Accelerated Epigenetic Aging and Methylation Disruptions in Human
Immunode�ciency Virus Infection Before Antiretroviral Therapy. The Journal of Infectious Diseases [Internet]. 2020 [cited 2021 Mar 18]; Available from:
https://doi.org/10.1093/infdis/jiaa599.

19. Triche TJ, Weisenberger DJ, Van Den Berg D, Laird PW, Siegmund KD. Low-level processing of Illumina In�nium DNA Methylation BeadArrays. Nucleic
Acids Res. 2013;41:e90.

20. Teschendorff AE, Marabita F, Lechner M, Bartlett T, Tegner J, Gomez-Cabrero D, et al. A beta-mixture quantile normalization method for correcting probe
design bias in Illumina In�nium 450 k DNA methylation data. Bioinformatics. 2013;29:189–96.

21. Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray expression data using empirical Bayes methods. Biostatistics. 2007;8:118–27.

22. Zhou J, Sears RL, Xing X, Zhang B, Li D, Rockweiler NB, et al. Tissue-speci�c DNA methylation is conserved across human, mouse, and rat, and driven by
primary sequence conservation. BMC Genom. 2017;18:724.

23. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria [Internet]. 2018 [cited
2020 Nov 2]. Available from: https://www.r-project.org/.

24. Therneau TM, Grambsch PM. The Cox Model. In: Therneau TM, Grambsch PM, editors. Modeling Survival Data: Extending the Cox Model [Internet]. New
York, NY: Springer; 2000 [cited 2021 Jul 9]. p. 39–77. Available from: https://doi.org/10.1007/978-1-4757-3294-8_3.

25. Nyunoya T, Monick MM, Klingelhutz A, Yarovinsky TO, Cagley JR, Hunninghake GW. Cigarette smoke induces cellular senescence. Am J Respir Cell Mol
Biol. 2006;35:681–8.

2�. Conley SM, Hickson LJ, Kellogg TA, McKenzie T, Heimbach JK, Taner T, et al. Human Obesity Induces Dysfunction and Early Senescence in Adipose
Tissue-Derived Mesenchymal Stromal/Stem Cells. Front Cell Dev Biol [Internet]. Frontiers; 2020 [cited 2021 Jul 7];8. Available from:
https://www.frontiersin.org/articles/10.3389/fcell.2020.00197/full.

Figures



Page 10/12

Figure 1

Kaplan-Meier curve for exacerbation and DNAmTL age acceleration. Association between the epigenetic measurement of telomere length (DNAmTL) and
probability of exacerbation (y-axis) over time (x-axis). (a) corresponds to the Kaplan-Meier curve for acute COPD exacerbations (AECOPD) regardless of
severity, while (b) and (c) show the probability of mild and moderate to severe AECOPD over time, respectively. The group with short DNAmTL corresponds to
the description “DNAmTL residuals < -0.12 or 25th percentile” (blue line), in which DNAmTL residuals correspond to the regression of DNAmTL on
chronological age adjusted for sex, body mass index, smoking status and the �rst �ve principal components of blood cell proportions. Long DNAmTL
corresponds to the description “DNAmTL residuals > 0.13 or 75th percentile” (red line). The description “-12=<DNAmTL residuals >= 0.13” (green line)
corresponds to the group intermediate DNAmTL. Number of patients at risk at each timepoint are provided inside the plots. P-values correspond to likelihood
ratio test for the global test (Cox analysis).
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Figure 2

Relationship between exacerbation and DNAmTL age acceleration. Boxplots show the DNAmTL age residuals plotted against acute COPD exacerbations
(AECOPDs) (a), number of total (b), mild (c) and moderate to severe (d) AECOPDs. P values at the top of (a), (b) and (c) correspond to the P-values adjusted
for multiple comparison based on the Tukey method. DNAm are residuals were obtained from the regression of DNAmTL on chronological age adjusted for
sex, body mass index, smoking status and the �rst �ve principal components of blood cell proportions. Negative values represent age acceleration. P-value at
the right corner of panel (b), (c) and (d) corresponds to the Jonckheere-Terpstra trend test.
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Figure 3

Relationship between hospitalization and DNAmTL age acceleration. (a) Kaplan-Meier curve for hospitalization and DNAmTL age acceleration. Axis in (a)
corresponds to the probability of hospitalization (y-axis) overtime (x-axis). The group with the short DNAmTL corresponds to the description “DNAmTL
residuals < -0.12 or 25th percentile” (blue line). DNAmTL residuals (age acceleration) were derived from regression of DNAmTL on chronological age adjusted
for age, sex, body mass index, smoking status and the �rst �ve principal components of blood cell proportions. Long DNAmTL corresponds to the description
“DNAmTL residuals > 0.13 or 75th percentile” (red line). The description “-12=<DNAmTL residuals >= 0.13” (green line) correspond to the group with an
intermediate DNAmTL. Number of patients at risk at each timepoint are provided inside the plots. P-values correspond to Likelihood ratio test (Cox analysis).
Boxplots show the DNAmTL age acceleration plotted against hospitalization (b) and number of number of hospitalizations (c). P values at the top of (c)
correspond to the P-values adjusted for multiple comparison based on the Tukey method.
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