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Abstract

Chronic obstructive pulmonary disease(COPD) is an age-related disease and demonstrates many
biological hallmarks of aging including telomere shortening and epigenetic alterations. This study
examined the relationship between telomere length, reflecting replicative senescence, and Alu and
LINE-1(L1) methylation, reflecting one of the major epigenetic changes of peripheral blood
leukocytes, and clinical outcomes, including lung function, health status, rate of exacerbations,

and risk of mortality with different COPD stages.

Using quantitative polymerase chain reaction, we measured the absolute telomere length(aTL) of
DNA extracted from blood samples of 576 participants with moderate-to-severe COPD treated
with either azithromycin or placebo in the Macrolide Azithromycin for Prevention of
Exacerbations of COPD(MACRO) study. Using bisulfite pyrosequencing, we measured the
percentage(%) Alu and L1 methylation of DNA extracted from blood samples of 495 participants
with acute-exacerbating-COPD(AECOPD) in the COPD Rapid Transition Program(RTP), and 373

participants with non-COPD in the Canadian Cohort of Obstructive Lung Disease(CanCOLD).

Participants with shorter aTL (defined as below the median cutoff value for aTL) had worse health
status as defined by higher St. George’s Respiratory Questionnaire(SGRQ) scores (P=0.034). In
the placebo arm, the rate of exacerbations (P=0.002) and the risk of mortality (P=0.015) were
significantly higher in the shorter telomere group than in the longer telomere group. % Alu
methylation was significantly related to FEV 1% predicted, FEV| in liters(L) and FEV/FVC ratio
(P<0.0001), and when the cohort was divided into quartiles, the higher the quartile the better the
FEV1 % predicted and FEV (L) (£<0.0001). % Alu methylation was also significantly related to

the decline of FEV % predicted (%/year), (P=0.004) and FEV/FVC ratio (%/year)(P=0.007) as
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well as to total and sub-domain SGRQ scores (P<0.0001 except the Impact score P=0.041). % L1
methylation was significantly different between different states of COPD: stable-, non- & AE-
COPD, where the non-COPD participants had the highest percentage of methylation and AECOPD

participants demonstrated the lowest (P<0.0001).

Together these data suggest that senescence blood biomarkers in COPD patients are associated
with poor health outcomes. These relatively simple blood measurements may represent a potential
source of clinically translatable biomarkers for identifying patients at high risk of morbidity and

mortality in COPD.
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Lay Summary

Chronic Obstructive Pulmonary Disease (COPD) is a progressive lung disease which is caused by
airway inflammation and damage to the air sacs in the lungs. COPD is characterized by shortness
of breath, wheezing and coughing which often lower the quality of life by interfering with physical
and social activities. The risk of COPD increases rapidly with aging, especially after 40 years of
age. This study investigated measurable indicators in the blood to observe the relationships not
only with the standardized lung function measures, which are used to diagnose COPD but also
with the patient-related outcomes such as health-status and mortality in patients with COPD.
Findings from this study could help physicians to forecast disease progression and assist with

tailoring treatment for patients with COPD in the future.



Preface

Chapter 1 has been published. Minhee Jin, Lee EC, Ra SW, Fishbane N, Tam S, Criner GJ,
Woodruff PG, Lazarus SC, Albert R, Connett JE, Han MK, Martinez FJ, Aaron SD, Reed RM,
Man SFP, Leung JM, Sin DD. (2018) Relationship of Absolute Telomere Length with Quality of
Life, Exacerbations, and Mortality in COPD. Chest. 154(2):266-273. Work presented in this
chapter was conducted at the Centre for Heart Lung Innovation UBC and St. Paul’s Hospital (HLI)
located in St. Paul’s hospital. EC. Lee and I conducted all the experiments and wrote most of the
manuscript. SW. Ra and N. Fishbane helped performing statistical analysis and interpretations.
GJ. Criner, PG. Woodruff, SC. Lazarus, R. Albert, JE. Connett, MK. Han, FJ. Martinez, SD.
Aaron, RM. Reed, SFP. Man, JM. Leung and DD. Sin contributed to critical revision of the
manuscript for important statistical, intellectual, clinical content and approved the final version.
Data and leukocyte DNA samples used in the study presented in Chapter 1 were collected from
Macrolide Azithromycin for Prevention of Exacerbation of COPD (MACRO) study. The
biomarker component of the MACRO study was approved by the UBC Providence Health Care
Ethics Committee (approval No. H11000786). The study “Telomere measurement” under Method
was originally outlined by O’Callaghan NJ and Fenech M (2011) A quantitative PCR method for

measuring absolute telomere length. Biol Proced Online.13:3.

Data and leukocyte DNA samples used in the study presented in Chapter 2 were collected from
the Canadian Cohort of Obstructive Lung Disease (CanCOLD) and COPD Rapid Transition
Program (RTP). The biomarker component of the CanCOLD and RTP were approved by the UBC
Providence Health Care Ethics Committee (approval No.H11-00786 and HI16-02270,

respectively). Part of the experiment in Chapter 2, “pyrosequencing” was done at the Centre for
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Molecular Medicine and Therapeutics by Dr. J. Mclsaac. All other work presented in this chapter
was conducted at the HLI. I was responsible for the design, sample preparation and data analysis.
Y. Yang, A. Li and Dr. F. Stuart helped performing statistical analysis. Dr. D. Sin provided

intellectual content and supervised the project.
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Introduction

Previous studies have suggested that COPD may be a disease of accelerated aging for a variety of
reasons including a close relationship with senescence-related disorders such as osteoporosis and
dementia, as well as its exponential increase in prevalence beyond 50 years of age [1-4]. One
important biomarker of replicative senescence is telomere length. Telomeres are specific repetitive
DNA sequences that buttress terminal ends of chromosomes to maintain their integrity by limiting
DNA attrition during replication and thus preventing harmful DNA events such non-homologous
recombination. [5, 6] With each replication cycle, there is progressive shortening of telomeres, [7]
which over time results in cell senescence and/or apoptosis when replicative (Hayflick) limits are
reached [8, 9]. COPD is associated with oxidative stress, which becomes amplified during

exacerbations [10, 11] and oxidative stress enhances telomere shortening [7].

Another important biomarker of epigenetic alteration is DNA methylation [1, 12-14]. DNA
methylation is a major epigenetic mechanism that is involved in gene regulation and cell
differentiation by adding methyl (CH3) group to 5-carbon of the cytosine typically at cytosine-
phosphate-guanine (CpQG) sites [15-17]. Previously, specific CpG islands were recognized as
predictor methylation sites of both biological and chronological age [18] and it is now well
established that aging and other stressors such as microbial infections can lead to general
hypomethylation at these sites [13, 18-20]. Thus, DNA hypomethylation has been used as a
biomarker of biological aging in many age-related disease conditions such as cancer [20-22],

cardiovascular disease [23, 24], neurological diseases [25-27] and total mortality [28, 29].



Chapter 1: The Relationship of Absolute Telomere Length with Quality of
Life, Exacerbations, and Mortality in Chronic Obstructive Pulmonary Disease

(COPD)

1.1 Telomere Shortening in COPD

We have shown previously that telomere lengths of peripheral leukocytes correlate to those in lung
tissue, suggesting that telomeres in blood may be considered a biomarker of replicative senescence
in the lungs [30]. Importantly, we and other groups have shown that telomeres are shorter in
peripheral leukocytes of COPD patients (compared to healthy participants) [1, 31-33] and that
short telomeres are associated with common comorbidities of COPD such as cardiovascular
disease [34-36] and cancer [37, 38]. However, there is little information on whether telomere
lengths from peripheral blood are associated with important patient-related outcomes in COPD
such as health status, exacerbations or mortality. Using data from the Macrolide Azithromycin for
Prevention of Exacerbations of COPD (MACRO) study, [39] we determined the relationship

between blood telomeres and these patient-related outcomes in COPD patients.

1.2 Methods

1.2.1 Samples and Patient Related Outcomes

We used data and leukocyte DNA samples collected from participants with COPD in the MACRO
study; the details of which have been previously published [39]. Briefly, MACRO recruited
participants from 17 sites across 12 academic health centres in the United States. A total of 1,142

participants with COPD were randomized to azithromycin or placebo in addition to standard care



for 12 months. The inclusion criteria were: a clinical diagnosis of COPD, age of 40 years or older,
a smoking history of at least 10 pack-years, a ratio of post-bronchodilator FEV/FVC less than
70% with a post-bronchodilator FEV; of less than 80%, and either hospital admission or
emergency room presentation for acute exacerbation of COPD, as well as continuous usage of
supplemental oxygen or treatment with systemic glucocorticoids within the preceding year.
Exclusion criteria included asthma, hearing impairment, and an acute exacerbation of COPD
within the 4 weeks prior to enrollment. Clinical outcomes including COPD exacerbations, health

status, and all-cause mortality were assessed at recruitment and through follow-up.

We utilized the St. George’s Respiratory Questionnaire (SGRQ)[40] to evaluate health status of
the participants. SGRQ has three sub-domains: Symptoms, Activity and Impact. The Symptom
score measures the impact of respiratory symptoms, their frequency and severity on health status;
The Activity score measures the physical impairment of daily activities and the Impact score
measures psychosocial disturbances due to the disease. SGRQ scores were collected at baseline
and scores range from 0 to 100, with higher scores indicating worse status. An exacerbation was
defined as “a complex of respiratory symptoms (increased or new onset) of more than one of the
following: cough, sputum, wheezing, dyspnea, or chest tightness with a duration of at least 3 days
requiring treatment with antibiotics or systemic steroids [41]”. The participants reported whether
a COPD exacerbation had occurred at each clinic visit and during phone follow-ups. The rates of
exacerbation were determined by dividing the number of acute exacerbations by the person-years

of follow-up. Owing to differential enrollment dates, participants were followed for up to 3.5 years.



1.2.2 Telomere Measurement and Statistical Analysis

We collected blood from 597 participants who agreed to participate in DNA biobanking. Each
DNA sample was extracted from peripheral blood buffy coat, which was quantified using
NanoDrop 8000 spectrophotometer (Thermo Scientific, Wilmington, USA) and diluted down to
the concentration of 5Sng/ul in EDTA buffer solution; aTL in each DNA sample was measured
using a quantitative PCR (qPCR) method as outlined by O’Callaghan and Fenech [42]. In this
method, a standard curve is generated from the fluorescent signals given by a series of known
concentrations of telomere oligomer (TEL) DNA [(TTAGGG)x14]. The concentration of each
testing sample was predicted by plotting the sample’s fluorescence signal on a standard curve. To
serve as a reference gene, a concentration of a single copy gene (36B4) DNA in each sample was
measured using the same method. Telomere length was calculated as the ratio of the telomere DNA
length from the standard curve to the 36B4 DNA length. Each sample was run in triplicate on
Hard-Shell PCR plate 384-well, using CFX 384 Touch Real-Time PCR Detection System (Bio-
rad). DNA from a short telomere cell line (HEK293) and a long telomere cell line (K562) were

plated in each cycle to control inter-experimental variations [43].

The telomere lengths of each sample were normalized to a reference cell line control sample, which
was evaluated on each plate [42]. Telomere length measurements (kbp/genome) were natural log-
transformed to achieve normality. For analytic purposes, we divided the participants into four
quartiles according to their telomere length. We then used the Jonckheere-Terpstra trend test to
compare continuous variables and the Cochran-Armitage test to compare dichotomous variables
across the quartiles. In order to evaluate the rate of exacerbation and mortality, aTLs were divided
into two groups using the median value as the cut-off, with values above the median defined as

longer telomere length and those below as shorter telomere length. SPSS version 21.0 for Windows
4



(IBM Corp., Armonk, NY, USA) and R Studio version 3 were used for statistical analyses. Two-

sided p-values <0.05 were considered significant.

1.2.2.1 aTL and Quality of Life

A linear regression model was constructed to examine the relationship between aTL and SGRQ.
To create the multivariable linear regression models with aTL, significant variables from
univariable analyses (p<0.1) and variables with biological plausibility were included in the model
using a stepwise selection process. The covariables included age, gender, race, body mass index
(BMI), current smoking status, total SGRQ score, FEV % predicted and FVC % predicted at

baseline.

1.2.2.2 aTL and the Exacerbation Rate

A negative binomial model was used to estimate the annualized rate of exacerbations. The model
considered the terms for treatment, baseline COPD exacerbation history (i.e. systemic steroids
and/or antibiotics use), smoking status at screening, severity of airflow limitation, and aTL (e.g.
shorter or longer) as fixed effects and age and baseline dyspnea grade as covariables. The offset
variable In (exposure time in years) was used. Formal testing for effect modification of
Azithromycin (AZ) therapy by aTL group on the exacerbations was performed by including a

multiplicative interaction term in a fully adjusted negative binomial model.

1.2.2.3 aTL and Mortality
After stratifying the data according to treatment, time to death was compared between shorter and

longer aTL groups (based on the median value of aTL) using Kaplan-Meier curves and log-rank

5



test. A Cox proportional hazards regression was performed to adjust for potential confounders
including age, BMI, severity of airflow obstruction, dyspnea grade, smoking status and oxygen
use at screening, the rate of exacerbation, and aTL. Formal testing for effect modification of AZ
therapy by aTL on mortality was performed by including a multiplicative interaction term in a

fully adjusted Cox proportional hazards model.

1.3 Results

A flow diagram of the present study is presented in Figure 1. We excluded from analysis
participants who did not have DNA collected or had missing clinical data, leaving 576 participants
for this study. A summary of the demographic and clinical characteristics of MACRO participants
who did and did not have telomeric measurements can be found in the supplement (Appendix A).
The mean age of participants at the baseline visit was 66.0 (SD = 8.6) years and 55.6% of the
cohort were males. Table 1 provides clinical and demographic data of participants according to
leukocyte telomere length in quartiles. There was a significant trend across aTL for sex (0.027),
age (p<0.001), the activity score of SGRQ (p=0.006), and FVC % predicted at baseline (p=0.006).
The relationship of telomere length with the various domains of SGRQ (activity, symptom and
impact) scores are shown in Appendix B.1, B.2 and B.3, respectively. The relationship of telomere
length with FEV; and FVC are shown in Appendix C and D, respectively. A summary of the
comorbidities data Appendix E and the cell proportion data Appendix F can be found in the

supplement.



Figure 1 Number of participants excluded from analysis and reasons for exclusion.

Total No. of participants
at baseline (n = 1,142)

Excluded (n = 545)

- Refused to participate in DNA banking (n = 295)
- Clinical data unavailable (n = 40)

- Other reasons (n=210)

Blood DNA sample
available (n = 597)

(Excluded (n=21)
L- DNA volume below acceptable amount

Total No. of DNA sample
used in analysis (n = 495)

A total of 1,142 participants were recruited for the Macrolide Azithromycin for Prevention of Exacerbations of COPD
study for the randomization. Of 597 samples of DNA extraction received at the center, 21 samples were excluded

because of the low volume after the dilution. A total of 576 samples were generated in this study.



Table 1 Clinical and demographic characteristics of Macrolide Azithromycin for Prevention

of Exacerbations of COPD study participants by quartiles of leukocyte telomere length.

Telomere Quartiles (kbp/genome)

All Ql Q2 Q3 Q4 P-
(<112.4) |(112.4-137.5){(137.5-171.8)| (>171.8) | trend

No. of participants 576 144 144 144 144 -
Male sex 319 (55.4) 90 (62.5) 80 (55.6) 78 (54.2) 71(49.3) | 0.027
Azithromycin group 303 (52.6) 77 (53.5) 77 (53.5) 63 (47.9) 80 (55.6) | 0.062
Age 66 + 8.5) 68.7 £ 8.0 67.2+7.9 64.3+8.8 | 63.8+8.5 [<0.001
White 488 (84.7) 131 (91.0) | 122(84.7) | 113(78.5) | 122(84.7) | 0.062
Smoking (pack-years) 57.3+31.1 | 59.1+33.4 | 57.9+29.5 | 54.5+31.0 |57.6+30.6| 0.402
Current smoking status | 107 (18.6) 20 (13.9) 27 (18.8) 28 (19.4) 32 (22.2) | 0.077
Chronic bronchitis 255 (44.6) 66 (46.5) 67 (47.2) 65 (45.1) 57 (39.6) | 0.221
Cancer history 91 (15.8) 23 (16.0) 27 (18.8) 23 (16.0) 18 (12.5) | 0.332
BMI (kg/m?) 27.5+£6.0 273+6.1 27.2+59 27.2+5.8 | 28.2+6.0 | 0.203
SGRQ, total score 479+158 | 50.2+143 | 47.4+16.0 | 47.7+15.6 |46.4£16.9| 0.050
Activity score 67.8+19.6 | 72.4+17.0 | 66.7+18.9 | 67.0+20.4 |65.1+21.0| 0.006
Symptom score 59.6+£19.4 | 60.3+19.0 | 59.8+18.8 | 60.2+18.7 |58.0+21.1| 0.503
Impact score 329+174 | 343%16.2 | 32.6+17.9 | 32.8+17.2 |32.0+18.5| 0.227
Oxygen use 357 (62.0) 98 (68.1) 88 (61.1) 81 (56.3) 90 (62.5) | 0.234
CRP (mg/L) 5.1+4.0 5.7+4.4 49+3.8 49+41 | 5.0+3.6 |0.212
FEV1/FVC % 4231124 | 425+133 | 42.2+12.0 | 425+12.2 |42.1+12.2| 0.888
FEV1, % predicted 39.6+£15.7 | 38.0+16.1 | 40.4+15.0 | 40.3+16.1 |39.8+15.4| 0.307
FVC, % predicted 70.5+187 | 66.1+16.3 | 72.3+20.1 | 72.0+19.2 |71.8+18.3| 0.006
LAMA 365 (63.4) 85 (59.0) 96 (66.7) 92 (63.9) 92 (63.9) | 0.598
LABA 423 (73.4) 105 (72.9) | 109 (75.7) | 107 (74.3) | 102 (70.8) | 0.813
ICS 450 (78.1) 112 (77.8) | 112(77.8) | 118 (81.9) | 108 (75.0) | 0.558

Study participants were divided into four groups based on telomere length, with the first quartile being the shortest

and the fourth quartile being the longest. Mean £ SD valudes are given for normally distributed variables,

whereasdichotomous data are given as counts (% of column totals). Jonckheere-Terpstra trend test was used for

continous variables, and the Cochran-Armitage test was used for dichotomous variables for P trend.



1.3.1 aTL and Quality of Life

In the multivariable model, all variables except for age, SGRQ, and FVC% predicted, were not
significantly related to aTL and were dropped from the final analysis. Participants with shorter
telomere length had worse health status defined by higher SGRQ scores (5 =-0.09, p=0.034, Table

2).

Table 2 Multiple linear regression analysis using stepwise selection with absolute telomere

length.
Coefficient (95% Cl) Standardized B P value VIF

(intercept) 5.354 [4.965, 5.744]

Age -0.009 [-0.013, -0.006] -0.211 <0.001 1.033
Male sex 0.039 [-0.024, 0.102] 0.053 0.223 1.118
White 0.016 [-0.068, 0.100] 0.016 0.709 1.051
BMI (kg/m?) 0.003 [-0.002, 0.008] 0.049 0.258 1.141
Current smoking status 0.016 [-0.069 to 0.100] 0.016 0.718 1.217
SGRQ total score -0.002 [-0.004, 0.000] -0.090 0.034 1.075
FEV1, % predicted -0.002 [-0.005, 0.001] -0.090 0.140 2211
FVC, % predicted 0.002 [0.000, 0.003] 0.092 0.027 1.042

A stepwise regression was analyzed with potential variables with biological plausibility or that showed an association
with the outcome of interest (absolute telomere length) to the level of P<0.1 in the univariable analysis: age, sex, race,
BMI, current smoking status, total SGRQ score, FEV % predicted, and FVC % predicted at baseline. The final
variables that had a significant relationship with absolute telomere length were age, total SGRQ score, and FVC %

predicted.

1.3.2 aTL and the Exacerbation rate
A total of 890 exacerbations occurred among the 576 COPD patients during follow-up. The
annualized rates of exacerbations were not statistically different between shorter and longer aTL
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groups (1.71£2.03 vs 1.60+£2.11; p=0.417 by Mann-Whitney test). However, after stratifying the
data by treatment, the rate of exacerbation was higher in the subjects with shorter aTL in the
placebo use group. (p=0.002; rate ratio from negative binomial analysis, 1.50; 95% CI, 1.16
to1.95; Figure 2.). A multiplicative interaction term was used in the negative binomial model

which demonstrated a significant interaction between treatment and aTL group (p=0.008).

Figure 2 Rate of exacerbation according to leukocyte TL in placebo and azithromycin
treatment groups of the Macrolide Azithromycin for Prevention of Exacerbation of COPD

study.

p for interaction = 0.008

RR (95% Cl) Bl Shorter TL

1.50 (1.16, 1.95), p=0.002
RR (95% ClI) I Longer TL
I 0.89 (0.65, 1.22), p=0.46

—

All exacerbations (annualized rate)

Placebo Azithromycin

Participants were divided into short vs long telomere groups using the median value (137.5kb/genome). P values were
generated using a negative binomial model, and only placebo groups showed significance (P =0.002). P for interaction

is 0.008. Error bars represent the SEM.

1.3.3 aTL and Mortality
When divided into two groups using the median value (137.5kb/gene), those with shorter telomeres

experienced a significantly higher risk of total mortality (HR, 9.45; 95 % CI, 2.85-31.36; p=0.015)
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compared to those with longer telomeres in the placebo group (Figure 3A) but not in the
azithromycin arm of the study (HR, 0.31; 95 % CI, 0.09-1.04; p=0.181; Figure 3B). The
relationship between aTL and mortality was significant for all participants when aTL was
considered as continuous variable (HR, 12.31; 95 % CI, 2.23 - 67.97, p=0.004). A multiplicative
interaction term was used in the Cox proportional hazard model which demonstrated a significant

interaction between treatment and aTL group (p=0.017)

Figure 3 A, B, Kaplan-Meier survival curves for all-cause mortality according to TL in
peripheral blood in (A) placebo and (B) azithromycin groups in the Macrolide Azithromycin

for Prevention of Exacerbations of COPD study.

A Placebo
10-

W

Azithromycin

-
o
1

HR 9.45 (95%Cl 2.85 - 31.36); p=0.015 HR 0.31 (95%Cl 0.09 - 1.04); p=0.181

Shorter TL il Longer TL

Cumulative death (%)
T
Cumulative death (%)
(3,1

Shorter TL
Longer TL
0 1 0 1
0 4 0 4
No. at Risk Time (years) No. at Risk Time (years)
Shorter TL 134 130 126 124 Shorter TL 154 154 150 148
Longer TL 139 139 138 137 Longer TL 149 142 140 138

Participants were divided into short vs long telomere groups using the median value (137.5kb/genome) as the

threshold. P values were generated using the log-rank test.

1.4 Discussion
The most important finding from the present study was that short telomere lengths in peripheral

leukocytes were associated with reduced quality of life, and a higher risk of exacerbation and death
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in patients with moderate to severe COPD. Together, these data support the notion that COPD is
a systemic disease of accelerated aging and that replicative senescence, denoted by peripheral

blood telomeres, is associated with poor health outcomes in COPD.

There were strengths to the present study. First, we measured absolute, rather than relative,
telomere length of peripheral leukocytes, which likely increased the precision of the measurements
and most importantly enabled cross-comparisons with other studies. For instance, using
population-based data from the CanCOLD (Canadian Chronic Obstructive Lung Disease) Study,
we demonstrated previously that the expected median telomere length of peripheral leukocytes for
a 66 year old is approximately 150 kbp/genome [44]. In the current study (where the mean age of
the cohort was 66 years), the median value was only 137 kbp/genome, which would be the
expected value for someone in their 80’s, suggesting that on average MACRO participants were
biologically much older than their chronological age. Consistent with data from previous studies,
we also found a significant relationship of telomere length with age and sex, which is consistent
with data from previous studies that have also demonstrated these relationships [43, 45]. Second,
in the present study, we related telomere lengths to health outcomes that are of direct importance
to patients: exacerbations and health status. Patients in the lowest quartile of telomeres had
significantly worse health status than those in the highest quartile, which was best represented by
the “activity score”” domain of SGRQ. When we excluded data with log aTL less than 4 and outliers
defined by the Robust regression and Outlier removal (ROUT) method at 1% false discovery
rate[46], all results remained unchanged except for the relationship between aTL and symptoms
domain of SGRQ, which became weakly significant (R?>=0.00568; p=0.0406). In the subgroup

analysis stratified by sex however, the significant relationship with total score of SGRQ persisted
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only in the female population (multivariate regression, p=0.012). Interestingly, patients in the
lowest quartile had significantly lower FVC values raising the possibility that reduced telomeres
may be a biomarker of “restrictive” physiology of COPD patients. As we did not image or perform
lung volume measurement of the lungs of the MACRO participants, we could not determine the
precise etiology of reduced FVC. This may reflect suboptimal effort, or represent a large volume
of trapped gas, volume derecruitment [47], or a mix of emphysematous and (interstitial) fibrotic
changes in the same lung, which may be observed in 8% of smokers with COPD [48]. Irrespective
of the etiology, the positive relationship between telomere length and FVC value has been reported
in several other studies [49, 50]. Some possible mechanisms include shared genetic predisposition
to shorter telomere length and reduced FVC, and inflammation due to exposure to noxious
materials (i.e. cigarette smoke) and oxidative stress [51-53]. We also found that the rate of
exacerbations was significantly higher in patients with shorter versus longer telomeres in the
placebo but not the azithromycin arm of MACRO. While the exact reason for this unknown, we
posit that by reducing the overall exacerbation rate, the use of azithromycin abolished the
differential rates between those with and without short telomeres. Similar findings were also noted
for mortality where those with shorter telomeres had over 9-fold increase in the risk of mortality
in the placebo but not in the azithromycin group. However, these data should be interpreted with
caution, as the number of deaths during the study period was relatively small, which increases the

risk of a type 2 statistical error.

The mechanism by which short telomeres are associated with poor patient outcomes is not entirely
clear. It is now well established that replicative senescence results in a change of cellular phenotype

to a pro-inflammatory state, a process that has been referred to as senescence-associated secretory
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phenotype (SASP). Cells that acquire SASP become metabolically active and secrete a wide-array
of different pro-inflammatory proteins [31, 54]. While it was beyond the purview of the present
study to determine the exact pathways by which reduced telomeres may contribute to poor health
outcomes, previous studies have suggested that a pro-inflammatory phenotype in COPD is
associated with increased risk of exacerbations and mortality [55, 56]. Interestingly, despite this,
we did not find a significant relationship between telomere length and plasma c-reactive protein
(CRP) levels in the current study, which is consistent with previous reports of other COPD cohorts
[32,43]. While CRP is a very sensitive biomarker of systemic inflammation, it lacks specificity to
the lungs. A previous study suggests that the relationship of blood telomeres with inflammation
improves significantly when a more lung-specific biomarker is used [32]. Additional studies will
be needed to validate this hypothesis. Another plausible explanation for the relationship between
short telomeres and poor clinical outcomes is that short telomeres may be a biomarker of increased
environmental exposures (e.g. from cigarette smoking) over lifetime, leading to greater oxidative

stress, [57] which in turn contributes to poor outcomes.

There were also some limitations to the present study. First, this cohort did not include healthy
control participants, and only included those with moderate to severe COPD, who were at
increased risk of exacerbations were included. Thus, we could not evaluate the relationship of aTL
to health outcomes across the full range of subjects from healthy controls to patients across all
GOLD stages of COPD [58]. Second, this study measured telomeres of peripheral leukocytes
rather than those from lung tissue. This might have led to the underestimation of the effects of
telomeres on health outcomes as somatic tissues have generally longer telomeres than leukocytes

[59]. However, we have shown previously that the telomere lengths of peripheral leukocytes
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significantly correlate with those in lung tissue [30] and most of the previously published studies
that have examined telomere length in COPD have used peripheral leukocytes to reflect the
telomere lengths in other tissues [1, 31-33, 43]. Third, we used DNA samples extracted from buffy
coat to measure the leukocyte telomere length. Peripheral blood tissue is made up of different cell
types (e.g. lymphocytes, monocytes and etc) which have different telomere lengths [60]. Although
there are significant differences in the telomere lengths across different inflammatory cells, the
absolute differences are very small and nearly negligible compared with the inter-individual
variation of telomeres [61]. Consistent with this notion, we found that adjustment for cell
proportions in our dataset did not materially alter any of the reported relationships (data not shown,;
available from authors). Lastly, as noted previously, the overall mortality rate during the study
period in MACRO was low and as such the relationship between telomeres and death across the

two treatment groups should be interpreted cautiously.
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Chapter 2: The Relationship of DNA Methylation with Lung Function,
Quality of Life and Mortality in Chronic Obstructive Pulmonary Disease

(COPD)

2.1 DNA Methylation in COPD

Although there is considerable amount of literature on DNA methylation related to cancer and
neurogenerative diseases, there is a marked scarcity of such studies in COPD. Moreover, the few
studies that have evaluated DNA methylation in COPD have yielded inconsistent data.
Epigenome-wide association studies (EWAS) on lung function have revealed some specific CpG
sites that were associated with COPD; however, replication of these “hits” in external cohorts has
been generally lacking. [62-66]. Some have been poorly designed and analyzed; Marioni et al.
found that most of the CpG sites that were significantly related to FEV became insignificant after

the adjustment for age, sex, height and smoking status [67].

More focused studies of global methylation have produced more consistent results. One common
method is to measure repetitive DNA sequences dispersed in the genome [21, 66, 68]. For example,
Lange et al., investigated the relationship between lung function and methylation of repetitive
DNA elements called Alu and LINE-1 using pyrosequencing. Alu and LINE-1 hypomethylation
was significantly associated with lower lung function and with more rapid lung function decline,
respectively [69]. Lange et al. also showed that hypermethylation of Alu but not

LINE-1 was significantly related to a lower odds of developing COPD [69]. A major limitation

of this study was that it included only male participants and only 16% of the cohort had COPD.
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2.1.1 Transposable Elements

Approximately 45% of the human genome consists of the repetitive DNA repeat sequences called
transposable elements (TE) or transposons [70, 71]. Transposons have the ability to move around
in the genome [70, 71]. It is believed that over time, transposons have contributed to human
evolution and diversity by disrupting coding regions or inducing splice signaling, causing DNA
rearrangement. For this reason, in the normal human genome, transposons are silenced through
DNA methylation to prevent potentially harmful consequences from these effects [70-75]. More
than 97% of transposons are retrotransposons which are created through a copy-and-paste
mechanism by RNA intermediates, followed by reverse transcription, thus leading to two copies
of theses genomic sequences and thereby increasing the size of the genome [73, 76-78]. The
remaining are transposons, which are derived from a cut-and-paste mechanism and as such do not

increase the size of the genome following transposition [73, 76-78].

2.1.1.1.1  Alu and LINE-1

Both Alu and LINE-1 (L1) are active retrotransposons which take up more than 30% of the human
genome [21, 70, 71]. The precise role of Alu and L1 elements in human is not fully elucidated, the
most plausible one, however, is their evolutionary role contributing to formation of new genes or
gene combinations as they have been accumulated in human genome over millions of years and
contributed to human diversity [79-81]. Alu and L1are the most abundant transposons of the small
interspersed nuclear elements (SINEs) and the long interspersed nuclear elements (LINEs),
respectively [21, 70, 71, 73, 75, 82]. There are approximately 1.4 million Alu and 0.5 million L1
copies throughout the genome, and they are usually highly methylated; because their sequences

are CpG rich, their insertions in the genome introduce new methylation sites in those genomic
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locations [21, 73, 77, 83, 84]. Given the ubiquitous presence of Alu and L1 in the genome, some
have used these repetitive elements as a surrogate marker of global DNA methylation of the
genome [21, 83-86]. Importantly, hypomethylation of Alu and/or L1 has been associated with

higher genomic instability and alterations in or deregulation of gene expression [77, 87].

In this study, we used DNA methylation pattern of Alu and L1 in the peripheral blood of
individuals with or at risk of chronic obstructive pulmonary disease (COPD) as a biomarker for
risk of disease progression and poor clinical outcomes in COPD. Specifically, we determined the
association of Alu and L1 methylation in peripheral blood, a surrogate marker of global DNA
methylation, with lung function measures among individuals with COPD and control subjects (i.e.
those without COPD) and their clinical outcomes including mortality and health status as measured
by the St. George’s Respiratory Questionnaire (SGRQ) scores. We hypothesized that
hypomethylation of Aluand L1 elements would be increased in patients with COPD and associated

with lower lung function, poorer health status and an increased risk of mortality.

2.2 Methods

2.2.1 Sampling Cohorts

We used two different cohorts for this study: the Canadian Cohort of Obstructive Lung Disease
(CanCOLD) representing individuals without COPD or with stable-COPD and the COPD Rapid
Transition Program (RTP) representing patients with COPD who were hospitalized for an acute
exacerbation (AECOPD). The full details of RTP [88] and CanCOLD [89, 90] have been

previously published. A brief description is provided below.
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2.2.1.1 Canadian Cohort of Obstructive Lung Disease (CanCOLD)

The Canadian Cohort of Obstructive Lung Disease (CanCOLD) is a population-based study which
consists of more than 1,800 individuals who were 40+ years of age and were randomly selected
from the Canadian COPD prevalence study (COLD). COLD was initially recruited from 9 sites
across 6 provinces in Canada to better understand the prevalence of COPD and its risk factors.
Pre- and post-bronchodilator spirometry data, respiratory questionnaires scores such as St. George
Respiratory Questionnaire (SGRQ), and blood samples were collected at baseline, at 1.5 years and
3 years of study enrollment. Approximately one third of the CanCOLD participants demonstrated
COPD by spirometry (post-bronchodilator FEV/FVC ratio of less than 70%) and the rest
demonstrated normal lung function (post-bronchodilator FEV/FVC ratio >70% with FEV>80%

of predicted).

2.2.1.2 COPD Rapid Transition Program (RTP)

The COPD Rapid Transition Program (RTP) is a study with the primary purpose of identifying
blood biomarkers that can diagnose acute exacerbations (AECOPD). RTP consists of a total of
568 patients who were over 19 years of age who were admitted to St. Paul’s Hospital (SPH) or
Vancouver General Hospital in Vancouver, Canada, for the management of AECOPD, or were
seen at the COPD clinic at SPH for chronic COPD management. The latter group had stable
symptoms and had been free of AECOPD for at least 8 weeks. Participants who were under 19
years of age and experiencing during outpatient COPD clinic visits were excluded. Blood samples
were collected from exacerbating patients on days 1, 3 and 7 of the hospitalization, then on days

30 and day 90 post-hospitalization, and from non-exacerbating patients when they had their COPD
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clinic visit at SPH. Clinical outcomes including co-morbidities and mortality were assessed at

recruitment and through follow up.

2.2.2 Patient Related Outcomes

Health status of participants was assessed using the St. George’s Respiratory Questionnaire
(SGRQ) [40]. SGRQ was administered at baseline and scores ranged from 0 to 100, with higher
scores indicating worse health status. Due to differential enrollment dates, RTP mortality data was
standardized at 1 year of follow-up. Lung function decline for each participant from CanCOLD
was calculated by taking into account the baseline, visit 1,2, and 3 (i.e. 4 time points across 8 years

of follow-up).

2.2.3 Bisulfite Pyrosequencing

DNA was extracted from peripheral whole blood or buffy coat samples from participants in RTP
and CanCOLD using the QIAamp® DNA Blood Mini Kit (Qiagen) following manufacturer's
recommendations. The extracted DNA was quantified using a NanoDrop™ 8000
spectrophotometer (Thermo Fisher Scientific). Techniques for bisulfite pyrosequencing have been
previously published in detail [21, 87]. Briefly, bisulfite conversion was carried out using EZ-96
DNA Methylation™ Kits (Zymo Research). This process converts unmethylated cytosines to
uracils while leaving the methylated cytosines intact, distinguishing the two states in subsequent
assays. The bisulfite converted DNA was then amplified by polymerase chain reaction (PCR)
using the HotStar Taq® DNA Polymerase (Qiagen) kit and the bisulfite converted PCR

pyrosequencing was performed using PyroMark Q96 Vacuum Prep Workstation (Qiagen) and the
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PyroMark Q96 ID pyrosequencer (Qiagen). Percentage of DNA methylation was determined using

the pyrosequencing analysis software, PyroMark CpG Software (Qiagen).

2.2.4 Statistical Analysis

SPSS version 25 for Windows (IBM Corp), R version 3 (R Foundation) and Prism version 7
(GraphPad) were used for statistical analyses. Two-sided P-values <0.05 were considered
significant. A multivariable linear regression model with a backward stepwise selection process
was used to examine the relationship between % methylation of each repetitive element and lung
function measures (FEV; in liters, FEV| % predicted and FEV/FVC ratio) or SGRQ scores.
Covariates with biological plausibility that were included in the model were: age, sex, race, BMI,
current smoking status and pack-years. % Alu methylation was divided into quartiles and analyzed
in the same manner as above with FEV| in liters and FEV| % predicted. A multivariable linear
regression that included the previously mentioned covariates as well as baseline lung function was
used to determine the relationship between % methylation of each repetitive element and lung
function decline, which included four separate lung function measures over 8 years in CanCOLD.
The slopes of each lung function measure were first estimated using a linear regression of lung
function on time. The relationship between % methylation of each repetitive element and lung
function decline were also analyzed with a linear mixed effects (LME) model. To examine the
relationship between the % methylation of each repetitive element and mortality rate in RTP, time
to death was compared between higher and lower % methylation groups (based on the median
value of the % methylation) using Kaplan-Meier curves, and a log-rank test was used for statistical
testing. Lastly, the % methylation of each repetitive element from both CanCOLD and RTP was

pooled and participants were categorized into three different COPD states: non-COPD, AECOPD
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and stable-COPD. Stable-COPD included stable-COPD control participants from RTP and
spirometric COPD participants (post-bronchodilator FEV/FVC ratio of less than 70%) from
CanCOLD (Figure 4). The participants were then categorized into current-smokers vs. former-
and never-smokers as smoking status was a co-variate that was significantly related to %
methylation. The difference of % methylation between COPD states within each smoking status
was analyzed using a Kruskal-Wallis H test and each COPD status was compared to one other

with Dunn’s multiple comparison tests.

Figure 4 Categorization of different states of COPD from pooled study cohorts: CanCOLD
and RTP.

CanCOLD RTP
Non-COPD COPD Stable-COPD AECOPD
Non-COPD Stable-COPD AECOPD

% methylation of each Alu and L1 repetitive element from both CanCOLD and RTP was pooled and participants were
categorized into three different COPD states.: non-COPD, AECOPD and stable-COPD. Stable-COPD includes stable-
COPD control participants from RTP and physician-diagnosed-COPD participants from CanCOLD.
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2.3 Results
A flow diagram of this study is presented in Figure SA and B. Participants who did not have
clinical data available in CanCOLD or RTP were excluded from the analysis. Duplicated samples

from RTP were also excluded from the final analysis.

Figure 5 A, B, Number of participants excluded from analysis and reason for exclusion in
(A) Canadian Cohort of Obstructive Lung Disease (CanCOLD) and (B) COPD Rapid
Transition Program (RTP).

A CanCOLD

Total No. of Visit 3 blood sample
available in Western Canada
(n=387)

(Excluded (n=14)

L- Clinical data not available

Total No. of DNA sample used in
analysis (n=373)

B RTP
4 )\
Total No. of whole blood/buffy coat
sample available (n = 903) ﬁxcluded (n = 408)

B o - Samples not collected at baseline (n=184)
p - Clinical data not available (n=25)

Total No. of DNA sample used in - Duplicated subject IDs & samples (n=199)
L analysis (n = 495)

387 blood samples were available for CanCOLD and 14 samples were excluded because clinical data were not
available. A total of 373 CanCOLD samples were used in this analysis. 903 blood/buffy coat samples were available
for RTP and 408 samples were excluded because samples were not taken at baseline, clinical data were not available

or samples were duplicated. A total of 495 RTP samples were used in this study.
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23.1 CanCOLD
The mean age of participants from CanCOLD was 69.72+9.99 years and 56.57% of the cohort
were men. Table 3 provides clinical demographic data of participant including % methylation of

Alu and L1.
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Table 3 Clinical and demographic characteristics of Canadian Cohort of Obstructive Lung

Disease study participants.

Mean (SD) or N (%)

No. of total participants 373
Male sex, N (%) 211 (56.57)
Age (years)

Range 43-92
Mean (SD) 69.72 (9.99)
White, N(%) 349 (93.6)
Smoking Status, N (%)

Current 54 (14.48)
Former 176 (47.18)
Never 143 (38.34)
Pack-years (SD) 14.04 (19.86)
BMI (kg/m?) (SD) 27.15 (5.04)
FEV: in L (SD) 2.48 (0.75)

FEV1%predicted (SD)

91.37 (19.76)

FEV1/FVC% (SD)

68.03 (10.30)

SGRQ Score (SD)

Symptom 18.95 (18.52)
Activity 15.63 (20.00)
Impact 6.08 (10.61)
Total 11.11 (13.22)
Spirometric COPD, N (%) 202 (54.2)
Coronary Artery Disease, N (%) 25 (6.70)
Myocardial Infarction, N (%) 20 (5.36)
% Alu methylation (SD) 19.49 (1.49)
% LINE-1 methylation (SD) 76.14 (3.12)

Mean (SD) values are given for continuous variables whereas dichotomous data are given as counts (% of total).
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2.3.1.1 Percentage (%) Methylation and Lung Function Measures

% Alu methylation was significantly related to FEV| % predicted, FEV; in liters (L) and
FEV1/FVC ratio (f =0.205, 0.098 & 0.158, respectively, P<0.0001) (Figure 6A and B). With the
multivariable linear regression with a backward stepwise selection process, age, sex, BMI, current
smoking status and pack-years were considered as co-variables. Co-variables that were not
significantly related to % Alu methylation were not retained from the final analysis. Current
smoking status was not retained in the final analysis with FEV| % predicted and BMI and current
smoking status were not retained in the final analyses with FEV| (L) and FEV/FVC ratio. % Alu
methylation was analyzed based on quartiles with Quartile 4 indicating higher methylation, and as
a continuous variable. The higher the % Alu methylation quartile, the better the lung function
measures (P < 0.0001, B =2.20 for FEV; % predicted & = 0.085 for FEV | in liters (L)) (Figure
7A and B). % Alu methylation was significantly related to decline of FEV| % predicted (%/year)
(B=2.20, P =0.004), and FEV|/FVC ratio (%/year) (B = 1.01, P = 0.007) (Figure 8A, B and C)
based on linear regression (slope) model. LME analysis demonstrated that % Alu methylation was
significantly related to FEV % predicted decline (%/year) (3 =0.531, P =0.0073). L1 methylation
status was not significantly related to cross-sectional lung function measures or lung function

decline (Appendix G 1, 2, 3 and 4).
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Figure 6A, B and C Results of multivariable linear regression analyses using a stepwise

selection between percentage Alu methylation and lung function measures: (A) FEV1 %

predicted, (B) FEViin liters and (C) FEV1/FVC.

A

80.00

60.00

40,00

2000

Adjusted FEV1 % predicted

20,00

-40.00

B
P <0.0001 o P <0.0001

1.00

=y

=

>

w

w

- 0a

o

#

3

o

<<
1.00
-2.00

16,00 18.00 2000 2200 2400 16.00 18.00 20,00 2200 2400

Alu methylation %

Alu methylation %

Adjusted FEV1IFVC

20.00

-20.00

-40.00

P <0.0001

16.00

18.00

20,00
Alu methylation %

2200 24,00

Stepwise regression was analyzed with age, sex, race, BMI, smoking-status and pack-years. The final model included

age, sex, BMI, race and pack-years for FEV% predicted and FEV, in liters; and age, sex and pack-years for

FEV//FVC. Broken lines represent 95% confidence interval.
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Figure 7A and B Results of multivariable linear regression analyses using a stepwise selection
between percentage Alu methylation in quartiles and (A) FEV1 % predicted and (B) FEV1
in liters.
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% Alu methylation was divided into quartiles with Quartile 4 indicating higher methylation and a stepwise regression
was analyzed with age, sex, race, BMI, smoking-status and pack-years. The final model for Alu methylation included
age, sex, BMI, race and pack-years for FEV % predicted and FEV | in liters and compared with FEV| % predicted and
FEV(L) with the same manner as above, the higher the % Alu methylation quartile, the better the lung function

measurces.
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Figure 8A, B and C The relationship between percentage Alu methylation and lung function
decline in FEV: (mL/year), FEV1 % predicted (%/year) and FEV1 /FVC (%/year) using

multivariable linear regression analyses (A, B and C) and linear mixed effect analyses (D).
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A multivariable linear regression was analyzed with co-variables: age, sex, race, BMI, smoking-status, pack-years and
baseline lung function. The slope of each lung function measures was estimated using a linear regression of four lung
function measures over § years. A linear mixed effect was analyzed with co-variables: age, sex, race, BMI, smoking-

status, pack-years and baseline lung function.

2.3.1.2 % Methylation and Quality of Life

SGRQ Total as well as the sub-domain Activity, Symptom and Impact scores were significantly
associated with % Alu methylation (B =-0.116, -0.138, -0.152, & -0.135, respectively, P <0.0001
except SGRQ Impact score P=0.041). (Figure 9A, B, C and D) In the multivariable linear

regression that used a backward stepwise selection process retained co-variables: age, BMI and
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current smoking status in the final analysis that evaluated the relationship with SGRQ Activity
score. Similarly, BMI and pack-years were retained in the final analyses that evaluated the
relationship with SGRQ Symptom and Total scores, and BMI was retained in the final analysis
that evaluated the relationship with SGRQ Impact score. L1 % methylation was not significantly
related to SGRQ scores.

Figure 9A, B, C and D Results of multivariable linear regression analyses using stepwise
selection between percentage Alu methylation and (A) SGRQ Total scores, (B) SGRQ
Activity scores, (C) SGRQ Symptom scores and (D) SGRQ Impact scores.
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The final model included BMI and pack-years for Total and Symptom scores, age, BMI and smoking status for

Activity scores, and BMI for Impact scores.

30



2.3.2 RTP

The mean age of participants from RTP was 66.75+11.82 years, and 63.37% of the study were

men. Table 4 provides clinical demographic data of participant including % methylation of Alu

and L1. The cohort was divided into two groups based on using the median value, 19.31 and 73.45,

respectively and there was no significant relationship between those with higher and lower %

methylation (Appendix H 1 and 2).

Table 4 Clinical and demographic characteristics of COPD Rapid Transition program

participants.

Mean (SD) or N (%)

No. of total participants 495

No. of stable COPD (control) participants, N (%) 72 (14.5)
Male sex, N (%) 310 (62.37)
Age (years)

Range 20-97
Mean (SD) 66.75 (11.82)
White, N (%) 409 (82.29)
Smoking Status, N (%)

Current 279 (56.36)
Former 181 (36.57)
Never 35(7.07)
Cancer, N (%) 79 (15.90)
Myocardial Infarction, N (%) 75 (15.10)
Coronary Artery Disease, N (%) 98 (19.72)
% Alu methylation (SD) 19.17 (1.67)
% LINE-1 methylation (SD) 73.10 (3.90)

Mean (SD) values are given for continuous variables whereas dichotomous data are given as counts (% of total).
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2.3.3 CanCOLD and RTP

When the data from CanCOLD and RTP were pooled, the total number of participants was 857.
Table S provides demographics and clinical characteristics of all and stratified participants by
different states of COPD. The mean age of all participants was 68.03+11.16 years, and 60% of
them were men. In a univariate correlation analysis, smoking-status was significantly related to %
methylation (P<0.0001), therefore, participants were divided into current-smokers vs. former- and
never-smokers. % L1 methylation was significantly different between COPD states in both
current-smokers and former-/never-smokers where non-COPD participants had the highest, and
AECOPD participants had the lowest % methylation (P<0.0001) (Figure 10). Within current-
smokers, participants with non-COPD had significantly higher % L1 methylation compared to
those with AECOPD (P<0.0001) and stable-COPD (P=0.0002). Within former- and never-
smokers, all COPD states were significantly related to one another: P<0.0001 between AECOPD
and non-COPD, P=0.0002 between AECOPD and stable-COPD, and P=0.0049 between stable-
COPD and non-COPD. % Alu methylation was not significantly different between different

COPD states.
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Table 5 Clinical and demographic characteristics of all and stratified participants by

different states of COPD from Canadian Cohort of Obstructive Lung disease and COPD

Rapid Transition program participants.

COPD Status All AECOPD Stable-COPD Non-COPD
No. of participants 857 425 (49.6) 198 (23.1) 234 (27.3)
Age (years)

Range 20-97 31-97 20-92 45-91
Mean (SD) 68.03 (11.16) 66.92 (11.75) 69.97 (11.23) 68.20 (9.61)
Male sex, N (%) 521 (60.8) 265 (62.4) 122 (61.6) 130 (55.6)
White, N (%) 758 (88.4) 343 (80.7) 186 (93.9) 218 (93.2)
Smoking Status, N (%)

Current 331 (38.6) 250 (58.8) 48 (24.2) 33(14.1)
Former 349 (40.7) 145 (34.1) 99 (50) 105 (44.9)
Never 177 (20.7) 30(7.1) 51 (25.8) 96 (41)
Coronary Artery Disease, N (%) 123 (14.4) 91 (21.4) 16 (8.01) 16 (6.8)
% Alu methylation (SD) 19.31(1.33) 19.21 (1.48) 19.26 (1.1) 19.47 (1.1)
% LINE-1 methylation (SD) 74.53 (3.45) 73.38 (3.26) 74.94 (3.5) 76.21 (2.9)

Mean (SD) values are given for continuous variables whereas dichotomous data are given as counts (% of total).
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Figure 10A and B Comparisons of percentage LINE-1 methylation between non-, stable- and
AE-COPD in (A) current smokers and (B) former and never smokers pooled from Canadian

Cohort of Obstructive Lung Disease (CanCOLD) study and COPD Rapid Transition

program (RTP).
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Non-COPD participants from CanCOLD study were categorized as ‘Non-COPD’; AECOPD participants from RTP
were categorized as ‘AECOPD’ and stable-COPD control from RTP and physician-diagnosed-COPD participants
from CanCOLD study were categorized as ‘Stable-COPD’. The difference of % methylation between COPD statuses
was analyzed using Kruskal-Wallis H test and each status was compared with one another with Dunn’s multiple

comparison tests.

2.4 Discussion
The most important finding from this study was that hypomethylation of Alu elements in
peripheral leukocytes was associated with lower lung function, faster lung function decline and

the reduced quality of life in patients with COPD. We also found that L1 was the most de-
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methylated in individuals during AECOPD compared to those with stable COPD. Healthy control

subjects demonstrated the highest methylation of L1.

One of the strengths in this study was that we used real-time DNA sequencing technology called
bisulfite-pyrosequencing which is known as a “gold standard” for the measurement of DNA
methylation at a single base resolution [68, 91]. Compared to gene-specific CpG analysis such as
epigenome-wide association studies (EWAS), pyrosequencing analyzes the level of ‘global’
methylation throughout the genome at a lower cost with a faster turnaround time and greater
accuracy [91, 92]. Pyrosequencing is especially useful in assessing Aypomethylation of highly
methylated regions of the genome such as Alu and L1. Yang et al. have previously validated
pyrosequencing for Alu and L1 by examining the Alu and L1 methylation in cell lines before and
after treatment with a methylation inhibitor [21]. We found a significant relationship of Alu
hypomethylation with lung function, which is consistent with data from a previous study that used
pyrosequencing [69]. Although Lange et al. found a significant relationship of L1 hypomethylation
with more rapid lung function decline, we found a significant relationship only with Alu
hypomethylation. We did not find a significant relationship between % L1 methylation and lung
function. However, when we evaluated participants from both CanCOLD and RTP cohorts, we
found that L1 methylation status but not Alu methylation was significantly related to AECOPD.
Together, these data suggest that Alu methylation may be a biomarker for lung function and lung

function decline while L1 methylation may be more useful for identifying AECOPD.

The other strength in this study was that we related % Alu methylation to patients’ health status as

measured by the SGRQ score. Participants with lower % Alu methylation had significantly worse
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health status than those with higher %, for all SGRQ sub-domains including: Activity,

Symptom and Impact.

Global DNA methylation changes over time [93, 94]. Although the mechanism by which
methylation patterns are altered is not fully known, it is widely accepted that hypomethylation of
retrotransposons is associated with increased genomic instability that can lead to a higher rate of
mutations by disrupting transcription factor binding sites or altering regulatory sequences [77, 87,
95, 96]. Genetic influence is one of the factors that can alter global DNA methylation pattern [93,
94]. Previous studies have found that DNA methylation pattern is more similar in monozygotic
twins compared with dizygotic twins [93] and there is also a familial pattern of changes in DNA
methylation with aging [94]. Furthermore, previous EWAS have identified a large number of
single nucleotide polymorphism (SNP)s that are associated with specific DNA methylation
patterns, which suggests that DNA methylation (and de-methylation) is in part controlled by

genetics [97, 98].

Environmental exposure such as cigarette smoke can also influence DNA methylation pattern. It
has been shown that smoking is significantly related to global hypomethylation of repetitive
elements [77, 99], and EWAS studies have found specific sites of hypomethylation in smokers,
[100, 101] which persisted even after smoking cessation [101]. Cigarette smoke can contribute to
DNA hypomethylation by modifying DNA-binding factors [102]. Transcription factor specificity
protein 1 (Spl) is a general transcription factor, which is involved in many cellular processes
including cell proliferation and death [103, 104] and its expression and DNA-binding capacity are
modified by cigarette smoke [105, 106]. Once activated, Sp1 binds to CpG-rich motifs within gene

promoters and prevents CpG sites from being methylated [102, 103, 107].
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Furthermore, cigarette smoke may cause DNA hypomethylation through hypoxia which is caused
when carbon monoxide in cigarette smoke competitively binds to hemoglobin and thus displacing
oxygen [102]. S-adenosylmethionine (SAM) is a major methyl donor and its level is considered a
marker of methylation status [108-110]. Hypoxia induces DNA hypomethylation by significantly
decreasing intracellular levels of SAM level in vitro and in vivo, although the exact mechanism of
SAM downregulation is not completely understood. It should be noted, however, that these results
were derived from hepatoma cell lines and liver tissue retrieved from mice or rats. Whether these
data apply to human lung tissue requires further studies. Other environmental exposures such as
air or organic pollutants that can insult the lung directly and are known to reactivate transposons
by causing cellular stress [111, 112] have also been associated with global DNA hypomethylation

[113-116].

Alu and L1 sequences are CpG rich. In basal physiological states, retrotransposons are heavily
methylated and kept silenced, however, oxidative stress/damage, which is implicated in COPD
pathogenesis [117], is known to interfere with the binding of methyl-CpG binding proteins leading
to hypomethylation [118]. Aberrant methylation in small airways in COPD could modify gene
expression and pathways that are important to COPD pathogenesis, such as the nuclear factor

erythroid 2-related factor 2(Nrf2) oxidative response pathway [119].

A limitation to this study is that we measured % methylation in peripheral leukocytes rather than
that in the lung tissue. Previous studies have found that DNA methylation in the blood is associated
with that in tissue [120] including the lung tissue [121] and may be used as a surrogate marker.

However, leukocyte DNA methylation status tends to underestimate the level of methylation in
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tissue [85]. Future studies are needed to confirm strength of the relationship between the lung

specific cells and tissue with the degree of DNA methylation.
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Conclusion

In summary, we have shown that moderate to severe COPD participants who had shorter leukocyte
telomere lengths were more likely to have poor quality of life with a higher risk of exacerbation
and death. Moreover, we have shown that hypomethylation of Alu elements in peripheral
leukocytes was associated with lower lung function, faster lung function decline and reduced
quality of life in patients with COPD. We also showed that AECOPD participants had the least
methylated L1 elements. Telomeres and Alu and L1 elements in peripheral leukocyte are readily
accessible and easy to measure; thus, may represent a clinically translatable biomarker for patient
risk-stratification and identifying individuals at increased risk of poor patient-centered outcomes
in COPD. Additional work will be needed to develop these measurements as clinically available

blood tests for clinical application
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Appendices

Appendix A A comparison of the main demographic and clinical characteristics of MACRO

participants who did and did not have telomeres measured from their peripheral circulation.

Study participants were divided into two groups based on whether their telomere lengths were measured (aTL
Measured) or not (aTL Non-Measured). Mean (SD) values are given for normally distributed variables, while
dichotomous data are given as counts (% of total). Jonckheere-Terpstra trend test was used for continuous variables

and the Cochran-Armitage test was used for dichotomous variables for p-trend.

Measured Non-Measured P-value
No. of participants 576 566
Male sex 319 (55.4) 360 (63.6) 0.005
Azithromycin group 302 (52.4) 268 (47.3) 0.110
Age 66.0 (8.5) 64.4 (8.6) 0.001
White 488 (84.7) 440 (77.7) 0.002
Smoking (pack-years) 57.3(31.1) 60.0 (33.4) 0.156
Current smoking status 107 (18.6) 145 (25.6) 0.004
Chronic bronchitis 255 (44.6) 280 (49.9) 0.072
Any cancer history 91 (15.8) 76 (13.4) 0.257
BMI (kg/m?) 27.5(6.0) 28.0 (6.6) 0.199
SGRQ, total score 47.9 (15.8) 53.3(16.7) <0.001
Symptom score 59.6 (19.4) 63.7 (19.6) <0.001
Activity score 67.8(19.6) 71.9(19.1) <0.001
Impact score 32.9(17.4) 39.3(19.6) <0.001
Oxygen use 357 (62.0) 319 (56.4) 0.053
CRP (mg/L) 5.1 (4.0) 4.6 (3.7) 0.040
FEV1/FVC 42.3 (12.4) 42.9 (13.1) 0.443
FEV1, % predicted 39.6 (15.7) 39.5 (15.7) 0.933
FVC, % predicted 70.5(18.7) 69.6 (17.7) 0.407
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Appendix B 1, 2 and 3 The relationship of telomere length with SGRQ (B.1) Activity

scores, (B.2) Symptom scores and (B.3) Impact scores.

B.1

SGRQ Activity score

The relationship of telomere length with the SGRQ Activity scores

P-value= 0.006 Adjusted R?= 0.0116
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B.2  The relationship of telomere length with the SGRQ Symptom scores

P-value= 0.137 Adjusted R®= 0.0021
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B.3

SGRQ Impact score

The relationship of telomere length with the SGRQ Impact scores

P-value= 0.256 Adjusted R%= 0.0005
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Appendix C The relationship of telomere length with FEV1 percentage predicted

FEV1 percentage predicted

P-value= 0.467 Adjusted R?= -0.0008
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Appendix D The relationship of telomere length with FVC percentage predicted

P-value= 0.018 Adjusted R®= 0.0080

150
@

ge]

o

Q

®  100-

o

o

(@]

©

=

(0]

O

(0]

o

(@)

= 504

Log scaled telomere length

52



Appendix E A comparison of the main comorbidities of MACRO participants according to

leukocyte telomere length in quartiles.

All variables were in dichotomous data, and Cochran-Armitage test was used for p-trend.

Telomere Quartiles (kbp/genome)
All Q1 Q2 Q3 Q4
P-trend
(<112.4) |(112.4-137.5)|(137.5-171.8)| (>171.8)

No. of participants 576 144 144 144 144 -

Chronic bronchitis 255 (44.6) | 66(46.5) 67 (47.2) 65 (45.1) 57 (39.6) | 0.221
Cancer history 91 (15.8) 23 (16.0) 27 (18.8) 23 (16.0) 18 (12.5) | 0.332
High blood pressure 278 (48.3) | 70(48.6) 71 (49.3) 66 (45.8) 71(49.3) | 0.941
Previous heart attack 73 (12.7) 18 (12.5) 25(17.4) 17 (11.8) 13(9.0) | 0.198
Cardio Vascular diseases| 104 (18.1) 29 (20.1) 37 (25.7) 15 (10.4) 23(16.0) | 0.053
Diabetes Mellitus 86 (15.0) 23 (16.0) 22 (15.3) 22 (15.3) 19 (13.2) | 0.531
Sleep apnea 126 (21.9) | 32(22.2) 29(20.1) 29(20.1) | 36(25.0) | 0.589
Thyroid diseases 93 (16.1) 24 (16.7) 20(13.9) 18 (12.5) 31(21.5) | 0.337
Clotting disorder 48 (8.3) 13 (9.0) 8 (5.6) 17 (11.8) 10(6.9) | 1.000
GERD 237 (41.1) | 61(42.4) 69 (48.0) 48 (33.3) 59 (41.0) | 0.307
Depression 173 (30.0) | 45(31.3) 38 (26.4) 35 (24.3) 55(38.2) | 0.273
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Appendix F A comparison of the leukocyte cell proportions of MACRO participants

according to telomere length in quartiles.

CBC analysis was performed on the samples of 276 participants. All variables were in continuous

data, and Jonchkeere-Terpstra trend test was used for p-trend

Telomere Quartiles (kbp/genome)

All Q1 Q2 Q3 Q4
P-trend
(<112.6) (113.1-139.5) | (140.1-170.4) (>170.8)

No. of participants 276 69 69 69 69 -

CDS8T 0.039 (0.035) | 0.028 (0.032) | 0.031(0.034) | 0.031(0.031) | 0.031 (0.038) | 0.979
CDAT 0.112 (0.067) | 0.096 (0.062) | 0.107 (0.062) | 0.123(0.061) | 0.121 (0.079) | 0.029
NK 0.053 (0.038) | 0.059 (0.037) | 0.050 (0.036) | 0.051 (0.041) | 0.052 (0.038) | 0.292
B cell 0.024 (0.030) | 0.020(0.021) | 0.021 (0.028) | 0.028 (0.031) | 0.029 (0.037) | 0.257
Mono 0.092 (0.031) | 0.092 (0.032) | 0.089 (0.030) | 0.097 (0.033) | 0.092 (0.027) | 0.394
Gran 0.686 (0.115) | 0.703 (0.101) | 0.699 (0.108) | 0.669 (0.115) | 0.671 (0.133) | 0.133
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Appendix G 1, 2, 3 and 4 The relationship between percentage L.1 methylation and the lung
function decline in FEV1 (mL/year), FEV1% predicted (%/year) and FEV1/FVC (%/year)
using multivariable linear regression analyses (G.1, G.2 and G.3) and linear mixed effect

analyses (G.4).

A multivariable linear regression was analyzed with age, sex, race, BMI, smoking-status, pack-years and baseline lung
function. The slope of each lung function measures was estimated using a linear regression of four lung function
measures over 8 years. A linear mixed effect was analyzed with age, sex, race, BMI, smoking-status, pack-years and
baseline lung function.

Linear Regression (Slope) Model
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G.4 Linear Mixed Effect (LME) Model

LINE-1 FEV, (mL/year) -0.00141 0.00231 0.542
LINE-1 FEV, % predicted (%/year) -0.0504 0.0728 0.488
LINE-1 FEV,/FVC (%/year) -0.010 0.0374 0.786
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Appendix H 1 and 2 Kaplan-Meier (KM) survival curves for mortality according to (H.1) %

Alu and (H.2) % L1 methylation in the COPD Rapid Transition program (RTP).

Participants were divided into lower vs higher % methylation using the median value (19.31% for

Alu and 73.45% for L1). P values were generated using the log-rank test.

H.1 A KM survival curve for mortality according to lower vs higher % Alu methylation in

RTP
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H.2 KM survival curve for mortality according to lower vs higher % L1 methylation in RTP
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