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Abstract

Background: There is a lack of mechanism-driven, clinically relevant biomarkers in chronic obstructive pulmonary
disease (COPD). Mitochondrial dysfunction, a proposed disease mechanism in COPD, is associated with the release of
mitochondrial DNA (mtDNA), but plasma cell-free mtDNA has not been previously examined prospectively for asso-
ciations with clinical COPD measures.

Methods: P-mtDNA, defined as copy number of mitochondrially-encoded NADH dehydrogenase-1 (MT-ND1) gene,
was measured by real-time quantitative PCR in 700 plasma samples from participants enrolled in the Subpopulations
and Intermediate Outcome Measures in COPD Study (SPIROMICS) cohort. Associations between p-mtDNA and clinical
disease parameters were examined, adjusting for age, sex, smoking status, and for informative loss to follow-up.

Results: P-mtDNA levels were higher in participants with mild or moderate COPD, compared to smokers without
airflow obstruction, and to participants with severe COPD. Baseline increased p-mtDNA levels were associated with
better CAT scores in female smokers without airflow obstruction and female participants with mild or moderate COPD
on 1-year follow-up, but worse 6MWD in females with severe COPD. Higher p-mtDNA levels were associated with
better 6MWD in male participants with severe COPD. These associations were no longer significant after adjusting for
informative loss to follow-up.

Conclusion: In this study, p-mtDNA levels associated with baseline COPD status but not future changes in clinical
COPD measures after accounting for informative loss to follow-up. To better characterize mitochondrial dysfunction as
a potential COPD endotype, these results should be confirmed and validated in future studies.

Trial Registration: ClinicalTrials.gov NCT01969344 (SPIROMICS)
Keywords: COPD, Mitochondrial dysfunction, mtDNA, SPIROMICS

Introduction

Chronic obstructive pulmonary disease (COPD) is a

chronic lung disease that is defined by airflow limitation
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an underdiagnosis in the community [3] and to an under-
lying heterogeneity of the disease, with the latter both in
terms of clinical phenotypes as well as disease progres-
sion [4]. Given the relative lack of biomarkers that could
predict important clinical events or discriminate between
patients with different disease trajectories [5, 6], there
has been a more recent call for endotype-driven research,
to focus on pathobiological mechanisms for patient mon-
itoring and treatment [7].

Among the relevant proposed mechanisms is mito-
chondrial dysfunction, with supporting evidence from
both COPD patients [8-14] and experimental COPD
models [15-18]. This dysfunction, partly attributed to
mitochondrial oxidative stress [12] and manifested differ-
ently in different cell types, is often accompanied by the
release of mitochondrial DNA (mtDNA) into the cytosol
and extracellular space [19]. Intracellular mtDNA acts
as a critical second messenger that activates the NOD-
like receptor family, pyrin domain containing 3 (NLRP3)
inflammasome and the cyclic GMP-AMP synthase
(cGAS)-Stimulator of Interferon Genes (STING) sys-
tem, which triggers a profound type I interferon innate
immune response [20, 21]. Although less is known about
extracellular mtDNA, circulating extracellular plasma
mtDNA (p-mtDNA) has been associated with mortality
in studies of intensive care unit populations, and there
is some evidence to suggest that extracellular mtDNA
release may be critical for the pathogenesis of some
inflammatory diseases [22, 23]. MtDNA has been previ-
ously examined in a number of extracellular fluid com-
partments in COPD, including blood, urine, and exhaled
breath condensate; however, these studies have shown
both increased and decreased mtDNA levels [24, 25],
leaving the role of this biomarker in COPD unclear [26—
31]. Additionally, to our knowledge, p-mtDNA has not
been evaluated for associations with other clinical meas-
ures of COPD severity or has been utilized to monitor
disease progression in a large prospective COPD cohort.

Based on the hypothesis that extracellular mtDNA is
reflective of mitochondrial dysfunction in subjects with
COPD, we sought to determine if circulating p-mtDNA
levels associate with clinical measures of COPD sever-
ity, using the Subpopulations and Intermediate Outcome
Measures in COPD Study (SPIROMICS) cohort. Further-
more, given that SPIROMICS is an ongoing, longitudinal
cohort, we examined whether baseline p-mtDNA levels
can forecast disease progression, as represented by lung
function and exercise tolerance decline and worsening
of respiratory symptoms. Here we show that p-mtDNA
levels are lower in individuals with severe COPD when
compared to those with mild/moderate disease and are
associated with subsequent changes in respiratory symp-
tom burden and exercise in female participants. These
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findings may inform us about the trajectory of COPD
from mild to severe disease, especially in females, and
provides further supportive evidence for a role for mito-
chondrial dysfunction in COPD pathobiology.

Methods

Study design and sample collection

SPIROMICS (ClinicalTrials.gov NCT01969344) is an
on-going longitudinal, prospective, multicenter observa-
tional study that recruited never smokers (<1 pack-year
of tobacco-smoking history), current or former smokers
(ever-smokers, > 20 pack-years) without airflow obstruc-
tion, and ever-smokers with airflow obstruction [32]. The
individual institutional review boards (IRBs) of all par-
ticipating clinical centers approved all study protocols,
and all participants provided written informed consent.
Clinical data were collected at the baseline and at follow-
up study visits, including demographics, comorbidities,
questionnaires, cigarette smoke exposure, spirometry,
and 6-min walk distance (6MWD) [32]. Symptom burden
was quantified with the COPD Assessment Test (CAT)
and health-related quality of life (HRQL) with the St.
George’s Respiratory Questionnaire (SGRQ) total score
[33, 34]. The extent of emphysema was characterized
using CT scans of the lung using Imbio diagnostics soft-
ware, with percent emphysema defined as low attenua-
tion area (LAA) less than — 950 Hounsfield Units at total
lung capacity [35].

Sample processing and quantification of P-mtDNA
Total DNA was isolated from plasma as described pre-
viously [20]. Briefly, 50 pL of plasma was diluted with
170 pL of PBS, and then centrifuged at 700xg at 4 °C for
5 min to remove cells and cellular debris. The obtained
supernatant was further centrifuged at 18,000xg at 4 °C
for 15 min, and the resulting supernatant (170 pl) was
carefully saved. DNA was isolated from plasma using the
DNeasy Blood and Tissue Kit (#69504; Qiagen). 200 pL of
the provided elution buffer was used to collect the DNA.
Prior to quantification, the DNA solution was diluted
1:5 with nuclease-free deionized, distilled water. MtDNA
levels were measured in triplicate by SYBR Green
dye-based qPCR assay using a PRISM 7500 sequence
detection system (Applied Biosystems), using the fol-
lowing primer sequences for human NADH dehydro-
genase 1 gene: forward 5-ATACCCATGGCCAAC
CTC-3/, reverse 5-GGGCCTTTGCGTAGTTGTAT-3'
[20]. The thermal profile was as follows: 2 min at 50 °C,
10 min at 95 °C, 40 cycles for 15 s at 95 °C, and 1 min
at 60 °C. For absolute quantitation of mtDNA, a stand-
ard curve was generated from DNA plasmid constructs
in serial dilutions (ORIGENE #SC101172 and GenScript
NM_173708).
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Statistical analysis

Clinical characteristics of SPIROMICS participants for
whom p-mtDNA were measured were compared to those
of all SPIROMICS participants summarized using medi-
ans and interquartile intervals or counts and percentages
as appropriate. P-mtDNA was analyzed on the log2 scale
to account for right-skewed distributions. Associations
between p-mtDNA and baseline characteristics were
first computed using unadjusted Pearson’s correlation
coefficients for continuous baseline characteristics and
ANOVA with Tukey’s post hoc adjustments for multiple
comparisons for categorical baseline characteristics. We
then examined whether p-mtDNA measured at baseline
correlated with post-bronchodilator FEV,;% predicted,
6MWD, SGRQ, CAT, and % emphysema measured at
baseline using Pearson’s correlation coefficients and Pear-
son’s partial correlation coefficients holding age, sex, and
current smoking status constant. Based on findings from
our previous work which showed associations with urine
mtDNA that differed among sex and COPD subgroups,
we, where appropriate, stratified our p-mtDNA analyses
by these same subgroups to determine if similar differ-
ential associations existed [30]. We next tested whether
p-mtDNA measured at baseline correlated with changes
between baseline and 1- and 3-year follow-up visit
measurements of FEV,% predicted, 6MWD, SGRQ, and
CAT, again using Pearson’s unadjusted and partial cor-
relations, overall and within COPD and sex subgroups.
These correlations with changes in COPD measures
over time were further adjusted for informative loss to
follow-up using Targeted Maximum Likelihood Estima-
tion (TMLE) [36]. The mechanisms for loss to follow-up
were explored by comparing baseline characteristics of
patients who did and did not have 1- and 3-year follow
up measurements using medians and interquartile inter-
vals or counts and percentages as appropriate. The effect
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sizes of all estimates are reported as a correlation coef-
ficient between -1 and 1 with a corresponding 95% confi-
dence interval, representing the direction and strength of
association between p-mtDNA and the clinical measures.
Correlations reported as corrected for multiple com-
parisons were adjusted using the Benjamini and Hoch-
berg False Discovery Rate (FDR) correction [37]. In a
final analysis, we tested the association between baseline
p-mtDNA and mortality using Cox Proportional Hazard
models with robust standard errors, adjusting for age,
sex, and smoking status. Analysis was conducted in R
[38] and figures were produced using the package ggplot2
[39].

Results

Study population characteristics

A flow diagram for this study and the characteristics of
the study participants for whom p-mtDNA levels were
measured are shown in Fig. 1 and Table 1, respectively.
Although samples were randomly selected, compared to
the overall SPIROMICS population, the p-mtDNA study
population was over-represented by non-smokers and
participants with severe COPD, and under-represented
in participants with mild or moderate COPD (p<0.001,
Additional file 1: Table 1); the study population was
also less likely to be currently smoking compared to the
overall SPIROMICS cohort (p=0.002). Despite this dif-
ference, the sampled p-mtDNA population is other-
wise representative of the overall SPIROMICS cohort
in other clinical measures of COPD severity, including
mean FEV,% predicted, 6 MWD, SGRQ, CAT (Additional
file 1: Table 1). As samples for p-mtDNA measurement
were selected in 2018, these study participants have more
complete long-term follow-up data compared to the
overall SPIROMICS cohort (Additional file 1: Table 1).

Included in SPIROMICS Core v5.0 DataSet
(n=2974)

Plasma samples
not analyzed

(n=2274)

Plasma samples randomly selected
and analyzed

(n=700)

l

l l

l |

Smokers without
Airflow Obstruction
(n=199)

Never Smokers
(n=100)

Mild/Moderate COPD
(n=201)

Severe COPD
(n=200)

Fig. 1 Flow diagram for the participants in the SPIROMICS Plasma mtDNA study. COPD, chronic obstructive pulmonary disease
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Table 1 Baseline characteristics
Parameter Non-smokers Smokers without airflow  Mild/Mod COPD Severe COPD P-value*
obstruction
(n=100) (n=199) (n=201) (n=200)
Age [1Q1] 56 [50, 65] 61[52,67] 66[60,71] 65 [59, 71] <0.001
Sex N (%)
Male 42 (42%) 96 (48%) 130 (65%) 122 (61%) <0.001
Race N (%) <0.001
Asian 3(3.1%) 3(1.5%) 5(2.5%) 2 (1.0%)
Black 26 (27%) 52 (27%) 23 (12%) 29 (15%)
Other 4(4.1) 8 (4.1%) 4 (2.0%) 4 (2.0%)
White 65 (66%) 133 (68%) 168 (84%) 163 (82%)
Current smoking N (%) 0 (0%) 98 (48%) 77 (39%) 40 (20%) <0.001
FEV,% predicted [1Ql] 102 [95, 109] 97 (86, 106] 711[61,80] 34[27,43] <0.001
6MWD [1Ql] 465 [392,516] 450 [390, 503] 429 [366, 484] 315 [249, 396] <0.001
CAT [1Q1] 3[1,8] 9(5,16] 138, 20] 1913, 24] <0.001
SGRQ [1Q1] 51[4,11] 178, 38] 28[16,45] 47 [39, 60] <0.001

1Ql interquartile interval, FEV, forced expiratory volume in 1 s, 6MWD six-minute walk distance, SGRQ St. George’s Respiratory Questionnaire, CAT COPD Assessment

Test

*Kruskal-Wallis test, Chi-square test, or Fisher’s exact test comparing participants within each subgroup, as appropriate

P-mtDNA levels are lower in severe COPD compared

to mild or moderate COPD

We first examined the relationship between baseline
p-mtDNA and characterization of COPD severity, with
mild/moderate COPD defined as FEV,% predicted
greater than 50%, and severe COPD defined as less
than 50% [32]. There were no significant differences
in p-mtDNA levels between non-smokers and ever-
smokers without COPD nor between non-smokers
and participants with COPD (mild or severe) (Fig. 2).
In unadjusted analyses, participants with mild or mod-
erate COPD had higher p-mtDNA levels compared
to ever-smokers without COPD (p=0.029, Fig. 2), an
association that was no longer significant after adjust-
ment for age, sex, and current smoking status (Addi-
tional file 1: Table 2). Notably, participants with severe
COPD had lower p-mtDNA levels compared with
those with mild or moderate COPD (p <0.001, Fig. 2),
a finding which remained significant after adjust-
ment and correction for multiple comparisons testing
(Additional file 1: Table 2). These relationships were
seen in both males-only and females-only subgroup
analyses; p-mtDNA levels did not differ significantly
between males and females overall (Additional file 1:
Fig. 1A, B). P-mtDNA levels did not differ by smoking
status (Additional file 1: Fig. 2). Associations between
p-mtDNA levels and clinical COPD measures, such as
FEV,% predicted, 6MWD, CAT and SGRQ scores, and
extent of radiographic emphysema were examined, but
did not reveal any statistically significant relationships

0.2
T 1
0.24
T 1
0.029
20 ! 0.11 ‘
0.00081
<
% 0.79
= 15 ¢
1S .
©
£
[2]
Y
o 10
[o2]
LS)
5

Non-Smokers Smokers Mild/Mod COPD Severe COPD

Fig. 2 Plasma mtDNA levels were higher in subjects with mild/
moderate COPD but falls in severe disease. P-mtDNA was measured
in SPIROMICS participants, including never smokers (n=100; red),
smokers without airflow obstruction (n=199; green), participants
with mild/moderate COPD (n=201; blue), and severe COPD (n=200;
purple). Data are presented as median with box indicating upper

and lower quartiles, whiskers indicating extrema, and with p-values
calculated by Tukey’s range test

(Additional file 1: Table 3). P-mtDNA levels were not
associated with urine mtDNA levels in matched study
participants (Additional file 1: Fig. 3).
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Higher baseline p-mtDNA levels are associated with slower
symptom burden progression in female smokers

and female participants with COPD

SPIROMICS is an ongoing, prospective COPD cohort, and
has extensive longitudinal follow-up data of its study par-
ticipants. We utilized these follow-up time points to assess
if baseline p-mtDNA levels associated with changes in
clinical COPD measures between the baseline and one year
after baseline visit (700/700 eligible for follow-up). Over-
all, we did not find any significant correlations between
p-mtDNA with changes in clinical COPD measures at one
year (Table 2). In subgroup analyses, we found that higher
baseline p-mtDNA associated with improved (lower) CAT
scores in females (r=— 0.15, CI [— 0.28, — 0.02], p=0.02),
especially in female smokers without airflow obstruction
(r=—-0.28, CI [— 0.50, — 0.06], p=0.01) and females with
mild or moderate COPD (r=— 0.29, CI [— 0.54, — 0.03],
p=0.01); these associations remained significant after
adjustment for age and smoking status (Table 2). How-
ever, higher baseline p-mtDNA was also associated with a
decline in 6MWD in female participants with severe COPD
(r=-0.33, CI [- 0.61, — 0.05], p=0.02) in unadjusted and
adjusted analyses, a relationship that was not observed in
female smokers or females with mild/moderate disease
(Table 2). In males, higher baseline p-mtDNA did not asso-
ciate with CAT but associated with better (longer) 6MWD
in male participants with severe COPD (r=0.27, CI [0.06,
0.48], p=0.02), an association that remained significant
after adjustment for age and smoking status (Table 2).

At 3-year follow-up (566/700 eligible for follow-up),
there was significant loss of study participants, and many of
the associations observed at 1-year were no longer present.
There were no statistically significant associations between
p-mtDNA and the examined COPD outcomes, overall or
in subgroups stratified by sex (Table 3). Additionally, we
examined for associations between p-mtDNA and COPD
exacerbation risk and did not find any significant relation-
ships for either moderate (defined as exacerbations requir-
ing treatment with systemic corticosteroids, antibiotics, or
both) or severe (defined as exacerbations requiring emer-
gency room visit or hospitalization) COPD exacerbations
(Additional file 1: Fig. 4A, B). P-mtDNA levels did not differ
in study participants who died during this follow-up period
compared to those who did not, in unadjusted analysis or
in the Cox proportional hazards model, adjusting for age,
sex, and COPD status (Additional file 1: Fig. 5, Table 4).

P-mtDNA is not associated with future changes in clinical
COPD measures after adjusting for informative loss

to follow-up

All longitudinal prospective cohort studies are prone to
subject drop-out and non-response, and while the reason
for dropping out can be either practical or biological, if
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missing data occur in a selective, non-random manner,
the “missingness” can be informative and significantly
impact data analysis and interpretation. When compar-
ing the characteristics of participants with complete fol-
low-up data with those missing data, we discovered that
participants with missing follow-up FEV;% predicted
at 1-year follow-up have more severe disease, by base-
line FEV,% predicted (79% vs. 45%, p <0.001, Additional
file 1: Table 5) or by a number of other clinical measures,
including 6MWD, CAT, and SGRQ (p<0.001 in all com-
parisons, Additional file 1: Table 5). Similar differences
were observed comparing participants with complete
follow-up with those with missing FEV,% predicted at
3-year follow-up (Additional file 1: Table 6). This was
consistently seen if we evaluated missingness by other
variables, such as absent 6MWD, CAT, or SGRQ values at
1 or 3 years (not shown). A fraction of the loss to follow-
up can be attributed to deaths, but death as an outcome
represents only a minority of the those with missing
follow-up data (Additional file 1: Tables 5-6). When we
adjusted our analyses to account for missingness, the sta-
tistically significant associations observed at 1-year fol-
low-up were no longer statistically significant (Additional
file 1: Tables 7, 8). A simulated example showing the true
data and the data observed (a subset dependent on sever-
ity of COPD) was generated for illustration (Fig. 3). The
relevance of adjusting for missing data is apparent: if
p-mtDNA is associated with COPD severity, and partici-
pants with more severe disease are more likely to be lost
to follow-up, then analyzing only complete cases without
adjusting for loss to follow-up would result in a biased
conclusion.

Discussion

In this large study of 700 participants from the SPIRO-
MICS cohort, we tested the hypothesis that p-mtDNA, a
surrogate for mitochondrial dysfunction, would associ-
ate with COPD severity and progression. To the best of
our knowledge, this is the largest COPD population for
which p-mtDNA has been evaluated. Here, we found that
p-mtDNA levels were higher in participants with mild or
moderate COPD compared to smokers without airflow
obstruction, and to those with severe COPD. These find-
ings are interesting and potentially supportive of a role
for mitochondrial dysfunction in the transition from mild
to severe disease in COPD.

The observation that p-mtDNA levels were lower in
those with severe COPD when compared to individuals
with mild/moderate disease has yet to be demonstrated
in previous studies but is consistent with findings which
show decreased mtDNA levels in the tissues of patients
with severe COPD [24, 25]. P-mtDNA levels also trended
higher in mild/moderate participants when compared to



Zhang et al. Respir Res

Table 2 P-mtDNA and disease progression at 1-year follow-up
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Unadjusted Adjusted for age & smoking
status
r(Ch* r(Ch*
FEV,% predicted
All? 0(—0.08,0.07) —0.01 (- 0.09, 0.06)
Males — 001 (=0.1,0.09) — 001 (-=0.12,0.09)
Male smokers —0.08 (= 0.25,0.1) —0.08(—=0.27,0.1)
Male mild/mod —0.03 (- 0.23,0.17) —0.05 (- 0.26,0.15)
Male severe 0.15 (= 0.07,0.36) 0.14 (— 0.08,0.35)
Females 0(—=0.11,0.11) —0.01(=0.12,0.1)

Female smokers
Female mild/mod
Female severe
6MWD (meters)
All?
Males
Male smokers
Male mild/mod
Male severe
Females
Female smokers
Female mild/mod
Female severe
SGRQ
All?
Males
Male smokers
Male mild/mod
Male severe
Females
Female smokers
Female mild/mod
Female severe
CAT
All?
Males
Male smokers
Male mild/mod
Male severe
Females
Female smokers
Female mild/mod
Female severe

0.04 (= 0.16,0.23)
—0.09 (- 0.32,0.15)
0.10 (— 0.16,0.36)

— 002 (= 0.1,0.06)

0.03 (— 0.07,0.14)
—001(=0.19,0.16)

— 006 (- 0.28,0.16)

0.27 (0.06,0.48)°

—0.09 (- 021,0.03)

0.03 (—0.17,0.22)

0.08 (— 0.16,0.32)
—0.33(—0.61, — 0.05)°

—0.02 (- 0.1,0.07)
—0.02 (- 0.13,0.09)
—007(-0.27,0.13)
0(=0202)

—0.14 (- 039,0.1)
— 002 (—=0.14,0.11)
—0.15(—0.38,0.08)
0.08 (—0.2,0.35)
—0.02 (- 0.29,0.25)

—0.07 (= 0.15,0.01)
—001(—=0.11,0.09)
0.01 (= 0.16,0.19)
—0.08(—0.29,0.13)
—0.05(—0.26,0.17)
—0.15(—0.28, — 0.02)
—0.28 (— 0.5, — 0.06)
—0.29 (- 0.54, — 0.03)
0.05(—=0.21,0.31)

0.04 (= 0.16,0.23)
—0.11(—=035,0.13)
0.08 (— 0.18,0.34)

—0.01 (- 0.09,0.07)
0.04 (= 0.07,0.15)
—0.01(-0.18,0.16)
—0.05(=027,0.16)
0.27 (0.05, 0.48)

—0.09 (- 0.21,0.04)
0.03(=0.17,022)

0.08 (— 0.16,0.32)
—0.30 (— 0.59, — 0.02)

—0.03(=0.12,0.06)
—0.04 (- 0.16,0.08)
—01(=03,0.1)
0(—=020.2)

—0.16 (— 0.41,0.08)
—001(=0.14,0.11)
—0.15(—0.38,0.08)
0.10(—0.18,0.37)
—0.10(—=0.39,0.18)

—0.07 (- 0.15,0.02)
—001(—=0.11,0.1)

0.04 (- 0.14,0.21)
—0.08(—0.29,0.12)
—0.05(-0.27,0.17)
—0.14 (- 0.27, - 0.01)
—0.30 (- 0.52, — 0.08)
—0.27 (- 0.52, - 0.01)
0.03 (- 0.22,0.29)

r correlation coefficient, C/ 95% confidence interval, FEV, forced expiratory volume in 1's, 6MWD six-minute walk distance, SGRQ St. George’s Respiratory

Questionnaire, CAT COPD Assessment Test

*Pearson’s correlation coefficients with log2 p-mtDNA as among all participants and within each group
2 Adjusting for age, sex, and smoking status

b talic—statistically significant with positive correlation coefficient

¢ Bold—statistically significant with negative correlation coefficient
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Table 3 P-mtDNA and disease progression at 3-year follow-up

Unadjusted Adjusted for age &
smoking status
r(Ch* r(cn*

FEV,% predicted

All? 0.04 (— 0.05,0.14) 0.04 (— 0.06,0.14)
Males 0.08 (— 0.05,0.22) 0.09 (— 0.05,0.23)
Females 0(—0.14,0.13) —0.01(=0.15,0.13)

6MWD (meters)

All —0.04 (= 0.14,0.07) —0.02(—=0.12,0.08)
Males 0(—0.13,0.13) 0.03(=0.11,0.17)
Females —0.08 (—0.23,0.07) —0.07 (— 0.23,0.08)

SGRQ

All — 0.05 (— 0.16,0.06) — 0.06 (—0.18,0.05)
Males —0.05(=0.19,0.10) —0.07 (- 022,008
Females —0.06 (— 0.22,0.10) —0.06 (—0.23,0.10)

CAT

All 0.01 (= 0.09,0.11) 0(—0.09,0.10)
Males 0.01(=0.12,0.13) —0.01(=0.15,0.12)
Females 0.02 (—0.13,0.16) 0.02(—=0.12,0.17)

2@ Adjusting for age, sex, and smoking status

r correlation coefficient, CI 95% confidence interval, FEV, forced expiratory
volume in 1's, BMWD six-minute walk distance, SGRQ St. George's Respiratory
Questionnaire, CAT COPD Assessment Test

*Pearson’s correlation coefficients with log2 p-mtDNA as among all participants

and within each group
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healthy smokers, suggesting a possible biphasic release of
mtDNA that peaks in individuals with early disease but
declines upon progression to severe disease. MtDNA is
well recognized as a danger-associated molecular pattern
(DAMP) that is an important component of the innate
immune response [40], and is released by lung epithe-
lial cells in response to cigarette smoke extract, likely as
a result of mitochondrial stress [28, 29]. In vivo, short
term smoke exposure increases bronchoalveolar lavage
fluid mtDNA levels, and the number of abnormal mito-
chondria inside the lung epithelium increases with the
length of smoke exposure [15, 28, 29]. The effect of pro-
longed cigarette smoke exposure on mtDNA levels has
not been experimentally modeled, but perhaps with con-
tinued mitochondrial stress, and consequently, mtDNA
release, mitochondrial exhaustion may occur. This phe-
nomenon has been suggested in a number of diseases of
dysregulated immunity, such as sepsis [41], as well as in
diseases of accelerated aging, of which COPD is consid-
ered to be a prime example [42, 43]. Despite the lack of
differences in p-mtDNA levels between healthy controls
and individuals with mild/moderate or severe COPD,
our findings may inform us as to the dynamic nature of
p-mtDNA release in COPD disease trajectory whereby
active p-mtDNA release plays a role in the course of the
disease from healthy smokers to individuals with mild
COPD, followed by a decline in p-mtDNA release that
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can be attributed to mitochondrial exhaustion in severe
COPD.

Despite the above observations, we otherwise found
no significant associations between p-mtDNA levels and
baseline clinical measures of COPD and only minor asso-
ciations between p-mtDNA and clinical correlates (CAT,
6MWD) in subgroup analyses at the one-year follow-up
visit. We have previously demonstrated in a subset of
this same cohort that higher urine mtDNA was associ-
ated with respiratory symptom burden and worse exer-
cise tolerance, particularly in smokers without COPD
and in women [30]. In this study, some of the statistically
significant associations between p-mtDNA and 6MWD
were similar to what we observed in our study of urine
mtDNA, such as the association between higher baseline
p-mtDNA levels and a lower 6MWD in women at 1 year
[30]. Clinically, women with COPD report more dyspnea
than men, and develop earlier COPD onset with more
rapid lung function loss despite overall lower smoke
exposure burden [44, 45]. In light of these observations,
it is perhaps not coincidental that mtDNA is maternally
inherited, which imparts a genetic risk and potentially
provides some biological rationale for the sex-dependent
associations we have found between mtDNA, CAT and
6MWD in this study.

One major strength of this current study is the assess-
ment between p-mtDNA and longitudinal changes in
COPD taking into consideration informative missing-
ness in our analysis. This is important because signifi-
cant changes in longitudinal measures may be missed
or incorrect if only study participants with complete
follow-up data are examined. We verified in our cohort
that severity of illness was related to the likelihood of
observing follow-up measures in our p-mtDNA cohort,
as participants with worse baseline measures were sig-
nificantly less likely to have subsequent 1- or 3-year
COPD measurements recorded. We accounted for this
in our correlations with TMLE by modeling the prob-
ability of observing the components of our longitudinal
correlations (p-mtDNA measurements and the difference
in COPD outcomes from baseline to follow-up) given
the other baseline measures of severity of illness, before
computing the correlation coefficient. Although some of
our findings were no longer statistically significant after
this process, our statistical adjustment for an informative
missingness mechanism ensures that we are not over-
looking important correlations or drawing biased conclu-
sions in the relationship between p-mtDNA and COPD
progression. In addition to modeling informative miss-
ingness, we chose our analytical method carefully, opt-
ing to examine differences between COPD measures at
baseline and a single subsequent time point rather than
a pooled model with more time points. Our modeling
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strategy was in response to our initial questions of inter-
est, of whether p-mtDNA might associate with a change
in COPD symptoms over two potential time frames: one
relatively immediate (1-year follow-up) and one longer
(3-year follow-up). Although there were data available
to potentially examine the relationship between baseline
p-mtDNA and COPD progression trajectories in more
detail, given the several near-zero correlations in our cur-
rent progression analyses, it is unlikely that a model pool-
ing time points would add relevant new information.

There are still many other important unknowns regard-
ing mtDNA and COPD, including the source of extracel-
lular p-mtDNA. Although cigarette smoke is introduced
in the airway, the multimorbidity of COPD suggests
that the effect of cigarette smoke is systemic, and thus
mtDNA could be released as a result of mitochondrial
stress in epithelial cells [13, 29], circulating immune cells
[8, 10], or endothelial cells [46] in the lung or elsewhere,
or possibly a combination of these sources; the fact
that mtDNA was detected in the urine of smokers and
COPD patients is provocative supportive evidence for an
extrapulmonary source of mtDNA [30]. Notably, urine
mtDNA and p-mtDNA available on the same patients
did not linearly associate in this study, indicating that
the presence of mtDNA in urine is not simply a result
of circulating p-mtDNA filtered by the kidney. We also
did not find similar sex differences in p-mtDNA levels
which we observed with females exhibiting higher urine
mtDNA across the subgroups in the SPIROMICS cohort
[30]. Thus, p-mtDNA and urine mtDNA may come from
entirely different sources and represent distinct biological
phenomena driving the results of these two studies.

Our study has several limitations. The smoking status
was determined by self-report at baseline, corresponding
to the baseline blood sample from which p-mtDNA levels
were measured, and it is possible that a study participant
could have stopped smoking at a future study visit, when
additional clinical measurements were taken. In addi-
tion, we did not examine clinical parameters that may
be more reflective of cachexia or sarcopenia (e.g. grip
strength), phenotypes which are commonly observed
in patients with severe COPD and which may be attrib-
utable to mitochondrial dysfunction [47, 48]. We per-
formed many statistical tests in this study and recognize
the potential for type I errors; we adjusted for multiple
comparisons and the great majority of associations we
observed were no longer statistically significant. We are
also limited by the lack of a validation cohort, despite
measuring p-mtDNA in a large number of SPIROMICS
study participants; our findings should be examined and
confirmed in future studies and in other COPD cohorts.

Over forty years after the seminal work of Fletcher
and Peto, it is clear now that beyond accelerated lung
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function loss in smokers, there are multiple lung func-
tion trajectories that give rise to COPD, and that the
natural history of COPD is not uniform but individual-
ized in different patients [49, 50]. One of the aims of
COPD research should be the development of tools and
biomarkers that reflect the underlying pathobiology but
could also track individualized disease progression; this
is particularly important early at disease onset [7, 51].
While some studies have examined biomarkers in asso-
ciation with COPD exacerbations [5], fewer have evalu-
ated biomarkers in relation to disease progression, given
the difficulty in maintaining a large longitudinal cohort
[52]. This study evaluated p-mtDNA as a conceptual
marker of COPD progression, and observed possible
interesting differences between p-mtDNA levels in indi-
viduals with mild COPD when compared to those with
severe COPD. In subgroup analyses stratifying by sex, a
number of associations between p-mtDNA and symptom
burden as measured by 6MWD and CAT were observed,
particularly in females; however, these observations must
be considered as preliminary and require further testing.
Nevertheless, the findings here add to the ever-expanding
literature that suggests a role for mitochondrial dysfunc-
tion in severe COPD and advocates for future investiga-
tions measuring p-mtDNA in longitudinal studies.
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