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Abstract

Background Extracellular mitochondrial DNA (mtDNA) is released from damaged cells and increases in the serum
and bronchoalveolar lavage fluid (BALF) of idiopathic pulmonary fibrosis (IPF) patients. While increased levels of serum
mtDNA have been reported to be linked to disease progression and the future development of acute exacerba-

tion (AE) of IPF (AE-IPF), the clinical significance of mtDNA in BALF (BALF-mtDNA) remains unclear. We investigated
the relationships between BALF-mtDNA levels and other clinical variables and prognosis in IPF.

Methods Extracellular mtDNA levels in BALF samples collected from IPF patients were determined using droplet-
digital PCR. Levels of extracellular nucleolar DNA in BALF (BALF-nucDNA) were also determined as a marker for simple
cell collapse. Patient characteristics and survival information were retrospectively reviewed.

Results mtDNA levels in serum and BALF did not correlate with each other. In 27 patients with paired BALF samples
obtained in a stable state and at the time of AE diagnosis, BALF-mtDNA levels were significantly increased at the time
of AE. Elevated BALF-mtDNA levels were associated with inflammation or disordered pulmonary function in a stable
state (n=90), while being associated with age and BALF-neutrophils at the time of AE (n=38). BALF-mtDNA >4234.3
copies/uL in a stable state (median survival time (MST): 42.4 vs. 79.6 months, p<0.001) and = 11,194.3 copies/uL

at the time of AE (MST: 2.6 vs. 20.0 months, p=0.03) were associated with shorter survival after BALF collection, even
after adjusting for other known prognostic factors. On the other hand, BALF-nucDNA showed different trends in cor-
relation with other clinical variables and did not show any significant association with survival time.

Conclusions Elevated BALF-mtDNA was associated with a poor prognosis in both IPF and AE-IPF. Of note, at the time
of AE, it sharply distinguished survivors from non-survivors. Given the trends shown by analyses for BALF-nucDNA,
the elevation of BALF-mtDNA might not simply reflect the impact of cell collapse. Further studies are required

to explore the underlying mechanisms and clinical applications of BALF-mtDNA in IPF.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, pro-
gressive, and fibrotic lung disease with a median survival
time (MST) of 3-5 years [1]. Acute exacerbation (AE) is
a devastating complication of IPF with an MST of only
3 months [2]. Although some profibrotic growth fac-
tors, cytokines, and chemokines have been identified as
contributing to the disease, its pathogenesis remains not
fully understood. Given the poor prognosis of patients
with IPF and AE-IPF, it is crucial to gain a thorough
understanding of their pathogenesis and identify clini-
cally important biomarkers.

Extracellular mitochondrial DNA (mtDNA) is one
of the danger-associated molecular pattern molecules
(DAMPs) released from stressed cells, binds to pathogen
recognition receptors, activates immune systems, and
induces an inflammatory response. In IPF, mitochon-
drial dysfunction and metabolic changes induced by the
profibrotic stimuli and mechanical cues are assumed
to trigger the release of mtDNA from lung cells such as
fibroblasts [3]. and alveolar epithelial cells [4]. In accord-
ance with this, mtDNA levels are elevated in both serum
[3-7] and bronchoalveolar lavage fluid (BALF) [3, 4] in
IPF patients. While serum mtDNA levels are associated
with survival time [3, 7], disease severity or progression
[4, 5, 7], and the occurrence of AE [6], the clinical signifi-
cance of mtDNA in BALF (BALF-mtDNA) has not been
well studied.

In the past 10-20 years, the technique of digital poly-
merase chain reaction (PCR), a refinement of conven-
tional PCR methods, has become increasingly used for
experimental and clinical purposes. Droplet-digital PCR
(ddPCR) is one of those novel techniques. This enables
precise detection of very small number of targets com-
pared to conventional methods and absolute quantifica-
tion without need for a standard curve [8, 9] using crude
clinical samples without the time- and labour-consuming
DNA extraction steps [10].

In this study, we established a protocol for measuring
BALF-mtDNA using ddPCR and evaluated its clinical
significance in IPF including the value as a possible prog-
nostic biomarker in both stable and AE states.

Methods

Study population and data collection

From August 2009 to May 2017, we collected BALF sam-
ples from 101 IPF patients who underwent bronchoal-
veolar lavage (BAL) at Tosei General Hospital. Of those,
90 patients provided BALF samples during a stable state,
38 patients provided at the time of their first AE, and 27
out of them underwent BAL both in a stable state and at
the time of AE. A subset of these patients also provided
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blood samples. During a stable state, 57 out of 90 patients
provided blood samples within 3 months before or after
undergoing BAL. At the time of the first AE, 36 out of
38 patients provided blood samples at the same time as
BAL.

In all patients, the validity of the IPF diagnosis was
reconfirmed based on the latest guidelines [11] through
multidisciplinary discussions. The AE diagnosis was
also reconfirmed as a clinical event meeting the criteria
described in an international report published in 2016
[2]. The treatment for AE followed a standardised pro-
tocol: methylprednisolone pulse therapy (1 g/day for 3
days/week) for two cycles, followed by 1 mg/kg/day of
methylprednisolone. The steroid dosage was gradually
tapered to 10 mg/day of oral prednisolone within 4-6
weeks after initiating treatment. Cyclosporine or tacroli-
mus was administered concurrently. Prednisolone and
immunosuppressants were continued for at least a few
months post-recovery.

Patient characteristics and test results were collected
retrospectively from clinical charts. Blood test and pul-
monary function test results were recorded within
3 months before BAL for patients in a stable state. Forced
vital capacity (FVC) and diffusing capacity of the lung for
carbon monoxide (D;CO) were expressed as a percent-
age of predicted values. To calculate the partial pressure
of arterial oxygen (PaO,)/fraction of inspiratory oxygen
(FiO,), FiO, was roughly assumed to be 0.21 4 0.04 X oxy-
gen flow (L/min) when using a nasal cannula, and as
0.60+0.10x (oxygen flow — 6 L/min) when using a non-
rebreather mask. For data at the time of AE-IPF, base-
line FVC and D; CO had been recorded within 6 months
prior to the diagnosis of AE. The final follow-up date of
this study was 30th April 2022.

Sample collection
BALF and blood samples were collected from patients
who provided informed written consent in accordance
with the Declaration of Helsinki. BAL was carried out
according to the standardised protocol [12].

See the Supporting Information for the detail proto-
col for processing of BALF and blood and subsequent
ddPCR.

Statistical analysis

Continuous variables were presented as the median with
an interquartile range due to a non-normal distribution,
and Wilcoxon signed-rank test and Mann—Whitney’s U
test were used for inter-group comparisons, as appropri-
ate. Categorical variables were summarized by number
and percentage. Spearman’s rank correlation test was
applied to evaluate the correlation between two continu-
ous variables. Benjamini and Hochberg’s method [13]
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was used to adjust the false discovery rate for multiple
testing.

We measured survival time from the date of BAL to
the date of death. Time-dependent receiver operating
characteristic (ROC) curve analyses were performed to
determine the optimal cut-off values for BALF-mtDNA
and BALF- nucDNA to predict survival time and deter-
mine the area under the curve (AUC). Cox proportional
hazards models were used to evaluate the associations
between variables and survival time, adjusting for known
demographic factors being associated with survival time.

We used a two-sided test for all statistical analyses
and considered p-values<0.05 as statistically significant.
The analyses were conducted with R commander (The R
Foundation for Statistical Computing, Vienna, Austria).

Results
Factors correlated with BALF-mtDNA and BALF-nucDNA
Table 1 shows patient characteristics at the time of BAL.
Among patients who provided both BALF and serum
samples at the same time, we found no significant corre-
lations between mtDNA and nucDNA levels, either in a
stable state or at the time of AE (Fig. 1A, B). Among those
who provided BALF samples both in a stable state and at
the time of AE, BALF-mtDNA and BALF-nucDNA levels
were significantly increased at the time of AE compared
to those in a stable state (Fig. 1C).

We explored the clinical variables correlated with the
levels of BALF-mtDNA and -nucDNA. In a stable state,

Table 1 Patient characteristics at the time of BALF collection
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cigarette smoke exposure (pack-year), D; CO, and PaO,/
FiO, showed a negative correlation with BALF-mtDNA
levels, while a positive correlation was observed with
serum Krebs von den Lungen-6 (KL-6) levels (Table 2).
BALF-nucDNA levels were negatively correlated with
D,CO, FVC, and PaO,/FiO, in a stable state, but posi-
tively correlated with BALF neutrophil and eosinophil
rates, and serum levels of C-reactive protein (CRP), lac-
tate dehydrogenase (LDH), and KL-6 (Table 3). On the
other hand, at the time of the first AE, BALF-mtDNA
levels were positively correlated with BALF neutrophil
rates and negatively with age (Table 2). However, there
were no significant correlations between BALF-nucDNA
levels and clinical variables except for serum LDH levels
(Table 3).

Thus, in a stable state, both BALF-mtDNA and BALF-
nucDNA levels were found to be correlated with the
degree of lung function impairment and inflammation,
whereas cigarette smoking was correlated only with
BALF-mtDNA levels. At the time of AE, it showed sig-
nificant correlation with BALF neutrophils.

BALF-mtDNA and survival of IPF

We investigated the prognostic significance of BALF-
mtDNA in comparison with the rates of neutrophils
and lymphocytes in BALF, which have been reported
as prognostic factors [14, 15]. Using time-dependent
ROC analyses, we revealed a relatively better prog-
nostic value of BALF-mtDNA than that of the rates of

Stable state, N=90

At the time of the first AE, N=38

Age, years 67 (63-72)

Sex, male 73 (80%)

BMI, kg/m? 234 (21.1-256)
Smoking, ever 59 (65%)

Smoking, pack-year
BALF volume, mL
Total cell count, x WOS/UL
Neutrophils, %
Lymphocytes, %
Eosinophils, %

FVC, % predicted
D, CO, % predicted
PaO,/FiO,

CRP. mg/dL

LDH, mg/dL

KL-6, U/mL

29.5 (0.0-46.8)

76.8 (59.6-88.8)
137 (0.87-2.36) "%
0.8(0.0-2.6) "
44(16-96) "%

04 (0.0-1.6) "%
79.7 (68.3-90.0)
60.2 (46.3-72.5) "=%8
384.1 (329.5-419.6)
0.15 (0.06-0.63)

219 (196-250)

1220 (822-1958)

Age, years 69 (64-75)

Sex, male 36 (92%)

BMI, kg/m? 22.7 (215-249)
Smoking, ever 38 (97%)

Smoking, pack-year
BALF volume, mL
Total cell count, x 105/pL
Neutrophils, %
Lymphocytes, %
Eosinophils, %

FVC, % predicted
D, CO, % predicted
PaO,/FiO,

CRP, mg/dL

LDH, mg/dL

KL-6, U/mL

35.0(2.3-52.9)

57.0 (43.5-72.5)

200 (1.32-2.86)

124 (3.4-26.9)

10.8 3.5-16.6)

1.2 (04-2.8)

70.7 (57.1-79.9)

493 (36.8-61.5) =¥
2574 (217.9-315.0) "3
549 (3.10-11.15)

313 (283-373)

1484 (1134-1915) =3

Values are presented as median (interquartile range) or N (%). BMI Body mass index, BALF Bronchoalveolar lavage fluid, AE Acute exacerbation, FVC Forced vital
capacity, D,CO Diffusing capacity of lung for carbon monoxide, PaO, Partial pressure of arterial oxygen, FiO, Fraction of inspiratory oxygen, CRP C-reactive protein,
LDH Lactate dehydrogenase, KL-6 Krebs von den Lungen-6
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Fig. 1 Correlation of target genes in BALF with those in serum and the occurrence of AE. A, B Copy numbers of target genes in BALF and serum
were not correlated significantly each other either (A) in a stable state (n=57) or (B) at the time of first AE (n=36), determined by ddPCR. C mtDNA
and nucDNA levels in BALF determined by ddPCR were significantly increased at the time of the first AE compared with those in a stable state
(n=27). Medians and interquartile ranges for the values of each target were: mtDNA, stable: 5575.7 (4478.6 — 8511.4) vs. AE: 15,4414 (6467.1

- 29,678.6) copies/ul; nUcDNA, stable: 137.1 (79.7 — 201.0) vs. AE: 318.9 (134.1 — 660.0) copies/uL. BALF: bronchoalveolar lavage fluid; mtDNA:
mitochondrial DNA; nucDNA: nucleolar DNA, AE acute exacerbation; ddPCR: droplet-digital polymerase chain reaction; ** P<0.01; **** P<0.0001

neutrophils or lymphocytes in BALF (Fig. 2A). A BALEF-
mtDNA of 4234.3 copies/uL and a BALF-nucDNA of
78.0 copies/puL in a stable state were identified to pre-
dict 5-year mortality (Fig. 2B and Figure S2A). After
adjusting for age, sex, body mass index (BMI), and
baseline FVC and D; CO, BALF-mtDNA >4234.3 cop-
ies/uL in a stable state was significantly correlated
with survival time (Fig. 2C and Table 4, MST: 79.6 vs.
43.1 months), while BALF-nucDNA >78.0 copies/pL
was not.

BALF-mtDNA and survival from AE-IPF

Because there is no firm predictor for survival of AE-IPF
to date, we conducted further analyses to evaluate cor-
relation of BALF-mtDNA at the time of AE-IPF diagno-
sis with the prognosis. Time-dependent ROC analyses
revealed a relatively better prognostic value of BALF-
mtDNA than that of the rates of neutrophils or lym-
phocytes in BALF (Fig. 2D). A BALF-mtDNA level of
11,194.3 copies/pL and a BALF-nucDNA level of 602.6
copies/pL at the time of AE were identified as optimal
cut-off values to predict 6-month mortality (Fig. 2E and
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Table 2 Correlation of BALF-mtDNA and other clinical variables
Stable state, n=90 At the time of the first AE, n=38

Spearman’s p P Spearman’s p P
Age, years 0.09 042 Age, years -041 0.011*
BMI, kg/m? 0.07 051 BMI, kg/m? -0.23 0.16
Smoking, pack-year -0.33 0.002* Smoking, pack-year -0.13 043
BALF volume, mL 0.15 0.17 BALF volume, mL -0.23 0.18
Total cell count, /uL 0.14 0.18 Total cell count, /uL 0.11 0.53
Neutrophils, % 0.06 0.55 Neutrophils, % 0.53 <0.001*
Lymphocytes, % -0.09 040 Lymphocytes, % -0.32 0.052
Eosinophils, % 012 0.28 Eosinophils, % 0.07 0.70
FVC, % predicted -0.20 0.06 FVC, % predicted -0.32 0.051
D, CO, % predicted -0.29 0.005* D, CO, % predicted -0.06 0.73
Pa0,/FiO, 0.34 0.0011* Pa0,/FiO, 0.10 055
CRP, mg/dL 013 0.23 CRP, mg/dL 0.17 0.30
LDH, mg/dL 0.10 0.34 LDH, mg/dL -0.10 0.54
KL-6, U/mL 0.28 0.008* KL-6, U/mL 0.08 0.66

mtDNA, copies/pL P mtDNA, copies/pL P
Sex, male 5027 (3195-7676) 0.20 Sex, male 12,429 (6643-25,586) 0.54
female 5897 (4543-9240) female 14,846 (11,841-33,909)
Smoking, ever 4740 (2529-7579) 0.006* Smoking, ever 10,886 (6214-21,814) 023
never 07 (4337-9444) never 14,846 (11,773-41,614)

For categorical variables, values are presented as median (interquartile range). P-values with * are statistically significant after false discovery rate adjustment for
multiple comparison. BMI Body mass index, BALF Bronchoalveolar lavage fluid, mtDNA Mitochondrial DNA, AE Acute exacerbation, FVC Forced vital capacity, D,CO
Diffusing capacity of lung for carbon monoxide, PaO, Partial pressure of arterial oxygen, FiO, Fraction of inspiratory oxygen, CRP C-reactive protein, LDH Lactate

dehydrogenase, KL-6 Krebs von den Lungen-6

Figure S2B). BALF-mtDNA >11,194.3 copies/pL at the
time of AE was significantly correlated with survival time
after the diagnosis of AE, even after adjusting for age,
sex, and PaO,/FiO, (Fig. 2F and Table 4, MST: 30.3 vs.
2.3 months). The results were similar when using BMI,
serum CRP levels, or FVC and D;CO values recorded
within 6 months before the diagnosis of AE, as adjust-
ing variables instead of PaO,/FiO, (Table 4). It should
be noted that this cut-off value sharply distinguished
survivors from non-survivors. Other variables such as
BALF-nucDNA, BALF neutrophil ratios, PaO,/FiO,, and
serum biomarkers shown in Table 2, did not show a sig-
nificant correlation with survival time. Serum-mtDNA
in BALF collected at the time of AE, which did not cor-
relate with BALF-mtDNA, also did not show a correla-
tion with survival time (see the Results in the Supporting
Information).

Discussion

Our study revealed relationships between BALF-mtDNA
and lung function, smoking status, inflammatory cells
in BALF, and prognosis in patients with IPF. Intrigu-
ingly, the results suggested that increased BALF-mtDNA
can be a potential indicator of poor prognosis for IPF,
being associated with survival time in both stable and

acute phases. In particular, it clearly distinguished survi-
vors from non-survivors in patients with AE-IPF in our
cohort. Meanwhile, BALF-nucDNA did not show prog-
nostic value in either phase. This is the first study to dem-
onstrate the clinical significance of BALF-mtDNA on IPF,
which was measured precisely using ddPCR.

mtDNA is known as a DAMP that triggers inflamma-
tory responses via pathogen recognition receptors, such
as Toll-like receptor-9 [16]. It can be released outside
mitochondria through various mechanisms, including
cell death and other mechanisms unrelated to cell death
(active release), such as mtDNA damage and oxidative
stress caused by reactive oxygen species [17-19]. In the
field of IPF, several studies have evaluated the prognostic
impact of plasma/serum-mtDNA. Extracellular mtDNA
was elevated in plasma or serum from IPF patients, and
was associated with shorter survival [3, 7], disease pro-
gression [3, 5, 7], future development of AE-IPF [6], and
clinical parameters representing disease severity, such
as lower D;CO and shorter 6-min walk distance [4, 7].
On the other hand, Bruno et al. demonstrated elevated
BALF-mtDNA in IPF [4], although its clinical signifi-
cance and prognostic impact have not been studied in
detail, and how BALF-mtDNA levels alter depending
on the disease status has never been investigated. In our
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Table 3 Correlation of BALF-nucDNA and other clinical variables
Stable state, n=91 At the time of the first AE, n=38

Spearman’s p P Spearman’s p P
Age, years 0.20 0.06 Age, years -0.14 041
BMI, kg/m? 0.09 0.39 BMI, kg/m? -0.03 087
Smoking, pack-year 0.004 097 Smoking, pack-year -0.01 0.95
BALF volume, mL 0.01 0.89 BALF volume, mL -0.12 047
Total cell count, /uL 0.20 0.06 Total cell count, /uL 0.01 0.97
Neutrophils, % 042 <0.001* Neutrophils, % 0.09 0.59
Lymphocytes, % -0.004 097 Lymphocytes, % 0.01 0.97
Eosinophils, % 0.45 <0.001* Eosinophils, % -0.09 061
FVC, % predicted -0.36 <0.001* FVC, % predicted 0.03 0.87
D, CO, % predicted -0.30 0.005* D, CO, % predicted -0.04 0.83
Pa0,/FiO, 043 <0.001* Pa0,/FiO, 021 022
CRP, mg/dL 0.24 0.02* CRP, mg/dL 0.20 0.22
LDH, mg/dL 035 <0.001* LDH, mg/dL 033 0.045*
KL-6, U/mL 042 <0.001* KL-6, U/mL -0.03 0.85

nucDNA, copies/pL P nucDNA, copies/pL P
Sex, male 106.3 (60.4-191.8) 0.70 Sex, male 187.7 (93.0-694.3) 0.52
female 155.6 (64.3-219.0) female 4886 (415.3-505.7)
Smoking, ever 106.3 (63.0-205.7) 0.59 Smoking, ever 186.9 (93.0-644.1) 0.34
never 146.6 (76.3-242.4) never 408.0 (178.7-398.6)

For categorical variables, values are presented as median (interquartile range). P-values with * are statistically significant after false discovery rate adjustment for
multiple comparison. BMI Body mass index, BALF Bronchoalveolar lavage fluid, nucDNA Nucleolar DNA, AE Acute exacerbation, FVC Forced vital capacity, D,CO
Diffusing capacity of lung for carbon monoxide, PaO, Partial pressure of arterial oxygen, FiO, Fraction of inspiratory oxygen, CRP C-reactive protein, LDH Lactate

dehydrogenase, KL-6 Krebs von den Lungen-6

study, levels of BALF-mtDNA and serum-mtDNA were
poorly correlated with each other in both stable and acute
phases. While the levels of BALF-mtDNA are expected
to reflect the concentration of mtDNA in the epithelial
lining fluid of the lungs, its kinetics, such as half-life, have
seldom been studied. On the other hand, the kinetics of
mtDNA levels in the bloodstream have been studied in
various acute disease states, and its half-life is expected
to be short. Circulating mtDNA levels are suggested to
be influenced by multiple systemic parameters, including
the concentration of DNase in the blood and clearance
by organs such as the liver and kidney. Based on these
results, we speculate that BALF-mtDNA may sensitively
reflect local lung damage and be elevated even in mild
disease, while serum-mtDNA may be elevated in more
advanced disease and reflect systemic inflammation. To
elucidate these hypotheses, further studies are warranted.

Clinical parameters such as baseline lung function
[14, 20-23], worse oxygenation [14, 24], neutrophils
and lymphocytes in BALF [14, 15], and blood bio-
markers like CRP [14], LDH [24, 25], and KL-6 [24]
have been identified as prognostic factors of AE-IPF,
though their impact has varied between studies. Our
study results may provide new insights into this area.
Given that the MST of AE-IPF is generally recognized

as 3—4 months [2, 26], our findings indicate that BALF-
mtDNA can distinguish between AE-IPF patients with
an MST of less than 3 months (non-survivors) and
those with an MST of more than 30 months (survivors).
Meanwhile, serum-mtDNA was not correlated with
survival after the diagnosis of AE-IPF, though the num-
ber of the assessed serum samples was limited. This
suggests that the dynamics of mtDNA circulating in the
local lung are distinct from that in the systemic con-
dition in the acute setting. Given that BALF-mtDNA,
but not nucDNA, which is generally released during
cell death, was significantly correlated with BALEF-
neutrophils, active release of mtDNA from cells may be
related to acute neutrophilic inflammation.

In stable IPF, age, sex, baseline FVC and D;CO are
widely accepted prognostic factors [27]. Meanwhile,
though there are a few reports insisting on the prognos-
tic value of BALF biomarkers such as surfactant pro-
tein A and neutrophils [28, 29], supporting evidence for
them is still lacking. Our study found that BALF-mtDNA
was associated with survival of IPF in a stable state.
Additionally, it is worth noting that the disease sever-
ity in our cohort was relatively mild, as evidenced by a
median FVC of approximately 80% predicted. Therefore,
BALF-mtDNA may be a sensitive factor correlating with
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Fig. 2 Survival prediction by BALF-mtDNA. A ROC curves for BALF-mtDNA, neutrophil rates, and lymphocyte rates for predicting 5-year mortality
from a stable state. B Changes in AUC values over time from a stable state for each cutoff value of BALF-mtDNA. C Patients with a higher
BALF-mtDNA showed shorter survival time than those with a low BALF-mtDNA in a stable state after adjusting for age, sex, body mass index,

and baseline forced vital capacity and diffusing capacity of lung for carbon monoxide (median survival time: 42.4 months in BALF-mtDNA >4234.3
copies/pL vs. 79.6 months in BALF-mtDNA <4234.3 copies/pL, p<0.001). D ROC curves for BALF-mtDNA, neutrophil rates, and lymphocyte rates
for predicting 6-month mortality from the time of AE. Since higher lymphocyte rates in BALF at the time of AE tended to be associated with longer
survival, the lymphocyte rate values were transformed into negative numbers before conducting the time-dependent ROC analysis. E Changes

in AUC values over time from the time of AE for each cutoff value of BALF-mtDNA. F Patients with a higher BALF-mtDNA showed poorer survival
times than those with a low BALF-mtDNA at the time of first AE after adjusting for age, sex and partial pressure of arterial oxygen/fraction

of inspiratory oxygen (median survival time: 2.6 months in BALF-mtDNA > 11,194.3 copies/pL vs. 20.0 months in BALF-mtDNA < 11,194.3 copies/{L,
p=0.03). Baseline FVC and D, CO data were recorded within 6 months prior to the AE. AUC: area under the curve; 95%Cl: 95% confidence interval;
mtDNA: mitochondrial DNA; Neu: neutrophils; Lym: lymphocytes; ROC: receiver operating characteristic
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Table 4 Prognostic values of BALF-mtDNA and nucDNA
Sensitivity Specificity Hazard ratio (95%Cl) P
BALF in a stable state
mtDNA >4234.3 copies/pL 0.747 0613 3.136 (1.735-5.669) <0.001
nucDNA >78.0 copies/uL 0.933 0.696 1430 (0.779-2.625) 0.25
BALF at the time of the first AE
Model 1
mMtDNA > 11,194.3 copies/ulL 0.737 0.486 2.837(1.191-6.759) 0.02
nucDNA >602.6 copies/uL 0400 0.826 1.047 (0410-2.676) 092
Model 2
MtDNA > 11,194.3 copies/ulL 2479 (1.113-5.524) 0.03
nucDNA > 602.6 copies/uL 1.063 (0.441-2.567) 0.89
Model 3
MtDNA > 11,194.3 copies/ul 2.533(1.123-5.715) 0.03
nucDNA >602.6 copies/uL 1.014(0.414-2.485) 0.98
Model 4
mMtDNA >11,194.3 copies/pL 2.513(1.081-5.843) 0.03
nucDNA >602.6 copies/uL 1411 (0.557-3.572) 047

Sensitivities and specificities in a stable state are for predicting 5-year mortality, while those at the time of the first AE are for predicting 6-month mortality. Hazard
ratios for a stable state were adjusted for age, sex, body mass index, and baseline FVC and D, CO. Hazard ratios for the time of AE were adjusted for age and sex, and
partial pressure of arterial oxygen/fraction of inspiratory oxygen (Model 1), body mass index (Model 2), C-reactive protein (Model 3), or baseline FVC and D,CO (Model
4). BALF Bronchoalveolar lavage fluid, mtDNA Mitochondrial DNA, nucDNA Nucleolar DNA, 95%Cl 95% confidence interval, BAL Bronchoalveolar lavage, AE acute
exacerbation, FVC Forced vital capacity, D,CO Diffusing capacity of lung for carbon monoxide

survival, even in the early stages of the disease with pre-
served lung function.

In this study, BALF-mtDNA levels in a stable state
were correlated with the severity of lung function impair-
ment (reduced D;CO and PaO,/FiO,) as well as serum
KL-6, which has been reported to reflect the extent of
lung involvement in IPF. Similar correlations were also
observed with BALF-nucDNA. The increases in both
BALF-mtDNA and BALF-nucDNA may reflect the
increased apoptosis in the lungs. Meanwhile, it is worth
noting that, unlike BALF-nucDNA, BALF-mtDNA lev-
els were significantly decreased in smokers compared to
non-smokers. A previous study has revealed increased
mtDNA damage and deletion, as well as decreased
mtDNA in macrophages in BALF from smokers com-
pared with that from non-smokers [30]. While a number
of other studies have demonstrated increased mtDNA
levels in blood [18] or cells exposed to cigarette smoke
[31, 32], the alteration of extracellular mtDNA lev-
els in BALF has not been extensively studied. Although
further studies investigating the effect of smoking on
BALF-mtDNA are warranted, our data suggest that the
increased BALF-mtDNA observed in IPF patients may
reflect the pathological mechanisms correlated with dis-
ease severity and progression, rather than non-specific
oxidative stress increased in the lungs of smokers.

ddPCR is a highly sensitive gene detection method
increasingly used in medical and basic research.

Moreover, this novel method has the great advantage of
simplifying the sample preparation steps by using crude
samples. It has been applied to measure various biomark-
ers in BALF and bronchial washing fluid, such as lung
microbiota [33-36] and pathogenic gene mutations in
lung cancer [37]. However, ddPCR has not been used to
detect biomarkers of pulmonary fibrosis, and no previous
study has evaluated mtDNA levels in BALF using ddPCR.
We believe that the preciseness and result reproducibility
of ddPCR strengthen the robustness of our findings, and
the convenience supports its future application to both
clinical practice and basic research.

Some limitations of this study should be acknowl-
edged. First, it is a retrospective study with a limited
number of included cases conducted in a single centre
without a validation cohort. Therefore, further research
is needed to confirm the results. Second, our stable
IPF cohort included mainly mild cases, so it is unclear
whether our findings can be applied to more severe
cases. However, our study suggests that BALF-mtDNA
may be prognostic at least in mild cases. Third, due to
the invasiveness of BAL and limited diagnostic infor-
mation which can be obtained from it, it is not rou-
tinely recommended for evaluating IPF/AE-IPF. While
measuring mtDNA may extend the usefulness of BAL,
a less invasive procedure for obtaining samples reflect-
ing information in the alveolar lining fluid is expected
and would further enhance the clinical value of mtDNA
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as a prognostic biomarker. Fourth, due to the lack of
information regarding comorbidities, this report could
not provide any information regarding the correlation
between patients’ comorbidities and BALF-mtDNA
levels. Fifth, due to the ethical limitation related with
the invasiveness of BAL procedure, we could not obtain
BALF samples from healthy controls. This made inter-
pretation of our findings challenging. Lastly, the lim-
ited number of patients who provided serum samples
may have led to an underestimation of the prognostic
impact of serum mtDNA at the time of AE. Further
study is needed to reach a conclusion.

Conclusions

Elevated BALF-mtDNA levels were associated with
inflammation or disordered pulmonary function in
a stable state, and with an elevated neutrophil ratio
in BALF at the time of AE. They were also associated
with shorter survival in both stable IPF and at the time
of AE. Notably, higher BALF-mtDNA levels may help
distinguish non-survivors from survivors in AE-IPF.
Given the trends shown by analyses for serum-mtDNA
and BALF-nucDNA, the elevation of BALF-mtDNA
might reflect different underlying aetiology reflected by
serum-mtDNA and might not simply reflect the impact
of cell collapse. Further research is required to explore
the underlying mechanisms and clinical applications of
BALF-mtDNA in IPF.

Abbreviations

AE Acute exacerbation

AUC Area under the curve

BAL Bronchoalveolar lavage

BALF Bronchoalveolar lavage fluid

BMI Body mass index

CRP C-reactive protein

DAMPs Danger-associated molecular pattern molecules
ddPCR Droplet digital polymerase chain reaction

D.CO Diffusing capacity of the lung for carbon monoxide
FiO, Fraction of inspiratory oxygen

FVC Forced vital capacity

IPF Idiopathic pulmonary fibrosis

LDH Lactate dehydrogenase

MST Median survival time

mtDNA Mitochondrial deoxyribonucleic acid

nucDNA  Nucleolar deoxyribonucleic acid

Pao, Partial pressure of arterial oxygen

PCR Polymerase chain reaction

ROC Receiver operating characteristic

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512931-024-02828-9.

Additional file 1. Additional methods regarding processing of BALF and
blood, and ddPCR, additional results regarding optimisation of ddPCR
protocol and correlation between serum-mtDNA and survival from AE-IPF,
and Figure ST and S2.

Page 9 of 10

Acknowledgements

The authors wish to acknowledge Ms. Moeko Marui and Mr. Tomoyasu Ito
from the Division for Medical Research Engineering, Nagoya University Gradu-
ate School of Medicine, for technical support in digital droplet PCR analysis.

Authors’ contributions

KS takes responsibility for the content of the manuscript, including the data
and analysis; JF was a major contributor in writing the manuscript with assis-
tance from KS. JF and KS designed the study, performed laboratory experi-
ments, and had full access to all the data in the study with technical assistance
from YI. JF, TF and RT collected clinical data from clinical charts. JF, KS, Y1, TF and
KK collected and managed clinical samples; JF was a major contributor in writ-
ing the manuscript with assistance from TF. KK, YK, NH and MI contributed to
the editing of the manuscript; all authors read and approved the final version
of the manuscript.

Funding

This work was supported by Grant-in-Aid for Scientific Research (18K15948,
21K08202) and the Hori Sciences and Arts Foundation to K. Sakamoto, and
JST-CREST (Core Research for Evolutional Science and Technology; JPM-
JCR17H3) to N. Hashimoto and K. Sakamoto.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study was approved by the Institutional Review Board of Tosei General
Hospital (Seto, Aichi, Japan; Review Board No. 658).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Respiratory Medicine and Allergy, Tosei General Hospital, Seto,
Aichi, Japan. ?Department of Respiratory Medicine, Nagoya University Gradu-
ate School of Medicine, 65 Tsurumai-Cho, Showa-Ku, Nagoya, Aichi, Japan.
*Medical IT Center, Nagoya University Hospital, Nagoya, Aichi, Japan. “Depart-
ment of Respiratory Medicine, Fujita Health University School of Medicine,
Toyoake, Aichi, Japan.

Received: 1 February 2024 Accepted: 30 April 2024
Published online: 10 May 2024

References

1. Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, et al. An
official ATS/ERS/JRS/ALAT statement: idiopathic pulmonary fibrosis:
evidence-based guidelines for diagnosis and management. Am J Respir
Crit Care Med. 2011;183(6):788-824.

2. Collard HR, Ryerson CJ, Corte TJ, Jenkins G, Kondoh Y, Lederer DJ, et al.
Acute Exacerbation of Idiopathic Pulmonary Fibrosis. An International
Working Group Report. Am J Respir Crit Care Med. 2016;194(3):265-75.

3. RyuG, SunH, Gulati M, Herazo-Maya JD, Chen Y, Osafo-Addo A, et al.
Extracellular Mitochondrial DNA Is Generated by Fibroblasts and Predicts
Death in Idiopathic Pulmonary Fibrosis. Am J Respir Crit Care Med.
2017;196(12):1571-81.

4. Bueno M, Zank D, Buendia-Roldéan |, Fiedler K, Mays BG, Alvarez D, et al.
PINK1 attenuates mtDNA release in alveolar epithelial cells and TLR9
mediated profibrotic responses. PLoS ONE. 2019;14(6):e0218003.

5. Yoon HY, Choi K, Kim M, Kim HS, Song JW. Blood mitochondrial DNA as
a biomarker of clinical outcomes in idiopathic pulmonary fibrosis. Eur
Respir J. 2020;56(5):2001769.


https://doi.org/10.1186/s12931-024-02828-9
https://doi.org/10.1186/s12931-024-02828-9

Fukihara et al. Respiratory Research

20.

21

22.

23.

24.

25.

26.

27.

28.

(2024) 25:202

Sakamoto K, Furukawa T, Yamano Y, Kataoka K, Teramachi R, Walia A,

et al. Serum mitochondrial DNA predicts the risk of acute exacerba-

tion and progression of idiopathic pulmonary fibrosis. Eur Respir J.
2021;57(1):2001346.

LiangY, Fan S, Jiang Y, Ji T, Chen R, Xu Q, et al. Elevated serum mitochon-
drial DNA levels were associated with the progression and mortality in
idiopathic pulmonary fibrosis. Int Immunopharmacol. 2023;123:110754.
Hindson BJ, Ness KD, Masquelier DA, Belgrader P, Heredia NJ, Makarewicz
AJ, et al. High-throughput droplet digital PCR system for absolute quanti-
tation of DNA copy number. Anal Chem. 2011;83(22):8604-10.

Kuypers J, Jerome KR. Applications of Digital PCR for Clinical Microbiol-
ogy. J Clin Microbiol. 2017;55(6):1621-8.

Vasudevan HN, Xu P, Servellita V, Miller S, Liu L, Gopez A, et al. Digital
droplet PCR accurately quantifies SARS-CoV-2 viral load from crude lysate
without nucleic acid purification. Sci Rep. 2021;11(1):780.

Raghu G, Remy-Jardin M, Myers JL, Richeldi L, Ryerson CJ, Lederer DJ, et al.

Diagnosis of Idiopathic Pulmonary Fibrosis. An Official ATS/ERS/JRS/ALAT

Clinical Practice Guideline. Am J Respir Crit Care Med. 2018;198(5):e44-68.

Fukihara J, Taniguchi H, Ando M, Kondoh Y, Kimura T, Kataoka K, et al.
Hemosiderin-laden macrophages are an independent factor correlated
with pulmonary vascular resistance in idiopathic pulmonary fibrosis: a
case control study. BMC Pulm Med. 2017;17(1):30.

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A
Practical and Powerful Approach to Multiple Testing. J R Statst Soc B.
1995,57(1):289-300.

Song JW, Hong SB, Lim CM, Koh'Y, Kim DS. Acute exacerbation of idi-
opathic pulmonary fibrosis: incidence, risk factors and outcome. Eur
Respir J. 2011;37(2):356-63.

Kono M, Miyashita K, Hirama R, Oshima Y, Takeda K, Mochizuka Y, et al.
Prognostic significance of bronchoalveolar lavage cellular analysis in
patients with acute exacerbation of interstitial lung disease. Respir Med.
2021;186:106534.

Zhang Q, Raoof M, Chen'Y, Sumi, Sursal T, Junger W, et al. Circulating
mitochondrial DAMPs cause inflammatory responses to injury. Nature.
2010;464(7285):104-7.

Pérez-Trevifio P, Veldsquez M, Garcia N. Mechanisms of mitochondrial
DNA escape and its relationship with different metabolic diseases. Bio-
chim Biophys Acta Mol Basis Dis. 2020;1866(6):165761.

Giordano L, Gregory AD, Pérez Verdaguer M, Ware SA, Harvey H, DeVal-
lance E, et al. Extracellular release of mitochondrial DNA: triggered by
cigarette smoke and detected in COPD. Cells. 2022;11(3):369.

Costa TJ, Potje SR, Fraga-Silva TFC, da Silva-Neto JA, Barros PR, Rodrigues
D, et al. Mitochondrial DNA and TLR9 activation contribute to SARS-CoV-
2-induced endothelial cell damage. Vascul Pharmacol. 2022;142:106946.
Kondoh'Y, Taniguchi H, Katsuta T, Kataoka K, Kimura T, Nishiyama O,

et al. Risk factors of acute exacerbation of idiopathic pulmonary fibrosis.
Sarcoidosis Vasc Diffuse Lung Dis. 2010;27(2):103-10.

Ohshimo S, Ishikawa N, Horimasu Y, Hattori N, Hirohashi N, Tanigawa K,
et al. Baseline KL-6 predicts increased risk for acute exacerbation of idi-
opathic pulmonary fibrosis. Respir Med. 2014;108(7):1031-9.

Arai T, Kagawa T, Sasaki Y, Sugawara R, Sugimoto C, Tachibana K, et al. Het-
erogeneity of incidence and outcome of acute exacerbation in idiopathic
interstitial pneumonia. Respirology. 2016;21(8):1431-7.

Mura M, Porretta MA, Bargagli E, Sergiacomi G, Zompatori M, Sverzellati
N, et al. Predicting survival in newly diagnosed idiopathic pulmonary
fibrosis: a 3-year prospective study. Eur Respir J. 2012;40(1):101-9.
Kishaba T, Tamaki H, Shimaoka Y, Fukuyama H, Yamashiro S. Staging of
acute exacerbation in patients with idiopathic pulmonary fibrosis. Lung.
2014;192(1):141-9.

Simon-Blancal V, Freynet O, Nunes H, Bouvry D, Naggara N, Brillet PY,

et al. Acute exacerbation of idiopathic pulmonary fibrosis: outcome and
prognostic factors. Respiration. 2012;83(1):28-35.

Suzuki A, Kondoh Y, Brown KK, Johkoh T, Kataoka K, Fukuoka J, et al.
Acute exacerbations of fibrotic interstitial lung diseases. Respirology.
2020;25(5):525-34.

Ley B, Ryerson CJ, Vittinghoff E, Ryu JH, Tomassetti S, Lee JS, et al. A multi-
dimensional index and staging system for idiopathic pulmonary fibrosis.
Ann Intern Med. 2012;156(10):684-91.

McCormack FX, King TE, Bucher BL, Nielsen L, Mason RJ. Surfactant pro-
tein A predicts survival in idiopathic pulmonary fibrosis. Am J Respir Crit
Care Med. 1995;152(2):751-9.

29.

30.

31

32.

33

34.

35.

36.

37.

Page 10 of 10

Kinder BW, Brown KK, Schwarz M, Ix JH, Kervitsky A, King TE. Baseline BAL
neutrophilia predicts early mortality in idiopathic pulmonary fibrosis.
Chest. 2008;133(1):226-32.

Ballinger SW, Bouder TG, Davis GS, Judice SA, Nicklas JA, Albertini RJ.
Mitochondrial genome damage associated with cigarette smoking.
Cancer Res. 1996,56(24):5692-7.

Masayesva BG, Mambo E, Taylor RJ, Goloubeva OG, Zhou S, Cohen Y, et al.
Mitochondrial DNA content increase in response to cigarette smoking.
Cancer Epidemiol Biomarkers Prev. 2006;15(1):19-24.

Mori KM, McElroy JP, Weng DY, Chung S, Fadda P, Reisinger SA, et al.

Lung mitochondrial DNA copy number, inflammatory biomarkers, gene
transcription and gene methylation in vapers and smokers. EBioMedicine.
2022;85:104301.

Dickson RP, Schultz MJ, van der Poll T, Schouten LR, Falkowski NR, Luth JE,
et al. Lung Microbiota Predict Clinical Outcomes in Critically Il Patients.
Am J Respir Crit Care Med. 2020;201(5):555-63.

Combs MP, Wheeler DS, Luth JE, Falkowski NR, Walker NM, Erb-Downward
JR, et al. Lung microbiota predict chronic rejection in healthy lung
transplant recipients: a prospective cohort study. Lancet Respir Med.
2021,9(6):601-12.

Baker JM, Hinkle KJ, McDonald RA, Brown CA, Falkowski NR, Huffnagle GB,
et al. Whole lung tissue is the preferred sampling method for ampli-
con-based characterization of murine lung microbiota. Microbiome.
2021;9(1):99.

Jitmuang A, Nititammaluk A, Boonsong T, Sarasombath PT, Sompradeekul
S, Chayakulkeeree M. A novel droplet digital polymerase chain reaction
for diagnosis of Pneumocystis pneumonia (PCP)-a clinical performance
study and survey of sulfamethoxazole-trimethoprim resistant mutations.
JInfect. 2021;83(6):701-8.

Lee SH, Kim EY, Kim T, Chang YS. Compared to plasma, bronchial washing
fluid shows higher diagnostic yields for detecting EGFR-TKI sensitizing
mutations by ddPCR in lung cancer. Respir Res. 2020;21(1):142.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Mitochondrial DNA in bronchoalveolar lavage fluid is associated with the prognosis of idiopathic pulmonary fibrosis: a single cohort study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study population and data collection
	Sample collection
	Statistical analysis

	Results
	Factors correlated with BALF-mtDNA and BALF-nucDNA
	BALF-mtDNA and survival of IPF
	BALF-mtDNA and survival from AE-IPF

	Discussion
	Conclusions
	Acknowledgements
	References


