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Circulating Mitochondrial DNA as a Mechanism-based, Prognostic
Biomarker for Idiopathic Pulmonary Fibrosis

Pulmonary fibrosis (PF) is a chronic, incurable interstitial lung
disease characterized by irreversible destruction of lung
architecture and abnormal wound healing, leading to disruption
of gas exchange and death from respiratory failure. PF is either
idiopathic (1) or arises from exposure to environmental toxins,
such as fibers or asbestos. Idiopathic PF (IPF), which has a median
mortality rate of 2-3 years after diagnosis, is characterized by
radiographic or histologic findings of usual interstitial pneumonia
in the absence of identifiable causes. IPF is pathologically
characterized by the aberrant deposition of extracellular matrix as a
result of repetitive injury to the alveolar epithelium, along with
the accumulation of a-smooth muscle actin (aSMA)-expressing
myofibroblasts. Soluble mediators released from epithelial

cells, such as transforming growth factor (TGF)-B1, and
mechanical influences, such as local tissue stiffness, are thought
to activate fibroblast proliferation, leading to the presence of
abundant foci, consisting of highly activated fibroblasts and
myofibroblasts that are enriched for aerobic glycolysis and innate
immune receptor activation (2, 3).

Although IPF is presumed to be an epithelial-driven disease,
it also displays elements of a pathologic innate and adaptive immune
response, including dysregulated macrophage, T, and B cell
responses. The inflammatory pathways involved in the pathogenesis
of IPF are not entirely understood, but the notion that endogenous
damage-associated molecular patterns (DAMPs) released from
epithelial cells, myofibroblasts, or innate immune cells, may
amplify and exacerbate fibrosis is now being appreciated. Classically,
it is thought that pathogen recognition receptors (PRRs) present on
resident lung leukocytes recognize DAMPs and respond through
the initiation of inflammatory cascades and the secretion of
cytokines and other signaling molecules. During normal
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homeostasis, DAMP-associated inflammation allows the host to
clear cellular debris, resolve inflammation, and repair tissue (4).
However, in the context of IPF, the production and response
to such DAMPs is dysregulated, and is thought to drive the
unrelenting tissue remodeling response, in the absence of an overt
infection (4). A number of DAMPs and danger receptors appear to
contribute to the pathogenesis of lung fibrosis, including uric
acid and ATP (4); however, until now, the concept that normal
human lung fibroblasts (NHLFs) when damaged may act as the
source, as well as the main recipient or responder to these DAMPs is
particularly novel. In this issue of the Journal, Ryu and colleagues
(pp. 1571-1581) propose that CpG-rich mitochondrial DNA (mtDNA),
a DAMP previously associated with increased inflammation and
mortality in other clinical settings (5, 6), may act as a driver of the
proliferative myofibroblast phenotype in patients with IPF (7).
Specifically, the authors elegantly demonstrate that both TGF-
B1 and direct contact with stiff surfaces (biomechanical model
to mimic the IPF lung microenvironment) induce mtDNA release
by NHLFs. In a similar manner, fibroblasts derived from patients
with IPF spontaneously release mtDNA. The authors propose
that such release of mtDNA associates with a metabolic shift of
NHLFs to aerobic glycolysis. Using Seahorse technology, which
provides information on mitochondrial metabolic function through
real-time measurements of oxygen consumption rate (OCR; a
marker of oxidative phosphorylation) and extracellular acidification
rate (a surrogate for glycolysis), the authors demonstrate that
NHLFs, as well as human IPF cells, have a higher extracellular
acidification rate at baseline and relative to OCR, suggestive of more
aerobic glycolysis. Such a decrease in mitochondrial-dependent OCR
may occur as a result of lower mitochondrial numbers in the NHLFs;
consistently, NHLFs stimulated with TGF-B1 (or by contact with
stiff surfaces) displayed reduced mitochondrial mass. Interestingly,
both NHLFs and their mitochondria appeared healthy, with normal
mitochondrial membrane potentials and normal cell viability,
suggesting that mtDNA release may occur via an active release
mechanism, and not as a result of cell death. Although the link
between mtDNA release and mechanotransduction is a particularly
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Figure 1. Glycolytically reprogrammed idiopathic pulmonary fibrosis (IPF) fibroblasts drive a microenvironment that is enriched for mitochondrial DNA
(mtDNA). Transforming growth factor (TGF)-B1 and direct contact with stiff surfaces (biomechanical model to mimic the IPF lung microenvironment) induce
mtDNA release by normal human lung fibroblasts (NHLFs). Such a release of mtDNA is associated with a shift in metabolism of an NHLF from oxidative
phosphorylation (mitochondrial dependent) to glycolysis. DAMP = damage-associated molecular pattern.

novel aspect of this study, what is most interesting about this study is
that, when the authors stimulated NHLFs with isolated extracellular
mtDNA from a parallel fibroblast culture, the mtDNA augmented
aSMA expression in otherwise normal lung fibroblasts. This
finding suggests that mtDNA may promote highly proliferative
myofibroblasts in some sort of a paracrine autofeedback loop.

The authors therefore hypothesize that the aSMA-expressing,
glycolytically reprogrammed phenotype of IPF fibroblasts drives
a microenvironment that is enriched for mtDNA (Figure 1). To
support this hypothesis, the authors proceeded to measure
mtDNA in the bronchoalveolar lavage fluid of patients with IPF.
Importantly they are able to show that mtDNA is increased in the
bronchoalveolar lavage fluid of subjects with IPF when compared
with control subjects. Subsequently, they demonstrate that
extracellular mtDNA levels increase in the plasma of patients
with IPF, where mtDNA levels strikingly associate with disease
progression and reduced event-free survival in two independent
cohorts. Finally, the authors show that circulating plasma
mtDNA concentrations are reduced in patients who respond to
pirfenidone, suggesting that mtDNA measurements may have
prognostic use for responses to new therapies.

Although this is an elegant, well-designed study with high
translational relevance, demonstrating clinical prognostic
applicability for human IPF, these findings bring up a number of
thought-provoking questions related to mitochondrial biology
and disease pathogenesis in the lung. While it is well known that
TGF-B1 critically regulates the alterations in mitochondrial
function and bioenergetics that are required to fuel these activated
fibroblasts, little is known about how metabolic rearrangements
trigger mtDNA release. Are defects in the somatic sequence of
mtDNA, an observation noted by Gazdhar and colleagues (8) in
a scleroderma model of lung fibrosis, responsible for this altered
metabolism and, in turn, release of mtDNA? Other questions
include: how does mtDNA escape from the cell in this apparently
active process? Is mtDNA being secreted in vesicular form, or
are mitochondria themselves being released from damaged cells
and acting in some sort of adaptive transfer mechanism with a

Editorials

recipient cell? Are other mitochondrial DAMPS also released in
a similar manner in IPF? Putative mechanisms regulating mtDNA
release may involve processes such as mitophagy, the selective
removal of damaged or dysfunctional mitochondria by autophagy,
of which a loss of this process (which would, in turn, lead to more
extracellular mtDNA) has been associated with enhanced
myofibroblast differentiation and profibrotic signaling pathways in
IPF (9, 10); mitochondrial sirtuins, class III histone deacetylases
that control the transformation of fibroblasts into myofibroblasts
via suppression of TGF-B1 signaling (11), and regulators of
mitochondrial dynamics and biogenesis (11, 12). Finally the exact
cellular source of mtDNA in human IPF remains to be firmly
solidified—do other cells that have been documented to have
abnormal mitochondria, such as the epithelial cell (1, 9, 11, 13),
also release this danger signal? The authors also speculate on the
downstream effects of such mtDNA release, including the direct
activation of macrophages or the role of mtDNA in the formation
of neutrophil extracellular traps (14). Despite these unanswered
questions, this is a solid study that provides supportive evidence to
explore the use of circulating mtDNA as a mechanism-based,
prognostic biomarker of IPF. This study also significantly
contributes to our understanding of the role of mitochondrial
dynamics and signaling in lung biology and disease.
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Nasopharyngeal Microbiota: Gatekeepers or Fortune Tellers of
Susceptibility to Respiratory Tract Infections?

Investigation of the upper respiratory microbiome has drawn increasing,
intense interest for several reasons. First, the nasal passages are
constantly exposed to the external environment and are the first
interface with the respiratory mucosa for many inhaled compounds,
particulate matter, allergens, and microbes. Second, the nasopharyngeal
(NP) space is relatively accessible for sampling the respiratory tract,
allowing for study of larger numbers of subjects by less invasive methods.
Third, upper respiratory infections are important clinical events that not
only confer significant morbidity but also can affect lung development
and increase the risk for asthma in childhood (1). The nasopharynx thus
can be viewed as a gatekeeper of respiratory health. However, the
extent to which NP microbiota contribute to this gatekeeper role, and
the mechanisms by which this may occur, remain unclear.

Recent studies in infants and children have reported important
associations between the composition of NP bacterial microbiota and
upper respiratory infection outcomes, and in some cases, associations
with risk for recurrent wheeze or childhood asthma (2-6). Such studies
leveraging sensitive techniques such as 16S ribosomal RNA (rRNA)
gene sequencing to identify bacterial communities are representative
of the advancement in microbiome investigation from simple
characterization studies to a priori hypothesis testing of
microbiome-disease—phenotype associations. However, a number of
issues still hamper studies of the respiratory microbiome in general.
One is the interindividual heterogeneity in airway microbiota
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composition, both in health and disease, particularly when viewed at
finer levels of taxonomic detail (i.e., genus or species level) (6, 7). This
means larger subject numbers may be required to reveal microbiome-
related differences between groups of interest, and obtaining sufficient
samples especially from the lower airways can be a challenge. Second,
the stability of the respiratory microbiome remains unclear but is
important to establish to interpret associations with disease outcomes;
cross-sectional analyses represent the majority of evidence to date,
with few exceptions (7-10). Recent studies of the pediatric NP
microbiome have begun to prospectively address such issues,

as exemplified in the study reported by Bosch and colleagues

(pp. 1582-1590) in this issue of the Journal (11).

This study reports findings from analyses of the NP bacterial
microbiota sampled by swabs from 112 healthy infants in a prospective
Dutch birth cohort. A primary goal was to examine trajectories of NP
bacterial microbiota development in the first of life that are associated
with frequency of respiratory tract infections (RTIs; 0-2, 3-4, or 5-7
RTIs). Frequent sampling was performed by trained professionals in
which term infants had NP swabs collected shortly after birth and at
days 1, 7, and 14, and then monthly up to 4 months and at 6, 9, and
12 months. NP swabs were also collected at the time of symptomatic
RTIs (home visits), defined by the presence of both fever and
respiratory symptoms. A total of 1,121 samples were analyzed by 16S
rRNA gene sequencing and a multitude of statistical and data
visualization techniques. As previously reported from a subset of this
cohort, differences in NP bacterial composition were independently
associated with mode of delivery and infant feeding (12, 13). Because
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