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Abstract pathogenesis are caused by a novel paracrine effect of IPF fibroblasts
via microRNA-containing EVs.

Aberrant epithelial-mesenchymal interactions have critical roles in

regulating fibrosis development. The involvement of extracellular ~ Keywords: exosome; fibroblast; epithelial cell; cellular senescence;

vesicles (EVs), including exosomes, remains to be elucidated in the  mitochondrial damage

pathogenesis of idiopathic pulmonary fibrosis (IPF). Here, we

found that lung fibroblasts (LFs) from patients with IPF induce

cellular senescence via EV-mediated transfer of pathogenic cargo Clinical Relevance

to lung epithelial cells. Mechanistically, IPF LF-derived EVs

increased mitochondrial reactive oxygen species and associated Lung epithelial cell senescence is crucial for the initiation and
mitochondrial damage in lung epithelial cells, leading to activation | progression of fibrosis in idiopathic pulmonary fibrosis.
of the DNA damage response and subsequent epithelial-cell Currently, the exact mechanisms remain unknown. This study
senescence. We showed that IPF LF-derived EV's contain elevated reveals that lung fibroblast-derived extracellular vesicles

levels of microRNA-23b-3p (miR-23b-3p) and miR-494-3p, which induce epithelial-cell mitochondrial damage and senescence
suppress SIRT3, resulting in the epithelial EV-induced phenotypic during the development of fibrosis. Our findings suggest that

changes. Furthermore, the levels of miR-23b-3p and miR-494-3p lung fibroblast-derived extracellular vesicles act as a novel
found in IPF LF-derived EVs correlated positively with IPF disease | paracrine mediator in the pathogenesis of idiopathic
severity. These findings reveal that the accelerated epithelial-cell pulmonary fibrosis.

mitochondrial damage and senescence observed during IPF

Idiopathic pulmonary fibrosis (IPF) is a (1). It is noteworthy that the incidence and  aging, is a part of the stress response that
chronic, progressive, irreversible, and fatal prevalence of IPF increase significantly with ~ characterizes IPF. Damaged cells experience
interstitial lung disease with a median survival ~age (1). Indeed, increased epithelial-cell irreversible growth arrest and develop a

of only 3-5 years from the time of diagnosis  senescence, which is a prominent feature of ~ complex senescence-associated secretory
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phenotype (SASP) (2). Recent advances
indicate a mechanistic link between IPF
pathogenesis and the accumulation of
senescent epithelial cells (3-6). However, the
exact mechanisms responsible for accelerated
cellular senescence in IPF remain unknown.
Lung epithelial cells adjacent to
myofibroblasts in fibroblastic foci are the
leading edge of fibrotic development (7), and
they exhibit cellular senescence, together
with abnormal morphology and gene-
expression patterns (3, 8, 9). Accumulating
evidence shows that senescent epithelial cells
produce a variety of growth factors,
cytokines, and proteinases that provoke the
migration, proliferation, and activation of
fibroblasts. This represents one underlying
mechanism for the aberrant
epithelial-mesenchymal interactions that
characterize IPF pathogenesis (3, 7, 10).
Lung fibroblasts (LFs) derived from IPF
tissue also exhibit distinct alterations in
gene-expression profiles (11-13) and are
known to produce factors that affect not
only the fibroblast phenotype but also
epithelial-cell proliferation and apoptosis
(14-16). However, the importance of
aberrant fibroblast-epithelial cross-talk in
regulating IPF-related lung epithelial-cell
senescence remains largely unknown.
Extracellular vesicles (EVs), including
exosomes and microvesicles, are increasingly
recognized as regulatory mediators of
intercellular communication via the transfer
of their bioactive molecular cargos such as
microRNAs (miRNAs) (17, 18). MiRNAs are
small endogenous noncoding RNAs that
regulate genes at the transcriptional and
posttranscriptional levels by binding to the
3'-untranslated regions (UTRs) of target
mRNAs. In the lung, EV-associated miRNAs
participate in normal tissue homeostasis as
well as in a variety of lung pathologies (19).
Notably, EVs derived from fibroblasts have
been shown to play pathogenic roles in the

microenvironment (20, 21). Thus, it is
conceivable that in IPF pathogenesis,
EV-associated miRNAs derived

from fibroblasts might mediate aberrant
fibroblast—epithelial cell cross-talk that leads
to epithelial-cell senescence. Here, we use
clinical samples to investigate whether IPF
LF-derived EVs transfer key miRNA species
to lung epithelial cells to contribute to IPF-
related phenotypic alterations in epithelial
cells, including accelerated cellular
senescence.

Methods

For a detailed description of the METHODS
used in this work, see the data supplement.

Cell Culture and Clinical Samples

All human lung tissues were obtained from
pneumonectomy or lobectomy specimens

at The Jikei University Hospital and
Toranomon Hospital. LFs and human
bronchial epithelial cells (HBECs) were
isolated and characterized from explant
cultures in the same way as previously
described (22). Briefly, fibroblasts outgrown
from lung fragments were cultured in
Dulbecco’s modified Eagle’s medium (11965-
092; Gibco Life Technologies) with a 10%
FBS (26140-079; Gibco Life Technologies)
and a 1% antibiotic-antimycotic solution
(AA; Invitrogen) at 37°C in 5% CO,. LFs
were serially passaged when the cells had
reached ~80-100% confluence and were
actively proliferating, and these cells were
used for experiments until passage 6. HBECs
were isolated using protease treatment from
normal airways from first- through fourth-
order bronchi or were purchased from
Lonza. Freshly isolated HBECs were plated
onto Rat Tail and collagen type I-coated
dishes in bronchial epithelial growth medium
(Lonza). HBECs were used until passage 4.

Table 1. Patient Characteristics (for Lung Fibroblasts)

Non-IPF (n=26)
Age, yr 67.5+8.2
Males, % of group 61.5
Sl, pack-years 16.7 = 33.1
%VC 108.3 +14.2
FEV4/FVC (%) 77.8+10.74

IPF (n =20) P Value
71.4+6.0 NS
80.0 NS

66.8 = 65.8 0.0016
90.63 +15.8 <0.001
74.3 +10.41 NS

Definition of abbreviations: FEV, =forced expiratory volume in 1 second; FVC = forced vital capacity;
IPF =idiopathic pulmonary disease; NS =no significance; Sl=smoking index; VC = vital capacity.

Values are mean = SD.
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Human small-airway epithelial cells

were isolated from the distal portion

of the lung tissue. A piece of lung tissue
was mechanically minced and dissociated
with enzymes according to the Lung
Dissociation Kit protocol (130-095-927;
Miltenyi Biotec). A Miltenyi Biotec gentle
MACS dissociator was used for mincing and
incubation for 42 minutes at 37°C. Cells were
washed and passed over 70-uM and 40-uM
filters, and red blood cells were lysed with
red-blood-cell lysis buffer (42574000;
Miltenyi Biotec). After a cell suspension was
obtained, cells were cultured in small-airway
epithelial-cell growth medium (basal
medium plus growth supplements, CC-3118;
Lonza) and a 1% AA at 37°C in 5% CO,.
Human embryonic kidney 293 (HEK293)
cell was cultured in Dulbecco’s modified
Eagle’s medium with 10% FBS supplemented
with a 1% AA at 37°C in 5% CO,. Non-IPF
participants had no history of pulmonary
fibrosis, chronic obstructive pulmonary
disease, or any other inflammatory diseases.
The diagnosis of IPF was based on an
international consensus statement by the
American Thoracic Society and the
European Respiratory Society. All patients
had a usual interstitial pneumonia pattern on
high-resolution computed tomographic
images of the chest. Patients with alternative
explanations for interstitial lung disease, such
as connective-tissue disease—associated,
hypersensitivity pneumonitis, radiation
treatment, drug-induced disease, occupation-
associated disease, and sarcoidosis were
excluded. The relevant characteristics of
patients are summarized in Table 1 and
Table E1 (see the data supplement).

Results

Characterization of LF-derived EVs
from Patients with IPF

To investigate the role of LF-derived EVs in
IPF pathogenesis, primary LF cultures

were established from lung tissues taken from
20 patients with IPF and 26 individuals
without IPF (Table 1). To characterize

the IPF LFs, we evaluated the expression
levels of ACTA2, which is a representative
marker for myofibroblast differentiation.
Immunohistochemical examination of intact
lung tissue shows that «-SMA-positive LFs
are much more abundant in fibrotic lesions
in IPF lungs than in healthy lungs (see
Figure E1A in the data supplement).
Western blotting and quantitative real-time
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Figure 1. Extracellular vesicles (EVs) from idiopathic pulmonary fibrosis (IPF) lung fibroblasts (LFs) accelerate cellular senescence and mitochondrial
damage in human bronchial epithelial cells (HBECs). (A) Schematic protocol for the isolation of EVs and extraction of RNA and protein from IPF LFs
and non-IPF LFs. (B) EM of isolated EVs from IPF LFs and non-IPF LFs. Scale bars, 100 nm. (C) Comparison of the particle numbers of IPF LF-derived
EVs and non-IPF LF-derived EVs. The vertical axis in the graphs shows the number of EV particles/cells. Error bars represent the SEM. ***P < 0.0005.
(D) Comparison of the protein amounts in IPF LF-derived EVs and non-IPF LF-derived EVs. The vertical axis in the graphs shows the amount of EV protein
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PCR analyses of cultured LFs further
confirm that a-SMA expression levels are
increased in cultures of IPF LFs compared
with cultures of non-IPF LFs (Figures E1B
and E1C). Moreover, in IPF LFs, high
expression of p21 (CDKN1A) and p16
(CDKN2A) (senescence-associated cyclin-
dependent kinase inhibitors) was revealed
using Western blotting (Figure E1D), and
high expressions of p21 and SASP mRNAs
such as IL-6 and IL-1p were revealed using
quantitative real-time PCR (Figure EIE).
These results indicate that IPF LFs have
several distinct phenotypes, such as
myofibroblast and/or senescent LFs.

To characterize the production of EVs by
LFs, we used ultracentrifugation to isolate EV's
from serum-free culture media of both IPF
and non-IPF LFs (Figure 1A).
Cryotransmission EM revealed bilayer
membrane structures with a size range of
50-150 nm in both sets of EV isolates
(Figures 1B and E1F). The size distribution
of LF-derived EVs, as measured by
nanoparticle-tracking analysis, confirms a
size range between 50 and 150 nm with no
significant difference between IPF LFs and
non-IPF LFs (Figure E1G). Western blotting
analysis revealed the presence of the EV
marker proteins CD9, CD63, CD81, Hsc70,
and Caveolin-1 in both sets of LF-derived
EVs, whereas the mitochondrial protein
Tomm?20 and the actin cytoskeleton were
not enriched in the EVs (Figure E1H). These
data suggest that the EV populations isolated
from LF-conditioned media are mainly
composed of exosomes. In addition, we
found that the EV particle numbers of EVs
derived from IPF LFs were significantly
increased compared with the numbers of
those derived from non-IPF LFs (Figures 1C
and D and E1I).

IPF LF-derived EVs Evoke a DNA
Damage Response and Induce
Senescence in Human Lung Epithelial
Cells

Fibroblast-derived EVs are known to exert a
variety of pathological effects within their

microenvironments (20, 21, 23), suggesting a
paracrine role for IPF LF-derived EVs in
modulating an epithelial-cell phenotype.
We previously observed accelerated cellular
senescence in metaplastic epithelial cells
originating from bronchioles of IPF lungs
(3, 24), so we selected primary HBECs as
targets for assessing the effects of IPF
LF-derived EVs on cellular senescence.
Initially, we examined HBEC uptake of LF-
derived EVs labeled with the fluorescent
dye PKH67 (Figures E1]J and E1K).
Confocal microscopy revealed the uptake
of labeled LF-derived EVs by HBECs.

To elucidate the effect of IPF LF-derived
EVs on the epithelial-cell phenotype,

we compared the effects of incubating
HBECs with LF-derived EVs from patients
with IPF or from individuals without IPF.
Interestingly, treatment of HBECs with
IPF LF-derived EVs clearly induces
concentration-dependent epithelial-cell
senescence, as shown by p21 and p16
expression levels, which were higher

than those observed in cells treated

with control EVs (Figures 1E and E1L). In
addition, increased staining for SA-B-gal
(senescence-associated-P-galactosidase)
was observed in HBECs treated with IPF
LF-derived EVs (Figure 1F). The DNA
damage response (DDR) is a crucial
initiator of cellular senescence that is
initiated via activation of the p53/p21
and/or p16/pRb pathways (25). Induction
of the DDR in IPF LF-derived EV-treated
HBECs is demonstrated by the increased
number of y-H2AX (phospho-Histone
H2A X)-positive nuclei (Figures 1G and
E1M). Furthermore, we validated that IPF
LF-derived EVs induce cellular senescence
in primary human small-airway epithelial
cells, which are isolated from peripheral
airways in normal human lung tissue, as
shown by p21 and p16 expression levels
and staining for SA-B-gal (Figures EIN and
E10). Taken together, these results suggest
that IPF LF-derived EVs increase lung
epithelial-cell senescence by activating the
DDR.

IPF LF-derived EVs Induce
Mitochondrial Reactive-Oxygen-
Species Production and
Mitochondrial Damage in Lung
Epithelial Cells
To further elucidate the IPF LF-derived EV-
dependent mechanisms that underlie
accelerated senescence in HBECs, we
evaluated reactive-oxygen-species (ROS)
production in these cells. It is widely
recognized that increases in ROS, which are
mainly produced by mitochondria, are
involved in the induction of a persistent DDR
with concomitant cellular senescence
(25-28). Accordingly, we measured
intracellular ROS and mitochondrial ROS
(mtROS) production in HBECs in response
to EV treatment. HBECs incubated with IPF
LF-derived EVs exhibited increases in both
intracellular ROS production, as measured by
the 2’,7'-dichlorofluorescin diacetate
(DCFH-DA) assay (Figure 2A), and mtROS
production, as measured by MitoSOX Red
staining (Figure 2B). Notably, both N-
acetylcysteine (an efficient antioxidant that
reduces intracellular ROS) and Mito-TEMPO
(a specific antioxidant that reduces mtROS)
efficiently inhibited the increase in mtROS
production induced by IPF LF-derived EV's
(Figure E2A), DDR activation (Figure 2C),
and HBEC senescence (Figure 2D). These
results suggest the involvement of mtROS in
the mechanisms responsible for aberrant
activation of the DDR and induction of
HBEC senescence by IPF LF-derived EVs.
Because type II alveolar epithelial cells in
IPF lungs exhibit structural and functional
alterations in their mitochondria (29),
we reasoned that there might be a link
between elevated mtROS production and
mitochondrial damage in the epithelial-cell
response to IPF LF-derived EV treatment. In
tests of mitochondrial function, we found
that treatment of HBECs with IPF LF-
derived EVs significantly decreased
intracellular levels of ATP, the key product
of mitochondria, relative to the levels seen in
cells treated with non-IPF LF-derived EVs
(Figure 2E). To identify possible alterations

Figure 1. (Continued). (X 10%/cell. Error bars represent the SEM. ***P < 0.0005. (E) Western blot using anti-p21, anti-p16, and anti-B-actin antibodies of
cell lysates from HBECs incubated with non-IPF LF-derived EVs (10 wg/ml, n=6), IPF LF-derived EVs (10 wg/ml, n=7), or non-EV controls for 72 hours.
The right panel shows the average (=SEM) of relative expressions, which are taken from densitometric analysis of Western blotting. *P < 0.05 and
**P < 0.005. (F) Representative images of SA-B-gal (senescence-associated-B—galactosidase) staining in HBECs incubated with non-IPF LF—derived EVs
(10 pg/ml, n=6), IPF LF—derived EVs (10 pg/ml, n=8), or non-EV controls for 72 hours. The right panel shows the percentage (=SEM) of SA-B-gal-
positive cells. *P <0.05. Scale bars, 50 um. (G) Representative images of y-H2AX (phospho-Histone H2A.X) and Hoechst 33342 staining in HBECs
incubated with non-IPF LF—derived EVs (10 wg/ml, n=6), IPF LF—derived EVs (10 wg/ml, n=8), or non-EV controls for 48 hours. The right panel shows the
percentage of y-H2AX—positive cells. *P < 0.05. Scale bars, 20 pum. CM = conditioned medium.
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Figure 2. IPF LF—derived EVs regulate mitochondrial reactive oxygen species (MtROS) production and mitochondrial damage in HBECs. (A) Fluorescence
intensity of 2',7’-dichlorodihydrofluorescein diacetate (DCFH-DA) staining for intracellular ROS production. Incubation with DCFH-DA was started at 48 hours after
incubation of non-IPF LF—derived EVs (10 wg/ml, n=6), IPF LF—derived EVs (10 wg/ml, n=6), or non-EV controls in HBECs. **P < 0.005. (B) Representative
images of Hoechst 33342 and MitoSOX Red fluorescence staining in HBECs incubated with non-IPF LF—-derived EVs (10 wg/ml), IPF LF—derived EVs (10 p.g/ml),
or non-EV controls for 48 hours. Scale bars, 100 wm. (C) The percentage of y-H2AX—positive cells in control-treated, N-acetylcysteine (NAC; 2 mM)-treated, and
Mito-TEMPO (100 wM)-treated HBECs for 48 hours. Pretreatment was conducted with NAC and Mito-TEMPO for 1 hour before treatment of non-IPF LF—derived
EVs (10 wg/ml, n=6) or IPF LF-derived EVs (10 pg/ml, n=6). **P < 0.0005, Sidak multiple-comparison testing after one-way ANOVA. (D) Western blot using anti-
p21, anti-p16, and anti-B-actin in control-treated, NAC (2 mM)—treated, and Mito-TEMPO (100 wM)-treated HBECs for 72 hours. Pretreatment was conducted
with NAC and Mito-TEMPO for 1 hour before non-IPF LF—derived EVs (10 wg/ml) or IPF LF-derived EVs (10 wg/ml). (E) Intracellular ATP levels were determined
after incubation with non-IPF LF—derived EVs (10 pg/ml, n=6), IPF LF—derived EVs (10 pg/ml, n=12), or non-EV controls for 72 hours in HBECs. Data shown
represent the mean = SEM in each group. *P < 0.05. (F) Representative fluorescence microscopy images showing the cellular distribution of the mitochondria-
specific dye MitoTracker Red (magenta) and TOM20 (the mitochondrial import receptor subunit homolog; green). Relative MitoTracker Red staining intensity within
mitochondria was quantified using TOM20 to generate a mask of the mitochondrial area. HBECs were incubated with IPF LF—derived EVs (10 wg/ml), non-IPF
LF—derived EVs (10 wg/ml), or non-EV controls for 72 hours. Scale bars, 20 pm. Data shown represent the mean += SEM in each group. *P < 0.05.
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in the functional integrity of mitochondria,
we performed immunofluorescence staining
of EV-treated HBECs with anti-TOM

20 (to visualize the mitochondrial outer
membrane) and with MitoTracker Red (to
evaluate mitochondrial membrane potential)
(Figure 2F). IPF LF-derived EV treatment
decreased MitoTracker Red staining
intensity within the mitochondrial area,
indicating that IPF LF-derived EVs can
induce accumulation of dysfunctional
mitochondria in HBECs.

Differential miRNA Profiles in Non-IPF
and IPF LF-derived EVs

To explore in more detail the molecular
mechanisms by which IPF LF-derived EVs
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induce HBEC senescence via the mtROS-
mediated DDR pathway, we compared

the biomolecular cargo present in IPF
LF-derived EVs and non-IPF LF-derived
EVs. EVs are known to encapsulate
significant quantities of miRNAs that can
be transferred to and can function in
EV-targeted cells (17, 18). Importantly, we
found that LF-derived EVs contain an
abundance of small RNAs, including
miRNAs (Figure E4). Accordingly, the
expression profiles of miRNAs in non-IPF
and IPF LF-derived EVs were examined by
miRNA microarray analysis. For this
purpose, we pooled six of the individual IPF
LF-derived EV samples and six of the
individual non-IPF LF-derived EV samples

(Figure 3A). Among the differentially
expressed miRNAs, 27 upregulated
miRNAs from IPF LF-derived EVs were
selected for further validation (Figure 3B).
Quantitative real-time PCR evaluation

of the 27 miRNA candidates in all 46
individual EV samples (IPF, n=20; non-
IPF, n=26;) (Table 1) revealed that six
miRNAs (miR-19a-3p, miR-23b-3p, miR-
127-3p, miR-145-5p, miR-424-5p, and
miR-494-3p) were significantly upregulated
in IPF LF-derived EVs compared with non-
IPF LF-derived EVs (Figure 3C). There was
no significant difference in the expression
levels of cellular miR-19a-3p, miR-127-3p,
miR-424-5p and miR-494-3p between IPF
LFs and non-IPF LFs, implying that these
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Figure 3. MicroRNA (miRNA) profile in IPF LF-derived EVs and non-IPF LF—derived EVs. (A) An overview of the process for identification of upregulated
miRNAs in IPF LF—derived EVs compared with non-IPF LF-derived EVs. In the screening process, miRNAs in LF-derived EVs were analyzed from two
samples that were pooled from six individual IPF LF—derived EVs and six individual non-IPF LF-derived EV samples by miRNA microarray. Candidates’
miRNAs that were upregulated in IPF LF-derived EVs compared with non-IPF LF were selected on the basis of two filtering criteria (fold change > 1.4; the
named number of MiRNAs < 2,000). Among the EV-associated miRNAs, 27 were selected for further consideration by quantitative real-time PCR
validation. In the next process, six EV-associated miRNAs were validated using LF-derived EVs from patients with IPF (n = 26) and individuals without IPF
(n=20). (B) Microarray signal intensity of the 27 candidate miRNAs in IPF LF-derived and non-IPF LF-derived EVs. (C) Quantitative real-time PCR
validation of miRNAs in IPF LF-derived EVs (n=20) and non-IPF LF-derived EVs (n=26). Total RNA was used as an internal control. *P < 0.05 and
**P < 0.005. (D) Quantitative real-time PCR analysis of cellular miRNA expressions in HBECs incubated with IPF LF—derived EVs (10 wg/ml, n=6) or non-
IPF LF—derived EVs (10 wg/ml, n=6) for 24 hours. RNUBB was used as an internal control. *P < 0.05 and **P < 0.005. NS =no significance.
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Figure 4. Transfer of miR-23b-3p and miR-494-3p via IPF LF-derived EVs induces mitochondrial damage and senescence in HBECs. (A) Western blot
using anti-p21, anti-p16, and anti—B-actin antibodies in HBECs transfected with miR-23b-3p, miR-145-5p, miR-494-3p, or negative control (NC) for 72
hours. (B) The percentage (=SEM) of SA-B-gal-positive cells in HBECs transfected with miR-23b-3p mimic, miR-145-5p mimic, miR-494-3p mimic, or
NC for 72 hours. *P < 0.05. (C) The percentage of y-H2AX-positive cells in HBECs transfected with miR-23b-3p mimic, miR-145-5p mimic, miR-494-3p
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miRNAs are selectively encapsulated in IPF
LF-derived EVs (Figure E3B). To assess the
EV-mediated transfer of these six miRNAs
to HBECs, we evaluated miRNA expression
levels in HBEC:s after treatment with IPF
LF-derived EVs and non-IPF LFs. As
shown in Figure 3D, HBEC expression
levels of miR-19a-3p, miR-23b-3p, miR-
127-3p, miR-145-5p, and miR-494-3p were
significantly higher after treatment with IPF
LF-derived EVs than those after treatment
with non-IPF LF-derived EVs, indicating
the efficient transfer of these five miRNAs
into recipient HBECs (Figure 3D).

Transfer of miR-23b-3p and miR-
494-3p via IPF LF-derived EVs
Induces Mitochondrial Damage and
Senescence in Lung Epithelial Cells
To determine whether specific miRNAs
initiate mitochondrial damage, mtROS-
mediated activation of DDR, and cellular
senescence in lung epithelial cells, we
examined the direct effects of the five
validated miRNAs on HBEC biology.
Transfection of the five synthesized miRNA
mimics into HBECs revealed that miR-23b-
3p, miR-145-5p and miR-494-3p induced
p21 and pl6 expression (Figures 4A and
E4A), enhanced staining of SA-(-gal
(Figures 4B and E4B), and increased the
number of y-H2AX-positive foci (Figures
4C and E4C). These transfection
experiments also demonstrated the
involvement of miR-23b-3p, miR-145-5p
and miR-494-3p in mtROS production
and mitochondrial damage. HBECs
transfected with miR-23b-3p and miR-
494-3p exhibited significantly increased
production of intracellular ROS and mtROS
production (Figures 4D and 4E), which was

accompanied by decreased intracellular
ATP levels and decreased mitochondrial-
membrane potential (Figures 4F, 4G, and
E4D). In contrast, HBECs transfected with
miR-145-5p showed significantly enhanced
intracellular ROS and mtROS production,
but they showed no decreases in
intracellular ATP levels or mitochondrial-
membrane potential. The specificity of
these effects is supported by our finding
that increases in mtROS (Figure 4H), the
DDR (Figure E4E), and cellular senescence
(Figure 4I) induced by IPF LF-derived EVs
in HBECs are attenuated by treating the
cells with inhibitors of miR-23b-3p, miR-
145-5p, and miR-494-3p. To further show
the specificity of these effects by miR-23b-
3p, miR-145-5p, or miR-494-3p in IPF
LF-derived EVs, we collected these
miRNA-enriched EVs, which were isolated
from transiently overexpressing IPF LFs.
After transfection of miR-23b-3p, miR-145-
5p, or miR-494-3p mimics into IPF LFs,
their expression was increased not only in
the cells (Figure E4F) but also in the EVs
(Figure E4G). The incubation of these
miRNA-enriched EVs in HBECs increased
the expression of p21 and p16 (Figure
E4H). Moreover, the increases in p21 and
p16 expression in HBECs by EVs derived
from IPF LFs was attenuated when IPF LFs
were transfected with miR-23b-3p, miR-
145-5p, or miR-494-3p inhibitors (Figure
E4I). Taken together, these data support the
notion that these key miRNAs play a
pivotal role in promoting HBEC senescence
in response to treatment with IPF
LF-derived EVs.

To elucidate possible mechanisms
underlying the effects of miRNAs on
mitochondrial damage and cellular

senescence, mRNA microarray analysis
was performed. Gene-set enrichment
analyses revealed that genes associated with
oxidative phosphorylation, the critical
activity of mitochondria, are significantly
downregulated in HBECs transfected with
miR-23b-3p and miR-494-3p mimics
(Figure 4]). A downward trend in these
same genes was also seen in HBECs
transfected with the miR-145-5p mimic
(Figure E4F). These findings suggest that
miR-23b-3p and miR-494-3p are primarily
responsible for mitochondrial damage,
enhanced mtROS production, and cellular
senescence induced in HBECs by IPF
LF-derived EVs.

Reduced Expression of SIRT3 Is
Involved in miR-23b-3p- and miR-
494-3p-Mediated Mitochondrial
Damage and Cellular Senescence

To determine how miR-23b-3p and miR-
494-3p mediate mitochondrial damage and
cellular senescence in response to EV
treatment, we sought to identify genes that
are targeted by these miRNAs in HBECs.
Because both of these miRNAs induce similar
phenotypes in HBECs, it is plausible that
both miRNAs may target the same gene
products to alter mitochondrial function.
In silico analysis using TargetScan Human
7.2 (www.targetscan.org) and Human
MitoCarta 2.0 (30) allowed us to identify
and select 10 putative target genes for miR-
23-3p and miR-494-3p action (Figure 5A).
Among the 10 predicted target genes,
expression levels of SIRT3 (Sirtuin 3),
BCKDHB (Branched Chain Keto Acid
Dehydrogenase E1 Subunit ), SLC25A40
(Solute Carrier Family 25 Member 40),
SLC25A51 (Solute Carrier Family

Figure 4. (Continued). mimic, or NC from three independent experiments for 48 hours. ***P < 0.0005. (D) Fluorescence intensity of DCFH-DA staining for
intracellular ROS production. Incubation with DCFH-DA was started at 48 hours after transfection of miR-23b-3p mimic, miR-145-5p mimic, miR-494-3p
mimic, or NC in HBECs. Data shown represent the mean = SEM of n=6 in each group. *P < 0.05, **P < 0.005, and ***P < 0.0005, Sidak multiple-
comparison testing after one-way ANOVA. (E) Representative images of Hoechst 33342 and MitoSOX Red fluorescence staining in HBECs transfected
with miR-23b-3p, miR-145-5p, or miR-494-3p mimics for 48 hours from three independent experiments. Scale bars, 100 wm. (F) Intracellular ATP levels
were determined after transfection of miR-23b-3p, miR-145-5p, or miR-494-3p mimics or NC for 72 hours in HBECs. Data shown represent the
mean *+ SEM of n=6 in each group. **P < 0.0005, unpaired t test. (G) Relative MitoTracker Red staining intensity within mitochondria was quantified
using TOM20 to generate a mask of the mitochondrial area. HBECs were transfected with miR-23b-3p, miR-145-5p, or miR-494-3p mimics or NC for 72
hours from three independent experiments. Data shown represent the mean + SEM in each group. *P < 0.05 and ***P < 0.0005. (H) Representative
images of Hoechst 33342 and MitoSOX Red fluorescence staining in HBECs transfected with miR-23b-3p, miR-145-5p, or miR-494-3p inhibitors or NC.
Treatment with IPF LF—derived EVs (10 wg/ml) was started 24 hours after transfection, and staining was performed after 48 hours of treatment. Scale bars,
100 pm. (/) Western blot using anti-p21, anti-p16, and anti—B-actin antibodies in HBECs transfected with miR-23b-3p inhibitor, miR-145-5p inhibitor, miR-
494-3p inhibitor, or NC. Treatment with IPF LF-derived EVs (10 pg/ml) was started 24 hours after transfection, and protein samples were collected after
72 hours of treatment. The right panels show the average (=SEM) of relative expressions, which are taken from densitometric analysis of Western blot
from three independent experiments. *P < 0.05, **P < 0.005, and ***P < 0.0005. (J) Gene-set enrichment analysis (GSEA) of HBECs transfected with miR-
23b-3p and miR-494-3p mimics, showing downregulation of oxidative phosphorylation. The P value was calculated by using GSEA. GO = Gene Ontology.
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Figure 5. Reduced expression of SIRT3 (Sirtuin 3) is involved in miR-23b-3p—- and miR-494-3p-mediated mitochondrial damage and cellular senescence.
(A) A Venn diagram of the candidate target miRNAs of miR-23b-3p and miR-494-3p illustrating in silico analysis. (B) Quantitative real-time PCR analysis of
the 10 candidate target mMRNAs of miR-23b-3p and miR-494-3p in HBECs transfected with miR-23b-3p mimic, miR-494-3p mimic, or NC. *P < 0.05. (C)
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25 Member 51), and TMEM70
(Transmembrane Protein 70) were
significantly decreased in HBECs after
transfection with either miR-23b-3p or miR-
494-3p mimics (Figure 5B). To determine
which of these five candidate miRNA targets
might be involved in regulating cellular
senescence, we transfected HBECs with
siRNAs targeting SIRT3, BCKDHB,
SLC25A40, SLC25A51, or TMEM?70.
Knockdown of SIRT3 clearly increased p21
and p16 expression, SA-B-gal positivity, and
the number of y-H2AX foci in HBECs
(Figures 5C-5E, E5A, and E5B). In contrast,
BCKDHB, SLC25A40, SLC25A51, and
TMEM?70 knockdown had no effect on p16
and p21 expression in HBECs (Figures
E5C-E5F). We confirmed that SIRT3
protein levels were decreased in HBEC:s after
transfection with miR-23b-3p and miR-
494-3p (Figure 5F). Importantly, SIRT3
expression was also decreased in HBECs that
were treated with IPF LF-derived EVs
(Figure 5G). These results strongly suggest
that suppression of SIRT3 expression by
miR-23b-3p and miR-494-3p is responsible
for promoting cellular senescence in HBECs
treated with IPF LF-derived EVs. According
to the in silico analysis, the 3'UTR region of
SIRT3 contains binding sites for both miR-
23b-3p and miR-494-3p (Figure E5G). To
confirm that miR-23b-3p and miR-494-3p
actually bind to these regions, dual-luciferase
reporter assays were performed. Although
no significant changes in reporter activity
were seen after transfection with miR-
23b-3p, transfection with miR-494-3p
significantly inhibited the activity of a
firefly luciferase reporter controlled by the
wild-type 3'UTR of SIRT3. This inhibition
was lost after mutation of the SIRT3
3’UTR within the predicted miRNA
binding site (Figure 5H), indicating that
miR-494-3p may promote cellular

senescence by directly targeting SIRT3 in
HBEC:s.

The causal link from reduced SIRT3
expression to mitochondrial damage and
enhanced mtROS production was further
established after SIRT3 knockdown in
HBECs. Knockdown of SIRT3 increased
intracellular and mtROS levels (Figures 51
and 5J) and decreased both ATP levels and
mitochondrial-membrane potential (Figures
5K and 5L) in HBECs. These results argue
that miR-23b-3p- and miR-494-3p-mediated
reduction of SIRT3 expression is at least
partly responsible for the mitochondrial
damage and senescence in HBEC:s that is
induced by IPF LF-derived EVs.

Decreased SIRT3 Expression and
Increased miR-23b-3p and miR-
494-3p Expression in Lung Epithelial
Cells Covering Fibrotic Lesions in IPF
Lungs

Microarray analysis revealed significantly
lower levels of SIRT3 expression in lung
samples from patients with IPF than in
healthy lungs (Figure 6A) (31). To further
clarify the mechanism of SIRT3 involvement
in accelerated epithelial-cell senescence in
the lungs of patients with IPF, we analyzed
the expression and distribution of SIRT3,
miR-23b-3p and miR-494-3p in non-IPF
and IPF lungs. Although SIRT3 expression
was clearly detected in alveolar epithelial
cells in non-IPF lungs and in nonfibrotic
areas of IPF lungs, SIRT3 was barely
detectable by immunocytochemistry in
fibroblastic foci and in metaplastic epithelial
cells covering fibrotic lesions in IPF lungs
(Figure 6B). Bronchiolization and alveolar
type II epithelial cells have pivotal roles in
the initiation and progression of IPF
pathogenesis (32), so SIRT3 expression in
lung epithelial cells in both non-IPF and IPF
lungs was also examined for colocalization

with the ABCA3 (ATP binding cassette
subfamily A member 3), which is a type II
epithelial-cell marker (Figure 6C). In line
with previous findings (33), reduced SIRT3
expression levels in type II epithelial cells
from fibrotic lesions were assessed by
quantitative evaluation of microscopic
images of IPF lungs (Figure 6D). To further
investigate the involvement of specific
miRNAs in IPF pathogenesis, we used
formalin-fixed paraffin-embedded lungs
from patients without IPF (n=12) and
patients with IPF (n=8) for laser-capture
microdissection and quantitative real-time
PCR analysis of miR-23b-3p and miR-494-
3p expression levels in epithelial cells
(Figure 6E). In comparison with non-IPF
lungs, miR-23b-3p and miR-494-3p
expression levels were significantly increased
in epithelial cells from patients with IPF.
Intriguingly, the expression levels of miR-
23b-3p and miR-494-3p in LF-derived EVs
from both patients without IPF and patients
with IPF were significantly correlated with
the percentage of vital capacity of the lungs
from which the fibroblasts originated
(Figure 6F), suggesting a pathogenic role for
these miRNAs in the development of fibrosis
in IPF.

Discussion

Our current studies identify a novel mode of
EV cargo-mediated fibroblast-epithelial cell
communication in lungs that results in
epithelial-cell senescence (Figure 7). IPF
fibroblasts secrete increased levels of EVs
containing miR-23b-3p and miR-494-3p,
which is shown to induce mitochondrial
damage accompanied by enhanced mtROS
production in lung epithelial cells, further
leading to increased epithelial-cell DDR
and senescence. The target of the miRNAs

Figure 5. (Continued). (E) The percentage of y-H2AX-positive HBECs transfected with SIRT3 siRNA or control siRNA from three independent experiments
for 48 hours. **P < 0.005. (F) Western blot using anti-SIRT3, anti-p21, anti-p16, and anti—B-actin antibodies in HBECs transfected with miR-23b-3p, miR-
494-3p, or NC. (G) Western blot using anti-SIRT3 and anti-B-actin antibodies in HBECs incubated with IPF LF—derived and non-IPF LF-derived EVs
(10 pwg/ml). (H) The effect of cotransfection of miR-23b-3p and MmiR-494-3p with WT and MT psiCHECK2 vectors with each gene construct in hman
embryonic kidney 293 cells was measured using luciferase reporter assays. ***P < 0.0005. (/) Fluorescence intensity of DCFH-DA staining for intracellular
ROS production. Incubation with DCFH-DA was started at 48 hours after transfection of SIRT3 siRNA in HBECs. Data shown represent the mean + SEM
of n=6 in each group. *P < 0.05. (J) Representative images of Hoechst 33342 and MitoSOX Red fluorescence staining in HBECs transfected with SIRT3
siRNA or control siRNA from three independent experiments for 48 hours. Scale bars, 100 um. (K) Intracellular ATP levels were determined after
transfection with SIRT3 siRNA or control siRNA for 72 hours in HBECs. Data shown represent the mean = SEM of n=6 in each group. ***P < 0.0005.
(L) Representative fluorescence microscopy images showing cellular distribution of the mitochondria-specific dye MitoTracker Red (magenta) and
TOM20 (green). HBECs were transfected with SIRT3 siRNA or control siRNA for 72 hours. Scale bars, 25 nm. BCKDHB =branched chain keto acid
dehydrogenase E1 subunit B; CA5B = carbonic anhydrase 5B; CLPB = ClpB homolog, mitochondrial AAA ATPase chaperonin; DNAJC30 = member
C30; GATC =glutamyl-TRNA amidotransferase subunit C; MT =mutant; SLC25A176 = solute carrier family 25 member 16; SLC25A40 = solute carrier
family 25 member 40; SLC25A51 = solute carrier family 25 member 51; TMEM?70 =transmembrane protein 70; WT = wild type.
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Figure 6. Decreased SIRT3 expression and increased miR-23b-3p and miR-494-3p expression in lung epithelial cells (ECs) covering fibrotic lesions

in IPF lungs. (A) SIRT3 evaluation value in the mRNA microarray data set GSE53845 from the Gene Expression Omnibus database. **P < 0.005.

(B) Representative images of immunohistochemical analyses from IPF lungs using anti-SIRT3 antibody. Arrows indicate type Il ECs. Scale bars, 100 pm.
(C) Representative immunofluorescence using anti-SIRT3 antibody (green), anti-ABCAS (ATP binding cassette subfamily A member 3) antibody (type Il EC
marker; red), and DAPI to stain nuclei (blue), illustrating low SIRT3 expression in lung ECs in IPF lungs. Scale bars, 50 um. (D) Average of SIRT3-positive
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appears to be SIRT3, as indicated by
decreased expression of this protein. We
used methods independent of EV-mediated
transfer to confirm that miRNA-dependent
loss of SIRT3 expression underlies the
observed deleterious changes in lung
epithelial cells.

Lung epithelial-cell senescence is
crucial for the initiation and progression of
fibrosis in IPF (3, 10). Although several
factors, such as environmental-toxin
exposure, depletion of antioxidant defenses,
and telomere shortening, have been
reported to be involved in the induction of
epithelial cellular senescence, the specific
mechanisms of epithelial-cell senescence in
IPF remain largely unexplored (10, 34). In
addition, elimination of senescent epithelial
cells in a mouse model of lung fibrosis has
been shown to attenuate the expression of
both SASP factors and fibrotic markers (5).
Accordingly, elucidation of the mechanisms
that accelerate epithelial-cell senescence is
critical not only for understanding IPF
pathogenesis but also for developing novel
treatment modalities for IPF. In this
respect, our results are important for
their identification of IPF LF-derived EVs
as key mechanistic players in promoting
senescence. Furthermore, the involvement
of EVs in cellular senescence remains
largely unknown (35). In particular, the
senescent phenotype and the regulatory
mechanisms induced by EVs have not yet
been reported. Therefore, we identified a
novel role for EV in accelerating cellular
senescence by regulating ROS production
of mitochondrial damage in recipient cells.

miRNAs can act as paracrine mediators
of signaling in cases in which they are
transferred between cells. EVs provide one
means of accomplishing this type of
intercellular transfer. Several studies have
shown that EV-associated miRNAs are
important modulators of lung homeostasis
and some pulmonary diseases (19).
However, the specific pathological roles of
EVs in IPF lungs have not been fully
studied (36-39). In this study, we
demonstrate that miR-23b-3p and miR-
494-3p released from fibroblasts as EV
cargo are transferred to lung epithelial cells,
where they induce mitochondrial damage
and cellular senescence in HBECs. In

previous studies, miR-23b-3p and miR-
494-3p were shown to be involved in
regulating a wide variety of cellular
processes, including cell differentiation,
proliferation, apoptosis, and cell-cycle
progression. For instance, depending
on the cell type, miR-23b-3p can play
either antioxidant or prooxidant roles in
ROS regulation (40). Another report
demonstrates that miR-23b-3p regulates
high glucose-induced cellular metabolic
memory in diabetic retinopathy through
the action of SIRT1, which is a well-known
senescence regulator (41). In addition,
miRNA-494-3p induces cellular senescence
in lung-cancer cells (42) and regulates
mitochondrial biogenesis (43). In a similar
vein, our results demonstrate a clear
causal link between miRNAs and cellular
senescence via regulation of mitochondrial
integrity during IPF pathogenesis.
Mitochondria have an essential role in
the process of cellular senescence (44).
Although multiple mitochondrial signaling
pathways are known to induce cellular
senescence (45), the role of mitochondria
in cellular senescence can generally be
associated with random molecular damage
mediated by ROS (27, 28, 46). Recently,
the accumulation of dysmorphic and
dysfunctional mitochondria has been
observed in alveolar type II epithelial cells
in IPF lungs (29). Hence, we hypothesized
that epithelial-cell senescence induced by
IPF LF-derived EVs can result from
increased mitochondrial damage.
Supporting this notion, we found that IPF
LF-derived EVs induce mitochondrial
damage in HBECs, as evidenced by
decreases in ATP production and reduced
mitochondrial-membrane potential that
was accompanied by enhanced ROS
production. In addition, EV treatment also
initiated the DDR, which is consistent with
recent findings that mitochondrial damage
induces persistent DDR and cellular
senescence (27, 28). The ability of an
antioxidant to regulate mtROS to efficiently
inhibit cellular senescence induced by IPF
LF-derived EVs in HBECs further suggests
the involvement of mtROS in this process.
Although the direct association between
mtROS production and cellular senescence
is still being debated (45, 47), our

experimental results suggest that lung
epithelial-cell senescence induced by IPF
LF-derived EVs can be at least partly be
attributed to mitochondrial damage
associated with enhanced mtROS in
HBECs.

SIRT3, a member of the sirtuin
family of NAD-dependent deacetylases, is
specifically localized in the mitochondrial
inner membrane and matrix. SIRT3
activity can reduce ROS in many cell
types by directly modulating antioxidant
enzymes such as MnSOD and isocitrate
dehydrogenase 2 (48). Recently, Jablonski
and colleagues reported that a decrease in
SIRT3 function in alveolar epithelial cells is
one aspect of IPF pathogenesis (33). SIRT3
loss was associated with increased mtDNA
damage and apoptosis in epithelial cells.
Our results are consistent with this report,
as they show that expression levels of SIRT3
are decreased in lung epithelial cells after
treatment with IPF LF-derived EVs. In
addition, SIRT3 has an essential role not
only in apoptosis but also in cellular
senescence (49), as determined by assessing
the degree of DNA damage (50). In line
with these findings, our knockdown of
SIRT3 induced mitochondrial damage and
cellular senescence in HBECs. Accordingly,
it is likely that SIRT3 suppression by
miRNAs associated with IPF LF-derived
EVs has an essential role in epithelial-
cell senescence triggered by increased
mitochondrial damage and the DDR (50).

There are several limitations to our
study. First, the mechanisms suggested by
our in vitro experiments have not been
confirmed using in vivo models of
pulmonary fibrosis. Although miR-494-3p
in IPF LF-derived EVs suppresses SIRT3
expression by binding directly to the 3'UTR
of SIRT3 mRNA in primary human
epithelial cells, the sequence of the 3'UTR
region of SIRT3 is quite different between
human and mouse cells. As a result, the
mouse ortholog of miR-494-3p does not
bind to the 3'UTR of SIRT3 mRNA,
rendering the use of mouse models
somewhat problematic. Second,
the direct target of miR-23b-3p in
HBEC: is not identified in this study.
Relative-luciferase-activity assays have
demonstrated that miR-23b-3p does not

Figure 6. (Continued). cells in lung ECs by quantification of microscopic images from four individuals without IPF and four patients with IPF. ***P < 0.0005.
(E) Quantitative real-time PCR analysis of lung EC miRNA expressions obtained by laser capture from 12 individuals without IPF and 8 patients with IPF.
RNUGBB was used as an internal control. *P < 0.05 and ***P < 0.0005. (F) The relationship between relative validated EV-associated miRNA expressions
from 26 individuals without IPF and 20 patients with IPF normalized to total RNA levels and the percentages of VC. VC = vital capacity.
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Figure 7. Schematic model of LF-derived EV-mediated EC senescence in IPF pathogenesis. LFs from patients with IPF induce EC senescence via the
EV miRNA transfer to lung ECs. IPF LF-derived EVs increase mtROS and associated mitochondrial damage in lung ECs, leading to mtROS-mediated
activation of the DNA damage response and subsequent EC senescence. Mechanistically, significantly upregulated miR-23b-3p and miR-494-3p in IPF
LF—derived EVs are responsible for suppressing SIRT3, resulting in the EV-induced phenotypes in lung ECs.

inhibit the luciferase activity of the wild
type of SIRT3, although transfection with
a miR-23b-3p mimic suppresses the
expression of SIRT3. This result suggests
that miR-23b-3p either binds to another
SIRTS3 site, such as the 5'UTR or the
coding-sequence regions, or regulates a
gene upstream of SIRT3.

In summary, we have identified a
novel epithelial-mesenchymal interaction
that is mediated by LF-derived EVs. This
interaction induces mitochondrial damage
and senescence in epithelial cells during IPF

pathogenesis. Accordingly, strategies for
inhibiting specific miRNA species or
blocking secretion of cell type-specific EVs
may be developed as new geroprotective
therapeutic options.
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