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The lungs are the organs that work for gas exchange. The basic structure of the lungs is an alveolus,
which consists of various types of parenchymal cells and bone marrow-derived cells. Therefore, because
the lungs consist of various types of cells with various functions, communication among the different types
of the cells should play important roles for the homeostasis and response to disease pathogens. In the
past decades, researchers have focused on cytokines or adhesion molecules to reveal the intercellular
communication for understanding the homeostasis and pathogenesis in the lungs. Recent investigations
have revealed that an extracellular vesicle can move among cells for transferring substances including
microRNAs in the vesicles as an intercellular messenger. MicroRNAs and extracellular vesicles are
therefore attracting increasing attention from both translational and clinical researchers because these
emerging intercellular communication tools seem to be useful for further understanding of the disease
pathogenesis as well as the biomarkers for diagnosis and prognosis of the diseases including cancer and
inflammatory diseases. This review article is an attempt to review studies about microRNAs and
extracellular vesicles in terms of their roles in normal conditions and refractory diseases of the lungs such
as idiopathic pulmonary fibrosis and acute respiratory distress syndrome including our recent study about
pulmonary microvascular endothelial microparticles particles as the biomarker for diagnosis and prognosis
of acute respiratory distress syndrome. This review also addresses the possibility of microRNAs and
extracellular vesicles as new clinical tools for the diagnosis or treatment for these refractory respiratory
diseases.
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important roles for maintaining the homeostasis as well as
the pathogenesis of the diseases in the lungs (Zemans et al.
2015). Researchers have continuously made efforts to

Introduction
The lungs are the primary organs in the respiratory

system. The main function of the lungs is gas exchange, to
extract oxygen from the atmosphere and emit carbon diox-
ide from the blood into the atmosphere. The basic structure
of the lungs is an alveolus, which consists of parenchymal
cells including epithelial cells, endothelial cells and mesen-
chymal cells. Moreover, various types of bone marrow-
derived cells, including alveolar macrophages, exist in the
alveoli and perform various functions including host-
defense and tissue repair. Therefore, because the lungs
consist of various types of cells with various function, the
communication among various types of cells should play

understand the intercellular communication, with focusing
on molecules including cytokines, growth factors and cell
adhesion molecules on the cell surface. In addition to these
molecules, accumulating evidence suggests that an extra-
cellular vesicle (EV) and its components including microR-
NAs, mRNA, lipids and proteins can move among cells for
transferring components in the vesicles as intercellular mes-
sengers (Al-Nedawi et al. 2008; Delorme-Axford et al.
2013; Yanez-Mo et al. 2015; Boilard 2018; Chen et al.
2018; Pegtel and Gould 2019). Therefore, both transla-
tional and clinical researchers pay increasing attention to
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microRNAs and EVs, as possible biomarkers for the diag-
nosis and prognosis of diseases, including malignant dis-
eases as well as acute or chronic inflammatory diseases like
idiopathic pulmonary fibrosis (IPF) and acute respiratory
distress syndrome (ARDS). This review first attempts to
describe the microRNAs and EVs in terms of their roles in
the physiological condition in the lungs. Then, articles
about the changes and possible roles during IPF and ARDS
are reviewed. Both the possibilities and limitations of their
clinical usage for the diagnosis and treatment of these
refractory lung diseases will also be discussed.

MicroRNAs and Their Physiological Roles in the
Lungs

MicroRNA is one of the classes of non-coding RNAs
(ncRNA), discovered in 1993 in a study about the gene
lin-4 of Caenorhabditis elegans (C. elegans) (Lee et al.
1993). Although this first study suggested that microRNA
encoded by /in-4 is a specific ncRNA of C. elegans to con-
trol the levels of expression of different genes, following
studies revealed that microRNAs exist in a wide variety of
organisms including human and have potential roles in both
inhibiting the translation and degradation of mRNAs
(Lagos-Quintana et al. 2001; Lau et al. 2001; Lee and
Ambros 2001; Bushati and Cohen 2007). In the microRNA
database, miRBase, over 1,900 microRNAs have been reg-
istered as human microRNA, (Kozomara et al. 2019).
MicroRNA is a single-strand RNA the length of which is
nineteen to twenty-five nucleotides (Bushati and Cohen
2007). MicroRNA genes are initially transcribed by RNA
polymerase II into an RNA stem-loop that contains a sev-
eral hundred nucleotide microRNA precursor termed a pri-
mary microRNA (pri-microRNA) (Cai et al. 2004; Lee et
al. 2004). A pri-microRNA contains a few precursors of
microRNA. The structure of the precursor is a hairpin loop
that consists of about 70 nucleotides (Cai et al. 2004; Lee et
al. 2004). The double-stranded RNA structure of the hair-
pin loop of a pri-microRNA is recognized via protein,
DiGeorge Syndrome Critical Region 8 (DGCRS), which is
named based on the association with DiGeorge Syndrome.
DGCRS associates with the RNase 11l enzyme Drosha that
cuts RNA (Lee et al. 2002; Han et al. 2004; Yeom et al.
2006). This complex cleaves the stem of a pri-microRNA
and then produces pre-microRNAs that have a two-nucleo-
tide overhanging at its 3’ end. Then, Exportin-5 recognizes
pre-microRNAs through the overhang and exports from the
nucleus to the cytoplasm (Kim 2004). The hairpin of Pre-
miRNA is cleaved by the RNase III enzyme Dicer in the
cytoplasm. This cleaving produces an imperfect
microRNA:microRNA* duplex, the length of which is 22
nucleotides (Hutvagner et al. 2001; Ketting et al. 2001).
Although either strand can become a functional microRNA,
only one strand is usually incorporated into the RNA-
induced silencing complex (RISC) in which the microRNA
and its target mRNA are interacting (Ketting et al. 2001,
Schwarz et al. 2003). The other strand, which is called the

passenger strand due to its lower levels of expression, is
denoted with an asterisk (*) and is usually degraded. In
some cases, both strands (a microRNA and a microRNA*)
of the duplex are viable and become functional miRNA that
target different mRNA populations. MicroRNAs work for
RNA silencing and post-transcriptional regulation of gene
expression via base-pairing with complementary sequences
within mRNA molecules (Bartel 2009; Djuranovic et al.
2011; Shukla et al. 2011). MicroRNAs downregulate
mRNA expression through cleavage of the target mRNAs
(Park and Shin 2014), destabilization via shortening of its
poly(A) tail (Rissland et al. 2017), or interfering with the
translation of mRNAs (Valencia-Sanchez et al. 2006).

As mentioned above, microRNAs can regulate the
expression of endogenous genes. Therefore, proper regula-
tion of microRNAs contributes to adequate gene expres-
sion, which maintain normal development and homeostasis
in the organs including lungs. Continuous investigations by
researchers have attempted to elucidate the roles of microR-
NAs in normal development and maturation of the lungs.
For example, the miR-17-92 cluster is highly expressed
during the early stage of lung development, but the expres-
sion of these microRNAs is downregulated during lung
maturation (Lu et al. 2007). Transgenic mice in which
these microRNAs in lung epithelial cells are overexpressed
resulted in abnormal lung, which suggests that miR-17-92
cluster promotes proliferation and prevents the differentia-
tion of lung epithelial progenitor cells (Lu et al. 2007). The
upregulation of miR-21 in the mesenchyme is essential for
branching morphogenesis, which is a critical process of
lung development (Hayashi et al. 2011). miR-326 plays a
role in negative feedback for regulating Sonic hedgehog
signaling via downregulating its receptor Patched/
Smoothened in mesenchymal cells for proper proliferation
and differentiation during lung development (Jiang et al.
2014). A recent report suggests the involvement of microR-
NAs in the regulation of trans-differentiation of alveolar
type II (AT II) cells to alveolar Type I (AT I) cells, which is
a critical process for repairing an injury and maintaining
homeostasis in the lungs (Castaldi et al. 2020). The authors
investigated the expression profiles of both microRNAs and
mRNAs during trans-differentiation of AT II cells to AT I
cells. They revealed that serum/glucocorticoid kinase 1
(SGK1) was downregulated by miR-424 and miR-503 that
are upregulated during the trans-differentiation, which
inhibited glucocorticoid signaling and induced the differen-
tiation to AT I cells (Castaldi et al. 2020).

In contrast, dysregulation of microRNAs would induce
inadequate expression of the genes, which could result in
the development of diseases. In the following sections, this
review introduces investigations together with discussions
about the roles of microRNAs, especially in two severe and
refractory diseases, IPF and ARDS.

The Roles of MicroRNAs in the Pathogenesis of IPF

The occasional deposition of collagen after tissue
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injury or inflammation is an essential and reversible reac-
tion for normal tissue repair (Vannella and Wynn 2017).
However, when the injury is repetitive or severe and when
the machinery for tissue repair is impaired and/or dysregu-
lated, persistent and massive accumulation of myofibro-
blasts and their production of extracellular matrix materials
including collagen, has occurred, which results in the devel-
opment of fibrotic diseases such as IPF (Richeldi et al.
2017; Sgalla et al. 2018; Heukels et al. 2019).

It has been reported that the levels of microRNAs are
significantly changed in the lungs during both an animal
model of lung fibrosis and human lung fibrotic diseases. In
addition, the following reports also suggest that these
microRNAs have roles in the proliferation and differentia-
tion of myofibroblast and the epithelial-mesenchymal tran-
sition (EMT) during lung fibrosis. The levels of expression
of let-7d are relatively high in lung epithelial cells under
normal physiological conditions, but down-regulated in the
lungs of the patients with IPF (Pandit et al. 2010).
Transforming growth factor-f (TGF-f), which is one of the
key cytokines in the pathogenesis of IPF, inhibits let-7d
expression, and the downregulation of let-7d by intratra-
cheal administration of the anti-miRNA oligonucleotides
induced both EMT and an increase in the deposition of col-
lagen in the mouse lungs (Pandit et al. 2010).

A family of microRNAs, the miR-200 family, can
reverse EMT and upregulate the markers of an epithelial
phenotype in lung epithelial cell lines (Gregory et al. 2008;
Liu et al. 2018). The miR-200 family downregulates the
expression of ZEB proteins, ZEB1 and ZEB2, that work as
repressors of the transcription. ZEB proteins suppress the
expression of marker genes of epithelium including
E-cadherin and induce EMT (Gregory et al. 2008; Title et
al. 2018). The overexpression of miR-200s suppressed
ZEB protein expression, which results in the induction of
epithelial differentiation in cancer cell lines (Gregory et al.
2008; Title et al. 2018). The miR-200 family also inhibits
EMT induced by TGF-f in rat alveolar epithelial cells (Yang
et al. 2012). We also found that the miR-200 family is
downregulated in the lung epithelial cells of patients with
IPF (Yamada et al. 2013). In a recent report, Moimas et al
suggested that the miR-200 family could reduce the cellular
senescent phenotype as well as the expression of EMT
markers in AT II cells isolated from the lungs of IPF
patients (Moimas et al. 2019). The miR-200 family could
also restore the AT II ability of trans-differentiation into AT
I cells (Moimas et al. 2019).

miR-21 was identified as a microRNA that functions
as an anti-apoptotic factor against glioblastomas (Chan et
al. 2005). Then, the following reports suggest that miR-21
works as an oncogenic microRNA by targeting tumor sup-
pressors, including PTEN (Pan et al. 2010). miR-21 also
has a role in the pathogenesis of lung fibrotic diseases.
miR-21 is upregulated in the whole lung tissue of a bleomy-
cin-induced mouse lung fibrosis model (Liu et al. 2010) as
well as in the lung tissues of the patients with IPF (Liu et al.

2010; Cho et al. 2011; Oak et al. 2011). It has been
reported that miR-21 is upregulated by TGF-f1 and inhibits
the expression of an inhibitory Smad, Smad7 (Liu et al.
2010). Therefore, miR-21 augments the signaling of TGF-
signaling in a positive feedback manner.

Although miR-21 expression was primarily upregu-
lated in myofibroblasts (Liu et al. 2010), we postulated that
miR-21 could play a significant role in the EMT of lung
epithelial cells during lung fibrosis because TGF-f signal-
ing is critical for inducing EMT. In our study, we first
found that the epithelial cells of the lungs of a bleomycin-
induced mouse lung fibrosis model showed decreased
expression of epithelial marker genes, whereas the expres-
sion of mesenchymal marker genes was increased. miR-21
was significantly upregulated in isolated mouse lung epithe-
lial cells of a bleomycin-induced lung fibrosis model
(Yamada et al. 2013). We then isolated lung epithelial cells
from the lung tissue of the patients with idiopathic pulmo-
nary fibrosis (Fig. 1A) and examined the expression of
miR-21, which revealed an elevation of the expression level
of miR-21 compared to control, shown in (Fig. 1B)
(Yamada et al. 2013). MiR-21 was also upregulated in pri-
mary mouse lung epithelial cells cultured under the condi-
tions that enhance EMT. Administration of the inhibitor
against miR-21 prevented the upregulation of vimentin and
alpha-smooth muscle actin in mouse lung epithelial cells
under the culture conditions for EMT (Yamada et al. 2013).
Our study suggests that miR-21 is also increased in lung
epithelial cells, and promotes EMT and contributes to the
pathogenesis of lung fibrosis (Yamada et al. 2013).

miR-101, which is downregulated in the lungs of IPF
patients and in a mouse lung fibrosis model, inhibits the
proliferation and activation of lung fibroblasts by targeting
Frizzled receptor 4/6 and TGF-f receptor 1 (Huang et al.
2017). The expression of miR-29b in cultured lung epithe-
lial cells is downregulated by silica, which can induce lung
fibrosis. The administration of miR-29b can inhibit EMT
and the progression of fibrotic changes in a mouse model of
silica-induced lung fibrosis (Sun et al. 2019). Accumulating
evidence suggests the significant involvement of microR-
NAs in the pathogenesis of IPF (Miao et al. 2018; Barnes et
al. 2019), which implies that these microRNAs may be can-
didate target molecules for developing future treatments for
IPF.

The Changes and the Roles of MicroRNAs in ARDS

Acute respiratory distress syndrome (ARDS) is a syn-
drome that consists of non-cardiac pulmonary edema by
increased pulmonary permeability resulting from severe
invasive disease, such as severe pneumonia or sepsis
(Confalonieri et al. 2017). The pathological changes in
lung alveoli of patients with ARDS disrupts the barrier
between alveolar and capillary endothelium caused by inju-
ries of both lung epithelial and endothelial cells (Matthay
and Zimmerman 2005; Bhattacharya and Matthay 2013).
Direct ARDS is a lung injury caused by local lung damage
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Fig. 1. The changes of microRNAsS in alveolar type II cells in IPF.
(A) Representative flow cytometric analyses of CD45- VE-cadherin- lung cells for the isolation of human alveolar type
II cells (CD45- VE-cadherin- EpCAM+ T1-a- cells) from the non-fibrotic lungs of patients without fibrotic lung
diseases and the fibrotic lungs of patients with IPF. (B) The relative expression of microRNAs is shown. The values
represent the mean = SEM (n = 3). The values relative to those of the human alveolar type II cells from non-fibrotic
lungs are presented. The data were analyzed with Student’s t-test.

p < 0.05 vs. the non-fibrotic lung group.

The figure is reproduced from our article published in Respir. Res. (Yamada et al. 2013) with permission.

such as pneumonia and aspiration (Shaver and Bastarache
2014). In contrast, indirect ARDS is a lung injury caused
by systemic disorders, such as sepsis and severe trauma that
damage the alveolar capillary endothelium (Shaver and
Bastarache 2014). The disruption mechanisms of the alve-
olar-capillary barrier are different between direct and indi-
rect ARDS. Experiments using animal models suggest that
injury of the epithelium is greater in direct ARDS (Menezes
et al. 2005), whereas endothelial injury is dominant in indi-
rect ARDS (Pelosi et al. 2003). Clinical reports also sug-
gested that patients with direct ARDS showed an increase
in the levels of both surfactant protein D (SP-D) and soluble
receptor for advanced glycation end product (sSRAGE),
which are markers of pulmonary epithelial injury. Indirect
ARDS patients showed an increase in angiopoietin-2 (Ang-
2), which is a marker of endothelial injury (Calfee et al.
2015).

Several studies that profiled microRNAs in the blood
of patients with ARDS were also performed and reported.
Zhu et al. (2016) performed a survival analysis to seek the
prognostic microRNAs in blood as part of the Molecular
Epidemiology Study of ARDS (MEARDS) from the ICU at
Massachusetts General Hospital and Beth Israel Deaconess
Medical Center. They collected blood samples from 78
patients with moderate and severe ARDS and estimated the
hazards ratio of microRNA for the 28-day mortality. They
revealed that 19 microRNAs were associated with survival.
Among them, five microRNAs were most differentially
expressed, miR-628.3p (HR = 1.70, p < 0.01), miR-922
(HR = 1.05, p < 0.01), miR-505* (HR = 1.65, p < 0.01),
miR-130b* (HR = 1.44, p < 0.01), and miR-624 (HR =
1.38, p <0.01). Moreover, according to statistical analyses,
they determined the microRNA classifier that predicted the
ARDS 28-day mortality and revealed that the time until
death was shorter in patients with higher eight-miRNA clas-
sifier expression (p = 0.04).

The same group also reported analyses that compared

microRNA expression in whole blood samples from
patients with ARDS and critically ill at-risk control patients
(Zhu et al. 2017). They revealed that the levels of miR-
181a or miR-92a were positively correlated with a risk for
the development of ARDS, whereas miR-424 was nega-
tively correlated with a risk for ARDS. The addition of
these microRNAs to the Lung injury prediction Score can
improve the estimation for the risk of developing ARDS.
Although these reports did not investigate the mechanisms
of the increase or decrease in the microRNA in patients
with ARDS, and some of the microRNAs suggested in
these human studies showed a different pattern of expres-
sion in animal models of ARDS, these studies may suggest
that circulating microRNAs are potential biomarkers for the
diagnosis or prognosis of ARDS.

Investigations for the role of microRNAs in the patho-
genesis of ARDS have mainly used in vitro culture models
and animal models (Table 1). Cai et al. (2012) investigated
lipopolysaccharide (LPS)-induced mouse acute lung injury
model and found that miR-214 and miR-415 were upregu-
lated in the lungs during LPS-induced acute lung injury,
whereas miR-16, miR-23a, miR-24, miR-181a, miR-181b
and miR-199a were significantly downregulated. They
focused on miR-16, which was one of the most significantly
down-regulated microRNAs during LPS-induced lung
injury, and performed an over-expression of miR-16 assay
in LPS-treated A549 cells, an alveolar epithelial cell line.
Over-expression of miR-16 significantly down-regulated
the levels of expression of IL-6 and TNF-a. They also
noted that a 3’-untranslated region (UTR) of IL-6 and
TNF-a contains the binding sites of miR-16. According to
this bioinformatics information, miR-16 significantly sup-
pressed the luciferase activity of a reporter fusion vector
with the TNF-o 3’UTR region, suggesting that miR-16 has
an anti-inflammatory function by suppressing the transla-
tion of inflammatory cytokines. It has been also reported
that miR-181b suppressed importin-alpha3, a protein that is
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Table 1. The roles of microRNAs in the pathogenesis of acute lung injury.

microRNA Change in acute lung injury Function References

miR-16 Decreased Suppression of IL-6 and TNF-a expression (Cai et al. 2012)

miR-181b Decreased Suppression of Importin-a3 expression (Cai et al. 2012;
> Inhibition of NF-xb nuclear translocation Sun et al. 2012)
> Suppression of the expression of target genes of NF-«xb
> Suppression of inflammation

miR-155 Increased Suppression of SOCS1expression (Rao et al. 2014)
> Enhancement of cytokine signaling

miR-146a Increased Suppression of IRAK-1 and TRAF-6 expression (Zeng et al. 2013)
> Inhibition of NF-xb activation
> Suppression of expression of inflammatory cytokines

miR-223 Increased Suppression of PARP-1 expression (Neudecker et al. 2017)

(transferred from PMNs to
alveolar epithelial cells)

> Inhibition of NF-xb and AP-1lactivation
> Suppression of inflammation

required for the nuclear translocation of NF-«B, and regu-
lates the expression adhesion molecules induced by inflam-
matory stimuli through NF-«B (Sun et al. 2012). These
studies suggest that microRNAs that can inhibit the transla-
tion of inflammatory cytokines were downregulated during
ARDS, resulting in the aggravation of inflammation.

Rao et al. (2014) focused on miR-155, which was
upregulated in the lung-infiltrating mononuclear cells in an
acute lung injury model, and analyzed the role of miR-155
in acute lung injury using miR-155 deficient mice. They
prepared an acute lung injury model induced by staphylo-
coccal enterotoxin B (SEB) using wild-type mice and miR-
155 deficient mice. They found a decrease in the infiltra-
tion of inflammatory cells, especially T lymphocytes, in
miR-155 deficient mice. Because the expression of
interferon-y (IFN-y) also decreased, they investigated the
signaling pathway related to IFN-y and revealed that sup-
pressor of cytokine signaling 1 (SOCS1), a negative regula-
tor of IFN-y, was upregulated in miR-155 deficient mice.
These findings suggest the possibility that miR-155 sup-
pressed the expression of SOCS1 protein and augmented
the signaling induced by cytokines during acute lung injury.

It has been reported that miR-146a, which is also
upregulated in a LPS-induced acute lung injury animal
model, suppresses inflammatory responses (Zeng et al.
2013). miR-146a significantly suppressed LPS-mediated
TNF-a, IL-6 and IL-14 induction in alveolar macrophage
cells through repressing the protein expression of IRAK-1
(IL-1 receptor activated kinase-1) and TRAF-6 (tumor
receptor factor associated factor-6), which results in the
activation of NF-xB. It was also reported that miR-146a
also contributed to the induction of M2 macrophages, anti-
inflammatory macrophages (Vergadi et al. 2014). These
observations may suggest that miR-146a plays a significant
role in regulation of inflammation during ARDS.

Polymorphonuclear neutrophil (PMN) is a key player
in lung tissue damage during ARDS, whereas it has been
suggested that neutrophils also contribute to the resolution
of inflammation and repair of alveolar epithelial cells
(Zemans et al. 2011). Neudecker et al. (2017) reported an

interesting study showing that neutrophils contributed to
anti-inflammatory functions by transferring neutrophil-
derived microRNAs to pulmonary epithelial cells. They
cocultured alveolar epithelial cells with PMNs and analyze
the changes of expression of microRNAs in the alveolar
epithelial cells. They found a selective increase of miR-
223. When they cocultured alveolar epithelial cells with
miR-223-deficient PMNSs, they did not find an increase of
miR-223 in the epithelial cells, which suggested that PMN-
derived miR-223 became incorporated into the epithelial
cells, but not by the induction of miR-223 in the epithelial
cells by stimulation by humoral factors derived from PMNs.
MiR-223 was increased both in the lung tissues of a venti-
lator-induced acute lung injury mouse model and in the
bronchoalveolar lavage fluids of ARDS. They also revealed
that miR-223 deficiency induced severer lung inflammation,
whereas overexpression of miR-223 in mouse lungs
resulted in protection in lung injury models. They further
revealed that the target of miR-223 was poly (adenosine
diphosphate-ribose) polymerase-1 (PARP-1), which aug-
ments inflammatory responses via the activation of NF-xB
and AP-1 transcription factors, which suggested miR-223
suppressed inflammation by the downregulation of PARP-
1. These interesting findings suggest that miR-223 from
neutrophils was transferred to pulmonary epithelial cells
intracellularly and reduced the acute lung injury through the
repression of PARP-1.

Accumulating evidence including the above-men-
tioned studies have revealed that microRNAs play impor-
tant roles in not only the regulation of expression and trans-
lation of the genes in the cells, but also in the intercellular
regulation of the expression during acute lung injury, sug-
gesting that microRNA has an important role in ARDS and
could be a candidate of the biomarker for the diagnosis and
prognosis as well as a target molecule for a new treatment
for ARDS.

Extracellular Vesicles and Their Role in the Lungs
under Physiological Conditions

Extracellular vesicles (EVs) are lipid bilayer-particles
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produced and secreted from variety types of cells
(Yanez-Mo et al. 2015). EVs can be broadly classified into
three classes, apoptotic bodies, microparticles and exo-
somes according to their size, biogenesis, transportation,
cellular source, and function (Gyorgy et al. 2011; Yanez-Mo
et al. 2015; Witwer and Thery 2019). Apoptotic bodies are
released as blebs of plasma membrane from cells that
undergo apoptosis (Yafiez-M¢ et al. 2015). Microparticles,
which are also called as microvesicles or ectosomes, are
vesicles produced by outward budding of the plasma mem-
brane (Yanez-Mo et al. 2015). Exosomes, which are one of
the major components of EVs, are formed in the endosomal
system and released from the cells via the fusion of multi-
vesicular-bodies with the plasma membrane (Raposo and
Stoorvogel 2013; Yaiez-Mo¢ et al. 2015) (Fig. 2). Because
it has been revealed that exosomes contain various bioac-
tive materials including microRNAs, exosomes have been
considered as novel intercellular communication tools
(Valadi et al. 2007; Yafiez-Mo¢ et al. 2015) (Fig. 2). Several
studies demonstrated that microRNAs in exosomes can be
transferred to other cells to regulate the expression of the
targeted genes (Kosaka et al. 2010; Pegtel et al. 2010;
Zhang et al. 2010). Exosomes and enveloped microRNAs
have been shown to have functions in both physiological
and pathological conditions (Candelario and Steindler 2014;
Kosaka et al. 2014; Waldenstrom and Ronquist 2014; Lai et
al. 2015; Nishida-Aoki and Ochiya 2015). Exosomes and
enveloped microRNAs within biological fluids, such as cir-
culating blood or urine, have also attracted attention from
both clinical and translational researchers as novel biomark-
ers of diseases, especially malignant diseases, because the
components and secretion dynamics of exosomes vary
according to the cellular origin as well as the environment
(Vlassov et al. 2012; Yoshioka et al. 2013).

EVs including exosomes exist abundantly in biological
fluid samples from the airway, such as broncho-alveolar
lavage fluid (BALF), even under physiological conditions
(Carnino et al. 2019), which may suggest that EVs have a
role in the maintenance of the respiratory system. The exo-
somes derived from lung epithelial cells have a variety of

Endocytosis

endosome vesicular

body

Fig. 2. Generation of Exosomes.

microRNA
mRNA
, protein

surface proteins including mucins that can bind pathogens
such as bacteria and virus, which suggests their possible
role in host defence (Kesimer et al. 2009). Alveolar macro-
phages produce the exosomes that contains SOCS1 and
microparticles that contains SOCS3 (Bourdonnay et al.
2015). These EVs are incorporated into alveolar epithelial
cells, which results in the inhibition of cytokine signalling
(Bourdonnay et al. 2015). These findings suggest the roles
of EVs from alveolar macrophages in regulating the cyto-
kine responses and homeostasis of alveolar epithelial cells.
The EVs derived from alveolar macrophages can also trans-
fer miR-223 to a variety of cells including parenchymal
cells and monocytes, and can induce the differentiation of
monocytes into alveolar macrophages (Ismail et al. 2013).
These reports suggest that the EVs from lung-resident cells
may participate in host defence and homeostasis in the
lungs. It has been reported that the amount and contents of
EVs such as microRNAs may vary according to environ-
mental and endogenous stress (Yafiez-Mo et al. 2015).
Therefore, studies to profile EVs in the extracellular fluids
of patients with lung diseases or animal models of lung dis-
eases, have been performed in the attempt to identify the
specific EVs and/or the specific contents of EVs that can
work as biomarkers for the diagnosis or prognosis of dis-
eases as well as for determining their possible participation
in the pathogenesis of lung diseases. In the following sec-
tions, I introduce the studies, including ours, that analyzed
EVs in animal models and in patients of lung fibrosis and
ARDS.

The Changes and the Roles of EVs in IPF

We examined the possibility that microRNAs in the
EVs of serum changed during lung fibrosis and could serve
as biomarkers for the prognosis of IPF (Makiguchi et al.
2016). To identify candidate microRNAs as the biomarkers
of IPF, we examined microRNA expression profiles in
serum EVs using microRNA PCR arrays in a bleomycin-
induced mouse lung fibrosis model. We validated the can-
didate microRNAs detected by the arrays using RT-PCR in
additional mice. Serum EV miR-21-5p was elevated in

* Lipid bilayer-vesicles

* Diameter: 40-200nm

» Secreted from most type
of the eukaryotic cells

* Can stably exist

» Contain various molecular

constituents including
protein and microRNAs

Exosomes are derived from the endosomal compartment of cells. It has been reported the molecules related to endocy-
tosis including Rab small G protein family and ESCRT (endosomal sorting complexes required for transport) are in-
volved in the generation and secretion of exosomes, although the mechanism has not been fully elucidated.
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both the acute phase and the chronic fibrotic phase. Then,
we performed a 30-month prospective cohort study with 41
IPF patients. The levels of miR-21-5p in serum EV were
normalized by dividing the relative amounts of EV. The
EV amount was detected by ExoScreen (Yoshioka et al.
2014). The levels of serum EV miR-21-5p was signifi-
cantly higher in IPF patients. The baseline level was corre-
lated with the decline in vital capacity over 6 months.
Serum EV miR-21-5p was independently associated with
mortality in the following 30 months. The survival analysis
showed that IPF patients whose levels of baseline serum

miR-21-5p were high resulted in a poorer prognosis during
the 30 months (Fig. 3). Our study suggests that the serum
levels of EV miR-21-5p at baseline can predict both the
short-term disease progression in terms of the decline in
vital capacity and long-term prognosis in terms of mortality
in IPF patients. The precise mechanism of the increase in
the serum EV miR-21-5p in IPF patients is still unclear.
However, because the expression of miR-21-5p is upregu-
lated by TGF-/ signaling (Liu et al. 2010), the increase in
the serum EV miR-21-5p level may reflect the conditions of
IPF, in which TGF-p signaling is one of the important sig-
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Fig. 3. Serum EV miR-21-5p levels are predictive of the mortality of IPF.
(A) The solid line shows the group of IPF patients that had baseline serum EV miR-21-5p levels above the median level
of EV miR-21-5p (2.1 copies/SI). The dashed line shows the group of IPF patients that had baseline serum EV miR-21-
Sp levels below the median level. The patients with the higher serum EV miR-21-5p levels showed higher mortality
during the 30-month follow-up period (p = 0.01). (B) The solid line shows the group of IPF patients that had the top-
quartile baseline serum EV miR-21-5p levels (> 4 copies/SI, n =10). The dashed line shows the group of IPF patients
that had baseline serum EV miR-21-5p levels below 4 copies/SI (n = 31). The patients who had serum EV miR-21-5p
levels in the top-quartile showed higher mortality during the 30-month follow-up period (p = 0.0004). The dots
represent cases that were censored because of failure to visit the hospital. The entire population (n = 41) contained 9
censored patients. The figure is reproduced from our article published in Respir Res. (Makiguchi et al. 2016) with

permission.
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naling pathways for the pathogenesis.

Martin-Medina et al. (2018) demonstrated that EVs-
mediated WNTS5A signaling is upregulated in patients with
IPF, which induces the proliferation and activation of lung
fibroblasts and contributes to the pathogenesis of IPF. They
found that EVs, especially exosomes, are increased in
BALF from a mouse animal model of lung fibrosis as well
as in IPF patients. The levels of WNT5A on EVs are
upregulated during lung fibrosis. TGF-f induces WNT5A
expression on EVs secreted from human lung primary
fibroblast. Both the EVs of human lung primary fibroblast
and EVs from BALF of IPF patients induces the prolifera-
tion and activation of lung fibroblasts. Their investigation
reveals that EVs are not only changed in their amounts and
contents during lung fibrosis but also have a significant role
in the pathogenesis of IPF.

Extracellular Vesicles in ARDS

Several studies have been reported about the changes
in microRNA expression in lung injury models and the pos-
sibility of a new treatment strategy using exosomes for
ARDS (Table 2). Zhu et al. (2014) showed that intratra-
cheal instillation of exosomes which isolated in culture
supernatants of human mesenchymal stem cells (MSCs)
ameliorated lung injury in an Escherichia coli-derived LPS-
induced lung injury model. Instillation of the exosomes
induced a reduction in pulmonary edema and lung protein
permeability as well as an influx of neutrophils. They fur-
ther investigated the mechanism and revealed that KGF
mRNAs in the exosomes played an important role in this
amelioration of inflammation.

Morrison et al. (2017) focused on the paracrine effect
of MSCs on macrophage polarization and the role of
EV-mediated mitochondrial transfer. They cocultured
human monocyte-derived macrophages (MDMs) with
MSCs without direct contact. They found a decrease in the
production of inflammatory cytokines and an increase in the
cell surface expression of CD206, which is important for
phagocytosis, and the ability of phagocytosis in the MDMs.
These effects were partially mediated by CD44-expressing
EVs that include exosomes. They also found that the treat-
ment of MDMs with MSC-EVs induced mitochondrial
transfer from the EVs to the MDMs. Adoptive transfer of
alveolar macrophages treated with the exosomes derived
from MSCs suppressed inflammation and lung injury in a
LPS-induced lung injury model. This effect of MSCs was
inhibited by blocking oxidative phosphorylation or generat-

ing dysfunctional mitochondria in MSCs using rhodamine-
6G pre-treatment. These findings suggest that the anti-
inflammatory effects of MSC-EVs depend on the
EV-mediated mitochondrial transfer, which results in the
enhancement of macrophage oxidative phosphorylation and
change in the macrophage phenotype.

On the other hand, Moon et al. (2015) reported that the
extracellular vesicles including exosomes derived from epi-
thelial cells activated macrophages and augmented inflam-
mation in an acute lung injury model. They found that,
after hyperoxia, EVs were generated and released into
BALF. These hyperoxia-induced EVs were mainly derived
from lung epithelial cells because of hyperoxia-associated
endoplasmic reticulum stress. Treating alveolar macro-
phages with hyperoxia-induced, epithelial cell-derived EVs
induced an increase in the secretion of IL-6, TNF-a and
macrophage inflammatory protein 2 (MIP-2). They further
investigated the mechanism and revealed that caspase-3 in
EVs was largely responsible for the alveolar macrophage
activation via the Rho-associated protein kinase (ROCK1)
pathway. These results show that hyperoxia-induced, lung
epithelial cell-derived and caspase-3 enriched EVs activate
macrophages and augment the inflammatory responses dur-
ing acute lung injury.

The evidence including that from studies shown in this
section suggests the possibility that EVs derived from lung
parenchymal cells activate inflammatory cells including
lung macrophages, which results in exacerbation of the
inflammation in ARDS. On the other hand, reports that
MSC-derived EVs, including exosomes, reinforce previous
findings about the anti-inflammatory function of MSCs dur-
ing acute lung injury models and suggest that MSC-EVs
could be a possible treatment for ARDS.

Pulmonary Endothelial Microparticles in ARDS

As mentioned briefly in the previous section, mic-
roparticles (MPs), also called microvesicles or ectosomes,
are one of the classes of EVs whose dimensions are
between 0.1 pm and 1.0 um (Meziani et al. 2010; Burger et
al. 2013). MPs are produced via outward blebbing and fis-
sion of the plasma membrane during injury, cell activation
or apoptosis (Schiro et al. 2014; Yun et al. 2016). MPs
have been used as the biomarker indicating injury of a spe-
cific type of cells because it is possible to identify their par-
ent cells by analyzing the cell-specific antigen on the MP
surface. It has been reported that MPs also participate in
intercellular communication (Burger et al. 2013; Schiro et

Table 2. Extracellular vesicles/exosomes in acute lung injury.

Function References

Origin Functional molecules/apparatus
Bone-marrow derived MSCs KGF mRNA

Bone-marrow derived MSCs Mitochondria

Lung epithelial cells Caspase 3

Suppression of inflammatory
responses

(Zhu et al. 2014)

Modulating differentiation of
alveolar macrophages

(Morrison et al. 2017)

Activation of macrophages (Moon et al. 2015)
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al. 2014; Nie et al. 2016). Endothelial microparticles
(EMPs), which are MPs derived from endothelial cells,
increase in blood samples of patients with diseases accom-
panied by endothelial injury such as acute coronary syn-
drome, renal failure and COPD (Amabile et al. 2005; Faure
et al. 2006; Kobayashi et al. 2007; Nozaki et al. 2009; Feng
et al. 2010; Gordon et al. 2011; Jung et al. 2012; Takahashi
etal. 2012, 2013; Suzuki et al. 2014). These findings led to
our hypothesis that the EMPs could be a marker of the
injury alveolar endothelial cells during ARDS. Analyzing
the EMPs expressing a specific marker protein of the alveo-
lar capillary endothelium is important to distinguish pulmo-
nary microvascular injury from systemic capillary injury
for utilizing EMPs as a biomarker for ARDS. We then
focused on angiotensin converting enzyme (ACE), because
alveolar capillary endothelial cells express relatively high
levels of ACE compared with other endothelial cells
(Danilov et al. 1994, 2001; Aird 2007). Therefore, we
investigated whether circulating ACE" EMPs are increased
in patients with ARDS and correlate with the severity of the
microvascular injury in the lungs (Takei et al. 2019).

We first confirmed that inflammatory stimuli induce
the formation of ACE" EMPs from primary pulmonary
microvascular endothelial cells. We then examined circu-
lating EMPs in direct and indirect ARDS mouse models by
flow cytometry. The total EMP numbers in circulating

blood were significantly increased (Fig. 4A). The numbers
of ACE" EMPs were also increased in both injury models
(Fig. 4B). The ratio of ACE" EMP/EMP also increased in
both injury models (Fig. 4C), suggesting that the increase in
the counts of ACE" EMPs in the lung injury models was
likely due to the increase in the numbers of ACE" EMPs
produced from lung alveolar endothelial cells. We also
found that circulating ACE" EMPs and the ACE" EMP/
EMP ratio were possibly correlated with the severity of
lung injury.

Furthermore, we examined circulating ACE" EMPs by
flow cytometry in septic patients. The counts of ACE"
EMPs on admission were significantly higher in the blood
samples of septic patients who developed ARDS than in
those who didn’t ARDS (Fig. 4E), whereas no difference
was observed in total counts of EMPs (Fig. 4D). The ratio
of ACE" EMP/EMP was also significantly higher in patients
who developed ARDS (Fig. 4F). We also found that both
circulating ACE" EMP counts and the ratio of ACE" EMP/
EMP were higher in the patients that developed ARDS than
in the patients with hydrostatic pulmonary edema. These
findings suggested that alveolar EMPs may reflect the
severity of the lung injury and can be a promising risk
marker for developing ARDS in the septic patients as well
as a diagnostic marker for ARDS to distinguish it from
hydrostatic edema.
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Perspective and Conclusion

Recent investigations including the above-mentioned
studies have elucidated the roles of microRNAs and extra-
cellular vesicles in the pathogenesis and also suggests the
possibility of circulating microRNAs and EVs serving as
biomarkers for the diagnosis and prognosis of IPF and
ARDS. However, there are significant issues that should be
solved to elucidate their precise roles toward utilizing
microRNAs and EVs for actual diagnosis and treatment.
First, since most studies of microRNAs and EVs in IPF and
ARDS are performed only in relatively small-sized patient
cohort or animal models, high throughput analytical meth-
ods for many samples should be created for confirmation by
large-scaled clinical trials for practical use. Recent
advances in comprehensive high throughput analyses for
microRNAs are enabling the diagnosis of various type of
malignant diseases by analyzing the profile of circulating
microRNAs in the blood (Yokoi et al. 2018; Asano et al.
2019; Ohno et al. 2019; Sudo et al. 2019). These technolo-
gies may be useful for diagnosing and predicting the prog-
nosis of non-malignant diseases including IPF and ARDS.
Second, although the analyses of each class of EVs should
be performed with its detection and isolation in a rigorous
way, most of the previous studies used various methods and
strategies for the detection, isolation and analyses of EVs,
which makes it difficult to compare the results among stud-
ies. The EVs are very small-sized particles that are still dif-
ficult to detect and isolate efficiently even using the present
advanced technologies. Third, because EVs in biological
fluids can be derived from various types of cells in the
whole body of human, it should be important to detect and
isolate organ-specific and/or cell-type specific EVs that are
released from the sites of disorders for precise understand-
ing of the pathogenesis of diseases as well as for the clinical
use. Investigators continue to improve the technique for
detecting specific EVs (Wang et al. 2020). Fourth, delivery
methods for potentially therapeutic microRNAs and/or EVs
to specific target cells or organ have not been well-estab-
lished, though intensive investigations have been performed
for solving this problem (Melling et al. 2019; Wiklander et
al. 2019). Further investigations of microRNAs and EVs to
overcome these issues could provide a new treatment strat-
egy for refractory respiratory diseases including IPF and
ARDS.
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