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Abstract

Extracellular vesicles (EVs), such as exosomes and microvesicles,
play an important autocrine/paracrine role in intercellular
communication. Details on the involvement of EVs in the
pathogenesis of lung diseases have emerged over the past
several years. Moreover, EVs package numerous DNA, proteins,
mRNAs, and microRNAs that can regulate immune responses
in recipient cells. Almost all respiratory cells release EVs, and
these EVs can have protective or detrimental functions, depending
on the type of donor cells, type of stimuli, and components.
In lung cancer, tumor-derived EVs carrymultiple immunoinhibitory

signals, disable antitumor immune effector cells, and promote
tumor escape from immune control. Furthermore, bacteria-
and microbiota-derived EVs can shape the immune system and
lead to the development of lung disease. These EVs are capable
of maintaining airway homeostasis, inducing proinflammatory
effects, and promoting antigen presentation, thus regulating
lung inflammation and immune responses. From these
viewpoints, we summarize recent findings on EVs in lung biology
and immunity. EVs provide a new avenue for understanding
the mechanism of inflammatory disease progression and
for developing therapeutic approaches for lung immune
responses.

Cell–cell communication is crucial for
all multicellular organisms and can be
mediated through direct cell–cell contact
or the transfer of secreted molecules.
Currently, novel mechanisms for
intercellular communication have emerged
that involve the transfer of extracellular
vesicles (EVs). In general, EVs are classified
on the basis of their approximate size,
origin, and cargo. The three major
subclasses of EVs include apoptotic bodies,
exosomes, and microvesicles (1). Although
exosomes and microvesicles are structurally
similar, they differ in cellular origin,
lipid composition, and size. Exosomes are
50–150 nm in diameter and are generated
from the endosome. Exosomes have an
evolutionarily conserved set of proteins,
including tetraspanins (CD81, CD63, and
CD9), major histocompatibility complex

(MHC) classes I and II, Alix, and Tsg101.
So far, on one hand, it is difficult to
identify the origin of the exosomes through
the specific protein set of the donor cell
because exosomes are derived from the
endosomal pathway (2). On the other
hand, microvesicles are formed by outward
budding and fission of the plasma
membrane. Microvesicles, also called
microparticles or ectosomes, have a particle
diameter of 100–2,000 nm (1). The lipid
composition of microvesicles is similar
to that of the cell membrane, but it lacks
the asymmetric distribution of lipids
typically observed across the two leaflets
of the plasma membrane. Therefore, the
membrane composition of microvesicles
reflects that of the donor cell more closely
than does the membrane composition
of exosomes (2). Although the origins of

these vesicles have been defined, current
technologies cannot clearly distinguish
between the different types of EVs. Isolating
specific vesicles with reliable quality and
at substantial concentrations is still a major
challenge in this field (3, 4).

The significance of EVs lies in their
capacity to transfer information to other
cells, thereby influencing recipient cell
function. A major breakthrough in EV
research involved the identification of EVs’
nucleic acid contents, such as mRNAs,
small noncoding microRNAs (miRs),
and long noncoding RNAs, which are
transported to recipient cells (5). EVs have
been isolated from most bodily fluids,
such as blood, urine, BAL fluid (BALF),
and saliva, and it is increasingly evident
that EVs play a key role not only in
the regulation of normal physiological
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processes but also in disease pathogenesis,
including the regulation of inflammation and
immune responses. On the basis of these
findings, EVs serve as promising candidates
for intercellular communication in the airway
microenvironment (6). EVs contribute to the
production of various proinflammatory
mediators by respiratory cells and immune cells,
thus potentially serving as key factors in the
airway inflammatory process and lung
immunity.

Recently, it was determined that the
microbiota is essential for the development
of immune responses and airway
homeostasis (7). Furthermore, dysbiosis
and pathogen colonization have been
linked to alterations in immune responses
and disease development in the lungs (8).
Notably, it was determined that EVs
derived from pathogens, including bacteria,
transfer their contents to mammalian cells
and modulate host innate immunity (9).
In this review, we provide an updated
overview of the EVs released by host
respiratory cells or bacteria, highlighting
their potential for immune regulation in
various lung inflammatory diseases.

EVs in Lung Inflammation
and Immunity

It was first reported in 2003 that lung-
derived exosomes are present in healthy
human BALF and express CD86,
intercellular adhesion molecule 1, and
MHC classes I and II molecules (10). The
presence of MHCs and costimulatory
molecules suggests that exosomes can
be released from antigen-presenting cells
and that they have the potential for
immunomodulatory effects. EVs form a
heterogeneous population in BALF because
various types of respiratory cells, such as
epithelial cells, fibroblasts, endothelial cells,
cancer cells, stem cells, and various resident
immune cells, in the lungs release EVs
(Figure 1). Among them, lung epithelial
cells and alveolar macrophages are the key
cellular players that are responsible for
immune and inflammatory responses at the
alveolar surface (11, 12). To date, some
evidence has suggested that lung-derived
EVs, especially those derived from lung
epithelial cells or alveolar macrophages,
appear to play a key role in intercellular
communication within the airway and lung
parenchyma. Indeed, Kulshreshtha and
colleagues reported that lung epithelial cells

are the main source of exosomes in an
asthmatic lung model after IL-13 induction (13).
It is important to consider that the main
sources of lung-derived EVs can differ in
healthy or inflammatory conditions.

Lung epithelial cell–derived exosomes
contain a range of surface-protective
proteins, including epithelial mucins (14).
These structures may play a role in innate
defense against respiratory pathogens
that bind a-2,6–linked sialic acid, such
as human influenza virus. Kesimer and
colleagues demonstrated that exosomes
derived from lung epithelial cells contain
membrane-tethered mucins of various sizes
that alter the physical properties of the
structures and affect their measured size,
conformation, and charges (15). Mucins
on exosomes modulate specific interactions
between vesicles and inhaled insults
and/or host cells. Therefore, lung epithelial
cell–derived exosomes may be involved in
diverse physiological processes in lung
immunomodulation and inflammation.
Bourdonnay and colleagues reported that
alveolar macrophages secrete suppressor of
cytokine signaling 1 (SOCS1)-containing
exosomes and SOCS3-containing
microvesicles that are taken up by alveolar
epithelial cells to mediate the inhibition of
cytokine-induced signal transducer and
activator of transcription activation (16).
SOCS proteins are critical brakes in
intracellular cytokine signaling for the
control of inflammatory and immune
responses. Notably, SOCS secretion was
diminished in BALF in normal humans and
mice exposed to cigarette smoke. These
results suggest an important protective
role for EV SOCS proteins in lung
homeostasis. Another study demonstrated
that microvesicles derived from alveolar
macrophages also regulate the airway
microenvironment through the transfer
of exosomal miR-223 to various respiratory
cells, including lung epithelial cells,
to modulate cellular homeostasis and
differentiation (17). These data suggest that
lung-derived EVs regulate protective
cellular functions and homeostasis of the
lungs through cell–cell communications.

In general, environmental and
endogenous stressors, such as smoke
exposure, DNA damage, infection, and
hyperoxia, have been identified as regulators
of EV release that can modify
EV composition in the lungs. EVs serve
as cargo carriers that transmit a variety
of stress signals and detrimental function

in the stress response in the airway
microenvironment (18). Stress-induced
EVs have the potential to initiate and
propagate inflammation, given their ability
to transfer proinflammatory molecules
in the lungs. Indeed, Soni and colleagues
reported that alveolar macrophage
and epithelial cells rapidly released
microvesicles into alveoli after LPS
stimulation (19). These microvesicles
carried substantive amounts of TNF.
LPS-stimulated microvesicles released
within the alveolar space play an important
role in initiating lung inflammation during
the early phase of acute lung injury (19).
Moon and colleagues reported that
hyperoxia-associated oxidative stress
stimulates EV generation in lung epithelial
cells and that epithelial cell–derived EVs
prompted the proinflammatory activation
of macrophages (20). These effects
subsequently resulted in neutrophil
infiltration, inflammatory cytokine bursts,
and lung inflammation. The EVs
encapsulating caspase-3 play a crucial role
in mediating inflammatory lung responses
and regulate macrophage activation through
the Rho-associated coiled-coil kinase 1
pathway (20). Lee and colleagues
demonstrated that hyperoxia-associated
oxidative stress produced numerous EVs in
BALF and culture medium of lung epithelial
cells (21). In addition, lung epithelial
cell–derived microvesicles containing
miR-221/miR-320a triggered alveolar
macrophage–mediated proinflammatory
effects under hypoxic conditions (21).

Figure 1. Morphology of purified extracellular
vesicles (EVs) from human BAL fluid. A
representative phase-contrast transmission
electron microscopic image is presented. EVs of
various sizes and shapes are observed. These
EVs were isolated using a conventional
ultracentrifugation method. Scale bar: 200 nm.
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On the basis of these findings, stress-
induced EVs may be a detrimental signal in
triggering the immune response, eventually
resulting in the pathogenesis of chronic lung
inflammatory diseases (Figure 2). Indeed,
researchers in many studies have reported
that lung-derived EVs are associated
with chronic obstructive pulmonary disease
(COPD) and asthma pathogenesis
(22, 23). For instance, our recent studies
demonstrated that cigarette smoke
extract–induced human bronchial
epithelial cell–derived EVs can promote
airway fibrosis in COPD pathogenesis
through exosomal miR-210–mediated
insufficient autophagy (24). Furthermore,
Haj-Salem and colleagues reported
that exosomes released from bronchial
fibroblasts derived from patients with
severe eosinophilic asthma promoted
epithelial cell proliferation, which is
an established feature of epithelium
remodeling in severe asthma (25). Taken
together, stress-induced, lung-derived EVs
are associated with detrimental immune
responses and the pathogenesis of chronic
lung inflammatory diseases.

Recently, mesenchymal stem cell
(MSC)-derived EVs have become an
attractive tool for treating various types
of acute inflammatory diseases and organ
injury models (26). MSC-derived EVs have
special functions, including antiapoptotic
and antiinflammatory responses, and MSC-
based therapy for acute respiratory distress
syndrome is currently being evaluated in
phase 1 clinical trials (27). To date, some

groups have demonstrated the therapeutic
effects of MSC-derived EVs in acute
lung injury (28–30), pulmonary artery
hypertension (31, 32), and asthma (33).
Although further investigations are required
to explore the therapeutic mechanisms of
action of MSC-derived EVs, EVs represent
an attractive field of research for treating
acute inflammatory lung diseases and are
capable of recapitulating the therapeutic
effects of MSC-based cell therapy.

EVs in Lung Cancer
Immunology

Lung cancer cells secrete EVs that are involved
in various cancer malignant phenotypes (34).
To date, several lines of evidence indicate
that EVs mediate cross-talk between cancer
cells and immune cells. An earlier study
demonstrated that dendritic cell–derived
exosomes prime specific cytotoxic T
lymphocytes (CTLs) and activate antitumor
immune responses (35). The presence of
MHC-I and MHC-II molecules on the
surface of dendritic cell–derived exosomes
facilitates the direct stimulation of CTLs
and CD41 T cells. On one hand, growing
evidence suggests that dendritic cell–
derived exosomes are a useful tool for
tumor antigen–specific immunity and
may exhibit potential utility in cancer
immunotherapy (36). On the other hand,
recent studies suggested that cancer cells
can evade the host immune system by
transferring EV nucleic acids and proteins

to immune cells. Indeed, cancer
cell–derived EVs can carry multiple
immunoinhibitory signals, such as Fas
ligand, TNF-related apoptosis-inducing
ligand, and galactin-9; disable antitumor
immune effector cells; and promote
immune cell apoptosis or aberrant
surveillance (37, 38).

These data suggest that immunologically
active lung cancer cell–derived EVs are critical
for cancer immunological communication
in the tumor microenvironment. Furthermore,
recent evidence indicates that specific
molecules and signaling pathways in
cancer cells regulate antitumor immunity
by altering the composition of their
EVs. Exosomes derived from Rab27a-
overexpressing lung cancer cells elicited
more potent antitumor immune effects (39).
The improved antitumor efficacy may be
due to the enrichment of molecules that
contribute to the induction of immune
activation, such as Hsp70, Hsp90, and tumor
antigens. Gobbo and colleagues reported
that Hsp70-enriched exosomes derived
from various cancers, including lung cancer,
can interact with Toll-like receptor 2 on
myeloid-derived suppressive cells, thereby
activating these cells and suppressing tumor
immunity (40). Moroishi and colleagues
reported that EVs from Hippo pathway
kinases LATS1/2 (large tumor suppressor
1 and 2)-null tumors induce an antitumor
immune response (41). LATS1/2-deficient
tumor-derived EVs contain increased
amounts of nucleic acids, which stimulate
the host Toll-like receptor MYD88/Toll/IL-1
receptor domain–containing adapter-
inducing IFN-b nucleic acid–sensing
pathways, provoking the type I IFN response
to establish robust antitumor immunity.
Inhibition of LATS1/2 may enhance
tumor immunity in lung cancer through
nucleic acid–enriched EV transfer. Cancer
immunotherapy represents a new approach
to the treatment of patients with non–small
cell lung cancer. Therefore, lung cancer
cell–derived EVs and their components
may constitute crucial targets for cancer
immunotherapy.

EVs Mediate the Interaction
between Microbiota and the
Host Lung Immune Response

EVs derived from bacteria can transmit
virulence factors into host cells and
enhance the immune dysfunction and lung

Alveolar macrophage

Lung epithelial cells

Stress-induced EVs

Smoke, infection, hyperoxia, etc.

Lung epithelial cells

Maintaining lung homeostasis through EVs

Alveolar macrophage

Stress

Trigger of airway immune responses through stress-induced EVs

Figure 2. Lung-derived EVs under normal or stress conditions. EVs derived from respiratory cells,
especially lung epithelial cells or alveolar macrophages, regulate lung physiological cellular function
and homeostasis through EV transfer. By contrast, stress-induced EVs derived from these cells
may be a crucial signal in the triggering of the immune response, resulting in the development of
chronic obstructive pulmonary disease and asthma pathogenesis.
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inflammation caused by the bacteria (42).
Gram-negative bacteria–derived EVs, named
outer membrane vesicles (OMVs), contain a
variety of molecules, including LPS from
the bacterial outer membrane, proteins
mediating adhesion and invasion to host
cells, immunomodulatory factors, and
nucleic acids (43). To date, the EVs
produced by bacteria have been shown
to induce neutrophilic pulmonary
inflammation, which is involved in COPD
pathogenesis (44). Park and colleagues
reported that the entry of EVs derived from
Escherichia coli into the bloodstream
induced systemic inflammation mimicking
sepsis (45). The same group reported
that Staphylococcus aureus–derived EVs
were associated with the pathogenesis of
neutrophilic pulmonary inflammation (46).
In addition, the inhalation of indoor dust
EVs, especially those derived from gram-
negative bacteria, induces both T-helper cell
type 1 (Th1)- and Th17-cell responses and
neutrophilic inflammation in the lung, which
lead to the pathogenesis of inflammatory
airway diseases such as neutrophilic asthma
and COPD (47). To better understand the
role of EVs produced by bacteria in lung
inflammation, the group also clarified that
EVs derived from gram-negative bacteria
(E. coli) induce pulmonary emphysema
primarily by IL-17A–mediated neutrophilic
inflammation, which is involved in COPD
pathogenesis (48). These findings suggest
that bacteria-derived EVs may be a novel
causative agent of inflammatory lung
diseases, but specific contributing
components remain largely unknown.

The importance of balance between
the different subsets of the microbiota
has been described in the development
of numerous diseases. Recent studies
demonstrated that the gut microbiota affects
lung immune responses and disease
development (49). Emerging evidence
indicates the potential of manipulating
the gut microbiota in the treatment of
lung diseases (8). In this aspect, gut
microbiota–derived EVs might provide new
insights into immune responses, given
that these EVs move to distant sites and
activate immune cells and epithelial cells (50).
Kang and colleagues reported that EVs
derived from the gut microbiota, especially
from Akkermansia muciniphila, protect
against the progression of dextran sulfate
sodium–induced colitis (51). Some
studies have demonstrated that normal
gut microbiota–derived EVs or OMVs

regulate immune effects and intestinal
homeostasis in the gut (52). Furthermore,
gut microbiota–derived EVs enter
the systemic circulation and can be
delivered to different organs, resulting in a
variety of immunological and metabolic
responses. For instance, EVs derived from
the gut microbiota, especially those from
Pseudomonas panacis, induce insulin
resistance, thereby impairing glucose
metabolism in skeletal muscle (53).
Although the gut–lung axis is only
beginning to be understood, these data
suggest that gut microbiota–derived EVs
may be key communication messengers
between the gut microbiota and host
lung immune responses through lateral
EV component transfer.

However, the lung microbiota can
shape airway immune responses, resulting
in the modulation of lung homeostasis
and inflammation. Culture-independent
techniques have demonstrated that
a large number of microorganisms
coexist in the lung (54). Notably, the
presence of lung microbial dysbiosis in
inflammatory lung diseases such as
COPD and asthma suggests that the
lung microbiota composition might
orchestrate the immune system and

promote disease development (49). EVs
may be the key players that link the
lung microbiota to inflammatory
lung diseases by regulating immune
responses. Kim and colleagues analyzed
the lung microbiota from COPD lung
tissue and EVs derived from COPD
lung tissue (55). Bacterially derived EVs
exhibited distinctive characteristics in the
lungs of nonsmokers, healthy smokers,
and patients with COPD. Furthermore,
the EV microbiota was distinct from the
entire lung tissue microbiota in terms of
operational taxonomic units, biodiversity,
principal component analysis clustering,
and dominant organisms. The type of
specimen (lung tissue or lung EVs) used
for microbiota analyses had a greater
effect on principal component analysis
proximity than the patient group (55).
Although the underlying functions
of lung microbiota–derived EVs are
only beginning to be unraveled, these
vesicles might regulate airway immune
response and inflammatory lung disease
pathogenesis (56). On the basis of the
findings we report, EVs produced by lung
and gut microbes may activate lung
epithelial and immune cells. EVs produced
by commensal bacteria can benefit the host

1) Bacteria-derived EVs or OMVs
(Gram-positive and -negative)

Neutrophilic inflammation

COPD pathogenesis

Gut–lung axis

Lung microbiota

3) EVs from dysbiosis of the lung microbiota

2) Normal flora-derived EV

 Maintaining organ homeostasis

Potential for regulation of lung
immune responses

Gut microbiota

Figure 3. Microbiota-derived EVs and the host lung immune response. We propose that the
interaction between the microbiota and the host lung immune responses mediated by EVs has the
potential to increase understanding of fundamental lung immune responses. 1) Bacteria-derived
EVs or outer membrane vesicles (OMVs) induce neutrophilic inflammation and the development
of chronic obstructive pulmonary disease (COPD). Furthermore, EVs produced by lung and gut
microbes may activate lung immune responses. 2) EVs produced by normal flora promote mucosal
tolerance and protect against the onset of inflammatory diseases. 3) Conversely, EVs derived
from dysbiosis of the microbiota have the potential to activate lung immune responses.
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by promoting mucosal tolerance and
protecting against the onset of lung
diseases (56). In contrast, EVs derived
from dysbiosis of the lung microbiota can
induce activated lung immune responses
and inflammatory lung disease pathogenesis.
This field will be expanding in the near
future (Figure 3).

Conclusions

Emerging evidence suggests that EVs
are central to the biological mechanisms

underlying the development of lung
inflammatory diseases. Lung-derived
EVs regulate protective cellular function
and homeostasis of the lungs through EV
transfer. Various stress-induced EVs,
especially those derived from lung
epithelial cells and alveolar macrophages,
may be a detrimental signal in triggering
the immune response and may be
involved in the development of COPD
and asthma. In addition, understanding
how EV communication enables cancer
immune escape may provide a potential

breakthrough in immunotherapy against
lung cancer. We further report that the
interaction between bacteria and host
lung immune responses through
EVs has the potential to increase
understanding of fundamental
inflammatory processes in the lungs.
Further studies of lung-derived or
bacteria-derived EVs and their functions
in lung immunity are warranted. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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