Journal of

INTERNATIONAL

Review MEDICAL RESEARCH

Journal of International Medical Research

Exosomes: an important © The Author() 2020

° Article reuse guidelines:

m esse n ge r I n t h e ast h m a sagepub.com/iournals-pegrmissions

o DOI: 10.1177/0300060520903220

1 n ﬂ am m ato ry journals.sagepub.com/home/imr

. . ®SAGE
microenvironment

Feng Huang'?*®, Haoyuan Jia*>*,
Yingfen Zou?, Yongliang Yao'? and
Zhiyong Deng'

Abstract

Asthma is a frequently diagnosed chronic pulmonary disease that is increasing in incidence. It is
characterized by airway narrowing due to an immune response to allergens, infections, or air
pollutants. Several types of cells participate in the initiation and development of asthma, including
bronchial epithelial cells, smooth muscle cells, and immune cells (mast cells, T and B cells, and
dendritic cells). Exosomes released in the asthmatic microenvironment exert a crucial function in
intercellular signaling by transporting their contents, such as RNA, DNA, proteins, and lipid
mediators, to recipient cells, which play key roles in the pathogenesis of asthma. In the present
review, we summarize currently available information on the function of exosomes in the asth-
matic microenvironment.
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different stimuli, such as allergens, pollen,
irritants, pathogens, and air pollutants, and
many patients with asthma suffer from aller-
gic manifestations, such as rhinitis and food
allergies.* As a complex and multifactorial
disease, asthma is triggered by various
elements. A highly diverse immune cell rep-
ertoire and structural cells are involved in
orchestrating inflammatory responses in
asthma. Not only the cellular component
but also the soluble inflammatory microen-
vironment is important in the pathogenesis
of asthma.®® Exosomes, which are nano-
scaled vesicles (30—100 nm in diameter) pro-
duced by various cells, contain enriched
amounts of biomolecules, including abun-
dant sphingomyelin, phosphatidylserine,
cholesterol, and ceramides on the lipid bilay-
er surface of exosomes. Exosomes contain
adhesion molecules, integrins, tetraspanins
(e.g., CD9, CD63, CD81), and major histo-
compatibility complex (MHC) antigens of
class T and class II in the membrane.
Exosomes also contain a few types of pro-
teins, such as heat-shock proteins (HSP70
and HSP90) and cytoskeletal proteins
(actin, gelsolin, myosin, and tubulin) and
may contain some enzymes, such as glycer-
aldehyde 3-phosphate  dehydrogenase
(GAPDH), nitric oxide synthase, and cata-
lase. Moreover, exosomes contain DNAs,
mRNAs, micro(mi)RNAs, long noncoding
(Inc)RNAs, and circular  (circ)RNAs
(Figure 1).® Exosomes are recognized as cru-
cial regulators in intercellular communica-
tion, and they can load their cargoes into
recipient cells both proximally and distally.’
Exosomes exert their functions depending
on the cell state and their parental cell
type, and they can induce immune activation
or suppression or tolerance-inducing effects.
The layer of bronchi and alveoli facing the
Iumen is composed of epithelial cells, which
are at the interface between the environment
and lung tissue. Epithelial cells can modulate
the inflammatory response to exterior stimu-
lants, such as allergens or cigarette smoking,
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Figure 1. lllustration of an exosome. Exosomes
are small vesicles with a double-layer phospholipid
membrane structure, which is enriched in sphin-
gomyelin, phosphatidylserine, cholesterol, and
ceramides. Exosomes contain enriched amounts of
biomolecules, including proteins and nucleic acids.
They contain adhesion molecules, integrins, tetra-
spanins (e.g., CD9, CDé63, CD81), and MHC anti-
gens class | and class Il (MHCI and MHCII). There
are several types of proteins, such as heat-shock
proteins (HSP70, HSP90), cytoskeleton proteins
(actin, gelsolin, myosin, tubulin), and some enzymes,
such as glyceraldehyde 3-phosphate dehydroge-
nase, nitric oxide synthase, and catalase. Exosomes
also contain DNAs, mRNAs, microRNAs, long
noncoding RNAs, and circular RNAs. These cargos
in exosomes can be transported into target cells.
MHC, major histocompatibility complex.

actively contributing to the pathogenesis of
these diseases. Moreover, accumulating data
have shown that lung epithelial cells can
actively regulate the local immune response®
and may transfer important signals from the
environment to cells in deeper tissue through
exosomal signaling.

As a pulmonary inflammatory disease,
allergic asthma is characterized by
bronchoconstriction-triggered — respiratory
obstruction, inflammation-induced edema
formation, and mucus hypersecretion, as
well as the presence of allergen-specific
serum IgE. In the lung, several types of
cells participate in asthmatic progression,
such as epithelial cells, dendritic cells
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(DC), CD4+ and CD8+ T lymphocytes, mac-
rophages, natural killer cells, and myeloid-
derived regulatory cells (Figure 2).°7°
Previous studies have revealed that a
number of proteins involved in asthma
and allergic inflammation are associated
with exosomes, such as heat-shock protein
70 (Hsp-70)° transforming growth factor
(TGF)-B,'° and enzymes in leukotriene
(LT) biosynthesis.'" Nevertheless, it is
largely unknown how exosomes regulate
cell-cell communication in respiratory
diseases. In this article, we review
exosome-triggered  cellular  signaling
between structural cells and immune cells
in the pathogenesis of asthma.

Epithelial cell-derived exosomes
in allergic respiratory
inflammation

Airway remodeling driven by inflammatory
cells and cytokines is often described in
inflammatory respiratory disorders, includ-
ing asthma and chronic obstructive pulmo-
nary disease. The respiratory epithelium is
the major barrier to external stimuli and
toxins. These cells can regulate the inflamma-
tory response to exterior stimulants, actively
contributing to the progression of asthma
and allergic respiratory inflammation.'?
Exosomes are mainly derived from bron-
chial epithelial cells (BECs) in the lungs of
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Figure 2. The pathological process of asthma. The allergen stimulates the recruitment of inflammatory

cells such as eosinophils, the proliferation and activation of immune cells such as mast cells and DCs, and
induces the injury of airway epithelial cells, which leads to the release of inflammatory factors and exosomes.
The exosomes can induce the proliferation and chemotaxis of mast cells, which further stimulate B cells to
produce IgE. Exosomes derived from DCs induce the production of Th2 cytokines. These changes result in
the inflammatory response, airway hyperresponsiveness, and remodeling. DCs, dendritic cells; Th, T helper.
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patients with asthma. The proliferation and
chemotaxis of monocytes can be induced by
exosomes released from BECs without
impairing monocyte differentiation. In
addition, the sphingomyelinase inhibitor
GW4869 can suppress exosome secretion
by suppressing sphingomyelinase, alleviat-
ing asthmatic conditions and resulting in
impaired proliferation of monocytes.'?
Further study has shown that epithelial
cells challenged by interleukin (IL)-13 can
secrete exosomes, leading to stimulated
proliferation of inflammatory cells, and
GW4869 can dampen such inflammation.'?

Another study indicated that expression
of TGF-p2 at the transcriptional and trans-
lational levels in fibroblasts was similar
between healthy individuals and patients
with severe asthma. However, the expres-
sion of TGF-f2 was decreased in exosomes
derived from fibroblasts of severely asth-
matic patients compared with controls.
Exosomes secreted by fibroblasts from
patients with severe asthma significantly
enhanced the proliferation of epithelial
cells from both healthy and severely asth-
matic patients compared with controls. In
addition, the proliferation of epithelial cells
was suppressed by enhanced TGF-f2
expression in exosomes though overexpres-
sion of TGF-$2 in fibroblasts of patients
with severe asthma, whereas depletion of
TGF-p2 increased the proliferation of epi-
thelial cells."?

Bronchoalveolar lavage fluid-
derived exosomes in allergic
respiratory inflammation

A few investigations have assessed the
impacts of secreted exosomes on allergic
airway  inflammation in  bronchial
asthma.'>'*!> Kulshreshtha et al.'* sensi-
tized mice intraperitoneally with ovalbumin
(OVA) and aluminum hydroxide after OVA
challenge and analyzed exosomes in

bronchoalveolar lavage fluid (BALF).
Exosome secretion into BALF was elevated
upon OVA challenge. Moreover, this study
showed that secretion of exosomes into
BALF was reduced and respiratory inflam-
mation improved by administration of
GW4869. These data suggest that intracel-
lular signaling via exosomes integrally par-
ticipates in the pathogenesis of allergic
respiratory inflammation. Similar findings
were found in another asthmatic mouse
model. Exosomes were isolated from
BALF of control and house dust mite
(HDM) allergen-exposed HDM-sensitized
mice. Compared with the sham-control
mice, the number of exosomes was elevated
8.9-fold in BALF from HDM-challenged
mice. Moreover, the number of exosomes
in BALF after HDM exposure was
decreased by GW4869 treatment.'®

As small noncoding RNAs, microRNAs
(miRNAs) modulate gene expression
through two approaches: suppression of
translation and degradation of mRNA.
A single miRNA can modulate many
genes, and multiple miRNAs can modulate
the same gene through additive or synergis-
tic effects.'”” MiRNAs have been used as
therapeutic targets and diagnostic markers
for a wide range of diseases, including pul-
monary disorders. A recent study using
rodent models of asthma and inflammation
showed that miRNAs play important roles
in specific pathogenic events.'®

A microarray study showed that expres-
sion of 139 miRNAs in BALF-derived exo-
somes and 175 miRNAs in lung tissues of
HDM-sensitized mice was significantly
changed. Interestingly, 54 miRNAs were
common to both samples, and their expres-
sion was increased in exosomes and
decreased in lung tissues upon HDM expo-
sure. Further study demonstrated that
HDM stimulation decreased the expression
of miR-346, miR-1827, and miR-574-5p in
exosomes of BALF, which could suppress
molecules involved in T helper (Th)2
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inflammation, such as IL-5 receptor and IL-
13, and when released to the airway, these
Th2 cytokines may be involved in the devel-
opment of allergic respiratory inflammation
in HDM-challenged mice.'®

A recent study has shown that expres-
sion of exosomal miRNAs is altered in
BALF of patients with asthma. The authors
determined exosomal miRNA expression in
healthy controls and patients with mild
intermittent asthma at baseline and after
environmental challenge. They assessed
the extracted exosomal RNA using micro-
arrays of probes for 894 human miRNAs;
real-time PCR was used to validate their
findings.  Significant variations  were
detected in 24 BALF exosomal miRNAs.
Remarkably, 16 miRNAs (including
family members of let-7 and miR-200)
could be used to differentiate patients with
asthma from healthy controls. Therefore,
exosomal miRNAs could be used to distin-
guish healthy individuals and patients with
asthma.'> Moreover, let-7 family (a-¢) and
miR-200 family (200b and 141) are the most
outstanding miRNAs by which to distin-
guish between asthmatic patients and
healthy controls in multivariate models.
Kumar et al."” recently showed that let-7
family members were downregulated in an
ovalbumin-sensitized murine model of
asthma, leading to exacerbated respiratory
inflammation. In contrast, inhalation of a
let-7 mimic improved respiratory inflamma-
tion and hyperresponsiveness, attenuated
mucus metaplasia and subepithelial fibrosis,
and decreased IL-13 level. Furthermore, the
let-7 family of miRNAs is important in
patients with allergic asthma; these
miRNAs directly target IL-13—producing
cell types and inhibit secretion of TL-13."
The miR-200 family has also been shown to
be involved in airway remodeling by regu-
lating the epithelial-mesenchymal transi-
tion in asthmatic patients.”>?' The level of
miR-21 is reduced in patients with asthma
at baseline, and the regulatory role of IL-13

upon miR-21 expression has been demon-
strated in mouse models.**** Exosomal
miR-34b-5p and miR-34c-5p have recently
been shown to be modulated by IL-13 in
primary airway epithelial cells (AECs).**
Kesimer et al.> demonstrated that BALF-
derived exosomal miRNAs differ between
patients with asthma and healthy controls.
Greene and Gaughan'® indicated that
BALF-derived exosomes from asthmatic
patients differ from those of healthy con-
trols in terms of phenotype and function.
Higher expression of exosome-associated
markers has been found in exosomes from
patients with asthma. There is no major dif-
ference between BALF exosomes before and
after allergen provocation. However, the
phenotype and function of BALF exosomes
from asthmatic patients are altered relative
to that of healthy controls. In addition,
BALF exosomes from asthmatic patients
significantly enhance the release of LTs and
IL-8 in BECs, whereas the cysteinyl LT
receptor | antagonist montelukast reduces
release of exosome-induced IL-8, suggesting
that BALF exosomes are involved in inflam-
matory processes in the lung.?

Monocyte-derived exosomes in
allergic respiratory inflammation

Monocyte-derived DCs (MDDCs) and
monocyte-derived macrophages (MDM:s)
are frequently used in in vitro models of
DCs and macrophages. Previous works
have indicated that exosomes secreted by
DCs and macrophages have immunological
functions.”® Exosomes from MDDCs
and MDMs contain LT A4 hydrolase
(LTA4H) and LT C4 synthase (LTC4S),
the downstream enzymes for LT biosynthe-
sis, which can metabolize LTA4 to the
pro-inflammatory LTs B4 and C4. Studies
further show that TGF-f1 and IL-4,
together with granulocyte-macrophage
colony-stimulating factor (GM-CSF), are
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the fundamental cytokines determining
the phenotype of antigen-presenting cells
(APCs), and they govern the expression
and activity of LT pathway enzymes in
APCs and their exosomes.

A previous study has shown that DC-
derived exosomes can activate naive T
cells and facilitate the transfer of functional
peptide-MHC complex between DCs.?’
Likewise, exosomes from macrophages
infected with intracellular pathogens
can release exosomes that trigger a pro-
inflammatory response.®

Mast cell-derived exosomes in
allergic respiratory inflammation

Mast cells are granulated cells that can
release histamine and heparin. They are
ubiquitously distributed in all vascularized
tissues, bone marrow and lymphoid tissue
near blood vessels, smooth muscle cells,
mucous glands, and hair follicles.?

As key effector cells in Th2- and IgE-
associated immune responses, mast cells
are involved in the synthesis of pro-
inflammatory regulators stored in secretory
granules, such as histamine and heparin.29
Antigen presentation by bone marrow-
derived mast cells (BMMC:s) is tightly reg-
ulated by inflammatory molecules. 1L-4 and
GM-CSF are predominant triggers of this
antigen presentation, whereas interferon
(IFN)-y fully abolishes this function.*°

Exosomes derived from mast cells inter-
act with airway smooth muscle cells
(ASMCs) and induce them to release pro-
inflammatory cytokines, including IL-6 and
IL-8, which can exacerbate respiratory
inflammation and recruit inflammatory
cells to perpetuate asthma symptoms.>'

Tkaczyk et al. demonstrated that cell cul-
ture supernatant of mast cells can substitute
the cell-cell contacts to activate B and T
lymphocytes.>> Exosomes are originally
stored within the cytoplasmic granules of

mast cells. Upon stimulation with IL-4
and mast cell lines, BMMCs can spontane-
ously and constitutively release membrane
vesicles or exosomes that can trigger B and
T lymphocyte proliferation and cytokine
secretion. More recently, this mast cell-
induced lymphocyte activation has been
shown to occur in vitro as well as in vivo,
and such activation can be achieved by cul-
tured mast cells and by peritoneal resident
mature mast cells.*

Activation of lymphocytes is regulated
by mast cell-derived factor(s), and cell sur-
face contact is not required between mast
cells and lymphocytes. In addition, the gen-
eration of IL-2, IFN-y, and IL-12 supports
that mast cells and mast cell-derived exo-
somes preferentially trigger Thl-type
responses.”® The exosomes released by
BMMCs were shown to be transferred
through high-affinity IgE receptors
(FceRI) to the inflammatory microenvi-
ronment and bind to free IgE to decrease
Th2 cytokines (IL-4, IL-5, and IL-13),
reduce inflammatory infiltration of eosi-
nophils, and increase Thl cytokines
(IL-10 and IFN-y) in a mouse model of aller-
gic asthma induced by OVA exposure.™

A recent study has shown that DCs secrete
several exosomal proteins, including MHC
class II, Mac-1, CD9, MHC class I, and
CD86, which can trigger phenotypic and
functional maturation of DCs.*> Compared
with those derived from other cell types,
including B lymphocytes and macrophages,
only exosomes derived from BMMCs and
peritoneal mast cells can induce activation
of B and T lymphocytes. Moreover, mast
cell-derived exosomes have no immunostimu-
latory activity if they are not pre-challenged
with TL-4, suggesting that such function is a
cytokine-mediated process.

Mast cell-derived exosomes may be
regarded as immunologically sophisticated
vectors for various antigens, which can be
used by these cells to monitor the environ-
ment with higher efficiency.
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Eosinophil-derived exosomes in
allergic respiratory inflammation
As the end-stage cells in the propagation of

inflammatory responses in patients with
asthma, eosinophils are crucial effector

intracellular granules, including major basic
protein  (MBP), eosinophil peroxidase
(EPO), cosinophil-derived neurotoxin, and
eosinophil cationic protein (ECP), and
immediately secrete a diverse repertoire of
cytokines (IL-2, IL-4, 1L-5, IL-10, IL-12,
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Figure 3. Interactions between structural cells and immune cells via exosomal communication during
asthma. Exosomes derived from IL-13—treated AECs can induce proliferation and chemotaxis of mast cells.
Exosomes released by mast cells can stimulate B cells to produce IgE through a T-cell-independent mech-
anism via CD40 ligands; induce T cell proliferation; increase production of IL-2, IL-12, and T cell responses;
promote phenotypic functional maturation of DCs through MHC class I, Mac-1, CD9, MHC-|, and CD86;
trigger the release of pro-inflammatory cytokines from smooth muscle cells; and exacerbate airway
inflammation. Exosomes derived from DCs induce the production of Th2 cytokines. Exosomes derived from
eosinophils induce tissue damage, airway hyperreactivity, and several integrins related to cell adhesion via
MBP, ECP, and EPO; promote the release of pro-inflammatory cytokines, chemokines, and mucin hyper-
production from AECs; and trigger the production of cytokines and chemokines of DCs through SI00A8
and SI00A9. In addition, exosomes released by eosinophils induce the apoptosis and necrosis of bronchial
smooth muscle cells. IL, interleukin; AECs, airway epithelial cells; DCs, dendritic cells; MHC, major histo-
compatibility complex; Th, T helper; MBP, major basic protein; ECP, eosinophil cationic protein; EPO,
eosinophil peroxidase; NF-«kB, nuclear factor kappa-B; MUC5AC, mucin 5AC; GW4869, inhibitor of neutral
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chemokines (RANTES and eotaxin-1), and
other important regulators (LTC4, platelet-
activating factor, thromboxane B2, and
prostaglandins).*®*’

Mazzeo et al. indicated that eosinophils
from patients with asthma secrete more exo-
somes than those from healthy controls.'*
Moreover, stimulation of eosinophils by
IFN-y in healthy subjects can also increase
the release of exosomes, and no differences
in the size distribution of exosomes have
been observed between healthy individuals
and asthmatic patients. Furthermore, the
expression of EPO, MBP, and ECP in
eosinophil-derived exosomes from healthy
individuals and asthmatic patients is not dif-
ferent.'* Eosinophil-derived exosomes of
patients with asthma can increase the apo-
ptosis and necrosis of bronchial smooth
muscle cells (BSMCs) and delay the prolifer-
ation of small AECs.*® Moreover, exosomes
can cause tissue damage and airway hyper-
reactivity to aggravate asthma by carrying
MBP, ECP, and EPO.” In addition, exo-
somes can induce secretion of reactive
oxygen species from eosinophils, increase
the migratory and adhesive capacities, and
elevate the expression of adhesion molecules
in eosinophils, such as integrins oM, 2, and
$3.% The calcium-binding proteins SI00A8
and S100A9 secreted from exosomes derived
from nasal lavage fluid can facilitate the
secretion of cytokines and chemokines,
resulting in pro-inflammatory responses in
monocytes and chemotaxis of immune
cells.®” In addition, SI00A9 triggers the pro-
duction of mucin protein MUCS5SAC and
activates the nuclear factor-xB pathway in
AECs, greatly contributing to mucin hyper-
production in the airway and exacerbating
airway inflammation by inducing pro-
inflammatory cytokines and chemokines.*

Conclusions

Different types of cells involved in asthmat-
ic and allergic processes can secret

exosomes that contribute to these patholo-
gies (Figure 3). Therefore, it is necessary to
investigate the exosomal load and composi-
tion and whether such a process depends on
the cellular origins.*’ The exosomal
miRNA profile is likely to reflect, in part,
the cellular composition of the BALF
because exosomes are cellular secretory
products. Different cellular compositions
of BALF between healthy controls and
patients with asthma can result in distinct
exosomal miRNAs as different cells produce
different exosomes. Therefore, future inves-
tigations should assess the exosomal
miRNA production by different cell types.
Another important and clinically relevant
question is whether exosomal miRNAs can
reflect disease severity or acute exacerbation.

Not only the innate immune cells but also
eosinophils play crucial roles in allergic and
asthmatic processes. Two published studies
have reported some important aspects of
eosinophil exosomes in the pathogenesis of
asthma.'*3° Moreover, the secretion of exo-
somes is significantly higher in eosinophils
from patients with asthma compared with
healthy individuals."* Exosomes carry
eosinophil-characteristic proteins such as
MBP and EPO to BECs, ASMCs, and
DCs, inducing secretion of mucus and
inflammatory cytokines and chemokines,
which results in tissue damage and exacerba-
tion of asthma.

Xia et al.*" showed that mast cells greatly
contribute to the process of airway remod-
eling by stimulating the proliferation of
ASMCs by exosomes. Mast cells can
adhere to ASMCs via cell adhesion mole-
cule 1 (CADM]1) and trigger the secretion
of cytokines and chemokines by ASMCs,
resulting in the recruitment of more mast
cells and perpetuating asthmatic symptoms.
The release of exosomes from stimulated
BECs can be induced by Th2 cytokines,
principally IL-13, and these exosomes can
trigger proliferation of monocytes, which
contributes to inflammatory processes.'?
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Collectively, these findings indicate that
exosomes exert a crucial function in com-
munication between the asthmatic microen-
vironment and cells. This communication is
two-way and even multi-directional.
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