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ARTICLE INFO ABSTRACT

Keywords: Asthma is a chronic inflammatory disease of the airways with a complex pathophysiology, making the devel-
Asthma opment of diagnostic and therapeutic tools a challenge. Exosomes are extracellular membranous nanovesicles
Exosome ) implicated in intercellular communication. Exosome composition and cargo are highly heterogeneous depending
g‘if;;“;rmk::‘:" on their cellular origin and physiological state. They contain proteins (tetraspanins, heat-shock proteins), nucleic

acids (RNA, microRNA), and lipids (ceramides, cholesterol, sphingolipids). Current scientific advances show that
exosomes play a pivotal role in the pathology of asthma as well as other inflammatory diseases, and all types of
inflammatory cells (neutrophils, dendritic cells, lymphocytes, eosinophils) release exosomes. Also, structural
lung cells such as airway epithelial cells and airway smooth muscle cells produce and secrete these nanovesicles.
Exosomes influence and modify the functionality of these inflammatory and structural cells, triggering the
characteristic processes of asthma disease. Additionally, exosomes are used as biomarkers in several disorders
because they are easier to collect from different biofluids, making them a non-invasive method for screening
human pathologies. Also, due to their special molecular characteristics, they can be loaded with different mo-
lecules and employed as a drug-delivery vehicle. This review focuses on recent advances related to the role of
exosomes in asthma disease.

Therapeutic tools

1. Introduction

Asthma is one of the most prevalent chronic diseases in the world.
According to estimates, it affects more than 315 million people
worldwide, with nearly 10% of all asthma patients presenting severe or
uncontrolled forms of the disease [1,2]. Asthma is characterized by
recurrent episodes of wheezing, dyspnoea, cough, and chest tightness.
These symptoms are triggered by inflammatory and structural changes
causing airflow limitation and bronchial hyperresponsiveness to a wide
range of environmental stimuli [3,4]. Recently, asthma has been de-
fined as a complex disease or syndrome and can be stratified into sev-
eral phenotypes and endotypes, each having specific clinical and pa-
thological  characteristics and responding  differently to
pharmacological treatment [5,6].

This complexity is due to the participation of different cell types in
the pathogenesis of asthma: structural lung cells, dendritic cells, T and
B lymphocytes, monocytes, eosinophils, etc. [7]. In this context, un-
derlying cell-to-cell communication is key, and is mainly performed by
soluble mediators such as cytokines, chemokines, and other soluble
factors. Nowadays, however, extracellular vesicles (EV) have become
recognized as new players in this process. A variety of these EV have
now been identified, exosomes being one of them.

Exosomes are small vesicles (30-100 nm in diameter) that enable
cell-to-cell communication by shuttling different molecules such as
nucleic acids (DNA, mRNA, and microRNAs [miRNA]), lipids, proteins,
and specific cell-surface markers that reflect the exosome-cell origin
[8]. They deliver this molecular cargo to the target cells, which may
alter cell function and behaviour over short or long distances.

Abbreviations: AEC, airway epithelial cells; APC, antigen-presenting cells; BALF, bronchoalveolar lavage fluid; BSMC, bronchial smooth muscle cells; DC, dendritic
cells; ECP, eosinophil cationic protein; EPO, eosinophil peroxidase; EV, extracellular vesicles; FEV;, forced expiratory volume in 1s; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; HLA, human leukocyte antigen; IFN-vy, interferon-gamma; IL, interleukin; ILV, intraluminal vesicles; LBPA, lysobisphosphatidic acid; LFA,
lymphocyte function-associated antigen; LTA4, leukotriene A4; LTBy, leukotriene By; LTC,, leukotriene Cg4; LT, leukotrienes; MBP, major basic protein; MDM,
monocyte-derived macrophages; MHCII, major histocompatibility complex class II; miRNA, microRNAs; MMP, metalloproteinase; MSC, mesenchymal stem cells;
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Fig. 1. General structure and molecular composition
of an exosome. These nanovesicles contain a wide
spectrum of molecules, such as lipids, proteins, and
nucleic acids (RNA and miRNA). Exosomes are im-
plicated in intercellular communication and their
cargo can be transferred from origin cells to target
cells. Exosomes are composed of a lipid bilayer,
which is enriched in sphingolipids (sphingomyelin),
phosphatidylserine, cholesterol, and ceramides. They
@) < also contain several types of proteins, such as en-
dosomal origin proteins (ALIX, Tsg101), tetraspanins
(CD9, CD63, CD81), heat-shock proteins (HSP70,
HSP90), enzymes (GAPDH, nitric oxide synthase,
catalase), cytoskeleton protein (actin, gelsolin,
myosin, tubulin), adhesion molecules, integrins,
MHCI and MHCII, and others (leukotrienes, pros-
/~  taglandins, S100 proteins). GAPDH, glyceraldehyde-
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Exosomes have been extensively studied to elucidate their associa-
tion with the pathogenesis of a range of inflammatory diseases [9-11]
as well as in respiratory diseases [12-15]. These studies have produced
fundamental insights into the mechanisms of cellular crosstalk in
asthma [16-18]. In this review we summarize recent advances con-
cerning the role of exosomes in the pathogenesis of asthma and discuss
their potential as biomarkers and as therapeutic tools.

2. Exosome composition and function in asthma

Exosomes are membranous nanovesicles made up of a lipid bilayer
that protects the different bioactive molecules contained within exo-
somes from the hostile microenvironment [19]. The intraluminal cargo
is extraordinarily complex and varies based on cell type and patho-
physiological state. In recent years, many studies have explored the
nature of exosome molecular composition [20]. Fig. 1 shows a general
scheme of exosomal molecular composition.

In this part of the review, we focus on the different components of
exosomes (proteins, lipids, and miRNA) and their function in asthma
disease.

2.1. Exosomal proteins

Exosomes have characteristic proteins in their proteomic composi-
tion. Some are common to all exosome types independently of their
origin, such as tetraspanins (CD63, CD9, CD81), heat-shock proteins
(HSP70, HSP90), Tumor Susceptibility Gene 101 (Tsg101), ALIX, actin,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), among
others. These proteins are often used as exosome markers [21]. How-
ever, some proteins are specific and depend on cell origin. Using mass
spectrometry and Western blotting, our group recently demonstrated
that eosinophil-derived exosomes contain eosinophil-specific proteins
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such as eosinophil peroxidase (EPO), eosinophil cationic protein (ECP),
and major basic protein (MBP) [17].

Though many studies have been performed to describe exosomal
structural proteins and these nanovesicles are known to play an im-
portant inflammatory role in asthma pathogenesis, investigations
showing a concrete relation between asthma and exosome proteins are
scarcer. In one notable exception, Rollet-Cohen et al. recently per-
formed comparative proteomic research in exosomes [22]. To do this,
they used bronchoalveolar lavage fluid (BALF)-derived exosomes from
paediatric patients with asthma, cystic fibrosis, and primary ciliary
dyskinesia, finding 14 proteins that were deregulated among these
three disease-related groups. These proteins were associated with in-
flammatory processes such as LCN2 and S100A12. Similarly, in 2016,
Lasser et al. compared the exosomal proteome of nasal lavage fluid
between healthy individuals, asthmatics, and patients with asthma and
chronic rhinosinusitis [23]. For first time, the authors reported the
presence of nitric oxide synthase 2 (NOS2) enzyme in exosomes, which
increases nitric oxide (NO) levels in inflammatory pathologies. More-
over, they found that filaggrin and hornerin are decreased in exosomes
from asthmatics compared to healthy subject-derived exosomes, pos-
sibly due to the loss of integrity and dysfunction of the epithelial barrier
in asthma pathogenesis.

Another important feature of exosomes is that their surface proteins
are critical for (i) establishing connections between the plasma mem-
brane or extracellular matrix and cellular uptake, (ii) exosome mobility,
and (iii) immune recognition [24]. Exosome-surface proteins are im-
portant in interactions with cells and trigger signal transduction or
produce uptake by the cells. Generally, tetraspanins (CD9, CD63, and
CD81), integrins, cell-adhesion molecules, proteoglycans, and lectins
have been related to these processes [25]. Within asthma pathology,
our group and other authors showed that exosomes can be taken up by
cells, leading to the hypothesis that the most probable mechanism is



J.A. Carlas, et al.

through endocytosis [17,18,26]. However, no research has concretely
described the specific mechanism and molecules that participate in this
interaction and uptake, thus creating a need for further in-depth studies
to explain this phenomenon.

2.2. Exosomal lipids and lipid mediators

Lipids constitute a fundamental part of exosome composition and
are related to exosome biogenesis. To date, however, exosomal lipids
remain under-researched.

Lipids participate in exosome formation and are important in early
and late stages of exosome maturation, changing their composition
throughout this process. The lipid composition of intraluminal vesicles
(ILV) in early stages is less known, but it is recognized that they are
made up of cholesterol, sphingolipids, phosphatidylinositol-3-phos-
phate, and lysobisphosphatidic acid (LBPA) [27]. Also, this composition
changes depending on the maturation stage of multivesicular bodies
(MVB), as lipids have more cholesterol at early stages and LBPA in later
phases [28].

When compared to donor cells, exosomes tend to be enriched in
cholesterol, sphingolipids, and phosphatidylserine, and this composi-
tion differs from other EV, although their makeup depends on source-
cell type [29]. Exosomes can contain ceramides, sphingomyelins, and
phosphatidylcholines, all of which carry out important functions in
several pathologies [30]. Concretely, exosomal ceramides were shown
to act as macrophage chemoattractants in an murine model of in-
flammation [31]. However, another study showed that exosomes are
depleted in plasma membrane lipids such as phosphatidylinositols,
phosphatidylcholines, phosphatidylglycols, and phosphatidylethanola-
mines, whereas phosphatidylserines are present in moderate quantities
in exosomes [30].

Within asthma disease, few studies have addressed exosomal lipid
function. A recent article by Hough et al. described a singular lipid
signature of EV in BALF obtained from asthmatics and healthy subjects
[32]. They suggest that the lipid composition of EV from airways could
contribute to chronic inflammation in asthma. The authors further
identified characteristic differences in EV lipids between healthy sub-
jects and asthmatics, demonstrating altered abundances in these lipids,
such as ceramides, modified ceramides, and phosphatidylglycerol. To-
gether with other lipids such as prostaglandins and leukotrienes, this
lipid signature has been implicated in inflammation of asthma pa-
thology [33,341].

Exosomes are an important source of eicosanoids (leukotrienes [LT]
and prostaglandins), which have functional activity in vivo and in vitro,
and they contain enzymes related to leukotriene metabolism [35]. Esser
et al. demonstrated that exosomes from antigen-presenting cells (APC)
such as monocyte-derived dendritic cells and macrophages contain
functional enzymes implicated in LT biosynthesis [36]. The main en-
zymes identified in this study were leukotriene A, hydrolase and leu-
kotriene C, synthase, which have the capacity to produce pro-in-
flammatory leukotriene B4 (LTB4) and leukotriene C4 (LTC4) from
leukotriene A, (LTA,). These lipid mediators are important in triggering
asthma disease. Supporting these findings, Torregrosa-Paredes et al.
showed that BALF-derived exosomes have an altered exosomal profile,
exerting pro-inflammatory activities in vitro [37]. Additionally, BALF-
derived exosomes contain enzymes for LT biosynthesis. These enzymes
were present in exosomes from healthy and asthmatic subjects; how-
ever, only exosomes of BALF from asthmatics increased the production
of LT. Additionally, co-culture of these asthmatic exosomes with
bronchial epithelial cells increased LT and interleukin (IL)-8 produc-
tion. Also, exosomes from lung epithelial cells carry LTC, that can be
metabolized into LTD,4, which is the most potent mediator of bronch-
oconstriction [38]. In contrast, a recent study shows that exosomes
from IL-1B-induced human lung fibroblasts contain prostaglandin E,
(PGE,) with anti-fibrotic effects [39].
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2.3. Exosome-derived miRNA

MiRNA are small, non-coding RNA molecules that can be localized
in several biofluids such as urine, sputum, BALF, and serum. MiRNA are
loaded into exosomes during biogenesis through several strictly con-
trolled mechanisms. Gon et al. described selective release of miRNA in
exosomes [40]. They found increased levels of exosomal miRNA in
BALF-derived exosomes from house-dust-stimulated mice that may
inhibit Th2 molecules, such as IL-5 and IL-13. However, if the exosome
release is partially blocked by GW4869 (an inhibitor of neutral sphin-
gomyelinase), the number of exosomes in BALF is reduced and miRNA
that inhibit Th2 inflammation are decreased, exacerbating eosinophilic
airway inflammation.

In recent years, the number of miRNA studies has increased ex-
ponentially, as miRNA are excellent biomarkers of several diseases,
including cancer and cardiovascular and respiratory diseases [41-43].
Particularly, miRNA have also been studied in asthma pathology [44].
Recently, our group published an article on eosinophil miRNA in which
we report that miRNA can be used to differentiate healthy subjects from
asthmatic patients [45], so this miRNA signature could be used as an
asthma biomarker. This miRNA profile can distinguish healthy from
asthmatics, as the two differ in the number of eosinophils and serum
periostin levels. Concretely, serum miR-185-5p discriminates both
groups and has the ability to classify patients according to asthma se-
verity.

Nowadays, most studies emphasize the function of miRNA in
asthma [13,46], but few address exosomal miRNA. Valadi et al. were
the first to report that miRNA are present in exosomes and can be
transferred to recipient cells [47]. Subsequently, several studies have
shown that exosomal miRNA can participate in pathological processes
such as asthma. One of these was performed by Levinen et al., who
described an altered exosomal miRNA profile in BALF [48]. This
miRNA set was composed of 24 miRNA expressed differentially be-
tween asthmatic and healthy subjects. These miRNA include members
of the let-7 and miR-200 families. This exosomal miRNA profile can
distinguish mild non-symptomatic asthmatic patients from healthy
subjects. Moreover, these “exosome-shuttle miRNA” can be transferred
to other cells and exert a functional effect on recipient cells. Montecalvo
et al. demonstrated a novel mechanism of intercellular communication
between dendritic cells (DC) based on transference of exosomal miRNA
with functional activities, which suppressed target mRNA in acceptor
cells [49]. This process of exosomal miRNA exchange can be one-di-
rectional, as reported in the 2011 study by Mittelbrunn et al. [50],
demonstrating the unidirectional exosome-miRNA transference from T
cells to APC. These findings lend support to the notion that exosomes
serve as an intercellular transporter of miRNA in the lungs.

Airway remodelling is a key process in asthma disease. Gupta et al.
identified a different exosomal miRNA population between two types of
epithelial cells: primary tracheobronchial cells and epithelial cells de-
rived from human lung adenocarcinoma [51]. Both cell types release a
distinct set of exosomal miRNA, such as miR-34a/b/c, miR-449b/c, and
miR-223. However, several miRNA associated with inflammatory and
remodelling processes were present in the same levels in both types of
exosomes such as miR-21, which is one of the most widely studied
miRNA types in inflammatory diseases. Elbehidy et al. demonstrated
that miR-21 expression was inversely correlated with serum IL-12p35
levels and forced expiratory volume in 1 s (FEV;) in asthmatic children
[52]. It is known that IL12p35 is a target gene of miR-21, inhibiting its
expression and destabilising Th1/Th2 balance to Th2 response, a
characteristic of asthma disease.

3. Functions of exosomes in asthma
Exosome production has been demonstrated in almost all cell types,

and this production has been found to depend on cellular cargo, on the
conditions of their environment, or the stimuli that act upon these cells.
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Fig. 2. Exosomes from different cellular sources can interact with the main cells involved in asthma. Most immune cells secrete exosomes, which play an important
role in asthma pathogenesis. Exosomes from dendritic cells promote polymorphonuclear cell migration, and they encourage proliferation to Th2 cells from T cells. B
cells produce exosomes that can act as antigen presenting units. Also, mesenchymal stem cells secrete exosomes with immunomodulatory effects over T cells. Several
cytokines released from smooth muscle cells activate exosome secretion in macrophages. Neutrophil-derived exosomes stimulate smooth-muscle-mass growth and
contain several enzymes to produce pro-inflammatory lipid mediators. Exosomes secreted from eosinophils have autoregulatory effects over themselves, and they act
over epithelial and smooth muscle cells, increasing their proliferation, apoptosis, and gene expression of pro-inflammatory molecules. Also, structural lung cells
release exosomes. Exosomes from airway epithelial cells stimulate macrophage proliferation and chemotaxis, and exosomes from smooth muscle cells increase
proliferation of lung epithelial cells. IFN-y, interferon-gamma; NO, nitric oxide; ROS, reactive oxygen species; TGF-B1, transforming growth factor beta 1; TSLP,

thymic stromal lymphopoietin.

A plethora of immune cells participate in asthmatic and allergic pro-
cesses, and their exosomes could play a role in the pathogenesis of these
disorders. Fig. 2 summarizes the principal interactions between exo-
somes and major immune cells as well as the effects produced.

3.1. Exosomes from dendritic cells and monocyte-macrophages

DC usually participate in innate immunity, phagocytising pathogens
to process and present their antigens to T lymphocytes. These highly
specialized effector cells are considered the primary APC in the immune
system and play an important role in the initiation of the immune re-
sponse [53]. DC can secrete exosomes, stimulating T-cell responses
through several mechanisms, either by direct contact or by means of
other APC [54,55].

DC-derived exosomes and their surface components have been
characterized [56]. They contain several molecules that confirm their
endosomal origin, such as CD63 or CD54, the latter an adhesion mo-
lecule that allows these exosomes to interact with lymphocyte function-
associated antigen (LFA)-1, a molecule present on the T-lymphocyte
surface. Other molecules present in DC exosomes are major histo-
compatibility complex class II (MHCII), CD86, and human leukocyte
antigen (HLA)-DR. Thus, DC-derived exosomes can present aeroaller-
gens to T-cells. They trigger the production of type 2 cytokines such as
IL-4, especially in allergic individuals, thereby contributing to allergic
inflammation [57].

Recently, new data on the role of exosomes from DC have been
reported. Huang et al. show that DC activated by thymic stromal lym-
phopoietin (TSLP) are able to induce the proliferation of CD4* T cells
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and their differentiation to Th2 cells through OX40L [58]. This finding
provides a new mechanism of cell-to-cell interaction and communica-
tion.

Depending on exosome subtype and cellular status of maturation,
the effect of exosomes varies. DC secrete EV of different size, protein
composition, and subcellular origin, and outcomes differ based on the
size and composition of T-cells [59].

Exosomes produced by monocyte-derived macrophages (MDM) are
modulated by multiple factors and molecules. Several cytokines such as
transforming growth factor-beta (TGF-B) 1, IL-1fB, and interferon-
gamma (IFN-y) affect the rate of exosome generation and delivery by
peripheral blood monocytes or alveolar macrophages [36,60,61]. Also,
enzymes such as Rab guanosine triphosphatases (Rab GTPases) exert an
effect over vesicular traffic at the membrane level, affecting and reg-
ulating the exosome-delivery process [62].

Exosomes from MDM and DC perform enzymatic activity that plays
an essential role in inflammation. Exosomes from DC are able to induce
migration and recruitment of polymorphonuclear leukocytes to the site
of inflammation [36]. In addition, DC and MDM-derived exosomes
participate in the arachidonic acid pathway, producing several meta-
bolites such as LTB,4 or 5-keto eicosatetraenoic acid, which are pro-in-
flammatory lipid mediators that play a key role in several allergic
processes, asthma pathogenesis, and chronic inflammation.

3.2. Exosomes released by lymphocytes

T and B lymphocytes carry out important functions in asthma and
allergic response. They are implicated in the release of IgE against
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specific antigens, mediate cytokine production, and influence the shift
to Th2 phenotype in a high percentage of asthma processes. Moreover,
they secrete factors that trigger numerous mechanisms such as migra-
tion of granulocytes and other pro-inflammatory effects.

Although several studies have demonstrated that T lymphocytes can
release exosomes with several functions, functional studies in asthma
and allergy are mainly focused on the effects that other exosome
sources have on T cells [63-65]. A synthesis of studies depicts the
functions of exosomes from different cellular populations with regard to
T cells [12]. Recently, a manuscript published by Du et al. [66] has
proven that mesenchymal stem cell (MSC) exosomes exert several ef-
fects on regulatory T cells (Treg) from healthy and asthmatic subjects.
Concerning T cells, and outside of the scope of asthmatic pathology,
multiple articles have shown the effect that MSC cells exert on other cell
types, as in the case of DC in autoimmunity [67], while other research
has shown the effect that these cells have over vascular endothelial
cells, modifying their functionality and their vascular endothelial
growth factor (VEGF) expression [68].

Exosomes from B cells have been studied by several research groups.
One of the first manuscripts published on this topic appeared in 1996
and described how B cell-derived exosomes are able to present peptides
with antigenic capacity to T cells through MHC class-II receptors [55].
Subsequent studies have demonstrated that the surface of exosomes
from B cells contain a plethora of both molecules such as CD40, CD80,
and CD86, which have co-stimulatory capacity as well as integrins (al
and a2), enabling them to exert important effects over T-cell response
[69-71]. More than ten years ago, Admyre et al. [72] demonstrated
that B cells can act on T cells through their exosomes, triggering a
potent immune response in allergic disease and highlighting the fact
that exosomes can be autonomous antigen-presenting structures and do
not require direct contact between cells. Similarly, serum or BALF
exosomes originated by B cells or by other cell populations can exert
allergic tolerogenic activity, thus giving rise to their name, “tolero-
somes” [73,74].

These findings may be important for future exosome engineering
aimed at creating exosome-based vaccines for immunotherapy.

3.3. Role of exosomes from eosinophils

Eosinophils are one of the key players in asthmatic pathophysiology.
They are elevated in airways from asthmatics, which makes eosinophil
airway count a disease biomarker [75]. In asthma pathophysiology,
eosinophils secrete several proteins such as MBP, EPO, and ECP as well
as other airway-damaging mediators like reactive oxygen species (ROS)
or NO [75].

Our group was the first to describe that eosinophils are capable of
producing MVB; when fused with plasma membrane, MVB are released
into the extracellular environment as exosomes [16]. These exosomes
were released in greater quantity by eosinophils from asthmatics, and
contain such eosinophil-derived enzymes as EPO, MBP, and ECP re-
gardless of whether they come from healthy or asthmatic sources. In
vitro assays showed that exosomes from eosinophils are functional in
asthma disease. Exosomes derived from the eosinophils of asthmatics
act in an autocrine manner upon eosinophils themselves, a character-
istic that distinguishes them from exosomes from healthy eosinophils.
This type of exosomes increased ROS and NO production and aug-
mented eosinophil chemotaxis and adhesion by upregulating ICAM-1
and integrin-a, [17].

As mentioned previously, eosinophils play a role in asthma by da-
maging the airways through secretion of a variety of enzymes and
mediators [75]. We described an alternative pathway of airway-func-
tion modification by eosinophil exosomes. Small airway epithelial cells
(SAEC) and bronchial smooth muscle cells (BSMC) structurally remodel
the airway and perform roles in both respiratory function and the im-
mune response. Exosomes from asthmatic eosinophils modify the be-
haviour of SAEC, increasing their apoptosis, reducing their wound-
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repair capacity, and enhancing expression of CCL26, TNF, and POSTN.
BSMC performance is also modified by asthmatic exosomes, which in-
crease the ERK1/2-phosphorylation-mediated proliferation of these
cells and upregulate CCR3 and VEGFA gene expression [18].

3.4. Role of exosomes from neutrophils

Some severe asthma phenotypes are characterized by a high number
of neutrophils in the affected airways and have been associated with
corticosteroid refractory asthma [76]. Neutrophils secrete cytokines
like IL-6, IL-8, IL9, IL-12, and IFN-y, orchestrating an immune response
and causing damage to the airways by ROS secretion and through the
action of enzymes such as metalloproteinase (MMP)-9 or elastase and
DNA traps [77]. In addition, neutrophils stimulated with lipopoly-
saccharides secrete exosomes which are internalized by airway smooth
muscle cells, enhancing their proliferation [26]. Also, in an autocrine
fashion, neutrophils that migrate towards a primary chemoattractant
secrete exosomes loaded with LTB, or its synthesizing enzymes to
mediate neighbour neutrophil motility [78].

Neutrophil-platelet interactions have been studied in the context of
infections, and it has been described that platelet-derived EV promote
adhesion of neutrophils to endothelial cells through CD62P and CXC
chemokines [79]. This communication is bidirectional, as neutrophil-
derived EV are internalized in platelets, which in turn synthesize
thromboxane-A2, a process which elicits endothelial expression of
ICAM-1, promoting neutrophil extravasation [80].

3.5. Role of exosomes from airway structural cells

Airway structural cells, including the epithelium and smooth muscle
mass, are crucial to asthma pathophysiology, and they play a key role in
the defence against pathogens, mucus production, bronchoconstriction
response, and airway remodelling [18,81].

Airway epithelial cells (AEC) are the principal component of the
epithelium and are able to secrete exosomes. Exosomes released by AEC
vary in size and shape depending on their cell-type origin and mucin
content [82]. Gupta et al. showed that distinct epithelial cell types
exchanged exosomes, and this transfer alters the quantitative and
qualitative profile of airway secretions, including proteins and miRNA
[51]. IL-13 secreted in the asthmatic immune environment also induces
exosome secretion by epithelial cells, increasing chemotaxis and pro-
liferation of macrophages [60]. Additionally, exosomes derived from
lung-cancer epithelial cells contain y-glutamyl transpeptidase 1, which
catalyses LTC, derived from myeloid cells into LTD,4 [38]. This leuko-
triene is implicated in bronchoconstriction and airway remodelling.

Bronchoconstriction is a key feature in asthma, and it may trigger
the positive feedback that drives the angiogenesis observed in this pa-
thology. Bronchial epithelial cells submitted to compressive stress re-
lease exosomes that contain tissue factor, which is increased in asth-
matic airways and implicated in angiogenesis [83]. Fibroblasts are also
implicated in airway remodelling and also secrete exosomes. Exosomes
from fibroblasts of asthmatics present lower levels of TGF- and in-
crease the proliferation of epithelial cells [84].

4. Exosomes as therapeutic tools

Exosomes are an important tool for diagnosis. Also, they are used as
biomarkers in several diseases and have therapeutic applications
[85,86]. Due to their molecular characteristics, different approaches are
being developed in the field of exosome therapy, principally as a drug-
delivery vehicle. Currently, the most favoured drug-delivery systems
are polymeric nanoparticles and liposomes [87,88]. These carriers have
been used to deliver different therapeutic molecules and drugs; how-
ever, they have several disadvantages: (i) low stability, (ii) inability to
evade the host immune system, and (iii) potential toxicity [89]. To
resolve these issues, exosomes can be chosen as drug-delivery vesicles
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Fig. 3. Drug-loaded exosome methods. Exosomes can be employed as therapeutic tools. There are two distinct methods of loading molecular cargo into exosomes:
passive and active techniques. Passive methods involve the use of hydrophobic agents, which are incubated with exosomes or exosome-releasing donor cells. Active
methods are based on the use of extrusion, sonication, or electroporation techniques to destabilize exosomal-membrane integrity, allowing drugs or other molecules
to be introduced into exosomes and having anti-inflammatory, anti-oxidant, and immunomodulatory effects. Also, these drug-loaded exosomes can be used as

vaccines in several diseases.

because as particles they are degradation-resistant and more stable,
they produce low immune responses, cross the blood-brain barrier,
have non-tumorigenic properties, and transport different molecules
such as small molecules (curcumin) [90], proteins, and enzymes (cat-
alase and superoxide dismutase) [91] just like nucleic acids (siRNA,
miRNA) [92].

Several strategic approaches have been developed to load molecular
cargo into exosomes, which are classified into two major groups: pas-
sive and active [93]. The former employs techniques with hydrophobic
agents, which are incubated with exosomes or donor cells that release
exosomes [94]. Active methods are based on techniques such as ex-
trusion, sonication, electroporation, freeze and thaw cycles, and use of
membrane permeabilizers enabling molecules and drugs to be in-
troduced into exosomes by destabilising exosomal-membrane integrity
[93]. Fig. 3 outlines the different methods of loading therapeutic mo-
lecules and drugs into exosomes.

A variety of studies explore exosomes as therapeutic tools for in-
flammatory diseases, but only a few have been conducted in asthma.
One of the first studies was performed in 2008 by Almqvist et al. [73].
In this study, the authors used a murine model to investigate allergic
asthma, determining whether serum-derived exosomes from OVA-fed
donors (also called “tolerosomes”) protect the lungs against airway
inflammation. They demonstrated that mice that have received “tol-
erosomes” present reduced levels of both the total number of cells and
eosinophils in BALF. In another use, the exosomes from MSC are widely
used for therapeutic approaches. Several studies have demonstrated
that MSC can alleviate airway inflammation in asthma. In 2017, Du
et al. showed that MSC exosomes increase Treg percentage in peripheral
blood mononuclear cells (PBMC), heighten proliferation, and promote
immunosuppressive capacity by upregulating anti-inflammatory cyto-
kines (IL-10 and TGF-f1) in PBMC [66]. Recently, Cho et al. have de-
monstrated that exosomes from adipose tissue-derived MSC have a
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potential therapeutic effect on an atopic-dermatitis mouse model [95].
These exosomes downregulated mRNA levels of IL-4, IL-23, IL-31, and
tumor necrosis factor alpha (TNF-a) in skin lesions.

Exosomes can serve as drug-delivery vehicles and vaccines, and they
carry different therapeutic drugs to treat a number of diseases. One of
these drugs is curcumin, which has anti-oxidant, immunomodulatory,
and anti-inflammatory (reducing pro-inflammatory cytokines) effects in
several diseases [96]. Exosomes may also serve as vaccines. For ex-
ample, several research groups from the French Gustave Roussy In-
stitute and Curie Institute have completed a phase I clinical trial on
vaccines based on the exosomes of dendritic cells (also called “dexo-
somes”) against metastatic melanoma [97]. To date, however, there
have been no exosome-based vaccine studies in asthma.

Despite such potential, important barriers remain, impeding the
immediate clinical use of exosomes as a therapy [98]. First, the exact
mechanism by which exosomes cross the blood-brain barrier is not fully
understood. Second, the exact molecular cargo of exosomes has yet to
be determined, because some of these molecules could be implicated in
pathological mechanisms. Last, exosome isolation and the loading of
cargo into exosomes remain costly and inefficient techniques. There-
fore, more studies are needed to develop effective exosome-based
therapy.

5. Conclusions

In this review, we have focused on recent advances in the field of
exosomes and asthma pathology. Exosomes have a complex molecular
composition, and their cargo is extremely heterogeneous, with varia-
tion stemming from their cellular origin and physiological state.
Exosomes play an important role in multiple diseases and have been
widely studied. However, their specific functions in asthma are much
less understood, although over recent years there has been an increase
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in the number of studies of exosomes in this pathology context. It is well
known that almost all types of inflammatory cells release exosomes,
which in turn exert a number of effects associated with asthma disease.
Moreover, exosomes have been found in biofluids such as BALF, which
influences various cell types and modifies processes associated with
asthma.

Exosomes hold potential as tools for the diagnosis and treatment of
several diseases, particularly in asthma. These nanovesicles contain
important molecules implicated in the pathophysiologic mechanism of
multiple disorders, and by means of molecular engineering their com-
position can be modified and therapeutic drugs can be loaded into
them.

Despite the progress made, more studies are necessary to arrive at a
deep knowledge of how exosomes act in asthma disease and develop
effective treatments based on this knowledge.
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