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Abstract: Currently, extracellular vesicles (EVs) have been implicated in the etiopathogenesis of many
diseases, including lung disorders, with the possibility of diagnostic and therapeutic applications.
The analysis of EV in respiratory tract diseases faces many obstacles, including material collection
from airways, standardization of isolation techniques, detection methods, the analysis of their content,
etc. This review focuses on the role of extracellular vesicles in the pathogenesis of atopic respiratory
diseases, especially asthma, with a special focus on their clinical applicability as a diagnostic tool. We
also summarize available laboratory techniques that enable the detection of EVs in various biological
materials, with particular emphasis on flow cytometry. The opportunities and limitations of detecting
EV in bronchoalveolar lavage fluid (BALF) were also described.
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1. Introduction

The group of extracellular vesicles (EVs) consists of exosomes, microvesicles, and
apoptotic bodies. Their size is determined at 50-5000 nm. EVs are thought to be responsible
for communication between cells in the organism. In recent years, they have become a very
popular subject to study in the context of investigating the pathogenesis of various diseases,
diagnostics, and with the possibility of therapeutic applications. Their additional advantage
is that they can be detected and analyzed in various biological materials collected from
the patient. They are assessed in every possible discipline of medicine, from cardiology,
hematology to gynecology, as well as neurology. Their role in various lung diseases
is also emphasized and studied more and more often. Chronic obstructive pulmonary
disease (COPD), lung cancer, pulmonary hypertension, acute lung injury could be mention
here, along with atopic respiratory diseases and asthma, which are mentioned in this
review [1-6].

2. Asthma, Allergic Rhinitis, and EVs
2.1. Asthma and Allergic Rhinitis

Bronchial asthma, a chronic inflammatory lung disease affecting 5-10% of the global
population, is placed among the most common conditions. Asthma is characterized by
airway inflammation, reversible airway obstruction, increased mucus production, and
bronchial hyperreactivity. A large group of asthmatic patients suffers from an atopic allergy
related to T helper 2-type immune response and overproduction of allergen-specific IgE.
Allergic asthma and rhinitis are due to a variety of allergens” sensitization. Both disorders
have genetic background skewing the polarization of immune response towards Th2 ac-
tivation. Asthma patients fall into two categories (endotypes) based on the intensity of
Th2 inflammation (Th2 high and Th2 low). The heterogeneity of atopic diseases may also
be expressed as differing participation of eosinophils (eosinophilic vs. non-eosinophilic
inflammation) and variable clinical manifestations. In the course of early-phase reaction
to an allergen, IgE crosslinks high-affinity receptor (FceRI) on mast cells and basophils,
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triggering a signaling cascade of intracellular events leading to the activation, degran-
ulation, and the release of a large panel of proinflammatory mediators like histamine,
arachidonic acid metabolites, chemokines, cytokines. This specific IgE-driven response
is followed by late-phase due to the recruitment of eosinophils, mucus overproduction,
and T cell activation. The Th2 cells, by IL-4 and IL-13 acting in concert, support further
production of IgE synthesis and, together with IL-5, induce local and systemic eosinophilia
perpetuating inflammatory response. Furthermore, a Th2 response leads to the generation
of IgE memory B cells [7-9].

2.2. EVs in General

EVs are released by every cell type, including structural (airway epithelial cells) and
immune cells participating in asthmatic inflammation and mediate intercellular communi-
cation perpetuating inflammatory reactions. EVs were found to be produced by dendritic
cells, monocytes, lymphocytes, mast cells, eosinophils. Most EVs have been shown to
contain miRNA, DNA, lipids, and proteins like cytokines, chemokines, adhesion molecules,
and proteases. EVs are believed to transfer molecules between cells and express immune-
relevant surface molecules such as HLA-DR or co-stimulatory molecules participating in
asthmatic inflammation. EVs possess the ability to bind to the surface of cells in order to
modulate their functions [10]. All categories of EVs can be found in different body fluids
such as serum, bronchoalveolar lavage fluid (BALF), and nasal lavage fluid [11,12]. Many
authors started to highlight that EVs can provide novel insights into the pathomechanisms
of asthma, including their applicability as diagnostic markers and eventually as a drug-
delivery system [3,5,13]. Levénen et al. confirmed that miRNA cargo of EVs in BALF of
asthmatic patients differed from healthy controls, and some miRNAs strongly correlated
with impaired lung function [14].

2.3. EVs from Epithelial Cells

Bartel et al. reported for the first time that lung epithelial cells are able to release
EVs apically and basally. Moreover, epithelial cells in the surrounding milieu supple-
mented with exogenous IL-13, released EVs depleted in miR-92b, miR-34a, and miR-210.
Accordingly, decreased content of miR-34a, miR-92b, and miR-210 levels in EVs in nasal
lavages from children was associated with airway obstruction, which is a hallmark of
asthma [15]. In accord with this observation is the fact that miRINAs are believed to be
involved in regulating Th2 differentiation and DC maturation [16]. Bartel et al. suggest
that airway epithelial EVs carrying miRNA may play a role in the development of asthma.
These authors also confirmed that EVs carrying miRNAs can be found in nasal lavage
fluid, being minimally invasive to collect, which is crucial when the examining of pedi-
atric populations is considered [15]. Other scientists, in regards to an experimental model
of ovalbumin-induced asthma in mice, state that IL-13 is able to induce mi-RNA-21, ex-
hibiting a significant effect on airway hyperreactivity [17,18]. Mi-RNA-21 also displayed
an effect on the development of Th2 cells from primary lymphocytes. This observation
corresponds with the statement that mi-RNA-21 plays a role in a cocktail of inflammatory
factors in asthma. Therefore mi-RNA-21 can be considered as a biomarker of asthmatic
inflammation. [18]. Further studies are warranted to confirm this observation.

2.4. EVs from Immune Cells

Recently different authors unanimously claim that EVs and their cargo are responsible
for priming and activation of various inflammatory cells in asthma [5]. Most of the immune
cells, such as dendritic cells, lymphocytes T and B, mast cells, eosinophils, and epithelial
cells, were proved to use EVs as tools to communicate within the respiratory tract. The
bronchial epithelial cells, by miRNA, can directly activate DC and further enhance allergen-
specific Th2 polarization [16]. For example, miR-34a enclosed in EVs are found to be
involved in DC function and Th2 polarization [19]. The EVs are released from immune
cells by cytokines and oxidative stress activators [20]. It was also determined that miRNA
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from exosomes regulate DC function and maturation via targeting the Wingless/Integrase
(Wnt) pathway [21]. Of note is the finding of Vallhov et al. that EVs released by DCs,
carrying major cat allergen Fel d 1 together with co-stimulatory molecules and MHC class
IT antigens, have the ability to modulate the function of lung Th2 lymphocytes [22]. Huang
etal. again highlight the important role of miRNA-34a in DC development and their further
cooperation with lymphocytes. A decrease in miR-34a in airway epithelial EVs is therefore
believed to indirectly modulate CD4+ cells activation [23]. Although not unexpected, mast
cells, as important players in the concert of the inflammatory orchestra in asthmatic lungs,
are a source of EVs. Skokos et al. suggest that EVs from mast cells may play a role in
the recruitment of B and T cells to the lungs [24]. Furthermore, Xie et al. reported that
mast cell exosomes carrying FceRI could suppress allergic reactions by binding to free IgE.
The study demonstrated that exosomes derived from mice bone marrow mast cells could
bind to free IgE via FceRI, possess anti-IgE effects, decrease IgE levels and inhibit mast cell
activation [25]. Eldh et al. show that exosomes from mast cells attenuate the oxidative stress
within the lung. These authors reported that EVs released by mouse mast cells exposed to
oxidative stress had a different assortment of mRNA and, as a consequence, the recipient
cells become resistant to further oxidative damage; however, the mechanism of this is
phenomenon is far from being elucidated [26]. Kumar et al. discovered the link between
let-7 miRNAs, and respiratory inflammation, IL13 secretion, and airway hyperactivity
after a methacholine challenge. Let-7 miRNAs in the murine lung significantly decreased
IL-13 levels in lung tissue, BALF, and serum together with significant improvement of
airway hyperreactivity [17]. EVs in serum from severe asthma patients carry higher content
of miR-140-3p compared to healthy controls or patients with mild /moderate symptoms.
Therefore Suzuki et al. suggest that this marker could have a prognostic value. These
authors, using next-generation sequencing, also found significant differences between
miRNA profile in EVs from patients with a severe form of the disease as compared to the
patients with mild /moderate course [27]. Eosinophils contribute to the late phase of atopic
reactions. These cells, acting via EVs, modulate the functions of structural and immune
cells of the lung. Eosinophil-derived EVs are potent source proinflammatory factors, i.e.,
nitric oxide, reactive oxygen species, and express chemotactic factors such as ICAM-1 and
integrin a2 [12].

2.5. Potential Diagnostic and Therapeutic Use of EVs

Recently described alterations of EVs content in asthma might point to the potential
use of the exosomes as diagnostic markers and monitoring tools. In a Letter to the Editor,
Bahmer et al. showed that total miRNA expression in plasma EVs in patients with well-
controlled asthma is the same as in controls, while miR-122-5p was increased in plasma
and sputum supernatant EVs in patients with severe asthma [28].

Finally, we may speculate about their use as therapeutics [29]. Numerous anti-
asthmatic drugs currently approved for asthma therapy do not have the potential to
fully control the disease and have important side effects in the course of long-term therapy.
Accordingly, the EVs may be used as a delivery system for various anti-inflammatory com-
ponents. For example, let-7-miRNAs delivered via EVs have the potential for suggesting
novel therapeutic intervention. Moreover, Cruz et al. demonstrated that MSC-derived
EVs abrogated allergic respiratory tract inflammatory reactions in immunocompromised
mice induced by exposures to Aspergillus extract [30]. The same directionality of effect was
observed by de Castro et al., who found that MSC-derived EVs decreased inflammatory
reaction and inhibited tissue remodeling in ovalbumin-treated mice [31].

3. Laboratory Techniques

Despite their enormous potential to become useful biomarkers for diagnosing, predict-
ing, and monitoring various disease entities, EVs are not largely used in clinical medicine
as they are difficult to assess in a laboratory. Accordingly, specific methods for their identi-
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fication and characterization, sufficient standardization of the pre-laboratory phase, and
protocols for the preparation and storage of clinical material need to be developed [2,32-35].

To face this problem, the first Minimal information for studies of extracellular vesi-
cles 2014 (MISEV2014), a position statement of the International Society for Extracellular
Vesicles, was published in 2014, followed by an update to the MISEV2014 guidelines in
2018. These documents opened a way to the standardization of the nomenclature and
the recommendation for the collection and processing of the clinical samples, as well as
identification, counting, and characterization of EVs [36,37].

The authors of the guidelines were fully aware of the limitations of the document based
on what was reflected on in the conclusion: “Finally, there are exceptions to every rule.
MISEV2018 is meant to guide and improve the field, not stifle it. If MISEV recommendations
and requirements cannot be met, authors will then need to explain their unique situation
and describe their attempts to meet the guidelines and the reason for failure. These
guidelines will also continue to evolve” [37].

Further studies are warranted to establish the physiological relevance and the diag-
nostic potential of EVs in different clinical materials. There is still a long way to elaborate,
standardize and validate EV tests for clinical use.

4. Collection, Preparation, and Storage of Material for EVs Assessment in Asthma and
Allergic Rhinitis

A very important aspect of EVs assessment is the preanalytical phase, i.e., preparation
of the collected sample for testing—used anticoagulant, centrifugation, and storage condi-
tions. Different protocols used in the preanalytical phase may result in obtaining different
results [32,34].

The material most commonly used to explore respiratory allergy and asthma in BALF.
There are also scarce publications pointing to the applicability of nasal lavage [38] or
exhaled breath condensate [39] as valid clinical material for EVs detection in patients with
asthma or respiratory allergies.

BALF is collected from patients according to standard protocols used in the given
units. Most biological samples collected from patients have different degrees of viscosity
and chemical composition than culture-conditioned media; therefore, the protocol should
be appropriately adapted. Concerning BALF, the isolation of EVs is confounded with the
presence of the surfactant in the same fraction as EVs [37].

The protocol most frequently used to isolate EVs from BALF was described by
Thery et al. 2006 [40]. It is used with or without modifications [4,41-44]. Table 1
summarizes several modifications of the EVs extraction protocol from BALF used by
different researchers.

After proper isolation, the characterization of EVs present in BALF can be started.
EVs analyzed in patients with asthma are those of known cellular origin, such as mast
cell, eosinophil, neutrophil, B-cell, T-cell, dendritic cell, myeloid, platelet, epithelial cell,
fibroblast, and mesenchymal cell-derived EVs. In BALF, EVs from epithelial cells and from
immune cells are most often delt with [3,5,42,44].

The following antigens and factors are usually assessed in BALF EVs: CD63, CD54,
CD81, CD9, CD36, HLA-DR, pro- and anti-inflammatory cytokines, leukotrienes as well as
miRNAs and lipids [4,15,41,42,44].
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Table 1. Protocol for extracellular vesicle EV isolation from body fluids by Thery et al. [40] with adaptation to bronchoalveo-
lar lavage fluid (BALF) [41,43,44].

Operation Steps Thery et al., 2006 Modifications Purpose of Action
Step 1 Viscous body fluids Cen tiﬁi; ton: To remove airway cells
Dilute fluid with an equal volume of PBS 300-500x g, 10 min, at 4 °C (BALF)
Transfer supernatant,
Step 2 Centrifugation: remove pellet To remove dead cells and
P 2000 g, 30 min, at 4 °C centrifugation: large cellular debris
2000-3000% g, 10 min, at 4 °C
Transfer supernatant,
Transfer supernatant, remove pellet
Step 3 remove pellet centrifugation: Again, to remove dead cells
P centrifugation: 10,000-16,500x g, 30 min, and cellular debris
12,000 g, 45 min, at 4 °C at4°C
Filter supernatant (0.22 um)
Transfer supernatant
Transfer supernatant, centrifugation: centrifugation: .
Step 4 110,000 x g, 120 min, at 4 °C 100,000-140,000% g, 70-130 Tohave EVs in pellet
min, at 4 °C
Discard supernatant,
Resuspend pellet- in1 mL PBS Discard supernatant,
Filter the suspension (0.22 um), .
. - . . wash pellet in PBS,
centrifugation of the filtrate: i . I
110,000 g, 70 min, 4 °C centrifugation: To remove any contaminating
Step 5 ¢ ! ’ ’ 100,000-110,000 x g, 70 min, at proteins and to have EVs in
Discard supernatant, °
4°C. the pellet

wash pellet in PBS, centrifugation:
110,000 g, 70 min, 4 °C.
Pellet resuspended in PBS, stored
at —80 °C

Pellet resuspended in PBS,
stored at —80 °C

Min-minutes, PBS-phosphate buffered saline, supernatant-fluid above pellet after material centrifugation.

5. Methods for the Detection of EVs from Specific Tissues or Cells

Various methods are used for the analysis of EVs in laboratories. Most of the ap-
plied techniques are based on fluorescent methods. These include NTA (nanoparticle
tracking analysis), flow cytometry, fluorescence microscopy, super-resolution microscopy,
quantitative PCR, microfluidics, and microarrays. All of these have their advantages and
limitations [33].

Here, we focus on a sensitive and reproducible method for EVs flow cytometry
detection that allows characterization of small amounts of microparticles in a routine
laboratory. Flow cytometry enables the detection of EVs in the tested sample, as well as to
determine the size and phenotype of particles in a short time [45,46].

The difficulties in the detecting of EVs are their small size—most often below 200 nm,
and the presence of very different composition together with concomitant particles of
similar size [45].

The analyzers used for EVs assessment by flow cytometry fall into three categories:
1. Clinical flow cytometers, used primarily to perform tests on white and red blood cells,

but with proper preparation of the analyzer and setting the reading parameters to

enable the evaluation of EVs.

2. Nanoparticles flow cytometers—specially designed for the detection and identifica-
tion of small particles, EVs below 100 nm, but not widely used in laboratories

3. Imaging flow cytometers.
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5.1. Clinical Flow Cytometers

Clinical flow cytometers are dedicated to evaluating particles with sizes around 200-
500 nm. The antigens to be detected are localized by monoclonal antibodies conjugated
with fluorochromes. The particles move in the liquid stream and individually pass through
the beam of laser light. At this point, the excitation of fluorochromes and the emission
of light of a certain length takes place. Cytometry also allows for the assessment of the
relative size and granularity of cells through forward and side scatter analysis. The signal
is converted into a digital form, and the appropriate software gives researchers a chance
for a detailed analysis of the obtained results. Depending on the equipment (the number
of available lasers and detectors) and the appropriate setting of the reading parameters
in most of the currently used cytometers, can evaluate about 10-12 different antigens per
molecule [47-49].

In order to facilitate and validate the analysis of small particles, fluorescent beads of
different diameters are attached to the samples taken. This enables the appropriate setting
of the reading parameters for the EVs analysis. Figure 1 shows an example of polystyrene
beads analysis (own results, unpublished).

EV 7
patient-megamix Experiment Name: EV
1 s Specimen Name: patient
“o 5 Tube Name: megamix
] SSC-H SSC-H
1 . ST Population #Events %Parent Median SD
Yo o AllEvents 50,000  ##4% 2657 9244
E { og#'| 240nm beads B 500nm beads 3,351 6.7 34540 2,001
] 200nm beads [l 240nm beads 6,694 134, 6,087 522
- M 200nm beads 12,978  26.0| 3,261 299
Qe 160nm beads | B 160nmbeads 20,976 420 1114 202
20 | [ Large EV 11,502 230 6489| 13407
1 M Small EV 14,085 281 3253 358
% X P1 3,528 7.1| 34484 3,013
3 X P2 7,329 147 6,087 569
- X Pr3 13,984 280 3257 341
] X P4 24,461 489 1,104 257
T lll\lll TT IIII||| T I|Illll]' T IIHI"] T Illlll] T
10! 10 10° 10 10
FITC-H
atient-megamix patient-megamix
") V E P4 pP
3 81
3 Large EV <
-, —
3 ] P
o 1 Sty 5 |
57l £
33 8] !{ B
] & &
"3 ] é
II"”T[' T ll”lll T 'IHIIII T7T llllll[ T IH‘HII] T ' I|1IH| T 1|y||l| U} - - | T L II
10' 10 10 10 10° 10’ 10° 10 10 10°
FSC-H SSC-H

Figure 1. Example of dot plots and histogram of megamix-Plus SSC polystyrene beads using
DIVa 8.0.1 software and FACSCantoll flow cytometer (Becton, Dickinson and Company) (own
results, unpublished).

The fluorescent beads include polystyrene beads (megamix, megmix-Plus FSC (for-
ward scatter), megamix-Plus SSC (side scatter)—presented in Figure 1), sub-micrometer
polystyrene beads, silica beads (ApogeeMix), hollow organosilica beads (HOBs, available in
two sizes). However, the use of polystyrene beads or silica beads does not allow for efficient
calibration and sizing of the EVs because they have different light scattering intensities
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than EVs. So far, the best feature for this purpose has been demonstrated by HOBs [50].
Only these beads are considered to enable calibration and evaluation of the EVs size [45].

Generally available computer software (FCMpass and Rosetta Calibration) [51,52]
have been developed to enable the evaluation of the EVs and thus the better performance
of the EVs evaluation analysis on the cytometer. The standardization of EV detection
and good performance characteristics of the tests with the use of a cytometer is still to
be established. In addition to the previously mentioned MISEV2014 and MISEV2018,
other projects also focus on the standardization of EV assessment by flow cytometry
(METVESII—metves.eu). In 2019, the EV Flow Cytometry Working Group was established
by international scientific societies interested in the development of this field in order to
improve the standardization and education of researchers. In 2020, MIFlowCyt-EVs, a
framework for standardized reporting of EVs flow cytometry experiments [53,54], was
released. Further educational articles and seminars for researchers are being prepared
(EV Flow Series) [45]. Calibration and standardization attempts based on the appropriate
setting of cytometer parameters (fluorescence-triggered) and appropriate analysis are also
undertaken by individual research centers [55,56].

In cytometry, in addition to establishing the presence of EVs in the biological material,
their origin can be determined, depending on the expression of EV antigens. This is possible
thanks to the use of monoclonal antibodies [2]. Figure 2 presents the simplest analysis of
EVs originating from endothelial cells, platelet and leukocytes in patient plasma using the
following antibodies: anti-CD62E PE (for endothelial EVs), anti-CD42b APC (for platelet
EVs), and anti-CD45 PE-Cy7 (for leukocyte EVs) [57-59].

Only a few flow cytometers are able to assess the absolute number in addition to the
qualitative assessment of cells, EVs, and the percentage of molecules with the expression
of a given antigen. However, if appropriate counting beads are used to perform the test,
it is possible to assess the absolute number of EVs in a given biological material on each
cytometer. The results of such an assessment are shown in Figure 2.

Despite the use of selected types of beads, the application of appropriate software for
small EVs analysis is still necessary. Apart from the precise setting of the cytometer, the
measurement requires extensive experience of the researcher. EVs assessment based on
the use of bead-based flow cytometry has been largely introduced for basic and clinical
research [60,61]. This technique has been successfully used for the evaluation of various
small molecules or proteins, such as cytokines and chemokines. Such a procedure enables
the EVs to attach themselves to the beads. The structures obtained at the end are much
larger and easier to evaluate by standard cytometers. The above-mentioned technique
allows for the detection and qualitative evaluation of EVs surface antigens in various body
fluids as well as in cell culture supernatants. At the same time, a large number of different
antigens can be detected in one sample, and thus, the mixture of EVs can be defined very
well. In the work of Wiklander et al. from 2018, the authors successfully assessed 37
different markers on the EVs surface in one sample. The validated multiplex bead-based
flow cytometry methods enable a sensitive, reproducible, and extensive evaluation of EVs.
At the same time, they do not require sophisticated equipment or vast researcher experience.
They also allow for the use of standard cytometers to detect EVs, which are normally too
small to be detected. Recently different researchers highlighted the applicability of the
above-mentioned method in oncology [60,61].
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Figure 2. Example of isotypic control and platelets-, endothelial-, leukocytes- EVs with anti-CD42b-APC, anti-CD63-PE,
anti-CD45-PE-Cy?7 antibodies respectively in Tru-count tube with LOW Tru-count control beads using DIVa 8.0.1 software
and FACSCantoll flow cytometer (Becton, Dickinson and Company) (own results, unpublished). As an internal control

of the assessments of the absolute number of particles, manufacturer controls were used (LOW control beads were used

because the number of detected particles was small).
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5.2. Nanoparticles and Imaging Flow Cytometers

The use of EVs provides a valuable insight into pathological processes in the lung. EVs
can serve as biomarkers, which require specific methodologies. Nanoparticle flow cytome-
ters have been developed as a potential tool for the detection and analysis of molecules of
a smaller size than those assessed in standard cell cytometers [62,63]. Further options to
extend the possibilities of flow cytometry include imaging flow cytometers. In addition to
all the diagnostic options offered by classical cytometry (fast and high-throughput scatter
measurement and many fluorescence markers), it also provides the ability to view images
of the molecules being assessed. It is characterized by significantly lower background noise,
and it is able to distinguish true single events by imaging objects and excluding conver-
gent events or debris from the analysis. However, just like nanoparticles flow cytometers,
imaging flow cytometers are not widely applied and require experience to operate [63-66].

6. Conclusions

As it is evident from the available studies, EVs can be a great source of information
about the pathomechanism, diagnostics, monitoring, and therapy of asthma and allergic
rhinitis. The first step is to define the normal composition of EVs and to contrast patho-
logical changes with well-defined cut off in BALF. Currently, great differences between
various laboratories exist in terms of the standardization of EVs detection and analysis.
Accordingly, there is a great need to establish a standardization of protocols and to val-
idate the results across clinical laboratories. Nevertheless, for this to be fully possible,
appropriate assays need to be developed to detect and identify EVs. At present, standard
flow cytometry can be optimized to detect EVs. However, it still requires a lot of effort to
standardize the assay in terms of its sensitivity, specificity, and reproducibility to release
exosome-based diagnostics tests for asthma. Finally, exosome research is of considerable
interest to both basic scientists and clinicians as it offers new possibilities for substantial
progress toward better care for asthma patients.
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