

[image: image1]
Mesenchymal Stromal Cell-Derived Extracellular Vesicles in Lung Diseases: Current Status and Perspectives












	 
	REVIEW
published: 15 February 2021
doi: 10.3389/fcell.2021.600711





[image: image]

Mesenchymal Stromal Cell-Derived Extracellular Vesicles in Lung Diseases: Current Status and Perspectives

Soraia C. Abreu1,2†, Miquéias Lopes-Pacheco3†, Daniel J. Weiss4 and Patricia R. M. Rocco1,2*

1Laboratory of Pulmonary Investigation, Carlos Chagas Filho Biophysics Institute, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

2National Institute of Science and Technology for Regenerative Medicine, Rio de Janeiro, Brazil

3Biosystems & Integrative Sciences Institute, Faculty of Sciences, University of Lisbon, Lisbon, Portugal

4Department of Medicine, College of Medicine, University of Vermont Larner, Burlington, VT, United States

Edited by:
Khalid Ahmed Al-Anazi, Oncology Center, King Fahad Specialist Hospital, Saudi Arabia

Reviewed by:
Heedoo Lee, Changwon National University, South Korea
Asma M. Al-Jasser, Riyadh Regional Laboratory, Ministry of Health, Saudi Arabia

*Correspondence: Patricia R. M. Rocco, prmrocco@gmail.com

†These authors share first authorship

Specialty section: This article was submitted to Stem Cell Research, a section of the journal Frontiers in Cell and Developmental Biology

Received: 30 August 2020
Accepted: 11 January 2021
Published: 15 February 2021

Citation: Abreu SC, Lopes-Pacheco M, Weiss DJ and Rocco PRM (2021) Mesenchymal Stromal Cell-Derived Extracellular Vesicles in Lung Diseases: Current Status and Perspectives. Front. Cell Dev. Biol. 9:600711. doi: 10.3389/fcell.2021.600711

Extracellular vesicles (EVs) have emerged as a potential therapy for several diseases. These plasma membrane-derived fragments are released constitutively by virtually all cell types—including mesenchymal stromal cells (MSCs)—under stimulation or following cell-to-cell interaction, which leads to activation or inhibition of distinct signaling pathways. Based on their size, intracellular origin, and secretion pathway, EVs have been grouped into three main populations: exosomes, microvesicles (or microparticles), and apoptotic bodies. Several molecules can be found inside MSC-derived EVs, including proteins, lipids, mRNA, microRNAs, DNAs, as well as organelles that can be transferred to damaged recipient cells, thus contributing to the reparative process and promoting relevant anti-inflammatory/resolutive actions. Indeed, the paracrine/endocrine actions induced by MSC-derived EVs have demonstrated therapeutic potential to mitigate or even reverse tissue damage, thus raising interest in the regenerative medicine field, particularly for lung diseases. In this review, we summarize the main features of EVs and the current understanding of the mechanisms of action of MSC-derived EVs in several lung diseases, such as chronic obstructive pulmonary disease (COPD), pulmonary infections [including coronavirus disease 2019 (COVID-19)], asthma, acute respiratory distress syndrome (ARDS), idiopathic pulmonary fibrosis (IPF), and cystic fibrosis (CF), among others. Finally, we list a number of limitations associated with this therapeutic strategy that must be overcome in order to translate effective EV-based therapies into clinical practice.

Keywords: biomarkers, cell therapy, extracellular vesicles, inflammation, remodeling, respiratory disease, animal models


INTRODUCTION

Mesenchymal stromal cells (MSCs) have been widely studied for their potential regenerative and immunomodulatory actions in several preclinical experimental models and in early stage clinical trials of lung diseases (Lalu et al., 2012; Cruz and Rocco, 2020; Lopes-Pacheco et al., 2020). Although their mechanisms of action have yet to be fully elucidated, MSCs administered either locally or systemically have the ability to release a mix of bioactive molecules (Phinney et al., 2015; Cruz and Rocco, 2020; Lopes-Pacheco et al., 2020), which promote activation of endogenous repair pathways (Lai et al., 2015) and reprogramming of immune cells, leading to modulation of both inflammatory and remodeling processes (Bell et al., 2012; Cruz and Rocco, 2020; Lopes-Pacheco et al., 2020). The MSC secretome consists of an extensive mix of bioactive molecules that coordinate processes within the inflammatory microenvironment, influencing tissue regeneration (Zhao et al., 2010). These molecules include growth factors, cytokines/chemokines, and extracellular vesicles (EVs) that promote inhibition of cellular apoptosis and disorganized deposition of extracellular matrix and/or modulation of immune responses (Waszak et al., 2012; Phinney et al., 2015; Mohammadipoor et al., 2018; de Castro et al., 2019; Popowski et al., 2020).

The conditioned medium (CM) of MSCs yields bioactive products from which EVs can be isolated. Notably, administration of MSC-derived CM can promote protective actions similar to those of the parent cells, which suggests that secretion of trophic factors might be the key mechanism underlying the therapeutic effects of MSCs (Lai et al., 2015; Mohammadipoor et al., 2018). Furthermore, administration of MSC secretome-derived bioactive products, including EVs, is associated with additional safety advantages compared to living cells, since EVs do not carry the potential risks of whole-cell transplants. MSC secretome products are non-oncogenic and less immunogenic than living cells, can be administered intravascularly without the risk of causing clots, and can be sterilized, handled, and stored more easily, with no need for cryoprotectants (e.g., dimethyl sulfoxide) (Goolaerts et al., 2014; Giebel et al., 2017; Gimona et al., 2017). Therefore, MSC secretome-derived bioactive products have become an emerging therapeutic option to replace the administration of MSCs as potent therapies for different lung disorders.

Several studies have demonstrated that EVs act on cell-to-cell communication and, consequently, exert a relevant role in the paracrine/endocrine actions induced by MSC-based therapy. According to the minimal criteria established by the International Society for Extracellular Vesicles (ISEV), EVs are small spherical membrane fragments that can be classified into three different types: exosomes, microvesicles (MVs) or microparticles, and apoptotic bodies (Theìry et al., 2018). Essentially every cell type can secrete EVs, although their cargo differs significantly. In fact, EVs can modify the fate and phenotype of recipient cells (Camussi et al., 2010). Additionally, EVs can also be harvested in vivo from several body fluids such as blood, breast milk, bronchoalveolar lavage fluid (BALF), serum, and even urine (Almqvist et al., 2008; Baglio et al., 2012). Therefore, persistent circulating EVs in biological fluids can serve as an indicator for the diagnosis of several diseases, providing significant information regarding individual pathological and physiological status (Eissa, 2013; Asef et al., 2018).

Many parameters have been used for EV characterization. These include biogenesis pathway, flotation density on a sucrose gradient, ionic composition, lipid composition, protein cargo, and sedimentation rate and size, among others. It is important to note that none of these parameters is definitive or exclusive to any specific type of EV (Theìry et al., 2018); therefore, they should be well-documented to ensure reproducibility. Ideally, EVs should be characterized by quantifiable physical characteristics, biochemical composition, and functional assays (Witwer et al., 2019). Our knowledge regarding EVs is continuously expanding, but many questions remain unanswered. In this review, we describe the main characteristics of different EVs with a particular focus on MSC-derived EVs. We also outline the state of the science regarding the potential of these bioactive products as therapy for various lung diseases. Finally, we summarize the key advantages and limitations that should be considered in order to translate effective EV-based therapies into the clinical scenario.



EXTRACELLULAR VESICLES


Biogenesis and Classification of Extracellular Vesicles

Extracellular vesicles are plasma membrane-derived structures, ranging from 30 nm to 5 μm in diameter, that are limited by a phospholipid bilayer. These structures comprise a heterogeneous population of vesicles that contain various bioactive molecules (proteins, lipids, DNA, mRNA, and microRNAs), which confer differences in their biological activities (Theìry et al., 2018; Witwer et al., 2019) (Figure 1). Eirin et al. (2014) found almost 400 miRNAs analyzed in MSC-derived EVs, and the levels of four were significantly higher in EVs compared to parent MSCs: miR-148a, miR-378, miR-532-5p, and let-7f. Additionally, a significant difference was found between the protein levels expressed in MSCs and those measured in their EVs. These include proteins associated with angiogenesis, apoptosis, blood coagulation, extracellular matrix remodeling, and inflammation, which demonstrated a higher expression in EVs compared to their parent MSCs (Eirin et al., 2014). Nevertheless, further studies are necessary to determine whether these differences between the biological activity and content of EVs and their parent MSCs are indeed responsible for the distinct therapeutic action of EVs.
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FIGURE 1. Extracellular vesicles (EVs) are currently classified into three subpopulations depending on their subcellular origin, secretion mechanism, and size: exosomes, microvesicles, and apoptotic bodies. There are several mechanisms through which EVs may interact with recipient/target cells: interactions with plasma membrane (PM) receptors, internalization into endocytic compartments, and fusion with PM.


Based on the minimal criteria for definition, characterization, and studies of EVs (Theìry et al., 2018; Witwer et al., 2019), cells are able to produce and secrete three main types of EVs: exosomes, MVs, and apoptotic bodies. These are grouped based on their cellular origin, secretion pathway, and size (Figure 1). Exosomes were observed for the first time in reticulocytes of rodents (Harding et al., 1983) and sheep (Pan et al., 1985) in the 1980s. These structures are nano-sized vesicles (30–150 nm) with a homogeneous shape (Cocucci et al., 2009), derived from specialized compartments—the late endosomes or multivesicular bodies (MVBs)—and released into the extracellular compartment by exocytosis (Trajkovic et al., 2008; Henne et al., 2013; Kowal et al., 2014; Guiot et al., 2019). They are released constitutively from cells by chemical and physical stimuli: soluble factors and shear stress, respectively (Kinoshita et al., 2017). During exosome biogenesis, the limiting membrane of the MVB buds inward, forming intraluminal vesicles (ILVs). These structures are then released into the extracellular environment as exosomes after fusion with the plasma membrane. This process is intermediated by p53-regulated exocytosis, which is dependent on cytoskeletal activation, although independent of calcium influx (Hessvik and Llorente, 2018). The endosomal sorting complex required for transport (ESCRT) is also necessary for ILV delivery into MVBs (Hessvik and Llorente, 2018). MVBs can then take two pathways: (1) fuse with the plasma membrane by using RAB GTPases in an ESCRT-independent mechanism or (2) fuse with lysosomes for cargo degradation (Frydrychowicz et al., 2015; Fujita et al., 2015). Importantly, during the exocytosis of this vesicle, it can integrate multiple proteins from the plasma membrane: tetraspanins, membrane transporters, ion channels, fusion proteins (CD9, CD63, CD81, and CD82), Tsg10, raft proteins, major histocompatibility complex (MHC) proteins, and targeting/adhesion molecules (Gon et al., 2020). This suggests that the composition of the exosomal limiting membrane can vary depending on cellular origin or activation of intracellular signaling pathways. MVs are structures ranging from 0.1 to 1 μm in diameter, which originate from outward budding and scission of the plasma membrane (Simoncini et al., 2009). Their biogenesis begins with translocation of phosphatidylserine into the outer membrane leaflet (Cocucci et al., 2009). Thereafter, a contraction of cytoskeletal structures occurs, releasing the nascent MVs into the extracellular compartment (Cocucci et al., 2009). Notably, a wide range of plasma membrane proteins has been associated with the process of MV scission, including members of the ADP-ribosylation factor small G-protein subfamily, ARF1 and ARF6, and TSG101 (a component of the ESCRT) (Kinoshita et al., 2017). MVs are also enriched in ceramide and sphingomyelin and have high levels of proteins associated with lipid rafts, cholesterol, and phosphatidylserine. Furthermore, the biological activities of MVs are largely variable, as their bioactive cargo is dependent on cellular origin and stimuli that can alter intracellular signaling (Kinoshita et al., 2017). Once these particles are released in the extracellular compartment, they can affect the microenvironment by altering the phenotype of recipient cells (Cocucci et al., 2009). Finally, apoptotic bodies are larger EVs (1–5 μm in size) derived from dying cells destined to be cleared by phagocytic cells (Kerr et al., 1972; Atkin-Smith et al., 2015; Theìry et al., 2018). These vesicles are characterized by exposing phosphatidylserine to the extracellular compartment and containing histones and fragmented DNA (Kerr et al., 1972; Atkin-Smith et al., 2015; O’Farrell and Yang, 2019). They can also contain cell organelles and non-coding RNAs. Indeed, recent studies have suggested that recipient cells might obtain certain genetic information by engulfing apoptotic bodies (Galleu et al., 2017; Abreu et al., 2019; O’Farrell and Yang, 2019).

Isolating pure EV populations is difficult because different EV types can overlap in size and density (Theìry et al., 2018; Witwer et al., 2019). In fact, a preparation containing EVs < 200 nm can be called as “small EVs,” whereas EVs > 200 nm are called “medium or large EVs” (Theìry et al., 2018). However, this definition is based on EV size; exosomes, MVs, and apoptotic bodies differ according to their biogenesis pathway (Witwer et al., 2019). Therefore, establishment of standard methods that can efficiently enable the separation of a subpopulation of EVs remains a major challenge.

As mentioned above, EV contents are composed of different types of nucleic acids, proteins, and lipids; however, certain organellar contents (e.g., mitochondria) can also be transported within MVs and apoptotic bodies. Notably, EV cargo and certain biological activities may reflect, at least partially, features of their cellular origin (Chen J. et al., 2014), as well as their mode of biogenesis and exogenous stimuli. Two major databases store information regarding EVs: (1) the VESICLEPEDIA1 collects information on different EV contents, while (2) ExoCarta2 collects information on the exosomes derived from different cell types and organisms.

Extracellular vesicles exert a critical role in the intercellular compartment through distinct mechanisms. These include direct binding to surface receptors, inhibition/activation of intracellular pathways, horizontal transfer of genetic information, and protein and lipid delivery (Tetta et al., 2011). Due to the remarkable ability of EVs to modify the fate and phenotype of recipient cells (Akyurekli et al., 2015), they have become a promising therapeutic option. In particular, MSC-derived EVs have demonstrated, in multiple in vitro and in vivo models, the potential to circumvent some of the safety risks related to whole-cell transplantation. Nevertheless, further insights on the cargo of EVs from different origins and how these can be modulated to enhance tissue regeneration are still required (Baglio et al., 2012; Akyurekli et al., 2015).



Methods for Extracellular Vesicle Isolation

Several methods have been employed to isolate EVs, each of which has its own benefits and disadvantages. Conventional methods include the measurement of EV size and flotation density through gel filtration, microfiltration, and ultracentrifugation (the most commonly used technique) (Thery et al., 2006; Tauro et al., 2012; Taylor and Shah, 2015; Theìry et al., 2018; Witwer et al., 2019). Sequential centrifugation steps (Mendt et al., 2018) and ultrafiltration are methods for large-scale EV production (Bari et al., 2019). Additional methods based on EV solubility have emerged, including precipitation by using polyethylene glycol, protamine, or sodium acetate (Deregibus et al., 2016; Gámez-Valero et al., 2016). Some methods based on interactions with molecules on the EV surface have also been investigated (Taylor and Shah, 2015; Konoshenko et al., 2018). In short, the best EV isolation technique depends on time and cost, and different techniques may result in different products with different therapeutic effects.



Characterization of Extracellular Vesicles

The ISEV recommends that EV characterization should be carried out using biomarkers from different categories, which include cytosolic and transmembrane proteins (Camussi et al., 2010; Lötvall et al., 2014). To further investigate population heterogeneity, the ISEV recommends the use of two additional methods, such as single-particle tracking methods and electron microscopy (Camussi et al., 2010; Lötvall et al., 2014; Witwer et al., 2017; Theìry et al., 2018; Witwer et al., 2019).



Measurement of Extracellular Vesicle Size

It is important to note that samples will always be composed of different types of EVs, regardless of which method is employed to isolate and separate them. Therefore, measurement of EV count and size is useful to ensure similarity across studies. Some commercially available particle analyzers have been frequently used to carry out these measurements. NanoSight (NanoSight, Amesbury, United Kingdom) can visualize and measure particle size, number, and concentration in real time. Zetaview (Particle Metrix, Germany) is an alternative that can measure hydrodynamic particle size, zeta potential, and concentration. The qNano system (Izon Sciences Ltd., Palmerston North, New Zealand) can measure EV amount and size by using a tunable resistive pulse-sensing technology.



Biological Activities and Potential Mechanisms of Action of Extracellular Vesicles

There are several mechanisms by which EVs may interact with recipient cells. These include plasma membrane receptors, fusion of EVs with the plasma membrane itself, and internalization into endocytic compartments (Phinney et al., 2015). After interaction with recipient cells, EVs may release their cargo in the cytosol, leading to inhibition or activation of certain signaling pathways. A subset of mRNAs and miRNAs present in EV cargo may also alter gene expression of recipient cells, leading to modulation of biological activities (Table 1). Furthermore, EVs may induce reprogramming and alter the phenotype and/or behavior of recipient cells (Camussi et al., 2013). Nevertheless, the exchange of vesicle cargo can occur in a two-way fashion, i.e., from MSCs to damaged cells or from a harmful microenvironment to MSCs. In this context, Dooner et al. (2008) reported that bone marrow-derived MSCs started to express genes for lung-specific proteins when cocultured with injured lung cells; these proteins include club cell-specific components as well as surfactant proteins. This phenomenon may be attributed to the EV-mediated transfer of lung-specific mRNAs from the damaged lung cells to bone marrow cells (Dooner et al., 2008).


TABLE 1. Biological activity of microRNAs derived from MSC-EVs in respiratory diseases.

[image: Table 1]Human MSC-derived EVs have been more widely studied in the last few years (Gomzikova et al., 2019; Gowen et al., 2020; Zhang B. et al., 2020). These vesicles have a cargo composed of ribonucleoproteins that are involved in the synthesis and intracellular trafficking of RNAs, suggesting a distribution and dynamic rearrangement of RNA related to cell differentiation, development, and repair—all of which can contribute to a more efficient recovery process after damage (Figure 2) (Collino et al., 2010). On the other hand, mounting evidence indicates that MSC-derived EVs are able to promote immunomodulatory actions. These include inhibition of immune cell differentiation, polarization of macrophages, expansion of regulatory T cells, as well as production and secretion of anti-inflammatory and resolutive mediators (Mokarizadeh et al., 2012; de Castro et al., 2019) (Figure 2). In this context, MSCs or their EVs have been shown to promote macrophage polarization toward an M2 anti-inflammatory profile rather than the conventional M1 pro-inflammatory phenotype, which can also contribute to inflammation resolution and tissue repair (Zhang et al., 2014; Abreu et al., 2018; Mansouri et al., 2019). A specific inflammatory environment can stimulate MSCs to produce and secrete subsets of EVs that are able to act on endogenous repair pathways and modulate immune responses (Hofmann et al., 2012; Tomasoni et al., 2013). Eirin et al. (2014) found that MSC-derived EVs overexpress certain transcription factor mRNAs, such as MDFIC, NRIP1, and POU3F1. Genes associated with adipogenesis (CEBPA and KLF7) and angiogenesis (HES1, HGF, and TCF4) were also found to be upregulated (Eirin et al., 2014).
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FIGURE 2. Extracellular vesicle (EV) cargo can contain several molecules, including proteins, mRNA, microRNAs, DNAs, and lipids, as well as organelles that can be transferred to recipient cells, inducing modulation of immune responses and remodeling processes.


Extracellular vesicles derived from immune or damaged cells may stimulate differentiation of resident stem cells or recruit stem-like cells present in other organs in order to promote a more efficient tissue repair (Bruno and Camussi, 2013). EVs can also exert immunomodulatory actions depending on their cellular origin or external stimulation (Bourdonnay et al., 2015; de Castro et al., 2019). For example, mycobacteria-infected alveolar macrophages are known to release vesicles containing pathogen-derived pro-inflammatory molecules that upregulate heat-shock protein 70, which then stimulates the nuclear factor kappa B (NF-κB) pathway by promoting activation of toll-like receptors (TLRs) and downstream signaling (Katsuda et al., 2013; Bruno et al., 2015; Fujita et al., 2015). Furthermore, EVs derived from lipopolysaccharide (LPS)-activated monocytes have been shown to induce apoptosis of recipient cells by transfer and activation of the caspase-1 cascade (Sarkar et al., 2009). On the other hand, EVs secreted by dendritic cells are able to promote humoral responses against antigens processed by these cells before EV purification, which yields potent protection against infections (Qazi et al., 2010; Bruno et al., 2015).



Extracellular Vesicle-Secreting Cells in the Respiratory Tract

Extracellular vesicles can be produced and secreted by virtually all cell types in the respiratory system. An increasing number of studies have characterized EVs from alveolar macrophages, bronchial epithelial cells (BECs), fibroblasts, type II pneumocytes, and vascular endothelial cells under normal physiological or pathological conditions (Kulshreshtha et al., 2013). In this context, BECs have been considered a main source of pulmonary EVs (Kulshreshtha et al., 2013); release can be stimulated by environmental components, such as cigarette smoke, which induce injury of these cells and promote their release of pro-inflammatory cytokines and chemokines (Kadota et al., 2016). BECs are able to secrete EVs of various sizes, which can contain a wide range of cargoes such as membrane-tethered mucins (MUC)-1, -4, and -6 (Kesimer et al., 2009; Kesimer and Gupta, 2015). These components are present on the surface of BEC-derived EVs and can neutralize human influenza A viruses (Kesimer et al., 2009). One study in a mouse model of ovalbumin-induced allergic asthma found a twofold increase in counts of immune cell-derived EVs and increased expression of immune cell-derived miRNAs (including miR-142a and miR-223) after allergy induction (Pua et al., 2019). By using a cell type-specific membrane marker, the authors found that the majority of EVs released into BALF were derived from airway-lining epithelium (Pua et al., 2019).

Alveolar macrophages are also major sources of EVs (Kulshreshtha et al., 2013). Macrophage derived-EVs can induce differentiation of other macrophages through miRNA-223 transfer (Ismail et al., 2013). Procoagulant EVs can also be released by macrophages in response to cigarette smoke (Li et al., 2010), upregulating the production of pro-inflammatory mediators by lung epithelial cells. Intercellular adhesion molecule-1, interleukin-8, and monocyte chemotactic protein-1 are some important mediators that were observed to be upregulated by cigarette smoke exposure (Cordazzo et al., 2014).

Vascular endothelial cells can produce and secrete EVs that participate in several biological processes, depending on their cargo. These processes include angiogenesis, coagulation, endothelial function, and inflammation (Kadota et al., 2016). EVs may activate fibroblasts and stimulate their differentiation into myofibroblasts, contributing to excessive deposition of extracellular matrix components, or prevent the extensive activation of these cells and thus maintain homeostasis (Lacy et al., 2019). B cells are able to secrete EVs that activate or inhibit several immune cell populations (Raposo et al., 1996). Furthermore, EVs secreted by dendritic cells appear to modulate immune reactions by activating T and B cells, suggesting intercellular communications to modulate airway inflammation and allergic reactions.



EXTRACELLULAR VESICLES IN LUNG DISEASE PATHOGENESIS AND THERAPY

Although the effects of MSC therapy in experimental models of lung diseases have been extensively investigated (Lopes-Pacheco et al., 2016, 2020; Cruz and Rocco, 2020), the study of EVs as a possible alternative strategy to MSC administration is less well explored, and many questions still need to be further elucidated (Table 2). Nevertheless, a growing number of experimental studies have investigated the potential of MSC-derived EVs as a therapy for lung diseases. In this section, we summarize some important findings from experimental research of EV-based therapies for chronic obstructive pulmonary disease (COPD), pulmonary infections [including coronavirus disease 2019 (COVID-19)], asthma, acute respiratory distress syndrome (ARDS), idiopathic pulmonary fibrosis (IPF), and cystic fibrosis (CF), among others.


TABLE 2. Studies evaluating effects of administration of mesenchymal stromal cell-derived extracellular vesicles in models of lung diseases.
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Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease is characterized by a restriction of airflow due to airway obstruction that is progressive and partially irreversible (Singh et al., 2019), among several other respiratory symptoms. During exacerbations, COPD patients often require pharmacological intervention and hospitalization to alleviate symptoms (Padilha et al., 2015; Global Initiative for Chronic Obstructive Lung Disease [GOLD], 2020).

Several studies have demonstrated that EVs can be used not only as a potential therapeutic strategy but also as an important biomarker of COPD diagnosis and prognosis. Some reports suggest that stress-induced lung-derived EVs participate in the pathogenetic cascade of COPD (Frydrychowicz et al., 2015; Fujita et al., 2018). For example, activated neutrophils are able to produce and secrete exosomes that carry surface-bound neutrophil elastase. This molecule can lead to extensive alveolar deterioration due to its ability to withstand degradation by α1-antitrypsin (Genschmer et al., 2019).

Infection is a major cause of complications in COPD patients, as it may result in exacerbations, which worsen the excessive production of mucus, prevent effective mucociliary clearance in the airways, and aggravate disease progression and severity (Sethi and Murphy, 2008). As virtually all cells are able to secrete EVs, analysis of these can help in the identification of specific features of the individual and pathogen, including the initial focus and etiologic agent of infection (Rodrigues et al., 2018). If pathogen-induced EVs are released during an infectious process, these can carry relevant molecular information regarding pathogen replication and interaction with host immune responses, as well as possible diagnostic bioindicators (Rodrigues et al., 2018). In this context, Takahashi et al. (2012) found that endothelial cell-derived EVs were overexpressed in COPD patients, especially during exacerbations, highlighting the potential of EVs to predict these exacerbations. Furthermore, studies observed that some miRNAs found within EVs may correlate directly with COPD severity by participating in disease development and progression (Savarimuthu Francis et al., 2014). Cigarette smoke exposure can modify the cargo of EVs released by BECs, with upregulation of several miRNAs (miR-500a-5p, miR-574-5p, miR-656-5p, miR-3180-5p, and miR-3913-5p) and downregulation of three miRNAs (miR-222-5p, miR-618, and miR-130b-5p) (Corsello et al., 2019). In another study reporting the effects of EV transfer on COPD pathogenesis, the authors indicated that microparticles can promote the release of a subset of miRNAs (miR-125a, miR-126, and miR-191) to resident macrophages, which are responsible for the removal of apoptotic cells (Serban et al., 2016). Exosomal miR-21 derived from BECs has been associated with myofibroblast differentiation in response to cigarette smoke, since smokers present a high level of exosomal miR-21 compared to healthy controls (Serban et al., 2016; Xu et al., 2018). Therefore, more studies investigating exosomal miRNA cargo should help further our understanding of the role of circulating miRNAs as potential biomarkers. Tan et al. (2017) evaluated the levels of serum-derived exosomes in COPD patients during exacerbations and in stable disease. These patients presented higher levels of serum-derived exosomes, which correlated with the levels of C-reactive protein (CRP), interleukin-6 (IL-6), and soluble tumor necrosis factor receptor 1 (sTNFR1) expression, suggesting a role of these vesicles during COPD exacerbations (Tan et al., 2017).

Some recent reports have indicated that most of the immunomodulatory actions and reparative ability of MSCs are recapitulated by their EVs and, therefore, MSC-derived EVs appear to be a viable substitute for whole cell-based therapy (Ahn et al., 2018; Khatri et al., 2018). In a model of elastase-induced emphysema, the effects of EVs harvested from adipose tissue-derived MSCs were compared with those of artificially developed nanovesicles obtained from this same cell type (Kim Y.S. et al., 2017). The authors found a higher proliferation rate of lung epithelial cells after exposure to lower doses of artificial nanovesicles than after exposure to the natural exosomes and even higher doses of adipose tissue-derived MSCs; this suggests that artificial nanovesicles might have both economic and clinical advantages in the treatment of individuals with emphysema (Kim Y.S. et al., 2017). Nevertheless, identification of the best route of administration for EV therapy in the clinics remains an important factor that must be investigated (Aliotta et al., 2016).

Some molecular engineering techniques have been investigated to modify and enhance the therapeutic potential of EVs. Both exogenous and endogenous modifications have been widely employed. The first consists of the incorporation of a desired cargo (RNAs, proteins, or even small-molecule compounds) into or onto isolated EVs, while the latter involves stimulating cells in a way that ensures the incorporation of the desired cargo into EVs during their synthesis (Wiklander et al., 2019). Co-incubation, electroporation, and sonication are some exogenous methods to package desired cargo into EVs that have demonstrated success in several studies. The incorporation of curcumin by EVs is a successful example that has been shown to improve the bioavailability of this compound and anti-inflammatory actions in distinct models of inflammation (Sun et al., 2010; Alvarez-Erviti et al., 2011; Didiot et al., 2016; Lamichhane et al., 2016). On the other hand, the most common endogenous methods include genetic modification of parent cells to induce overexpression of a certain RNA or protein, which in turn increases its level in EVs (Wiklander et al., 2019). EVs can serve as a “shield” and protect miRNAs from digestion and degradation, while also enabling an efficient delivery of the cargo to target cells (Etheridge et al., 2011; Minciacchi et al., 2015; Zhang et al., 2017). Furthermore, the use of patient-derived EVs can provide additional benefits, as these possess high cell specificity and may evade immune-system surveillance, thus lowering the risk of reaction or rejection in the recipient (Zhang et al., 2017).



Pulmonary Infections

Lee et al. (2009) were able to demonstrate that certain bacterial species, such as Bacillus subtilis and Staphylococcus aureus, produce EVs. Kim et al. (2015) demonstrated that EVs derived from Escherichia coli cultures can increase IL-17A and TNF-α levels, thus intensifying lung inflammation in experimental emphysema. Furthermore, COPD patients possess lung-derived EV microbiomes that are significantly distinct from their whole lung tissue microbiomes (Kim H. J. et al., 2017).

In addition to bacterial infection, viruses are common triggers of COPD exacerbations (Hewitt et al., 2016). In fact, some reports suggest that respiratory viruses might have adapted to usurp resident cell-derived EVs for the transmission and dissemination of viral particles and virus-expressed molecules, such as miRNAs, mRNAs, and viral proteins (Altan-Bonnet, 2016). These can be then transported to uninfected neighbor cells or reach the bloodstream by distinct mechanisms (Rodrigues et al., 2018).

Conversely, EVs derived from swine bone marrow MSCs were able to reduce viral replication and shedding and secretion of pro-inflammatory mediators in a porcine model of influenza (Khatri et al., 2018). Based on the current knowledge of the therapeutic potential of MSC-derived EVs on lung diseases, a growing number of research groups has hypothesized that these bioactive products might be an effective strategy against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the novel coronavirus responsible for the ongoing active COVID-19 pandemic (Lopes-Pacheco et al., 2021). Due to the urgent need for an effective therapy against this devastating disease, administration of exosomes from allogeneic bone marrow MSCs (ExoFloTM) was evaluated in a small, non-randomized, open-label cohort study of individuals with severe COVID-19. ExoFloTM demonstrated a good safety profile and was able to improve oxygenation and biomarkers associated with inflammation (Sengupta et al., 2020). This study had several limitations, such as the dearth of information regarding ExoFloTM (EV characterization, biological properties, proposed biological or therapeutic actions); efficacy remains to be demonstrated in large-scale clinical studies. A clinical trial evaluating exosome inhalation for SARS-CoV-2-induced pneumonia is in progress (NCT04491240).

The use of pathogen-derived EVs and/or their bioactive cargo as EV-based vaccines has also been investigated with some positive results (Roy et al., 2011). Clinical trials assessing EVs of viral origin demonstrated advantages compared to conventional vaccines against infectious diseases, since EVs cannot multiply or divide, which suggests that they are safer, less tumorigenic, and less infectious. Preclinical and clinical trials of EV-based vaccines used as antimicrobial treatments have observed good tolerability and feasibility. Nevertheless, further investigation is necessary to validate the use of EV-based vaccines in humans and demonstrate persistent immunostimulatory actions (Wiklander et al., 2019).



Asthma

Asthma is a chronic inflammatory disease characterized by airway narrowing and hyperresponsiveness (GINA, 2020). The use of long-acting β2-adrenoceptor agonists combined with inhaled corticosteroids is able to achieve disease control in most asthmatic individuals; however, those with severe asthma might be resistant to treatment, and these drugs are unable to reverse established remodeling (Papierniak et al., 2013). Asthma presents distinct phenotypes, which have specific pathological and clinical features and respond differently to pharmacotherapies (Gauthier et al., 2015; Ray et al., 2015). These aspects are likely associated with individual genetic background, type of allergen, and which cell types participate in asthma pathogenesis (Stokes and Casale, 2016). In this context, different types of EVs, especially exosomes, have been recognized as important players in the inflammatory and remodeling processes of asthma.

Extracellular vesicles obtained from different sources may be used as disease markers or even have therapeutic potential in asthma. BALF-derived EVs from asthmatic patients demonstrated increased levels of IL-4 and leukotriene C4 (Torregrosa Paredes et al., 2012). In experimental allergic asthma, administration of BALF-derived EVs from asthmatic mice reduced airway inflammation and hyperresponsiveness (Prado et al., 2008). In another study, sensitization and challenge with house dust mite (HDM) extract promoted an 8.9-fold increase in EV content in BALF (Gon et al., 2017), which corroborates the observation that EV content can differ significantly among asthmatic patients (Francisco-Garcia et al., 2019). HDM exposure led to significant alterations in the expression of over 130 miRNAs in EVs, with an upregulation of 31 genes (including IL-5Ra and IL-13, which are potential targets of miR-574-5p and miR-346, respectively). The amount of lung cell-derived EVs was reduced when GW4869, an exosome generation inhibitor, was administered, ameliorating allergic asthma symptoms in a murine model (Gon et al., 2017).

In recent years, evidence has emerged regarding the therapeutic potential of MSC-derived EVs for the treatment of allergic asthma. MSC-derived EV therapy is able to upregulate IL-10 and transforming growth factor-β1 (TGF-β1), which in turn are responsible for the recruitment and expansion of regulatory T cells (Du et al., 2018), decrease the number of eosinophils in both lung tissue and BALF while also modulating airway remodeling (de Castro et al., 2017), and mitigate TH2/TH1-induced lung inflammation and airway hyperresponsiveness (Cruz et al., 2015). A recent clinical study demonstrated that administration of bone marrow-derived mononuclear cells was well-tolerated and safe and improved some quality of life parameters in three patients with severe asthma (Aguiar et al., 2020). Two clinical studies (NCT02192736 and NCT03137199) designed to evaluate the potential therapeutic actions of MSCs and their trophic factors in individuals with severe asthma are ongoing. However, the safety and efficacy of EVs in asthmatic patients remain to be investigated.



Acute Respiratory Distress Syndrome

The acute respiratory distress syndrome is characterized by disruption of the alveolar-capillary membrane, with intense neutrophil inflow into the alveolar space, increased levels of pro-inflammatory cytokines/chemokines, surfactant dysfunction, and presence of protein-rich pulmonary edema fluid, resulting in severe hypoxemia (Lopes-Pacheco et al., 2020). Several therapeutic and supportive approaches have been developed; however, mortality rates remain high (35–45%) (Bellani et al., 2016).

Several cell therapies (MSCs, embryonic stem cells, induced pluripotent stem cells, endothelial progenitor cells) have been investigated as potential therapeutic strategies in experimental models of ARDS (Monsel et al., 2014; Lopes-Pacheco et al., 2020). The few early stage clinical trials that were completed showed a good safety profile of MSC administration (Zheng et al., 2014; McIntyre et al., 2018; Matthay et al., 2019), but efficacy still needs to be demonstrated in large-scale clinical studies.

In animal models of LPS-induced ARDS, intratracheal instillation of human MSC-derived MVs reduced lung edema (Zhu et al., 2014; Wang et al., 2020); however, knockdown of angiopoietin-1 or keratinocyte growth factor (KGF) mRNA in MSC-derived MVs abrogated these protective effects (Tang et al., 2017). Furthermore, administration of human MSC-derived MVs improved survival and decreased bacterial growth, protein permeability, and lung inflammation in experimental E. coli-induced pneumonia (Monsel et al., 2015). Recently, in an ex vivo model of severe bacterial pneumonia using perfused human lung tissue, intravenous instillation of MSC-derived EVs decreased bacterial load, lung edema, and protein permeability, restoring alveolar fluid clearance, corroborating previous findings in animal models (Park et al., 2019).

The reparative potential of MSC-derived EVs in lung endothelial and epithelial cells has been extensively investigated, as these are the main cell types injured in ARDS. Hu et al. (2018) observed that MSC-derived EVs were able to recover human lung vascular endothelial cells by transferring angiopoietin-1 mRNA to cells, preventing formation of actin “stress fibers.” However, exploring the actions of MSCs or their EVs on repair of pulmonary vascular dysfunction in ARDS will require future studies. Similarly, the effects of MSC-derived EVs on the bioenergetics of the alveolar epithelium have been explored in only a few investigations. Monsel et al. (2015) observed that MSC-derived EVs are able to restore intracellular ATP levels and survival of alveolar epithelial type II cells damaged by exposure to certain inflammatory factors [IL-1β, interferon-γ (IFN-γ), and TNF-α].

Among the mechanisms associated with the beneficial actions of MSC-derived EVs in ARDS is their ability to promote immunomodulatory responses, e.g., regulating T- and B-cells (Budoni et al., 2013; Chen et al., 2016; Di Trapani et al., 2016), and macrophage polarization, leading to a shift from the classical M1 to an anti-inflammatory M2-like profile (Ti et al., 2015; Abreu et al., 2018, 2019; Rodrigues et al., 2018; Wang et al., 2020) likely via transfer of miR-27a-3p (Wang et al., 2020). MSC-induced EVs can also increase the phagocytosis capacity of macrophages in part by mitochondrial transfer from EVs to damaged alveolar monocytes/macrophages, which results in enhanced oxidative phosphorylation (Morrison et al., 2017). The antimicrobial actions of EVs were even greater when MSCs were primed with a TLR-3 agonist or IFN-γ before vesicle production and release (Monsel et al., 2015; Park et al., 2019; Varkouhi et al., 2019). Conversely, priming MSCs with serum obtained from injured mice was not associated with enhancement of EV actions in LPS-induced ARDS (Silva et al., 2019). Antiviral effects of MSC-derived EVs have also been reported (Chan et al., 2016; Qian et al., 2016).

Acute respiratory distress syndrome patients who survive the initial inflammatory insult can progress to a dysregulated proliferative and fibrotic process in lung tissue (Burnham et al., 2014), thus impairing lung function and potentially compromising quality of life (Orme et al., 2003). In experimental ARDS, MSC-derived EVs reduced not only lung inflammation but also fibrosis (Gao et al., 2020). Although prevention of lung fibrosis following ARDS remains the best approach to improve long-term prognosis, a better understanding of the potential ability of MSC-derived EVs to prevent or reverse post-ARDS lung fibrosis is warranted.



Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis represents ∼30% of all interstitial lung disorders and leads to respiratory failure within 5 years after disease onset (Sauleda et al., 2018). Tissue fibrosis is induced by elevated production of profibrotic mediators, mainly TGF-β. This growth factor has the ability to stimulate deposition of extracellular matrix components by promoting fibroblast activation/proliferation in damaged tissue, promoting persistence of apoptosis-resistant myofibroblasts, and activating the epithelial–mesenchymal transition (Lopes-Pacheco et al., 2016; de Oliveira et al., 2017). The potential of EVs in lung fibrosis remains to be further investigated.

Evidence of the role of exosomes in the pathophysiology of pulmonary fibrosis is still unclear. Some studies have shown that the profibrotic effects of TGF-β are regulated via programmed death ligand-1 (PD-L1). TGF-β induces PD-L1 via both Smad-dependent and -independent pathways; PD-L1 has also been shown to exert a previously unexpected role in the fibroproliferative actions of TGF-β and, when secreted into EVs, can act in a paracrine manner, providing greater opportunities for effective therapeutic intervention. A recent study demonstrated that TGF-β priming can considerably increase the amount of PD-L1 in fibroblast-derived EVs, which, in turn, induced a decrease in T-cell proliferation while increasing fibroblast migration in a PD-L1-dependent manner (Kang et al., 2019). Further investigations on the inhibition or promotion of profibrotic TGF-β signaling may reveal potential targets for the treatment of IPF and other lung fibrosis disorders.

Significant upregulation of miR-21-5p within serum-derived exosomes has been observed in experimental bleomycin-induced lung fibrosis (Makiguchi et al., 2016; Li et al., 2019). Baseline levels of miR-21-5p were found to correlate significantly with disease progression and were able to predict mortality during a 30-month follow-up in patients (Makiguchi et al., 2016; Li et al., 2019). MSC-derived EVs promoted immunomodulatory actions in experimental bleomycin-induced lung fibrosis, reducing both inflammation and remodeling (Tan et al., 2018; Mansouri et al., 2019). Another study also demonstrated the ability of MSC-derived EVs to suppress TGF-β-induced myofibroblast differentiation (Shentu et al., 2017).

It is important to note that quantification of the total amount of serum-derived exosomes can be largely variable. Therefore, implementation of standard methods to quantify certain microRNAs in clinical samples is still a challenge. The identification of more disease-specific biomarkers can be of great assistance to address this issue. As exosomes and microRNAs within cells might reflect pulmonary fibrosis status and severity, these may be combined with conventional biomarkers such as KL6, metalloprotease activity, and surfactant proteins A and D to obtain insight into the pathophysiology of IPF and patients’ clinical condition.



Cystic Fibrosis

Cystic fibrosis is a genetic disorder caused by mutations in the gene that encodes the CF transmembrane conductance regulator (CFTR) protein, which plays an important role as a bicarbonate and chloride channel at the surface of epithelial cells. Although the disease leads to a multisystem dysfunction, the major causes of morbidity and mortality are related to the respiratory disorder (mucus accumulation in the airways, chronic inflammation, and persistent infections, which result in a progressive decline of lung function) (Lopes-Pacheco, 2016).

Although almost 2,100 CFTR gene variants have been identified, the most common CF-causing mutation is the deletion of a phenylalanine residue at position 508 (F508del), which is found in ∼80% of CF patients (Lopes-Pacheco, 2020). This mutation leads to misfolding of the CFTR protein, which is then prematurely degraded by proteasomes (Lopes-Pacheco, 2020). As a consequence, CF patients are more susceptible to infection by certain pathogens, including S. aureus and Pseudomonas aeruginosa. Additionally, high concentrations of IL-8 and other neutrophil chemokines are usually observed in CF airways, as is intense neutrophil recruitment (Downey et al., 2009). This chronic inflammatory process leads to increased levels of oxidative burst, elastase, and pro-inflammatory mediators in the airways (Tabary et al., 2006; Mitri et al., 2020).

Microvesicles derived from CF granulocytes have been associated with an extensive presence of neutrophils in the airways and aggregation of these structures on the epithelial surface of the respiratory tract in CF patients (Tabary et al., 2006; Asef et al., 2018). These vesicles are associated with chronic inflammation and with the pro-inflammatory response characteristic of CF. Furthermore, evidence suggests that CF epithelial cells release vesicles of a particular size into the airways and BALF, which can be useful as biomarkers (Baixauli et al., 2014). The amount and type of mucin on the surface of the exosome are also indicative of mucus obstruction in CF patients (Batson et al., 2016). Therefore, as CFTR function is impaired in CF epithelia, exosomes may be a useful tool to reestablish normal CFTR function (Vituret et al., 2016). Indeed, EVs have been investigated as vectors for the transfer of wild-type CFTR into CF cells (Vituret et al., 2016).

Based on the foregoing, EVs may be a promising therapeutic approach for CF, given their anti-inflammatory and antioxidant actions in experimental models. Although the precise EV cargo related to these actions remains to be further exploited, some authors reported a correlation between upregulation of peroxisome proliferator-activated receptor-γ (PPARγ) and EV administration, thus inducing a modulation of downstream effectors [NF-κB and heme oxygenase-1 (HO-1)] of these pathways (Zulueta et al., 2018). Nevertheless, most investigations have focused on the potential replacement of functional CFTR using exosomes as possible vectors. In this context, some reports demonstrated successful transduction of exosomes derived from A549 cells (a human adenocarcinoma alveolar basal epithelial cell line) and Calu-3 (an epithelial cell line) with an adenoviral vector overexpressing green fluorescent protein (GFP)-tagged CFTR. This approach was able to deliver the functional protein into CFTR-deficient epithelial cells (Vituret et al., 2016; Zulueta et al., 2018). Nevertheless, further studies are necessary to investigate the potential use of EVs as vectors in CF therapies.



Extracellular Vesicle Therapy in Other Lung Diseases

Mesenchymal stromal cell-derived exosomes demonstrated cytoprotective actions similar to those of their parent cells in experimental pulmonary artery hypertension induced by hypoxia (Lee et al., 2012). MSC-derived EVs were also able to promote protective actions against the abnormal increase in right ventricular systolic pressure and right ventricular hypertrophy, which follow hypoxia exposure (Klinger et al., 2020). Specifically, MSC-derived exosome therapy upregulated hypoxia-induced mitogenic factors and suppressed inflammation by modulating early hypoxic signaling pathways. Furthermore, these vesicles were able to induce an alternative activation of alveolar macrophages (Klinger et al., 2020). Administration of either MSCs or their EVs was able to reduce mean pulmonary arterial pressure and mean right ventricular pressure in experimental monocrotaline-induced pulmonary arterial hypertension (Chen J. Y. et al., 2014; Aliotta et al., 2016). In another study, Willis et al. (2018) used a unique subset of MSC exosomes, namely, flotillin 1+ exosomes. The authors reported that administration of these vesicles led to improvements in lung development and morphology, as well as a reduction of tissue fibrosis and vascular endothelial remodeling in experimental hyperoxia in newborn mice (Willis et al., 2018). In another study using this model, umbilical cord MSC-derived EVs reduced lung inflammation and right ventricular hypertension in part due to exosomal TNF-stimulated gene 6 (TSG-6) (Chaubey et al., 2018).

Mesenchymal stromal cells-shed exosomes have demonstrated the ability to transfer certain regulatory microRNAs that resulted in modulation of TLR signaling and macrophage-secreted cytokine levels in an animal model of silica-induced lung inflammation and fibrosis (Phinney et al., 2015); miR-451, a factor that was highly abundant in these vesicles, is known to act as a macrophage migration inhibitory factor and inhibit TNF-induced signaling in response to silica (Phinney et al., 2015). In this context, Bandeira et al. (2019) demonstrated that MSC-derived EVs can reduce lung inflammation, fractional area of granuloma, and collagen deposition in experimental silicosis. Additionally, MSCs can transfer depolarized mitochondria via EVs that are captured by phagocytes, mainly macrophages. This process results in an enhancement of cellular bioenergetics (Morrison et al., 2017).



LIMITATIONS AND OUTLOOK

Further research is required to better elucidate several questions and overcome barriers that currently preclude the use of EVs as a therapeutic approach in the clinic. First, the precise molecular cargo of EVs remains to be determined and may differ depending on factors such as cell type, culture conditions, and extraction and purification method, with potential impact on EV functional actions (Antounians et al., 2019). Some recent studies have identified certain microRNAs and proteins in EV cargo, which appear to be involved in EV therapeutic effects. These include miR-27a-3p, miR-30b-3p, miR-126, and miR-145 (Wu et al., 2018; Hao et al., 2019; Yi et al., 2019; Zhou et al., 2019; Wang et al., 2020) as well as angiopoietin-1, hepatocyte growth factor (HGF), and KGF (Zhu et al., 2014; Tang et al., 2017; Wang et al., 2017). Precise determination of EV cargo may help elucidate the mechanisms underlying EV-based therapies, as well as potentially enrich specific molecules to further enhance therapeutic actions.

Second, although some recommendations for EV isolation and characterization have been proposed, these procedures need to be further standardized. Most experimental studies have not included information regarding good manufacturing practices, which hinders investigation of the therapeutic actions of EVs in clinical studies. Several other factors need to be discussed and optimized to allow translation of EV research to clinical practice, including scalability, manufacturing, distribution, and regulation (for a review, see Maumus et al., 2020); establishment of quality control measures along each step of the manufacturing process may minimize variations, even among different batches. All of these technical hurdles have yet to be addressed, although some good manufacturing practices have been proposed elsewhere (Gimona et al., 2017; Witwer et al., 2019). Furthermore, EV isolation and loading also remain costly and inefficient processes.

Third, heterogeneity between studies and experimental designs should be considered; differences in models used, as well as genomics, gene regulation, expression and development, and epigenetic factors, must be taken into account before extrapolating findings to humans.

Fourth, EVs have been isolated from MSCs derived from different sources. The most commonly used MSC sources have been bone marrow, adipose tissue, and umbilical cord, which are known to exert distinct degrees of efficacy when living cells are administered therapeutically (Antunes et al., 2014; Silva et al., 2018; Kern et al., 2019). The best dose and route of administration of EVs to achieve the greatest therapeutic response in each lung disease remain to be determined (Cruz and Rocco, 2020; Lopes-Pacheco et al., 2020). In fact, the dose and route of administration of EVs have been largely variable across studies, which poses a substantial challenge to comparative analysis among these investigations. The therapeutic index and biodistribution of EVs remain unknown. In this context, a single dose of EVs has been demonstrated to induce therapeutic effects in several studies, but multiple doses should be considered, as this approach has consistently been associated with superior outcomes in cell-based therapy (Lopes-Pacheco et al., 2013; Poggio et al., 2018; Castro et al., 2020). Lastly, most in vivo studies have been performed in small animals (mainly rodents), with only a few reports in large animal models or ex vivo human lungs.

In conclusion, EV-based therapy has demonstrated the ability to reduce lung inflammation and remodeling in several animal models and holds therapeutic promise for clinical use in lung diseases. However, despite the effects observed in experimental models, additional studies are required to develop an effective EV-based lung therapy to be used in the clinical scenario.
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