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Abstract

:

Extracellular vesicles (EVs) refer to a heterogenous population of membrane-bound vesicles that are released by cells under physiological and pathological conditions. The detection of EVs in the majority of the bodily fluids, coupled with their diverse cargo comprising of DNA, RNA, lipids, and proteins, have led to the accumulated interests in leveraging these nanoparticles for diagnostic and therapeutic purposes. In particular, emerging studies have identified enhanced levels of a wide range of specific subclasses of non-coding RNAs (ncRNAs) in EVs, thereby suggesting the existence of highly selective and regulated molecular processes governing the sorting of these RNAs into EVs. Recent studies have also illustrated the functional relevance of these enriched ncRNAs in a variety of human diseases. This review summarizes the current state of knowledge on EV-ncRNAs, as well as their functions and significance in lung infection and injury. As a majority of the studies on EV-ncRNAs in lung diseases have focused on EV-microRNAs, we will particularly highlight the relevance of these molecules in the pathophysiology of these conditions, as well as their potential as novel biomarkers therein. We also outline the current challenges in the EV field amidst the tremendous efforts to propel the clinical utility of EVs for human diseases. The lack of published literature on the functional roles of other EV-ncRNA subtypes may in turn provide new avenues for future research to exploit their feasibility as novel diagnostic and therapeutic targets in human diseases.
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1. Introduction


Respiratory infections, both acute and chronic, are the leading contributors to morbidity and mortality globally [1]. As an essential organ that mediates gas exchange, the lung possesses the second largest surface area of all human tissues that are open to the environment, thereby resulting in direct and constant exposure to inhaled pathogens and noxious stimuli such as allergens and particles. In addition, the intrinsically high levels of oxygen in the lung can have a direct impact on lung immunity and injury. As such, the lung has evolved distinct defense mechanisms for eliciting the appropriate responses to external and internal challenges. As an immune organ system, the lung contains multiple cell types, ranging from immune cells, such as alveolar macrophages (AMs), lung resident dendritic cells (DCs), basophils, and mast cells, to structural cells, such as epithelial cells, which communicate and form an intricate network for regulating immunity.



One of the important sources of cell-to-cell communication is through extracellular vesicles (EVs). Once known as carriers of cellular wastes, emerging evidence has pointed to the indispensable role of EVs in mediating intercellular communication and disease progression via the secretion and release of their cargo molecules [2]. EV cargo represents a diverse load of molecules, including nucleic acids such as DNA, messenger RNA (mRNA) and noncoding RNAs (ncRNAs), as well as proteins that can be transferred from donor to target cells to influence their phenotype. In particular, heterogeneity in the RNA contents of EVs can be observed across different bodily fluids, between vesicles secreted from different cell types, and even among vesicles of the same cell type. As such, ncRNAs have been regarded as one of the most abundant nucleic acids in EVs. Coupled with the detection of EVs in majority of the bodily fluids including saliva, blood, urine, and bile, increasing evidence has pointed to the link between EV-ncRNAs and a variety of physiological as well as pathological processes that may contribute to disease development [3]. In parallel, the diversified ncRNA load of EVs reflecting the intracellular contents of donor cells also makes EVs an attractive tool for diagnostic and therapeutic purposes.



Given the unique features of the lung and the intricate crosstalk between the different cell types in maintaining tissue homeostasis and modulating disease onset, alongside the lack of therapeutic and prognostic targets, identifying and delineating the roles of EV-ncRNAs may potentially shed light on novel therapeutic and diagnostic markers for lung infections and injury. In this review, we summarize the current knowledge on EV-ncRNAs and highlight the functional roles of EV-ncRNAs in lung infections and injury. In addition, we discuss the potential diagnostic and therapeutic values of EV-ncRNAs, as well as some of the challenges faced as we seek to develop them as clinically viable tools.




2. Extracellular Vesicles (EVs)


EVs are a heterogenous population of membrane-bound vesicles containing a wide repertoire of soluble and non-soluble molecules—such as nucleic acids, lipids, and proteins—that are released by cells under physiological and pathological conditions [4]. Based on their physical sizes, biogenesis pathways, and surface markers, EVs have been traditionally classified into three categories: apoptotic bodies (ABs), microvesicles (MVs), and exosomes (Figure 1). ABs are predominantly produced by cells undergoing programmed cell death and are known to be the largest in size amongst the various EV subtypes, with diameters ranging from 1000 to 5000 nm [5]. MVs range from 100 to 1000 nm in size and are typically produced via the direct budding and pinching of the plasma membrane from normal, healthy cells [6]. On the other hand, exosomes are generally formed as multivesicular endosomes (MVEs) upon intraluminal vesicle (ILV) maturation and released via fusion with the cell membrane [7]. Despite these demarcations that have been reported for the differentiation of these EV subtypes, factors such as overlaps in EV surface markers and physical sizes have greatly hampered the use of the above categories to accurately classify EVs. Instead, the International Society of Extracellular Vesicles (ISEV) has set aside guidelines for EV classification as follows: EVs should be defined based on “(a) physical characteristics of EVs, such as size (“small EVs” (sEVs) and “medium/large EVs” (m/lEVs), with ranges defined, for instance, respectively, < 100 nm or < 200 nm [small], or > 200 nm [large and/or medium]) or density (low, middle, high, with each range defined); (b) biochemical composition (CD63+ /CD81+- EVs, Annexin A5-stained EVs, etc.); or (c) descriptions of conditions or cell of origin (podocyte EVs, hypoxic EVs, large oncosomes, apoptotic bodies)” [8,9].



The generation of EVs typically involves the outward blebbing or budding of the plasma membrane. ABs often result from the direct blebbing of the plasma membrane following apoptosis and contain DNA as well as cytoplasmic fragments [5]. For the generation of MVs, budding followed by pinching of the plasma membrane is commonly observed, which can be induced by a variety of intracellular signals, including chemical activation through increased cytosolic Ca2+ levels and activation of kinases that regulate actin dynamics, such as the RHO GTPases [11]. Exosomes, on the other hand, were found to originate from endosomal compartments and require a series of intricate mechanisms that mediate the cargo sorting and transportation processes to allow apposition at the cell membrane for budding. The molecular mechanisms governing exosome formation may involve the endosomal sorting complex required for transport (ESCRT) machinery [12], or ESCRT-independent pathways, such as the syndecan/ALIX pathway, ceramide, and tetraspanins [13,14,15].



Once secreted from donor cells, EVs can enter bodily fluids and be taken up by distant recipient cells, leading to changes in molecular processes or signaling that may alter their phenotypes. The interaction of EVs with target recipient cells occurs mainly through specific binding to surface receptors and the subsequent internalization and release of the cargo load. The recognition and initial docking of EVs onto the surface of target cells involve protein–protein interactions between EV surface markers and membrane receptors or contact proteins of recipient cells. Proteins that were found to mediate such interactions include proteoglycans, lectins, and integrins [16]. Critically, recent evidence has pointed to the role of post-translational modifications (PTMs) of these interactors in influencing the eventual uptake of EVs [17]. Once bound to the surface, EVs can then be internalized into the cells, predominantly via an endocytic pathway. The precise mechanisms governing this process, however, remain highly debatable. A variety of molecular mechanisms, including clathrin-mediated endocytosis (CME), caveolin-dependent endocytosis (CDE), phagocytosis, micropinocytosis, and direct membranal fusion, have been reported to regulate EV uptake (Figure 1) [16]. The involvement of lipid raft proteins in EV internalization has also been illustrated [18]. Similarly, the specificity of EV uptake is yet to be fully understood. Emerging evidence suggests that EV uptake is a highly specific process, suggesting the existence of tightly controlled regulatory mechanisms that may involve the “right” configuration of protein–protein interactions to confer selective EV internalization [19,20,21,22,23]. EV uptake can also be influenced by the nature and characteristics of these nanoparticles [24], as well as dynamic factors such as the metabolic state of recipient cells [23]. Nevertheless, these studies shed light on this complex process and how cells may govern preferential uptake of EVs. Critically, these findings point to the inherent repertoire of regulatory pathways that cells possess, which favor uptake, and to the varying combinations of these mechanisms, which can be adopted by different EVs and target cells.



EV Cargo


The diverse contents across EVs may often reflect the differential loading of the different types of cargo based on cell types, physiological, and pathological conditions, as well as mode of EV biogenesis. Owing to advances in sequencing technologies, we now have an increasing number of publicly available databases with deposited data on the protein, nucleic acids, and lipid contents of EVs, alongside the respective isolation and purification methods performed. These valuable resources will inevitably aid in the unravelling of the molecular mechanisms underlying the heterogeneity of EV cargos observed.



Some of the commonly enriched proteins in EVs include components of the ESCRTs and those that are involved in the various pathways responsible for EV biogenesis, such as the RAB family of proteins, tetraspanins, as well as certain transmembranal proteins [25]. The lipid composition of EVs was similarly found to exhibit common features with that of the donor cells, with lipids such as sphingomyelin, ceramide, cholesterol, and phosphatidylserine often found enriched as a result of their participation in EV biogenesis [25].



As opposed to proteins and lipids, the nucleic acid contents of EVs have been reportedly found to exhibit a different profile than that of the donor cells [26,27]. Specific RNAs, for instance, were shown to be only enriched in the EVs, thus hinting at the existence of highly selective loading mechanisms for nucleic acids (at least for RNAs). Nevertheless, a broad range of nucleic acids, including genomic and mitochondria DNA fragments, small RNAs such as microRNAs (miRNAs), rRNAs (ribosomal RNAs), tRNA fragments, piwi-interacting RNAs (piRNAs), messenger RNAs (mRNAs), and long noncoding RNAs (lncRNAs), have been identified in EVs [28,29,30].





3. Non-Coding RNAs (ncRNAs)


Non-coding RNAs (ncRNAs) represent a diverse class of RNAs with no to little coding potential. Once considered as “junk” DNA, these transcripts have since been extensively studied for their key regulatory functions, which mediate important cellular processes to affect the physiological and pathological states of cells. ncRNAs can be broadly classified into two categories: small ncRNAs that are less than 200 nucleotides in length and long ncRNAs (lncRNAs) with nucleotide length exceeding 200 bases. Small ncRNAs include structural RNAs such as rRNA and tRNA, as well as regulatory RNAs such as miRNAs and piRNAs (Figure 2). While rRNA and tRNAs are essential for housekeeping processes such as ribosomal formation and de novo translation, miRNAs and, more recently, piRNAs have been widely implicated in the regulation of gene expression [31,32].



MiRNAs, approximately 20–25 nucleotides in length, are predominantly intronic, i.e., processed from the intronic regions of their host transcription units and thus share similar expression patterns and regulatory mechanisms with their host genes [33]. Based on sequence complementarity, the recognition and binding of miRNA seed sequences to target transcripts modulates the expression of target genes in a RISC-dependent manner via transcript degradation (perfect sequence complementarity) or by inhibiting translation (imperfect sequence complementarity) (Figure 3) [31]. As such, miRNAs consequently exert functional effects in a wide range of cellular processes, such as proliferation and apoptosis, as well as the modulation of immunologic responses that are frequently dysregulated in respiratory infections and injury. For instance, miR-23a and miR-155 were found to be upregulated upon bacterial infections, with implications in bacterial survival in infected lung macrophages and interleukin-17 and -23 production for bacterial clearance, respectively [34,35]. In acute lung injury (ALI) and chronic obstructive pulmonary disease (COPD), miR-34b and miR-195 have been shown to regulate inflammation and proliferation by targeting progranulin (PGRN) to modulate proinflammatory cytokine production and PH domain leucine-rich repeat protein phosphatase-2 (PHLPP2), respectively, to affect Akt signaling [36,37].



On the other hand, lncRNAs have a more diverse range of functional modalities, and they include intergenic RNAs or intronic RNAs, enhancer RNAs (eRNAs), natural antisense transcripts (NATs), and circular RNAs (circRNAs) (Figure 2). Over the past decade, extensive research has since unraveled increasing mechanistic roles of lncRNAs, such as miRNA decoy, scaffold for protein complexes to affect transcription and RNA splicing, molecular guide for chromatin remodeling, RNA:RNA interactions to modulate staufen1-mediated decay (SMD), as well as translation of small functional peptides (Figure 3) [38]. One of the first and most well-studied lncRNA is Xist, a 17-kb lncRNA essential for the initiation of X chromosome inactivation (XCI) by recruiting chromatin remodeling complexes, such as the polycomb repressive complexes (PRC1 and PRC2), to facilitate histone methylation (H3K27me3) for gene silencing [39]. Recent studies have also demonstrated that lncRNAs containing multiple open reading frames are capable of producing small peptides [40]. One such functional peptide encoded by a lncRNA is the 90-amino acid-long SPAR, found to be conserved in human and mouse, which was shown to negatively regulate mTORC1 activation and suppress muscle regeneration [41]. In the context of lung injury such as ALI, lncRNA FOXD3-AS1 was found to promote lung epithelial cell death and growth inhibition by sequestering miR-150 [42]. LncRNA H19 was demonstrated to promote fibrosis progression by stimulating fibroblast proliferation and increased collagen deposition via the miR-196a/COL1A1 axis, contributing to the onset of idiopathic pulmonary fibrosis (IDF) [43].




4. EVs: Couriers of ncRNAs


The RNA cargo of EVs was believed to reflect at least in part the transcriptomes of donor cells. However, increasing data generated from sequencing of EV content indicated that the ncRNA profiles of EVs differ significantly from those of the donor cells, providing a basis for the preferential incorporation of selective ncRNA species into EVs. As illustrated by a recent RNA-sequencing of small RNAs in EVs derived from five cell lines (namely, HEK293T, RD4, C2C12, Neuro2a, and C17.2), rRNA fragments represented 30–94% of the total reads, while miRNAs accounted for 15–80% of the remaining read counts [44]. On top of the differences in RNA species, studies have also shown that these selective RNA molecules are loaded into EVs at different efficiencies. For instance, earlier studies demonstrated that specific miRNAs are preferentially packaged into EVs [45,46], while a recent study showed that tRNA fragments are favorably loaded into EVs as opposed to miRNAs during T cell activation [47]. The increase in generation of these high-throughput data, together with the enhanced discrepancies in EV-RNA profiles owing to the different physiological and experimental conditions of donor cells investigated, warrants the development of computational approaches to systematically sort through this complex load of information. To this end, several databases, such as the exoRBase (http://www.exoRBase.org), which contains mainly the non-coding RNA data generated from sequencing analysis of human blood exosomes [48], as well as the EVmiRNA (http://bioinfo.life.hust.edu.cn/EVmiRNA#!/), which contains deposited miRNA sequencing profiles in EVs [49], have been developed over the recent years.



Several mechanisms involving sequence specificity, chemical modifications, secondary structures, affinities for membranal lipids, and interactions with RNA binding proteins (RBPs) have since been proposed to account for the highly controlled and specific process of selective ncRNA packaging into EVs. Certain miRNAs, for example, were found to be selectively sorted into EVs through the interaction with the RBP hnRNPA2B1 via the EXOmotif (GGAG), which may be sumoylated to further promote its binding to these miRNAs and the subsequent localization into exosomes [50]. Alternatively, the O-GlcNAcylation of hnRNPA2B1 by caveolin-1, a membrane-bound protein, was shown to enhance its binding to miR-17/93 and direct them into MVs [51]. In addition to RBPs, the 3′ end post-transcriptional modifications of miRNAs can also influence their selective loading into EVs. For example, miR-2909 was found to be targeted to or away from exosomes depending on its 3′ end adenylation to uridylation ratio, linking it to the differential distribution of adenosine kinases across donor cells and exosomes [52]. Selective miRNA export via EVs can also be attributed to the activity of lipid-associated pathways. For example, the inhibition of sphingosine kinase 2, and consequently sphyngosine-1-phosphate synthesis, was shown to impede loading of miR-21 into exosomes [53].



Apart from miRNAs, lncRNAs have also been found to be selectively enriched in EVs. One such example is the significantly elevated levels of lincRNA-p21, a lowly abundant intracellular lncRNA, in small EVs derived from cell lines that undergo genotoxic stress [54]. CircRNAs, a subset of lncRNAs, were similarly found to be not only significantly enriched in EVs as compared to donor cells but also more abundant than their linear counterparts in those vesicles [55,56]. While little is known about the mechanisms governing the specific incorporation of lncRNAs into EVs, they are believed to involve the same overlapping molecular machineries as those that regulate mRNA loading. With the identification of consensus motifs such as ACCAGCCU, CAGUGAGC, and UAAUCCCA on the 3′ untranslated regions of mRNAs that allow binding to RBPs such as YBX1 for sorting into EVs, lncRNAs containing these sequences may similarly be directed into EVs [57,58]. The existence of these selective packaging mechanisms for ncRNAs may thus allow for some of the concerted adaptative cellular responses to external stimuli, such as the induction of inflammatory responses to bacterial infection [59] and the facilitation of intercellular crosstalk by protecting these important molecules from extracellular degradation.



Upon internalization into recipient cells and subsequent escape from degradative pathways, EV-ncRNAs may then act to modulate important cellular processes to elicit a functional response. To date, a majority of the studies on EV-ncRNAs have focused on EV-miRNAs, with limited data on the functions of other EV-ncRNA species in target cells. EV-mediated functional transfer of miRNAs has been widely reported for a variety of physiological changes in cell states and diseases. One of the more prominent examples is the astrocytes-derived EV-miR-19, which suppressed the levels of the key tumor suppressor PTEN in recipient cancer cells, leading to the increase in brain metastases [60]. More recent examples of EV-miRNAs with angiogenic and immunomodulatory effects include glioma-derived EV-miR-9 in inducing reprograming of recipient endothelial cells to promote angiogenesis [61], as well as miR-21 in stimulating the proliferation of microglia, a group of innate immune cells in the central nervous system, by downregulating the expression of Btg2 [62].



In the case of EV-lncRNAs, recent studies have demonstrated the functional role of EV-mediated transfer of lncRNAs in various biological processes. For example, hypoxic cardiomyocytes-derived EV-lncRNA NEAT1 was shown to induce a reprogramming of recipient fibroblasts favoring the profibrotic phenotype [63]. In a separate study, tumor-associated macrophages-derived EV-lncRNA HISLA was demonstrated to induce aerobic glycolysis and apoptotic resistance of recipient breast cancer cells, leading to further aggravation of the disease [64].



With the improvements in RNA-sequencing depth and microarray platforms for EVs, findings to support the functional roles of various EV-ncRNA species will certainly be evident in the near future. Apart from elucidating the functional transfer of different EV-ncRNAs subtypes, a related research topic in the EV field awaiting further exploration is the role of intracellular ncRNAs in regulating EV biogenesis, secretion, and uptake across different physiological and pathological conditions. Advances in this topic will no doubt provide an extra avenue for the development of novel therapeutic targets for the respective diseases.




5. EV-ncRNAs in Lung Infections and Injury


To date, a majority of the research on EV-ncRNAs in lung infections and injury focused on EV-miRNAs, with little to none on other EV-ncRNA species. Hence, we summarize in this section of the paper the current state of knowledge on EV-miRNAs in the various types of lung infection and injury (Table 1).



5.1. Bacterial Infections


Pneumonia is a respiratory tract infection caused by inhalation of bacteria, fungi, or viruses. Patients with chronic lung diseases, such as COPD and cystic fibrosis, and respiratory infections, such as influenza, or chronic illnesses, such as heart disease, are more prone to pneumonia. Common bacterial pathogens of pneumonia include Streptococcus pneumoniae, Pseudomonas aeruginosa, and Klebsiella pneumonia [78].



In the case of Pseudomonas aeruginosa infection in the lung, bronchoalveolar lavage fluids (BALF)-derived EV-miRNAs were reported to promote innate immune responses such as M1 macrophage polarization, neutrophil recruitment, and pro-inflammatory cytokine production in recipient alveolar macrophages [79]. Future studies could examine the precise role of specific EV-miRNAs in P. aeruginosa-induced lung inflammation. In response to Klebsiella pneumonia infection, miRNA-223/142 levels were dramatically increased in MVs isolated from BALF and serum [59]. Mechanistically, these MV-miRNAs suppress the activation of the Nlrp3 inflammasome in macrophages, leading to the inhibition of proinflammatory responses induced by the infection [59]. Taken together, these studies clearly demonstrated the functional roles of EV-miRNAs in mediating downstream inflammatory responses in recipient cells and highlighted the potential of these molecules as novel diagnostic markers for pneumonia.




5.2. Viral Infections


Common viral causes for pneumonia include influenza viruses, adenoviruses, respiratory syncytial virus (RSV), parainfluenza viruses, and coronaviruses [80]. Infection of human lung adenocarcinoma epithelial A549 cells with influenza virus was reported to induce an elevated amount of intracellular miR-1975 and the subsequent packaging of the miRNA into exosomes [65]. Upon its internalization by recipient cells, exosome-miR-1975 suppressed influenza virus replication, suggesting that it may contribute to the host defense against viral infection [65]. In another study, BALF exosomes containing miR-483-3p, miR-374c-5p, and miR-466i-5p upregulated the expression of pro-inflammatory cytokines (TNF-alpha, interleukin-6, C-C motif chemokine ligand 2), SP100, and interferon-stimulated genes in recipient cells upon influenza viral infection [66]. Mechanistically, miR-483-3p was found to target RNF5 and CD81, which in turn inhibited RIG-1 signaling and resulted in the increased expression of type I interferon and pro-inflammatory cytokines [66]. Overall, these findings highlight the functional transfer of exosomal miRNAs in eliciting immune responses to influenza infection.



In contrast to other types of viral pneumonia, adenovirus pneumonia is an upper respiratory tract infection characterized by a 50% fatality rate [81]. Analysis of exosomal miRNAs from adenovirus pneumonia-derived serum showed that the expression levels of miR‑450a‑5p/miR‑103a‑3p and miR‑103b‑5p/miR‑98‑5p are elevated as compared with those in exosomes derived from normal control serum [67], suggesting the diagnostic value of these miRNAs for the disease.



Coronavirus disease 2019 (COVID-19) is caused by infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Recent studies suggest that exosomes may play a role in internalization of SARS-CoV2 virus [82]. Infection of the virus was shown to increase the production of exosomes that may transfer SARS-CoV-2 receptor to recipient cells and consequently promote the binding of SARS-CoV-2 to these cells [82]. While little is known about the role of EV-miRNAs in mediating SARS-CoV infection, host miRNAs were found to exert crucial roles in regulating viral replication and pathogenesis [83]. Upon infection with SARS-CoV, mice lungs displayed elevated levels of miR-21-3p, which was subsequently demonstrated to exhibit the highest probability of binding to the viral RNAs [83]. Further examination of miR-21-3p levels in secreted EVs may elucidate the potential functions of this miRNA in SARS-CoV infection.



Tuberculosis (TB) is a disease caused by bacteria, Mycobacterium tuberculosis, which spread through air and infect the lung. Mycobacterium tuberculosis infection in macrophages could suppress immune surveillance and the incorporation of inflammation-associated miRNAs into exosomes [84]. Human monocyte-derived macrophages infected with Mycobacterium bovis bacillus Calmette–Guérin (BCG) were shown to release exosomal miRNAs such as miRs-1224, -1293, -425, -4467, -4732, -484, -5094, -6848, -6849, -96, and –4488, most of which are generally involved in metabolism and cell signaling pathways [68]. Further analysis of serum from TB patients reveals significantly elevated levels of exosomal miR-484, -425, and -96, which are involved in metabolism, immune system regulation, and signaling pathways [69].




5.3. Acute Lung Injury (ALI) and Acute Respiratory Distress Syndrome (ARDS)


Acute respiratory distress syndrome (ARDS) is a potentially lethal acute inflammatory lung condition that affects up to three million people annually and contributes to 24% of cases whereby patients in intensive care units are being ventilated [85]. Currently, there are no known treatments that specifically target its pathophysiology. Mesenchymal stem cell (MSCs)-based therapy has emerged as a promising approach owing to its ability to target the pathophysiological aspects of ARDS. However, issues with relying on MSCs whole cell administration—including their potential tumor-promoting effects, immunogenicity, as well as reduced efficacies due to repeated freeze-thaw cycles—have generally impeded its further development as a viable therapeutic option [86,87]. As MSCs are well-established as conferring protective paracrine effects, which are in part mediated by EV secretion, increasing research has thus actively explored the harnessing of MSC-derived EVs as a cell-free therapeutic option. Since then, several studies have identified the relevance of MSC-derived EV-miRNAs in modulating key pathophysiological processes underlying ARDS in both in vitro and in vivo models of ALI. For example, a recent study revealed the cytoprotective effects of MSC-derived exosomal miR-21-5p against oxidative stress-induced cell death in murine lung ischemia/reperfusion (I/R) and in vitro hypoxia/reoxygenation (H/R) models [70]. Mechanistically, miR-21-5p was found to target phosphatase and tensin homolog (PTEN) and programmed cell death 4 (PDCD4), leading to the amelioration of both intrinsic and extrinsic apoptotic pathways [70]. In a separate study, MSC-derived exosomal miR-30b-3p was shown to similarly promote the proliferation of recipient type II alveolar epithelial cells by targeting serum amyloid A-3 (SAA3) to inhibit apoptosis [71]. Taken together, these data strengthened the viability of developing MSC-EVs and their miRNA cargo as novel therapeutic strategies for ARDS.




5.4. Chronic Lung Injury


Chronic obstructive pulmonary disease (COPD) refers to a group of progressive chronic diseases that cause airflow blockage and breathing difficulty. The most common COPD conditions are emphysema, which is damaged alveoli, and chronic bronchitis. Current treatments are limited to bronchodilators and inhaled corticosteroids. Identifying novel EV-ncRNAs that play a functional role in this disease model may pave the way for the development of novel therapies and treatments. Recent studies show that EV-mediated intracellular crosstalk contributes to COPD pathogenesis. For example, expression of miR-210 was increased intracellularly as well as in the EVs derived from COPD samples [72]. Specifically, miR-210 from human bronchial epithelial cells (HBECs)-derived EV was found to promote the differentiation of lung myofibroblasts by targeting autophagy-related 7 (ATG7), leading to reduced autophagy and increased myofibroblast accumulation in COPD pathogenesis [72]. Similarly, miR-21 derived from the exosomes of HBECs were also shown to be elevated in expression in COPD patients and to contribute to myofibroblast differentiation via the epithelium-fibroblast crosstalk [73]. Collectively, these studies indicated that EV-miR-21 and miR-210 may potentially be developed as valuable biomarkers and therapeutic targets for COPD.



Asthma refers to a group of chronic inflammatory diseases resulting from nonspecific stimuli in the lung airways. The major contributors to the pathogenesis of asthma are namely airway inflammation and remodeling, as well as hyperresponsiveness [88]. Despite the increasing findings that indicate the relevance of EV-miRNAs expression in the development of asthma and as potential diagnostic markers, most studies did not further examine the underlying mechanistic roles of these miRNAs in asthma-related cellular processes. For instance, studies measuring exosomal miRNA profiles in asthmatic patients and healthy controls reported the specific alteration in expression levels of miRNAs such as let-7a, miRNA- 21, miRNA-658, miRNA-24, miRNA-26a, miRNA-99a, miRNA-200c, miRNA-1268, miR-1827, miR-346, and miR-574-5p [74,75]. In another study, differential expression of 23 miRNAs was observed in the serum exosomes isolated from rats with airway inflammation induced by zinc oxide particles as compared with that from healthy rats [89]. Further in silico analyses revealed that these differentially expressed miRNAs may be involved in pulmonary inflammation processes [89].



In patients with idiopathic pulmonary fibrosis (IPF), a chronic lung disease with unknown causes, serum EVs were found to contain increased levels of miR-21-5p [76]. Further analysis of this miRNA after a 30-month follow-up period in the patients revealed that miR-21-5p was significantly associated with increased death risk and mortality [76]. In contrast, patients treated with pirfenidone, a medication commonly administered as IPF treatment, were found to exhibit a reduced expression of serum EV miR-21-5p or consistently lower levels of the miRNA in their serum EVs [76], strongly suggesting the relevance of miR-21-5p as a prognostic marker for predicting treatment responsiveness for IPF.



Bronchopulmonary dysplasia (BPD) is a chronic lung disease commonly linked to newborn prematurity [90]. Symptoms of BPD include damaged bronchi and tissue destruction in the alveoli. Exosomes from tracheal aspirates of infants with severe BPD, as well as BALF of hyperoxia-treated newborn mice, were shown to have reduced expression of miR-876-3p [77]. Mechanistically, the reduction was accompanied by an elevated level of miR-876-3p targets, resulting in an aggravated alveolar hypoplasia [77], suggesting a causal relationship between miR-876-3p and BPD pathogenesis.




5.5. EV-miRNAs as Diagnostic and Therapeutic Tools in Lung Infections and Injury: Promises and Challenges


With compelling evidence pointing to the differential expression and functional relevance of specific EV-miRNAs in the pathophysiology of lung infections and injury, their potential as novel diagnostic and therapeutic approaches has garnered immense interest within the regenerative medicine field for these diseases. Moreover, the concerns of employing MSCs-based therapies for a variety of lung diseases (mentioned in the previous section) have further propelled the development of MSCs-derived EVs as alternative therapeutic molecules. To date, there has been a growing number of studies that have demonstrated the efficacy of administrating MSCs-derived EVs for a variety of lung infections and injuries [91]. Notably, some of the MSCs-derived EV-miRNAs were shown to exhibit significant biological effects for the alleviation of these respiratory diseases [92]. For example, MSCs-derived exosomal transfer of miR-27a-3p was shown to effectively reduce the levels of proinflammatory cytokine TNF-alpha and induce the polarization of macrophages toward the M2 phenotype, leading to the alleviation of acute lung injury [93]. In a separate study, mesenchymal stem cell (MSC)-derived EV-miR145 was found to reduce the severity of bacterial E. coli pneumonia by suppressing multidrug resistance-associated protein 1 (MRP1) protein levels and increasing phagocytosis of E. coli by the recipient macrophage cells [94]. While overexpressing miR-145 resulted in increased phagocytosis of bacteria by the target cells, the downregulation of miR-145 in MSC-EVs resulted in reduced anti-inflammatory effects [94].



Despite these encouraging results, much more remains to be investigated and resolved before EV-ncRNA-based therapies can be fully realized for clinical purposes. Firstly, the robust isolation and characterization of different EV subclasses from the lung fluids can be challenging due to technical limitations and lack of consensus in the separation and purification methods for these nanoscale vesicles. Repeated rounds of isolation to attain consistency in their characterization may therefore require repeated invasive harvesting of these fluids. In the context of EV RNA cargo, a systematic approach to obtain a comprehensive catalogue of these cargos—which requires significant improvements in the state-of-the-art sequencing and microarray platforms—will be necessary because diverse RNA subclasses are increasingly being identified in the EVs. After all, these various ncRNA species are mostly low in abundance, and expression levels can vary greatly across different EV subtypes and even “similar” EVs from the same donor cell types. Assuming that these issues can be addressed, factors such as scalability of the methods, manufacturing, and regulations will then need to be established and optimized for translational use.



Additionally, the rate of EV uptake, as well as degradation rate of these EV-ncRNAs (assuming that they are “efficiently” internalized into recipient cells) in part due to the various endosomal escape routes, are the limiting factors in ensuring the functional delivery of these cargos. Moreover, the manipulation of expression levels of specific ncRNAs to be loaded onto the EVs is experimentally challenging to optimize and control, and undesirable levels of these molecules may lead to either the inadequate therapeutic efficacy or unwanted side effects in vivo. Finally, the doses and routes of administration for each lung disease are yet to be determined. The doses and delivery routes varied across the different studies that were described, and critically, the pharmacokinetics of EV-miRNAs remain to be thoroughly investigated. For example, significant therapeutic effects were observed with a single dose of EVs in several studies, while others reported multiple repeats of doses to achieve consistent and superior effects.





6. Future Perspectives


With clear evidence pointing toward the significant roles of EV-ncRNAs in affecting cellular processes that may contribute to lung diseases, much more remains to be learned about the regulatory mechanisms governing the selective incorporation of specific ncRNA species and their degradation as EV cargo in recipient cells. Improvements in both computational and experimental approaches are necessary to shed light on the complex biology of EV-ncRNAs. With consistent advances in research technologies, knowledge of these molecular processes will no doubt be increasingly uncovered. In parallel, the booming field of employing nanoparticles as vectors for the specific and efficient delivery of RNAs to target cells has significant implications for the engineering of EVs for therapies. By leveraging the properties of both these tools, the systematic and robust delivery of nucleic acids as therapeutics will inevitably be attainable in the near future.







Funding


This research was funded by the National Institutes of Health (NIH), NIH R33 AI121644 (Y.J.), NIH R01 GM127596 (Y.J.), and NIH R01HL142758-01A1 (Y.J.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



GBD Chronic Respiratory Disease Collaborators. Prevalence and attributable health burden of chronic respiratory diseases, 1990–2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet Respir. Med. 2020, 8, 585–596. [Google Scholar] [CrossRef]

	



Lo Cicero, A.; Stahl, P.D.; Raposo, G. Extracellular vesicles shuffling intercellular messages: For good or for bad. Curr. Opin. Cell Biol. 2015, 35, 69–77. [Google Scholar] [CrossRef]

	



Latifkar, A.; Hur, Y.H.; Sanchez, J.C.; Cerione, R.A.; Antonyak, M.A. New insights into extracellular vesicle biogenesis and function. J. Cell Sci. 2019, 132. [Google Scholar] [CrossRef] [PubMed]

	



Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2018, 19, 213–228. [Google Scholar] [CrossRef] [PubMed]

	



Kakarla, R.; Hur, J.; Kim, Y.J.; Kim, J.; Chwae, Y.J. Apoptotic cell-derived exosomes: Messages from dying cells. Exp. Mol. Med. 2020, 52, 1–6. [Google Scholar] [CrossRef]

	



Tricarico, C.; Clancy, J.; D’Souza-Schorey, C. Biology and biogenesis of shed microvesicles. Small GTPases 2017, 8, 220–232. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Liu, Y.; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential. Cell Biosci. 2019, 9, 19. [Google Scholar] [CrossRef]

	



Soekmadji, C.; Hill, A.F.; Wauben, M.H.; Buzas, E.I.; Di Vizio, D.; Gardiner, C.; Lotvall, J.; Sahoo, S.; Witwer, K.W. Towards mechanisms and standardization in extracellular vesicle and extracellular RNA studies: Results of a worldwide survey. J. Extracell. Vesicles 2018, 7, 1535745. [Google Scholar] [CrossRef]

	



Thery, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.; Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750. [Google Scholar] [CrossRef]

	



Lotvall, J.; Hill, A.F.; Hochberg, F.; Buzas, E.I.; Di Vizio, D.; Gardiner, C.; Gho, Y.S.; Kurochkin, I.V.; Mathivanan, S.; Quesenberry, P.; et al. Minimal experimental requirements for definition of extracellular vesicles and their functions: A position statement from the International Society for Extracellular Vesicles. J. Extracell. Vesicles 2014, 3, 26913. [Google Scholar] [CrossRef]

	



Sedgwick, A.E.; D’Souza-Schorey, C. The biology of extracellular microvesicles. Traffic 2018, 19, 319–327. [Google Scholar] [CrossRef]

	



Juan, T.; Furthauer, M. Biogenesis and function of ESCRT-dependent extracellular vesicles. Semin Cell Dev. Biol. 2018, 74, 66–77. [Google Scholar] [CrossRef]

	



Fares, J.; Kashyap, R.; Zimmermann, P. Syntenin: Key player in cancer exosome biogenesis and uptake? Cell Adh. Migr. 2017, 11, 124–126. [Google Scholar] [CrossRef]

	



Verderio, C.; Gabrielli, M.; Giussani, P. Role of sphingolipids in the biogenesis and biological activity of extracellular vesicles. J. Lipid Res. 2018, 59, 1325–1340. [Google Scholar] [CrossRef] [PubMed]

	



Andreu, Z.; Yanez-Mo, M. Tetraspanins in extracellular vesicle formation and function. Front. Immunol. 2014, 5, 442. [Google Scholar] [CrossRef] [PubMed]

	



Kwok, Z.H.; Wang, C.; Jin, Y. Extracellular Vesicle Transportation and Uptake by Recipient Cells: A Critical Process to Regulate Human Diseases. Processes 2021, 9, 273. [Google Scholar] [CrossRef]

	



Carnino, J.M.; Ni, K.; Jin, Y. Post-translational Modification Regulates Formation and Cargo-Loading of Extracellular Vesicles. Front. Immunol. 2020, 11, 948. [Google Scholar] [CrossRef]

	



Ni, K.; Wang, C.; Carnino, J.M.; Jin, Y. The Evolving Role of Caveolin-1: A Critical Regulator of Extracellular Vesicles. Med. Sci. 2020, 8, 46. [Google Scholar] [CrossRef] [PubMed]

	



Hoshino, A.; Costa-Silva, B.; Shen, T.L.; Rodrigues, G.; Hashimoto, A.; Tesic Mark, M.; Molina, H.; Kohsaka, S.; Di Giannatale, A.; Ceder, S.; et al. Tumour exosome integrins determine organotropic metastasis. Nature 2015, 527, 329–335. [Google Scholar] [CrossRef]

	



Kooijmans, S.A.; Aleza, C.G.; Roffler, S.R.; van Solinge, W.W.; Vader, P.; Schiffelers, R.M. Display of GPI-anchored anti-EGFR nanobodies on extracellular vesicles promotes tumour cell targeting. J. Extracell. Vesicles 2016, 5, 31053. [Google Scholar] [CrossRef]

	



Laulagnier, K.; Javalet, C.; Hemming, F.J.; Chivet, M.; Lachenal, G.; Blot, B.; Chatellard, C.; Sadoul, R. Amyloid precursor protein products concentrate in a subset of exosomes specifically endocytosed by neurons. Cell. Mol. Life Sci. 2018, 75, 757–773. [Google Scholar] [CrossRef]

	



Sancho-Albero, M.; Navascues, N.; Mendoza, G.; Sebastian, V.; Arruebo, M.; Martin-Duque, P.; Santamaria, J. Exosome origin determines cell targeting and the transfer of therapeutic nanoparticles towards target cells. J. Nanobiotechnol. 2019, 17, 16. [Google Scholar] [CrossRef]

	



Jurgielewicz, B.J.; Yao, Y.; Stice, S.L. Kinetics and Specificity of HEK293T Extracellular Vesicle Uptake using Imaging Flow Cytometry. Nanoscale Res. Lett. 2020, 15, 170. [Google Scholar] [CrossRef] [PubMed]

	



Williams, C.; Pazos, R.; Royo, F.; Gonzalez, E.; Roura-Ferrer, M.; Martinez, A.; Gamiz, J.; Reichardt, N.C.; Falcon-Perez, J.M. Assessing the role of surface glycans of extracellular vesicles on cellular uptake. Sci. Rep. 2019, 9, 11920. [Google Scholar] [CrossRef] [PubMed]

	



Mir, B.; Goettsch, C. Extracellular Vesicles as Delivery Vehicles of Specific Cellular Cargo. Cells 2020, 9, 1601. [Google Scholar] [CrossRef] [PubMed]

	



Baglio, S.R.; Rooijers, K.; Koppers-Lalic, D.; Verweij, F.J.; Perez Lanzon, M.; Zini, N.; Naaijkens, B.; Perut, F.; Niessen, H.W.; Baldini, N.; et al. Human bone marrow- and adipose-mesenchymal stem cells secrete exosomes enriched in distinctive miRNA and tRNA species. Stem Cell Res. Ther. 2015, 6, 127. [Google Scholar] [CrossRef]

	



Mittelbrunn, M.; Gutierrez-Vazquez, C.; Villarroya-Beltri, C.; Gonzalez, S.; Sanchez-Cabo, F.; Gonzalez, M.A.; Bernad, A.; Sanchez-Madrid, F. Unidirectional transfer of microRNA-loaded exosomes from T cells to antigen-presenting cells. Nat. Commun. 2011, 2, 282. [Google Scholar] [CrossRef]

	



Malkin, E.Z.; Bratman, S.V. Bioactive DNA from extracellular vesicles and particles. Cell Death Dis. 2020, 11, 584. [Google Scholar] [CrossRef]

	



Turchinovich, A.; Drapkina, O.; Tonevitsky, A. Transcriptome of Extracellular Vesicles: State-of-the-Art. Front. Immunol. 2019, 10, 202. [Google Scholar] [CrossRef] [PubMed]

	



Veziroglu, E.M.; Mias, G.I. Characterizing Extracellular Vesicles and Their Diverse RNA Contents. Front. Genet. 2020, 11, 700. [Google Scholar] [CrossRef]

	



O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front. Endocrinol. (Lausanne) 2018, 9, 402. [Google Scholar] [CrossRef] [PubMed]

	



Ozata, D.M.; Gainetdinov, I.; Zoch, A.; O’Carroll, D.; Zamore, P.D. PIWI-interacting RNAs: Small RNAs with big functions. Nat. Rev. Genet. 2019, 20, 89–108. [Google Scholar] [CrossRef] [PubMed]

	



De Rie, D.; Abugessaisa, I.; Alam, T.; Arner, E.; Arner, P.; Ashoor, H.; Astrom, G.; Babina, M.; Bertin, N.; Burroughs, A.M.; et al. An integrated expression atlas of miRNAs and their promoters in human and mouse. Nat. Biotechnol. 2017, 35, 872–878. [Google Scholar] [CrossRef] [PubMed]

	



Gu, X.; Gao, Y.; Mu, D.G.; Fu, E.Q. MiR-23a-5p modulates mycobacterial survival and autophagy during mycobacterium tuberculosis infection through TLR2/MyD88/NF-kappaB pathway by targeting TLR2. Exp. Cell Res. 2017, 354, 71–77. [Google Scholar] [CrossRef]

	



Podsiad, A.; Standiford, T.J.; Ballinger, M.N.; Eakin, R.; Park, P.; Kunkel, S.L.; Moore, B.B.; Bhan, U. MicroRNA-155 regulates host immune response to postviral bacterial pneumonia via IL-23/IL-17 pathway. Am. J. Physiol. Lung Cell. Mol. Physiol. 2016, 310, L465–L475. [Google Scholar] [CrossRef]

	



Gu, W.; Yuan, Y.; Yang, H.; Wu, H.; Wang, L.; Tang, Z.; Li, Q. Role of miR-195 in cigarette smoke-induced chronic obstructive pulmonary disease. Int. Immunopharmacol. 2018, 55, 49–54. [Google Scholar] [CrossRef]

	



Xie, W.; Lu, Q.; Wang, K.; Lu, J.; Gu, X.; Zhu, D.; Liu, F.; Guo, Z. miR-34b-5p inhibition attenuates lung inflammation and apoptosis in an LPS-induced acute lung injury mouse model by targeting progranulin. J. Cell. Physiol. 2018, 233, 6615–6631. [Google Scholar] [CrossRef]

	



Kwok, Z.H.; Tay, Y. Long noncoding RNAs: Lincs between human health and disease. Biochem. Soc. Trans. 2017, 45, 805–812. [Google Scholar] [CrossRef]

	



Loda, A.; Heard, E. Xist RNA in action: Past, present, and future. PLoS Genet. 2019, 15, e1008333. [Google Scholar] [CrossRef]

	



Choi, S.W.; Kim, H.W.; Nam, J.W. The small peptide world in long noncoding RNAs. Brief. Bioinform. 2019, 20, 1853–1864. [Google Scholar] [CrossRef]

	



Matsumoto, A.; Pasut, A.; Matsumoto, M.; Yamashita, R.; Fung, J.; Monteleone, E.; Saghatelian, A.; Nakayama, K.I.; Clohessy, J.G.; Pandolfi, P.P. mTORC1 and muscle regeneration are regulated by the LINC00961-encoded SPAR polypeptide. Nature 2017, 541, 228–232. [Google Scholar] [CrossRef]

	



Zhang, D.; Lee, H.; Haspel, J.A.; Jin, Y. Long noncoding RNA FOXD3-AS1 regulates oxidative stress-induced apoptosis via sponging microRNA-150. FASEB J. 2017, 31, 4472–4481. [Google Scholar] [CrossRef]

	



Lu, Q.; Guo, Z.; Xie, W.; Jin, W.; Zhu, D.; Chen, S.; Ren, T. The lncRNA H19 Mediates Pulmonary Fibrosis by Regulating the miR-196a/COL1A1 Axis. Inflammation 2018, 41, 896–903. [Google Scholar] [CrossRef]

	



Sork, H.; Corso, G.; Krjutskov, K.; Johansson, H.J.; Nordin, J.Z.; Wiklander, O.P.B.; Lee, Y.X.F.; Westholm, J.O.; Lehtio, J.; Wood, M.J.A.; et al. Heterogeneity and interplay of the extracellular vesicle small RNA transcriptome and proteome. Sci. Rep. 2018, 8, 10813. [Google Scholar] [CrossRef]

	



Pigati, L.; Yaddanapudi, S.C.; Iyengar, R.; Kim, D.J.; Hearn, S.A.; Danforth, D.; Hastings, M.L.; Duelli, D.M. Selective release of microRNA species from normal and malignant mammary epithelial cells. PLoS ONE 2010, 5, e13515. [Google Scholar] [CrossRef]

	



Nolte-’t Hoen, E.N.; Buermans, H.P.; Waasdorp, M.; Stoorvogel, W.; Wauben, M.H.; t Hoen, P.A. Deep sequencing of RNA from immune cell-derived vesicles uncovers the selective incorporation of small non-coding RNA biotypes with potential regulatory functions. Nucleic Acids Res. 2012, 40, 9272–9285. [Google Scholar] [CrossRef] [PubMed]

	



Chiou, N.T.; Kageyama, R.; Ansel, K.M. Selective Export into Extracellular Vesicles and Function of tRNA Fragments during T Cell Activation. Cell Rep. 2018, 25, 3356–3370.e3354. [Google Scholar] [CrossRef]

	



Li, S.; Li, Y.; Chen, B.; Zhao, J.; Yu, S.; Tang, Y.; Zheng, Q.; Li, Y.; Wang, P.; He, X.; et al. exoRBase: A database of circRNA, lncRNA and mRNA in human blood exosomes. Nucleic Acids Res. 2018, 46, D106–D112. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Zhang, Q.; Zhang, J.; Li, C.; Miao, Y.R.; Lei, Q.; Li, Q.; Guo, A.Y. EVmiRNA: A database of miRNA profiling in extracellular vesicles. Nucleic Acids Res. 2019, 47, D89–D93. [Google Scholar] [CrossRef]

	



Villarroya-Beltri, C.; Gutierrez-Vazquez, C.; Sanchez-Cabo, F.; Perez-Hernandez, D.; Vazquez, J.; Martin-Cofreces, N.; Martinez-Herrera, D.J.; Pascual-Montano, A.; Mittelbrunn, M.; Sanchez-Madrid, F. Sumoylated hnRNPA2B1 controls the sorting of miRNAs into exosomes through binding to specific motifs. Nat. Commun. 2013, 4, 2980. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.; Li, C.; Zhang, Y.; Zhang, D.; Otterbein, L.E.; Jin, Y. Caveolin-1 selectively regulates microRNA sorting into microvesicles after noxious stimuli. J. Exp. Med. 2019, 216, 2202–2220. [Google Scholar] [CrossRef] [PubMed]

	



Wani, S.; Kaul, D. Cancer cells govern miR-2909 exosomal recruitment through its 3’-end post-transcriptional modification. Cell Biochem. Funct. 2018, 36, 106–111. [Google Scholar] [CrossRef]

	



Liang, J.; Zhang, X.; He, S.; Miao, Y.; Wu, N.; Li, J.; Gan, Y. Sphk2 RNAi nanoparticles suppress tumor growth via downregulating cancer cell derived exosomal microRNA. J. Control. Release 2018, 286, 348–357. [Google Scholar] [CrossRef]

	



Gezer, U.; Ozgur, E.; Cetinkaya, M.; Isin, M.; Dalay, N. Long non-coding RNAs with low expression levels in cells are enriched in secreted exosomes. Cell Biol. Int. 2014, 38, 1076–1079. [Google Scholar] [CrossRef]

	



Li, Y.; Zheng, Q.; Bao, C.; Li, S.; Guo, W.; Zhao, J.; Chen, D.; Gu, J.; He, X.; Huang, S. Circular RNA is enriched and stable in exosomes: A promising biomarker for cancer diagnosis. Cell Res. 2015, 25, 981–984. [Google Scholar] [CrossRef] [PubMed]

	



Dou, Y.; Cha, D.J.; Franklin, J.L.; Higginbotham, J.N.; Jeppesen, D.K.; Weaver, A.M.; Prasad, N.; Levy, S.; Coffey, R.J.; Patton, J.G.; et al. Circular RNAs are down-regulated in KRAS mutant colon cancer cells and can be transferred to exosomes. Sci. Rep. 2016, 6, 37982. [Google Scholar] [CrossRef] [PubMed]

	



Kossinova, O.A.; Gopanenko, A.V.; Tamkovich, S.N.; Krasheninina, O.A.; Tupikin, A.E.; Kiseleva, E.; Yanshina, D.D.; Malygin, A.A.; Ven’yaminova, A.G.; Kabilov, M.R.; et al. Cytosolic YB-1 and NSUN2 are the only proteins recognizing specific motifs present in mRNAs enriched in exosomes. Biochim. Biophys. Acta Proteins Proteom 2017, 1865, 664–673. [Google Scholar] [CrossRef]

	



Yanshina, D.D.; Kossinova, O.A.; Gopanenko, A.V.; Krasheninina, O.A.; Malygin, A.A.; Venyaminova, A.G.; Karpova, G.G. Structural features of the interaction of the 3’-untranslated region of mRNA containing exosomal RNA-specific motifs with YB-1, a potential mediator of mRNA sorting. Biochimie 2018, 144, 134–143. [Google Scholar] [CrossRef]

	



Zhang, D.; Lee, H.; Wang, X.; Groot, M.; Sharma, L.; Dela Cruz, C.S.; Jin, Y. A potential role of microvesicle-containing miR-223/142 in lung inflammation. Thorax 2019, 74, 865–874. [Google Scholar] [CrossRef]

	



Zhang, L.; Zhang, S.; Yao, J.; Lowery, F.J.; Zhang, Q.; Huang, W.C.; Li, P.; Li, M.; Wang, X.; Zhang, C.; et al. Microenvironment-induced PTEN loss by exosomal microRNA primes brain metastasis outgrowth. Nature 2015, 527, 100–104. [Google Scholar] [CrossRef]

	



Lucero, R.; Zappulli, V.; Sammarco, A.; Murillo, O.D.; Cheah, P.S.; Srinivasan, S.; Tai, E.; Ting, D.T.; Wei, Z.; Roth, M.E.; et al. Glioma-Derived miRNA-Containing Extracellular Vesicles Induce Angiogenesis by Reprogramming Brain Endothelial Cells. Cell Rep. 2020, 30, 2065–2074.e2064. [Google Scholar] [CrossRef] [PubMed]

	



Abels, E.R.; Maas, S.L.N.; Nieland, L.; Wei, Z.; Cheah, P.S.; Tai, E.; Kolsteeg, C.J.; Dusoswa, S.A.; Ting, D.T.; Hickman, S.; et al. Glioblastoma-Associated Microglia Reprogramming Is Mediated by Functional Transfer of Extracellular miR-21. Cell Rep. 2019, 28, 3105–3119.e3107. [Google Scholar] [CrossRef]

	



Kenneweg, F.; Bang, C.; Xiao, K.; Boulanger, C.M.; Loyer, X.; Mazlan, S.; Schroen, B.; Hermans-Beijnsberger, S.; Foinquinos, A.; Hirt, M.N.; et al. Long Noncoding RNA-Enriched Vesicles Secreted by Hypoxic Cardiomyocytes Drive Cardiac Fibrosis. Mol. Ther. Nucleic Acids 2019, 18, 363–374. [Google Scholar] [CrossRef] [PubMed]

	



Chen, F.; Chen, J.; Yang, L.; Liu, J.; Zhang, X.; Zhang, Y.; Tu, Q.; Yin, D.; Lin, D.; Wong, P.P.; et al. Extracellular vesicle-packaged HIF-1alpha-stabilizing lncRNA from tumour-associated macrophages regulates aerobic glycolysis of breast cancer cells. Nat. Cell Biol. 2019, 21, 498–510. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.M.; Tseng, C.H.; Chen, Y.C.; Yu, W.Y.; Ho, M.Y.; Ho, C.Y.; Lai, M.M.C.; Su, W.C. Exosome-delivered and Y RNA-derived small RNA suppresses influenza virus replication. J. Biomed. Sci. 2019, 26, 58. [Google Scholar] [CrossRef] [PubMed]

	



Maemura, T.; Fukuyama, S.; Sugita, Y.; Lopes, T.J.S.; Nakao, T.; Noda, T.; Kawaoka, Y. Lung-Derived Exosomal miR-483-3p Regulates the Innate Immune Response to Influenza Virus Infection. J. Infect. Dis. 2018, 217, 1372–1382. [Google Scholar] [CrossRef]

	



Huang, F.; Bai, J.; Zhang, J.; Yang, D.; Fan, H.; Huang, L.; Shi, T.; Lu, G. Identification of potential diagnostic biomarkers for pneumonia caused by adenovirus infection in children by screening serum exosomal microRNAs. Mol. Med. Rep. 2019, 19, 4306–4314. [Google Scholar] [CrossRef]

	



Alipoor, S.D.; Mortaz, E.; Tabarsi, P.; Farnia, P.; Mirsaeidi, M.; Garssen, J.; Movassaghi, M.; Adcock, I.M. Bovis Bacillus Calmette-Guerin (BCG) infection induces exosomal miRNA release by human macrophages. J. Transl. Med. 2017, 15, 105. [Google Scholar] [CrossRef]

	



Alipoor, S.D.; Tabarsi, P.; Varahram, M.; Movassaghi, M.; Dizaji, M.K.; Folkerts, G.; Garssen, J.; Adcock, I.M.; Mortaz, E. Serum Exosomal miRNAs Are Associated with Active Pulmonary Tuberculosis. Dis. Markers 2019, 2019, 1907426. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.W.; Wei, L.; Han, Z.; Chen, Z. Mesenchymal stromal cells-derived exosomes alleviate ischemia/reperfusion injury in mouse lung by transporting anti-apoptotic miR-21-5p. Eur. J. Pharmacol. 2019, 852, 68–76. [Google Scholar] [CrossRef]

	



Yi, X.; Wei, X.; Lv, H.; An, Y.; Li, L.; Lu, P.; Yang, Y.; Zhang, Q.; Yi, H.; Chen, G. Exosomes derived from microRNA-30b-3p-overexpressing mesenchymal stem cells protect against lipopolysaccharide-induced acute lung injury by inhibiting SAA3. Exp. Cell Res. 2019, 383, 111454. [Google Scholar] [CrossRef] [PubMed]

	



Fujita, Y.; Araya, J.; Ito, S.; Kobayashi, K.; Kosaka, N.; Yoshioka, Y.; Kadota, T.; Hara, H.; Kuwano, K.; Ochiya, T. Suppression of autophagy by extracellular vesicles promotes myofibroblast differentiation in COPD pathogenesis. J. Extracell. Vesicles 2015, 4, 28388. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Ling, M.; Xue, J.; Dai, X.; Sun, Q.; Chen, C.; Liu, Y.; Zhou, L.; Liu, J.; Luo, F.; et al. Exosomal microRNA-21 derived from bronchial epithelial cells is involved in aberrant epithelium-fibroblast cross-talk in COPD induced by cigarette smoking. Theranostics 2018, 8, 5419–5433. [Google Scholar] [CrossRef]

	



Levanen, B.; Bhakta, N.R.; Torregrosa Paredes, P.; Barbeau, R.; Hiltbrunner, S.; Pollack, J.L.; Skold, C.M.; Svartengren, M.; Grunewald, J.; Gabrielsson, S.; et al. Altered microRNA profiles in bronchoalveolar lavage fluid exosomes in asthmatic patients. J. Allergy Clin. Immunol. 2013, 131, 894–903. [Google Scholar] [CrossRef] [PubMed]

	



Gon, Y.; Maruoka, S.; Inoue, T.; Kuroda, K.; Yamagishi, K.; Kozu, Y.; Shikano, S.; Soda, K.; Lotvall, J.; Hashimoto, S. Selective release of miRNAs via extracellular vesicles is associated with house-dust mite allergen-induced airway inflammation. Clin. Exp. Allergy 2017, 47, 1586–1598. [Google Scholar] [CrossRef]

	



Makiguchi, T.; Yamada, M.; Yoshioka, Y.; Sugiura, H.; Koarai, A.; Chiba, S.; Fujino, N.; Tojo, Y.; Ota, C.; Kubo, H.; et al. Serum extracellular vesicular miR-21-5p is a predictor of the prognosis in idiopathic pulmonary fibrosis. Respir. Res. 2016, 17, 110. [Google Scholar] [CrossRef] [PubMed]

	



Lal, C.V.; Olave, N.; Travers, C.; Rezonzew, G.; Dolma, K.; Simpson, A.; Halloran, B.; Aghai, Z.; Das, P.; Sharma, N.; et al. Exosomal microRNA predicts and protects against severe bronchopulmonary dysplasia in extremely premature infants. JCI Insight 2018, 3. [Google Scholar] [CrossRef]

	



Grief, S.N.; Loza, J.K. Guidelines for the Evaluation and Treatment of Pneumonia. Prim. Care 2018, 45, 485–503. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.; Groot, M.; Pinilla-Vera, M.; Fredenburgh, L.E.; Jin, Y. Identification of miRNA-rich vesicles in bronchoalveolar lavage fluid: Insights into the function and heterogeneity of extracellular vesicles. J. Control. Release 2019, 294, 43–52. [Google Scholar] [CrossRef] [PubMed]

	



Ruuskanen, O.; Lahti, E.; Jennings, L.C.; Murdoch, D.R. Viral pneumonia. Lancet 2011, 377, 1264–1275. [Google Scholar] [CrossRef]

	



Yoon, B.W.; Song, Y.G.; Lee, S.H. Severe community-acquired adenovirus pneumonia treated with oral ribavirin: A case report. BMC Res. Notes 2017, 10, 47. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Chen, S.; Bihl, J. Exosome-Mediated Transfer of ACE2 (Angiotensin-Converting Enzyme 2) from Endothelial Progenitor Cells Promotes Survival and Function of Endothelial Cell. Oxid. Med. Cell Longev. 2020, 2020, 4213541. [Google Scholar] [CrossRef]

	



Nersisyan, S.; Engibaryan, N.; Gorbonos, A.; Kirdey, K.; Makhonin, A.; Tonevitsky, A. Potential role of cellular miRNAs in coronavirus-host interplay. PeerJ 2020, 8, e9994. [Google Scholar] [CrossRef]

	



Singh, P.P.; Li, L.; Schorey, J.S. Exosomal RNA from Mycobacterium tuberculosis-Infected Cells Is Functional in Recipient Macrophages. Traffic 2015, 16, 555–571. [Google Scholar] [CrossRef]

	



Fan, E.; Brodie, D.; Slutsky, A.S. Acute Respiratory Distress Syndrome: Advances in Diagnosis and Treatment. JAMA 2018, 319, 698–710. [Google Scholar] [CrossRef]

	



Lee, H.Y.; Hong, I.S. Double-edged sword of mesenchymal stem cells: Cancer-promoting versus therapeutic potential. Cancer Sci. 2017, 108, 1939–1946. [Google Scholar] [CrossRef] [PubMed]

	



Matthay, M.A.; Calfee, C.S.; Zhuo, H.; Thompson, B.T.; Wilson, J.G.; Levitt, J.E.; Rogers, A.J.; Gotts, J.E.; Wiener-Kronish, J.P.; Bajwa, E.K.; et al. Treatment with allogeneic mesenchymal stromal cells for moderate to severe acute respiratory distress syndrome (START study): A randomised phase 2a safety trial. Lancet Respir. Med. 2019, 7, 154–162. [Google Scholar] [CrossRef]

	



Russell, R.J.; Brightling, C. Pathogenesis of asthma: Implications for precision medicine. Clin. Sci. 2017, 131, 1723–1735. [Google Scholar] [CrossRef]

	



Qiao, Y.; Liang, X.; Yan, Y.; Lu, Y.; Zhang, D.; Yao, W.; Wu, W.; Yan, Z. Identification of Exosomal miRNAs in Rats with Pulmonary Neutrophilic Inflammation Induced by Zinc Oxide Nanoparticles. Front. Physiol. 2018, 9, 217. [Google Scholar] [CrossRef] [PubMed]

	



Principi, N.; Di Pietro, G.M.; Esposito, S. Bronchopulmonary dysplasia: Clinical aspects and preventive and therapeutic strategies. J. Transl. Med. 2018, 16, 36. [Google Scholar] [CrossRef]

	



Guo, H.; Su, Y.; Deng, F. Effects of Mesenchymal Stromal Cell-Derived Extracellular Vesicles in Lung Diseases: Current Status and Future Perspectives. Stem Cell Rev. Rep. 2021, 17, 440–458. [Google Scholar] [CrossRef] [PubMed]

	



Abreu, S.C.; Lopes-Pacheco, M.; Weiss, D.J.; Rocco, P.R.M. Mesenchymal Stromal Cell-Derived Extracellular Vesicles in Lung Diseases: Current Status and Perspectives. Front. Cell Dev. Biol. 2021, 9, 600711. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Huang, R.; Xu, Q.; Zheng, G.; Qiu, G.; Ge, M.; Shu, Q.; Xu, J. Mesenchymal Stem Cell-Derived Extracellular Vesicles Alleviate Acute Lung Injury Via Transfer of miR-27a-3p. Crit. Care Med. 2020, 48, e599–e610. [Google Scholar] [CrossRef] [PubMed]

	



Hao, Q.; Gudapati, V.; Monsel, A.; Park, J.H.; Hu, S.; Kato, H.; Lee, J.H.; Zhou, L.; He, H.; Lee, J.W. Mesenchymal Stem Cell-Derived Extracellular Vesicles Decrease Lung Injury in Mice. J. Immunol. 2019, 203, 1961–1972. [Google Scholar] [CrossRef]








[image: Cells 10 00965 g001 550] 





Figure 1. EV subtypes and the routes of EV internalization. EVs can be broadly classified into three categories—namely, the apoptotic bodies, microvesicles and exosomes. Note that these categories are derived from the previous nomenclature [10]. Once secreted from donor cells, EVs can be internalized into recipient cells via multiple pathways, such as clathrin, caveolin, and lipid raft-mediated endocytosis, micropinocytosis, and phagocytosis. Direct membranal fusion between the EVs and plasma membrane of target cells has also been observed. 
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Figure 2. Classification of non-coding RNAs. Non-coding RNAs can be generally divided into two groups, the small non-coding (<200 nucleotides in length) and long non-coding RNAs (>200 nucleotides in length). The former category comprises structural RNAs such as ribosomal RNA (rRNA), small nuclear RNA (snRNA), and transfer RNA (tRNA), while long non-coding RNAs include long intergenic (lincRNA) and intronic RNA, enhancer RNA (eRNA), natural antisense transcripts (NAT), and circular RNA (circRNA). To date, the predominant subtypes of non-coding RNAs that have been commonly found in EVs include rRNA, miRNAs, as well as lincRNAs, intronic RNAs, and circRNAs. 
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Figure 3. Functional modalities of ncRNAs (specifically microRNAs and long non-coding RNAs) in cells. Upon internalizing into recipient cells, microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) can regulate a variety of molecular processes to induce changes in cell phenotype. (1) MiRNAs can bind to complementary sequences on target RNA transcripts via their seed sequences, leading to either transcript degradation (perfect sequence complementarity) or translation inhibition (imperfect sequence complementarity). (2) LncRNAs can function as miRNA decoys by sequestering the miRNAs that are common to other RNA transcripts. By doing so, they can positively regulate the expression of these transcripts. (3) Through RNA:RNA interactions, lncRNAs can modulate the expression of messenger RNAs (mRNAs) by mediating the Staufen1 (STAU1)-mediate decay (SMD) of target mRNAs. (4) LncRNAs may possess multiple open reading frames and thus encode for small, functional peptides. (5) LncRNAs can act as scaffolds by forming docking sites for protein complexes involved in molecular processes, such as splicing and chromatin remodeling. (6) Enhancer RNAs can activate transcription of target genes by acting as guided loops bound by transcription factors (TFs), cofactors, and RNA polymerase II (RNAP II) to engage distal promoters. 
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Table 1. Examples of EV-miRNAs with reported functions and significance in lung infection and injury.
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Lung Diseases

	
EV-ncRNA

	
Possible Function(s)/Significance

	
References






	
Bacterial infection

	
BALF-MV miRNA-223/142

	
Potential biomarker for lung inflammation and macrophage activation.

	
[59]




	
Influenza viral infection

	
Exosomal hsa-miR-1975

	
Suppresses influenza virus replication in recipient cell.

	
[65]




	
BALF-exosomal miR-483-3p

	
Promotes innate immune response against influenza.

	
[66]




	
Adenovirus infection

	
Serum–exosomal miR‑450a‑5p/miR‑103a‑3p and miR‑103b‑5p/miR‑98‑5p

	
Potential biomarker for adenovirus pneumonia.

	
[67]




	
TB

	
Human monocyte-derived macrophages-exosomal miR-1224, -1293, -425, -4467, -4732, -484, -5094, -6848, -6849, -96, and -4488

	
Plays a role in host–pathogen interaction.

	
[68]




	
Serum-exosomal miR-484, -425, and -96

	
Potential biomarkers for TB diagnosis.

	
[69]




	
ALI/ARDS

	
MSC-exosomal miR-21-5p

	
Targets PTEN and PDCD4 to inhibit apoptosis.

	
[70]




	
MSC-exosomal miR-30b-3p

	
Targets SAA3 to inhibit apoptosis.

	
[71]




	
COPD

	
HBEC-derived EV miR-210

	
Promotes differentiation of lung myofibroblasts.

	
[72]




	
HBEC-derived exosomal and serum exosomal miR-21

	
Potential biomarker for COPD.

	
[73]




	
Asthma

	
BALF-exosomal let-7a, miRNA- 21, miRNA-658, miRNA-24, miRNA-26a, miRNA-99a, miRNA-200c, miRNA-1268, miR-1827, miR-346, and miR-574-5p

	
Potential biomarkers for asthma.

	
[74,75]




	
IDF

	
Serum-EV miR-21-5p

	
Potential biomarker for treatment responsiveness.

	
[76]




	
BPD

	
BALF-exosomal miR-876-3p

	
Potential biomarker for BPD.

	
[77]








ALI = acute lung injury; ARDS = acute respiratory distress syndrome; BALF = bronchoalveolar lavage fluid; BPD = bronchopulmonary dysplasia; COPD = chronic obstructive pulmonary disease; HBEC = human bronchial epithelial cells; IDF = idiopathic pulmonary fibrosis; MPR1 = multidrug resistance-associated protein 1; MSC = mesenchymal stem cells; PDCD4 = programmed cell death 4; PTEN = phosphatase and tensin homolog; SAA3 = serum amyloid A-3; TB = tuberculosis.
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