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Editorial on the Research Topic 
Exosomes: Message in a vesicle


Exosomes are a class of extracellular vesicles (EVs) comprising a heterogenous population of biological nano-vesicles enclosed by a lipid bilayer (Yan et al., 2019). All eukaryotic cells produce and release EVs into the surrounding extracellular space, including exosomes. Because the term ‘exosome’ refers to a specific biogenesis pathway that produces some EVs (Lötvall et al., 2014), and once they leave the cell, it is difficult to separate exosomes from other similar types of extracellular vesicles, we refer to all extracellular vesicles as EVs in this editorial. EVs carry various cargoes including nucleic acids, such as miRNA and mRNA, proteins, and lipids. Although EVs originally was thought to be a disposal mechanism of unwanted biomaterials, it became evident in recent years that they play a crucial role in intricate signaling pathways and intercellular communication (Figure 1). Collaborative efforts across the globe have helped elucidate the pathway of EV biogenesis and their involvement in several human diseases. This Research Topic is a collection of original articles, review articles, and one brief research report that highlight current knowledge on different isolation and characterization methods for EVs, their roles in intercellular communications, therapeutic applications, potential as a source of biomarkers, and their use as a vehicle for drug delivery. In total, the Research Topic contains sixteen papers by experts in the corresponding fields describing and discussing enthralling breakthroughs over the past several years in the EV research field.
[image: Figure 1]FIGURE 1 | An infographic overview of extracellular vesicles.
Shpigelman et al., at the University of California, San Diego, CA, United States, are reporting a pioneering study developing a reporter cell line for quantitative measurement of EV release from antigen-presenting cells (APCs) in a phenotypic high-throughput screening format. They show that the new, dual-reporter cell line exhibits robust responses and has the potential to become an excellent research tool for the screening of compounds that induce or inhibit EV release by APCs. An article by Shukla et al., at the University of California, San Diego, CA, United States, aimed at identifying small molecules that could induce EV release in a human monocytic leukemia THP-1 reporter cell line. They described a process of screening the EV release that could add a new dimension to structure-activity relationship studies of vaccine adjuvant activity. A study by Olivero et al., at the University of Genoa, Italy, addresses the important question of whether exosomes are actively released from presynaptic nerve terminals. Their findings provide strong evidence supporting the release of EVs from presynaptic structures and indicate an increased EV release upon exposure of synaptosomes to a depolarizing stimulus.
Alsop et al., from the group of one of our Research Topic Editors, Dr. Kendall Van Keuren-Jensen at the Translational Genomics Research Institute, Phoenix, AZ, United States, together with multiple collaborators, have generated an atlas of small RNAs from 30 different tissues and three different blood cell types. They analyzed various tissues for the enrichment of small RNA sequences, assessed their expression in different human biofluids (saliva, urine, CSF, and plasma) in cell-free circulation as well as from EVs (Kalani et al., 2020), and developed an online tool providing information about extracellular-RNA sequences found in different biofluids and tissues. The authors made the tool, which shows tissue-specific elevation of extracellular RNA sequences and their abundance in biofluids, freely available online. Sandau et al., at Oregon Health and Science University, Portland, OR, United States, with several collaborators, sought to understand the effect of Alzheimer’s Disease (AD) on the miRNA cargo in cerebrospinal fluid-derived EVs and to determine if AD risk factors have an impact on EV-associated miRNA expression patterns. Their study showed that APOE-ε4 and female sex, two known risk factors for the disease, influence EV-associated different miRNA levels in the CSF of patients with AD. Bilousova et al., at UCLA, CA, United States, led a multi-omics study analyzing putatively microglia-originating small EVs from cryopreserved human brain tissue in search of novel biomarkers for Alzheimer’s Disease. The analysis included lipids, proteins, and miRNAs in microglia-originating small EVs from human brain tissue and indicated the release of neuronal and myelin materials via EVs. Another important finding was a significant decrease in docosahexaenoic acid levels in AD, which potentially could be used as a biomarker. A review article by Ghosh and Ghosh from the Indian Institute of Technology Jodhpur, India, described in detail the role of small EVs as pathogenic agents transmitting toxic protein forms that propagate neurodegenerative disorders throughout the CNS. It is becoming increasingly evident how small EVs can be harnessed in identifying neurodegenerative disease biomarkers (Hornung et al., 2020; Dutta et al., 2021).
A review article by Hu et al., from Guangdong Medical University, Dongguan, China, discussed the potential of small EV-associated cargo as a source of novel biomarkers for cancer. The authors gathered useful information regarding the clinical applicability of EV-associated proteins based on which they suggest that the advancement of EV isolation techniques and characterization strategy will play a significant role in diagnosis as well as immunotherapy of cancer. Another detailed review by Holcar et al., from the University of Ljubljana, Slovenia has summarized major contaminants of blood-derived EVs and thoroughly discussed how different EV isolation methods might affect the EV yield and data interpretation of downstream experiments. The authors reiterated the importance of developing methods for isolation of pure subpopulations of EVs to which the origin of the parent cell type can be attributed and argued that such development will help understand the functions of EVs in a definitive way.
A timely study by Pesce et al., from the National Institute of Molecular Genetics (INGM), Milan, Italy, demonstrated that EVs isolated from the plasma of patients with COVID-19 harbor SARS-CoV-2-related protein materials. They observed that EVs recovered from patients with mild symptoms effectively modulated antigen-specific CD4-positive T-cell responses. The study also suggested that the patient-derived EV-associated proteins not only induced an immune response, but also the EV cargo could help identify the pathological state of patients in the acute phase of the disease.
Moros et al., at the Universidad de Zaragoza, Zaragoza, Spain, and Istituto di Scienze Applicate e Sistemi Intelligenti, Pozzuoli, Italy, isolated EVs from the freshwater cnidarian polyp Hydra Vulgaris and investigated their biochemical, morphological, and functional characteristics. The analysis showed that EVs released by this species transfer protein and major components of axial patterning, modulating foot and head regeneration. A review article by Fang et al., China Agricultural University, Beijing, China, and Dr. Brett M. Tyler Oregon State University, Corvallis, OR, United States compiles information regarding recent research on the biogenesis of EVs and their pathobiological functions in organismal communication of microbes. The authors highlighted key questions related to the transfer of genetic materials between species which requires further exploration in this direction.
The delivery of therapeutics across the blood-brain barrier for brain disorders has remained challenging despite recent progress (Terstappen et al., 2021). A study Kutchy et al., at the University of Nebraska Medical Center, Omaha, NE, United States, and collaborators in Grenada and China showed that EVs could be used as a vehicle for the effective delivery of drugs to the brain. The authors investigated the biodistribution of ultra-small, iron oxide-labeled, mouse astrocyte-originating EVs after intranasal perfusion in mice and suggested that engineered EVs could be utilized for targeted delivery of therapeutics into several organs including the brain. In another review article, Zheng et al., from Fudan University, Shanghai, China, summarized the current research advances on the involvement of EVs in the pathogenesis, diagnosis, and treatment of the autoimmune disease, systemic lupus erythematosus (SLE) and lupus nephritis (LN). In this article, the authors have discussed the role of several immune cell-originating EVs in the regulation of the innate immune responses and highlighted the necessity of further research to fully understand the involvement of EVs in the pathophysiological mechanisms of SLE and LN.
While EVs have been extensively studied in the field of cancer (Xu et al., 2018) and some selective neurodegenerative disorders (Hill, 2019; Hornung et al., 2020), their involvement in bone regeneration is limited. Kang et al., at the University of Illinois, Chicago, IL, United States, studied the effects of the inflammatory cytokines on mesenchymal stem cell-derived EV-mediated immunomodulation. They concluded that TNFα preconditioning of human mesenchymal stem cells results in the generation and release of EVs that can alter the phenotype of macrophages, both in vitro and in vivo. Corsello et al., at the University of Texas Medical Branch at Galveston, TX, United States, investigated the presence of innate immune mediators, including interferons in EVs, released from airway epithelial cells infected with the respiratory syncytial virus. The study found significant levels of soluble and EV-associated interferon λ in nasopharyngeal secretions (NPS) and NPS-derived EVs from children with respiratory syncytial virus infections.
Overall, this Research Topic covers broad aspects of extracellular vesicle biogenesis, their isolation and characterization strategies, involvement in intercellular communication, and the roles EVs play in different human diseases. The topic also includes articles that investigated and discussed the possibilities of using small EVs as potential disease biomarkers and opportunities for therapeutic applications. These basic, translational, and clinical studies demonstrate the importance and high potential of EVs in human health and diseases including neurodegenerative disorders and cancer, as well as in understanding intercellular communication in low organisms, including microbes and polyps. Future scientific efforts to fully understand the mechanisms of EV-mediated cell-cell communication in health and different disease states are expected to provide critical insights into basic biological processes, development of biomarkers, identification of therapeutic targets, and harnessing EVs as a vehicle for drug delivery.
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Extracellular vesicles (EVs) are identified as mediators of intercellular communication and cellular regulation. In the immune system, EVs play a role in antigen presentation as a part of cellular communication. To enable drug discovery and characterization of compounds that affect EV biogenesis, function, and release in immune cells, we developed and characterized a reporter cell line that allows the quantitation of EVs shed into culture media in phenotypic high-throughput screen (HTS) format. Tetraspanins CD63 and CD9 were previously reported to be enriched in EVs; hence, a construct with dual reporters consisting of CD63-Turbo-luciferase (Tluc) and CD9-Emerald green fluorescent protein (EmGFP) was engineered. This construct was transduced into the human monocytic leukemia cell line, THP-1. Cells expressing the highest EmGFP were sorted by flow cytometry as single cell, and clonal pools were expanded under antibiotic selection pressure. After four passages, the green fluorescence dimmed, and EV biogenesis was then tracked by luciferase activity in culture supernatants. The Tluc activities of EVs shed from CD63Tluc-CD9EmGFP reporter cells in the culture supernatant positively correlated with the concentrations of released EVs measured by nanoparticle tracking analysis. To examine the potential for use in HTS, we first miniaturized the assay into a robotic 384-well plate format. A 2210 commercial compound library (Maybridge) was then screened twice on separate days, for the induction of extracellular luciferase activity. The screening data showed high reproducibility on days 1 and 2 (78.6%), a wide signal window, and an excellent Z′ factor (average of 2-day screen, 0.54). One hundred eighty-seven compounds showed a response ratio that was 3SD above the negative controls in both day 1 and 2 screens and were considered as hit candidates (approximately 10%). Twenty-two out of 40 re-tested compounds were validated. These results indicate that the performance of CD63Tluc-CD9EmGFP reporter cells is reliable, reproducible, robust, and feasible for HTS of compounds that regulate EV release by the immune cells.
Keywords: extracellular vesicle, exosome, THP-1, CD63, CD9, luciferase, antigen-presenting cells
INTRODUCTION
Cells generate small vesicles by inward or outward budding of multivesicular bodies or late endosomes and release them into extracellular spaces (Woodman and Futter, 2008; Gireud-Goss et al., 2018). These extracellular vesicles (EVs) are produced by multiple cell types and include exosomes, microvesicles, and oncosomes (Stahl and Raposo, 2018). They are found abundantly in body fluids, including saliva, blood, urine, and breast milk, presumably as means of disposal or dissemination from their source to distal targets (Zwicker et al., 2009; Yanez-Mo et al., 2015; Foster et al., 2016). EVs are thought to play an essential role in cell-to-cell communication as they carry cell-type-specific molecules, including those involved in innate immune responses, such as cytokines, chemokines, intercellular adhesion molecules (ICAMs), coding and non-coding RNAs (including microRNAs), lipids, proteins, peptides and DNA fragments (Valadi et al., 2007; Skog et al., 2008; Cossetti et al., 2014; Yanez-Mo et al., 2015). Certain molecules integrated into the EV outer surface membrane direct adhesion to potential target cells, and their cargos can confer specific intercellular communications. These properties enable EVs to play modulating roles in mediating immune responses to pathogens and tumors (Campos et al., 2015; Wang et al., 2017). Chemically controlled EV biogenesis could lead to novel immunomodulation modalities, but the mechanisms that control cargo loading and EV formation are yet to be fully defined. Quantifying EVs’ cellular biogenesis in small samples would enable chemical screening to define pathways involved in EV production and release.
In immune responses, EVs have been reported to play immune-stimulatory and suppressive roles. We previously reported that tumor cells deficient in large tumor suppressor kinase (LATS)1/2 (part of the Hippo pathway) released immunostimulatory EVs carrying tumor-specific antigens and RNA (Moroishi et al., 2016). Such EVs from the LATS1/2 deficient tumor cell lines induced tumor-specific adaptive immune responses (Moroishi et al., 2016). EVs from antigen-presenting cells (APCs) have essential biological functions, as EVs released from dendritic cells (DCs) could stimulate pro-inflammatory responses and induce antigen-specific T cell responses (Zitvogel et al., 1998; Escudier et al., 2005; Morse et al., 2005; Besse et al., 2016). Pooled EVs shed from mature DCs expressing CD54, CD86, and MHC-class-I and II molecules effectively stimulated T cells (Wen et al., 2017). In contrast to immune-stimulating EVs, EVs can also act as immune suppressors. EVs from tumor cells suppressed tumor-specific immune responses by inhibiting APC maturation, inducing monocyte-derived suppressor cells and regulatory T cells (Treg), and promoting apoptosis of activated cytotoxic T lymphocytes (Taylor and Gercel-Taylor, 2011; Lindenbergh and Stoorvogel, 2018).
High throughput screening (HTS) is indispensable for the current drug discovery process (Macarron and Hertzberg, 2011). Compounds that regulate EV release with various immunostimulatory or antigen-presenting properties would be potential candidates for cancer immune therapy or vaccine adjuvants for infectious diseases. Thus, phenotypic HTS technology quantifying EV release by immune reporter cells could be an essential initial step for drug development for immune related conditions. Reporter cells amenable for phenotypic HTS need to not only be relevant for the biological activities in question, but also robust and reproducible in miniaturized 384- or 1556-well formats (Macarron and Hertzberg, 2011). Although a few reports have utilized tetraspanins (TSs) to monitor or label EVs in the culture supernatant, these reporter cells used non-immune cells and were not optimized for the HTS platform (Hikita et al., 2018; Cashikar and Hanson, 2019; Gupta et al., 2020). Thus, this study aimed to develop a stable human monocytic reporter cell line (THP-1 cells) that could quantitatively measure EV release and screen for compounds that alter EV release levels from innate immune cells. To monitor EV release into culture supernatants, we employed TSs (CD9 and CD63) for the reporter construct (Andreu and Yanez-Mo, 2014; Kowal et al., 2016). The reporter cells were characterized and then used in a 384-well format robotic screen of over 2000 compounds. The data demonstrated the robustness and reproducibility of the CD63Tluc-CD9EmGFP THP-1 reporter cells for screening compounds that modulate EV release by the immune cells.
MATERIALS AND METHODS
Generation of CD63Tluc-CD9EmGFP Lentivirus
A synthetic gene sequence encoding CD63 fused to the Turbo luciferase gene and then linked to an internal ribosomal entry site (IRES) and CD9 encoding sequences fused to that for emerald green fluorescent protein (EmGFP, derived from Aequorea Victoria GFP) was assembled from synthetic oligonucleotides and/or PCR products (Supplementary Figure S1A). The fragment was inserted into the lentiviral vector pLenti6.3_V5-DEST_A244 (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer's instructions. Plasmid DNA was purified from transformed Escherichia coli, and the concentration was determined by UV spectroscopy. The sequence in the insertion sites in the final construct was verified using next-generation sequencing technology and was verified to be accurate. A map of the final construct (pLenti CD63Tluc-CD9EmGFP) is shown in Supplementary Figure S1B. Lentivirus was generated using a proprietary high titer yield protocol at Thermo Fisher Scientific. Briefly, HEK293T cells were transfected with the pLenti CD63-TlucCD9-EmGFP vector using ViraPower™ Lentiviral Packaging Mix (K497500, Thermo Fisher Scientific) and Lipofectamine™ 3000 (L3000075, Thermo Fisher Scientific). After 48 h, the released lentivirus was collected from the conditioned medium. The lentiviral preparation was concentrated ten-fold and the viral titer was determined using Lenti-X™GoStix™ (#631280, Takara Bio United States Inc., Mountain View, CA, United States).
Transduction, Cloning and Selection of THP-1 Cells Stably Expressing CD63 Turbo-Luciferase and CD9-EmGFP
THP-1 cells were cultured in RPMI 1640 medium supplemented with 10% dialyzed FBS (S12850H, Atlanta Biologicals), 100 U/ml penicillin, 100 μg/ml streptomycin (15140122, Gibco, Thermo Fisher Scientific), 1 mM sodium pyruvate (11360-070, Gibco, Thermo Fisher Scientific) and 1 × MEM non-essential amino acids (11140-050, Gibco, Thermo Fisher Scientific) at 37°C in 5% CO2. THP-1 cells were transduced with lentivirus encoding CD63Tluc-CD9EmGFP at varying dilutions (1:2, 1:5, 1:10, 1:50, 1:250 and 1:500) in the presence of polybrene (8 μg/ml). After transduction, the culture was centrifuged at 2,500 rpm for 30 min to improve the transduction efficiency. The antibiotic-resistant cells were collected and analyzed for EmGFP expression by flow cytometry. Tluc activity was measured using the TurboLuc™ Luciferase One-Step Glow Assay Kit (88264, Thermo Fisher Scientific). A stable pool of cells expressing CD63Tluc and CD9EmGFP was expanded in RPMI containing 5 μg/ml blasticidin (Gibco Thermo Fisher Scientific). Single EmGFPhi cells were sorted by flow cytometry into individual wells of six 96-well plates to establish clones. EmGFP expression was validated by flow cytometry and Tluc expression was verified by the TurboLuc™ Luciferase One-Step Glow Assay Kit as described above.
Culture and Treatment of CD63 Turbo-Luciferase-CD9EmGFP Reporter Cells and Parental THP-1 Cells
The selected clone (designated as CD63Tluc-CD9EmGFP onward) was cultured in HEPES buffered RPMI 1640 medium (72400, Thermo Fisher Scientific) supplemented with 10% dialyzed FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 1 mM sodium pyruvate, 1 × MEM non-essential amino acids, and 5 μg/ml blasticidin. Parental THP-1 cells were cultured in RPMI 1640 medium (11875, Thermo Fisher Scientific) supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 50 µM 2-mercaptoethanol. Both cell types were maintained in humidified conditions with 5% CO2 at 37°C.
Prior to treatment, CD63Tluc-CD9EmGFP reporter cells and parental THP-1 cells were washed with their base medium and re-suspended in their complete culture medium substituted with exosome-depleted FBS (EXO-FBS-250A-1, System Biosciences, Mountain View, CA, United States, or Gibco™ Exosome-Depleted FBS, Thermo Fisher Scientific). In the experiments performed for Figures 2A–G (Thermo Fisher), CD63Tluc-CD9EmGFP reporter cells were treated with graded concentrations of phorbol myristate acetate (PMA) (tlrl-pma, InvivoGen, San Diego, CA, United States) or immunostimulatory compounds (5 and 81) (Sato-Kaneko et al., 2018; Chan et al., 2019). Cell concentrations were 5 × 104 cells/200 µl/well for 96-well format and 2.5 × 104 cells/80 µl/well for 384-well format unless otherwise indicated in the figure legends. In the experiments performed for Figures 2H, 3, and 4, and Tables 1, 2, CD63Tluc-CD9EmGFP reporter cells and parental THP-1 cells were treated at 2.5 or 5 × 105 cells/ml in 6-, 96 well tissue culture plates or flasks with 10 ng/ml lipopolysaccharide (LPS, Ultrapure LPS, tlrl-3pelps, InvivoGen), 50 ng/ml or graded concentrations of PMA, 5 µM compound 5, 5 µM compound 81, 5 µM GW4869 (GW, 13127, Cayman Chemical Company, Ann Arbor, MI, United States) or 1 µM manumycin A (MA, 10010497, Cayman Chemical Company). All treatments were performed for 48 h in humidified conditions with 5% CO2 at 37°C.
TABLE 1 | Tluc activity in CD63TlucCD9EmGFP reporter cells and culture supernatants.
[image: Table 1]TABLE 2 | Profiles of EVs released from CD63TlucCD9EmGFP reporter cells and parental THP-1 cells.
[image: Table 2]Extracellular Vesicle Isolation
Four EV isolation methods, Total exosome isolation reagent™, ExoQuick-TC™ exosome isolation reagent, polyethylene glycol (PEG) precipitation and differential ultracentrifugation, were used.
Total Exosome Isolation Reagent™
The culture plates were centrifuged at 2,000 g for 10 min. The supernatants were first mixed with an aliquot of Total Exosome Isolation Reagent (Thermo Fisher Scientific) equal to 1/2 the total volume of culture supernatant and then incubated at 4°C overnight. Following a 10,000 g spin for 1 h at 4°C, all traces of supernatant were discarded, and pellets were re-suspended in particle-free PBS.
ExoQuick-TC Exosome Isolation Reagent
After treatment, culture supernatants were spun at 250 g to remove cells. Supernatants were then filtered using a 0.45 µm syringe filter (MilliporeSigma, Sigma-Aldrich, St. Louis, MO, United States). Filtrates were then mixed with an aliquot of ExoQuick-TC Exosome Isolation Reagent (System Biosciences) equal to 1/5 the total volume of culture supernatant and incubated at 4°C overnight. Mixtures were then spun at 3,000 g for 15 min at 4°C, and an aliquot of this supernatant (EV-depleted fraction) was saved. Following another 3,000 g spin for 15 min at 4°C, all remaining traces of fluid were removed. Pellets were then resuspended in particle-free PBS.
Eight % PEG Precipitation
The culture plates were centrifuged at 300 g for 5 min. The supernatants were centrifuged at 2,000 g for 10 min at RT, and 160 µl supernatant were transferred to the new plates. An equal volume of cold 16% PEG/1 M NaCl (final 8% PEG) was mixed by pipetting, and the mixtures were incubated at 4°C overnight. The mixtures were centrifuged at 4,300 g at 4°C for 60 min. The supernatants were discarded, and pellets washed with 200 µl cold 5% PEG/1M NaCl/PBS (dilute 16% PEG/1 M NaCl with filtered PBS to final 5% PEG) at 4,300 g at 4°C for 15 min. The pellets were resuspended in particle-free PBS.
Differential Ultracentrifugation
The reporter cells or parental THP-1 cells were treated at a density of 5 × 105/ml with vehicle or PMA (50 ng/ml) for 48 h in tissue culture flasks. Conditioned culture media (12 ml or 32 ml) was spun at 300 g for 10 min. Supernatants were subsequently spun at 2,000 g for another 10 min. Next, depending on volume, supernatants were transferred to 10 ml or 31.5 ml open-top polypropylene UC tubes (358120 and 358126, respectively, Beckman Coulter Life Sciences, CA, United States) and spun at 10,000gavg for 30 min in an SW40Ti rotor (K-Factor: 2,771) or SW28 rotor (K-Factor: 2,554), respectively. 28.5 ml of supernatants were then transferred to new UC tubes and spun at 130,000gavg (SW40Ti; K-Factor: 213) for 3 h or 100,000gavg (SW28; K-Factor: 246) for 2 h by Beckman Optima XL-90 Ultracentrifuge (Beckman Coulter Life Sciences), respectively. The supernatants were then gently aspirated (leaving ∼50 µl), and pellets resuspended to their previous step volumes in cold PBS. Re-suspended pellets were then spun under the same conditions as their previous spin, followed by another round of gentle aspiration and resuspension to a final volume of either 100 µl (SW40Ti) or 150 µl (SW28) in cold PBS. All centrifugation steps were performed at 4°C, and resultant samples were stored at −80°C until use.
Additional details for each procedure are described in the figure legends.
Measurement of Turbo-Luciferase Activity
Culture supernatant or isolated EV samples were plated in 96-well black wall, clear bottom assay plates (3603, Corning) or 384-well (164564, Thermo Fisher Scientific) and were allowed to equilibrate to RT. An equal volume of working Tluc assay reagent was added. The plate was incubated with agitation for 10 min at RT in the dark. Luminescence was then measured on the BMG CLARIOstar (BMGLabtech, Cary, NC) or TECAN Infinite M200 plate reader (Tecan, Mannedorf, Switzerland).
Measurement of Extracellular Vesicle Concentrations and Size Distributions
Particle concentrations and size distributions were determined using nanoparticle tracking analysis (NTA) with a Nanosight NS300 instrument (Malvern Panalytical, Malvern, United Kingdoms) or microfluidic resistive pulse sensing with an nCS1 instrument (Spectradyne LLC, United States).
NanoSight NS300
Isolated EVs were diluted in particle-free PBS to the optimal concentration (10–150 particles per camera frame). A minimum of 700 µl of diluted sample was then manually injected using a 1-ml syringe before being installed on a syringe pump and infused at a rate of “100” for the duration of the video acquisitions. Three 60-s acquisitions of each sample were obtained and averaged for subsequent analysis. The camera level and detection threshold parameters in the NTA 3.1 software were maintained at “13” and “5”, respectively, for accurate and consistent measurement of particle concentration, mean diameter, and size distribution.
Spectradyne nCS1
Samples were analyzed using TS-400 cartridges for particles between 65 and 400 nm in diameter. Isolated EVs were diluted in particle-free PBS to the optimal cartridge particle concentration (107–1011 particles/ml). 10-s measurements were performed for each sample at least 20 times and averaged. Unconditioned media without cells were measured for subtraction of background particles, including protein aggregates from exosome-depleted FBS. Mean size and particle concentrations were analyzed using the nCS1 Data Analyzer (Spectradyne). Only particles from 75 to 400 nm were included in the analysis to minimize the inclusion of false particle events.
Electron Microscopy
EVs were isolated by ExoQuick-TC, resuspended to 1/500 original volume of culture supernatant, and stored at −80°C. For the physical characterization of EVs, negative stain transmission electron microscopy was performed as follows. Formvar-carbon-coated copper grids (100 mesh, Electron Microscopy Sciences, Hatfield, PA) were placed on 5 μl drops of each sample solution displayed on a parafilm sheet. After allowing the material to adhere to the grids for 10 min, grids were washed times times by rinsing through 200 μl drops of milli-Q water before being left for 1 min on 2% (wt/vol) uranyl acetate (Ladd Research Industries, Williston, VT) in water. Excess solution was removed with Whatman 3MM blotting paper, and grids were left to dry for a few minutes before viewing. Grids were examined using a Tecnai G2 Spirit BioTWIN transmission electron microscope equipped with an Eagle 4k HS digital camera (FEI, Hillsboro, OR, United States).
Immunoblotting
For immunoblotting, EVs (30 µg protein) were mixed with 4 × NuPAGE sample buffer (NP0007, Thermo Fisher Scientific), with or without dithiothreitol (DTT) (D9779-5G, Sigma-Aldrich), and a protein inhibitor cocktail (Roche, Basel, Switzerland). The total protein in the samples was quantitated by Pierce BCA Protein Assay Kit. Samples were then mixed by pipetting and incubated on ice for 15 min. When DTT, a reducing agent, was used, samples were also denatured at 70°C for 10 min prior to loading. After fractionation on NuPAGE 4–12% Bis-Tris Gels (Thermo Fisher Scientific), samples were blotted onto Immobilon-P PVDF membranes (IPVH00010, Sigma) and blocked for 1 h in 5% BSA-TBS-T at RT. The blots were then incubated with primary antibodies (Ab): anti-CD63 Ab (1:1000 dilution) (sc-5275, Santa Cruz Biotechnology, Dallas, TX, United States), anti-CD81 Ab (1:500 dilution) (sc-23962; Santa Cruz Biotechnology), anti-Tsg101 Ab (1:500 dilution) (MA1-23296; Thermo Fisher Scientific), and anti-calnexin Ab (1:1000 dilution) (2679S; Cell Signaling, Danvers, MA, United States), overnight at 4°C with gentle agitation. After washing, the blots were incubated with anti-mouse secondary antibody (7076S: Cell Signaling) for blots probed against CD63, CD81, and Tsg101 or anti-rabbit secondary antibody (7074S: Cell Signaling) for blots probed against Calnexin for 30 min at RT with gentle agitation. Blots were developed with ProSignal Dura ECL Reagent (Prometheus Protein Biology Products, Genesee Scientific, San Diego, CA, United States) and visualized using a ChemiDoc Imaging System (Bio-Rad Laboratories, Hercules, CA, United States). Two molecular weight markers, AccuRuler Prestained Protein Ladder (G02101, Lamda Biotech, St. Louis, MO, United States) and Precision Plus Protein™ Dual Color Standards (1610374, Bio-Rad Laboratories) were used.
Vesicle Flow Cytometry Assessing Extracellular Vesicle Number, Size and Composition
EV number, size and composition were determined by single vesicle flow cytometry (Stoner et al., 2016) using a commercial assay kit (vFC™ Assay kit, Cellarcus Biosciences, San Diego, CA, United States) and flow cytometer (CytoFlexS, Beckman Coulter, Indianapolis, IN, United States). Briefly, samples were stained with the fluorogenic membrane stain vFRed™ and, where indicated, carboxyfluorescein diacetate succinimidyl ester (CFSE, 40 μM, Cellarcus Biosciences) and antibodies against individual tetraspanins (Supplementary Table S2) or a mixture of antibodies against CD9, CD63, and CD81-labeled with phycoerythrin (PE, vTag™ anti-human TS PE mix, Cellarcus Biosciences) for 1 h at RT, diluted 1,000-fold in the buffer, and analyzed using membrane fluorescence to trigger detection. Data were analyzed using FCS Express, and included calibration using a vesicle size and fluorescence intensity standards. The analysis included a pre-stain dilution series in determining the optimal initial sample dilution and multiple positive and negative controls, as recommended by guidelines from the International Society for Extracellular Vesicles (ISEV) (Thery et al., 2018). A detailed description of vFC™ methods and controls are presented in Supplementary Information.
Cell Viability Assay by 3- [4,5-Dimethylthiazol-2-yl]-2,5-dipheyl Tetrazolium Bromide (MTT)
0.5 mg/ml MTT (Thermo Fisher Scientific) solution was added to cell pellets in each well and incubated 6 h and formazan crystals were then lysed with lysis buffer (15% SDS and 0.12% 12 N HCl). The absorbance was measured at 570 nm using 650 nm as a reference with a TECAN plate reader. Percent viability was normalized to the vehicle control (100%).
Robotic Screen Using CD63 Turbo-Luciferase-CD9EmGFP Reporter Cells
A total of 2210 compounds were purchased from the Maybridge Library series, including the Maybridge HitFinder library (1035 compounds) and the Maybridge HitCreator library (1175 compounds). A medium-throughput screen was performed by the SelectScreen™ service, Thermo Fisher Scientific (Madison, WI Biosciences). Briefly, the CD63Tluc-CD9EmGFP reporter cells were cultured in growth media containing 20% FBS. The cells were harvested and resuspended in assay media containing 10% Exosome-Depleted FBS (Thermo Fisher Scientific) at 2 × 105 cells/ml, 50 µl/well of 384-well plates (3674, Corning). PMA (10 ng/ml at the final concentration) was used for a full stimulation (100%). Both media and vehicle (0.1% DMSO) conditions were included as negative controls. PMA and compounds (10 μM at the final concentration) were added to the cells using Echo Acoustic Liquid Handlers (Labcyte Inc. Indianapolis IN, United States), and the cells were incubated for 48 h at 37°C. Subsequently, the plate was centrifuged at 2,000 g for 10 min, and 25 µl supernatant was transferred to the plate (3570, Corning). TurboLuc reagent (25 µl) was added and incubated for 10 min at RT. Chemiluminescent activities were measured by the BMG CLARIOstar. The viability of cells was assessed using Presto Blue reagent (Thermo Fisher Scientific). Briefly, Presto Blue reagent (2.5 µl) was added to the cells left in the wells, and the plates were incubated for 30 min at RT. Fluorescent signals were read using the BMG CLARIOstar. The response ratio was calculated using the following formula; % response = 100 × (compound RLU-vehicle RLU)/(PMA RLU-vehicle RLU). Zʹ factor was calculated as previously reported (Zhang et al., 1999). Hit compounds were selected by a “Top X” approach in which the means of the negative control + 3SD of the unstimulated wells were calculated within each plate, and any compounds that gave signals above the cut-off were called hit compounds. Forty hit compounds were selected from the original library and used for validation studies at the UCSD laboratory.
Statistical Analysis
Data are presented as means with a standard error of the mean (SEM) or standard deviation (SD). A two-tailed Student’s t-test was used to compare two groups, and one-way ANOVA with Dunnett’s post hoc was used to compare multiple groups against a control group. Spearman’s rank correlation test was performed to assess linear relationships. Analyses were performed using Prism 8 software (GraphPad Software, San Diego, CA, United States). P < 0.05 was considered statistically significant.
RESULTS
Generation of Stable THP-1 Cells Expressing CD63-Turbo-Luciferase and CD9-EmGFP
To quantitate EV release, a human monocytic cell line with APC-like features, THP-1, was employed to generate a reporter cell line. The schematic of the process is shown in Supplementary Figure S2. A gene containing CD63 fused to Tluc, and CD9 fused to EmGFP was synthesized and cloned under the cytomegalovirus (CMV) promoter of the lentiviral vector pLenti6.3_V5-DEST_A244 (Supplementary Figures S1A,B). The transducing titer for the lenti-CD63Tluc-CD9EmGFP was ∼5 × 106 transducing units/ml as determined by Lenti-X™ GoStix™. THP-1 cells were transduced with the lenti-CD63Tluc-CD9EmGFP, followed by centrifugation to improve the transduction efficiency. The transduced cells were cultured for 21 days with 5 μg/ml blasticidin. The EmGFP and Tluc expressions in the cell pool were then assessed by flow cytometer and the TurboLuc™ Luciferase One-Step Glow assay, respectively, and compared to the parental THP-1 cells. Ten percent of the antibiotic-resistant pooled cells expressed EmGFP (Supplementary Figures S1C,D), and significantly higher Tluc activity in the pooled cells was also observed (Supplementary Figure S1E). These results indicated that the antibiotic-resistant pooled cells were enriched with CD63Tluc and CD9EmGFP expressing cells.
Cloning of Stable THP-1 Cells Expressing CD63Tluc and CD9EmGFP
The antibiotic-resistant pooled cells were further expanded in a medium containing 5 μg/ml blasticidin for 21 days and sorted by flow cytometry for THP-1 cell clones expressing CD9EmGFP. Approximately 12% of the pool expressed high levels of CD9EmGFP (Figures 1A,B); this subpopulation was sorted into six 96-well plates of clones, twenty-two of which were chosen for assessment of Tluc activity. Six of these clones (1, 3, 9, 15, 16 and 20) showed high expression of EmGFP (Figure 1C) and were selected for further expansion. In some clones, e.g., clone 3 and 15, the distinct EmGFP positive and negative populations were detected (Figure 1C), suggesting the presence of multiple clones. At passage 4, the EmGFP expression of the selected 6 clones dimmed markedly compared to passage 0 (Figure 1C and Supplementary Figure S3); however, the clones maintained high Tluc activity (Figure 1D). On the basis of Tluc and EmGFP activity at passage 10, clone 15 was selected for the subsequent feasibility studies of a reporter-based screening method for EV release (Supplementary Figure S4).
[image: Figure 1]FIGURE 1 | Selection of stable THP-1 transduced clones expressing CD63Tluc-CD9EmGFP. (A,B) EmGFP fluorescence levels of the parental THP-1 cells (A) and the CD63Tluc-CD9EmGFP transduced THP-1 cells (B) were evaluated by flow cytometric assay. The CD63Tluc-CD9EmGFP transduced THP-1 cells showed ∼12% of cells expressing high levels of EmGFP. The cells with the highest EmGFP fluorescence intensity were sorted as single cell into 96-well plates. (C) GFP fluorescence levels for six THP-1 clones at passage 0. GFP intensity was normalized to the maximum signal obtained in each experiment. The R3 gate represents the percentage of GFP positive cells. (D) Luciferase activity in selected clones at passage 4. The cells were seeded at 2.5 × 105 cells/ml in a well (200 µl) of a 96-well plate and incubated overnight. Tluc activities in the culture supernatant were determined by luciferase assay and compared to the parental cells. The assays were performed in duplicate, and the data shown are means ± SD. * denotes p < 0.0001 by one-way ANOVA compared to the parental THP-1 cells with Dunnett’s post hoc testing.
Feasibility and Robustness of the Selected CD63Tluc-CD9EmGFP Transduced THP-1 Cell Clone for Compound Screening
To evaluate whether the CD63Tluc-CD9EmGFP transduced THP-1 cell line (clone 15, designated as the CD63Tluc-CD9EmGFP reporter cells) was sufficiently robust for a quantitative compound screening of EV release, we tested 1) the optimal cell density, 2) optimal plate format feasible for HTS and 3) DMSO tolerance. To determine an optimal cell density, we seeded CD63Tluc-CD9EmGFP reporter cells in a culture medium containing exosome depleted FBS in 96-well plates at 1.25, 2.5, or 5 × 105 cells/ml and treated them with graded concentrations of PMA for 48 h. Plates were then spun at 2,000 g for 30 min to remove cells and debris. These supernatants were either used directly in the luciferase assay, or EVs were first isolated by the Total Exosome Isolation kit and resuspended in particle-free PBS. Samples derived from wells seeded with 5 × 105/ml exhibited the best resolution and dynamic range (Figures 2A,B). Tluc activity increased in a dose-dependent manner in both culture supernatants (Figure 2A) and enriched EVs (Figure 2B). The Tluc activities in the culture supernatant and enriched EVs were positively correlated (R2 = 0.9971; Figure 2C). To evaluate whether the CD63Tluc-CD9EmGFP reporter cells would be amenable for HTS, the assay was carried out in both 96-well and 384-well formats. The reporter cells were plated at densities of 5 × 105 cells/ml in a well (200 µl) of 96-well plate or 3.125 × 105 cells/ml in a well (80 µl) of a 384-well plate and were treated with serially diluted PMA and two immunostimulatory compounds (Figures 2D–G). Compounds 5 and 81 are hit compounds from a prior HTS, in which a library comprised of approximately 170,000 compounds (Small Molecule Discovery Center, University of California, San Francisco, CA, United States) was screened using THP-1 NF-κB-bla and THP-1 interferon-sensitive response element (ISRE)-bla reporter cell lines (Sato-Kaneko et al., 2018; Shukla et al., 2018; Chan et al., 2019). Compounds 5, and 81 were identified as prolonging NF-κB- and ISRE activation induced by LPS and type I IFN, respectively, (Sato-Kaneko et al., 2018; Shukla et al., 2018; Chan et al., 2019). PMA stimulated a dose-dependent release of Tluc activity into culture supernatants (Figures 2D,F). Compounds 5 and 81 induced EV release at concentrations above 0.55 µM (Figures 2E,G) in a dose-responsive manner. During these assays, the cells tolerated up to 0.2% dimethyl sulfoxide (DMSO). The average Zʹ value for Tluc in the supernatants of PMA and vehicle treated cells in the 384-well format was 0.63. The CD63Tluc-CD9EmGFP reporter cells were also tested for known EV release inhibitors. The reporter cells were incubated with 5 µM GW4869 (GW) or 1 µM manumycin A (MA) for 48 h and Tlu activities in the culture supernatant were examined (Essandoh et al., 2015; Datta et al., 2017; Cai et al., 2018; Datta et al., 2018). Both inhibitors significantly suppressed Tluc levels in the culture supernatant (Figure 2H). These results support the conclusion that the selected CD63Tluc-CD9EmGFP reporter cell line is amenable for screening assays using both 96-well and 384-well formats.
[image: Figure 2]FIGURE 2 | Evaluation of CD63Tluc-CD9EmGFP reporter cell clones for optimal cell number and plate formats. (A–C) Cells were seeded in duplicate at 1.25, 2.5, or 5 × 105 cells/ml in 96 well-plates (200 µl/well) and stimulated with varying concentrations of PMA (3-fold serial dilution with a starting concentration of 100 nM) for 48 h. (A) Fifty µl of the supernatant from a total of 200 µl sample was used to detect luciferase activity. (B) EVs were isolated from the remaining 150 µl of each sample by total exosome isolation reagent and resuspended in 100 µl PBS. Fifty microlitre was used to measure luciferase activity. (C) Correlation of luciferase activities of culture supernatant and isolated EVs. p < 0.0001, R2 = 0.9971 by Spearman’s correlation. (D,E) Luciferase activities in cell culture supernatants in 96-well format. Cells were seeded in replicates of six at 2.5 × 105 cells/ml in a well of 96-well plates (200 µl/well) and stimulated with serially diluted compounds (3-fold dilutions) for 48 h. The starting concentrations of PMA was 100 ng/ml (D). The starting concentration of compounds 5 and 81 was 5 µM (E). Fifty microlitre of the supernatant from a total of 200 µl sample was used to measure luciferase activity. (F,G) Luciferase activities in cell culture supernatants in 384-well format. Cells were seeded in replicates of six at a cell density of 3.125 × 105 cells/ml in a well of a 384-well plate (80 µl) and stimulated with varying concentrations of the compounds (3-fold dilutions) for 48 h. The reporter cells were stimulated with PMA (F), 5, or 81 (G). The starting concentration of compounds is the same as above. Fifty microlitre of the supernatant from a total of 80 µl sample was used to measure luciferase activity. Data shown are means ± SD of the assays performed in duplicates. (H) The CD63Tluc-CD9EmGFP reporter cells were incubated with 5 µM GW4869 (GW) or 1 µM manumycin A (MA) for 48 h. The experiments were performed in triplicates. Data shown were mean ± SEM of combined data from two independent experiments. Tluc activity in 50 µl culture supernatant was determined. * and ** denotes p < 0.05 and p < 0.01, respectively, by one-way ANOVA compared to vehicle (0.5% DMSO) with Dunnett’s post hoc testing.
Correlation of Extracellular Vesicles Release and Tluc Activities in the Culture Supernatant of CD63Tluc-CD9EmGFP Reporter Cells
The above data indicated that CD63Tluc-CD9EmGFP reporter cells released EVs carrying CD63Tluc. However, because a portion of CD63Tluc may not be associated with EVs, we examined Tluc activities in the cultured cells (Table 1 and Supplementary Table S1), the EV enriched fractions (EV; Figure 3A), and the remaining supernatants (EV-depleted; Figure 3A). The CD63TLuc-CD9EmGFP reporter cells were incubated with PMA [50 ng/ml (8.17 nM)] for 48 h, and Tluc activities of the cell pellets and culture supernatants were measured (Table 1). The Tluc activities were primarily retained in the cell pellets, and only 2–4% was released into the culture supernatants (Table 1). To further test whether Tluc activities were associated with the EV fraction, the Tluc activities of isolated EVs and the residual culture supernatants were determined using two different isolation methods; ExoQuick and differential ultracentrifugation (UC) (Figures 3A–C). The percent of total Tluc activity in the EV-associated fractions was comparable across both methods (vehicle vs. PMA; 61 vs. 63% by ExoQuick; 88 vs. 88% by UC) (Figures 3B,C). Furthermore, a dose-response study using graded concentrations of PMA showed that the luciferase activities and particle numbers in the culture supernatants were positively correlated (Spearman’s correlation r = 0.9339, p < 0.0001, Figures 3D,E).
[image: Figure 3]FIGURE 3 | Characterization of EVs released from CD63Tluc-CD9EmGFP reporter cells. (A) Flowchart for the analysis of Tluc activity associated with EVs. THP-1 CD63Tluc-CD9EmGFP reporter cells (0.25 × 106/ml) were treated with vehicle or PMA (50 ng/ml) for 48 h. Culture supernatants were subsequently spun at 300 g and then 2,000 g to remove cells, debris, and large vesicular bodies. TEVs were isolated from the resultant supernatants by ExoQuick-TC or ultracentrifugation (UC). (B) Comparison of Tluc activities in EV and EV-depleted fractions by ExoQuick-TC. Resuspended pellets were considered the EV fractions, while the residual pellet supernatants were considered the EV-depleted fractions. (C) Comparison of Tluc activities in EV and EV-depleted fractions by UC. Further high-speed centrifugation steps were performed to remove EVs and generate an EV-depleted solution (Supernatant 5). EV-attributable Tluc activity was indirectly determined by subtracting the Tluc activity in Supernatant 5 from Supernatant 3. Percentages represent EV-attributable Tluc as compared to total Tluc activity. (D) Particle numbers and Tluc activities superimposed for PMA dose-response study. CD63Tluc-CD9EmGFP reporter cells were treated with graded concentrations of PMA. EVs were isolated by ExoQuick-TC. (E) Correlation plot for the dependent variables assessed in Figure 4D. Particle number and Tluc activity were positively correlated (Spearman’s correlation R2 = 0.9337; P < 0.0001). Data shown are means ± SEM and represent two or three independent experiments performed in duplicate or triplicate.
Characterization of Extracellular Vesicles Released by CD63 Tluc-CD9EmGFP Reporter Cells
As the engineered CD63Tluc-CD9EmGFP reporter cells constitutively express CD63 driven by a CMV promoter, we examined whether overexpression of CD63 attenuated EV biogenesis and release. We compared the quantity and phenotype of EVs released from the CD63Tluc-CD9EmGFP reporter cells and parental THP-1 cells using four approaches; immunoblotting, NTA, TEM, and vesicle flow cytometry. The expression of TSs (CD63, CD81, and Tsg101) was evaluated by immunoblotting (Figure 4A and Supplementary Figure S5 for the original blots). The EV expression of CD63, CD81, and Tsg101 were similar in the CD63Tluc-CD9EmGFP reporter cells and parental THP-1 cells (Figure 4A). Calnexin, an endoplasmic reticulum-associated protein, was not detected in any EV samples (Figure 4A). Particle concentrations and mean diameters of isolated EVs were determined by NanoSight (Table 2). The mean sizes of isolated EVs from the vehicle- or PMA-treated CD63Tluc-CD9EmGFP reporter cells were comparable to EVs released by the parental THP-1 cells (Table 2). The size distribution of EVs was similar between the reporter cells and parental THP-1 cells (Figure 4B). Isolated EVs from parental THP-1 cells and CD63Tluc-CD9EmGFP reporter cells were also morphologically similar as evaluated by TEM and predominantly had diameters within the size distributions detected by NTA (Figure 4C and Supplementary Figure S6).
[image: Figure 4]FIGURE 4 | Comparison of EVs released from CD63Tluc-CD9EmGFP reporter cells and parental THP-1 cells. (A–C) 0.5 × 106 cells/ml CD63Tluc-CD9EmGFP reporter cells or parental THP-1 cells were treated with 50 ng/ml PMA, 5 µM compounds 81, or 5 for 48 h. EVs were isolated using ExoQuick and were resuspended in particle-free PBS to 1/500 of the original volume of culture supernatant. (A) Immunoblot of EVs isolated from CD63Tluc-CD9EmGFP reporter cells and parental THP-1 cells. EVs (30 µg protein/well) were separated in a 4–12% NuPAGE gel. Blots were probed with anti-CD63, anti-CD81, anti-Tsg101, or anti-Calnexin Abs. The images shown are representative of three independent experiments. The original blots are presented in Supplementary Figure S4. (B) Size distributions of isolated EVs released from CD63Tluc-CD9EmGFP reporter cells (top) and parental THP-1 cells following treatment with PMA (50 ng/ml) or vehicle as measured by NanoSight. (C) Morphological examination of EVs from vehicle-treated CD63Tluc-CD9EmGFP reporter cells and parental THP-1 cells by transmission electron microscopy. Scale bars represent 500 nm. (D–G) Vesicle flow cytometric (vFC) analysis of EVs isolated from CD63Tluc-CD9EmGFP reporter cells (D,F,G) or parental THP-1 cells (E–G) using differential ultracentrifugation. EVs were stained with vFRed™, CFSE, or a mixture of anti-TS antibodies. The gating strategy, positive and negative control samples and isotype staining are presented in Supplementary Figure S8. (F) The number of total EVs are reported (vFRed™-positive), as are the number of CFSE-positive and TS-positive EVs that stained above an arbitrarily placed threshold determined from the background of the relevant unstained samples. (G) The vesicular nature of the particles was validated by detergent treatment (0.1% Empigen, Supplementary Figure S9). (A–E,G) The data shown are representative of two independent experiments. (F) Means ± SD of two independent experiments are presented.
EVs released by CD63Tluc-CD9EmGFP reporter cells and parental THP-1 cells were further characterized by vesicle flow cytometry. The EVs were detected by their membrane staining vFRed™ fluorescence, as well as their intra-vesicular esterase activity using CFSE and their expression of common TS using a mixture of PE-conjugated anti-TS (CD9, CD63, and CD81) antibodies. Essential controls performed to demonstrate single EV specificity include buffer and reagent-only controls, dilution series to determine dynamic assay range and lack of coincidence, and detergent lability testing (Supplementary Figures S7–S10). EVs ranged in size from ∼75 nm, a typical limit of detection for vFC on the CytoFlex, to about 250 nm (median ∼105 nm). EVs from both reporter and parental THP-1 cells contained esterase activity, as detected by CFSE (Figures 4D,E). CFSE staining resulted in single EV fluorescence intensities that ranged from less than ∼200 FITC molecule of an equivalent soluble fluorophore (MESF), the limit of detection (LOD) defined by background autofluorescence, to several thousand FITC MESF per EV (mean ∼1500 MESF, mean ∼3000 MESF), with ∼40–50% positive above an arbitrarily set threshold of ∼200 FITC MESF. As measured by immunofluorescence, EVs also bore surface TS molecules with a mix of anti-CD9, CD63, and CD81 PE-labeled antibodies. EVs from both cells stained for TS, with single EV intensities that ranged from less than 20 PE MESF, the LOD defined by background autofluorescence of unstained EVs, to ∼300 MESF per EV (median 8 MESF, mean ∼30 MESF) (Figures 4D,E). Approximately 20–25% of anti-TS PE-stained EVs were positive above an arbitrary threshold of ∼20 PE MESF. Equivalent number of EVs were released from the reporter cells and the parental THP-1 cells (Figure 4F). Over 90% of TS positive particles were detergent sensitive in both cell lines as expected for EVs (Figure 4G; Supplementary Figure S9). Taken together, EVs released from CD63Tluc-CD9EmGFP reporter cells and parental THP-1 cells were similar in size, numbers, and EV components.
Compound Screen Using CD63Tluc-CD9EmGFP Reporter Cells
To evaluate whether the CD63Tluc-CD9EmGFP reporter cells were acceptable for HTS, we transferred the reporter cells to the Thermo Fisher SelectScreen Facility (Madison, WI), where the protocols were further optimized for HTS using their robotic instruments (Figure 5A). A total of 2210 compounds on seven plates were screened twice on separate days. The scatter plots showed that the signal window was adequate between the positive control (PMA) and negative control (0.1% DMSO), and the average Z′ factor was 0.54 ± 0.07 (mean ± SEM) (Figure 5B and Supplementary Figure S11A,B). The confirmation rate of the two assay dates (days 1 and 2) was 78.6%, and % response of day 1 and 2 data points were positively correlated (Spearman’s correlation r = 0.4912, p < 0.0001 two-tailed) (Figure 5C). The hit rates of the day 1 and 2 screens were 10 and 11%, respectively (Table 3). One hundred eighty-seven compounds that showed % response above the cut-off value (mean of negative control values + 3SD) in days 1 and 2 were selected as hit candidates.
[image: Figure 5]FIGURE 5 | Compound screen using CD63Tluc-CD9EmGFP reporter cells. (A) Outline of the compound screen. CD63Tluc-CD9EmGFP reporter cells were incubated with test compounds. PMA (10 ng/ml at the final concentration) was used for a full stimulation (100%). Both media and vehicle (1% DMSO) were included in negative controls. The plates were incubated at 37°C for 48 h, and the Tluc activities in the culture supernatant were measured. 2.5 µl Presto Blue reagent was added to the cells left in the wells, and the plates were incubated for 30 min at RT. The screens were performed on days 1 and 2. (B) Example of the Tluc activity distribution of the screen (day 1). Orange circle; test compounds, red circle; PMA, and green circle; vehicle control. The response ratio was calculated using the following formula; % response = 100 × (compound RLU-vehicle RLU)/(PMA RLU-vehicle RLU). (C) Reproducibility of % response of day 1 vs. day 2 (Spearman’s correlation, r = 0.4912, P < 0.0001). (D) % responses of compounds in the SelectScreen and the UCSD laboratory positively correlated (Spearman’s correlation, r = 0.4445, p = 0.004). (E) Cytotoxicity of compounds was determined by MTT assay in the UCSD laboratory and expressed as % of control (vehicle 0.1% DMSO). The data were plotted with % response (Spearman’s correlation r = −0.5728, p = 0.0001). (F) Validation of the hit compounds. Representatives of selected hit compounds were re-tested in the UCSD laboratory. Twenty-two compounds out of 40 compounds were confirmed. (G) EVs were enriched by 8% PEG precipitation method and the numbers of particles were measured by an nCS1 Instrument. The number of particles and % response were positively correlated (Spearman’s correlation, r = 0.5875, p = 0.03).
TABLE 3 | Number of hit, and non-hit compounds.
[image: Table 3]Forty out of the 187 compounds were selected from the original library plates and re-tested to induce Tluc activity in the same reporter cell line in the UCSD laboratory. The percent response ratios measured at the SelectScreen facility and our manual rescreen positively correlated (Spearman’s correlation r = 0.4445, p = 0.004 two-tailed (Figure 5D). A negative correlation between cell viability and % response was observed in the validation study (Spearman’s correlation r = −0.5728, p = 0.0001, Figure 5E). Twenty-two of the 40 re-tested compounds had confirmed activity using the same cut-off values (means of negative controls + 3SD (arrows in Figure 5F). We further confirmed for representative compounds that the % response positively correlated to particle numbers (Spearman’s correlation r = 0.5875, p = 0.03, two-tailed, Figure 5G) as determined by nCS1 Instruments (Spectradyne). When we compared % cell viability of top five compounds, compound #244, which presented with more than 50% cell viability after 48 h incubation, was chosen as a possible hit compound (Supplementary Figure S11C). Collectively, the CD63Tluc-CD9EmGFP reporter cells were amenable to a robotic HTS operation and provided wide signal windows between positive and negative controls, excellent Z′ factors, and a positive correlation of EV release and % response, indicating that this reporter cell line is suitable for large screens.
DISCUSSION
EVs are lipid-bilayer-bound vesicles that have multiple biological functions in mediating cell to cell communications (Margolis and Sadovsky, 2019). Recently the role of EVs in initiating and regulating immune responses has generated interest in immunotherapy. EVs from APCs or diseased cells can present antigens to T and B cells or enhance the functions of immune cells as a by-stander effect (Segura et al., 2005; Luketic et al., 2007; Wen et al., 2017). Hence, pharmacological agents that reliably influence the biogenesis, biophysical properties, and physiological functions of EVs could add to immune-based therapeutic strategies. In this study, we aimed to develop a cell-based screening system for EV release from immune cells. We generated a luciferase reporter linked to CD63 (CD63Tluc) in a human monocytic cell line, THP-1. The cloned CD63Tluc-CD9EmGFP reporter cells, when treated with a known stimulus, shed EVs at a level comparable to that of the parent cell line and with similar phenotypic and morphological properties. The number of EVs measured by NTA correlated with the Tluc activity in culture supernatants. Also, Tluc activity in the culture supernatant of reporter cells increased in a dose-dependent manner following stimulation with either PMA or two other immunostimulatory compounds.
In the design of the reporter construct, we co-opted the well-described essential roles of TSs in EV biogenesis (Petersen et al., 2011; van Niel et al., 2011; Andreu and Yanez-Mo, 2014; Datta et al., 2018). CD63 is a member of the TS family of proteins transferred from the plasma membrane to endosomal compartments and also delivers selected cargo to intraluminal vesicles for exocytosis (Stoorvogel et al., 2002; Pols and Klumperman, 2009). The reporter construct contains the CD63 fusion gene downstream from the CMV promotor, resulting in a slight increase in CD63 protein expression (Figure 4A). Other groups have used CD63 for reporter constructs for EV research (Datta et al., 2018; Cashikar and Hanson, 2019). Cashikae et al. developed a plasmid-based construct with luciferase that delivered an EV-associated signal in several cell types indicating that the choice of CD63 is sufficiently robust for cell-based reporter constructs (Cashikar and Hanson, 2019). Datta et al. optimized the CD63 reporter cells in a prostate cancer cell line C4-2B that measure cellular CD63 biogenesis in a HTS format (Datta et al., 2018). Our data, however, showed that CD63Tluc-CD9EmGFP THP-1 cells were sensitive enough to quantitatively measure CD63-carrying EVs directly in culture supernatant.
We initially attempted to prepare dual reporter cells using the CD63Tluc-CD9EmGFP construct. However, GFP fluorescence by the transduced THP-1 cells was dimmed after 4th passage and did not recover thereafter. The CD9EmGFP fusion may have been driven off of the IRES element, and there may have been incomplete transcription after repeated passages and cell division. Alternatively, overexpression of GFP, particularly with an SV40 promoter, might have impaired cell survival (Liu et al., 1999). Although overexpression of EmGFP or CD9 was not reported as toxic in THP-1 cells, it is fully surmisable that the overexpression of the fused protein attributed to the cytotoxicity of THP-1 cells. To test EV induction we used PMA, a protein kinase C activator, which increases intracellular Ca2+ levels in THP-1 and other cell types (Reisine and Guild, 1987; Gonczi et al., 2002; Yu et al., 2003). PMA stimulates increased expression levels of CD63 compared to vehicle-treated THP-1 cells (Chakraborty et al., 2019) and the increase in intracellular Ca2+ generates exosome secretion (Savina et al., 2003; Messenger et al., 2018). These reports are consistent with our finding that PMA enhanced CD63 expression in both parent THP-1 and the reporter cells and led to the choice of PMA as a positive control for the HTS.
To characterize EVs from the reporter line, we used four enrichment methods: Total Exosome Isolation Reagent™, ExoQuick, 8% PEG precipitation, and differential ultracentrifugation. The differential ultracentrifugation has been recognized as the “gold standard” purification method consisting of low-speed centrifugation to remove live and dead cells and cell debris and high-speed ultracentrifugation to pellet EVs. Total Exosome Isolation Reagent, ExoQuick, and 8% PEG precipitation method use a principle of PEG precipitation that co-precipitate proteins and nucleic acids in the environment (Garcia-Romero et al., 2019). Tluc activities were more highly retained in the EV fractions of differential ultracentrifugation samples, compared to ExoQuick samples. This finding suggests that the isolation methods could significantly contribute to the apparent phenotypes of isolated EVs (Bozic et al., 2019; Garcia-Romero et al., 2019; Brennan et al., 2020).
Further characterization by immunoblot and single vesicle flow cytometry demonstrated that TSs were expressed on the surface of individual EVs. The number, size distribution, and TS staining were similar for EVs released from the reporter cells and parental THP-1 cells, as was staining with CFSE, a marker for cytoplasmic esterases inside the EVs. EV anti-TS PE fluorescence ranged from less than 20 MESF, the LOD defined by background autofluorescence of unstained EVs, to ∼300 MESF per EV, which estimated the number of antigen epitopes to within a factor of two, given the bivalent nature of the IgGs used. Approximately 20–25% percent of EVs were positive above an arbitrary threshold of ∼20 MESF, but the characterization of EVs as “positive” or “negative” in this context is inappropriate, owing to the vagaries of making measurements near the detection limit of the instrument. CFSE staining, which is often considered a “generic” marker of EVs, ranged from less than ∼200 FITC MESF, the LOD defined by background autofluorescence, to several thousand FITC MESF per EV, with ∼40–50% positive above an arbitrarily set threshold of ∼200 FITC MESF. As for immunofluorescence measurements of EVs, it is inappropriate to refer to these as CFSE “positive” and “negative” EVs, as these values depend upon the performance features of the instrument as much as the properties of the EVs and we use them here simply as a marker of EVs with entrapped cytoplasm.
Our goal for developing robust reporter cells measuring EV release from immune cells is to screen for compounds that enhance or suppress EV release into tissue culture supernatant. We assessed the robustness of the responses after the prolonged culture. The luciferase activities remained stable in the CD63Tluc-CD9EmGFP reporter cells for over 30 passages. The cell numbers and conditions were miniaturized to a 384-well format suitable for a robotic HTS operation (Datta et al., 2018; Im et al., 2019). One of the limitations of a HTS study is the small number of replicates; however further confirmation in subsequent studies with additional assays were used here to support the key findings. The screening data of 2210 compounds demonstrated that the assays using CD63Tluc-CD9EmGFP reporter cells were reproducible and showed a wide assay window and excellent Z′ factors. Compound #244, 3-(3- (methylthio)-1-phenyl-1H-pyrazol-4-yl)-5-(thiophen-2-yl)-1,2,4-oxadiazole, was chosen as a possible hit candidate and carried out for the validation study. This compound had no prior reported biologic activity; however, 1,2,4-oxadiazole derivatives are reported to show a broad range of biologic activities, e.g., anti-tumor, anti-microbial, and anti-inflammatory, anti-allodynic, anti-convulsant, anti-Alzheimer agents, anti-insomnia, and others (Biernacki et al., 2020).
The validation study using 184 confirmed hit candidates showed that the cytotoxicity data and % response ratio were negatively correlated, suggesting cytotoxic compounds enhance EVs release (Figure 5E). The exosome function from dying or apoptotic cells was recently discussed (Kakarla et al., 2020). Dying cells due to infection or tissue injury, release EVs that transfer the proinflammatory information to the recipient cells (Baxter, 2020). THP-1 cells that are undergoing lytic cell death release more EVs compared with viable or apoptotic cells in vitro, and it is essential to distinguish between Tluc associated with EV and free Tluc (Baxter et al., 2019). Therefore, it is likely that the cytotoxicity of the compounds causes higher EV release. It is also essential to distinguish Tluc associated with EVs and free Tluc. Our study indicated that only 60–88% Tluc was associated with EV fractions in the reporter cell culture supernatants following vehicle or PMA stimulation. After the treatment with cytotoxic compounds, the proportion of free Tluc in the total Tluc in the culture supernatants might be attenuated by incubation time and compound concentration. Hence, in the HTS, further validation screening of confirmed hit candidates using NTA or nanoparticle flow cytometry is indispensable for properly identifying the hit compounds.
In summary, we developed a human reporter cell line to quantitatively measure EV release from APCs. A CD63Tluc-CD9EmGFP reporter construct was transduced into the human monocytic cell line, THP-1. The Tluc activities in the culture supernatant positively correlated with the number of EVs released by the reporter cells as measured by NTA. Tluc assay using the CD63Tluc-CD9EmGFP reporter cells was sensitive and amenable to a 384-well robotic screening format with a Z′ factor over 0.5. These results indicated that the CD63Tluc-CD9EmGFP reporter cell line exhibited reliable, reproducible, and robust responses that makes it an excellent tool for the screening of compounds that enhance EV release by APCs.
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Whether exosomes can be actively released from presynaptic nerve terminals is a matter of debate. To address the point, mouse cortical synaptosomes were incubated under basal and depolarizing (25 mM KCl-enriched medium) conditions, and extracellular vesicles were isolated from the synaptosomal supernatants to be characterized by dynamic light scattering, transmission electron microscopy, Western blot, and flow cytometry analyses. The structural and biochemical analysis unveiled that supernatants contain vesicles that have the size and the shape of exosomes, which were immunopositive for the exosomal markers TSG101, flotillin-1, CD63, and CD9. The marker content increased upon the exposure of nerve terminals to the high-KCl stimulus, consistent with an active release of the exosomes from the depolarized synaptosomes. High KCl-induced depolarization elicits the Ca2+-dependent exocytosis of glutamate. Interestingly, the depolarization-evoked release of exosomes from cortical synaptosomes also occurred in a Ca2+-dependent fashion, since the TSG101, CD63, and CD9 contents in the exosomal fraction isolated from supernatants of depolarized synaptosomes were significantly reduced when omitting external Ca2+ ions. Differently, (±)-baclofen (10 µM), which significantly reduced the glutamate exocytosis, did not affect the amount of exosomal markers, suggesting that the GABAB-mediated mechanism does not control the exosome release. Our findings suggest that the exposure of synaptosomes to a depolarizing stimulus elicits a presynaptic release of exosomes that occurs in a Ca2+-dependent fashion. The insensitivity to the presynaptic GABAB receptors, however, leaves open the question on whether the release of exosomes could be a druggable target for new therapeutic intervention for the cure of synaptopathies.
Keywords: synaptosomes, exosomes, calcium dependency, glutamate release, GABAB receptor
INTRODUCTION
Extracellular vesicles (EVs) have emerged in the last 3 decades as a novel way of cell-to-cell communication (Raposo and Stoorvogel, 2013). Exosomes are nanosized EVs (30–100 nm in diameter) of endosomal origin, secreted by most cells in the body, known to vehiculate complex cargoes, including proteins, lipids, and nucleic acids, whose composition is supposed to depend on the cell they originate from. Once released in the extracellular fluids, they are taken up by the selected target cells, influencing their functions (Mathieu et al., 2019).
Exosomes also mediate intercellular communication in the CNS, where they are actively released by all the CNS cells, including astrocytes (Verkhratsky et al., 2016), microglia (Paolicelli et al., 2018), oligodendrocytes (Frühbeis et al., 2013), and neurons (Chivet et al., 2012). Data in the literature demonstrated that the exosomal trafficking has important implications in CNS physiology and pathology, from supporting neurogenesis, neuroprotection, and brain homeostasis (Smalheiser, 2007; Saeedi et al., 2019; Schiera et al., 2020) to favoring the cell-to-cell spreading of “pathogenic proteins” (β amyloid peptides, tau, and prions; Holm et al., 2018; Caruso Bavisotto et al., 2019).
Emerging evidence suggests that exosomes are also involved in the modulation of synaptic transmission and plasticity. Cultured cortical neurons release exosomes, mainly from the somata and the dendrites, and this secretion is increased by depolarization and strictly dependent on synaptic glutamatergic activity. Furthermore, neuron-derived exosomes carry selected proteins involved in synaptic transmission, such as GluA2/3 AMPA receptor subunits, suggesting a new mechanism for regulating synaptic strength after neuronal activation (Faurè et al., 2006; Lachenal et al., 2011). Whether exosomes can also be actively released from presynaptic neuronal terminals of the CNS mammalian synapses, however, has not been clarified so far, although some evidence supports the hypothesis (Xu et al., 2013; Janas et al., 2016; Wang et al., 2017). As a matter of fact, at the Drosophila neuromuscular junction, which represents a model of presynaptic structure, a trans-synaptic transferring of the Wnt-family signaling protein Wingless (Wg) was reported to occur through exosomes released from the synaptic boutons and containing the Wg-binding protein Evenness Interrupted (Korkut et al., 2009; Koles et al., 2012). In the same model, synaptotagmin-4 was also found to be delivered through exosomes from the presynaptic motor neuron to the muscle fiber to mediate the activity-dependent synaptic growth (Korkut et al., 2013).
Synaptosomes are isolated nerve endings which carry the structural features and the properties of the in vivo neuronal terminals they originate from. They are widely recognized as an in vitro model for selectively studying the molecular events occurring presynaptically, particularly the release of neurotransmitters and its modulation by presynaptic receptors (Raiteri, 2001; Raiteri, 2008; Langer, 2008).
Our study aimed at investigating whether synaptosomes can release EVs having the morphological and proteomic features of exosomes. The results support the conclusion, suggesting new unexpected aspects of the synaptic transmission that could represent the targets of new therapeutic interventions to control and restore the efficiency of the central synaptic connections.
METHODS
Animals
Mice (male, strain C57BL/6J) were obtained from Charles River (Calco, Italy) and housed in the animal facility of the Department of Pharmacy (DIFAR), Pharmacology and Toxicology Section (Genoa, Italy), under controlled environmental conditions (ambient temperature = 22°C, humidity = 40%) on a 12-h light/dark cycle with food and water ad libitum. The animal care and experimental procedures complied with the European Communities Parliament and Council Directive of September 22, 2010 (2010/63/EU) and with the Italian D.L. n. 26/2014 and were approved by the Local Committee for Animal Care and Welfare of the University of Genova and the Italian Ministry of Health (DDL 26/2014 and previous legislation; protocol number n° 75F11.N.IMY). All efforts were made to minimize the number of animals used and their suffering, and no in vivo technique was used.
Preparation of Synaptosomes
Synaptosomes can be easily obtained by homogenization of brain tissues, their membranes having “pinched off” at the point of connection with the neuronal axon, and then purified from other tissue components using density-gradient centrifugation techniques (Gray and Wittaker, 1962; Dunkley et al., 2008). Purified synaptosomes were prepared as previously described (Olivero et al., 2018) from the cortex of one animal/experiment, except for the experiments described in Figure 4, where the cortices of two mice/experiments were pooled together. The tissue was homogenized in 10 volumes of 0.32 M sucrose and buffered to a pH value of 7.4 with Tris (final concentration 0.01 M) using a glass/Teflon tissue grinder (clearance 0.25 mm). The homogenate was first centrifuged at 1,000 g for 5 min to remove nuclei and debris; the supernatant was gently layered on a discontinuous Percoll gradient (6, 10, and 20% v/v in Tris-buffered 0.32 M sucrose) and then centrifuged at 33,500 g for 6 min. The layer between 10 and 20% Percoll (synaptosomal fraction) was collected and washed by centrifugation at 19,000 g for 15 min (Figure 1A). Synaptosomes were then resuspended in a physiological medium having the following composition (mM): NaCl, 140; KCl, 3; MgSO4, 1.2; CaCl2, 1.2; NaH2PO4, 1.2; NaHCO3, 5; HEPES, 10; glucose, 10; pH 7.4.
[image: Figure 1]FIGURE 1 | Structural analysis of purified synaptosomes isolated from the mouse cortex. (A) Schematic representation of the discontinuous Percoll gradient isolation procedure of the purified synaptosomes from the mouse cortical homogenate. For further details, see the Methods section. (B) Ultrastructural analysis of synaptosomes by transmission electron microscopy (TEM). The figure shows an isolated synaptosome, containing multiple vesicles, a mitochondrion, and a multivesicular body–like organelle (asterisk). Scale bar: 200 nm. The image is representative of the TEM analysis of n = 5 different synaptosomal preparations. (C) Size distribution of synaptosomes assessed using a Zetasizer Nano ZS90 particle sizer. The curve is representative of the analysis of n = 5 different synaptosomal preparations. (D) Western blot analysis of the exosomal markers TSG101, flotillin-1, CD63, and CD9 in cortical synaptosomal lysates (5 μg/lane). Syntaxin-1a was used as a synaptosomal marker. The image is representative of the analysis of n = 6 synaptosomal lysates.
Depolarization and Pharmacological Treatments
The synaptosomal suspension was then divided into identical aliquots and preincubated for 5 min in the physiological medium in a water bath at 37°C under mild shaking to equilibrate the system. Synaptosomal aliquots were then incubated for 2 min with the physiological medium containing 3 mM KCl (3 mM KCl medium, basal condition, control synaptosomes) or with a KCl-enriched solution (25 mM KCl-containing medium, NaCl substituted for an equimolar amount of KCl, depolarized synaptosomes). At t = 2 min, cold 3 mM KCl medium was added to the reaction tubes to stop the incubation, and the synaptosomal suspensions were centrifuged at 19,000 g for 10 min to separate the synaptosomal pellets from the supernatants.
When indicated, synaptosomes were incubated for 2 min with a 25 mM KCl medium lacking Ca2+ ions (25 mM KCl/Ca2+-free medium) or with a 25 mM KCl medium containing the GABAB receptor agonist (±)-baclofen (10 μM, Tocris Bioscience, Bristol, United Kingdom).
The synaptosomal pellets were quantified for the protein content using Pierce BCA assay (Thermo Fisher Scientific, Waltham, MA, United States) and then lysed in modified RIPA buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, protease inhibitors) for Western blot analysis or resuspended in PBS for transmission electron microscopy and dynamic light scattering analyses. The synaptosomal supernatants were centrifuged at 19,000 g for 30 min to remove any synaptosomal debris and collected for the isolation of exosomes.
Isolation of the Exosomes From the Synaptosomal Supernatants
Identical volumes of the synaptosomal supernatants from the different experimental conditions were incubated with the Total Exosome Isolation Reagent (from cell culture media, Invitrogen, Thermo Fisher Scientific) overnight at 4°C and then centrifuged at 10,000 g for 1 h at 4°C. Pellets corresponding to the exosomal fractions were collected and resuspended in modified RIPA lysis buffer for the Western blot analysis or in PBS for flow cytometry, transmission electron microscopy, and dynamic light scattering analyses.
Western Blot Analysis
The exosomal lysates from the different experimental conditions were dissolved in SDS-PAGE sample buffer, boiled for 5 min at 95°C, subjected to 10% SDS-PAGE, and then blotted onto PVDF membranes (Merck, Darmstadt, Germany). Membranes were blocked for 1 h at room temperature with Tris-buffered saline-Tween (t-TBS: 20 mM Tris, pH 7.4, 150 mM NaCl, and 0.05% Tween 20), containing 5% (w/v) nonfat dried milk, and then incubated overnight at 4°C with the following primary antibodies: rabbit anti-TSG101 (1:500, T5701, Sigma-Aldrich, St. Louis, MO, United States), rabbit anti–flotillin-1 (1:1,000, 18634, Cell Signaling Technology, Danvers, MA, United States), rabbit anti-CD63 (1:1,000, sc-5275, Santa Cruz Biotechnology, Dallas, TX, United States), and rabbit anti-CD9 (1:300, ab92726, Abcam, Cambridge, United Kingdom). After extensive washes in t-TBS, membranes were incubated for 1 h at room temperature with appropriate horseradish peroxidase–linked secondary antibodies (1:10,000, A9044 and A9169, Sigma-Aldrich).
Also the cortical synaptosomal lysates (5 µg/lane) were analyzed with immunoblot analysis, and membranes were probed with the primary antibodies mentioned above (concentrations as previously indicated) and with mouse anti–syntaxin-1a antibody (1:500, GTX18010, GeneTex, Irvine, CA, United States).
In a set of Western blot experiments, an equal amount of the synaptosomal and exosomal lysates (2 µg/lane) were compared for the content of selected proteins by using the primary antibodies mentioned already, at the concentrations indicated, and the following ones: mouse anti–synaptotagmin-1 (1:500, 105 011, Synaptic System, Goettingen, Germany) and rabbit anti-PSD95 (1:1,000, NBP1-40474, Novus Biologicals, Centennials, CO, United States).
Immunoblots were visualized using the enhanced chemiluminescence Western blotting detection system Immobilon Forte Western HRP substrate (Merck). Images were acquired by using an Alliance LD6 image capture system (Uvitec, Cambridge, United Kingdom) and analyzed using UVI-1D software (Uvitec).
Transmission Electron Microscopy
Freshly prepared synaptosomes were washed out in 0.1 M cacodylate buffer and immediately fixed in 0.1 M cacodylate buffer containing 2.5% glutaraldehyde (Electron Microscopy Science, Hatfield, PA, United States) for 1 h at room temperature. The synaptosomes were postfixed in osmium tetroxide for 2 h and 1% uranyl acetate for 1 h. Subsequently, samples were dehydrated through a graded ethanol series and embedded in resin (Poly-Bed; Polysciences, Inc., Warrington, PA, United States) for 24 h at 60°C. Ultrathin sections (50 nm) were cut and stained with 5% uranyl acetate in 50% ethanol.
Electron microscopic analysis on isolated vesicle preparations was performed as follows. The extracellular vesicle preparations were resuspended in 20 μL PBS (pH 7.4) and fixed by adding an equal volume of 2% paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.4). Extracellular vesicles were then adsorbed for 10 min onto formvar–carbon–coated copper grids by floating the grids on 5 μl drops on parafilm. Subsequently, grids with adhered vesicles were rinsed in PBS and negatively stained with 2% uranyl acetate for 5 min at room temperature. Stained grids were embedded in 2.5% methylcellulose for improved preservation and air-dried before examination (Cortese et al., 2020). Electron micrographs were taken using a Hitachi TEM microscope (HT7800 series, Tokyo, Japan) equipped with a Megaview 3 digital camera and Radius software (EMSIS, Germany).
Dynamic Light Scattering and Zeta-Potential
Particle size, polydispersity, and zeta-potential were analyzed using a Zetasizer Nano ZS90 particle sizer at a fixed angle of 90° (Malvern Instruments, Worchestershire, United Kingdom). Vesicle size was evaluated by dynamic light scattering, allowing the analysis of particles within the range of 0.1–10◦μm, as previously described (Marimpietri et al., 2013). Briefly, exosomes and synaptosomes were suspended in PBS, and the measure was performed at a constant temperature of 25°C in UV–transparent cuvettes. The translational diffusion coefficient of the solutions was calculated from the time autocorrelation of the scattered light intensity, and the translational diffusion coefficient was extracted from the correlogram using the method of cumulants as applied in proprietary Malvern software. The diameter of the exosomes was obtained from the application of the Stokes–Einstein equation as follows: d(H) = kT/3 pgD, where d(H) is the hydrodynamic diameter, k the Boltzmann constant, T the temperature, g the shear viscosity of the solvent, and D the diffusion coefficient of the particles.
Flow Cytometric Analysis
Exosomes were analyzed for the presence of CD9 and TSG101 by flow cytometry after vesicles adsorption onto latex beads as previously reported (Marimpietri at al., 2013). In brief, 1 ml of purified exosomes was incubated with 4 μl of aldehyde/sulfate latex beads with a diameter of 4 mm (Invitrogen, Thermo Fisher Scientific) for 2 h at room temperature; PBS supplemented with 4% fetal bovine serum was then added to each sample, and the incubation was prolonged for 30 min. After washing, exosome-coated beads were incubated for 30 min at 4°C with primary rat anti-mouse CD9 PE-conjugated monoclonal antibody (12-0091-81, Invitrogen, Thermo Fisher Scientific) or with unlabeled mouse anti-TSG101 monoclonal antibody (ab43, Abcam), plus further incubation for 20 min at 4°C with a goat anti-mouse PE-conjugated secondary antibody (PA5-33249, Thermo Fisher Scientific). As negative control, an isotype-matched primary monoclonal antibody was used. All antibodies were used in accordance with the manufacturer’s instructions. Samples were then analyzed using a Gallios flow cytometer and Kaluza software (BeckmanCoulter, Brea, CA, United States).
Quantification of the Endogenous Glutamate Content
The endogenous glutamate content in the synaptosomal supernatants was analyzed by high-performance liquid chromatography analysis after precolumn derivatization with ophthalaldehyde and separation on a C18 reverse-phase chromatographic column (10 mm × 4.6 mm, 3 μm; at 30°C; Chrompack, Middleburg, Netherlands) coupled with fluorimetric detection (excitation wavelength, 350 nm; emission wavelength, 450 nm). Buffers and the gradient program were previously described (Salamone et al., 2014). Homoserine was used as the internal standard. The amount of glutamate was expressed as pmol/mg of synaptosomal proteins.
LDH Assay
The LDH activity in the synaptosomal supernatants was evaluated by using Pierce LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s manual. The LDH activity in the supernatants was expressed as percent of the total synaptosomal LDH activity (LDH activity in synaptosomal pellets and in the supernatants).
Experimental Design and Statistical Analysis
Data represent the mean ± SEM of n independent replications (n indicated in the figure legends). Sigma Plot 10 data analysis and the graphing software package was used for data handling/statistics and for graph drawing. Analysis of variance was performed using ANOVA, followed by Tukey’s multiple-comparisons test; direct comparisons were performed using Student’s t-test. Data were considered significant if p < 0.05, at least.
RESULTS
Cortical Synaptosomes Possess Proteins That Are Markers of Exosomes
Purified cortical synaptosomes were analyzed at the ultrastructural level by transmission electron microscopy (TEM). Consistent with previous data in the literature (Feligioni et al., 2006; Nisticò et al., 2015), synaptosomes appeared as round-shaped membrane-bound structures having a diameter in the range of 500–1,200 nm, containing intraterminal mitochondria, small clathrin-coated vesicles, and abundant synaptic vesicles. Some of them were endowed with endosome-like structures, including multivesicular body (MVB)-like organelles, with intraluminal vesicles (Figure 1B but also Figure 2Da).
[image: Figure 2]FIGURE 2 | Cortical synaptosomes release extracellular vesicles immunopositive for the exosomal markers TSG101, flotillin-1, CD63, and CD9, and their secretion is increased by depolarization. (A) Schematic representation of the isolation procedure of the exosomes from the supernatants of the synaptosomes incubated for 2 min in 3 mM KCl medium (control synaptosomes) or in 25 mM KCl medium (depolarized synaptosomes). For further details, see the Methods section. (B) Western blot analysis of TSG101, flotillin-1, CD63, and CD9 proteins in the exosomal fractions isolated from the supernatants of the control (lane 3 mM KCl) and depolarized synaptosomes (lane 25 mM KCl). The image is representative of the results of n = 5 (TSG101), n = 6 (CD63), and n = 11 (flotillin-1 and CD9) Western blot analyses. (C) Quantification of the change in TSG101, flotillin-1, CD63, and CD9 proteins in the exosomal fraction from the supernatants of depolarized synaptosomes (25 mM KCl, black bars) when compared to the control synaptosomes (3 mM KCl, empty bars). Results are expressed as percent of control (3 mM KCl). Data represent the mean ± SEM. *p < 0.05 vs. respective control; ***p < 0.001 vs. respective control. (D) Ultrastructural analysis of the control and depolarized cortical synaptosomes by TEM. The figure shows a representative image of synaptosomes incubated for 2 min in 3 mM KCl medium (a) and in 25 mM KCl medium (b). Asterisk, MVB-like organelle in control synaptosomes; arrow, endosomal-like organelle in depolarized synaptosomes. Scale bar: 200 nm. The image is representative of n = 5 different synaptosomal preparations.
Cortical synaptosomes were also analyzed by dynamic light scattering, which confirmed the size range observed in the TEM analysis, with a bell-shaped size distribution profile of the synaptosomal particles peaking at 790 ± 67 nm (Figure 1C).
The presence of MVB-like organelles in the purified synaptosomes prompted us to investigate the presence of proteins widely recognized as exosomal markers: the endosomal sorting complex required for transport I tumor susceptibility gene 101 protein (TSG101), the lipid raft-associated protein flotillin-1, and the tetraspanins CD63 and CD9 (Andreu and Yànez-Mò, 2014; Zhang et al., 2019). The Western blot analysis unveiled a clear immunoreactivity having appropriate mass for all the proteins mentioned above (expected molecular weights: TSG101, 46 kDa; flotillin-1, 49 kDa; CD63, 30–60 kDa depending on the glycosylated forms of the protein; CD9, 25 kDa; Figure 1D).
Cortical Synaptosomes Exposed to a Depolarizing Stimulus Release Extracellular Vesicles Having the Biochemical and Morphological Features of Exosomes
Based on the presence of MVB-like organelles in cortical synaptosomes and on the immunoreactivity for the exosomal markers TSG101, flotillin-1, CD9, and CD63 in the synaptosomal lysates, we asked whether exosomes can also be actively released from axonal terminals.
To test the hypothesis, identical aliquots of cortical synaptosomes were incubated under basal, non-depolarizing condition (3 mM KCl medium, control synaptosomes) or in the presence of a mild depolarizing stimulus (25 mM KCl medium, depolarized synaptosomes). Extracellular vesicles (EVs) that had the dimension and the features of exosomes were then isolated by means of the Total Exosome Isolation Reagent from identical volumes of the synaptosomal supernatants (Figure 2A, see also the Methods section) and analyzed for the presence of the exosomal markers listed above: TSG101, flotillin-1, CD63, and CD9. The Western blot analysis unveiled that the EV fractions isolated from the supernatants of both the control and depolarized synaptosomes were immunopositive for all the proteins (Figure 2B). A significant increase in the TSG101, flotillin-1, CD63, and CD9 immunoreactivities in the fraction from the depolarized synaptosomes emerged when compared to the control (Figure 2C). Concomitantly, the comparative ultrastructural analysis by TEM of the control and depolarized cortical synaptosomes unveiled that depolarized synaptosomes were almost devoid of MVB-like organelles when compared to the control ones but contained empty structures that Leenders et al. (2002) defined as endosomal-like organelles (Leenders et al., 2002; Figure 2Db).
The EVs isolated from the synaptosomal supernatants were then analyzed by dynamic light scattering for their size and zeta-potential. The size distribution profile of the EVs isolated from the depolarized synaptosomes did not differ significantly from that of the EVs isolated from the control synaptosomes. Both curves showed a bell-shaped profile that reached the peak at 50.78 ± 2.10 nm for the EVs isolated from the supernatants of control synaptosomes and at 52.54 ± 1.85 nm for the EVs isolated from the supernatants of depolarized synaptosomes (Figures 3A,B). The size range for both profiles was consistent with the expected size values for exosomes. Furthermore, the EVs from both control and depolarized synaptosomes showed a comparable zeta-potential (Figure 3A), suggesting a good and similar nanoparticle stability in terms of dispersion, aggregation, or flocculation in both preparations. However, the mean count rate of dynamic light scattering (the parameter that represents the average scattering intensity during the measurement) was almost double (125.41 ± 6.22 kcps) when analyzing the EVs isolated from the supernatants of depolarized synaptosomes when compared to that recorded during the analysis of the EVs from the supernatants of the control synaptosomes (66.79 ± 3.12 kcps, Figure 3A). Since the mean count rate is directly proportional to the concentration of the EVs in the analyzed sample, the data indirectly imply that the EVs isolated from the supernatants of the control and depolarized synaptosomes differ quantitatively but not qualitatively.
[image: Figure 3]FIGURE 3 | Characterization of the exosomes released from cortical synaptosomes by light dynamic scattering, flow cytometry, and transmission electron microscopy (TEM). (A) Size (nM), zeta-potential (mV), and mean count rate (kcps) values detected using a Zetasizer Nano ZS90 particle sizer during the analysis of the exosomes isolated from the supernatants of the control (3 mM KCl) and depolarized synaptosomes (25 mM KCl). Data represent the mean ± SEM of n = 5 (control synaptosomes) and n = 7 (depolarized synaptosomes) analyses. ***p < 0.001 vs. the mean count rate value of 3 mM KCl. (B) Size distribution of the exosomes assessed using a Zetasizer Nano ZS90 particle sizer. The curve is representative of the analysis of n = 8 exosomal preparations. (C) Flow cytometric analysis of TSG101 and CD9 expression in the exosomes purified from the supernatants of depolarized synaptosomes and coated on latex beads. Images are representative of the analysis of n = 5 exosomal preparations. (D) Negative-stained exosomes isolated from the supernatants of depolarized synaptosomes observed by TEM. The left image shows the round and smooth morphology of isolated exosomes, and the right picture represents an enlargement (squared box) of the original image. The electron micrographs are representative of n = 5 exosomal preparations. Scale bar right: 140 nm; scale bar left: 100 nm.
The latex bead cytofluorimetric assay of the EVs isolated from the supernatants of the 25 mM KCl-depolarized synaptosomes confirmed good levels of signals for CD9 and TSG101, two of the most typical exosomal surface markers (Figure 3C). Furthermore, TEM analysis demonstrated that the EVs released from the synaptosomes after depolarization have a round shape and a smooth surface, with a diameter ranging from 40 to 70 nm, which is consistent with the exosomal ultrastructure (Figure 3D). Based on these observations, the term “exosomes” will be used from here on out to indicate the released EVs.
Comparative Analysis of Exosomal and Synaptosomal Markers in Synaptosomal and Exosomal Lysates
Western blot analysis was carried out to compare the content of selected synaptosomal and exosomal markers in the lysates of the exosomes and of the depolarized synaptosomes they are released from. Identical amounts of proteins (2 μg/lane) of both lysates were analyzed for the exosomal markers TSG101, flotillin-1, CD63, and CD9. The exosomal lysates were particularly enriched in the TSG101, CD63, and CD9 proteins when compared to the synaptosomal ones, while flotillin-1 was expressed in synaptosomes and to a lesser extent in the exosomal fraction. We then focused on the following synaptic markers: synaptotagmin-1, a synaptic vesicle membrane protein; syntaxin-1a, which is located in presynaptic plasma membranes; and the postsynaptic density protein 95 (PSD-95), a membrane protein that has a postsynaptic localization (Bonanno et al., 2005; Bonfiglio et al., 2019; Franchini et al., 2019). The analysis unveiled that these proteins are present (although to a different level, PSD-95 showing a scarce immunoreactivity) in the synaptosomal lysates (expected protein weight: synaptotagmin-1, 60 kDa; syntaxin-1a, 36 kDa; PSD-95, 95 kDa) but not in the exosomal lysates where only a slight immunopositivity for syntaxin-1a was observed (Figure 4). These observations unveiled a qualitative difference in the protein composition of the synaptosomal and the exosomal preparations.
[image: Figure 4]FIGURE 4 | Comparative Western blot analysis of selected proteins in the cortical synaptosomal and exosomal lysates. Identical amounts (2 μg proteins/lane) of the cortical synaptosomal lysate (lane Syn) and of the exosomal lysate (lane Exo) were loaded on 10% SDS-PAGE and analyzed for the contents of the exosomal markers TSG101, CD63, CD9, and flotillin-1, and of the synaptosomal markers synaptotagmin-1, syntaxin-1a, and PSD-95. The image is representative of the Western blot analysis on n = 5 synaptosomal and exosomal preparations.
The Release of Exosomes From Cortical Synaptosomes is a Ca2+-Dependent Event
Identical aliquots of cortical synaptosomes were exposed to the 25 mM KCl medium containing a physiological amount of Ca2+ ions (1.2 mM Ca2+-containing medium) or to the 25 mM KCl medium lacking the divalent cation (Ca2+-free medium). As shown in the representative Western blot in Figure 5A, a significant reduction in TSG101, flotillin-1, CD63, and CD9 protein content was observed in the exosomal fraction isolated from the supernatants of synaptosomes exposed to the 25 mM KCl/Ca2+-free medium when compared to synaptosomes depolarized with the 25 mM KCl/1.2 mM Ca2+-containing medium (Figure 5B).
[image: Figure 5]FIGURE 5 | Release of exosomes from cortical synaptosomes is a Ca2+-dependent event. Synaptosomes were incubated for 2 min in basal condition, in a 25 mM KCl medium containing 1.2 mM Ca2+ ions or lacking Ca2+ ions (Ca2+ free medium). (A) Western blot experiments were carried out to analyze TSG101, flotillin-1, CD63, and CD9 protein content in the exosomal fractions isolated from the supernatants of the synaptosomes under the three experimental conditions (respectively, lane 3 mM KCl, lane 25 mM KCl, and lane 25 mM KCl/Ca2+ free). The image is representative of the results of n = 4 (TSG101), n = 5 (CD63), n = 6 (CD9), and n = 8 (flotillin-1) Western blot analyses. (B) Quantification of the change in TSG101, flotillin-1, CD63, and CD9 proteins in the exosomal fraction from the supernatants of the synaptosomes exposed to 25 mM KCl/Ca2+-free medium (gray bars) when compared to 25 mM KCl/1.2 mM Ca2+ medium (25 mM KCl, black bars). Results are expressed as percent of control (3 mM KCl, empty bars). Data represent the mean ± SEM. *p < 0.05 vs. respective control; **p < 0.01 vs. respective control; #p < 0.05 vs. 25 mM KCl; ##p < 0.01 vs. 25 mM KCl. (C) Endogenous glutamate content in the supernatants of the synaptosomes incubated in 3 mM KCl medium (empty bar), 25 mM KCl/1.2 mM Ca2+-containing medium (25 mM KCl, black bar), and 25 mM KCl/Ca2+-free medium (gray bar). The endogenous glutamate content is expressed as pmol/mg synaptosomal proteins. Data represent the mean ± SEM of the analysis of n = 11 samples. ***p < 0.001 vs. 3 mM KCl; ##p < 0.01 vs. 25 mM KCl. (D) Lactate dehydrogenase (LDH) activity in the supernatants of the synaptosomes incubated in 3 mM KCl medium (empty bar), 25 mM KCl/1.2 mM Ca2+-containing medium (25 mM KCl, black bar), and 25 mM KCl/Ca2+-free medium (gray bar). The LDH activity in the supernatants is expressed as percent of total LDH activity (LDH activity in the synaptosomal pellets and supernatants). Data represent the mean ± SEM of the analysis of n = 5 samples.
As expected, the endogenous glutamate content in the supernatants from synaptosomes exposed to the 25 mM KCl/1.2 mM Ca2+-containing medium was significantly increased when compared to that from synaptosomes under basal condition (3 mM KCl), but the omission of calcium ions in the external medium almost totally prevented the releasing activity (Figure 5C).
To exclude the possibility that a nonspecific synaptosomal leakage might account for the results described so far, we verified the viability of the synaptosomes under the different experimental conditions by measuring the endogenous lactate dehydrogenase (LDH) activity in the supernatants. The LDH activity was unmodified in the supernatants of the control and depolarized synaptosomes, and also the removal of external Ca2+ ions from the 25 mM KCl medium did not affect this parameter (Figure 5D).
The Release of Exosomes From Cortical Synaptosomes is not Modulated by Presynaptic GABAB Heteroreceptors
Glutamate exocytosis from cortical synaptosomes is an active process tuned by auto- and heteroreceptors presynaptically located in nerve terminals. In particular, presynaptic inhibitory GABAB heteroreceptors exist in cortical glutamatergic nerve endings, whose activation reduces the adenylyl cyclase activity and the Ca2+ conductance, inhibiting glutamate exocytosis from the nerve endings (Bonanno and Raiteri., 1993; Grilli et al., 2004; Vergassola et al., 2018; Pittaluga 2019). Accordingly, the glutamate content in the supernatants of synaptosomes exposed to 25 mM KCl medium in the presence of the GABAB receptor agonist (±)-baclofen (10 µM) was significantly lower than that in the supernatants of synaptosomes exposed to the depolarizing stimulus alone (Figure 6A). Differently, the amount of TSG101, flotillin-1, CD63, and CD9 in the exosomal fraction isolated from the synaptosomes exposed to the depolarizing stimulus in the presence of (±)-baclofen (10 µM) did not significantly differ from that in the exosomal fraction isolated from synaptosomes exposed to the depolarizing stimulus alone (Figures 6B,C).
[image: Figure 6]FIGURE 6 | Release of exosomes from cortical synaptosomes is not modified by presynaptic GABAB receptor activation. Synaptosomes were incubated for 2 min in a 25 mM KCl medium in the absence or in the presence of the GABAB receptor agonist (±)-baclofen (10 μM). (A) Endogenous glutamate content in the supernatants of the synaptosomes incubated in 3 mM KCl medium (empty bar), 25 mM KCl medium (black bar), and 25 mM KCl/(±)-baclofen (10 μM) medium (rising right hatched gray bar). The endogenous glutamate content is expressed as pmol/mg synaptosomal proteins. Data represent the mean ± SEM of the analysis of n = 12 samples. **p < 0.01 vs. control; ***p < 0.001 vs. control; #p < 0.05 vs. 25 mM KCl. (B) Western blot experiments were carried out to analyze TSG101, flotillin-1, CD63, and CD9 protein content in the exosomal fractions isolated from the supernatants of synaptosomes stimulated with 25 mM KCl alone (lane 25 mM KCl) or in the presence of (±)-baclofen (10 μM) (lane 25 mM KCl/(±)-baclofen (10 μM)). The image is representative of the results of n = 4 (TSG101), n = 6 (CD63), n = 9 (flotillin-1), and n = 10 (CD9) Western blot analyses. (C) Quantification of the change in TSG101, flotillin-1, CD63, and CD9 proteins in the exosomal fraction from the supernatants of the synaptosomes exposed to 25 mM/(±)-baclofen (10 μM) medium (rising right hatched gray bars) when compared to 25 mM KCl medium (black bars). Results are expressed as percent of control (25 mM KCl).
DISCUSSION
In recent years, exosomes have emerged as nonconventional messengers in intercellular communication in the CNS, and their role in the modulation of synaptic activity in physiological and pathological conditions has gained interest (Smalheiser, 2007; Saeedi et al., 2019; Schiera et al., 2020).
Although MVBs, the late endosomal organelles from which exosomes originate and are released from, are less present in central axonal terminals than in other neuronal compartments (i.e., somata and dendrites; Von Bartheld and Altick, 2011; Men et al., 2019), some studies supported their presynaptic location and the possibility that they can fuse with nerve terminal plasma membranes (Koles et al., 2012; Korkut et al., 2013; Janas et al., 2016 and references therein; Zappulli et al., 2016; Zhang and Yang, 2018). Although these findings would support the presence and the release of exosomes from nerve endings, clear evidence demonstrating this conclusion is lacking. With the aim of answering this question, we focused on synaptosomes (Pittaluga, 2019), convinced that this preparation represents an appropriate model to study the presynaptic events. Synaptosomes are pinched-off nerve terminals (see Figure 1B). Which retain the main features of the synaptic boutons they originate from and contain structures with a presynaptic origin that account for the main presynaptic functional events (e.g., the uptake, the synthesis, the metabolism, the storage, and the release of transmitters). Synaptosomes are also endowed with naïve proteins and receptors, controlling these presynaptic functions, including the release of neurotransmitters. In a few cases, synaptosomes retain fragments of the postsynaptic membranes that remain attached to the presynaptic side by means of proteins (e.g., PSD95) but that do not reseal and cannot influence the functional synaptosomal responses (Raiteri and Raiteri, 2000).
The first finding of this study is that mouse cortical synaptosomal lysates are immunopositive for endosome-associated proteins, commonly considered as exosomal markers (i.e., TSG101, flotillin-1, CD63, and CD9), consistent with the presence of exosomes in isolated nerve endings. In line with the conclusion, the results from TEM ultrastructural analysis unveiled the presence of MVB-like organelles containing intraluminal vesicles in cortical synaptosomes.
Second, we demonstrated that mouse cortical synaptosomes release EVs with the structural and biochemical features of exosomes in response to a depolarizing stimulus. The conclusion relies on the following main findings:
1) the supernatants of cortical synaptosomes exposed to a mild depolarizing stimulus (25 mM KCl medium) were enriched with EVs that, in both dynamic light scattering and TEM analyses, displayed a size and shape consistent with those of exosomes.
2) the size and the zeta-potential of the EVs isolated from the supernatants of synaptosomes under both basal and depolarized conditions were largely conserved, but a significant increase in the mean count rate of dynamic light scattering was observed when analyzing EVs from depolarized terminals. We considered that the latter observation might be predictive of an accumulation of EVs at the outer side of synaptosomes upon the application of the depolarizing stimulus.
3) the EV fraction isolated from the supernatants of depolarized synaptosomes were more reactive for TSG101, flotillin-1, CD63, and CD9 than the EV fraction collected under the basal condition.
4) MVB-like organelles were rarely, if ever, detected in depolarized synaptosomes when compared to control synaptosomes, which might suggest the depletion of these organelles in depolarized nerve terminals because of the increased release of exosomes.
The comparative analysis of synaptosomal and exosomal proteins in identical amounts of synaptosomal and exosomal lysates unveiled a different proteomic profile of the two preparations, stressing that synaptosomes and exosomes are different in nature. Specifically, as far as the exosomal markers are concerned, the exosomal lysates were particularly enriched in the TSG101, CD9, and CD63 proteins. Differently, flotillin-1 was particularly expressed in the synaptosomal lysates and to a lower extent in the exosomal preparation. This is not surprising, since this protein concentrates within the cholesterol-enriched microdomains of the lipid rafts, which are also components of the neuronal plasma membranes, to control the synapsis formation (Swanwick et al., 2010).
Turning to the synaptosomal markers, synaptotagmin-1, a v-SNARE protein located in vesicular membranes, was largely expressed in synaptosomal lysates but absent in the exosomal fraction, which would exclude a contamination of synaptic vesicles in the exosomal preparation. Similarly, the lack of PSD95 immunopositivity, a specific marker for the postsynaptic compartment, in the exosomal preparation excludes the presence of postsynaptic impurities and the possibility that exosomes could originate from the postsynaptic membrane fragments, if present. Differently, syntaxin-1a, a t-SNARE membrane protein mediating vesicular exocytosis, was slightly detected in the exosomal lysates. This would reflect a contamination since, at least in the Drosophila neuromuscular junction (Koles et al., 2012), the protein assures the anchoring of MVBs to plasma membranes, participating in the membrane–membrane interaction that drives the docking and the fusion of MVBs and the consequent release of exosomes.
Another interesting observation of the study is that the amount of exosomal markers in the exosomal fraction isolated from the supernatants of depolarized synaptosomes was drastically reduced when exposing the nerve endings to the 25 mM KCl/Ca2+-free medium. The finding is in line with previous results already present in the literature (Savina et al., 2003; Krämer-Albers et al., 2007; Lachenal et al., 2011) and supports the conclusion that the release of exosomes is an active event which depends on triggering events linked to the influx of the divalent cation in the nerve terminals.
The influx of calcium ions is pivotal to several processes in nerve terminals, including the exocytosis of transmitters, which largely depends on the opening of the voltage-dependent Ca2+ channels (Raiteri and Raiteri, 2000; Nicholls, 2003). We asked whether a possible correlation exists linking the sorting of the exosomes triggered by the high-KCl stimulus to the vesicular exocytosis of transmitter(s) in depolarized synaptosomes. To answer the question, we focused on glutamate, which represents the most diffuse transmitter in the brain. Despite cortical synaptosomes being a heterogenous population, the glutamatergic ones largely prevail, so the quantification of glutamate exocytosis permits us to monitor the release efficiency in the largest subpopulation of cortical synaptosomes (Grilli et al., 2004). As expected, we detected a significant increase in the glutamate overflow in the supernatants of the depolarized cortical synaptosomes from which the exosomes were isolated. Interestingly, both the glutamate availability and the exosomal marker content was largely reduced when the external Ca2+ ions were omitted to levels comparable to those detected under basal, non-depolarizing, condition.
The huge correlation in terms of Ca2+ dependency between glutamate exocytosis and exosome release seems best interpreted by assuming that both events might involve common triggering pathway(s). To address this more directly, we focused on presynaptic receptors, which represent one of the main mechanisms of control of vesicular exocytosis (Raiteri, 2001; Langer, 2008; Pittaluga, 2019) and asked whether release-regulating receptors could also control the sorting of exosomes elicited by high KCl. We focused on presynaptic GABAB receptors because of their wide distribution in cortical nerve endings (they exist on cortical GABAergic, glutamatergic, peptidergic, and dopaminergic terminals; Bonanno and Raiteri, 1993) and their ability to modulate transmitter exocytosis through the inhibition of the voltage-dependent Ca2+ channels. The activation with (±)-baclofen of presynaptic GABAB heteroreceptors efficiently inhibited the glutamate overflow in cortical synaptosomes, as already reported in the literature (Perkinton and Sihra, 1998). The agonist, however, failed to affect the secretion of exosomes, as suggested by the finding that the immunoreactivities of the exosomal markers isolated from the supernatant of depolarized synaptosomes exposed to (±)-baclofen were superimposable to those detected in the absence of the agonist. The more likely conclusion is that the depolarization-evoked, Ca2+-dependent sorting of exosomes from isolated nerve endings escapes the presynaptic control of the GABAB presynaptic receptors. This would imply that Ca2+ enters synaptosomes through accesses that are differently sensitive to the GABAB receptors. Although further investigation is needed to correctly address the question, the hypothesis is supported by data in the literature showing that the N and the P/Q-type Ca2+ channels, which assure the influx of the divalent cation in nerve endings, are differently sensitive to the presynaptic inhibitory actions of the GABAB receptors (Langer, 2008). These data unveil a multiplicity of calcium-dependent events that can occur in synaptosomes and could be differently modulated but could also lead to different functional outcomes.
To conclude, the results described in this study provide evidence supporting the release of exosomes from presynaptic structures. The structural and biochemical analysis confirmed the exosomal nature of the EVs in the synaptosomal supernatants, also unveiling their increased availability upon exposure of synaptosomes to a depolarizing stimulus. The exosomal particles show a proteomic profile distinct from that of the synaptosomes, suggesting that these nanosized vesicles differ in nature from the synaptosomes they are released from. Finally, the release of the exosomes from the synaptosomes is a Ca2+-dependent event, which possibly depends on the firing of the nerve terminals. Interestingly, the exosomal sorting was not controlled by presynaptic GABAB receptors, suggesting that the vesicular transmitter release and the exosome outflow are independent mechanisms which develop concomitantly at nerve endings. The finding, however, would not exclude the existence of presynaptic mechanism(s) of control of the exosome sorting that would represent rather attractive target(s) for therapeutic purposes.
Exosomes have emerged in recent years as a cargo of proteins/lipids/genetic material rapidly transferred to other cells with an efficiency that would strictly depend on the kinetics of release and diffusion in the biophase. They were proposed to carry components that could be either deleterious to the course of neurological diseases (e.g., Alzheimer’s disease, Goetzl et al., 2018; Parkinson’s disease, McCormack et al., 2019; and multiple sclerosis, Sáenz-Cuesta et al., 2014) or beneficial because of their anti-inflammatory/immunomodulatory properties (Bahrini et al., 2015; Cui et al., 2018). In both cases, the possibility to pharmacologically tune the efficiency of their release and diffusion (and as a consequence, of the materials they vehiculate) by means of ligands acting at release-regulating receptors would give new therapeutic opportunities to manage the course of central disorders. Therefore, despite the disappointing results obtained with (±)-baclofen, we believe that the study of the mechanism of sorting of exosomes from nerve endings improves our knowledge on the mechanism of synaptic transmission, paving the road to new therapeutic treatments.
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Blood is a rich source of disease biomarkers, which include extracellular vesicles (EVs). EVs are nanometer-to micrometer-sized spherical particles that are enclosed by a phospholipid bilayer and are secreted by most cell types. EVs reflect the physiological cell of origin in terms of their molecular composition and biophysical characteristics, and they accumulate in blood even when released from remote organs or tissues, while protecting their cargo from degradation. The molecular components (e.g., proteins, miRNAs) and biophysical characteristics (e.g., size, concentration) of blood EVs have been studied as biomarkers of cancers and neurodegenerative, autoimmune, and cardiovascular diseases. However, most biomarker studies do not address the problem of contaminants in EV isolates from blood plasma, and how these might affect downstream EV analysis. Indeed, nonphysiological EVs, protein aggregates, lipoproteins and viruses share many molecular and/or biophysical characteristics with EVs, and can therefore co-isolate with EVs from blood plasma. Consequently, isolation and downstream analysis of EVs from blood plasma remain a unique challenge, with important impacts on the outcomes of biomarker studies. To help improve rigor, reproducibility, and reliability of EV biomarker studies, we describe here the major contaminants of EV isolates from blood plasma, and we report on how different EV isolation methods affect their levels, and how contaminants that remain can affect the interpretation of downstream EV analysis.
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INTRODUCTION
Biological fluids are an ideal source for early disease discovery and for monitoring of disease progression or the success of a treatment (Alix-Panabières and Pantel, 2017; Bracht et al., 2018; Morrison and Goldkorn, 2018). The most widely used and studied source of disease biomarkers is peripheral circulating venous blood, as its collection is minimally invasive and can be performed repeatedly (González and Falcón-Pérez, 2015). Blood has an important role in the transmission of information between cells and tissues, and it can accumulate diverse signals as a result of disease or distress, in the form of nucleic acids, proteins, metabolites, and extracellular vesicles (EVs). Blood will thus reflect the health of the organs and tissues.
Extracellular vesicles are nanometer-to micrometer-sized spherical particles (diameter, 40–1,000 nm; density, 1.110–1.190 g/cm3) that are enclosed by a phospholipid bilayer; they can be secreted by most cell types, and they cannot replicate (Mathieu et al., 2019). EVs are very heterogeneous in size, biophysical characteristics, molecular content, function, biogenesis, and release pathways (Zaborowski et al., 2015; Zhang Q. et al., 2019; Dong et al., 2020). Based on their sizes and cellular origins, EVs released by living cells can be split into two major groups: exosomes (diameter, 50–150 nm), which originate from multivesicular bodies, and microvesicles (diameter, ≤1 µm), which bud from the plasma membrane. However, the cellular origins of EVs are difficult to ascertain using simple methods, such as measurements of size, and even more so in vivo; e.g., for EVs in body fluids after they have already been released into the systemic circulation (Karasu et al., 2018). Therefore, the Minimal Information for the Study of EVs (MISEV 2018) guidelines have proposed the use of descriptive terms for EV subtypes that refer to their physical characteristics, such as size (diameters: <100 nm, small EVs; 100–200 nm, medium/large EVs; >200 nm, large EVs) or density (low, medium, high densities, with each range defined) (Théry et al., 2019). Importantly, the composition and the physiological state of the cell of origin is reflected by the molecular cargo of EVs, as these can contain functional nucleic acids (e.g., mRNAs, miRNAs, DNA), proteins (e.g., cytoskeletal proteins, tetraspanins, integrins), and specific enrichment of molecules typical of lipid rafts (e.g., ceramide, cholesterol, phosphatidylserine) (Ghosh et al., 2014; Doyle and Wang, 2019; Jeppesen et al., 2019).
Extracellular vesicles used to be regarded as merely a disposal mechanism used by cells, or even as “cellular dust”. However, they can also cross extracellular space and even biological barriers, and they can activate specific pathways or directly transfer biological contents upon binding to their target cells, which indicates that they can influence the physiology of recipient cells and tissues. EVs are important mediators of adaptations to micro-environmental changes, and they participate in intercellular communication and immune responses (Clotilde et al., 2009; Karasu et al., 2018; Shao et al., 2018). Therefore, EVs represent a promising source of novel diagnostic and prognostic biomarkers, particularly in terms of their traceability to their cell type or tissue origin and its physiological state, their stability, their protection of their internal cargo from degradation in the extracellular environment, and their presence in circulating blood at estimated concentrations of 1010 EV/ml (Dickhout and Koenen, 2018; Johnsen et al., 2019; Vasconcelos et al., 2019; Holcar et al., 2020; Hoshino et al., 2020; Kamal and Shahidan, 2020; Laurenzana et al., 2021). Even more importantly, in the future, should they be modified to encapsulate different drugs, they can potentially be used as new therapeutic options for a nonimmunogenic delivery system with high target specificity upon systemic administration (Dang et al., 2020).
Molecular components of blood EVs have generally focused on proteins and miRNAs, and these have already been studied in the context of many diseases, as they might represent easily detectable and disease-specific biomarkers. The presence and concentrations of specific EV-associated proteins have been analyzed in many different diseases. Particular examples can be seen for cancers: the correlation of baseline EV-related PD-L1 with tumor response to treatment for melanoma; dysregulation of tumor-associated antigens (including BAGE, PD-L1, MAGE-3, AKAP4) in EVs of patients with nonsmall-cell lung cancer; higher expression of LZH8, HER2 and PSA in EVs from lymphoma patients; and even separation of tumor-derived EVs from those derived from healthy tissue according to their contents of VCAN, TNC, and THBS2 (Liu et al., 2019; Wu et al., 2019; Cordonnier et al., 2020; Hoshino et al., 2020). In neurodegenerative diseases, the amyloid-β and tau proteins have been detected in brain-secreted EVs from blood from patients with Alzheimer’s disease, and similarly for the α-synuclein protein in patients with Parkinson’s disease (Badhwar and Haqqani, 2020; Yu et al., 2020). In the autoimmune disease rheumatoid arthritis, patients with more IgM rheumatoid-factor-positive EVs have higher disease activity (Arntz et al., 2018). Higher levels of CD31 and annexin A5 have been reported for EVs of patients who later develop major adverse cardiovascular and cerebral events, which also indicates the involvement of EVs in cardiovascular diseases (Johnsen et al., 2019).
As well as such changes in their molecular composition in blood, the EV concentrations and size profile might be linked to physiological factors like hypoxia, autophagy or stress, and hence be typical for a diverse set of diseases (Vasconcelos et al., 2019). Indeed, increases in plasma EV levels have been reported in connection with several cancers (Navarro et al., 2019; Badovinac et al., 2021), and also for cardiovascular and autoimmune diseases (Dickhout and Koenen, 2018; Maione et al., 2020).
Despite great interest in EVs as biomarkers of pathologies, it remains challenging to entirely separate EVs from other blood nanoparticles, such as proteins and lipoproteins, and potentially viruses, due to their overlapping characteristics (Figure 1; Table 1). Consequently, isolation and downstream analysis of EVs isolated from blood plasma remain a unique challenge (Bracht et al., 2018; Freitas et al., 2019; Geeurickx and Hendrix, 2020; Nieuwland et al., 2020), with important impact on biomarker study outcomes. To help to improve rigor, reproducibility, and reliability of EV biomarker studies, we describe here the major contaminants of EV isolates from blood plasma, and we report on how different EV isolation methods can affect their levels, and how remaining contaminants can affect the interpretation of downstream EV analysis.
[image: Figure 1]FIGURE 1 | Possible nano-sized contaminants in an extracellular vesicle isolate of blood plasma. Lipoproteins larger than high density lipoproteins (HDLs) and larger protein aggregates/complexes are similar to EVs in size. HDLs have similar density, and viruses can be of similar density and size as EVs. Soluble proteins are smaller and denser than EVs, but they can form a protein biocorona around EVs or aggregate with any other nanoparticles during the isolation procedures, which will also contribute to contamination of EV isolates. EVs, extracellular vesicles; HDLs, high density lipoproteins; LDL, low-density lipoproteins; Lp(a), lipoprotein a; ILDs, intermediate-density lipoproteins; VLDLs, very low density lipoproteins. Part of this figure was modified from SMART (Servier Medical Art), licensed under a Creative Common Attribution 3.0 Unported License. http://smart.servier.com/.
TABLE 1 | Characteristics of blood plasma nanoparticles.
[image: Table 1]CONTAMINANTS OF EXTRACELLULAR VESICLE ISOLATES FROM BLOOD PLASMA AND THEIR RELEVANCE FOR EXTRACELLULAR VESICLE ISOLATION AND CHARACTERIZATION
Blood is the most commonly used body fluid for liquid biopsies – a term that refers to the assessment of biomarkers in biological fluids, as a minimally invasive alternative to tissue biopsies. EVs are emerging as promising new biomarkers in liquid biopsies; however, blood plasma is a very complex biofluid (Lötvall et al., 2014; Lu et al., 2019; Notarangelo et al., 2019; Ruhen and Meehan, 2019; Vasconcelos et al., 2019; Pang et al., 2020). The abundance of different types of plasma nanoparticles thus leads to challenges for EV isolation and characterization.
In the context of diseases, the main plasma nanoparticles of interest are EVs, which can accumulate in the blood after their release from specific pathological tissues, while the blood itself also contains a variety of cells that release EVs. It has been shown that up to 30% of blood EVs are erythrocyte-derived EVs, and up to 20% are leucocyte-derived EVs (Berckmans et al., 2019). Platelets are an anuclear component of blood, and these require special attention as platelet-derived EVs are the most abundant EVs in human blood, as they represent 50–90% of all circulating large EVs in healthy subjects (Table 1) (Berckmans et al., 2019; Taus et al., 2019). Their elevated concentrations in blood are linked to vascular diseases and even to some types of cancers, and thus these can carry important clinical information (González and Falcón-Pérez, 2015). On the other hand, due to the important role of platelets in the process of thrombosis, these are particularly susceptible to activation during blood collection and handling. This can lead to abundant ex-vivo platelet vesiculation, especially if there is a delay between sample collection and processing (Brahmer et al., 2019; Taus et al., 2019; Tripisciano et al., 2020; Antich-Rosselló et al., 2021; Puhm et al., 2021). This uncontrolled release of nonphysiological EVs can adversely affect downstream EV analysis; e.g., it has been shown that contaminating platelet-derived EVs can skew the isolated miRNAs populations in patient and control samples (Palviainen et al., 2020). Further important pre-analytical factors that can affect isolation and characterization of EVs include size of the needle used to draw the blood, correct handling of blood samples, and prompt and complete separation of plasma from uncoagulated blood cells and platelets (i.e., to limit their activation). The purity of EV preparations can be evaluated by flow cytometric quantification of CD41+, CD42+ or CD62P + nanoparticles, which are characteristic of platelet-derived EVs (Pugholm et al., 2016; Berckmans et al., 2019; Brahmer et al., 2019).
Proteins and protein aggregates are the most common nonEV contaminants of EV preparations from blood, and these can considerably impact the downstream analyses (Table 1) (Yuana et al., 2014; Sódar et al., 2016; Takov et al., 2019; Théry et al., 2019). Blood plasma contains approximately 60 mg/ml to 80 mg/ml protein, with wide ranges of concentrations of different proteins (i.e., pg/mL to mg/mL) and a vast heterogeneity of their glycosylation profiles, as up to 50% of plasma proteins are glycosylated (Anderson and Anderson, 2002; Shamsi et al., 2012). About 50–60% of all plasma proteins are albumins, and 40% are globulins, of which 10–20% are immunoglobulins G (Leeman et al., 2018). Coagulation factors are the next most abundant proteins in the blood (e.g., fibrinogen, 4%), followed by lipoproteins (1%) and iron-binding/transferring proteins (1%), with <1% of the total circulating proteins represented by different hormones, lysosomal proteins, proteins released from dead or damaged cells, proteins related to diseases or infection (e.g., cytokines, components of the complement), and also biotherapeutic proteins used as drugs (Karimi et al., 2018; Geyer et al., 2019; Pietrowska et al., 2019). These proteins can all contribute to the formation of protein aggregates, which can have similar biophysical properties as EVs, such as size, charge, and buoyant density, and which can thus co-isolate and contaminate EV preparations (Sódar et al., 2016; Simonsen, 2017; Johnsen et al., 2019). The concentration of cell-free nucleic acids can also increase in correlation to different diseases such as cancers, autoimmune diseases, and inflammatory reactions (Endzelinš et al., 2017; Zhang L. et al., 2019; Duvvuri and Lood, 2019). These cell-free nucleic acids and the proteins bound to them can also form insoluble aggregates in the blood (Duvvuri and Lood, 2019).
Recent studies on EVs and previous studies on nanoparticles of nonbiological origin have suggested that the same sets of proteins can bind physiologically to the surface of EVs in body fluids to form the protein corona, which thus coats the EVs (Palviainen et al., 2019; Priyanka et al., 2020). The composition of the protein corona depends on the composition of the biofluid and its protein concentration, on the fluid conditions (i.e., static vs. flowing), and on the temperature and nanoparticle properties (Nguyen and Lee, 2017). In blood, the EV protein corona typically consists of immunoglobulins, complement proteins, coagulation factors, cytokines, enzymes, DNA, and RNAs (Cvjetkovic et al., 2016; Buzás et al., 2018). When blood proteins are part of the protein corona, they can have notable effects on EVs, including their mobility, interactions with their surroundings or target surfaces, and recognition by the immune system, which will affect the physiological role of the EVs (Strojan et al., 2017; Buzás et al., 2018; Charoenviriyakul et al., 2018; Skliar et al., 2018; Ezzat et al., 2019). It is therefore important to efficiently remove unbound blood proteins from EV isolates, while still appreciating the physiological roles of blood proteins that are bound to EVs as the protein corona. The purity of EV preparations can also be evaluated by determination of the nanoparticle-to-protein ratio or the nanoparticle-to-lipid ratio (Théry et al., 2019).
Another common contaminant of blood EV isolates are the lipoproteins (Table 1). These are spherical particles that transport the major lipids in the bloodstream of humans throughout the body. They consist of an amphipathic surface of protein(s), free cholesterol, and phospholipids, which surround a hydrophobic core that contains cholesterol esters and triacylglycerols (Ference et al., 2020). Depending on the lipid and protein contents, these circulating lipoproteins are separated into high density lipoproteins (HDLs), low density lipoproteins (LDLs), intermediate density lipoproteins (IDLs), very low density lipoproteins (VLDLs), lipoprotein a (Lp(a)), chylomicrons, and chylomicron remnants (Table 1). Lipoproteins can be identified based on their sizes, chemical compositions, physicochemical and flotation characteristics, and electrophoretic mobilities (Nakajima et al., 2001; Feingold and Grunfeld, 2010; Pasquetto et al., 2016; Karimi et al., 2018). Importantly, lipoproteins share either similar sizes or densities with EVs (Figure 1; Table 1) (Karimi et al., 2018; Johnsen et al., 2019). In blood, these lipoproteins are at concentrations far higher than those of EVs (Johnsen et al., 2019). They also fluctuate intra- and inter-individually, and are significantly affected by prandial status (Varga et al., 2014; Simonsen, 2017). Additionally, HDLs and LDLs have both been shown to transport miRNAs, which can co-isolate with EV-associated RNAs (Vickers et al., 2011; Mateescu et al., 2017). Also, LDLs added to pure EV preparations can associate with the EV surface in vitro, and lipoprotein–EV interactions appear to even have roles in the pathogenesis of atherothrombosis, which highlights the likelihood of lipoprotein co-isolation with EVs (Sódar et al., 2016; Chiva-Blanch and Badimon, 2019). It is thus important to take special care to remove lipoproteins from EVs in samples before downstream analysis, and to sufficiently test for lipoprotein contamination in EV isolates. The purity of EV preparations can be evaluated by determining the apolipoprotein concentrations (ApoA1 for HDLs; ApoB, ApoE for other lipoproteins) in samples by enzyme-linked immunosorbent assays (ELISA) or Western blotting (Dong et al., 2020; Matsumoto et al., 2020; Zhang et al., 2020; Ji et al., 2021).
In the context of infectious diseases, infectious agents like viruses can also co-isolate with blood EVs (Table 1). Viral particles share similar biophysical properties with EVs, such as size, molecular composition, and physical features (Martin-Jaular et al., 2021). For example, enveloped viruses can share several biogenesis pathways with EVs, such as seen for Human immunodeficiency virus and Hepatitis C virus. This results in secretion of diverse types of nanoparticles from infected cells, such as naked virions, EVs containing infective viral genomes and quasi-enveloped viruses, classical complete viral particles, and also EVs modified by the infection and EVs that are not altered by the infection (Nolte-‘t Hoen et al., 2016; Sódar et al., 2016; Ramirez et al., 2018; Martins and Alves, 2020; Martin-Jaular et al., 2021). Even in cases of nonenveloped viruses (e.g., Hepatitis A virus), EVs can provide an ‘envelope’ for the viruses and thus propagate infection to other cells (Nolte-‘t Hoen et al., 2016). Consequently, the separation of host EVs from any virions is extremely challenging, and at present this is limited to affinity-based purification strategies (Jung et al., 2020; Martin-Jaular et al., 2021). It is important to note that isolation of EVs from biological samples of patients with viral infections can also present safety risks for laboratory operators, which was indeed highlighted by the recent COVID-19 pandemic that was caused by Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 infection primarily affects the upper respiratory tract and lungs, but the virus can also be detected in blood (Nunez Lopez et al., 2021). Even though additional treatments of clinical samples prior to EV isolation from blood can have a profound impact on their isolation and related contaminants, inactivation of SARS-CoV-2 by heat or solvent–detergent treatments is recommended (Jureka et al., 2020; Frigerio et al., 2021).
Finally here, bacterial EVs have also been found and quantified in human plasma samples (Tulkens et al., 2020). Collected, non-sterile blood samples can also be contaminated with fungi, which release fungal EVs that can co-purify with blood EVs (Sódar et al., 2017). It is, therefore, important to evaluate the possible biological contaminants of all body fluid samples also from the safety perspective, to eliminate or minimize the potential risk to laboratory personnel during the handling of samples. The presence of microbial contaminants in blood and EV isolates can be evaluated by checking for their genetic material using PCR.
To conclude, blood contains diverse nanoparticles besides EVs, which include proteins, lipoproteins and viruses. As these can be similar to EVs in terms of certain characteristics, they can be co-isolated with EVs from blood. It is thus important to select method(s) for isolation of EVs from blood that are compatible with the planned downstream analysis, and to determine the levels of contaminants in EV preparations. This is also highly encouraged by the recent guidelines for minimal information for studies on EVs, as supported by the International Society for Extracellular Vesicles (Théry et al., 2019). However, to improve the reliability and reproducibility of EV biomarker studies there remain important challenges to be overcome in terms of how preanalytical variables can affect the levels of nonEV nanoparticles in blood samples, and how these nonEV nanoparticles might affect EV isolation and downstream analysis.
THE SELECTION OF ISOLATION METHOD AFFECTS THE PURITY OF EXTRACELLULAR VESICLE ISOLATION FROM BLOOD
Extracellular vesicles can be isolated from biological fluids using diverse methods according to their sizes, densities, charges, or specific markers, such as size-exclusion chromatography (SEC), ultrafiltration, asymmetric flow field-flow fractionation (AF4), ultracentrifugation (over density gradients), precipitation, and immunoaffinity approaches (Witwer et al., 2013; Ramirez et al., 2018; Gandham et al., 2020). For in-depth descriptions of various isolation methods, please see previous publications (Monguió-Tortajada et al., 2019; Cocozza et al., 2020; Sidhom et al., 2020). The selection of the EV isolation method also influences the co-isolation of other blood nanoparticles with similar properties. Therefore, the choice of the method used is crucial, and should be made with the downstream analyses in mind. Table 2 provides a summary of the characteristics of the commonly used methods for isolation of EVs from human plasma.
TABLE 2 | Characteristics of the most commonly used methods for isolation of extracellular vesicles (EVs) from human plasma.
[image: Table 2]Extracellular Vesicle Isolation Based on Particle Size
Size-Exclusion Chromatography
As for ultrafiltration (see below), SEC is used to isolate EVs based on their sizes. In SEC, the particles move through the fixed stationary phase (beads with pores with specific diameters) with the fluid flow, either under gravity or under a small differential pressure (Taylor and Shah, 2015). Any particle that is small enough to enter the bead pores is delayed due to its increased path length. Instead, particles that are larger than the pore diameter cannot enter the beads, and thus travel along with the void volume of the fluid (Bo et al., 2014). Isolation of EVs from different body fluids by SEC usually leads to EV preparations that are free from significant protein contamination, where the EVs retain their structures and physiological functions, accompanied by very high vesicle yields (Baranyai et al., 2015; Gámez-Valero et al., 2016; Geeurickx et al., 2019). However, low levels of albumin contamination of such EV isolates have been reported (Baranyai et al., 2015; An et al., 2018). While SEC is mostly successful in removing HDLs, other lipoproteins of similar sizes to EVs (e.g., LDLs, IDLs, VLDLs, Lp(a), chylomicrons) can be co-isolated, which is especially problematic for blood with high lipoprotein concentrations (Sódar et al., 2016; Karimi et al., 2018; Takov et al., 2019; Holcar et al., 2020). In our hands, in EV-enriched samples compared to plasma, SEC leads to a 100-fold reduction in ApoA1 concentrations (HDL marker) and a 50-fold reduction in ApoB100 concentrations (LDL, IDL, VLDL, Lp(a) marker) (Holcar et al., 2020). Such EV preparations are especially problematic when used for size and concentration determinations, as most techniques do not differentiate between the different nanoparticle types, such as EVs and lipoproteins. Care should also be taken when analyzing EV-bound miRNAs, as lipoproteins are known to transport RNA molecules, and also when performing functional assays, as lipoproteins can have biological effects (Vickers et al., 2011; Allen et al., 2018; Chiva-Blanch and Badimon, 2019; Freitas et al., 2019).
Ultrafiltration
In ultrafiltration, the use of membrane filters provides enrichment of EVs depending on their size in relation to the membrane pore size. In addition to centrifugal ultrafiltration, tangential flow filtration can also be used, where a sample does not flow through the membrane, but moves in a stream across the ultrafiltration membrane, in ‘tangential flow’ (Liangsupree et al., 2021). The isolation process of ultrafiltration can be influenced by the selection of filters with different pore sizes (e.g., 0.8, 0.45, 0.22, 0.1 µm) or of different materials (e.g., regenerated cellulose, stabilized cellulose, polyethersulfone, cellulose triacetate, anodic aluminum oxide, track-etched polycarbonate) (Vergauwen et al., 2017; Liangsupree et al., 2021). As several blood nanoparticles are similar in size to EVs, protein aggregates and lipoproteins are typically abundantly present in EV samples isolated from blood plasma by ultrafiltration (Ramirez et al., 2018). When isolating EVs from such complex biofluids, ultrafiltration is mainly used to concentrate down large volumes of sample in conjunction with other EV isolation methods, such as SEC or AF4 (Muller et al., 2014; Vergauwen et al., 2017; Dong et al., 2020). The chosen combination of methods affects the yields and characteristics of the EV isolates.
Unspecific binding of EVs to membranes used for ultrafiltration can also dramatically affect the yield of EV isolates. In a comparison of five different commonly used centrifugal filter types for their efficiency in concentrating recombinant GFP-labeled EVs spiked into phosphate-buffered saline, Vergauwen et al. (2017) investigated the membrane material (regenerated cellulose, Hydrosart, polyethersulfone, cellulose triacetate) and the pore size (10, 100 kDa). They concluded that regenerated cellulose membranes with a pore size of 10 kDa provided more than 100% recovery efficiency. Further, less than 40% recovery was achieved with the other filters, possibly due to binding of EVs to the membranes (Vergauwen et al., 2017).
As pressure or centrifugal force is commonly used to speed up ultrafiltration methods, EVs can also be deformed, or their size profiles can be shifted to smaller sizes. Finally, removal of all cells and cell remnants from blood plasma prior to ultrafiltration is necessary, as these can be similarly deformed into smaller particles when pushed through filter membranes, which can then be indistinguishable from physiological EVs.
Asymmetric Flow Field-Flow Fractionation
Particles can also be separated based on their diffusion coefficient using AF4, which has recently gained popularity for EV isolation (Sitar et al., 2015, 2017; Contado, 2017; Leeman et al., 2018; Oeyen et al., 2018; Zhang et al., 2018; Zhang and Lyden, 2019; Holcar et al., 2020; Wu et al., 2020). High-resolution separation (from a few nanometers up to micrometers) is achieved in a channel within a parabolic flow profile, against which a perpendicular cross-flow is applied. The particles are driven by the cross-flow toward the accumulation wall at the bottom of the channel, while also diffusing back into the channel because of the counteracting Brownian motion. Small particles with high diffusion coefficients float closer to the channel center and are displaced by the faster flow of the parabolic stream, whereas larger particles with smaller diffusion coefficients remain closer to the accumulation wall and are displaced by the slower flow. Thus, the particles are fractioned from smaller to larger sizes (Sitar et al., 2015; Contado, 2017). Importantly, due to the absence of a stationary phase, the separation in the channel is gentle and the surface area available for unwanted interactions is limited, which helps to preserve particle structure and avoid particle aggregation and loss (Wagner et al., 2014). However, blood nanoparticles of similar sizes to EVs can co-isolate, as seen for other methods of separation based on size. If AF4 is connected to a UV detector, protein aggregates and lipoprotein contaminants can be detected at 280 nm (Scheffer et al., 1997).
Extracellular Vesicle Isolation Based on Particle Sedimentation Rate
Ultracentrifugation
Ultracentrifugation is the most commonly used method for isolating EVs (Furi et al., 2017). It involves centrifugation at high centrifugal forces (≥1,000,00× g) to separate particles depending on their sizes, shapes, and flotation densities. EV yields are dependent on the centrifugal force, rotor type (i.e., fixed angle vs. swinging bucket), pelleting efficiency (i.e., rotor and tube k-factors), and sample viscosity (Taylor and Shah, 2015). For example, different rotor pelleting efficiencies can result in different EV yields when isolating EVs from the same fluid, even when centrifuged for the same length of time (Witwer et al., 2013). Before ultracentrifugation, it is necessary to remove the cells, cellular debris, larger protein aggregates, and lipoproteins that differ in density to EVs, using differential centrifugation. This complex process leads to lower EV recovery, which can be additionally affected by the trapping of EVs by protein aggregates (Baranyai et al., 2015; Helwa et al., 2017). Repeated washing steps can reduce protein contaminants to some extent, but Western blotting indicates that albumin can remain in such EV preparations (Baranyai et al., 2015).
Another common contaminant in EV preparations after ultracentrifugation are HDLs, which are smaller but have similar flotation densities to EVs (Yuana et al., 2015). The purities can be improved by including additional separation through sucrose, iodixanol, or KBr density gradients, although these can further reduce the yield of EV preparations (Onódi et al., 2018). Specifically, ultracentrifugation separates low-density EVs (1.10–1.19 g/ml) from other particles with similar sedimentation coefficients, such as protein and RNA aggregates; however, HDLs (with densities 1.063–1.21 g/ml) can still be co-isolated (Lenassi et al., 2010; Yuana et al., 2014; Taylor and Shah, 2015; Konoshenko et al., 2018; Ramirez et al., 2018).
Extracellular Vesicle Isolation Based on Solubility
Polymer polyethylene glycol (PEG), protein organic solvent precipitation (PROSPR) plus cold acetone or acetate-based isolation can be used to precipitate EVs based on removal of water; alternatively, protamine is a positively charged molecule used to form aggregates with negatively charged EVs (Deregibus et al., 2016; Gámez-Valero et al., 2016). Such precipitation methods are very unspecific for EV isolation as they can co-precipitate protein and RNA aggregates, lipoproteins, and any other nanoparticles with similar properties to EVs (Helwa et al., 2017; Konoshenko et al., 2018). The precipitating agent also becomes another potential contaminant that remains in the EV preparations, and therefore this method has a limited choice for downstream analysis. Precipitation is mainly used coupled to other EV isolation methods in connection with RNA characterization, or on low sample volumes (Gardiner et al., 2016). However, care needs to be taken when interpreting the results (Ramirez et al., 2018; Zhang et al., 2020). Several commercial kits are available, with differences reported for the yields, size distributions, and purities of the precipitated EVs (Patel et al., 2019).
Extracellular Vesicle Isolation Based on Specific Markers
The presence of specific transmembrane proteins, receptors, and lipids on the surface of EVs allows for the isolation of EV subpopulations using immunoaffinity, which is based on strong and specific interactions between EV-specific antigens and related antibodies (Witwer et al., 2013). Most commonly, antibodies are bound to beads or other matrices, and they recognize different tetraspanins (e.g., CD9, CD63, CD81) or phosphatidylserine on the surface of EVs (Geeurickx et al., 2019; Martin-Jaular et al., 2021). Alternatively, negative selection for immune-depletion of unwanted components can be used before other EV isolation steps, which can remove the highly abundant blood proteins and lipoproteins (Mørk et al., 2017). Immunoaffinity separation is recommended for highly specific separation of EV subpopulations that carry characteristic markers (Witwer et al., 2013; Ramirez et al., 2018; Chen J. et al., 2019). Contaminants can be efficiently removed from such EV isolates, although broad knowledge of the EVs under study is needed, as otherwise information can be lost by the removal of EVs that do not carry the specific marker. The binding of antibodies to target EVs is also very strong, so their removal from the captured EVs is difficult, with the risk of adversely affecting the EVs in the process.
Emerging Methods for Extracellular Vesicle Isolation
The more recently emerged microfluidics-based techniques show promise for an essential role in isolation, detection, and analysis of plasma EVs in the future (Guo et al., 2018). These are based on trapping EVs in microchannels, where the isolation, detection, and analysis of the EVs occur on a single integrated circuit of only a few square centimeters of a chip (Han et al., 2020). Microfluidics allow the processing of samples with very low volumes, thus also reducing the consumption of reagents. More importantly, even though microfluidics methods integrate multiple functional modules, they can be automated, which can provide high throughput and precision with short processing times (Chen YS. et al., 2019). Despite these advantages, the isolation step in microfluidics is often based on the same EV characteristics as described for classical isolation methods (i.e., surface biomarkers, size), and therefore these methods share the same limitations in terms of contaminants.
To overcome this, new methods have been developed. The use of devices with external force, such as electrophoretic or acoustic forces, can provide label-free isolation of EVs with relatively high purities and yields (Wu et al., 2017; Shi et al., 2019). Same applies to devices without external force, such as dynamic lateral displacement with nanopillars and viscoelastic inertial flow. However, both approaches demand high costs and precise operating conditions (Salafi et al., 2019). Recently, aqueous two-phase systems with bulky centrifugation have been used to separate EVs with high yields and moderate purities (Han et al., 2020). For aqueous two-phase systems on-chip, these are formed by dissolving two incompatible polymers, or a polymer and a salt, in water in a microfluidic channel, which can provide quick separation of EVs from proteins, and can be followed by precise collection at the outlet by laminar flow separation (Han et al., 2020).
These on-chip EV isolation methods can be followed by conventional detection and analysis of the EV isolates, or can be coupled to downstream microfluidics-based EV characterization (Guo et al., 2018; Lu et al., 2019), while retaining the same limitations in terms of the remaining contaminants. Integration of a microfluidics chip that lyses EVs using a surface acoustic wave, with a concentration and sensing microfluidics chip and an electrokinetic membrane sensor, recently showed potential for absolute quantification of both free-floating miRNAs and EV–miRNAs in plasma (Ramshani et al., 2019). Moreover, a microfluidics system that combines a membrane-based filtration module with a magnetic-bead-based immunoassay provided automated EV isolation and characterization directly from whole human blood (Chen YS. et al., 2019).
Integration of EV isolation with on-chip analysis also has great potential in cancer diagnosis and for monitoring of treatment responses, although standardized procedures for sample collection, storage, and pre-treatment, as well as the positive and negative criteria for the tested biomarkers, need to be determined before this can be fully translated into theranostics (Lu et al., 2019; Soekmadji et al., 2020). Moreover, the production of such chips is still very complex and expensive. At the moment, the lack of inexpensive, simple to use, scalable, and robust methods for the production of microfluidics devices is preventing the rapid mainstream adaptation of these technologies. However, in the future, microfluidics systems combined with viscoelastic fluids, optics, and plasmonics should provide opportunities for automated, transportable, precise, and high-throughput EV research, particularly when combined with the potential to be integrated with a smartphone or with machine-learning tools (Meng et al., 2021).
In summary, EVs can be isolated from blood using diverse techniques, each of which has its own advantages and disadvantages. A good understanding of possible contaminants in relation to EV isolation methods is thus needed for the appropriate selection of the downstream EV analysis methods and data interpretation. Combining two or more methods that can separate particles based on different EV characteristics is ideal to obtain pure EV preparations (Geeurickx et al., 2019; Zhang et al., 2020; Elgamal et al., 2021; Ji et al., 2021), although this can lead to increased losses of EVs, and is constrained by typically low starting volumes of biological samples. Advances in microfluidics hold great potential for rapid isolation of EVs from very small sample volumes; however, further improvements and validation are needed for clinical applications (Konoshenko et al., 2018; Chen J. et al., 2019; Ji et al., 2021; Pasetto et al., 2021).
INTERPRETATION OF DOWNSTREAM CHARACTERIZATION METHODS IN BLOOD BIOMARKER STUDIES DEPENDS ON THE PURITY OF THE EXTRACELLULAR VESICLE PREPARATIONS
Extracellular vesicle characterization methods can generally be divided into biochemical methods, which help to identify the nucleic acid, protein, lipid, and metabolite compositions of EVs, and biophysical methods, which help to describe EVs according to size, concentration, charge, density, stiffness, and light scattering. Better characterization of EVs is important to understand their fundamental roles in physiological and pathological processes, and this knowledge also needs to be translated into the clinic to be used for improved diagnostics and therapies. To improve the interpretation of EV functional studies and the reliability and reproducibility of EV biomarker studies, an understanding of the influence of blood contaminants on EV characterization is needed. The first step is to understand the main principle of analysis for each technique and if it can account for the contaminants that are expected to be present in the samples after the preceding EV isolation method.
Biochemical Methods for Identification of the Molecular Composition of Extracellular Vesicles
Most EV studies are interested in their nucleic acid and protein compositions, although there is increasing interest also for their lipids and metabolites (Gassart et al., 2003; Lydic et al., 2016; Ditiatkovski et al., 2020). The molecular composition of EVs is dependent on the type of the cell or tissue of origin, and also reflects their (patho)physiological state. This can help to identify origin-specific subsets of EVs in the blood, and to detect EV molecular signatures related to diseases. Therefore, blood EVs are a very promising source of biomarkers for diverse diseases.
Extracellular vesicle-associated RNAs (most commonly miRNAs, but also long noncoding RNAs, viral RNAs) represent one of the most promising and frequently studied EV-related biomarkers, as these have important roles in disease etiology and pathogenesis, and are present in sufficient quantities for detection by established molecular methods (Amorim et al., 2017; Mateescu et al., 2017; Tang et al., 2017; Soekmadji et al., 2018; Profiling et al., 2019; Srinivasan et al., 2019; Driedonks et al., 2020; Hooten, 2020; Liang et al., 2020). Much less is known about EV-associated DNA, although it appears that the DNA can be located in the EV lumen or attached to the surface of EVs as single or double-stranded molecules that are protected from degradation by the bound histones. EV-associated DNA is also heterogeneous in origin (i.e., genomic, mitochondrial) and size (i.e., a few hundred base pairs in small EVs, up to >2 million base pairs in large EVs) (Goričar et al., 2021). EVs protect the nucleic acids from degradation by nucleases that are commonly present in biological fluids, making them remarkably stable under different storage conditions.
To gain unbiased knowledge, next-generation sequencing or PCR profiling arrays have been used to analyze nucleic acids extracted from EVs, while quantitative PCR is used to test interesting targets on larger cohorts (Soekmadji et al., 2018). As changes in EV-enclosed RNA compositions due to diseases can be relatively small, it is important to remove any extra-vesicular RNAs that might be bound to co-isolated contaminants (Gallo et al., 2012; Bracht et al., 2021). Protein and lipoprotein contaminants are known to carry miRNAs in the blood, and might therefore alter EV RNA analysis (Vickers et al., 2011; Vergauwen et al., 2017; Buzás et al., 2018). Before RNA analysis, EV preparations can thus be processed using proteinases and RNases to remove extra-vesicular RNA (Bracht et al., 2021). If platelet-derived EVs are also present due to improper collecting and processing of the blood, then these can overshadow the pathology-dependent miRNA signals (Palviainen et al., 2020). Cell-free DNA analysis, on the other hand, is mostly constrained by the low quantity and fragmentation of EV-bound DNA, and is not particularly affected by blood contaminants (Zhang L. et al., 2019; Keller et al., 2021).
Extracellular vesicle-associated proteins are another promising source of biomarkers, as these can have many important roles in disease pathologies. Surface proteins can be used for enrichment of EVs that carry specific markers, or for direct quantification of specific EV subpopulations, which overcomes the problem of dilution of pathology-related EV signals in the blood. For quantification of specific protein targets, Western blotting or ELISA are most often used, while for unbiased characterization of EV-associated proteins, mass spectrometry and EV flow cytometry (described in Section 4.2) are generally used (Pocsfalvi et al., 2016; Görgens et al., 2019; Tian et al., 2020; Martin-Jaular et al., 2021). The presence of EVs in a sample can often be confirmed using Western blotting of common EV-related proteins, such as tetraspanins, Alix, Tsg101, and HSP70. As most EV markers are also detectable in whole cells, sample purity should be assessed by EV-negative controls, such as calnexin or histones (Ramirez et al., 2018). ELISA can provide relatively cheap detection of target proteins in a large number of samples, and it is therefore well established and widely used in research and medical applications (Pocsfalvi et al., 2016).
Commercial EV protein detection platforms and kits are now becoming available to simplify EV protein analysis. Commercial ELISA kits can help with quantification of generic EV-positive markers, such as tetraspanins, or disease-related membrane proteins, like PD-L1 or ICAM-1, or EV luminal cargo, like cytokines (Nardi et al., 2016; Hosseinkhani et al., 2017; Hosseinkhani et al., 2020; Venkatesan et al., 2017; Willis et al., 2017; Cordonnier et al., 2020). ELISA can also be used to measure the level of contaminants in a sample (e.g., apolipoproteins, albumin) (Nardi et al., 2016; Holcar et al., 2020). Other antibody-based methods include phenotyping of EVs using diverse antibody-coated bead technologies (e.g., flow cytometry bead-based multiplex analysis, such as ‘MACSPlex’ technology; multiplex bead-based immunoassays, such as ‘Luminex’ technology) or antibody-coated surfaces (e.g., EV protein arrays; multiplexed microarray chips for the immuno-capture of EVs, such as ‘ExoView’ technology) (Rausch et al., 2016; Bachurski et al., 2019; Brahmer et al., 2019; Štok et al., 2020). Users can usually decide between predetermined combinations of antigens included in a test (as usually CD9, CD63, CD81), or they can obtain a custom combination of chosen targets.
Rapid growth of mass-spectrometry-based strategies for proteome characterization has in recent years improved the level of molecular details that can be obtained from limited amounts of EVs isolated from blood (Rosa-Fernandes et al., 2017). The basic workflow for EV proteome determination using mass spectrometry is based on tryptic digestion of the extracted protein mixture, followed by separation of proteins by nano high-pressure liquid chromatography and detection by tandem mass spectrometry (i.e., ‘nanoHPLC-MS/MS’). This technique can identify thousands of proteins in a mixture, although distinguishing rarer proteins of interest from the background of highly abundant proteins can be a real challenge (Ruhen and Meehan, 2019). In all of these mentioned methods, protein and lipoprotein contaminants of EV isolates would directly affect the EV protein analysis, and therefore these need to be removed or allowed for. The latter can be achieved by co-analysis of lipoprotein- and protein-depleted samples during the method development, thus defining the contribution of the contaminants to the final results, or by quantifying the (lipo)protein concentrations in EV samples using simple methods such as ELISA.
According to MISEV 2018, albumin and apolipoproteins are the best markers of EV isolate contamination (Théry et al., 2019). To account for contamination with blood (lipo)proteins, albumin and ApoA1 (for HDLs) and ApoB (for LDLs, IDLs, VLDLs, Lp(a) and chylomicrons) levels can be determined by ELISA or Western blotting (Baranyai et al., 2015; Hong et al., 2016; Pietrowska et al., 2019; Gaspar et al., 2020; Holcar et al., 2020). To remove proteins, EV preparations can be processed using the proteases proteinase K, trypsin, and others, although this can impact upon the availability of any surface antigens, and thus impact upon the EV analysis (Muller et al., 2014; Shelke et al., 2014; Cvjetkovic et al., 2016; Stewart et al., 2016; Chettimada et al., 2018; Skliar et al., 2018; Choi et al., 2020).
Biophysical Methods for Characterization of Extracellular Vesicle Size and Concentration
Certain pathological factors can induce changes in EV size profiles and concentrations, such as hypoxia, autophagy, and stress (all typical of cancers). Thus, these biophysical characteristics of EVs can also be evaluated as biomarkers of disease states. Additionally, the sizes, charge, and membrane stiffness of EVs can affect their interactions with other particles or membranes, and are therefore important for the functional roles of EVs (Zhang et al., 2018).
Nanoparticle Tracking Analysis and Dynamic Light Scattering
These techniques both combine laser-light scattering of the particles in the sample for the measurement of the concentration and size distributions (Filipe et al., 2010). They are also both dependent on the Brownian movement of nanoparticles in solution. Nanoparticle tracking analysis (NTA) measures this movement through tracking and analysis of the particles under the microscope, and detection using a charge-coupled device camera for the amount of laser light refraction on a particle-by-particle basis. The movement of the nanoparticles is related to their size, with the refractive index of the nanoparticles as the limiting factor for detection. NTA can be used to detect particles with a hydrodynamic diameter of 30–1,000 nm (Chernyshev et al., 2015).
Dynamic light scattering (DLS) records time-dependent fluctuations in the scattered light intensity caused by interference from the nanoparticles in a sample, without visualizing the nanoparticles. It measures all of the particles in a suspension in the size range of 5–6,000 nm at the same time. The reported average particle size is thus biased toward the larger particles within a sample, as these scatter light more intensely than the smaller particles. DLS can also measure the charge that develops at the interface between the surface of EVs and their liquid medium, which is known as the zeta potential. The zeta potential of EVs is usually from -9 mV to -16 mV (Zhang et al., 2018). DLS is very effective for the analysis of homogeneous solutions of very small particles, whereas particle-by-particle measurement using the NTA approach is better for polydispersed samples, although larger particles can hinder detection of EVs in the sample by saturation of the camera, which will distort the results (Palmieri et al., 2014; Erdbrügger et al., 2016). As NTA and DLS detect particles only indirectly through refracted laser light, contaminants of similar sizes to the EVs will be indiscriminately detected and measured along with the EVs, such as protein aggregates, immune complexes or lipoproteins, thus effecting the analysis (Mørk et al., 2017). NTA and DLS should thus ideally follow EV isolation techniques that minimize contamination of EVs with particles in the same size range as EVs, or larger. Lipoproteins other than HDLs, which are too small to be detected by these methods, can be separated from EVs by ultracentrifugation combined with a density gradient/cushion (e.g., sucrose, iodixanol, KBr), based on the differences in their densities (Yuana et al., 2014; Sódar et al., 2016; Karimi et al., 2018). Larger protein aggregates can be removed with mild proteolytic treatments, although the potential effects of such treatments on the perceived EV size and bioactive EV-protein corona should be considered (Cvjetkovic et al., 2016; Skliar et al., 2018; Choi et al., 2020).
Resistive Pulse Sensing
Resistive pulse sensing (RPS) is a method that can be used to determine EV size distributions and concentrations, with detection here based on a transient change in an electric signal (Witwer et al., 2013). The system consists of two fluid cells that are filled with a conductive liquid, and that contain the sample. The fluid cells are separated by a nonconductive membrane with a single pore, which is under a baseline electric current. As a particle passes through the stretchable nanopore under the electric current, the current is transiently attenuated in proportion with the particle volume. As the detection range of specific particle sizes depends on the specific type of nanopore and the stretch that is applied to it, the use of various nanopore membranes is required to detect the entire EV size range when considering measurements of polydispersed EV populations with heterogeneous particle sizes (Witwer et al., 2013; Mørk et al., 2016; Ramirez et al., 2018). In some samples, pore-clogging can occur, which is another disadvantage of RPS (van der Pol et al., 2014). Like NTA, at the current stage, RPS does not provide particle phenotyping and discrimination between EVs and contaminants, such as protein aggregates or lipoproteins (Mørk et al., 2016).
Flow Cytometry
Flow cytometry is a technique that combines and uses principles of biochemical methods for the identification of the molecular compositions of EVs, and biophysical methods for characterization of EV sizes and concentrations. In classical flow cytometry, EVs can be labeled with fluorescent dyes and/or antibodies (e.g., against tetraspanins or a specific protein of interest). The samples are then passed through multiple lasers of differing wavelengths, with the scattered light detected. The amounts and directions of the forward scatter (i.e., ‘FSC’) or the fluorescence indicates the size of the EVs measured, while the side scatter (i.e., ‘SSC’) indicates the internal complexity of the observed particle (Gandham et al., 2020). Flow cytometry itself is a high-throughput, single-particle, multi-parameter analysis technique that can be used to analyze a large range of particle diameters (McVey et al., 2018).
The major problems and restrictions of flow cytometry for characterization of EVs do not arise as a result of contaminations of the EV samples; they are predominantly a consequence of technical limitations of the method itself. These include standardization of the light scattering and fluorescence data between different flow cytometers, limited resolution and detection of EVs <200 nm in diameter, the possibility of unspecific staining, and low brightness of the fluorochromes coupled to antibodies (Morales-Kastresana et al., 2017; McVey et al., 2018). This has led to the development of alternative approaches to improve small EV detection by flow cytometry, including nanoflow cytometry, high-resolution cytometry, and fluorescent triggering and imaging flow cytometry (Freitas et al., 2019; Görgens et al., 2019; Tian et al., 2020).
Similar to other techniques, another challenge of flow cytometry is the adequate and transparent reporting of the findings and the ambiguities inherent in the data interpretation (Welsh et al., 2017; Welsh et al., 2020a; Welsh et al., 2020b; Ramirez et al., 2018; Görgens et al., 2019; Tang et al., 2019; Ender et al., 2020). This was addressed in 2020 by a position paper on the minimum information that should be provided in an EV flow-cytometry-specific reporting framework (i.e., ‘MIFlowCyt-EV’). This publication defined the critical information that should be reported relating to experimental design, sample staining, and EV detection and measurement in studies that report EV flow-cytometry data. Standardized reporting can improve quantitative comparisons of results from different laboratories, and support the development of new instruments and assays (Welsh et al., 2020a). For deeper insight into EV flow cytometry, please also consult the following articles (Arraud et al., 2016; Welsh et al., 2017; Welsh et al., 2020a; van der Pol et al., 2018; Görgens et al., 2019; Tian et al., 2020; Yang and Rhee, 2021).
Transmission Electron Microscopy and Scanning Electron Microscopy
These electron microscopy techniques can be used for morphological and structural characterization of EVs, and for EV purity evaluation and contaminant identification (Cvjetkovic et al., 2016; Gámez-Valero et al., 2016). The methods are based on the detection of interactions between the electrons in fixed samples and those in the beam of accelerated electrons, which are transmitted through the sample in transmission electron microscopy (TEM), and over the surface of the sample in scanning electron microscopy (SEM). Differentiation of the edges and features of the sample depends primarily on the differences in the electron densities of different organic molecules in the samples. In electron microscopy, EVs can be observed as unstained, or can be stained to provide higher electron densities. Staining can be unspecific (e.g., osmium tetroxide, uranyl acetate, phosphotungstic acid) or specific (e.g., immunoTEM), with gold-labeled antibodies (Brisson et al., 2017). Protein aggregates have different electron densities than EVs after staining, which makes their presence in the sample very apparent (Muller et al., 2014; Hong et al., 2016; Karimi et al., 2018). Similarly, the presence of a clear phospholipid bilayer distinctly separates EVs from lipoproteins, even when they are of comparable sizes and shapes (Chernyshev et al., 2015; Sódar et al., 2016). However, the fixation and desiccation steps required for TEM and SEM can lead to nonuniform drying fronts, which can alter the sizes of EVs, and result in shape distortion (e.g., their characteristic ‘cup-shaped’ morphology) (Chernyshev et al., 2015). A special modification of classic TEM is provided by cryogenic (cryo-)TEM, which allows for direct observation of EVs without the dehydration, chemical fixation, and/or staining (Murata and Wolf, 2018). While cryo-TEM is particularly labor-intensive and requires a skilled operator, freezing of samples in their native hydrated state ensures the conservation of the physiological volume of the EVs. Capturing multiple dynamic states of EVs also allows three-dimensional tomography and spatial visualization of more complex structures in samples (Chernyshev et al., 2015; Murata and Wolf, 2018; Sharma et al., 2018). The maximum size of an observed object in cryo-TEM is limited by the thickness of the sample that can still be penetrated by the electron beam, which is ∼500 nm in the case of 300 kV TEM (Murata and Wolf, 2018).
Atomic Force Microscopy
Atomic force microscopy (AFM) is an emerging alternative to optical and electron diffraction methods for studying EVs. In AFM, a very fine tip of a probe (i.e., a few nanometers) is scanned over a sample, in raster, line-by-line. The height of the tip is adjusted based on the instrument feedback, which translates into mechanical information and the topography of the sample. This feedback to the instrument can come from the frequency or amplitude of the tip oscillation, and the force exerted on the cantilever by the surface, or some combination of these three (Sharma et al., 2018). AFM primarily explores the mechanical properties of a sample. In the case of EVs, it analyzes the stiffness of the surface of the EVs, which has been shown to be dependent on their (patho)physiological state (Parisse et al., 2017). AFM can simultaneously measure the distribution of EV sizes and map their stiffness with nanometric precision. An antibody-coated tip and surfaces (e.g., mica, glass) can also be used to examine subsets of EVs, or to functionally analyze the morphology and structural heterogeneity of EVs (Parisse et al., 2017; Sharma et al., 2018).
Similar to electron microscopy, AFM is not a method that is suited for the analysis of large numbers of samples, or for conducting statistical analysis of an EV population; however, it provides accurate analysis of individual vesicles and their surfaces. Isolation methods that can significantly alter the surface or even sizes of EVs can affect these analyses. Evident protein contamination, aggregation of the sample, use of immunoprecipitation as the method of isolation, or any treatments with enzymes can all alter the outer surface of EVs (including the protein corona), and therefore these should be carefully considered when interpreting the results (Woo et al., 2016).
To summarize, biochemical and biophysical EV analysis methods are in general affected by any remaining nanosized contaminants in the EV isolates, although these effects can be minimized by pairing the EV characterization analysis with compatible EV isolation method(s) in terms of potential contaminants. Alternatively, EV analysis data should be interpreted carefully, taking into account any influence on the experiment outcomes of contaminants that might be present. Deeper understanding of the EV analysis methods and how they are influenced by specific contaminants will help to improve the interpretation of EV biomarker studies, and thereby their reliability and reproducibility.
CONCLUSION AND FUTURE PERSPECTIVES
Extracellular vesicles are membrane-bound nanometer-to micrometer-sized particles, which in humans are released from all cells and can accumulate in the blood and other body fluids. The sizes, concentrations and molecular compositions of EVs reflect the type and state of their cell of origin, making them intriguing candidates for research and biomarker discovery (Holcar et al., 2020; Palviainen et al., 2020). Peripheral blood is easily accessible, and is thus one of the most desirable sources of biological EVs. However, blood is a very complex fluid that has an abundance of nanoparticles that share molecular or/and biophysical characteristics with EVs, and can therefore co-isolate from blood plasma. This can obscure the biomarker potential or biological relevance of EVs, thus also distorting the outcomes of biomarker studies. However, most biomarker studies do not address the problem of contaminants in EV isolates, and how they can affect the downstream analysis.
To the best of our knowledge, this review is the first comprehensive description of the effects of different EV isolation methods on the co-isolation of major contaminants from blood plasma, which also covers the effects that these contaminants can have on downstream EV analysis. To account for co-isolated contaminants and improve the interpretation of these biomarker studies, a good understanding of the main principles of analysis for each technique is also needed. We believe that the details provided and discussed here will help to improve the rigor, reproducibility, and reliability of future EV biomarker studies.
Despite high expectations, investment of considerable effort, and promising results, EV-related biomarkers have not yet been routinely implemented in clinical practice, and much of the basic EV research remains difficult to reproduce (Popovic et al., 2018; Elgamal et al., 2021). An important step to overcome this is to consciously strive for rigor in the standardization of methods used in the field, with special care dedicated to the preanalytical stages in particular (Théry et al., 2019; Welsh et al., 2020a; Nieuwland et al., 2020). Consistent quantification of nonEV contaminants, thorough and transparent reporting of protocols used (preferably using ISEV-recommended platforms, such as EV-TRACK), and use of EV-reference materials will also facilitate better inter-study comparisons and help to provide more reliable and nuanced interpretations of results obtained (Van Deun et al., 2017; Geeurickx et al., 2019; Görgens et al., 2019; Tang et al., 2019). Furthermore, the inherent heterogeneity of EVs should be further addressed by improvements to the existing methods for EV isolation and characterization, and by development of new methods or creative combinations of those already established (Chang et al., 2021; Ji et al., 2021; Martin-Jaular et al., 2021). Methods that can provide uniform subpopulations of EVs of high purities to which (sub)cellular origins can be attributed and for which functions can be defined will help to further the field and realize the full potential of EVs in the research and clinical settings.
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Alzheimer’s disease (AD) is the most common cause of dementia, yet there is no cure or diagnostics available prior to the onset of clinical symptoms. Extracellular vesicles (EVs) are lipid bilayer-delimited particles that are released from almost all types of cell. Genome-wide association studies have linked multiple AD genetic risk factors to microglia-specific pathways. It is plausible that microglia-derived EVs may play a role in the progression of AD by contributing to the dissemination of insoluble pathogenic proteins, such as tau and Aβ. Despite the potential utility of EVs as a diagnostic tool, our knowledge of human brain EV subpopulations is limited. Here we present a method for isolating microglial CD11b-positive small EVs from cryopreserved human brain tissue, as well as an integrated multiomics analysis of microglial EVs enriched from the parietal cortex of four late-stage AD (Braak V-VI) and three age-matched normal/low pathology (NL) cases. This integrated analysis revealed 1,000 proteins, 594 lipids, and 105 miRNAs using shotgun proteomics, targeted lipidomics, and NanoString nCounter technology, respectively. The results showed a significant reduction in the abundance of homeostatic microglia markers P2RY12 and TMEM119, and increased levels of disease-associated microglia markers FTH1 and TREM2, in CD11b-positive EVs from AD brain compared to NL cases. Tau abundance was significantly higher in AD brain-derived microglial EVs. These changes were accompanied by the upregulation of synaptic and neuron-specific proteins in the AD group. Levels of free cholesterol were elevated in microglial EVs from the AD brain. Lipidomic analysis also revealed a proinflammatory lipid profile, endolysosomal dysfunction, and a significant AD-associated decrease in levels of docosahexaenoic acid (DHA)-containing polyunsaturated lipids, suggesting a potential defect in acyl-chain remodeling. Additionally, four miRNAs associated with immune and cellular senescence signaling pathways were significantly upregulated in the AD group. Our data suggest that loss of the homeostatic microglia signature in late AD stages may be accompanied by endolysosomal impairment and the release of undigested neuronal and myelin debris, including tau, through extracellular vesicles. We suggest that the analysis of microglia-derived EVs has merit for identifying novel EV-associated biomarkers and providing a framework for future larger-scale multiomics studies on patient-derived cell-type-specific EVs.
Keywords: Alzheimer’s disease, extracellular vesicles, exosomes, microglia, omics analysis
INTRODUCTION
Alzheimer’s disease (AD) is the most common cause of dementia, yet there is no cure or diagnostics available prior to the onset of clinical symptoms (2021 Alzheimer’s disease facts and figures, 2021). The main neuropathological hallmarks of AD include the accumulation of amyloid beta peptide (Aβ)-containing plaques, hyperphosphorylated tau protein (p-tau)-composed neurofibrillary tangles, extensive neuroinflammation, synaptic loss, and neuronal cell death (Serrano-Pozoe et al., 2011). Numerous anti-AD drug candidates have proven to be effective in AD animal models but subsequently failed in clinical trials (Mehta et al., 2017). These failures can be attributed to three factors: 1) limited knowledge of the complex cellular and molecular mechanisms causing disease onset; 2) late initiation of the experimental treatments; and 3) inadequate monitoring of the treatment effects due to the absence of a biomarker panel that provides accurate longitudinal information regarding disease progression (Yiannopoulou et al., 2019).
Small extracellular vesicles (EVs), originating either from the plasma membrane (microvesicles) or from multivesicular bodies (exosomes), play a role in many of the major pathological and physiological pathways altered in AD, including Aβ aggregation (Dinkins et al., 2014; Kokubo, et al., 2005; Rajendran, et al., 2006; Yuyama, et al., 2014), spread of tau and Aβ seeds (Asai, et al., 2015; Bilousova, et al., 2018; Bilousova, et al., 2020; Joshi, et al., 2014; Sardar Sinha, et al., 2018), neuroinflammation (Pascual et al., 2020), synaptic transmission (An, et al., 2013), cell death (G. Wang, et al., 2012; Winston, et al., 2019), and senescence (D'Anca, et al., 2019). Interestingly, the two greatest genetic risk factors for late-onset AD (LOAD), apolipoprotein E (apoE) and bridging integrator-1(Bin1), are involved in EV biogenesis and/or cargo sorting (Crotti, et al., 2019; Peng, et al., 2019), suggesting direct involvement of EVs in the development AD pathophysiology. Moreover, the molecular composition of EVs reflects the state and makeup of their cells of origin, and thus, they may be an invaluable resource for identifying important biomarkers of the disease. Indeed, brain-derived EVs cross the blood–brain barrier (BBB) harboring disease-associated molecules such as p-tau and Aβ. In this context, they provide an accessible reservoir of biomarkers that might predict the development of AD at the asymptomatic stage, as well as the conversion from mild cognitive impairment (MCI)/prodromal stage to clinical AD (Fiandaca, et al., 2015; Goetzl et al., 2016; Goetzl et al., 2018; Hornung et al., 2020; Winston, et al., 2016).
Genome-wide association studies (GWAS) have identified multiple AD risk loci located in or near genes preferentially expressed in microglia, suggesting that microglial dysfunction may have a causative role in disease development (Takatori et al., 2019). Moreover, single-cell and single-nuclei RNA sequencing analysis (RNA-seq) revealed the presence of disease-associated microglia (DAM) clusters near Aβ plaques in both animal models and in the human AD brain (Butovsky and Weiner, 2018; Del-Aguila, et al., 2019; Mathys, et al., 2019). DAM populations are characterized by the loss of a homeostatic transcriptional signature, including decreases in purinergic 2Y receptor 12 (P2RY12), P2RY13, transmembrane protein 119 (TMEM119), CX3C chemokine receptor 1 (CX3CR1), and others, and activation of genes responsible for either proinflammatory microglia activation (Stage 1 DAM) or a neurodegeneration restrictive phenotype (Stage 2 DAM). Upregulation of apoE, ferritin heavy chain-1 (FTH-1), beta-2-microglobulin (B2m), major histocompatibility complex class I (MHC class 1), and DAP12 are changes associated with the Stage 1 DAM transcriptome profile, while increases in the triggering receptor expressed on myeloid cells 2 (TREM 2) and exosomal markers CD63 and CD9 are part of the Stage 2 DAM program (Deczkowska, et al., 2018; Xue and Du, 2021). Upregulation of exosomal markers suggests that an increase in exosome production may help to resolve inflammation; on the other hand, microglial EVs, specifically the neutral sphingomyelinase 2 (nSMase2)-dependent exosomal population, take part in spreading tau pathology in vitro and in mouse models of tauopathy (Asai, et al., 2015; Maphis, et al., 2015).
Despite progress identifying cell-specific EVs in body fluids (Fiandaca, et al., 2015; Goetzl et al., 2016; Goetzl, Mustapic, et al., 2016; Wang, et al., 2012; Willis, et al., 2017), it is important to note that little is known about the composition of cell-type-specific EV subpopulations isolated from human brain tissue. Changes in the brain EV proteome in human AD cases and animal models suggest the enrichment of a neurodegenerative microglial signature in bulk brain EV preparations (Muraoka, et al., 2020; Muraoka, et al., 2021). Our knowledge of the miRNA transcriptome and lipidome of AD brain-derived EVs is even more limited (Cheng, et al., 2020; Su, et al., 2021). Here we specifically focus on human microglia-derived EVs isolated from cryopreserved human tissue from late AD (Braak V-VI) and normal/low pathology (NL) cases in order to characterize their molecular profiles utilizing an integrative approach combining proteomic, transcriptomic (miRNA), and lipidomic analyses.
MATERIALS AND METHODS
Purification of Small Microglial EVs From Cryopreserved Human Brain Tissue
Human brain parietal cortex samples were prepared as described (Gylys and Bilousova, 2017) using tissue from cases with postmortem interval (PMI) less than or equal to 7 h. Briefly, following harvesting of the human brain from Brodmann area A7, A39, or A40, the tissue was finely minced (1–3 mm fragments) on ice and suspended in a solution of sucrose and protease inhibitors (0.32 M sucrose, 2 mM EDTA, 2 mM EGTA, 0.2 mM PMSF, 1 mM NaPP, 5 mM NaF, 10 mM Tris-HCL, pH 8.0), with 10 ml sucrose buffer/g tissue, and then slowly frozen to –80°C; this protocol is based on a described method (Dodd, et al., 1986). On the day of EV isolation, the cryopreserved brain tissue was quickly thawed at 37°C, centrifuged (1,000xg, 2 min, 4°C) to remove cryopreservation buffer, and weighed. The tissue was gently dissociated using an adult brain dissociation kit and a GentleMACS dissociator (Miltenyi Biotec) according to the instructions of the manufacturer (0.5 g of tissue per enzymatic reaction). In a recent study comparing six different enzyme protocols for cell dissociation from the rodent brain, this kit yielded the highest number of live cells (Hussain, et al., 2018). After the dissociation step, the cell suspension was passed through a MACS Smart strainer (70 μm; Miltenyi Biotec). Small EV fractions were purified by sequential centrifugation steps including sucrose density gradient ultracentrifugation followed by washing steps as described (Vella, et al., 2017). This protocol for brain EV isolation has been extensively validated in our previous publications and by others, and enrichment of small EVs in the 0.6 M sucrose layer (F2) has been demonstrated (Bilousova, et al., 2020; Huang, et al., 2020; Vassileff, et al., 2020; Zhu, et al., 2021). Final F2 pellets were resuspended in 25 mM trehalose in PBS, pH 7.4 with a protease and phosphatase inhibitor cocktail (ThermoFisher); the volume of the resuspension solution was adjusted based on the original brain tissue weight (1 g of tissue/150 µl solution). Trehalose prevents EV aggregation and serves as a cryopreservant (Bosch, et al., 2016). Small portions of the F2 small EV fractions were frozen at −80°C for further characterization (see below), and the remainder was used for immunoprecipitation (IP) of microglial EVs using antibodies for the myeloid cell-specific marker CD11b (BioLegend; Clone M1/70) or for control IP reactions with isotype control rat IgG2b antibodies (BioLegend; Clone RTK4530). Covalent coupling of antibodies to Dynabeads M-270 epoxy beads was performed with the Dynabead antibody coupling kit (ThermoFisher; 14311D) according to the instructions of the manufacturer. F2 fractions were incubated with a human-specific FcR blocking reagent (Milteny biotec) for 5 min on ice (5 µl of the blocking reagent per 100 µl of F2), followed by 1:20 dilution with 1% bovine serum albumin (BSA) in PBS, pH 7.4. We used 1.25 mg of antibody-coupled Dynabeads per 2 ml of the 1:20 diluted F2 sample. IP reactions were incubated overnight at 4°C with rotation, followed by 4 consecutive 10-min washes with rotation: the first wash with 0.1% BSA/PBS, the second wash with 25 mM citrate-phosphate buffer, pH 5 to reduce the amount of nonspecifically bound material as previously described (Heinzelman et al., 2016), followed by two washes with PBS, pH 7.4. Dynabeads with bound microglial EVs were aliquoted based on the original tissue weight (microglial EVs from 1 g of tissue per aliquot) and frozen at -80°C for downstream analysis.
Transmission Electron Microscopy (TEM)
For quality control purposes, small amounts of purified brain-derived EVs were loaded on the formvar/carbon 400 mesh copper EM grids (Ted Pella, Inc.), incubated for 30 min, then fixed in 2% paraformaldehyde solution (3 min), followed by washes with distilled water, and staining with 2% uranyl acetate solution (3 min). The grids were dried for at least 1 h at room temperature, and the negative-stained EVs were imaged on a JEOL 100CX electron microscope at 60 kV and ×29,000 magnification.
Tunable Resistive Pulse Sensing Analysis
Size distribution and concentrations of EV samples were measured by the Tunable Resistive Pulse Sensing (TRPS) method using the qNano Gold instrument (Izon Science). NP100 nanopore (particle size range: 50–330 nm) and CPC100 calibration particles were used for the analysis. Data analysis was performed using the qNano instrument software.
Immunoblotting
Microglial EVs were separated from Dynabeads by incubation in a Tris-Glycine SDS sample buffer without reducing agents at 95 C for 5 min after which immunoblot analysis was performed as described above. Proteins from microglial and total small EV fractions were separated by 10–20% Tris-Glycine SDS-PAGE under reducing (50 mM dithiothreitol) or nonreducing (for tetraspanins) conditions, transferred to PVDF membrane, and probed with primary antibodies (Table 1) followed by HRP-conjugated secondary antibodies (Jackson ImmunoResearch). Chemiluminescent signals were obtained with Super Signal West Femto substrate (Thermo Scientific Pierce 34095), detected using the BioSpectrum 600 imaging system, and quantified using the VisionWorks version 6.6A software (UVP; Upland, CA). Data were analyzed by Student’s t-test.
TABLE 1 | Antibodies used for immunoblot analysis of small EV (F2) fractions and microglial EVs isolated from human parietal cortex.
[image: Table 1]Proteomic Analysis
One aliquot of frozen microglial EVs isolated from 1 g of parietal cortex tissue from each case presented in Table 2 was used for the proteomic analysis. Microglial EV samples were diluted in lysis buffer [200 uL, 12 mM sodium lauroyl sarcosine, 0.5% sodium deoxycholate, 50 mM triethylammonium bicarbonate (TEAB)] and Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, Waltham, MA), and then were treated with tris(2-carboxyethyl) phosphine (10 mM, 30 min, 60°C), alkylated (chloroacetamide 40 mM, 30 min, 25°C in the dark), and digested with Sequencing Grade Modified Trypsin (Promega, Madison, WI; 1 ug, 37°C, overnight). The samples were then desalted on C18 StageTips according to Rappsilber’s protocol (Rappsilber et al., 2007). The collected eluent was then chemically modified using a TMT10plex Isobaric Label Reagent Set (Thermo Fisher Scientific) per the protocol of the manufacturer. The samples were pooled according to the protein content (1 ug of peptide from each sample) and desalted again according to Rappsilber’s protocol (Rappsilber, et al., 2007). The eluants were injected onto a reverse-phase nanobore HPLC column (AcuTech Scientific, C18, 1.8-um particle size, 360 um x 20 cm, 150 um ID), equilibrated in solvent A, and eluted (300 nl/min) with an increasing concentration of solvent B (acetonitrile/water/FA, 98/2/0.1, v/v/v: min/% B; 0/0, 5/3, 18/7, 74/12, 144/24, 153/27, 162/40, 164/80, 174/80, 176/0, 180/0) using a Dionex UltiMate 3,000 RSLCnano System (Thermo Fisher Scientific). The effluent from the column was directed to a nanospray ionization source connected to an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher Scientific) acquiring mass spectra utilizing the Synchronous Precursor Selection (SPS) MS3 method in which isolation and MS3 fragmentation of MS2 fragment ions eliminate isolation interference and dynamic range compression often observed in isobaric tandem mass tag-based proteomics experiments.
TABLE 2 | Case information for human samples.
[image: Table 2]For statistical analysis, the raw data were searched against the Uniprot human reviewed protein database using SEQUEST-HT in Proteome Discoverer (Version 2,4, Thermo Scientific), which provided measurements of relative abundance of the identified peptides. Decoy database searching was used to generate high confidence tryptic peptides (FDR < 1%). Tryptic peptides containing amino acid sequences unique to individual proteins were used to identify and provide relative quantification between proteins in each sample. Between-group comparisons were analyzed using the abundance ratio p-value (Student’s t-test). Gene set enrichment gene ontology (GO) and pathway analysis was performed by the STRING database (version 11.5), which was used for functional interpretation of the proteomics data and provided p-values corrected by the FDR method (Szklarczyk, et al., 2019).
MicroRNA Transcriptomics
Microglial EV samples isolated from 1 g of parietal cortex tissue from each case presented in Table 2 were used for RNA purification with the SerMir Exosome RNA Column Purification Kit (Systems Bioscience Inc). Purified RNA samples were run on nCounter human microRNA panel Human v3 miRNA according to the instructions of the manufacturer (NanoString). The panel contains 800 pairs of probes specific for a predefined set of biologically relevant miRNAs. which were combined with a series of internal controls to form a Human miRNA Panel CodeSet (NanoString Technologies). Raw counts for miRNA targets were analyzed using the Nanostring nCounter Digital Analyzer software according to the instructions of the manufacture.
Statistical analysis of NanoString nCounter data was performed as described (Brumbaugh et al., 2011). Only miRNAs that were above background in five out of seven samples from two groups (NL and AD) were selected for the analysis, which resulted in normalized counts and a list of differentially expressed microRNAs that significantly differ between NL and AD groups. Using the miRNet software, we then identified top pathways in the Reactome pathway database, which can be controlled by the miRNAs shown to be significantly altered in the AD group compared to NL by Student's t-test; p-values were corrected by the FDR method.
Lipidomic Analysis
We interrogated 34 classes, including free cholesterol (FC), cholesteryl ester (CE), acyl carnitine (AC), monoacylglycerol (MG), diacylglycerol (DG), triacylglycerol (TG), ceramide (Cer), sphingomyelin (SM), monohexosylceramide (MhCer), sulfatides (Sulf), lactosylceramide (LacCer), monosialodihexosylganglioside (GM3), globotriaosylceramide (GB3), phosphatidic acid (PA), phosphatidylcholine (PC), ether phosphatidylcholine (PCe), phosphatidylethanolamine (PE), plasmalogen phosphatidylethanolamine (Pep), phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidylglycerol (PG), bis(monoacylglycerol)phosphate (BMP), acyl phosphatidylglycerol (AcylPG), lysophosphatidylcholine (LPC), ether lysophosphatidylcholine (LPCe), lysophosphatidylethanolamine (LPE), plasmalogen lysophosphatidylethanolamine (LPEp), lysophosphatidylinositol (LPI), lysophosphatidylserine (LPS), N-Acyl phosphatidylethanolamine (NAPE), N-acyl phosphatidylserine (NAPS), and N-acyl serine (NSer), encompassing 593 individual lipid species. Immuno-isolated microglial EV preparations were subjected to modified Bligh–Dyer lipid extraction (Bligh and Dyer, 1959), dried, resuspended, and subjected to liquid-chromatography tandem mass spectrometry (LC-MS/MS) targeted lipidomics using Agilent 1,260 Infinity HPLC integrated to an Agilent 6490A QQQ mass spectrometer controlled by Masshunter v 7.0 (Agilent Technologies, Santa Clara, CA) in positive and negative ion modes as previously described (Chan, et al., 2012; Guan et al., 2007; Hsu et al., 2004). Quantification of lipid species was accomplished using multiple reaction monitoring (MRM) transitions (Chan, et al., 2012; Guan, et al., 2007; Hsu, et al., 2004) under both positive and negative ionization modes in conjunction with referencing of appropriate internal standards: PA 14:0/14:0, PC 14:0/14:0, PE 14:0/14:0, PG 15:0/15:0, PI 17:0/20:4, PS 14:0/14:0, BMP 14:0/14:0, APG 14:0/14:0, LPC 17:0, LPE 14:0, LPI 13:0, Cer d18:1/17:0, SM d18:1/12:0, dhSM d18:0/12:0, GalCer d18:1/12:0, GluCer d18:1/12:0, LacCer d18:1/12:0, D7-cholesterol, CE 17:0, MG 17:0, 4ME 16:0 diether DG, and D5-TG 16:0/18:0/16:0 (Avanti Polar Lipids, Alabaster, AL). Lipid levels for each sample were calculated by summing the total number of moles of all lipid species measured by all three LC-MS methodologies and then normalizing that total to mol%. The final data are presented as mean mol% with error bars showing mean ± S.E. Graph-pad Prism was used to analyze the lipidomics data.
For statistical analysis, two-way repeated measures (mixed model) ANOVA was completed on individual lipid classes among the lipid species using an unweighted means analysis due to the different n for LN and AD groups. Bonferroni post-test was used to compare replicate means by row (lipid species) in which microglia NL and microglia AD were compared.
RESULTS
Microglia-Derived Small EV Isolation and Characterization
Based on a previously described method of brain EV isolation (Vella, et al., 2017), brain tissue from two late AD cases (Braak V-VI) was used for the development and standardization of the microglial EV isolation protocol. Sucrose-gradient fractions enriched in EVs were isolated from cryopreserved tissue after enzymatic digestion and ultracentrifugation. TEM and TRPS analysis confirmed the abundance of small EVs (below 200 nm in diameter) in Fraction 2 (F2) (Figures 1A,B). This fraction was enriched in exosomal markers CD9, CD81, and syntenin-1 and contained only trace amounts of negative control markers, such as Golgi complex protein GM130 and endoplasmic reticulum protein calnexin (CNX) (Thery, et al., 2018) (Figure 1C). The F2 fraction was further used for the isolation of microglial EVs by immunoprecipitation with antibodies against the microglia-specific marker CD11b. Immunoblot analysis demonstrated the enrichment of exosomal markers, CD63 and CD9, and the microglial marker, CD11B, in small EVs immunoprecipitated with CD11b-conjugated Dynabeads when compared to isotype control antibody-conjugated beads (Figures 1D,E). We also compared the levels of the microglial marker TMEM119 between the F2 fraction and the corresponding CD11b-positive microglial fraction (Figure 1F). The data demonstrate the enrichment of TMEM119 in the IP fraction despite much higher EV load in the F2 lane as documented by the CD63 signal (Figure 1F). We tested relative abundances of TMEM119 and another microglial marker P2RY12 in F2 and CD11b-IP samples by proteomics. Proteomic analysis revealed the enrichment of microglia-associated proteins in CD11b-pos EVs when compared to F2 fractions from NL and AD brain tissue. Relative to other proteins in each sample, two microglia markers, TMEM119 and P2RY12, were significantly more abundant in CD11b-purified samples with 6.1- and 16.9-fold increase, respectively (Figure 1G). Tau was detected in some but not all microglial EV samples by immunoblotting (Figure 1E); however, Aβ peptide was not detected (data not shown) either because of low levels or difficulties relating to Aβ detection without prior delipidation (Perez-Gonzalez, et al., 2017).
[image: Figure 1]FIGURE 1 | Small EV fraction characterization and microglial EV purification. (A) Representative transmission electron microscopy (TEM) image of small EV fraction (F2) isolated from the human parietal cortex. (B) Tunable resistive pulse sensing (TRPS) analysis of the F2 fraction isolated from the human parietal cortex. (C) A representative image of immunoblot analysis of an F2 fraction using antibodies against exosomal markers (CD9, CD81, and syntenin-1) and negative control markers (GM130 and calnexin, CNX). (D) A representative image of immunoblot analysis of two immunoprecipitation (IP) samples pull-down either with antibodies against microglial marker CD11b or with corresponding isotype control antibodies (rat IgG2b). Membrane was probed with the exosomal marker CD63. (E) Immunoblotting of CD11b-IP samples and isotype control samples probed with antibodies against a microglial marker (CD11b), an exosomal marker (CD9), and tau. (F) Immunoblotting of the F2 fraction isolated from the human parietal cortex and corresponded CD11b-IP fraction with antibodies against the exosomal marker CD63 and the microglial marker TMEM119. The sample volume was equal between CD63 and TMEM119 immunoblots. (G) Relative abundances of microglial markers, TMEM119 and P2RY12, in F2 (n = 6) and CD11b-IP samples (n = 7) as indicated by LC-MS/MS (**p < 0.001; ***p < 0.0001).
For the omics analyses, microglial EVs enriched from 1 g of cryopreserved human parietal cortex tissue from three normal/low pathology cases (NL 1-3) and four late AD cases (AD 1–4) were used. Demographic information for all the cases is presented in Table 2.
Proteomic Analysis of Microglial EVs
Using Tandem Mass Tag (TMT)-based quantitative proteomics, a total of 1,000 unique proteins were identified in the microglia-derived small EV samples from the human parietal cortex. Among these, 985 were detected in both NL and AD groups. Three proteins, fatty acid binding protein 3, heart type (FABP3), mitochondrial copper transporter Solute Carrier Family 25 Member 3 (SLC25A3), and GTPase Atlastin-3(Alt3), were only detected in the NL samples. Twelve proteins were detected only in the AD samples. These included innate immune response proteins toll-like receptor 8 (TLR8) and CX3C chemokine receptor 1 (CX3CR1), neuron-specific proteins, cell cycle exit and neuronal differentiation 1 (CEND1), synaptosomal-associated protein 25 (SNAP25) and myelin-associated glycoprotein (MAG), and two known regulators of amyloid precursor protein (APP) metabolism, calpain-2 catalytic subunit (CAPN2) (Mahaman, et al., 2019) and integral membrane protein 2B (ITM2B/BRI2) (Matsuda et al., 2008) (Figure 2A). A total of 469 proteins were quantified in all analyzed samples, providing relative abundances for each protein. Differences in protein abundances are illustrated via a volcano plot, which shows that 4 proteins were significantly downregulated and 23 proteins were significantly upregulated in the AD group when compared to the NL group (Figure 2B). A heatmap showing differential expression of the significantly altered proteins across individual samples is presented in Figure 2C. The protein composition of microglia EVs from AD cases reflects the loss of the homeostatic signature of their cells of origin, with a significant decrease in the abundance of two main markers of homeostatic microglia, TMEM119 and P2RY12 (2.8-fold and 1.8-fold, respectively). Abundances of the phagocytic microglial marker FCGR1A (CD64) and a known TREM2 ligand, ApoA1, were also significantly lower in the AD group (Figures 2B,C). There was a significant upregulation of the Stage 1 DAM (proinflammatory phenotype) marker, ferritin heavy chain-1 (FTH1; 2.7-fold) (Figures 2B,C). Most proteins with significantly higher abundances in AD cases can be divided into four groups: 1) neuronal and synapse-enriched proteins: synaptotagmin-2 (SYT-2; 5.5-fold), synaptotagmin-11 (SYT11; 4.4-fold), Syntaxin-1B (STX1B; 2.5-fold), Thy1 membrane glycoprotein (Thy1; 4.2 -fold), and tau protein (3.5-fold); 2) complement regulators: complement component 4B (C4B; 2.8-fold) and CD59 (2.6-fold); 3) GTPases: septin-7 (SEPT7; 4.1-fold) and G-protein complex subunits, guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-7 (GNG7; 3.8-fold), guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-2 (GNB2; 2-fold), guanine nucleotide-binding protein G(i) subunit alpha-1 (GNAI1; 1.7-fold), and guanine nucleotide-binding protein G(o) subunit alpha (GNAO1; 1.9-fold); and 4) members of the annexin family involved in vesicle traffic, aggregation, and membrane fusion: annexins A6 (ANXA6; 2.6-fold) and A7 (ANXA7; 4.2-fold) (Lizarbe et al., 2013). We also identified AD-related increases in toll-like receptor chaperone, heat shock protein 90B1 (HSP90B1; 3.4-fold) (Binder, 2014); antioxidant protein, DJ-1, which is coded by a gene causative for autosomal recessive Parkinson’s disease (PARK7; 2.6-fold) (Hijioka et al., 2017) and has an emerging role in regulation of immune responses (Zhang, et al., 2020); neurotrophic insulin-like growth factor 2 (IGF2; 6.2-fold); contactin associated protein 1 (Caspr-1; 3.9-fold), which reduces Aβ production (Fan, et al., 2013) and promotes release of prosurvival secreted amyloid precursor protein (APP) domain sAPPα (Tang, et al., 2020); calcium-dependent phospholipid-binding protein copine-3 (CPNE3; 1.9-fold); and D-3-phosphoglycerate dehydrogenase (PHGDH; 3.4-fold), an enzyme essential for the synthesis of l-serine (Figures 2B,C). Interestingly, brain levels of the PHGDH are decreased in AD brain samples, and extracellular PHGDH mRNA was recently proposed to be an early presymptomatic blood marker for Alzheimer’s disease (Yan, et al., 2020). Several proteins with mostly unknown functions, including small VCP/p97-interacting protein (SVIP; 3.6-fold) and methyltransferase-like protein 7A (METTL7A; 2.3-fold), were also significantly more abundant in microglial EVs from the AD brain (Figures 2B,C).
[image: Figure 2]FIGURE 2 | Proteomic analysis of microglial EVs from normal/low pathology and late-stage AD cases. (A) Venn diagram representing microglial proteins differentially detected in NL and AD groups. (B) Volcano plot showing a degree of differential expression of proteins in NL and AD groups. Vertical red dotted lines separate proteins, which are two or more times less abundant in AD (far left segment) and two or more times more abundant in AD (far right segment). Horizontal red dotted line separates the top part of the plot containing dots representing proteins whose abundances are significantly different between NL and AD groups (p < 0.05) and the bottom part (no significant changes). Proteins that are significantly different between AD and NL groups are color-coded: two or more times more abundant in AD are presented in red, two or more times less abundant in green. (C) Heat map of proteins significantly up- and downregulated in AD compared to the NL group across seven evaluated human cases. (D) Immunoblotting of CD11b-IP samples with antibodies against ApoE and TREM2. Representative images are in the upper section and the composite data are in the lower section (*p < 0.05). (E) Gene ontology enrichment bioinformatic analysis of proteins two or more times less abundant in AD compared to NL. (F) Gene ontology enrichment bioinformatic analysis of proteins two or more times more abundant in AD compared to NL.
Notably, the abundance of ApoE, a Stage 1 DAM marker, was 1.4 times higher in microglial EVs from the AD brain when compared to NL, although this difference was not statistically significant. We subsequently confirmed this result using immunoblotting (Figure 2D), which also revealed an ∼40% increase in ApoE levels in the AD group, validating the changes observed in the proteomics analysis. To our surprise, the mass spectrometric analysis did not detect the microglia marker TREM2. In contrast, TREM2 was detected in the same samples using immunoblotting, and average TREM2 levels were significantly higher in the AD group (Figure 2D). Interestingly, amyloid-beta precursor protein (APP) was detected in all samples with only one unique peptide (AA 578-589) that corresponds to a region of Aβ. The abundance of the APP/Aβ was 1.9 times higher in the AD group when compared to NL, but this difference was not statistically significant (data not shown).
The proteomic data set was further analyzed using the STRING database for enrichment gene ontology (GO) and pathway analysis. Proteins exhibiting a decrease of twofold or greater in the AD group were enriched in several immune regulation pathways, including acute inflammatory response, antigen presentation, phagocytosis, complement regulation, TNF production, and Fc-gamma receptor signaling (Figure 2E). Proteins exhibiting an increase of twofold or greater in the AD group showed enrichment in the following cellular components: myelin sheath, synaptic, and endosomal vesicular related proteins (Figure 2F).
miRNA Profiling of Microglial EVs
We identified 105 miRNAs present in 5 or more of the analyzed human cases using the nCounter miRNA expression panel. Fold changes (AD/NL) and p-values corresponding to each identified miRNA were illustrated by a volcano plot, which revealed that levels of four miRNA—miR-28-5p, miR-381-3p, miR-651-5p, and miR-188-5p—were significantly higher in microglial EVs from AD cases when compared to NL cases (Figure 3A). Functional interpretation of these data was performed using miRNet (Fan, et al., 2016), which revealed SUMOylation, toll-like receptor (TLR), Fc epsilon receptor I (FCERI), and senescence pathways to be among those regulated by the four significantly increased miRNAs (Figure 3B).
[image: Figure 3]FIGURE 3 | miRNA transcriptomic analysis of microglial EVs from normal/low pathology and late-stage AD cases. (A) Volcano plot showing a degree of differential expression of miRNAs in NL and AD groups. Vertical red dotted lines separate miRNA, which are 1.5 or more times less abundant in AD (far left segment) and 1.5 or more times more abundant in AD (far right segment). Horizontal red dotted line separates the top section of the plot containing dots representing proteins whose abundance is significantly different between NL and AD groups (*p < 0.05). MicroRNAs, which are significantly different between AD and NL groups, are color-coded: 1.5 or more times more abundant in AD are presented in red, 1.5 or more times less abundant are in green. (B) Gene ontology enrichment bioinformatic analysis of miRNAs significantly more abundant in AD compared to NL.
Lipidomics of Microglial EVs
Analysis across all lipid classes without regard to acyl chain composition indicated that only free cholesterol (FC) was increased in microglia-derived EVs from the AD brain (Figure 4A). Phospholipids showed acyl chain specific changes in mono- and polyunsaturated species. Microglia-derived EVs from the AD brain showed a significant deficit in phosphatidylethanolamine (PE) 38:0 and 38:1 (Figure 4B) and a concurrent loss of the PE metabolites—lysoPE 2:4 and N-acyl phosphatidylethanolamine (NAPE) 16:0/18:0/20:4 (Figures 4C,D). Interestingly, differences in microglia-derived EVs from the AD brain were seen on phospholipids likely to harbor docosahexaenoic acid (22:6) in the sn-2 position. Specifically, microglia-derived EVs showed significant deficits in phosphatidic acid (PA) 40:6 (Figure 4E) and phosphatidylserine (PS) 40:6 (Figure 4F). A trend toward depletion of 40:6 was also detected in PE (PE 40:6) (Figure 4B) and PEp (PEp40:6) (data not shown). Specific lipid changes observed in microglial EVs included upregulation of the most abundant lipid species of BMP and monohexosylceramides (mhCer). The most abundant BMP species BMP 36:2 was enriched in EVs derived from the AD brain (Figure 4G). Finally, the most abundant mhCer, mhCer d18:1/24:1, was significantly upregulated in microglial-derived EVs from the AD brain (Figure 4H).
[image: Figure 4]FIGURE 4 | Lipidomic analysis of microglial EVs from normal/low pathology and late-stage AD cases. (A) Relative quantification 34 lipid classes and 593 individual lipid species in microglial EVs. Lipids are quantified as mol% total lipid by normalizing the molar amount of each lipid species to the summed total moles of all lipid species in each sample. The inset panels show lower abundance species on the expanded y-axis. Abbreviations are free cholesterol (FC), cholesteryl ester (CE), acyl carnitine (AC), monoacylglycerol (MG), diacylglycerol (DG), triacylglycerol (TG), ceramide (Cer), sphingomyelin (SM), monohexosylceramide (MhCer), sulfatides (Sulf), lactosylceramide (LacCer), monosialodihexosylganglioside (GM3), globotriaosylceramide (GB3), phosphatidic acid (PA), phosphatidylcholine (PC), ether phosphatidylcholine (PCe), phosphatidylethanolamine (PE), plasmalogen phosphatidylethanolamine (Pep), phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidylglycerol (PG), bis(monoacylglycerol)phosphate (BMP), acyl phosphatidylglycerol (AcylPG), lysophosphatidylcholine (LPC), ether lysophosphatidylcholine (LPCe), lysophosphatidylethanolamine (LPE), plasmalogen lysophosphatidylethanolamine (LPEp), lysophosphatidylinositol (LPI), lysophosphatidylserine (LPS), N-Acyl phosphatidylethanolamine (NAPE), N-acyl phosphatidylserine (NAPS), and N-acyl serine (NSer). Data are presented as mean mol% with error bars showing mean ± S.E. FC is significantly increased shown in the primary panel (p < 0.01). (B) PE species were detected using mass spectrometry and are shown using relative quantification as mol%. PE 38:0 (p < 0.05); PE 38:1 (p < 0.01). (C) Most abundant LPE [LPE20:4 (p < 0.05)] and (D) NAPE [NAPE 16:0/18:0/20:4 (p < 0.05)] lipid species are shown to significantly differ between LN- and AD-derived microglia EV. (E) PA40:6 lipid species is decreased in microglia-derived EV from the AD brain (AD) compared to control (LN) (p < 0.0001), while no other PA species are significantly affected. (F) The most abundant PS species, PS40:6 species, is decreased in EV derived from the AD brain (AD) compared to control (LN) (p < 0.001) while no other PS species are significantly altered. (G) The most abundant BMP 36:2 (p < 0.0001) and (H) MhCer d18:1/24:1 (p < 0.01) lipid species are increased in AD-derived microglia EV. All data are presented as mean mol% with error bars showing mean ± S.E.
DISCUSSION
We evaluated the changes across the proteome, lipidome, and miRNA transcriptome of small EVs of microglial origin (positive for myeloid cell marker, CD11B) isolated from the human parietal cortex of three normal/low pathology (NL) and four late-stage AD cases (Table 2).
We found a significant decrease in the abundance of known homeostatic microglial markers, P2RY12 and TMEM119, and a corresponding increase in DAM markers, FTH1 (Stage 1 DAM) and TREM2 (Stages 1 and 2 DAM), in microglial EVs from the AD brain when compared to NL. However, a homeostatic microglia marker, Cx3CR1, was detected in AD, but not in the NL group, and a classical Stage 1 DAM marker, ApoE, was only marginally increased in AD (Figures 2A–D,). Overall, these changes better recapitulate the overall brain cell transcriptional signatures of DAM from mouse AD models (Deczkowska, et al., 2018), which were not reproduced in a recent human RNAseq study (Srinivasan, et al., 2020). A possible explanation for the discrepancy can be disproportional enrichment of DAM-derived EVs in the microglial secretome from the AD tissue. The burdens of cortical dense-core plaques in AD mouse models (Tg2576, APPSwePS1ΔE9, and 5XFAD) greatly exceed the cortical plaque burdens in human AD cases (P. Liu, et al., 2017). As a result, the proportion of DAM cells surrounding dense-core plaques (Keren-Shaul, et al., 2017) may be higher in the mouse models when compared with the human disease, and a DAM-specific transcriptomic signature may be easier to detect. It has been recently demonstrated that small EV secretion is highly upregulated in mouse DAM cells (Clayton, et al., 2021). Moreover, mouse and human DAM display a transcriptional signature characteristic of senescent cells (Hu, et al., 2021), which are known to secrete vast numbers of EVs as a part of the senescence-associated secretory phenotype (SASP). In agreement with this, our miRNA transcriptome data revealed senescence as one of the top pathways controlled by four miRNAs identified to be significantly upregulated in AD microglial EVs (Figure 3B). Thus, it is possible that analysis of human microglial EVs may more specifically address changes in the Aβ-plaque-associated DAM population when compared to cell RNAseq analysis.
Microglial EVs either contain low levels of tau protein or a composition of tau species that cannot be easily detected by immunoblotting analysis. Yet, tau was detected in all samples by mass spectrometry, and tau abundance was significantly higher in AD when compared to NL samples (Figures 2B,C). These data confirmed a potential role of microglia-derived EVs in the spread of tau pathology in the human AD brain, as it was previously described in vitro and in mouse tauopathy and AD models (Asai, et al., 2015; Clayton, et al., 2021; Maphis, et al., 2015). The specific microglial EV-associated tau species and their proteopathic seeding potential still need to be defined.
In addition to the increase in abundance of tau protein in AD brain-derived microglial EVs, we found that levels of neuron-specific and synapse-enriched proteins were either exclusively detected (CEND1 and SNAP25) or significantly upregulated (SYT-1, SYT-11, STX1B, and Thy1) in the AD group (Figures 2A,B). Myelin-specific protein MAG was only found in microglial EVs from AD, but not in NL samples (Figure 2A). Moreover, myelin sheath was the cellular component most enriched in proteins that were increased twofold or greater in the AD group (Figure 2F). Increases in synaptic protein VGlut1 in microglial cells from the 5xFAD mouse model and in TDP43-depleated microglia with a hyperphagocytic phenotype have been described (Brioschi, et al., 2020), so it is likely that synaptic and myelin-specific proteins have been phagocytosed prior to entering microglial exosomes. In this regard, elevated levels of complement protein, C4, in microglial EVs from AD cases (Figure 2B) may suggest that the process of complement-dependent engulfment of synapses by microglia may be involved (Thion and Garel, 2018; Yilmaz, et al., 2021). On the other hand, C4-coated EVs may play a role as scavengers and thus may protect cells from complement attack (Karasu et al., 2018). Interestingly, we also observed an increase in membrane attack complex (MAC)-inhibitory protein, CD59, which is known to negatively regulate complement-mediated phagocytosis (Schartz and Tenner, 2020; Tenner, 2020).
Our lipidomic analysis revealed an increase in cholesterol in AD microglial EVs (Figure 4A), which is consistent with the phagocytosis of neuronal debris by microglial cells. Cholesterol metabolism has also been associated with immune activation (Deczkowska, et al., 2018; Orre, et al., 2014; Simon, 2014; Spann and Glass, 2013; Wong, et al., 2020). A recent study reported cholesteryl ester accumulation in TREM2-deficient microglia that fails to mount an immune response (Nugent, et al., 2020). However, we did not find significant changes in CE species levels in microglia-derived EVs in the AD cases reported here.
We also found a significant increase in the major bis(monoacylglycerol)phosphate (BMP) and monohexosylceramide (MhCer) lipid species (Figures 4G,H). An increase of this species of BMP, a lysosome-specific lipid, suggests increased lysosomal lipid content in AD microglia (Showalter, et al., 2020). Elevated levels of MhCer may play a role in microglial activation and immune response (Brennan, et al., 2017; Miltenberger-Miltenyi, et al., 2020; Niimura et al., 2010), as well as be a precursor of more complex gangliosides (Merrill, 2011). Interestingly, enrichment of BMP and MhCer in EVs has been previously linked to the impairment of endolysosomal function induced by Vsp34 kinase inhibition, which causes phosphatidylinositol-3-phosphate (PI3P) deficiency (Miranda, et al., 2018). Thus, endolysosomal impairment can explain the elevated levels of neuronal and myelin molecules in microglial EVs from the AD brain and potentially lead to the disruption of microglial pathways as suggested by the bioinformatic analysis in Figure 2E.
We observed that a reduction in phospholipids is likely to harbor docosahexaenoic acid (DHA, 22:6) in the sn-2 position in microglial EVs from the AD brain. One likely acyl chain configuration for PS40:6 and PA40:6 is sn-1 18:0, sn-2 22:6. These data echo the previously described DHA decrease in the bulk preparations of human AD brain EVs and global AD-related brain DHA deficiency, which has a proinflammatory effect and may also disrupt Aβ clearance (H. Su, et al., 2021). The selective loss of DHA among PA and PS (Figures 4E,F) as well as the trend in PE (Figure 2B) suggests the overactivation of DHA-selective phospholipase A 2 (PLA2) and a deficit in acyl chain remodeling (Abdullah, et al., 2017; Calon, et al., 2004; Fernandez, et al., 2018; Fernandez, et al., 2021; Fonteh, et al., 2013; Granger, et al., 2019).
The loss of LPE20:4 in EVs derived from AD microglia (Figure 4C) may represent exhaustion of acyl chain remodeling of PE. Since 20:4 is cleaved from PE20:4 to liberate the free fatty acid, arachidonate, it may represent loss of this proinflammatory fatty acid due to overactivation of PLA2, which has previously been reported in AD (Sanchez-Mejia, et al., 2008; Wang, et al., 2021). Interestingly, NAPE is an important precursor to endocannabinoid synthesis, which is dysregulated in AD (Bisogno and Di Marzo, 2008; Fonteh, et al., 2013; Liu, et al., 2006). Even though previous studies have reported global loss of PE and plasmalogen, our analyses show only a trend for PE depletion and no loss in plasmalogen from AD brain microglia-derived EVs (Han et al., 2001; Han et al., 2002).
We did not find AD-associated changes in key modulators of immune responses—miR-146a-5p, miR-155-5p, and miR-124-3p (Su et al., 2016); miR-124-3p was not detected in our samples, while miR-146a-5p and miR-155-5p levels were above background but did not show any significant differences between NL and AD groups (data not shown). Two out of four miRNAs upregulated in the AD group, miR-188-5p and miR-381-3p (Figure 3A), are known to have neuroprotective effects. MiR-188-5p restores synaptic and cognitive deficits in 5xFAD mice (Lee, et al., 2016), and miR-381-3p promotes the recovery of spinal cord injury in rats (Chen et al., 2018). In addition to a neuroprotective miRNA signature, proteomics revealed increases in the abundance of IGF2, ITM2B and CASPR-1, and DJ-1 in microglial EVs from AD cases (Figures 2A–B). Neurotrophic factor IGF2 was shown to reduce Aβ amyloidosis, reverse synaptic deficits, and improve memory in AD animal models (Mellott et al., 2014; Pascual-Lucas, et al., 2014). ITM2B and CASPR-1 are known to regulate APP metabolism and suppress Aβ production (Fan, et al., 2013; Matsuda, et al., 2008; Tang, et al., 2020), and DJ-1 is an important antioxidant with newly discovered immune regulation functions (Zhang, et al., 2020). The presence of both neuroprotective and pathology-related miRNA and proteins in AD cases, a seemingly contradictory result, may represent both a consequence of, and a response to, disease pathogenesis. It is interesting to surmise that the response and consequence may be present as the cargo in different EV subpopulations, either derived from the same cells or from microglia at different stages of activation. Further evaluation of EV subpopulations and the molecular mechanisms dictating their release may provide a new avenue for AD therapeutic development with the aim to suppress subpopulations containing pathogenic cargo, while promoting the release of neuroprotective EVs.
In conclusion, our data suggest that loss of a homeostatic signature and the deterioration of functional microglia in late AD stages may accompany endolysosomal impairment and the release of undigested neuronal and myelin debris, including tau, through extracellular vesicles. We also found a significant AD-associated decrease in levels of DHA-containing polyunsaturated lipids of different classes, which may be associated with global DHA deficiency in AD and indicate a potential defect in the acyl-chain remodeling by PLA2 and lysophospholipid acyltransferases. On the other hand, the AD-specific microglial EV signature also includes increases in some miRNAs and proteins with neuroprotective properties. It is currently unknown if those “harmful” vs. “protective” molecular signatures represent different subpopulations of microglial EVs. Results from our study support the hypothesis that the molecular composition of EVs reflects functional changes in microglia consistent with a diseased state. To the best of our knowledge, this is the first study analyzing proteins, lipids, and miRNAs in cell-type specific EVs from human brain tissue. The main limitation of the study is the small number of cases, and our results require further validation in larger cohorts, and when possible inclusion of samples from earlier disease stages. Despite these limitations, this proof-of-concept study clearly demonstrates the feasibility of using multiple omics analyses on small microglial EVs isolated from cryopreserved human brain tissue. Our results exemplify the superiority of an integrative approach when compared to individual proteomics, lipidomics, or microRNA analyses, and suggest that new AD biomarkers may arise from all three different classes of biomolecules.
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The Aquatic Invertebrate Hydra vulgaris Releases Molecular Messages Through Extracellular Vesicles
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Recent body of evidence demonstrates that extracellular vesicles (EVs) represent the first language of cell-cell communication emerged during evolution. In aquatic environments, transferring signals between cells by EVs offers protection against degradation, allowing delivering of chemical information in high local concentrations to the target cells. The packaging of multiple signals, including those of hydrophobic nature, ensures target cells to receive the same EV-conveyed messages, and the coordination of a variety of physiological processes across cells of a single organisms, or at the population level, i.e., mediating the population’s response to changing environmental conditions. Here, we purified EVs from the medium of the freshwater invertebrate Hydra vulgaris, and the molecular profiling by proteomic and transcriptomic analyses revealed multiple markers of the exosome EV subtype, from structural proteins to stress induced messages promoting cell survival. Moreover, positive and negative regulators of the Wnt/β-catenin signaling pathway, the major developmental pathway acting in body axial patterning, were identified. Functional analysis on amputated polyps revealed EV ability to modulate both head and foot regeneration, suggesting bioactivity of the EV cargo and opening new perspectives on the mechanisms of developmental signalling. Our results open the path to unravel EV biogenesis and function in all cnidarian species, tracing back the origin of the cell-cell, cross-species or cross-kingdom communication in aquatic ecosystems.
Keywords: extracellular vesicles, cell-cell communication, exosome, RNA-seq, Hydra vulgaris, aquatic invertebrate model
INTRODUCTION
Cell-cell communication is a mandatory condition for all the multicellular organisms as we know them; the possibility to exchange multiple and different signals between cells, at great distances or even between different organisms, supports the organism homeostasis and allows interacting with the surrounding environment. Intercellular cross-talk is achieved by various means, with the most straightforward one being the direct contact between communicating cells, also known as the juxtacrine signalling. Gap junctions are a well-known example of this form of communication and their functional characterization has been widely documented both in vertebrates and invertebrates (Takaku et al., 2014; Misu et al., 2016; Zong et al., 2016). Conversely, paracrine or endocrine signalling, namely the release and subsequent uptake of signalling factors, does not require a direct contact between donor and recipient cells, allowing for short- and long-distance intercellular communication. In addition to communication routes based on the secretion of soluble molecules in the extracellular space, the discovery of signalling factors embedded in bilayer lipid membrane structures, termed extracellular vesicles (EVs), has gradually expanded our view on how cellular cross-talk works. Despite the lack of general consensus about their classification and nomenclature (Thery et al., 2018) EVs are broadly divided into three main categories: apoptotic bodies, microvesicles and exosomes, mainly based on their different diameter and biogenesis route (Kalra et al., 2012; Veziroglu and Mias, 2020). First discovered in sheep reticulocyte cultures (Pan and Johnstone, 1983), (Harding et al., 1984) (Johnstone et al., 1987), exosomes are spheroidal nano-sized vesicles (30–150 nm) which originate during early-to-late endosome maturation. Multiple events of inward budding along the endosome membrane selectively gather proteins and nucleic acids from the cytosol into intraluminal vesicles (ILV). The late endosome is henceforth termed multivesicular body (MVB) and its fusion with the cell plasma membrane releases these vesicles into the extracellular space (Colombo et al., 2014; Kalluri and Lebleu, 2020; Skryabin et al., 2020). The protein content of exosomes partly reflects the biogenesis and maturation pathways that these vesicles undertake; consequently, specific proteins can be used as biochemical markers in order to confirm the presence of such vesicles in the isolated fractions. A fair number of tetraspanin transmembrane proteins, such as CD9, CD63 and CD81, are enriched in exosomes, reflecting the spatial reorganization that endosomal proteins go through before the formation of the MVB (Kowal et al., 2016; Anand et al., 2019). Similarly, lysosomal-associated membrane proteins LAMP1 and LAMP2 are late endosomal markers and can usually be found in exosomes (Colombo et al., 2014). However, different populations of exosomes may have distinct molecular signatures (Kowal et al., 2016; Juan and Furthauer, 2018). In fact, one fascinating feature of this type of EVs is that their content, comprising proteins, lipids and nucleic acids, is determined not only by the cell type they originate from, but also by the physiological state of the organism, resulting in major differences of these vesicles and their cargo in terms of quantity and quality (Ludwig et al., 2019). Such diversity is in agreement with the many processes exosomes have been implicated into, such as parasitic host-pathogen interaction (Coakley et al., 2015), viral infection, immune response, cardiovascular diseases, central nervous system disease, and cancer progression, shuttling into the receiving cells nucleic acids, metabolites, lipid and proteins (Kalluri and Lebleu, 2020). Of particular interest in cancer biology is their role in the “education” of distant cells in order to create a pre-metastatic niche, thus promoting metastasis (Peinado et al., 2012; Ghajar et al., 2013; Peinado et al., 2017). The intrinsic properties of exosomes in regulating complex intracellular pathways offer a new paradigm for their application as disease biomarkers, or as nanocarriers of therapeutic agents in cell-free therapies (Lu and Huang, 2020).
The wide portfolio of possible applications makes even more appealing the evolutionary study of EVs in model organisms, to increase our understanding in how they work and how they exert their functions in different contexts and environments. For instance, exosomes derived from Drosophila melanogaster have been identified as partly responsible for the establishment of Hedgehog (HH) and Wingless morphogenic gradients during the wing imaginal disc development (Gross et al., 2012; Gradilla et al., 2014). In Caenorhabditis elegans HH-related proteins are released on apical exosomes in a MVB-dependent manner involving V0-ATPase and P-4 ATPase activities (Liegeois et al., 2006; Wehman et al., 2011). However, very little is known about the role of EVs in aquatic environment. By virtue of their ability to transport abundant biological signals, to protect them from the highly heterogeneous and possibly damaging environment, and to increase the local concentration of one or more co-acting biomolecules that reach the target cells, EVs can have a profound impact on aquatic community structure and trophic level-interactions (Schatz and Vardi, 2018), providing important clues on interspecies and interkingdom relationships. Due to the conservation of key physiological mechanisms throughout the animal kingdom, evolutionary approaches to understanding EV biogenesis and bioactivity may profoundly impact on both fundamental and applied biology in vertebrates.
In this paper we report for the first time the presence of EVs in the freshwater cnidarian polyp Hydra vulgaris and characterized main morphological, biochemical and functional features. Classically used as a model organism in developmental biology, the structural simplicity of the Hydra body offers many advantages for a variety of investigations, from environmental ecotoxicology to nanobiotechnology, allowing to study the impact of exogenous nanostructured compounds (Quinn et al., 2012; Ambrosone et al., 2017; Tortiglione et al., 2017; Allocca et al., 2019) together with intracellular biotransformations and molecular responses (Veronesi et al., 2019; Moros et al., 2020a; Moros et al., 2020b) at animal, cell and molecular levels. The body wall is organized as a hollow tube, with an apical mouth opening surrounded by a ring of tentacles and a foot to anchor to a substrate. It is structured as a bilayer of epithelia, an ectoderm with epitheliomuscular cells facing the outer medium and an inner endoderm with all cells facing the body cavity, separated by an acellular mesoglea (Figures 1A,B). This tissue-like organization, with no organs and body fluids, is maintained by the continuous cell self-renewal and differentiation of three distinct stem cell lineages of endoderm, ectoderm, and interstitial stem cells, giving rise to a few differentiated cell type, i.e., neurons, gland cells, nematocytes and gametes (Bosch, 2009; Hobmayer et al., 2012). The plasticity and remodelling capacity of the body reaches the highest expression during the regeneration process (Steele, 2002; Bode, 2003; Bosch, 2009; Vogg et al., 2019b). Indeed, the ability to regrow the whole body from tissue pieces or even cell aggregates has made Hydra a one-of-a-kind platform to study regeneration processes and to shed some light on why some organisms have partially lost this ability (Li et al., 2015). The Wnt/βcatenin signalling pathway represents the major developmental pathway acting in adult Hydra to maintain the oro-aboral axis, and it is reactivated during injury and throughout the regeneration to rebuild missing structures from amputated polyps (Hobmayer et al., 2000; Chera et al., 2009b; Lengfeld et al., 2009). Functional and transcriptomic evidences have recently showed the early activation of the Wnt/βcatenin signalling pathway as part of a generic transcriptional response to injury, which initiates an oral patterning cascade independent from the tissue context (Petersen et al., 2015; Cazet et al., 2021). The outcome of this activation appears regulated by long range signals generated by tissue organizers located at both animal poles (Bode, 2009; Petersen et al., 2015; Gufler et al., 2018; Wenger et al., 2019; Cazet et al., 2021), whose existence was proposed 40 years ago, by means of classical tissue manipulation techniques (Macwilliams, 1983). To date, in Hydra, no vehicles have been isolated for lipid-modified and poorly soluble signalling molecules. The EV function in developmental signalling, promoting the release and spread of canonical ligands and/or mediating the transfer of a variety of biologically active molecules from one cell to another is well documented (Gross et al., 2012; Zhang and Wrana, 2014; Mcgough and Vincent, 2016). This prompted us to search for similar EV mediated signalling mechanisms also in Hydra, and to shed light on the early evolution of signalling mechanisms in metazoans. We developed a strategy for EV purification from the polyp culture medium, characterized their morphology and their molecular content at protein and RNA levels, and provide evidence on the bioactivity of their cargo. The shuttling of EV messages in target cells shows that this mechanism of cell-cell communication evolved early in animal evolution and may mediate not only physiological processes but also cross-species or cross-kingdom communication in aquatic ecosystems.
[image: Figure 1]FIGURE 1 | Morphological characterization of Hydra EV. (A) Dark-field image of a living Hydra vulgaris showing the simple body plan and (B) a schematic representation of the diploblastic tissue organization in a cross-section view. Epitheliomuscular cells (ecEP, yellow) face the outer medium and the inner cavity (enEP, pink). Interstitial stem cells (iSC, orange) lay interspersed into the ectoderm giving rise to a few differentiated cell types such as nematoblasts (i-nb), neurons (i-neur) and gland cells (i-gland). EV release into the medium is shown for a single ectodermal cell. (C) TEM image of isolated vesicles exhibiting round morphology and a bilayered membrane. Scale bar, 50 nm. (D) MRPS measurements show the distribution of the EV size, presenting two major peaks at 66 and 70.5 nm (using a TS-400 cartridge). (E) Schematic illustration of in vivo assembling of AuNP decorated EVs, by treatment of Hydra with AuNPs. (F) TEM analysis 48 h post treatment shows AuNPs on the surface of EVs. Scale bar 200 nm. (G) PKH67 labelled-EVs were incubated 2 h with living Hydra. The picture shows the body column with green fluorescent granular signals, clearly detectable also on fixed single cells (H) obtained by maceration of treated polyps. (I) Bright field image of the same cell. Scale bar 200 μm in (G), 20 μm in (H,I).
MATERIALS AND METHODS
Animal Culture
H. vulgaris (strain Zurich) was asexually cultured in Hydra medium (HM: 1 mM CaCl2 and 0.1 mM NaHCO3) at pH 7. The animals were kept at 18 ± 1°C and fed thrice a week with freshly hatched Artemia salina nauplii.
Collection of Extracellular Vesicles
For EV collection, 250 polyps were placed in 10 ml of HM in 6 cm Petri dishes. After 4 days starvation, Hydra conditioned medium was collected and centrifuged using a Beckman Coulter Avanti J-25 centrifuge (rotor JA-25.15) at 10,000 g for 30 min to remove tissue patches and at 20,000 g for 30 min to pellet any cellular debris. The resulting supernatant was then centrifuged at 74,200 g for 150 min at 4°C and the pelleted EVs were washed in HM followed by one last centrifugation. Pelleted EVs were resuspended in either PBS or Hydra medium.
Transmission Electron Microscopy
EVs were visualized using TEM following a slightly modified protocol to that reported by Thery et al. (2006). Briefly, EVs were fixed with an equal volume of 4% paraformaldehyde and deposited onto a Formvar-carbon coated electron microscopy grid. Once dried, the grids were washed with PBS, fixed with 1% glutaraldehyde for 5 min and washed with distilled water 8 times. The samples were stained with 1% ammonium molybdate for 2 min, dried and observed using a FEI Tecnai 12,120 kV or JEOL United States, Inc., United States) at 80 kV. Hydra polyps were dissected into appropriate pieces to fit into cup-shaped HPF specimen carriers. Tissue pieces were pipetted into a 0.2- or 0.3-mm deep carrier and covered with an additional carrier. Finally, the obtained sandwiches were cryo-immobilized by HPF. Frozen sandwiches were transferred into appropriate containers for storage in Liquid N2 for later use or subjected to freeze substitution (FS). The frozen samples were transferred under liquid N2 into cryo-vials containing frozen FS cocktails (anhydrous acetone plus 1% OsO4 and 0.1–0.2% uranyl acetate). Subsequently, the lids were screwed loosely onto the vials to permit safe evaporation of excess N2 gas. The vials were placed into the precooled FS device and after about 1 h the lids tightened and FS was performed for at least 8 h at −80 to −90°C; warming up to −55°C at a rate of 5–10°C per hour, subsequent post-fixation and staining at −55°C for 6 h, followed by warming up to −30°C at a rate of 5–10°C per hour where samples were left for an additional 3 h. Finally, samples were washed three times with acetone (10 min each), 16 h in 10% epoxy resin in acetone, 6 h in 30% epoxy resin in acetone, 16 h 70% epoxy resin in acetone, 6 h 100% epoxy resin in acetone, 16 h 100% epoxy resin in acetone. Then the samples were placed in fresh resin and placed in oven at 60°C overnight.
Sample serial thin (70 nm) section of animals were cut with a diamond knife and mounted onto 150–200 mesh Hex grids. Ultrathin sections were examined with transmission EM Libra 120 EFTEM (Zeiss, Oberkochen, Germany) at 80 eV.
EV Sizing and Counting
Microfluidic Resistive Pulse Sensing (MRPS) (Cimorelli et al., 2021): measurements of isolated extracellular vesicle size and concentration were performed using the nCS1™ instrument (Spectradyne LLC, United States), which is based on the microfluidic resistive pulse sensing technology. EVs isolated from 250 polyps and resuspended in Hydra medium were diluted in equal volume with Tween/PBS buffer in order to meet the instrument requirements regarding medium conductivity. EV samples were analysed with TS-400 and TS-300 cartridges (measurement range 60–400 nm and 50–300 nm, respectively).
Dynamic light scattering (DLS) was performed with a Malvern Zetasizer using EVs diluted in PBS at pH 7.4. Three runs were made at 25°C and at 90°scattering angle.
Western Blot Analysis
Protein concentration was determined using a colorimetric assay based on the Bradford Assay (ThermoFisher) and samples were diluted with PBS to obtain equal protein concentration (EV and whole Hydra homogenates). Samples were mixed with 4x Laemmli Sample Buffer containing 2-mercaptoethanol (Biorad) and boiled for 5 min at 95°C. Proteins were resolved by SDS-PAGE (mini protean TGX precast any KDa gel (Biorad)), blotted onto PVDF membranes (Amersham) and blocked o/n at 4°C in 5% non-fat dry milk in PBS-T (0.5% Tween-20). Membranes were then incubated with the primary antibody for 2 h at room temperature, washed with PBS-T 0.1%, and incubated with goat anti-rabbit IgG Antibody, (H + L) HRP-conjugated secondary antibody (1:4,000, BioRad) for 1 h at room temperature. Finally, protein bands were detected using an enhanced chemiluminescence reagent (Clarity ECL Substrate (Biorad)) and imaged with ChemiDoc XRS System (BioRad) using Image Lab software (BioRad). Antibodies: rabbit anti-Hydra Annexin B12 1:1,000 (kindly gifted by Dr. M. Isas, Keck School of Medicine of USC Los Angeles, CA), mouse anti-β-Actin−Peroxidase (1:40,000, Sigma).
EV Staining and Uptake
EVs obtained as described before were labelled with PKH67 Green Fluorescent Cell Linker (Sigma Aldrich) following manufacturer’s protocol, with minor modifications. Briefly, EVs obtained from 500 polyps in HM were added to 1 ml of diluent C. As a negative control, 1 ml of diluent C was mixed with the same volume of HM. Afterwards, 6 μL of PKH67 dye was added and mixed for 30 sec by gently pipetting. After 5 min incubation at room temperature, 2 ml of 10% BSA was added to quench the unbound dye. EVs were washed and isolated by ultracentrifugation as described before. Hydra were incubated with PKH67- labelled EVs and with the negative control up to 5 h, washed with HM and imaged under a fluorescence microscope (Zeiss).
Regeneration Experiments
All the experiments were carried out using adult polyps starved for 24 h. For the head regeneration experiments, batches of 25 budless polyps were bisected at 80% body length (sub-hypostomal cut) or 50% body length (mid-gastric cut) and left regenerating for up to 72 h in presence of EVs isolated from 250 polyps (100 µL) in a total volume of 300 µL. The regeneration process was monitored at different time points using an optical microscope and polyps were grouped into four stages according to their tentacle morphogenetic features.
For the foot regeneration experiments, groups of 15 animals were bisected at 20% body length and transferred in HM containing EVs isolated from 250 polyps (100 µL) in a total volume of 300 µL. After 24 h, polyps were relaxed in 2% urethane in HM for 2 min and pre-fixed by adding 4% PFA/HM for 15 min. After removing the pre-fixation medium, animals were fixed for 1–3 h in 4% PFA/HM at 18°C and washed three times in PBS to remove any residual fixative. For the peroxidase assay, 2 ml of DAB solution was prepared according to the manufacturer’s instructions (Sigma-Aldrich tablets) and used for 15 min on the fixed animals. In order to stop the colorimetric reaction, the polyps were washed five times with ddH2O and then mounted with PBS/Glycerol 1:1 on microscope slides for imaging.
Stained animals were observed by an inverted microscope (Axiovert 100, Zeiss) and images of each foot were taken with a digital camera (Olympus, DP 70) under the same conditions of acquisition (light and exposure time). The colorimetric analysis was performed using the HSB format on the acquired images in the ImageJ software version 1.53e. Three staining categories were arbitrarily set according to DAB positive area extension as low (0–9,000 μm2), medium (9,000–19,000 μm2) and high (19,000–28,000 μm2).
EV Pre-treatment With Proteinase and RNAse
Prior to total RNA extraction, EVs isolated by ultracentrifugation were enzymatically treated to eliminate the free RNA derived from the ribonucleoprotein complexes that could be present in the conditioned medium. Isolated vesicles were treated with 1 mg/ml of proteinase K for 30 min at 37°C. Afterward, the samples were incubated 10 min at 65°C to inactivate the proteinase K and then treated with 10 µg/ml of RNAse A for 15 min at 37°C.
qRT-PCR Analysis
After treating polyps for 24 and 48 h with EVs isolated from 750 Hydra, total RNA was extracted from animals using Trizol or from EVs using Total RNA Extraction Kit (Norgen Biotek, Corp.) following manufacturer’s instructions and its concentration was determined using a SmartSpec plus spectrophotometer (Biorad). The first-strand cDNA was synthesized by High Capacity cDNA Reverse Transcription Kit (Applied Biosystem). qRT-PCR was performed using a Fast SYBRTM Green Master Mix with premixed ROX (Applied Biosystems), in a StepOne Real-Time PCR System (Applied Biosystem) under the following fast cycling steps: initial denaturation for 20 s at 95°C, followed by 40 cycles at 95°C for 3 s, 60°C for 30 s. In addition, melting curves (20 min, from 59° to 90°C) were generated to check any undesired amplification products. EF1α was used as internal control.
In order to validate RNA-seq analysis, a presence/absence experiment of selected targets was performed using an EV sample isolated from 2000 polyps. Specific primers of Hydra genes Wnt3a, β-catenin, actin and Hsp70 were designed using the Primer3 software (http://frodo.wi.mit.edu/primer3/) and are listed in Supplementary Table S3, together with the corresponding GenBank accession numbers. Due to the qualitative nature of the presence/absence analysis, no internal control was used for the amplification reaction. The presence of such transcripts in the EV sample was confirmed by their cDNA amplification compared to negative controls, where no amplification occurred. Additional analysis by generation of melting curves (from 60 to 95, 0.5°C increment) confirmed sequence specific amplification in EVs and the absence of amplification in No Template Control (NTC). Mean Ct values for each gene and its NTC are shown in Supplementary Table S2
RNA Seq
EVs were collected at different times and stored at −80°C. Total RNA extraction was performed on EV samples collected from 10,000 polyps overall and in two replicates using “Total RNA Purification Kit” (Norgen Biotek Corp.) and following the manufacturer’s supplementary protocol for exosomal RNA purification, with one modification: the optional DNA removal step was carried out using RQ1 RNase-Free DNAse (Promega) at 0.1 U/mL. The two samples were sent to the Sequentia Biotech S.L. (Barcelona, Spain) company for quality check, cDNA library preparation using “Ovation® SoLo RNA-Seq Systems” (NuGEN Technologies, Inc.), and sequencing via a paired-end chemistry on an Illumina platform. After quality inspection of the produced reads with fastqc (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore), reads were cleaned to remove the first five bases of read1, the Illumina adapter sequence “AGATCGGAAGAGC” and the bases with quality below 20 from the 3′ end using the program TrimGalore! (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore); the cleaned reads shorter than 35 bp were removed from further analysis (9.3% of the produced read pairs). Trimmed reads were then aligned using the program STAR (version 2.7.1a)78 against the NCBI Hydra vulgaris reference genome (assembly Hydra_RP_1.0), while for gene expression quantification, trimmed reads were also aligned on the corresponding transcript sequences GCF_000004095.1_Hydra_RP_1.0_rna.fna.gz using the program kallisto (Dobin et al., 2013; Bray et al., 2016). Kallisto was also used to quantify genes using the reference transcriptome used in Siebert et al. (2019) in order to directly map the genes with the cell types where they were identified.
Protein Identification by MALDI-TOF/TOF
To perform the MALDI-TOF/TOF EV samples were first run into a SDS-Page gel. EV total proteins were quantified using a Bradford assay, 4x Laemmli Sample Buffer with 2-mercaptoethanol (Biorad) was added, samples were heated to 95°C for 5 min and they were run in a mini protean TGX precast 7.5% gel (Biorad). The gel was silver stained following standard procedures.
In-gel digestion- Protein bands were manually excised with a cutter, and in-gel digested with an automatic digestor (Intavis, Bioanalytical Instruments, Cologne, Germany). Briefly, spots were washed with water, ammonium bicarbonate (100 mM), and acetonitrile. Next, samples were reduced by incubation with DTT (10 mM) at 60°C for 45 min and alkylated by incubation with iodoacetamide (50 mM) at room temperature for 30 min. Finally, proteins were digested with trypsin overnight at 37°C (5 ng/μL, Trypsin Gold, Promega, WI, United States). Digestion was stopped by adding 0.5% TFA (trifluoroacetic acid), and tryptic peptides were extracted sequentially with increasing concentrations of acetonitrile in water. Peptides were concentrated and desalted by passing it through ZipTip C18 tips (Millipore) following the manufacturer’s instructions and eluted with 50%ACN 0.1%TFA.
Peptides were spotted into an Opti-Tof 384 well insert plate (Sciex) with a saturated solution of alpha-cyano-4-hydroxycinnamic acid (CHCA) prepared in 50% ACN/0.1% TFA. Proteins were identified using a 4800plus MALDI-TOF/TOF (Sciex) in the reflector mode with accelerating voltage of 20 kV, mass range of 800–4000 Da and 1,000 shots/spectrum. MS/MS spectra were acquired automatically on the 20 most intense precursors. Spectra were calibrated externally using a standard protein mixture (4,700 Calmix, ABSciex).
Protein Identification
Proteins were identified with the search engine Mascot (Matrix Science, London, United Kingdom) against the NCBI prot database of Hydra (29,584 sequences). Search parameters used were: missed cleavage 1, fixed modifications carbamidomethyl (cysteines), variable modifications oxidation (methionine) and peptide and fragment mass tolerance 0.2 and 0.3 Da, respectively. Proteins with a score above 23 were considered a positive hit.
Protein Identification by LC-ESI-MS/MS
In solution digestion- Samples were evaporated and resuspended in 10 μL of denaturing buffer (6 M urea, 100 mM Tris buffer pH 7.8). Next, cysteines were reduced with 1.5 μL DTT (200 mM) for 30 min at 37°C and alkylated with 6 μL of iodoacetamide (200 mM) for 30 min in the dark. Unreacted iodoacetamide was consumed adding 6 μL of the reducing agent (200 mM DTT) for 30 min at room temperature. Samples were diluted with 50 mM ammonium bicarbonate to a final concentration less than 1 M of urea. Digestion was carried out overnight with the enzyme trypsin (Gold Trypsin, Promega) at 37°C and a 1:10 ratio (enzyme/protein). Reaction was stopped adding concentrated formic acid (Sigma). Samples were evaporated, resuspended in 2% acetonitrile, 0.1% formic acid and filtered through 0.45 μm filters. Protein identification was performed on a nano-LC system (Tempo MDLC, Eksigent, Dublin, CA, United States) coupled to a hybrid triple quadrupole/linear ion trap mass spectrometer (4000 QTRAP, Sciex). After precolumn desalting, tryptic digests (1 μg) were separated on a C18 column (Acclaim PepMap100, 75 μm id, 15 cm, 3 μm particle size, Thermo Scientific, United States) at a flow rate of 300 nL/min and a 120 min linear gradient from 5 to 35% ACN in 0.1% formic acid. The mass spectrometer was interfaced with a nanospray source equipped with uncoated fused silica emitter tip (20 μm inner diameter, 10 μm tip, NewObjective, Woburn, MA) and was operated in the positive ion mode. MS source parameters were as follows: capillary voltage 2800 V, source temperature 150°C, declustering potential (DP) 85 V, curtain and ion source gas (nitrogen) 20 psi, and collision gas (nitrogen) high. Analyses were performed using an information dependent acquisition (IDA) method with the following steps: single enhanced mass spectra (EMS, 400–1,400 m/z) from which the eight most intense peaks were subjected to an enhanced product ion [EPI (MS/MS)] scan. Proteins were identified with the search engine Mascot (v2.3 MatrixScience, United Kingdom) using NCBIprot database of Hydra (29,584 sequences). Search parameters used were: missed cleavages 1, fixed modifications carbamidomethyl (cysteines), variable modification oxidation (methionine) and peptide and fragment mass tolerance 0.5 and 0.3 Da, respectively. Only proteins with an overall Mascot score higher than 32 and at least two matching spectra were considered in the final list.
RESULTS
Hydra vulgaris Releases Round-Shaped Extracellular Vesicles Into the Aquatic Environment
EVs were isolated from the medium of starved polyps by differential centrifugation, following a well-established protocol (C Thery et al., 2006), slightly modified. Pelleted EVs suspended in Phosphate buffered saline (PBS) where then characterized by Transmission Electron Microscopy (TEM). Figure 1C shows the round shape of isolated EV and the presence of double membrane around the electron dense vesicle (Supplementary Figure S1). By microfluidic resistive pulse sensing (MRPS) a yield of 5 × 1010 particles/mL was estimated from a typical preparation (250 polyps into 10 ml of medium), while the distribution of the particle size showed two peaks at 66 and 70.5 nm (Figure 1D and Supplementary Figure S1). A good correlation with these measurements was obtained through other approaches, such as Dynamic Light Scattering (DLS) analysis and TEM (Supplementary Figure S1), both confirming the average size of 66 nm, and suggesting an enrichment in exosome-like vesicles. The presence of EVs on Hydra ectodermal cell surface was previously supposed during an ultrastructural study describing several inward and outward mechanisms negotiating the entrance, trafficking, and clearance of gold nanoparticles in animal tissues (Marchesano et al., 2013). To confirm this evidence, Hydra polyps were pulsed (24 h) with positively charged AuNPs, synthesised as previously described (Marchesano et al., 2013) and 48 h later processed for TEM (Supplementary Figure S2). Semi-thin slices showed the presence of round nanovesicles decorated with AuNPs on the external membrane of ectodermal cells, laying into the glycocalix (Figures 1E,F), confirming in vivo assembly of AuNP-EV structures as part of the secretory route (Marchesano et al., 2013). This assembly demonstrates a strong interaction between EV membranes and positively charged AuNPs, likely due to electrostatic interaction.
The ability of EVs to be internalized into Hydra tissues was investigated by labelling freshly isolated EVs with PKH67 and incubating living polyps up to 5 h. Distinct green fluorescent signals were found on the body column and tentacles 2 h post incubation and in single cells obtained by maceration of treated polyps, indicating an efficient uptake of EVs into Hydra cells (Figures 1G–I; Supplementary Figure S3). These signals became hardly detectable after 5 h, possibly suggesting the processing of the EVs into the recipient cells.
Hydra EVs Shuttle Typical Exosome-Associated Proteins and Key Components of Axial Patterning
Initially, a MALDI-TOF/TOF analysis performed on EV protein bands excised from an SDS-PAGE gel identified Annexin B12 and actin, whose presence was confirmed by immunoblot analyses (Supplementary Figure S4). Then a large scale EV isolation was achieved from 8,000 Hydra, and protein extracts were used for LC-ESI-MS/MS analysis and protein identification. The analysis from two biological replicates identified 52 proteins with a Mascot score >32 (Supplementary Table S1). Table 1 shows selected unique Hydra proteins grouped for function. Remarkably, 29 proteins were present also in the Exocarta protein database (http://www.exocarta.org/), suggesting the exosome–like nature of the isolated EVs. The exosome-specific proteins include two annexins, a synthenin1-like protein involved in the biogenesis of exosomes, a programmed cell death 6-interacting protein involved in the MVB formation and the CD151 antigen belonging to the Tetraspanin family. Among others, chaperones (Heat Shock Proteins), cytoskeletal proteins (Actin, Tubulin), extracellular matrix constituents (Fibrillin 1, Fibrillin 2), and important components of cell-cell adhesion (Protocadherin fat 4) and vesicle biogenesis (Synthenin, Programmed cell death 6-interacting protein, Polyubiquitin-B) were found. Altogether the variety of putative proteins identified in the Hydra EVs, either structural or involved in cell-cell communication and signal transduction, suggests multiple functional roles played by EVs in adult Hydra, and their correlation with known exosome proteomes.
TABLE 1 | Name and putative function of selected proteins identified by ESI-MS/MS analysis.
[image: Table 1]A comprehensive transcriptomic analysis was performed on total RNA from purified EVs (from two biological replicates) generating two cDNA libraries and conducting pair-end next-generation sequencings. The sequenced reads were first aligned against the NCBI Hydra vulgaris reference genome (assembly Hydra_RP_1.0), where a percentage of 32 and 22% could be mapped. For gene expression quantification, the reads were also directly aligned using the program kallisto on the Hydra_RP_1.0 transcript sequences, where the total mapped reads on transcripts were 50 and 45% of the reads mapped on the genomic sequence. The presence of a subset of transcripts was confirmed in EV-derived RNA by using reverse transcription polymerase chain reaction PCR (RT-PCR). The selection was based on manual screening of genes already identified in EVs and exosomes (hsp70 and actin) or belonging to the Wnt/β−catenin signalling pathway (β−catenin, and Wnt3). We then used the minimum expression level in TPM (Transcripts Per Kilobase Million) of the validated genes to define an empirical detection threshold (0.4 TPM in at least one library). Using this definition, we selected 6,100 detected genes, among which 5,499 were protein-coding, 525 long non-coding and 31 tRNA genes. The detected genes were functionally annotated with the known associated Gene Ontology (GO) terms using OrthoDB to highlight the most important biological processes encoded by EV mRNAs (Kriventseva et al., 2019). The full list of the GO categorized genes is provided in Supplementary file 1. Interestingly, this analysis revealed that the most abundant transcripts within the Molecular Functions GO category are related to catalytic activity (alcohol dehydrogenase, sulfite oxidase), proteases and proteinase inhibitors (cathepsin, several members of the astacin family, antistasin), hydrolase and transferase activity. Within the Cellular Component GO category the genes encoding for intracellular and cytoplasmic anatomical structures were highly abundant, such as actin, cophylin, α-tubulin chain, β tubulin chain, talin-2, secreted glycoproteins (mucin 2-like, mucin 5AC-like), and LAMP, a well-known exosome marker. The transcripts categorized into the Biological processes GO class included the classes of protein metabolism (tRNA synthase, eIF3, eIF4, eEF1α, tRNAs), signal transduction pathways (G-protein coupled receptors, Rho family, guanidine nuclear exchange factors, Wnt3, gremlin) and response to stress (Hsp70, Hsp90, Superoxide dismutase, Glutamate dehydrogenase, thioredoxin-like).
Beside transcripts identification, lncRNA species were detected from the RNA-seq analysis. In one case the lncRNA was mapped adjacent to the mucin5AC gene locus, detected both at mRNA and protein levels, suggesting the possibility that EVs may shuttle all molecular components for immediate and late availability of key information in target cells. The association of lncRNA with exosomes was first demonstrated by the analysis of human plasma-derived exosomes by RNA-seq (Huang et al., 2013), and has been recently functionally characterized and linked to disease, including a list of cancers, where they act via epigenetic regulation of key target genes. Their presence in Hydra EV might suggest a regulatory function in the receiving cells.
In order to map the EV cellular source in the animal body we used a recently-published single-cell RNA-seq (scRNA-seq) atlas (Siebert et al., 2019) to match Hydra EV-associated genes with molecular signatures of specific cell clusters, which were grouped according to cell lineage (ectodermal, endodermal and interstitial cell lineage), or anatomical location (head, body column and foot) (Figure 2). An alignment rate of 12% was obtained and 4,997 transcripts were detected, of which 2,975 were found in at least one cell type in the scRNA annotated on Swiss-prot (TPM 0.2 in at least one library, Supplementary file 2). A large percentage of transcripts (48%) was clustered as specific of the interstitial cell lineage, while those derived from the ectodermal (12.7%) and endodermal cell lineage (9.45%) were less abundant. By subclustering the EV transcripts according to unique cell type expression, using the same cell categories and differentiation trajectories identified in the scRNA-seq (Siebert et al., 2019), a remarkable contribute of basal disk cells, battery cells, neurons and nematoblasts emerged (Figures 2B,C). A detailed analysis subclustering EV transcripts into cell types of each cell lineage is shown in Supplementary Figure S5. Overall, this indicates the mixture of precise molecular information from multiple cell types in Hydra EVs. The list of the five top genes in each cell cluster is provided in Supplementary Table S4 and the list of the 10 top genes identified matching the scRNAseq is shown in Supplementary Table S5. Interestingly, many genes belonging to the Wnt/β catenin signalling pathway were identified (Table 2), including Wnt3, β−catenin, naked cuticle (Petersen et al., 2015) together with some inhibitors such as dkk1/2/4 (Augustin et al., 2006; Guder et al., 2006), astacin (Ziegler et al., 2021), thrombospondin (Lommel et al., 2018), and sp5 (Vogg et al., 2019a). Remarkably, dkk1/2/4 and astacin were found among the most abundant transcripts specific of zymogen and granular mucous gland cell classes, strongly indicating their role in restricting the head organizer activity in the hypostome. By comparing the EV transcriptome to the proteome many annotated proteins (found also on exosome proteomes) were identified also at transcript level (actin, tubulin, annexinB12, hsp70), indicating the concomitant transfer of molecular information for immediate and programmed response in the target cells.
[image: Figure 2]FIGURE 2 | Molecular contribution of cell lineages to the Hydra EV transcriptome. (A) Venn Diagram showing cell lineage contribution to the EV transcriptome. The clusters of cells included into each cell lineage were identified by scRNA-seq analysis recently reported (Siebert et al., 2019) and are listed in Supplementary Figure S5. (B) Distribution of EV transcripts matching the scRNA-seq atlas, subclustered according to their unique presence in a specific cell type of ectoderm (blue tones), interstitial (red tones) and endodermal (green tone) cell lineage. Transcripts common to multiple cell lineages are not included. (C) Anatomical source of EV transcripts. The distribution shows EV transcripts derived from all body regions, including the nerve net.
TABLE 2 | List of EV transcripts involved in the Wnt/β-catenin signalling pathway matching the scRNA-seq database.
[image: Table 2]EVs Modulate Head and Foot Regeneration in Hydra
The finding in the EV transcriptome of both positive and negative regulators of the Wnt/β-catenin pathway (Figure 3A) prompted us to evaluate the EV bioactivity in receiving polyps. Wnt3 gene transcript levels were shown upregulated in polyps treated with EVs, both at 24 and 48 h post treatment (Figure 3B), suggesting for the first time the involvement of Hydra EVs in the exogenous activation of Wnt signalling.
[image: Figure 3]FIGURE 3 | Wnt signaling activation via Hydra EV. (A) Schematic view of the canonical Wnt/β-catenin pathway at cellular level, in the activated state, showing extracellular and intracellular regulators identified in the Hydra EV transcriptome. (B) Relative mRNA expression levels of Wnt3/Ef1α. Whole polyps were treated for the indicated period with EVs freshly isolated from Hydra medium, then processed for RNA extraction and qRT-PCR. Data represent the average of three biological replicates (n = 60), each performed in triplicate and are presented as mean ±SD. Statistics was tested by two-sided unpaired t test. **p < 0.005 (p = 0.0015 for 24 h analysis and p = 0.0037 for 48 h analysis).
Next, the bioactivity of the EV molecular cargo was evaluated in the context of the regeneration process. Freshly prepared EVs were added to polyps amputated at midgastric level (50% of body column length), and the head regeneration efficiency was evaluated by morphometric analysis. Stumps of progressive developmental stage (stages 0, 1, 2 and 3) were monitored at regular intervals, starting at 24 h post amputation (p.a.) (Figure 4A). At each time point significant differences were observed in the distribution of developmental stages, with the EV-treated stumps always presenting more advanced stages compared to the controls (Figure 4B). Similar results were also obtained when the amputation was sub-hypostomal (80% of upper body length) (Supplementary Figure S6). These data indicate a clear enhancement effect played by EVs in the regeneration of the head, suggesting that the EV cargo may act as an exogenous source of molecular signals. The impact of EVs on the ability of the lower body cells to regenerate a new foot was evaluated by bisecting whole polyps at 20% of the body length (Figure 4C). The absence of distinctive morphological changes that characterize this process led us to use biochemical assays to monitor the differentiation of foot specific cells, based on the detection of peroxidase activity. This enzymatic activity is used as specific marker of basal disk cell differentiation, producing a strong signal at 36–48 h p.a. (Hoffmeister and Schaller, 1985). While control regenerates showed a clear peroxidase-positive basal disk at 36 h p.a., there was only a faint staining in the basal disk region at this time, indicating an inhibitory effect played by EVs on foot regeneration process. The observed modulation of the regeneration confirms the presence of important messages into the EVs, as detected by the transcriptome analysis, and suggest a possible regulatory role in Hydra biology.
[image: Figure 4]FIGURE 4 | Hydra head and foot regeneration are modulated by EVs. (A) Light microscopy images of regenerating polyps, grouped in four categories according to progressive developmental stage. (B) Histograms report the distribution of developmental stages at 40, 48 and 72 h post midgastric amputation (shown by the red dotted line). The bar color corresponds to the regenerative stages shown in (A). Data represent the average of three independent experiments (n = 70). Differences in the distributions of untreated and treated polyps were statistically evaluated using Chi squared test. At 40 h χ2 = 39.353 with 2 degrees of freedom. Two-tailed ***p value = 0.000057; at 48 h χ2 = 9.958 with 2 degrees of freedom. Two-tailed *p value = 0.0069; not significant differences resulted at 72 h: χ2 0.548 with 2 degrees of freedom. The two-tailed p value = 0.7605 (C) Light microscopy images of foot regenerates at different time post amputation (red dotted line). (D) Distribution of foot regenerating polyps grouped in three categories: light, medium and dark green, corresponding to low, medium and high peroxidase staining, determined as DAB positive area by using the ImageJ software. Experiments were performed in triplicate (n = 45). χ2 = 7.062 with 2 degrees of freedom. two-tailed *p value: 0.0293. (E) Representative images of foot regenerating polyps (untreated and treated with EVs) 24 h p.a.
DISCUSSION
The production and release of EVs has been documented in all three domains of life, both in unicellular and multicellular organisms. Functional studies have demonstrated their involvement in a large number of processes, including morphogenesis and development, while increasing evidences suggest that they may also participate in intra- and inter-species communication (Buck et al., 2014; Cruz et al., 2018; Cai et al., 2019). The evolutionary conservation of this form of communication poses important questions about the role it might have had on the generation of complex life as we know it today (Woith et al., 2019; Gill et al., 2019). Apart from our work detecting EVs on Hydra ectodermal cell surface (Marchesano et al., 2013), so far no evidences documented their presence in cnidarians, where they might act as signals for cell-cell communication, or as long range signals across species, or even kingdoms of aquatic life. We purified and characterized EVs from Hydra culture medium by differential centrifugation, characterized their round-shaped and double-layered morphology via TEM and estimated the size in the range consistent with exosome EV subtype (Doyle and Wang, 2019). Proteomic analysis revealed numerous exosome markers, often related to their biogenesis route and cargo sorting mechanisms (Jeppesen et al., 2019; Juan and Furthauer, 2018). This evidence, together with the morphology, size and mRNA loading strongly suggests that the EVs isolated are highly enriched in this vesicle subtype. Most of the identified proteins correlate with the transcripts, including proteinases, catalytic proteins and transcription factors, suggesting the delivery of key molecular messages for early and late responses in the receiving cells. Stress induced molecular chaperons were found at the protein level (i.e., Hsp70, Hsp71, Supplementary Table S1) and among the most abundant transcripts of endodermal- and interstitial cell-specific transcripts (hsp90 and hsp70 respectively (Supplementary Table S4). Their presence, together with other stress related transcripts (i.e., stress induced phosphoprotein), superoxide dismutase and thioredoxin protein (disulphide isomerase) reveals an important role played by EVs in the stress response, conveying long distance messages to support survival and adaptation as described in literature. Similarly, detection of proteins and transcripts of the serine protease inhibitor kazal (Chera et al., 2009a) suggests a possible involvement of EVs in the starvation response, by preventing excessive autophagy. Indeed, induction of autophagy during starvation is the main survival strategy in Hydra and kazal was shown to support cell survival by preventing excessive autophagy (Chera et al., 2006). As EV harvesting occurs under starvation, kazal may support the animal survival to this condition, mirroring natural defence mechanisms acting through EVs.
In addition to the above-mentioned factors, a multitude of signalling components belonging to BMP, Notch and Wnt/βcatenin pathways, were identified among mRNA transcripts. Our focus on the Wnt/β-catenin signalling pathway, searching for positive and negative regulators of it in EVs, is due to the major role played by this pathway in body axial patterning. In Hydra two stable tissue organizers located at the oral and aboral poles are responsible for the tissue polarity (Bode, 2009). While the molecular bases of foot organizer are still largely unknown, the head organizer relies on the canonical Wnt/βcatenin pathway and other integrating signalling pathways, such as the Notch-Delta (Broun et al., 2005; Gee et al., 2010; Munder et al., 2013). Using classical tissue manipulation techniques (Macwilliams, 1983) and more recently gene transcript profiling (Chera et al., 2009b; Wenger et al., 2019; Cazet et al., 2021) the presence of long-range inhibitory signals in Hydra head organizer has been supposed, acting in adults polyps to maintain the oral-aboral polarity and preventing the formation of ectopic organizers elsewhere in the body. Amputated organizers may transiently increase the ability of wounded tissue throughout the body column to form secondary axes, while during foot regeneration these inhibitory signals would prevent ectopic head formation at aboral-facing amputations (Cazet et al., 2021). To date, these signals have not been identified and in the present work we foresee the possibility that they may rely on EVs released in the extracellular medium. We demonstrated that treating amputated polyps with EVs at an empirical dosage, likely much higher when compared to the physiological EV production, impacts on Hydra regeneration, and this effect may be due to the peculiar molecular cargo of EV collected under these conditions. While under physiological condition EVs may contribute to tissue organizer activity (Macwilliams, 1983; Cazet et al., 2021) by enhancing the head regeneration at the oral facing amputation region, and preventing the formation of multiple heads at the opposite end, under our condition EVs may inhibit foot regeneration, as a result of an unique blend of molecular signals. Indeed in addition to mRNA, tRNA and lncRNA here detected, EVs are known to vehicle small RNA, lipids, DNA and other metabolites (Veziroglu and Mias, 2020), opening the path to further analyses for a deeper characterization of Hydra EVs and unravel their role in developmental signalling and many other aspects of Hydra biology.
The alignment of EV transcriptome with the scRNA-seq atlas recently produced (Siebert et al., 2019) allowed to extract important information not only on the molecular composition of the EV cargo but also on the cell sources of EV transcripts. Under our condition of EV purification multiple cell types appeared involved in the loading and release of EVs. In addition to ectodermal cells expected to release EVs, as facing the external medium, a large contribute to the EV transcriptome matched transcripts specific of the interstitial stem cell lineage, dispersed throughout the body column, especially neurons. This suggests that EVs may mediate the information flow within the Hydra non overlapping neural networks (Dupre and Yuste, 2017). Interestingly, the sub-clustering analysis (Supplementary Figure S5) reveals that within the interstitial cell lineage a large fraction (18.7%) of the transcripts are germ line specific, suggesting the possibility that under the mild stressing condition used for EV collection the cells may release signals to induce gametogenesis and guarantee species survival. Finally, a minor fraction of transcripts was specific of endodermal cells, especially gland cells, which is consistent with their location, facing the gastric cavity, and their molecular repertoire of enzymatic activities and signalling factors, such as those restricting the Wnt signal in the hypostome (Guder et al., 2006; Lommel et al., 2018; Ziegler et al., 2021). A comparative analysis between EVs produced by transgenic lines tagged in each cell lineage would help in the future to confirm this in silico evidence.
Concerning the possible role in vivo, the EV information toolbox may be used for cell-cell communication to maintain homeostatic condition, i.e., axis polarity, regulate animal size and tissue growth. In other conditions, i.e., during budding, regeneration or stress response, they may act to orchestrate coordinated cell responses between distant tissue regions, or among different polyps. In this work we purified EVs from the medium of healthy polyps mirroring the condition used to enhance EV production from cell culture, i.e. starvation and crowding (Théry et al., 2006) and our omics and functional analyses are the outcomes of this particular state. EV may vary their molecular cargo under certain conditions, such as stress, reproduction, temperature changes, adapting the molecular information to deliver diverse messages to the cells, from hydrophobic signals to lipids, second messengers, or nucleic acids. We believe that by comparing the EV content produced under different physiological states different outputs might be produced, leading to decipher the “code” used by cells to communicate to distant cells or organisms and to coordinate precise responses to environmental challenges, which is of outmost importance in aquatic environments.
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Coronavirus disease 2019 (COVID-19) is an infectious disease caused by beta-coronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that has rapidly spread across the globe starting from February 2020. It is well established that during viral infection, extracellular vesicles become delivery/presenting vectors of viral material. However, studies regarding extracellular vesicle function in COVID-19 pathology are still scanty. Here, we performed a comparative study on exosomes recovered from the plasma of either MILD or SEVERE COVID-19 patients. We show that although both types of vesicles efficiently display SARS-CoV-2 spike-derived peptides and carry immunomodulatory molecules, only those of MILD patients are capable of efficiently regulating antigen-specific CD4+ T-cell responses. Accordingly, by mass spectrometry, we show that the proteome of exosomes of MILD patients correlates with a proper functioning of the immune system, while that of SEVERE patients is associated with increased and chronic inflammation. Overall, we show that exosomes recovered from the plasma of COVID-19 patients possess SARS-CoV-2-derived protein material, have an active role in enhancing the immune response, and possess a cargo that reflects the pathological state of patients in the acute phase of the disease.
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Introduction

Coronavirus disease 2019 (COVID-19) primarily affects the lung epithelium, and infection may lead to pneumonia, respiratory distress syndromes, acute lung injury, and death. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a spherical or pleomorphic enveloped virus with a typical size range of 80–120 nm in diameter. It contains a positive single-stranded RNA of 30 kb, surrounded by a membrane embedded with several viral proteins. Of fundamental importance for viral internalization is the Spike (S) protein (1). During viral entry, the S protein binds, through its receptor-binding domain (RBD), to angiotensin-converting enzyme 2 (ACE2) receptors of host cells. Next, the serine protease TMPRSS2 primes the S protein for internalization (2). Once internalized, the virus matures, replicates, and, lastly, leaves the host cells in order to spread in the surrounding tissues. Many viruses are known to enter extracellular double-membrane vesicles (EDMVs) during intra-host spreading (3, 4). To date, however, literature covering this topic for SARS-CoV-2 is scanty.

Exosomes are small vesicles (30–100 nm in diameter) of endocytic origin and are released from cells into the extracellular environment during both normal and pathological conditions (5). They are formed by the inward budding of late endosomal membranes that give rise to intracellular multivesicular bodies (MVBs) that then fuse with the plasma membrane releasing the intraluminal exosomes into the extracellular space. They are secreted by all cell types and are present in bodily fluids, such as blood, urine, and saliva, breast milk, and bronchial and nasal lavage (6). Although the protein composition of exosomes reflects that of the parent cell, exosomes have common and peculiar components. They are in fact generally rich in tetraspanins (CD9, CD63, CD81) and heat shock and Rab proteins, which are routinely used as exosomal markers. Exosomes are an important tool for intercellular communication, as they act as shuttles for the transfer of biologically active proteins, lipids, and RNAs (7). In vitro studies have demonstrated that exosomes play a dual role: they promote pathogen transmission and exacerbate infection in some cases, while they contribute to host defense and control infection in others. Currently, very little is known about the characteristics, behavior, and contribution to viral infection of in vivo generated exosomes (8).

In this study, we purified exosomes from the plasma of COVID-19 patients using immuno-isolation methods and highlighted their function in the context of COVID-19 infection. In addition, we analyzed the differences in protein composition (internal cargo and membrane surface components) of exosomes recovered from healthy donors (HDs) and patients experiencing COVID-19 in a MILD or SEVERE form and elucidated possible functional roles.



Materials and Methods


 




Sample Collection

Plasma samples from COVID-19 patients were collected by the Ospedale Maggiore Policlinico (Milan, Italy) between March and June 2020 in the acute phase of infection from venous blood samples using Ethylenediaminetetraacetic acid (EDTA) as anticoagulant. The clinical classification of MILD and SEVERE patients was done following the recommended WHO clinical progression scale score (MILD patient scores ranged between 1 and 4, whereas SEVERE patients had scores between 5 and 10) (9). Detailed information is shown in Supplementary Table S1. For the SEVERE group, samples were collected during patients’ hospitalization in COVID-19 high dependency units. COVID-19 patients were diagnosed by RT-PCR nasopharyngeal swab. HDs were chosen to be representative of both sexes and of varied ages (26–65 years). While gender was matched between COVID-19 patients and healthy controls in this cohort, the average age of the SEVERE and MILD group was not, the first being much higher than the second, following an intrinsic characteristic of COVID-19 epidemology that shows a worse prognosis in elderly individuals.



Human Plasma Preparation

In this study, 100 µl of plasma samples were prepared by 3 centrifugation steps (Step 1: 10′ at 500 g; Step 2: 20′ at 2,000 g; Step 3: 30′ at 14,000 g) to eliminate red blood cells and cellular debris. After each step, the supernatant was transferred to a new tube and the pellet was discarded. After the last centrifugation, the supernatant was diluted in Phosphate-buffered saline (PBS). To exclude cell-free virions in the exosome preparations, we always used immune affinity purification method using anti-tetraspanin antibody-conjugated magnetic or latex beads.



Immunocapture-Based ELISA

Circulating exosomes from plasma of MILD and SEVERE patients or HDs were captured using the ExoTEST Kit (Hansa BioMed) according to the manufacturer’s instructions. The ELISA plate with 100-µl test samples loaded per well was incubated at room temperature with shaking for 30 min. After washing 3 times with washing buffer, 100 μl of biotinylated anti-SARS-CoV-2-S RBD primary antibody (1:1,000 ratio) were added to each well and incubated at room temperature while shaking for 2 h (2–3 rotations per second). The plate was washed again with the washing buffer, and 100 μl of diluted streptavidin HRP-conjugated were added to each well. The plate was incubated at room temperature while shaking for 1 h (2–3 rotations per second). Then, 100 μl of Substrate Chromogenic Solution was added to each well and incubated uncovered at room temperature in the dark for 5–10 min. The plate was monitored until a blue color was visible. At this point, the reaction was stopped by adding 100 μl of stop solution to each well. The absorbance was recorded at 450 nm within 10 min with an Infinite F200 (Thermo Fisher Scientific, USA).



Flow Cytometry Analysis

For immunoisolation of exosomes recovered from plasma, 10 μl of 4-μm-diameter latex beads were incubated with 20 µl purified anti-CD63 mAb for 30 min at room temperature in a final volume of 50 μl. After 15 min, the volume was made up to 200 μl with PBS, and samples were incubated overnight at 4°C with gentle agitation. For Fluorescence activated cell sorting (FACS) analysis, exosomes recovered from blood plasma were incubated in 60 μl for 30 min at 4°C with anti-CD63-latex beads. The volume was made up to 400 μl with PBS and incubated for 2 h at 4°C. To eliminate the unspecific antibody binding, beads resulting after plasma incubation were blocked with 5% bovine serum albumin (BSA) solution for 30 min at room temperature. Vesicle-coated beads were washed twice in washing buffer (1% BSA in PBS) and resuspended in 400 μl of washing buffer, stained with the indicated fluorescent antibodies, and analyzed on a FACSCantoI flow cytometer (BD Biosciences) and FACSDiva software. Flow cytometry analysis was done interchangeably using an isotype antibody or a secondary antibody control.

For exosome integrity analysis, we also assessed syntenin compartmentalization in the exosome cargo. The Intracellular Fixation and Permeabilization Buffer Set (eBioscience) was used to fix and permeabilize exosomes for intravesicular staining. Exosomes were fixed in 100 μl of IC Fixation Buffer and incubated in the dark at room temperature for 20 min. After incubation, the samples were washed twice with 500 μl of permeabilization buffer and then resuspended in 100 μl of the same buffer. The samples were then incubated with PE anti-human syntenin for 30 min at room temperature. After incubation, the samples were washed twice with 500 μl of permeabilization buffer and resuspended in 200 μl of 1% BSA-PBS and analyzed.



Nanoparticle Tracking Analysis

The size distribution and concentration of plasma-derived exosomes were analyzed by nanoparticle tracking analysis (NTA) using NanoSight model NS300 equipped with a Blue488 laser and a sCMOS camera (Malvern Instruments, Malvern, UK). Here, 2 μl of sample was diluted in 1 ml of PBS and then injected into the laser chamber. The following settings were used for data acquisition: camera level, 13; acquisition time, 60 s; and detection threshold, 5. Data were analyzed using the NTA 3.4 software (Malvern Instruments). Three recordings were performed for each sample. The evaluation of the particle size distribution (PSD) was performed through the following parameters: Mean, Mode, SD, D10, D50 (Median), and D90, which indicate, respectively, the average, most frequent particle class size, standard deviation, and the 10%, 50%, and 90% percentiles of the analyzed particles.



Exosome Coimmunoprecipitation Followed by Western Blotting

In this study, 5 μg of anti-CD63, anti-CD9, and anti-CD81 mAbs, diluted in 200 μl PBS, were added to 1.5 mg (50 μl) of the protein G-coated Dynabeads® suspension and incubated with rotation for 20 min at room temperature. The Abs-coated beads were separated from the non-bound antibodies by placing the tube on a magnet for 1 min and removing the supernatant. Beads–Ab complexes were resuspended in 200 μl PBS with Tween®-20 and washed by gentle pipetting. Plasma samples (100 μl) were added to the Dynabeads®–Ab complexes, and the beads were incubated with rotation Overnight (O/N) at 4°C. The Dynabeads®–Ab–antigen complexes were washed 3 times using 200 μl PBS and were resuspended in 100 μl PBS. The bead suspension was then transferred to a clean tube to avoid co-elution of proteins bound to the tube wall. The tube was then placed on a magnet for 1 min, and the beads were recovered. Next, 50 μl of premixed NuPAGE® LDS Sample Buffer and NuPAGE Sample Reducing Agent (mixed as per manufacturer’s instructions) were added to the Dynabeads®–Ab–antigen complex and heated for 10 min at 70°C. Then, the tube was placed on a magnet for 1 min, and the supernatant/sample was loaded onto a NuPAGE 4%–12% Bis–Tris gel (Invitrogen, Waltham, MA, USA) and transferred onto a Polyvinylidene fluoride (PVDF) membrane (Merck Millipore, Burlington, MA, USA). Membranes were blocked in 5% non-fat powdered milk in TBS-T (0.5% Tween-20) and probed with the indicated antibodies for 2 h at room temperature. Membranes were washed, and HRP-conjugated antibodies were added for 1 h at room temperature. Detection was performed using enhanced chemiluminescence (ECL) reagents (Invitrogen) according to the manufacturer’s guidelines.



Exoview Analysis

Exosomes recovered from plasma of COVID-19 patients and HDs were analyzed using ExoView Tetraspanin chips (NanoView Biosciences, Boston, MA, USA) arrayed with antibodies against the CD81, CD63, CD9, and CD41a proteins. Mouse IgG1 was used as a negative control. In brief, 35 µl of each sample were dropped onto the chip surface (placed in a sealed 24-well plate) and incubated for 16 h at room temperature. Each chip was then washed once on an orbital shaker with PBST (PBS supplemented with 0.05% Tween-20) for 3 min, then washed three additional times with PBS for 3 min. After washing, the chips were incubated with anti-SARS-CoV-2-S RBD, conjugated with Alexa Fluor 647, in PBST supplemented with 2% BSA in a volume of 250 μl for 2 h at room temperature without shaking. Next, each chip was washed once with PBST, 3 times with PBS, once in filtered deionized water, and then dried at room temperature for 1 h. The chips were then imaged with the ExoView R100 reader (ExoView) and analyzed using the ExoViewer software with a sizing threshold set to 50–200-nm diameter. The resulting size and fluorescence intensity information for each individual exosome was exported to Excel for statistical analyses. Fluorescence values are reported in arbitrary units.



Stimulated Emission Depletion Microscopy

For SARS-CoV-2-S immunolabeling and stimulated emission depletion (STED) microscopy evaluation, latex bead-isolated exosomes were used, similarly to what was previously described for FACS immunostaining. Exosomes prepared from blood plasma of HD and MILD and SEVERE COVID patients were incubated with anti-CD63-latex beads, and beads were then blocked with 5% BSA solution to eliminate unspecific antibody binding. Vesicle-coated beads were washed and seeded onto glass coverslips (n. 1.5 thickness; electron microscopy), then stained with anti-SARS-CoV-2-S RBD (1:500), followed by hybridization with secondary antibodies conjugated with the Star*RED fluorophore (Abberior; 1:200), and finally mounted onto glass slides with ProlongGlass mounting reagent for super-resolution (Molecular Probes, Thermo Fisher Scientific). Samples were acquired using a demo version of the Abberior STEDYCON microscope for simultaneous confocal and STED microscopy (kind collaboration with Abberior Instrument) with 4 excitation laser lines and a 775-nm depletion STED laser. Star*RED fluorophore excitation was kept at 10% power of the 640-nm laser power, whereas Star*RED fluorophore depletion was obtained at 100% laser power in order to achieve 30-nm resolution, at pixel size 15 nm, with 7 lines of STED acquisition over different Z-plan, spanning throughout the whole z-dimension of the latex beads. A total of n = 9 beads were acquired in STED imaging for all conditions (HD, MILD, SEVERE) with duplicate independent biological replicates, reaching a total of n = 18 for each condition. STED-resolved microscopy images were quantified upon precise photon counting. Data were normalized with subtraction of photon counts of background signal, as evaluated by anti-SARS-CoV-2-S RBD–Star*RED in HD samples, with mean photon count in raw images =44, whereas mean photon count in raw images from MILD and SEVERE samples were =152 and =80, respectively.



Transmission Electron Microscopy

Transmission electron microscopy evaluation of RBD immunogold labeling was performed on HD, MILD COVID-19, and SEVERE COVID-19 plasma-derived exosomes purified via lattice-bead immunocapture as described in the previous sections and stained in suspension with rabbit anti-SARS-CoV-2-S RBD (1:500) followed by 5-nm Gold-anti-Rabbit Fabs (BBI International) (1:200). After staining, samples were fixed in 1% glutaraldehyde and finally kept in PBS pending TEM observation. TEM sample preparation was performed similarly to what has been recently described (10). Here, 5 μl of the pooled EV sample was layered onto a formvar/carbon-coated 200 mesh grids and allowed to settle for 20 min. No further negative stain was performed in order to preserve a proper contrast for immunogold labeling. The grids were blotted and allowed to air-dry at room temperature. The observations were carried out with a JEOLJEM-1011 (Jeol Jem, Peabody, MA, USA) transmission electron microscope operated at 100 kV. Images were captured using a Morada G2 TEM digital camera (Olympus Soft Imaging Solutions, Münster, Germany) and iTEM software. Negative controls (not shown) were performed in the absence of primary antibodies. Here, 10–15 images were captured from each of three randomly selected areas of each grid at ×50,000 and ×100,000 lens magnification. The camera magnifications were calibrated using a grid with a grating replica (EMS cata #80050) with line spacing of 463 nm (2,160 lines/μm). Scale bars reflect the magnification at the camera. TEM micrographs were analyzed manually. Rounded or “cup-shaped” particles with high-contrast edges were considered exosomes and measured using Fiji-ImageJ (with Java 1.8.0_172, 64-bit).



STOchastic Reconstruction Microscopy

Single-molecule super-resolution microscopy for RBD fluorescent immunolabeling on MILD COVID plasma-derived exosomes was performed with direct stochastic optical reconstruction microscopy (D-STORM) modality (i.e., spontaneous particle blinking with only excitation in fluorophore reporter wavelength). Exosomes were purified via lattice-bead immunocapture as previously described and stained in suspension with rabbit anti-SARS-CoV-2-S RBD (1:500) followed by AlexaFluor-647 Goat anti-Rabbit IgGs (Molecular Probes, Thermo Fisher) at 1:200. After staining, samples were fixed in 1% Paraformaldehyde (PFA) for fluorophore preservation and finally kept in PBS pending STORM assay. For acquisition, 5 μl of the labeled exosome pool were carefully layered at the center of a glass-inserted 35-mm petri dish (CellView) and air-dried under the laminar hood for 30 min to achieve a correct glass-surface deposition of labeled exosomes before adding 250 μl of freshly prepared STORM buffer (Abbelight) and topping the sample with a 22-mm square glass. The achieved volume of buffer of acquisition surface was optimized for correct evanescence wave formation within total internal reflection fluorescent (TIRF) illumination. Acquisitions were performed on an N-STORM instrument (Nikon Instruments) mounted on a Nikon Ti widefield with DU-897 EM-CCD camera (Andor Technology) with TIRF illuminator and ×100 TIRF (NA 1.49) objective (Nikon Instrument), coupled with 10-mW 647 excitation/reported laser (CrystaLaser) used at 70% power for D-STORM for 10,000 frames/acquisition over a constant TIRF-plane angle, with 1 frame exposure detection (at 10–20 ms range) at 17 Mhz, for both 2D and 3D STORM. After acquisitions, particle-detection data reconstruction was obtained with the ad hoc STORM analysis module in NIS-Elements v.5.31 (Lim-Nikon Instruments) with the following parameters for blinking molecule detection over acquired frames: standard Gaussian fitting for the localization of specific molecules characterized by minimum bit Height 500, maximum bit Height 65535, over a CCD bit baseline 100, for specific counting of molecules with minimum width 20 nm, maximum width 200 nm, initial fit width 100 nm. For 2D STORM, the x and y coordinates from each blinking molecule were retrieved for molecule localization; for 3D STORM, the 3 coordinates (x, y, z) were retrieved and 3D volume viewing was performed.



CD4+ T-Cell Activation

CD14 monocytes purified from peripheral blood mononuclear cells  (PBMCs) by positive immunomagnetic sorting were loaded with 10 × 107 of purified MILD patient-recovered exosomes for 6 h with rotation at 37°C. After incubation, monocytes were washed with RPMI containing 10% serum (exosome free), irradiated, cocultured with autologous negative immunomagnetic purified CD4+ T cells, and labeled with cell trace. Interleukin (IL)-2 was added after 48 h of culture. After 4 days, cells were stained with anti-CD4/BUV395 and anti-HLA-DR/BUV 650 and analyzed by flow cytometry (BD Symphony).



Exosome Purification for Mass Spectrometry

Exosomes were purified from the plasma of 3 HDs, 4 patients presenting MILD COVID-19 symptoms, and 4 patients presenting SEVERE COVID-19 symptoms using qEV SMART Size Exclusion Chromatography (SEC) columns following manufacturer’s instructions. Briefly, 150 ul of plasma were centrifuged at 1,500 g for 10 min in order to remove cells and large contaminant particles. After a subsequent centrifugation at 10,000 g for 10 min, supernatants were loaded on IZON qEV/35nm columns, previously washed and equilibrated with 3 volumes of PBS. After column loading, samples were eluted with PBS using a void volume of 1 ml and an elution volume of 600 µl. Purified exosomes were then concentrated and processed for mass spectrometry analysis.



Mass Spectrometry of Purified Exosomes

Quantitative proteome profiling from exosomes was achieved by a library-based approach combined with MS boxcar acquisition method in a label-free experiment as reported before (11). We constructed three different libraries by pooling proportional quantities of different exosome preparations from each sample type (MILD, SEVERE, and HD) assessed by Bicinchoninic acid (BCA) protein quantitation assay. Samples were run independently and then aligned to their respective libraries. In brief, proteins were denatured, reduced, alkylated, and digested, and peptides were purified on StageTips (12) using reagents from the PreOmics “iST” Kit (P.O. 00001, PreOmics GmbH). Only samples for the library were fractionated using a commercial High pH Reversed-Phase Peptide Fractionation Kit (Thermo Scientific). In all cases, dried peptides were reconstituted in 5 µl of LC-LOAD buffer (P.O. 00001, PreOmics GmbH). Samples were measured using liquid chromatography–mass spectrometry (LC-MS) instrumentation consisting of an EASY-nLC 1200 system coupled to a nano-electrospray ion source and a Q Exactive HF Orbitrap (all Thermo Fisher Scientific). Purified peptides were separated on an EasySpray PEPMAP RSLC C18 (Thermo Fisher Scientific) kept at 45°C constant to reduce column back pressure. Solvent A was 0.1% formic acid (FA), and solvent B was 0.1% FA in 80% Acetonitrile (ACN). Samples were loaded in aqueous 0.1% (FA) solution at constant pressure of 980 Bar. Peptides were separated with a gradient of 3%–30% solvent B over 39 min followed by a gradient of 30%–60% for 5 min and 60%–95% over 1 min at a flow rate of 300 nl/min. For the library, standard DDA experiments were performed with a data-dependent top15 method. In brief, MS spectra (from m/z 375–1,550) were analyzed in the Orbitrap detector with resolution R = 60,000 at m/z 200. The 10 most intense peptide ions with charge states ≥2 were sequentially isolated to a target value of 3e6 and fragmented by Higher Energy Collision Dissociation (HCD) with a normalized collision energy setting of 28%. The maximum allowed ion accumulation times were 20 ms for full scans and 80 ms for MSMS, and the target value for MSMS was set to 1e5. The dynamic exclusion time was set to 20 s. Unfractionated peptides corresponding to the study samples were injected in single-shot analysis (number of replicates equal to 4) with a BoxCar scan method where instrument acquisition was controlled by MaxQuant Live software (version 1.2) keeping default scan protocol parameters (13).



Quantification and Statistical Analysis

Acquired raw data obtained by mass spectrometry analysis were analyzed using the MaxQuant (MQ) (14) version 1.6.10.43, and peptide lists were searched against the human Uniprot FASTA database (74470 Entries) with the Andromeda search engine (15). The main search was performed with an initial mass tolerance of 7 ppm. False discovery rate (FDR) for both protein and peptide identifications was set to a maximum of 1% with enzyme specificity set to Trypsin/P. A maximum of 2 missed cleavages was allowed, and the minimum peptide length was fixed at 7 amino acids and Carbamidomethylation of Cysteine was specified as a fixed modification. Peptides were identified with an initial precursor mass deviation of 7 ppm and a fragment mass deviation of 20 ppm. “Match between run algorithm” (MBR) in MaxQuant (16) was performed after constructing a matching library consisting of polled samples. For label-free protein quantitation (LFQ), we required a minimum ratio count of 2 (17). All proteins and peptides matching to the reversed database were filtered out. ProteinGroups.txt table from MQ output was analyzed using Perseus platform version (18). In brief, two-sample Student’s t-test was used to determine the significantly changed proteins between disease and control groups with a permutation-based FDR of 5%. For significant hits, minimal fold changes together with p values (controlled by the s0 parameter in Perseus) were used with a permutation-based FDR of 0.05 resulting from an s0 set to 0.1. Heatmap was generated using Heatmapper (19). Proteins were hierarchically clustered by setting Euclidean distance and average linkage method as parameters. Specific biological process enrichment and their plotting were generated in R Studio using R v4.0.3 and topGO (20) v2.42.0 passing the weight algorithm and Fisher test to the runTest function. A cutoff of 0.05 was applied, and the top 18 enriched terms were visualized with ggplot v3.3.3 (21). Protein–protein interaction (PPI) networks of unique upregulated and downregulated proteins are retrieved using the online version of Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database version 11.0, setting the maximum number of interactions for the first and second shell to not more than 10 interactors. Generated networks are imported in Cytoscape v3.8.2, where functional enrichment was performed using STRINGapp enrichment. Gene Ontology (GO) term sorting is performed by combining strength and number of input proteins retrieved for the term. Omics visualizer app (22) is used to show biologically relevant terms. For the other comparative analyses, two-tailed t-test and ANOVA test were used.




Results


Exosomes Recovered From the Plasma of MILD COVID-19 Patients Carry a Higher Amount of SARS-CoV-2-S-Derived Peptides Compared to Those of SEVERE COVID-19 Patients

In order to characterize exosomes of different COVID-19 patients, plasma from 20 individuals who tested positive for SARS-CoV-2 infection by nasopharyngeal swab real-time PCR was collected in the acute phase of the disease (within 21 days from the diagnosis). Overall, we enrolled 11 males and 9 females with a median age of 57.5 years [interquartile range (IQR) 27.5–70] and a median time from diagnosis of 14 days (IQR 14–16). Patients with a maximal WHO clinical progression score [https://doi.org/10.1016/S1473–3099(20)30483–7] between 1 and 4 were classified as MILD, whereas those with a maximal score between 5 and 10 were classified as SEVERE (9) (Supplementary Table S1). The selected MILD patients never transited to a SEVERE state during the course of the disease. As a control group, we enrolled 20 COVID-negative HDs. At first, we tested whether exosomes recovered from plasma of COVID-19 patients exposed any SARS-CoV-2-derived peptide. By using ExoTEST™, a platform for exosome quantification and characterization (23–25), and commercial anti-SARS-CoV-2-S antibodies for the detection of the S protein, we found that the SARS-CoV-2-S protein or derived fragments were clearly present in exosomes of COVID-19 patients but not in those of HDs, as expected (Figure 1A). Next, we subgrouped COVID-19 patient exosomes into MILD and SEVERE and analyzed whether SARS-CoV-2-S was more abundant in one of the two classes. Intriguingly, MILD patients had a higher amount of circulating SARS-CoV-2-S+ exosomes compared to patients with SEVERE symptoms (Figure 1B). To confirm this unexpected result, we recovered extracellular vesicles (EVs) from the plasma of either COVID-19 patients or HDs through sequential centrifugation and, after validating their size through NTA (Figure S1A), we used two alternative exosome isolation/characterization approaches: one based on anti-CD63-conjugated bead purification, followed by flow cytometry using anti-SARS-CoV-2-S-RBD antibodies for S protein detection (Figure S1B) and the other based on immunoprecipitation using anti-tetraspanins (CD63, CD9, CD81), followed by Western blotting using both anti-SARS-CoV-2-S RBD and anti-SARS-CoV-2-S1 antibodies (the latter specific for S protein subunit 1) in order to confirm the origin of the fragments detected. Flow cytometry confirmed that anti-SARS-CoV-2-S RBD antibodies bound exosomes of MILD COVID-19 patients with higher affinity compared to those of SEVERE patients, while they showed negligible binding to HD exosomes (Figure 1C and Figure S1C). Integrity of the analyzed exosomes was assessed by probing for cytosolic exosomal marker syntenin before and after permeabilization. Syntenin was detectable only after permeabilization, as expected for fully intact exosomes (Figure S1D). Western blotting revealed that both anti-SARS-COV-2-S RBD and anti-SARS-CoV-2-S1 antibodies recognized protein bands predominantly in exosomes of MILD patients. These bands had molecular weights (MWs) lower than 130 kDa (Figure 1D), thus corresponding to degradation fragments of the S protein, whose full-length monomer is 180 kDa. Purity of exosomal preparations was confirmed by positive detection of canonical exosomal markers, namely, CD63, CD9, TSG101, and syntenin, and lack of contaminant plasma proteins (i.e., ApoA) (Figure 1E).




Figure 1 | Circulating exosomes of MILD COVID-19 patients carry more SARS-CoV-2-S-derived peptides than those of SEVERE COVID-19 patients and are enriched in CD9 and CD41a exosomal markers. (A, B) Tetraspanin ELISA assay performed on 20 COVID-19 patients (10 with MILD symptoms and 10 with SEVERE symptoms) and 20 COVID-19-negative HDs. Patient-recovered samples were first analyzed as a whole (A) and subsequently separated based on class (B). Positivity for S protein was calculated as the presence of the signal compared to a control well (S/Co) (Two-tailed t-test ****p < 0.0001). (C) Flow cytometry analysis. Latex beads coated with the anti-CD63 antibodies were incubated with plasma-recovered exosomes. Bead-bound exosomes were subjected to flow cytometry. Anti-CD9/AF488 antibodies were used to define and gate the specific exosome population. The percentage of exosomes positive for anti-SARS-CoV-2-S-RBD/APC is reported in RFI (value vs. isotype control) (One-way ANOVA with Tukey test ****p < 0.0001). (D) Western blot showing anti-SARS-CoV-2-S-RBD (left) and anti-SARS-CoV-2-S1 immunoblotting (right) in exosomes of COVID-19 patients or HDs. Exosomes were immunoprecipitated with anti-tetraspanin (CD63, CD9, CD81) antibodies and immunoblotted for the indicated proteins. Exosomal marker HSP70 was used as a loading control. Blots are representative of three independent experiments. (E) Western blots showing the presence of exosomal markers CD63, CD9, TSG101, and syntenin and absence of contaminant plasma-protein ApoA. (F) Scheme of the ExoView™ tetraspanin chip. EVs from plasma of COVID-19 patients or HDs were immobilized on ExoView™ chips by affinity capture against CD81, CD63, CD9, and CD41a exosomal transmembrane proteins. Once affinity-captured, the samples were incubated with fluorescent anti-SARS-CoV-2-S-RBD antibodies and analyzed using ExoView™ R100. (G) Difference in the average particle count from each antibody referred to in panel (A). (H) Colocalization of SARS-CoV-2-S on the surface of the vesicles captured on the chip with the indicated antibodies. Histograms represent the count number (expressed as protein fold change) of SARS-CoV-2-S+ exosomes (t-test *p < 0.05, **p < 0.01, ***p < 0.001). HD, Healthy donor; S/Co, Signal/Control; RFI, Relative Fluorescence Intensity; S, Spike; rec, recombinant; Hsp70, Heat shock protein 70; TSG101, tumour susceptibility gene 101; ApoA, Apolipoprotein A; AF488, Alexa Fluor 488; APC, Allophycocyanin; Ctrl, Control.



Taken together, these results suggest that SARS-CoV-2-S-derived fragments are present in exosomes of all COVID-19 patients but are specifically and preferentially enriched in those of patients classified as MILD.



SARS-CoV-2-S+ Exosomes Are Enriched in CD9 and CD41a

Next, we addressed whether the presence of SARS-CoV-2-S-derived peptides was associated to specific exosomal subpopulations by using the ExoView™ platform, which allows for single particle interferometric imaging measurements and analysis of differential coexpression of exosomal markers (26, 27). Exosomes were captured using antibodies against the canonical CD9, CD63, and CD81 exosome markers and platelet-specific CD41a (Figure 1F). CD41a was added to our strategy, since platelets function as an important exosomal source and are known to be hyperactivated in COVID-19 patients (28). By label-free detection, we observed that most of the exosomes were captured by anti-CD9 and anti-CD41a antibodies, and intriguingly, exosomes of MILD COVID-19 patients were remarkably more abundant compared to those of both SEVERE patients and HDs (Figure 1G). In addition, we found that exosomes from COVID-19 patients had an increased size distribution compared to HD exosomes, independently of the specific marker analyzed (Figure S2). Interestingly, CD41a+ exosomes of MILD COVID-19 patients were larger (50–160 nm) than those of SEVERE COVID-19 patients (50–100 nm) (Figure S2, top), possibly indicating a different cargo for the two exosome groups. Next, we wanted to assess whether the SARS-CoV-2-S-derived fragments were evenly distributed in exosomes or enriched in one of the four exosome subpopulations. We found that SARS-CoV-2-S was detected in all the exosomes analyzed, except for the CD81+ subpopulation (Figure 1H). When comparing MILD and SEVERE COVID-19 patient-recovered exosomes, we found that SARS-CoV-2-S peptides were drastically more enriched in the CD41a+ and CD9+ subpopulations of those recovered from MILD patients (Figure 1H).

This result was confirmed using STED microscopy, a fast-performing super-resolution technique for resolving objects smaller than the light diffraction limit. By visualizing and quantifying the levels of SARS-CoV-2-S fragments on bead-purified CD9+ exosomes, we confirmed a significant enrichment of SARS-COV-2-S peptides in MILD COVID-19 patient compared to SEVERE COVID-19 patient exosomes (Figure 2A and Figure S3).




Figure 2 | Imaging analysis confirms the increased presence of SARS-CoV-2-S on the surface of exosomes recovered from MILD COVID-19 patients (A) STED analysis of SARS-CoV-2-S expression in bead-captured exosomes. (Left) Representative image of one exosome-capturing latex bead from MILD (top) and SEVERE (bottom) COVID-19 patient samples acquired via STED microscopy using anti-SARS-CoV-2-S-RBD labeling. Images represent: (left) a single focal plan toward the top of the bead, (center) a perfect orthogonal Z-plan of the bead displaying its transactional external rim, (right) a further zoomed-in detail of the bead. (Right). Quantification of SARS-CoV-2-S-RBD*STAR-RED photon counts acquired via STED derived from a total of n = 149 beads (n = 45, n = 53, n = 51 beads from HD, MILD, and SEVERE samples, respectively) from n = 2 independent biological experiments. The bar chart represents means ± SEM for each sample per condition (MILD samples = 142 ± 22 photons and SEVERE samples = 27 ± 11 photons). Values are normalized with subtraction of photon counts from the background signal (evaluated by anti-SARS-CoV-2-S-RBD*STAR-RED in HD samples) (Paired t-test, ****p < 0.0001). (B) Scheme of TEM sample preparation via suspension-stained sample dripping onto carbon-coated Formavar grids. No embedding nor cutting was performed. (C) Representative TEM micrographs at lower and higher magnification of anti-SARS-CoV-2-S-RBD*gold labeled exosomes recovered from plasma of HD (upper row) or MILD (middle row left and lower enlarged image) or SEVERE (middle row right) COVID-19 patients immunocaptured with lattice beads. The external rim of the lattice 4-µm diameter bead is visible in the upper left image in panel (C) and highlighted by the red dotted line. Yellow arrowheads point to several HD exosomes negative for anti-SARS-CoV-2-S-RBD*gold staining. Magenta arrowheads point to positive anti-SARS-CoV-2-S-RBD*gold labeling, better detailed in the lower highly magnified image. (D) Scheme of single-molecule localization microscopy via TRF/direct-STORM on conjugated immunolabeled RBD on the surface of exosomes recovered from MILD COVID-19 patient plasma, immunocaptured via lattice beads. (E) Diffracted-limited widefield image of one representative autofluorescent bead (contoured by magenta dotted circle) capturing several af647-RBD-labeled exosomes. (F) STORM acquisition and reconstruction of blinking af647-anti-RBD molecules from the chosen bead shown in panel (D) Yellow dot circles indicate the areas occupied by RBD+ exosomes. Single molecules are shown either in white or in pseudo-coloring enlarged images of n = 3 chosen RBD+ exosomes. (G) 3D-STORM acquisition and reconstruction with x, y, z coordinates of single molecule localization within the TIRF plan for 3D view of a representative MILD COVID-19 plasma-recovered exosome immunolabeled for RBD. Single molecules are shown in 16-ramp pseudo-color scale. HD, Healthy donor; S/Co, Signal/Control; RFI, Relative Fluorescence Intensity; S, Spike; rec, recombinant; Hsp70, Heat shock protein 70; TSG101, tumour susceptibility gene 101; ApoA, Apolipoprotein A; AF488, Alexa Fluor 488; APC, Allophycocyanin; Ctrl, Control.



Next, to further validate this result at nanometer levels, we performed TEM using a suspension immunogold labeling protocol optimized to detect SARS-CoV-2-S peptides on immunocaptured exosomes (Figure 2B). No gold deposition (namely, anti-SARS-CoV-2-S RBD labeling) was detectable in HD micrographs (Figure 2C upper panel), whereas an increased level of gold deposition was evident on the ringlike surface of exosomes of MILD compared to SEVERE patient samples (Figure 2C middle and lower panel). To better visualize SARS-CoV-2-S-derived peptides at the single-molecule level and define their spatial localization on the surface of exosomes, we performed single-molecule localization microscopy via TIRF/Direct-STORM with stochastic blinking reconstruction, as previously reported (29). Given the high density of blinking fluorophores needed for this approach, the experiment was performed only on MILD patient exosomes. Single-molecule imaging of MILD patient exosomes revealed that SARS-CoV-2-S-derived fragments were widespread and highly abundant across the entire exosomal surface (Figures 2D–F). Moreover, we also performed 3D-STORM on best-emitting samples in order to retrieve within the TIRF plan a correct volumetric localization of blinking molecules. Such analysis further confirmed the localization of RBD at the level of the exosome surface, with no signal localizing within the inner vesicle compartment (Figure 2G and Supplementary Video 1).



Exosomes of MILD COVID-19 Patients Induce CD4+ T-Cell Activation More Efficiently Than Those of SEVERE Patients

The data obtained so far suggested that the higher abundance of SARS-CoV-2-S+ exosomes could be somewhat beneficial to MILD patients and contribute to their better outcome during viral infection. Among various possibilities, we hypothesized that exosomes could contribute to the adaptive immune response against SARS-CoV-2 infection by possibly exposing SARS-CoV-2-S-derived particles. To verify this assumption, at first, we analyzed the origin of SARS-CoV-2-S+ exosomes. Since all exosomes contain proteins derived from the parent cell and can partly maintain parent cell functionality, we characterized exosome origin using antibodies against major immune cell surface receptors. We found that SARS-CoV-2-S+ exosomes of MILD COVID-19 patients were mostly of B cell, dendritic cell, and monocyte/macrophage origin, as they displayed B-cell marker CD19, integrin CD11b, costimulatory molecule CD86, and MHC-class II HLA-DR (Figure 3A). This result indicated that most MILD patient exosomes containing SARS-CoV-2-S fragments are derived from antigen-presenting cells (APCs) and could possibly maintain antigen-presenting functions. Since proper antigen-presenting capability requires the presence of both adhesion molecules and costimulatory factors, we quantified the levels of adhesion factor Intercellular Adhesion Molecule 1 (ICAM-1) and of costimulatory molecules Human Leukocyte Antigen-DR isotype (HLA-DR), B7-2, and B7-H1 (30–32) on the surface of patient-recovered exosomes. We found that all MILD patient exosomes were in general more enriched in all the markers analyzed (Figure 3B). These data suggested that SARS-CoV-2-S+ exosomes recovered from MILD COVID-19 patients could act per se as antigen-presenting vehicles and modulate antigen-specific T-cell responses. To verify this hypothesis, at first, we incubated in vitro exosomes of COVID-19 patients and HDs with autologous CD4+ T cells and analyzed cell proliferation. We found that COVID-19 patient-recovered exosomes were capable of stimulating CD4+ T-cell growth, while HD-recovered exosomes were not (Figure 3C). Most interestingly, exosomes of MILD COVID-19 patients were more efficient in stimulating CD4+ T-cell growth compared to those of SEVERE COVID-19 patients (Figure 3C). To assess whether exosomes of MILD COVID-19 patients induced T-cell growth by actual T-cell activation, we tested their capability to modulate the expression of middle, CD25, and late, HLA-DR, T-lymphocyte activation markers cocultured in matched CD4+ T cells. We found that both markers were actually drastically upregulated only in the samples cocultured with exosomes of MILD COVID-19 patients (Figure 3D), suggesting that T-cell proliferation was indeed a consequence of efficient T-cell activation triggered by exosomes. Comparable results were obtained when we repeated the assay using allogeneic T cells derived from HDs, thereby excluding the possibility that the lower immunostimulatory activity of SEVERE patient exosomes could be due to dysfunctional T cells (data not shown).




Figure 3 | Exosomes recovered from the plasma of MILD COVID-19 patients stimulate CD4+ T-cell immune responses. (A) Cytofluorimetric analysis of immune cell markers. SARS-CoV-2-S+ exosomes recovered from the plasma of COVID-19 patients and immunocaptured with anti-CD63/CD9 latex beads were analyzed by flow cytometry with the indicated surface markers (Two-way ANOVA with Tukey test, *p < 0.03; ****p < 0.0001). (B) Cytofluorimetric analysis of costimulatory molecules and ICAM-1 on patient-recovered exosomes. Exosomes recovered from patients (N = 6) were captured with anti-CD63 beads and gated for CD9 positivity. The heatmap shows expression levels of the indicated markers based on a color scale from white (no expression) to blue (highest expression). (C) Stimulation of CD4+ T cells. Coculture of sorted CD4+ T cells with exosomes isolated from the plasma of MILD and SEVERE patients or HDs for up 96 h. Trypan blue was used to discriminate between live and dead cells. Results are representative of three independent experiments performed in triplicate. (D, E) Activation of CD4+ T cells. (D) The stimulatory effect of exosomes recovered from plasma of COVID-19 patients on CD4+ T cells was measured by flow cytometry, detecting the expression of HLA-DR (black bars) and CD25 (gray bars) after 2 days of culture. Unstimulated cells were used as a threshold to calculate marker positivity (dotted line). (E) The same assay as in panel (C) was conducted with or without HLA-DR blocking antibodies (t-test, *p < 0.05, **p < 0.01 and one-way ANOVA with Tukey test, *p < 0.03). (F) Cytokine analysis. Production of the indicated cytokines by CD4+ T cells was measured after 24 h of incubation with exosomes. (G) Flow cytometry analysis of HLA-DR induction by exosomes. The graphs show the expression of HLA-DR on isolated CD4+ T cells following incubation with matched monocytes pulsed with exosomes recovered from MILD COVID-19 patients. HLA-DR blockade was performed by treating the cells with anti-HLA-DR antibodies (Double-tailed t-test, *p < 0.05, **p < 0.01). HD, Healthy donor; S/Co, Signal/Control; RFI, Relative Fluorescence Intensity; S, Spike; rec, recombinant; Hsp70, Heat shock protein 70; TSG101, tumour susceptibility gene 101; ApoA, Apolipoprotein A; AF488, Alexa Fluor 488; APC, Allophycocyanin; Ctrl, Control.



Next, we checked whether antigen presentation was driving exosome-dependent T-cell activation. We replicated the previous experiment but blocking MHC-II with specific antibodies. We found that MHC-II blockade significantly reduced exosome-dependent T-cell activation (Figure 3E), confirming that an antigen-presenting activity of MILD COVID-19 patient exosomes was the actual driving force of CD4+ T-cell activation. This evidence was further confirmed by the fact that MILD patient exosomes stimulated CD4+ T cells to produce high levels of IL-2, a cytokine whose secretion is known to be triggered early during antigen presentation (Figure 3F). Interestingly, two other cytokines secreted during antigen presentation, interferon (IFN)γ and tumor necrosis factor (TNF)α, were not enriched possibly due to their different induction kinetics (Figure 3F).

Next, we investigated if MILD COVID-19 patient-recovered exosomes were capable of favoring CD4+ T-cell activation driven by other APC sources. We checked if MILD COVID-19 patient-recovered exosomes could enhance CD4+ T-cell activation. Coculturing MILD COVID-19 patient exosomes with CD4+ T cells and autologous monocytes as primary APC source caused a significant increase in CD4+ T-cell HLA-DR protein levels (Figure 3G), an effect that was totally abolished when we blocked MHC-II, confirming the requirement of cross-presentation for efficient CD4+ T-cell activation and indicating a peculiar antigen cross-presentation activity of MILD COVID-19 exosomes.

Our findings suggest that MILD COVID-19 patient-recovered exosomes are capable of favoring CD4+ T-cell activation by functioning as an antigen-presenting source and by promoting T-cell activation.



The Protein Repertoire of Exosomes Recovered From The Plasma of MILD COVID-19 Patients Correlates With a Signature of Immune Response Enhancement

With the intent to corroborate our results and better define the functional roles of COVID-19 patient-recovered exosomes, we defined their proteomes. For each patient class (MILD and SEVERE), we selected the 4 exosome samples with the highest SARS-CoV-2-S positivity (indicated by an asterisk in Supplementary Table S1), while for HDs, exosome samples were selected randomly. Mass spectrometry was performed on whole exosome protein content. Comparing the proteomes of the three sets of samples, we identified 130 differentially abundant proteins (Supplementary Table S2), 92% of which were previously annotated in public EV databases [EXOCARTA (33)] as EV/exosome components, confirming the efficacy of our exosome purification. As expected, and in line by previously reported studies regarding conventional exosome purification methods (34, 35), highly abundant apolipoproteins were detected in all three sample types analyzed (Supplementary Table S2) but did not interfere with downstream analyses. Pairwise correlation analysis of protein contents clearly revealed that samples of the same class displayed a high internal correlation mirrored by lower correlation with samples of other classes (Figure S4A), indicating a high homogeneity among exosomes recovered from different donors. This result was further confirmed by hierarchical clustering that, by gathering the 130 proteins into 7 groups, clearly separated MILD COVID-19-, SEVERE COVID-19-, and HD-recovered exosomes (Figure 4, left). To assess the characteristics of each cluster found, we carried out a comparative analysis using FunRich (36). Our results revealed that the clusters linked to HD exosomes correlated with complement activity and immune response activation, those linked to SEVERE COVID-19 patient exosomes correlated with immune/inflammatory responses and protein metabolism, while those mainly related to MILD COVID-19 patient exosomes were related to immune response, cell growth, signal transduction, and MHC class II receptor functionality (Figure 4, right), well confirming our in vitro results that depicted MILD COVID-19 patient exosomes as strong stimulators of CD4+ T-cell activation and growth.




Figure 4 | The protein repertories of exosomes recovered from COVID-19 patients and HDs are drastically different. (Left) Heatmap of the 130 proteins identified in the exosomes of either MILD or SEVERE COVID-19 patients and HDs. Color bars represent Z-score changes from −2 to 2. Hierarchical cluster analysis between replicates using the Euclidean’s method with average linkage distance showing a clear group differentiation according to similarity. (Right) The list of different clusters was analyzed in terms of Molecular function and Biological process using the FUNRICH software. The most significant results (calculated with the Hypergeometric test; Bonferroni correction) are annotated on the right in the figure. HD, Healthy donor; S/Co, Signal/Control; RFI, Relative Fluorescence Intensity; S, Spike; rec, recombinant; Hsp70, Heat shock protein 70; TSG101, tumour susceptibility gene 101; ApoA, Apolipoprotein A; AF488, Alexa Fluor 488; APC, Allophycocyanin; Ctrl, Control.



Next, we focused on differentially abundant proteins. We identified 102 proteins differentially present in MILD COVID-19- vs. HD-recovered exosomes and 87 proteins differentially abundant in SEVERE COVID-19- vs. HD-recovered exosomes. Here, 72 proteins were shared between the two groups, while a total of 45 proteins were specific for one group or the other (Figure 5A and Figure S4B). By focusing on the latter 45 proteins, we selected the 22 with the highest enrichment. These included 16 proteins for the MILD and 6 for the SEVERE patient group (Figure 5B). GO term analysis indicated that the proteins recovered from MILD COVID-19 patient exosomes were mainly involved in immune cell activation, while those recovered from SEVERE COVID-19 patient exosomes were mainly involved in stress and inflammatory responses (Figure 5C). Such results were also confirmed by interrogating the STRING (37) database. Exosomes recovered from MILD COVID-19 patients showed an enrichment in proteins involved in pathways related to antigen processing, presentation of exogenous peptides (FDR <1.56E-07), and myeloid cell activation (FDR <6.65E-08) (Figure 5D, left), while those recovered from SEVERE COVID-19 patients showed an enrichment in proteins involved in pathways regulating acute inflammatory responses (FDR <3.58E-13) and complement activation (FDR <3.07E-14) (Figure 5D, right), further strengthening the notion that MILD and SEVERE patient exosomes are drastically different and possess different immunomodulatory functions, the first mainly involved in immune cell activation and the second principally involved in inflammation.




Figure 5 | Proteins enriched in exosomes of MILD COVID-19 patients are mainly involved in the immune response, while those enriched in the exosomes of SEVERE COVID-19 patients correlate with stress responses and acute inflammation. (A) Venn diagram representing the differentially abundant proteins residing in the exosomes of MILD (pink) and SEVERE (green) COVID-19 patients compared to the HD control group [cutoff value: Log fold change >3 and <-0.5; p value (t test) < 0.05]. Here, 102 and 87 proteins were identified as differentially expressed in MILD and SEVERE patients, respectively. The overlap among the two groups of COVID-19-infected patients shows that 72 proteins are present in both samples, while 45 are differentially abundant. (B) Pie charts of unique and enriched proteins derived from the exosomes of MILD (16 proteins) and SEVERE (6 proteins) COVID-19 patients. (C) The detected proteins were analyzed by GO term enrichment analysis (ShinyGO v0.61) using a p-value cutoff of (FDR) <0.01. Significantly enriched categories are shown. (D) Network interaction analysis for the enriched proteins related to exosomes of COVID-19 patients. Known and predicted protein–protein interactions (PPIs) were extracted from the STRING database (Version 11.0). Proteins are depicted as nodes, and the biological relationships between nodes are represented as edges (lines). The inputs are represented in gray, while other colors indicate the different pathways to which the inputs belong to. Tables summarize the GO enrichment analysis for biological processes. HD, Healthy donor; S/Co, Signal/Control; RFI, Relative Fluorescence Intensity; S, Spike; rec, recombinant; Hsp70, Heat shock protein 70; TSG101, tumour susceptibility gene 101; ApoA, Apolipoprotein A; AF488, Alexa Fluor 488; APC, Allophycocyanin; Ctrl, Control.






Discussion

Exosomes and other types of EVs play a number of critical roles in cell-to-cell communication. Their composition and biological activities change depending on their origin and can be drastically modified by bacterial, fungal, and viral infections (38). It has been reported that EVs may incorporate pathogen proteins and/or fragments of viral RNA from infected cells in order to shuttle the material to target cells, an event which plays important roles in viral infection responses (39–41). In addition, there is evidence that viruses can use endocytic routes to enter uninfected cells and/or hijack EV secretory pathways to exit infected cells, indicating that EVs and viruses share common cell entry and biogenesis mechanisms (42, 43). Through the years, several studies analyzed the role of EVs and exosomes in viral infection, in particular in HIV, hepatitis C virus (HCV), and SARS pathologies (39, 40). Recently, a few works also characterized EVs of COVID-19 patients (44, 45), but an actual role in adaptive immunity was never assessed.

Here, we characterized the protein composition of exosomes of COVID-19 patients who experienced MILD or SEVERE symptoms, collecting samples around 14 days after diagnosis.

Unfortunately, for each sample analyzed, we had availability to a very limited amount of material, and this posed some methodological restrictions. For instance, we could not perform conventional collection of exosomes by ultracentrifugation. Exosomes were instead isolated and visualized by adopting different commercial kits and experimental approaches more suitable for low sample volumes but still reliable and well accepted by the scientific community (e.g., EXOTEST and ExoView).

We found that MILD COVID-19 patient exosomes had higher levels of the MHC class II receptor, which is responsible for antigen presentation to CD4+ T helper cells and high levels of both CD11b, a differentiation marker for cells of the myeloid–monocytic lineage (46, 47), and CD86, a type I transmembrane protein originally identified as a CD28/CTLA-4 ligand, which are both associated with T-cell activation (48). Strikingly, by using different approaches, we found that exosomes of MILD patients bear on their surface detectable SARS-CoV-2-S-derived fragments that could derive from either an active phagocytic activity or a transient viral infection of paternal cells. The isolation technique we used, based on antibody purification of the vesicles, excluded the possibility that SARS-CoV-2-S-derived fragments could originate from virus particle contaminants co-purifying with our exosomes.

MILD COVID-19 patient exosomes are able to activate both autologous and heterologous CD4+ T helper cells and induce IL-2 secretion in vitro, suggesting that in vivo, they could enhance the immune responses elicited against SARS-CoV-2 antigens, thereby possibly contributing to a better outcome or more rapid resolution of the infection. The fact that this ability was observed in both matched or unmatched PBMC samples excludes any potential bias given by T cell dysfunctionality in SEVERE COVID-19 patients and could suggest that the immunomodulatory effect is due at least in part to the presence of SARS-CoV-2-S-derived fragments exposed on the exosomal surface.

By characterizing patient-recovered exosomes, we generally observed that those of SEVERE patients harbored proteins involved in metabolism, inflammation, and stress responses, while those recovered from MILD patients showed an enrichment in proteins involved in immune activation, effector activity, and migration/chemotaxis, possibly reflecting a more efficient functioning of the immune system. In particular, our results identified specific features of MILD and SEVERE COVID-19 patient exosomes. Here, 16 proteins were unequivocally associated with MILD COVID-19 patient exosomes, while 6 were found enriched exclusively in those of SEVERE COVID-19 patients (Figure 5B). Among the enriched MILD patient exosome proteins we found are the following: CLIC1, CD9, FYB, CD36, CD47, and SNAP23, which are involved in antigen processing and cross-presentation (49–53) and trigger T-cell activation; PF4 and PPBP, which act as chemoattractants and activate, respectively, neutrophils and monocytes (54); MSN, which acts on both T- and B-cell homeostasis by regulating lymphocyte egress from lymphoid organs (55); and ITGA6, which negatively impacts virus transcription (56). Exosomes of patients with SEVERE disease were instead enriched in complement factors, members of the coagulation system, inflammation modulators, and regulators of IL-6 pro-inflammatory signaling. Specifically, we found C1R, which is known to initiate complement activation (57, 58) and was shown to play a major role in acute and chronic inflammation, endothelial cell dysfunction, thrombus formation, and intravascular coagulation in SARS-CoV-2 patients (59); SAA2-SAA4 and SAA1-SAA2, which are markers of inflammatory response and tissue injury (60) and are induced by IL-6 (61); LGALS3BP, a pro-inflammatory factor (62) that is known to induce IL-6 expression (63); and LBP, whose upregulation contributes to inflammation (64) and correlates with immune response dysregulation in both pneumonia (65) and SARS-CoV-2 patients (64).

Collectively, our study confirms that plasma-recovered exosomes reproduce the molecular patterns of their cells of origin and reflect the different pathological states of COVID-19 patients. In agreement with published data (45, 66), our proteomic analysis of patient-recovered exosomes identified several molecules involved in immune responses, inflammation, and activation of both coagulation and complement pathways, which are the main mechanisms of COVID-19-associated tissue damage. We also highlighted that exosomes are peculiar indicators of the functional state of patients’ immune cells, which are generally found to be better performing in individuals with MILD symptoms. This specific feature provides the rationale for future studies on alternative exosome-based preventive or prophylactic approaches to treat SARS-CoV-2 infection.
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Extracellular vesicles (EVs) represent a prominent mechanism of transport and interaction between cells, especially microbes. Increasing evidence indicates that EVs play a key role in the physiological and pathological processes of pathogens and other symbionts. Recent research has focused on the specific functions of these vesicles during pathogen-host interactions, including trans-kingdom delivery of small RNAs, proteins and metabolites. Much current research on the function of EVs is focused on immunity and the interactions of microbes with human cells, while the roles of EVs during plant-microbe interactions have recently emerged in importance. In this review, we summarize recent research on the biogenesis of these vesicles and their functions in biology and pathology. Many key questions remain unclear, including the full structural and functional diversity of EVs, the roles of EVs in communication among microbes within microbiomes, how specific cargoes are targeted to EVs, whether EVs are targeted to specific destinations, and the full scope of EVs’ transport of virulence effectors and of RNA and DNA molecules.
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CHARACTERISTICS AND COMPOSITION OF EXTRACELLULAR VESICLES

Extracellular vesicles (EVs) are a heterogeneous group of spheroid or cup-shaped membranous structures released by living cells that function in extracellular spaces. EVs have been observed in a wide diversity of prokaryotes and eukaryotes (Yoon et al., 2014; Woith et al., 2019; Díaz-Garrido et al., 2021a,b; Liu et al., 2021a). EVs could transfer a wide range of bioactive molecules including enzymes, sterols, phospholipids, polysaccharides, pigments, toxins and nucleic acids (Oliveira et al., 2013; Brown et al., 2015; Peres da Silva et al., 2015; Woith et al., 2019; Munhoz da Rocha et al., 2020). Studies in bacteria found that both Gram-negative and Gram-positive bacteria can produce EVs, usually called bacteria-derived EVs (BEVs). Gram-negative bacteria-produced BEVs can be divided into three types, namely outer membrane vesicles (OMVs), outer-inner membrane vesicles (O-IMVs), and explosive outer membrane vesicles (E-OMVs) (Table 1 and Figure 1A). Unlike Gram-negative bacteria, Gram-positive bacteria have a single cell membrane surrounded by a thick, rigid cell wall, and EVs produced by Gram-positive bacteria consist of cytoplasmic membrane vesicles (CMVs) (Díaz-Garrido et al., 2021a; Table 1 and Figure 1B). Archaeal EVs have been classified by differences in biogenesis and taxa of origin, crenarchaeotal AEVs (C-AEVs) produced via the archaeal ESCRT machinery, and euryarchaeotal AEVs (E-AEVs) produced via cell membrane blebbing (Liu et al., 2021a; Table 1 and Figure 1). Eukaryotic EVs have been divided into three classes: exosomes, microvesicles (MVs) and apoptotic cell-derived vesicles (Woith et al., 2019; Munhoz da Rocha et al., 2020; Cai et al., 2021; Figure 2 and Table 1). Exosomes are the smallest eukaryotic EVs with approximate dimensions ranging from 30 nm to 150 nm. Exosomes form intracellularly through inward budding of endosomal membranes resulting in the formation of intraluminal vesicles (ILVs) within multivesicular bodies (MVBs). Mature MVBs then fuse with the plasma membrane to release the ILVs as exosomes into the extracellular space. Microvesicles, sometimes called ectosomes, are formed directly by outward budding of the plasma membrane. They are generally larger than exosomes, and range in size from 100 to 1,000 nm. Apoptotic bodies are the largest EVs, with sizes usually ranging from 800 to 1,000 nm. They are formed from cells during programmed cell death (Joffe et al., 2016). These three classes of EVs have overlapping dimensions and components, and are similar in shape and density. Thus it remains difficult to cleanly isolate and distinguish the different classes of EVs. Furthermore, it remains unclear whether there are additional subtypes of each class of EVs, perhaps with distinctive contents, functions or destinations. For example, in plants at least three additional classes of EVs have been identified (Cai et al., 2021): low-density EVs lacking tetraspanins but containing the plant-specific syntaxin, PEN1; EVs derived from exocyst-positive organelles (EXPOs); and specialized secretory nanovesicles, called pollensomes, released by germinating pollen (Table 1). Thus, rapid and effective technologies to isolate and purify different classes and sub-types of EVs, perhaps by affinity methods targeting specific proteins or lipids (Cai et al., 2021), will be important to advance the study of the formation and function of EVs.


TABLE 1. Characteristics and biogenesis of different extracellular vesicles (EVs).
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FIGURE 1. Extracellular vesicles produced by bacteria and archaea. (A) Gram-negative eubacteria release outer membrane vesicles (OMVs) by budding. A similar process results in the formation of outer-inner membrane vesicles (O-IMVs), with remodeling of the cell wall. Cell lysis induced by phage or environmental stress can also release O-IMVs and explosive OMVs (E-OMVs). It is unknown if similar processes occur in the small number of diderm archaeal species. (B) In gram-positive eubacteria and monoderm Euryarcheota, cytoplasmic membrane vesicles (CMVs) are released via cell membrane budding and cell wall re-modeling or as the result of cell lysis where the vesicles are extruded through gaps in the rigid cell wall. In the Crenarcheaota, CMVs are released via the action of the archaeal ESCRT machinery. See also Table 1.
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FIGURE 2. Different kinds of extracellular vesicles produced across diverse eukaryotic kingdoms. (I) Microvesicles are produced directly by pinching off of the plasma membrane. (II) Exosomes are produced through the intermediate structure of multivesicular bodies. (III) Apoptosis results in apoptotic bodies that constitute another type of extracellular vesicle. In plants and fungi, extracellular vesicles must cross a cell wall.




MULTIVESICULAR BODY-MEDIATED EXOSOME FORMATION IN MAMMALS AND PLANTS

The mechanisms of exosome biogenesis have been extensively characterized (Figure 3), especially in mammalian cells, where at least four pathways of exosome biogenesis have been identified. They include pathways dependent on tetraspanins, metabolism of specific lipids, the Endosomal Sorting Complex Required for Transport (ESCRT) machinery, and pathways that require all three of these mechanisms (Colombo et al., 2014; Vietri et al., 2020).
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FIGURE 3. Multivesicular body pathways of exosome formation and release in mammals, plants and fungi. Commonalities, differences and unknowns are shown in the machinery by which exosomes are formed via multivesicular bodies (MVBs). Machinery which differs is indicated with colored text. Orange bars indicate fusion of MVBs with the plasma membrane. “?” indicates machinery that has not yet been well defined.


Tetraspanins are a family of transmembrane proteins with four transmembrane domains and two extracellular domains. The larger extracellular domain, EC2, contains a stretch of highly conserved amino acids. There are 34 tetraspanins in mammals and 17 in the model plant Arabidopsis thaliana. Of these, five in mammals (CD9, CD63, CD37, CD81, and CD82) and two in Arabidopsis (TET8 and TET9) have been associated with exosomes (Cai et al., 2021).

The mammalian ESCRT machinery is composed of 4 protein complexes, namely ESCRT-0, –I, –II, and –III plus several accessory proteins, such as Alix, VPS4, and VTA-1 (Colombo et al., 2014; Figure 4). The ESCRT machinery is both important to deliver cargo into the MVB prior to exosome formation, as well as formation of the MVBs. ESCRT-0 consists of the protein STAM1 and the phosphatidylinositol-3-phosphate (PI3P)-binding protein HRS (hepatocyte growth factor-regulated tyrosine kinase substrate). PI3P-binding recruits ESCRT-0 to the endosomal membrane, where HRS recruits the ESCRT-I complex via its TSG101 subunit. ESCRT- II is then recruited and together with ESCRT-I act to deform the endosomal membrane inward to form buds. ESCRT- II or associated protein Alix then recruits ESCRT-III which is responsible for vesicle scission and formation of ILVs within the MVBs. Finally, the AAA-ATPase VPS4 mediates the dissociation of the ESCRT machinery from the membrane. The interactions between the ESCRT proteins and the soluble cargo proteins they are responsible for sorting into ILVs and exosomes are still not fully understood. ESCRT-0 carries 10 binding sites for polyubiquitinated proteins and therefore efficiently recruits ubiquitinated cargo proteins to the endosomal membrane during ILV formation (Vietri et al., 2020). ESCRT-I and ESCRT-II also include ubiquitin-binding subunits. Some evidence suggests that the chaperone HSC70 can bind to proteins with a KFERQ motif and also to phosphatidylserine on the outer membrane of the maturing MVBs, providing a ubiquitin-independent recruitment pathway (Sahu et al., 2011). Also, the ESCRT-II accessory protein Alix can bind some cargoes directly (Vietri et al., 2020).
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FIGURE 4. Endosomal sorting complex required for transport (ESCRT) machinery in plants compared to that in mammals and fungi. The process of loading ubiquitinated membrane cargoes into exosomes is shown. Ub, ubiquitin; PI3P, phosphatidylinositol-3-phosphate; ADP, adenosine diphosphate; Pi, phosphate. All other entities shown are protein components of the ESCRT machinery. The first step in the plant pathway is not well described.


After MVB maturation, fusion of MVBs with the plasma membrane is regulated by the RAB family of small GTPase proteins. The RAB family is composed of over 60 members and it is important in vesicle transport between multiple cellular compartments (Stenmark, 2009). Of these, RAB11, RAB27, and RAB35 play key roles in targeting of MVBs to the plasma membrane (Kowal et al., 2014; Blanc and Vidal, 2018). MVB fusion with the membrane resulting in the release of exosomes is mediated by SNARE (soluble N-ethylmaleimide-sensitive fusion attachment protein receptor) proteins, namely VAMP7 (vesicle-associated membrane protein 7) located on the MVBs and SNAP23 on the plasma membrane (D’Souza-Schorey and Schorey, 2018).

Homologs of most ESCRT proteins are found in plants (Figure 4), with the exception of ESCRT-0 proteins (Gao et al., 2017). The plant-specific ESCRT protein FREE1 (FYVE domain protein required for endosomal sorting 1) may replace the role of the ESCRT-0 complex. Like ESCRT-0, FREE1 could bind both PI3P and ubiquitinated proteins. Furthermore, FREE1 could bind directly to the ESCRT-I complex via its VPS23 subunit (Gao et al., 2014). Silencing FREE1 (Gao et al., 2014) or mutations in subunits of ESCRT-II (Wang H. J. et al., 2017), ESCRT-III (Shahriari et al., 2010; Cai et al., 2014; Yang et al., 2016), or ESCRT accessory proteins (Cai et al., 2014; Wang et al., 2015) in A. thaliana all affected normal formation of MVBs. A further difference from mammalian cells was that the ESCRT-III complex appeared more important to MVB formation than ESCRT-II in mammals (Gao et al., 2017). The mechanism of MVB targeting to the plasma membrane for release of exosomes is not well understood in plants. It has been hypothesized that, during plant infection, MVBs destined for vacuolar fusion are redirected to the site of infection to deliver exosomes containing defense molecules (Hansen and Nielsen, 2018). Tao et al. (2019) observed that the plasma membrane-localized ARM-E3 ubiquitin ligase, SAUL1, and its paralog AtPUB43, could mediate tethering of the MVBs to the plasma membrane during infection of Nicotiana benthamiana by Phytophthora capsici.



EXTRACELLULAR VESICLE BIOGENESIS AND RELEASE IN FUNGI

Fungal EVs were first isolated and characterized from culture supernatants of the human pathogen Cryptococcus neoformans (Rodrigues et al., 2007). Since then, related research has been reported in 11 additional fungal species (Rodrigues and Casadevall, 2018). EVs of Cryptococcus gatti effectuate long-distance coordination of virulence between fungal cells engulfed in different macrophages, while at the population level, secretion of EVs in Candida albicans is important for biofilm formation and antifungal resistance (Kwon et al., 2021). The mechanisms of biogenesis and release of fungal EVs are not as well elucidated as in mammals (Figure 3). Genetic studies have implicated at least three different pathways in the release of EVs in fungi, including the conventional post-Golgi secretory pathway, ESCRT-mediated release of exosomes via MVBs (Figure 4), and an unconventional secretory pathway involving Golgi reassembly stacking proteins (GRASP).


Conventional Post-golgi Secretory Pathway

Several proteins related to components of this pathway have been knocked down to study the biogenesis mechanism of EV formation in Saccharomyces cerevisiae and C. neoformans. In S. cerevisiae, mutations in Sec1 and Sec4, which are small GTPases involved in membrane fusion and vesicle targeting, respectively, either altered EV composition or the kinetics of release, or both (Oliveira et al., 2010). In S. cerevisiae and C. neoformans, Sec32 mutations affected EV composition; Sec32 is involved in trafficking from the ER to the Golgi (Oliveira et al., 2010). Furthermore, mutations in Sec6 reduced EV release by C. neoformans; Sec6 is a component of the exocyst which is responsible for delivery of post-Golgi exocytic vesicles to the plasma membrane prior to exocytic membrane fusion (Mei and Guo, 2018).



Endosomal Sorting Complex Required for Transport-Mediated Release of Exosomes via Multivesicular Bodies

In line with the involvement of the ESCRT machinery in the release of EVs from metazoan cells, disruption of fungal genes encoding ESCRT subunits impacted the secretion and composition of EVs. In S. cerevisiae, mutations in the genes encoding the VPS2, VPS23, and VPS36 subunits affected EV abundance and proteomic profiles (Zhao et al., 2019) and similar results were observed in C. albicans (Zarnowski et al., 2018). In C. neoformans, mutations in the VPS27 gene resulted in abnormal MVB and EV morphology (Park et al., 2020). However, in no cases could the mutations individually block the secretion of the vesicles, and indirect effects of the mutations on EV biogenesis could not be ruled out. These results are consistent with there being multiple alternative mechanisms for formation of EVs, and experiments with many combinations of mutations may be needed to dissect EV production in fungi.



Unconventional Secretory Pathway Involving Golgi Reassembly Stacking Proteins

The principal function of GRASP proteins is to maintain the stacks of flat cisternal membranes that constitute the Golgi (Ahat et al., 2019), and to regulate autophagosome-lysosome fusion. However, in mammals, the GRASP55 protein (Ahat et al., 2019) and in yeast, the GRH1-encoded GRASP protein (Oliveira et al., 2010), have been implicated in unconventional secretion of several proteins lacking secretory leaders, including acyl-CoA binding protein (ACBP) (Ahat et al., 2019). Relevant to this review, Oliveira et al. (2010) observed that grh1 mutants exhibited decreased release of EVs, though they could not distinguish between a direct role in EV biogenesis and indirect effects on the cellular distribution of sphingolipids which are an important component of EVs. GRASP was also shown to participate in EV-mediated export of mRNA in C. neoformans (Peres da Silva et al., 2018). In yeast, unconventional secretion of ACBP was shown to involve packaging of the protein into autophagosomes, fusion of the autophagosomes with early endosomes, maturation of the endosomes into MVBs, and fusion of the MVBs with the plasma membrane, likely releasing ACBP-containing EVs (Duran et al., 2010). However, it remains unclear if this is a general pathway for release of EVs, or one specific to ACBP.

In addition to transport across the plasma membrane, EVs must traverse the cell wall in the case of organisms that have them, such as plants, bacteria, fungi and oomycetes (Woith et al., 2019). The ability of liposomes containing amphotericin B to enter fungal cells (Walker et al., 2018) and the evidence for cross-kingdom communication via EVs (Cai et al., 2018) strongly implies that EVs can also traverse cell walls from the outside inward. Despite extensive observations in C. neoformans (e.g., Wolf et al., 2014), the mechanisms of EV cell wall transit remains unclear. Current hypotheses include: the presence of guide channels, the actions of cell-wall-remodeling enzymes, and intrinsic visco-elasticity of cell walls (Rizzo et al., 2020). It also remains unclear if the directional transit of EVs requires specific transport mechanisms as is observed for the trafficking of intracellular vesicles.




PRODUCTION OF EXTRACELLULAR VESICLES BY BACTERIA AND ARCHAEA

The release of BEVs by bacteria was first observed in Vibrio cholerae in 1967 (Chatterjee and Das, 1967), where they were described as round membranous structures produced by budding and detachment from the bacterial outer membrane. The mechanisms underlying BEV biogenesis remain poorly understood. Processes associated with BEV release include cell wall turnover; physical, salt, or antibiotic-induced stress; lipopolysaccharide and phospholipid remodeling of the outer membrane; and the action of quorum-sensing signal molecules (Díaz-Garrido et al., 2021a). OMVs have been characterized as containing cell wall components, lipopolysaccharides, enzymes and other proteins, and secondary metabolites, as well as DNA molecules and an array of RNA molecules including tRNAs, mRNAs, non-coding RNAs, and fragments of rRNAs (Woith et al., 2019; Munhoz da Rocha et al., 2020; Cai et al., 2021; Díaz-Garrido et al., 2021a). Gram-negative bacteria also produce “outer-inner membrane vesicles” (O-IMVs), likely by similar mechanisms as OMVs. O-IMVs exhibit both an outer and an inner membrane, and enclose both periplasmic and cytoplasmic contents, including DNA (Pérez-Cruz et al., 2015). In gram-positive bacteria, genetic analysis suggests that formation of BEVs is a normal physiological process; vesicles with cytoplasmic contents (CMVs) are pinched off from the cell membrane via lipid-remodeling, and then released through the cell wall via remodeling proteins that include autolysins and penicillin-binding proteins (Briaud and Carroll, 2020). Phage-mediated lysis can also produce “explosive OMVs” (E-OMVs) in gram-negative bacteria (Turnbull et al., 2016). In gram-positive bacteria, a similar process can result in CMVs being extruded through gaps in the cell wall (Toyofuku et al., 2017).

Archaea also produce EVs (AEVs). The majority of archaea have a single membrane and a flexible external cell wall-like structure, though a minority of species resemble gram-negative bacteria in having an outer membrane (Liu et al., 2021a). The mechanisms of AEV production differ markedly across phyla. Several archaea phyla encode orthologs of the eukaryotic ESCRT machinery, including the Crenarchaeota. In the Crenarchaeota, proteomic and genetic analysis, especially in Sulfolobus islandicus (Liu et al., 2021b), has demonstrated the importance of the ESCRT machinery in C-AEV production (Liu et al., 2021a). The Euryarchaeota, however, lack ESCRT homologs and E-AEV production appears to occurs by budding from the cell membrane via an unknown mechanism (Liu et al., 2021a). Like CMVs, AEVs enclose diverse cytoplasmic contents. However, both C-AEVs and E-AEVs appear to have a particular role in the encapsulation, stabilization, and cell-to-cell transmission of DNA fragments, including chromosomal fragments and plasmid molecules (Liu et al., 2021a), a process termed vesiduction (Erdmann et al., 2017).



BIOLOGICAL FUNCTIONS OF EXTRACELLULAR VESICLES IN HOST-MICROBE INTERACTIONS

Multi-cellular hosts such as animals and plants host rich communities of microbes (microbiomes). These communities are typically dominated by eubacteria, but also may include archaea, fungi, oomycetes, protozoa, algae, viruses, and microfauna. The relationships among these organisms and with their hosts can range across all forms of symbiosis from parasitism, competition and commensalism to mutualism (Tyler, 2009). EVs are rapidly emerging as key players in the communications and physiological interactions among these microbes and their hosts (Woith et al., 2019; Caruana and Walper, 2020; Munhoz da Rocha et al., 2020; Cai et al., 2021; Díaz-Garrido et al., 2021a,b; Fucarino et al., 2021; Qiao et al., 2021; Figures 5, 6 and Table 2). These roles can include nutrition, virulence, predation, host defense, immuno-regulation, developmental signaling and environmental modification. While much work has focused on pathogenic microbes, there is also accumulating evidence that symbiotic microbes may also employ EVs to modulate host interactions (Roth et al., 2019; Rizzo et al., 2020; Cai et al., 2021; Díaz-Garrido et al., 2021a,b). In particular, EVs have emerged as a mechanism for the transport of RNA molecules from the microbe to the host in order to modulate host metabolism and immune responses (Munhoz da Rocha et al., 2020; Cai et al., 2021; Qiao et al., 2021). Likewise, the delivery of host RNA molecules to microbes has emerged as an important function of host EVs (Munhoz da Rocha et al., 2020; Cai et al., 2021; Qiao et al., 2021).


[image: image]

FIGURE 5. Extracellular vesicle functions during infection by the malaria parasite Plasmodium falciparum. During infection P. falciparum EVs may trigger host inflammatory responses or manipulate gene expression to reduce host barriers to infection. P. falciparum EVs may also mediate communication among parasite cells to regulate transmission stage production or even transfer antibiotic resistance.
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FIGURE 6. Extracellular vesicle roles in interactions of plants with fungi and oomycetes. Plants and their eukaryotic pathogens exchange EVs during infection. Plant EVs carrying Tetraspanin8 (Tet8) but lacking syntaxin PEN1 (TET8+ PEN1– EVs) carry small RNAs (sRNAs) and other defense compounds including small molecules, enzymes and other proteins. The specific role of plant TET8-negative PEN1-positive (TET– PEN1+) EVs remains unclear. Some of those molecules may enter the pathogen cytoplasm or the nucleus where sRNAs may bind to pathogen RNA-induced silencing complexes (RISC); some enzymes such as callose synthase may be targeted to papillae to strengthen cell wall defenses against pathogen invasion. Pathogen EVs may carry sRNAs as well as other virulence compounds, possibly including some effectors. sRNAs may target plant RISC complexes. MVBs, multivesicular bodies; PRR, pattern recognition receptor; BAK1, BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1; SOBIR1, suppressor of BRASSINOSTEROID INSENSITIVE 1 (BRI1)-associated kinase (BAK1)-interacting receptor kinase 1.



TABLE 2. Virulence factors delivered by EVs and function during pathogen infection.

[image: Table 2]

Extracellular Vesicle Function in Plant and Animal Pathogens and Symbionts

Bacteria-derived extracellular vesicles produced by Gram-negative bacteria have been implicated in many aspects of bacterial pathogenicity and proliferation, including nutrient acquisition, stress responses, virulence factor delivery, biofilm formation, and development of antibiotic resistance (Kuehn and Kesty, 2005; Schwechheimer and Kuehn, 2015; Joffe et al., 2016; Toyofuku et al., 2019; Woith et al., 2019; Díaz-Garrido et al., 2021a). Virulence factors delivered by BEVs include alkaline phosphatase, hemolytic phospholipase C and Cif toxin in the case of Pseudomonas aeruginosa (Bomberger et al., 2009) and Shiga toxin 2a, cytolethal distending toxin V and EHEC-hemolysin in the case of enterohemorrhagic Escherichia coli (Bielaszewska et al., 2017). After being internalized by host cells, BEVs can release these virulence cargos and cause cell death (Bielaszewska et al., 2017). Mammalian host responses to BEVs can also trigger pathological immune responses, such as sepsis (Park et al., 2018). Although BEVs have been reported in bacterial plant pathogens, there is little information yet about their role in pathogenesis. One analysis of BEV-enriched fractions from the grape and citrus pathogen Xyllela fastidiosa revealed the presence of virulence factors including lipases, esterases, proteases, porins, and a pectin lyase-like protein, as well as diffusible signaling factors, suggesting that BEVs might have a role in delivering these factors (Feitosa-Junior et al., 2019). The identification of bacterial small RNAs as host-signaling molecules during nodulation of soybean by Bradyrhizobium japonicum (Ren et al., 2019) also suggests the involvement of BEVs as potential carriers of those RNAs.

The contributions of EVs to microbiome-host interactions have been studied in particular detail in the context of the bacterial members of mammalian microbiomes (Ñahui Palomino et al., 2021), especially those of the mammalian gut (reviewed in detail by Díaz-Garrido et al., 2021a,b) and airways (reviewed by Fucarino et al., 2021). In the gut, a dense inner layer of mucus separates the host epithelial cells from the microbial community, while a looser outer layer of mucus serves as a matrix that is colonized by the microbes. While these mucus layers restrict the movement of microbial cells including bacteria, BEVs can readily pass these barriers, physiologically connecting the cells with each other and with the host. One role played by the BEVs is a dietary one. BEV cargoes are rich in enzymes such as glycosidases, sulfatases, proteases, and inositol phosphatases that can break down host-indigestible dietary glycans and also host mucins, releasing nutrients such as carbohydrates, short chain fatty acids, and phosphates to both host and microbes. BEVs are also important effectors of the role of the gut microbiome in stimulating the maintenance of the epithelial barrier and providing a healthy ongoing priming of the innate immune system (Díaz-Garrido et al., 2021a). BEVs can also cross the epithelial layer into the body, likely via paracellular diffusion, transcytosis and/or via phagocytotic cells in the mucosal epithelium (Jones et al., 2020; Díaz-Garrido et al., 2021a), with physiological effects that are still being explored.

In mammalian airways, as in the gut, host EVs play critical roles in maintaining a healthy balance of immunological activities within the mucosa and its associated mucus layer (Fucarino et al., 2021). This balance can be disrupted by external factors such as allergens and tobacco smoke, resulting in asthma and chronic pulmonary obstructive disease (COPD). These disruptions can result in microbial dysbioses that include release of BEVs rich in pro-inflammatory signals, creating a positive feedback loop that exacerbates disease. One well-studied example is the interaction between airway epithelial cells and Pseudomonas aeruginosa, a gram-negative bacterium that causes dangerous infections in patients with COPD and cystic fibrosis. P. aeruginosa BEVs deliver a 23-nucleotide tRNA fragment (sRNA-52320) into epithelial cells that suppresses cytokine secretion and neutrophil infiltration, resulting in weakened immune responses (Koeppen et al., 2016).

While fungi and other eukaryotic microbes have been well documented to produce EVs, direct evidence for EVs’ role in the virulence of such pathogens is still emerging. In the human pathogen C. albicans, EVs produced in vitro were shown to contain 34 proteins associated with virulence including agglutinins, lysophospholipases, and secreted aspartic proteases (Konecňá et al., 2019). In the gastrointestinal nematode Heligmosomoides polygyrus, nematode EVs were shown to carry microRNAs, Y RNAs and an Argonaute protein, and could suppress innate immune responses in mice (Buck et al., 2014). In the human pathogens C. gatti (Bielska et al., 2018) and Sporothrix brasiliensis (Ikeda et al., 2018), EVs were shown to carry infection-promoting factors, though the factors were not identified. In the malaria parasite, Plasmodium falciparum, EVs derived from parasite-infected red blood cells (IRBCs) could trigger host systemic inflammatory responses and could contribute to the pathology of malaria infection by altering the host barrier properties of endothelial cells (Mantel et al., 2016).

An important role for EVs is also implied by data showing that small RNAs from fungi and oomycetes interact with the RISC machinery of hosts to modulate host immune responses (Figure 6). Examples include the entomopathogenic fungus Beauveria bassiana (Cui et al., 2019), the fungal plant pathogens Botrytis cinerea (Weiberg et al., 2013), Verticillium dahliae (Wang et al., 2016), Puccinia striiformis f. sp. tritici (Wang M. et al., 2017), and Ustilago maydis (Kwon et al., 2021), and the oomycete plant pathogen Hyaloperonospora arabidopsidis (Dunker et al., 2020). In these cases, EVs are hypothesized to carry both sRNAs and mRNAs to the host. In malaria, over 20 human miRNAs were identified in EVs that were released from IRBCs. Among them, miR-451a could modify the permeability of host endothelial cells by silencing target genes within those cells (Mantel et al., 2016; Figure 5).

Microbial pathogens of plants and animals produce effector proteins that modify the physiology and morphology of host tissues to promote infection (Torto-Alalibo et al., 2010). Many classes of effector proteins are delivered into the cytoplasm of host cells (Torto-Alalibo et al., 2010). While effector delivery pathways have been well characterized in bacteria (Tseng et al., 2009), the entry of effector proteins from fungal and oomycete pathogens is still poorly understood (Ellis et al., 2006; Khang et al., 2010; Kale and Tyler, 2011; Jiang and Tyler, 2012; Presti and Kahmann, 2017). In principle, EVs offer an attractive mechanism for effector delivery from fungi and oomycetes into the cytoplasm of host cells. Some evidence suggests that effectors targeted to the host cytoplasm are secreted via distinct pathways (Giraldo et al., 2013; Wang S. et al., 2017). Furthermore, some oomycete effectors appear to reach the host cytoplasm via non-conventional secretion pathways (Liu et al., 2014). However, clear evidence is currently lacking that would support the role of EVs in effector delivery.



Extracellular Vesicle Functions in Host Disease and Immune Responses

Extracellular vesicles have emerged as major players in host responses to microbes. Host EVs can contribute to combatting microbial infection either by targeting pathogen cells directly, or by participating in the regulation of immune responses (Chen et al., 2019; Rybak and Robatzek, 2019; Macia et al., 2020; Cai et al., 2021; Figures 5, 6). At the same time, host responses triggered by microbial EVs may contribute to immunity but also may lead to disease symptoms (Chen et al., 2019; Rybak and Robatzek, 2019; Macia et al., 2020; Cai et al., 2021; Qiao et al., 2021). Common themes that have emerged across animal and plant interactions include recognition of microbe-associated molecular patterns (MAMPs) carried by microbial EVs by pattern recognition receptors (PRRs), resulting in the activation of innate immune responses via mitogen-activated protein kinase (MAPK) pathways (Zhou et al., 2020; Cai et al., 2021; Díaz-Garrido et al., 2021a,b). Some differences include the extensive role of mammalian EVs in modulating immune responses (Díaz-Garrido et al., 2021a,b), especially in the gut, while in plants, an important role of EVs is as carriers of anti-microbial RNA molecules (Cai et al., 2018, 2021). However, these differences may fade as investigations of these systems progress.



Roles in Animal Disease and Immune Responses

During mammalian immune responses, host EVs have been documented to play a wide range of regulatory roles, including antigen presentation, immune homeostasis via pro- or anti-inflammatory mediators, and transfer of damage-associated molecular patterns (DAMPs), membrane receptors, enzymes, mRNAs and non-coding RNAs. EVs may also modulate the complement and coagulation systems (Chen et al., 2019; Macia et al., 2020). Mammalian immune systems also respond to EVs carrying pathogen-associated molecular patterns (PAMPs) that are recognized by pattern recognition receptors (PRRs), resulting in inflammasome activation, and activation of cells of the innate immune system. In some cases, host pro-inflammatory responses can become pathological, producing tissue damage and sepsis (Chen et al., 2019; Macia et al., 2020). For example, host microvesicles are greatly elevated in the blood of cerebral malaria patients, and were subsequently shown in a mouse model to be the principal effectors of neurovascular pathology, especially microvesicles derived from Plasmodium-infected red blood cells (Combes et al., 2005; El-Assaad et al., 2014; Macia et al., 2020). Immune responses may also be directed against microbial EVs. For example, binding of antibodies could modulate both the composition and the production of EVs by the fungal pathogen Histoplasma capsulatum, reducing its virulence in mice (Baltazar et al., 2018).

The roles of host EVs in maintaining healthy mucosal surfaces in the presence of abundant microbial populations have been extensively studied in the mammalian gut (reviewed in Díaz-Garrido et al., 2021b). In the gut, EVs mediate extensive communications among epithelial cells, phagocytic cells, dendritic cells, mast cells and mesenchymal stem cells. The cargos of these EVs include not only cytokines and other regulatory proteins but also a wide spectrum of miRNAs involved in immuno-modulation (Díaz-Garrido et al., 2021b). The functions of those cargoes include support of epithelial barrier integrity, tissue repair and wound healing, intestinal immune responses, pathogen control, and microbiota modulation (Díaz-Garrido et al., 2021b). Furthermore, study of BEVs produced by probiotic bacteria, such as E. coli Nissle 1917 (EcN) (Cañas et al., 2016) and kefir Lactobacillus strains (Seo et al., 2018) demonstrated that BEVs produced by these strains could reduce the increased expression of pro-inflammatory cytokines and down-regulate enzymes associated with injury and inflammation (Díaz-Garrido et al., 2021b). Associations of host EVs with airway pathologies present in asthma and COPD have also been extensively documented (reviewed in Fucarino et al., 2021). While EVs may be expected to play similar key roles in the interaction of plants with their microbiomes, this research area is still in its infancy (Motaung and Steenkamp, 2021).



Roles in Plant Disease and Immune Responses

Extracellular vesicles from plants have been demonstrated to directly participate in anti-microbial functions (Figure 6). EV production by plants is stimulated by infection as well as by activators of immune signaling such as salicylic acid (Rybak and Robatzek, 2019). One important role of EVs in plant defense is to target the deposition of cell-wall-strengthening callose to sites of attempted pathogen invasion, which is part of the polarized defense response. The polarized defense response has been observed in diverse plant species, including barley, bean and Arabidopsis, protecting against diverse fungal pathogens (Rybak and Robatzek, 2019). EVs also target chemical defenses to sites of pathogen attack. In Arabidopsis, products of indole glucosinolate metabolism form important anti-microbial defenses against fungi and insects. Glucosinolate transporters and the activating enzyme, myrosinase, are associated with Arabidopsis EVs during infection (Rybak and Robatzek, 2019). In sunflower, EVs from seedlings could deliver defense proteins to ascospores of Sclerotinia sclerotiorum and could inhibit their germination and growth (Regente et al., 2017).

In plants, EVs have emerged as carriers of host small RNAs that target pathogen genes (Figure 6). TET8-positive exosomes from Arabidopsis were found to be enriched in a selective set of miRNAs and small interfering RNAs (siRNAs), including phased secondary siRNAs (phasiRNAs). Those exosomes could readily be taken up by the fungal pathogen Botrytis cinerea. Furthermore, specific sRNAs such as TAS1c-siR483 and TAS2-siR453 could regulate the expression of fungal pathogenicity genes Bc-VPS51, Bc-DCTN1 and Bc-SAC1 (Cai et al., 2018). Arabidopsis also produced phasi-RNAs capable of silencing genes in the pathogen P. capsici (Hou et al., 2019). Arabidopsis tet8, tet9 double knock-out mutants were substantially more susceptible to B. cinerea, and B. cinerea hyphae from infected tet8, tet9 plants contained substantially fewer plant sRNAs (Cai et al., 2018).

The ability of EVs to deliver sRNAs from plants to pathogens likely underlies the phenomenon of host-induced gene silencing, in which silencing RNAs produced from transgenes or endogenous genes can effectively target pathogen genes to reduce disease (Baulcombe, 2015; Koch and Wassenegger, 2021; Qiao et al., 2021). In a recent study, EVs isolated from Arabidopsis leaves contained siRNAs derived from a transgene-encoded dsRNA targeting three CYP51 genes of the fungal pathogen Fusarium graminearum, conferring increased resistance against this pathogen. Disruption of the ESCRT III complex, which is vital to the EV formation in plants, weakened the resistance of these transgenic plants against F. graminearum (Koch et al., 2020).

The plant innate immune system also responds to the presence of microbial EVs (Bahar et al., 2016; Rybak and Robatzek, 2019; McMillan et al., 2021; Figure 6). For example, outer membrane-derived EVs (OMVs) from Xanthomonas campestris pv. campestris could induce a reactive oxygen species (ROS) burst and trigger defense gene expression in Arabidopsis (Bahar et al., 2016). The EVs could be perceived by the plant coreceptor brassinosteroid insensitive 1 associated kinase (BAK1) and suppressor of BAK1 interacting receptor-like kinase 1 (SOBIR1) to induce PAMP-triggered immunity (PTI) (Bahar et al., 2016). Similarly, exposure to OMVs from Pseudomonas syringae and Pseudomonas fluorescens could protect Arabidopsis and tomato plants from infection by P. syringae or by oomycetes (McMillan et al., 2021).




FUNCTION OF EXTRACELLULAR VESICLES IN CELL-TO-CELL COMMUNICATION

Extracellular vesicles play an important role not only in microbe-host interactions but are also important to intercellular communication among microbes, either of the same or different species, and among cells of higher organisms (Caruana and Walper, 2020; Munhoz da Rocha et al., 2020; Díaz-Garrido et al., 2021b).

For instance, within mammals, EVs shed from stem cells contained mRNA and miRNAs which could alter the phenotype of other stem cells (Ratajczak et al., 2006). As another example, tumor cell-derived EVs contained abundant soluble proteins, signal factors and chemokine receptors, that could promote tumor invasion and influence tumor progression (Turturici et al., 2014). Within the mammalian gut, host EVs play a key role, together with microbial EVs, in maintaining a balanced immunological and mucosal environment that controls microbiota populations at a beneficial level, while avoiding pathological levels of inflammation (Díaz-Garrido et al., 2021b).

The role of EVs in microbe-microbe communication within complex microbial communities (microbiomes) has been examined in detail in the context of the human gut, especially the role of BEVs (Caruana and Walper, 2020). The majority of beneficial community functions mediated by BEVs involve “common good” functions such as provision of BEVs carrying carbohydrate degradation enzymes, iron acquisition proteins, antibiotic or antimicrobial resistance molecules (enzymes such as ß-lactamases or catalases, or excess antibiotic target proteins or lipids), and biofilm matrix components such as DNA (Caruana and Walper, 2020; Munhoz da Rocha et al., 2020). For example, in the bacterium, E. coli, BEVs released from β-lactam antibiotic-resistant strains contained abundant antibiotic-resistance proteins including Blc, OmpC, OmpF, and OmpW. Cells of antibiotic-susceptible strains could incorporate these resistance proteins from BEVs, protecting themselves from the antibiotic inhibition (Kim et al., 2018). The transmission of developmental signals directly from cell to cell by BEVs and AEVs includes the transfer of DNA molecules and quorum sensing signals. For example, the P. aeruginosa quorum sensing molecule PQS (Pseudomonas Quinolone Signal) is highly hydrophobic and primarily exported on the surface of BEVs (Mashburn and Whiteley, 2005). Similarly, the hydrophobic quorum sensing molecules of Paracoccus denitrificans and Vibrio harveyi are packaged into BEVs (Toyofuku et al., 2017; Brameyer et al., 2018). On the other hand, developmental signaling by transfer of protein or RNA molecules among eubacteria has yet to be demonstrated.

While the mechanisms by which bacteria, especially gram-negatives, could internalize incoming EVs remain speculative, the mechanisms for eukaryotes to internalize EVs have been extensively studied in mammalian cells (Caruana and Walper, 2020). Five different endocytic pathways have been identified by which EVs can be taken into non-phagocytic host cells: macropinocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis, lipid raft-mediated endocytosis, and direct membrane fusion (Caruana and Walper, 2020). By extrapolation therefore, eukaryotic microbes are expected to be efficient recipients of EVs, as demonstrated in plant-fungal interactions (Cai et al., 2018, 2021). For example, in the human fungal pathogen C. gattii, EVs could induce pathogen proliferation and regulate the virulence phenotype of the recipient pathogen cells over a long distance (Bielska et al., 2018). EVs released from a highly virulent strain of C. gattii could be phagocytosed by host macrophages and there stimulate the growth rate of a less virulent strain and enhance its survival. The components transported in EVs were important to induce fungi proliferation, and only EVs from the virulent strain had this capability. However, the exact nature of the stimulatory molecules and the mechanism of stimulation were unknown (Bielska et al., 2018). Likewise, during infection by the malaria parasite Plasmodium falciparum, EVs purified from IRBCs could transfer drug-resistance plasmids into drug sensitive strains and increase survival of the parasite under drug pressure (Regev-Rudzki et al., 2013; Figure 5). In addition, IRBC-derived EVs could regulate the transmission stage production of parasites in vivo (Mantel et al., 2013; Figure 5). The EVs could promote gametocyte formation in the parasite population; gametocytes are the form of the parasite transmitted to the mosquito vector. It was proposed that EVs released from IRBCs serve as a sensor for parasite density, signaling a switch to increased gametocyte formation (Mantel et al., 2013).

Complex microbial communities also are common in non-biotic environments such soils, sediments, rocks, and human-built structures, especially where water is abundant. These communities commonly form biofilms that serve to protect and structure the communities, and concentrate nutrients, metabolites and signal molecules. These biofilms likely are rich in microbial EVs. However, this topic is barely explored, except in the case of Archaea, which dominate environments of extreme temperatures, salinity and/or acidity. Two specific functions have been associated with AEVs, namely the dissemination of toxins that target competitors, and the transmission of genomic and plasmid DNA molecules. Sulfolobus species produce a family of AEV-associated anti-microbial proteins, called sulfolobicins, that inhibit the growth of related Sulfolobus species (Ellen et al., 2011). The encapsulation of DNA by EVs is found in multiple phyla including the Crenarchaeota and the Euryarcheaota. Thermococcus onnurineus EVs always contain random ∼14 kb fragments of DNA that represent most of the genome, suggesting that these AEVs mediate genetic exchange within the same or related species (Choi et al., 2015). AEVs capable of transmitting specific plasmids have also been described in Thermococcus kodakarensis, Thermococcus nautili, Sulfolobus species and Halorubrum species (Liu et al., 2021a,b). In addition to these specific functions, AEVs have been observed to carry a wide diversity of proteins, including diverse proteases and nucleases (Liu et al., 2021b) and could support heterotrophic growth of S. islandicus in minimal medium, implying roles in nutrition (Liu et al., 2021a).

It is likely that EVs play key roles in cell-cell communication relevant to a very wide range of biological activities, beyond the few examples given above. There is growing evidence, for example, that BEVs can transit gut mucosal barriers and reach intestinal immune cells, the blood, and distal organs such as the brain, with measurable physiological effects (Díaz-Garrido et al., 2021a), opening further frontiers in the interaction between microbes (from all kingdoms) and multicellular animals. It is likely also that EVs play similarly important roles in cell-cell communication in plants and in plant-associated microbes, though studies on this topic are currently lacking. The role of EVs in communication among microbes that constitute microbial communities (microbiomes), especially the exchange of developmental signals, remains largely unexplored.



CONCLUSION AND FUTURE DIRECTIONS

Extracellular vesicles have emerged as an exciting and long under-appreciated component of cells. EVs extend the sphere of influence of cells well beyond what can be achieved by conventional secretory mechanisms. The importance of EVs is underlined by the finding that they are produced by all forms of living organisms, including numerous kingdoms of microbes. Because of their ability to transport cell contents, including RNA and DNA, from one organism to another, they have emerged as key players in microbial interactions with plants and animals, as well as in diseases such as cancer. As such they have also emerged as useful biomarkers for diagnosis of some clinical diseases and are being modified for delivery of vaccines and other therapies (Robbins and Morelli, 2014). Compared with the research into mammalian, parasite and bacterial EVs, research into the functions of fungal and oomycete EVs is still in its infancy, especially in the context of plant interactions, and many questions need to be addressed.

A major challenge for EV research is the ability to discern and purify different sub-types of EVs. While progress has been made on separating EVs by size and density, and in some cases immunologically (Rybak and Robatzek, 2019), a much more complete set of biomarkers is needed to accurately determine the origins, contents, functions and targeting of diverse EVs. This information is also needed to fully realize the potential of synthetic EVs as therapeutic agents (Huyan et al., 2020). Key questions remain around the contents of EVs, including whether and how specific cargoes are loaded into EVs. Cargoes of special interest include virulence effector proteins produced by fungal and oomycete pathogens of plants and animals. How these effectors are delivered into host cells remains poorly understood, and EVs stand out as a likely delivery mechanism, both for conventionally and unconventionally secreted effectors. Another cargo of major interest is RNA molecules. Strong evidence has emerged, especially from plant systems, that hosts and pathogens can use EVs to convey specific RNA molecules to each other to modify the physiology, immunity and virulence of their antagonist (Cai et al., 2018). However, the full scope of this mechanism remains to be explored. For example, is EV delivery confined to small RNAs or are full length mRNAs or non-coding RNAs conveyed by this mechanism? Also, what counter-measures might the antagonists have evolved against each other’s EVs (Qiao et al., 2013, 2021)? Another interesting question is whether EVs may play a role in horizontal gene transfer between species or even between kingdoms. Finally, the roles of EVs in communication within communities of microbes (microbiomes) remain largely unexplored.
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Extracellular Vesicles (EVs) are small vesicles that can be actively secreted by most cell types into the extracellular environment. Evidence indicates that EVs can carry microRNAs (miRNAs), long non-coding RNAs (lncRNAs), tRNA-derived small RNAs (tsRNAs), proteins, and lipids to target cells or tissue organizations. Latest studies show that EVs play a vital role in the immune modulation and may contribute to the pathogenesis of autoimmune diseases. Systemic lupus erythematosus (SLE) is a common autoimmune disease characterized by abnormal T cell activation and sustained production of autoantibodies against self-antigens, resulting in inflammation and damage to multiple systems. Pathogenic mechanisms of SLE, however, are still not well understood. In this review, we summarize the latest research advances on the functions and mechanisms of EVs, and its role in the pathogenesis, diagnosis, and treatment of SLE.
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1 INTRODUCTION
Systemic lupus erythematosus (SLE) is a multisystem autoimmune disease characterized by loss of tolerance and sustained production of autoantibodies against self-antigens that form immune complex deposits (Crispin et al., 2010). The prevalence of SLE varies from 30/100,000 to 50/100,000, and the disease is more common in women of childbearing age. SLE is hard to diagnose due to its complex pathogenesis and variable clinical symptoms. Most patients are diagnosed based on the 1997 American College of Rheumatology classification criteria, and the disease activity is assessed based on the SLE Disease Activity Index (SLEDAI). Nevertheless, it is not always effective. At present, a majority of scholars believe that it is the interaction of genetic susceptibility, environment, immunology, and hormone factors that lead to SLE, but the exact mechanism is not clear (Tsokos, 2011). Although non-steroidal anti-inflammatory drugs such as glucocorticoid (GCs), immunosuppressants, and biological agents are commonly used in the treatment of SLE, hurdles such as toxic side effects, the lack of target tissue, and non-response to treatment remain to be crossed (Tsokos, 2011).
First described as “platelet dust” by Peter Wolf in 1967, extracellular vesicles (EVs) are a collective term for phospholipids bilayer structures secreted by cells, which contain microRNAs (miRNAs), long non-coding RNAs (lncRNAs), tRNA-derived small RNAs (tsRNAs), proteins, lipids, and other substances (Raposo and Stoorvogel, 2013). The term “extracellular vesicles (EVs)” includes multiple types of vesicles. Specifically, there exist three main classified subtypes based on their biogenesis, size, and release mechanisms, namely microvesicles (100 nm-1 μm), apoptotic bodies (1–5 μm), and exosomes (30–100 nm in diameter) (Yanez-Mo et al., 2015). Microvesicles (MVs, also called microparticles) are larger than exosomes and pinch directly off from the outer cell membrane (Akers et al., 2013). Microvesicles formation is the result of molecular rearrangements of the plasma membrane regarding phospholipid and cytoskeletal protein composition as well as Ca2+ levels (Taylor and Bebawy, 2019). Apoptotic bodies are large structures, which are also produced by direct budding of the membrane and differ from exosomes and MVs as apoptotic bodies are formed only during programmed cell death. They are characterized by the presence of closely packed cellular organelles and fragments of nuleus (Saraste and Pulkki, 2000). Over the past few years, the cutting-edge knowledge about EV research provides insights into new tools for diagnosis, prognosis, and disease activity monitoring, novel therapeutic strategy, and innovative evaluation approaches for treatment effectiveness in SLE (Perez-Hernandez and Cortes, 2015; Perez-Hernandez et al., 2017; Wu et al., 2020; Zhang et al., 2020; Zhao et al., 2020).
As the smallest vesicles and probably the most prominently described class of EV, exosomes are ranging from 30–100 nm in diameter, and are released by almost all cell types, including stem cells, T and B lymphocytes, dendritic cells (DCs), macrophages, endothelial cells, neurons, adipocytes, and epithelial cells (Obregon et al., 2009; Mashouri et al., 2019; Rayamajhi et al., 2019). They can be found in a wide range of bodily fluids, such as blood, urine, saliva, breast milk, and in the supernatants of cultured cells after being released into the extracellular environment (Record et al., 2011; Matsumura et al., 2015). Exosome has a lipid bilayer membrane structure and contains bio-reactive macromolecules such as cell-specific proteins, lipids, and nucleic acids, which can protect the coating substances, targeting specific tissues and cells to perform their biological functions. Recently, evidence indicates that exosomes play important roles not only in physiological events, such as intracellular communication, immune modulation, and inflammation, but also in pathological conditions, including autoimmune and cardio-metabolic diseases, as well as development and metastasis of tumors (Shah et al., 2018; Stahl and Raposo, 2019). In this review, we summarize the recent progress of the potential role of exosomes in the pathogenesis, diagnosis, and treatment of SLE (Figure 1 and Table 1). However, there is always a heterogenous population of EVs regardless of the isolation method used. Additionally, none of the involved studies published to date can prove that the isolated fractions are exosomes only. In this context, we utilized the generic term “extracellular vesicles (EVs)” instead of “exosomes” throughout the rest of this survey. It is also in line with the recommended terminology from the international society for extracellular vesicles (ISEV) (Thery et al., 2018).
[image: Figure 1]FIGURE 1 | Role of EVs in systemic lupus erythematosus (SLE) and lupus nephritis (LN). The schematic diagram represents how EV components including miRNA, lncRNA, tsRNA and proteins are involved in the pathogenesis of SLE and LN. In serum, EV miR-451a is correlated with SLE disease activity and renal damage. MiR-146a could be internalized into mesenchymal stem cells (MSCs) via circulating EVs and participates in MSCs senescence in SLE patients by targeting TRAF6/NF-κB signal pathway. Serum EV miR-21 and miR-155 expression present correlations with autoantibodies and proteinuria. Levels of serum EV tRF-His-GTG-1 could be used to distinguish SLE with LN from SLE without LN. In plasma, EV miR-574, let-7b and miR-21 activate pDC cells through the TLR7 signaling. MSC-derived EV tsRNA-21109 inhibits the M1-type polarization of macrophages. UNC93B1 can be detected in RAW macrophage-derived EVs, it can recruit syntenin-1 to suppress TLR7 signaling and prevent autoimmunity. Overexpression of BPI in T cell-derived EVs suppresses Treg differentiation and induces EV-mediated inflammation in SLE. ECP overexpression in T cell-derived EVs induces IFN-γ production and tissue inflammation. MiR-26a from urinary EVs can be used as a direct biomarker for podocyte injury. Urinary EV miR-29c, miR-150 and miR-21 promote renal fibrosis through SP1 and Smad3/TGFβ signaling pathway. Urinary EV miR-135b-5p, miR-107 and miR-31 could meliorate renal disease by inhibiting HIF-1α. MiR-146a from urinary EVs negatively regulates inflammation by suppressing the TRAF6 axis. MiR-3135b, miR-654-5p and miR-146a-5p in urinary EVs are candidate biomarkers for Type IV lupus nephritis with cellular crescent (LNIV-CC). Urinary EV let-7a and miR-21 may guide the clinical staging of LN patients. CP, a protein from urinary EVs, could be an early biomarker to diagnose kidney disease.
TABLE 1 | Diagnostic role of EVs in systemic lupus erythematosus (SLE) and lupus nephritis (LN).
[image: Table 1]2 BIOLOGICAL CHARACTERISTICS OF EVS
2.1 The Biogenesis of EVs
The formation of EVs involves a variety of proteins and transport complexes, and the fusion of primary endocytic vesicles should be the first step of the early endosomes (EEs) formation. Then, two pathways are shown by the EEs. One is that EEs become recycling endosomes, returning to plasma membrane, and the other way is converting into “late endosomes” (LEs)/multivesicular bodies (MVBs) via inward budding of the membrane under the endosomal sorting complex required for transport (ESCRT)-dependent or ESCRT-independent mechanism. Afterwards, LEs are fused with cell membranes, released into the extracellular space under the control of Ras-related proteins in barin (Rab) GTPases and soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), which are called EVs (Thery et al., 2002b; Simons and Raposo, 2009; Hessvik and Llorente, 2018).
2.2 Isolation and Extraction of EVs
EVs play an essential role in mediating cell communications and participate in the pathological process of multiple diseases. How to extract EVs efficiently with high purity, high recovery, and low cost has become the key to further downstream cell function research. EV samples contain a large number of vesicles or proteins that have similar volume, density or surface charge to EVs, which can interfere with the result of the experiment. A variety of methods have been developed in this regard (Ramirez et al., 2018). Among them, ultracentrifugation is the most widely used protocol and has also evolved as the gold standard for EV separation. There are, however, still some inevitable downsides such as high instrument cost and long extraction time. Moreover, factors (e.g., multiple cleaning, high sample viscosity, etc.) are likely to shape the downstream analyses negatively in an uncertain manner (Momen-Heravi et al., 2012a; Momen-Heravi et al., 2012b). Size exclusion chromatography is a scheme using EV purification columns to separate EVs. It does not require the use of expensive centrifuges, and the obtained EVs have high purity. However, compared to ultracentrifugation, it is more challenging to handle large samples due to the limitations of the purification columns (Koh et al., 2018; Monguio-Tortajada et al., 2019). Faced with bodily fluids and other large-volume samples, ultrafiltration can be perceived as a solution. The principle of ultrafiltration is the same as membrane separation, and it takes less time, but impurities such as other vesicles and proteins tend to block the pores and reduce the extraction efficiency (Cheruvanky et al., 2007; Konoshenko et al., 2018). The above-mentioned traditional extraction methods have multiple drawbacks including low purity, low recovery rate, and low efficiency. Nowadays, a mounting number of new extraction methods are discovered. Lewis et al. (2018) utilized static electricity to adsorb EVs around the positive electrode, which largely improves the purity and specificity of the EVs (Lewis et al., 2018). Wu et al. developed a sonic-based separation method that can directly isolate EVs from whole blood, greatly reducing the time required to extract EVs (Wu M. et al., 2017). These new technologies bring new opportunities for the diagnosis and treatment of diseases in the future.
2.3 Function of EVs
EVs were originally considered to be vesicles employed to expel excess transferrin receptor vesicles (Pan and Johnstone, 1983). With the development of the research, various functions of EVs were gradually revealed to the public. The vesicle structure of EVs can protect its internal transported substances from the interference of soluble substances such as proteases in vivo. At present, it is generally believed that EVs serve as carriers and play a big part in mediating information exchange between cells by transporting microRNAs (miRNAs), long non-coding RNAs (lncRNAs), tRNA-derived small RNAs (tsRNAs), proteins, lipids, and other substances (Mathivanan et al., 2012; Barile and Vassalli, 2017; Mathieu et al., 2019). These substances may be involved in the pathogenesis of different diseases. EVs of nasal epithelial cells in patients with chronic rhinosinusitis with nasal polyps contain differentially expressed proteins, which are mainly involved in epithelial remodeling through p53 and other pathways, leading to sinus mucosal remodeling (Zhou et al., 2020). EVs can carry β-Amyloid, prion, and α-synuclein, thus spread disease-causing proteins in the brain, which may be involved in Alzheimer’s disease progression (Nath et al., 2012; Arellano-Anaya et al., 2015; Lööv et al., 2016). Evidence shows that EV-associated miRNAs and lncRNAs play essential roles in the pathogenesis of osteoarthritis (OA), including OA diagnosis, pathogenesis, and treatment (Maehara et al., 2021; Miao et al., 2021). In addition, EVs are involved in many physiological processes, such as intracellular communication, signal transduction, transport of genetic materials, and modulation of immune response (Natasha et al., 2014). Evidence in previous studies indicates that EVs are also involved in the progression of diseases, including cancers, neurodegenerative diseases, and autoimmune diseases (Anderson et al., 2010), such as rheumatoid arthritis (RA), Sjogren’s syndrome (SS), and SLE. In this review, we summarize the latest progress and recent advances in EV research, therapeutic potential, and mechanism of EVs in the pathogenesis of SLE, as well as their clinical implications.
3 ROLE OF EVS IN IMMUNE FUNCTION
It was not until 1996 that B cells were found to induce T cell responses by secreting EVs with major histocompatibility complex (MHC) class II, which indicated the relationship between EVs and immune regulation (Raposo et al., 1996). After that, EVs from other immunocytes, such as T cells, natural killer (NK) cells, and dendritic cells (DCs), have also been proven to mediate either immune stimulation or immune modulation (Gutierrez-Vazquez et al., 2013; Zhang et al., 2014; Jong et al., 2017; Reis et al., 2018).
3.1 EVs and Innate Immune Cells
Immune cell-derived EVs are involved in the regulation of the innate immune responses. EVs released by neutrophils, macrophages, NK cells, and DCs act on the innate immune system as pro-inflammatory mediators via paracrine messengers (Yanez-Mo et al., 2015).
3.1.1 Neutrophils
Neutrophils are the most abundant leukocyte population in peripheral blood and are the first line of host defense against a wide range of infectious pathogens (Mayadas et al., 2014). In addition to regulating macrophage activation (Gasser and Schifferli, 2004), neutrophil-derived EVs have inhibitory effects on monocyte-derived DCs (Eken et al., 2008). These EVs modify the morphology of monocyte derived DCs (MoDCs) by inhibiting the formation of dendrites, downregulate their phagocytic activity and maturation, and inhibite the cytokine release of MoDCs, resulting in an attenuated capacity to stimulate T cell proliferation (Eken et al., 2008). Other studies identified several neutrophil-derived EV associated molecules which can influence DC and T cell function potentially, such as annexin A1 (Dalli et al., 2008; Gavins and Hickey, 2012) and arginase-1 (Leliefeld et al., 2015; Shen et al., 2017). What’s more, it was found that several proteases in neutrophil-derived EVs such as myeloperoxidase (MPO), elastase, cathepsin G and proteinase 3 may influence adaptive immunity (Hess et al., 1999; Gasser et al., 2003; Dalli et al., 2013; Timar et al., 2013; Slater et al., 2017).
3.1.2 Macrophages
Another type of innate immune cells which is a rich source of EVs is macrophages (Wang et al., 2020). Macrophages are important phagocytic cells distributed in essentially all tissues, where they respond to a complex variety of regulatory signals to coordinate immune functions involved in tissue development, homeostasis, metabolism, and repair (Wynn and Vannella, 2016). EVs secreted by bacterially infected macrophages have a pro-inflammatory effect, which can induce the maturation of DCs and activate CD4+ and CD8+ T cells (Giri and Schorey, 2008; Ramachandra et al., 2010). Besides, these macrophage-derived EVs promote the release of multiple pro-inflammatory cytokines and chemokines (Singh et al., 2012). Furthermore, several studies characterized EVs content and their effects on uninfected macrophages which revealed that EVs released from infected macrophages holds a vital role in immune surveillance (Bhatnagar et al., 2007; Bhatnagar and Schorey, 2007).
3.1.3 Natural Killer Cells
Natural killer (NK) cells are innate lymphoid cells with potent cytolytic function toward viral invasion and prevent survival or spread of tumor cells (Morvan and Lanier, 2016). NK cells have multiple activating receptors (e.g., NKG2D) and inhibitory receptors (e.g., killer-cell immunoglobulin-like receptors, KIRs), and the balance between these signals determines whether or not NK cells are activated (Fernandez-Messina et al., 2012; Sivori et al., 2019). NK cells are found to secrete EVs in a constitutive way and independent of their activation status (Lugini et al., 2012). Several studies reported that NK cell-derived EVs show cytotoxic activity against tumor cells (Fais, 2013; Zhu et al., 2017) and activate immune cells (Lugini et al., 2012).
3.1.4 Dendritic Cells
As the sentinel antigen-presenting cells (APCs) of the immune system, dendritic cells (DCs) function as the link between innate and adaptive immunity, leading to either antigen-specific immunity initiation or tolerance (Steinman, 2012). Like DCs, EVs secreted by DCs were found to possess functional MHC-peptide complexes, costimulatory molecules, and other components that interact with immune cells (Thery et al., 1999; Thery et al., 2001; Thery et al., 2002a). EVs secreted by mature DCs contain class II MHC complexes and costimulatory molecules, which can directly interact with T cells to activate the immune system (Segura et al., 2005). On the other hand, EVs secreted by immature DCs can regulate the immune response, but do not function in direct T cell activation (Quah and O'Neill, 2005). In addition, studies have shown that DC-derived EVs can be absorbed by epithelial cells and promote the release of inflammatory mediators (MCP-1, IL-8, TNFα, RANTES) secreted by epithelial cells, suggesting that EVs promote immune-inflammatory response (Obregon et al., 2009).
3.2 EVs and Adaptive Immune Cells
The adaptive immune cells mainly include T and B lymphocytes.
3.2.1 T Cells
DC-T cell interaction results in T cell activation. The interaction is transmitted from T cells to DCs via the transfer of EV-DNA, making DCs more resistant to infections (Torralba et al., 2018). EVs derived from activated CD3+ T cell together with IL-2 can modulate the activity of immune cells, including other T cells (Wahlgren et al., 2012). In addition, depending on their activation status, CD4+ T cells regulate the release of distinct vesicle subpopulations with various abilities to activate other untouched T cells (van der Vlist et al., 2012). T cell tolerance is shown due to EVs secreted by CD8+ suppressor T cells (Bryniarski et al., 2013). The protein expression profile of T cell EVs change substantially after different stimuli (activation vs apoptosis induction). Induction of apoptosis causes T cells to release more apoptotic bodies than exosomes, while activated T cells release exosomes and microvesicles both in lower amounts (Tucher et al., 2018). Studies have shown that Treg-derived EVs express immunomodulatory molecules (CD25, CD73, CTLA4), which have immunosuppressive effects and can regulate effector T cell proliferation and cytokine secretion to regulate immune response (Agarwal et al., 2014).
3.2.2 B Cells
EVs derived from B cells exert a predominant role in antigen presentation and immunoregulation. B cell-derived EVs can induce antigen-specific MHC II-restricted T cell responses, suggesting antigen presentation capacities just like B cells (Raposo et al., 1996). Different types of antigens, carried by B cell-derived EVs, may dictate different types of immune responses (Hood, 2017). Recently, it has been suggested that B cell-derived EVs may have immunoregulatory functions which are independent of their ability to present antigen (Zhang et al., 2019). In addition, the role of different lymphocytes subsets (CD4+ T cells, CD8+ T cells, and NK cells) and DCs in CTL immune response to antigen presented on B-cell derived EVs has been described, demonstrating an complex interplay of cooperating lymphocytes for EV immunogenicity (Saunderson and McLellan, 2017).
4 ROLE OF EVS IN SLE AND LN
4.1 EVs, SLE
EVs were found to be increased (Pereira et al., 2006; Sellam et al., 2009; Lee et al., 2016; Lopez et al., 2020) or decreased (Nielsen et al., 2011) in SLE patients compared to healthy controls. Proteins, mRNAs, miRNAs, lncRNAs, tsRNAs and other noncoding RNAs have been shown to be associated with EVs (Mathivanan et al., 2012; Barile and Vassalli, 2017; Mathieu et al., 2019). Recent studies have revealed that the ncRNAs play dominant roles in the pathogenesis of SLE (Long et al., 2018; Xie and Xu, 2018; Zhao et al., 2018; Chen et al., 2019; Liu et al., 2021). In this sense, miRNAs, lncRNAs, tsRNAs and proteins in SLE EVs might serve as biomarkers for disease diagnosis and therapeutic targets (Tan et al., 2016; Ortega et al., 2020).
4.1.1 EVs, miRNA, SLE
MiRNA is a type of single-stranded non-coding RNA with a length of about 19–24 nucleotides, which can regulate the expression of many genes in vivo and participate in the pathogenesis of many diseases. Abnormal expression of circulating miRNAs in SLE patients have been found, and some of these miRNAs are related to clinical parameters (Carlsen et al., 2013; Ishibe et al., 2018). Circulating miRNAs are extracellularly secreted miRNAs circulating in the peripheral blood, which are either encapsulated by extracellular vesicles such as exosomes and microvesicles or bound to molecules such as the Argonaute protein or HDL cholesterol (Arroyo et al., 2011; Vickers et al., 2011). Tan et al. (2021) have reported that compared with healthy controls, serum EV miR-451a was decreased in SLE patients, which correlated with SLE disease activity and renal damage (Tan et al., 2021). Moreover, they found that EV shuttled miR-451a was involved in intercellular communication (Tan et al., 2021). Li et al. (2020) demonstrated that compared with healthy controls, serum EV miR-21 and miR-155 of SLE patients were up-regulated, whereas the expression of miR-146a was down-regulated (Li et al., 2020). Additionally, the expression of miR-21 and miR-146a were negatively correlated with anti-SSA/Ro antibodies and anti-dsDNA antibodies, respectively (Li et al., 2020). What’s more, both EV miR-21 and miR-155 expression presented positive correlations with proteinuria. These findings indicated that the expression levels of EV miR-21 and miR-155 might serve as potential biomarkers for the diagnosis of SLE. The aforementioned studies, however, have some limitations yet to be addressed. The mechanism underlying the reported dysregulation of the EV-associated miRNAs expression and the cell origin of the EVs remain unclear in the studies, which are performed based on relatively limited samples.
With the continual advances in this thread, the mechanism of EV-associated miRNAs in SLE pathogenesis has been revealed gradually. It is shown that miR-574, let-7b and miR-21 in plasma EVs can activate plasmacytoid DCs (pDCs) through the TLR7 pathway, enabling them to continuously produce IFN-α and proinflammatory cytokines, which may contribute to the pathogenesis of SLE (Salvi et al., 2018). Another study suggests that miR-146a could be internalized into mesenchymal stem cells (MSCs) via circulating EVs and participates in MSCs senescence in SLE patients by targeting TRAF6/NF-κB signal pathway (Dong et al., 2019).
4.1.2 EVs, lncRNA, SLE
LncRNA is another regulatory noncoding RNA longer than 200 nucleotides, capable of modulating many biological functions more specifically than miRNA. Aberrant circulating lncRNA expressions are found in SLE patients as well. Wu et al. (2017), Wu et al. (2019) found that plasma levels of GAS5, lnc7074 and lnc-DC were significantly reduced, whereas levels of linc0597, linc0640 and lnc5150 were elevated in SLE patients compared with those of healthy controls (Wu G.-C. et al., 2017; Wu et al., 2019). However, due to the complexity of its role, there is no literature regarding EV-associated lncRNA’s role in the pathogenesis of SLE. Thus, this promising research line is worthwhile to be investigated.
4.1.3 EVs, tsRNA, SLE
Transfer RNAs (tRNAs) are a group of classic ncRNAs with a well-defined role in protein translation (Schulman and Abelson, 1988). tRNA-derived small RNAs (tsRNAs) are cleaved from precursor or mature tRNAs with a length of 18–40 nt and can be broadly classified into two main groups: tRNA halves and tRNA-derived fragments (tRFs) (Anderson and Ivanov, 2014). tRFs have been implicated to participate in diverse physiological processes and involved in many diseases through the protein synthesis by regulating mRNA expression (Zhu et al., 2018; Kim et al., 2020). In a recent study, Xu et al. (2020) found that tRNAs and tsRNAs were significantly differentially expressed in the PBMCs of SLE patients, compared with those of healthy donors, and the targeted genes of the differentially expressed tsRNAs were enriched in the signaling pathway involved in primary immunodeficiency, T cell receptor and Th cell differentiation, suggesting that tRNAs and tsRNAs play important roles in the pathogenesis of SLE (Xu et al., 2020). More precisely, Geng et al. (2021) showed that tRF-3009 was substantially over-expressed in CD4+ T cells of SLE patients than those of healthy donors. What’s more, tRF-3009 may be involved in SLE pathogenesis by modulation of IFN-α-induced CD4+ T cell oxidative phosphorylation (Geng et al., 2021). As for the EV, Dou et al. (2021) revealed that mesenchymal stem cell (MSC)-derived EV tsRNA-21109 inhibited the M1-type polarization of macrophages, offering a promising therapeutic strategy for SLE (Dou et al., 2021). Nowadays, Yang et al. (2021) found that tRF-His-GTG-1 was significantly upregulated both in serum of SLE without LN, and in serum EVs of SLE with LN compared with healthy controls, suggesting that it could be employed as a noninvasive biomarker for diagnosis and prediction of nephritis in SLE (Yang et al., 2021). Nonetheless, the exact mechanism underlying tsRNA-21109 and tRF-His-GTG-1 mediated SLE development remains yet to be elucidated.
4.1.4 EVs, Protein, SLE
Proteins in EVs are also involved in the pathogenesis of SLE. Majer et al. (2019) found that UNC93B1 can be detected in RAW macrophage-derived EVs, it can limit TLR7 signaling and prevent TLR7-dependent autoimmunity in mice (Majer et al., 2019). Moreover, UNC93B1 mutation can enhance the TLR7 signaling pathway, leading to the development of autoimmune diseases (Majer et al., 2019). More recently, Chuang et al. (2021) proved that bactericidal/permeability-increasing protein (BPI) is a negative regulator of Treg differentiation (Chuang et al., 2021). They identified the overexpression of BPI in T cells and T cell-derived EVs contributed to autoimmune responses through both intrinsic (inhibition of Treg population) and extrinsic (induction of inflammatory EVs) pathways, which might be a biomarker and a pathogenic factor for SLE (Chuang et al., 2021). And just this month, they reported another EV-associated protein, Eosinophil Cationic Protein (ECP, also named RNase 3), which was overexpressed in SLE T cell-derived EVs (Chuang et al., 2022). What’s more, ECP overexpression in T cells resulted in an increase of inflammatory responses and T-cell activation. Notably, ECP-containing EVs from T cells led to tissue inflammation of the recipient mice. These results suggest that ECP-overexpressing T cells or ECP-containing EVs may play an important role in SLE pathogenesis (Chuang et al., 2022). Nevertheless, except for the small sample size, it would be challenging yet essential to dig into the fundamental mechanisms of BPI/ECP-induced inflammation via EVs in the future.
4.2 EVs, LN
Lupus nephritis (LN) is one of the most devastating manifestations of SLE, and a primary cause of morbidity and mortality of SLE (Hahn et al., 2012). At present, renal biopsy is still the gold standard for diagnosis and evaluation of residual nephron function. Renal puncture, however, presents many perilous complications and can only reflect the state of a small part of the renal tissue. Therefore, pursuing a non-invasive and sensitive diagnostic method is urgently needed (Ortega et al., 2010; Morell et al., 2021). Over the past few years, changes in urinary miRNAs have been reported in LN patients, and its expression may be relevant to disease activity (So et al., 2021).
4.2.1 EVs, miRNA, LN
Urinary EV-associated miRNAs are promising novel markers for the diagnosis and prognosis of disease, and also clinical outcomes. Lv et al. (2013) showed that high levels of miRNA were confined to urinary EVs in patients with a diversity of chronic diseases (Lv et al., 2013). Urinary EV in lupus nephritis was first described in 2014, Ichii et al. (2014) first found that in patients with lupus nephritis, the expression level of miR-26a in urinary EVs was significantly higher than that in the control group, and miR-26a expression was related to podocyte injury, suggesting that miR-26a can be used as a direct biomarker for podocyte injury in autoimmune glomerulonephritis (Ichii et al., 2014). Solé et al. (2015) showed reduced expression level of miR-29c in LN patients compared with healthy controls, and its level in urinary EVs was negatively correlated with the histological chronicity index and glomerular sclerosis, indicating that miR-29c level could be used as a novel non-invasive marker for predicting histological fibrosis of LN (Solé et al., 2015). As the research proceeds, the mechanism of urinary EV-associated miRNAs in LN pathogenesis has been gradually revealed. Recently, their team revealed that miR-21 and miR-150 were substantially up-regulated while miR-29c was down-regulated in the urinary EVs of LN patients, and their expression was strongly correlated with renal chronicity. They also demonstrated that these miRNAs promoted renal fibrosis through SP1 and Smad3/TGFβ signaling pathway (Solé et al., 2019). And a more recent study by their team found that the overexpression of urinary EV miR-135b-5p, miR-107, and miR-31 could meliorate renal disease by inhibiting HIF-1α, suggesting their potential to become early markers for predicting clinical response in LN (Garcia-Vives et al., 2020). Perez-Hernandez et al. (2015) confirmed that urinary miRNAs were contained mainly in EVs, and they reported an impressive increase in miRNA-146a in urinary EVs in patients with active lupus nephropathy, implying that miRNA-146a in EVs may be able to distinguish SLE patients with active LN from control group or SLE patients in absence of LN (Perez-Hernandez et al., 2015). Recently, their group identified a protective role that urinary EV miR-146a played in LN progression through negative regulation of inflammation by suppressing the TRAF6 axis (Perez-Hernandez et al., 2021). Furthermore, it has been evidenced that Type IV lupus nephritis with cellular crescent (LNIV-CC) has a unique urinary EV-associated miRNA expression profile, and urinary EV miR-3135b, miR-654-5p and miR-146a-5p are candidate biomarkers for LNIV-CC (Li et al., 2018). In addition, another study discovered that compared with inactive disease, let-7a and miR-21 in urine EVs were significantly down-regulated in LN patients with active disease. Interestingly, their expression increased after the entire course of treatment, indicating that urinary EV-related miRNA, let-7a and miR-21, may be leveraged to guide the clinical stage of LN patients (Tangtanatakul et al., 2019). The above findings indicate that miRNAs in urinary EVs may have great potential to serve as biomarkers in LN diagnosis and monitoring.
4.2.2 EVs, Protein, LN
Proteins in urine EVs are also involved in the pathogenesis of LN. Gudehithlu et al. (2019) found that urine EV ceruloplasmin (CP) was increased in LN patients. What’s more, in biopsied cases, CP was strongly localized to kidney tubules, suggesting that the CP found in urine EVs came from the kidney. Moreover, in mouse models, urine EV CP were observed to increase prior to proteinuria, indicating it could be an early biomarker to diagnose kidney disease (Gudehithlu et al., 2019).
These findings strongly suggest the potential role of urinary EVs as a non-invasive biomarker in the diagnosis and treatment of LN. Multiple limitations of the present studies, however, need to be acknowledged and are summarized as follows. Firstly, studies involving a reasonably larger patient cohort are necessary for further analyzing and validating these findings, especially for diagnosis. Secondly, most of the research works described above are cross-sectional studies. The longitudinal studies such as during disease flare or before and after treatment are also needed to further extend these findings. Thirdly, the thorough comparative analysis between the reported urinary EV-associated miRNAs/protein and the existing inflammatory and clinical markers of disease is missing and thus worthwhile to be performed in the further. Fourthly, the differentially expressed urinary EV-associated miRNAs/protein is delivered from various kidney cell types. Further study to characterize specific cell types that contribute to the dysregulation of miRNAs/protein in urine EVs is thus demanded. What’s more, the present studies lack functional experiments at molecular or cellular level to verify the association between miRNAs/protein and LN. All these imperfections are likely due to the low recovery ration, low yield and purity of EV extraction as well as the immature technology of EV transfection and infection.
5 CONCLUSION
In recent years, EVs have emerged as an important endogenous “nanovehicles” for carrying and transferring molecular mediators such as nucleic acids, proteins, and bioactive lipids for intercellular communications and signal transduction. Besides, it is well established that EVs are involved in a multitude of physiological and pathological processes, such as immune response, antigen presentation, cell differentiation, cell migration, and tumor invasion. A rapidly expanding body of evidence indicates that the presence of EV-specific patterns and their cargo play crucial physiological and pathological roles in SLE. In this context, miRNAs, tsRNAs, and proteins transported into serum/plasma/urinary EVs are correlated with glomerular damage, SLE disease activity, clinical stage and response, proteinuria as well as the severity of renal fibrosis in lupus nephritis. In this article, we provide the up-to-date survey of relevant literature evidencing that EVs have great potential in SLE disease diagnosis, prediction, prognosis, and targeted treatment (Figure 1 and Table 1). However, the underlying pathophysiological mechanisms of EVs in SLE pathogenesis and their functionality as therapeutic agents or targets are not fully understood. Future investigations into the exact mechanisms of EVs in SLE will undoubtedly bring new breakthroughs for SLE disease diagnosis and therapies.
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One promising goal for utilizing the molecular information circulating in biofluids is the discovery of clinically useful biomarkers. Extracellular RNAs (exRNAs) are one of the most diverse classes of molecular cargo, easily assayed by sequencing and with expressions that rapidly change in response to subject status. Despite diverse exRNA cargo, most evaluations from biofluids have focused on small RNA sequencing and analysis, specifically on microRNAs (miRNAs). Another goal of characterizing circulating molecular information, is to correlate expression to injuries associated with specific tissues of origin. Biomarker candidates are often described as being specific, enriched in a particular tissue or associated with a disease process. Likewise, miRNA data is often reported to be specific, enriched for a tissue, without rigorous testing to support the claim. Here we provide a tissue atlas of small RNAs from 30 different tissues and three different blood cell types. We analyzed the tissues for enrichment of small RNA sequences and assessed their expression in biofluids: plasma, cerebrospinal fluid, urine, and saliva. We employed published data sets representing physiological (resting vs. acute exercise) and pathologic states (early- vs. late-stage liver fibrosis, and differential subtypes of stroke) to determine differential tissue-enriched small RNAs. We also developed an online tool that provides information about exRNA sequences found in different biofluids and tissues. The data can be used to better understand the various types of small RNA sequences in different tissues as well as their potential release into biofluids, which should help in the validation or design of biomarker studies.
Keywords: small RNA, plasma, urine, saliva, cerebrospinal fluid, extracellular vesicle, tissue atlas, extracellular RNA
INTRODUCTION
Extracellular RNAs (exRNAs) have been identified in every biofluid tested to-date (Yáñez-Mó et al., 2015; Yeri et al., 2017; Murillo et al., 2019; Srinivasan et al., 2019; Hulstaert et al., 2020) and are found within extracellular vesicles (EVs) and associated with RNA binding proteins or lipoprotein particles (Valadi et al., 2007; Skog et al., 2008; Arroyo et al., 2011; Turchinovich et al., 2011; Tabet et al., 2014). While longer RNAs (>200 nucleotides) can be detected in biofluids (Wei et al., 2017; Everaert et al., 2019; Hulstaert et al., 2020; Rodosthenous et al., 2020), most studies have focused on small RNA biotypes (<50 nucleotides) (Weiland et al., 2012; Max et al., 2018) for their potential as biomarkers (Witwer, 2015; Nik Mohamed Kamal and Shahidan, 2019). Each biofluid has a distinct small RNA profile. For example, plasma has large amounts of miRNAs, but also high levels of YRNA fragments (Dhahbi et al., 2013; Max et al., 2018; Driedonks et al., 2020). Urine and cerebrospinal fluid (CSF) samples, by comparison, have large numbers of tRNA fragments (tRFs), and smaller numbers of miRNAs (Ben-Dov et al., 2016; Yeri et al., 2017; Godoy et al., 2018; Srinivasan et al., 2019; Tosar and Cayota, 2020). Biofluids also contain measurable piRNA, snoRNA, snRNA, rRNA, fragments of protein-coding genes and lncRNAs found in biofluids (Ishikawa et al., 2017; Yeri et al., 2017; Ferrero et al., 2018; Umu et al., 2018; Akat et al., 2019; Dhahbi et al., 2019; Srinivasan et al., 2019).
These distinct RNA profiles in biofluids suggest coordination of biological processes, such as specific cargo loading into EVs [reviewed in (O’Brien et al., 2020)] and enhanced EV contributions from organs that produce or are more proximally perfused by the biofluid interrogated. While blood cells certainly contribute to RNA patterns found in plasma/serum (Savelyeva et al., 2017; Max et al., 2018), the contributions of specific tissues to acellular biofluids such as urine and CSF are poorly investigated (Cui and Cui, 2020). These are important considerations as many biomarker studies place greater importance on “tissue-specific” miRNAs even though the data used to support these designations are generally poorly defined. Differences in less-studied circulating exRNA biotypes (such as tRNAs/tRFs) have exhibited increased tissue and disease specificity (Magee et al., 2019; Qu et al., 2019; Maleki Dana et al., 2020). For example, the abundance of tRNAs varies temporally and between tissues, and are demonstrated to play a role in a variety of diseases (Dittmar et al., 2006; Sagi et al., 2016; Pan, 2018). piRNAs have also been examined for somatic expression and tissue-enrichment (Martinez et al., 2015; Perera et al., 2019; Chen et al., 2020). While substantial, long RNA tissue atlases have been developed (GTEx, FANTOM, Human Body Atlas), there are fewer, less complete tissue atlases for small RNAs available (Landgraf et al., 2007; Ludwig et al., 2016; Rahman et al., 2020). These tissue atlases for small RNAs have one or more limitations: lack of consistency in analytical technique, insufficient number of replicates per sample type, or samples from disease cases without sufficient numbers of normal controls. Here we describe a tissue atlas of small RNA-seq from postmortem samples from 90 human tissue samples (30 tissues with three biological replicates each) and four biological replicates each of red blood cells (RBCs), monocytes, and peripheral blood mononuclear cells (PBMCs). To make this data uniform, easily accessible and usable to other investigators, we have also processed all of the data with a consistent bioinformatic pipeline, exceRpt (Rozowsky et al., 2019), which assesses all RNA species and fragments that align to the human genome.
Many bioinformatic tools and small RNA databases, such as miRbase, rely on alignment with the canonical sequence for each miRNA or small RNA, which is typically the first discovered sequence and/or the sequence thought to be most abundantly expressed. While consensus sequences are relied upon for naming and organizing RNA biotypes, it is well known that miRNA sequence variation exists, giving rise to isomiRs and diverse RNA fragments (Luciano et al., 2004; Ebhardt et al., 2009; Lee et al., 2010; Martí et al., 2010). IsomiRs are sequences that exhibit slight nucleotide differences (isoforms) from the canonical sequence in miRBase (Guo and Lu, 2010). miRNAs are the most diverse class of small RNA with 1000s of isomiRs that are often not included in downstream analysis, because many analyses pipelines collapse/sum isomiR counts and attribute them to the corresponding canonical mature sequence. Not only are these other isomiRs and RNA fragment sequences measurable, but some are found at higher levels in certain tissues and biofluids than the canonical sequence (Guo and Chen, 2014; Haseeb et al., 2017; Wu et al., 2018). Tissue-dependent expression of isomiRs were found to be biologically active and to target mRNAs in tissues (Londin et al., 2015). Thus, a more comprehensive view of unique RNA sequences is likely to expand the repertoire of disease- and tissue-representative biomarkers (Guo and Chen, 2014; Haseeb et al., 2017; Wu et al., 2018), which in turn may have utility as biofluid-based biomarkers to enable liquid tissue biopsy. For example, in a 2017 paper, Telonis et al. described the ability to discriminate between 32 different cancers in TCGA, based solely on the presence and absence of isomiR sequences (Telonis et al., 2017). They found that some isomiR sequences were specific to some tissues and cancers. Telonis went on to apply this approach in breast cancer where they used isomiRs to identify breast cancer subtypes (Telonis et al., 2015). The shifting of a single base can change the targeting of isomiRs for their downstream mRNA target (Karali et al., 2016; Yu et al., 2017).
RNA-sequencing (RNA-Seq) has had a substantial impact on identifying and measuring EV exRNA cargo and has been gaining momentum as a technique for diagnosing and monitoring disease (Van Keuren-Jensen et al., 2014; Byron et al., 2016; Marco-Puche et al., 2019). Many assays require targeting of specific RNA sequences, and thus limit the scope of detected RNAs. Thus, RNA-seq offers not only the ability to monitor a larger number of canonical small RNAs, but also enables monitoring of non-canonical sequences, such as isomiRs, which may be superior discriminators for disease and tissue-enrichment, identifying functional changes, differentiating between disease and health or distinguishing between source tissues. Changes at the 5′ end of isomiRs can change the position of the seed sequence [nucleotides 2-7; (Bartel, 2009)] thereby altering the binding to the target mRNA (Bartel, 2009; Ellwanger et al., 2011), while nucleotides at the 3’ end of the isomiR can also change the stability and targeting of the RNA (Grimson et al., 2007; Agarwal et al., 2015). Although the functions associated with most isomiRs are not known, given the lack of studies in this area, the inclusion of these reproducible sequences increases the number of tissue-enriched targets. It is currently unclear how accurately these slight differences in nucleotides can be measured by qRT-PCR or other methods (Witwer, 2015; Avendaño-Vázquez and Flores-Jasso, 2020).
Here we focused on the use of RNA-seq data to identify individual RNA sequences found in tissues and biofluids. We are aware that there are several advanced adaptations to small RNA sequencing that offer enhanced detection of tRNA fragments with base modifications, mRNA fragments, or sequences with 5′ or 3′ end modifications more comprehensively (Abdelhamid et al., 2014; Cozen et al., 2015; Gogakos et al., 2017; Giraldez et al., 2019; Xu et al., 2019). However, for these experiments, we chose commonly used sequencing kits for their reproducibility, uniformity (Giraldez et al., 2018; Yeri et al., 2018) and their ability to be directly compared across biofluid samples that are already sequenced and readily obtained from several diverse cohorts. We believe that our findings, and the creation of a searchable, online tool, will aid researchers validating their own small RNA studies across tissue types and biofluids.
MATERIALS AND METHODS
Tissue Samples
RNA Isolation
Fresh frozen tissue was sliced into pieces that were no greater than 0.5 mm in thickness on dry ice to maintain integrity and placed in 1 ml of RNA Later ICE. The RNA later-Ice immersed tissue incubated for at least 16 h at −20°C to allow for absorption. The tissue was then immediately placed in a glass 16 mm × 100 mm Covaris tube and mixed with 400 μL of cold lysis/binding buffer from the mirVana miRNA Isolation Kit. The Covaris was set to treat each sample at a peak power of 452, a duty factor of 17.4, and cycles/burst of 280. Each sample was then treated for 15–30 s in a Covaris S220 sonicator. Lysate was transferred to a new pre- chilled 2 ml Eppendorf tube with 40 μL of miRNA homogenate solution, and incubated on ice for 3–5 min. Total RNA was extracted according to manufacturer’s protocol with the Total Exosome RNA and Protein isolation kit (cat# 4478545, Thermofisher Scientific, Waltham, MA). RNA was eluted using 100 μL of 95°C ultrapure water. Total RNA was treated with DNase, Turbo DNA-free kit (AM 1907, Thermofisher Scientific, Waltham, MA). DNA-free Total RNA was cleaned and concentrated using Zymo clean and concentrator kit (R1016) and eluted in 28 μL of ultrapure water. RIN values for tissues can be found in Supplementary Table S1.
Perkin Elmer Small RNA Library Preparation
Small RNA libraries were generated using NEXTflex Small RNA Library Prep Kit v3 following the manufacturer’s instructions with 250 ng of RNA using 100% adapter and 16 cycles of PCR amplification. Following PCR amplification, libraries between 140 and 160 bp in size were gel purified using 6% TBE gels followed by ethanol precipitation and resuspension in 11 μL of ultra-pure water.
Small RNA Library QC and Pooling
Gel purified libraries were quantified using Agilent 2100 Bioanalyzer with High-Sense DNA chips. Equimolar amounts of libraries were pooled and quantified by Bioanalyzer with High-Sense DNA chips. Pooled libraries were normalized and denatured at a working concentration range of 6–8 pM with 5% PhiX spike-in for flow cell cluster generation. Samples were sequenced until new miRNA detection plateaued for each tissue (Supplementary Figure S1).
Blood Cells
Peripheral Blood Mononuclear Cells and Washed Red Blood Cells
Human blood samples were collected with written consent from donors ≥18 years of age under an IRB protocol approved by the Human Research Protections Programs at UCSD. Biofluid samples were labeled with study identifiers.
Whole blood was collected from two male and two female healthy, non-pregnant adult donors, 22–50 years of age. For each donor, blood was collected in the following order: ∼8 ml into a serum BD Vacutainer collection tube (Becton Dickinson, PN 368045) followed by 3 ml × 4.5 ml into CTAD (0.11 M buffered trisodium citrate, 15 M theophylline, 3.7 M adenosine, 0.198 M dipyridamole) collection tubes (Becton Dickinson, PN 367947). The serum tubes were held at room temperature for 20 min prior to centrifugation at 2000 g for 5 min with no brake. 500 µL aliquots were transferred from the clear upper serum layer into screw cap 2 ml centrifuge tubes and frozen at −80°C until they were processed. PBMC, platelets, and washed red blood cells (RBC) were purified from the CTAD tubes. Wide-bore pipette tips were used at all relevant steps to reduce cell shearing and lysis.
For PBMCs, the CTAD tubes were centrifuged at 100 x g for 20 min with no brake and all but ∼100 µL of the supernatant was removed and discarded. For the PBMCs, the remaining supernatant, buffy coat, and a small portion of the RBCs were transferred from the CTAD tubes into a fresh 15 ml tube. Freshly prepared Prostaglandin I2 (PGI2) (Abcam, ab120912-1 mg) was added to ∼2 mM final concentration. The material was gently inverted several times to mix and centrifuged at 100 x g for 20 min with no brake. The supernatant material was removed to near completion and the pellet was mixed in 10 ml of RBC lysis buffer (150 mM NH4Cl, 10 mM NaHCO3, 1.27 mM EDTA) placed at room temperature for 20 min. The material was centrifuged at 500 x g for 5 min and the supernatant was discarded. The pellet was washed twice with 10 ml of Dulbecco’s phosphate-buffered saline (DPBS) each time and centrifuged as before. The pellet was gently resuspended in 2 ml of DPBS and the material was transferred to a 2 ml centrifuge tube and centrifuged as before. The supernatant was carefully removed and the pellet material in the tube was placed at −80°C until processed.
The remaining RBCs within the CTAD tubes were transferred into a 50 ml conical tube and DPBS was added to 50 ml. The cells were centrifuged at 500 x g for 5 min with no brake and the supernatant was decanted. This washing process was repeated two more times. 200 µL aliquots of the remaining washed RBC pellet were transferred into 2 ml screw cap tubes and stored at −80°C until processed.
Monocytes
Human peripheral blood was obtained from health adult volunteers in accordance with the guidelines of the IRB of Beth Israel Deaconess Medical Center after informed consent was obtained in accordance with the Declaration of Helsinki. Ten ml of blood from healthy donors were collected via cubital venipuncture into a syringe prefilled with 2.3 ml of 6% Dextran 500 (Sigma-Aldrich, St. Louis, MO) and 1 ml of 3.2% Sodium Citrate (Sigma-Aldrich). After gentle mixing the blood was sedimented for 45 min with the syringe’s nozzle up. The RBC-free fraction was washed once by centrifugation at 2000 g for 10 min. The resulting pellet was resuspended in 0.5 ml of HBSS++.
The cells were sorted using a Becton Dickinson FACSAria IIu cell sorter equipped with five lasers (350, 405, 488, 561, and 640 nm). The cell populations were sorted through a 70 μm nozzle tip at a sheath pressure of 70 psi and a drop drive frequency of 90–95 kHz. A highly pure sorting modality (4-way purity sorting for FACS Aria, Masks at 0-32-0) was chosen for cell sorting. The flow rate was maintained at an approximate speed of 10,000 events/second. Monocytes were gated based on FSC/SSC properties. The FSC values are proportional to the diameter of the interrogated cells, whereas the SSC values provide information about the internal complexity of the interrogated cell or its granularity. Sorted cells were collected in 5 ml polypropylene tubes containing 1 ml collection medium (RPMI supplemented with 50% FBS, 100 μg/ml gentamicin, 4 mM L-glutamine, 20 mM HEPES) and stored at −80°C until processed.
Biofluid Samples
Collection
The cell-free plasma, urine and saliva samples were from a previously published study (Yeri et al., 2017). Cell-free RNA isolations methods were optimized and compared to identify the best return of small RNAs from biofluid samples (Burgos et al., 2013; Burgos and Van Keuren-Jensen, 2014). Samples were collected from male college athletes ages 18–25. All human subjects provided written consent form prior to enrollment. All samples were collected with consent and approval from the Western Institutional Review Board (WIRB) study ID# 1307009395, dbGaP accession phs001258. Blood samples were collected in EDTA tubes and placed with ice packs until they were processed within 2–3 h of blood draw. Samples were spun for 10 min at 700 x g at 4°C in an Eppendorf 5804 R centrifuge using an A-4-44 rotor to remove cells and debris. The supernatant (plasma) was collected, and stored in 1 ml aliquots at −80°C for RNA isolation and sequencing. Urine was collected in sterile cups and placed in a cooler with ice packs and processed within 2–3 h of collection. Samples were spun at 1900 x g for 10 min at 4°C and 15 ml were pipetted into a 50 ml conical tube for storage at −80°C. Saliva samples were collected by passive drool to collect into a 50 ml conical tube. The sample was spun at 1900 x g for 10 min at 4°C, and 1 ml volumes were placed into 2  ml microcentrifuge tubes and stored at −80°C.
The CSF-EV and plasma-EV samples were collected under the approval of the Institutional Review Board of the North Shore-Long Island Jewish Health System. Lumbar puncture, performed using a standard technique with a 25-gauge, Whitacre point spinal needle after subcutaneous lidocaine was applied. The procedure was conducted with patient sitting up and all procedures took place at 2 p.m. local time. 15–25 ml of CSF was obtained from each subject. The first 2–3 ml obtained after collecting the fluid were sent for routine testing (cell count, proteins, glucose, and VDRL). CSF samples with macroscopic blood as consequence of traumatic procedures were not included in these analyses. A blood draw to obtain 10 ml of peripheral blood into an EDTA tube was also obtained prior to the lumbar puncture procedure. Both CSF and blood samples were centrifuged at 2,000 x g for 10 min at 4°C. Both sample types were flash frozen with liquid nitrogen and stored at −80°C at the biorepository of the Feinstein Institute for Medical Research.
RNA Isolation
CSF-EV and Plasma-EV Samples RNA Extraction
We followed the protocol in the Qiagen exoRNeasy Serum/Plasma kit (Cat No./ID: 77044) to capture extracellular vesicles on an affinity membrane, and then to lyse the vesicles and isolate the extracellular RNA. Briefly, 1 ml plasma samples were thawed at room temperature and centrifuged at 3,000 x g for 5 min at 4°C to remove debris (in an Eppendorf 5804 R centrifuge using an A-4-44). Samples were then applied to the column following the manufacturer instructions. This kit and the EVs isolated have been previously characterized (Enderle et al., 2015; Tang et al., 2017; Srinivasan et al., 2019; Kalani et al., 2020).
Cell-Free Plasma, Saliva, Urine RNA Isolation
The samples used were from a previously published study (Yeri et al., 2017). Plasma and saliva samples were isolated (1 ml) using the mirVana miRNA Isolation Kit (ThermoFisher Scientific, Waltham, MA, AM1560) according to (Burgos et al., 2013). Samples were DNase treated using TURBO DNA-free Kit (ThermoFisher Scientific, Waltham, MA, AM 1907). Samples were then cleaned and concentrated using Zymo RNA Clean and Concentrator (Zymo Research, Irvine, CA, R1016) using Protocol: Purification of small and large RNAs into separate fractions and combining the fractions at the end. Urine samples (15 ml) were isolated with Urine Total RNA Purification Maxi Kit, Slurry Format (Norgen Biotek Corp., Thorold, ON, Canada, Cat#29600). Samples were DNase treated on column using RNase-Free DNase Set (Qiagen, Germantown, MD, cat# 79254). Samples were concentrated by Speed Vacuum.
Sample Preparation for Sequencing
CSF-EV and Plasma-EV Samples Small RNA Library Preparation
Small RNA libraries were generated using NEXTflex Small RNA Library Prep Kit v2 (BIOO) with 16 cycles of PCR amplification. Amplified libraries were resolved on a 6% TBE gel for size selection. The 140- to 160-nucleotide bands corresponding to adapter-ligated libraries were excised and recovered in a DNA elution buffer followed by ethanol precipitation and resuspension in 11 μL of ultra-pure water. Gel purified libraries were quantified using Agilent 2100 Bioanalyzer with High-Sense DNA chips. Equimolar amounts of libraries were pooled and quantified by Bioanalyzer with High-Sense DNA chips. Pooled libraries were normalized and denatured at a working concentration range of 6–8 pM with 5% PhiX spike-in for flow cell cluster generation.
Cell-Free Plasma, Saliva, Urine Sequencing
The samples employed were previously published (Yeri et al., 2017). Plasma, saliva and urine RNAs were quantified in triplicate using Quant-iT Ribogreen RNA Assay kit, Low-Range protocol (R11490; ThermoFisher). The Illumina small RNA TruSeq kit (RS-200–0048; Illumina) was used for sequencing all samples. RNA input for plasma and saliva was 10–20 ng for all samples and the RNA input for urine was 30 ng for all samples. The reagents from the Illumina TruSeq kit were halved (Burgos et al., 2013). Samples were assigned and unique index. 16 PCR cycles were used for all samples. Samples were pooled and placed on Illumina V3 single read flowcells (GD-401-3001; Illumina).
Liver Fibrosis Samples
The samples employed were previously published (Van Keuren‐Jensen et al., 2016). All patients were consented at the Mayo and Scripps Clinics and the Institutional Review Boards of both sites approved the collection of the samples. For liver and serum samples, the miRVana kit (AM1560; Life Technologies) was used according to the manufacturer’s protocol with a slight modification for two phenol chloroform extractions (Burgos et al., 2013). TruSeq small RNA Library preparation Kit (Illumina RS‐200‐0048) was used. Kit reagents were used in a half reaction. Each sample was assigned one of 48 indices. 200 ng of RNA were used from tissue samples, with 15 PCR cycles. The total RNA isolated from each serum sample volume (∼1 ml) was used for small RNA sequencing. Samples were pooled and placed on a single read Illumina V3 flowcell (GD‐401‐3001). One lane of the flowcell was loaded with PhiX as a reference lane to help with low nucleotide diversity in microRNA.
Exercise Samples
The samples employed were previously published (Shah et al., 2017). All subjects provided written informed consent under approved Institutional Review Board protocols at the Beth Israel Deaconess Medical Center and Massachusetts General Hospital. Plasma samples (1 ml) were isolated using a modified mirVana PARIS protocol (AM1556, Life Technologies) with sequential phenol-chloroform extractions (Burgos et al., 2013). RNA was cleaned and concentrated (R1016, Zymo Research, Irvine, CA). Sample preparation was done using the Illumina small RNA TruSeq kit (RS-200-0048, Illumina). The kit reagents were halved at all steps with 16 rounds of PCR amplification. Libraires were quantified with the Agilent High Sensitivity DNA Kit (5067-4626, Agilent) and sequenced on an Illumina flowcell.
Stroke Samples
The samples employed were previously published (Kalani et al., 2020). This study was approved by the institutional review boards of St. Joseph’s Hospital and Medical Centre. Blood was collected in EDTA tubes. Extracellular vesicles were isolated from the plasma samples using the exoRNeasy Serum/Plasma kit from Qiagen. We followed the protocol in the Qiagen exoRNeasy Serum/Plasma kit (Cat No./ID: 77044) including a centrifugation at 3000 g for 5 min at 4°C to remove debris, after thawing and before RNA isolation. A total of 10 ng of isolated RNA was used in sample preparation (Quant-iT Ribogreen RNA Assay kit, Low-Range protocol (R11490; ThermoFisher). Samples were sequenced as described above for the liver fibrosis and exercise samples, with 16 PCR cycles.
Data Analysis
Processing
All samples were processed using the exceRpt small RNA pipeline (Rozowsky et al., 2019). The gene count tables for miRNAs, tRFs, piRNAs, protein coding genes and yRNAs were taken directly from the summary tables generated by exceRpt. To generate the count tables of sequences in each sample, the adapter trimmed fastq files were first compared against the human genome mapped BAM files from exceRpt to find reads which mapped to the human genome. The genome mapped reads where then identified in the transcriptome mapped BAM file to identify the biotypes of the sequence. Since multi-mappers are common, biotype was assigned in the same priority order as the exceRpt pipeline: miRNA, YRNA, tRNA, piRNA, protein coding, followed by a bin of any other biotype in the annotation. Reads with the same sequence (after adapter trimming) were then collapsed into a counts table with biotype and gene annotations. All counts tables (both genes and sequences) were then loaded into R (v. 4.1.0) for further analysis. Rarefaction curves were generated in R using the vegan package (https://CRAN.R-project.org/package=vegan) to assess sequencing saturation.
Tissue Atlas
The count tables from the tissue atlas samples were filtered in R to only genes and sequences present at >25 read counts in >2 of the 3 biological replicates. This allowed us to both include sequences which were well expressed while not removing sequences which were specific to a single tissue type. After filtering, read counts were normalized using median of ratios in DESeq2 (Love et al., 2014). Normalized counts were using to generate diversity and counts boxplots for each tissue type and a UMAP of all sequences was generated using the uwot package in R (https://CRAN.R-project.org/package=uwot). Tissue-enriched genes and sequences were determined using the TissueEnrich package in R with the foldChangeThreshold set to 7 (Jain and Tuteja, 2019). Sequences with specificity of “All” were removed, leaving a table of tissue-enriched, group-enriched and tissue-enhanced sequences and genes. Genes and sequences are assigned using the algorithm from the Human Protein Atlas (Uhlén et al., 2015) and can be grouped as follows: 1) Tissue-Enriched: Genes with an expression level greater than 1 normalized count that also have at least five-fold higher expression levels in a single tissue compared to all other tissues; 2) Group-Enriched: Genes with an expression level greater than 1 normalized count that also have at least five-fold higher expression levels in a group of four tissues compared to all other tissues; 3) Tissue-Enhanced: Genes with an expression level greater than 1 normalized count that also have at least five-fold higher expression levels in a single tissue compared to the average levels in all other tissues, and that are not considered Tissue-Enriched or Group-Enriched. Throughout the paper, these three categories were combined and termed; tissue-elevated.
Biofluids
The count tables from the various projects above were processed in a consistent manner. All were loaded into R as counts matrices of genes or sequences. Stacked bar plots of biofluid genome mapping and biotype diversity was generated from the raw count matrices. For further analysis, each biofluid type was filtering independently with a gene or sequence requiring >10 read counts in >50% of the samples for inclusion. As with the tissue atlas samples, filtered count matrices were normalized using median of ratios in DESeq2. Tissue-elevated sequences in biofluids were found based on the overlap of filtered sequences in biofluids samples with tissue-elevated sequences identified above.
Diversity Analysis
We use the term gene diversity in tissues to refer to the traditional analysis of collapsing all detected isoforms of a gene to a single parent gene and counting only the parent. We use the term “sequence diversity” as the total number of unique sequences with a normalized expression >10 in any tissue, without collapsing to the canonical parent gene. Similarly, in biofluids, gene diversity was determined by collapsing all isoforms of a gene to the canonical mature sequence and allowing them to count for that gene, sequence diversity in biofluids were determined by summing the number of detected sequences with normalized counts >10 in a biofluid and allowing them to be counted independently. Sequences detected in the biofluid samples with >10 read counts in 50% of the samples from that biofluid, and were listed as tissue-enriched, tissue-enhanced or group-enriched – combined they are designated tissue-elevated. Sequences that were elevated in multiple tissues were counted for each tissue.
Differential Expression Analysis
For analyses of liver fibrosis, exercise and stroke, all biofluid samples were loaded into R, filtered as above, and analyzed for differentially expressed sequences using DESeq2. Volcano plots of differentially expressed sequences were generated and colored based on the RNA biotype of the sequences. Differentially expressed sequences (Benjamini-Hochberg p-adjusted values <0.05) were compared to tissue elevated sequences and one sequence was highlighted in a bar graph displaying expression levels.
RESULTS
Small RNA Profiles Differ Across Biofluids
We, and others, have found that each biofluid contains a distinct small RNA profile (ref 20; 1, 3), as can be observed in the percentage of reads mapped to the genome (Figure 1A) or transcriptome (Figure 1B). For this paper, we compare data from a previously published cohort: 179 cell-free plasma samples, 44 cell-free saliva samples, and 203 cell-free urine samples (Yeri et al., 2017). We also included 37 CSF and 35 matched plasma samples isolated with exoRNeasy to enrich for exRNAs contained in EVs.
[image: Figure 1]FIGURE 1 | Biofluid Profiles. For the biofluids, CSF-EVs, cell-free plasma, plasma-EVs, cell-free saliva and cell-free urine, the associated small RNAs were sequenced and aligned to the human genome (A). In Panel (A), the reads are aligned to the transcriptome, genome, rRNA, UniVec (laboratory contaminants), are categorized as unmapped, or reads that fail QC. In Panel (B), the transcriptome mapped reads are taken out and further broken down into small RNA biotypes; miRNA, tRNA, yRNA, piRNA, protein-coding fragments, and other (these are categories of RNA that annotate in GENCODE, lncRNA fragments, pseudogenes, etc).
We show that plasma and urine samples show the highest mapping rates to the human genome, while saliva and CSF samples have lower mapping rates (Figure 1A). CSF typically has very little measurable exRNA (Hulstaert et al., 2020; Burgos et al., 2013; Kopkova et al., 2018; Saugstad et al., 2017; Waller et al., 2017). These low-level RNA inputs make these samples more susceptible to amplification of synthetic (adapter) oligos and common laboratory contaminants (UniVec). Taking the portion of the CSF that maps to the transcriptome (Figure 1B), many of the exRNAs found in CSF are miRNA and tRNA, with >25% going to yRNA, piRNA and protein-coding fragments (Hulstaert et al., 2020; Godoy et al., 2018). Saliva contains high RNA concentrations, but a large fraction of this RNA is not human, with significant contributions from bacterial sequences (Li et al., 2018; Takeshita et al., 2016). Of the reads that map to the human transcriptome (Figure 1B), cell-free plasma is dominated by miRNA and yRNA fragments (yRFs), and EVs enriched from plasma samples have slightly higher levels of mapped miRNA. Finally, urine has low miRNA content, with high levels of tRFs as previously reported (Yeri et al., 2017; Godoy et al., 2018; Srinivasan et al., 2019).
Generation of a Tissue Atlas of Small RNAs
To examine whether tissue-elevated, small RNA sequences (comprised of miRNA, piRNA, snoRNA, snRNA, tRNA and YRNA fragments, etc) were found in specific biofluids and correlated with tissue abundances, we produced a high-quality tissue atlas of small RNAs across 30 human tissues. Tissue samples were received from the Brain and Body Donation Program (BBDP) at Banner Sun Health Research Institute (http://www.brainandbodydonationprogram.org); samples were rapidly collected with a median postmortem interval of 3 h and verified to be pathologically normal (see Methods; donor demographic information is available in Supplementary Table S2). Samples were sequenced deeply with at least 9.8 million reads mapping to miRNA. Supplementary Figure S1 displays rarefaction curves that have plateaued for new miRNA detection in each tissue. The three biological replicates were averaged together for each tissue, the human genome mapping rate was high for all tissues (Figure 2A). The RNA biotypes that make up the transcriptome alignments for each tissue are shown in Figure 2B. Gallbladder has high levels of tRFs and piRNA sequence alignments; whereas, monocytes and PBMCs display higher levels of yRFs, potentially contributing to the high abundance of yRFs in plasma samples.
[image: Figure 2]FIGURE 2 | Tissue Profiles. For thirty different tissues, PBMCs, monocytes, and red blood cells we isolated the RNA and sequenced their small RNA contents. In Panel (A), the reads are aligned to the transcriptome, genome, rRNA, UniVec (contaminants), are unmapped, or reads that fail QC. In Panel (B), the transcriptome mapped reads are removed and further broken down into small RNA biotypes; miRNA, tRNA, yRNA, piRNA, protein-coding fragments, and other (these are categories of RNA that annotate in GENCODE, lncRNA fragments, pseudogenes, etc).
Detection and Classification of Tissue-Elevated Sequences
There is overlap in the expression of canonical miRNAs between different tissues, as well as some unique tissue-elevated miRNAs. We sought to expand the number of tissue-elevated sequences by identifying abundant sequences that do not conform to canonical small RNA annotations. We performed a strict alignment of small RNA sequences from the biofluids and tissues using the exceRpt pipeline (see Materials and Methods). We used miR-451a and miR-30a-5p as examples to demonstrate the presence of the mature canonical sequences and the number of isomiRs present in plasma samples. There are 73 isomiRs of miR-451a with >1 read in >25% of plasma samples (Supplementary Table S3). The mature canonical sequence for miR-451a, highlighted in Figure 3A, is not the most abundant sequence (Guo and Chen, 2014; Liang et al., 2017). MiRNA miR-451a (Griffiths-Jones, 2004; Kozomara et al., 2019) is highly abundant in RBCs (Sun et al., 2020) and we used a heatmap to display expression (Figure 3B) of all miR-451a isomiRs in RBC, PBMCs and monocytes. miR-451a is a dicer-independent miRNA (Liang et al., 2017) while the second example in Figure 3A is from a dicer-dependent miRNA, miR-30a-5p. miR-30a-5p has 18 detectable isomiRs with >1 read in >25% of cell-free plasma samples with many of them more abundantly detected than the highlighted mature sequence found in miRBase.
[image: Figure 3]FIGURE 3 | Sequence Variation and Categorization. Panel (A) highlights the canonical miRNA sequence that is entered in miRbase for two miRNAs, miR-451a and miR-30a-5p. The other sequences are isomiRs of the mature sequence (highlighted) listed in miRbase. The table shows the normalized expression for the sequences in plasma from five different subjects and the average across the 179 cell-free plasma samples. In some cases, an isomiR has higher expression in plasma than the highlighted canonical sequence. miR-451a is highly expressed in red blood cells, as can be seen in the heat map in Panel (B). Panel (B) displays the canonical and isomiR sequences for miR-451a found in red blood cells, PBMCs, and monocytes. The most abundant sequence detected in urine samples is displayed in Figure 3c and is = similar to both a piRNA and a tRNA sequence.
The most abundant sequence in urine is GCA​TTG​GTG​GTT​CAG​TGG​TAG​AAT​TCT​CGC (Yeri et al., 2017), which matches a piRNA entry (hsa_piR_020326) with one less 5’ G, as well as being an exact match for a portion of a tRF (Figure 3C). Despite being an exact match, typical tRFs and those used by the tRF database in our alignment pipeline, exceRpt (Rozowsky et al., 2019), are longer than the sequence we detect (see red shading to indicate the detected fragment compared with the full-length fragment in the database). A recent paper introduced a tRF database called MINTbase (Wang et al., 2019), which describes and counts the sequence abundantly detected here in urine, as an exact match to a tRF (Figure 3C). It is important to keep these alignment and naming challenges in mind, as these sequences are short, and in many cases, cannot be classified with complete certainty back to the original parent RNA.
Using the tissue atlas of small RNAs that we generated, we next explored sequences for tissue-elevation. We generated a list of sequences at least seven-fold enriched in a maximum of four tissues using the R package, TissueEnrich (Jain and Tuteja, 2019). The TissueEnrich package contains three categories of “enrichment.” We employed tissue-elevated as the combination of the three categories (“tissue-enriched,” “group-enriched” and “tissue-enhanced”). The reason for four tissues was due in part to having multiple regions for a particular tissue (e.g., central nervous system - cerebellum, cerebral cortex, cerebral cortex-white matter, spinal cord). Tissue-elevated sequences and their fold-enrichments are available in Supplementary Table S4. Figure 4 describes the number of genes (4a) or individual sequences (4b) that were identified to be elevated in each tissue. Figure 4A represents the number of genes detected when all isomiRs and sequence fragments have been collapsed down to the parent/canonical gene. The sequences in Figure 4B represent individual isomiRs, and unique RNA fragments of genes that are expressed at a minimum of 25 counts in at least 2/3 biological replicate samples. The numbers of these tissue-elevated sequences that go to miRNA and piRNA for each tissue and biofluid are displayed in Table 1 and the full table with all RNA biotypes can be found in Supplementary Table S5. The graphs and tables can be used to determine that RBCs and monocytes, and tissues such as bladder and gall bladder, have fewer distinct tissue-defining sequences, while interestingly – jejunum – has many tissue-elevated sequences. Table 1 and Supplementary Table S5 describe the sequences detected in each tissue broken out by small RNA biotype. First column for each RNA biotype is the number of detected genes identified for each tissue (all isomiRs and similar fragments are collapsed and counted with the canonical sequence), followed by the full number of isomiRs or unique fragments (not collapsed; column two) for that RNA biotype, for each tissue. We also include the number of tissue-elevated genes (column three) and fragments/isoforms (column four) for each RNA biotype in each tissue. While the pattern of tissue-elevated sequences is similar in Figures 4A,B, the scales are very different. For example, adrenal gland has 1,572 tissue-elevated genes when collapsed (Figure 4A) and has 31,917 tissue-elevated unique sequences with >10 reads in at least 2 of the three replicate tissue samples (Figure 4B). We also observe low small RNA diversity in monocytes and RBCs.
[image: Figure 4]FIGURE 4 | Tissue Diversity. Panel (A) displays the number of genes detected using small RNASeq in each tissue. In this case, all isomiRs, isoforms, and fragments are collapsed to the parent gene and counted once. In Panel (B), all unique sequences, isomiRs, isoforms, and fragments are counted separately and summed up.
TABLE 1 | Tissue-Enriched Sequences. Displays the # of select RNA biotypes detected, the number of isoforms detected, and the number of tissue-enriched sequences observed for each tissue.
[image: Table 1]Figure 5 displays the normalized counts for a pancreas-elevated miRNA, miR-216-5p, as well as the normalized counts for miR-216-5p and its isomiRs in all tissues. The canonical sequence has 50% of the reads and the other 50% of miR-216-5p reads are distributed to its 6 isomiRs. All of these sequences are elevated in pancreas, compared to other tissues.
[image: Figure 5]FIGURE 5 | Tissue Elevation. miR-216-5p is elevated in pancreas. The expression of the mature sequence is highlighted in Panel. The stacked bar plot displays the relative proportion of other miR-216-5p isomiRs, all of which are elevated in pancreas.
Tissue-Enriched miRNAs Cluster in Tissues and Blood Cell Types
We wanted to determine how well tissues clustered based on their related sequences. Figure 6A is a UMAP using all sequences to cluster the tissues and blood cells and Figure 6B UMAP is subset to using tissue-elevated miRNA and isomiR sequences from each tissue for clustering. Most tissue replicates show consistency and cluster closely, regardless of the sequences used to generate them. Using only the tissue-elevated sequences improved clustering in the CNS tissues. Supplementary Figure S2 displays tissue clustering using the tissue-enriched tRFs, yRFs and piRNAs, each of which display less tissue specificity than tissue-elevated miRNAs/isomiRs and greater variability among tissue replicates.
[image: Figure 6]FIGURE 6 | Tissue Clustering. We clustered the tissues using all sequences in Panel (A). Using tissue-elevated miRNA sequences in Panel (B), the tissue samples clustered into tighter groups. In both figures, the tissue replicates show low variability.
Tissue-Elevated Sequences are Detected in Biofluids
We sequenced 30 tissues, representing most major organ systems in the body and classified tissue-elevated small RNA sequences. We next wanted to measure the number of tissue-elevated genes and sequences that were detectable in biofluids: CSF-EVs, plasma-EVs, cell-free plasma, cell-free saliva, and cell-free urine. Figure 7 displays the diversity of tissue-elevated genes (Figure 7A) and sequences (Figure 7B, including isomiRs and RNA fragments) detected in each biofluid. Table 1 provides the number of tissue-enriched sequences, taken from the tissue atlas portion of the paper, and present in each biofluid (Supplementary Table S5 provides the data for all RNA biotypes). Plasma samples contain the largest number of tissue-elevated sequences compared to the other biofluids.
[image: Figure 7]FIGURE 7 | Biofluid Diversity. Panels (A, B) display the number of tissue-enriched genes identified in the small RNA sequenced data. The parent tissue-elevated genes that were detected in each biofluid are displayed in Panel (A). CSF had the lowest number of tissue-elevated genes and saliva had the highest. Panel (B) displays the number of tissue-elevated sequences that were detected in each biofluid.
We looked more closely at the number of detectable tissue-elevated sequences in cell-free plasma, plasma-EVs, cell-free saliva, cell-free urine, and CSF-EVs (Figure 8). We examined tissue-elevated miRNAs and isomiRs, since they are the most diverse sequences and clustered tissues well in Figure 6B. In each panel, Figures 8A–E, the first stacked bar plot represents the number of tissue-enriched miRNA and isomiR sequences detected in that biofluid with >10 counts in >50% of samples, and the second stacked bar plot is the sum of all tissue-elevated counts for each tissue. If two tissues share a tissue-elevated sequence, the sequences are counted for both tissues. For Figure 8, the number of tissue-elevated sequences detected in each biofluid are provided in Supplementary Table S6, the number of tissue-elevated sequences and the fraction of the reads they account for in each biofluid are provided. Cell-free plasma contained tissue-elevated sequences from the largest number of tissues and CSF from the least number of tissues. There are 474 tissue-enriched RBC miRNA/isomiR sequences found in cell-free plasma, accounting for an average of 82% (874,975 counts) of the tissue-enriched sequences detected in cell-free plasma. Saliva samples display high levels of RBC sequences as well as sequences from esophagus and submandibular gland (Figure 8C). Interestingly, pancreas-enriched sequences are also found in high numbers. Kidney and brain tissue-enriched sequences tended to overlap, and both urine and CSF display high levels of kidney and CNS tissue-elevated sequences. The two sequences most abundantly detected in CSF are tissue-elevated for both cerebellum and kidney, the canonical sequence for miR-204 and an isomiR-204, and are counted for both tissues. Tissue-elevated sequence abundance from RBCs make up the majority of the overall number of counts in plasma-EVs. 3% of the tissue-enriched sequences in plasma-EVs were from skeletal muscle and other tissues that cluster with skeletal muscle in the UMAP in Figure 6B. We would like to point out caveats to our approach: 1) tissue-elevation does not equal tissue-specificity, sequences can be associated with and expressed in more than one tissue, 2) we did not sequence every tissue or cell type in the body, 3) each tissue has a different number of elevated sequences, tissues with fewer sequences were not weighted differently from tissues with a large number of sequences, and 4) tissue vascularity and size were not accounted for.
[image: Figure 8]FIGURE 8 | Tissue-elevated miRNA/isomiR Sequence Detection in Biofluids. The number of tissue-elevated sequences that were detected in each biofluid and their abundance are displayed in Panel. The number of tissue-elevated sequences detected for each tissue in cell-free plasma are shown in the first stacked bar plot Panel (A). Tissue-elevated sequences from 31 different tissue and cell types were detected (the numbers are found in Supplementary Table S5). The second stacked bar plot in Panel (A) displays the fraction of tissue-elevated reads going to each sample type. 69% of the tissue-elevated reads in cell-free plasma go to red blood cells. The number of tissue-elevated sequences detected and the fraction of tissue-elevated reads going to each tissue are displayed for plasma EVs [Panel (B)], saliva [Panel (C)], Urine [Panel (D)], and CSF [Panel (E)].
tRFs illustrate one area of caution when examining these data. Forty-six tissue-elevated tRF sequences were detected in cell-free plasma, 14 of which were tissue enriched in gallbladder. Gallbladder had a high level of tRFs compared to other tissues (Figure 2). The tRF with the sequence “TCC​CTG​GTG​GTC​TAG​TGG​TTA​GGA​TTC​GGC​GC” comprises 10.2% of gallbladder tissue small RNASeq reads. Because it is so highly expressed in the gallbladder, it is counted as ‘elevated’ in gallbladder by the criteria we used in this paper. It is nearly 10-fold more highly expressed in gallbladder than in the next most abundant tissue, Ileum. However, as can be seen in Table 2, this tRF is highly expressed in most tissues, but low in blood cell types. This illustrates that while this gallbladder-elevated tRF is detectable in every biofluid we examined, it is high expression in all tissues makes it a poor marker of tissue specificity.
TABLE 2 | Tissue-enriched gallbladder tRF. A tRF sequence that is enriched in gallbladder is also highly expressed in many tissues.
[image: Table 2]Circulating, Tissue-Elevated Small RNAs are Differentially Expressed in Physiological (Exercise) and Pathologic States (Liver Fibrosis or Ischemic Stroke)
To assess the potential for tissue-elevated isomiRs to be differentially expressed in physiological or pathological states, we re-examined previously published data from three different studies. The first study compared blood samples from subjects with Hepatitis C and liver fibrosis stage 1 (early) and liver fibrosis stage 4 (advanced) (Van Keuren‐Jensen et al., 2016). Figure 9A shows the number of differentially expressed and tissue-elevated sequences and their RNA biotypes identified in blood samples. miRNAs or isomiRs that were tissue-elevated, in any tissue, are blue dots in the volcano plot, tissue-elevated piRNAs or sequence isoforms are yellow dots, tissue-elevated tRNA sequences are green, tissue-elevated YRNA sequences are orange, and sequences that were differentially expressed but not tissue-elevated are gray. Sequences that do not make the cutoff for p-value or fold-change are black. These RNA biotypes represented the largest number of differentially expressed sequences. We focused on a tissue-elevated isomiR in Figure 9A (miR-122 isomiR, TGG​AGT​GTG​ACA​ATG​GTG​TTT), indicated by the red arrow. The expression level of this isomiR in tissues is displayed in Figure 9B. This miR-122 isomiR, like the canonical miRNA, is liver elevated and expressed very highly.
[image: Figure 9]FIGURE 9 | Differentially Expressed Tissue-Elevated Sequences. We examined three different conditions for differentially expressed sequences: (A) displays the differentially expressed tissue-elevated sequences found in blood samples from Hepatitis C patients with liver fibrosis stage 1 or stage 4. Panel (B) is a tissue-elevated isomiR that is highly expressed in liver. (C) are samples taken from participants before and after exercise, and the expression level of a muscle-elevated isomiR across tissues (D). The final example is from a comparison of plasma samples taken from individuals that had either an ischaemic stroke or a subarachnoid hemorrhage, Panel (E). In Panel (F), we selected a CNS-elevated isomiR of miR-181-5p to illustrate tissue-elevation.
Towards employing the tool to distinguish sequences differences in a physiological example, we reanalyzed changes in miRNA detection in plasma samples pre- and post-exercise. Samples were taken from 26 participants at baseline and immediately after peak exercise using the Bruce Treadmill test. Using all unique sequences and isomiRs, we compared baseline expression to expression immediately after exercise (Shah et al., 2017). Figure 9C displays the number of tissue-elevated sequences following exercise. An isomiR of miR-10b, which is tissue-elevated in skeletal muscle was significantly down-regulated following exercise, Figure 9D.
In the final dataset, we examined plasma samples from patients with two types of stroke, either ischaemic stroke (cerebral vessel occlusion) or a subarachnoid hemorrhage. We examined the differentially expressed sequences that may be able to differentiate these two types of stroke and did differential expression analysis of plasma samples. From our differentially expressed sequences, we focused on a CNS tissue-elevated sequence, an isomiR of miR-181-5p, that was downregulated in stroke and upregulated in subarachnoid hemorrhage, Figure 9E. In Figure 9F, you can see the elevation of this sequence across the CNS tissues.
The exRNA Expression Atlas—an Online Tool to Display Tissue-Elevated Sequences in Biofluids
To facilitate the widest utility of this data, we created a searchable, online tool with tissue-elevated sequences, and the biofluids in which they are present. Figure 10 displays output capabilities of the tool, the exRNA Expression Atlas (https://data.omics.kitchen/miRNAatlas/). To illustrate how this tool works, we chose miR-1298 as an example of a miRNA that is highly enriched for tissues of the central nervous system [Figure 10A; (Godoy et al., 2018)]. Figure 10B displays the biofluids in which this miRNA can be detected. miR-1298 is most highly detected in CSF with minimal counts in other biofluids for most subjects. Knowing the expression of a miRNA such as this one in tissues, and its detection in CSF, may help prioritize biomarker candidates. As such, this searchable, online tool may assist in the validation of studies aiming to demonstrate tissue-specificity for RNA species.
[image: Figure 10]FIGURE 10 | exRNA Expression Atlas. In (A) we display the expression of a tissue-elevated miRNA for the CNS (miR-1298) across all tissues. Panel (B) displays the detection of tissue-elevated miR-1298 in different biofluids. As can be seen in this figure, this enriched CNS miRNA is detectable in CSF, but poorly detected in the other biofluids. These data will provide insight regarding which biofluids hold which tissue-elevated sequences.
DISCUSSION
Small RNA databases and resources currently exist, but are subject to confounders, such as a lack of overlapping tissues in each dataset, differential RNA isolations that can lead to potential batch effects, and inconsistent sequencing/alignment of the reads across studies. To address these unmet needs, we created a tissue atlas of small RNAs in 30 human tissues with three replicates and multiple blood cell types. Strengths of our study are the inclusion of pathologically normal tissue with low postmortem interval and uniformity in RNA isolation and sequencing and bioinformatic handling. We found that tissues had varying percentages of RNA biotypes and diversity of tissue-elevated sequences. One recent paper that has similarly brought together these disparate resources is by Rahman et al. (Rahman et al., 2020), where the investigators examined small RNA biotypes from different tissues to come up with a set that they found to be tissue-enriched.
Using tissue-elevated sequences, especially miRNAs, we clustered the tissue samples with low variability among biological tissue replicates. Tissue-elevated tRFs and yRFs successfully clustered the samples, despite greater variability among replicates. Surprisingly, as a category, the number of tissue-elevated tRF sequences were high for several tissues: gallbladder has 2283 tissue-enriched tRFs, adrenal gland has 3805 tissue-enriched tRFs, and transverse colon has 3782 tissue-enriched tRFs. The use of all unique sequences provided us with interesting observations about some of the tissue-elevated sequences. For example, by expanding the miRNA biotype to include all isomiRs, we found a heart enriched miRNA that was more highly expressed in right heart than the left heart. These data provided us with an opportunity to use these tissue-elevated sequences to explore their detection in biofluids. One qualification for this dataset is that the RNA from the tissue samples was isolated and prepped uniformly, however different RNA isolation and sample preparation protocols, optimized for low input RNA, were used for the cell-free biofluids and EVs. A second qualification for this dataset is the use of postmortem tissues from older individuals, while most of the biofluid samples are from much younger subjects. It is known that small RNA profiles can change with age (Fehlmann et al., 2020).
There are several previously published approaches to deconvolute the origin of specific RNAs from a varied set of tissue types, but this has not been widely extended to biofluids or EVs. In this case, we decided not to do deconvolution for examining the tissue contributions in biofluids, given the lack of known correspondence between enrichment of sequences in a given tissue with the release of EVs bearing that RNA cargo from that tissue into biofluids. Instead, we relied on a more “direct” approach to measure the diversity and abundance of tissue-elevated sequences detected in each biofluid based on the total frequency of tissue-elevated sequences detected in each biofluid. A unique finding of this approach is the presence of similar transcripts across biologically divergent tissue types. For example, renal and brain RNAs were abundant in samples from the CSF. The biological etiology of this is elusive, but is certainly plausible given the similar physiologic function of filtration and electrolyte regulation in both urine and CSF. The two sequences with the highest detection in CSF are tissue-enriched for both kidney and cerebellum and are detected with >1000 counts each in CSF, miR-204-5p and an isomiR of that miRNA.
In the examination of differentially expressed tissue-elevated sequences found in blood, it was interesting to note that we were able to identify tissue sequences related to the disease or event. Because we do not have corresponding tissue samples from these individuals, it is hard to know if these changes directly correlate with the tissue, or if there is different usage or packaging of these sequences into the extracellular biofluid.
Clinically, this simplistic “deconvolution” within biofluids may facilitate targeting those RNAs that may be more specific for disease monitoring. Certainly, this tissue-enrichment estimation is imperfect. First, we do not have many replicate tissues and samples from every tissue or cell type within that tissue. Nevertheless, we believe that the current study provides a framework to build shared resources to assist in studies of tissue- and cell-specific RNAs and their presence in biofluids (exRNAs). Some obvious confounding factors to target in future experimental designs include: 1) some tissues may actively release more EVs or EVs with more/specific RNA cargo, 2) vascularization of the tissue may lead to greater abundance in plasma, and 3) selective RNA loading that does not contain tissue enriched sequences for some of the tissues will lead to the appearance of low abundance in plasma, and 4) understanding expression level changes with disease, injury, stress, development or aging. In addition, care to avoid overinterpretation of “concentration” of a given exRNA species is needed: for example, the abundant gallbladder-enriched tRF is also abundant across many other tissues. Ultimately, with the incorporation of larger numbers of matched tissue and biofluid samples, these data may expand the repertoire of disease-relevant exRNA biomarkers. We have created a tool (the exRNA Expression Atlas) to display tissue-elevated sequences and their abundance in biofluids that is freely accessible to the scientific community.
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Supplementary Figure S1 | This graph shows the rarefaction curves of each tissue. As can be seen here, the detection rate of new miRNAs rises steeply and then begins to plateau at 1 million reads and 3 million reads. These data indicate that using the most diverse class of small RNA, we are capturing most of the diversity for each tissue with our read depth.
Supplementary Figure S2 | Supplemental figure 1 displays the UMAP clusters when using either tissue-elevated tRFs, piRNAs, or yRFs. tRFs do a better job of clustering tissues than do the other RNA biotypes displayed here. These sequences are not as tissue-elevated and the replicates are not as close as they are with tissue-elevated miRNA and isomiRs.
Supplementary Table S1 | RIN values for tissue samples.
Supplementary Table S2 | Demographic information for tissue samples.
Supplementary Table S3 | IsomiR sequences for miR-451a in monocytes, PBMCs and RBCs.
Supplementary Table S4 | Tissue-elevated sequences and their fold-enrichments.
Supplementary Table S5 | The number of tissue-elevated sequences that go to each RNA biotype for each tissue and biofluid.
Supplementary Table S6 | The number of tissue-elevated sequences detected in each biofluid.
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Extracellular vesicles (EVs) are small lipid membrane-bound vesicles that can pass the blood–brain barrier. Therefore, EVs could be used for the delivery of therapeutics to the brain. Herein, we investigated the biodistribution of intranasal perfusion of ultrasmall superparamagnetic iron oxide (USPIO)-labeled astrocyte-derived EVs (ADEVs) in mice. We used Western blotting, transmission electron microscopy (TEM), and nanoparticle uptake assay to characterize ADEVs. In addition, intranasal perfusion coupled with magnetic resonance imaging (MRI) was employed to determine the distribution of USPIO-labeled ADEVs in mice. Our results showed the uptake of USPIO by mouse astrocytes and ADEVs. In addition, we confirmed the biodistribution of ADEVs in the brain and other internal organs, including the kidneys, liver, and spleen. Our results suggest that USPIO did not affect mouse astrocyte cell survivability and EV release. Therefore, intranasal delivery of therapeutic loaded EVs could be used for the treatment of various brain disorders.
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INTRODUCTION
Extracellular vesicles (EVs) are small lipid membrane-bound vesicles and are heterogeneous in nature. They were initially thought of as secreted debris of platelets and have attracted research interest enormously in the past decade. EVs are subdivided into several subtypes as per their biogenesis pathways, including small EVs (diameter of 40–150 nm), which are present inside multi-vesicular bodies (MVBs) and released into the extracellular space by the fusion of MVBs with the cell membrane, and large EVs (diameter of 150–2,000 nm) originating from the plasma membrane (EL Andaloussi et al., 2013; Raposo and Stoorvogel, 2013; Théry et al., 2018; Mathieu et al., 2019; Pegtel and Gould, 2019). EVs released from almost all cell types are recognized as messengers in intercellular communication using stored cargoes such as proteins, lipids, and RNA molecules, including miRNA, mRNA, and tRNA (Ratajczak et al., 2006; Valadi et al., 2007; Al-Nedawi et al., 2008; Peinado et al., 2012; EL Andaloussi et al., 2013; Chivero et al., 2021). Cells treated with nanoparticles have been shown to be generating EVs with nanoparticles in them (Busato et al., 2016). Furthermore, EVs have also been utilized successfully to deliver siRNAs in rodents (van den Boorn et al., 2011). EVs can cross the blood–brain barrier (BBB) easily; therefore, intranasal administration of EVs is considered a preferred non-invasive method for rapid delivery of EV-encapsulated drug(s) to the brain (Visweswaraiah et al., 2002; Lakhal and Wood, 2011; Zhuang et al., 2011; Grassin-Delyle et al., 2012). Manipulating EVs and their cargo ex vivo can thus be envisioned as an efficient means for delivery to target organs.
The labeling of EVs with ultrasmall superparamagnetic iron oxide nanoparticles (USPIO, 4–6 nm) provides an advantage in that they do not alter the morphology and physiology of cells (Busato et al., 2016). The USPIO nanoparticles are approved by the U.S. Food and Drug Administration (FDA) and the European Commission for use as MRI contrast agents (Daldrup-Link, 2017). Nanoparticles could be loaded with different compounds like paclitaxel (PTX), a microtubule-stabilizing agent and a potent antineoplastic against small-cell lung carcinoma and breast cancer (Weaver, 2014; Ganipineni et al., 2019). The distribution of the nanoparticle-loaded EVs could be traced by magnetic resonance imaging (MRI) techniques, which are non-invasive methods of visualization. MRI is emerging as a functional probe system, the stimulus-responsive MRI-monitored drug delivery system, pH-responsive release, and thermo-responsive release system (Kim et al., 2013; Gupta et al., 2016; Park et al., 2016; Zheng et al., 2018). Therefore, in this study, we generated USPIO-labeled astrocyte-derived EVs (ADEVs) and tracked their biodistribution in mice using MRI.
Intranasal drug administration is a non-invasive method of delivering therapeutic agents to the brain and spinal cord (Hanson and Frey, 2008). This method is efficient in delivering drugs to the central nervous system (CNS) and replaces the invasive delivery methods that lead to unwanted side effects (Sil et al., 2020; Lombardo et al., 2021). In intranasal perfusion, the delivery to the CNS is fast and takes minutes to pass the BBB and reach the CNS along the olfactory and trigeminal neural pathways (Hanson and Frey, 2008) (Thorne et al., 1995; Chen et al., 1998).
This study demonstrated that USPIO exposure results in labeling EVs with USPIO released from astrocytes but does not affect cellular morphology, survivability, and EV release. Furthermore, intranasal perfusion of USPIO-labeled ADEVs showed that labeled EVs were localized in the brain, kidneys, and liver, as evidenced by MRI scanning.
MATERIALS AND METHODS
Animals
C57BL/6N wild-type mice (male, 6–8 weeks) used in this study were purchased from Charles River Laboratories, Inc. (Wilmington, MA, United States) and housed in the animal facility of the University of Nebraska Medical Center (UNMC) with free access to water/food and 12-h light/dark cycle and controlled temperature and humidity. Previous studies have demonstrated gender difference effects of intranasal delivery nanoparticle drugs in aged mice but not in young mice (Ma et al., 2016; Xu et al., 2020). This study aimed to test the concept of ADEV delivery to the brain; to reduce the variables, we used only male mice. All animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the UNMC.
Cell Cultures
The mouse astrocytic cell line C8D1A [ATCC® CRL-2541™; American Type Culture Collection (ATCC), Manassas, VA, United States] was cultured as described previously (Sturdivant et al., 2016) and maintained in high-glucose Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100 μg/ml). C8D1A cells were used within ten passages. Cells were serum-starved for 12 h, before being treated with USPIO.
Labeling of mouse astrocytes with ultrasmall superparamagnetic iron oxide nanoparticles (USPIO)
The commercial USPIO (magnetite Fe3O4; Sigma-Aldrich Co., St Louis, MO, United States; catalog #725331, particle size 4–6 nm, stock solution 5 mg Fe/mL) were used to label mouse astrocytic cells. The cells were incubated with an increasing concentration of USPIO nanoparticles (50, 100, 200, 300, 400 μg/ml) for 12 h, and USPIO were diluted in high-glucose DMEM supplemented with 10% heat-inactivated FBS, glutamine (2 mM), penicillin (100 U/mL), and streptomycin (100 μg/ml). After incubation, the cells were washed twice with PBS, trypsinized, and counted, and cell cytotoxicity of nanoparticles was determined by automated cell counters (Thermo Fisher Scientific).
Nanoparticle Uptake Assay
Prussian blue staining was utilized to visibly assess the iron uptake by astrocytes that were treated with 100 μg/ml USPIO nanoparticles. Cells were seeded on coverslips kept in 12-well plates at a density of 1 × 106 cells and incubated with USPIO at 100 μg/ml for 12 h. Cells were then fixed with a 2% solution of paraformaldehyde for 30 min at room temperature and washed gently with PBS thrice. The cells were incubated for 40 min in a solution of 1% HCl and 2% potassium ferrocyanide, washed twice with distilled water, and counterstained using Nuclear Fast Red for 15 min. The cells were then washed twice with distilled water and finally embedded in a mounting medium (Dako Mounting Medium, Agilent Technologies, Santa Clara, CA, United States). The nanoparticle internalization was investigated using a light microscope. Iron nanoparticles appeared as blue spots inside the cells, while the nucleus appeared red. The intensity was measured using Zen 3.4 (Blue edition). The background intensity (control) was subtracted from the USPIO-treated cells.
Immunofluorescence
Cells cultured on slides or coverslips were fixed with 4% paraformaldehyde for 15 min at room temperature, followed by permeabilization with 0.3% Triton X-100 in PBS, and incubated with a blocking buffer containing 10% normal goat serum in PBS for 1 h at room temperature. The cells were then incubated with CoraLite®488-conjugated GFAP antibody (Proteintech, Rosemont, IL, United States) overnight at 4°C. The nuclei were labeled with DAPI. The slides were covered with a coverslip with ProLong Gold antifade reagent (Invitrogen, Carlsbad, CA, United States) and allowed to dry for 24 h at room temperature. Images were captured with a 20X objective.
Real-Time PCR
To determine the expression of GAPDH, IL-6, and TNFα, cDNA was synthesized using a Verso cDNA kit (AB-1453/B; Thermo Fisher Scientific) according to the manufacturer’s instructions. Real-time PCR was performed using SYBR Green ROX qPCR Master Mix (QIAGEN, Valencia, CA, United States). The primers were as follows: mouse GAPDH: 5′-TGC​ACC​ACC​AAC​TGC​TTA​GC-3′ and 5′-ATG​CCA​GTG​AGC​TTC​CCG​TT-3’; IL6: 5′-CCC​AAT​TTC​CAA​TGC​TCT​CCT-3′ and 5′-CCA​CAG​TGA​GGA​ATG​TCC​ACA-3’; TNFα: 5′-CGA​ATT​CAC​TGG​AGC​CTC​GAA-3′ and 5′-TGT​GAG​GAA​GGC​TGT​GCA​TTG-3’. The comparative cycle threshold (Ct) method (2^ΔΔCt) was used to calculate the relative level of gene expression. The Ct values were normalized to GAPDH.
Characterization of Astrocyte-Derived Extracellular Vesicles and Separation Using Size Exclusion Chromatography
EVs were isolated from serum-free conditioned medium (FBS depleted) of astrocytes using a qEV column (Izon Science, Christchurch, New Zealand). In brief, the conditioned medium was harvested, centrifuged at 1,000 X g for 10 min to eliminate cells, and again spun at 10,000 X g for 30 min. The supernatant was filtered through a 0.22-μm filter to remove cell debris and large vesicles. The collected supernatants were then concentrated using Amicon Ultra-15 100-kDa filter units and then subjected immediately to SEC on qEV original/35 nm columns (IZON Science, Christchurch, New Zealand). The columns were first rinsed with 1x filtered PBS, and 0.5 ml of supernatant was applied on top of a qEV column (columns allowed to remove all free USPIO nanoparticles, Izon Science), and twelve 0.5 ml fractions were collected (Figure 1A). Out of 12 fractions analyzed by nanoparticle tracking analysis (NTA), four EV-rich fractions (fractions 1–4), as well as 0.5 ml EV devoid supernatant of the same four fractions, were pooled and concentrated by evaporation. The EV and EV devoid supernatant samples were resuspended in the protein lysis buffer to detect EV markers—Alix, TSG101, and CD63—by Western blotting. The EV number and size distribution were analyzed using a ZetaView Particle Metrix, as previously reported (Ma et al., 2021).
[image: Figure 1]FIGURE 1 | Uptake of USPIO by mouse astrocytes and characterization of EVs. (A) Schematic diagram of the procedure used for separating EVs from astrocyte culture by size exclusion chromatography (SEC). (B,C) Number and size distribution plots of EVs from selected fractions by ZetaView. (D) The four fractions of the qEV column with maximum EVs were pooled together for detection of EV markers using Western blotting. EV proteins were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted onto a nitrocellulose membrane. Calnexin (non-exosomal protein) served as negative control. (E) TEM image of EVs isolated from mouse astrocytes via a qEV column (IZON Science). (F) Cells were treated with 100 μg/ml of USPIO, and uptake of USPIO nanoparticles was determined by nanoparticle uptake assay. (G) Blue signal intensity in (F) measured using ZEN (Blue edition) software. (H) TEM image of astrocytes treated with USPIO. (I) TEM image of EVs isolated from USPIO-treated astrocytes. (J,K) Decrease in T2-weighted data acquired using MRI showing a strong linear correlation between R2 values and numbers of cells (R2 = 0.828), and numbers of ADEVs (R2 = 0.934). All experiments were repeated at least three times.
Western Blotting
Cells and EVs were lysed using a mammalian cell lysis kit (Sigma-Aldrich, St. Louis, MO, United States), as described previously (Liao et al., 2019). Proteins were separated in sodium dodecyl sulfate (SDS)–polyacrylamide gel, followed by transfer to a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 3% non-fat dry milk and 0.05% Tween 20 in Tris-buffered saline for 1 h at room temperature. The membrane was then probed with a primary antibody in 5% non-fat milk overnight at 4°C. Primary antibodies specific for TSG101 (Proteintech; Rosemont, IL, United States), Alix (Proteintech; Rosemont, IL, United States), CD63 (Abcam, Cambridge, MA, United States), Calnexin (Proteintech, Rosemont, IL, United States), and GFAP (Abcam, Cambridge, MA, United States) were used in this study. The next day, the membrane was washed three times with TTBS for 10 min each and subsequently incubated with a secondary antibody—alkaline phosphatase-conjugated to goat anti-mouse/rabbit IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, United States)—for 1 h at room temperature. The membrane was washed three times with TTBS for 10 min each and then developed using a West Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA, United States). All experiments were repeated at least three times, and the representative blots are presented in the figures.
Transmission Electron Microscopy
EVs were fixed with 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M PBS. Then 6 μl of EVs were gently placed on a 200-mesh formvar-coated copper grid, allowed to adsorb for 5 min, and processed for standard uranyl acetate staining. The grid was then washed with PBS three times and allowed to semi-dry for 2 min at room temperature before observation under an FEI Tecnai G2 Spirit Transmission Electron Microscope in the Electron Microscopy Core Facility at the University of Nebraska Medical Center. For the ultrastructural morphology of cells, cell pellets were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 1 h. Transmission electron microscopy (TEM) images were acquired with a Hitachi Transmission EM in the Central Electron Microscopy Facility at the University of Connecticut Health Center.
Labeling of Ultrasmall Superparamagnetic Iron Oxide in Astrocyte-Derived Extracellular Vesicles
Astrocytes were seeded in a T75 flask at 1-2 x 106 cells. When reaching 80–90% confluency, cells were treated with 100 μg/ml USPIO for 12 h. After that, the cells were washed three times with 1x PBS and incubated in a serum-free medium for 48 h. Then, the supernatant was collected and centrifuged at 1,000 X g for 10 min to eliminate cells and again spun at 10,000 X g for 30 min. The supernatant was filtered through a 0.22-µm filter to remove cell debris and large vesicles. The collected supernatants were then subjected to qEV columns (Izon Science). The columns were first rinsed with 1x filtered PBS, and 0.5 ml of supernatant was applied on top of a qEV column, and 0.5 ml fractions were collected. Out of the 12 fractions obtained from the qEV column, four fractions (1–4) having EVs with USPIO were pooled and used for intranasal perfusion. The EV number and size distribution were analyzed using the ZetaView Particle Metrix, as previously reported (Hu et al., 2013; Hu et al., 2018).
Relaxivity of Mouse Astrocytes and Astrocyte-Derived Extracellular Vesicles
Mouse astrocytes were labeled with USPIO, as previously described, and were homogeneously distributed in a gel matrix (agarose low electroendosmosis; PanReac AppliChem; at 0.5% w/w) for in vitro T2 relaxation time evaluation. Cells (1 × 106 to 5 × 106) loaded with USPIO and USPIO-loaded ADEVs (5 × 108 to 2 × 109) were analyzed by MRI (Bruker BioSpec 70/20). In order to assess the in vitro detectability, USPIO-labeled astrocytes and ADEVs were immobilized in a gel matrix; MRI was performed using T2-weighted imaging and T2 mapping. In vitro T2 relaxivity (R2) was calculated from T2 mapping. ∆R_2 = R_2^EVs-R_2^Base (Eqn (EL Andaloussi et al., 2013)) was calculated on each pixel, where R_2^EVs is post-EVs administration R2, and R_2^Base is the baseline (cells without USPIO and EVs without USPIO) R2.
Magnetic Resonance Imaging of Astrocyte-Derived Extracellular Vesicles With Ultrasmall Superparamagnetic Iron Oxide in Mouse Brain
Mice were intranasally administered with USPIO-labeled EVs (2 × 1012 EVs per perfusion) for 4 days, as illustrated in Table 1. MRI was performed 24 h after each EV administration. For MRI, animals were anesthetized by 1% isoflurane inhalation in a mixture of oxygen and nitrogen and were placed in an MRI system (Bruker BioSpec 70/20) on a heated bed. T2-weighted images were acquired using TurboRARE with TR/TE = 3,600/40 ms, RARE factor = 4, averaging number = 4, matrix size = 256 × 256, FOV = 20 × 20 mm2, 30 slices, and slice thickness = 0.5 mm T2 mapping was performed using MSME with TR = 4,600 ms, 20 echos from 7 to 140 ms with 7 ms echo spacing, matrix size = 192 × 192, FOV = 20 × 20 mm2, 30 slices, and slice thickness = 0.5 mm. In vivo T2 relaxivity (R2) was calculated from T2 mapping. Eqn (EL Andaloussi et al., 2013) was calculated on each pixel. ∆R_2 heatmaps were superimposed on anatomical (T2-weighted) images. Increased ∆R_2 values indicate EV entry into the brain. Baseline MRI of all animals before the administration of USPIO-labeled EVs was used as the respective control. The same methodology was used to take body MRI scans of the kidneys, liver, and spleen.
TABLE 1 | Intranasal perfusion of USPIO-loaded mouse astrocyte-derived EVs.
[image: Table 1]Statistical Analyses
All the data were expressed as mean ± SEM, and appropriate statistical significance was determined based on the experimental strategy using GraphPad Prism version 9.1.2. The precise statistical analyses and experimental designs, including tests performed, exact p values, and sample sizes, are provided in the figure legends. Non-parametric Kruskal–Wallis one-way ANOVA, followed by Dunn’s post hoc test, was used to determine the statistical significance between multiple groups, and an unpaired Student’s t test was used to compare between two groups.
RESULTS
Characterization of Extracellular Vesicles Separated From Mouse Astrocytes
ADEVs were separated into 12 fractions (qEV columns allowed to separate free USPIO nanoparticles from EVs; Figure 1A). As shown in Figures 1B,C, fractions 1–4 contained maximum ADEVs, with sizes ranging from 50 to 250 nm. The ADEVs were further characterized by Western blotting for EV markers—TSG101, Alix, and CD63. As shown in Figure 1D, ADEVs were positive for all of the detected EV markers and astrocyte marker—GFAP, while the supernatants were negative for the EV markers. Calnexin (non-EV protein) served as a negative control. TEM was used to confirm the morphology and size of ADEVs further. As shown in Figure 1E, ADEVs were around 100 nm in diameter.
Uptake of Ultrasmall Superparamagnetic Iron Oxide by Astrocytes
Astrocytes were treated with 50 μg/ml to 400 μg/ml of USPIO, followed by assessing cell survivability. As shown in Supplementary Figure S1A–D, USPIO treatment did not affect cell survivability, morphology, and response to LPS stimulation. We next sought to determine the uptake of USPIO in astrocytes using the nanoparticle uptake assay. As shown in Figure 1F, cells treated with 100 μg/ml of USPIO based on the previous study (Busato et al., 2016) showed an uptake of USPIO nanoparticles by astrocytes (Figures 1G,H).
Relaxivity of Ultrasmall Superparamagnetic Iron Oxide-Labeled Astrocyte and Astrocyte-Derived Extracellular Vesicles
We next sought to confirm the presence of USPIO in astrocytes and ADEVs using TEM and MRI. TEM assays revealed that USPIO nanoparticles were present inside 85.7% of the cells (Figure 1H) and the presence of USPIO nanoparticles in 45% of ADEVs (Figure 1I). To evaluate the detection limit of astrocytes and ADEVs with USPIO in MRI, we used 1 × 106 to 5 × 106 astrocytes and 5 × 108 to 2 × 109 ADEVs immobilized in different gel tubes (agarose at 0.5% w/w, 1.5 ml). Unlabeled astrocytes and ADEVs, as well as free agarose gel, were used as negative controls. Relaxivity data were acquired using MRI. As T2 (transverse relaxation time) is the inverse of R2 (transverse relaxivity) and USPIO is a T2-shortening contrast agent, the lower values of T2 represent the higher levers of USPIO in the samples. As shown in Figures 1J,K, the linear correlations between R2 values of USPIO in astrocytes and the cell concentrations (R2 = 0.828), and USPIO in ADEV and ADEV concentrations (R2 = 0.934) suggest the uptake of USPIO by astrocytes and ADEVs. We also found that USPIO treatment did not significantly affect EV release (Supplementary Figure S1E).
Magnetic Resonance Imaging of Mice Administrated With Astrocyte-Derived Extracellular Vesicles labeled with Ultrasmall Superparamagnetic Iron Oxide
To examine the biodistribution of ADEVs loaded with USPIO in vivo, we intranasally perfused C57BL/6 mice with USPIO-labeled ADEVs. The mice were pre-scanned using MRI on day 0 to set the baseline, followed by intranasal perfusion with 2 × 1012 USPIO-ADEVs per mouse and another perfusion on day 1. The mice were then scanned 1 hour post-ADEV perfusion on day 1. This procedure was repeated for 4 days (Table 1). As shown in Figure 2A, ∆R_2 heatmaps were superimposed on anatomical (T2-weighted) images. USPIO-labeled ADEVs could be found in the brain 1 day after intranasal perfusion. The amount of USPIO-labeled ADEVs was increased with each intranasal perfusion in the brain (Figure 2B). Moreover, USPIO-labeled ADEVs could also be found in the kidneys (Figures 2C,D), liver (Figures 2C,E), and the spleen (Figures 2C,F).
[image: Figure 2]FIGURE 2 | Biodistribution of USPIO-labeled ADEVs in mice. (A) MRI T2-weighted images showing the USPIO-labeled ADEVs were present in the brain, and their abundance increased with each intranasal perfusion. (B) Quantification of the USPIO-labeled ADEVs in the brain; the bar graph shows the sum of normalized ΔR2 (i.e., ΔR2/R2base) of all pixels in brain R2 maps, and value increases along with time. (C) MRI T2-weighted images showing the USPIO-labeled ADEVs were present in the (D) kidneys, (E) liver, and (F) spleen.
DISCUSSION
This study developed a method of loading ADEVs with USPIO nanoparticles and tracked them in vivo using MRI. Nanoparticle uptake assay was used to determine the uptake of USPIO by mouse astrocytes without disrupting their morphology, normal growth, and release of EVs. ADEVs were separated using IZON qEV columns, followed by the characterization for EV markers by Western blotting, morphology by TEM, and number and size distribution by ZetaView. USPIO-labeled ADEVs were intranasally delivered to mice, followed by MRI scanning. MRI images suggested that USPIO-labeled ADEVs were delivered to the brain, kidneys, liver, and, to some extent, the spleen.
EVs have a pivotal role in intercellular communication under normal and diseased conditions (Patters and Kumar, 2018; Ma et al., 2021). Moreover, EVs have tremendous potential to be used as delivery vehicles for therapeutics as they can cross the BBB (Alvarez-Erviti et al., 2011; Yang et al., 2015). EVs are safer in terms of their transplantation (loss in transplanted cells), transformation to become malignant, or immune rejection (Alvarez-Erviti et al., 2011). In addition, EVs are stable and could be scaled up for therapeutics relatively easily in a stepwise process (György et al., 2015). Indeed, studies have demonstrated that delivery of EVs loaded with small RNAs such as siRNA and miRNA to rodents can reach various organs and regulate the expression of the target genes (O'Brien et al., 2020; Chivero et al., 2020; Liao et al., 2020). The current study aimed to determine the biodistribution of ADEV in live animals using a sensitive method. Herein, we successfully loaded ADEVs with USPIO nanoparticles and tracked them in mice using MRI (Busato et al., 2016). MRI results suggest that USPIO-labeled ADEVs can reach the brain, liver, and kidneys within 1 day after intranasal delivery.
Previous studies demonstrated that intranasal delivery of EVs isolated from bone marrow mesenchymal stem cells (MSCs) could suppress neurogenesis and memory dysfunction in status epilepticus mice (György et al., 2015). It has been reported that EVs were able to suppress neuroinflammation and reduce cognitive impairments in traumatic brain-injured mice (O'Brien et al., 2020). Furthermore, intranasal delivery of catalase-loaded EVs has shown significant neuroprotective effects in the Parkinson’s disease model by reducing stress-induced neuronal death (Long et al., 2017). Curcumin-encapsulated EVs could also suppress IL-6 and TNF-α expression in LPS-induced septic shock model animals (Sun et al., 2010). In line with these studies, our results suggest that USPIO-labeled EVs delivered through the intranasal route can be found in the brain, as well as the kidneys and liver.
ADEVs are endogenous brain vesicles that play a profound role in brain development, synapse formation, control of neurotransmitter release and uptake, making of trophic factors, and regulation of neuronal survivability (Ma et al., 2016; Venturini et al., 2019; Zhao et al., 2021). ADEVs thus could serve as ideal drug delivery vehicles for the treatment of brain disorders. For example, ADEVs have been used as siRNA delivery vehicles to treat LPS-mediated neuroinflammation (Liao et al., 2019). The results suggest that intranasal delivery of siRNA-loaded ADEVs significantly reversed the expression of target genes in microglia in LPS-administered mice. Efforts to engineer the ADEV for targeting specific organs and cells are ongoing and remain a major research focus. Intranasal delivery of USPIO-labeled ADEVs provides a non-invasive tool to visualize and track the engineered ADEVs in future studies.
CONCLUSION
In summary, our data suggest USPIO does not show significant effects on astrocytes and the release of EVs. Our results show that USPIO can be taken up by astrocytes and released in EVs. We further demonstrated intranasal administration of ADEVs can deliver their cargo to the brain, kidneys, and liver. Therefore, engineered EVs could be harnessed to deliver therapeutics for the treatment of brain, kidney, and liver disorders.
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Supplementary Figure S1 | Effect of USPIO on cell survivability and EV release, and distribution of USPIO labeled ADEVs in the brain. (A) Viability of cells treated with various concentrations of USPIO. (B) Immunostaining for GFAP in astrocytes exposed to 100 μg/ml USPIO. (C,D) Real-time PCR for IL6 and TNFa in cells treated with 100 μg/ml USPIO for 12 h followed by LPS (100 ng/ml) stimulation for 6 h. (E) Number of EVs isolated from 100 μg/ml USPIO-treated astrocytes for 48 h. All experiments were repeated at least three times.
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Extracellular vesicles (EVs) play an important role in intercellular communication and regulation of cells, especially in the immune system where EVs can participate in antigen presentation and may have adjuvant effects. We aimed to identify small molecule compounds that can increase EV release and thereby enhance the immunogenicity of vaccines. We utilized a THP-1 reporter cell line engineered to release EV-associated tetraspanin (CD63)-Turbo-luciferase to quantitatively measure EVs released in culture supernatants as a readout of a high throughput screen (HTS) of 27,895 compounds. In parallel, the cytotoxicity of the compounds was evaluated by PrestoBlue dye assay. For screening immunostimulatory potency, we performed two additional independent HTS on the same compound library using NF-κB and interferon-stimulated response element THP-1 reporter cell lines. Hit compounds were then identified in each of the 3 HTS’s, using a “Top X″ and a Gaussian Mixture Model approach to rule out false positive compounds and to increase the sensitivity of the hit selection. Thus, 644 compounds were selected as hits which were further evaluated for induction of IL-12 in murine bone-marrow derived dendritic cells (mBMDCs) and for effects of cell viability. The resulting 130 hits were then assessed from a medicinal chemistry perspective to remove compounds with functional group liabilities. Finally, 80 compounds were evaluated as vaccine adjuvants in vivo using ovalbumin as a model antigen. We analyzed 18 compounds with adjuvant activity for their ability to induce the expression of co-stimulatory molecules on mBMDCs. The full complement of data was then used to cluster the compounds into 4 distinct biological activity profiles. These compounds were also evaluated for quantitation of EV release and spider plot overlays were generated to compare the activity profiles of compounds within each cluster. This tiered screening process identified two compounds that belong to the 4-thieno-2-thiopyrimidine scaffold with identical screening profiles supporting data reproducibility and validating the overall screening process. Correlation patterns in the adjuvanticity data suggested a role for CD63 and NF-κB pathways in potentiating antigen-specific antibody production. Thus, our three independent cell-based HTS campaigns led to identification of immunostimulatory compounds that release EVs and have adjuvant activity.
Keywords: exosome (vesicle), NFkB, HTS, compounds, immune, extracellular, adjuvant, reporter cells
INTRODUCTION
Although vaccination against common pathogens is gaining broader acceptance, there remains an unmet need for widely effective adjuvants that can elicit sustained immune responses to targeted antigens (Reed et al., 2013). Vaccine adjuvants act as immunopotentiators that are co-administered with subunit, inactivated or attenuated antigens (Tregoning et al., 2018). In the past decade, there have been advances with adjuvants that have improved the response to varicella, influenza and hepatitis B vaccines in populations with reduced immune responses (Tregoning et al., 2018). Although the adjuvants boost protective efficacy of the vaccines, they often elicit local inflammation at the site of injection in some cases accompanied by flu-like symptoms, reduce patient acceptance especially for vaccines that require annual or booster injections (Petrovsky, 2015; Nanishi et al., 2020). Adjuvants that utilize intracellular communication pathways to enhance antigen presentation and the needed cognate cellular interactions could potentially activate the immune system in a manner that is not as abruptly inflammatory.
Extracellular vesicles (EVs) act as a carrier of cell-type-specific molecules including those involved in innate immune responses, such as cytokines, chemokines, adhesion molecules, other proteins, lipids, peptides, coding and non-coding RNAs (including microRNAs), and DNA fragments (Valadi et al., 2007; Skog et al., 2008; Cossetti et al., 2014; Yanez-Mo et al., 2015). Adhesion molecules integrated into the EV outer surface membrane direct binding to potential target cells while other molecules act as ligands to cellular receptors. EVs can also encapsulate additional proteins or nucleic acids that can convey specific intercellular communications. These properties enable EVs to play modulating roles in mediating immune responses to pathogens and tumors (Campos et al., 2015; Wang et al., 2017). Hence, we hypothesized that small molecule compounds which can simultaneously enhance innate immune responses and EV biogenesis and release (Figure 1A) could add immunomodulation modalities, and potentially increase antigen delivery to distal lymphoid organs, leading to improved vaccine efficacy and reduced toxicity.
[image: Figure 1]FIGURE 1 | HTS for immunostimulatory compounds that enhance EV release and the HTS workflow. (A) A cartoon depicting the rationale for identification of compounds that enhance EV release as well as induction of cytokines and chemokines. (B) Three independent THP-1 cell-based high throughput screenings were performed using NF-κB-beta-lactamase (bla), ISRE-bla and CD63-Tluc-CD9-EmGFP reporter cells. These assays evaluated 27,895 compounds in duplicate and 644 compounds were identified as hits using two different statistical methods. These compounds were cherry-picked and were subjected to screening for immune stimulating activity, including induction of cytokine IL-12 and evaluation of cytotoxicity using MTT assay in mBMDCs which identified 130 compounds. Further medicinal chemistry approaches eliminated 50 compounds and the remaining 80 compounds were subjected to in vivo adjuvanticity screening, followed by co-stimulatory molecule expression screening and quantitation of EVs released from BMDCs. Eight distinct compounds were identified that belonged to 7 different chemotypes. The number in parentheses corresponds to the number of compounds.
Recently, we developed and characterized a human monocytic leukemia THP-1 reporter cell line engineered with a fusion construct for the expression of EV-associated tetraspanins (CD63 and CD9) linked to Turbo-luciferase (Tluc) and Emerald Green Fluorescent Protein (EmGFP) (CD63 Tluc-CD9-EmGFP THP-1 cells) to quantitatively measure release of EVs in culture supernatants (Shpigelman et al., 2021). Using this reporter cell line, we described that Tluc activity levels correlated with concentrations of released EVs in the culture supernatant as measured by nanoparticle tracking (Shpigelman et al., 2021). Here, we utilized this cell line for a high throughput screening (HTS) of a library of 27,895 compounds. Additionally, we screened the same library with two additional THP-1 reporter cell lines for NF-κB and interferon-stimulated response element (ISRE) activation, respectively. Based on “Top X” and “Gaussian mixture model” (GMM) hit detection methods, 644 compounds were identified as hits. Further studies probing into the immunological properties as well as selection based on chemical structural features narrowed the selection to 80 compounds that were assessed in vivo for adjuvant activity. All these studies led to the identification of distinct chemotypes that display immunostimulatory effects and enhance the production of EVs.
RESULTS
High Throughput Screenings
In prior work we identified compounds by HTS that induce NF-κB activation or prolong the activation of NF-κB and/or ISRE, using a library from a small molecule diversity collection (SMDC, UCSF) consisting of about 170,000 compounds (Pu et al., 2012; Chan et al., 2017a; Shukla et al., 2018). However, EV release assay was much more complex and required the use of expensive exosome-depleted media under precise incubation conditions. Thus, performing CD63 HTS in this large compound library, for which we had the NF-κB induction data (Pu et al., 2012) was difficult to achieve. We were therefore interested to obtain smaller compound libraries with extensive chemical space diversity. Thus, we selected commercial libraries developed by Maybridge (Leeds, United Kingdom) consisting of two subset libraries which are representative of the diversity of the two very different compound collections: 1) the Maybridge HitFinder library of 14,400 compounds representative of the entire Maybridge Screening Collection of over 53,000 members, and 2) the Maybridge HitCreator library of 14,000 compounds representative of the diversity of a collection of 550,000 compounds (Supplementary Table S1). Another benefit of the Maybridge library is a lack of CAS registry numbers for a large portion of compounds allowing for freedom of intellectual property. Compound purchase, transfer, acquisition, export and quality control led to elimination of 505 compounds (<2%) thus obtaining a final list of 27,895 compounds for the HTS (Supplementary Table S1).
The overall HTS workflow strategy is shown in Figure 1B. To identify compounds that induce both immune responses and EV release, three sets of screens were performed using the following reporter cell lines: NF-κB-bla, ISRE-bla, and CD63-Tluc-CD9-EmGFP THP-1 cells (Supplementary Table S2). In order to verify the feasibility of these assays, about 2,211 test compounds (8% of all library compounds) were randomly selected and assessed in a pilot screen for CD63 (Shpigelman et al., 2021), NF-κB and ISRE. Each screen was done in duplicate as two independent experiments (experiment 1 and 2) run on different days. The duplicate screening format allowed us to better understand the reproducibility of the activity response in the NF-κB and ISRE assays as we had found that these FRET based assay readouts have been historically less reproducible (Pu et al., 2012). Also, in the case of CD63 HTS, the pilot screen helped validate the assay (Shpigelman et al., 2021) and formed the basis for evaluating methods to be utilized for hit selection.
Hit Selection Methods
One of the most common methods utilized in selection of hits from HTS is Top X (McFayden et al., 2005). Thus, we initially employed this method for hit selection. Because we evaluated each compound in 2 independent experiments, we were able to eliminate many of the false positives which usually dominate FRET-based screens. To this end, an MA plot (log fold change in activation vs. average activation) was obtained by plotting the difference in the log10 %activation data for the two different experiments on the Y-axis, against the average of these data on X-axis, for each compound. These plots for NF-κB and ISRE HTS (Figures 2A,D, respectively) show the cluster of compounds (yellow circles) which were identified as hits only in one experiment and were thus considered “false positives” while the compounds that were identified as hits in both the experiments (red circles) were marked as “Top X hits.” Since we were working with a very diverse HTS library within a relatively small set of compounds, we sought to increase the sensitivity of hits detection using a Gaussian mixture modeling approach, applied separately to the NF-κB and ISRE screens. In this approach, the %activation values from the two independent experiments for each test compound were first used to construct a MA plot, and based on the plot we built a bivariate Gaussian mixture model (GMM), and this was used to cluster compounds into hit or non-hit categories. Since this method was heavily influenced by the large proportion of the non-hits, a null cluster in which the majority of compounds had activity levels similar to those of vehicle (Veh, 0.5% DMSO), was first identified (Figures 2B,E) using an initial GMM. The compounds with average %activation values lower than the maximum value of this null cluster (red dotted line, Figures 2B,E) were removed from subsequent analysis. GMM were then fitted to the remaining data, where the Bayesian Information Criterion (BIC) was used to determine the optimal number, shape and orientation of clusters. Apparent false positive clusters (grey/black colored compounds clustered along the black lines) were identified to construct linear boundaries (black lines). Compounds in the remaining clusters within these boundaries were considered to be hits (Figures 2C,F).
[image: Figure 2]FIGURE 2 | Hit selection methods from the NF-κB and ISRE HTS. The hit selection process for NF-κB HTS (A,B,C) and ISRE HTS (D,E,F) are depicted: (A,D) MA plots of log10 transformed %activation for all compounds identified as hits in one experiment (orange spheres) or in both experiments as Top X hits (red spheres). The positive (LPS for NF-κB HTS; IFN-α for ISRE HTS) and negative (Veh, 0.5% DMSO) controls used in the assay are shown as blue and green spheres, respectively. Panels (B,E) represent first steps towards the mixture model method and involved the identification of a null cluster and elimination of compounds to the left side of the red vertical dotted line. (C,F) The next step involved identification of linear boundaries based on the apparent false-positive clusters (black symbols) to identify GMM hits (red symbols) that included all compounds within these linear boundaries.
Using these two methods for identification of hits, we identified 398 Top X hits and 497 GMM hits, of which 319 hits were common between both methods, as depicted by different colored spheres in Figure 3A (Supplementary Table S3). Thus, a total of 576 hits were identified from the NF-κB HTS. Similarly, for the ISRE screen, we identified 481 Top X hits and 444 GMM hits, of which 383 hits were common between both (Figure 3B) leading to a total of 542 ISRE hits (Supplementary Table S3). Figures 3A,B show the variability of %activation data between experiments 1 and 2 in both NF-κB and ISRE HTS assays, respectively.
[image: Figure 3]FIGURE 3 | Hit selection from HTS. Scatter plot of activation data for test compounds (evaluated in duplicates) and controls from (A) NF-κB HTS, (B) ISRE HTS and, (C) CD63 HTS. The activation data were calculated as “%activation” based on 2-point normalization between the controls in each plate of the HTS assay. These controls included Veh (0.5% DMSO, negative control, 0%) and LPS (100 ng/ml, 100%) for NF-κB HTS, IFN-α (50 nM, 100%) for ISRE HTS and PMA (10 ng/ml, 100%) for CD63 HTS. Two different statistical methods including Top X and GMM, were utilized for hit identification. All test compounds are shown by grey dots, while the compounds that were identified as hits by Top X only or GMM only methods are shown as green and blue spheres, respectively. The compounds identified as hits by both of these statistical techniques are shown as red spheres. Controls (purple stars) are shown as mean ± standard deviation calculated by intra-assay statistics of the %activation values. (D) Venn diagram showing the number of compounds identified as hits in each assay after eliminating toxic compound (<40% viability) identified by PrestoBlue viability assay in CD63 HTS. Compounds confirmed as hits in at least 2 different assays as shown by numbers in the intersections of the Venn diagram were selected for the further bioactivity analysis (total 644 compounds).
In contrast, the CD63 HTS showed a very good correlation between the two independent experiments. Thus, we used only Top X hits, using an average of the two independent screens. To cover even weak CD63 inducers with good NF-κB or ISRE activity, we chose to use the mean of Veh wells within an assay plate as the threshold to identify Top X hits, which led to 12,954 compounds (Supplementary Table S3). To further narrow down the number of hits to compounds that have activity in a minimum of 2 out of these 3 HTS, we segregated compounds into 161 triple hits (compounds identified as a hit in CD63, NF-κB and ISRE HTS), and 3 sets of dual hits including 296 CD63 and NF-κB hits, 231 CD63 and ISRE hits and 37 NF-κB and ISRE hits (Supplementary Table S4). Then, based on the cell viability data obtained from the PrestoBlue assay, the number of hits were distributed as shown in Supplementary Table S4 with the number of hits decreasing with increasing cell viability cut-off. However, because cytotoxicity of a compound can often be circumvented by subsequent structure-activity relationship (SAR) studies, we did not want to filter out any potential hits, and thus we kept our cut-off for hit selection as compounds having more than 40% cell viability. A Venn diagram in Figure 3D shows the number of hits selected by each screen based on this 40% viability cut-off in PrestoBlue assay. Thus, a total of 644 compounds which were identified as a hit in at least 2 experiments and had viability of more than 40% by PrestoBlue were selected for further analysis.
An efficiency of compound screening methods and hit identification techniques is determined by hit confirmation rates. Thus, since all the compounds in the pilot screen were part of the HTS, we used the pilot screen as an independent confirmation screen to estimate confirmation rates. A Venn diagram was first generated for both NF-κB and ISRE screens using the number of hits from the following three sets 1. Pilot screen hits, 2. Hits identified by Top X method in HTS, and 3. Hits identified by GMM method in HTS (Supplementary Figure S1). Based on these numbers, hit confirmation rates were calculated for all three HTS (Supplementary Figure S1). Comparing the combination of Top X and clustering based hit identification methods utilized earlier for NF-κB HTS to the combination of Top X and GMM utilized here, we found increased confirmation rates from 31.5% in a prior similar HTS (Pu et al., 2012) to 67.6% in the current HTS for Top X method and 79.2% for the GMM method. The high confirmation rates were likely due to increased information available from the evaluation of compounds in duplicate. By using similar methodology, the hit confirmation rates for ISRE HTS were calculated as 57.7% for the Top X method and 60.9% for the GMM method. For CD63 HTS, the hit conformation rate was 52.6% by the Top X method only. The detailed analysis with number of hits, confirmation rates and calculations are shown in Supplementary Figure S1.
Immunostimulatory Cytokine Induction
The selected 644 compounds that consisted of 138 triple hits, 254 CD63 and NF-κB hits, 217 CD63 and ISRE hits, and 35 NF-κB and ISRE hits were cherrypicked from the original HTS source plates to evaluate their immune stimulating activities in primary mBMDCs. These mBMDCs were incubated with compounds (10 μM, in triplicates) overnight and NF-κB downstream cytokine IL-12 release in the culture supernatant was measured by ELISA while the remaining cells in the plates were measured for viability by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. DMSO (0.5%) was used as a Veh control to determine the baseline IL-12 induction, and the IL-12 levels for all the compounds were normalized to Veh (IL-12 induced by Veh = 1). Similarly, the cell viabilities measured by MTT were normalized to Veh as 100%. The scatter plot in Figure 4 demonstrates the relative viability on the Y-axis and the normalized IL-12 inducing activity on the X-axis. We identified compounds that induced IL-12 more than 3 standard deviations above the mean of Veh in each plate and categorized them by cell viability into 2 groups. 229 compounds having viabilities above 60% (blue spheres) and 191 compounds having viabilities below 60% (red spheres), were identified as shown in Figure 4. These 229 hits were then rescreened for IL-12 induction at 5 μM compound concentration to further confirm IL-12 inducing potency which led to identification of 130 compounds that induce IL-12 more than the mean +SD above Veh in each plate (Supplementary Figure S2).
[image: Figure 4]FIGURE 4 | Evaluation of immunostimulatory activity and toxicity in murine BMDCs. Selected hits candidates (644 compounds) were cherry-picked and evaluated in triplicates for induction of IL-12 release and cell viability by MTT assay in mBMDCs. IL-12 induced by test compounds was normalized to IL-12 induced by Veh (0.5% DMSO, 1 Arbitrary unit) in each plate. The cell viability following treatment with each compound was normalized to the viability following treatment of cells with Veh (%viability of Veh = 100%). A scatter plot for all compounds showing normalized IL-12 induction on the X-axis vs. cellular viability on the Y-axis helped for selecting immunostimulatory compounds that were relatively less toxic. All tested compounds are shown in grey, while the compounds that induced IL-12 above mean + 3SD (standard deviation within each assay plate) of the vehicle are shown in color, of which compounds that led to cellular viabilities less than 60% are shown in red spheres (191 compounds) while relatively non-toxic (%viability ≥60%) and potent IL-12 inducing compounds are shown by blue spheres (229 compounds).
Medicinal Chemistry Based Elimination of Hits
In an effort to narrow down our selection of hits for further in vivo adjuvanticity screening, we evaluated each compound structure for electrophilic characteristics, and presence of reactive and/or unstable functionalities, including Michael acceptors, hydrolyzable esters, reactive thioureas, and other indicators of pan-assay interference compounds (PAINS) (Baell and Holloway, 2010; Baell and Walters, 2014). Of the 130 compounds identified earlier, some of the compounds bearing such functionalities as shown in Supplementary Figure S3 were removed. Thus, the selected 80 compounds were sourced from the vendor and purchased in sufficient quantities (5–10 mg) to perform further bioactivity evaluation in an in vivo adjuvanticity screen.
In vivo Adjuvanticity Screening
The selected 80 compounds were first evaluated for purity and identity by HPLC-MS and compounds which were less than 90% pure were purified by Prep-HPLC. These were then evaluated for vaccine adjuvant activity in mice using a model antigen, ovalbumin (OVA). C57BL/6 mice (n = 3 for each compound) were immunized with OVA (20 µg/animal) mixed with 200 nmol/injection compound on days 0 and 21. Monophosphorylated Lipid A (MPLA, 1 µg/animal/injection) was used as a positive control and 10% DMSO was used as vehicle control (Veh). Sera were collected on day 28 and OVA-specific immunoglobulins IgG1 (Th2 type) and IgG2c (Th1 type) were determined by ELISA (Sato-Kaneko et al., 2020). These data are presented as a scatter plot in Figure 5A that shows the distribution of compounds by their adjuvanticity profiles in inducing Th1 and Th2 responses. The data points are colored based on the type of hit (triple hits or three different dual hits) and the shape of the data point represents the adjuvanticity tier (Figure 5A, Tier 1: circles, Tier 2: squares and Tier 3: triangles). These tiers were obtained by first calculating log10 transformed values of the IgG1 and IgG2c titers and normalizing these values in each set for compounds between 0 and 10 (10 for MPLA and 0 for Veh). This was followed by averaging these values for IgG1 and IgG2c to obtain a combination value for each compound, where Tier 1 compounds had values > 8, Tier 2 compounds had values between 6 and 8 while Tier 3 compounds had this combination value less than 6. The dominant presence of CD63 and NF-κB hits in the Tier 1 compounds suggests the involvement of NF-κB and CD63 activation pathways for adjuvant activities. Thus, we probed the correlation between these primary screening data and the adjuvanticity to understand if these pathways involve any particular common mechanism to induce immunoglobulins. Figures 5B,C shows correlation data of primary screening data with IgG1 and IgG2c antibody titers, respectively. The analysis revealed a correlation of IgG1 titers with NF-κB and CD63 assays, but less so with IgG2c titers. Since we aimed to discover compounds that induce good adjuvanticity, we selected Tier 1 compounds (18 compounds, circles in Figure 5A) to probe into mechanisms related to immune stimulation.
[image: Figure 5]FIGURE 5 | In vivo adjuvanticity screening of test compounds with ovalbumin as a model antigen in mice. (A) C57BL/6 mice (n = 3/group) were intramuscularly immunized with OVA (20 µg/mouse) as antigen and adjuvanted with test compounds (200 nmoles/mouse), or MPLA (1 µg/mouse), or Veh (10% DMSO) on days 0 and day 21 and bled on day 28 to measure OVA-specific IgG2c and IgG1 levels in sera by ELISA. A scatter plot of the geomean (n = 3) values of the IgG2c titers (Y-axis) and IgG1 (X-axis) for each compound was generated to show the adjuvant potency distribution. Compounds were represented by different symbol types based on the type of hit identified, namely, triple hits (red symbols) and dual hits including CD63 and NF-κB dual hits (magenta symbols), CD63 and ISRE dual hits (green symbols) and NF-κB and ISRE dual hits (blue symbols). MPLA was the positive control while Veh was used as the negative control shown as grey stars. Based on the potency of compound to enhance the induction of combined IgG1 and IgG2c titers, they were divided into three tiers, Tier 1 (circles), Tier 2 (squares) and Tier 3 (triangles). These tiers were obtained by first calculating log10 transformed values of the IgG1 and IgG2c titers and normalizing these values in between 0 and 10 (10 for MPLA and 0 for Veh). This was followed by averaging these values (for each compound) for IgG1 and IgG2c to obtain a combination value, where Tier 1 compounds had a combination value ≥8, Tier 2 compounds had a combination value ≥6 and ≤8, while Tier 3 compounds had a combination value <6. Correlation of antigen-specific IgG1 (B) and IgG2c (C) antibody titers with primary HTS (CD63, NF-κB, and ISRE) data. The data were analyzed by two-tailed nonparametric correlation (Spearman) with calculated p-values shown.
Co-Stimulatory Molecules Expression
Antigen presenting cells (APCs) such as dendritic cells play important roles in innate immune responses to transduce signals for subsequent humoral immunity (Liechtenstein et al., 2012). Costimulatory molecules, including CD80/86, CD40, and MHC class II molecules, are expressed on APCs and bind to their corresponding receptors on naïve or memory T cells, signalling T cell proliferation or maturation (Liechtenstein et al., 2012). While we revealed that the selected compounds had cytokine inducing effects and in vivo adjuvanticity when used with an antigen, the effect of these compounds on APC function was unknown. Hence, to examine whether these 18 compounds enhance maturation of immature dendritic cells, facilitating antigen-presenting cell function, mBMDCs were treated with 10 μM compound or Veh overnight and the expression of costimulatory molecules (CD40, CD80, CD83, CD86 and MHC class II) on CD11c+ cells was examined by flow cytometry (Figure 6, Supplementary Figure S4 and Supplementary Table S5). Of all these compounds, #645, #422, and #339 notably enhanced the expression of costimulatory molecules (Figure 6, cluster 1).
[image: Figure 6]FIGURE 6 | Heat map depicting a summary of biological activities of selected 18 hits. A heat map was generated for the selected 18 compounds based on all the biological data, including adjuvanticity (IgG1 and IgG2c), cell viability (MTT and PrestoBlue (PB)), primary HTS (CD63, NF-κB, and ISRE), cytokine IL-12 induction (5 and 10 µM compound concentration), and costimulatory molecules expression (CD40, CD80, CD83, CD86, and MHC class II). The absolute values from these assays were standardized and clustered for compounds presenting similar biological outcomes, as shown using a hierarchical plot on the left. This allowed us to identify 4 different clusters of compounds with similar activity profiles shown within a black box on the heat map.
Heat Map Presentation of Compound Activity Profiles
Starting the HTS with 27,895 compounds, we narrowed down to 18 selected hits. We queried if there was any coherence in biological activity that would have driven the selection. Thus, we clustered the compounds by their activity profiles’ including adjuvanticity (IgG1 ang IgG2c), cell viability (PrestoBlue and MTT assays), primary HTS (CD63, NF-κB, and ISRE), IL-12 induction (10 and 5 µM compound concentration), and co-stimulatory molecules expression (CD40, CD80, CD83, CD86, and MHC class II). All these data were normalized using negative and positive controls to remove batch effects and each variable was standardized before heat maps were generated (Figure 6). Based on hierarchical clustering (shown on the left in Figure 6), we were able to group compounds into four clusters. Cluster 1 consisted of 3 compounds #645, #422, and #339. This group of compounds showed similar effects on the induction of co-stimulatory molecules in mBMDCs. Next, cluster 2 (#298 and #455) and cluster 3 (#456 and #504) consisted of compounds with similarity in their cell viability profiles as well as in the primary screenings. The last cluster 4 (#336 and #311) also showed similar bioactivity in primary screenings as well as IL-12 induction.
EV Characterization and Spider Plots
To quantitate EV release from mBMDCs, we selected these clustered 8 compounds (compound #422 had very poor aqueous solubility and was not evaluated for EV particle count) and assessed EV particle numbers in the culture supernatants of mBMDCs cultured with 10 µM compound for 48 h using microfluidic resistive pulse sensing (MRPS) with a nCS1 Instrument (Spectradyne, Signal Hill, CA). The EVs in the culture supernatants were isolated following the multistep differential ultracentrifugation protocol as previously described (Shpigelman et al., 2021). Only compound #645 increased the number of EV particles released in the culture supernatant compared to Veh control (Figure 7A). Immunoblots of isolated EV pellets confirmed enrichment for the tetraspanins CD81 and Tsg101 (Supplementary Figures S5, S6). We also examined if the immunogenicity was from direct compound stimulation of cells or could be transferred by EVs from stimulated cells (Figure 7B). Two compounds were selected as relatively high and low inducers of EV release (#645 and #504, respectively). The EVs from #645-treated cells stimulated higher levels of IL-12 release than those from Veh-treated cells indicating that the EVs from the cells are capable of innate immune stimulation.
[image: Figure 7]FIGURE 7 | EV characterization and spider plots for selected hits depicting similar biological activities. (A) Number of particles per mL of starting culture medium volume assessed by MRPS using the nCS1 instruments with C-400 cartridges. mBMDCs were incubated with compound (10 µM), Veh, or bafilomycin A1 (Baf, positive control) for 48 h and EVs in the supernatant were isolated. The EVs were diluted 100-fold in 1% Tween 20-PBS and quantitated using the nCS1 system. All results were analyzed using the nCS1 Data Analyzer software. Bars indicate means ± SEM of 3-4 replicates of mBMDC batches. *p < 0.05, ***p < 0.0001, One-way ANOVA with Dunnett’s post hoc test. (B) Co-culture of mBMDCs with isolated EVs. mBMDCs were cultured with 10 μM #645, #504 or Veh for 48 h and EVs in the culture supernatant were isolated and resuspended in 50 μL PBS. Freshly prepared mBMDCs (105/100 μL) were mixed with 7 μL of the EVs and co-cultured for 18 h. IL-12 levels in the supernatant were evaluated by ELISA. Bars indicate means ± SD of duplicate wells. *p < 0.05, One-way ANOVA with Dunnett’s post hoc test vs. Veh. Spider plots show selected activity profiles’ overlay for compounds within the cluster. These activity profiles include 1. Adjuvanticity as a composite of IgG1 and IgG2c titers, 2. EVs particle concentration, 3. IL-12 induction, 4. Composite value for the expression of co-stimulatory molecules including CD40, CD80, CD83, CD86 and MHC class II, 5. NF-κB HTS data, 6. CD63 HTS data, and 7. Cell viability by MTT. The figures are shown as overlays of activity profiles of Veh with (C) Cluster 1 compounds #645 and #339; (D) Cluster 2 compounds #298 and #455; (E) Cluster 3 compounds #456 and #504; (F) Cluster 4 compounds #311 and #336. These clustered compounds show similar activity profiles’, thus validating the HTS.
To compare activity of the clustered compounds from the heat map above, their multiple bioactivities, including adjuvanticity and co-stimulatory molecules expression, were used to generate spider plot overlays along with the EV particle count data. For cluster 1, compounds #645 and #339 had equipotent activity in CD63 and NF-κB assays and co-stimulatory molecules expression, although they varied in IL-12 induction and cell viability, which translated as well to quantities of EVs (Figure 7C). Thus, #645 that belongs to a 3-pyridyl-oxadiazole scaffold was revealed as a promising lead chemotype (Supplementary Figure S6). For cluster 2, compounds #298 and #455, both had moderate effects on induction of cytokine IL-12 and expression of co-stimulatory molecules, but had similar CD63 and NF-κB activities in the primary HTS and both showed high values (indicating possible cell proliferation) in the MTT assays (Figure 7D). The EV particle counts inversely varied with MTT assay data suggesting distinct properties from cluster 1 compounds and pointed towards mechanisms that may involve increased formation of EVs due to decreased cell numbers (cells breaking down to release EVs). Cluster 3, consisting of compounds #456 and #504, had similar activity profiles as that of cluster 2 compounds in terms of higher MTT values inversely relating to EV particle count size but had much lower NF-κB inducing activity (Figure 7E). Cluster 4, consisting of compounds #311 and #336, showed very similar activity profiles, Through a rigorous tiered screening process, we discovered that these 2 compounds share structural similarity and belonged to the same 4-thieno-2-thiopyrimidine chemotype (Figure 7F and Supplementary Figure S7).
DISCUSSION
In immune responses, EVs have been reported to play immune-stimulatory and -suppressive roles. As a screening tool we utilized a human cell line from a lineage that has antigen presentation functions. Dendritic cells (DCs) are the most effective cell type for antigen presentation to immune cells and EVs released from DC can stimulate pro-inflammatory responses (Zitvogel et al., 1998; Escudier et al., 2005; Morse et al., 2005; Besse et al., 2016). Moreover, EVs are known to play a role in acquired immunity, as EVs released from macrophages and DCs display major histocompatibility (MHC) class Ι and ΙΙ molecules, co-stimulatory molecules (CD80 and CD86), and the adhesion protein ICAM-1 (CD54) on their surface (Admyre et al., 2006; Schorey et al., 2015; Wen et al., 2017; Lindenbergh and Stoorvogel, 2018). Antigen presentation to T cells can occur directly by MHC molecules loaded with the antigenic peptide on the surface of EVs or the EVs can be taken up by DCs or macrophages and the antigen processed to be presented by their MHC surface molecules. We developed a HTS to specifically identify chemicals that would increase biogenesis and release of EVs to enhance antigen specific immune responses in an adjuvant role. We identified #645 exhibiting not only intrinsic immunostimulatory activity but also induce release of immunostimulatory EVs (Figures 7A,B). As #645 enhanced the expression of MHC class II and costimulatory molecules on mBMDCs (Figure 6), the EVs isolated from #645-treated mBMDCs may also have these surface proteins, contributing to antigen presentation and augmenting T cell responses. Furthermore, the in vitro co-culture study with EVs and mBMDCs showed that the EV released from #645-treated mBMDCs induced IL-12 release (Figure 7F), suggesting that these EVs may also induce innate immune responses from other surface interactions like PRRs.
The use of EVs as a vaccine platform is under intensive investigation. EVs can be harvested from the supernatants of cells engineered to produce antigens and/or have specific cargos like mRNA (Kanuma et al., 2017; Anticoli et al., 2018; Jafari et al., 2020). In the first case the released EVs can preserve the native conformation of the antigenic proteins for delivery to the lymphoid system. In the second system the vaccine recipient would express the proteins at the site of delivery. The distribution of EVs administered in vivo is dependent on the cell source of the EVs and the route of administration (Wiklander et al., 2015). EVs administered intravenously in mice are rapidly cleared from the circulation, with a half-life of 2–4 min with complete clearance after 4 h (Takahashi et al., 2013). These EVs preferentially accumulate in the liver and spleen and are largely taken up by macrophages, which participate in the clearance of EVs (Imai et al., 2015). After half an hour EVs start to be eliminated by hepatic and renal clearance mechanisms which is completed within roughly 6 h (Takahashi et al., 2013; Lai et al., 2014). EVs that are administered subcutaneously have less hepatic uptake and a slower clearance. The long term aim of our strategy is to use a chemically controlled release of EVs at the site of antigen administration, that would enable the recipients’ cells to produce EVs continuously over time. This release is likely to be slower than a bolus of EV administration, but the continuous production would potentially overcome the limitation of rapid clearance.
Our CD63 HTS demonstrated that there are many different chemical scaffolds that induce the release of EVs, further reinforcing that the release of EVs is an important intercellular communication mechanism potentially inducing the stimulation of multiple intracellular pathways. To reduce our pool of hit candidates, we performed parallel screens on two other reporter lines, NF-κB and ISRE-bla reporter cells utilizing the same parent THP-1 cells. Compounds from each of the intersecting groups were able to stimulate an in vivo immune response to a test antigen above that of the antigen without any adjuvant. This indicates that the use of a triple screen still allowed for a broad ability to capture multiple potential leads without skewing to a single mechanism of action. Choosing Maybridge compound library for HTS enabled us to identify relatively unexplored compounds and thus we could not find any literature precedence for immunomodulatory activities by these identified hits or substructure compounds of these chemotypes using Scifinder and PubChem databases. However, our tiered screening process selected two compounds that belong to 4-thieno-2-thiopyrimidine scaffold having identical screening profiles for cytokine stimulation and cell surface marker induction thus supporting an internal reproducibility and validating our overall screening.
Although we utilized three parallel screens to identify compounds, the initial in vivo testing indicated that compounds with all three activities were effective adjuvants. Among the three HTS, the compounds that had the ability to stimulate EV release and NF-κB activity with or without ISRE activity were found to be the most potent adjuvants. The compounds that were the most effective that had ISRE activity also had NF-κB activity and high EV release (triple hits). In contrast, others have identified molecules that stimulate type I interferon release and ISRE activity that resulted in potent activity as adjuvants (Martínez-Gil et al., 2013). Our findings may be relative only to the compounds that were included in the library and may not be generalizable to other systems. In addition, we carefully screened compounds for in vitro toxicity with both PrestoBlue and MTT assays. Thus, it is not likely that NF-κB and CD63 inducing activity was due to toxicity. Although this study did not formally evaluate the safety profiles of the active compounds in vivo, externally isolated and administered EVs have been reported as having an acceptable safety profile including after multiple rounds of administration. (Maji et al., 2017; Zhu et al., 2017; Mendt et al., 2018; Saleh et al., 2019).
Here we have described the identification of novel chemical scaffolds that are effective in vivo adjuvants. Screening for the release of EVs in addition to the activation of known immunologic signaling pathways added a new additional dimension that identified robust scaffolds for further SAR studies of vaccine adjuvant activity. Chemical induction of EV release may prolong the delivery of antigen to the lymphoid system. Further studies on the induction of long-term immune memory are warranted.
MATERIALS AND METHODS
Cell Lines
CellSensor® NFκB-bla human monocytic leukemic THP-1 cell line was purchased from Thermo Fisher Scientific (Waltham, MA). The ISRE-bla THP-1 cell line was developed as described earlier (Shukla et al., 2018). These cell lines contain NF-κB and ISRE reporter constructs that uses a β-lactamase reporter gene which on activation results in beta-lactamase production and shifts the fluorescence emission of the beta-lactamase substrate [LiveBLAzerTM-FRET B/G (CCF4-AM), Thermo Fisher Scientific] to favor coumarin (460 nm emission) over fluorescein (530 nm emission).
CD63-Tluc-CD9EmGFP THP-1 reporter cells were prepared by Thermo Fisher Scientific as described previously (Shpigelman et al., 2021). Briefly, a construct with dual reporters consisting of two tetraspanins, CD63 and CD9 reporter constructs; CD63-Tluc and CD9-EmGFP, was transduced into THP-1 cells. The Tluc activities of EVs shed from CD63-Tluc-CD9EmGFP reporter cells in the culture supernatant were quantitatively measured for EV release.
All THP-1 reporter cells were maintained in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffered RPMI 1640 medium (#72400, Thermo Fisher Scientific) supplemented with 10% dialyzed FBS (dFBS, #26400044, Thermo Fisher Scientific), 100 U/ml penicillin, 100 μg/ml streptomycin, 1 mM sodium pyruvate, 1 × MEM non-essential amino acids (NEAA), and 5 μg/ml blasticidin at 37°C in 5% CO2. All the HTS assay validations were carried out in assay medium OptiMEM® I Reduced Serum Medium (#31985-070, Thermo Fisher Scientific) in 384-well plates (#3712, Corning).
Reagents
The Maybridge library series, including the Maybridge HitFinder library (14,303 compounds) and the Maybridge HitCreator library (13,592 compounds) were purchased from Thermo Fisher Scientific (Leeds, United Kingdom) (Supplementary Table S1).
LPS used as a positive control for the NF-κB HTS was obtained from Sigma-Aldrich (St. Louis, MO). MPLA was purchased from Invivogen (San Diego, CA). Human IFN-α (#11101–1, PBL Assay Science) was used as a positive control for ISRE-bla HTS. Phorbol 12-myristate 13-acetate (PMA, BP685-1, Thermo Fisher Scientific) was used as a positive control for HTS using CD63-Tluc-CD9EmGFP reporter cells. MTT was purchased from Thermo Fisher Scientific. Ovalbumin (OVA) was obtained from Worthington Biochemical Co. (Lakewood, NJ). PBS (#14190, Thermo Fisher Scientific) filtered through a 0.02 μm inorganic membrane filter (#6809-2002, Millipore, Burlington, MA) was used to wash and dilute EVs.
High Throughput Screens and Statistical Analysis
The robotic HTS using the three reporter cells were performed using 384-well plates by the SelectScreen™ service, Thermo Fisher Scientific (Madison, WI) (Pu et al., 2012; Chan et al., 2017b; Shukla et al., 2018). For HTS using NF-κB-bla and ISRE-bla THP-1 cells, LPS (100 ng/ml) and human IFN-α (50 nM) were used as the positive controls, respectively, while 0.5% DMSO was used as vehicle (Veh). The cells were incubated with compounds (10 µM) for 5 h, and LiveBLAzer™ FRET B/G substrate (CCF4-AM) mixture was added. Fluorescence was measured at an excitation wavelength of 405 nm, and emission wavelengths of 465 and 535 nm. The background values were subtracted from the raw values (cell-free wells at the same fluorescence wavelength). Emission ratios were calculated by dividing background-subtracted values from emission wavelength of 465 nm by those from emission wavelength of 535 nm. The response ratio (RR) was calculated as follows (emission ratio of a test well)/(average emission ratio of wells with Veh). Further, for comparison of activity, “%activation” for each compound was computed within the plate as 100 × (compound RR—average Veh RR)/(average LPS RR—average Veh RR).
In the HTS using CD63-Tluc-CD9EmGFP reporter cells (CD63 HTS), PMA (10 ng/ml) was used as a positive control (Shpigelman et al., 2021) and 0.5% DMSO was used as negative control (vehicle, Veh). Briefly, the harvested cells were resuspended in assay media containing 10% exosome-depleted FBS (#A2720801, Thermo Fisher Scientific) and plated at 2 × 105 cells/mL (50 µL/well of 384-well plates) (#3674, Corning). Test compounds were added at a final concentration of 10 µM to cells and incubated for 48 h at 37°C. Subsequently, the plate was centrifuged, supernatant (25 µL) was transferred, and chemiluminescent was measured as recombinant luciferase activity (RLU) after 10 min incubation with TurboLuc assay reagent (TurboLuc™ One-Step Glow Assay kit, Thermo Fisher Scientific). The response that measures activation and subsequent release of EVs was calculated using the following formula; %response = 100 × (compound RLU—average Veh RLU)/(average PMA RLU—average Veh RLU). The viability of cells was assessed using PrestoBlue reagent (Thermo Fisher Scientific). Briefly, PrestoBlue reagent (2.5 µl) was added to the remaining cells and incubated for 30 min at room temperature, followed by fluorescence readout at (Ex 560 nm/Em 590 nm) which was normalized to fluorescence data of the Veh wells within the plate to obtain “%viability” calculated as 100 × (compound fluorescence/average Veh fluorescence).
Data and Statistical Analysis for Selection of Hits
In each of the 3 screens, compounds were assayed twice in two replicate HTS experiments (experiments 1 and 2 performed on different days). The HTS readout was evaluated as %activation as mentioned above). For the NF-κB and ISRE HTS, hit compounds were identified using two statistical methods 1) “Top X” threshold approach and 2) “Gaussian mixture model (GMM)” approach. A compound identified by either of these methods was considered a hit. However, for the CD63 HTS, only the Top X method was used to identify hits.
Top X method: In the Top X method, all compounds with %activation values above a given threshold were selected. The threshold was computed for each plate, using the Veh wells (cells treated with 0.5% DMSO), as the mean + 3SD of %activation from these wells. Any selected compound was considered to be a false-positive if both coumarin and fluorescein values were extreme outliers according to the manufacturer’s instruction (Thermo Fisher Scientific). When a test compound was selected as a hit in both of the 2 independent HTS experiments, we reported it as a Top X hit (Figures 2A,D). For the CD63 HTS, we used the mean %response of the Veh wells as the per-plate threshold value.
GMM method: Since all compounds were assayed twice in two independent experiments, we could identify hits using a GMM. In this approach %activation data from the two independent experiments were used to construct bivariate GMM (Hastie and Tibshirani, 1996) implemented in the R-mclust package (Scrucca et al., 2016). These models were used to cluster compounds into hit or non-hit categories Briefly, the arbitrary number of 20 units was added to all %activation values to ensure all values were greater than 0 and the data were log10 transformed. The two independent experiments were visualized using MA (log ratio vs. average) plots, in which the X-axis was the average of log10 (%activation +20) for two replicate values for each test compound and the Y-axis was the difference in these values. A GMM was then fit to the plotted data, where the Bayesian Information Criterion (BIC) was used to determine the optimal number, shape and orientation of the gaussian clusters. Since this method was heavily influenced by a large number of the compounds with low %activation values, a two-step approach was employed: at the initial step, a null cluster was identified in which the majority of compounds had %activation levels similar to those from Veh-treated wells (Figures 2B,E). This null cluster was removed, as were all compounds with average activity values lower than the maximum value of this null cluster (red dotted line, Figures 2B,E). At the second step, a second GMM was fitted, using the remaining data. Apparent false-positive clusters were identified and used to construct linear boundaries, and finally compounds from the remaining clusters within these boundaries were considered GMM hits (Figures 2C,F). The GMM method ensured both a larger number of hits and also higher confirmation rate when data from an initial independent pilot screen was used to estimate the hit confirmation rate.
R statistical software (R version 3.6.1, www.r-project.org) was used for selection of hits. For the data other than HTS, Prism 6 (GraphPad Software, San Diego, CA) statistical software was used to obtain p-values for comparison between groups (p < 0.05 was considered significant) and for Spearman’s rank correlation to test for a non-zero correlation between antigen-specific antibodies and HTS data.
Animals
Wild type C57BL/6 mice were purchased from the Jackson Laboratories. All animal experiments received prior approval by the Institutional Animal Care and Use Committee (IACUC) for UC San Diego.
Generation of mBMDCs
mBMDCs were prepared from bone marrow cells harvested from femurs of C57BL/6 mice as previously described (Lutz et al., 1999; Datta et al., 2003). Briefly, murine bone marrow cells were harvested from C57BL/6 mice. The cells were cultured with murine granulocyte-macrophage colony-stimulating factor (GM-CSF, 20 ng/ml) for 7–8 days. Non-adherent cells were harvested and used for experiments.
Cell Viability Assay
mBMDCs (105 cells/200 µL/well) were treated with 10 and 5 µM of a test compound in 96-well plates overnight. After 18 h of drug treatment, MTT (0.5 mg/ml) was added to each well. The cells were lysed after 6–8 h incubation, and absorbance values at 570 and 650 nm were measured. PrestoBlue reagent (#A13261, Thermo Fisher Scientific) was used for cell viability assay in CD63 HTS as described earlier.
Assessment of Cytokine Levels Using Primary Cells
mBMDCs (105 cells/200 µL/well) were plated in wells of 96-well plates and treated with test compound (5 µM or 10 µM) or vehicle (0.5% DMSO) overnight. IL-12 levels in the culture supernatants were assessed by ELISA as previously described (Sato-Kaneko et al., 2021). Antibodies used in ELISA are shown in Supplementary Table S5.
In vivo Assessment of Adjuvanticity of Compounds
C57BL/6 mice were intramuscularly injected with OVA (20 µg/mouse) mixed with a test compound (200 nnmol/mouse) or MPLA (1 µg/mouse) or Veh (10% DMSO) in 50 µL total volume on days 0 and 21 and bled on day 28. OVA-specific IgG1 and IgG2c levels in sera were evaluated by ELISA as described previously (Chan et al., 2009).
Flow Cytometric Analysis for Costimulatory Molecules
mBMDCs (105 cells/200 µL/well) were treated with a test compound (10 µM) or Veh (0.5% DMSO) overnight and then the costimulatory molecule expression on mBMDCs was evaluated using flow cytometry. The cells were stained with antibodies for CD11c, CD80, CD83, CD86, CD40, and MHC class II (antibodies used are listed in Supplementary Table S5). Dead cells (DAPI high) were excluded from the analysis. Percent positive population of CD80, CD83, CD86, CD40, or MHC class II in the gated CD11c population were analyzed (Supplementary Figure S4).
Heat Maps
Variables used to make a heat map were normalized and scaled by subtracting the mean and dividing by the standard deviation. Hierarchical clustering was performed, where the distance measure was the Spearman rank correlation. The R-gplots package was used to make heat maps.
EV Isolation by Differential Ultracentrifugation
EVs were isolated following the protocol described in the previous study with minor modifications (Shpigelman et al., 2021). Conditioned culture media (40 ml) was spun at 300 g for 10 min to remove debris. Supernatants were subsequently spun at 2,000 g for another 10 min followed by the 10,000 g step for 30 min. Next, 30 ml of supernatants were transferred to 31.5 ml open-top polypropylene UC tubes (358,126, Beckman Coulter Life Sciences, CA) and spun at 100,000 gavg for 3 h in an SW28 rotor (K-Factor: 2,554) by Beckman Optima XL-90 Ultracentrifuge (Beckman Coulter Life Sciences). The supernatants were then gently aspirated (leaving ∼50 µL), and pellets resuspended in 30 ml cold filtered PBS. Re-suspended pellets were then spun under the same conditions as the prior spin, followed by another round of gentle aspiration and resuspension to a final volume of 50 µL in cold filtered PBS. All centrifugation steps were performed at 4°C, and resultant samples were stored at −80°C until use. All relevant data of our experiments have been submitted to the EV-TRACK knowledgebase (EV-TRACK ID: EV220165, https://evtrack.org/index.php) (Van Deun et al., 2017).
Evaluation of EV Concentrations Released by mBMDCs
mBMDCs (7.5 × 105/ml, total 40 ml) were incubated with 10 µM test compound or vehicle (0.01% DMSO) in RPMI 1640 (#11875, Thermo Fisher Scientific) supplemented with exosome depleted FBS (#A27208, Thermo Fisher Scientific) in a T182 flask (#25–211, Genesee Scientific, San Diego, CA) for 46–48 h and EVs were isolated from culture supernatant by differential centrifugation as described above. EV particle concentrations and particle size/distribution were determined by MRPS technology with nCS1 particle analyzer utilizing C-400 cartridges (Spectradyne, Signal Hill, CA). EV samples were diluted 100-fold in 1% Tween 20-PBS and run on the nCD1 instrument. All results were analyzed using the nCS1 Data Analyzer (Spectradyne). To exclude false particle events, we applied the following peak filters: Transit time (µs) from 0 to 80, symmetry from 0.2 to 4.0, diameter (nm) from 75 to 400, signal to noise ratio (S/N) at least 10.
Spider Plots
In a spider plot, each axis represents one of the variables to be displayed. To reduce the number of axes and make for a more interpretable visualization, selected assay readouts within the same category were combined by averaging the scaled individual variables. The final derived variables each underwent min-max normalization, i. e, x_new=(x-min)/(max-min), where min and max are minimum and maximum values of variable x, with the min (max) taken over the set of candidate compounds. The innermost net of a spider plot marks the minimum value over all the compounds, whereas the outer most net marks the maximum. R-fmsb package was used to make spider plots.
Immunoblotting
mBMDCs were lysed with radioimmune precipitation assay buffer (RIPA) supplemented with protease inhibitor cocktail (Roche, Manheim, Germany) and a phosphatase inhibitor (Millipore). The total protein in the samples was quantitated by Pierce micro BCA Protein Assay Kit. Two µg of cell lysate or EVs were mixed with 4×NuPAGE sample buffer (Thermo Fisher Scientific) under reducing condition with dithiothreitol (DTT, Sigma) for Tsg101 or nonreducing condition (without DTT) for CD81. When DTT, a reducing agent, was used, samples were also denatured at 95°C for 5 min prior to loading. After fractionation on NuPAGE 4–12% Bis-Tris Gels (Thermo Fisher Scientific), samples were blotted onto Immobilon-P PVDF membranes (#IPVH00010, Sigma) and blocked for 1 h in 5% BSA-TBS-T at RT. The blots were then incubated with primary antibodies (Ab): anti-CD81 Ab (1:1,000 dilution), anti-Tsg101 Ab (1:500 dilution) overnight at 4°C with gentle agitation. After washing, the membranes were incubated with corresponding secondary antibody for 30 min at RT with gentle agitation. Blots were developed with ProSignal Dura ECL Reagent (Prometheus Protein Biology Products, Genesee Scientific, San Diego, CA) and visualized using a ChemiDoc Imaging System (Bio-Rad Laboratories, Hercules, CA). AccuRuler Prestained Protein Ladder (Lamda Biotech, St. Louis, MO) was used for the molecular weight markers. Details for antibodies and reagents are shown in Supplementary Table S5.
Co-Culture Study With mBMDCs and Isolated EVs
mBMDCs (7.5×105/ml, total 40 ml in T182 flask) were treated with 10 μM #645, #504 or Veh (0.01% DMSO) in RPMI 1640 (Thermo Fisher Scientific) supplemented with exosome depleted FBS (10%, Thermo Fisher Scientific) for 46–48 h. The EVs were isolated from the conditioned media and resuspended in 50 μL filtered PBS at the final step as described above. Freshly prepared mBMDCs (105 cells/100 μL) were mixed with 7 μL of the EVs in a well of 96-well plate and incubated for 18 h. IL-12 levels in the culture supernatants were assessed by ELISA.
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Multiple biological factors, including age, sex, and genetics, influence Alzheimer’s disease (AD) risk. Of the 6.2 million Americans living with Alzheimer’s dementia in 2021, 3.8 million are women and 2.4 million are men. The strongest genetic risk factor for sporadic AD is apolipoprotein E-e4 (APOE-e4). Female APOE-e4 carriers develop AD more frequently than age-matched males and have more brain atrophy and memory loss. Consequently, biomarkers that are sensitive to biological risk factors may improve AD diagnostics and may provide insight into underlying mechanistic changes that could drive disease progression. Here, we have assessed the effects of sex and APOE-e4 on the miRNA cargo of cerebrospinal fluid (CSF) extracellular vesicles (EVs) in AD. We used ultrafiltration (UF) combined with size exclusion chromatography (SEC) to enrich CSF EVs (e.g., Flotillin+). CSF EVs were isolated from female and male AD or controls (CTLs) that were either APOE-e3,4 or -e3,3 positive (n = 7/group, 56 total). MiRNA expression levels were quantified using a custom TaqMan™ array that assayed 190 miRNAs previously found in CSF, including 25 miRNAs that we previously validated as candidate AD biomarkers. We identified changes in the EV miRNA cargo that were affected by both AD and sex. In total, four miRNAs (miR-16-5p, -331-3p, -409-3p, and -454-3p) were significantly increased in AD vs. CTL, independent of sex and APOE-e4 status. Pathway analysis of the predicted gene targets of these four miRNAs with identified pathways was highly relevant to neurodegeneration (e.g., senescence and autophagy). There were also three miRNAs (miR-146b-5p, -150-5p, and -342-3p) that were significantly increased in females vs. males, independent of disease state and APOE-e4 status. We then performed a statistical analysis to assess the effect of APOE genotype in AD within each sex and found that APOE-e4 status affects different subsets of CSF EV miRNAs in females vs. males. Together, this study demonstrates the complexity of the biological factors associated with AD risk and the impact on EV miRNAs, which may contribute to AD pathophysiology.
Keywords: Alzheimer’s disease, cerebrospinal fluid (CSF), extracellular vesicle (EV), microRNA, apolipoprotein E allele (APOE), sex difference
INTRODUCTION
Alzheimer’s disease (AD) is the most common form of dementia, the sixth leading cause of death in the United States, and the fifth leading cause of death for those age 65 and older (Alzheimer’s Association, 2021). In 2021, an estimated 6.2 million Americans age 65 and older are living with Alzheimer’s dementia, a number that is projected to reach 13.8 million by 2060 (Alzheimer’s Association, 2021). The costs of health- and long-term care for individuals with Alzheimer’s dementias are substantial: total payments in 2021 for all individuals with Alzheimer’s or other dementias are estimated at $355 billion, not including value for informal caregiving, and these costs will increase by $1 billion each year (Alzheimer’s Association, 2021). As AD is a global disease, these projections make dementia one of the costliest conditions to society (Alzheimer’s Association, 2021).
There are multiple biological factors, including age, sex, and genetics, that influence AD risk (Alzheimer’s Association, 2021). Of the 6.2 million Americans living with Alzheimer’s dementia, 3.8 million are women and 2.4 million are men (Rajan et al., 2021). Thus, more women than men have Alzheimer’s or other dementias, and almost two-thirds of Americans with AD are women (Rajan et al., 2021). The most important genetic risk factor for sporadic AD is apolipoprotein E (APOE), a major lipoprotein in the central nervous system (CNS) that is associated with triglyceride-rich lipoproteins and mediates the clearance of these lipoproteins from the plasma (Corder et al., 1993; Levy and Levy, 2021). Of the three major APOE gene alleles (e2, e3, and e4), the APOE-e4 allele is the strongest risk factor for AD. Importantly, while the APOE-e2 allele is relatively rare and may provide some protection against AD (Reiman et al., 2020), people who inherit one copy of the APOE-e4 allele have an increased chance of developing the disease; those who inherit two copies of the allele are at even greater risk (Sando et al., 2008; Reiman et al., 2020). In addition, female APOE-e4 carriers are more likely to progress from mild cognitive impairment (MCI) to AD, have more brain atrophy and memory loss, and develop AD more frequently than age-matched males (Fleisher et al., 2008; Altmann et al., 2014; Sampedro et al., 2015). Consequently, biomarkers that are sensitive to biological risk factors may improve diagnostics and provide insight to underlying mechanistic changes that could drive AD progression.
In our prior studies, we focused on the utility of extracellular miRNAs as biomarkers for AD in total CSF that was not fractionated to separate and enrich for EVs. We initially discovered a set of 36 miRNAs in CSF from living donors that could classify AD patients from healthy controls (CTLs) (Lusardi et al., 2017). Our validation study in CSF from a new and independent cohort of AD patients and CTLs showed that 25 of the 36 biomarker candidates serve as classifiers for AD (Wiedrick et al., 2019). We then assessed whether any of the validated CSF miRNAs are sensitive to early-stage pathology as exemplified by MCI diagnosis. We observed that five miRNAs showed a linear trend of decreasing median expression across the ordered diagnoses (CTL to MCI to AD) (Sandau et al., 2020b). Importantly, three of these five trending miRNAs (miR-142-3p, -146a-5p, and -146b-5p) have been identified as candidate biomarkers for MCI and/or AD in total CSF in other studies (Cogswell et al., 2008; Alexandrov et al., 2012; Kiko et al., 2014; Denk et al., 2015; Nagaraj et al., 2017; Park et al., 2019).
Extracellular miRNAs in CSF have multiple carrier types, including extracellular vesicles (EVs), RNA-binding proteins, and high-density lipoproteins (Vickers and Remaley, 2012; Mori et al., 2019). EVs are membrane-bound spheres that carry complex cargos, including lipids, proteins, and nucleic acids (Colombo et al., 2013). The release of EVs is a universally conserved cellular process that occurs in all eukaryotes and prokaryotes and in every biofluid examined. EVs released from CNS cells contribute to cell-to-cell communication throughout the CNS and the periphery (Chivet et al., 2012; Dickens et al., 2017; Zhang and Yang, 2018) in normal and pathological processes (Yuyama and Igarashi, 2016; Neven et al., 2017). Thus, there is interest in exploring the molecular cargo of EVs in biofluids as biomarkers for AD that may 1) aid in tracking disease progression including diagnosis during the prodromal stage, 2) differentiate AD patients from other neurodegenerative disorders that also secrete EVs, and 3) identify new therapeutic targets (Rastogi et al., 2021).
Cells produce three main types of EVs classified by their size and mode of release from cells (Raposo and Stoorvogel, 2013; Kim et al., 2017). Apoptotic bodies are ∼500–2000 nm in diameter and are released via blebbing of the plasma membrane, while microvesicles (MVs) are ∼150–1,000 nm and are released via budding of the plasma membrane. In contrast, exosomes measure ∼40–150 nm and arise from the endosomal pathway, which forms intracellular multivesicular bodies (MVB) that are secreted as vesicles into the extracellular space. Two additional nanoparticle types, exomeres and supermeres, have also been recently identified in cultured cells (Zhang et al., 2018; Zhang et al., 2021). Importantly, to date all of the EV subtypes and small nanoparticles have distinct RNA profiles (Crescitelli et al., 2013; Mori et al., 2019; Zhang et al., 2021). Furthermore, EVs have protein cargo and surface marker profiles that are indicative of their respective biogenesis routes and cellular origin (e.g., neuron vs. astrocyte). Importantly, in AD, disruptions in the endolysosomal pathway affect exosome biogenesis, including the RNA and protein cargo, which can consequently be exploited as biomarkers (Mathews and Levy, 2019). While only four studies have profiled CSF EV miRNAs by either RNA sequencing or comprehensive qPCR arrays (Gui et al., 2015; Riancho et al., 2017; McKeever et al., 2018; Jain et al., 2019), the expression levels for two (miR-16-5p and -125b-5p) of our 25 validated biomarkers were altered in CSF EVs of AD participants, relative to CTLs (Gui et al., 2015; McKeever et al., 2018; Wiedrick et al., 2019). There is also evidence that APOE-e4 mediates disruptions in endolysosomal pathways and reduces brain exosome levels in aged, non-AD human brain (Peng et al., 2019). However, broad profiles of the types of EV and their cargos are yet to be defined in cerebrospinal fluid (CSF) from AD participants while also taking into account the APOE-e4 status and sex.
Here, we sought to establish the effect of AD on the miRNA cargo of CSF EVs and determine whether AD risk factors (sex and APOE genotype) also impact EV miRNA expression. We first established a protocol using living donor’s CSF and a combined approach of ultrafiltration (UF) plus size exclusion chromatography (SEC) to enrich EVs positive for canonical markers, such as Flotillin, TSG101, and CD81, while also depleting a majority of proteins and lipoproteins not associated with EVs. We then used UF plus SEC to isolate EVs from females and males that were either AD or CTLs and were either APOE-e3,4 or APOE-e3,3 positive. We quantified miRNA expression levels in the isolated EVs using a custom TaqMan™ qPCR array with probes for 190 miRNAs previously found in CSF, including the 25 miRNAs we validated as candidate biomarkers for AD (Wang et al., 2017; Wiedrick et al., 2019). We identified EV miRNAs whose expression levels were affected by both AD and sex of the participants. Furthermore, we found that APOE-e4 status affects different subsets of CSF EV miRNAs in females vs. males. Thus, the miRNA cargo of CSF EVs is informative for neurological disorders and sensitive to both sex and genotype. Together, these studies demonstrate the complexity of the biological factors associated with AD risk, and their impact the EV cargo, which may play a mechanistic role in AD pathophysiology.
MATERIALS AND METHODS
Study Participants
For experiments that characterized CSF EVs by immunoblot, tunable resistive pulse sensing (TRPS), transmission electron microscopy (TEM), and single vesicle flow cytometry (vFC) (Figure 1), we pooled human CSF from neurologically normal male and female participants obtained from the Oregon Health & Science University (OHSU) Oregon Alzheimer’s Disease Research Center (OADC), core program of the OHSU Layton Aging & Alzheimer’s Disease Center or purchased from BioChemed (Winchester, VA). For CSF EV miRNA quantification by qPCR, we used individual human CSF samples from 28 CTL and 28 AD participants (Figure 1; Table 1) obtained from the OADC or from the University of California San Diego Shiley-Marcos Alzheimer’s Disease Research Center (UCSD ADRC). All procedures were approved by the Institutional Review Boards of OHSU (IRB 6845) and UCSD (IRB 80012). All participants at both the institutions provided written informed consent and underwent detailed evaluations consisting of medical history, physical and neurological examinations, laboratory tests, and neuropsychological assessments, including cognitive tests and interview with a collateral historian. CTL participants were volunteers in good health with no symptoms of cognitive impairment or neurological disease and had normal performance on a detailed battery of neuropsychological tests. Sex, age, MMSE, and APOE genotype (e3,3 or e3,4) status for all 56 participants in this study are shown in Table 1.
[image: Figure 1]FIGURE 1 | Human CSF EV study workflow. Human CSF was assessed using five independent methods: immunoblot (IB), tunable resistive pulse sensing (TRPS), transmission electron microscopy (TEM), qPCR for miRNA analysis, and vesicle flow cytometry (vFC). The CSF volume input and subsequent processing step(s) prior to assaying are shown for each technique. CSF for IB, TRPS, and TEM was processed by ultrafiltration (UF1), followed by size exclusion chromatography (SEC) to collect an 800 µL pool of fractions (Fxs) 6–9, and post-SEC UF (UF2) to concentrate the pool. CSF for miRNA qPCR was processed by UF1 and then SEC, and RNA was isolated from an 800 µL pool of Fxs 6–9. CSF for vFC was processed by UF-only to concentrate the biofluid prior to being assayed.
TABLE 1 | CSF participant characteristics. The table includes sex, age, and MMSE measures of the 56 participants in this study. The ratios of APOE genotype (-e3,3 or e-3,4) and sex was matched across all groups.
[image: Table 1]CSF Collection
The OADC and USCD ADRC both used a standardized CSF collection protocol corresponding to that of other AD centers engaged in biomarker research (Shi et al., 2011). Lumbar punctures were done in the morning under fasting conditions in the lateral decubitus position with a 24-gauge Sprotte spinal needle. The OADC sends the first 3–5 ml of CSF collected to the clinical lab for cell counts and determination of glucose and total protein levels, and the UCSD ARDC sends the first 2 ml of CSF collected to the clinical lab for testing. At both sites, serial syringes with 5 ml of CSF were collected, mixed, and transferred to polypropylene tubes in 0.5-ml aliquots, and the tubes were numbered to account for any gradient effect in subsequent experiments. The tubes were labeled with a subject number, but no other identifying information was mentioned. The CSF aliquots were flash frozen on dry ice and stored at −80°C. All CSF samples were only thawed once on ice prior to use.
APOE-e4 Genotyping
APOE-e4 genotypes at OHSU were determined by sequencing the amplicon of APOE exon 4 (e4 allele). Genomic DNA was isolated from blood and amplified by Touchdown PCR with 250 µM dNTPs, 1 unit Taq DNA polymerase, buffer, 1X Q-solution (Qiagen, Valencia, CA), and 0.5 µM forward (5′-GGC​GCT​GAT​GGA​CGA​GAC​C-3′) and reverse (5′-CCT​GGG​CCC​GCT​CCT​GTA​G-3′) primers to amplify the APOE exon 4. A product size of 443 nucleotides identified on a 1% agarose 1X TBE gel was excised, cleaned with ExoSAP-IT reagent (Affymetrix), and sequenced on a model 377 automated fluorescence sequencer (Applied Biosystems). Chromatogram traces were examined, and nucleotide sequences were determined using FinchTV (Geospiza, Inc.). APOE-e4 genotypes at UCSD were determined by PCR amplification and restriction fragment length polymorphism (RFLP) (Hixson and Vernier, 1990), as previously described (Wierenga et al., 2012). Venous blood was drawn from participants and genomic DNA was extracted using the QIAamp DNA Blood Mini Kit (Qiagen) followed by PCR amplification. The APOE-e4 gene sequences were amplified using forward (5′-ACG​CGG​GCA​CGG​CTG​TCC​AAG​GA-3′) and reverse (5′-GCG​GGC​CCC​GGC​CTG​GTA​CAC-3′) primers. The amplification products were digested with HhaI (restriction enzyme site GCG^C) and then subjected to electrophoresis on polyacrylamide gels; the gels were stained with ethidium bromide, and the digested fragments were visualized by ultraviolet illumination. A unique combination of HhaI fragment sizes enabled typing of all homozygotic and heterozygotic combinations: HhaI cleaves at GCGC encoding 112arg (e4) and 158arg (e3, e4) but does not cut at GTGC-encoding 112cys (e2, e3) and 158cys (e2).
Single vFC of CSF
For single vFC studies, we examined total CSF that was not concentrated as well as 1.0 ml of CSF that was concentrated by UF using Microcon®-100 kDa Centrifugal Filters (MPE100025, Millipore Sigma, Burlington, MA) to a final volume of 40 μL (25x). We analyzed the CSF by single vFC using fluorescence to estimate vesicle size, concentration, and surface cargo with a commercial flow cytometer (Beckman Coulter CytoFlex S, Brea, CA) and an assay kit (vFC™ EV Analysis kit, Cellarcus Biosciences, San Diego, CA). In brief, 5 µL each of the unconcentrated and 25x concentrated CSF were stained according to the manufactures recommendations with a membrane stain (vFRed) and pool of fluorescence-labeled antibodies against tetraspanins (TS PE mix: CD9, CD63, and CD81) for 1 h at room temperature. The stained samples were diluted 1:1,000 prior to reading on the flow cytometer and detected using fluorescence triggering (excitation: 488 nm; emission: 690/50 nm). To demonstrate the vesicular nature of the vFRed and/or TS-positive (TS+) events, an aliquot of the stained, concentrated 25x CSF was detergent treated (0.05% Triton X-100) for 1 min prior to being assayed. Data analysis was performed using FCS Express (Version 7, De Novo Software, Pasadena, CA). Events were gated with respect to time (to eliminate spurious background that occurs at the start of each sample), vFRed pulse shape (to eliminate short pulse width background events), and violet side scatter (VSSC) vs. vFRed fluorescence (to include events with characteristic membrane fluorescence and light scatter) (Supplementary Figure S4). NanoRainbow beads (Cellarcus Biosciences) were used to characterize critical performance metrics that enable the evaluation of laser alignment and fluorescence resolution (Supplementary Figure S1). Membrane fluorescence was calibrated in terms of vesicle size (surface area) using a synthetic vesicle size standard (Lipo100 beads, Cellarcus Biosciences), and diameter was calculated assuming a spherical shape, resulting in an acceptable size distribution, in accordance to Cellarcus Biosciences (Supplementary Figure S3A). Standardized preparations of platelet EVs were used as reference samples for surface marker immunofluorescence (Supplementary Figure S3B). Particle concentrations were determined by subtracting the background values of buffer control containing vFRed and TS PE Mix (without CSF) from the experimental sample values.
CSF EV Isolation by UF and SEC
EVs were isolated from CSF by a combined approach of UF and SEC for downstream use in immunoblots, TRPS, TEM, and miRNA qPCR arrays according to Figure 1. Depending on the downstream application, aliquots of 0.5, 2.0, or 5.0 ml of CSF were thawed on ice, pooled, and then concentrated by UF using a 0.5-ml Microcon®-30 kDa Centrifugal Filters (MRCF0R030, Millipore Sigma) and centrifugation at 14,000 x g for 15 min at 4°C. Concentrated samples were recovered by inverting the centrifugal filter into a clean collection tube and then centrifuged at 2,000 x g for 3 min at 4°C. The concentrated CSF was then brought to a final volume of 150 µL with 0.22-µm-filtered PBS. CSF EVs were isolated from the concentrated CSF by SEC using qEV single 35 nm or 70 nm columns (IZON Science, Christchurch, New Zealand), according to the manufacturer’s recommendations. Prior to use the qEV columns were brought to room temperature and equilibrated with 0.22-µm-filtered PBS. The void volume of the column consisting of fractions (Fxs) 1–5 (1 ml) and pools of subsequent Fxs 6–9, 10–13, and 14–17 (800 μL/pool) were collected. For immunoblot, TRPS, and TEM, each pool was then UF using a 0.5-ml Microcon®-30 kDa Centrifugal Filter to a final volume of 105 μL for immunoblot, 50 μL for TRPS, and 30 μL for TEM, as described before. For qPCR, the 800 μL pools were directly processed for RNA isolation without a second UF. For immunoblot, TRPS, and qPCR, the pools were frozen at −80°C until use. For TEM, the pools were stored on wet ice or 4°C until processing within 6 h. All centrifugation steps in this subsection of the methods were conducted using the Microfuge 22R centrifuge equipped with an F241.5P fixed angle rotor (Beckman Coulter).
Immunoblot Evaluation of EV Markers in Pools of SEC Fxs
Protein concentrations were measured using the Qubit protein assay kit and Qubit 4 fluorometer (Thermo Fisher Scientific, Waltham, MA) for the concentrated UF-SEC pools using 5 μL of the void and Fxs 6–9, 1 μL of Fxs 10–13, and 1 μL of 1:10 diluted Fxs 14–17. The remaining volume of each pool was prepared for SDS-PAGE by diluting in 4x NuPAGE™ LDS sample buffer (Thermo Fisher Scientific). To assess the separation of EV associated proteins from vesicle-free proteins and lipoproteins, we performed a total protein stain and immunoblots for APOA1, APOE, and albumin by loading equal volumes (37 μL) of the void, Fxs 6–9, 10–13, and 14–17 on a NuPAGE™ 4–12% Bis-Tris 1.5 mm x 10 well gels (Thermo Fisher Scientific). To identify the SEC Fxs that contained an enrichment of EV markers, equal concentrations (0.1 μg) of void, Fxs 6–9, 10–13, 14–17, and neurologically normal human frontal cortex lysate (positive control) were run on 4–12% gels, as described above, and immunoblotted for CD9, CD63, CD81, flotillin, TSG101, annexin V (AnnV), synaptophysin (SYP), NCAM-1, GLAST, CD11b, and TMEM119 proteins. In addition, gels loaded with 1.0 µg of void, Fxs 6–9, 10–13, 14–17, and human frontal cortex were immunoblotted for SYP and CD11b. Following electrophoresis, proteins were transferred to PVDF membranes and kept overnight at 4°C (30 V constant current). Membranes were incubated for 1 h with a blocking buffer (5% non-fat milk in TBS with 0.05% Tween 20 (TBST)) and then incubated with primary antibody diluted with TBST overnight at 4°C, and for 1 h with secondary antibody (1:10,000 TBST) at room temperature. Membranes were developed using the West Dura, Pico, or Femto chemiluminescence kits (Thermo Fisher Scientific) and imaged using the ChemiDoc Touch imaging system (Bio-Rad, Hercules, CA). The following antibodies were used for immunoblotting: albumin 1:1,000 (#4929, Cell Signaling Technology, Danvers, MA), APOA1 (12C8) 1:200 (sc-080551, Santa Cruz Biotechnology, Dallas, TX), APOE 1:2000 (50A-G1A, Academy Bio-medical Company, Inc., Houston, TX), AnnV 1:5,000 (GTX103250, GeneTex, Irvine, CA), CD9 (C-4) 1:200 (sc-13118, Santa Cruz Biotechnology), CD11b 1:1,000 (ab133357, Abcam, Cambridge, United Kingdom), CD63 1:1,000 (ab134045, Abcam), CD81 (B-11) 1:100 (sc-166029, Santa Cruz Biotechnology), flotillin 1:10,000 (ab133497, Abcam), GLAST 1:500 (NB100-1869, Novus Biologicals, Littleton, CO), NCAM-1 1:125 (NBP2-38452, Novus Biologicals), SYP 1:1,000 (#36406, Cell Signaling Technology), TMEM119 (#66948-1-Ig, Proteintech, Rosemont, IL), and TSG101 1:1,000 (ab125011, Abcam). Secondary antibodies were purchased from Jackson ImmunoResearch (West Grove, PA) and included horseradish peroxidase (HRP)–conjugated donkey anti-mouse (#715-035-150), donkey anti-rabbit (#711-035-152), and donkey anti-goat (#705-035-003).
TRPS of SEC Pools
Pools of the void volume (Fxs 1–5) and Fxs 6–9 were analyzed for particle size and concentration by TRPS using a qNANO gold instrument fitted with a NP80 nanopore (IZON Science). Prior to TRPS, 800 µL SEC pools were subjected to UF using Microcon®-30 kDa centrifugal filters and then brought to a final volume of 50 µL in 2x PBS (Figure 1). TRPS measurements were recorded with the NP80 stretched to 47.50 mm and using 0.34 V at a pressure reading of 5 (mbar). Each sample was analyzed until at least 500 particles were recorded or until the maximum recording time of 10 min elapsed. Data were acquired and analyzed using the IZON Control Suite version 3.4 software (IZON Science). The size (nm) and concentration (particles/mL) of particles measured in the SEC pools were calibrated against CPC100 calibration beads (IZON Science).
TEM of SEC Pools
Pools of CSF SEC fractions including the void, Fxs 6–9, 10–13, and 14–17 were concentrated by UF to a final volume of 30 μL and then stored on wet ice until processing for TEM within 6 h (Figure 1) by the OHSU Multiscale Microscopy Core. A volume of 5 µL of the SEC preparations were deposited on glow-discharged (120 s 15 mAmp, negative mode) carbon formvar 400 mesh copper grids (01822-F, Ted Pella, Inc., Redding, CA) for 3 min, rinsed 15 s in water, wicked on Whatman filter paper 1, stained for 60 s in filtered 1.33% (w/v) uranyl acetate in water, wicked again, and air dried. Samples were imaged by using the Multiscale Microscopy Core at 120 kV on a FEI Tecnai™ Spirit TEM system (Thermo Fisher Scientific Electron Microscopy, Hillsboro, OR). Images were acquired as 2048 × 2048 pixel, 16-bit gray scale files using the FEI’s TEM Imaging & Analysis interface on an Eagle™ 2K CCD multiscan camera.
CSF EV RNA Isolation and MiRNA Arrays
EVs were isolated from 500 μL of CSF that was first concentrated by UF to 150 μL then fractionated by SEC (Figure 1). Fxs 6–9, 10–13, and 14–17 were pooled to final volume of 800 μL, and total RNA was isolated using the mirVana™ PARIS™ RNA and a Native Protein Purification Kit (AM1556, Thermo Fisher Scientific), with modification (Burgos et al., 2014), as we have previously reported for CSF and plasma EVs (Lusardi et al., 2017; Wiedrick et al., 2019; Sandau et al., 2020a; Sandau et al., 2020b; Lusardi et al., 2021). Isolated RNA was then stored at −80°C until use. For qPCR, the RNA samples were concentrated (R1013, RNA Clean and Concentrator™-5 Kit, Zymo Research, Irvine, CA) and then eluted into 6 μL of RNase/DNase-free water. Total RNA was assayed on Custom TaqMan™ Advanced Array Cards (192a Format) that include probes for 191 human CSF miRNAs, plus five endogenous non-changing miRNA controls used for normalization: miR-191-5p, -204-3p, -204-5p, -342-3p, and -574-3p (Supplementary Table S1). Using a pool of Custom RT Primers for the CSF array (Thermo Fisher Scientific) and MultiScribe™ Reverse Transcriptase (4, 311, 235, Thermo Fisher Scientific), 3.2 μL of concentrated RNA was reverse transcribed in a total reaction volume of 7.5 μL. A volume of 5 μL of cDNA was pre-amplified (PreAmp) for 14 cycles using Custom PreAmp Primers for the CSF array (Thermo Fisher Scientific) and TaqMan™ PreAmp Master Mix (4, 391, 128, Thermo Fisher Scientific) in a final reaction volume of 25 μL. Reverse transcription and PreAmp reactions were run with a Bio-Rad T100 thermal cycler (Thermo Fisher Scientific), following the manufacturer’s instructions, for detection of miRNAs with PreAmp. All cDNA was stored at −20°C. Prior to qPCR the PreAmp cDNA was diluted to 1:2 in RNase/DNase-free water and 18 μL was mixed with TaqMan™ Universal Master Mix II, no UNG (444,047, Thermo Fisher Scientific). The samples were loaded on the custom CSF arrays, and the qPCR amplifications and data acquisition were carried out on a QuantStudio™ 12K Flex real-time PCR system (Thermo Fisher Scientific).
CSF EV MiRNA Expression Analysis
MiRNAs were analyzed using relative quantification (∆∆Cq) based on Applied Biosystems recommendations (Thermo Fisher Scientific, Part Number 4371095 Rev B). Cq values were calculated using automatic baseline, and threshold values were determined by ExpressionSuite Software v.1.3 (Thermo Fisher Scientific). The Cq value for each well was reported along with the amplification score (AmpScore) and a Cq confidence (CqConf), which are metrics for the quality of each amplification, as we have previously reported (Lusardi et al., 2017; Wiedrick et al., 2019; Sandau et al., 2020a; Sandau et al., 2020b; Lusardi et al., 2021). Prior to data analysis, amplifications were filtered according to each well’s Cq value, AmpScore, and CqConf: 1) PCR products with a Cq > 34, or reported as “Undetected”, were considered below the detection threshold and assigned a Cq value of “34”; 2) amplifications with a Cq ≤ 34 and an AmpScore <1.0 or a CqConf <0.8 were excluded from analysis. Based on these criteria, miRNAs with a Cq ≤ 34, AmpScore >1.0, and CqConf >0.8 were deemed considered for further analysis. Next, we excluded miRNAs that were not expressed in at least 20% of the samples (11 out of 56), which would enable analysis of miRNAs differentially detected in one out of the eight subgroups (e.g., APOE-e3,4 females with AD). We also performed qPCR reactions with water only (no RNA—no template control) as a control for spurious PCR amplifications (Supplementary Table S2). MiRNAs that had good quality amplifications (Cq ≤ 34, AmpScore >1.0, and CqConf >0.8) in the water only control that were within 1 Cq of the average Cq for the 56 experimental samples were excluded from downstream analysis. For miRNAs that did meet all of the inclusion criteria, we then used the following formula for calculating the ∆∆Cq for each miRNA: ∆∆Cq = mean ∆Cq of the test samples (e.g., AD) − mean ∆Cq of reference samples (e.g., CTL). Within each sample, the ∆Cq for a miRNA was calculated by the following formula: ∆Cq = miRNA Cq − mean Cq of endogenous control miRNAs. MiRNAs selected as endogenous control normalizers showed 1) stable good quality expression values in all samples regardless of experimental group and 2) best endogenous control scores identified in ExpressionSuite. For each miRNA, the fold change (RQ value) was calculated by the 2−ΔΔCq method, with RQ > 1 indicating increased miRNA expression in either AD vs. CTL or females vs. males. Conversely, RQ < 1 indicates decreased expression in AD or females, compared to their respective reference group. The miRNA microarray data is MIAME compliant and submitted to the Gene Expression Omnibus site: ncbi.nlm.nih.gov/geo/.
CSF EV MiRNA Statistical Analysis
Data were analyzed with GraphPad Prism software v9.3.1 (GraphPad Software, Inc., San Diego, CA). Data are shown as either a Volcano plot (−Log10 (q-value) vs. the Log2(Fold change)) or the ΔCq mean ± standard error mean (SEM). Where possible the biological replicates are displayed as individual symbols. To assess the effects of AD on miRNA levels, participants were categorized as either AD (n = 28) or CTL (n = 28) and analyzed by Welch’s unpaired t-test with a Benjamini–Hochberg false discovery rate (B-H FDR) of 0.20, a cutoff that is in line with a hypothesis-generating study, and the preference for some false positive findings in exchange for a larger list of potentially interesting true findings (Efron, 2010). To assess the effects of sex on miRNA levels, data generated from the participants were re-analyzed for females (n = 28) vs. males (n = 28) and analyzed by Welch’s unpaired t-test with a B-H FDR of 0.20. To assess the effect of disease state and APOE status, data were analyzed within each sex using a two-way ANOVA (disease x APOE genotype) followed by a Tukey’s multiple comparisons post hoc tests (n = 7/group). Given the small number of participants in this study, a covariate analysis of disease by sex by APOE genotype was not conducted. Thus, conclusions drawn from the analysis assume no interaction between all three variables.
MiRNA Target Prediction and Pathway Analysis
We used TargetScan 7.2 (Agarwal et al., 2015) and miRDB (Liu and Wang, 2019; Chen and Wang, 2020) to predict targets of the four CSF EV miRNAs significantly associated with AD, as these programs are widely used and frequently updated. As pathway analysis is most effective for predictions generated from a limited gene set, predicted targets were excluded if they had a Cumulative Weighted Context Score (CWCS) > −0.3 in TargetScan or a target score of <60 in miRDB. To determine whether to use a union, an intersection, or an individual target list in subsequent pathway analysis, we calculated sensitivity, specificity, and precision values using validated miRNA and target pairs from miRTarBase, an experimentally validated miRNA–target interaction database (Chou et al., 2018). The values in miRTarBase range from 0–1, with high-quality results closer to 1 (Fan and Kurgan, 2015; Oliveira et al., 2017). The union of TargetScan and miRDB showed the highest values of sensitivity, specificity, and precision with values of 0.35, 0.83, and 0.98, respectively. The use of a union between the two target prediction algorithm outputs increases the sensitivity of the targets predicted and the chance of predicting a novel target, as opposed to an intersection where only targets predicted by both algorithms are included in analysis (Fan and Kurgan, 2015; Oliveira et al., 2017). Pathway analysis was then performed on the union set of 2,319 unique targets using the ingenuity pathway analysis (IPA; QIAGEN Inc., qiagenbioinformatics.com/products/ingenuity-pathway-analysis). For this analysis, we excluded cancer-related tissues and cell lines to avoid knowledge bias toward cancer in IPA and applied a B-H FDR of 0.01.
MISEV 2018, MIFlowCyt-EV, and EV-TRACK
The isolation and characterization of CSF EVs followed recommendations from the Minimal Information of Studies of Extracellular Vesicles 2018 (MISEV 2018), a position study from the International Society of Extracellular Vesicles (ISEV) (Thery et al., 2018). The vFC experiments followed recommendations from MIFlowCyt-EV, a framework for standardized reporting of EV flow cytometry experiments from ISEV (Welsh et al., 2020). Relevant experimental parameters can be accessed in the EV-TRACK (evtrack.org) knowledgebase (EV-Track et al., 2017).
RESULTS
Study Participant Characteristics
CTL CSF was pooled and used for vFC, immunoblot, TRPS, and TEM experiments, while individual CSF samples from CTL and AD participants were used for the miRNA qPCR assays. Characteristics for the 28 AD and 28 CTL participants in this study (56 total participants) are shown in Table 1. The ratio of participants was 1:1 female to male overall, with equal numbers of females and males in the AD and CTL groups. Furthermore, the APOE-e3,3 to APOE-e3,4 ratio was 1:1 within each sex to obtain a total of eight groups (disease by sex by genotype) with n = 7/group. Participants were well matched for age at the time of lumbar puncture across all the groups with no significant differences. CTL participants were in good health with a mean MMSE (Folstein et al., 1983) score of 29.3 ± 1.3. AD patients were diagnosed with probable AD according to ADRDA-NINDS criteria (McKhann et al., 1984; McKhann et al., 2011), with a mean MMSE score of 21.5 ± 3.1. There was a significant effect of disease state on the MMSE score F(1,48) = 139.8, p < 0.0001, but no significant interactions with disease state and sex and/or genotype.
CSF Contains a Low Concentration of Membrane-Associated TS + EVs
To measure the size and concentration of EVs in total CSF, we performed single vFC, which uses sensitive measurements of light scatter from a fluorescent lipid probe (vFRed) and surface immunofluorescence from staining with a pool of phycoerythrin (PE)-conjugated TS antibodies (CD9, CD63, and CD81; TS PE mix). In our prior studies on plasma, we diluted the sample 150-fold prior to staining to enable detection of TS + membranous particles in the diameter range of ∼75–600 nm at mean concentration of 1.3e10/mL (Sandau et al., 2020a). However, when we performed vFC with undiluted total CSF that was stained with vFRed and the TS PE Mix, we detected TS + membranous particles just above background levels with mean size of 136 nm (range: ∼75–400 nm) and at a concentration of 1.7e6/mL (Figures 2A–C). To increase counts for the CSF assay, we subsequently used UF to concentrate 1 ml of CSF to 40 µL prior to staining with vFRed and TS PE Mix (Figure 1). The 25x concentrated CSF yielded more robust results with 1.5e7/mL TS + particles and mean particle size of 115 nm (range: ∼75–275 nm) (Figures 2D,E). Next, we detergent treated an aliquot of the stained, 25x concentrated CSF, which resulted in loss of >72% of gated events (Figures 2F,G), indicating that the majority of detected events were detergent-labile, as expected for EVs. Together, these data demonstrate that CSF contains a low concentration of TS + EVs compared to plasma.
[image: Figure 2]FIGURE 2 | CSF contains tetraspanin (CD9, CD63, and CD81)-positive EVs. (A–C) Unconcentrated and (D–F) 25x concentrated CSF was stained with vFRed, plus a pool of PE conjugated antibodies to CD9, CD63, and CD81 (TS PE mix). (G–I) Treatment of stained 25x CSF with 0.1% triton X100 demonstrated the vesicular nature of the measured positive events in panels (D–F). (A,D,G) Diameter vs. fluorescence distributions of TS + EVs. (B,E,H) One parameter histogram overlays of CSF with (orange) and without (black) TS + staining. (C,F,I) Staining events backgated onto diameter vs. violet side scatter (VSSC) for TS PE. vFRed + events are black and TS + events are orange.
Small Resin Pore Size is Optimal for CSF EV Isolation by SEC
To isolate EVs from human CSF, we first performed a series of SEC protocol refinement experiments. Using CSF pooled from multiple CTL samples, we tested 35 and 70 nm SEC columns for EV enrichment as indexed by the presence of established EV protein markers (Figure 3A) and depletion of vesicle-free lipoproteins and proteins (Figure 3B). To overcome the limitations of the low concentration of EVs in total CSF (Figure 2), we started with 5 ml of CSF that was concentrated by UF to 150 µL prior to fractionating the samples into SEC pools. We collected the void volume of the column (Fxs 1–5), Fxs 6–9, 10–13, and 14–17 (Figure 1). EVs are expected to elute in Fxs 6–9 based on the manufacturer’s recommendations and our prior studies using human plasma (Sandau et al., 2020a). The SEC pools were subsequently concentrated by UF to 105 µL then assayed by immunoblot. Gels loaded by equal concentration of protein (0.1 µg) showed a strong enrichment of flotillin and CD81 in Fxs 6–9 when using the 35 nm columns. In comparison, trace amounts of flotillin were detected in Fxs 6–9 of the 70 nm columns and CD81 was undetectable (Figure 3A). Equal volume loading of concentrated SEC pools demonstrated that both the 35 and 70 nm columns effectively depleted albumin and APOA1 (vesicle free-protein and lipoprotein, respectively) from Fxs 6–9 (Figure 3B). We next used CSF fractionated by SEC on 35 and 70 nm columns to obtain size and concentration measurements by TRPS (Figure 1). The void volume for the 35 and 70 nm columns both had <10 particles of the expected size that were detected during the entirety of the maximum recoding time of 10 min (data not shown). Fxs 6–9 from the 35 nm column had 1.45e10 particles/mL with a mean size of 138 nm (range: 76–620 nm), while the 70 nm column had 1.54e9 particles/mL with a mean size of 151 nm (range: 86–360 nm) (Figure 3C). The increased abundance of smaller-sized particles obtained in Fxs 6–9 of the 35 nm column is in agreement with the immunoblot results. Together, these results demonstrate that the 35 nm SEC column is optimal for CSF EV enrichment.
[image: Figure 3]FIGURE 3 | SEC qEV single 35 nm columns are optimal for separating CSF EVs. Pools of SEC fractions (Fxs): 1–5 (column void volume), 6–9, 10–13, and 14–17 were generated using either the qEV Single 35 nm or 70 nm columns. (A) Equal concentration loading of protein lysate (0.1 µg) from SEC pools immunoblotted for flotillin and CD81. (B) Equal volume loading of protein lysate (37 µL) from SEC pools immunoblotted for APOA1 and albumin. (C) Size and concentration histograms of Fxs 6–9 generated using either the qEV Single 35 nm (white) or 70 nm (black) columns acquired by tunable resistive pulse sensing (TRPS).
Isolated CSF EVs Have a Lipid Membrane and are Enriched for Markers of the Endolysosomal Pathway, MVs, and Astrocyte-Derived EVs
We further characterized CSF fractionated using the 35 nm SEC columns by TEM and immunoblots (Figure 1). Figure 4 shows representative wide and narrow field of view TEM images of the SEC pools. The images revealed that the void contained a small amount of diffuse material that ranges in size from 30–100 nm (Figures 4A,B). In line with our TRPS results, EVs with a lipid membrane of the expected size range for exosomes (∼40–150 nm) or small MVs (∼150–1,000) were detectable in Fxs 6–9. Furthermore, there was a greater proportion of smaller nanoparticles (<40 nm), which are the expected size range for exomeres (∼30–50 nm), supermeres (∼25–30 nm), or vesicle-free lipoproteins (∼5–35 nm) (Zhang et al., 2018; Zipkin, 2019; Zhang et al., 2021). Fxs 6–9 showed negligible levels of background protein, as expected for SEC isolates (Figures 4C,D). TEM images from Fxs 10–13 and 14–17 showed minimal numbers of EVs discernible by the presence of lipid membrane. However, there was a high degree of background, consistent with increasing amounts of vesicle-free lipoproteins and proteins that elute later (Figures 4E–H). Next, we used total protein stain and immunoblots to show a depletion of bulk proteins, albumin, and APOA1 when SEC pools were loaded by equal volume (Figure 5A). We also found that while a majority of APOE was present in Fxs 10–13 and 14–17, APOE was also detectable in the Fxs 6–9 (Figure 5A). Equal concentration loading of the SEC pools showed an enrichment of multiple EV protein markers that are associated with the endolysosomal pathway including CD9, CD63, CD81, flotillin, and TSG101 (Figure 5B) (Jeppesen et al., 2019). Furthermore, we identified an enrichment of AnnV (Figure 5B), which is associated with MVs and/or apoptotic bodies (Cocucci et al., 2009; Gouwens et al., 2018; Jeppesen et al., 2019). We next sought to determine if putative markers for brain-derived EVs were enriched in the CSF SEC pools. After loading 0.1 µg of CSF SEC Fx protein lysate, we detected an enrichment of GLAST, which is a marker for astrocyte-derived EVs (Figure 5B) (You et al., 2020). However, we were unable to detect NCAM-1 and SYP, which are markers for neuronal-derived EVs; as well as TMEM119, which is a microglia-derived EV marker (Figure 5B) (Togashi et al., 2009; Satoh et al., 2016; Sathe et al., 2019; Vukojevic et al., 2020; Cohn et al., 2021; Crews et al., 2021; Ruan et al., 2021; You et al., 2022). We also performed an immunoblot assay using 0.1 µg protein for CD11b, which is another marker for microglia-derived EVs (Gu et al., 2021), and detected faint bands in Fxs 6–9, 10–13, and 14–17 (Figure 5B). To further assess whether low concentrations of neuron- and/or microglial-derived EVs are present in CSF, we performed additional immunoblots with 1.0 µg of protein and probed for SYP and CD11b (Figure 5C). Despite a 10x increase in the amount of protein loaded, we were still unable to detect SYP in any of the CSF Fxs (Figure 5C). However, we did detect CD11b in Fxs 10–13 and 14–17, but just a faint CD11b band in Fxs 6–9 (Figure 5C). Together, these data support that using a combination of UF and SEC enriches for CSF EVs that contain markers for glial-derived EVs. However, we cannot definitively state that Fxs 6–9 are void of vesicle free lipoproteins and/or proteins based on the presence of APOE in these Fxs (Figure 5A).
[image: Figure 4]FIGURE 4 | TEM characterization of CSF EVs isolated by SEC. Representative TEM images of pools of SEC fractions (Fxs): 1–5 ((A,B); column void volume), 6–9 (C,D), 10–13 (E,F), and 14–17 (G,H). Note: Fxs 6–9 show membrane bound vesicles at a size range of ∼30–100 nm, with depletion of proteins and lipoproteins, which are present in Fxs 10–13 and 14–17. Panels (A,C,E,G) are wide field of view (scale bars = 100 nm) and panels (B,D,F,H) are close up views (scale bars = 50 nm).
[image: Figure 5]FIGURE 5 | CSF EVs isolated by SEC are enriched for exosome and MV markers. (A) Equal volume loading of protein lysate (37 µL) from pools of SEC Fractions (Fxs): 1–5 (column void volume), 6–9, 10–13, and 14–17 stained for total protein, and immunoblotted for albumin, APOA1, and APOE. (B) Equal concentration loading of protein lysate (0.1 µg) from pools of Fxs 1–5, 6–9, 10–13, and 14–17 immunoblotted for CD9, CD63, CD81, flotillin, TSG101, AnnV, SYP, NCAM-1, GLAST, CD11b, and TMEM119. (C) Equal concentration loading of (1 µg) from pools of Fxs 1–5, 6–9, 10–13, and 14–17 immunoblotted for SYP and CD11b. Postmortem human cerebral cortex protein lysate (0.1 µg and 1 µg) was run as a positive control for each gel ((A-C): Brain).
SEC Fractions Enriched for CSF EVs Contain the Greatest Number of MiRNAs
Considering that extracellular miRNAs are associated with exosomes, MVs, apoptotic bodies, RNA binding proteins, and high-density lipoproteins (Lasser, 2019; Mori et al., 2019), we sought to assess the miRNA profile of CSF fractionated by SEC. We concentrated 500 µL of CSF (n = 4) to 150 µL by UF; performed SEC to collect pools of Fxs 6–9, 10–13, and 14–17; and assayed miRNAs previously shown to be expressed in CSF and miRNAs validated as candidate biomarkers for AD (Wang et al., 2017; Wiedrick et al., 2019). The experiment was performed with CTL CSF balanced for sex and APOE genotype (n = 4): female APOE-e3,3, female APOE-e3,4, male APOE-e3,3, and male APOE-e3,4 (Table 1). MiRNAs were excluded from the analysis if they were not expressed in at least two of the four participants. In total, Fxs 6–9, which is enriched for CSF EVs, expressed the greatest number of miRNAs (48 total), compared to Fxs 10–13 (27 total) and 14–17 (30 total) (Figure 6). Furthermore, 26 of the 48 miRNAs that were expressed in the CSF EVs (Fxs 6–9) were not detectable in the other SEC pools, while only a few miRNAs were exclusively expressed in Fxs 10–13 and 14–17. Of the 48 miRNAs expressed in Fxs 6–9, 12 were our candidate AD biomarkers (miR-125-5p, -140-5p, -142-3p, -145-5p, -146a-5p, -146b-5p, -19b-3p, -223-3p, -24-3p, -29a-3p, -328-3p, and -331-3p) (Wiedrick et al., 2019). Together, these data demonstrate that a majority of the miRNAs expressed in CSF, including AD biomarkers, are detectable in SEC fractions enriched for EVs.
[image: Figure 6]FIGURE 6 | MiRNA expression in pooled CSF SEC fractions. CSF from CTLs (n = 4) was fractionated by SEC, then combined into three pools (Fxs 6–9, 10–13, and 14–17) and assayed for miRNA expression. (A) Venn diagram of the number of miRNAs expressed in each individual pool and those in common between the SEC pools. (B) Table listing the miRNAs unique to or shared between the pools. Inclusion criteria for miRNAs were expression in at least two of the four participant samples.
MiRNA Cargo in AD CSF EVs is Altered and Predicts Gene Targets Relevant to AD Pathophysiology
Next, we assessed the impact of AD on the miRNA cargo of CSF EVs. MiRNAs were assayed in CSF Fxs 6–9 from eight biological groups that included AD vs. CTL, female vs. male, and APOE-e3,3 vs. APOE-e3,4 participants (Table 1, n = 56 total). We identified 71 miRNAs expressed in the AD (n = 28) and/or CTL (n = 28) participant samples (Figure 7A). Of these four miRNAs were (miR-16-5p, -331-3p, -409-3p, and -454-3p) significantly increased by at least a 1.5-fold in AD relative to CTL (Figures 7A–E and Supplementary Table S3), two of which we previously identified and validated as candidate AD biomarkers (miR-16-5p and -331-3p) (Wiedrick et al., 2019). There were also four miRNAs (let-7d-5p, miR-100-5p, -374a-3p, and -378e) that increased by at least a 1.5-fold change in expression with p < 0.05 but were not considered significant based on the FDR (Figure 7A, pink). Next, we used the four significant miRNAs (miR-16-5p, -331-3p, -409-3p, and -454-3p) in our established target prediction pipeline using TargetScan 7.2 (Agarwal et al., 2015) and miRDB (Liu and Wang, 2019; Chen and Wang, 2020) as depicted in Figure 7F. Target prediction returned a total of 272 mRNAs by TargetScan (Supplementary Table S4) and 2,245 mRNAs by miRDB (Supplementary Table S5). Of these, 198 targets were predicted by both TargetScan and miRDB. Thus, the total number of unique predicted mRNA targets is 2,319, which were used in IPA (Qiagen) to identify pathways that have a significant overrepresentation of the predicted targets and potentially regulated by the miRNAs. IPA identified 189 significant canonical pathways (Supplementary Table S6). Of these, 10 of the top 17 pathways are known to be relevant to AD, including the top three overall pathways: senescence, TGF-β signaling, and epithelial adherens junction signaling (Figure 7G) (Caraci et al., 2018; Pearson et al., 2020; Saez-Atienzar and Masliah, 2020).
[image: Figure 7]FIGURE 7 | MiRNAs are differentially expressed in AD vs. CTL CSF EVs. (A) Volcano plot shows fold change (FC) of 71 miRNAs expressed in AD CSF EVs (n = 28) vs. CTL CSF EVs (n = 28). The vertical dashed lines correspond to 1.5 FC, and the horizontal dashed line designates the cutoff for statistically significant miRNAs (Welch’s unpaired t-test; p-value<0.011 based on Benjamini–Hochberg false discovery rate (B-H FDR) 0.20). The miRNAs designated by dark red circles are significantly increased by at least 1.5 FC in AD. MiRNAs in pink have a 1.5 FC in expression with p-value <0.05, but are below the B-H FDR threshold. (B–E) Normalized Cq (ΔCq) values for the four miRNAs that are significantly increased in AD vs. CTL. Data shown as the mean ± SEM and analyzed using Welch’s unpaired t-tests, **p < 0.01 and ***p < 0.001. (F) Workflow of the target prediction analysis for the four significant miRNAs: miR-16-5p, -331-3p, -409-3p, and -454-3p. MiRNAs were queried using TargetScan 7.2 with a CWCS of < −0.3 (272 MiRNAs total) and miRDB with a target score >60 (2,245 MiRNAs total). The Venn diagram shows the overlap in miRNA targets predicted by TargetScan 7.2 and miRDB. Of the 2,319 predicted mRNA targets (74 from TargetScan +2047 from miRDB +198 in common to both), we identified 189 significant pathways (B-H FDR 0.01). (G) Top 10 canonical pathways predicted by the mRNA targets, all of which are relevant to AD. Note all 10 pathways were in the top 17 of all 189 significant pathways, and senescence, TGF-β signaling, and epithelial adherens junction signaling pathways were the top three overall.
CSF EV MiRNA Cargo is Affected by Sex and APOE Genotype
Considering that female APOE-e4 carriers are more likely to progress from MCI to AD, develop AD more frequently than age-matched males, and have more brain atrophy and memory loss (Fleisher et al., 2008; Altmann et al., 2014; Sampedro et al., 2015), we next sought to determine if these biological factors impact CSF EV miRNA cargo. First, we assessed the effect of sex on CSF EV miRNAs, independent of AD and APOE genotype. We identified 71 miRNAs expressed in female (n = 28) and/or male (n = 28) participant samples (Figure 8A). Of these, three miRNAs (miR-146b-5p, -150-5p, and -342-3p) were significantly increased by at least 1.5-fold in females relative to males (Figures 8A–D and Supplementary Table S3), and we had previously identified miR-146b-5p as a candidate AD biomarker (Wiedrick et al., 2019). There were also seven miRNAs (miR-19b-3p, -188-5p, -223-3p, -320c, -320d, -483-5p, and -92a-3p) that were decreased by at least a 1.5-fold in females relative to males and p < 0.05 but were not considered statistically significant based on the FDR (Figure 8A, light blue).
[image: Figure 8]FIGURE 8 | MiRNAs are differentially expressed in female vs. male CSF EVs. (A) Volcano plot shows fold change (FC) of 71 miRNAs expressed in CSF EVs in females (n = 28) vs. males (n = 28). The vertical dashed lines correspond to 1.5 FC, and the horizontal dashed line designates the cutoff for statistically significant miRNAs (Welch’s unpaired t-test; p-value<0.011 based on Benjamini–Hochberg false discovery rate (B-H FDR) 0.20). The miRNAs designated by dark blue circles are significantly increased by at least 1.5 FC in females. MiRNAs in light blue have a 1.5 FC in expression with p-value <0.05 but are below the B-H FDR threshold. (B–D) Normalized Cq (ΔCq) values for the three miRNAs that are significantly increased in females vs. males. Data shown as the mean ± SEM and analyzed using Welch’s unpaired t-tests, **p < 0.01 and ***p < 0.001.
We next sought to determine if there was an interaction between AD and APOE-e4 status within a sex. First, in females, we analyzed the 71 CSF EV miRNAs for an effect of disease state and/or genotype status and identified 16 significant miRNAs (Supplementary Table S7). Of these, multiple comparisons testing identified five miRNAs with a significant group effect (Figure 9). Let-7d-5p was increased in AD APOE-e3,3 females vs. CTL APOE-e3/e4 females (Figure 9A). miR-16-5p was increased in AD APOE-e3,4 females vs. CTL APOE-e3,3 and -e3,4 females (Figure 9B). miR-125b-5p and -320a were both increased in CTL APOE-e3,4. CTL APOE-e3,3 (Figures 9C,D). miR-331-3p was increased in AD APOE-e3,4 vs. CTL APOE-e3,4 (Figure 9E). Of these five miRNAs, we previously identified three (miR-16-5p, -125b-5p, and -331-3p) as candidate AD biomarkers (Wiedrick et al., 2019). Next, our analysis of the 71 CSF EV miRNA levels in males identified five miRNAs that had a significant effect of disease state and/or genotype status (Supplementary Table S7). Of these, multiple comparisons testing identified four miRNAs with a significant change in expression (Figure 10). miR-140-5p was increased in AD APOE-e3,4 males vs. AD and CTL APOE-e3,3 males (Figure 10A). miR-20a-5p was decreased in AD APOE-e3,4 males vs. CTL APOE-e3,3 males (Figure 10B). miR-30b-5p was increased in AD APOE-e3,4 males vs. AD APOE-e3,3 males (Figure 10C). miR-454-3p was increased in AD APOE-e3,4 males vs. all other groups (Figure 10D). Of these four miRNAs, we previously identified miR-140-5p as a candidate AD biomarker (Wiedrick et al., 2019). Together, these data demonstrate that biological factors such as sex and genotype can impact the levels of miRNA cargo of CSF EVs. Note that due to the low sample size we were unable to perform a statistical analysis to assess the effect of AD by sex by APOE genotype.
[image: Figure 9]FIGURE 9 | MiRNAs are differentially expressed based on APOE status and disease state in female CSF EVs. Normalized Cq (ΔCq) values for five miRNAs that demonstrate a significant effect of APOE genotype on expression levels within AD and/or CTL female CSF EVs. (A) Let-7d-5p was significantly increased in AD APOE-e3,3 vs. CTL APOE-e3,4. (B) miR-16-5p was significantly increased in AD APOE-e3,4 vs. CTL APOE-e3,3 and -e3,4. (C) miR-125b-5p, and (D) miR-320a were significantly increased in CTL APOE-e3,4 vs. CTL APOE-e3,3. (E) miR-331-3p was significantly increased in AD APOE-e3,4 vs. CTL APOE-e3,4. Data shown as the mean ± SEM and analyzed by two-way ANOVA followed by Tukey’s multiple comparisons post hoc tests, *p < 0.05 and **p < 0.01.
[image: Figure 10]FIGURE 10 | MiRNAs are differentially expressed based on APOE status and disease state in male CSF EVs. Normalized Cq (ΔCq) values for four miRNAs that demonstrate a significant effect of APOE genotype on expression levels within AD and/or CTL male CSF EVs. (A) miR-140-5p was significantly increased in AD APOE-e3,4 vs. AD and CTL APOE-e3,3. (B) miR-20a-5p was significantly decreased in AD APOE-e3,4 vs. CTL APOE-e3,3. (C) miR-30b-5p was significantly increased in AD APOE-e3,4 vs. AD APOE-e3,3. (D) miR-454-3p was significantly increased in AD APOE-e3,4 vs. all other groups. Data shown as the mean ± SEM and analyzed by two-way ANOVA followed by Tukey’s multiple comparisons post hoc tests, *p < 0.05 and **p < 0.01.
DISCUSSION
The primary goal of this study was to determine the effect of AD and its biological risk factors on the levels of miRNA in human CSF EVs. We used a combined approach of UF plus SEC to isolate EVs from the CSF of AD and CTL participants that were balanced for sex and APOE genotype (Table 1). In line with prior reports that demonstrated an effect of AD on the CSF EV miRNAs (Liu et al., 2014; Gui et al., 2015; Riancho et al., 2017; McKeever et al., 2018; Schneider et al., 2018; Jain et al., 2019; Kumar and Reddy, 2021; Tan et al., 2021), we identified that miR-16-5p, -331-3p, -409-3p, and -454-3p had a significant 1.5 fold increase in expression in AD vs. CTL (Figure 7). Next, our pathway analysis of these four miRNAs altered in AD CSF EVs revealed that the top canonical pathways included senescence and autophagy, which are affected by EVs in AD (Misawa et al., 2020; Vassileff et al., 2020). We then investigated the effect of sex and APOE genotype status on CSF EV miRNAs and found an increase in miR-146b-5p, -150-5p, and -342-3p in females relative to males (Figure 8). We also found that APOE genotype status affects different subsets of CSF EV miRNAs in females vs. males (Figures 9, 10). Together, our data demonstrate that the miRNA cargo of CSF EVs is informative for AD and sensitive to both sex and APOE-e4 genotype. They also reveal that biological factors associated with AD risk impact the EV miRNA cargo and should be taken into consideration for mechanistic and biomarker studies.
Over the past decade, there has been great interest in exploring the utility of circulating RNAs, especially miRNAs, as biomarkers for human disease (Quinn et al., 2015). Through the Extracellular RNA Communication Consortium (ERCC), RNA biomarkers across a spectrum of biofluids and disease states have been identified including, but not limited to, glioblastoma, vascular inflammation and cardiometabolic health, and multiple sclerosis (Ainsztein et al., 2015; Regev et al., 2016; Akers et al., 2017; Shah et al., 2017a; Shah et al., 2017b; Klingenberg et al., 2017; Nonaka and Wong, 2017). In our prior ERCC studies, we focused on the utility of extracellular miRNAs as biomarkers for AD. We performed a series of discovery and validation studies to identify 25 biomarker candidates that classify AD from CTLs (Lusardi et al., 2017; Wiedrick et al., 2019). We also demonstrated that five (miR-142-3p, -146a-5p, -146b-5p, -193a-5p, and -365a-3p) of these 25 CSF miRNAs are sensitive to early-stage pathology as exemplified by MCI diagnosis (Sandau et al.). These five miRNAs jointly predicted AD with area under the curve (AUC) of 0.770 and MCI with AUC of 0.705. We further showed that while the ratio of CSF Aβ42:total-Tau (clinical markers for AD diagnosis (Maddalena et al., 2003)) predicted MCI with AUC of 0.758, Aβ42:total-Tau plus the five miRNAs improved the AUC to 0.813 (Sandau et al., 2020b). In addition, the five miRNAs plus APOE-e4 status improved classification performance for both AD and MCI relative to CTL (Sandau et al., 2020b). Aside from our studies, three (miR-142-3p, -146a-5p, and -146b-5p) of these miRNAs have been identified by others as candidate biomarkers for MCI and/or AD in total CSF (Cogswell et al., 2008; Alexandrov et al., 2012; Kiko et al., 2014; Denk et al., 2015; Nagaraj et al., 2017; Park et al., 2019). Together, these data support that CSF miRNAs carry novel information relevant to AD, even in MCI.
Extracellular miRNAs have multiple carrier types including exosomes, exomeres, supermeres, MVs, apoptotic bodies, RNA-binding proteins, and high-density lipoproteins (Vickers and Remaley, 2012; Mori et al., 2019; Zhang et al., 2021). In AD, there are disruptions in the endolysosomal pathway within both neurons and glia that affect exosome biogenesis, including RNA and protein cargo (Asai et al., 2015; Goetzl et al., 2016; Mathews and Levy, 2019; Li et al., 2020; Guo et al., 2021). EVs released from CNS cells contribute to cell-to-cell communication throughout the CNS and the periphery (Chivet et al., 2012; Dickens et al., 2017; Zhang and Yang, 2018) in normal and pathological processes (Yuyama and Igarashi, 2016; Neven et al., 2017). Thus, there is interest in exploring the molecular cargo of EVs as a biomarker for disease. However, to the best of our knowledge only a limited number of studies have assayed miRNA expression of CSF EVs in AD (Liu et al., 2014; Gui et al., 2015; Riancho et al., 2017; McKeever et al., 2018; Schneider et al., 2018; Jain et al., 2019; Kumar and Reddy, 2021; Tan et al., 2021). Furthermore, differences in EV isolation techniques can affect outcomes and render data comparison between studies more challenging.
Prior studies that investigated the miRNA cargo of CSF EVs in AD used precipitation, ultracentrifugation, or density gradient ultracentrifugation-based methods to fractionate CSF (Liu et al., 2014; Gui et al., 2015; Riancho et al., 2017; McKeever et al., 2018; Schneider et al., 2018; Jain et al., 2019; Kumar and Reddy, 2021; Tan et al., 2021). EV precipitation methods have high yields, but low specificity for isolating EVs away from vesicle-free proteins, lipoproteins, and their associated miRNAs (Furi et al., 2017; Stranska et al., 2018; Thery et al., 2018; Karttunen et al., 2019; Ter-Ovanesyan et al., 2021). Isolating EVs by ultracentrifugation results in intermediate yields and purity with potential contamination by non-vesicular macromolecules (Furi et al., 2017; Thery et al., 2018). However, density gradient ultracentrifugation fractionation of CSF results in low yield, but higher purity than other fractionation techniques (Furi et al., 2017; Thery et al., 2018). Here, we isolated EVs from CSF using a combined approach of UF and SEC, which is reported to have an intermediate yield and potential contamination with vesicle free-proteins and lipoproteins, albeit to a lesser degree than precipitation-based methods (Boing et al., 2014; Furi et al., 2017; Stranska et al., 2018; Thery et al., 2018; Ter-Ovanesyan et al., 2021). The increased yield is a key factor considering the low amount of EVs in CSF, given that the total protein content of CSF is 50–100 times lower than plasma (Yuan and Desiderio, 2005). In line with this, our vFC calculated 1.5e7/mL TS + EVs in CSF (Figure 2) vs. 1.3e10/mL TS + EVs in plasma (Sandau et al). In order to increase the yield of CSF EVs, we tested two SEC column resin sizes (35 and 70 nm). The 35 nm SEC columns showed optimal enrichment for CSF EVs based on the protein markers flotillin and CD81 as well as a 10-fold increase in the concentration of isolated particles measured by TRPS (Figure 3). These data are consistent with a recent study that also reported a smaller resin size increases SEC yield of CSF EVs (Ter-Ovanesyan et al., 2021).
While our goal was to increase yield, we also wanted to minimize vesicle-free lipoproteins and proteins, which can carry miRNAs (Vickers and Remaley, 2012; Mori et al., 2019). Our CSF EV isolation method demonstrated that SEC Fxs 6–9 were enriched for EVs (∼40–150 nm) as well as smaller nanoparticles < 40 nm based on TEM (Figure 4). These smaller particles are of the expected size for exomeres (∼30–50 nm), supermeres (∼25–30 nm), and vesicle-free lipoproteins (∼5–35 nm) (Zhang et al., 2018; Zipkin, 2019; Zhang et al., 2021). By immunoblot, Fxs 6–9 showed an enrichment of exosome protein markers associated with the vesicle membrane (CD9, CD63, and CD81) and cytosol (flotillin-1 and TSG101) (Figure 5) (Thery et al., 2018; Jeppesen et al., 2019). Fxs 6–9 were also depleted in the APOA1 lipoprotein and albumin (Figure 5), which are not-associated with EVs, but are abundant in plasma and serum and can be a source of contamination in CSF and CSF EV preparations (Thery et al., 2018; Jeppesen et al., 2019). However, while a majority of APOE was in the later fraction, Fxs 6–9 also contained the lipoprotein (Figure 5). Prior studies have shown that the protein cargo of both neuronal- and astrocyte-derived EVs includes APOE (Nikitidou et al., 2017; Zheng et al., 2018), which is also increased in the secreted EVs following Aβ42 treatment (Nikitidou et al., 2017). Together, our data support that using a combination of UF and SEC does enrich for CSF EVs; however, we cannot state the identity of the small nanoparticles that are also present in Fxs 6–9. Additional experiments using immunoTEM in SEC fractions with markers associated with exosomes (CD81), exomeres (Ago1/2), supermeres (ENO2, Ago1/2), and APOE are needed (Zhang et al., 2021). Furthermore, experiments that combine proteinase K treatment with immunoaffinity capture or immunoTEM are also needed to determine if APOE is cargo for EVs or associated with the EV protein corona (Toth et al., 2021).
We also used protein markers to identify the types of EVs that are present in CSF fractionated by SEC (Figure 5). Our detection of CD9, CD63, CD81, flotillin-1, and TSG101 supports the presence of exosomes in CSF, as these proteins are membrane markers for exosomes and mediators of exosome biogenesis via the endolysosomal pathways (Jeppesen et al., 2019). The enrichment of AnnV suggests that MVs are also present in CSF, as AnnV is a marker for MVs and/or apoptotic bodies (Cocucci et al., 2009; Gouwens et al., 2018; Jeppesen et al., 2019). While the TRPS and TEM size estimates of our CSF EV fractions (Figures 3, 4) are more in line with the enrichment of MVs (∼150–1,000 nm) as opposed to apoptotic bodies (∼500–2000 nm) (Crescitelli et al., 2013), additional experiments to rule out the presence of apoptotic bodies are needed. We also assessed the enrichment for markers of neuron- (NCAM-1 and Synaptophysin), astrocyte- (GLAST), and microglia-derived EVs (TMEM119 and CD11b) (Pouget et al., 1971; Togashi et al., 2009; Satoh et al., 2016; Sathe et al., 2019; Vukojevic et al., 2020; Zhou et al., 2020; Gu et al., 2021; Kumar et al., 2021; You et al., 2022). Analysis of 0.1 µg of pooled CTL CSF SEC fractions revealed astrocyte-derived (GLAST+) EVs, but not neuronal- (NCAM-1+ and SYP+) or microglial- (TMEM119+ and CD11b+) derived EVs. It is important to note that neuron- or microglial-derived EVs may be present in CSF at low concentrations that are below the detection limits of immunoblot using 0.1 µg of protein. Thus, to address this, we performed additional SYP and CD11b immunoblots with 1 µg of protein, which demonstrated undetectable levels of neuronal-derived EV markers, but the presence of very low levels microglial-derived EV markers. Together, these data demonstrated that performing experiments with more sensitive techniques (e.g., vFC) may be necessary to assay low abundance populations of cell-specific EVs. It is also important to note that our immunoblot assays were limited to two markers each for neuronal or microglial-EVs. Thus, additional markers may be better suited to identify neuronal (e.g., ATP1A3) or microglial (e.g., LCP1) EVs in CSF (You et al., 2022). L1CAM has been used for the enrichment of neuronal-derived EV from plasma (Winston et al., 2016; Goetzl et al., 2019; Pulliam et al., 2019; Goetzl et al., 2020; Nogueras-Ortiz et al., 2020; Anastasi et al., 2021; Cressatti et al., 2021; Saeedi et al., 2021; Yao et al., 2021). However, the use of L1CAM as a neuronal EV marker is an ongoing debate in the EV community, in part due to a recent and comprehensive study demonstrated that L1CAM in CSF is not a marker of neuronal EVs (Norman et al., 2021). Another, important limitation of our study is that the CSF EV profile is based on a pool of CTL samples and not individual participants that reflect disease state. Thus, our future experiments include comprehensive profiling of CSF EVs in both AD and CTLs to identify and assess the relative abundance of cell-type specific markers for neurons, astrocytes, and microglia by both immunoblot and vFC.
Considering that extracellular RNAs can be transported by EVs, exomeres, supermeres, lipoproteins, and RNA-binding proteins (Vickers and Remaley, 2012; Mori et al., 2019; Zhang et al., 2021) and that FXs 6–9 showed an enrichment of EVs and smaller nanoparticles, while Fxs 10–13 and 14–17 contained a majority of the vesicle-free lipoproteins and proteins we sought to determine the miRNA profiles of each pool (Figure 6). The largest total number miRNAs were detected in Fxs 6–9, including 26 miRNAs that were unique to these fractions, and 12 miRNAs that we previously identified as candidate biomarkers for AD in total CSF (miR-125b-5p, -140-5p, -142-3p, -145-5p, -146a-5p, -146b-5p, -19b-3p, -223-3p, -24-3p, -29a-3p, -328-3p, and -331-3p), with five being unique to Fxs 6–9 (miR-125b-5p, -140-5p, -145-5p, -19b-3p, and -328-3p). In comparison, we identified very few miRNAs that were unique to the fractions that contained a majority of the vesicle-free lipoproteins and proteins (Fxs 10–13 and 14–17). However, we did observe 14 miRNAs that were in common between all three pooled fractions, including five AD CSF biomarkers (miR-146a-5p, -19b-5p, -24-3p, and -224-3p). Also, there were two AD biomarkers detected only in the vesicle-free lipoprotein and protein fractions (miR-19b-3p and 193a-5p). Note that some miRNAs included in the AD, sex, and APOE analyses were excluded from this analysis (e.g., miR-16-5p) because of differential detection in AD only and not expressed in at least two of the four CTL samples used in this experiment. Together, these data demonstrate that SEC fractions, which contain EVs and small nanoparticles, also contain a majority of the miRNAs that are informative about disease state. However, miRNAs carried by lipoproteins and RNA-binding proteins also have biomarker potential. Thus, more comprehensive studies are needed to fully elucidate the effects of AD on miRNA transport in CSF.
Our analysis of CSF EV miRNA expression between AD and CTL participants identified four miRNAs that were significantly increased in AD (Figure 7). We had previously identified two (miR-16-5p and -331-3p) of these four miRNAs as biomarkers for AD using total CSF (Wiedrick et al., 2019). Two independent studies that have also shown differential expression of miR-16-5p in CSF EVs from AD participants, compared to CTLs. In contrast to our findings, both studies reported a decrease in miR-16-5p expression levels in AD CSF EVs (Gui et al., 2015; McKeever et al., 2018). The differences may be associated with participant age at time of lumbar puncture. For our study, the average age of AD participants was 73 years old, while the average ages from the other studies were 61 and 63 years old (Gui et al., 2015; McKeever et al., 2018). Together, these data suggest that miR-16-5p expression levels may be sensitive to disease stage, which is further supported by studies in human postmortem AD tissue that show increased miR-16-5p in the prefrontal cortex and hippocampus of postmortem AD brain compared to CTL (Lau et al., 2013; Muller et al., 2014). Of the other miRNAs, two that were significantly increase in AD CSF EVs (miR-409-3p and -454-3p, Figure 7) have also been shown to be differentially expressed in postmortem AD prefrontal cortex compared to CTL (Lau et al., 2013). Together, these data demonstrate that the miRNA cargo of EVs is sensitive to neuropathological effects of AD.
Our target prediction analysis (Figure 6) found that 10 of the top 17 significant pathways are involved in AD. The top pathway overall was senescence, the permanent arrest of a proliferative cell (Saez-Atienzar and Masliah, 2020). In a study using AD brains, immunostaining showed the accumulation of senescent astrocytes (Bhat et al., 2012). Additionally, astrocyte senescence has been shown to promote glutamate excitotoxicity in cortical neurons, which may lead to neurodegeneration (Limbad et al., 2020). Within the senescence pathway, we identified SMAD2 and TGFB2 as predicted gene targets of miR-409-3p and -454-3p, respectively (Supplementary Table S5). In an APP/APOE knockout mouse, inhibition of the TGFB/SMAD2 pathway activity in astrocytes has been shown to increase amyloid plaque formation and cognitive impairment (Zheng et al., 2017). This could suggest that EV miRNAs may act to suppress SMAD2 and TGFB2 translation in astrocytes and contribute to disease pathogenesis. Since our CSF EVs were enriched for GLAST and likely associated with astrocytes, the miRNAs may be part of an astrocyte-derived mechanism that drives senescence and subsequently neurodegeneration. The top 10 pathways also included autophagy, which is essential to maintain the homeostasis of neurons. In AD brains, autophagy defects attribute to accumulation of cellular waste and autophagic organelles in dystrophic neurites (Nixon et al., 2005). In neurons, autophagosomes often fuse with MVBs before depositing contents to the lysosome for degradation (Colacurcio et al., 2018). Disruptions in the fusion of autophagosomes to the MVB can cause MVB accumulation of amyloid precursor protein and the toxic C-terminal fragment resulting from its cleavage, along with reduced degradation of these products (González et al., 2017). As MVBs are also a prominent site of EV biogenesis (Abels and Breakefield, 2016), disruption of MVBs due to autophagy defects may affect both the biogenesis of EVs and their contents. In line with our target prediction, a study that profiled the protein cargo of CSF EVs from AD patients found several of the same affected pathways (Muraoka et al., 2020). A prominent AD-related protein in the autophagy pathway is PTEN (Diaz Gonzalez et al., 2021), which we identified as a potential gene target of miR-454-3p (Supplementary Tables S4, S5). Pharmacological upregulation of PTEN has been shown to induce autophagy and increase clearance of Aβ in primary neuronal cells (Wani et al., 2019). Together, these data could contribute to the discovery of novel therapeutic targets for proteins and pathways regulated by miRNAs that are involved in AD.
APOE-e4 has been shown to disrupt exosome biogenesis and decreases the production of brain EVs in aged non-AD human brain and a humanized APOE-e4 mouse model (Peng et al., 2019; Ben Khedher et al., 2021). Furthermore, APOE-positive particles produced in cultured astrocytes can transport miRNAs to neurons with astrocyte-derived APOE-e4 particles carrying fewer miRNAs compared to APOE-e3 particles (Li et al., 2021). Both APOE alleles have also been shown to regulate miRNA expression (Han et al., 2013; Sharma and Eghbali, 2014). APOE-e4 decreases expression of miR-146a in the brain of both wild-type and 5xFAD AD mice compared to APOE-e3 (Teter et al., 2016). Aside from APOE-e4, miRNA expression is also regulated by both hormonal (estradiol, progesterone, and testosterone) and genetic differences between females and males (Waltering et al., 2011; Klinge, 2012; Lam et al., 2012; Sharma and Eghbali, 2014). Hormones can regulate miRNA expression directly through gene transcription via ligand bound nuclear hormone receptors that bind and recruit co-activators and–repressors to gene promoter elements. In rodents, 17β-estradiol differentially regulates miRNA expression in an age-dependent manner in the hippocampus (Rao et al., 2013). Furthermore, in cultured neurons, 17β-estradiol regulates miR-125b expression and prevents Aβ-induced neurotoxicity (Micheli et al., 2016). While these studies all implicate an effect of AD, APOE genotype status, and sex on EV and/or miRNAs, there is a knowledge gap in human studies. To the best of our knowledge, aside from the study herein, eight studies have investigated miRNA expression in CSF EVs from AD participants (Liu et al., 2014; Gui et al., 2015; Riancho et al., 2017; McKeever et al., 2018; Schneider et al., 2018; Jain et al., 2019; Kumar and Reddy, 2021; Tan et al., 2021), and we are the first to investigate the effects of sex and APOE-e4 status on CSF EVs and their miRNA cargo. Considering the relatively limited number of studies that have investigated sex-dependent effects on EVs and their RNA cargo, future studies that address basic questions such as the effect of sex on EV biogenesis, circulating EV concentration, and total concentration of RNA cargo are warranted.
In summary, our studies identified that AD and two of its risk factors, sex and APOE-e4 status, impact CSF EV miRNA levels. Importantly, APOE-e4 status within each sex-altered different subsets of miRNAs. Furthermore, the miRNAs differentially expressed in AD CSF EVs predicted gene targets and pathways that are known to contribute to neurodegeneration in AD. Together, these data demonstrate the need to perform large scale studies that take into consideration key biological factors in addition to the disease state in order to more precisely define biomarker profiles for the at-risk population. Our data also demonstrate that EV miRNAs could facilitate the identification of new targets for the therapeutic treatment of AD and define how EV-derived miRNAs may render females and/or APOE-e4 carriers more prone to AD.
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Mesenchymal stem cells show remarkable versatility and respond to extracellular and micro environmental cues by altering their phenotype and behavior. In this regard, the MSC’s immunomodulatory properties in tissue repair are well documented. The paracrine effects of MSCs in immunomodulation are, in part, attributable to their secreted extracellular vesicles (EVs). When MSCs migrate to the wound bed, they are exposed to a myriad of inflammatory signals. To understand their response to an inflammatory environment from an EV perspective, we sought to evaluate the effects of the inflammatory cytokine TNFα on MSC EV mediated immunomodulation. Our results indicate that while the physical characteristics of the EVs remain unchanged, the TNFα preconditioned MSC EVs possess enhanced immunomodulatory properties. In vitro experiments using polarized (M1 and M2) primary mouse macrophages indicated that the preconditioned MSC EVs suppressed pro-inflammatory (M1) markers such as IL-1β and iNOS and elevated reparatory (M2) markers such as Arg1 and CD206. When evaluated in vivo in a rat calvarial defect model, the TNFα preconditioned MSC EVs reduced inflammation at 1-, 3- and 7-days post wounding resulting in the subsequent enhanced bone formation at 4- and 8-weeks post wounding possibly by modulation of oncostatin M (OSM) expression. An analysis of EV miRNA composition revealed significant changes to anti-inflammatory miRNAs in the preconditioned MSC EVs hinting at a possible role for EV derived miRNA in the enhanced immunomodulatory activity. Overall, these results indicate that MSC exposure to inflammatory signals influence the MSC EV’s immunomodulatory function in the context of tissue repair. The specific function of TNFα preconditioned MSC EV miRNAs in immunomodulatory control of bone regeneration merits further investigation.
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Introduction

Osseous repair and regeneration following surgery or trauma begins with the inflammatory response. The importance of the inflammatory response to successful wound healing is revealed generally in studies of wound healing (1) and specifically in bone regeneration by the observed limitation in healing when effectors of inflammation are eliminated (2). Examples include the reduced healing of bone fractures in TNFα receptor knock out mice and reduced bone healing when macrophages are reduced in animal models (3, 4). Implied is the role of inflammatory cytokines in the communication between cells of the immune system and the bone forming mesenchymal cells. TNFα expression, which occurs quickly and persists for several days following injury, is a central determinant of subsequent cellular healing events (5). Mechanistically, TNFα is a mediator of MSC function that can affect the MSC proliferation and phenotype (6).

It is generally acknowledged that MSCs contribute to tissue regeneration by paracrine regulation of host cells (7, 8) resulting in immunomodulation at the site of surgery or injury. The communication and interaction of MSCs with the cells of the immune system is well documented (9). Co-culture of MSCs with dendritic cells, T-cells, and NK cells resulted in reduced inflammatory cytokine expression by all cell types. MSCs are known to direct macrophage polarization toward an M2-like (regenerative) phenotype to enhance tissue repair. The paracrine immunomodulatory function of MSCs has been attributed to the secretion of anti-inflammatory proteins and cytokines including IL-10, PGE2, NO, and TGFα.

An emerging view of immunomodulation includes the bi-directional signaling of inflammatory cells and MSCs. In the process of wound healing and tissue regeneration or repair, MSCs are recruited to an inflammatory environment. Thus, the characteristic feature of the MSC during the early stages of wound healing is one that is influenced by inflammatory cytokines with TNFα representing a dominant effector of inflammatory signaling at the site of injury of surgery. Presently, the knowledge regarding both acute and chronic TNFα exposure of MSCs suggests that acute and lower concentration TNFα signaling of undifferentiated MSCs promotes osteoinductive signaling (10, 11), while chronic and higher does MSC exposure to TNFα inhibits osteoinduction and bone formation (12, 13). The ability of the MSC to control TNFα expression by immune cells such as the macrophage may represent a key aspect of its immunomodulatory role in wound healing and in bone repair.

The paracrine signaling of MSCs is multifaceted and attributed to its production and secretion of extracellular matrix proteins, growth factors and cytokines as well as extracellular vesicles (or exosomes). Several studies indicate that many functions attributed to the MSC can be recapitulated by MSC conditioned media alone, suggesting a prominent role for the MSC secretome in control of wound healing and bone repair (14). Recent investigations have highlighted a role for MSC extracellular vesicles in the paracrine regulation of wound healing and regeneration of diverse tissues including bone (15, 16). The cargo of MSC extracellular vesicles includes protein, mRNA and microRNAs that are able to alter the function of target cells. The MSC cargo can be changed physiologically or experimentally to alter the paracrine function of the MSC. For example, overexpression of BMP2 in MSCs alters the cargo and function of secreted extracellular vesicles to enhance their osteoinductive function by directly affecting the BMP2 pathway of target cells (17).

More broadly, the concept of preconditioning of MSCs involves the exposure of MSCs to alternative culture conditions (e.g., hypoxia), to various cytokines or growth factor or through genetic modification (18). One intent of preconditioning is to increase the number of extracellular vesicles produced by the parental cell (19). Another intent is to alter the functionality of the extracellular vesicles. By example, the lineage specific differentiation of MSCs results in the production of extracellular vesicles that promote the same lineage specific differentiation of targeted MSCs (20). Other studies have demonstrated that hypoxia (21) or pro-inflammatory cytokine treatment (22) of MSCs enhanced their immunomodulatory and wound healing function. IFNγ preconditioning of MSCs also increased the anti-inflammatory protein content of MSC extracellular vesicles (23). These and other studies indicate that MSCs secrete exosomes alter immunoregulatory function during wound healing. For example, they enhance survival of allogenic skin grafts in mice in part by targeting macrophage function (24). LPS treatment of MSCs is another preconditioning strategy in which treated-MSC extracellular vesicles promotes M2 polarization (25), and attenuated inflammation in a mouse model of myocardial infraction (26).

In the present study, the treatment of MSCs with TNFα was performed to model the acute response of MSCs to inflammation following injury or surgery and to assess the effect of TNFα preconditioning of MSCs on the MSC extracellular vesicle function in bone regeneration. Comparison of TNFα treated and control MSC extracellular vesicles was performed at the structural, miRNA and functional levels both in cell culture and a calvarial model of bone regeneration. Preconditioned extracellular vesicles did not directly enhance MSC osteoinductive gene expression or differentiation in culture. However, TNFα preconditioning of MSCs resulted in the secretion of extracellular vesicles that affected macrophage polarization in cell culture and in healing calvarial tissues. Greater bone regeneration was observed in sites treated with the TNFα preconditioned MSCs compared to controls. Suggested is a bi-directional signaling of TNFα preconditioned MSCs to the macrophage that positively influences calvarial wound healing and bone regeneration.



Materials and Methods


Cell Culture

Human bone marrow derived mesenchymal stem cells (MSCs) were purchased from Lonza. MSCs were cultured in αMEM (Gibco) containing 20% fetal bovine serum (FBS, Gibco), 1% L-Glutamine (Gibco) and 1% antibiotic-antimycotic solution (Gibco). For MSC osteogenic differentiation induction, 100μg/ml ascorbic acid (Sigma), 10mM β-glycerophosphate (Sigma) and 10mM dexamethasone (Sigma) were supplemented in the αMEM growth medium (17).

Mouse bone marrow derived macrophages (BMMs) were isolated from 8-week-old C57BL/6J mice as per previously published protocol (27). BMMs were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) containing 20% fetal bovine serum (Gibco) and 1% antibiotic-antimycotic solution (Gibco). 20ng/ml recombinant macrophage colony-stimulating factor (M-CSF, Peprotech) was supplemented into the DMEM growth medium to induce macrophage differentiation. For M1 or M2 polarization, BMMs were treated with 100ng/ml lipopolysaccharides (LPS, Sigma) with 50ng/ml Interferon gamma (IFNγ, Peprotech) or 20ng/ml Interleukin 4 (IL-4, Peprotech) for 48 hours.



EV Isolation and Characterization

For preconditioning, MSCs were treated with 20ng/ml Tumor necrosis factor alpha (TNFα) for 72 hours. Control MSCs (no TNFα treatment) and TNFα preconditioned MSCs were washed in PBS and cultured in serum free αMEM growth medium for 24 hours. EVs were isolated from serum free culture medium according to our published and standardized protocols (20). The culture medium was harvested, cell debris were removed by centrifugation (3,000xg, 15min) and EVs were isolated using the ExoQuick-TC reagent (System Biosciences) as per the manufacturer’s recommended protocols. The isolated EVs were characterized for number and size distribution and presence of membrane markers by nano tracking analysis (NTA) and immunoblotting. For NTA, a 1/100 dilution of the EV suspension was analyzed in the Nanosight NS-300 instrument to obtain the average number of particles and the size distribution plot. Based on the NTA results, approximately equal concentration of control and TNFα EVs (1.8x1010 particles/ml) were used for each experiment.

For immunoblotting, exosomal proteins were isolated in RIPA buffer and 20-30 µg of EV lysate was resolved by SDS-PAGE gel, transferred onto nitrocellulose membranes and probed with primary mouse monoclonal anti-CD63 [TS63] (1/1000, ab59479, Abcam) and mouse monoclonal anti-HSP70 [C92F3A-5] (1/200, sc-66048, Santa Cruz) antibodies and near infrared dye conjugated secondary antibodies (1/15,000, Licor) as per previously published protocols (28). The blots were imaged using a Licor Odyssey imager.



Quantitative and Qualitative Endocytosis of EVs

EVs were fluorescently labeled using the ExoGlow exosome protein labeling kit (System Biosciences) as per the manufacturer’s protocols. For quantitative experiment, MSCs and BMMs were seeded onto 96 well tissue culture plates (10,000 MSCs/well, 20,000 BMMs/well) and incubated for overnight to facilitate cell attachment. The cells were then incubated with increasing numbers of fluorescently labeled EVs for 2 hours at 37°C, washed with PBS and fixed in neutral buffered 4% paraformaldehyde (PFA). The fluorescence from the endocytosed EVs was observed and quantified by using a BioTek Synergy 2 96 well plate reader equipped with the appropriate filter sets to measure green fluorescence. The results were plotted as mean (+/− SD) relative fluorescence intensity % increase (normalized to no EV group) as a function of dosage (n=6 per group).

For qualitative endocytosis experiments, 50,000 MSCs or BMMs were seeded onto cover glasses placed in 12 well or 24 well cell culture plates. Fluorescently labeled EVs (1.8x109 particles/well) were added and incubated for 2 hours. The cells were then washed with PBS, fixed in 4% PFA, permeabilized and counter stained using Alexa Fluor® 568 Phalloidin (1/2000, A12390, Invitrogen) antibody. The cover glasses were then mounted using mounting medium with DAPI (Vector Laboratories) and imaged using a Zeiss LSM 710 Meta confocal microscope.



EV Mediated MSC Osteogenic Differentiation

To examine the osteoinductive function of EVs, 50,000 MSCs were seeded onto 12 well tissue culture plates and cultured in growth medium with EVs (1.8x109 particles/well) for 3 days. Total RNA was isolated using RNeasy mini kit (Qiagen) as per the manufacturer’s protocol. The RNA concentration was measured using NanoDrop One. After first strand cDNA synthesis, osteogenic related gene specific primers (Table 1) were used to direct PCR amplification and SYBR Green probe incorporation using a BioRad CFX96 thermocycler. All expression data were normalized to housekeeping genes GAPDH and fold change was calculated using ΔΔCt method (n=4 per group).


Table 1 | Primer pairs used for qRT-PCR.



For in vitro differentiation, MSCs were differentiated as described above using osteogenic differentiation medium. For the alkaline phosphatase (ALP) assays, MSCs (50,000 cells/well) were seeded onto 12 well tissue culture plates and EVs (1.8x109 particles/well) were added to the cells and cultured up to 7 days. ALP activity was quantified using Alkaline phosphatase assay kit (Abcam) by measuring p- nitrophenyl (pNP) based on the spectrophotometric absorbance at 405nm. The fold change of ALP activity at each time point was calculated with respect to relative enzymatic activity of day 0 (n=4 per group). To observe the calcium deposition, alizarin red staining was performed. MSCs (100,000 cells/well) were seeded onto 6 well tissue culture plates and EVs (3.6x109 particles/well) were added to the cells and incubated for 14 days. The cells were then washed with PBS, fixed with 4% PFA and stained with Alizarin red solution (Sigma).



EV Mediated BMM Polarization

The functionality of EVs on BMM polarization was assessed by qRT-PCR and MILLIPLEX multiplex assay (Millipore Sigma). Briefly, 250,000 BMMs were seeded onto 24 well tissue culture plates and incubated for overnight prior to the treatment. The cells were polarized to M1 or M2 phenotype as described in cell culture section and EVs (4.5x109 particles/well) were added to the cells and cultured for 48 hours. For multiplex assay, the culture medium was harvested, and cell debris were removed by centrifugation (3,000g, 15min). The protein concentration was measured using Pierce BCA protein assay kit (Thermo Fisher) and culture medium was adjusted to have equal amount of protein per well (n=4 per group). The multiplex assay was performed as per manufacture’s recommended protocols and the concentration of macrophage secreted protein was quantified using Magpix system at UIC RRC Flow cytometry core. For qRT-PCR, the total RNA from BMMs were isolated using RNeasy mini kit (Qiagen) as per the manufacturer’s protocol and the concentration of RNA was measured by NanoDrop One. Equal amount of RNA was used to complete first strand cDNA synthesis and macrophage polarization related gene specific primers (Table 1) were used to performed qRT-PCR. All expression data were normalized to housekeeping genes GAPDH and fold change was calculated using ΔΔCt method (n=4 per group).



Rat Calvaria Defects

To evaluate the effects of EVs on bone healing, the rat calvaria defect model was used. The rats were anesthetized intraperitoneally using Ketamine (80mg/kg)/Xylazine (10mg/kg) and a vertical incision was made in the head at the midline to expose the calvarial bone. Two 5mm calvarial defects were created bilaterally in the calvarium without dura perforation using a trephine burr. A clinical grade collagen scaffold (OraPLUG, Salvin) was placed on the wound with PBS (control), control EVs or TNFα EVs (4.5x109 particles/defect). The rats were sacrificed by carbon dioxide asphyxiation followed by cervical dislocation at each timepoint. For early time points, the embedded scaffolds were harvested and subjected to histology and qRT-PCR at day 1, 3 and 7 post-surgeries. Total RNA was isolated using miRNeasy mini Kit (Qiagen) as per the manufacturer’s protocol and qRT-PCR was performed as described in the previous section using rat specific primers (Table 1). The fold change of expression level was calculated using ΔCt method (n=4 per group). At 4- and 8-weeks post-surgery, the calvaria were harvested, fixed in neutral buffered 4% paraformaldehyde and subjected to 3D μCT analysis using a Scanco40 μCT scanner. The data obtained from the μCT scanner was quantitatively analyzed using a custom-built MATLAB Program.



Histology and Immunohistochemistry

After 3D μCT analysis, the calvaria samples were decalcified in 10% EDTA solution. The harvested scaffolds at day 1, 3, and 7 and the decalcified calvaria at 4- and 8- weeks were then embedded in paraffin and sectioned into 5-10μm sections. The Hematoxylin and eosin (H&E) staining was performed as per previously published protocols (28). For immunofluorescent staining, the slides were pre-treated with 5% BSA blocking buffer for an hour at room temperature. Macrophage markers were stained with rabbit polyclonal anti-inducible nitric oxide synthase (iNOS) antibody (1/100, ab15323, Abcam), rabbit monoclonal [D4E3M] anti-arginase 1 (Arg1) antibody (1/100, 93668, Cell signaling), and mouse monoclonal [A-9] anti-oncostatin m (OSM) antibody (1/100, sc-374039, Santa Cruz). Osteomarkers were stained with mouse monoclonal [65529.111] anti-bone morphogenetic protein 2 (BMP2) antibody (1/100, ab6285, Abcam), mouse monoclonal [LFMb-31] anti-DMP-1 antibody (1/100, sc-73633, Santa Cruz), and mouse monoclonal [LFMb-25] anti-BSPII antibody (1/100, sc-73630, Santa Cruz). Sections were then stained with anti-mouse FITC and anti-rabbit TRITC secondary antibodies (1/200, Sigma) and imaged using Zeiss LSM 710 laser scanning confocal microscope. ImageJ was used to quantify the immunostained number or %area per field (n=4 per group). The positive number of iNOS and Arg 1 cells was normalized to the number of nuclei per field.



MicroRNA Sequencing

To study the microRNA (miRNA) profiles of TNFα EVs, miRNA sequencing was performed. Total RNA in EVs was extracted using miRNeasy mini Kit (Qiagen). Next-generation sequencing (NGS) was performed for miRNA expression profile. One microgram of total RNA was used for the construction of cDNA library using the TruSeq Small RNA sample prep kits (Illumina). Sequencing was performed with Illumina NovaSeq 6000 (LC Sciences). A proprietary analysis pipeline by LC Sciences, ACGT101-miR v4.2, was used for data analysis, where reads were mapped to the human genome (GRCh38) and miRBase (https://mirbase.org, Release 22.1). The normalization method of the data was to divide the sequence counts of individual samples by the corresponding normalization factors, which were the median of the ratios of specific sample counts to geometric mean counts of all samples. Student’s t-test (two-tailed, n=3) was used to analyze expression differences between TNFα EV and control EV group, and the differentially expressed miRNAs were showed in the heatmap.

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed using ACGT101-miR v4.2 to evaluate the functions of differentially expressed miRNA targets and gene interactions. Significance was determined by performing Fisher’s exact test (P< 0.05).



Statistical Analysis

For experiments involving two groups, student’s t-test with a confidence interval of 95% was utilized. For the experiments involving comparison of more than two groups, One-way ANOVA was performed with a confidence interval of 95%, following by pairwise comparisons using Tukey’s ad-hoc method (P<0.05).




Results


Effect of TNFα Treatment on MSC EV Properties and EV Characterization

To observe if preconditioning of MSCs by treatment with TNFα affects the anti-inflammatory property of MSC EVs, MSCs were treated with varying concentrations of TNFα. The anti-inflammatory effects of the derivative EVs were analyzed by evaluating the expression levels of IL-1β (a pro-inflammatory cytokine) and CD206 (a marker for M2 polarized macrophage) in M1 polarized BMMs. Results presented in Figure 1A indicate that TNFα preconditioning enhanced the anti-inflammatory property of MSC EVs by reducing IL-1β expression of M1 polarized BMMs at 10ng/ml and enhancing the expression of CD206 at 20ng/ml. Based on the results, 20ng/ml concentration was determined to be the ideal concentration for preconditioning and this concentration was used in subsequent experiments to generate TNFα preconditioned MSC EVs (TNFα EVs).




Figure 1 | EV characterization. (A) The effect of TNFα preconditioned MSC EVs on the expression of IL-1β and CD206 in M1 polarized primary macrophages. Data is presented for two genes (IL-1β and CD206) as representatives of M1 and M2 markers respectively. Fold change was calculated with respect to M1 macrophages in the absence of EVs. X-axis points refer to different concentrations of TNFα used for preconditioning. 20ng/ml was chosen as an ideal concentration for the subsequent experiments. *: statistical significance (P < 0.05) with respect to no EV control by Student’s t-test. (B) Expression of EV markers CD63, HSP70 and TSG101 in naïve (control) and TNFα EVs. (C) NTA plots of control and TNFα EVs showing their size distribution.



The properties of the TNFα EVs were analyzed in comparison to naïve MSC EVs by immunoblotting for EV specific markers CD63, HSP70 and TSG101 as well as by nano particle tracking analysis (NTA) to obtain the EV size distribution. Results presented in Figures 1B shows the similarity in the expression levels of the selected EV markers. NTA (Figure 1C) showed a minor increase in the average particle size of the TNFα EVs although this was not statistically significant. Similar polydispersity index between control and TNFα EVs was observed. The EVs from TNFα treated MSCs showed similar expression of EV markers as well as size distribution and PDI. Overall, these results indicated that treatment of MSC with TNFα did not cause global changes in structure or measured biochemistry of MSC EVs.



Effects of TNFα EVs on Osteogenic Differentiation of MSCs

MSC EVs influence osteogenic differentiation of MSCs. To evaluate if preconditioning of MSCs with TNFα further influences the osteoinductive ability of the derivative EVs, we first analyzed the ability of control and TNFα EVs to be endocytosed by MSCs. Congruent with their biophysical similarity, the results presented in Figures 2A, B show qualitatively and quantitatively that no significant differences were observed in the endocytic properties of the two types of EVs. Both were effectively endocytosed. When MSCs were treated with control or TNFα EVs in the presence of growth medium, both EVs triggered a positive change in the expression level of osteogenic marker BMP2 with TNFα EVs less effective than control EVs. The changes effected by both types of EVs were statistically significant (P<0.05, Tukey’s test post ANOVA) with respect to untreated controls (* in Figure 2C). Little change was observed in the expression levels of RUNX2 and osterix (OSX) transcription factors. We also evaluated alkaline phosphatase (ALP) activity in MSCs under the influence of osteogenic differentiation medium in the presence/absence of control and TNFα EVs. Results presented in Figure 2D show that both EVs enhance ALP activity. However, the TNFα EVs were less effective than control EVs with the day 3 data point being statistically significant (P<0.05, Tukey’s test post ANOVA) and the day 7 results not statistically significant while showing a minor reduction with the TNFα EVs. Concurrently, MSCs cultured under osteogenic differentiation medium for 14 days in the presence/absence of control and TNFα EVs were stained with alizarin red to evaluate calcium deposition. While both EVs enhanced calcium deposition with respect to control, no differences were observed among the two types of EVs (Figure 2E). Overall, these experiments indicated that preconditioning of MSCs with TNFα did not significantly alter the osteoinductive properties of MSC EVs.




Figure 2 | Effect of TNFα EVs on MSC osteogenic differentiation. (A) Representative confocal images of fluorescently labeled control and TNFα EVs (green) endocytosed by MSCs. Scale bar=20μm in all images. The red staining in the images indicate actin counter stain and blue staining shows the nuclei (DAPI). (B) Dose-dependent and saturable endocytosis of fluorescently labeled control and TNFα EVs by MSCs. (C) Fold change in the expression of osteoinductive marker genes in MSCs in the presence of control and TNFα EVs (72hrs post treatment) in the presence of growth medium. Data represents fold change with respect to no EV controls. Note that TNFα preconditioning does not generate osteoinductive property in MSC EVs. (D) ALP activity in MSCs cultured in osteogenic differentiation medium in the presence/absence of control or TNFα EVs. Note that while EVs increase ALP activity in general, TNFα preconditioning does not increase osteoinductive potential. (E) Representative images of alizarin red stained MSC cultures after 14 days of culture in osteogenic medium in the presence/absence of EVs. Note that while EV presence increased calcium deposition, no change was observed between control and TNFα preconditioned groups. *: statistical significance (P < 0.05) with respect to untreated control, #: statistical significance (P < 0.05) between control and TNFα EV groups as calculated by Tukey’s test post ANOVA.





Effects of TNFα EVs on Macrophage Polarization

Results presented in Figure 1A showed that preconditioning MSCs with TNFα altered the immunomodulatory effects of the MSC EVs. To characterize this further, we evaluated the effects of TNFα EVs on polarized (M1 and M2) BMMs in comparison to control EVs. As in the case of MSCs, we first evaluated the ability of control and TNFα EVs to be endocytosed by BMMs. Results presented in Figures 3A, B indicate that there is no significant difference between the two types of EVs with respect to endocytic properties. However, when M1 polarized macrophages were treated with control or TNFα EVs, the TNFα EVs had the anti-inflammatory effect of reducing the gene expression levels of IL-1β, iNOS and TNFα significantly compared to control EVs (Figure 3C). The protein expression levels of IL-1β, IL-12 and TNFα was also measured by multiplex ELISA for this experiment. Results presented in Figure 3E show that the TNFα EVs significantly reduced the expression levels of all three inflammatory cytokines with respect to controls (*) as well as control EVs (#).




Figure 3 | Effect of TNFα EVs on macrophage polarization. (A) Representative confocal images of fluorescently labeled control and TNFα EVs (green) endocytosed by macrophages. Scale bar=20μm in all images. The red staining in the images indicate actin counter stain and blue staining shows the nuclei (DAPI). (B) Dose-dependent endocytosis of fluorescently labeled control and TNFα EVs by primary macrophages. (C) Fold change in gene expression of pro-inflammatory markers in M1 polarized macrophages in the presence/absence of EVs. Note that TNFα EVs significantly reduce the expression levels of IL-1β, iNOS and TNFα indicating a reduction in M1 polarization. (D) Fold change in the expression levels of M2 marker genes in M2 polarized macrophages in the presence/absence of EVs. Note the significant increase in the expression levels of M2 markers CD206, IL-10 and Arg1 indicating an increase in M2 polarization. (E) Multiplex ELISA determined quantitative expression of pro-inflammatory cytokines in M1 polarized macrophages in the presence/absence of EVs. Note the significant reduction in cytokine expression in the presence of TNFα preconditioned MSC EVs. (F) Multiplex ELISA determined quantitative expression of IL-10 and VEGF in M2 polarized macrophages. *: statistical significance (P < 0.05) with respect to untreated control, #: represents statistical significance (P < 0.05) between control and TNFα EV groups as calculated by Tukey’s test post ANOVA.



BMMs were alternatively polarized to M2 phenotype and subjected to treatment with the control or TNFα EVs. Results presented in Figure 3D show that the TNFα EVs significantly enhanced the gene expression levels of M2 markers CD206, IL-10 and Arg1 with respect to both untreated controls (*) as well as control EVs (#). Protein expression levels were measured by multiplex ELISA and results presented in Figure 3F show that the anti-inflammatory cytokine IL-10 expression was significantly increased in TNFα EV group compared to control (*) and control groups (#). VEGF levels were significantly reduced with respect to control EV group although they remained at higher levels with respect to untreated controls.

Overall, the results from these studies showed that preconditioning of MSCs with TNFα did not affect the ability of the derivative EVs to be endocytosed by macrophages. However, when compared to control EVs treatment of polarized macrophages, TNFα EVs treatment caused greater reduction in pro-inflammatory M1 markers and increased expression of anti-inflammatory and reparative M2 markers.



Immunomodulatory Effects of TNFα EVs In Vivo

Results presented in Figure 3 indicated that TNFα preconditioning can reduce pro-inflammatory activity and enhance the anti-inflammatory/reparative activity of macrophages. We extended these in vitro observations by evaluating the ability of control and TNFα EVs to influence inflammation occurring in vivo in a rat calvarial defect model. For these experiments, we chose to evaluate the effects of the EVs at days 1, 3 and 7 post wounding qualitatively and quantitatively. The wounds were treated with collagen membranes containing the respective EVs or PBS and samples were harvested at days 1, 3 and 7 post wounding. Paraffin embedded samples were immunoassayed for iNOS as a pro-inflammatory marker (M1-like) and Arg1 as an anti-inflammatory marker (M2-like). Results presented in Figure 4A indicate a reduced number of iNOS positive cells in the TNFα EV group compared to untreated (PBS) and control EV group. Quantitation of number of cells per field of view across 5 samples is presented in Figures 4B, C. The results validate the in vitro observations and show a clear (30-90%) reduction in iNOS positive cells and an increase (>200%) in Arg1 positive cells over the treatment period. The gene expression levels of IL-1β and TNFα were also evaluated by qRT-PCR from the samples (n=4). Results are presented as log 10 fold change over untreated control at day 1 for both genes. Expression levels depicted in Figures 4D, E show a robust reduction in the expression levels of IL-1β and TNFα in TNFα EV group compared to both untreated controls (*) as well as naïve MSC EV group (#).




Figure 4 | Modulation of in vivo inflammatory response by TNFα EVs. (A) Representative confocal images showing IHC staining for pro-inflammatory (M1) marker iNOS (green) and anti-inflammatory (M2) marker Arg1 (green) in tissue sections from rat calvarial defects 1-, 3- and 7-days post wounding. Scale bar=50μm in all images. Note the reduced presence of iNOS positive and increased presence of Arg1 positive cells in the TNFα EV group compared to controls. (B, C) Image J based quantitation of number of positive cells per field of view for iNOS and Arg1 expression (n = 5). Note the significant reduction in iNOS positive cells and increase in Arg1 positive cells. (D, E) Gene expression of IL-1β and TNFα respectively in tissue samples of calvarial wounds 1, 3 and 7 days post wounding. Data are represented as log 10 of fold change. Note the significant drop in the expression of these pro-inflammatory cytokines in the presence of TNFα EVs with respect to controls. *: statistical significance (P < 0.05) with respect to untreated control, #: statistical significance (P < 0.05) between control and TNFα EV groups as calculated by Tukey’s test post ANOVA.



Published studies have shown the relationship between inflammation and bone regeneration and the effects of the secretome of macrophages on MSC differentiation and osteoinduction (27, 28). One of the factors secreted by macrophages that positively influences bone repair is oncostatin M (OSM) (29). Therefore, to evaluate if, apart from controlling the expression of inflammatory markers, TNFα EVs also influence the expression of OSM, we quantified OSM expression by immunoassay of days 1, 3 and 7 sections for OSM. Results presented in Figure 5A, B show that TNFα EVs triggered a robust increase in the expression levels of OSM in vivo. This was also verified in in vitro experiments in macrophages polarized to M0, M1 and M2 phenotypes in the presence/absence of control or TNFα EVs (Figure 5C).




Figure 5 | OSM expression is influenced by TNFα EVs. (A) Representative confocal micrographs of 1-, 3- and 7-day calvarial sections immunoassayed for OSM (green). Scale bar=50μm in all images. (B) Image J based quantitation of fluorescence intensity in tissue sections (n = 5). Data are presented as fold change in intensity with respect to untreated (PBS) controls. Note the significant increase in OSM intensity in the TNFα EV group compared to controls. *: statistical significance (P < 0.05) with respect to untreated control, #: statistical significance (P < 0.05) between control and TNFα EV groups as calculated by Tukey’s test post ANOVA. (C) Fold change in OSM expression in primary macrophages under naïve (M0), M1 and M2 polarization conditions in the presence/absence of control and TNFα EVs. Data are presented as fold change over M0 control (no EV) OSM expression. *: statistical significance (P < 0.05) with respect to no EV control in each polarization condition, #: statistical significance (P < 0.05) between control and TNFα EV groups as calculated by Tukey’s test post ANOVA.



Overall, these in vivo results corroborated our in vitro observations and show that TNFα preconditioning enhances the positive immunomodulatory effects of MSC EVs by reducing the expression of pro-inflammatory markers and enhancing the expression of reparative anti-inflammatory markers.



Effect of TNFα EVs on Bone Repair In Vivo

To evaluate if the immunomodulatory effects observed at the shorter time points translated to increased bone repair at later time points, we evaluated the effects of the two types of EVs in the calvarial defect model after 4- and 8-weeks post wounding. Quantitative μCT analysis of the calvarial samples indicated that TNFα EVs enhanced bone repair at 4 and 8 weeks (greater than 2-fold at 8 weeks; Figures 6A, B). Confirmatory histology of the decalcified samples revealed increased bone formation in the TNFα EV group at both time points (Figure 6C). The sections were also immunoassayed for the expression of BMP2, bone sialoprotein (BSP) and dentin matrix protein 1 (DMP1). Results presented in Figure 7A and quantified in Figures 7B–D indicate that while both control and TNFα EVs both triggered an increase in the expression of all three osteoinductive proteins, no significant differences were observed in expression levels between the two groups. Overall, these results indicate that the immunomodulatory effects of TNFα EVs translate to enhanced healing of calvarial wounds in wild type rats.




Figure 6 | Bone regeneration is influenced by TNFα EVs. (A) Representative 3D μCT images of rat calvarial defects 4- and 8-weeks post wounding. Note the increased presence of bone in EV groups compared to control and the increased bone volume in the TNFα EV group compared to the other two. (B) volumetric quantitation of regenerated bone represented as percentage of BV/TV. Note the significant increase in bone volume at 8 weeks in the TNFα EV group compared to controls. n.s, Not significant;*: statistical significance (P < 0.05) with respect to PBS and control EV group as calculated by Tukey’s test post ANOVA. (C) Representative micrographs of calvarial defect sections stained with H&E. Black arrows point to newly formed bone in the defect. Scale bar=500μm.






Figure 7 | Expression of osteogenic markers in rat calvarial defects. (A) Representative confocal micrographs representing the expression of osteogenic markers BMP2 (green), BSP (green) and DMP1 (green) in decalcified calvarial sections 4- and 8- weeks post wounding. Scale bar=50μm in all sections. (B–D) are Image J based quantitation of fluorescence intensity of BMP2, BSP and DMP1 in the sections (n = 5) represented as fold change with respect to untreated (PBS) control. *: statistical significance (P < 0.05) with respect to PBS controls calculated by Tukey’s test post ANOVA. Note that while the EV treated groups showed increased expression compared to PBS control, no significant difference was observed in expression intensity between control and TNFα EVs.





MiRNA Composition of TNFα EVs

In prior studies, MSC EV functionality has been directly linked to its miRNA composition (30). We sequenced both control and TNFα EVs to identify differentially expressed miRNAs that might contribute towards the EVs altered functionality. The heat map presented in Figure 8A shows the differentially regulated miRNAs in the TNFα EVs compared to control EVs. The corresponding KEGG analysis highlights that the change in miRNA composition accounts for multiple pathways that involve immunomodulation, cancer biology, cell cycle and cell survival (Figure 8B).




Figure 8 | miRNA components in TNFα EVs. (A) A heat map of the differentially expressed miRNAs in control and TNFα EVs (n = 3). (B) KEGG analysis of relevant pathways significantly affected by differentially expressed miRNAs in TNFα EVs. Statistical significance (P < 0.05) was determined by performing Fisher’s exact test.






Discussion

Tissue engineering of bone using MSCs has its foundations based on the observations that MSCs give rise to osteoprogenitor cells (31) and their transplantation into large segmental defects supports bone regeneration (32). The mechanisms affecting MSC-mediated bone regeneration include the role of the MSC secretome in paracrine regulation of bone regeneration, particularly with respect to immunomodulatory function. Among the included secretome elements, exosomes or EVs have emerged as alone being able to reproduce many of the MSC-mediated effects in tissue regeneration (33). MSC EVs are emerging as potential regenerative tools in tissue engineering (34, 35).

MSC EVs have been used in many tissues for regeneration with varying levels of success. This generalized promotion of regeneration may reflect a more central role of the MSC in immunomodulation (9). In fact, MSCs role in immunomodulation is widely recognized and the MSC EV are able to influence immune cell function (36). More notably, MSCs and their EVs are able to influence macrophage polarization, a phenomenon well known as a central mediator of wound healing and regeneration (37).

The process of wound healing and regeneration involves the establishment of an early tissue comprised of an immature extracellular matrix containing abundant immune cells including macrophages. These macrophages appear as pro-inflammatory (M1-like) cells that function to direct the important inflammatory steps in early wound healing. TNFα is among the pro-inflammatory cytokines expressed early in the process by macrophages. It is in this environment that MSCs are recruited to sites for wound healing and regeneration. Concomitant with MSCs populating this tissue, macrophage polarization pivots toward a regenerative (M2) phenotype. The MSC is able to affect this immunomodulatory macrophage polarization switch in cell culture (28) and we proposed that MSC exposure to TNFα supports the MSC immunomodulatory function.

The present study demonstrates that TNFα preconditioning of MSCs alters the immunomodulatory effects of MSC EVs on primary macrophages. This is consistent with other studies that have demonstrated that MSC EVs are able to influence macrophage polarization [reviewed in (37)] and that TNFα treatment of gingival MSCs resulted in greater anti-inflammatory effects and a reduction in periodontal bone loss in the mouse model (38). Here, despite present cell culture studies that indicated TNFα EVs did not enhance osteoinduction in MSC cultures compare to control EVs, TNFα EVs treatment of calvaria defects significantly increased bone formation at 4 and 8 weeks. This increased bone formation was associated with the reduction in M1 macrophages and increase in M2-like macrophages in these treated tissues during the pro-inflammatory, formative period of 3 to 7 days during regeneration. A recent study demonstrated that the treatment of calvaria defects with M2 macrophage EVs promoted bone regeneration to greater extent than naïve and M1 macrophage EVs (28).

Preconditioning has been examined in the present study at the level of miRNA cargo of MSC EVs. Importantly, preconditioning has been shown to alter the primary metabolites and proteins associated with anti-inflammatory and immunoregulatory functions (15). Preconditioning of cultured MSCs is now recognized as one approach to improving MSC functions in vivo. Hypoxia is recognized as an injury-related condition that when used to precondition MSCs leads to increased engraftment, angiogenesis and regenerative function (39). This study further underscores those factors such as TNFα in wounded tissues promote expression of MSC EVs with regenerative features. MSC preconditioning is considered an important approach to improving cultured MSC activity (40).

The use of TNFα preconditioning may have selected advantages over other methods of altering MSC-derived EV function. TNFα preconditioning does not appear to affect the general biophysical properties of the EVs which may account for their similar endocytosis when compared to naïve MSC EVs. One possible advantage of preconditioned MSC EVs is that preconditioning may be part of a cell culture strategy that minimizes variation from primary native MSCs. Another advantage of preconditioning of MSCs is that it increases the consistency of EV cargo as demonstrated at the protein and metabolite level as well as the miRNA level (41). Overexpression of a single miRNA affects a single miRNA function whereas preconditioning with cytokine or morphogen more comprehensively alters the miRNA content of the MSC EVs.

The present results indicate that MSC EVs treatment of the calvaria defect promotes bone regeneration by an indirect mechanism affecting macrophage polarization and that the resulting change in macrophage polarization precedes and influences subsequent and enhanced bone repair. Macrophage OSM expression was observed in these healing tissues and is indicative of one osteoinductive signal produced by macrophages that can be increased by macrophage exposure to TNFα EVs. Preliminary studies indicated that macrophages are essential for calvaria bone regeneration within these same collagen scaffolds. The reduction of monocytes using either clodronate liposome treatment in wild type mice or ablation of monocytes in MaFIA mice treated with AP20187 is associated with the marked reduction in calvaria bone regeneration (Supplementary Figure 1). This is consistent with reports of the role for osteomacs in fracture repair (42).

The control of macrophage plasticity ranging from M1 to M2 phenotypes is a critical process in the immunomodulatory control of bone regeneration (43). In the present investigation, TNFα EVs treatment of calvaria wounds was associated with a marked switch from an M1 predominant to an M2 predominant regenerative environment at the early times of healing. M1 macrophage-elaborated factors such as OSM assist in promoting osteogenesis (29, 43) and M2 macrophage-elaborated factors promote ongoing osseous regeneration (44).

When TNFα treated human gingiva derived MSC EVs were investigated, the preconditioning increased exosome number, induced M2 macrophage expression in a CD73-dependent manner and protected alveolar bone from ligature-induced periodontal bone loss. The TNFα preconditioning was associated with significant changes in the EVs miRNA cargo (38). Another study involving adipose stem cells demonstrated that exosomes isolated from cells preconditioned with TNFα promoted human primary osteoblastic cell proliferation and differentiation (45).

Our miRNA sequencing results show a significant change in the miRNA composition of the preconditioned MSC EVs. It is possible that a subset of these altered miRNA contributes to the enhanced immunomodulatory function. In preliminary analyses of some of the highly expressed miRNAs that are also differentially expressed, candidates such as miR-15b (46), miR-19b (47) and miR-22 (48, 49) stand out due to their established roles in immunomodulation. For example, miR-22 is a negative regulator of the NLRP3 inflammasome pathway (50) and has established anti-inflammatory function (50, 51). KEGG pathway analysis also indicated significant changes in pathways related to cancer, PI3K-Akt as well as the FoxO signaling pathways. Cancer related pathways are primarily immunomodulatory in nature as are the PI3K-Akt and the FoxO signaling cascades (52). These results indicate that the miRNA EV cargo shifts towards an immunomodulatory role when MSCs are preconditioned with TNFα. Ongoing studies continue to investigate more broadly the inflammation preconditioning of MSC EVs. Such studies are aimed at further defining the role of EVs and their miRNA cargo in the immunoregulatory effects of MSCs on tissue regeneration and repair.

We have observed an indirect effect of MSC EVs acting on macrophages to promote osteogenesis that may be complex in mechanism. Macrophages influence osteoblasts directly by secreted cytokines included OSM, BMP, and others. Here we demonstrate that MSC EVs treatment of calvaria resulted in the increased expression of OSM in healing tissues. Other effects cannot be excluded. For example, calvaria defect treatment with exosomes promoted neovascularization in support of osteogenesis (53). While the preconditioning of MSCs also influences cytokine expression that affects macrophage polarization, the isolation of EVs from conditioned media likely excludes cytokine effects in the present study; studies comparing EV depleted conditioned media with EVs demonstrate the effects of EVs on target cells is distinct from the EV depleted media (54). While TNFα EVs may interact with diverse cell types in vivo, the present cell culture studies discount a direct EV-mediated effect on osteoprogenitor cells in the calvaria.

In conclusion, the TNFα preconditioning of human MSCs results in EVs able to alter the macrophage phenotype in vitro and in vivo. While both control/naïve and TNFα EVs promote MSC osteoinduction at similar levels, the TNFα EVs increase bone regeneration in calvaria in a process that is accompanied by significant immunomodulation represented by an increase in the M2 macrophage population and suppression of M1 inflammatory cytokine production. Given the present observations, the TNFα preconditioned MSC EV’s promotion of bone regeneration is indirect and dependent on their immunomodulatory function in the regeneration process.
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Exosomes are nanosized “off-the-shelf” lipid vesicles released by almost all cell types and play a significant role in cell–cell communication. Exosomes have already been proven to carry cell-specific cargos of proteins, lipids, miRNA, and noncoding RNA (ribonucleic acid). These vesicles can be selectively taken up by the neighboring cell and can regulate cellular functions. Herein, we have discussed three different roles of exosomes in neuroscience. First, we have discussed how exosomes play the role of a pathogenic agent as a part of cell–cell communication and transmit pathogens such as amyloid-beta (Aβ), further helping in the propagation of neurodegenerative and other neurological diseases. In the next section, the review talks about the role of exosomes in biomarker discovery in neurological disorders. Toward the end, we have reviewed how exosomes can be harnessed and engineered for therapeutic purposes in different brain diseases. This review is based on the current knowledge generated in this field and our comprehension of this domain.
Keywords: exosome, disease biomarker, cell-cell communication, neurotherapeutics, exosome engineering, pathogenic agent
1 INTRODUCTION
Exosomes, saucer-shaped vesicles of approximately 30–100 nm diameter (Théry et al., 2002b), are one of the different types of “extracellular vesicle” (EV) that are delimited by a lipid bilayer and are naturally released from the cell and play major roles in cell–cell communications. These vesicles are endosomal origin, cannot replicate, i.e., do not contain a functional nucleus, and float at a density of 1.13–1.19 g ml−1 in sucrose gradients (Théry et al., 2018). The process of exosome release can be divided into three steps: exosome biogenesis, intracellular movement of multivesicular bodies (MVBs), and MVB fusion with the plasma membrane. In the first step of exosome biogenesis (Figure 1), early endosomes are formed by inward invagination of the plasma membrane or from the trans-Golgi network. These early endosomes mature to form late endosomes. Invagination of the endosomal membrane into the lumen leads to the formation of intraluminal vesicles (ILVs), which finally leads to the generation of MVBs. Lastly, the generated MVBs will fuse with the plasma membrane or alternatively with lysosomes or autophagosomes. The former results in the release of the exosome, and the latter results in the degradation of MVBs. Several molecules are involved in this complicated process, and the details are summarized elsewhere (Teng and Fussenegger, 2021).
[image: Figure 1]FIGURE 1 | Schematic representation of exosome biogenesis, cargo packing, and cellular uptake. (1a,b) Early endosomes are formed from the inward budding of the plasma membrane or Golgi network (GN). (2,3) Early endosomes mature to form late endosomes and subsequently to multivesicular bodies (MVB). (4a) MVB docking into the plasma membrane via SNAREs and SNAP23, and subsequent fusion with the plasma membrane results in exosome release (5). Alternatively, MVBs can fuse with lysosome and subsequent degradation (4b). (6) The released exosome will be taken up by the neighboring cell. The cellular uptake of exosomes can be (7a) direct binding and receptor-mediated endocytosis, (7b) membrane fusion, (7c) phagocytosis/micropinocytosis, or (7d) lipid raft-mediated endocytosis. The ESCRT machinery plays a key role in protein sorting, particularly for ubiquitinated cargos. During the process of exosome biogenesis, various proteins, including RNA-binding proteins (RBPs), are selectively sequestered into exosomes; these RBPs help in RNA cargo packing into the exosome. (ER: endoplasmic reticulum; GN: Golgi network; MVB: multivesicular bodies; ESCRT: endosomal sorting complex required for transport).
Exosomes are not merely lipid vesicle; they also contain membrane-associated proteins, transmembrane proteins, mRNA, noncoding RNAs, and other cell-specific cargos. Exosomes are equipped with endosomal sorting complex required for transport (ESCRT), Alix, TSG101, HSC70, CD63, CD81, and HSP90β protein that help in the formation and release of exosomes. CD63 and CD81 (Theos et al., 2006; Stuffers et al., 2009) are tetraspanin family proteins that are thought to help in exosome formation and release by an ESCRT-independent mechanism. These proteins are enriched in exosomes compared to the cell lysate, and these are termed “exosomal marker proteins,” which can be identified using Western blot with appropriate antibodies (Thompson et al., 2016; Doyle and Wang, 2019). ExoCarta database hosts about 41,860 proteins, >7540 RNA, and 1,116 lipid molecules from more than 286 exosomal studies; this can help us to have an idea about the diversity of exosomal content from different cell types, current cell state (e.g., transformed, differentiated, stimulated, and stressed), and culture conditions (Keerthikumar et al., 2016). A different method of isolation of exosomes from condition media has been introduced, from the most commonly used methods ultra-centrifugation, sucrose gradient centrifugation, different kit-based to microfluidics-based methods (Supplementary Table S1) (Théry et al., 2006; Wu et al., 2017). The choice of exosome isolation method greatly impacts the exosome quality and quantity (Patel et al., 2019; Brennan et al., 2020). The isolated exosomes can be characterized using nanoparticle tracking analysis (NTA) for size distribution and surface charge, transmission electron microscopy for size distribution and morphology (TEM), atomic force microscopy (AFM) for size distribution and surface morphology, and Western blotting to check the presence and absence of protein markers (Wu et al., 2015; Chopra et al., 2019). Experimental evidence and live-cell imaging (Sung et al., 2020) have already shown that exosomes are secreted by all cell types (Peters et al., 1989; Raposo et al., 1996; Théry et al., 2002a; Morelli et al., 2004) and brain cells like neurons, astrocytes, microglia, and oligodendrocytes are not the exception (Potolicchio et al., 2005; Fauré et al., 2006; Krämer-Albers et al., 2007; Taylor et al., 2007). In the late 1980s, when exosome was first discovered, it was thought to be cellular waste resulting from cell damage or by-products of cell homeostasis and had no significant impact on neighboring cells (Johnstone et al., 1987). But currently, it is crystal clear that exosomes and their cargo can play a major role in cellular processes like in immune response (Greening et al., 2015), signal transduction (Gangoda et al., 2015), antigen presentation (Mittelbrunn et al., 2011) as well as in disease state like chronic inflammation (Lässer et al., 2016), cardiovascular and renal diseases (Gonzalez-Calero et al., 2014), neurodegenerative diseases (Howitt and Hill, 2016), lipid metabolic diseases (Record et al., 2014), traumatic brain injury (Zhang et al., 2021), mental disorder (Saeedi et al., 2019), and tumors (Salem et al., 2016). It is now a well-established fact that exosomes can be found in almost all biological fluids like blood (Hornung et al., 2020), urine (Street et al., 2017), saliva (Machida et al., 2015), breast milk (Qin et al., 2016), cerebrospinal fluid (Yagi et al., 2017), semen (Madison et al., 2015), and amniotic fluid (Keller et al., 2007). Exosomes isolated from these fluids will reflect the cellular origin and its physiological state as a “fingerprint” or “signature” of the donor cell. From this, it is very clear that exosomes can be a potential target for biomarker discovery and early detection of many diseases. Apart from the role of exosomes in signal transduction and biomarker discovery, they can also be harnessed to be used as therapeutics in many diseases (Cooper et al., 2014; Zhuang et al., 2011). The ability to cross blood–brain barrier (BBB), non-immunogenicity, the option of surface engineering, and selective cargo packaging make exosomes emerge as a blockbuster therapeutic option in many diseases (Ghosh et al., 2020; Zhan et al., 2020; Mishra et al., 2021). The probable roles that can be played by exosomes are schematically summarized in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic representation of roles of exosomes in three different fields. (A) The blue sphere represents MVB, and the red sphere represents the exosome; this section of the figure represents the release of pathogenic cargo from the exosome and subsequent disease transmission. (B) Therapeutic potential of surface engineered cargo loaded exosome and subsequent recovery from disease condition. (C) Exosomes released from the disease-affected cell can cross the BBB and can be found in blood circulation, which can be utilized in noninvasive biomarker discovery. [Some component of the figure is adapted from Servier Medical Art; Servier is licensed under a creative commons attribution 3.0 unported license (https://smart.servier.com/)].
2 EXOSOME AS A PATHOGENIC AGENT IN NEUROLOGICAL DISEASES
The cells in the central nervous system (CNS) communicate between themselves by intercellular and extracellular interactions. The former is mediated by ions and can be transduced and sensed by the cell through ion channels and neurotransmitter receptors present in neurons and glial cells (Yamazaki et al., 2007; Debanne and Rama, 2011). The latter could consist of either wiring transmission, which is primarily dependent on synapses or volume transmission, mediated by exosome for major vesicular carrier or by exocytosis of neurotransmitters (Trueta and De-Miguel, 2012; Borroto-Escuela et al., 2015). The secretion of exosomes from CNS cells was first demonstrated in cultured embryonic cortical neurons, and it can be released either presynaptically at the neuromuscular junction or postsynaptically by cortical neurons upon activation of synaptic NMDA receptors, which will then bind presynaptically to hippocampal neurons (Fauré et al., 2006; Zhang and Yang, 2018). Experimental evidence has also shown that neuron-derived exosomes are 50 times more abundant in soma and dendrites than axons in both peripheral nervous system (PNS) and CNS (Von Bartheld and Altick, 2011). In the brain, the exosomes act as local or distant messengers and communicators and can play a significant role in neural homeostasis, modulation of synaptic plasticity, synaptic transduction, modifying the cell surface properties of target cells, auto-protective mechanism for neurons, sequestering “toxic” (pathogenic) proteins, and promoting regeneration and neuroprotection both in the CNS and the PNS (Korkut et al., 2013; Lopez-Verrilli et al., 2013; Chivet et al., 2014; Kalani et al., 2014; Hornung et al., 2020). In addition to interneuronal communication, exosomes from neuronal culture when added to astrocyte culture have shown to have an effect in extracellular glutamate levels and modulation of synaptic activation (Morel et al., 2013). In the opposite case, when glial cell-derived exosomes are added to the neuronal culture, they significantly increase the firing rate of neurons and has a neuroprotective role under oxidative stress and starvation conditions (Smalheiser, 2007; Morel et al., 2013; Fröhlich et al., 2014). Apart from normal brain function, it is already a proven fact that exosomes have a role in disease progression and can act as a pathogen delivery agent (Hornung et al., 2020; Zhang et al., 2021). The different roles of exosomes in disease are as follows and are schematically represented in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic representation of the role of exosomes as the pathogenic carrier in neurodegenerative disease. Pathogenic cargo-loaded exosomes are released from the diseased cell, and the cells that take up the exosomes get a similar kind of disease. This picture represents a similar phenomenon, taking an example of how exosomes can carry Aβ pathogenic peptides in their lumen and cause the propagation of Alzheimer’s disease. (Aβ: amyloid-beta) (Some component of the figure is adapted from Servier Medical Art; Servier is licensed under a creative commons attribution 3.0 unported license (https://smart.servier.com/).
2.1 Alzheimer’s Disease
Extracellular deposition of polymerized amyloid-β (Aβ) protein, also called plaques, and intracellular filamentous inclusions of hyperphosphorylated tau protein, known as neurofibrillary tangles, are the two major neuropathology involved in Alzheimer’s disease (AD) (Yamaguchi et al., 1989; Lee et al., 1991). Several lines of evidence pointed toward the fact that the exosomes have a role in amyloid pathology in AD. Scientists have shown that in HeLa and N2a cells, after beta-cleavage of amyloid precursor protein (APP) in early endosomes, a minute fraction of Aβ peptides can be secreted from the cells in association with exosomes; not only that but also exosomal proteins have also been found to accumulate in the plaques of AD patients’ brains (Rajendran et al., 2006). Intraperitoneal injection of GW4869, the moiety responsible for inhibition of neutral sphingomyelinase 2 (nSMase2) in the 5XFAD mouse, shows reduced levels of brain and serum exosomes, brain ceramide, and also reduces Aβ1–42 plaque load. This result suggests that exosomes are involved in the generation of Aβ plaques (Dinkins et al., 2014). In recent years, it has been experimentally proven that exosomes isolated from AD brains contain elevated levels of amyloid-beta oligomers; these exosomes can act as vehicles for the neuron-to-neuron transfer of such toxic species. Inhibition of the formation, secretion, or uptake of exosomes has been found to reduce both the spread of oligomers and the related toxicity (Sinha et al., 2018). Recent experimental evidence indicates that soluble pre-fibrillar Aβ species are more toxic than insoluble fibrils (Ladiwala et al., 2012). Scientists have shown that the exosomes of microglial origin are strikingly high in AD patients and in subjects with mild cognitive impairment and are toxic for cultured neurons. Studies have also found that the neurotoxicity of these exosomes is due to the capability of exosome lipids to promote the formation of soluble Aβ species and from the trafficking of neurotoxic Aβ via exosomes after Aβ got internalized into microglia (Joshi et al., 2014). Apart from Aβ, exosomes are also involved in tauopathy. A recent study shows much of the tau phosphorylated at Thr-181 is secreted by M1C cells and occurs via exosomal release (Saman et al., 2012). A group of scientists developed an adeno-associated virus-based model exhibiting rapid tau propagation from the entorhinal cortex to the dentate gyrus and has shown that microglia spread tau via exosomes secretion. Inhibiting exosome synthesis significantly reduces tau propagation in-vitro and in-vivo (Asai et al., 2015). Another group of scientists has discovered cambinol, an inhibitor of the neutral sphingomyelinase 2 (nSMase2) enzyme, and shown that cambinol works in a dose-dependent manner and suppresses extracellular vesicle (EV) production, which in turn reduce tau seed propagation (Bilousova et al., 2018). Apolipoprotein E (apoE) and bridging integrator-1(Bin1), the genetic risk factors for late-onset AD (LOAD), are involved in exosome biogenesis and cargo sorting (Cohn et al., 2021). Experiments have shown that overexpression of BIN1 in PS19 mice promotes the release of Tau via extracellular vesicles (Crotti et al., 2019). On the other hand, the apolipoprotein E4 genotype is involved in the downregulation of exosome biosynthesis and release; this will lead to decreased elimination of materials from the endo-lysosomal system. The failure of the endo-lysosomal system will contribute to amyloidogenic amyloid-β precursor protein processing, compromise trophic signaling and synaptic function, and interfere with a neuron’s ability to degrade material, all of which will result in neuronal vulnerability and a higher risk of AD development (Peng et al., 2019).
2.2 Parkinson's Disease
Parkinson’s disease (PD) is the second most common neurodegenerative disease (Lebouvier et al., 2009), which is characterized by the degenerative death of dopaminergic (DA) neurons in the substantia nigra, a significant decrease in striatal DA content, and the appearance of Lewy bodies due to the accumulation and aggregation of α-synuclein (α-syn) in the cytoplasm of residual nigrostriatal neurons (Spillantini et al., 1998). Experimental evidence has shown that α-syn is packaged into exosomes via the endosome pathway, and it can fuse with the plasma membrane for secretion as exosomal cargo with the assistance of VPS4 and SUMO proteins (Cabin et al., 2002; Lee et al., 2005). Recent studies suggest that exosomes provide favorable conditions for α-syn aggregate formation; this, in turn, promotes the propagation of PD pathology (Grey et al., 2015). Scientists have already discovered the presence of oligomeric α-syn in the exosome, which is readily taken up by the neighboring cell and is more toxic as compared to free α-syn (Danzer et al., 2012). In an experiment with an SH-SY5Y cell line, overexpressing α-syn has shown to have α-syn in isolated exosomes, and this can get transferred to normal SH-SY5Y cells (Alvarez-Erviti et al., 2011a). Later, it was also shown that the exosome-packed α-syn could promote the cell death of recipient neuronal cells. These experiments provide support to the hypothesis of exosome-mediated α-syn propagation between neurons and facilitate PD progression (Emmanouilidou et al., 2010). Recent research by a group of scientists suggested that the presence of α-syn oligomers in CD11b + exosomes of microglia origin can induce α-syn aggregation within neurons (Guo et al., 2020). Overall, it is very clear that exosomes can act as a pathogenic agent in PD propagation.
2.3 Frontotemporal Dementia and Amyotrophic Lateral Sclerosis
FTD involves progressive deficits in behavior, executive function, or language (Bang et al., 2015). Transactive response DNA-binding protein (TDP-43), its aggregation, and cytoplasmic translocation are thought to represent significant steps in the pathogenesis of FTD or ALS (Hu and Grossman, 2009). ALS is a distinct neurodegenerative disease affecting motor neurons in the brain and spinal cord; SOD1 was the first gene discovered to cause familial ALS and was the most studied cause of ALS (Sheng et al., 2012). FTD and ALS appear to be on a spectrum, and some patients display mixed phenotypes of both diseases (Kawakami et al., 2019). The TDP-43 gene is involved in the pathogenesis of both the disease, but SOD1 is only related to ALS but not FTD (Hornung et al., 2020; Jo et al., 2020). Using mouse motor neuron-like NSC-34 cells overexpressing human wild-type or mutant SOD1, scientists have shown that exosomes derived from NSC-34 cells contain SOD1; this gave the evidence of secretion and cell-to-cell transmission of SOD1 (Gomes et al., 2007). In the similar way, TDP-43 can also get transmitted from cell to cell (Nonaka et al., 2013; Iguchi et al., 2016).
2.4 Traumatic Brain Injury
TBI occurs due to the sudden external force in the brain that leads to temporary or permanent neurological deficits. TBI pathogenesis is a complex process due to primary and secondary injuries. The primary deficit occurs immediately, and the secondary injury can occur from minutes to days after the primary impact and consists of a molecular, chemical, and inflammatory cascade responsible for further cerebral damage. The injury involves depolarization of the neurons and release of excitatory neurotransmitters such as glutamate and aspartate that lead to increased intracellular calcium levels, which in turn activates caspases and free radicals that result in the degradation of cells either directly or indirectly through an apoptotic process. These cell deaths result in an inflammatory response that further damages neuronal cells and the blood–brain barrier (BBB) and promotes cerebral edema. The secondary injury phase is followed by the recovery period that involves reorganization at an anatomical, molecular, and functional level. The brain parenchyma, cerebrospinal fluid, and blood make up the volume of the intracranial compartment. An increase in intracranial volume via mass effect from blood, both cytotoxic and vasogenic edema, and venous congestion is also a hallmark of TBI. This would lead to pathological brain compression and, finally, death (Galgano et al., 2017). Exosomes are actively participating in traumatic brain injury pathogenesis; in a case study involving military personnel with mild TBIs (mTBI) and chronic symptoms, it is found that there is a higher level of tau, amyloid-beta 42, and IL-10 in neuron-derived exosomes (NDEs) (Gill et al., 2018). A group of scientists postulated that exosomes could mediate the induction of chronic traumatic encephalopathy (CTE) from mTBI. They have hypothesized a pathway to show how exosomes can mediate pathogenesis from normal to mild deterioration after one mTBI to advanced CTE pathology after the repeated occurrence of mTBIs. According to their hypothesis, initial mTBI leads to the production of NDEs that contains pathogenic complexes of PRPc-Abo-Fyn, SNGY3 + P-tau, and IL-6-sIL-6R; this leads to damage in the donor neurons and other neurons that receive the neurotoxic NDEs. Apart from the neurons, microglia (MG) and astrocytes (AG) will also produce microglia-derived exosomes (MDEs) and astrocytes-derived exosomes (ADEs), respectively, carrying elevated levels of APP, BACE-1, and IL-6, which will further cause neurotoxic damage to neurons. With subsequent episodes of mTBI, this series of processes will increase and cause neuronal apoptosis, which will subsequently lead to the induction of CTE (Goetzl et al., 2019). From these studies, it is believable that the NDE from TBI patients contains neurotoxic cargo, and this NDE causes neuronal damage in proximal or distal cells that receive it.
2.5 Glioblastoma
Apart from its role as a mediator of neurodegenerative disease, exosomes also play a significant role as a pathogenic agent in brain malignancies. The most frequent intrinsic tumors of the central nervous system are glioma. It encompasses two principal subgroups: (World Health Organisation) WHO grade I or “nondiffuse gliomas,” showing a more circumscribed growth pattern, and WHO grades II–IV or “diffusely infiltrating gliomas,” arising from glial cells or glial precursors (Wesseling and Capper, 2018). Scientifically accepted hallmark of cancers includes sustaining proliferative signaling, resisting cell death, evading growth suppression, activating invasion and metastasis, enabling replicative immortality, and inducing angiogenesis (Hanahan and Weinberg, 2011). Exosomes play a significant role as a pathogenic agent in all the six hallmark scenarios (Choi et al., 2018; Oushy et al., 2018; Bian et al., 2019; Hallal et al., 2019; Gao et al., 2020; Lucero et al., 2020). Apart from these roles, studies have shown that glioblastoma-derived exosomes can promote the immunosuppressive properties of microglia when they are taken up by tumor-associated microglia (Abels et al., 2019). Recent studies have shown that exosomes have active participation in the acquisition of resistance to therapy in glioblastomas (Yekula et al., 2021). From the aforementioned evidence, it is clear that exosomes play a major role as a pathogenic agent in maintaining the tumor microenvironment and further metastasis of tumors.
3 EXOSOME IN BIOMARKER DISCOVERY FOR NEUROLOGICAL DISEASES
The blood–brain barrier (BBB) is a complex physical barrier between the brain and the peripheral circulation that regulates the influx and efflux of molecules to the brain to preserve CNS homeostasis and maintains the stable local ionic microenvironment necessary for neuronal function (Armulik et al., 2010; Kheirandish-Gozal et al., 2017). This barrier makes it difficult for biomolecules to pass from the brain side to the peripheral circulation and remains the main obstacle in the discovery of biomarkers from peripheral blood or serum for brain-related diseases. After the discovery that exosomes can cross BBB and the exosomal content remains active, the interest in exosome-based biomarker discovery in neurological disorder has increased (Saeedi et al., 2019). Exosomal content can help us gain insights into early disease detection, disease state, and disease severity (Figure 4). The ability to compare the biomarkers in exosomes originating from different cell types gives an added advantage to biomarker analysis in CNS-derived blood exosomes as compared to CSF (Hornung et al., 2020). Different biofluids and their exosomal content for biomarker discovery in neurological diseases are listed in Supplementary Table S2.
[image: Figure 4]FIGURE 4 | Exosome-based biomarker discovery in neurological disorders from biofluids. Blood, cerebrospinal fluid, plasma, or serum sample can be collected from patients, and the content of the isolated exosomes from that sample can give us the opportunity in early detection of disease to gain knowledge about disease state and disease severity. This figure gives a snapshot of exosome release from disease states like neurogenerative disease, mental disorder, and brain malignancies and the biomarker potential of exosomes. (AD: Alzheimer’s disease; PD: Parkinson's disease) [Some component of the figure is adapted from Servier Medical Art; Servier is licensed under a creative commons attribution 3.0 unported license (https://smart.servier.com/)].
4 EXOSOME AS NEUROTHERAPEUTICS
In the previous section, we briefly introduced the role of exosomes as a biomarker and pathogenic agent. In this section, we will be focusing on the recent progress surrounding exosomal surface engineering and engineering exosome for packaging cargo of interest. We will also discuss how exosome engineering can increase the value of exosomes as therapeutics in different neurological disorders.
4.1 Engineered Exosome
The main issue with exosome therapeutics is it does not have targeting ability. There are two types of exosome engineering: surface engineering and packaging of cargo of interest. The former endows the exosomes with targetability, and the latter makes the exosomes a better delivery agent and increases therapeutic value.
4.1.1 Methods of Exosome Engineering
Methods of exosome engineering involve two strategies: i) surface engineering strategy (Richardson and Ejima, 2019) and ii) exosome packaging strategy (Donoso-Quezada et al., 2020).
4.1.1.1 Surface Engineering Strategy
Currently available methods for exosome surface functionalization can be classified into two main approaches: 1) genetic engineering and 2) chemical modification. The former method is effective for displaying genetically engineered proteins on the surface of exosomes, but it is only limited to genetically encodable peptides and proteins. But the latter chemical modification method can be used to functionalize exosomes with a wide range of molecules by utilizing noncovalent or covalent interactions. This method remains challenging because of the membrane complexity and because of the various issues with the purification steps necessary to separate the unreacted chemicals from the exosomes (Richardson and Ejima, 2019).
Genetic engineering-based surface engineering includes designing plasmids, transfecting cells with the designed plasmid, and exosomes isolation which itself is a challenging and expensive task. In many works, lactadherin that localizes to exosomes via binding of its C1C2 domain to exosome lipids has been utilized for the generation of chimeric protein and exosome functionalization (Delcayre et al., 2005). The protein of interest is cloned to the C1C2 domain of the lactadherin, which results in chimeric proteins being trafficked to the exosomes, and the N-terminal region was displayed outward on the exosome surface. Different scientific groups have utilized lactadherin to display GLuc reporter protein, carcinoembryonic antigen, and HER2 and anti-HER2 antibodies on the exosome surface (Hartman et al., 2011; Takahashi et al., 2013; Wang et al., 2018b). In another set, scientists have utilized exosomal membrane protein, Lamp2b, and fused targeting peptides, e.g., RVG and RGD peptides to the N terminus of the protein for exosome surface functionalization and targeted delivery to neurons (Kumar et al., 2007) and breast cancer cell (Tian et al., 2014). Yim et al. fused CIBN to the N-terminus of EGFP tagged CD9 (CIBN-EGFP-CD9) for the vector preparation and fused the cargo proteins with CRY2 (cargo protein-CRY2). This system helped to immobilize proteins to the inner surface of exosomes and loaded cargo proteins into the newly generated exosomes (Yim et al., 2016a). Lai et al. (2014) have generated a lentivirus vector encoding the transmembrane domain of PDGFR, BAP domain, and GLuc, and this construct generates surface-engineered exosomes with Gluc and BAP domain which gives an opportunity for in vivo multimodal imaging to monitor tissue distribution, blood levels, and clearance dynamics of the EV. Though the genetic engineering-based methods have advantages, this method still has risks of the engineered biomolecules appearing on the internal exosome surface rather than the desired external surface.
Chemical modification involves covalent or noncovalent interaction for exosome surface functionalization. Alkyl chains can be utilized to anchor molecules into the lipid bilayer membranes of exosomes through hydrophobic interactions. Using this strategy, PEG-lipid conjugates were inserted into exosomal membranes to increase blood circulation time (Kooijmans et al., 2016). Wan et al. (2018) utilized lipids to modify cell membranes for the formation of exosome-mimetic vesicles. They conjugated nucleolin-targeting aptamer AS1411 to cholesterol-PEG and generated surface-functionalized exosomes for in vivo anticancer drug delivery. Functionalized exosomes can also be generated by fusing liposomes, consisting of DOPS and PEG-DSPE with exosomes via freeze−thaw cycles. This method also justifies the efficient packing of liposomal cargo into the newly generated liposome fused exosome (Sato et al., 2016). Wan et al. (2017) have demonstrated the hybridization-mediated assembly of DNA on the exosomal surface for the generation of targeted exosomes. Apart from noncovalent modifications, exosomes can be covalently modified; these modifications are less prone to dissociate away from the exosomes, unlike noncovalent modifications. Smyth et al. (2014) modified the exosomes with alkyne-containing 4-pentynoic acid used carbodiimide coupling onto amines in the exosomal membrane. Then, they used these functionalized exosomes to conjugated azide-tagged fluorophores via azide−alkyne Huisgen cycloaddition or click chemistry. Wang et al. (2015) used metabolic engineering to introduce azide groups on the surface of exosomes; they have also used azide−alkyne Huisgen cycloaddition reaction to covalently introduce small molecules and proteins onto the exosomal surface. Many other works also used similar chemical-based approaches for surface engineering of exosomes (Qi et al., 2016; Kumar et al., 2018; Tian et al., 2018).
4.1.1.2 Exosome Packaging Strategy
Several studies have explored the natural properties of exosomes as nanocarriers, and in recent years, numerous techniques have been developed to improve the immunogenicity, drug loading efficiency, or targeting ability of exosomes. In this section, we will discuss the state-of-the-art packaging strategies to load a cargo of interest into the exosome. Packaging strategies include

Passive loading of hydrophobic compounds: The lipidic nature of the exosome membrane enables several hydrophobic compounds to be passively loaded into the exosomes by co-incubation. Using this strategy, curcumin (Sun et al., 2010), doxorubicin, and paclitaxel (Yang et al., 2015) have been successfully incorporated into different cell-derived exosomes. Apart from therapeutic molecules, large protein, e.g., the tetrameric protein catalase, has efficiently been loaded into Raw 264.7-derived exosomes by simple diffusion (Haney et al., 2015).
Physical methods for molecule loading: The previously discussed passive loading method is not efficient for packaging hydrophobic molecules like DNA or RNA. In these scenarios, physical methods like electroporation, sonication, and extrusion-based methods are used. Momen-Heravi et al. (2014) loaded miRNA-155 into the exosomes using electroporation; they concluded that higher voltages (between 0.14 and 0.2 kV) and a total exosomal protein concentration between 500 and 1,000 μg/ml resulted in better loading yields. Wahlgren et al. (2012) used a similar method to load mitogen-activated protein kinase-1 siRNA (MAPK1-siRNA), and they have found that the optimum electroporation voltage was between 0.150 and 0.200 kV and the exosomal protein concentration was between 250 L and 1,000 μg/ml. Larger nucleic acids, like double-stranded DNA, have also been successfully packaged into exosomes by electroporation; it was found that the loading efficiency of dsDNA significantly decreases for sizes above 750 bp (Lamichhane et al., 2015). By using membrane-permeabilizing agents, the issue of aggregation and fusion of exosomes after electroporation can be resolved (Hood et al., 2014). Another physical method is sonication, and it is reported that sonication can successfully incorporate doxorubicin and paclitaxel into exosomes with more efficiency than other physical methods (Kim et al., 2016). Though this technique is more efficient as it is the most damaging technique for exosomal membrane, sonication is very rarely used for exosomal cargo packaging. Another less explored method for exosome cargo loading is cell extrusion, where cells are extruded through 100–400 nm pore size membrane filters to break up the cell and then cells reform the cell membrane to generate exosome-mimics. Using this method, exosome-mimics have been generated from MCF10A cells and loaded with siRNA by electroporation (Yang et al., 2016). Similarly, catalase was loaded into Raw 264.7-derived exosomes by extruding the catalase mixture with exosomes (Haney et al., 2015).
Hydrophobic modification of nucleic acids: To avoid the problem of aggregation, vesicle fusion, and variations of surface zeta potential associated with electroporation-based siRNA, miRNA cargo loading, hydrophobic modification of nucleic acids has evolved as a strategy to pack cargo into the exosomes. Didiot et al. have modified the siRNA by adding a cholesterol moiety conjugated to the 3’ end of the passenger strand and successfully loaded the modified cargo into U87 glioblastoma cell-derived exosomes (Didiot et al., 2016).
Labeling of target proteins for loading into exosomes: This method gives the opportunity to utilize the protein that plays a major role in exosomal cargo packaging; one such protein is ESCRT which specifically shortens the ubiquitinated proteins in the exosomes. In many studies, scientists are leveling cargo protein with a peptide that can selectively interact with ESCRT, which increases the probability of cargo protein getting packed into the exosomes (Villarroya-Beltri et al., 2014). Cheng and Schorey (2016) fused ubiquitin to the C-terminal region of enhanced green fluorescent protein (EGFP), tumor antigenic protein nHer2, and Mycobacterium tuberculosis proteins Ag58B and ESAT6; ubiquitin labeling increases the loading of all the protein into the exosomes. Other than ESCRT, late-domains (L-domains), which recognizes the WW tag in the protein of interest, also give similar opportunity in cargo loading (Sterzenbach et al., 2017).
Light-induced exosome loading: optically reversible protein–protein interaction (EXPLORE) can be used to load proteins into exosomes. This process involves endogenous biogenesis processes and the delivery of cargo proteins into the cytosol by light-mediated signal (Yim et al., 2016b). Scientists have explored exosomal CD9-CIBN-CRY2-based systems to pack many cargos into the exosomes (Yim et al., 2016a; Huang et al., 2019).
4.2 Applications of Cell-Derived and Surface-Engineered Novel Cargo-Loaded Exosome as Neurotherapeutics
Natural exosomes have various potentials; their clinical application is associated with some inherent limitations of targetability, immunogenicity, and less efficient cargo delivery. Recently, to overcome these limitations, exosome engineering and the development of designer exosomes are coming into the picture. In this section, we will first discuss the role of natural exosomes as neurotherapeutics, and toward the end, we will discuss the role of surface engineered novel cargo-loaded exosomes as neurotherapeutics (Figure 5). Mesenchymal stem cell (MSC) is already extensively studied for regenerative medicine, cell therapy, and tissue engineering (Ankrum and Karp, 2010). Accordingly, research based on exosomes derived from MSCs (MSC-exosomes) has great value as this has the advantage of exosomes and also the characteristics of MSCs (Ghosh et al., 2020). Numerous studies have demonstrated the therapeutic value of MSC-exosomes in tumors, neurodegenerative diseases, cardiovascular and cerebrovascular diseases, wound repair, etc (Cui et al., 2018; Zhao et al., 2018; Moon et al., 2019; Rao et al., 2019; Riazifar et al., 2019). MSC-derived exosomes can exert their therapeutic effect by removing or inhibiting pathological processes or by promoting regenerative mechanisms. In the former case, it is known to reduce amyloid-beta (Aβ) aggregate in AD, rescue dopaminergic neurons from 6-OHDA-induced apoptosis in PD, reduce demyelination in multiple sclerosis (MS), and inhibit apoptosis, inflammation, and promotes angiogenesis in TBI and stroke (Jarmalavičiūtė et al., 2015; Huang et al., 2017; Yang et al., 2017b; Ding et al., 2018; Elia et al., 2019). In the latter case of regeneration, MSC-derived exosomes exert their effect by neuroprotection, neurogenesis, neuromodulation, and angiogenesis in many disease conditions like AD, TBI, and stroke (Doeppner et al., 2015; Zhang et al., 2015; Elia et al., 2019; Otero-Ortega et al., 2020). Other than the aforementioned process, MSC-exosomes show their effect in reducing oxidative stress, restoring the integrity of the BBB, inhibiting tumor growth, and improving behavioral and biochemical deficits in mental disorders like schizophrenia (Jarmalavičiūtė et al., 2015; Chen et al., 2016; Li et al., 2019; Tsivion-Visbord et al., 2020; Luo et al., 2021). Apart from MSC-exosomes, other cell-derived exosomes are explored for a similar application. Sharma et al. (2019) have shown exosomes released by neural cultures can rescue deficits in neuronal proliferation, differentiation, synaptogenesis, and synchronized firing in MECP2-knockdown human primary neural cultures, a model for Rett syndrome. Chen et al. (2020b) have shown exosomes derived from astrocytes promoted the recovery of damaged neurons by downregulation of the apoptosis rate and upregulating mitochondrial function. Lopez-Verrilli et al. (2013) have shown Schwann cells (SC)-derived exosomes increase axonal regeneration in-vitro and increase regeneration after sciatic nerve injury in vivo. Webb et al. (2018) demonstrated that human neural stem cell-derived EVs improve behavior and mobility by removing intracranial hemorrhage, reducing the volume of the cerebral lesions and brain swelling, which eventually leads to recovery from ischemic stroke in a pig model. From the previous discussion, it is clear that natural exosomes have a potential therapeutic effect; many attempts have been made to improve the therapeutic potential and load cargo of interest. Alvarez-Erviti et al. (2011b) have generated engineered dendritic cells that express Lamp2b fused to the neuron-specific RVG peptide and isolated exosomes from the engineered cell. They have packed the exosomes with exogenous siRNA by electroporation and demonstrated the targeted delivery of cargo specifically to neurons, microglia, and oligodendrocytes in the brain, resulting in a specific gene knockdown and subsequent therapeutic effect in AD (Alvarez-Erviti et al., 2011b). Using a similar approach, Yang et al. (2017a) have successfully delivered miR-124 to the infarct site, which leads to amplification of adult neurogenesis in ischemia. Tian et al. (2018) have developed c (RGDyK)-conjugated curcumin-loaded exosomes (cRGD-Exo), which can target the lesion region and show strong suppression of the inflammatory response and cellular apoptosis in the lesion region of the ischemic brain after intravenous administration. A group of scientists developed superparamagnetic iron oxide nanoparticles (SPIONs) and curcumin (Cur)-loaded exosomes. By click chemistry, they have conjugated the exosome membrane with neuropilin-1-targeted peptide (RGERPPR, RGE); these engineered exosomes have the ability to target glioma cells and also have imaging and therapeutic functions (Jia et al., 2018). Ye et al. (2018) have developed methotrexate (MTX)-loaded EVs functionalized with therapeutic [Lys-Leu-Ala (KLA)] and targeted [low-density lipoprotein (LDL)] peptides which show targetability toward brain tumors and show therapeutic effects. Wang and Han (2019) have modified the exosomes and loaded a plasmid expressing B-cell lymphoma-2 (Bcl-2) and Bcl-2-associated X-protein (Bax) short hairpin RNA (shRNA); these exosomes show therapeutic effect in apoptosis and neural functions after TBI. Zhang et al. (2019) have developed c (RGDyK) peptide conjugated, cholesterol-modified miR-210 engineered exosomes, which show upregulated expressions of integrin β3, vascular endothelial growth factor (VEGF), and CD34 and subsequent angiogenesis after middle cerebral artery occlusion (MCAO). In addition to different scientific groups, many companies are developing exosome-based neurotherapeutics; one such company is Evox Therapeutics. Evox Therapeutics uses a biotechnological-based approach to generate drug-loaded brain and central nervous system targeted engineered exosomes (https://www.evoxtherapeutics.com/). Aruna Bio is working on pharmaceutical exosomes for drug delivery to the brain and neurons (https://www.arunabio.com/). Some major disadvantages of cell therapy (induced pluripotent stem cell, iPSC), such as necrosis or abnormal cell differentiation, tumorigenesis, immune rejection caused by cell transplantation, and microvascular embolism, can be overcome by exosome-based therapies (Ghosh et al., 2020). The main advantages of exosome therapies are as followed. First, exosomes mediate stem cell paracrine action, participate in cell–cell communication and are already proven as the main mechanism of disease treatment mediated by cell-based therapies. Second, exosomes can be engineered and can be packed with a cargo of interest like existing, newly developed compositions, and can work as drug delivery vehicles. Third, in some cases, exosomes have autonomous targeting capabilities which make exosome-specific tissue or cell-targeted drug carriers (Mathieu et al., 2019; Wei et al., 2021). From the aforementioned studies, we can have an idea that exosome-based neurotherapeutics have made huge progress in recent years and with the development of new technologies, more progress will follow in upcoming days and can be an alternative to cell-based therapies, like iPSC therapies.
[image: Figure 5]FIGURE 5 | Therapeutic effect of designer exosomes or cell-derived natural exosomes in neurological disorders. The left half of the exosome represents cell-derived natural exosome, and the right half represents surface-functionalized engineered exosome. Both cell-derived and engineered exosomes have a therapeutic effect in neurological disorders with advantages and disadvantages. [Some component of the figure is adapted from Servier Medical Art; Servier is licensed under a creative commons attribution 3.0 unported license (https://smart.servier.com/)].
5 DISCUSSION AND FUTURE PERSPECTIVE
Exosomes are a rising star and a complete package in the era of advanced medical science due to their multiple roles in cell–cell communication, biomarker discovery, disease progression, and therapeutics. The following are some of the benefits that exosomes have: 1) they can pass the blood–brain barrier, and are less invasive, non-tumorigenic, and non-immunogenic, 2) their shelf life and half-life in patients are longer, allowing for long-term storage without loss of function, and 3) they do not reproduce or cause a microvascular embolism (Ghosh et al., 2020). These advantages make the exosomes a superior tool for biomarker discovery and therapeutic development. Apart from advantages, the main challenges for bringing exosomes into the clinical practice include the following: First, the urgent need for standard, efficient, and sensitive methods with a low biofluid volume requirement and high purity and yield for classification and extraction of exosomes from different body fluids and cells. Second, the identification of specific subtypes of EVs is urgently needed, as different vesicles may exert various biological effects. Current methods of exosome isolation are too diverse to confirm the purity of the product. Therefore, it is necessary to standardize the protocols and identification methods when attempting to use exosomes widely in clinical testing. Additionally, more reliable biomarkers should be confirmed. Although many molecules carried by exosomes have been documented to serve as potential biomarkers, few of them are qualified for application. Documented biomarkers need to be validated on a larger scale to create a standard hallmark for diseases. Third, for exosome-based therapeutics development, the targetability of exosomes needs to be checked, as different culture conditions change exosomal cargo. A standardized protocol needs to be developed for large production of exosomes from the cell; cell banks need to be developed. A specific purification method and sensitive method for specific exosomal marker identification need to be developed to avoid ambiguity. Last but not least, the biological safety, targeted efficacy, and adverse effects of exosomes must be confirmed before clinical use. In recent years, to endow the exosomes with targetability and to make exosomes more potent delivery and therapeutic agents, exosome engineering is coming into the picture, which will resolve many issues that cell-derived exosomes have. In conclusion, if the abovementioned lags are resolved and guidelines prescribed by the International Society for Extracellular Vesicles (Théry et al., 2018) are followed, then exosomes can be in the spotlight of clinical practice as biomarkers and therapeutics in the near future.
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Liquid biopsy has been rapidly developed in recent years due to its advantages of non-invasiveness and real-time sampling in cancer prognosis and diagnosis. Exosomes are nanosized extracellular vesicles secreted by all types of cells and abundantly distributed in all types of body fluid, carrying diverse cargos including proteins, DNA, and RNA, which transmit regulatory signals to recipient cells. Among the cargos, exosomal proteins have always been used as immunoaffinity binding targets for exosome isolation. Increasing evidence about the function of tumor-derived exosomes and their proteins is found to be massively associated with tumor initiation, progression, and metastasis in recent years. Therefore, exosomal proteins and some nucleic acids, such as miRNA, can be used not only as targets for exosome isolation but also as potential diagnostic markers in cancer research, especially for liquid biopsy. This review will discuss the existing protein-based methods for exosome isolation and characterization that are more appropriate for clinical use based on current knowledge of the exosomal biogenesis and function. Additionally, the recent studies for the use of exosomal proteins as cancer biomarkers are also discussed and summarized, which might contribute to the development of exosomal proteins as novel diagnostic tools for liquid biopsy.
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Introduction

Tissue biopsy is widely applied as the gold standard for clinical cancer diagnosis. Nonetheless, tissue sampling becomes a substantial challenge once the tumor is adjacent to major blood vessels, which would make the surgical sampling procedures extremely invasive and painful. In addition, there are also some circumstances in which the small dissected tissues of patients may not be sufficient to represent the pathological profile of the primary tumor (1). Due to the above limitations, liquid biopsy has emerged as the most capable substitute for tissue biopsy due to the advantage of the much more easily accessible samples, such as urine, blood, and cerebrospinal fluid. Multiple sources of tumor-derived substances including circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), and exosomes can be detected from these body fluid samples and can be quickly analyzed (2). Hence, reliable real-time information can be acquired that can help in making a cancer prognosis and monitoring the physiological state of patients with repeated non-invasive sampling (3).

Masked by billions of host cells and vast quantities of free DNA released from normal cells, CTCs and ctDNA are scarcely dispersed in blood. Therefore, it is essential to isolate and enrich CTCs and ctDNA with elaborate techniques that possess high selectivity and sensitivity to carry out clinical analysis (4, 5). However, the enrichment of CTCs remains a big challenge for the application of CTCs, which is restricted by limited cancer surface markers and hindered by a rather limited number of CTCs themselves in the body fluids of cancer patients (6). CtDNA is generally thought to be secreted by necrotic and apoptotic cells. Although its abundance is higher than that of CTCs (7), ctDNA fragments have a very short half-life, even less than 1 h, and are rapidly cleared off (8). Based on these difficulties, the development of exosomes for liquid biopsy has gained increasing attention.

One of the greatest strengths of exosome-based liquid biopsy over CTCs (0–1,000 cells per 7.5 ml of blood) (9) and ctDNA is the larger distributed quantities of exosomes in the body fluids (up to 1011 exosomes per ml in the blood) (10). It is not an exaggeration that up to 10% of the circulating exosomes in a cancer patient would be tumor-derived exosomes at the late tumor stage (10, 11). Circulating RNA including mRNA and miRNA is also suggested to be a significant functional mediator in some cancers (8), but the worse stability in the plasma and other intricate causes hinder the clinical use of cell-free RNA (12). On the contrary, another advantage of exosomes as a promising diagnostic marker is that the cargos inside exosomes are well-protected by their lipid bilayer, which makes the intact tumor-derived entities such as RNA, DNA, and proteins carrying the comprehensive oncogenic information to be obtained and identified right after exosome isolation (13). An example of that is the family of phosphorylated proteins, which are usually degraded by the free circulating phosphatase, making them very difficult to be detected in the body fluid. However, these phosphorylated proteins can be well isolated from exosomes and stored stably in the exosomal form for as long as 5 years at −80°C (14). The fact that different cargos are sorted into exosomes as a protective vesicle makes multicomponent analysis feasible, which is conducive to a full-scale knowledge of how exosomes function and what the consequence is. Therefore, the sum of tumor-derived exosomes can be representative of the tumor heterogeneity (15). Moreover, combined research data have shown and confirmed that tumor-derived exosomes and their encapsulated proteins play important roles in cancer progression, which indicates the enormous potentiality for tumor-derived exosomal proteins as novel cancer biomarkers in liquid biopsy (16).

Nucleic acids in exosomes have been intensively investigated as cancer biomarkers. Nonetheless, increasing evidence suggests that proteins of tumor-derived exosomes circulating in the body fluids can also be the precise representative of relevant tumors in distant tissues. Here in this review, the potential of exosomal proteins as liquid biopsy biomarkers in future clinical research has been discussed. The biogenesis and function of exosomes, along with the latest isolation and characterization methods, have been discussed. The application of different exosomal proteins as tumor liquid biopsy targets in different research studies and the future development of exosomal proteins as powerful diagnostic targets in hospitals have been elaborated on in this review.



Biology and Function of Exosomes


Biogenesis and Composition of Exosomes

Extracellular vesicles (EVs) are particles naturally secreted by cells. They are delimited by a lipid bilayer but do not have a functional nucleus for self-replication (17). According to the process of formation, EVs are classified into two categories: ectosomes and exosomes. Ectosomes are formed by direct exocytosis of the plasma membrane (PM) (18). By contrast, exosomes are the product of consecutive internalizations of PM and are finally released by fusion with PM. Consecutive PM internalizations include the first inward budding of PM to form early endosomes, which will then mature into late endosomes. Second, invagination of the membrane in late endosomes gives rise to several intraluminal vesicles (ILVs) containing various constituents such as DNA, RNA, enzymes, and proteins. These late endosome-containing ILVs are also recognized as multi-vesicular body (MVB). Finally, MVB will fuse with PM, and ILVs will be released as exosomes into the extracellular milieu with PM-derived membrane (19, 20) (Figure 1). The generation of exosomes can be both ESCRT (endosomal sorting complexes required for transport)-dependent and ESCRT-independent (21).




Figure 1 | Biogenesis and composition of exosomes. First invagination of plasma membrane (PM) forms the early endosomes that contain multiple constituents, which will then mature into late endosomes. Second, invagination of membrane of late endosomes generates multi-vesicular body (MVB) containing intraluminal vesicles (ILVs). ILVs are secreted into extracellular milieu as exosomes with cargos including DNA, RNA, and proteins.



Exosomes can be secreted by all types of cells including eukaryotic and prokaryotic cells (14, 20). Negatively stained exosomes display classic cup-shape and lipid bilayer structure under electron microscopy (EM), with a generic size range of 40–160 nm (~100 nm on average) in diameter and a density range of 1.15–1.19 g/ml (22). Diverse contents including nucleic acid, protein, lipid, and metabolite can be sorted and packaged into exosomes, which reflect the biological properties of parental cells in different scenarios.

Similar to cell purification and isolation, proteins are widely used as surface and internal markers for the isolation, characterization, and investigation of exosomes. According to the statistical study of data from ExoCarta, a database of exosome cargos, there are approximately 10,000 different exosomal proteins that have been characterized, and the number is believed to be growing over time (23). The proteins wrapped up in exosomes can be divided into three major groups according to their functions: biogenesis relevant (tetraspanins and ESCRT machinery), transport and secretion relevant (heat shock proteins and membrane transport proteins and cytoskeletal proteins), and cell of origin relevant (major histocompatibility complex (MHC) molecules and cytokines and other proteins) (10). CD9, CD63, CD81, and CD82 are the main tetraspanins that are associated with cargo selection machinery and biogenesis of exosomes, and CD63 is the protein marker mostly utilized for immunocapture of exosomes. Representative ESCRT machinery proteins are TSG101 and Alix. Heat shock protein, Rab GTPase, annexin, flotillin, syntaxin, actin, and tubulin are the common exosome transport-related proteins. However, the role of heat shock proteins in the biogenesis of exosomes needs further investigation (24). Some specific exosomes also contain MHC molecules of antigen-presenting cells (APCs) and cytokines like interleukins that are accommodated with immune responses (19).

Exosomal nucleic acids are comprised of DNA, mRNA, miRNA, and lncRNA. As research moves further, the level of miRNA in exosomes was found to be more condensed over other species of nucleic acids from parental cells (25). Compared to other nucleic acids, miRNA is the most widely studied component in exosomes and is found to play a significant role in exosome-mediated cell–cell communication (26). Additionally, differential expression levels of miRNA are vastly discovered in cancer cells by various clinical studies, indicating that miRNA has great potential for cancer diagnosis (27). Nonetheless, there are still difficulties to integrate exosomal miRNA into cancer diagnosis and therapy (28).

In fact, the history of exosome research is relatively short, which is only several decades. The initial discovery of the existence of exosomes was in 1946 (29). But until 1987, Johnstone et al. provided pivotal evidence for the selective release of vesicles that are approximately 50 nm (in diameter) as reticulocytes maturing to erythrocytes. These vesicles were first termed exosomes by the same group (30). Later, a growing body of research data demonstrated in detail that exosomes played important roles in cell–cell communication in both healthy and disease conditions (26, 26, 31, 32), which therefore attracted increasing attention from the scientific field to explore the potential of exosomes as the diagnostic analyte and drug delivery carrier ever since.



Function of Exosomes

The biogenesis and content of exosomes have determined their destiny and mission as intercellular messengers. When parental cells produce and secrete exosomes, those exosomes carrying proteins, lipids, metabolites, and nucleotides can transfer via the extracellular matrix (ECM) and circulation system and to any site of our body. Recipient cells with different varieties can internalize those exosomes by different patterns, such as clathrin-dependent endocytosis (33) or direct fusion with PM (34). Once uptaken, exosomes will deliver their cargos into cells for the regulation of multiple cellular activities, such as cellular development, immune response, and disease condition of recipient cells (19). For example, exosomal DNA can promote the cGAS-STING signaling pathway and pro-inflammatory response (35). Additionally, exosomal miRNA can also show regulatory functions during pregnancy (36). APCs like macrophages or dendritic cells can produce exosomes that carry MHC molecules with antigen peptides. Afterward, T cells are primed and activated when they uptake those exosomes via T-cell receptor (TCR)–MHC–peptide recognition (37).



Tumor-Derived Exosomes and Their Role in Cancer

It is now widely accepted that exosomes also participate in sophisticated cellular interactions between tumor cells and the tumor microenvironment (TME) in every step of cancer development. First, tumor-derived exosomal miRNA modifies gene expression in epithelial cells or fibroblasts, promoting their malignant transformation (19). Meanwhile, other soluble growth factors are also delivered by exosomes to those tumor-associated cells, activating different signaling events like PI3K/AKT pathway (38) or Akt and ERK pathways (39) and leading to the proliferation of recipient cells. Second, tumor-derived exosomes can promote epithelial-to-mesenchymal transition (EMT) and tumor metastasis by activating the resting cancer cells to aggressively metastasize via multiple inducible signaling molecules like Notch1 and HIF1α (40, 41). During TME, hypoxic conditions promote tumor cells to express much more exosomal proteins than those outside the niche, which promotes ECM remodeling and angiogenesis (42, 43). In the meantime, tumor-derived exosomes can assist tumor cells to escape from the surveillance of the immune system and develop the capability of chemoresistance, which further promote tumor progression. Some studies have revealed that tumor-derived exosomes can inhibit the cytotoxicity of natural killer cells and cytotoxic T lymphocytes, both of which are indispensable players of the immune mechanism against tumor progression (44, 45). Macrophages and dendritic cells are the pivotal mediators of innate and adaptive immunity, and they are not spared. Tumor-derived exosomes have shown to induce the polarization of immature macrophages into M2 macrophages and display anti-inflammatory activities favoring the ongoing tumor progression (46). Evidence has also shown that maturation of dendritic cells can be suppressed by tumor-derived exosomes, which affects the antigen priming and the activation of antitumor T cells eventually (47). Intrinsically chemoresistant cancer-associated fibroblasts (CAFs) can generate chemoresistant exosomes by sorting relevant molecules into exosomes. Recipient cells including tumor cells in TME will acquire the ability of chemoresistance after the uptake of these chemoresistant exosomes (48). Monitoring exchange of exosomes in vivo remains a difficult subject to investigate, which if resolved may shed more light on their tumor-associated function.




Isolation and Characterization Methods

The characteristics of exosomes are exploited as powerful targets in liquid biopsy and therapy. Nevertheless, the biggest challenge faced for their further application in clinical research and liquid biopsy is the difficulty in obtaining a purified population of exosomes from different sources of samples and accurately characterizing them as authentic exosomes. Although traditional methods like ultracentrifugation remain the gold standard, their unsuitability becomes increasingly obvious due to the requirement of expensive equipment, prolonged working hours, and a large amount of labor (49, 50). On the contrary, new methods like microfluidics take advantage of different traits of exosomes and create opportunities for the transition of exosome research from bench to bedside. The isolation method based on size exclusion or hydrophobic interaction-related mechanism can separate total exosomes from fluid samples. However, the results and yield of purified exosomes among different isolation methods are distinct from one another (51). In addition, there are specific methods that can select subpopulations of exosomes by surface protein markers. In this section, methods based on exosomal proteins will be briefly discussed in terms of suitability for clinical application.


Isolation Methods


Polymer Co-Precipitation

Polycthylene glycol (PEG) is cheap and easy to obtain, and the whole purification process does not require complex equipment, except for low-speed centrifugation. Therefore, many commercial kits have emerged based on the above strengths of PEG co-precipitation, like ExoQuick, Exo-spin, and Total Exosome Isolation. Commercial kits not only save time but also provide relatively standard experimental procedures to eliminate human errors, which therefore are very favorable to clinical labs. Samples of purified exosomes are often contaminated by junk components during isolation (52). When dealing with a serum that contains plenty of lipid proteins and albumin, it is recommended to remove such interference before the use of kits if high purity is required.



Affinity-Based Isolation

The membrane of exosomes is enriched with phosphatidylserines, which can bind to a type I transmembrane protein called Tim-4. The binding specificity was developed as a novel method by Nakai et al. to separate phosphatidylserine-rich exosomes (53). Compared to PEG co-precipitation, separation by this method results in fewer contaminants. However, the yield of exosomes might also include other components such as microvesicles that also contain phosphatidylserine. Interestingly, there are two commercial kits that are likely associated with affinity membrane, including exoEasy from QIAGEN and Capturem from TaKaRa.



Ultrafiltration

Based on the size and molecular weight, ultrafiltration is used for exosomes enrichment. However, before loading the sample onto an ultrafiltration column, it is usually recommended to perform sequential centrifugation steps to totally remove cells and debris, followed by a one-time filtration step through a 0.45-μm filter to remove large apoptotic bodies (54). Likewise, ultrafiltration is easy to conduct, and it saves both time and labor. But exosomes can remain retained in the filtration membrane during centrifugation, which not only hinders effective separation but also leads to a big loss of yield with insufficient elution (55). Moreover, when it comes to viscous samples like a serum, ultrafiltration shows lesser efficiency. Therefore, the method should be chosen according to the sample of interest to ensure a better separation of exosomes.



Size Exclusion Chromatography

Size exclusion chromatography (SEC) is another popular exosome purification method based on the size property of exosomes. It can separate exosomes efficiently from impurities (proteins, lipids, etc.) with well-maintained biological activity. Nonetheless, traditional SEC requires a very long time to run with the existence of contamination in the products (56, 57). But there is a commercial automated instrument from iZON that can be taken into consideration for clinical uses, which is claimed to optimize the running time from hours to minutes.



Immunoaffinity Capture

Methods of immunoaffinity isolation usually contain two components, streptavidin-coated magnetic beads and biotinylated purified monoclonal antibodies, which can be combined via a streptavidin–biotin bond. Antibodies with high affinity will catch corresponding target exosomal proteins to make sure that the exosomes are captured and gathered by a magnet (58). Tetraspanins including CD9, CD63, and CD81 are generally used as targets because these proteins are recognized as ubiquitous markers expressed among exosomes regardless of origin (19). Methods of immunoaffinity do not involve complicated procedures, while the field of monoclonal antibody production is mature enough to guarantee the quality of antibodies. Therefore, the immunoaffinity capture method is appropriate for clinical applications. However, it is worth to be considered that exosomes isolated by the immunoaffinity method cannot get rid of magnetic bead-bound antibodies, which may influence the bioactivity of exosomes and the experimental results of downstream assays. Surprisingly, a new branch of aptamer-based technique emerged recently to show strong potential to resolve the disadvantage of antibody-based technique. The main advantage of the development of aptamers by exosome researchers is that aptamers are easier to synthesize and produce than antibodies (3). Notably, a group successfully separated exosomes with CD63 aptamer and then discharged bound exosomes by adding complementary nucleotide strands to separate exosomes from aptamer. This method could largely maintain the integrity and activity of exosomes, which further reinforces the power of the aptamer-based isolation technique for exosome research (59). Figure 2 provides an illustrative procedure of representative methods, and Table 1 provides the comparisons among the mentioned isolation methods with their characteristics.




Figure 2 | General procedures of different exosome isolation methods. Experimental conditions and operating processes of ultracentrifugation, PEG co-precipitation (ExoQuick Kit, SBI, USA), ultrafiltration, and immunoaffinity are shown in the top panels from left to right. During preparation procedures, blood samples (plasma/serum) would undergo two rounds of low-speed centrifugation, the pellet of each round is deserted, and the supernatant of final round is diluted with phosphate-buffered saline (PBS) for better yield.




Table 1 | Comparison of different exosome isolation techniques.



To achieve a higher yield and purity of exosomes from clinical samples like body fluids, it is recommended to combine different isolation methods along with the pretreatment of clinical samples as mentioned above. In a methodology study of exosome isolation, Lobb et al. showed that ultrafiltration competed over ultracentrifugation, and coupling ultrafiltration with SEC resulted in a high yield of exosomes with high purity (60). They pointed out that the yield of exosomes differed among the application of different isolation methods, which suggested that the size and species of samples need to be taken into account before choosing a compatible isolation method. Another study used ultrafiltration in a company with size exclusion liquid chromatography, which proved that the combination of different methods could also preserve the bioactivity of purified exosomes (61). Scientific and clinical research on exosomes has attracted much attention so far, which impelled the development and revolution of the exosome isolation methodology. Nonetheless, existing methods are still mostly working with tissue cultures, and the results sometimes are not compatible with physical conditions (62). Additionally, the experimental results obtained on similar samples are controversial due to the different amounts of samples and different protocols that are used by different groups (63). Therefore, it is urgent to develop standardized methods to better assist the research of exosomes as well as to facilitate the translation of exosome-based techniques for clinical application in liquid biopsy.




Characterization Method


Microscopy and Nanoparticle Tracking

It is recommended and encouraged to characterize exosomes by two indispensable and complementary techniques, which usually are EM and nanoparticle tracking analysis (NTA) (19). The former provides the image of exosome morphology, and the latter gives information on the size distribution and concentration of exosomes (17). It is necessary to obtain a clear and high-resolution image of exosomes to ensure that the intact structure of exosomes is maintained, which requires hours of microscopy operation and observation (64). Cellular experiments like the uptake of exosomes in the absence of cell–cell contact are sometimes used to demonstrate the bioactivity of purified exosomes. NTA detects the Brownian movement of total nanoparticles of a sample but is unable to distinguish the phenotype or the origin of exosomes (65).



Bicinchoninic Acid Assay, Western Blotting, and ELISA

Bicinchoninic acid assay (BCA) is one of the most widely used methods for exosome protein quantification. By combining the examined amount of protein with the concentration of exosome particles, general knowledge of the quantity and purity of the exosome sample can be obtained. Nevertheless, the contaminant proteins can influence the authentic result. Western blotting and ELISA are the most used methods for the characterization of the exosomal composition, and the presence of certain proteins can be confirmed; however, the results are also affected by contaminant proteins, as they cannot separate exosomal proteins from non-exosomal proteins (66). It is suggested by MISEV that at least three positive and one negative protein marker of exosomes should be conducted in Western blotting for exosome characterization (17). For samples like serum or plasma, the most recommended negative markers for exosome characterization are apolipoproteins A1/2 and B as well as albumin (17, 67). However, there are also some contradictory studies indicating the presence of apolipoproteins A and albumin in exosomes (68, 69). Therefore, cytochrome C, a protein of mitochondria, and other endoplasmic reticulum (ER) and Golgi proteins such as calnexin, BIP, GRP94, and GM130 are suggested as negative markers for exosomes instead (17). It is sometimes necessary to remove disturbing proteins to get a cleaner background and a better readout.



Flow Cytometric Analysis

Regular flow cytometric devices detect and analyze targets at the cellular level, and thus it is a great challenge to apply them at the nanosized level. To be analyzed by a flow cytometric machine, exosomes should be immobilized on microbeads first and then bound with fluorescent antibodies, which make the fluorescence detectable as a positive signal. The good news is that the recent development of flow cytometric instruments reduces the detection limit to 100 nm (9), which strongly favors future exosome analysis in clinical situations. A major strength of flow cytometry is that it can recognize and select specific subpopulations of exosomes by specific protein markers. Meanwhile, the number of those fluorescence-bearing exosomes can be calculated (70).



Microfluidics

As increasing evidence has revealed the significant role of exosomes in cancer progression, some research groups have coined microfluidics for clinical isolation and analysis of exosomes. Usually, microfluidics is a combined system of isolation, characterization, and analysis modules, enabling a complete flow of diagnosis based on exosomes. Microfluidics has the same principles as conventional isolation methods such as immunoaffinity capture and fluorescent analysis. But compared to conventional methods, microfluidics requires much less time and amount of sample, which makes it more clinically favorable. One of the representative examples of microfluidics is developed by the combination with flow cytometry, whose sensitivity reaches 10,000 exosomes per ml of serum (9). We can recognize the microfluidics platform as a scaled-down version of common methods, but with higher sensitivity and throughput, which therefore maintains the great potential for liquid biopsy (72). Nonetheless, the method of microfluidics should be further standardized before being widely applied. A brief comparison of different methods of exosome characterization is summarized in Table 2.


Table 2 | Comparison of different exosome characterization techniques.







Application of Exosomal Proteins in Liquid Biopsy

The field of exosome research has put a huge effort into exploring exosomal miRNA as an attractive biomarker for cancer diagnosis because of the discovered correlation between the increased level of miRNA and the manifestation of cancer. However, it has been neglected that exosomal proteins can also serve as diagnostic biomarkers of cancer due to the following advantages: 1) protein constituents from tumor-derived exosomes reflect the proteomic profile of their parent tumor cells. Thus, circulating exosomes in the body fluids can provide comprehensive information about the distal primary tumor by the exosomal proteins (62). 2) Tumor-secreted proteins are greatly diluted by background substances in the circulating blood, making them very difficult to be detected. Enrichment of exosomes from blood can make it much easier to detect the proteins wrapped up in exosomes (13). 3) Many proteins secreted by tumor cells are unstable and vulnerable due to the presence of free protease in the body fluids. But these proteins can be well protected within tumor-derived exosomes, enabling in-depth analyses of relevant tumors (14). 4) Different miRNAs can lead to a similar consequence of gene expression sometimes (26), while the phenotypes of proteomic profiles can be more straightforward and representative of parent cells. Nevertheless, with increasing research on exosomal proteins for biomarker application, new challenges arise. For instance, the inconsistency among different cohorts of study is found even in the analysis of the same exosomal protein. Although there is still a long way to go, the development and application of exosomal protein as a powerful diagnostic tool for cancer therapy possess a bright future with tremendous potential. In this section, exosomal proteins that have been identified as tumor-associated markers by clinical research will be summarized and discussed. In vitro studies with cell culture or mouse models will not be covered because more attention has been paid to clinical studies, which present more relevant results to authentic physical situations. Exosomal proteins discussed here are summarized in Tables 3–6.


Table 3 | Exosomal tetraspanin and surface markers.




Table 4 | Exosomal transport protein, heat shock protein, and adhesion protein.




Table 5 | Tumor-associated exosomal protein.




Table 6 | Tumor-associated exosomal protein in urine and ascites.




Tetraspanin and Surface Protein

Tetraspanins such as CD9, CD63, and CD81 are considered the major components of exosomal transmembrane proteins, which participate in the biogenesis and cargo sorting of exosomes (108). These three tetraspanins are also used most frequently as targets conjugated with the immunoaffinity capture method. Nevertheless, it has been noted that CD63 was less presented in all of the tested samples (109–111), which queries the widely accepted concept that CD63 is ubiquitously existed on the surface of exosomes and urges us to explore new exosomal signature proteins. Tumor-derived exosomes are known to play important roles in the process of tumor generation, progression, and EMT, as exosomal tetraspanins can interact with receptors like integrins on recipient cells for the enhanced uptake of tumor-derived exosomes. Hence, exosomes with increased expression of tetraspanins have been widely identified in the body fluids of cancer patients by different research groups. The correlation of tetraspanins with tumors also makes these exosomal surface proteins strong biomarkers for various cancers (112). An earlier proteomics study suggested that the expression of exosomal CD9 significantly varied among cancer tissues and relevant normal tissues (113). Recently, these proteins, including CD9, have been increasingly demonstrated to be closely relevant to cancer-derived exosomes by different groups, thus possessing tremendous potential as cancer biomarkers. An assay called ExoScreen was developed by the group of Yoshioka et al. (76) to screen exosomes with surface expressions of CD63 and CD9 from only 5 μl of serum from colorectal cancer patients without any sample preparation procedures such as dilution or purification. This assay combined two groups of antibodies conjugated with a donor photosensitizer bead and an acceptor photosensitizer bead. It was also found that the level of CD9 and another surface molecule CD147 was significantly increased in the serum of colorectal cancer patients (114). Notably, the higher level of CD147/CD9 in serum exosomes could also be detected at an early stage of cancer, with the area under the curve (AUC) of 0.820 among healthy donors versus patients. The regular reference tumor-associated antigens carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) were within the normal value range (termed non-cancer) with the AUC of 0.669 and 0.622, respectively, indicating the great potential of exosomal proteins as cancer biomarkers with higher specificity and sensitivity than a regular signature. In another smaller cohort of studies about prostate cancer, Krishn et al. also confirmed that the CD9 level increased in plasma exosomes from patients compared to that of the healthy control group. Along with the upregulated CD9 levels on exosomes, the authors also found that αvβ3 integrin was also expressed in plasma exosomes of cancer patients, but the expression of another classic tetraspanin CD81 decreased somehow in cancer patients. However, a similar change was not found in the RNA level of CD9 and CD81 between healthy and disease conditions, suggesting that there should be an intriguingly complicated regulatory network involved in the process. Additionally, exosomal proteins should be more straightforward and convincing than exosomal RNA to reflect the cellular activity in a sense (78). Moreover, a higher expression of exosomal CD9 in plasma from prostate cancer patients had also been revealed in another study by differential centrifugation. However, these results came from a small-scale study with only six recruited patients and thus should be verified by identical experiments with a larger cohort. Nevertheless, they investigated the role of CD9 in prostate cancer and found that exosomal CD9 could promote cancer cell proliferation (79). An additional study on bladder cancer also reported an elevated level of CD9-positive exosomes in urinary samples (105). It looks like CD9 can promote tumor growth in different types of cancers, but an in vivo experiment has shown a contradictory result that the knockout of CD9 in hepatocellular carcinoma can facilitate cancer development instead. Additionally, it was also reported that there was no difference between the number of exosomes released by hepatocellular carcinoma cells before and after the overexpression of CD9 and CD81 (115). Although the results obtained from cell lines do not always display exactly the same in clinical scenarios, the complicated roles of CD9 discussed here should remind researchers that solid conclusions require more reliable comparative discoveries, especially regarding exosomes that are naturally heterogeneous.

Meanwhile, an in-house study of melanoma reported that there was a higher level of CD63+ exosomes in cancer plasma, which was correlative with the level of caveolin-1, a component of caveolae (81). Another pilot study with oral squamous cell carcinoma patients showed that the level of CD63+ exosomes decreased immediately after resection surgery, suggesting that the tumor was responsible for the high level of CD63+ exosomes in the circulation (82). In addition, to be potential candidates for cancer biomarkers, a recent study using immunohistochemistry (IHC) showed that tumor exosomal CD9 and CD63 might also act as potential prognostic monitors due to the increased expression in rectal tumor tissue after chemoradiation treatment (116). Although it is helpful to build our understanding of pathology by tissue biopsy, the result should be further verified with body fluid samples since liquid biopsy application of exosomes holds great promise in non-invasive personal precision medicine. So far, very few studies have investigated three tetraspanins (CD63, CD9, and CD81) together in clinical settings; therefore, it is still unclear whether the level of CD9, CD63, or CD81 correlates with different types of cancers.

Some other surface molecules expressed on exosomes were also reported as strong cancer biomarkers. In a large cohort study of lung cancer patients, an EV array was built that contained 49 exosomal and tumor proteins to collect the heterogeneous populations of exosomes from 472 isolated plasma samples. The expressions of two tetraspanins CD151 and TSPAN8 were found to be significantly elevated in exosomes from cancer patients, which could distinguish cancer from healthy control with AUC of 0.68 and 0.60, respectively, independently of disease stage and histological subtype. Following that, the combination of 8 proteins along with CD151 and TSPAN8 was determined to have the best separation outcome to distinguish cancer sample from healthy control with the largest AUC of 0.74, which suggested that a group of protein markers may have higher sensitivity than an individual marker in diagnosis (74). Another proteomic analysis presented similar data to show that the expression of exosomal TSPAN8 was associated with pancreatic cancer as well (77). A study on breast cancer demonstrated that the level of CD82 in serum-derived exosomes was significantly higher in a malignant group than in the healthy control group. The results also suggested that the level of CD82 was positively correlated with the malignancy of breast cancer and thus could sensitively serve as a breast cancer marker (75). There were also some other reports showing the increased level of exosomal CD91 and P-glycoprotein in the clinical case of lung cancer and prostate cancer, respectively (73, 80), indicating their potential for cancer analysis. Interestingly, the AUC of CD91 combined with CEA in distinguishing lung cancer reached 0.882 (73, 80), which substantiated CD91 as a very good candidate for potential lung cancer diagnosis.

There is a great chance that the surface molecules discussed above will be applied widely in future clinical research on cancer diagnosis and liquid biopsy, while most of these encouraging findings were involved with two correlated proteins, like CD9 and CD147 or CD63 and caveolin-1, because it may not be enough to get a whole picture of a tumor merely by a single protein marker. By combining various biomarkers in one panel, the signature of cancer can be identified and analyzed more reliably, accurately, and efficiently. Though promising, the results shown here came from different groups by using different purification processes without any normalization. Future studies with standardized methods are necessary to exclude the contingencies of experiments that might induce the methods of exosome enrichment.



Transport Protein, Heat Shock Protein, and Adhesion Protein

TSG101, Alix, and heat shock proteins take part in the intracellular transport of exosomes, which therefore shows important implications in cancer (117–119). Elmira et al. reported in a recent study with over 400 samples that the level of exosomal TSG101 was significantly upregulated in colorectal tumor tissue (120). ANXA2, a member of the annexin family involved in the endocytosis and exocytosis processes, was identified to have an increasing level in plasma exosomes of endometrial cancer (EC) patients. The AUC of ANXA2 as a biomarker for EC is 0.74, which therefore can serve as a relatively good marker suggested by the authors (89). HSP70 is actively released as exosome surface protein under the stimulation of high levels of IL-10 and IFN-γ in the serum of cancer patients, suggesting the role of exosomal HSP70 in tumor immunity and the potential of HSP70 as a cancer biomarker (121). Moreover, it was found that the number of HSP70+ exosomes in the plasma samples from metastatic lung and breast cancer patients was significantly higher than that of healthy volunteers, in which the level of HSP70+ exosomes was barely detectable (83). The same group further compared the performance of exosomal HSP70 vs. CTCs in their pilot attempt under clinical conditions and found that exosomal HSP70 could act as a discriminative marker between patients with non-metastatic lung cancer and metastatic lung cancer, possessing better AUC of 0.8968 than that of CTC detection (AUC = 0.7857). Under stress, the induced form of HSP70 is expressed exclusively by cancer cells, which is called HSP72. One of the conclusive reviews of HSP70 discussed that tumor-derived HSP72-containing exosomes promoted the immunosuppressive function of tumor-associated suppressor cells, indicating the diagnostic value of HSP72 as the target of cancer (121, 122). Other than HSP70, an integrin-mediated pathway-related heat shock protein HSP90 was also reported to be strongly downregulated in the serum of colorectal cancer patients compared to the healthy control group (86). Moreover, one of small heat shock proteins (sHSP), named HSP22, was found at a high level in exosomes from gynecologic cancer patients, which was further suggested to be correlated with host cytotoxic immune response (90).

Subunits PSMA3 and PSMA6, belonging to the 26S proteasome complex that is responsible for the functional modification and the degradation of cellular proteins, were shown to be enriched in serum-derived exosomes of gastric cancer patients (85). In addition, exosomal zinc transporter ZIP4 and integrin αvβ3 were also reported to be significantly related to tumor growth of pancreatic and prostate cancers, respectively (78, 88). In the latter study, to determine the origin of exosomes, C4-2B-β3-GFP cells were injected into NOD mice to develop prostate cancer, and the authors successfully isolated plasma exosomes with GFP-tagged αvβ3 integrin in the circulation, indicating the direct relevance between tissue-derived exosomes and circulating exosomes (78). Moreover, exosomal fibronectin was also confirmed by proteomic analysis on non-small cell lung cancer-derived exosomes to display great diagnostic potential in the clinical cohort (84). The actin cross-linking protein actinin-4, which could facilitate cancer metastasis, was also identified as a signature protein of metastatic prostate cancer with a high expression level (87).



Tumor-Specific Protein

Tumor-associated proteins such as CA19-9, CEA, and prostate-specific antigen (PSA) have been used as indicators in cancer diagnosis for a long time. Among those significant biomarkers, PD-L1 has become the focus of immunotherapy development. PD-L1, existing on the surface of various cell types including epithelial cells and tumor cells, can bind with PD-1 on the surface of T cells to act as the key immune checkpoint mediator in healthy conditions; however, it can also suppress the immune response of cytotoxic T cells in cancer. Overexpression of PD-L1 has been reported to be indicative of the status of tumors by using methods like IHC (123). Compared to tissue biopsy, liquid biopsy offers a safer way of sampling, which can be conducted at any time to acquire accurate information about the ongoing illness in patients. Due to that, research starts to focus on the investigation of the value of exosomal PD-L1 in liquid biopsy. A mechanism study has demonstrated that metastatic melanoma cells managed to escape from immune supervision by producing exosomes that carry PD-L1 to facilitate tumor growth as well as suppress CD8+ T cells. Additionally, the authors also found that compared to that in healthy donors, the level of PD-L1 in plasma exosomes was significantly higher in melanoma patients (102). Similarly, in patients with head and neck cancer, the expression of PD-L1 on the membrane of plasma exosomes was discovered to be associated with the progression of the disease, whereas soluble PD-L1 was not correlated with any of the results found with exosomal surface PD-L1 (103). This odd observation may suggest that the exosomal surface proteins exhibit the same expression pattern as parental cells. Nevertheless, a study on pancreatic cancer revealed controversial results showing that the level of PD-L1 on circulating exosomes was not correlated with cancer. On the contrary, another molecule c-Met displayed a strong correlation with cancerous parameters (96). Thus, based on these favorable findings, more future work should be done to provide convincing proof that exosomal PD-L1 can be developed as an excellent cancer biomarker.

Glypican-1 (GPC-1), a surface-bound proteoglycan that regulates signaling pathways mediated by TGF-β, Wnt, and other growth factors, is overexpressed in a variety of cancer tissues to promote cancer progression, especially pancreatic cancer (124, 125). Melo et al. purified serum exosomes from patients with pancreatic ductal adenocarcinoma (PDAC) and found that all exosome samples of PDAC patients (n = 190) were marked with high expression of GPC-1, suggesting a strong correlation between cancer and serum-derived exosomes. More than that, the authors analyzed the primary tumor tissue of PDAC patients and found the mutant transcript of Kras, an oncogenic gene that is frequently seen in PDAC. They confirmed the presence of similar Kras mutation in GPC-1+ serum exosomes of PDAC patients. These results indicated that a part of circulating exosomes was derived from relevant tumors, which underscored the importance of exosomal GPC-1 as a pancreatic cancer biomarker (97). A similar study with PDAC further emphasized the potential of exosomal GPC-1 by showing that the level of GPC-1 was elevated in plasma exosomes of PDAC patients, which was decreased accordingly after the resection surgery of PDAC patients (98). However, in many studies with PDAC, the investigation of exosomal GPC-1 was usually combined with other surface markers, which were claimed to possess higher sensitivity and specificity for cancer detection. Buscail et al. reported that the combination with CA19-9 and CD63+ GPC-1+ circulating exosomes could define PDAC much better with an accuracy reaching 84% (100). Xiao et al. also addressed that a sensitive and reproducible detection panel consisting of exosomal GPC-1 and CD82 and serum CA19-9 could efficiently distinguish PDAC patients from healthy people (99). Furthermore, a multiparametric exosome profiling was also developed and conducted by screening exosomes from patient plasma with a combination of ten surface markers including four biomarkers from a major group of cancers, three putative PDAC markers including GPC-1, and three pan-exosome markers (126). Exosomal GPC-1 has also been demonstrated to be increased in colorectal cancer (94). The percentage of GPC-1+ exosomes among total exosome numbers was significantly higher in patients with more serious disease conditions (95). This percentage was also significantly increased in relapsed patients, indicating GPC-1 as a biomarker for diagnosis and poor prognosis (95). Collectively, these research data obtained with clinical samples greatly support the value of exosomal GPC-1 as a potential diagnostic marker for cancer screening.

CD24 is a type of cell adhesion molecule participating in cell recognition, activation, signal transduction, proliferation, etc., which has been found to be abnormally expressed in various cancers. Notably, Zhao et al. developed a multiplexed detection chip combined with protein markers CA-125, EpCAM, and CD24, which indicated a three-fold increase of exosomal CD24 in the plasma of ovarian cancer patients. The AUC values of CA-125, EpCAM, and CD24 were 1.0, 1.0, and 0.91, respectively, all indicating the great value of diagnosis (101). But Soltész et al. found that in the same type of cancer, the expression of CD24 RNA was not detectable in all plasma or exosome samples of the patients, though there is a significant alteration in the tissue of the same ovarian cancer patients (127). Thus the bias existing between exosomal protein and RNA remains to be solved, and it also signifies the importance of exosomal protein in liquid biopsy. Epidermal growth factor receptor (EGFR), another protein specifically overexpressed in tumors, is closely associated with cancer progression. Yamashita et al. showed that the expression of EGFR on plasma exosomes was significantly higher in lung cancer patients compared to healthy controls, whereas the level of soluble EGFR in plasma showed no significant difference between healthy and disease conditions (92). In another study, a microfluidic chip combined with a nuclear magnetic resonance detection system was developed by Shao et al. to analyze the expressions of EGFR and its variant EGFR vIII on plasma exosomes of glioblastoma patients (91). They identified that the levels of EGFR and EGFRvIII in exosomes were significantly higher in patients compared to healthy individuals.

Survivin-2B, a pro-apoptotic protein mainly found in primary tumors rather than high-grade tumors, could be further developed as a diagnostic marker for breast cancer (128). Caveolin-1, referred to in the above section as exosomal CD63, was reported to be increased in plasma-derived exosomes of melanoma patients, with even higher sensitivity than CD63 as a putative melanoma biomarker (81). Galectin-3-binding protein (LG3BP), a protein promoting tumor growth, was found in the serum-derived exosomes of hepatocellular carcinoma (HCC; liver cancer) patients with remarkably increased expression compared to that of the healthy control group. It was worth noting that although exosomal miRNAs in liver cancer were widely studied, there was a paucity of studies with exosomal protein biomarkers, which urged researchers to pay more attention to potential protein biomarkers for liver cancer. The diagnostic AUC of LG3BP was 0.904, which was much higher than that of a non-specific tumor marker alpha-fetoprotein (AUC = 0.802). However, another tumor marker PIGR was surprisingly found to be elevated in serum-derived exosomes with the diagnostic AUC of 0.837, higher than that of alpha-fetoprotein (93). Thus, LG3BP and PIGR may work as novel biomarkers for liver cancer together. Common cancer like lung cancer and breast cancer are both discussed in this review regarding different cancer-associated exosomal protein markers. However, rather than exosomal protein, there are much more research data in the clinical field of HCC that showed nucleic acids in exosomes including miRNA and lncRNA can act as novel biomarkers (129).

Exosomal proteins discussed in the above section almost came from the study with either plasma or serum. Other body fluids like urine or ascites, which are less viscous than plasma or serum, are much easier to deal with. Exosomes from these sources also have been revealed as potential tools for diagnosis (31). For example, a proteome profile study of urine-derived exosomes identified proteins from renal tubule epithelial cells. Polycystin-1, specifically identified in urine-derived exosomes, was associated with multiple renal diseases (107). The same group further developed an efficient protocol for urinary exosome isolation and storage (130). Different from plasma or serum-derived exosomes, urine-derived exosomes are sometimes more relevant to the urinary system, which suggests that they might possess greater potential as early liquid biopsy biomarkers for renal-related diseases. In urological cancers like prostate cancer or bladder cancer, urine-derived exosomes still display great value as diagnosis signature. One of the comprehensive proteomic studies of prostate cancer described in a review (104) suggested that TMEM256 displayed excellent accuracy for cancer diagnosis with a high AUC of 0.94 in clinical urinary samples. Nevertheless, in the discussion of another review, though another group proposed TMEM256 as a potential biomarker for prostate cancer, two other groups could not detect the presence of TMEM256 in two sets of clinical urinary samples. Moreover, the protein profiles obtained by these two groups in the urinary sample of prostate cancer were also distinct, possibly due to the different isolation and quantification methods or a different control group (131).

Moreover, there was also a study by the group of Chen et al. about a potential biomarker TACSTD2 for bladder cancer, which was significantly increased in urinary exosomes of patients compared to individuals with hernia (105). The great potential of TACSTD2 as a diagnostic biomarker for bladder cancer was further supported by the validation of another cohort of study (131) and by the fact that it was exclusively made by cancer cells (132). Ascite-derived exosomes are also found as a strong diagnostic tool for their expression of highly glycosylated CD133 in pancreatic cancer (106). Meanwhile, the group of Nazri et al. discovered the connection between peritoneal fluid-derived exosomes and endometriosis by systemic liquid chromatography with tandem mass spectrometry and identified five associated exosomal proteins including AXNA2 to be potential diagnostic biomarkers for endometriosis (18). The discussion about tumor-associated exosomal proteins as potential cancer biomarkers should also remind researchers of the fact that the clinical data are still limited. For example, when investigating prostate cancer, exosomal proteins including CD9, CD81, P-glycoprotein, and ACTN4 together can act as a detection panel with high specificity. CD9, CD63, or glypican-1 can be taken into consideration as generic tumor-associated markers of exosomes produced by a major group of cancers. In the future, more comprehensive research should be conducted in representative clinical cohorts to further substantiate the existing data.




Conclusion and Perspective

With the increasing knowledge of exosomal functions in cell–cell communication, the application of exosomal proteins as a potential tool for cancer diagnosis and liquid biopsy has become more and more attractive. Under normal circumstances, tissue biopsy or pulmonary lavage is carried out to examine the state of lung cancer, which undoubtedly causes damage to the body. Notably, in a proteomic study of non-small cell lung cancer, Li et al. demonstrated that AQP-2 (kidney tissue-related)-positive urinary exosomes expressed a high level of LRG1 protein. Similarly, LRG1 was also found highly expressed in the lung tissue of cancer patients (133). The study has presented us with a clue to the pulmonary origin of exosomes dispersed in urine and a special perspective on diagnostic utilization of urinary exosomes for lung cancer. Moreover, the discovered correlations between urine-derived exosomes and distant cancerous lung tissue encourage researchers to look deeper into the origin, transport, circulation, and uptake of exosomes.

Compared to the detection of tumors by classic antigens, the combination of exosomal protein markers offers better diagnostic results (76). Although increasing research data have suggested the importance of exosomal proteins, there are also some inconsistent and paradoxical results that we have discussed in this review among different studies, which urge a more precise investigation of exosomes. The most important reason for this result is that no standardized methodology of isolation and characterization has been established in the whole field of exosome research. Additionally, exosomes are heterogeneous, which makes the creation of standardized methods very necessary to promote the development of the clinical application of exosomal proteins. In a recent comparative study on the tetraspanin profile of exosomes, the heterogeneity of exosomes was underlined to show a strong impact on the diagnostic sensitivity of exosomal surface markers. Good consistency exists in the tetraspanin profile of exosomes from the same source regardless of isolation methods. But the results confirmed that tetraspanin profiles of exosomes from a different source are distinct (134). Additionally, other exosomal cargos can also differ among different sources. From the long-term point of view, the development of a microfluidics system is more likely to be rapidly upgraded because it represents the cutting-edge technology that can satisfy the needs of exosome investigation. Microfluidics can integrate separate isolation procedures and characterization procedures into a single platform that skips the conservation of exosomes. Even more encouraging, it can analyze multiple samples that have a small volume to detect exosomes with high throughput and high precision (135). Figure 3 shows a microfluidic system conceived by our group that delivers a general workflow or construction that can isolate and characterize tumor-derived exosomes in clinical samples.




Figure 3 | A design of microfluidics system for clinical exosome isolation and characterization with high efficiency and high sensitivity. The first module of the system is a pore matrix (pore size ~200 nm). When microliters of plasma/serum is injected through the injection port 1, pressure will be added to the module, which makes particles inside the sample move toward the pore matrix. Nanoparticles including exosomes will move through pore matrix, while large particles will be left in the chamber. Then, phosphate-buffered saline (PBS) solution is injected into the chamber to create reflux to wash the pore matrix to ensure all exosomes move across the matrix and reach the one-way valve. In the second module, exosomes were captured in a characterization chamber. Enough quantities of DNA aptamers that specifically recognize exosome surface proteins like CD63, CD81, and CD9 are immobilized on the plane. Exosomes were captured while flowing across the plane, and buffer was injected through port 2. Impurities were discharged through the waste port. After that, tagged DNA aptamers that specifically recognize tumor-specific antigens were injected through port 3, and tumor-derived exosomes were bound by those aptamers. Finally, the chemiluminescence reagent was injected through port 4 and reacted with the tagged aptamers. The chemical signal was captured and exported eventually.



In a recent study, Zhang et al. presented a microfluidic system in which exosomes are captured by an anti-CD63 aptamer and diagnosed by an anti-EpCAM aptamer (136). To detect those captured exosomes, a hybridization chain reaction (HCR) is applied. In this way, the signal of EpCAM aptamer on the surface of CD63+ exosomes is amplified in a linear form that can be detected with high sensitivity. The detection limit is confirmed as 0.5 exosomes/µl, and Zhang et al. also compared the performance of the system to that of NTA, which showed that the system could isolate cancer-derived exosomes and spare non-cancerous exosomes at the same time. Notably, a similar microfluidic aptasensor (aptamer-combined sensor) platform was constructed by Wang et al. to detect tumor-derived exosomes (137). The principle of HCR was also used, but in a different way to accurately amplify the signal of EpCAM+ exosomes by the formation of a multidirectional reaction. Surprisingly, the detection limit reached 285 exosomes/µl, significantly higher than that of other systems. The huge difference that existed between the two systems suggested that the mechanism applied for the amplification and detection of signals in an aptasensor system had a great impact on the sensitivity. However, a remaining issue of these two studies is that the exosomes they used for testing are enriched either by ultracentrifugation of supernatant of cell culture or by isolation of human serum with commercial isolation kit. Therefore, the detection sensitivity and limit of these two systems for exosomal EpCAM diagnosis of more complicated clinical samples without exosome enrichment remain unknown. Moreover, in these two studies, the use of a single biomarker CD63 for exosome capture resulted in the omission of exosomes deprived of surface CD63. Similarly, use of single biomarker EpCAM resulted in the omission of tumorous exosomes lack of EpCAM.

While these issues are taken into consideration in our proposed model (Figure 3), the combination of multiple exosomal surface markers in this model can promote the probability to capture almost all exosomes in samples; however, the actual performance of the device still relies on the specificity of current exosomal markers and the identification of novel exosomal markers. Moreover, the sensitivity for detecting or capturing tumor-derived exosomes by the model also relies on the binding affinity of tumor-associated aptamers to exosomes, as well as the technique applied. The exclusion of non-cancerous exosomes would be favored by the technical improvement of detection strategy and the discovery of some novel tumor markers with high specificity, which would result in the enrichment of cancerous exosomes. For clinical use of exosomes, the methods should be handy, highly efficient, and supersensitive. The methods should also be compatible with different clinical samples. When dealing with blood, coagulation will cause the release of platelet-derived exosomes in the serum; thus it is better to choose plasma for exosome isolation (138). However, coagulation sometimes happens with cancer progression; thus, it is extremely necessary to distinguish tumor-derived exosomes from immune cell-derived exosomes in the blood sample, which further emphasizes the need for the discovery of tumor-specific exosomal markers. Additionally, the development of cancer-stage-specific exosomal markers is also very attractive to the current precision medicine theory.

It is worth mentioning that the standardization of exosome isolation methods will favor future clinical utilization of exosomes for immunotherapy at the same time. Safety is the most important issue to be concerned about when talking about therapy, which holds back many cell-therapy strategies. On the contrary, the high purity of exosome products will be a strong candidate for therapeutic treatment. For example, mesenchymal stem cell (MSC)-derived exosomes have already been proved to mediate immune response in multiple murine models with acute graft-versus-host disease (aGVHD) due to their anti-inflammatory or immunomodulatory effects. MSC-derived exosomes can promote the expansion of regulatory T cells, which suppress the inflammatory response and can also induce the production of anti-inflammatory cytokines like IL-10 while inhibiting the production of inflammatory cytokines like TNF-α (139, 140). In a typical clinical treatment against aGVHD, the response of patients to MSC-derived exosomes administration was found to be positive, and the clinical GVHD symptom was significantly improved, suggesting the great potential of MSC-derived exosomes for clinical therapies (141). Beyond that, the function of MSC-derived exosomes has also been recently introduced into the treatment of COVID-19 for the first time. Patients infected with COVID-19 received 5 days of MSC-derived exosome infusion. At the endpoint, data showed that the percentage of CD3+, CD4+, and CD8+ T cells increased in patients, implying the exciting outcome of immunomodulatory effects of MSC-derived exosomes (142).

In summary, it is believed that with the advancement of isolation technique and characterization strategy, the clinical application of exosomal proteins would finally act as a powerful diagnostic target in liquid biopsy as well as effective immunotherapy.
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Respiratory syncytial virus (RSV) is a major cause of acute lower respiratory tract infections in children and elderly. No vaccine or effective treatment is currently available for RSV. Extracellular vesicles (EVs) are microvesicles known to carry biologically active molecules, including RNA, DNA and proteins (i.e. cargo). Viral infections can induce profound changes in EV cargo, and the cargo can modulate cellular responses of recipient cells. We have recently shown that EVs isolated from RSV-infected cells were able to activate innate immune response by inducing cytokine and chemokine release from human monocytes and airway epithelial cells, however, we did not investigate the potential antiviral contribution of EVs to a subsequent infection. The objective of this study was to assess the presence of innate immune mediators, including type I and III interferons (IFNs) in EVs released from airway epithelial cells infected with RSV, and their potential role in modulating viral replication in recipient cells. EV-derived from cells infected with RSV were associated with significant amounts of cytokine and chemokines, as well as IFN-β and -λ, compared to EVs isolated from mock-infected cells. Cells treated with RSV-EVs showed significantly lower levels of viral replication compared to untreated or mock-EV-treated RSV infected cells. Cellular pretreatment with Cerdulatinib, an IFN receptor signaling inhibitor, inhibited the antiviral activity of RSV-EVs in recipient airway epithelial cells. Furthermore, treatment of A549 cells with RSV-EVs induced the expression of IFN-dependent antiviral genes, supporting the idea that RSV-EVs exerts their antiviral activity through an interferon-dependent mechanism. Finally, we determined the concentrations of soluble and EV-associated IFN-β and IFN-λ in five nasopharyngeal secretions (NPS) of children with viral infections. There were significant levels of IFN-λ in NPS and NPS-derived EVs, while IFN-β was not detected in either of the two types of samples. EVs released from RSV-infected cells could represent a potential therapeutic approach for modulating RSV replication in the airways.
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Introduction

Respiratory syncytial virus (RSV) is a negative-sense single-stranded RNA virus belonging to the Pneumoviridae family (1). It is the single most important virus causing acute lower respiratory tract infections in children and a major cause of severe respiratory morbidity and mortality in the elderly (2). About 45% of hospital admissions and in-hospital deaths due to RSV occurred in children younger than 6 months (3) and 1.5 million RSV episodes in older adults in industrialized countries in 2015 (4). In addition to acute morbidity, RSV infection has been linked to both the development and the severity of asthma. No vaccine or effective treatment is currently available for RSV (5).

Extracellular vesicles (EVs) are a type of secretory vehicle released from cells and isolated from various bio-fluids as bronchial lavage, breast milk, blood, and saliva (6–10). EVs are characterized by diameter (size), and specific EV markers, including CD63, CD9, ALIX, and TSG101 (11). EVs contain nucleic acids, lipids, and proteins, known as the EV cargo, and have been shown to transfer their biologically active cargo between neighboring cells and to distant sites, therefore participating in cell-to-cell communication, inflammation, and disease pathogenesis (12, 13). Previous studies in selected viral infections have suggested that EVs can play an important role in viral pathogenesis, by contributing to viral replication and spread, as well as to modulation of virus-host cellular interactions (14–16). Conversely, other groups have shown a protective role of these vesicles, conferring host cell resistance to viral infections, as in the case of Dengue virus in an in vitro model of infection (17). Although it is known that infections can alter the molecular cargo associated with EVs (15), their role in viral replication and pathogenesis remains largely unexplored, particularly in the context of single stranded RNA viruses.

We have previously described that RSV infection of A549 cells is associated with changes in EV cargo, which are not a simple reflection of changes occurring within infected cells. Importantly, we showed that EVs isolated from RSV-infected cells can activate innate immune responses by inducing release of cytokine and chemokine from EV-exposed (i.e. recipient) monocytes and airway epithelial cells (18). In the present study, we investigated whether EVs released from airway epithelial cells infected with RSV would carry a specific cargo of cytokines, chemokines and IFNs and tested whether RSV-EVs affected viral replication of exposed/recipient cells that were subsequently infected. We found that EV-derived from cells infected with RSV were associated with significant levels of cytokine and chemokines, as well as IFN-β and -λ, compared to EVs isolated from uninfected cells. Moreover, recipient epithelial cells treated with RSV-EVs showed significantly lower levels of viral replication compared to untreated or mock-EV-treated RSV infected cells. Pretreatment of recipient cells with Cerdulatinib, an IFN receptor signaling inhibitor, inhibited the antiviral activity of RSV-EVs. Furthermore, treatment of A549 cells with RSV-EVs induced the expression of IFN-dependent antiviral genes, suggesting that RSV-EVs exert their antiviral activity via an interferon-dependent mechanism. Finally, we determined the concentrations of soluble and EV-associated IFN-β and IFN-λ in five nasopharyngeal secretions (NPS) of children with viral infections and found significant levels of IFN-λ, but not IFN-β in NPS and NPS-derived EVs.



Materials and methods


Cell cultures and RSV infection

Human airway epithelial cell line A549 (human alveolar type II cell line -American Type Culture Collection, USA) were cultured and maintained in F12K culture media, supplemented with 10% FBS (HyClone, GE Healthcare USA), 100 U/mL penicillin G, 100 μg/mL streptomycin and 2 mM glutamine. RSV stocks and viral pools were prepared as previously described (18, 19). Primary small airway epithelial (SAE) cells (Lonza Inc., San Diego, CA, USA), derived from the terminal bronchioli of cadaveric donors, were grown in culture medium containing 7.5 mg/mL bovine pituitary extract (BPE), 0.5 mg/mL hydrocortisone, 0.5 µg/mL hEGF, 0.5 mg/mL epinephrine, 10 mg/mL transferrin, 5 mg/mL insulin, 0.1 µg/mL retinoic acid, 0.5 µg/mL triiodothyronine, 50 mg/mL gentamicin, and 50 mg/mL bovine serum albumin. SAE cells were switched to basal media (no supplemented added) several hours prior to RSV infection. When A549 cells were used to isolate EVs, they were changed to exo-free FBS medium, 4 hours before and throughout the length of the experiment. At 90 to 95% confluence, cell monolayers were infected with RSV at multiplicity of infection (MOI) of 1. An equivalent amount of 30% sucrose solution was added to uninfected A549 or SAE cells as a control (mock cells). The culture media, from both mock and RSV-infected cells, were collected after 24 hours p.i. and processed for the next analyses. Viral titers were measured by plaque assay in HEp2 cells as described in (20).



Extracellular vesicles isolation and purification

Culture media collected from 2 × 107 mock-infected or RSV-infected cells (24 hours) and nasopharyngeal secretions (NPS) samples of patients were subjected to debris removal by centrifugation at 3,000 g for 15 min at 4°C. The clear media and NPS samples were subjected to further cleaning by filtration through 0.22 μm sterile filter to remove any remaining debris. The filtered media was transferred to Amicon® Ultra-15 centrifugation filters (Millipore, Billerica, MA, USA) and centrifuged at 2500 g for 35 min. Exoquick-TC (System Biosciences, USA) reagent was added to the filtered media or NPS, mixed thoroughly, and incubated overnight at 4°C to precipitate EVs. Next morning the mixture was subjected to centrifugation at 1,500 g for 30 min, the EV pellets were washed and resuspended in filtered PBS. To remove contaminating viral particles, EVs were subjected to CD63 immuno-purification using CD63 exosome isolation reagents (System Biosciences, USA), following manufacturer’s instructions. The purified EVs were eluted from the bound CD63 beads in an average of 300 μl and used for experimental procedures. Protein concentration was determined using a protein assay kit from Bio-Rad, USA. Purified EVs from cells were screened for presence of replicating virus, to avoid using contaminated preparations. This screening was done by plaque assay, inoculating a fraction of the EV pool onto HEp2 cells.



Extracellular vesicles characterization

EV size distribution and number of particles were analyzed using the NanoSight™ LM10-HS10 system (Malvern Instruments, UK). NanoSight™ tracking analysis (NTA) software was used to produce the mean and median vesicle size together with the vesicle concentration (in millions). Samples were measured 3 times to ensure reproducibility. The instrument was rinsed between samples using filtered water. EV markers were analyzed by Western Blot assays. EV samples were lysed in a buffer (50mM Tris NaCl, 0.5% Triton, 300 mM NaCl) supplemented with a protease and phosphatase inhibitor cocktail. Equal amount of protein, 15 µg in total, were processed as described previously (18). The primary antibodies for Western blot were rabbit anti-human CD63 (1:1000; System Biosciences), anti-human Alix (1:500; Santa Cruz), anti-human apoB (1:500; Novus Biologicals) and mouse anti-human GM130 cis –Golgi (1:800; Santa Cruz).



Cytokine and chemokine analysis

Intact and lysed (pretreated with Triton 1%) EV samples were used to measure the levels of cytokine/chemokines and IFNs. EV fractions were quantified using the NanoSight instrument and normalized to the same particle number prior to IFN and cytokine assays. Cytokines and chemokines were measured using the Bio-Plex Cytokine Human Multi-Plex panel (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer’s instructions. Immunoreactive IFN-β and IFN-λ 2/3 were measured using commercial enzyme-linked immunosorbent assays (ELISAs), following the manufacturer’s protocol (PBL Biomedical Laboratories, Piscataway, NJ, USA).



EV treatments of cells

A549 cells were placed in 24-well plates and grown overnight. The next day the cell media was removed, cells were washed with PBS, and fresh media containing equal amounts of mock- or RSV- EVs (15 µg/well) was added. Mock- or RSV- EVs were isolated and purified using a two-step EV purification method, Exoquick-TC followed by CD63 immuno-EV purification. The cells were allowed to incubate in the presence of EVs for 24 hours. Negative control wells were included that consisted of mock or RSV-infected cells not treated with EVs. For inhibition of IFN signaling, cells were pretreated with 5 μM of Cerdulatinib (Selleckchem, TX) 1 h prior to and throughout the EV treatment. At the end of the EV treatment, media were removed, and cells were infected with RSV for 24h. After infection, media were collected from each well and stored at -80°C for further analyses.



Reverse transcription - qPCR

RNA was extracted from A549 cells using an Aurum Total RNA Mini Kit (BioRad, Hercules, CA, USA) according to the manufacturer instructions. RNA samples were quantified using a DS-11 Spectrophotometer (DeNovix Inc., Wilmington, DE, USA). Synthesis of cDNA was performed with 1 μg of total RNA in a 20 μL reaction using iScript Reverse Transcription Supermix reagent according to the manufacturer’s instructions (BioRad, Hercules, CA, USA). PCR amplification was done using 1 μL of cDNA in a total volume of 25 μL using a SYBR Green Fast qPCR mix (ABclonal, Woburn, MA, USA). 18S RNA was used as a housekeeping gene for normalization. PCR assays were run in the BioRad CFX Connect Real-Time System. Triplicate CT values were analyzed in Microsoft Excel using the comparative CT (ΔΔCT) method. The amount of target (2−ΔΔCT) was obtained by normalizing the endogenous reference (18S) sample. Primer sequences of Mx1, DDX58 and ISG15 genes are available upon request.



Western blot

Total cell lysates were prepared with RIPA buffer (Cell Signaling, 9806) and protein concentration was determined with Pierce BCA Protein Assay Kit (ThermoFisher, 23225). Equal amounts (15 μg) of proteins were separated by SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) membrane. Nonspecific binding was blocked by immersing the membrane in Tris-buffered saline-Tween (TBST) blocking solution containing 5% skim milk powder. After blocking, the membranes were incubated with the primary antibody overnight at 4°C, followed by the appropriate secondary antibody diluted in TBST for 1h at room temperature. Proteins were detected using enhanced chemiluminescence (ECL). The primary antibody used for phospho-STAT1 was from Cell Signaling, cat#9167S. β-Actin was used as loading control protein to normalize the target proteins expressions from whole cell extracts (Sigma-Aldrich, cat#A1978).



Nasopharyngeal secretions samples collection

NPS were collected as part of an ongoing IRB-approved study on the pathogenesis of lower respiratory tract infections in children up to 2 years of age. After written informed consent was provided by the parent or legal guardian, NPS samples were collected from patients at the time of the visit in the ER, or within 24 hours after hospital admission. Control NPS were children admitted to the Pediatric Intensive Care Unit following surgery for conditions unrelated to airways disease and negative for viral infections. Samples were immediately transported to the lab in ice and tested for respiratory viruses, using the multiplex RT-PCR-based Luminex xTAG Respiratory Viral Panel (RVP, Luminex Molecular Diagnostics) to detect simultaneously 19 viral targets. An aliquot of NPS was used for direct analysis of IFN-β or IFN-λ 2/3 and another aliquot for the isolation of EVs as described in the previous section.



Statistical analysis

A two-tailed Student’s t test using a 95% confidence level was performed in all experiments. Significance is indicated as a p value of <0.05 (*). Fold change of RT-PCR experiments was calculated by 2-ΔΔCt method and represent mean ± SEM using GraphPad Prism v4 (GraphPad Software).




Results


Cytokines and interferons in EVs derived from airway epithelial cells

Studies over the last few years have identified EVs as a non-canonical mechanism by which cytokines can be secreted into the extracellular space and modulate functions of neighboring and distant cells. They can be membrane-associated or encapsulated withing the EVs, reviewed in (21), although the cytokine packaging mechanisms into EVs is not fully known. To determine whether immune mediators such as cytokines, chemokines and IFNs were associated with EVs released from airway epithelial cells infected with RSV, we first isolated and purified EVs from A549 cells using a two-step EV purification method, Exoquick-TC followed by CD63 immuno-EV purification as previously published from our laboratory (18). We used a precipitation reagent-based EV enrichment, followed by CD63 antibody based immuno-magnetic isolation, which results in EV preparations mostly devoid of RSV particles (18). Equal numbers of intact EVs derived from mock (mock-EVs) or RSV-infected cells (RSV-EVs), or EVs lysed with 1% Triton x solution (22), (mock-EVs Triton or RSV-EVs Triton), were used to measure surface-associated and encapsulated cytokines and chemokines by Bio-Plex Cytokine Multi-Plex array. Concentrations of IFN-β and IFN-λ in intact or lysed EVs were measured by ELISA. IL-1β, IL-1ra, IL-15, IL-17, TNF-α, MIP-1β and PDGF-bb were significantly increased in both RSV-EVs and RSV-EVs Triton purified from A549 cells, compared to mock-EVs or mock-EVs Triton. Significantly higher concentrations of IL-6, IL-8, IL-9 and RANTES were detected in RSV-EVs compared to mock-EVs, while MIP-1α concentration was significantly increased in RSV-EVs Triton compared to mock-EVs Triton (Figure 1).




Figure 1 | Cytokine concentrations associated with EVs released from mock- and RSV-infected A549 cells. Cytokines were measured using a human multi-plex panel array as intact or Triton lysed EVs. Data are presented as mean ± SEM. * indicates a statistical difference comparing RSV- EVs or RSV-Triton versus Mock-EVs or Mock-Triton, respectively (*p value < 0.05). Data represents the average of three independent experiments.



As type I and III IFNs secreted from infected cells represent the main host defense system against viral infections (23, 24), we also assessed IFN-β and IFN-λ levels in EVs isolated from A549 cells. We detected IFN-β and IFN-λ in intact and Triton lysed RSV-EVs, but not in mock-EVs (Figure 2A), with a trend of higher levels detected in Triton lysed EVs. We then confirmed the presence of IFNs in EVs released from normal human SAE cells, which showed results similar to A549 cells with the exception of levels of IFN-β associated with Triton lysed RSV-EVs, which was lower than the one present in intact EVs (Figure 2B).




Figure 2 | IFN-β and IFN-λ concentrations associated with EVs released from mock- and RSV-infected A549 (A) and SAE cells (B). IFN-β and IFN-λ were measured by ELISA as intact or Triton lysed EVs. Data are presented as mean ± SEM. * indicates a statistical difference comparing RSV- EVs or RSV-EVs Triton versus Mock-EVs or Mock-EVs Triton, respectively (*p value < 0.05). Data represents the average of three independent experiments.





Antiviral activity of RSV-EVs on exposed cells occurs via an IFN-mediated mechanism

To investigate whether EVs could exert an antiviral effect on recipient cells, A549 cells were pre-treated with 15 µg of mock or RSV-EVs for 24 hours, were then infected with RSV for 24 hours and harvested to collect cell supernatants to measure viral titers. In our previous study, we observed a functional effect in A549 cells treated with EVs (10 μg/well). This time, we increased and selected 15 μg/well EV-dose for a stronger anti-viral effect of EVs than the previous dose. We observed a significant decrease in RSV replication in cells treated with RSV-EV, compared to untreated and mock-EV treated infected cells (Figure 3A), indicating that RSV-EV cellular exposure confers protection against a subsequent infection. To determine whether the observed antiviral effect of RSV-EVs treatment was due to the presence of IFNs in RSV-EVs, recipient cells were treated with Cerdulatinib, an IFN receptor signaling inhibitor, prior to RSV-EV addition and subsequent infection. Cerdulatinib pretreatment resulted in loss of RSV-EV antiviral activity, with increased viral replication in recipient cells treated with the inhibitor, compared to recipient cells treated with RSV-EVs only, indicating that IFNs carried by RSV-EVs are biologically active (Figure 3B).




Figure 3 | Effect of EV treatment on RSV replication. (A) A549 cells were infected with RSV alone (RSV) or treated with Mock-EVs (RSV+Mock-EVs) or RSV-EVs (RSV+RSV-EVs) (15 μg) for 24 hours and then infected with RSV (MOI of 1). (B) A549 cells were infected with RSV alone (RSV), pretreated with RSV-EVs (15 μg) 24 hours prior to RSV infection (RSV+RSV-EVs), infected with RSV and treated with Cerdulatinib (5 μM) 1h prior to infection (RSV-Cerd), or were pretreated with RSV-EVs for 24 hrs, treated with Cerd 1h prior to infection and then infected with RSV at a MOI of 1 (RSV+RSV-EVs+Cerd). Supernatants of infected cells were collected at 24 hours post-infection and viral titers were determined by plaque assay. Data are expressed as mean ± SEM. * indicates a statistical difference compared to RSV alone, while # indicates a difference between RSV-EV treated and RSV-EV treated plus Cerdulatinib groups (* or # for p ≤ 0.05). Data represents the mean average of three independent experiments.



To confirm that RSV-EV exposure was associated with the induction of an antiviral gene response in recipient cells, A549 cells were treated with 15 µg of mock- or RSV-EVs for 24 hours and harvested to collect total RNA. Levels of the antiviral gene Mx1, DDX58 and ISG15 mRNA were assessed by RT-qPCR. We found that cell exposure to RSV-EVs induced a significant increase of Mx1, DDX58 and ISG15 gene expression, compared to basal levels in untreated (mock) cells (Figure 4A). Surprisingly, exposure to mock-EVs resulted in a significant inhibition of the basal levels of these antiviral genes. Engagement of both type I and III IFN receptors leads to activation of STAT1 and 2 proteins, through their tyrosine phosphorylation, which together with IRF9 form the ISGF3 complex necessary for induction of antiviral genes. To confirm activation of this pathway following RSV-EV treatment, A549 cells were treated with 15 µg of mock- or RSV-EVs for 24 hours and harvested to prepare total cell lysates. Levels of tyrosine phosphorylated STAT1 (pSTAT1) were then assessed by Western blot assay. Only stimulation of cells with RSV-EV led to activation of STAT1, with no phosphorylation induced by mock-EV (Figure 4B). Collectively, these results support the concept that RSV-EVs can exert an antiviral activity in exposed cells through an interferon-dependent mechanism.




Figure 4 | A549 cells were treated with Mock- or RSV- EVs (15 μg) for 24 hours and harvested to either extract total RNA or to prepare total cell lysates.A549 control cells with no EVs treatment are represented by checkered bar plot (A). RNA extracted from A549 mock cells with or without EV treatment was subjected to RT-qPCR to measure the expression of antiviral genes MX1, DDX58 and ISG15. Fold changes in antiviral gene expressions were determined by 2-ΔΔCT method and represent mean ± SEM normalized to 18S. Cell treated with RSV- or Mock- EVs versus mock cells (*p value < 0.05; **p value < 0.01). Data represents the average of three independent experiments. (B). Total cell lysates were subjected to western blot analysis using an antibody anti-phospho-STAT1 (pSTAT1). Membrane was stripped and re-probed with anti-β-actin for loading control. Western blot figure is representative of two independent experiments.





IFN content of EVs isolated from NPS of children with viral infections

We collected NPS from five children < 2 years of age who were admitted to the hospital for a lower respiratory tract infection or from two children negative for viral infections and who were admitted to the Pediatric Intensive Care Unit following surgery for conditions unrelated to airways disease (control sample). Presence of respiratory viruses was confirmed by the Luminex xTAG Respiratory Viral panel. Children were positive for RSV, rhinovirus (RV) and SARS-CoV-2. We isolated EVs from the NPS using the two-step purification protocol and we confirmed by immunoblot that they expressed the marker CD63 and Alix, and were negative for the Apolipoprotein B (ApoB) and cis-Golgi matrix protein GM130 (Figure 5A). EV size and particle number of NPS-derived EVs were measured by Nanosight instrument (Figure 5B). The average size of NPS-derived EVs of virus positive patients was 170 nm, and the average number of particles was 1.95 × 109 particles/mL, while the average size of EV from control patients was 145 nm, with an average number of particles of 2.1 × 108 particles/mL.




Figure 5 | Characterization of NPS-derived EVs from children with and without viral infections. (A) Western blot analysis of equal amounts of purified EVs (5 μg) for CD63, Alix, ApoB and GM130. #1 and 2 indicates EV samples isolated from two representative patients. (B) Absolute size (left graph) and concentration (right graph) determined by Nanosight analysis of EVs isolated from virus negative (open bars) or virus positive (black bars) NPS. IFN-λ concentrations were measured by ELISA in NPS samples (C) or NPS-derived EVs (D) of children with or without viral lower respiratory tract infections. Patients #1 and #2 = RSV; Patient #3 = SARS-CoV-2; Patients #4 and #5 = Rhinovirus (RV), Patients #6 and #7 = Virus-negative.



Next, we determined the concentrations of IFN-β and IFN-λ in NPS (Figure 5C) and NPS-derived EVs (Figure 5D) of these seven children. While IFN-β levels were below the limit of detection in both NPS and NPS-derived EVs of all children, IFN-λ was detected in five of the seven NPS samples (patients #3 and #4 had values below the limit of detection of the assay), with values ranging from 300 to 5,160 pg/mL. In addition, significant levels of IFN-λ were found to be associated with five NPS-derived EVs (upper values, 1693 pg/mL) from infected patients, excepted for the two patients with no viral infections (patients #6 and #7). Slightly higher concentrations of IFN-λ were detected in lysed (Triton-treated) EVs compared to intact EVs derived from those viral infected NPS samples with detectable IFN-λ, while we found IFN-λ only in the Triton lysed but not intact EVs isolated from the two infected NPS sample. EVs isolated from the airway secretions of two “control” infants negative for viral infections showed no detectable levels of IFN-λ in intact or Triton lysed EVs. Overall, our results suggest that IFN-λ is associated with EVs isolated from airway secretions during episodes of viral respiratory infections.




Discussion

Each year in the United States, RSV leads to approximately 58,000 and 177,000 hospitalizations of children younger than 5 years old and adults aged 65 years or older, respectively (25). No effective drug or vaccine is currently available for RSV (5). There is a huge demand to develop therapeutic approaches and vaccines to treat respiratory viral infections such as RSV. The aims of this study were to 1) evaluate the innate immune mediator cargo of EVs derived from airway epithelial cells with RSV infection, and 2) investigate the potential antiviral activity of EVs isolated from infected airway epithelial cells.

In our previous published work, we isolated, purified, and characterized EVs from airway epithelial cells. We found significantly higher levels of cellular RNA species, named small non-coding RNAs, in EVs than in infected cells. EVs isolated from infected RSV cells carried viral RNAs as well as selected viral proteins, although they were not able to transmit infection to uninfected cells. These previous results underlined the changes of EV-cargo associated with RSV infection (18). In the current study, we show for the first time that EV-derived from cells infected with RSV carry a significant amount of cytokine, chemokines and IFN cargo, compared to EVs isolated from mock-infected cells. In the past few years, there has been a growing literature indicating that EVs can function as alternative carriers for the delivery of cytokines and chemokines, specifically these mediators can be packaged into microvesicles released from cells or can be secreted in membrane-bound form through vesicles-like exosomes, reviewed in (21). In a comprehensive study of cytokine association with EVs, Fitzgerald and colleagues have shown that that cytokine encapsulation into EVs can be found in vitro, ex vivo and in vivo biological experimental models, and that encapsulation in EVs is not associated with a specific cytokine but rather with the specific system and stimulus investigated (22). The same authors also provided evidence that the EV-associated cytokines were biologically active, by using reporter cell lines that needed specific cytokines to proliferate (22). EV-associated cytokines have been shown to possess a wide range of functions in multiple biological processes. For instance, in HIV-infected individuals, plasma-derived exosomes were highly enriched in a variety of cytokines, and exposure to these exosomes resulted in the induction of CD38 expression on naive and memory CD4+ and CD8+ T cells, a mechanism that could contribute to HIV propagation via bystander cell activation (26). Obregon et al. showed that EVs derived from lipopolysaccharide (LPS)-activated dendritic cells are important carriers of tumor necrosis factor (TNF)-α, which is important for the induction of proinflammatory mediators from epithelial cells upon internalization (27). In the cancer literature, transforming growth factor β (TGF-β) associated with tumor-derived EVs has been shown to promote tumor progression by stimulating the migration of cancer cells, by inhibiting T-cell responses, and by inducing differentiation of fibroblasts into myofibroblasts that support tumor growth, vascularization, and metastasis, reviewed in (21).

In this study, we found that both IFN-β and IFN-λ were present in significant concentrations in EVs released from RSV-infected cells, while no measurable levels of IFNs were found in EVs originated from uninfected A549 and SAE cells (Figure 2). Treatment with Triton resulted in some increase in the detected levels of IFNs in RSV-infected A549, but not in SAE cells (with even less IFN-β in Triton-treated compared to untreated ones). We do not know at this point the reason for this finding, although we can speculate that treatment of EVs with Triton, which is a milder detergent compared to other chemicals, may not lead to a full lysis of SAE-derived EVs, may interfere with the measurement of IFNs, or affect some of the experimental steps that precede the measurement of these mediators. Nonetheless, future studies will address the question regarding the relative distribution of cytokines and IFNs within the epithelial cell EVs, in particular those mediators that are surface-bound or encapsulated (22).Both type I and III IFNs are expressed in a variety of epithelial cells and released in response to viral infections, to induce an antiviral state in host cells (23, 28–30). IFN-λ was also present in EVs derived from NPS samples of children with viral respiratory infections, while there was no detectable IFN-β either in the NPS-EVs or in the originating samples. We recognize that our data are representative of a small group of young patients or controls purposely selected based on different viral pathogens that were associated with episodes of lower respiratory tract infections. Thus, this study was not designed to address statistical differences in EV-associated IFNs levels between viral pathogens or other clinical parameters, rather to extend our in vitro observation to human-derived samples of airway EVs. Although larger clinical studies that will include a diverse spectrum of viral respiratory pathogens will be necessary to confirm our findings, recent elegant studies using nasal cell organoids have shown that RSV is indeed a strong inducer of IFN-λ (31). The biological significance of our discovery was supported by: 1) evidence that exposure of recipient cells to RSV-EVs was associated with significantly reduced replication of a subsequent RSV infection; 2) pre-treatment with an IFN receptor signaling inhibitor abolished this protective effect; and 3) treatment of recipient cells with RSV-EVs induced activation of STAT1 protein and a significant increase of IFN-inducible antiviral genes Mx1, DDX58 and ISG15, which have been shown to control RSV replication (32). These data altogether support the idea that IFNs carried by epithelial RSV-EVs function as messengers to help blocking viral replication in neighbor cells.

Although initial studies have shown that EVs may promote pathogen transmission and spreading of viral infections (HCV/HIV) (33–35), other studies demonstrate on the contrary that EVs have a protective role by limiting viral replication, as it has been shown for Dengue virus (17), Rift Valley Fever virus (36) and influenza virus in a rodent model of infection (37). Our study reports for the first time a significant association of cytokines, chemokines and IFNs with EVs released from airway epithelial cells following RSV infection. Furthermore, our finding of type III IFN associated with EVs isolated from respiratory secretions of children infected with respiratory viruses support the concept that the packaging of innate immune mediators in EVs could be indeed an important mechanism to modulate innate and antiviral responses both close and far from the site of initial viral entry or infection. These mediators can be concentrated within EVs and exert their activity at the surface of other cells that might not otherwise be targeted by cytokines in soluble, circulating form (22). Also, the lipid bilayer structure of EVs has been shown to protect the antiviral molecules from extracellular degradation during the cell-to-cell communication via EVs and facilitate cytokine delivery and targeting to distant cells (38). Better understanding of the cargo and antiviral and immunomodulatory properties of EVs released from airway epithelial cells following respiratory virus infection could provide insight into the regulation of viral-induced responses and be the basis for potential EV-mediated antiviral strategies to treat/prevent infections.
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Type of Protein Marker Number  Source of Isolation Diagnostic accuracy of proposed marker Reference
Cancer of exosome/ technique
patients/ amount of
controls sample
Prostate TMEM256 16/15  Urine/ Ultracentrifugation AUC = 0.87. Sensitivity = 94.0%, specificity = 100.0%. (104)
cancer 50~150 ml
Bladder TACSTD2 28/12  Urine/12.5 ml  Ultracentrifugation AUC = 0.741. Control group is composed of 12 hernia patients. A (105)
cancer higher AUC = 0.80 of TACSTD2 was obtained in a larger cohort of
221 samples with ELISA.
Pancreatic CD133 19 Ascites/ exoEasy Maxi Kit ~ The intensity of high-density glycosylation of CD133 significantly (1086)
cancer unspecified  (QIAGEN) correlated with survival days of pancreatic patients. Non-malignant
ascites from alcoholic and hepatitis C-related cirrhotic patients were
considered as control.
Endometriosis ANXA2 22/6 Peritoneal Exo-spin Kit Specifically existed in endometriosis patients regardless of disease (18)
fluid/1 ml (Cell Guidance) stage.
Renal disease Polycystin-1 6 Urine/50 ml Ultracentrifugation  Significantly increased in urinary exosomes. Comparison was made (107)

between urinary samples and kidney tissue samples.

If no specified AUC, sensitivity, or specificity is claimed in the reference, no precise numerical data for diagnostic accuracy are included in this table.

AUC, area under the curve.
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Type of cancer Protein  Number  Source of Isolation Diagnostic accuracy of proposed marker Reference
marker of exosome/ technique
patients/ amount of
control sample
Glioblastoma EGFR 24/8 Plasma/ Differential AUCgqrr = 0.78, sensitivity = 64.0%, specificity = 88.0%. 91)
unspecified centrifugation AUCegrrvi = 0.88, sensitivity = 68.0%, specificity = 100.0%.
Lung cancer EGFR 9 Plasma/ Immunoaffinity Positive in five representative samples. 92)
100 pl capture
Hepatocellular LG3BP, 29/32  Serum/1 ml  Ultracentrifugation AUC gagp = 0.904. Sensitivity = 96.6%, specificity = 71.8%. (93)
carcinoma PIGR AUCpgr = 0.837. Sensitivity = 82.8%, specificity = 71.8%.
Colorectal Glypican-1  102/80 Plasma/ ExoCapTM kit Significantly decreased in cancer patients after surgery treatment (94)
cancer 10mlblood  (JSR)/ compared to patients before surgery treatment. Significantly increased in
immunoaffinity patients compared to healthy control.
capture
Glypican-1 85 Plasma/ ExoCap ™ kit Significantly decreased in cancer patients after surgery treatment (95)
20mlblood  (JSR)/ compared to patients before surgery treatment. Significantly increased in
immunoaffinity late stage of cancer.
capture
Pancreatic c-Met 30/40  Serum/250 pl  Total Exosome Sensitivity = 70%, specificity = 85%. Diagnostic odds ratio = 13:2. (96)
cancer Isolation Kit AUGqgiagnostic not provided. AUCognostic = 0.779. Control group include
(Invitrogen) non-malignant subjects, serous cystadenoma subjects, and chronic
pancreatitis subjects.
Glypican-1  62/20  Serum/250 pl Sucrose gradient  AUC = 1.0. Sensitivity = 100.0%, specificity = 100.0%. 97)
ultracentrifugation
Glypican-1 27/16  Plasma/ Ultracentrifugation AUC = 0.59. Sensitivity = 74.0%, specificity = 44.0%. (98)
1~1.5ml Control group is composed of patients with benign pancreatic disease.
Glypican-1  24/26  Serum/2ml  Sucrose gradient AUC = 0.885. (99)
ultracentrifugation
Pancreatic Glypican-1  22/28  Serum/250 pl Total Exosome AUC = 0.78 for GPC1* exosomes in portal and peripheral blood. (100)
ductal Isolation Kit Sensitivity = 64.0%, specificity = 90.0%.
adenocarcinoma (Invitrogen)
Ovarian cancer CD24, 15/5 Plasma/20 pl - ExoSearch Chip/  AUCgpzs = 0.9067. AUCgpcam = 1.000. AUCca-125 = 1.000 (101)
EpCAM, immunoaffinity
CA-125 capture
Melanoma PD-L1 44/11 Plasma/ TEI kit AUC = 0.9184. Sensitivity = 80.00%, specificity = 89.47%. (102)
250 pl (Invitrogen)/
ultracentrifugation
Caveolin-1  90/58  Plasma/ Ultracentrifugation ~ Sensitivity = 69%, specificity = 96.3%. 81)
unspecified
Head and neck PD-L1 40 Plasma/1 ml  Size exclusion Significantly increased in cancer patients with active disease and late (103)

squamous cell
carcinomas

chromatography/  stage (UICC stage lll/IV) cancer.
Immunoaffinity
capture

If no specified AUC, sensitivity, or specificity is claimed in the reference, no precise numerical data for diagnostic accuracy are included in this table.

AUC, area under the curve.
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Type of Protein  Number Source of Isolation Diagnostic accuracy of proposed marker Reference
cancer marker of exosome/ technique
patients/ amount of
controls sample
Lung cancer HSP70 18/19 Plasma/10 ml Ultracentrifugation AUC = 0.8968 for distinguishing metastatic stage of cancer (including (83)
blood lung cancer and breast cancer). Comparison was made between patients
with metastatic cancer and non-metastatic cancer.
Fibronectin 21/41 Serum/ Sucrose gradient AUC = 0.844. (84)
unspecified ultracentrifugation
Gastric PSMA3/ 24/13 Serum/2 ml exoEasy Maxi Kit ~ Significantly increased in six patients with late-stage gastric cancer. (85)
cancer PSMA6 (QIAGEN)
Colorectal HSP90 18/18 Serum/250 pl Total Exosome Significantly decreased in 18 representative samples. (86)
cancer Isolation Kit
(Invitrogen)
Prostate avp3 70/14 Plasma/over 3ml  Ultracentrifugation = Significantly increased in representative samples. (78)
cancer
ACTN4 20/8 Serum/ Sucrose gradient  Significantly increased in castration-resistant prostate cancer compared 87)
unspecified ultracentrifugation  to prostate cancer patients receiving primary androgen deprivation
therapy.
Pancreatic ZIP4 24/78 Serum/500 pl ExoQuick Kit AUC = 0.89 for distinguishing malignant cancer from benign pancreatic (88)
cancer (SBI) disease. AUC = 0.8931 for distinguishing malignant cancer group from
normal group. [Number of controls include benign pancreatic disease (32)
and normal subjects (46)]
Endometrial ANXA2 41/20 Plasma/500 pl ExoGAG AUC =0.748. (89)
cancer
Gynecologic HSP22 30 Serum/1 ml Ultracentrifugation Comparison was made among patients with ovarian cancer, patients with ~ (90)
cancer endometrial cancer and patients with endometriosis.

Although no significant result was concluded.

If no specified AUC, sensitivity, or specificity is claimed in the reference, no precise numerical data for diagnostic accuracy are included in this table.
AUC, area under the curve.
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Type of Protein Number Source of Isolation Diagnostic accuracy of proposed marker Reference
cancer marker of exosome/ technique
patients/ amount of
controls Sample
Lung CD91 105/73  Serum/50 pl MSIA AUC = 0.724, sensitivity = 60.0%, specificity = 89.0%. (73)
cancer (immunoaffinity Control group includes 54 healthy individuals and 19
capture) interstitial pneumonia patients.
TSPANS, 336/126  Plasma/10 pl EV array AUCrspang = 0.60, AUCcp1s1 = 0.68. Patient group is composed (74)
CD151 (immunoaffinity of individuals with three types of lung cancer. Control group is
capture) composed of non-cancer patients having symptoms of cancer.
Breast CD82 80/80 Serum/500 pl - ExoQuick Kit (SBI)  Significantly increased in 30 representative samples. (75)
cancer Control group is composed of patients with benign breast disease.
Colorectal CD9, CD147 194/191  Serum/5 pl ExoScreen AUCcpo/cpia7 = 0.820. (76)
cancer (immunoaffinity Double-positive exosomes were used as diagnostic markers.
capture)
Pancreatic TSPAN8 131/79  Serum/1~ Sucrose gradient  Positive in 90% of patient samples. (77)
cancer 1.5ml ultracentrifugation  Control group include patients with chronic pancreatitis benign
pancreatic tumor and non-pancreatic tumor and healthy volunteers.
Prostate CD9, CD81 70/14 Plasma/over Ultracentrifugation  Significantly increased (CD9) in five representative patient samples. (78)
cancer 3ml Significantly decreased (CD81) in four representative patient samples.
CcDh9 6/10 Plasma/2,500  Ultracentrifugation/ Significantly increased in six representative samples. (79)
g of protein EV assay Control group is composed of patients with benign prostate
hyperplasia.
P-glycoprotein 4/6 Serum/1 ml Differential Increased in 4 docetaxel-resistant prostate cancer compared to 6 (80)
centrifugation treatment-naive patients.
Melanoma CD63 90/58 Plasma/ Ultracentrifugation  Sensitivity = 96.5%, specificity = 43%. AUC unspecified. (81)
unspecified
Oral CD63 10 Plasma/1 ml Ultracentrifugation  Significantly decreased among 10 representative samples. (82)
squamous Comparison was made between patients before and after surgery.
cell
carcinoma

FV. extracellular vesicle: AUC, area under the curve.





OPS/images/fimmu.2022.792046/table2.jpg
Characterization method ~ Exosome property Advantage Disadvantage Reference

Physical characterization

Electronic microscopy Morphology, size Necessary process for nanosized exosome  Time-consuming, affected by human factors like (64)
distribution morphological feature characterization visual sense 17

Nanoparticle tracking Size distribution, Fast and easy, in combination with Unable to determine the phenotype of exosomes (17)

analysis concentration in microscopy for exosome physical property (65)
solution characterization

Biochemistry

characterization

Western blotting Presence and level of  Classic and standardized method for protein  Low sensitivity, long preparation procedure, unable (71)
protein analysis to exclude contaminants from exosomes (66)

ELISA Presence and level of ~ Classic and standardized method for protein  Expensive, unable to exclude contaminants from (66)
protein analysis exosomes

Flow cytometry Protein specificity and ~ Able to identify subpopulation of exosomes Resolution limit restricts the sensitivity, low amount (70)

concentration in
solution

with specific protein markers

of protein reduces the fluorescence signal for
detection
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Isolation technique

Polymer co-
precipitation
Affinity-based isolation

Ultrafiltration
Size exclusion

chromatography
Immunoaffinity capture

Ultracentrifugation

Underlying mechanism

Hydrophobicity of protein
and lipid

Affinity

Molecular weight

Size and molecular weight

Immunoafinity-antibody

Immunoaffinity-aptamer
Differential density

Working
scalability

Small

Small

Medium

Flexible

Small

Small
Flexible

Sample
purity

Low
High
Medium to
high
High
High

High
Medium

Advantage

Cheap, fast, easy

Fast, easy

Fast, easy

Cheap, easy, reproducible
Fast, easy

Cheap, fast, easy

Well-established and
commonly used

Disadvantage

Contaminated by co-precipitated
particles

Expensive, contaminated by
microvesicles

Plugged up easily by vesicles

Time-consuming

Expensive, contaminated by
magnetic beads

Low recovery
Time-consuming, ultraspeed
centrifuge required

Reference

(52)
(53)
(54, 55)
(56, 57)
(58)

3,59
(49, 50)
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Reagent or Resource Source

Identifier

Antibodies and Chemicals

Anti-SARS-CoV-2 Spike RBD Sino Biological
4-pm-diameter latex beads Invitrogen
Anti-human CD9 FITC 80
Biosciences
Anti-human CD63 PE 8D
Biosciences
Anti-SARS-CoV-2 Spike S1 (Mab Clone #007)  Sino Biological
Anti-HSP70 Cell Signaling
Anti-human CD19 APC-Cy7 8D
Biosciences
Anti-human CD68 FITC 8D
Biosciences
Anti-human CD86 PE-Cy7 8D
Biosciences
Anti-human HLA-DR APC-Oy7 BioLegend
Anti-human HLA-DR PE-Cy5 80
Biosciences
Anti-human CD11b FITC BD
Biosciences
Anti-human D11 PE-CyS 80
Biosciences
Anti-human CD25 PE BD
Biosciences
Anti-human CD3 APC 8D
Biosciences
Anti-human CDS6 APC 8D
Biosciences
Anti-human CD4 APC-Cy7 80
Biosciences
Purified mouse anti-human HLA-DR, DP,DQ  BD
Pharmingen™
Anti-human TNFa: FITC BD
Biosciences
Anti-human IL-2 APC BD
Blosciences
Anti-human IFNy PerCP-Cy5.5 80
Biosciences
EZ-Link Sulfo-NHS-LC-Biotinylation Kit Thermo
Scientiic
Streptavidin-horseradish peroxidase (HRP) Invitrogen
conjugate
Dynabeads™ Protein G Invitrogen
Alexa Fluor™ 647 Antibody Labeling Kit Invitrogen
Abberior® STAR RED Abberior
CD14 MicroBeads Mitenyi Biotec
CD4* T Cell Isolation Kit Mitenyi Biotec
CellTrace ™ Violet Cell Prolf. Kit Invitrogen
Interleukin-2, human Roche
Anti-human CD4 BUV39S 80
Anti-human HLA-DR BUV 650 8D
GEV/35nm columns SEC Columns for 1ZON
Exosomes Separation and Puriication
PreOmics “iST" Kit PreOmics
GmbH

High pH Reversed-Phase Peptide Fractionation  Pierce™

Kit

EasySpray PEPMAP RSLC C18 Thermo Fisher
Scientific

Intracellular Fixation and Permeabiization Bufler  eBioscience

Set

Anti-human Syntenin (EPR8102) abcam
5-nm Gold-anti-Rabbit Fabs B8l
Intemational
Formvar/Carbon Fim 10 nmy/1 nm thick on Electron
Square 200 mesh Copper Grid Microscopy
Sciences
Anti-human CD63 (Ts63) Invitrogen
Anti-human CD9 Abcam
Anti-human TSG101 (4A10) Abcam
Anti-ApoA (EPR2949) Santa Cruz

Critical commercial assays
ExoTEST Ready to Use Kit for Overall Exosome ~ Hansa BioMed
capture and quantification from human plasma

ExoView ™ Tetraspanin chip Nanoview
Biosciences

Software

FACSDiva 8D
Biosciences

FlowJO

ExoViewer

MaxQuant (MQ)

NTA 3.4 software Maivem
Instruments

Perseus

Heatmapper

FunRich

R Studio GNU

topGO49 R package

ggplot R package

Cytoscape

STRINGapp

Omics visualizer app

imageJ NH

TEM

40592-T62
A37304
555371
556020
40150-R007
4872
557791
562117
561128

307617
555813

562793

551077

555432

556342

556518

557871

555557

552889

555434

560704

21435

SA10001

10009D
A20186
STRED -1002
cat 130-050-
201

cat 130-096-
533

C34557
10799068001
564724
564724

P.0. 00001

84868

ES801

88-8824-00

20236071

FCF2000U50

10628D
92726
Ab83
$c-376818

v.10.6.2

v.1.6.10.43
v34

v3.14
v4.03
v2.420
333
V382

AITC, Fluoresoei isothiocyanate; PE, Phycoerythin; APC-Cy7, Alophycocyanin-Cy7; PE-CYT,
Phycoerythvin-Cy7; PE-CY5, Phycoerythin-Cy; APC, Alophycocyanin; PerCP-Cy5.5, Perdinin
chiorophyl)-Cy5.5; BUVB9S, Brilant Utravioet 395; BUV50, Brilant Utraviolet 650; Hsp70,
Heat shock protein 70; HLA-DR, Human Leukocyte Antigen-DR -DP -DQisotype; TNFa, Turmor
necrosis factor aloha; IL-2, Interleukin-2; IFNy, Interferon gamma; SEC, Size Exclusion
Chromatography: TSG101, tumour susceptbity gene 101: ApoA, Apolipoprotein A
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Source of EVs

Serum EVs

Plasma EVs

Mesenchymal stem cals (MSCS)

RAW
macrophages
T cells

Urinary EVs

Urinary EVs

Isolation method

ExoQuick Kit
ExoQuick Kit

ExoQuick Kit
ExoQuick Kit

NA

Ulracentrifugation

Cell culture media exosome
purification kit

Utracentrifugation

ExoQuick Kit
ExoQuick Kit

Ulracentrfugation
Ulracentrifugation, mRCURY Exosome
Isolation Kit

mIRCURY Exosome Isolation Kit

Utracentrifugation

Utracentrifugation
Utracentrifugation

Ulracentrifugation

Candidate markers

MIRNA
miR-451a] Tan et al. (2021)

miR-146a] Dong et al. (2019), Li et l. (2020)

miR-211 Lietal. (2020)

miR-155] Liet al. (2020)

TSANA

RF-His-GTG-11 Yang et al. (2021)
MANA

mR-5741 Sabi et al. (2018)
let-70] Sabi et al. (2018)

miR-211 Sald et a. (2018)

1SRNA

1sRNA-21100 Dou et al. (2021)

Proten
UNCSGB1 Majer et al. (2019)

Protein

BRI Chuang et al (2021)

ECP[ Chuang el al. (2022)

MRNA

miR-26a lchi et a. (2014)

miR-290] Solé et al. (2015), S0ié et al. (2019)
miR-1507 Solé et al. 2019)

miR-211 S0 ot al. (2019)

miR-135b-5p1 Garci-Vives et al. (2020)
miR-107] Garcia-Vives et a. 2020)
miR-311 Garcia-Vives e al. (2020)
miR-146a] Perez-Hemande? et al. (2015),
Perez Homandez et al. 2021)
miR-313501 Li et al. (2018)

miR-654-5p Li et al. (2018)
miR-1462-5pT Li ot al. (2018)

miR-21] Tangtanatakul et al. (2019)
let-7al, Tangtanataku et a. (2019)

Protein

CPI Gudeithiu et a. (2019)

Function

Correlate ith SLE disease activity and renal darage, involved in interceliuar
‘communication.

miR-146a is negatively correlated with ant-dsDNA antibodies and participates in
‘mesenchymal stem cels (MSCs) senescence in SLE patients by targeting TRAFS/NF-
+8 signal pathway

miR-21 is negatively correlated with anti-SSARo antibodies. miR-21 and miR-165
show positive correlations with proteinuria

Gan be used to distinguish SLE with LN from SLE without LN,

Activate pDC cels through the TLR7 signaiing, allowing the to produce IFN-a and
proinfiammatory cytokines

Infibit the M1-type polarization of macrophages

Recnit syntenin-1 1o suppress TLR7 signaling and prevent autoimmunity

‘Suppress Treg diflerentiation and induce EV-mediated inflammation in SLE.
Induce IFN-y production and tissue infammation

Can be used as a direct biomarker for podocyte injury
Correlate with renal chronicity (C1) and promote renal fiorosis in LN through SP1 and
‘Smad3/TGFp signaing pathway

Melorate renal disease by inhibiting HIF-1a, can be early markers for predicting LN
dinical resporse

‘Cormelate with lupus activty, proteinuria, and histological features. Negatively regulate
inflammation by suppressing the TRAFS axis
Candidate biomarkers for Type IV lupus nephits with celluar crescent (LNIV-CC)

Guide the dirical stage of LN patients.

Early biomarker to diagnose kidney disease
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Archaeal EVs
(AEVS)

Bacterial EVs
(BEVs)

Traditional subtypes
of eukaryotic EVs

Additional subtypes
of EVs in plants

EV type?

Crenarchaeotal AEVs (C-AEVs)

Euryarchaeotal AEVs (E-AEVs)
Outer membrane vesicles (OMVs)

Outer-inner membrane vesicles
(O-IMVs)

Explosive outer membrane vesicles
(E-OMVs)

Cytoplasmic membrane vesicles
(CMVs)
Exosomes

Microvesicles

Apoptotic bodies
Tetraspanin-positive EVs

Penetration1-positive EVs
Exocyst-positive organelle-derived EVs
Pollensomes

Size?
90-230 nm

50-150 nm
20-300 nm

60-160 nm

110-800 nm

20-400 nm

30-150 nm

100-1,000 nm

800-1,000 nm
Unclear?

Unclear
200-500 nm
28-60 nm

Origin?
Archaeal ESCRT machinery

Budding of the cell membrane

Blebbing of the outer membrane of
gram negative bacteria

Blebbing of the inner and outer
membrane of gram negative bacteria

Phage-mediated cell lysis of gram
negative bacteria

Budding or extrusion of the cell
membrane and release through cell wall
pores or holes of gram-positive bacteria

Released by multi-vesicular bodies
fusing with plasma membrane

Outward budding of the plasma
membrane

Programmed cell death

Released by multi-vesicular bodies
fusing with plasma membrane

Unclear
Unclear
Pollen-released secretory nanovesicles

References?

Liuetal., 2021a

Liuet al., 2021a
Diaz-Garrido et al., 2021a

Pérez-Cruz et al., 2015
Turnbull et al., 2016;
Toyofuku et al., 2017
Toyofuku et al., 2019;
Briaud and Carroll, 2020
Joffe et al., 2016

Joffe et al., 2016

Joffe et al., 2016
Cai et al,, 2018

Rutter and Innes, 2017
Wang et al., 2010
Prado et al., 2014

aDetails in each column (from left to right) describe: the classes of EVs, the size range of EVs, the biogenesis mechanism of EVs, and the primary literature references.
bPublished data do not provide a clear answer.
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Microbe

Bacteria
Pseudomonas aeruginosa

Escherichia coli
Xyllela fastidiosa

Bradyrhizobium japonicum
Fungi
Candida albicans

Cryptococcus gatti
Sporothrix brasiliensis
Beauveria bassiana

Botrytis cinerea

Verticillium dahliae

Puccinia striiformis f. sp. tritici
Ustilago. maydis

Oomycete

Hyaloperonospora arabidopsidis

Nematode
Heligmosomoides polygyrus

Apicomplexan parasite
Plasmodium falciparum

Virulence factors

Alkaline phosphatase, hemolytic phospholipase C,
toxin Cif

Toxin V, EHEC- hemolysin

Lipases, esterases, proteases, porins, pectin
lyase-like protein, and signaling factors

Small RNAs

Agglutinins, lysophospholipases, and secreted
aspartic proteases

Unclear

Unclear

Small RNAs, mRNAs
Small RNAs, mRNAs
Small RNAs, mRNAs
Small RNAs, mRNAs
Small RNAs, mRNAs

Small RNAs, mRNAs

microRNAs, Y RNAs, Argonaute protein

miRNAs

Function

Trigger pathological immune responses

Trigger pathological immune responses
Unclear

Unclear

Promote infection of pathogen in host
Promote infection pathogen in host
Modulate host immune responses
Modulate host immune responses
Modulate host immune responses
Modulate host immune responses
Modulate host immune responses

Modulate host immune responses

Suppress innate immune responses in
mice

Trigger host systemic inflammatory
responses and promote infection by
pathogen in host

References

Bomberger et al., 2009

Bielaszewska et al., 2017
Feitosa-Junior et al., 2019

Renetal., 2019

Konecnia et al., 2019

Bielska et al., 2018
lkeda et al., 2018

Cui et al., 2019
Weiberg et al., 2013
Wang et al., 2016
Wang M. et al.,, 2017
Kwon et al., 2021

Dunker et al., 2020

Buck et al., 2014

Mantel et al., 2016
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Genes Forward (5’-3’) Reverse (5’-3')

mouse GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA
mouse IL-13 GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
mouse iINOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
mouse TNFo. CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
mouse CD206 CTCTGTTCAGCTATTGGACGC CGGAATTTCTGGGATTCAGCTTC
mouse Arg1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
mouse IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
mouse OSM ATGCAGACACGGCTTCTAAGA TTGGAGCAGCCACGATTGG
human GAPDH CAGGGCTGCTTTTAACTCTGG TGGGTGGAATCATATTGGAACA
human BMP2 ACTACCAGAAACGAGTGGGAA GCATCTGTTCTCGGAAAACCT
human RUNX2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA
human OSX CCTCTGCGGGACTCAACAAC AGCCCATTAGTGCTTGTAAAGG
rat IL-1B CACCTCTCAAGCAGAGCACAG GGGTTCCATGGTGAAGTCAAC
rat TNFo AAATGGGCTCCCTCTCATCAGTTC TCTGCTTGGTGGTTTGCTACGAC
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Pathway

Pathways in cancer

Rap1 signaling pathway
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PI3K-Akt signaling pathway
Colorectal cancer

ErbB signaling pathway
Hippo signaling pathway
Gastric cancer

Pancreatic cancer
Proteoglycans in cancer
Ubiquitin mediated proteolysis
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Calcium signaling pathway
Apelin signaling pathway
FoxO signaling pathway

P53 signaling pathway
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Target protein

cD9
cos1
Syntenin-1
Cainexin
GM130
CD63
Tau
cD11b
TREM2
apoE

Company

“ThermoFisher
‘ThermoFisher
Abcam

Santa Cruz Biotech
Cell Signaling
ThermoFisher
ThermoFisher
BioLegend

Abcam

Abcam

Clone name

TS9

M38
EPR8102
AF18
D6B1
TS63

HT7
M1/70
EPR20243
E6D7

Figure number

1C,E
1C
1C
1c
1C
1D
1E
1E
2D
2D
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Case ID Age, years

NL1 65
NL2 100
NL3 91
AD1 86
AD2 95
AD3 95
AD4 88

Sex

F
F
F
M
F
M

M

PMI

R

Diagnosis

MSA, Striatonigral degeneration
Normal (mild Braak changes)
Normal, mutiple infarctions
AD, vascular dementia

AD, vasoular dementia

AD, LB in SNBLC, CAA

AD, diffuse LB

Ap plaque
pathology in
parietal cortex

0

0

0

Severe
Severe
Moderate
Severe

Neurofibrillary degeneration
stage (Braak)

| male; AD. Aheimer disease: CAA, cerebral amyloid angiopatin: MSE. multiole systern atraphy: SN, substantia nigra: PMI, postmariern interval: LB, Lewy bodies.
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Blood-plasma  Subgroup  Diameter Density Concentration in Detection in extracellular-
nanoparticle (nm) (g/em®) blood plasma vesicle isolates
(particles/mL)
Extracellular All plasma EVs ~ 40-1,000 1.08-1.21 10°-10"® (on average,  Presence/concentration of EV-
vesicles (EVs) (1.110-1.190) 10'9 derived proteins (e.g., tetraspanins
CDY, CD63, CDB1, TSG101,
Fiotiiin1, others)
Platelet- 10%-10'° Presence/concentration of
derived EVs platelets in plasma prior to EV
isolation; Presence/concentration
of CD41, CD42a, CD61, CD62p
EVs in EV isolate
Lipoproteins High density 5-12 1.063-1.210 ol Presence/concentration of ADoA1
Low density 18-25 1.019-1.063 105 Presence/concentration of
ApoB100
Intermediate 25-35 1.006-1.019 doi2ee Presence/concentration of
density ApoB100
Lipoprotein (@)~ 12-500 1.048-1.086 10" Presence/concentration of
ApoB100 and ApoAT
Very low 30-80 0.930-1.006 1028 Presence/concentration of
density ApoB100
Chylomicrons 761,200 <0.930 10" Presence/concentration of
ApoB48
Chylomicron 30-80 0.950-1.006 102-10'%< Presence/concentration of
remnants. ApoB48
Protein - <1-15000  ~1.4(dense 10" of aloumin 10"®  Protein concentration
aggregates packing) of globulins (absorbance at 280 nm,
bicinchoninic acid/Bradford assay)
Viruses - 30-300  1.16-1.18(most  Dependsonthe  Presence of viral genome (DNA/

retroviruses) infection status

"Numbers can change significantly with prandia status and dliet composition.
“Numbers of particles calculated from reported mass concentrations in plasma.

“Mostly present post-prandall.

RNA extraction and quantification)

INumbers of particles calculated from reported mass concentrations of their specific protein (ApoB48) in plasma.

References

Simonsen, (2017); Berckmans
et al. (2019); Johnsen et al.
(2019); Mathieu et al. (2019);
Tian et al. (2020)

Nakajima et al. (2001);
Wojczynski et al. (2011);
Sabaka et al. (2013); Tsimikas
et al. (2018); Tian et al. (2020)

Buis et al. (1996); Stanyon and
Viles, (2012); Simonsen, (2017)

Notte-'t Hoen et al. (2016),
Raab-Traub and Dittmer,
(2017)
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Characteristic

Plasma
volume (mi)

Time (h)

Principle of
isolation

Nanoparticles.
efficiently
removed

Frequency of
use as primary
EV isolation
method "

Frequency of
use as
additional
clean-up/
purification
method *

Concentration
of isolated
particles
(particles/mL.
plasma)

efficiency (%)

Purity of EV
isolate (%)

Functionality of
isolated EVs

Typical
markers
analyzed in
samples.

Prevalent end-
point method/
application

Analysis
methods.
affected by
major
contaminants*

Size
exclusion
chromatography

<05

15-20

High

Difference in
hydrodynaric size
‘and shape between
partcles; partcles
flow through or
around the
stationary phase;
larger particles eite
first

Soluble proteins,
high density
lipoprotsins.

Lipoproteins of
simiar size to EVs

Use fasting plasma;
optinize elutedt
fractions

‘concentrated into
final sample

Used exclusively, it
is the thrd most
often used method;
frequency of use is
increasing; can be
used as a fst step
in combined
protocos, followed
by other methods

“Third most often
used method

14 %1065
ol

100% 65"

2

Good

EV protein and
mIANA cargoes

Flow cytometry;
functional studies

Methods for label-
free quantification
of EVs; RNA|
analysis

Uttrafiltration

230

05

Medium

Difterence in
hydrodynamic size
between particles;
particles larger than
auteoff size of
mermbrane retained
in concentrate

Soluble proteins.

Lipoproteins of
simiar size or arger
than EVs, larger

protein aggregates

Mermbrane type
(regenerated
celuiose, pore size
10 kDa best for

centriugal
ulracentrifugation)

Notusedonits own

Frequently used to
concentrate
‘samples (eg., after
size-exclusion
chromatography,
before density
gradent
ulracentiitugation)

15x10'%-32 x
10120

1

Medium

Depends on
combined isolation
method

In-vivo and invitro
functional studies.

Depends on
combined isolation
method

Differential
ultracentrifugation

230

3040

Difference in
sedimentation
coefient
(hycrodynarmic size
and density) of
particles; particles
with diflerent
sedimentation
‘coeficents pelet at
difterent
centrifugation speeds

None

Protein aggregates.
‘aggregates of
proteins and cel-free.
nuckic acids,
lipoproteins

Number of
ulracentifugation
steps, acoslration,
rotor, solution
viscosiy, duration

Used exclusively, it is
the most often used

method; frequently
used in combination
with ultrafitration and
precipiation

‘The most commonly
used method

(uitracentrfuge wash)

49x 10715
ey

5.0-22°; 40 (for single.
‘step); ~16 (for twice at
1,000,00x g)*

i3

Medium

Used for every marker

In-vivo and in-itro
functional studies.

Methods forlabel-free.
‘quantification of EVS;
proteormics

Density
gradient
uitracentrifugation

0530

16.0-90.0

Low

Diference in
sedimentation and
fotation coeficient of
particles; during
centriugation
partices distribute
through density
gradient matrix
according to
sedimentation and
fotation index

Larger fipoproteins,
protein aggregates
(depends on gradient)

High density
poproteins (depends
on gradient and
protocol)

Top versus botiom
loading, gradient
medium, gradient
used

Usually used in
combination with

other methods

Second most often
used method

1x10'

30 (using iodixanol
gradient”

‘Similar to diferential
ultracentrfugation

Good

Morphology of EVs
and EV protein
cargoes

Flow cytometry:
proteormics; basic
science of EV
heterogenity and
biclogy; translational
studies

NA.

Precipitation

05-30

20-160

Low

Difference in
charge/solubilty
between particles,
leading to
precipitation

None

Lipoproteins,
soluble proteins,
complexes of
proteins and cel-
free nudieic acids

NA.

Used exclusively, it
is the second most
often used
method: frequently
used with
difierential
ultracentrifugation

Often follows.
difieental
ultracentrifugation

1.4 x10"165 x
101200

56°

519

Medium

EV RNA cargoes

ANA analysis

Methods for label-
free quantiication
of EV; electron
microscopy; DNA/
RNA analysis;
mass spectrometry

Immunoatfinity
purification

<0sml

4.0-ovemight
(without coupling
of beads)

High

Interaction
between specific
protein and
antibody;
antibodies often
‘coupled to
magnetic beads
and bound
partices separated
using magnetic
separation

Al partices except
protein of interest

Nonspecific
binding of
‘abundant plasma
proteins

Elution of sample
from antioodies.

Used commonly, it
starting plasma
volume <1.0mi

DNR.

1x10%

>%0°

Greater than
differential
ultracentrfugation

Poor

EV protein and
mIRNA cargoes.

Flow cytometry
and proteomics

Methods for label-
free quantifcation
of EVs; atomic

force miroscopy;
functional stucies!

Asymmetric:
flow
field-flow
fractionations

<05m

<10

Medium

Difirence in
hydrodynamic size of
partiles, leading to
diflerental ransport
velocity of particies in
taminar flow profie
‘according to particee
postion above the
‘semipermeable
membrane

Soluble proteins; also
ipoproteins (depends
on protoco)

Lipoproteins of smilar
size to EVs (eficiency
depends on
programmable cross-
flow intensity)

Optimize cross-flow
velocity and channel
thickness

Low, use is increasing
in last years

Ganbeusedfor fusther
separation of pre-
isolated EV samples,
usually coupled to
diferent detectors

1.1 x10"F

5-0id that of
diflerential
ultracentifugation®;
o

DNR

DNR

Depends on coupled
detector(s)

DNR

Methods for labekfree
quantifcation of EVS

"Except for immunoalfinty precptatin, f vial partces are present, they wil omain as a contaminant afte al of the solalion protocols (ung el L, 2020; Mertins and Aves, 2020,
“Froquency of uso for @ach method when startng mateal s pasmais ostimatod basoc! on wo wrcwioe stucles condcted!in 2016 and 2020 by ISEV: for @xact foquoncy ofuse combining all ypos ofstarting maloras soe Gardnar et al
(2016 and Royo et al 2020
“Based on EV-TRACK ata (soarch parameters: biofid: blood plasma, species: Homo sapiens) a htpiaurackorg, coected (o 14 October 2021
“Moasured by nano-fow cytomelry.

"Measured by nanoparice tracking analyss.

Measured by mutt-angle light scattering deection.
%V, isolated from cultured media, not biood plasma.

"Measured by tunable rosistie puise sensing.

Measured and calculated from analyzing polystyrene latex nanoparticies n phosphate-bufered saine.
Vs, isolaed diectly from ful blood.

“Specal care shoutd be taken when analyzing samples without further EV, sample processing.

Functional EV, studlies require EV, samples to be devoid of antibody contaminants.
ALA: ot sooloahie: DALEL chite ot mooria.

Microfluidics

<05 mi

<10

Very high

Separation on
microchip;
combination of
difierent
approaches.

Depends on
isolation
method(s)
used

Depends on
isolation
method(s)
used

NA.

Low, use is
increasing in
last years

DNR.

NA.

82

NA.

Depends on
isolaton
methods) used

Depends on
isolation
method(s)
used

Depends on
isolation
methodls)
used

Depends on
isolation
method(s)
used
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Accession No. Protein name

Cytoskeletal proteins.

CDG70628 Actin, cytoplasmic 1
XP_002161918  Tubulin beta chain
XP_004208788  Tubulin apha-1D chain

Extracellular matrix constituents
XP_012558692  Fibrlin-1
XP_002166874 Fibrilin-2 isoform X1
XP_002154154 Latent-transforming growth factor

beta-binding protein 4-ike
Membrane proteins.

NP_001296699  Annexin B12
XP_004212135  Protocadherin Fat 4, partial
XP_004212674  Protocachern Fat 1, partial
XP_012553800  Annexin Ad-ike
XP_002165348  CDI51 antigen
XP_004211099  Usherinsike, partial

Cell-cell communication and signal transduction

AANBT350 14-3-3 proten B
XP_002156827 Ras-like GTP-binding protein RHO
AEW0237 Voltage-gated sodium channel Nav2.1, partial
XP_012554672  cAMP-dependent protein kinase type Il

reguiatory subunit-lie isoform X2
XP_004209147  Cell division control protein 42 homolog
AAWB2079 Thypedin

Others.

XP_002159321 Syntenin-1-iike isolorm X2
XP_002162060  Programmed cel death -nteracting protein
XP_002155023  Polyubiquitin-B
XP_002156816  Uncharacterized protein LOG100207118
CAJ33888 Putative serine protease inhibitor

Putative function

Cytoskeleton component
Cytoskeleton component
Cytoskeleton component

Microfbrl assembly
Microfbrl assembly
Extracellular matix constituent

Galcium-dependent membrane binding
Callel adhesion

Gellcel adhesion

Calgum-dependent membrane binding
Exosome marker

Integral component mermibrane

Growth adzptation to food supply
Signal transduction

Neuronal signaling in Hydra
‘CAMP-medated signaling pathway

‘Small GTPase-mediated signal transduction
Foot formation stimulator

Biogenesis of exosomes

Multvesicuiar body biogenesis

Vesicle cargo sorting

Metaloproteinase with Thrombospondin motis
Protective function against excessive autophagy

Matched peaks

18
10

"

12

Matched peptide

16
8
4

10
7
12

17
13

o

co~oe

Mascot score

235
169
a

125
107

100
8
7
61
6
a7

54
52

a2

36
7

ExoCarta

Yes
Yes
Yes

Yes
Yes
Yes

No
Yes
Yes
Yes
Yes
No

No
Yes
No

Yes

No
No

Yes
Yes
Yes

No
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Gene id

18678aep
t14102aep
ti688aep

t20291aep
ti1826aep
134763aep
t13357aep
t14194aep
t18735aep

t31094aep
t16296aep

t474aep

Genes involved in Wnt/p-catenin signaling pathway

Gene id
(NCBI)

100,192,274
100,192,275
100,192,284
101,237,470
100,199,257
100,205,238
100,199,272
100,203,050
100,213,948

100,215,335
100,199,630

100,214,250

Gene name

Dickkopf 1/2/4-A
dickkopf-like protein
Dip-1

p-catenin
transcription factor
Sps-like

Tef

Naked cuticle
p-catenin-ike
protein 1

wnt3
FoxA/Budhead

Foxd2-like
HAS-7

HmTSP

Wnt
modulator

Negative
reguiator
Negative
reguiator
Positive

reguiator
Negative
reguiator
Positive

regulator
Negative
regulator
Positive

regulator
Postive

regulator
Positive

regulator

Negative
reguiator
Negative
reguiator

Lineage

Interstitial

Interstitial

Ectoderm,
Interstitial

Ectoderm,
Endoderm

Endoderm,

Interstitial
Endoderm

Interstitial

Endoderm

Interstitial

Endoderm
Interstitial

Endoderm

Cell type

i_zimogen gland cell

i_zimogen gland cell

Ec_battery cell, i_neuron/gland_cell_progenitor

Ec_battery cel, En_head, En_tentacle

En_head, i_neuron_ec

En_head

i_female germinet, i_male germiine, i_nb, i_neuror/gland
cell progenitor, i_SC, i_stem cel/progenitor

En_head

i_neuron/gland_cell_progenitor

En_foot
i_granular mucous gland cell, i_zymogen gland cell

En_tent-nem (pd), En_tentacle

Anatomical
region

Body
Body
Tentacle, Body
Head

Head, Body
Head

Body

Head

Body

Foot
Head, Body

Tentacle





OPS/images/fimmu.2021.785941/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.785941/fimmu-12-785941-g001.jpg
=
o
3

. . o
5 Sy o]
£ i £
H £ = 5l 3
e i T 4 L T -
., P :
oo 'Z-*’f
-
[ w1 o i
2 o L
2, - e [~ S -
o bd i

.

9 H ..
un
H
oo
B
o Mo SEVERE corscos _couta
= ot m con = wwo m seveRe






OPS/images/fcell-09-788117/fcell-09-788117-g001.gif
o

Hy

|






OPS/images/fcell-09-788117/fcell-09-788117-g002.gif





OPS/images/fcell-09-788117/fcell-09-788117-g003.gif
e =
B oE
§<-...

3

Unreated scv2sn ey 38

-45,47: R





OPS/images/fcell-09-788117/fcell-09-788117-g004.gif





OPS/images/fcell-09-788117/crossmark.jpg
©

|





