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Abstract

:

Exosomes are important mediators of intercellular communication and modulate many physiological and pathological processes. Knowledge of secretion, content, and biological functions of fish exosomes during pathological infection is still scarce due to lack of suitable standardized isolation techniques. In this study, we aimed to isolate exosomes from the plasma of marine fish, rock bream (Oplegnathus fasciatus), by two isolation methods: differential ultracentrifugation (UC) and a commercial membrane affinity spin column technique (kit). Morphological and physicochemical characteristics of the isolated exosomes were determined by these two methods, and the efficiencies of the two methods were compared. Exosomes isolated by both methods were in the expected size range (30–200 nm) and had a characteristic cup-shape in transmission electron microscopy observation. Moreover, more intact exosomes were identified using the kit-based method than UC. Nanoparticle tracking analysis demonstrated a heterogeneous population of exosomes with a mean particle diameter of 114.6 ± 4.6 and 111.2 ± 2.2 nm by UC and a kit-based method, respectively. The particle concentration obtained by the kit method (1.05 × 1011 ± 1.23 × 1010 particles/mL) was 10-fold higher than that obtained by UC (4.90 × 1010 ± 2.91 × 109 particles/mL). The kit method had a comparatively higher total protein yield (1.86 mg) and exosome protein recovery (0.55 mg/mL plasma). Immunoblotting analysis showed the presence of exosome marker proteins (CD81, CD63, and HSP90) in the exosomes isolated by both methods and suggests the existence of exosomes. However, the absence of cytotoxicity or adverse immune responses to fish and mammalian cells by the exosomes isolated by the UC procedure indicates its suitability for functional studies in vitro. Overall, our basic characterization results indicate that the kit-based method is more suitable for isolating high-purity exosomes from fish plasma, whereas UC has higher safety in terms of yielding exosomes with low toxicity. This study provides evidence for the existence of typical exosomes in rock beam plasma and facilitates the selection of an efficient exosome isolation procedure for future applications in disease diagnosis and exosome therapy as fish medicine.
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1. Introduction


Exosomes are nano-sized (30–200 nm), membrane-bound, extracellular vesicles (EVs) secreted by various cell types that are capable of intercellular communication [1]. EVs are formed by inward budding of the lipid bilayer membrane during the maturation of these vesicles into multivesicular bodies in the endocytic pathway and are enriched with bioactive cargos (e.g., miRNA, mRNA, proteins, and lipids). Exosomes are distributed in a variety of body fluids, and owing to their wide range of functions in normal physiological processes, as well as under pathological conditions, they are of wide scientific and clinical research interest [2,3]. The genetic and proteomic information derived from parent cells leads to exosomes being potential biomarkers for disease diagnosis and prognosis by non-invasive analysis of their molecular profiles [4]. The importance of exosomes in terms of having various beneficial roles in physiological processes, as well as detrimental roles in pathological processes in humans and other mammals has been widely discussed within the field of exosome research [5]. Fish exosome research is at a primitive stage, with few reported studies related to aquatic animals [6,7,8,9,10,11,12]. Analyzing body fluids in teleosts can deepen the understanding of exosomes with regard to their secretion into the extracellular fluids, such as plasma, and their biological functions. Moreover, in-depth research on fish exosomes will facilitate disease diagnosis and enhance the understanding of host–pathogen interactions and the role of EV/exosome cargos resulting from the expression of pathogen-derived factors in eliciting immune defence responses and immune regulatory mechanisms during viral and bacterial infections [9,13].



Rock bream (Oplegnathus fasciatus) aquaculture is greatly impacted by the rock bream iridovirus (RBIV), which belongs to the genus Megalocytivirus of the Iridoviridae family and causes significant mass mortality in the population [14,15]. Various immune response studies against the strongly pathogenic RBIV have been conducted at physiological and molecular levels via microarray, transcriptomic, and proteomic analyses at different organ levels [16]. It has been reported that teleost red blood cells (RBCs), which are nucleated and contain organelles in the cytoplasm, can produce immune responses against pathogens such as viruses. For instance, rainbow trout (Oncorhynchus mykiss) RBCs can elicit immune functions, such as cytokine production, leukocyte activation, and antigen presentation [17,18]. Recently, Jung et al. performed the proteomic profiling of RBCs from RBIV-infected rock bream fish and identified 318 proteins from RBIV-infected specimens that showed significantly altered expression in RBCs, comprising 183 upregulated (e.g., proteins related to antigen processing and presentation, apoptosis) and 135 downregulated (e.g., ISG15 antiviral mechanism pathway) proteins [16]. Although these findings collectively contribute to understanding the immune responses against RBIV pathogenesis, identification of the underlying mechanism of RBIV pathogenesis and host–pathogen interactions remain to be elucidated. We propose the use of exosomes and exosome-based immunotherapy as an attractive novel approach for RBIV diagnosis and for evoking immune responses against pathogens.



In this study, rock bream plasma-derived exosomes were isolated using two isolation methods: the conventional differential ultracentrifugation (UC) method and the commercially available, membrane affinity spin column-based, exoEasy Maxi kit, and compared the efficacy of the kit with that of UC based on the exosome yield, purity, and quantity. Exosomes were characterized based on their morphology, particle size, concentration, and zeta potential, and by immunoblotting-based, exosome-protein marker analysis. In order to identify the safety-related aspects of the isolated naive exosomes derived from rock bream plasma, in vitro toxicity and immune response analysis were conducted using the fathead minnow (FHM) fish epithelial cell line and the murine macrophage RAW 264.7 cell line. The findings of this study can facilitate the selection of further optimized procedures for exosome isolation in fish and of the desired downstream applications of exosomes, such as the development of biologically active agents (e.g., compounds for wound healing and those with anti-inflammatory and antimicrobial properties), potential drug delivery carriers (e.g., miRNA, peptide), and antigen carriers for vaccines.




2. Materials and Methods


2.1. Blood Collection and Plasma Isolation


Blood was collected from the caudal veins of five rock bream fish (500 ± 53 g) using a syringe containing 50 µL of 0.5 M EDTA into BD Vacutainer Venous Blood Collection Tubes (cat. No. 367525, BD, Plymouth, United Kingdom) containing EDTA. For the plasma separation, the blood was kept at room temperature (RT; 25 °C) for 15 min, centrifuged at 2000× g at 20 °C for 10 min, and the supernatant comprising the upper plasma phase was carefully transferred to a new tube. The supernatant was re-centrifuged at 3000× g at 20 °C for 15 min and filtered through a 0.45 µm filter. The filtrate was either used immediately or aliquoted into 1.5 mL micro tubes and stored at −80 °C for further analysis. Isolation of exosomes by UC involved maintaining the collected blood at RT for 15 min and then eliminating the red blood cells and peripheral blood leukocytes by centrifugation at 480× g for 5 min at 20 °C. The supernatant was centrifuged at 2000× g for 10 min at 20 °C, and the upper plasma fraction was transferred to a tube and re-centrifuged at 2000× g for 10 min at 20 °C to remove cell debris. The supernatant (plasma) was collected and filtered through a 0.45 µm filter. The filtrate was either used immediately or aliquoted into 1.5 mL microtubes and stored at −80 °C for further analysis.




2.2. Plasma Exosome Isolation


Exosomes were isolated from the plasma samples by differential UC or the commercial kit. Purification of plasma exosomes by UC was performed according to methods described in previously published studies with a few modifications [7,19,20]. Pooled plasma (3.4 mL) was diluted to a 3:1 ratio with 1× phosphate-buffered saline (1× PBS; 0.2 µm filtered). The diluted plasma sample was centrifuged at 2000× g for 30 min (4 °C) to eliminate the cells and contaminating cell debris. The supernatant was further centrifuged at 10,000× g for 30 min at 4 °C to remove cellular debris and microvesicles. The supernatant was filtered using a 0.1 µm syringe filter (Millipore, Burlington, MA, USA) to further remove contaminating cell debris, microvesicles, and apoptotic bodies. The sample was ultracentrifuged at 100,000× g for 2 h at 4 °C (Optima L-100XP, 70.1 Ti rotor, Beckman Coulter, Sanford, FL, USA) to pellet the exosomes. Exosomes were then washed using 1× PBS (1 mL) to eliminate the contaminating proteins and pelleted again by UC at 100,000× g for 1 h at 4 °C. The final exosome pellet was re-suspended in 150 µL (50 µL/mL plasma) of 0.1 µm syringe-filtered 1× PBS for subsequent analysis.



The commercially available exoEasy Maxi kit (Qiagen GmbH, Hilden, Germany) was used according to the manufacturer’s instructions with some modifications to the provided procedure. The plasma sample (3.4 mL) was diluted using filtered 1× PBS at 3:1 dilution and filtered using a 0.2 µm syringe filter (Millipore, Burlington, MA, USA). This was followed by adding XBP buffer (4.53 mL) to the diluted plasma (4.53 mL). The mixture was then added to the exoEasy spin column and centrifuged at 500× g for 1 min at 20 °C. The flow-through was discarded, and 10 mL of XWP buffer was added to the mixture, followed by centrifugation at 3000× g for 10 min at 20 °C to remove the residual buffer from the column. Then, the spin column was transferred to a new collection tube, and 800 µL of XE buffer was added to dissolve the exosomes. The spin column was then centrifuged at 500× g for 5 min at 20 °C to collect the eluate, which was added back to the spin column membrane and centrifuged at 3000× g for 10 min at 20 °C for another round of eluate collection. The purified exosomes were either used immediately or stored at −80 °C for further analysis.




2.3. Characterization of Exosomes


2.3.1. Particle Size, Concentration, and Surface Charge Analysis


Size distribution and particle concentration (particle number/mL) in exosome samples isolated by UC and kit method were determined by nanoparticle tracking analysis (NTA) using a NanoSight NS300 system (Malvern Technologies, Malvern, UK) configured with a 532 nm laser (green) and a high-sensitivity scientific CMOS (sCMOS) camera. Samples were prepared at an acceptable working concentration range (1 × 107–1 × 109 particles/mL) according to manufacturer’s recommendations. Initially, 5 µL of purified exosome sample was diluted with 250 µL of 0.1 µm syringe-filtered 1× PBS (1:50 dilution). Sample was then diluted to 1:10, 1:20, and 1:100. These eventual 500×, 1000×, and 5000× diluted 1 mL samples were manually loaded into the chamber using 1 mL syringe. Among these, approximately 10–30 particles/frames showing sample was taken for further analysis. The exosome movement and number of particles were recorded for 5 × 60 s (camera level = 15). A 0.1 µm syringe-filtered, particle-free 1× PBS (Gibco, Waltham, MA, USA) solution was used as a solvent. Capture settings (temperature, 22 ± 22.5 °C; slider shutter, 1300; slider gain, 295; number of frames, 1498) and analysis settings (detection threshold, 5; blur size, auto) were set, and particle movement data were analyzed using NTA 3.4 software. The zeta potential was measured using a zeta potential particle size analyzer (Zetasizer Nano ZSP, Malvern, UK). For NTA analysis, five repetitive measurements of an individual exosome sample from each UC and kit-based method were tested. For the zeta potential analysis, one individual exosome sample was tested from each method, and data were collected as average of triplicates.




2.3.2. Field-Emission Transmission Electron Microscopy (FE-TEM) Analysis


To verify the presence of exosomes and examine their morphology and size, FE-TEM analysis was performed based on methods described in a previous publication [21] with few modifications. Ten microlitres of each sample was placed onto formvar–carbon-coated copper grids for 10 min. The excess liquid was removed, and the grids were stained with 2.5% uranyl acetate for 1–2 s and air-dried for 5 min. The photographs were taken under an FE-TEM (model: Tecnai G2 F30 super-twin; FEI Company, Hillsboro, OR, USA) operating at an accelerating voltage of 300 keV.




2.3.3. Quantification of Intact and Lysed Exosome Protein Content


Intact exosome protein was quantified by Bradford assay following the manufacturer’s protocol (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and absorbance was measured at 595 nm. The exosome yield was determined based on the total protein content, which was calculated by multiplying the intact exosome protein concentration (mg/mL) by the volume of re-suspended exosomes [22]. Exosome recovery was calculated based on the total yield of protein per unit volume of plasma (protein mg/mL of plasma). In order to determine the total protein content, including luminal proteins, exosomes (100 µL) were mixed with 1× PBS (100 µL) and lysed by sonication (amplitude 30%, 10 s pulse repeated 3 times) using an ultrasonic processor (model: VCX 750, Sonics & Materials, Inc. Newtown, CT, USA), followed by protein quantification by Bradford assay.




2.3.4. Exosome Protein Profile Analysis by Coomassie and Silver Staining


To determine the protein profile of exosomes, sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed followed by Coomassie or silver staining with few modifications of methods described in previous studies [19,22]. Intact and sonicated exosome samples (without centrifugation) were separately diluted with 1× PBS to acquire equal amounts of proteins, mixed with 2× Laemmli sample buffer (Sigma-Aldrich, St. Louis, MO, USA) and then boiled at 95 °C for 5 min. Subsequently, two 12% SDS-PAGE gels were prepared and run in parallel with 25 µg of each sample loaded. One gel was subjected to staining with 0.05% Coomassie Brilliant Blue G-250 (Biosesang, Seongnam-si, Gyeonggi-do, Korea) followed by a standard de-staining procedure. The other gel was subjected to silver staining using the SilverQuest Silver Staining kit (Invitrogen, Life Technologies, Carlsbad, CA, USA).




2.3.5. Immunoblotting Analysis


To investigate the presence of exosome protein markers, immunoblotting analysis was performed using intact exosome samples. Subsequent to the determination of the protein concentration by means of the Bradford assay following the manufacturer’s protocol, intact exosome samples isolated using both UC and the kit method were directly mixed with an equal volume of 2× Laemmli sample buffer. From each prepared sample, 16 µg of protein lysates were separated by 12% SDS-PAGE and blotted onto Immobilon-P polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). Membranes were blocked with 5% skim milk in TBS containing 0.05% Tween-20 and probed with primary antibodies overnight at 4 °C. The antibodies used were CD63 rabbit pAb (#A5271; 1:1000; ABclonal, Woburn, MA, USA), Anti-CD81 (rabbit IgG) (#EXOAB-CD81A-1; 1:1000; System Biosciences), and HSP90 (#4874; 1:1000; Cell Signalling Technology, Danvers, MA, USA), all of which were polyclonal antibodies (pAb) produced against human proteins. After the membranes were washed three times with PBS containing 0.05% Tween20 (PBST) for 10 min, the membrane with CD81 primary antibody added to it was incubated for 1 h with goat anti-rabbit HRP secondary antibody (#EXOAB-HRP; 1: 20,000; System Biosciences, Palo Alto, CA, USA) diluted in 5% skim milk in TBST. The remaining membranes were incubated for 1 h with goat anti-rabbit IgG and HRP-conjugated antibody (#7074; 1:3000; Cell Signalling Technology, Danvers, MA, USA). All membranes were washed three times for 10 min with PBST. The signals of the HRP-conjugated antibodies were developed using Western blotting detection reagent (Western Femto ECL Kit, LPS Solution, Daejeon, Korea) and visualized using a chemiluminescence detection system (Fusion Solo S, Vilber, Lourmat, France).





2.4. In Vitro Cytotoxicity Assay


To determine the cytotoxicity of the rock bream exosomes isolated by UC and the kit method, the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay was performed in the FHM fish cells and RAW 264.7 mammalian cells. The FHM cell line was kindly gifted by Professor Sung-Ju Jung, Department of Aquatic Life Medicine, Chonnam National University, Yeosu, Korea. The RAW 264.7 cell line was provided by Professor Jong-Soo Lee, College of Veterinary Medicine, Chungnam National University, Daejeon, Korea. The FHM cell line was maintained at 20 °C in Leibovitz’s L-15 (L-15) medium (Welgene, Gyeongsan-si, Gyeongsangbuk-do, Korea) supplemented with 10% foetal bovine serum (FBS) (Welgene, Gyeongsan-si, Gyeongsangbuk-do, Korea) and antibiotics (penicillin, 100 IU/mL; streptomycin, 100 μg/mL) (Gibco, NY, USA). The RAW 264.7 cells were maintained at 37 °C in a humidified atmosphere containing 5% CO2 in Dulbecco’s modified Eagle medium (Gyeongsan-si, Gyeongsangbuk-do, Korea) with 10% (v/v) FBS and antibiotic-antimycotic solution (Gibco™, Grand Island, NY, USA). For the assay, FHM cells were seeded into individual wells of a 96-well tissue culture microtitre plate (Becton, Dickinson and Co., Franklin Lakes, NJ, USA) at a cell density of 2 × 105 cells/mL (0.1 mL) with 10% FBS containing L-15 media. After the plate was incubated at 20 °C for 24 h, the medium was replaced with fresh medium. RAW 264.7 cells were seeded at a density of 2 × 105 cells/mL and allowed to adhere overnight, and the medium was replaced with fresh medium. The wells containing both cell types were treated in duplicates with different concentrations (6.25–100 µg/mL) of exosomes isolated by UC and the kit method. Here, the exosomes concentrations were based on the intact protein concentration of exosomes measured by the Bradford assay. Fresh culture medium was used as a negative control. PBS was used as the vehicle control for the ultra-centrifuged samples. For the kit-isolated exosome samples, the vehicle control comprised XE elution buffer diluted with nuclease-free water to obtain the same concentration and volume as that of each corresponding sample (Supplementary Figure S1). The plates were then incubated at the respective temperatures of FHM cells at 20 °C and RAW 264.7 cells at 37 °C for another 24 h, and the media was aspirated. From the 5 mg/mL of MTT (Sigma-Aldrich, St Louis, MO, USA) stock solution prepared in 1× PBS, 10 µL was added to each well and incubated at 37 °C for 4 h. After removing the MTT, 50 µL of solubilization solution, dimethyl sulfoxide (Sigma-Aldrich, St Louis, MO, USA) was added and mixed to ensure complete solubilization of the formazan crystals. The absorbance was recorded at 595 nm using a microplate spectrophotometer (Bio-Rad Laboratories, Inc., Richmond, CA, USA).




2.5. In Vitro Immune Gene Transcriptional Analysis of Exosome-Treated FHM and RAW 264.7 Cells


To determine whether the exosomes derived from rock bream plasma isolated by UC had an immunomodulatory effect and/or any adverse immunogenic effect, mRNA expression analysis of selected immune functional genes was performed in exosome-treated FHM and RAW 264.7 cells. The cells were maintained as per the aforementioned procedures. The FHM cells were seeded in a 24-well plate (5 × 105 cells/well) containing 0.5 mL of media and incubated overnight to facilitate cell attachment. RAW 264.7 cells at a concentration of 2.0 × 105 cells/mL were seeded in a 6-well plate (2 mL) and incubated overnight. The medium was replaced with exosome-depleted 5% FBS containing L-15 or DMEM, and the cells were treated with 25 and 50 µg/mL of exosomes (three replicates per treatment). The normal cells without any treatment and the cells treated with 1× PBS were considered as the negative control and vehicle group, respectively. The cells were incubated at the respective temperatures (FHM cells at 20 °C; RAW 264.7 cells at 37 °C), harvested at 24 h post-treatment (hpt), and snap-frozen in liquid nitrogen. RNA isolation was performed using the NucleoSpin RNA Mini kit (Macherey-Nagel, Duren, Germany) according to the manufacturer’s protocol. Methods described in previously published studies were used to perform cDNA synthesis and reverse transcription quantitative real-time polymerase chain reaction (qRT-PCR) analyses [21]. The relative mRNA expression of each gene was calculated using the 2−ΔΔCt method [23]. The mRNA expression of each gene in the FHM and RAW 264.7 cells was normalized to the housekeeping genes expressing β-actin and GAPDH, respectively. Fold change values were calculated by dividing the average relative gene expression level of each treated group by that of the vehicle group. Gene-specific primers and housekeeping genes for the two cell types are listed in Supplementary Table S1 [24,25,26].




2.6. Statistical Analysis


All analysis were conducted using GraphPad Prism software version 5 for Windows (GraphPad Software Inc., San Diego, CA, USA). The toxicity and gene expression data were analyzed statistically using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. Additionally, an unpaired two-tailed t-test was used to analyze the significant differences between the control and the treated (25 and 50 µg/mL) samples in terms of gene expression data and the in vitro toxicity data obtained for exosomes isolated by the kit-based method. Differences were considered significant at p < 0.05.





3. Results


3.1. Isolation and Characterization of Exosomes from Rock Bream


3.1.1. Determination of Exosome Yield and Recovery by Two Exosome Isolation Methods


Exosomes from the pooled plasma of healthy rock bream were isolated using two different exosome isolation methods: differential UC and the commercial exoEasy Maxi kit. Size distribution and concentration of particles, including protein concentrations of the exosomes isolated by the two methods, are summarized in Table 1. The total exosome yields of the two methods were determined by measuring the total protein content in the intact exosomes using the Bradford assay. The protein concentration of exosomes isolated by the UC method (2.65 mg/mL) was not significantly different (p > 0.05) compared to that of exosomes isolated by the kit method (2.33 mg/mL); however, the total yield was significantly (p < 0.05) higher for exosomes isolated by the kit method (1.86 mg; 2.33 mg/mL × 0.8 mL) compared to that of exosomes isolated by the UC method (0.40 mg; 2.65 mg/mL × 0.15 mL) (Table 1). Moreover, the recovery of the exosomes based on the protein by the kit method (0.55 mg/mL plasma) was higher compared to that of the UC method (0.12 mg/mL plasma) (Table 1).




3.1.2. FE-TEM Analysis


FE-TEM analysis was used to characterize the morphology and size of the exosomes isolated by UC and the kit-based method. In the samples isolated by UC, the small membrane vesicles had diameters approximately in the range of 50–175 nm and cup-shaped structures that are typical of exosomes (Figure 1(A-1,A-1′)). Samples isolated by the kit-based method showed intact exosomes with comparatively clearer margins and typical cup-shaped structures; however, more size heterogeneity (29–195 nm) was observed among these exosomes (Figure 1(B-1,B-1′)). The “cup-shape” is a commonly applied morphological definition in analysis of Evs for samples observed using TEM [27]. The Evs generally appear as “cup shaped” because of dehydration during sample preparation [28].




3.1.3. Size Distribution, Particle Size, Zeta Potential, and Particle Concentration Obtained from Two Exosome Isolation Methods


The particle diameter and concentration of the exosomes were determined by NTA, which showed the exosome particle diameter to be in the range of 60–200 nm (Table 1). For the ultracentrifuged exosomes, the mean size, mode size, and concentration were 114.6 ± 4.6 nm, 83.1 ± 7.7 nm, and 4.90 × 1010 ± 2.91 × 109 particles/mL, respectively, whereas the same measurements for exosomes isolated by the kit were 111.2 ± 2.2 nm, 68.4 ± 2.7 nm, and 1.05 × 1011 ± 1.23 × 1010 particles/mL, respectively. The particle diameter size ranges of exosomes isolated by UC (D10, 65.7 ± 2.8; D50, 97.4 ± 5.0; and D90, 176.5 ± 7.3), and the kit method (D10, 62.5 ± 1.3, D50, 90.8 ± 3.3; and D90, 195.2 ± 5.7) showed similar D10 and D50 values for both methods. However, the D90 value varied between the two methods to some extent, indicating that the 90% of the particle sizes were below 176.5 ± 7.3 and 195.2 ± 5.7 for exosomes isolated by UC and the kit method, respectively.




3.1.4. Protein Profiling and Immunoblotting Analysis of Exosomes Isolated by the Two Methods


SDS-PAGE of samples subjected to Coomassie and silver staining (Figure 2A,B) demonstrated that intact or sonicated exosome protein profiles did not change markedly for exosomes isolated by the two methods. However, more comparatively prominent protein bands were observed in the lysates of the exosomes isolated by UC (sizes: 25–35 kDa, P4, P5, and P6; 63–75 kDa, P7 and P8; and 100–135 kDa, P9 and P10) and in the crude plasma than those in the exosomes isolated by the kit method (Figure 2A,B). Moreover, there were some bands which did not appear in the lysates of exosomes isolated by UC but can be seen in the lysates of exosomes isolated by the kit-based method (sizes: 11–20 kDa, P11, P12, P13, and P14; 20–25 kDa, P15 and P16; 75–100 kDa, P17) (Figure 2A,B). We identified some of the proteins based on their size range; for example, P1, P2, and P3 were identified as CD81, CD63, and Hsp90, respectively. However, it was difficult to accurately determine the exact identity of the proteins appearing in the SDS-PAGE protein profile without performing protein analysis using mass spectrometry.



To further analyze the efficacy of the isolation methods and to confirm the existence of exosomes, we used immunoblotting to investigate the presence of certain ubiquitous exosome marker proteins, namely, two tetraspanins (CD63 and CD81) and exosome-enriched heat shock protein Hsp90. We observed CD81 to be present in higher amounts in exosomes isolated by the kit method than in those isolated by UC. CD63 and Hsp90 were found in the exosomes isolated by both methods (Figure 2C). Moreover, CD63 and Hsp90 were prominently observed in the plasma lysate, whereas CD81 had a negligible presence. As expected, the data indicate the successful isolation and presence of exosomes in the samples; however, the levels of purity seemed to vary for different procedures of exosome isolation.





3.2. In Vitro Cytotoxicity Analysis


In vitro cytotoxicity was tested for the exosomes isolated from FHM and RAW 264.7 cells by both methods (UC and kit-based method). The exosome concentration range used for the treatments was 6.25–100 µg/mL. The results show no significant enhancement of cell death or cytotoxicity (>80% cell viability) upon treatment with exosomes isolated by UC (Figure 3A,B) compared to that observed for treatment with the control or the vehicle. In contrast, significant (p < 0.05) cytotoxicity (<80% cell viability at >12.5 µg/mL) to both cell types was observed upon treatment with exosomes isolated by the kit (IC50: FHM cells, 10.13 µg/mL; RAW 264.7 cells, 42.68 µg/mL) and solely by the XE elution buffer (IC50: FHM cells, 7.84 µg/mL; RAW 264.7 cells, 32.86 µg/mL) compared to that observed by treatment with the control (Supplementary Figure S1). Based on these cytotoxicity data, exosomes isolated using the UC method were selected for further experiments.




3.3. In Vitro Immune Gene Transcriptional Analysis upon Exosome Treatment


In order to determine the immunomodulatory and/or adverse immune gene responses elicited in the cells upon treatment with naive rock bream exosomes (25 and 50 µg/mL), mRNA expression of several immune functional genes was analyzed in vitro. In FHM cells, the seven genes tested were those related to the chemokine (IL8), transcription factor (NF-κB), tumour-suppressor protein (p53), anti-viral (IRF7, IFN, and Mx1), and the stress response protein (HspB8). In RAW 264.7 cells, a total of ten genes were analyzed, which were related to Toll-like receptors (Tlr2 and Tlr4, pro-inflammatory cytokines (Il6 and Tnfα), the chemokine (Il-1β), the antimicrobial enzyme (Lyz1), antiviral Ifnβ1, Isg20, and Mx1), and the anti-oxidant (Sod1). Figure 4 shows the relative mRNA expression fold change values of immune-related genes in FHM (Figure 4A) and RAW 264.7 cells (Figure 4B) for 25 and 50 µg/mL exosome treatment compared to those for the vehicle treatment at 24 hpt. The FHM cells showed a slightly higher or basal level mRNA expression for p53 (1.14-fold), Ifn (1.01-fold), and Mx1 (1.16-fold) genes with 25 µg/mL exosome treatment compared to those observed for treatment with the vehicle control. A dose-dependent increase was observed in the mRNA expression levels of Il8 (25 µg/mL, 0.75-fold and 50 µg/mL, 0.85-fold) and Irf7 (25 µg/mL, 0.78-fold and 50 µg/mL, 0.82-fold); however, these values were lower and not significantly different from those obtained by the vehicle treatment (1-fold). Moreover, a dose-dependent decrease was observed in the levels of NF-κB (25 µg/mL, 0.87-fold and 50 µg/mL, 0.72-fold), p53 (25 µg/mL, 1.14-fold and 50 µg/mL, 0.88-fold), Ifn (25 µg/mL, 1.01-fold and 50 µg/mL, 0.70-fold), Mx1 (25 µg/mL, 1.16-fold and 50 µg/mL, 0.92-fold), and Hsp8B (25 µg/mL, 0.87-fold and 50 µg/mL, 0.69-fold). Except for NF-κB mRNA expression at 50 µg/mL (p < 0.05), these changes were not statistically significant compared to those observed for vehicle treatment. The gene expression fold change for 25 and/or 50 µg/mL exosome treatment did not exceed 1.16-fold and did not decrease below 0.69-fold for the FHM cells at 24 hpt.



In RAW 264.7 cells, mRNA expression levels of most of the tested genes (Tlr2, Tnfα, Il1β, Lyz1, Ifnβ1, Isg20, and Mx1) were slightly higher (≥1.2-fold) or at the basal level for 25 and/or 50 µg/mL exosome treatment compared to those of the vehicle control group. Among these, Lyz1 expression showed a significant difference (p < 0.05) between the vehicle control group and 50 µg/mL exosome treatment group. The mRNA expression levels of Tlr4 (0.74-fold), Il6 (0.74-fold), and Sod1 (0.90-fold) in 25 µg/mL treated cells were lower than those in the vehicle control group, but the values were not significantly different. The highest gene expression, either at 25 and/or 50 µg/mL, did not exceed 1.53-fold and was not lower than 0.74 in the RAW 264.7 cells at 24 hpt.





4. Discussion


Exosomes serve as potential drug delivery vehicles owing to their inherent characteristics, such as low immunogenicity, stability, target delivery, and ability to pass natural barriers, and can thus be used for treating various diseases [29,30]. In this study, exosomes from rock bream plasma were isolated using the current gold-standard procedure, UC, and the spin column-based exoEasy Maxi kit, and basic physicochemical and morphological characteristics of exosomes obtained by the two methods were compared for the first time. To the best of our knowledge, exosomes in rock bream fish have not been characterized in depth. Our TEM results indicated that exosomes isolated by both methods have sizes in the range of 20–200 nm and were cup-shaped, membrane-bound vesicles similar to those described in previously published studies [5,13,31]. The purity of the isolated exosomes was verified in terms of the absence of apoptotic bodies or cell debris. Both methods yielded heterogeneous exosomes. Exosomes isolated by the kit-based method were observed to be intact membrane-bound vesicles with less granular background staining compared to those obtained by the UC method. This observation suggests UC-based exosome isolation includes the presence of other particles (soluble proteins, low-density lipoproteins, etc.) that precipitate together with the exosomes, which does not occur with the membrane affinity kit-based method due to its highly selective nature for EV isolation [32], resulting in fewer impurities during isolation. Previous studies reported the use of TEM to confirm the isolation of differentially ultracentrifuged trout plasma-derived exosomes with an average diameter of 54 ± 4 nm [7] and exosomes derived from the serum of male and female Cynoglossus semilaevis fish as being spherical and having a diameter in the range of 30–120 nm [8]. Garcia et al. presented TEM results showing EV-like structures isolated from culture supernatants by differential UC, and the samples isolated by the exoEasy Maxi kit had sizes ranging between 30 and 300 nm and 100 and 200 nm, respectively [33]. Moreover, in these studies, the authors reported cup-shaped EV-like structures in TEM images of exosomes isolated from human plasma by differential UC; however, amorphous materials derived from plasma constituents, such as proteins and lipids, were reported to be co-isolated with these EV-like structures. Furthermore, they stated that EV-like structures could not be observed in the samples isolated using the exoEasy Maxi kit due to the presence of amorphous materials and possibly the low abundance of EVs. In light of these facts, our TEM results indicate that rock bream plasma-derived exosomes are distinctly a heterogeneous population of vesicles, and the modifications made to the original procedure of exosome isolation using the exoEasy Maxi kit may enhance the efficiency of the isolation procedure in terms of purity to some extent.



NTA analysis was performed to quantitatively measure the size distribution and particle concentration of the exosomes. Exosomes obtained by both isolation methods had a similar average diameter (exosome mean size: UC, 114.6 ± 4.6; kit, 111.2 ± 2.2 nm) within the expected range [30]. The most predominant particle sizes detected varied between the two methods (exosome mode size: UC, 83 nm; kit, 68.4 nm). However, 90% of the exosome population in the UC sample and the kit sample had particle sizes below 176.5 nm and 195.2 nm, respectively. In this study, the kit method yielded exosomes with a higher average size in comparison to that of those obtained by UC, which was consistent with the results of a previous study [33]. Another study reported the isolation of serum-derived EVs from Piscirickettsia salmonis-infected and non-infected Atlantic salmon (Salmo salar) using the same commercial kit, which had a high average particle diameter ranging between 230 and 300 nm [9]. Vesicle sizes obtained by UC (173 nm) have been reported to be comparatively similar but slightly higher than those obtained by the recently developed membrane affinity column-based method (160 nm) [32]. In accordance with these results, in this study, we observed a slightly higher average particle diameter for exosomes isolated by the UC method (114 nm) than for those isolated by the kit-based method (111 nm). This suggests that both methods could successfully purify the exosome fractions separating out the large protein particles in the centrifugation supernatant or the column flow-through during UC and the kit process, respectively. However, the particle concentration was 10-fold higher for the kit-based method than that obtained by UC, and this result is consistent with previous reports [32,33]. The UC technique uses a high centrifugal force (100,000× g), which might result in breakage of some of the EV particles. It has been reported that particles smaller than 60 nm cannot be detected by NS300; thus, broken particles may be undetectable [33]. Hence, exosomes isolated by the exoEasy Maxi kit might have more intact particles, thereby giving this method a higher particle count. The zeta potential is an important factor for evaluating the dispersion stability and integrity of freshly isolated exosomes [30]. High dispersion stability is indicated by the higher negative magnitude of the zeta potential. A high dispersion stability is indicated by the higher negative magnitude of the zeta potential. It has been reported that very low negative surface charges of exosomes can disturb dispersion stability and biological functionality. In this study, exosomes isolated by the kit-based method showed a comparatively higher surface negative charge (−27 mV) compared to that of those isolated by UC (−19.9 mV), suggesting higher repulsion between the particles in a suspension with high dispersion stability. However, considering the negative magnitude values reported in previous studies, we postulate that exosomes isolated by UC also have an acceptable level of dispersion stability [30].



To verify the existence of exosomes, the levels of known exosome-enriched protein markers, the tetraspanins CD81 and CD63 and the heat shock protein Hsp90, were determined in the isolated exosome samples by immunoblotting [8,12,34]. Comparable levels of these marker proteins were detected in the exosome samples isolated by both UC and the kit-based method. However, the detection levels varied between the two isolation methods, which is consistent with results reported in previous studies [33]. Moreover, in this study, bands corresponding to CD63 and Hsp90 were found to be abundant in the crude plasma lysate. We postulate that the presence of EVs in the crude plasma may be the reason for this observation. However, due to the lack of studies reporting similar gel-based results, this claim cannot be established conclusively. Although immunoblotting is a widely used technique for protein marker detection, non-specific binding, and contamination during the detection of exosome marker proteins is a common issue in the field of exosome research and results in false interpretations. Physiological diversity, artefactual chemical modifications, and post-translational modifications are known to result in extra bands or observable bands that are different from the expected size [35]. Moreover, nonspecific antibody binding is a common issue associated with extra bands. In this study, we used rabbit polyclonal antibodies, which are produced against human proteins, due to the unavailability of the teleost-specific antibodies. The difference in the homology of these molecules between teleost and mammalian counterparts might have resulted in the possibility of primary antibodies having affinity towards other proteins as well. Therefore, as supportive evidence for our results, full blots are provided (Supplementary Figure S2). Moreover, due to the insufficient availability of annotated sequence databases for most teleosts, it is difficult to determine whether fish cell subsets express the same molecules (e.g., CDs) as their mammalian counterparts. Thus, choosing suitable primary antibodies for these molecules is crucial for minimizing cross-reactivity or nonspecific binding, thereby avoiding false interpretation. Therefore, we suggest that during the characterization of exosomes from teleosts, Western blotting may be inadequate in terms of avoiding false interpretations by minimizing cross-reactivity and nonspecific binding. Hence, in future studies, mass spectrometry-based proteomics profile analysis should be considered as an apt method for confirmation of exosome-enriched protein markers in teleosts such as rock bream fish.



The advantages and disadvantages of different exosome isolation methods and their applications in different types of research have been reported [30,32]. The combination of other polymer-based precipitation techniques with several rounds of UC is considered more suitable for eliminating impurities, although the yield is reported to decrease to some extent [36]. Among the protein bands displayed in the stained SDS-PAGE gels, some of the proteins in the plasma lysate were overrepresented in the UC-derived exosome lysate compared to those in the exosome lysate of the kit-based method. Moreover, we observed that exosomes isolated by UC had higher protein concentrations than those of the exosomes isolated by the kit-based method and possibly incorporate some contaminant proteins during the process. Even though it is challenging to separate plasma exosomes from plasma proteins and other contaminants, we postulate that most of the abundant larger protein complexes present in the plasma can be removed during the binding and washing steps for the kit-based method, thereby obtaining comparatively high purity exosomes. Considering our results along with evidence from previous studies, we recommend that it is important to choose a particular optimized isolation method to maintain consistency because different isolation methods may result in discrepancies in size, particle concentration, and purity of the exosomes, which may affect downstream applications, such as biological functional analysis, mRNA, miRNA, and proteomic analysis [30,32,33,34].



Previous studies on the immunomodulatory functions of exosomes derived from immune-activated murine macrophage cells [37] and the presence of antigenic viral proteins in porcine serum-derived exosomes [38] suggest the future prospects of using exosomes as carriers of therapeutic molecules for inflammatory pain and as candidates for vaccine delivery, respectively. The involvement of exosomal miRNAs in the antiviral immune response in aquatic invertebrates (crustaceans) and evidence for the antiviral role of exosomes in teleosts have also been reported [10,11,13]. Furthermore, secretion of exosomes from antigen-presenting cells with an abundance of immune molecules such as MHCIIβ upon treatment with chemical stimulants such as CpG and differential protein expression patterns in the EVs of S. salar that are released from the infected cells to promote immune responses upon treatment with biological stimulants, such as P. salmonis, has been reported [6,9]. Based on the above facts, we postulate that rock bream plasma exosomes may also be used as carriers for therapeutic agents or antigen proteins, and thus, they may be used for the production of therapeutic exosomes for fish medicine. However, before testing the biological effects of exosomes in vivo, it is important to carry out toxicity and immunogenicity studies, especially when developing exosome-based therapeutic targets [39]. In this study, although the kit-based procedure resulted in a better exosome yield, required less time for isolation, and was easily adapted to laboratory workflows compared to the UC method, it showed one limitation during in vitro toxicity studies, which was the toxicity of the XE elution buffer. This prompted us to utilize the UC procedure for further functional analysis studies, unless additional steps provided in the exoEasy Maxi Kit Handbook in Appendix C on page 22 were to be followed for the elimination of cytotoxicity. However, considering that no toxicity (>80% cell viability) was observed in FHM and RAW 264.7 cells when treated with exosomes isolated by UC, thus suggesting the safety of these exosomes, we proceeded with further experiments using exosomes isolated by UC to analyze the immunomodulatory effects or occurrence of adverse immune responses due to naïve exosome treatment. The mRNA expression levels of the tested antiviral (Irf7, Ifn, and Mx,), tumour suppressor protein (p53), chemokines (Il8), and the heat shock protein (Hsp8B) genes were not significantly altered compared to those of the control at 24 hpt in FHM cells, suggesting no apparent adverse responses occurred. Moreover, except the slightly, but significantly (p < 0.05) induced bacterial defence enzyme Lyz1 gene, the pattern recognition receptors Tlr2 and Tlr4, inflammatory factors Il6, Tnfα, and Il1β, antiviral genes Ifnβ1, Mx1, and Isg20, and the antioxidant gene Sod1 in RAW 264.7 cells had either basal or slightly induced expression in a dose-dependent manner. These data confirm the absence of significant immunomodulatory effect or any apparent adverse immune induction or suppression with no cytotoxicity being observed upon treatment with naïve rock bream exosomes; however, further time point analysis, different dose trials, and testing more genes will be required for further validation. It has been reported that engineered exosomes have a function of immune regulation and coordinating innate and adaptive immune reactions and thereby have great potential in various biomedical applications [3]. We postulate that the exosomes isolated from rock bream could be used as carriers of therapeutic molecules for various biological applications in fish medicine, such as wound-healing, anti-inflammatory antimicrobial action, and the development of vaccines, when incorporated with specific miRNAs, peptides, antigens, or other drugs. However, future functional studies are required to analyze exosomes in terms of safety and improve the efficiency of exosome-based treatments.




5. Conclusions


In this study, for the first time we demonstrated the existence of exosomes in the plasma of rock bream. Morphological and physicochemical characterization results indicate that we successfully isolated exosomes from rock bream plasma, which were observed to have sizes (mean diameter of UC and kit: 114.6 ± 4.6 and 111.2 ± 2.2 nm, respectively) within the reported exosome size range. Moreover, we report that the commercially available exoEasy membrane affinity kit used for the isolation of exosomes from rock bream blood plasma yields higher particle concentration and recovery and has fewer contaminants compared to UC isolation. However, exosomes isolated by UC did not induce cytotoxicity in vitro, indicating that they can be used directly for downstream biological response analysis, whereas exosomes isolated by the kit-based method require certain buffer exchange steps to be additionally performed as recommended by the manufacturer to eliminate cytotoxic effects. In the future, RBIV-infected rock bream plasma exosomes characterization at the molecular (proteomics and miRNAs) level may provide reliable informative facts as they may be similar to or different from their parent cells. As active intercellular communicators, such exosomes may offer prospective diagnostic and therapeutic value in pathogen identification in aquaculture.
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Figure 1. Isolation and characterization of exosomes derived from rock bream plasma by differential ultracentrifugation (UC) and using exoEasy Maxi kit (kit). Representative electron microscopy images of (A) ultracentrifuged and (B) exoEasy Maxi kit-derived exosomes (scale bar for (A-1); 100, (A-1′) 50, (B-1); 50 (B-1′); and 20 nm). The nanoparticle tracking analysis (NTA) representing size distribution and concentration profile of the plasma-derived exosomes isolated by (C) UC and (D) exoEasy Maxi kit. The line graphs are based on the average of five repeated measurements of one individual sample. Particle images of ultracentrifuged and exoEasy Maxi kit-derived exosomes taken during NTA analysis are represented as (C′) and (D′), respectively. Size distribution and concentration of particles including Bradford protein concentrations of isolated exosomes by two methods are summarized in Table 1. 
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Figure 2. Total protein profile and immunoblotting analysis of exosome markers of rock bream plasma-derived exosomes by differential ultracentrifugation (UC) and exoEasy Maxi kit. Proteins (25 μg protein per lane) of ultracentrifuged and kit-isolated exosomes were separated by SDS-PAGE to represent the protein profile after (A) Coomassie and (B) silver staining. Proteins labelled based on the size range (P1-P17) obtained by SDS-PAGE. (C) Proteins (16 μg protein per lane) were separated by SDS-PAGE and immunoblotted with antibodies against CD81, CD63, and Hsp90. 
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Figure 3. Cytotoxicity of the rock bream plasma-derived exosomes isolated by UC from fish and mammalian cells. Representative images illustrate the (A) cell morphology of fathead minnow (FHM) and RAW 264.7 cells observed under an inverted light microscope (Leica DMi8, Germany) with different exposure conditions (control, vehicle, and 50 and 100 µg/mL exosome treatment). Scale bar, 200 µm. Graphs depicted the cell viability of exosomes at different concentrations (6.25–100 µg/mL) for (B) FHM and (C) RAW 264.7 cells. A total of 1 mg/mL of exosome stock solution was used to prepare the samples with the respective final concentrations. Data are presented as mean ± standard error (SE). One-way ANOVA was performed to test statistical significance. Statistical significance was set as p < 0.05. 
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Figure 4. In vitro immune gene expression analysis of cells at 24 hpt treated with rock bream plasma-derived exosomes isolated by ultracentrifugation (UC). mRNA expression was analyzed in (A). Fathead minnow (FHM) cells and (B). RAW 264.7 cells with different exposure conditions (vehicle, 25, and 50 µg/mL exosome treatment). Data are presented as mean ± standard error (SE). Unpaired two-tailed t-test was used to analyze the significant differences between the control and the treated (25 and 50 µg/mL) samples. Statistical significance was set at p < 0.05. Asterisk (*) indicates a significant difference in expression levels compared to those of the vehicle control. 
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Table 1. Particle distribution, size (mean and mode), particle concentration, zeta potential, total yield, and recovery of plasma derived from rock bream exosomes isolated by differential ultracentrifugation (UC) and exoEasy Maxi kit method.
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Exosome Isolation Method

	
Size Range (nm)

	
Mean Size (nm)

	
Mode Size (nm)

	
Zeta Potential (mv)

	
Particle Con. (particles/mL)

	
Protein Con. (mg/mL)

	
Total Yield (mg)

	
Protein Recovery (mg/mL plasma)






	
UC

	
D10: 65.7 ± 2.8

	
114.6 ± 4.6

	
83.1 ± 7.7

	
−19.90 ± 3.47 a

	
4.90 × 1010 ± 2.91 × 109 a

	
2.65 ± 0.01 a

	
0.40 ± 0.0 a

	
0.12 ± 0.0 a




	
D50: 97.4 ± 5.0

	

	

	

	

	

	

	




	
D90: 176.5 ± 7.3

	

	

	

	

	

	

	




	
exoEasy Maxi kit

	
D10: 62.5 ± 1.3

	
111.2 ± 2.2

	
68.4 ± 2.7

	
−27.00 ± 3.57 b

	
1.05 × 1011 ± 1.23 × 1010 b

	
2.33 ± 0.03 b

	
1.86 ± 0.03 b

	
0.55 ± 0.01 b




	
D50: 90.8 ± 3.3

	

	

	

	

	

	

	




	
D90: 195.2 ± 5.7

	

	

	

	

	

	

	








Particle size distribution and particle concentration data represent the average of five repetitive measurements from an individual exosome sample of each UC and kit-based method. Zeta potential, protein concentration, total yield, and the protein recovery data represent the average of triplicate measurements from an individual exosome sample of each UC and kit-based method. Data are presented as mean ± standard error (SE). Values of each parameter tested for the exosomes isolated by UC and kit-based methods were statistically analyzed by unpaired two-tailed t-test, and significant differences are shown by different letters. Statistical significance was set as p < 0.05.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
uc kIt

Sonicated
Sonicated

-
o
=
-
)
2

Plasma
Intact

245
18 3
i B

25
20

17

B Uuc  KIT
© -
] ]
o 8 © ©
< E & ¢ T 9
c c
a S 2 g 3 £ 8
fa) RS 5 o o
100} L.l
758 ! ]
g’ Raee ]\ i P .
63‘ [ 4 *i"j
a3 et
35
o
25 e +P1
bR
20 +P14
w— o 913
) «P12
— o 411
" e W
.

C

kpa Plasma uc KIT
HSP9O ~90 | W —
(D63 ~63| w—5— - —
CD81 ~26 - —






nav.xhtml


  fishes-07-00036


  
    		
      fishes-07-00036
    


  




  





media/file2.png
—
-

(particles/m
~
o

c

-
=

ratio

Concen

8.0 -

= U o
o o o
1 L 1

3.0
.01

- N
o
L

0 1 I ] 1 I 1 1 1 |
0 100 200300 400 500 600 700 800 900 1000
Size (nm)

N

Concentration (particles/mL)
w

.Lﬂ
o
1

P
o
1

o

-
o
1

1

|4

A’

11

0 100 200300 400 500 600 700 800 900 1000
Size (nm)






media/file5.jpg
Viabilty %

3
= Commol

o Vehicke
0 625 pgmit.
B 25 upmi
B 25yl
- o
- o

" e — )






media/file3.jpg
i

s B

» i

a8-=2=

o0 Pasm_ve

e
P ——





media/file1.jpg
Goncentraion partices/m)

0
0100 200300 400 560 600 700 800 900 1000
Size (nm)

0 100 200300 400 500 600 700 800 9001000
size (om)





media/file7.jpg
e "V ey o






media/file0.png





media/file8.png
Relative mRNA

Relative mRNA

expression fold

Relative mRNA
expression fold

1.5+ ns 1.5+ Nf-kg 1.5+ ps3 1.5+ Irf7 1.5+ Ifn

3
] 1.0- 1.0 1.0
2
E
= 0.5+ 0.5 0.5
0 0= 0.0~ 0.0- 0.0~
Vehicle 25 50 Vebicle 25 50 Vehicle 25 50 Vebicle 25 50 Vehicle 25 50
T pg/ml pg/mL Tpgml e
1.5 Mx1
-
% 210
E =
PR
Zfos
ZE
0.0
Vehicle 25 50 Vehicle 25 50
pEim pgiml.
2.0+ Tir2 1.5+ Tird 1.5+ 16 1.5+ Tofa 2.0+ nip
1.5
1.0 1.0+
1.0
0.5 0.5+
0.5+
0.0 0.0 0= 0= 0=
Vehicle 25 S0 Vehicle 25 50 Vehicle 25 S0 Vehicle 25 50 Vehicle 25 50
Jig/ml “hgml ng;ml. Tngml Tpgml
2.0+ Lyzl 2.0+ Ifnp1 1.5+ Mx1 1.5+ Sod1
-
1.5 -
1.0
0.5

- 0- .0 - -
Vehicle 25 50 Vehicle z¢ 0 Vehicle 25 50 Vehicle 25 S0
pgmL gl pgfml ng





media/file6.png
B
1204

Viability %

100+

80+

60+

pg/mlL

Control Vehicle

FHM

RAW 264.7

1 Control
3 Vehkle
] 6.25 ng/mlL
2 125 ug/mlL
B 25 pg/mL
Bl 50 ng/ml
Bl 100 pg/mL

Exosome concentration (ug/mlL) Exosome concentration (ugﬁl‘)





