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Abstract

:

Simple Summary


Small extracellular vesicles (sEVs) released by all cell types function as a mediator in intercellular communication that can promote cell division and survival to remodel the tumor microenvironment to develop tumor invasion and metastasis. Even though dsDNA baggage is associated with all small EV populations, the functional role of EV-DNA in cancer remains poorly understood. This is due to a lack of methods allowing the efficient separation of small EVs (sEVs) from other non-sEV components. The main aim of our study was to develop an efficient sEV isolation method along with EV-associated DNA (EV-DNA) monitoring tool to evaluate the role of EV-DNA as a mediator of cell–cell communication in cancer. Our detailed small EV-DNA characterization confirmed that isolated sEVs using the TSU method (Tangential flow filtration + Size exclusion chromatography + Ultrafiltration) are free from contaminants such as cell-free and apoptotic bodies DNA, making TSU ideal for performing EV-DNA functional studies. Next, we revealed the exact EV-DNA distribution in the recipient cells using 3D image analysis and the association of EV-DNA with key cellular proteins, which may have an essential role in cancer. In the leukemia model, EV-DNA isolated from leukemia cell lines associated with mesenchymal stromal cells (MSCs), a crucial factor in the bone marrow (BM) microenvironment.




Abstract


Small extracellular vesicles (sEVs) play essential roles in intercellular signaling both in normal and pathophysiological conditions. Comprehensive studies of dsDNA associated with sEVs are hampered by a lack of methods, allowing efficient separation of sEVs from free-circulating DNA and apoptotic bodies. In this work, using controlled culture conditions, we enriched the reproducible separation of sEVs from free-circulated components by combining tangential flow filtration, size-exclusion chromatography, and ultrafiltration (TSU). EV-enriched fractions (F2 and F3) obtained using TSU also contained more dsDNA derived from the host genome and mitochondria, predominantly localized inside the vesicles. Three-dimensional reconstruction of high-resolution imaging showed that the recipient cell membrane barrier restricts a portion of EV-DNA. Simultaneously, the remaining EV-DNA overcomes it and enters the cytoplasm and nucleus. In the cytoplasm, EV-DNA associates with dsDNA-inflammatory sensors (cGAS/STING) and endosomal proteins (Rab5/Rab7). Relevant to cancer, we found that EV-DNA isolated from leukemia cell lines communicates with mesenchymal stromal cells (MSCs), a critical component in the BM microenvironment. Furthermore, we illustrated the arrangement of sEVs and EV-DNA at a single vesicle level using super-resolution microscopy. Altogether, employing TSU isolation, we demonstrated EV-DNA distribution and a tool to evaluate the exact EV-DNA role of cell–cell communication in cancer.
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1. Introduction


Extracellular Vesicles (EVs) are lipid bilayer bound vesicles released by all cell types into the extracellular environment, which differ in size, shedding mechanism, and function [1,2,3]. EVs contain unique biomolecular cargo, consisting of proteins, nucleic acids, and lipids [4,5,6,7,8]. In general, EVs can be classified into three types such as exosomes (30–150 nm), microvesicles (100–1000 nm), and apoptotic bodies (1–5 µm) [1,2,9,10]. Since markers are not well established based on EV origin, MISEV2018 guidelines urged EV researchers to use the term small EVs (sEVs) that are less than 200 nm in diameter and large EVs as the ones that are greater than 200 nm [3]. Small EVs have gained greater scientific research attention than large EVs in recent years. Many researchers have demonstrated that small EVs act as a functional mediator of intercellular communication in various instances, including cancer. In cancer, tumor cell-derived EVs regulate the tumor microenvironment through their cargo delivery promoting tumor progression, metastasis, and angiogenesis [8,11,12,13,14,15,16,17]. Although DNA has been associated with sEVs (EV-DNA), it is not extensively studied compared to other EV cargoes. Moreover, very little is known about the molecular mechanisms of EV-DNA packaging and their biological function in the recipient cells [1,5,7,13,18,19,20,21,22].



To demonstrate the presence of cancer biomarkers for liquid biopsy applications, it is not an issue to isolate heterogeneous EVs from blood samples and analyze them for cancer-specific mutations. However, it is very important for functional studies to purify and separate EV populations to discriminate the functional significance of DNA associated with a particular EV subtype [3]. Until now, most studies demonstrating the functional role of EV-DNA in the recipient cells have used classical ultracentrifugation (UC) or polymer-based techniques for EV isolation. However, these studies are still far from conclusive because these isolation methods are known to co-isolate other non-sEV populations, including cell-free DNA and apoptotic bodies, and also, cause morphological changes in the extracted vesicles [23,24,25,26]. Recently, Lazaro-Ibanez et al. attempted firstly to distinguish heterogeneous EV subpopulations based on DNA cargo and topology using UC-based iodixanol density gradient separation [27]. Although this method provides pure EVs for molecular characterization, multiple ultracentrifugation steps can result in sample loss affecting EV yield for downstream functional experiments [24].



Furthermore, not all laboratories have access to expensive ultracentrifugation devices; therefore, there is still the need to establish a method that can be performed in a laboratory bench setting yet provides sEVs that are qualified to perform both diagnostics and functional studies. To address these important problems, we have optimized two sEV isolation methods by combining tangential flow filtration (TFF) or PEG-based precipitation with conventional size-exclusion chromatography and ultrafiltration (SEC + UF) techniques, which we named TSU and PSU, respectively. The fractions were characterized according to the MISEV2018 guidelines [3]; the majority of small extracellular vesicles (sEVs) ranging from 30–200 nm were obtained in fraction 2 (F2) and fraction 3 (F3) of TSU and PSU.



As we previously showed, we detected cancer-specific mutations in EV-DNA regardless of the isolation method used [5,21]. However, we found that only sEV fractions obtained from TSU entered the recipient cells and localized in various cell compartments, whereas sEVs isolated by PSU showed drastically reduced entry into recipient cells. In addition, we applied 3D imaging tools for the first time in the EV field to avoid artifacts obtained from 2D imaging and to accurately quantify the actual amount of EV-DNA entered inside the recipient cells.



Previously, it was shown that EV uptake in the recipient cells occurs through clathrin-mediated endocytosis and micropinocytosis [28]. Moreover, it was recently demonstrated that the accumulation of cytoplasmic DNA arising from genomic DNA undergoing chromosomal duplication activates the cGAS-STING (cyclic GMP-AMP synthase-stimulator of interferon genes) cytosolic DNA-sensing pathway, which results in an innate immune response favoring the spread of cancer cells to distant organs [29]. Furthermore, T-cell-derived EVs carrying DNA can induce antiviral inflammatory responses via the cGAS/STING/IRF3 signaling cascade in priming dendritic cells [30]. Supporting these facts, we found that passenger EV-DNA associates with the endosome–lysosome compartment and cytoplasmic DNA sensors (cGAS/STING) in the recipient cells, which may have an important role in cancer. In addition, we found that EV-DNA derived from leukemia cell lines communicates with the critical component in the BM microenvironment, such as MSCs. Altogether, our work provides an efficient sEV isolation method and new tools to address EV-DNA-associated biology in cancer.




2. Materials and Methods


2.1. Cells and Cell Culture


HeLa and HEK293T cells were cultured in DMEM high glucose media (Gibco, Paisley, UK) in a humidified incubator at 37 °C, 5% CO2 for 72 h. To perform acute myeloid leukemia (AML) diagnostic studies, MV4−11 and OCI−AML3 cell lines were cultured in RPMI 1640 media (Gibco, Paisley, UK). For EV functional studies, a HEK293T-CD63-GFP-transduced cell line received from Prof. Bernd Giebel (University Hospital Essen, Essen, Germany) was utilized and cultured like HEK293T cells. In this transduced cell line, CD63 is fused to the N-terminus of eGFP and was generated by co-transfection of HEK293T cells with the lentiviral plasmid pCL6-CD63-eGFP, the helper plasmid pCD/NL-BH, and the codon-optimized human foamy virus envelope encoding plasmid pcoPE01 [31].



Growth media was supplemented with 10% EVs-depleted fetal bovine serum (FBS; Gibco, Waltham, MA, USA) and 1% penicillin/streptomycin for all cell lines. EV-depleted FBS (FBS18) was obtained by ultracentrifugation at 100,000× g for 18 h utilizing a type 45 Ti fixed-angle titanium rotor (Beckmann Coulter, CA, USA). After 72 h, cell conditioned media (CCM) was collected and centrifuged at 500× g for 10 min followed by 3000× g for 20 min (4 °C) to remove cells, cell debris, and apoptotic bodies. All cell lines involved in this study were screened for mycoplasma contamination by performing PCR and authenticated using short tandem repeat (STR) DNA fingerprinting through IDEXX BioAnalytics, Germany.




2.2. Isolation of Small EVs by TSU and PSU


To prepare TSU sEVs, CCM was first filtered using a 0.2 µm syringe filter to eliminate large EVs (>200 nm). Filtered CCM was concentrated up to 10 mL using tangential flow filtration (TFF-Easy; Hansa Biomed, Tallin, Estonia). Concentrated CCM was then loaded into a size-exclusion chromatography column (SEC) (qEV10; IZON Science, Christchurch, New Zealand) using 0.2 µm-filtered DPBS (Invitrogen, Waltham, MA, USA) as the running buffer. First, 20 mL was discarded as void volume, and right after, 5 mL fractions (F1–F5) were collected. The SEC fractions were further concentrated to 500 µL final volume using an Amicon Ultra-4 10 kDa centrifugal filter (Merck Millipore, Darmstadt, Germany).



In order to prepare PSU sEVs, CCM was centrifuged at 6800× g for 45 min and then filtered using a 0.2 µm syringe filter. To the filtered CCM, precipitation agents such as 10% PEG6000 (Sigma, Darmstadt, Germany) along with 0.5% NaCl (Sigma, Darmstadt, Germany) were added and incubated overnight for 16 h at 4 °C. The next day, PEG-treated CCM was centrifuged at 1500× g for 30 min (40 °C) and the pellets were re-suspended in 2 mL of 0.2 µm-filtered DPBS [31]. Out of 2 mL of the PEG pellet, 100 µL (aliquot) was stored separately, and the volume was equalized again with filtered DPBS and loaded into the SEC column (qEV2; IZON Science, Christchurch, New Zealand). As mentioned before, 2 mL fractions (F1–F5) were collected and concentrated to 500 µL using an Amicon Ultra-2 10 kDa centrifugal filter (Merck Millipore, Darmstadt, Germany). In parallel, TSU and PSU sEVs were isolated from DMEM containing FBS18 (control without cells) by performing the same steps carried out with CCM.




2.3. Characterization of TSU and PSU sEVs


2.3.1. Measurement of Particle Count and Total Protein Concentration


Firstly, the concentration of particles (particle count) present in various HEK293T and HeLa TSU and PSU sEV fractions (F1–F5) was determined by nanoparticle tracking analysis (NTA) using the ZetaView BASIC PMX-120 instrument (Particle Metrix GmbH, Inning am Ammersee, Germany) equipped with NTA 2.0 analysis software. Using 100 nm standard beads, the instrument was calibrated, and the following settings were used: positions—11, cycles—5, minimum size—5 nm, maximum size—150 nm, trace length—15 s, sensitivity—75%, shutter speed—75 ms and frame rate—30. Diluted TSU and PSU sEV fractions (100- to 1000-fold) were loaded into the NTA instrument and the values were recorded. Next, micro-BCA assay (Thermo Scientific, Waltham, MA, USA) was performed following the manufacturer’s protocol to determine the free protein concentration of various sEV fractions. Then, EV purity was determined by the ratio of particle count determined by NTA and free protein concentration determined by micro-BCA.




2.3.2. Transmission Electron Microscopy (TEM)


Negative staining was performed at the Electron Microscopy Unit (EMU) of the Imaging Center Essen (IMCES) for HEK293T and HeLa TSU and PSU sEV fractions that have more purity (F2 and F3) along with F4 that has less purity. In addition, FBS18 sEV fractions were included as a negative control. Briefly, 3 µL of sEV fractions (F2–F4) was added onto a Formvar- and carbon-coated 200 mesh copper grid (#S162, PLANO GmbH, Wetzlar, Germany) which had a hydrophilic surface due to being exposed to glow discharging for 30 s at 15 mA (easiGlow™, TedPella Inc., Redding, CA, USA). Samples were then negatively stained by placing the grid on the top of the droplet of 1.5% aqueous Phosphotungstic acid solution (w/v, 2635.1, Carl Roth, Karlsruhe, Germany) for a minute. Excess liquid was removed using filter paper, and the grids were allowed to dry for at least five minutes under ambient air. Images were acquired using JEOL JEM 1400Plus (JEOL Ltd., Tokyo, Japan) operating at 120 kV and with a 4096 × 4096 pixels CMOS camera (TVIPS, Gauting, Germany). Image acquisition software EMMENU (version 4.09.83) was used for taking 16-bit images. Image post-processing and analysis were carried out using ImageJ (version 1.52a) to determine the average diameter of sEVs.




2.3.3. Western Blot Analysis


Equal amounts (100 µL) of HEK293T, HeLa, and FBS18 TSU and PSU sEVs (F1–F5) were concentrated to 10–12 µL using an Amicon Ultra-0.5 10 kDa centrifugal filter tube (Merck Millipore, Darmstadt, Germany). Both whole-cell lysate (30 µg; prepared using RIPA buffer: ThermoFisher Scientific, Waltham, MA, USA) and EV fractions (F1–F5) were solubilized using 4X Laemmli buffer (Biorad, Feldkirchen, Germany) in reducing conditions at 95 °C for 10 min. Samples were then separated on a NuPAGE 4–12% gel, Bis-Tris, 1.0 mm, (ThermoFisher Scientific, Waltham, MA, USA) along with a pre-stained protein ladder at 100 V for 2 h. Transfer of resolved proteins onto a 0.4 µm PVDF membrane (Merck Millipore, Darmstadt, Germany) was performed following standard semidry conditions. Membranes were blocked in 5% milk blocking solution (Carl Roth, Karlsruhe, Germany) in 1X TBST buffer containing 0.1% Tween20 for 60 min. Membranes were incubated with primary antibodies diluted in 1X TBST containing 0.05% Tween20 (1:1000) overnight at 4 °C [Rabbit-α-TSG101 (Sigma, Cat. No: HPA006161); Rabbit-α-Calnexin (Abcam, Cat. No: ab22595); Mouse-α-CD81 (Biolegend, Cat. No: 349502); Rabbit-α-Hsp70 (System Biosciences, Cat. No: EXOAB-Hsp70A-1); Rabbit-α-Synthenin (Abcam, Cat No: ab133267).



Unbound antibodies were removed by washing the membranes 4X with 1X TBST and then incubated with the corresponding HRP-conjugated secondary antibody (1:10,000 dilution) at RT for 90 min (anti-mouse IgG, HRP-linked: Cell Signaling Technology, Danvers, MA, USA, Cat. No: 7076; anti-rabbit IgG, HRP-linked: Cell Signaling Technology, Danvers, MA, USA, Cat. No: 7074; goat anti-rabbit for detection of Hsp70: System Biosciences, Cat. No: EXOAB-Hsp70A-1). Proteins were visualized using ECL Prime Western Blotting Detection reagents (ThermoFisher Scientific, Waltham, MA, USA) by scanning the membrane on a Fusion FX machine (Vilber Lourmat GmbH, Eberhardzell, Germany).




2.3.4. Bead-Assisted Flow Cytometry


HEK293T and HeLa TSU and PSU sEV fractions (F1–F5) were analyzed by flow cytometry for semi-quantitative detection of classical EV proteins (CD9 and CD63), apoptotic bodies (phosphatidylserine (PS)), and apolipoprotein (Apo-B). To detect the PS level present in sEVs, annexin-V antibody was employed. A volume of 20 µL of sEV fractions was incubated with 5 µL of aldehyde-sulfate latex beads (4 µM; Invitrogen) for 30 min at RT in a rotating platform shaker. Then 200 µL of 0.1 µm-filtered 1X DPBS was added and incubated for another 30 min at RT. Afterwards, 300 µL of DPBS was added and centrifugation was performed at 2000× g for 5 min to remove the unbound beads in a way that 50 µL of the beads–EV complex was left. To this, 20 µL of a 5% BSA solution in DPBS was added for blocking and incubated for 30 min at RT. DPBS washing and centrifugation were performed as mentioned before. In the last step, staining was carried out using 5 µL of antibody conjugated with different fluorochrome for 30 min at RT (antihuman CD9-PE (MEM61, Exbio, Cat. No: 1P-208-T100); antihuman CD63-APC (Mem259, Exbio, Cat. No: 1A-343-T100); antihuman Apo-B-FITC (polyclonal, Abcam, Cat. No: ab27637); annexin-V-FITC (N/A, BD Biosciences, Cat. No: 560931). A final wash step was performed to remove the unbound antibodies. In addition, various controls were included in the analysis. Beads only and beads with antibody controls were used to select the single beads (monomer) and positive population. Beads with BSA and beads with BSA+ antibody controls were included in determining if BSA bound with any antibodies used. Data were acquired in conventional flow cytometers (BD FACS Aria, BD Biosciences, Heidelberg, Germany, and MACS Quant, Miltenyi Biotech, Bergisch Gladbach, Germany) and analyzed using FlowJo software V10 to determine the mean fluorescence intensity (MFI). MFI relative to the negative control in TSU and PSU sEV fractions was evaluated and depicted on the y-axis. EV purity was also determined based on the values of EV tetraspanins obtained from this method and the free protein concentration was determined by micro-BCA assay.





2.4. Application of TSU and PSU sEVs for Diagnostics and Functional Studies


2.4.1. MV4−11 and OCI−AML3 sEVs for AML Diagnostics


TSU and PSU sEV fractions (F2–F4) obtained from MV4−11 and OCI−AML3 CCM were characterized by performing Western blot with CD81, TSG101, and calnexin. EV-DNA was isolated from these fractions using the QIAamp DNA Micro Kit (#56304, Qiagen) according to the manufacturer’s instructions, and the concentration was determined using a Nanodrop 1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). As shown before, GeneScan-based fragment-length analysis was performed to determine if MV4−11 and OCI−AML3 TSU and PSU sEVs (F2–F4) qualify to detect AML-specific mutations (FLT3 and NPM1 mutations) [21].




2.4.2. Incubation of HEK-CD63-GFP sEVs with HeLa Cells


Around 25,000 HeLa cells were seeded on a 24-well plate containing sterile 12 mm microscopic coverslips (ThermoFisher Scientific, Waltham, MA, USA). After 24 h, normal growth media was replaced with FBS18 media. Thirty microliters of HEK-CD63-GFP TSU and PSU sEV fractions (F1–F5) was added to the corresponding wells and incubated at 37 °C for 48 h. After 48 h, cells were washed once with PBS and 0.01% PBST before being fixed using 4% PFA (Alfa Aesar, Kandel, Germany) for 15 min at RT. Then, 3% BSA in PBS was added and removed, followed by 2X PBS washes. Permeabilization was performed using 0.5% Triton®-X100 (Merck Millipore, Darmstadt, Germany) in PBS for 20 min at RT, after which cells were washed with 3% BSA and PBS as mentioned before. Nucleus staining was performed using DAPI solution (0.2 µg/mL, Biolegend) in PBS for 10 min at RT in the dark, followed by 2X PBS washes. Coverslips were mounted carefully using a few drops of Fluoromount (Southern Biotech, Birmingham, AB, USA) on microscopic glass slides. Images were acquired using a confocal microscope (Leica TCS SP8, Wetzlar, Germany), and the mean GFP fluorescence intensity was measured using ImageJ 1.52a (NIH, Bethesda, MD, USA).




2.4.3. Zeta Potential


Next, we wanted to investigate whether the biophysical property of EVs, such as zeta potential, plays a crucial role in mediating its successful transfer into recipient cells. Using the ZetaView BASIC PMX-120 instrument, the zeta potential of HEK-CD63-GFP TSU and PSU EVs (F1–F5) was measured at 25 °C under the following settings: max size: 200, min size: 5, min brightness: 20.





2.5. Transfer of Foreign EV-DNA in the Recipient Cells


2.5.1. Labelling of EV-DNA with EdU


In order to facilitate EV-DNA-based functional studies, 5 µM of 5-ethynyl-2′-deoxyuridine (EdU; ThermoFisher Scientific) solution was added to HEK-CD63-GFP cells after a few hours of seeding (i.e., when cells had attached to the dishes). EdU is a thymidine analog incorporated into newly synthesized DNA during active DNA synthesis; thereby, cells treated with EdU release EVs in which DNA is labeled with EdU. sEVs were isolated from HEK-CD63-GFP cells treated with EdU using TSU and PSU.




2.5.2. Incubation of sEVs Containing EV-DNA-EdU with HeLa Cells


Thirty microliters of the HEK-CD63-GFP TSU and PSU sEVs (F1–F5) containing EV-DNA-EdU was incubated with HeLa cells seeded on a 24-well plate containing sterile 12 mm microscopic coverslips at 37 °C for 48 h. In parallel, MV4−11 sEVs containing EdU were added to mouse mesenchymal stromal cells (OP9). Fixation and permeabilization were performed as explained before. If cell membrane staining was desired, cells were treated with wheat germ agglutinin (WGA) Alexa Fluor™ 488 conjugate (W11261, Invitrogen) for 10 min well after fixation, before permeabilization. An EdU click-it reaction was carried out using the Click-iT™ EdU Alexa Fluor 647 Imaging Kit (C10640, ThermoFisher Scientific) following the manufacturer’s instructions. Images were acquired by confocal microscopy in the corresponding channels (blue—DAPI, green—CD63+ EVs, and red—EdU). Using ImageJ, the red fluorescence signal corresponding to EV-DNA was quantified.




2.5.3. Three-Dimensional (3D) Image Analysis


For 3D analysis, the Leica SP8 confocal system with a 63X objective was used. Z-stack imaging of the cells was performed with Nyquist sampling for subsequent deconvolution of the data set with Huygens. After that, the data were loaded into Imaris for 3D analysis to obtain the exact amount of EV-DNA present inside the cell, inside the nucleus, and those close to the cell membrane, by using the Imaris surface function to distinguish between the cell compartments and the spot function to count the EV-DNA.





2.6. Single EV Imaging


For single-molecule localization measurements, a custom-built inverted microscope equipped with 488 nm, 561 nm, and 640 nm lasers was used [32]. The laser beams were combined by dichroic mirrors and then expanded and focused on the objective’s back focal plane (HCX PL APO 100×/NA 1.47 OIL, Leica). Fluorescence light was separated from excitation light using a dichroic mirror (Chroma, zt405/488/561/647rpc). A tube lens focused the fluorescence light onto an sCMOS camera (PCO edge 4.2, PCO), resulting in an effective pixel size of 65 nm. A cylindrical lens was inserted into the detection path to introduce astigmatism for 3D localization measurements. The detection path was additionally equipped with emission filters (HC520/35 Semrock, ET600/50 Chroma, ET655 Chroma) to reduce bleed-through from different fluorescence channels.



HEK-CD63-GFP TSU EVs (F2 and F3) containing EdU were embedded in Vectashield H-1000 mounting medium (Vector Laboratories, Burlingame, CA, USA) on the day of measurement. CD63-GFP and Edu-Alexa Fluor 647 were excited using 488 nm and 640 nm lasers and imaged with emission filters HC520/35 (GFP) and ET655laser (Alexa647), respectively. Excitation powers were set to 0.8 kW/cm2 to 3 kW/cm2 for both lasers. A stack of 5000 images with an exposure time of 50 ms was acquired for each channel. For data analysis, reconstruction of SMLM data was performed with the ThunderSTORM plugin [33] in Fiji [34]. A detection threshold of one standard deviation of the applied wavelet filter was used during the detection process. Fluorescence signals visible in consecutive frames within a radius of 20 nm were merged into one detection event to avoid over-counting of molecules. Super-resolution images were then generated as 2D histograms with a pixel size of 20 nm.




2.7. Detailed Characterization of HEK293T TSU EV-DNA


2.7.1. Isolation of EV-DNA before and after dsDNAse Treatment


To determine whether DNA is associated with the outer membrane or inside EVs, we pre-treated 100 µL of HEK293T TSU sEVs (F1–F5) with 6 µL of dsDNAse (ThermoFisher Scientific, Waltham, MA, USA) along with 10X dsDNAse buffer at 37 °C for 5 min and the reaction was stopped by adding 0.5 M EDTA. Then, EV-DNA was extracted from both intact HEK293T TSU sEVs and sEVs pre-treated with dsDNAse (F1–F5) using the QIAamp DNA Micro Kit. Three microliters of these extracted EV-DNA samples was again treated with dsDNAse in the same manner to evaluate if single-stranded DNA is present inside sEVs. Finally, 5 µL of HEK293T EV-DNA samples (four sets) and genomic DNA was loaded on a 2% agarose gel and run at 100 V for one hour. After one hour, the agarose gel was stained with SYBR Gold nucleic acid dye (ThermoFisher Scientific, Waltham, MA, USA) for 30 min and the gel image was acquired.




2.7.2. Next-Generation Sequencing (NGS)


HEK293T TSU sEVs (F1–F5) and HEK293T gDNA samples were divided into two: one was pre-treated with dsDNAse to digest extra vesicular dsDNA and the other one remained untreated prior to DNA extraction and NGS. DNA was extracted in the same way as mentioned before. After DNA extraction, samples were processed for NGS using the NEB Next Ultra II FS DNA Library Prep Kit for Illumina (New England BioLabs, Frankfurt, Germany) following the manufacturer protocols of inputs ≤100 ng for EV-DNA samples; and large fragment sizes (>550 bp) for gDNA. DNA library quality was assessed on an Agilent 2200 TapeStation system using High Sensitivity D1000 ScreenTape (Agilent Technologies, Santa Clara, CA, USA). Once the expected band size based on fragmentation time was confirmed for all the samples, sequencing was performed on an Illumina MiSeqDX Sequencer in research mode with 156 bp paired-end reads using the MiSeq Reagent Kit v2 (300-cycle). After obtaining data, sequencing adapters were removed by Trimmomatic software [35], adapter-free read pairs were mapped to the hg38 genome, and read counts per chromosome were accessed by samtools idxstats [36].





2.8. Immunofluorescence


HeLa cells seeded on a 24-well plate were incubated with 30 µL of HEK293T TSU EVs with EdU (F2 and F3) at 37 °C for 48 h. Fixation, permeabilization, and click-it EdU staining were performed as previously explained. Then, blocking was performed using 1% BSA in PBS for 30 min at RT followed by incubation with primary antibody: rabbit-α-Rab5 (1:250, Abcam, Cambridge, UK); Rab7 (1:1000, Abcam, Cambridge, UK); Lamin (1:1000, Abcam, Cambridge, UK); cGAS (1:500, Cell signaling technology, Danvers, MA, USA); STING (1:1000, Abcam, Cambridge, UK) at RT for 70 min. Subsequently, 3X PBS washes were performed and then incubated with anti-rabbit Alexa488 (1:500, Abcam, Cambridge, UK) for 45 min at RT. Following 3X PBS washes and DAPI staining, images were obtained by confocal microscopy.




2.9. Statistical Analysis


Statistical analyses were performed using GraphPad Prism 7.0. All data sets were represented as the mean ± S.E.M (shown with error bars) obtained from three independent experiments. One unpaired t-test per row was performed to assess the statistical significance, and p values were determined using the Holm–Sidak method. p-values < 0.05 were considered to be significant. Data that were found to be statistically significant were represented in the graphs as: * for p < 0.0332, ** for p < 0.021, *** for p < 0.0002, and **** for p < 0.0001.





3. Results


3.1. Isolation and Characterization of HEK293T TSU and PSU sEVs


Enrichment, fractionation, and isolation of homogenous vesicular and non-vesicular particles were established from HEK293T and HeLa CCM using TSU and PSU methods as explained in Figure 1A. To characterize sEVs as explained in Webber and Clayton, 2013, [37], particle count was determined in each fraction using NTA, and total protein concentration was determined using micro-BCA. We observed that the highest purity of sEV preparations determined by the highest particle number (30–200 nm) and lowest protein content was obtained in both TSU and PSU isolation methods (Figure 1B,C and Supplementary Figure S1A,B). For qualitative characterization, we selected fractions, F2 and F3, with the highest EV purity for negative staining, imaged using TEM, and compared to fraction F4 as the one with the least EV purity, according to our criteria. Indeed, particles present in F2 and F3 possessed an sEVs morphology with an intact membrane with a size ranging from ~30–200 nm in diameter (indicated by red arrows) irrespective of the cell lines or isolation methods used. (Figure 1D and Supplementary Figure S1C). However, some aberrant bubbles were found on the outer surface of PSU sEVs (indicated by blue arrows). Using TEM images, the average size of particles found in fractions (F2–F4) was calculated using ImageJ and is shown in Figure 1E and Supplementary Figure S1D.



Qualitative analysis of TSU and PSU sEV fractions was performed by Western blot analysis with various canonical EV markers (TSG101, CD81, Hsp70, and syntenin). The negative signal of calnexin (an integral endoplasmic reticulum protein) further confirmed the isolation of sEVs. Supporting the TEM data, we found that all canonical EV proteins were enriched in both HEK293T TSU and PSU sEVs (F2, F3). However, the level of canonical protein markers found in HeLa TSU and PSU sEVs (F2, F3) is less compared to HEK293T sEVs. A weak band of calnexin was observed in some PSU sEV fractions. As previously shown [38], we also observed heat shock protein 70 (Hsp70) band in some TSU and PSU sEV fractions isolated from FBS18 media alone (control without cells), thereby suggesting that a small proportion of Hsp70+ sEVs are derived from FBS growth supplement used in the cell culture media (Figure 1F and Supplementary Figure S1E).



Next, we performed bead-assisted flow cytometry for further qualitative characterization of sEV fractions since this method is sensitive and time saving. To do so, we determined the level of surface-EV markers (CD9 and CD63 tetraspanins) and non-small EV contaminants such as phosphatidylserine (PS+) apoptotic bodies and apolipoprotein-B (Apo-B) in all sEV fractions [39]. Positive populations were selected as shown in Supplementary Figure S1F,G. As expected, CD9 and CD63 are primarily present in F2 and F3 of TSU and PSU sEVs from HEK293T cells. In line with the WB results, we observed that CD9 and CD63 signals are weaker in HeLa sEVs irrespective of the isolation method used (Figure 1G). EV purity was also calculated based on the EV tetraspanin value obtained from flow cytometry and free protein concentration determined by micro-BCA. Indeed, we determined that fractions F2 and F3 have more EV purity than other fractions (Supplementary Figure S1H). Interestingly, we found that the level of PS+ apoptotic bodies is close to zero in all TSU and PSU sEVs (F1–F5), indicating their absence. On the other hand, Apo-B contamination was lower in PSU sEVs than in TSU sEVs (Figure 1H). Overall, our results indicate that both TSU and PSU methods are able to isolate sEVs with high purity.




3.2. Assessment of TSU and PSU sEVs for Diagnostic and Functional Studies


Previously, we [5] and others [7] have shown that tumor-derived exosomes, now known as small EVs, carry double-stranded DNA (dsDNA) that mirrors the mutational status of the donor cancer cells. Nevertheless, whether the EV-DNA derives from apoptotic bodies or dead cells is currently debated. Since TSU and PSU sEVs exhibited low apoptotic markers, we first evaluated if they qualify to perform diagnostic studies in the clinical setting. For this, we selected F2, F3, and F4 of TSU and PSU sEVs derived from AML cell lines (OCI−AML3 cell line bearing NPM1 mutation and MV4−11 cell line bearing FLT3−ITD mutation) to perform mutational analysis as only these fractions revealed the presence of sEVs (Figure 2A). EV-DNA was isolated (Figure 2B) and subjected to GeneScan-based fragment-length analysis to detect AML-specific mutations (FLT3−ITD and NPM1 mutations). The results showed that NPM1 and FLT3−ITD mutations were successfully detected in TSU and PSU sEVs (F2–F4) (Figure 2C). These data are consistent with our previous studies, thereby proving that both TSU and PSU sEVs (F2–F4) qualify to perform diagnostic studies [8].



To evaluate if isolated sEVs enable us to perform EV-based functional studies, we compared the uptake of TSU and PSU sEVs by HeLa cells. For this, a HEK293T-CD63-GFP transfected cell line was used that allowed us to track CD63+ EVs through a GFP signal (Figure 2D). Interestingly, we found TSU, but only to a limited extent F2 and F3 PSU sEVs were taken up by HeLa cells as indicated by the GFP signal detected in the cells by confocal microscopy (Figure 2E). For the quantitative analysis, the level of GFP fluorescence derived from CD63+ TSU and PSU sEVs on HeLa cells was determined using ImageJ and illustrated in Figure 2F. Studies have been focused on the influence of zeta potential in cellular uptake and EV stability, which is the measurement of surface potential that determines the magnitude of the electrical double layer repulsion [40,41]. In this respect, we investigated the zeta potential differences between TSU and PSU sEVs that could explain different up-take rates. No difference in zeta potential was found on both F2 and F3 of TSU and PSU sEVs (Figure 2G). Alternatively, we hypothesized the possibility that the PEG chemical present in PSU sEVs somehow inhibits the entry of sEVs into recipient cells.




3.3. Localization of EV-DNA in the Cell Membrane, Cytoplasm and Nucleus


Horizontal transfer of DNA fragments via EVs from tumor to healthy stromal cells can be a detrimental factor in cell-to-cell communication in cancer. Therefore, we aimed to determine the capability of different sEVs fractions (F1–F5) to transport DNA into recipient cells. For this, the HEK293T-CD63-GFP cell line was incubated with 5-ethynyl-2′-deoxyuridine (EdU) for 72 h to label DNA. As a result, EVs containing DNA were stained with EdU. Later, both genomic DNA and sEVs were isolated from these EdU-treated cells. EdU was detected based on a click-it reaction on HeLa cells incubated with HEK293T-CD63-GFP TSU and PSU sEVs (F1–F5) containing EV-DNA-EdU, the HEK293T-CD63-GFP genomic DNA-EdU (negative control), and imaged using confocal microscopy as illustrated in Figure 3A. As expected, no signal was found on cells incubated with genomic DNA-EdU (data not shown). Comparatively, we found that TSU sEV fractions F2 and F3 could deliver DNA efficiently in HeLa recipient cells both in the cytoplasm and in the nucleus. However, it is negligible in the F1 TSU fraction that contains fewer sEVs and on all PSU sEV fractions (F1–F5) (Figure 3B). Unlike before, we did not observe much GFP fluorescence along with the EdU signal. This could be because the copper ions present in the click-it EdU staining kit might quench the GFP fluorescence, as pointed out by the manufacturer (Figure 3C). In addition, we confirmed that the isolated sEVs are devoid of free EdU since the same effect that we observed in the positive staining control (HeLa cells incubated with EdU for 2 h) was not found in sEV-treated HeLa cells (Figure 3D). To evaluate the efficiency of EV-DNA transfer, we quantified the level of EdU (red fluorescence) derived from various TSU and PSU EV-DNA on HeLa recipient cells, and the data are outlined in Figure 3E. It is apparent that F2 and F3 TSU sEVs are more efficient in delivering DNA into the recipient cells than other fractions.



To precisely visualize and measure the amount of EV-DNA localized in various cell compartments such as the cell membrane, cytoplasm, and nucleus, we analyzed the reconstructed confocal z-stacks of confocal images containing EV-DNA first-ever using Imaris software. Briefly, deconvolution of data sets was performed using Huygens, and the Imaris surface function was used to distinguish different cell compartments, which helped quantify accurately the amount of EV-DNA localized inside the recipient cells, avoiding false-positive results or artifacts generated from 2D microscopy (Figure 3F). Indeed, we observed that only ~50% of EV-DNA from F2 and F3 and 25% from F4 successfully passed through the cell membrane barrier and localized inside the recipient cells, while others were found outside the cells and at the cell membrane. We found nearly the same amount of EV-DNA (F2 and F3) inside the recipient cells both in the cytoplasm and in the nucleus. However, it is significantly less in F4, which explains that there is a different DNA population present in this fraction (Figure 3G). To confirm if the EV-DNA-EdU transfer approach could be used for any disease model, we incubated leukemia cell line MV4-11-derived sEVs containing EV-DNA-EdU with mouse mesenchymal stromal cells, OP9. Indeed, we observed that MV4-11-EV-DNA was transferred into OP9 cells, which shows that this approach could be used to evaluate the EV-DNA role in cell–cell communication in leukemia (Figure 3H). Next, to analyze EV-DNA organization at a single vesicle level, we imaged HEK-CD63-GFP TSU sEVs (F2 and F3) mounted on poly-L lysine coated coverslips using super-resolution microscopy (Figure 3I). Indeed, we observed that most of the EV-DNA (red) signal was found next to CD63+ EVs (green), indicating that these are intravesicular EV-DNA fragments protected inside the vesicles. However, a small proportion of EV-DNA co-localized with CD63 GFP + EVs revealing the possibility that they are extra vesicular DNA.




3.4. Characterization of TSU EV-DNA


Knowing that TSU EV-DNA is actively taken up by the recipient cells, we included only TSU sEVs for further downstream analyses. We analyzed the DNA of TSU sEVs (HEK293T) (F1–F5) more elaborately to characterize vesicle protected and exposed non-vesicular DNA either free or sticking on the surface of the EVs using dsDNase digestion as previously published [5] (Figure 4A,B). EV-DNA samples were stained with SYBR green and loaded onto an agarose gel (Figure 4C). We observed in F2 that high molecular weight DNA fragments larger than 2–10 kb were digested after dsDNase exposure that specially digests only dsDNA. However, in F3, some large DNA fragments (2–10 kb) were protected from dsDNase. Conversely, in F4 and F5, we found an apparent decrease in the level of EV-DNA after dsDNase digestion, indicating that mostly extra vesicular EV-DNA is present in these fractions. In addition, the ideal size of circulating or cell-free DNA fragments ranging between 120–220 bp was observed only in non-sEV fractions (F4 and F5) but not in sEV fractions (F2 and F3) before dsDNase treatment [42,43]. Altogether, it suggests that sEV fractions, F2 and F3, are devoid of cell-free DNA, and primarily large DNA fragments 2–10 kb exist on the outer surface of sEVs, and 220 bp- 2 kb DNA fragments are encapsulated inside sEVs.



To further investigate if the intravesicular EV-DNA fragments from various HEK293T TSU sEV fractions are double stranded, we digested them with dsDNase again and analyzed them in the same manner as before (Figure 4D). In line with our previous findings [5], we found that intravesicular EV-DNA present in HEK293T TSU sEV fractions (F2–F5) is completely double stranded. To know the details of vesicle and non-vesicle protected DNA, HEK293T EV-DNA samples pre-treated with and without dsDNase were sequenced using NGS platform. Confirming the previous reports, we observed that both vesicle and non-vesicle-protected EV-DNA fragments are mainly derived from the host cell genome; however, a small proportion is derived from the mitochondria (Figure 4E) [27,44,45,46]. Furthermore, we observed that there is an increase in the level of mtDNA on the EV-DNA samples pre-treated with dsDNase, which is in accordance with the finding observed by Sansone et al., 2017 [47].




3.5. Association of EV-DNA with Cytoplasmic DNA Sensors and Endosomal Proteins


In recent years, it was found that DNA from various sources could enter the cytosol and activate the cGAS-STING pathway: a DNA-driven immune response critical in host defense, inflammation, and tumor immunity [29,30,48]. Interestingly, we observed the co-localization of cGAS and STING with EV-DNA in HeLa cells, suggesting their molecular interaction (Figure 5A).



To determine if EV-DNA is considered to be a potential threat inside the recipient cells directing towards endosomal fusion and degradation in the lysosomal compartment, HeLa cells incubated with EdU-labeled F2 and F3 HEK293T TSU sEVs were stained for Rab5 and Rab7 proteins (early and late endosomal markers) and LAMP1 (lysosomal autophagy marker). Further elucidating the previous observations by Rappa et al. [49], we found that a portion of EV-DNA associates with Rab5 and Rab7 (Figure 5B). In addition, the co-localization of EV-DNA with LAMP-1 highlights that they are in the process of degradation.





4. Discussion


Using differential UC and polymer-based EV isolation methods, many studies have demonstrated EV-DNA as a potential biomarker for various diseases [5,7,21,50,51] and the functional role of EV-DNA in cell–cell communication [30,47,52]. Although these EV isolation methods provide good EV yield to perform diagnostic studies, we claim that these isolated EVs are not suitable to perform EV-DNA-based functional studies since these methods are known to co-isolate cell-free DNA (cfDNA) and apoptotic bodies [23,24,25,37,53]. Because of these obstacles, one cannot illustrate exactly if the observed physiological function in the recipient cells is due to EV-DNA only, not by any other contaminants [3]. To address this problem, we applied a simple benchtop method to enrich sEVs from non-EV particles using a state-of-the-art combination of tangential flow filtration, size-exclusion chromatography, and ultrafiltration (TSU). Out of five TSU sEVs fractions (F1–F5), fractions (F2 and F3) fulfill the EV criteria recommended by MISEV2018 [3]. Further, TSU F2 and F3 provide sEVs qualified to perform EV-DNA functional studies.



To reveal the distribution of EV-DNA in the recipient cells, we employed the 3D reconstruction of confocal z-stacks using Imaris software. Contrary to 2D imaging data, we found through 3D analysis that almost the same amount of EV-DNA from F2 and F3 entered the cytoplasm and the nucleus of recipient cells (Figure 3E,G). In addition, from this analysis, we revealed something unique: the recipient cell membrane barrier prevents almost 50 percent of F3-EV-DNA from getting inside. There may be other cofactors deciding the entry of different EV-DNA fragments into the recipient cells, which requires further investigation. Collectively, 3D image analysis using Imaris helps EV researchers in the future to avoid reporting false-positive results generated from confocal microscopy images taken in a single plane of focus [54]. Next, we utilized CD63+ EVs and EV-DNA-EdU to study the arrangement of EVs and EV-DNA at a single vesicle level employing super-resolution microscopy. As expected, we revealed that not all EV-DNA was associated with the EV surface marker, CD63, since EV-DNA was mainly localized inside the vesicles (Figure 3I).



Lázaro-Ibáñez et al., 2019 isolated sEVs using UC-based iodixanol density separation; however, it is unclear whether radiocontrast agents such as iodixanol used for separation will be entirely removed from EV preparation [27]. In our case, we observed that the PEG used for the precipitation of sEVs influences the EV uptake and EV-DNA entry into the recipient cells. In addition, they showed that DNA isolated from both low-density and high-density fractions possessed nucleosomal patterns [27]. On the other hand, Vagner et al., 2018 showed that large EVs isolated from prostate cancer cells are enriched in chromosomal DNA, suggesting that most genomic DNA detected in large EVs is nucleosomal, most probably originating in the extracellular space from apoptotic or necrotic cells [55]. Supporting these facts only to a limited extent, we found that isolated small EVs are free from apoptotic bodies; however, the cell-free DNA population with a nucleosomal pattern was observed only in fractions, F4 and F5, which contain fewer small EVs (Figure 4C). Besides, NGS analysis confirmed that mitochondria DNA fragments are enriched more in non-EV fraction F5. Taken together, these observations hint that mostly EV-DNA present in F2 and F3 are genomic DNA fragments packaged inside sEVs, not as a circulating cell-free DNA derived from dead cells or cancer cells.



We know that viral dsDNA activates some pathways during active virus infection, hijacking the host defense machinery to support their survival in the human body [56,57]. It is not explored whether EV-DNA communicates in the same way in our human body to drive cancer progression, metastasis, and cancer relapse. Bakhoum et al., 2018 revealed for the first time that there is an unexpected link between chromosome instability and the release of free DNA in the cytoplasm for the activation of cytosolic DNA sensing pathways and metastasis [29]. Furthermore, only one study has addressed so far that EV-DNA is involved in cell–cell communication between T cells and dendritic cells. In this study, they used UC to isolate EVs that can be contaminated with other non-EV populations. They showed that activation of the cGAS/STING/IRF3 signaling axis in priming the dendritic cells is an exclusive function of EV-DNA released by T-cells [30]. Similarly, we observed that EV-DNA associates with the cytoplasmic sensors cGAS and STING. However, in the future, after obtaining sEVs using TSU, we need to evaluate if EV-DNA association with cGAS-STING plays an essential role in cancer. In addition, whether DNA associated with F2 and F3 is linked with histones needs to be determined. It could be possible that histones associated with EV-DNA and other cofactors collaborated with EV-DNA might be essential for EV-DNA function in the recipient cells, driving towards cancer progression or metastasis.




5. Conclusions


TSU serves as a better choice for EV isolation when EV-DNA functional studies need to be executed since it provides a small EV preparation deficient in cell-free DNA and apoptotic bodies, unlike other commonly used methods. In addition, the TSU-EV-DNA-EdU labeling approach, along with three-dimensional microscope image analysis using Imaris, helps EV researchers to evaluate the EV-DNA role in cell–cell communication in cancer.
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Abbreviations




	EVs
	Extracellular vesicles



	sEVs
	Small extracellular vesicles



	dsDNA
	Double-stranded DNA



	EV-DNA
	Small extracellular vesicles DNA



	cfDNA
	Cell-free DNA



	TSU
	Tangential flow filtration + Size -exclusion chromatography + Ultrafiltration



	PSU
	Polyethylene glycol precipitation + Size-exclusion chromatography + Ultrafiltration



	MSCs
	Mesenchymal stromal cells



	BM
	Bone marrow



	cGAS
	Cyclic GMP-AMP synthase



	STING
	Stimulator of interferon genes



	UC
	Ultracentrifugation



	SEC
	Size-exclusion chromatography



	UF
	Ultrafiltration



	TFF
	Tangential flow filtration



	PEG
	Polyethylene glycol



	IRF3
	Interferon regulatory factor 3



	AML
	Acute myeloid leukemia



	GFP
	Green fluorescent protein



	FBS
	Fetal bovine serum



	CCM
	Cell conditioned media



	NTA
	Nanoparticle tracking analysis



	TEM
	Transmission electron microscopy



	RT
	Room temperature



	MFI
	Mean fluorescence intensity



	FLT3
	Fms-like tyrosine kinase 3



	NPM1
	Nucleophosmin 1



	EdU
	5-ethynyl-2′-deoxyuridine



	WGA
	Wheat germ agglutinin



	NGS
	Next-generation sequencing



	SEM
	Standard error mean



	LAMP1
	Lysosomal-associated membrane protein 1



	Rab5/7
	Ras-related proteins
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Figure 1. Isolation and characterization of TSU and PSU sEVs. (A) Schematic representation of the steps involved in the isolation of sEVs from CCM using TSU and PSU. (B) Mean values of particle count and free protein concentration (n = 3) in HEK293T TSU and PSU sEV fractions determined by NTA (left y-axis, bar plot) and micro-BCA (right y-axis, dot plot). (C) Measurement of EV purity from the ratio of particle count to free protein concentration. Data correspond to the mean ± S.E.M of different HEK293T TSU and PSU sEV fractions purity values from three independent experiments. (D) Imaging of TEM negative staining of HEK293T TSU and PSU sEVs (F2–F4) (6000× magnification). Red arrows indicate sEVs and aberrant bubbles found in PSU sEVs are shown by blue arrows. Scale bars: 200 nm. (E) Evaluation of average size diameter of HEK293T sEVs present in TSU and PSU sEV fractions (F2–F4) utilizing TEM negative staining images(n = 3) using ImageJ. (F) Western blot analysis of TSU and PSU sEVs with various EV canonical markers and calnexin. Whole-cell extract (positive control), HeLa, and HEK293T sEV fractions (F1–F5) including FBS18 sEV fractions (negative control) were used. Each black outer line box indicates the samples that were run together. Semi-quantitation of (G) EV tetraspanin markers (CD9 and CD63) and (H) other non-small EVs contaminants such as apolipoprotein-B [Apo-B] and PS+ apoptotic bodies in TSU and PSU sEV fractions using bead-based flow cytometry. Error bars represent the mean ± S.E.M from three independent experiments. 
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Figure 2. Utilization of sEVs for diagnostic and functional studies. (A) Immunoblot analysis of TSU and PSU sEV fractions (F2–F4) obtained from OCI−AML3 and MV4−11 with CD81, TSG101, and calnexin. (B) Comparison of EV-DNA concentration of OCI−AML3 and MV4−11 TSU and PSU sEV fractions (F2–F4). (C) GeneScan-based fragment-length analyses for detecting FLT3−ITD and NPM1 mutations both in genomic DNA and in their corresponding TSU and PSU sEVs. (D) Schematic diagram showing how sEVs obtained from HEK-CD63-GFP stable cell line can be helpful for EV functional studies. (E) Immunofluorescence staining of HeLa cells cultured with HEK293T-CD63-GFP TSU and PSU sEVs. Representative confocal images showing cell nuclei stained by DAPI (blue) and GFP fluorescence (green) indicating CD63+ sEVs (shown by red arrows). Scale bar: 10 µm. (F) Quantitative analysis of GFP fluorescence derived from CD63+ TSU and PSU sEVs (n = 3). (G) Zeta potential of HEK-CD63-GFP TSU and PSU sEVs (n = 3) measured using NTA. Data are shown as the mean ± S.E.M. **** p < 0.0001. 
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Figure 3. EV-DNA uptake in the recipient cells. (A) Figure explaining the incorporation of EdU into cellular DNA, thereby labeling EV-DNA with EdU for functional studies. (B) Immunofluorescence staining of HeLa cells transferred with HEK293T-CD63-GFP sEVs (F1–F5) containing EV-DNA-EdU. Representative confocal images illustrating cell nuclei (blue) stained by DAPI, GFP (green) derived from transferred CD63+ EVs, and localized foreign EV-DNA inside HeLa cells (red) detected using click-it azide-Alexa647. Yellow arrows show the co-localization of CD63+ EVs (GFP) and transferred EV-DNA (red). (C) Quenching of GFP fluorescence due to copper ions derived from click-it EdU staining kit. (D) HeLa cells after EdU treatment—positive staining control. Scale bar: 10 µm. (E) Quantification of EdU signal to determine EV-DNA transfer efficiency (n = 3). (F) Three-dimensional image analysis for the accurate quantification of EV-DNA. Representative images obtained from IMARIS showing HeLa cells educated with HEK293T TSU sEVs. Scale bar: 20 µm. (G) Measurement of foreign EV-DNA found outside recipient cells and at the cell membrane, cytoplasm, and nucleus. (H) Imaging of OP9 cells incubated with MV4−11 sEVs containing EV-DNA-EdU. Representative confocal images showing nuclei staining by DAPI (blue), cell membrane staining by WGA (green), and EV-DNA-EdU staining by click-it kit (red). (I) Super-resolution microscopy imaging of HEK293T-CD63-GFP TSU sEVs (F2 and F3) containing EdU. CD63+ EVs-GFP is shown in green, and EV-DNA-Alexa647 is shown in red. Scale bar: 2 µm and Scale bar insets: 0.5 µm. Data are shown as the mean ± S.E.M. * p < 0.0332 and **** p < 0.0001. 
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Figure 4. Detailed characterization of EV-DNA. (A) Comparison of HEK293T TSU and PSU EV-DNA concentration. (B) Scheme displaying the steps involved in the analysis of extravesicular and intravesicular EV-DNA using single and double dsDNAse digestion. (C) EV-DNA derived from HEK293T TSU sEVs (F1–F5) pre-treated with and without dsDNAse to demonstrate extravesicular EV-DNA fragments. (D) Further treatment of dsDNAse to reveal vesicle protected dsDNA. (E) Next-generation sequencing (NGS) analysis of HEK293T-EV-DNA. Percentage of nuclear or genomic DNA and the ratio of host mitochondrial to nuclear DNA fold increase were determined. 
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Figure 5. Association of EV-DNA with various cytoplasmic proteins. Staining of HeLa cells with and without HEK293T TSU sEVs (F2 and F3) containing EV-DNA-EdU for (A) cGAS and STING (B) Rab5, Rab7, and LAMP1. Representative confocal images showing cell nuclei (DAPI- blue), endosomal proteins, and dsDNA sensors (green). Blue arrows show co-localization (yellow) of EV-DNA with various cytoplasmic proteins. Scale bars: 10 µm. 
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