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Background: Recent technological advancements have enabled live-cell imaging of intracellular organelles to monitor their biogenesis in mammalian cells. However, applying this method to gain insight into extracellular organelles, such as extracellular vesicles (EVs), presents unique challenges that require special considerations in design and engineering.
Results: We have developed a dual-reporter system that combines genetic fusion, fluorescence microcopy and magnetic beads capture of EVs to study the biogenesis of EVs in mammalian cell cultures. First, we genetically produced a series of reporters by fusing a green fluorescent protein (GFP) and an affinity peptide (6xHis), with either the endogenous transmembrane protein, CD63, or EVs targeting vesicular stomatitis viral glycoprotein (VSVG). Transfection of these reporters into human 293T cells resulted in expression and integration of these reporters into pre-exosome compartments, which were subsequently released into the culture medium. Confocal imaging and nano-particle tracking analysis demonstrated that EVs were appropriately labeled and exhibited a single dominant peak in the 80–110 nm size range, indicating that isolated EVs were comprised of micro-vesicles and/or exosome subpopulations. Incubation of isolated EVs with nickel-coated magnetic beads resulted in successful capture of GFP-positive EVs. Finally, addition of EVs into culture medium was able to reveal the cellular uptake of GFP-labeled EVs by recipient cells. Taken together, our dual-reporter system provides a powerful method for both monitoring and capturing of EVs in mammalian cell culture systems.
Conclusion: A dual-reporter system provides a robust tool to study the life cycle of EVs in mammalian cells from biogenesis and excretion to cellular uptake.
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INTRODUCTION
Genetic fusion of organelle-targeting scaffolds with fluorescent proteins provides an important tool for studying the biogenesis and regulation of intracellular structures such as mitochondria (Gilkerson et al., 2000), the ER-Golgi apparatus (Lippincott-Schwartz et al., 2001), and autophagosomes (Kimura et al., 2007). When introduced into living mammalian cells, these molecular reporters can display individual organelles and allow live-cell trafficking of organelles in real-time, thereby gaining valuable insights into the mechanism of their biogenesis and regulation in potential physiological and pathological conditions (Tsien, 1998). However, existing design platforms are skewed toward the study of intracellular organelles, which may be insufficient for the display of extracellular organelles such as EVs. For example, after releasing into culture medium, the secreted EVs are quickly diluted and become undetectable with imaging microscopes. Therefore, an additional affinity tag that enables capturing of secreted EVs is critical for continued studying the full life cycles of EVs, including molecular characterizations and subsequent uptakes by recipient cells.
EVs are lipid-bilayer-enclosed nanovesicles that are secreted by almost all types of mammalian cells (EL Andaloussi et al., 2013; Colombo et al., 2014). A number of reports suggest that EVs carry a wide variety of bioactive cargos, including proteins, nucleic acids, and lipids (Valadi et al., 2007; Simpson et al., 2008; Mittelbrunn and Sánchez-Madrid, 2012; Sung et al., 2015). These EV-associated biomolecules play a critical role in regulating diverse natural processes within human body as well as pathological pathways such as viral infection (Meckes and Raab-Traub, 2011; Ramakrishnaiah et al., 2013), immune response (Gutiérrez-Vázquez et al., 2013), neurodegeneration (Kalani et al., 2014; Pulliam et al., 2019), cancer progression and metastasis (Peinado et al., 2012; Melo et al., 2015). As the study of EVs remains an evolving field, EVs hold great promise for disease diagnosis as well as drug delivery and therapy (Barile and Vassalli, 2017; Kamerkar et al., 2017; Riazifar et al., 2017; Do et al., 2019; Duong et al., 2019). However, a lack of robust research tools has hampered the ability to study EV biogenesis and to find therapeutic solutions (Shahabipour et al., 2016; Sterzenbach et al., 2017). Despite a few molecular methods for EVs imaging and tracking, improvements to enhance the specificity, stability and effectiveness of EVs labeling are still imminent (Petros and DeSimone, 2010; Marcus and Leonard, 2013; Hung and Leonard, 2015; Ingato et al., 2016).
Here, we report the development of a dual-reporter system, which enables both live-cell imaging and specific capture of EVs from mammalian cell cultures. By fusing EVs-associated transmembrane proteins, CD63 or VSVG with both a GFP and an affinity peptide (6xHis tag), we are able to topologically display 6xHis on the outer membrane while enclosing GFP within the EVs lumen. The remarkable feature of this systems uses transmembrane protein as the stable anchoring scaffold, while displaying 6xHis tag at the outer surface for affinity purification and protecting GFP inside from potential degradation. By transfection study, we showed that both reporters could integrate into the EVs membrane and the modified EVs could ultimately be released into the cell culture medium. Isolation and characterization of modified EVs further demonstrated that they were properly modified and could be captured via Nickel-coated magnetic beads. Finally, these modified EVs enabled live-cell imaging to show the uptake process of EVs by various recipient cells.
MATERIALS AND METHODS
Materials
Dulbecco’s Minimal Essential Medium (DMEM), fetal bovine serum (FBS), GlutaMax, and penicillin/streptomycin were obtained from Life Technologies (Grand Island, NY). FuGENE6 transfection reagent was from Promega Corp (Madison, WI). Human embryonic kidney cells (293T) were from Alstem (Richmond, CA). Human glioblastoma cells (U87), and human liver cancer cells (HepG2) were from ATCC (Manassas, VA). ExoQuick-TC and XPACK-RFP were from System Biosciences (SBI, Palo Alto, CA). His-tag isolation and pulldown Dynabeads were purchased from Invitrogen (Carlsbad, CA).
Vector Construction
Expression vectors for GFP tagged full-length CD63 and VSVG were constructed as previously reported (Stickney et al., 2016; Meyer et al., 2017). For the addition of a 6xHis tag, DNA sequences encoding the 6xHis-tag were chemically synthesized and subsequently cloned into CD63-GFP by replacing the amino-acid (aa) coding sequences of CD63-GFP (aa 2–62 at its N-terminus) (Stickney et al., 2016) or inserting it immediately after the signal peptide sequences of VSVG-GFP (Meyer et al., 2017). The fidelity of the final constructs was confirmed by double-stranded DNA sequencing. Protein sequences of the dual-tagged chimeric proteins were provided in Supplementary file S1 (Supplementary sequences).
Cell Culture and Transfection
Human 293T, U87, and HepG2 cells were maintained in high-glucose DMEM supplemented with 10% fetal bovine serum, 2 mM GlutaMax and 100 U/ml penicillin-streptomycin. All transfections were performed in six-well culture plates unless otherwise stated. Typically, cells were grown to ∼40–50% confluency before transfection by addition of plasmid DNA (1–2 µg/well) mixed with either Lipofectamine 2000 or FuGene6 transfection reagents as previously reported. 48 h post-transfection, cells were replaced with fresh culture medium and cultured for an additional 72 h.
EVs Isolation
Isolation of EVs from the conditioned medium was performed as previously reported (Do et al., 2019). Briefly, following transfection with plasmid DNA for 24 h, 293T cells were switched to serum-free UltraCulture medium. After an additional 48 h in culture, the conditioned medium was collected, centrifuged, and filtered through a 0.22 um filter to remove cell debris and large vesicles. The filtered medium containing primarily exosomes and microvesicles was mixed with the exosome-precipitation solution, ExoQuick-TC and incubated at 4°C overnight. The exosome-ExoQuick solution was pelleted by another round of centrifugation at 3,000 rpm for 90 min. The resulting pellet was resuspended in a phosphate buffer solution for further analysis or stored at −80°C for future use.
Nanoparticle Tracking Analysis
Nanoparticle Tracking Analysis (NTA) employs light scattering technology and Brownian motion of nanoparticles for sizing determination in an aqueous condition. Typically, 1 ml of a diluted EV preparation was subjected to laser light scattering study. Three recordings of 60 s per sample was obtained using a NanoSight LM10 instrument with a 405 nm and 60 mV laser source. Size distribution of EVs was analyzed and graphed by the NTA software.
Affinity Capturing of EVs
EVs preparations were mixed with Nickel-coated magnetic Dynabeads at a ratio of 40 μg of EVs protein per 100 μl of beads. The mixture was incubated overnight at 4°C on a rotating shaker. Beads were then washed three times with 500 μl of PBS−0.001% Tween. Bead-bound EVs samples were resuspended in 50 μl of PBS before 1–2 μl was applied to glass slides for confocal imaging at 63× magnification.
EVs Uptake
EVs uptake assays were performed as previously reported (Do et al., 2019). Briefly, recipient cells were seeded and incubated in FBS-supplemented medium overnight before switching to FBS-free UltraCulture medium. Modified EVs isolated from transfected 293T conditioned medium were added to recipient cultured cells to allow for uptake. At indicated time-points, both fluorescent and phase-contrast images were recorded to demonstrate intracellular distribution of internalized fluorescent EVs.
Fluorescence and Confocal Microscopy
Images of live cells or fluorescently labeled EVs were recorded using either an Olympus fluorescence microscope or Leica TCS SP8 confocal microscope. To demonstrate intracellular localization of fusion proteins, both fluorescent and transmitted light images from the same field were recorded. Image adjustments such as brightness and contrast were applied to the entire image frame using instrument software.
RESULTS AND DISCUSSIONS
Design and Construction of Dual-Reporters for Both Monitoring and Capture of EVs in Mammalian Cell Cultures
We have previously established robust methods to display functional peptides on the surface of EVs using either VSVG or CD63 as the EV-targeting scaffold (Stickney et al., 2016; Meyer et al., 2017). In the present study, we used them to present two reporters (GFP and 6xHis) for better studying the biogenesis of EVs. To achieve this goal, we elected to present the 6xHis (for affinity capturing) at the outer surface while the GFP (for molecular imaging) at the inner surface (Figure 1A). To ensure correct membrane topology, we elected to insert the 6xHis peptide immediately after the signal peptide (SP) of VSVG. For CD63, we chose to delete the N-terminal transmembrane domain of the full-length CD63 and place the 6xHis at the N-terminus, resulting in 6xHis-tCD63. This truncated CD63 retains its ability in EV-targeting, but allows the 6-His situated at the outer surface (Curley et al., 2020). To add GFP reporter, we fused GFP or GFP-Puro at the C-terminus so the imaging GFP will reside in the luminal side of EVs. Finally, we cloned these fusion genes between a CMV mammalian promoter and Poly-A so they can be readily expressed in mammalian cells (Figure 1B). For design details, we provided the amino-acid sequences of these dual-reporters (Supplementary Sequences). Compared to single reporters, our new dual-reporters have several important improvements: 1) addition of 6xHis will facilitate the capturing and isolation of secreted EVs, an important tool study and tracking EVs when they are secreted into extracellular environment (Peterson et al., 2015). When combined with other existing technologies, it may enable high throughput and on-chip analysis; 2) The use of either CD63 or VSVG as the EV-targeting scaffold will provide the flexibility to display two peptide reporters separately at two terminal ends, sterically favoring the bind of 6xHis to Nickel-beads and protecting GFP from potential degradation. 3) Our transmembrane scaffold (VSVG or CD63) are more stable than those of existing lipid anchors, which attach to surface of EVs via a non-specific fatty acid insertion (Shi et al., 2004; Shen et al., 2011); 4) The choice of CD63 and VSVG will broaden potential applications. While the endogenous EV mark CD63 is more appropriate for physiological studies and drug delivery (Curley et al., 2020), the viral VSVG will be suited for virus-host interaction and advanced EV-engineering (Meyer et al., 2017).
[image: Figure 1]FIGURE 1 | Design and construction of dual-tagged fusion protein for EVs imaging and capturing in human cells. (A) Engineering strategy. EVs-membrane anchoring proteins CD63 and VSVG are genetically fused with 6xHis tag and GFP. The affinity 6xHis tag is placed at the N-terminus, on the outer surface of EVs, while the GFP and/or Puromycin reporter is placed at the C-terminus, inside the lumen of EVs. (B) Design of the EV-targeted fusion reporters. The coding sequences of the dual-tagged fusion proteins are under the control of a cytomegalovirus (CMV) promoter and terminated by a poly-adenylation signal sequence. When introduced into mammalian cells, these genetic expression constructs will produce fusion proteins that target and integrate into EVs, therefore enabling live cell imaging and capture of EVs from those cells. Color codes: blue (6xHis); black (VSVG/CD63); green (GFP).
Monitoring EVs Biogenesis in Living Human Cells
To examine whether the dual-reporters could be successfully expressed and subsequently integrated into EVs, we transfected 293T cells with the encoded constructs and performed fluorescence imaging for five consecutive days. We found that while GFP appeared as early as 6 h post-transfection (data not shown), they became stronger on Day 1 and persisted up to 5 days for both 6xHis-VSVG-GFP and 6xHis-tCD63-GFP-Puro (Figures 2A,B). These fluorescence signals were mainly located in the cytosol of transfected cells and exhibited discrete green punctates on Day 2 post-transfection (arrows in Figures 2A,B). These results were consistent with endocytic distributions as we previously reported (Meyer et al., 2017; Curley et al., 2020).
[image: Figure 2]FIGURE 2 | Time-course study of stable labelling and imaging of EVs in living human 293T cells. 293T cells were transiently transfected with either 6xHis-VSVG-GFP. (A) or 6xHis-tCD63-GFP-Puro. (B), and imaged after 24 h, and every subsequent day for five consecutive days. The fluorescence signals from these chimeric proteins were recorded to demonstrate expression levels and subcellular distribution. Upper panels are fluorescent images, while the lower panels are overlaid images of green fluorescent images and phase contrast images. Arrows indicate endosome/exosome/MVB structures. Dotted circles indicate cell nuclei (Nu). Scale bar, 10 µm.
To verify above results, we performed similar experiments in other cell lines including human glioblastoma U87 and mouse L929 cells (Supplementary Figure S1), As expected, both 6xHis-VSVG-GFP (Top panels) and 6xHis-tCD63-GFP-Puro (bottom panels), exhibited a similar patterns of green fluorescence punctates within the cytosol similar to those of transfected 293T cells (arrows in Supplementary Figures S1A, B). These results indicated that our genetic method is robust and can be used in various types of mammalian cells.
To further confirm whether these dual-reporters were truly integrated into pre-EV comportments, we conducted co-transfection experiments in 293T cells with either full-length CD63 (a hallmark of exosome) or a commercial exosomal marker, XPACK (Peterson et al., 2015). As expected, while transfection of cells with either 6xHis-VSVG-GFP (Figure 3,A1) or CD63-RFP (Figure 3,A2) alone showed green or red fluorescence signals respectively, co-transfection of both showed some co-localization of punctate patterns in overlaid images (Figure 3,A3). Similar results were obtained from co-transfection study with 6xHis-tCD63-GFP-Puro and CD63-RFP (Figure 3A,5–8). In addition, the expression of 6xHis-VSVG-GFP/6xHis-tCD63-GFP-Puro chimeras was also co-localized with XPACK, a known exosomal marker (Figure 3B). The integration of these dual-reporters into pre-exosomes was a universal phenomenon, since co-transfections using additional cell lines, such as human U87 (Supplementary Figure S2, A1–A8) and mouse L929 cells (Supplementary Figure S2, B1–B8), results in similar co-localizations. Please note that the green or red fluorescence may represent individual particles or their aggregates (interconnected nature of endocytic vesicles), which may not correlate to their true size due to the spatial resolution limit of the fluorescence or confocal microscope (∼225 nm). Although the overlap of GFP and RFP signals are evident in localization experiments, the more accurate quantification may require both advanced imaging system and software support. Together, these results indicate that both the deletion of N-terminal sequences of CD63/VSVG and the addition of a 6xHis tag do not alter the pre-exosomal targeting of our genetic labeling constructs. We conclude that these dual-reporters can be successfully integrated into the pre-exosomal compartments and can be used to monitor exosomal biogenesis pathways in various mammalian cells.
[image: Figure 3]FIGURE 3 | Fusion proteins are targeted and integrated into exosome compartments. 293T cells were transiently transfected with either 6xHis-VSVG-GFP or 6xHis-tCD63-GFP in combination of established exosome marker: the full-length CD63-RFP or XPACK-RFP. Fluorescent and phase contrast images of the same field were recorded on Day 2 post-transfection. Co-localization of either 6xHis-VSVG-GFP (top panel) or 6xHis-tCD63-GFP (lower panel) with full-length CD63-RFP, exhibiting punctates in cytosols. (A). Similar co-localization patterns of either 6xHis-VSVG-GFP (top panels B) or 6xHis-tCD63-GFP (lower panels of B) with another exosome marker, XPACK-RFP. (B). Arrows indicated endosome/exosome/MVB structures; Dashed circle indicates nucleus (Nu). Scale bar, 10 µm.
Preparation, Characterization and Capture of Stably Labeled EVs With Magnetic Beads
To determine whether our labelled EVs could mature and ultimately release into the extracellular space, we isolated EVs from the conditioned medium of transfected 293T cells. To focus our study on small EVs (exosomes and microvesicles), we used a combination of ultrafiltration, chemical precipitation and centrifugation procedures as previously reported (Duong et al., 2019). To ensure the purity of EVs, we used serum-free UltraCULTURE medium to exclude the potential contamination of EVs from bovine serum. We then performed a number of characterization studies on isolated EVs collected from both transfected cells and non-transfected controls. First, we verified the particle size and size distribution of the engineered EVs via NTA, and found that both 6xHis-VSVG-GFP and 6xHis-tCD63-GFP (Figures 4B,C) exhibited single dominant peak in the range of 80–110 nm without significant differences from the non-modified native controls (Figure 4A). One shall be careful not over interpret the small size differences between the modified and unmodified EVs, which are in the range of 10–15 nm. These differences in mode size may not be biological significant due to technical accuracy of NTA device (Bachurski et al., 2019). Further, we observed typical Brownian motion for both engineered EVs similar to that of non-modified control EVs (Supplementary videos S1–S3), suggesting that different modifications do not affect their physical properties (Figures 4D,E). However, we did not carry out any quantitative analysis on Brownian motion of isolated EVs. Lastly, we confirmed that both chimeric proteins can be successfully integrated into EVs by recording our confocal fluorescence images of isolated EVs preparations (Figures 4F,G). Using chemical defined medium for EVs production, and a combination of centrifugation and ExoQuick precipitation to isolate the EVs, we minimized potential contaminations of both protein aggregates and lipoproteins. The fact that NTA showed a single peak of 80–120 nm in size, and the exhibition of several markers of EVs is assurance (Do et al., 2019; Duong et al., 2019).
[image: Figure 4]FIGURE 4 | Isolation and characterization of engineered EVs. 72 h post-transfection of 293T cells with either 6xHis-VSVG-GFP or 6xHis-tCD63-GFP-Puro, or non-transfected controls, EVs were isolated and subjected to nanoparticle tracking analysis (NTA) (A–C), laser light reflecting and Brownian motion analysis (D, E), and fluorescent images (F, G). Affinity pull-down of His-tagged EVs using Nickel-coated magnetic beads were conducted and the confocal images of green fluorescence, transmitted light (TL) and overlay, to show specific capture of 6xHis-VSVG-GFP (H) and 6xHis-tCD63-GFP (I) labelled EVs, but not of non-transfected control EVs (J). Transmitted light (TL). Scale bar, 10 µm.
An important feature of our engineered EVs is the addition of 6xHis tag to the outer surface of vesicles, thereby allowing affinity capturing with Nickel-beads. To confirm that our isolated GFP-positive EVs could be captured in vitro, we co-incubated Nickel-coated magnetic Dyna beads with either 6xHis-VSVG-GFP or 6xHis-tCD63-GFP stably labeled EVs. We found that both modified EVs groups resulted in GFP positivity around the beads under confocal microscopy (Figures 4H,I), presumably due to 6x-His/Nickel binding interactions. In contrast, we could not detect any signals in control groups at the bead surface (Figure 4J), suggesting specific capture of 6xHis-functionalized exosomes not due to background noises. The addition of 6xHis tag to the outer surface of EVs will provide new capabilities for these molecular tools. For example, 6xHis allows specific capturing using nickel-chelation, a widely available technology. This feature, if combined with either flowcytometry (Peterson et al., 2015) or on-chip analysis (Daaboul et al., 2016; Gori et al., 2020), will enable high throughput analysis of engineered EVs, speeding up the clinical translations of EV-based drug delivery and therapy. Whether a dynamic microfluidic system coupled with Ni2+-beads based on the 6xHis tag would eventually obviate ultracentrifugation, ExoQuick and other purifications steps remain to be studied.
Monitor the Uptake of EVs by Mammalian Cells
Another critical application of stably labelled EVs is to monitor their uptake pathway in recipient cells. We next determined whether the uptake of GFP-labelled EVs can be successfully monitored by fluorescent microscopy. First, we conducted a time-course study of co-incubation of 6xHis-VSVG-GFP labeled EVs with two human cell lines (293 T and HepG2). Following the addition of modified EVs to the culture medium, we monitored EVs uptake in those cells up to 72 h by recording fluorescence images using conventional microscope at the indicated time-points (24, 48, and 72 h post-incubation). We found that both cell types exhibited strong discrete GFP punctates in their cytosol as early as 6 h post-EV addition (data not shown), with GFP-positivity steadily becoming evident after 24 h and persisting for at least 72 h (Figure 5A). Similarly, we determined whether 6xHis-tCD63-GFP-Puro labeling can also be used to monitor the uptake of EVs in the same way. We conducted parallel experiments using 6xHis-tCD63-GFP-Puro labeled EVs in 293T and HepG2 cells. In these experiments, we used high definition confocal fluorescence microscope for image recording. As shown in Figure 5B, both 293T and HepG2 cells successfully received GFP-labelled EVs by 24 h post-addition and persisted for at least 72 h, indicating discrete GFP punctates (arrows) in their cytosol, similar to those of 6xHis-VSVG-GFP labelled EVs. Together, these results demonstrated that our stably labelled EVs can be readily uptaken by multiple cell types, a process that can be utilized for real-time monitoring and recording of EVs uptake by either conventional or advanced confocal fluorescence microscopy techniques. The use of stochastic modeling approaches has helped to gain mechanistic insights into organelle biogenesis (Mukherji and O’Shea, 2014; Guzman et al., 2017). Recently, Choubey S et al. propose that a new approach to gain valuable knowledge of organelle biogenesis via computing cell-to-cell variability in organelle abundance at single-cell levels (Choubey et al., 2019). Because our dual-reporters provide additional ability of EV capturing and counting, it is intriguing to see if this new tool can be successfully applied to EV studies.
[image: Figure 5]FIGURE 5 | Time-course study of EVs uptake by various mammalian cells. Cellular uptake of dual-tagged EVs in various cultured mammalian cell types. Cultured cells were treated with either 6xHis-VSVG-GFP EVs (A) or 6xHis-tCD63-GFP-Puro EVs (B) for up to 72 h Images were recorded at indicated time points (24, 48, and 72 h) post-transfection with both fluorescent/confocal and phase contrast/transmitted light (TL) for 293T (right panels) or HepG2 (left panels). Arrows indicate endosome/exosome/MVB structures. Dashed circle indicates nucleus (Nu). Scale bar, 10 µm. TL, transmitted light. Blue, DAPI staining.
CONCLUSION
We have developed a robust method for stable labelling of EVs by fusing imaging proteins and purification tags to EV-targeting scaffolds. This genetic method enables live cell imaging and affinity-capture of exosomes for the investigation of their biogenesis and uptake in mammalian cells. These molecular tools provide a simple and robust means to study EV biology and to promote advanced EV-engineering.
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