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Real-time imaging of multivesicular body-plasma membrane fusion to quantify exosome release from single cells

Introduction Development of the protocol

Late-endosomes, also referred to as multivesicular bodies (MVBs), contain small intraluminal vesicles (ILVs) enriched in subsets of lipids, proteins and nucleic acids. While the majority of MVBs are destined to fuse with lysosomes to degrade their contents [START_REF] Huotari | Endosome maturation[END_REF] , some MVBs fuse with plasma membrane (PM) instead, releasing their ILVs into the extracellular space [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF] . Once released, these ILVs -now called exosomes -can partake in various physiological and pathophysiological processes, including development, angiogenesis, immune regulation, trophic support, cancer progression, and development of metabolic, cardiovascular and neurodegenerative diseases [START_REF] Bebelman | Biogenesis and function of extracellular vesicles in cancer[END_REF][START_REF] Costa-Silva | Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver[END_REF][START_REF] Peinado | Melanoma exosomes educate bone marrow progenitor cells toward a prometastatic phenotype through MET[END_REF][START_REF] Bobrie | Exosome secretion: molecular mechanisms and roles in immune responses[END_REF][START_REF] Bian | Extracellular vesicles derived from human bone marrow mesenchymal stem cells promote angiogenesis in a rat myocardial infarction model[END_REF] .

While the functions of exosomes post-secretion are intensely studied [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF][START_REF] Tkach | Communication by Extracellular Vesicles: Where We Are and Where We Need to Go[END_REF] , our knowledge of factors modulating the release of exosomes remains sparse, precluding more definitive tests on their physiological relevance in in vivo systems. This knowledge-gap is mainly due to the lack of methods that can monitor direct, real-time effects of potential modulators on MVB biogenesis and MVB-PM fusion. Instead, indirect, post-secretion-based types of examination are typically used, which depend on isolation by differential ultra-centrifugation and/or size-exclusion chromatography (SEC) prior to downstream analysis. A wide variety of extracellular vesicle (EV) analysis methods have been described, that are generally deployed to profile (sub-)populations of exosomes or characterize exosomal content [START_REF] Kowal | Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes[END_REF][START_REF] Van Der Vlist | Fluorescent labeling of nano-sized vesicles released by cells and subsequent quantitative and qualitative analysis by high-resolution flow cytometry[END_REF][START_REF] Zhang | Asymmetric-flow field-flow fractionation technology for exomere and small extracellular vesicle separation and characterization[END_REF][START_REF] Gardiner | Techniques used for the isolation and characterization of extracellular vesicles: results of a worldwide survey[END_REF] . However, these techniques are not well suited to study factors influencing the dynamics of secretion, as the extended time periods needed to acquire sufficient material allow for secondary effects of treatments and/or negative-feedback loops to occur. Furthermore, these techniques fail to distinguish MVB-derived exosomes from small PM-derived microvesicles that are indistinguishable from exosomes due to overlapping biogenesis mechanisms and biophysical properties 13 .

In order to visualize exosome release events, our group and Sung et al [START_REF] Sung | Directional cell movement through tissues is controlled by exosome secretion[END_REF] independently developed constructs in which the exosome-associated tetraspanin (TSPAN) CD63 was fused to a pH-sensitive green fluorescent protein pHluorin [START_REF] Miesenbock | Visualizing secretion and synaptic transmission with pH-sensitive green fluorescent proteins[END_REF][START_REF] Sankaranarayanan | The use of pHluorins for optical measurements of presynaptic activity[END_REF] . Using immuno-EM, we demonstrated that our CD63-pHluorin fusion-protein, like endogenous CD63, is highly enriched in ILVs. Because the pHluorin-moiety faces the MVB lumen, CD63-pHluorin fluorescence is quenched as a consequence of the low pH in the MVB [START_REF] Verweij | Quantifying exosome secretion from single cells reveals a modulatory role for GPCR signaling[END_REF] . Upon MVB-PM fusion, the pH in the MVB lumen is immediately neutralized, resulting in a sudden increase in fluorescence of CD63-pHluorin that can be detected using live cell imaging. Sung et al. used their CD63-pHluorin to visualize exosome secretion at 0.03-0.17 Hz in migrating cells, showing fluorescence at sites preceding adhesion formation [START_REF] Sung | Directional cell movement through tissues is controlled by exosome secretion[END_REF] . We placed the pHluorin moiety in CD63's first extracellular loop, 7 amino acids upstream relative to the construct by Sung et al [START_REF] Sung | Directional cell movement through tissues is controlled by exosome secretion[END_REF] . The combination of this construct with high-speed imaging (≥2 Hz) enabled us to directly visualize MVB-PM fusion down to the single-cell and subcellular level at high temporal resolution (Fig. 1; Supplementary Video 1) [START_REF] Verweij | Quantifying exosome secretion from single cells reveals a modulatory role for GPCR signaling[END_REF] . Importantly, the CD63-pHluorin reporter provides the opportunity to distinguish the secretion of MVB-derived exosomes from PM-derived EV release. In our original publication [START_REF] Verweij | Quantifying exosome secretion from single cells reveals a modulatory role for GPCR signaling[END_REF] we demonstrated the utility of high-speed CD63-pHluorin imaging in unraveling exogenous physiological stimuli, intracellular signaling pathways, and fusion machinery involved in exosome release. Meanwhile, the high-speed CD63-pHluorin live imaging approach has been applied by Lu et al. to validate candidates from a genome-wide CRISPR/Cas9-screen for new players in MVB exocytosis [START_REF] Lu | Genome-wide interrogation of extracellular vesicle biology using barcoded miRNAs[END_REF] .

Here we describe a detailed protocol for the quantification of exosome release by high-speed single cell live Total Internal Reflection Fluorescence (TIRF)-microscopy using the CD63-pHluorin reporter.

Although optimized for HeLa cells, we have successfully used this protocol in a variety of adherent cell lines, primary human cells and stem cells (see Materials -'Biological Materials'). We anticipate that this approach will enable researchers to decipher a wide range of aspects of exosome secretion at high spatiotemporal resolution.

Applications of the method

CD63-pHluorin can be used to measure the frequency and sub-cellular localization of MVB-PM fusion events for a defined sub-population of (CD63-positive) MVBs. The expression and imaging of CD63-pHluorin allows for a high-resolution quantitative read-out for the real-time analysis of: exogenous stimuli, intracellular signaling pathways, and fusion/SNARE complexes implicated in CD63+ exosome release, as well as their immediate post-fusion fate as described in our initial publication [START_REF] Verweij | Quantifying exosome secretion from single cells reveals a modulatory role for GPCR signaling[END_REF] . The CD63-pHluorin-based live imaging approach can be combined with small molecule screening and siRNAmediated knockdown, thus enabling small targeted screens to identify modulators of MVB exocytosis. Furthermore, in our original publication we used a computer-controlled multi-valve superfusion system to assess the effect of various small molecules (including histamine) on the MVB-PM fusion frequency in HeLa cells during image acquisition [START_REF] Verweij | Quantifying exosome secretion from single cells reveals a modulatory role for GPCR signaling[END_REF] . In the absence of a superfusion system, ligands can also be added directly to the cell culture medium. However, without perfusion, this type of stimulation can only be used once per well or coverslip and care must be taken not to disturb the cell when adding the ligand to the culture medium.

Exosomes are highly heterogeneous, and not all of them carry CD63 9 . To address this heterogeneity, we developed pH-sensitive fluorescent reporters based on additional EV-associated TSPANs CD81 and CD9 that were tagged with a green (pHluorin) or red (pHuji) pH-sensitive fluorescent protein. These reporters can be used individually, or in combination using dual-color imaging (Fig. 2a,b; Supplementary Video 2). In combination with the pH-sensitive TSPAN-reporters, pH-insensitive fluorescent proteins can be used to tag TSPANs or other exosomal cargoes of interest (Fig. 2a,b; Supplementary Video 3). Of note, positioning of the pHluorin tag at the cytoplasmic side of proteins is also possible, as we previously showed for a C-terminally tagged version of CD63-pHluorin (Fig. 2a,b; Supplementary Video 4; Ref [START_REF] Verweij | Quantifying exosome secretion from single cells reveals a modulatory role for GPCR signaling[END_REF] ). Since the exosomal membrane is permeable for protons [START_REF] Gutknecht | Proton/hydroxide conductance and permeability through phospholipid bilayer membranes[END_REF][START_REF] Paula | Permeation of protons, potassium ions, and small polar molecules through phospholipid bilayers as a function of membrane thickness[END_REF][START_REF] Raven | The intrinsic permeability of biological membranes to H+: Significance for the efficiency of low rates of energy transformation[END_REF] , pHluorin molecules facing the exosome/ILV lumen will be quenched in the MVB, but become fluorescent upon MVB-PM fusion. The possibility to place the pHluorin at the cytoplasmic side provides flexibility in the design of the tagged protein of interest with respect to domains that regulate the intracellular trafficking or its interaction with crucial partners. Care should be taken, however, as the pHluorin molecules that are located at the cytoplasmic side of the limiting membrane (LM) will be fluorescent even before MVB-PM fusion. This may increase background, especially for proteins that have a (relatively) high LM-to-ILV localization ratio, such as LAMP-1. The LM-to-ILV ratio of a protein can be determined by immuno-electron microscopy [START_REF] Verweij | LMP1 association with CD63 in endosomes and secretion via exosomes limits constitutive NF-kappaB activation[END_REF] .

The CD63-pHluorin method is compatible with stable (lentiviral-transduced) cell lines [START_REF] Lu | Genome-wide interrogation of extracellular vesicle biology using barcoded miRNAs[END_REF] . This provides the user with stable expression levels and will improve reproducibility, which is beneficial in targeted screens. In our hands, MVB-PM fusion events could be detected 6 weeks after the generation of a stable CD63-pHluorin expressing HeLa cell line (Supplementary Video 5). However, some applications, such as visualization of exosome deposition by migrating cells, might require higher CD63-pHluorin expression levels. To this end, Sung et al. recently developed a CD63-pHluorinM153R mutant that offers increased stability and higher expression levels of the fusion protein, which could be used when the brightness of regular CD63-pHluorin is not sufficient [START_REF] Sung | pHluo_M153R-CD63, a bright, versatile live cell reporter of exosome secretion and uptake, reveals pathfinding behavior of migrating cells[END_REF] .

One facet we did not explore in full detail and that may provide additional biological insight is the mapping of the sub-cellular localization of MVB-PM fusion events. Indeed, exosomes can be released in a polarized fashion, for instance in the context of an (antigen-induced) immunological synapse between T-and B-cells [START_REF] Mittelbrunn | Unidirectional transfer of microRNA-loaded exosomes from T cells to antigen-presenting cells[END_REF] , on the front end of migrating cancer cells [START_REF] Sung | pHluo_M153R-CD63, a bright, versatile live cell reporter of exosome secretion and uptake, reveals pathfinding behavior of migrating cells[END_REF] , or on the apical and basolateral side of cells, as shown for intestinal epithelial cells [START_REF] Van Niel | Intestinal epithelial cells secrete exosome-like vesicles[END_REF] . These exosomes might also very well differ in their respective composition [START_REF] Van Niel | Intestinal epithelial cells secrete exosome-like vesicles[END_REF] . At the basolateral side of cells, exosome secretion can be enhanced at invadopodia [START_REF] Hoshino | Exosome secretion is enhanced by invadopodia and drives invasive behavior[END_REF] . Interestingly, whereas initial flat lamellipodia of HT1080 cells are not enriched in CD63-pHluorin fluorescence, they do show local concentrations of fluorescence in the minutes preceding adhesion assembly, suggestion local exosome release [START_REF] Sung | Directional cell movement through tissues is controlled by exosome secretion[END_REF] . It could thus be of interest to use CD63-pHluorin (or other cargoes) to image MVB-PM fusion events at high speed for detailed analysis of MVB exocytosis at these dynamic membrane structures.

Another exciting application of the reporters is the in vivo analysis of exosome release, which will allow the study of exosome release kinetics in a full physiological context. Indeed, we recently used CD63-pHluorin expressed in zebrafish to detect in vivo MVB-PM fusion events with similar intensity and duration as described in vitro [START_REF] Verweij | Live Tracking of Inter-organ Communication by Endogenous Exosomes In Vivo[END_REF] . Currently, this type of analysis is limited to relatively flat cells that are ideally oriented parallel with the imaging plane. The full potential of this application therefore will only be realized when using imaging techniques that combine a fast acquisition speed with a high (x,y,z) resolution and depth while maintaining low phototoxicity. The use of CD63-pHluorin also enables the tracking of single EVs after their release in biological fluids [START_REF] Verweij | Live Tracking of Inter-organ Communication by Endogenous Exosomes In Vivo[END_REF] . Compared to CD63-GFP, the use of the pH-sensitive CD63-pHluorin is highly advantageous as most of the intracellular CD63-pHluorin in producing cells, or in the endocytosed EVs in the late endosomal compartments of recipient cells, is quenched, thus increasing the sensitivity for extracellular (exosomal) CD63-pHluorin. Importantly, CD63-pHluorin on the cell surface or in non-acidic compartments might still cause high background in tissues overexpressing CD63-pHluorin. Similarly, endocytosed EVs that reside in early endocytic compartments of recipient cells will initially be fluorescent, until the endosomes mature and their pH decreases. To visualize EV endocytosis, CD63-pHluorin can be combined with a pHinsensitive red fluorescent protein [START_REF] Sung | pHluo_M153R-CD63, a bright, versatile live cell reporter of exosome secretion and uptake, reveals pathfinding behavior of migrating cells[END_REF] or the V-ATPase inhibitor bafilomycin A1, which neutralizes the pH of the late endosomal compartments in recipient cells [START_REF] Verweij | Live Tracking of Inter-organ Communication by Endogenous Exosomes In Vivo[END_REF] . Finally, the use of a pHluorin tag placed in the extracellular loop of the TSPANs also offers the advantage to combine live cell imaging with immunoelectron microscopy or anti-GFP immunoprecipitation, followed by RNA sequencing, proteomics or western blot, notably in model organisms where antibodies for exosomes-markers are lacking [START_REF] Verweij | Live Tracking of Inter-organ Communication by Endogenous Exosomes In Vivo[END_REF] .

Comparison with other methods

Over the years, a wide variety of EV quantification methods have been developed that have been instrumental in the study of exosome biogenesis, but also in characterizing subgroups of EVs and their respective cargoes [START_REF] Gardiner | Techniques used for the isolation and characterization of extracellular vesicles: results of a worldwide survey[END_REF][START_REF] Van Deun | TRACK: transparent reporting and centralizing knowledge in extracellular vesicle research[END_REF] . The most direct way to quantify exosome release is by isolating the exosomes from cell culture supernatant, followed by electron microscopy. This technique allows accurate quantification and sizing of EVs but has the disadvantage of being labor-intensive and low-throughput. Therefore, other direct particle quantification methods have been developed, including nanoparticle tracking analysis (NTA) and high-resolution flow cytometry. Currently, NTA is one of the most widely used techniques for EV quantification [START_REF] Gardiner | Techniques used for the isolation and characterization of extracellular vesicles: results of a worldwide survey[END_REF] . This microscopy-based technique detects EVs by their light scatter during laser-illumination and determines vesicle size based on their Brownian motion in suspension. Unfortunately, there are a number of factors that limit the use of NTA for studying exosome release. First of all, NTA has a lower detection limit of ±70 nanometer, causing smaller exosomes to be underrepresented or absent from analysis 29 . Furthermore, accurate EV quantification by NTA requires EV concentrations that are often not reached without pre-isolation of the vesicles from the culture supernatant. However, EV isolation methods, such as differential ultracentrifugation, can cause EV aggregation and co-isolate lipoparticles and/or nucleic acid-protein aggregates' that contribute to NTA concentration measurements [START_REF] Yuana | Co-isolation of extracellular vesicles and high-density lipoproteins using density gradient ultracentrifugation[END_REF][START_REF] Coumans | Methodological Guidelines to Study Extracellular Vesicles[END_REF][START_REF] Linares | High-speed centrifugation induces aggregation of extracellular vesicles[END_REF] . Advanced flow cytometry is another promising technique that has the potential to count, size and analyze the surface protein content of single EVs 10 . Currently, this technique seems most suitable for analysis of larger EV subsets, since the lower end of the exosome size range (40-100 nm) still falls below the detection limit of most flow cytometers 29 .

MVB-derived exosomes and small PM-derived vesicles, generally called microvesicles, actually have overlapping size ranges and similar biophysical properties. This makes it impossible to selectively quantify exosome secretion using single particle tracking techniques. In fact, differentiating between these two subtypes by size and/or density is impossible. To overcome this, western blot for EVassociated endosomal markers (e.g. CD63, CD81, ALIX) is frequently used to determine relative changes in exosome release. However, several studies performing extensive biochemical separation of the EV fraction have shown a significant overlap in protein content between EV subtypes, suggesting that these markers are not exclusive to MVB-derived exosomes [START_REF] Kowal | Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes[END_REF][START_REF] Jeppesen | Reassessment of Exosome Composition[END_REF][START_REF] Zhang | Identification of distinct nanoparticles and subsets of extracellular vesicles by asymmetric flow field-flow fractionation[END_REF] .

The main disadvantage of using the currently available exosome quantification methods, however, is that they require concentrated exosome preparations for accurate analysis. Consequently, EVs are generally collected from the culture medium of millions of cells over a time-course of 24-72 hours. By contrast, the CD63-pHluorin approach allows the study of exosome release in real-time from a single cell. This enables the detection of subtle and temporary changes in exosome release that might not be picked up in long-term culture due to receptor downregulation or other negative feedback on the signaling pathway. In addition, it permits the distinction of direct from secondary effects when using drugs/compounds that, on the long run, affect cellular health in general or could otherwise introduce secondary effects on exosome release.

In conclusion, the majority of the aforementioned alternative techniques facilitate a more precise characterization of EV content and allow quantification of population-based (changes in) EV release over extended time-periods. On the other hand, the high-speed CD63-pHluorin imaging approach explained here provides direct, real-time insight in exosome release at the single cell level. This complements the traditional, more indirect biochemical approaches to study the molecular mechanisms of exosome release.

Limitations of the protocol

The application of CD63-pHluorin as tool to study exosome release and deposition from single cells have been reported in multiple independent publications [START_REF] Sung | Directional cell movement through tissues is controlled by exosome secretion[END_REF][START_REF] Lu | Genome-wide interrogation of extracellular vesicle biology using barcoded miRNAs[END_REF][START_REF] Sung | pHluo_M153R-CD63, a bright, versatile live cell reporter of exosome secretion and uptake, reveals pathfinding behavior of migrating cells[END_REF][START_REF] Messenger | A Ca(2+)-stimulated exosome release pathway in cancer cells is regulated by Munc13-4[END_REF] , yet TSPAN-reporters have several limitations that are inherent to the technique. First, the high-speed CD63-pHluorin live imaging approach we describe here reports MVB-PM fusions rather than actual exosome exocytosis. In our original publication we showed that CD63-pHluorin fusion activity correlates with the amount of secreted CD63 in the EV fraction as assessed by western blot [START_REF] Miesenbock | Visualizing secretion and synaptic transmission with pH-sensitive green fluorescent proteins[END_REF] . Yet, under certain conditions exosome release might not be directly reflected by MVB-fusion rate for instance when cell manipulations directly affect CD63 sorting from the LM into ILVs. Of note, the CD63-C-term-pHluorin construct can be used to visualize a defect in ILV sorting of CD63. As described in the 'Applications of the method', CD63-C-term-pHluorin-containing MVBs are already visible before exocytosis, but show a burst of additional fluorescence when the MVB fuses with the PM and the inside of the ILVs becomes neutral [START_REF] Verweij | Quantifying exosome secretion from single cells reveals a modulatory role for GPCR signaling[END_REF] .

In case of defective sorting of CD63-C-term-pHluorin, these additional bursts of fluorescence will not be observed. Second, CD63-pHluorin only reports the release of CD63-positive exosomes, meaning that EV subpopulations devoid of the specific reporter will inevitably not be visualized [START_REF] Kowal | Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes[END_REF] , although this can also be seen as a strength for specificity of the approach. Choosing a different TSPAN-(or other exosome specific cargo) pHluorin-reporter, as detailed in the experimental design section, may expand the applicability of the approach. Importantly, imaging of CD63-pHluorin ignores generation of MVs or exosome-like vesicles (e.g. ARMMs) budding from the PM, or release of small nonmembranous particles such as exomeres [START_REF] Zhang | Identification of distinct nanoparticles and subsets of extracellular vesicles by asymmetric flow field-flow fractionation[END_REF][START_REF] Nabhan | Formation and release of arrestin domain-containing protein 1-mediated microvesicles (ARMMs) at plasma membrane by recruitment of TSG101 protein[END_REF] , which again, depending on the scientific question, could be viewed as both a limitation or strength [START_REF] Colombo | Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles[END_REF] .

A limitation of TIRF-based imaging is the requirement of a relatively flat plasma membrane in close proximity to the coverslip, effectively restricting the approach to adherent cells. Other imaging techniques, like spinning-disk microscopy, could in theory be used to visualize fusion events at higher focal-planes. However, due to a lower signal-to-noise ratio compared to TIRF microscopy, combined with the lower total membrane surface area at higher focal planes, fusion spots will be less easily detected. In addition, we found that there is some intercellular variation in MVB-PM fusion activity. Therefore, measuring significant changes in MVB-PM fusion activity between conditions requires the imaging of multiple cells (we advise at least 10 cells per condition). As both the imaging and the analysis of fusion activity require 30-60 minutes per condition, this approach in its current format will be mostly apt for small targeted screens.

Experimental design

The procedure described here consists of three stages: preparation of the cells (Steps 1-9), live cell imaging (Steps 10-28) and the image analysis (Steps 29-37). To detect MVB-PM fusion, the cells are transiently transfected using pH-sensitive fluorescent reporters. These cells are then subsequently imaged using live cell TIRF microscopy, and MVB-PM fusion events can be quantified using the Analyzer of MVB Exocytosis (AMvBE) macro (Supplementary Software 1).

Choice of pH-sensitive fluorescent reporters. This protocol for the imaging of MVB-PM fusion in living cells is based on the expression of EV-associated tetraspanins (TSPANs) fused to pH-sensitive fluorescent proteins. In our original publication we focused on CD63 fused to Superecliptic pHluorin [START_REF] Miesenbock | Visualizing secretion and synaptic transmission with pH-sensitive green fluorescent proteins[END_REF] . This green fluorescent protein has excellent pH-sensitivity and is almost completely quenched at the acidic pH of multivesicular bodies [START_REF] Miesenbock | Visualizing secretion and synaptic transmission with pH-sensitive green fluorescent proteins[END_REF][START_REF] Sankaranarayanan | The use of pHluorins for optical measurements of presynaptic activity[END_REF][START_REF] Verweij | Quantifying exosome secretion from single cells reveals a modulatory role for GPCR signaling[END_REF] . We have fused the pHluorin moiety in the first extracellular loop of CD63 between Gln36 and Leu37. Furthermore, the construct developed by Sung et al., in which the pHluorin moiety is placed 7 amino acids away in the first extracellular loop, can also be used to visualize exosome secretion as we have no reason to assume that it behaves dissimilar under highspeed imaging conditions [START_REF] Sung | Directional cell movement through tissues is controlled by exosome secretion[END_REF] . In addition to CD63-pHluorin, we developed reporters based on CD81 and CD9, two other TSPANs that are frequently used as EV marker.

To complement the green pHluorin, a number of red pH-sensitive fluorescent proteins have been developed, such as pHoran4, pHTomato and pHuji [START_REF] Shen | a pH-sensitive red fluorescent protein for imaging of exo-and endocytosis[END_REF] . Here we chose to use pHuji, based on its pKa of 7.7, its pH-sensitivity and its emission wavelength of 598 nm, which makes it possible to combine it with pHluorin for multi-channel imaging without fluorescence bleed-through. Although a TSPAN-pHuji can be used to detect MVB-PM fusion, the fold increase in fluorescence intensity upon fusion is higher for CD63-pHluorin compared to CD63-pHuji (Fig 2c), which is in line with the difference in pHsensitivity between pHluorin and pHuji [START_REF] Shen | a pH-sensitive red fluorescent protein for imaging of exo-and endocytosis[END_REF] . This results in a slightly higher sensitivity for fusion events with pHluorin as compared to pHuji. Therefore, we recommend that detection of MVB-PM fusion in single-color is performed using the TSPAN-pHluorin reporters.

Simultaneous dual-color imaging of cells co-expressing TSPAN-pHluorin and other cargo tagged with red fluorescent proteins, such as the TSPAN-pHuji reporters, can be a powerful tool to assess joint cargo loading and release by PM-fusing MVBs (Fig 2a,b; Supplementary Video 2). Furthermore, coexpression of a TSPAN tagged with a pH-independent red fluorescent proteins can be used to track MVBs before fusion (Fig 2a,b; Supplementary Video 3). Similarly, the use of a CD63 construct dualtagged with pHluorin and mScarlet has recently been employed to visualize MVBs before fusion and to study exosome endocytosis [START_REF] Sung | pHluo_M153R-CD63, a bright, versatile live cell reporter of exosome secretion and uptake, reveals pathfinding behavior of migrating cells[END_REF] . MVB cargo molecules might be tagged at different locations regarding to their membrane orientation. Dependent on the type and the location of the fluorescent label, the theoretical fusion profile will differ (Fig. 2a,b).

Preparation of the cells. TIRF microscopy requires that the cells are plated on coverglass with a thickness matching the objective that is used. We routinely use Nunc Lab-Tek chambered coverglass (borosilicate glass, thickness #1), but we have previously used 35 mm #1.5 glass FluoroDishes or 18 mm round #1 glass coverslips that were mounted in an imaging chamber. HeLa cells will adhere to the glass without the need for any additional coating. However, we noticed that coating the coverglass with poly-L-lysine increases the contact surface of the cell with the coverslip, resulting in a more even illumination of the plasma membrane.

The current protocol relies on transient transfection of the cells with CD63-pHluorin or one of the other reporters. For the transfection of HeLa cells, we routinely use lipofectamine2000 (ThermoFisher Scientific), but other transfection reagents such as JetPrime (PolyPlus transfection) might be used as well. Instead of transfection, a lentiviral transduction protocol can be used to express the reporters in cell lines or primary cells where transfection is inefficient. Lentiviral transduction also allows for the generation of stable TSPAN-reporter cell lines through integration of the reporters in the genomic DNA. We have cloned all TSPAN-reporters presented here also in the pLenti6.3/TO/V5-DEST vector (available upon request) that can be used with the ViraPower™ HiPerform™ T-Rex™ Gateway® Expression System (ThermoFisher Scientific). Of note, CMV-promoter driven overexpression of proteins can lead to a growth disadvantage over time. This will result in selection of cells that express the TSPAN-reporters at (undetectable) low levels from the original polyclonal lentivirus transduced population. To avoid this, cells can be co-transduced with the pLenti3.3/TR repressor (Invitrogen) to allow tetracyclin-regulated expression of the TSPAN-reporters.

Imaging set-up. To image the MVB-PM fusion events one can use any fast, high-resolution objectivebased TIRF microscopy set-up. TIRF microscopy allows for selective illumination of the basal plasma membrane and thus provides optimal signal-to-noise ratio as well as low phototoxicity. In addition to TIRF microscopy, MVB-PM fusion events can be detected using spinning-disc confocal microscopy. However, the number of detected fusion events by spinning-disc confocal is lower than with TIRF due to reduced signal-to-noise ratio compared to TIRF. This protocol describes the use of a Nikon Eclipse TI-E, equipped with an APO TIRF 60x/1.49 Oil objective (Nikon) and a sCMOS camera (Zyla; Andor). The protocol has also successfully been performed using a Zeiss Axiovert 200M microscope equipped with an Alpha Plan-Fluar 100x/1.45 Oil TIRF objective (Zeiss) and an EMCCD camera (CASCADE; Roper Scientific) and with a Nikon Eclipse TI-E equipped with a CFI Apochromat 100x/1.49 Oil TIRF objective (Nikon) and an EMCCD camera (Evolve 512; Photometrix). For optimal quality of the imaging data, the coverslip thickness should be matched to the objective that is used.

For dual-color imaging of MVB-PM fusion events we use a dual band filter cube combined with a dichroic beamsplitter and a dual-camera system. This set-up allows for simultaneous imaging of both a TSPAN-pHluorin and a TSPAN-pHuji reporter at high speed. Optionally, an optical image-splitter can be used to simultaneously image two colors on a single camera, although this will result in a reduced field of view. In theory, a single camera system combined with distinct green and red filter cubes can also be used. However, for this the system needs to continuously switch between filter cubes, which drastically reduces the imaging speed and prevents imaging at the minimal frequency of 2 Hz that is needed to capture the fast fusion events.

Imaging MVB-PM fusion events. With high-speed imaging, fusion of a CD63-pHluorin-containing MVB with the plasma membrane can be observed as a rapid localized increase in fluorescent intensity, followed by a slow decrease of the signal upon dissipation of the secreted exosomes. Interestingly, the signal duration for CD63-pHluorin MVB-PM fusion events is significantly longer than that observed for PM-deposition of VAMP2-pHluorin from the limiting membrane of secretory organelles or soluble release of NPY-pHluorin. We hypothesize that entrapment of TSPAN-pHluorin exosomes between cells and the coverslip, sticking of the exosomes to the PM, or exosome-extracellular matrix interactions [START_REF] Sung | Directional cell movement through tissues is controlled by exosome secretion[END_REF] after MVB-PM fusion lies on the basis of this difference in signal duration. Whereas CD81-pHluorin shows extended signal duration similar to CD63-pHluorin, the post-fusion dynamics of most CD9-pHluorin fusion events are more similar to those of VAMP2-pHluorin, suggesting that only a fraction of CD9-pHluorin fusion events report MVB exocytosis. We therefore recommend the use of CD63-pHluorin or CD81-pHluorin to quantify MVB-PM fusion rate.

One of the characteristics of TIRF imaging is that the brightness of fluorescent structures increases when they are located closer to the coverslip, where the evanescent wave is generated. As a result, focal adhesions, retraction fibers and even (clusters of) exocytosed exosomes that are adherent to the coverslip [START_REF] Sung | Directional cell movement through tissues is controlled by exosome secretion[END_REF] appear as bright structures in the field of view. To distinguish these structures from intracellular non-acidic CD63-pHluorin compartments it is possible to do an acid wash using Tyrode's medium with pH 5.0 [START_REF] De Wit | Matrix-dependent local retention of secretory vesicle cargo in cortical neurons[END_REF] . Similarly, one can quantify the amount of acidic TSPAN-pHluorin-containing endosomes in the cell using Tyrode's solution with NH4Cl, which neutralizes all acidic cellular compartments. In combination with a TIRF set-up, this will highlight the endosomes that are close to the plasma membrane.

When designing a TSPAN-pHluorin imaging experiment, it is important to realize that basal MVB-PM fusion activity (the number of fusion events per minute) is highly variable between cell lines. Therefore, the acquisition duration as well as the number of imaged cells has to be optimized for each cell line. For HeLa cells we usually require >5 acquisitions of separate imaging fields containing ± 2 cells for 3 minutes per acquisition. The number of acquisitions should be increased in case the field of view is too small to capture multiple cells simultaneously. Furthermore, basal fusion activity, even in the same cell-type, is generally not the same in independent experiments. Thus, it is necessary to take along a non-treated control in each experiment when studying the effect of a certain treatment on MVB-PM fusion activity.

Transient transfection of the HeLa cells results in variable TSPAN-pHluorin expression levels. As overexpression of the TSPAN-pHluorin might result in impaired trafficking, we only select cells with moderate expression levels for imaging. The acquisition time and laser power should be set to achieve high signal-to-noise ratio, while avoiding photobleaching and phototoxicity. Furthermore, avoid saturation of the fluorescent signal in the fusion events, as this can interfere with subsequent image analysis by the Analyzer of MVB Exocytosis macro.

When considering acquisition settings, ensure that the imaging speed is fast enough (≥ 2 Hz) to distinguish MVB-PM fusion from vesicles with neutral pH approaching the plasma membrane. Furthermore, a high spatial resolution is required to allow a reliable size estimation of the fusion event and to detect potential movement of the vesicle after fusion. We routinely use a pixel sizes of 160 nm and 107 nm.

Image analysis. Following image acquisition, the MVB-PM fusion activity of individual cells can be determined by counting the number of full MVB-PM fusion events that can be observed per minute.

A full MVB-PM fusion event can be recognized by a sudden increase in fluorescence intensity, resulting from the instant neutralization of the pH of the MVB upon exocytosis and rapid movement of the secreted exosomes towards the coverslip into the TIRF field. This sudden increase is followed by an exponential decrease with a minimal duration of two seconds, during which the event remains in the same location (Fig 3a,b). Importantly, increases in fluorescent intensity can be detected that are not a consequence of full MVB-PM fusion, and thus do not report exosome release. Crucially, these nonproductive events can be discriminated from full MVB-PM fusion in live imaging by analysis of the fluorescent profile right before and following initial fusion (Fig. 3a,b). For example, in some cases a sudden increase in fluorescent intensity is followed by no decrease or an irregular decrease of the signal and/or lateral movement of the fluorescent signal after fusion, suggesting that the MVB is moving in the cell after neutralization. This type of events is reminiscent of so-called synaptic vesicle kiss-and-run events where the vesicle pore transiently opens and closes without fully collapsing into the plasma membrane. In the case of TSPAN-pHluorin, kiss-and-run-like fusion events might result from MVB-PM fusion with incomplete exosome secretion, or by full fusion and rapid reuptake of exocytosed exosomes. In both cases, there is no or incomplete exosome secretion and thus we exclude these kiss-and-run-like events from our analysis. Another cause for an increase in fluorescence that occurs more frequently is when a TSPAN-pHluorin-containing (transport) vesicle with neutral pH approaches the plasma membrane and moves into the TIRF field without fusing with the plasma membrane. These neutral vesicles can be distinguished from MVB-PM fusion events based on the duration of the fluorescence increase and their lateral movement in the TIRF field (Fig 3a,b). In Box 1 we provide a set of guidelines for the analysis of TSPAN-pHluorin live imaging data.

The TSPAN-pHluorin imaging procedure is based on the localization of the TSPAN-pHluorin in acidic MVBs and subsequent neutralization of these compartments by their fusion with the PM. However, a fraction of the fusion events that can be observed with the TSPAN-pHuorins, can result from PM fusion of other acidic endosomal TSPAN-positive vesicles. For example, fusion events might arise from plasma membrane deposition of CD63-pHluorin from transport vesicles or lysosomes. In our original publication we show that in HeLa cells, more than 95% of CD63-pHluorin fusion events report exosome secretion [START_REF] Verweij | Quantifying exosome secretion from single cells reveals a modulatory role for GPCR signaling[END_REF] . As mentioned earlier, the signal duration after exocytosis of CD63-pHluorin and CD81-pHluorin MVBs is significantly longer as compared to that observed for PM deposition of limiting membrane-associated VAMP2-pHluorin. This difference in signal duration allows us to discriminate between MVB-PM fusion events and the exocytosis of endosomes or lysosomes that only have TSPAN-pHluorin in the limiting membrane. Under the experimental conditions described in this protocol, the fusion duration of VAMP2-pHluorin fusion events is shorter than 2 seconds. Hence, we have set the minimal signal duration time for MVB-PM fusion at 2 seconds (Box 1). However, absolute fusion duration times might depend various factors, such as cell type, temperature, viscosity of the medium and coverslip coating. Therefore, it is recommended to determine the relative fusion duration of PMdeposition of VAMP2-pHluorin as compared to CD63-pHluorin in your system. Increasing the imaging frequency to 5 Hz might allow for a better analysis of the fast VAMP2-pHluorin fusion events.

Manual counting of the MVB-PM fusion activity based on the guidelines described in Box 1 is possible, but requires careful examination of each individual fusion event and is therefore a time-consuming process. To shorten the image analysis time, we developed a FIJI/ImageJ macro named the "Analyzer of Multivesicular Body Exocytosis (AMvBE)" (available as Supplementary Software 1). Upon opening of a TSPAN-pHluorin TIRF microscopy time-lapse with the AMvBE macro, the user can pinpoint all sudden increases in fluorescent intensity that resemble fusion events. The AMvBE macro will then track and analyze these events and test whether they comply to a number of parameters that are set by the user before analysis. Although these parameters can be changed by the user, we recommend the settings in Box 2 for the detection of MVB-PM fusion, which are based on the criteria as described in Box 1. After analysis, the macro provides the user with a list of "true" MVB-PM fusion events that contains data on their intensity, duration and position.

There are a number of important variables to consider when analyzing the fusion activity with AMvBE. First of all, AMvBE is developed for detecting MVB-PM fusion with CD63-pHluorin and CD81-pHluorin, and cannot be used to quantify fusion events resulting from soluble release or PM deposition. For this, other macros have previously been developed [START_REF] Urbina | Spatiotemporal organization of exocytosis emerges during neuronal shape change[END_REF][START_REF] Yuan | Spatiotemporal detection and analysis of exocytosis reveal fusion "hotspots" organized by the cytoskeleton in endocrine cells[END_REF] . Second, the macro corrects small inaccuracies in pinpointing the events by automatic detection of the peak intensity in both space and time around the selected ROI (Fig 3c). However, this event correction in time prevents the analysis of fusion events that occur in the first or last 3 seconds of the acquisition. This should be considered when choosing the image acquisition time. Finally, drift or significant photobleaching during imaging can hamper the analysis. To avoid this, we included the option to correct for cell movement and photobleaching. However, when experiencing photobleaching we recommend lowering acquisition time and laser power to avoid both bleaching and phototoxicity, as this might affect fusion activity.

Materials Biological Materials

• Cell lines: In the example data shown in this protocol we use HeLa cells (Sigma-Aldrich, ECACC, cat. no. 93021013, RRID:CVCL_0030). We have also successfully tested our protocol using HUVEC, HEK293T, Caski, SiHa, HCT116, Caco-2, MSC and MNT-1 cells and we anticipate it should work with most adherent cell lines and primary cells. CRITICAL The cell lines used in your research should be regularly checked to ensure they are authentic and not infected with mycoplasma. 

Reagents

Reagent set-up

Full cell culture medium DMEM supplemented with 10% (vol/vol) FBS, 1 U/ml Penicillin G,1 mg/ml streptomycin sulfate and 2 mM glutamine. Store at 4 °C for up to 4 weeks.

Tyrode's solution pH 7.4: 2 mM CaCl2, 2.5 mM KCl, 119 mM NaCl, 2 mM MgCl2, 30 mM glucose, and 25 mM HEPES, pH 7.4. Sterilize the solution using a 0.2 micron filter and store at 4 °C for up to 1 year.

Tyrode's solution pH 5.5: 2 mM CaCl2, 2.5 mM KCl, 119 mM NaCl, 2 mM MgCl2, 30 mM glucose, and 25 mM MES (2-[Nmorpholino] ethane sulfonic acid), pH 5.5. Sterilize the solution using a 0.2 micron filter and store at 4 °C for up to 1 year.

Tyrode's solution 50 mM NH4Cl: 2 mM CaCl2, 2.5 mM KCl, 119 mM NaCl, 2 mM MgCl2, 50 mM NH4CL, 30 mM glucose, and 25 mM HEPES. Sterilize the solution using a 0.2 micron filter and store at 4 °C for up to 1 year.

Poly-L-Lysine coated Lab-Tek glass chamber slides:

Dilute the poly-L-lysine solution 10x in sterile double-distilled H2O (final concentration: 0.01% (wt/vol)) and add 400 ul to each well of a Lab-Tek 8 well glass chamber slide. Incubate for 5 minutes at room temperature and remove the poly-L-lysine solution. Wash twice with double-distilled H2O and let the Lab-Tek slide dry at room temperature in the biosafety cabinet for at least 1 hour without lid. Poly-Llysine-coated Lab-Tek slides can be prepared in advance and stored under sterile conditions at room temperature (21-24°C) for up to 1 year. CRITICAL this should be performed under sterile conditions CRITICAL scratches in the glass slide can hamper the TIRF imaging. To avoid scratching the glass bottom of the Lab-Tek slide, we recommend keeping the slide inside a 10 cm culture dish.

Procedure

Plating and transfection of the cells Timing 2 days, 1 hour hands-on time CRITICAL this protocol describes the live imaging of MVB-PM fusion using the CD63-pHluorin reporter in HeLa cells. The protocol can easily be used with other TSPAN-reporters and/or applied to other adherent cells, although transient transfection of other cell types might require a different transfection protocol. Step 3-9 can be skipped when using lentiviral-transduced cells stably expressing TSPAN-reporters.

1. HeLa cells are maintained in a T75 flask in full cell culture medium in a humidified incubator at 37 °C and 5% CO2. To passage, remove the culture medium, rinse the T75 flask with 2 ml PBS, add 2 ml trypsin and incubate the cells at 37 °C until the cells have detached (typically 3-5 minutes). After the cells have detached, add 8 ml full medium and resuspend the cells thoroughly to obtain a single cell suspension. Split the HeLa cells two times a week at a 1:20 ratio. 2. Seed the cells at a density of 25-30% in poly-L-lysine-coated a Lab-Tek 8 well chambered coverglass and let them attach for 24 hours in a humidified incubator at 37 °C and 5% CO2.

Cell transfection (Steps 3-9):

Transfect the HeLa cells at 50-60% confluency with CD63-pHluorin plasmid DNA using lipofectamine 2000. In order to do so, first dilute 500 ng CD63-pHluorin plasmid DNA in Opti-MEM to a total volume of 100 µl. CRITICAL STEP For dual-color imaging with the TSPAN-reporters we recommend using 250 ng of the TSPAN-pHluorin and 250 ng of the TSPAN-pHuji. CRITICAL STEP It is critical to achieve a high transfection efficiency without inducing cell toxicity from too high overexpression of the TSPAN-reporters or the lipofectamine 2000.

Increase or decrease the amount of DNA and lipofectamine 2000 when necessary. In addition to lipofectamine, other transfection reagents such as JetPrime might also be used according to manufacturer's protocol. CRITICAL STEP we recommend doing the whole transfection procedure in a flow cabinet and incubator close to the imaging set-up. However, when cells need to be moved to an incubator close to the imaging set-up (e.g. cells are out of the incubator for more than 15 minutes) on the day of imaging, we recommend that the cells are kept in this incubator to acclimate for at least in 2 hours prior to imaging. 4. In a separate tube, dilute 1.5 µl Lipofectamine 2000 in Opti-MEM to a total volume of 100 µl. 5. Add the 100 µl of diluted Lipofectamine 2000 (from Step 4) to the DNA solution (from Step 3) to create a 1:3 (wt:vol) ratio of DNA to Lipofectamine 2000. 6. Vortex the mixture for 10 seconds and incubate at room temperature for 10-15 minutes. 7. Refresh the culture medium of the HeLa cells with pre-warmed culture medium without antibiotics. 8. Add 50 µl of the transfection mixture per well and incubate the cells for 6 hours. 9. Refresh the culture medium of the transfected cells with 400 µl pre-warmed phenol-red free full culture medium and incubate for another 18 hours.

(Dual-color) TIRF microscopy set up Timing 1.5 hours. 30 minutes hands on time. 10. Switch on the heating and CO2 control at least 1 hour in advance. CRITICAL STEP We advise to use a microscope set-up equipped with a humidified stage incubator for imaging at 37 °C and 5% CO2. However, in certain cells (e.g. HeLa and HUVEC) it is possible to detect MVB-PM fusion activity without stage incubator and/or imaging at room temperature (21-24 °C) in Tyrode's solution or another CO2-independent type of medium (e.g. Leibovitz's L15). 11. Start up the 488 nm laser line. In case of dual-color TIRF, also start up the 594 nm laser line. 12. Switch on microscope system and camera(s) 13. Start the imaging software (e.g. NIS-Elements) 14. Clean and dry the TIRF objective lens with 70% (vol/vol) ethanol. Adjust the correction collar of the objective for the right temperature and thickness of the glass coverslip.

15. Focus and align the laser(s) so that the laser beam is focused on the back focal plane in the central axis of the objective. 16. Select the optical configuration for widefield GFP epi-fluorescence microscopy 17. Place the Lab-Tek chambered coverglass containing the transfected cells in the microscope stage holder. 18. Localize CD63-pHluorin expressing cells in widefield epi-fluorescence mode.

?Troubleshooting 19. Start the perfect focus system and focus on the basal plasma membrane. 20. Select the optical configuration for TIRF microscopy. 21. Set the TIRF angle by increasing the incidence angle of the excitation beam using the motorized TIRF illuminator unit until there is a sudden decrease in background signal from the interior of the cell and the plasma membrane has a two-dimensional appearance (Fig 4) [START_REF] Mattheyses | Imaging with total internal reflection fluorescence microscopy for the cell biologist[END_REF] .

CRITICAL STEP TIRF illumination is critical for the detection of MVB-PM fusion events with high sensitivity.

CRITICAL STEP In experiments where the number of TSPAN-pHluorin expressing cells is limited, setting of the TIRF angle can be done using 100 nm TetraSpeck Microspheres (Invitrogen, cat. no. T7279) as described in Ref [START_REF] Mattheyses | Imaging with total internal reflection fluorescence microscopy for the cell biologist[END_REF] . 22. Optional: When performing dual-color TIRF imaging using two cameras, select the dualcamera mode and insert the TuCam filter cassette. 23. Optional: When performing dual-color TIRF imaging using two cameras, perform a horizontal and vertical alignment of the green and red channels in the center of the field of view. CRITICAL STEP The two cameras must be aligned in z-depth to obtain the same focus for both channels.

CRITICAL STEP Potential remaining distortions can be corrected after image acquisition using image registration software. CRITICAL STEP In experiments where the number of TSPAN-pHluorin expressing cells is limited, alignment of red and green channels can be done using 100 nm TetraSpeck Microspheres (Invitrogen, cat. no. T7279). 24. Adjust laser power and exposure time.

CRITICAL STEP Use the lowest laser intensity and shortest exposure time possible to avoid photobleaching and phototoxicity. CRITICAL STEP Spectral crosstalk between the green and red channel will lead to false results. To control for this, excite with each laser separately and check if there is bleed-through of the fluorescent signal between channels. 25. Specify camera settings, we recommend to use a bit depth of 12 or 16 and no binning to obtain images of high resolution. CRITICAL STEP The AMvBE macro criterium for 'minimum event size to be considered' (see Box 2) requires that the pixel size is small enough for fusion events to obey the Nyquist criterion (i.e. for the recommended 'minimum event size to be considered' value of 400 nm, the pixel size should be a maximum of 200 nm).

Image acquisition Timing in total 30-60 minutes per condition. 26. Choose an imaging field, ideally containing 2 or more cells with average expression levels. CRITICAL STEP It is critical to have a perfect focus at the basal plasma membrane.

CRITICAL STEP For the analysis of MVB-PM fusion in dual-color, we recommend imaging cells that have similar expression levels of TSPAN-pHluorin and TSPAN-pHuji. ?Troubleshooting 27. Image the cells at ≥2 Hz for a time period that allows proper quantification (e.g. 3 minutes for HeLa cells). CRITICAL STEP an imaging speed of ≥2 Hz is crucial to distinguish full MVB-PM fusion events from kiss-and-run-like events and neutral (transport) vesicles moving into the TIRF field. ?Troubleshooting 28. Repeat from steps 26-27 for ≥5 different fields.

Quantifying tetraspanin-pHluorin MVB-PM fusion events using the AMvBE macro Timing channel alignment of dual-color TIRF data: ±30 minutes per condition. Quantifying MVB-PM fusion events: ±30 minutes per condition. CRITICAL Although manual analysis of fusion events based on the guidelines available in Box 1 is possible, we recommend using assisted counting using the AMvBE macro (Supplementary Software 1) for quantitative analysis of MVB-PM fusion events (Steps 30-37). CRITICAL the AMvBE macro was developed to quantify MVB-PM fusion events using CD63-pHluorin. We do not recommend to use this tool with TSPAN-pHuji, due to the reduced pH-sensitivity of this fluorescent protein.

29. Optional: When performing dual-color TIRF using two cameras, first correct small distortions in channel alignment using Image Registration in NIS-Elements. Load the acquisition data in NIS-Elements and select 'image'  'Channel Alignment and Registration'  'Image Registration'. Then select the channel you want to modify and select the 3-point (linear) transformation. Define three control points that can be used to align the two channels (e.g. retraction fibers, edges of the PM, filopodia). Select apply to all frames and click 'OK' to align the channels. Save the aligned acquisition data. want the results of the image analysis to be stored. 33. Select the parameters for analysis in the window that appears. We recommend the following settings (at an acquisition framerate of 2 Hz):

-Time window for event correction (in nb of frames): 6 -Condition for fluorescence decrease after exocytosis (min. nb of frames): 3 -Condition for fluorescence increase before exocytosis (max. nb of frames): 3 -Min. event size to be considered (in micrometer): 0.4 -If the decay condition is not fulfilled, threshold value (N) for exocytosis event rescue such that Mean + N*STD: 3

-Manual threshold for vesicle movement fixed by users (unit in nb of vesicle diameter): 2 CRITICAL STEP It is critical to enter the right settings for pixel size and framerate. Image registration to correct for cell movement is highly recommended to avoid that fusion events are discarded based on vesicle movement. CRITICAL STEP Although photobleaching during image acquisition should be avoided, the AMvBE macro has the option to correct for bleaching. 34. Click 'OK' and the macro will start the image registration. After image registration, a dialogue box appears that says: 'Pinpoint the exocytosis event (left click) Right click to exit'. ?Troubleshooting 35. Click 'OK' and select all sudden increases in fluorescence intensity that appear fusion events.

CRITICAL STEP fusion events within the first or last 3 seconds of the acquisition cannot be analyzed. Therefore, we recommend to exclude this time from further analysis. 36. After selecting all fusion events, right-click to open a dialogue box that says: 'Each event will be analyzed'. 37. Click 'OK' and the AMvBE macro will analyze all events. All results can be found in the destination folder that was selected in step 32.

?Troubleshooting Timing

Step 2, seeding the cells: 15 minutes.

Step 3-8, transfection: ±30 minutes.

Step 9, refreshing culture medium: 5 minutes.

Step 10-22, (dual-color) TIRF microscopy set up: 1.5 hours, 30 minutes hands on time.

Step 26-28, live imaging of MVB-PM fusion, 30-60 minutes per condition

Step 29, channel alignment of dual-color TIRF data: ±30 minutes per condition.

Step 30-37, analysis of fusion activity using AMvBE: ±30 minutes per condition. Box 1, manual analysis of fusion activity: 1 hour per condition.

Troubleshooting

Troubleshooting guidance can be found in Table 1. Microscope is not in TIRF mode.

Reset the TIRF angle (Step 22) and focus on the plasma membrane (Fig. 3).

CD63-pHluorin is trapped in the endoplasmic reticulum.

Image cells with lower CD63-pHluorin expression or transfect cells with less CD63-pHluorin DNA. Cells contain endosomes with a (close to) neutral pH.

Although the presence of these visible endosomes makes the detection of MVB-PM fusion events more challenging, fusion events can still be detected. 27 No fusion events can be detected.

The cell type that is studied has no or very low fusion activity.

Use HeLa or HEK293 cells as positive control to make sure that the imaging set-up is correct. The cells do not contain many acidic CD63-pHluorin positive compartments.

Use NH 4 Cl wash (50 mM NH 4 Cl in Tyrode's solution, pH 7.4) to visualize CD63-pHluorin positive acidic MVBs. The microscope is not focused at the cellular plasma membrane.

Use acid wash (Tyrode's solution, pH 5.5) to quench CD63-pHluorin on the PM. If the fluorescent signal does not decrease this means the focus is not at the plasma membrane and the imaging is not performed in TIRF. Reset the TIRF angle (Step 22) and focus on the plasma membrane (Fig. 3 

Anticipated results

This protocol describes the live imaging of MVB-PM fusion using TSPAN-reporters on a TIRF setup. Successful implementation of the protocol provides insight into the quantity and (subcellular)localization of exosome release at single-cell resolution. This approach can be used to investigate exosome release in a wide variety of adherent cell types. So far, we have successfully used the CD63-pHluorin reporter in HeLa, HUVEC, HEK293T, Caski, SiHa, HCT116, Caco-2, MSC and MNT-1 cells. Supplementary Videos 1, 6 and 7 show typical examples of CD63-pHluorin MVB-PM fusion events as observed with live cell TIRF microscopy in HeLa, HUVEC and HEK293T cells, respectively. Average fusion activity varies between different cell lines, and there is substantial variation in fusion activity between cells, even within the same experiment (Fig. 5a).

The TSPAN-reporter live cell imaging approach can also be used to directly assess the influence of external stimuli on MVB-PM fusion activity, as shown here with the small molecule histamine (Fig. 5b).

Due to the high variation in basal fusion activity between cells, even within one experiment, stimuli that cause subtle modulations of the fusion activity are likely to be missed in a pooled, unpaired, analysis. Therefore, we recommend to measure fusion activity in single cells at baseline, and during (or after) the stimulus. Data can then be visualized by plotting fusion activity (the number of MVB-PM fusion events per minute) of each individual cell at baseline and in the presence of the stimulus (Fig. 5b). To present fusion activity data in a more visual way, we routinely use a total projection of all fusion events over a given time period on the background of the cell (Fig. 5c), which enables visualization of the location of MVB-PM fusion events in single cells, and might reveal hotspots of exosome release. We did not observe preferential sites for MVB exocytosis in HeLa, HUVEC or HEK239T cells, which might be explained by the limited migration of these cell lines.

Compared to manual analysis, the AMvBE macro provides a faster and more objective way of analyzing basal MVB-PM fusion activity (Fig. 5a) or modulation of MVB-PM fusion activity (Fig. 5b). Furthermore, analysis with the AMvBE macro generates multiple output files that can be used to control and display the results. For example, AMvBE creates a summary TIFF file of the acquisition where the pinpointed fusion events are highlighted with colored circles depending on the outcome of the analysis (Fig. 5d; Supplementary Video 8). In addition, intensity profiles are automatically saved for the true MVB-PM fusion events, which can be used to visualize and assess decay kinetics of individual events (Fig. 3a). Alternatively, individual fusion events can be visualized in a heatmap time-lapse gallery (Fig. 3b). The list with frame numbers containing true MVB-PM fusion events can be used to make a total projection of all MVB exocytosis events over a time-course of several minutes (Fig. 5c).

Simultaneous dual-color TIRF microscopy of a combination of TSPAN-pHluorins with red fluorescent proteins can be used to track MVBs before fusion or to identify cargo molecules of exocytic MVBs. This data can be represented best by a time-lapse gallery (Fig. 2a) or a fluorescent intensity profile of the fusion event in both channels. We observed multiple double-positive MVB-PM fusion events in HeLa cells expressing CD63-pHluorin and CD81-pHuji (Fig. 2a; Supplementary Video 2).

Reporting Summary

Further information on research design is available in the Nature Research Reporting Summary linked to this article. 

Figure legends main text

Box 1 Criteria for manual counting of MVB-PM fusion events.

A burst of fluorescence is typically considered as exosome release/an MVB-PM fusion event when:

-There is a sudden increase in fluorescence intensity followed by an exponential decrease of the fluorescent signal. -It reaches peak intensity in a maximum of 3 frames (when imaging at 2Hz).

-It has a circular shape with a diameter of at least 400 nm.

-It shows minimal movement after the initial burst. Vesicles that move more than twice their diameter are excluded. -It has a signal duration of ≥ 2 sec. Signal duration is defined as the time from peak intensity to the moment that the fluorescence signal at the fusion site is equal to the surrounding background fluorescence Box 2 Description and recommended parameter settings for the analysis of MVB-PM fusion events with AMvBE.

The following settings are recommended for the analysis of MVB-PM fusion activity with AMvBE:

-Time window for event correction (in nb of frames): 6

During the selection of the events, the user might pinpoint a fusion event some frames before or after the peak fluorescence intensity of the event is reached 

30 .

 30 Install the plug-in: open FIJI and select 'Plugins' -> 'Macros' -> 'Install…' and open the AMvBE macro in the plugin folder. CRITICAL STEP This step has to be repeated each time you restart FIJI. CRITICAL STEP Ensure FIJI is updated to the latest version and is supplemented with the MultiStackReg and TurboReg plug-ins. 31. Load an image stack by selecting 'Plugins'-> 'Macros' -> 'AMvBE'. Navigate to the folder where the imaging data is saved and open the image. 32. When the image stack is loaded into FIJI, a browser appears. Select the location where you

Fig. 1 :

 1 Fig. 1: Model for the visualization of MVB-PM fusion with CD63-pHluorinA pH-sensitive optical reporter (CD63-pHluorin) is quenched when facing the acidic lumen of the MVB. Upon fusion of the MVB with the PM, low luminal pH is immediately neutralized, resulting in a sudden increase in fluorescent intensity that can be detected by live microscopy. Insert upper right: Stills from

Fig. 2 : 17 )

 217 Fig. 2: Simultaneous dual-color TIRF microscopy of TSPAN-pHluorin with TSPAN-pHuji reporters a, (Left) Merged stills of dual-color TIRF imaging with CD63-pHluorin and CD81-pHuji (upper), CD63-pHluorin and CD63-mRFP (middle) and CD63-C-term-pHluorin and CD63-pHuji (lower, original source 17 ) at the moment of MVB-PM fusion (in the white dashed square). Scale bars, 20 μm. (Right) Enlarged stills of the MVB-PM fusion events 1 second before fusion, at the moment of fusion, and 10 seconds after fusion. b, Models (upper) and theoretical intensity plots (lower) of MVB-PM fusion events for the different combinations of TSPAN-reporters. c, Comparison of peak fluorescence intensities (as fold over background) of MVB-PM fusion events in the green and red channel of CD63-pHluorin and CD63-pHuji co-expressing cells (63 individual fusion events in n = 20 different cells). Black dashed line represents linear regression of all MVB-PM fusion events (Pearson's r = 0.78, slope = 0.61).

Fig. 3 :

 3 Fig.3: Visualization of individual fusion events a, Example of the fluorescence intensity profiles of a full MVB-PM fusion event, a kiss-and-run-like fusion event and a neutral vesicle moving in and out of the TIRF field in HeLa cells over time. b, Heatmap time-lapse galleries of different types of CD63-pHluorin events obtained in HeLa cells. Full MVB-PM fusion and exosome release is characterized by a sudden increase in fluorescent intensity, followed by an exponential decrease of fluorescence at a fixed position. Kiss-and-run-like fusion events display a sudden increase in fluorescent intensity, but can be distinguished based on postfusion movement and irregular decrease of fluorescent signal. Neutral vesicles can be observed during their approach to the PM, resulting in a slower, more irregular increase in fluorescent intensity and can move in the TIRF field for prolonged time-periods. Note the difference in time scale between the kiss-and-run-like and the neutral vesicle time-lapses. c, Schematic explaining the various parameters of the AMvBE macro. (1) time point of fusion as pinpointed by user, (2) time window for event correction in which AMvBE determines the time point of the fluorescence intensity peak, (3) fluorescence intensity peak, (4) background fluorescence intensity, (5) maximum intensity of the fusion event, (6) time point during fluorescence increase where 𝐼𝐼(𝑡𝑡) = 𝐼𝐼 𝑚𝑚𝑚𝑚𝑚𝑚 * 𝑒𝑒 � 𝑡𝑡=𝜏𝜏 𝜏𝜏 � with τ = increase rate, (7) duration of the fluorescence increase, (8) time point during fluorescence decrease where 𝐼𝐼(𝑡𝑡) = 𝐼𝐼 𝑚𝑚𝑚𝑚𝑚𝑚 * 𝑒𝑒 -� 𝑡𝑡=𝜏𝜏 𝜏𝜏 � with τ = decay rate, (9) duration of fluorescence decrease, (10) vesicle diameter(full width at half the maximum intensity of the fusion event), (11) maximum total movement of the fusion event (two times the vesicle diameter from the place of maximum intensity of the fusion event).

Fig. 4 :

 4 Fig. 4: Setting the TIRF angle for a CD63-pHluorin expressing HeLa cell A CD63-pHluorin expressing HeLa cell imaged using epi-fluorescence microscopy at a 0° angle (left) and at the correct TIRF angle (right). Scale bar, 20 μm.

Fig. 5 :

 5 Fig. 5: Analysis of MVB-PM fusion activity with the AMvBE macro a, Basal MVB-PM fusion activity (fusion events per minute) measured in HeLa (n = 25 cells), HUVEC (n = 12 cells) and HEK293T (n = 12 cells) and analyzed using the AMvBE macro. Data is represented as box-and-whisker plot where the line in the box represents the median, the boundaries of the box represent the 25 th and 75 th percentiles and the whiskers show the minimum and maximum values. *,
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Table 1 . Troubleshooting Table

 1 

	step	Problem	Possible reason	Solution
	18	Cells cannot be	Transfection	Increase the amount of
		localized.	efficiency is too	DNA:Lipofectamine2000
			low.	used for transfection or
				vary DNA:Lipofectamine
				2000 ratios from 1:0.5
				to 1:5. If this does not
				increase the
				transfection efficiency,
				or results in cell toxicity,
				use another transfection
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Supplementary Information

Supplementary Video 1: TIRF microscopy of a CD63-pHluorin expressing HeLa cell at 8x speed. Scale bar 20 μm. 
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