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EDITORIAL SUMMARTMis protocol describes a collection of-péhsitive fluorescent reporters that
can be used for realme dualcolour imaging of exosome release from singédls. The authors
provide detailed instructions for TIRF imaging and automated data analysis.

TWEETR new protocol for reatime quantitative imaging of exosome release from cells using pH
sensitive fluorescent reporters.
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Abstract

Exosomes are small 4®%0 nmsized extracellular vesicles implicateat@ilular homeostasiand cel-
cell communication. Exosomes can be secreted in bulk upo®xeithsic and intrinsic signals that
cause multivesicular bodi"VB) fusion with the plasma membra(feM).However, esearchon the
regulation of exosome release is hampered as current mettfadsto capture the dynamics of
exosome releasddere,we describehow live imaging with tetraspanibased pHsensitivefluorescent
reporters can quantifghe MVB-PM fusion rateof single cells. Our approach enables identification of
exogenous stimuli, signaling pathwayssion complexes, and can map stddlular sites of fusion
events. Additionally, dialcolor imaging can be used to asse#multaneouscargorelease by PM
fusion of MVBsThis protocol describes the complete imaging experiment, consisting of transient
expression of tetraspanireporters (2 days) live cell (duakolor) Total Internal RBection
FluorescenceTIRE microscopy (360 minutes per conditionand semiautomaticimage analysis
using a newly developed ImageJ macro (30 minutes per condition

Introduction

Development of the protocol

Lateendosomes, also referred to asultivesicular bodiesMVB9, 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 conteéntsome MVBs fuse wittplasma membraneRM)

instead releasing theidLVsinto the extracellular space Once released, these ILVsow called
exosomes— can partake in various physiological and pathophysiological processes, including
development, angiogenesis, immune regulatiotrophic support, cancer progression, and
development of metabolic, cardiovascular and neurodegenerative distases

While the functions of exosomes postcretion are intensely studié§ our knowledge of factors
modulating the release of exosomes remains sparse, precluding more definitive testseio
physiological relevancia in vivosystems Thisknowledgegap ismainly due to the lack of methods
that can monitor direct, realime effects of potential modulators on MMBogenesisand MVBPM
fusion Instead,ndirect, postsecretionbased types of examinatiaare typicallyused,whichdepend

on isolation by differetial ultra-centrifugationand/or sizeexclusion chromatography (SEC) prior to
downstream analysis. A wide variety of extracellular vesiel &nalysis methods have been
described, that are generally deployed to profile (9pbpulations of exosomes or atacterize
exosomal conterft'?. However, these techniques anet well suitedto 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 negatiieedback loops to occur. Furthermore, these
techniques fail to distinguisMVB-derived exosomes from small Pdiérived microvesiclethat are
indistinguishable from exosomedue to overlapping biogenesis mechanisms and biophysical
properties?,

In order tovisualizeexosome releasevents our group and Sung et’alindependentlydeveloped
construcs in which the exosomassociated tetraspanin (TSPAN) CD63 was fused teseritive
green fluorescent protein pHIuorfi’. Usingimmuno-EM, we demonstrated that our CDg2Hluorin
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fusion-protein, like endogenou€D63, is highly enriched in ILBgcause the pHIuorimoiety faces
the MVB lumen, CD63pHIuorin fluorescencés quenched as aonsequenceof the low pH in the
MVBY. UponMVB-PM fusion the pH in theMVB lumen is immediately neutralized,stdting in a
sudden increase in fluorescence of CBp&8uorin that can be detected using ligell imaging Sung
et al used their CD6@HIuorin to visualize exosome secretion at 0MB7 Hz in migrating cells,
showing fluorescence at sitgweceding adhesiofiormationt®. We placedthe pHIuorinmoiety in
CD63's first extracellular lop amino acids upstreamelative to the construcby Sung et &. The
combination of this construct with higepeedimaging( i2 Hz)enabled us to diredy visualie MVB-
PM fusion down to the singleell and subcellularlevel at high temporal resolution (Fig. 1;
Supplementary Video T) Importantly, the CD63®HIuorin reporter provides the opportunity to
distinguish the secretion of MV@erived exosomes from Piderived EV release. In our original
publicatiort” we demonstratel the utility of high-speed CD63pHIuorin imaging in unravelihg
exogenous physiological stimuli, intracellular signaling pathways, and fusion machinery involved in
exosome releaseMeanwhile,the high-speedCD63pHIuorin live imaging approach has besgplied
by Lu et alto validate candidates-from a genomeade CRISPR/Caséreen for new players in MVB
exocytosi&,

Here we describe a detailed protocol for the quantification of exosome release bysp&gudsingle

cell live Total Internal ReflectidAluorescence (TIRR)icroscopy using the CDgBluorin reporter.
Although optimized for HeLa cellge have successfully edthis protocolin a variety oidherent cell

lines, primary humarells and stem cellisee Materials ‘Biological Materials!)We anticipate that

this approach will enable researchers to decipher a wide range of aspects of exosome secretion at
highspatiotemporal resolution.

Applications of the method

CD63pHiluorin can be used to measure the frequency andalular localization of MVBM fusion
events for a defined supopulation of (CD6®ositive) MVBs. Thexpression and imaging of CB63
pHluorn allows for ahighresolution quantitative read-out for the realtime analysis of: exogenous
stimuli, intracellular signaling pathways, and fusion/SNARE complexes implicated in CD63+ exosome
release, as well as their immediate pdssion fate as descrilzkin our initial publicatio. The CD63
pHluorinbasedlive imaging approachan be combined witlsmall moleculescreening andsiRNA
mediated knockdown, thus enabling small targeted screens to identify modulators of MVB exocytosis.
Furthermore, in our original publication we used a compgentrolled multivalve superfusion
system to assess the effect ofricus small molecules (including histamine) on the MAB{usion
frequency in HeLa cells during image acquistfidn 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 aekedieg

the ligand to the culture medium.

Exosomes are highly heterogeneous, and not all of them carry°*CD&2address this heterogeneity,
we developed pHsensitive fluorescent reporters based additionalEVfassociated SPANED81 and
CD9 that werdagged with agreen (pHluorin) ored (pHuji)pH-sensitivefluorescent protein These
reporters can be used individually, or in combination using -dokdr imaging Kig 2a,by;
Supplementary Vide@). In combination withthe pHsensitive TSPANeporters, pHinsensitive
fluorescent proteinscan be used to tag TSPANsotiner exosomal cargoes of intere@ig. 2a,b;
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Supplementary Video 3f note, positioning of the pHluorin tag at thgtoplasmic sidef proteins

is also possibles we previously showed for at€minally tagged version of CD@Bluorin(Fig.2ab;
Supplementary Video;Ref!’). Since the exosomal membrane is permeable for profohgoHIuorin
moleculedacingthe exosome/ILMumen will be quenched in the MVB, but become fluorescent upon
MVB-PM fusion. The possibility ace the pHluorin at the cytoplasmic sidvides flexibility in the
design of the tagged protein of interestith respect to domains that regulate the intracellular
trafficking or its interaction with crucial partner€are should be taken, however, e pHIluorin
molecules that are located at the cytoplasmic side of the limiting membrane (LM) will be fluorescent
even beforeMVB-PM fusion. Thismay increasebackground, especially for proteins that have a
(relatively) high LMo-ILV localization raticsuch as LAMP. The LMto-ILVratio of a protein can be
determined by immuneelectron microscop’f.

The CD63HIuorin methal is compatible with stable (lentiviradansduced) cell liné& Thisprovides

the user with stable expression levels and will improve reproducibility, which is beneficial in targeted
screens. In our hands, MMBM fusion events could beetected6 weeks afteithe generation of a
stable CD6®HlIuorin expressing HelLa celHSupplementary Video 5iHowever, some applications,
such as visualization of exosome deposition by migrating cells, might require highepBID68n
expression levels. To this end, Sung et al. recently developed apEDERINM153R mutant that
offersincreased stability and higher expression lewéithe fusion proteinwhich could be used when

the brightness of regular CDg#Hluorin is not sufficierit.

One facet we did not explore in full detail and that may provide additional dicdd insightis the
mapping of the sulzellular localization of MVBM fusion events. Indeed, exosomes can be released
in a polarized fashion, for instance in the context of an (antigemced) immunological synapse
between T-and Bcellg4 on the front end of migrating cancer céfisor on the apical and basolateral
side of cellsas shown for intestinal epithelial ceflsThese exosomes might also very well differ in
their respective composith®. At the basolateral side of cells, exosome secretion can be enhanced at
invadopodid®. Interestingly whereas initial flat lamellipodia of HT1080 celte not enriched iIl€D63
pHIluorin fluorescence, they do show local concentrations of fluorescence in the minutes preceding
adhesion assembly, suggestion local exosome reteakecould thus be of interest to use CB63
pHIluorin (or other cargoes) to image MWB4 fusion events dtigh speed for detagld analysis of MVB
exocytosis at these dynamic membrane structures.

Another exciting application of the reporteis the in vivaanalysis of exosome release, which will
allow the study of exosome release kinetics in a full physiological context. Indeed, we recently used
CD63pHIluorin expressed in zebrafish to detect in ieB-PM fusion events with similar intensity

and duration as described in vif®oCurrently, this type of analysis is limited to relatively flat cells that
are ideally oriented parallel with the imaging plane. The full potenfitis 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 -GBE®rin also
enableshe tracking of sinig EVs after their release in biological fldid€ompared to CD6GFP, the

use of the pksensitive CD6BHIuorinis highly advantageous amsost of the intracellular CD63
pHIluorin in producing cellor in the endocytosed EVs ithe late endosomal compartments of
recipient cellsisquenched, thus increasing the sensitivity for extracellulaogema) CD63pHIuorin
Importantly, CD63pHIuorin on thecell surfaceor in nonacidic compartments might still cause high
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backgroundn tissues overexpressing CB@3luorin. 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 endocytGfi§3pHIuorin can be combined with a pH
insensitive red fluorescent proteihor the LATPase inhibitor bafilomycin AWvhich neutralizeshe

pH of the late endosomal compartments in recipient éélBinally the use of Hluorin tag placed

in the extracellular loop of thef'SPANalso offers the advantage to combine live cell imaging with
immunoelectron microscopy omnti-GFP immunoprecipitation, followed by RNA sequencing,
proteomics or western blot, notabliyn model organisms where antibodies fexosomesmarkers are
lacking’.

Comparison with other methods

Over the yearsa 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 cargo€s?. The most direct way to quantify exosome release is by isglélhe exosomes

from cell culture supernatant, followed by electron microscopy. This technique allows accurate
quantification and sizing of EVs but has the disadvantage of beingif#tbasive and lowthroughput.
Therefore, other direct particle quantification methods have been developed, including nanoparticle
tracking analysis (NTA) and higgsolution flow cytometry. Currently, NTA is one of the most widely
used techniques for EV quantificatidnThis microscoppased technique detects EVs by their light
scatter during laseilumination 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 anal§dfurthermore, accurate EV quantification

by NTA requires EV concentrations that are often not reached withouispiation of the vesicles
from the culture supernatant. However, EV isolation methods, suchdifferential ultra-
centrifugation can cause \E aggregation and esolate lipoparticle and/or nucleic acieprotein
aggregatesthat contribute to NTAconcentrationmeasurement®32, Advanced lbw cytometry is
another promising technique that has the potential to count, size and analyze the surface protein
content of single EVS Currently, this technique seems most suitable for analysargér EV subsets,
sincethe lower end of theexosome size rangd0-100 nm)still falls below the detection limit of most

flow cytometers®.

MVB-derived exosomes and small RMrived vesiclesggenerally called microvesicles, actudigve
overlapping size ranges and similar biophysical properfiéss makest impossible to selectively
guantify exosome secretion using single particle tracking techniques. In fact, differentiating between
these two subtypes by size and/or density rigpbssible.To overcome this, western blot for EV
associated 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 fractin have shown a significant overlap in protein content between EV subtypes,
suggesting that these markers are not exclusive to MeBved exosomes334

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 eli€ over a timecourse of 2472 hours. By
contrast, the CD6®HIuorin approach allows the study of exosome release intiea@from a single
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cell. This enables the detection of subtle and temporary changes in exosome release that might not
be picked up in longerm culture due to receptor downregulation or other negative feedback on the
signaling pathway. In addition, it permits the distinctimindirect 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 conclusionthe majority of the aforementionedlternative techniques facilitate a more precise
characterization oEV contentand allow quantification of populatichased (changes in) EV release
over extendedtime-periods. On the other hand, the higipeed CD63pHIluorinimagingapproach
explainedhere provides direct, @altime insight in exosome release at the single cell level. This
complements the traditional, more indirect biochemical approacheto study the molecular
mechanisms of exosome release.

Limitations of the protocol

The application of CDg3HIuorin as tooto study exosome release and deposition from single cells
have been reported in multiple independent publicatiéii§2335 yet TSPAXeporters have several
limitations that are inherent to the technique. Firgdhe highspeed CD63pHIuorin live imaging
approachwe describe hereeports MVBPM fusiors rather thanactual exosme exocytosisin our
original publication we shoed that CD63pHIuorin fusion activitycorrelates withthe amount of
secreted CD63 in the EV fraction as assessed by westeth ket inder certain conditions exosome
release might not be directly reflead by MVBfusion rate for instance when cell manipulations
directly affect CD63 sortinfgom the LMinto ILVsOf note, the CD6&term-pHluorin construct can

be used to visualize a defect in ILV sorting of CD63. As described in the ‘Applications ethibd’,m
CD63C+term-pHIluorincontaining 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 becomeseutral
In case of defective sorting of CD63erm-pHluorin, these additional bursts of fluorescence will not
be observed. Second, CDBpBlIuorin only reports the releasaf CD63positive exosomes, meaning
that EV subpopulations devoid of the specific reporter will inevitably not be visuilalétbugh this
can also be seen as a strength for specificity of the approach. Chaodiffgrent TSPANor other
exosome specific cargo) pHIuorieporter, as detailed in the experimental design sectiomay
expand the applicability of the approadmportantly,imaging ofCD63pHIuorin ignores generation

of MVs or exosomdike vesicles (e.g. ARMMS) lidg from the PM, or release ofmall non
membranous particles such as exoméfé$ whichagain, depending on thecientific questioncould

be viewed as botla limitation or strengtf'.

A limitation of TIRBased imaging is the requirement of a relatively flat plasma membrane in close
proximity to the coverslip,effectively restricting the approach tadherent cel. Other imaging
techniques, like spinnindisk micoscopycould in theorybe used to visualize fusion eventshigher
focalplanes However,due to a lower signas-noise ratio compared to TIRF microscopymbined

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 NWBfusion activity.
Therefore, measuring significant changes in MRBfusion activity between conditions requires the
imaging of multiple cells (we advise at Ied9 cells per condition). As both the imaging and the
analysis of fusion activity require &0 minutes per condition, this approach in its current format will

be mostly apt for small targeted screens.



Experimental design

The proceduredescribed hereonsists of three stagepreparation of the cell§Stepsl-9), live cell
imaging(Stepsl0-28)and the image analys($teps29-37). To detect MVBPM fusion, the cells are
transiently transfected using pbensitive fluorescent reporters. These cells are then subsequently
imaged using live cell TIRF microscogoyd MVBPM fusion events can be quantified using the
Analyzerof MVB Exocytosis (AMvBfaacro(Supplementary Software 1)

Choice opH-sensitive fluorescent reporterd his protocol fothe imaging of MVBRM fusion in living
cells is based on the expression of-&gociated tetraspanins (TSPANSs) fused tesegah$itive
fluorescent proteins. In our original publication we focused on CD63 fused to Superecliptic p¥iluorin
This green fluoreent protein has excellent pkensitivity and islmostcompletely quenched at the
acidic pH of multivesicular bodié$>!” We have fusedhe pHIluorin moiety in the first extracellular
loop of CD63 between GIn36 and Leu37. Furtherntbeeconstruct developed by Sung et @h. which

the pHIluorin moietyis placed 7 amino acids away in the first extracellular |a@malso be used to
visualize exosome secretion ag Wwave no reason to assume thabehaves dissimilar under high
speed imaging conditio&% In addition to CD6®HIuorin, we developed reporters based 6®8land

CD9 two other TSPANS that are frequently used as EV marker

To complementhe green pHIluorin, a number of red ensitivefluorescent proteinshave been
developed, such as pHoran4, pHTomato and piitjere we chose to useHuiji, based on its pKa of
7.7, its pHsensitivity and its emission wavelength598 nm, which makes it possible to combine it
with pHIuorin for multichannel imaging withut fluorescenceleedthrough. Although & SPANdHUji

can be used to detect MVVBMfusion, the fold increase in fluorescence intensity upon fusion is higher
for CD63pHIuorin compared to CDg3Huji (Fig 2c), which is in line with the difference in pH
sensitivity between pHIluorin and pHiji This results in a slightly higheensitivity for fusion events
with pHIuorinas compared to pHujiTherefore, we recommend that detection of M¥BA fusion in
singlecolor is performed using the TSP-ANIuorin reporters.

Simultaneous duatolor imaging otells ceexpressingr SPANpHIuorinand other cargo tagged with

red fluorescent proteinssuch as the TSPAMuji reporters, can be a powerful toa tssess joint
cargoloading and release by PMsingMVBs (Fig 2a,b; Supplementary Videa Burthermore,co-
expression of a TSPAN tagged withHaindependent red fluorescent proteinsan be used to track
MVBs before fusioliFig 2a,b; Supplementary Vid8p Similarly, the use of a CD63 construct dual-
tagged with pHIuorin and mScarlet has recently been employed to visualize MVBs before fusion and
to study exosome endocytodts 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 diffeFig 2ab).

Preparation of the cellsTIRF microscopy requires that the cells are plated on coverglitissaw
thickness matcimg the objective that is used. We routinely use Nunc-Lak 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 imaaging chamber. HelLa cells will adhere to the
glass without the need for any additional coating. However, we noticed that coating the coverglass
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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 GiMiBorin or one of the
other reporters. For the transfection of Hetells,we routinely use lipofectamine20q@hermoFisher
Scientific) but other transfection reagents such as JetPr{iRelyPlus transfectionpight 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 inegfiti Lentiviral transduction also allows for the
generation of stablefSPAMNeporter cell lines through integrationf the reporters in the genomic
DNA.We have cloned IaRTSPAMNeporters presented here also in the pLenti6.3/TOMBST vector
(available upn request) that can be used with the ViraPower™ HiPerforrREx™ Gateway®
Expression System (ThermoFisher Scienti@f).note CMV{promoter driven overexpression of
proteins can lead to a growth disadvantameer time Thiswill result in selection ofalls that express

the TSPANeporters at (undetectable) low levels from the original polyclonal lentivirus transduced
population. To avoid thigells can be ctransduced with the pLenti3.3/TR repressor (Invitrogen)
allow tetracyclinregulatedexpression of the TSPAMBporters

Imaging setup. To image the MVIPM fusion events one can use dagt, high-resolutionobjective-
basedTIRF microscopy sap. TIRFnicroscopy allows for selective illumination of the basal plasma
membrane and thus pragles optimal signae-noise ratio as well as low phototoxicity. In addition to

TIRF microscopy, MMBM fusion events can be detected using spinrdigg- confocal microscopy.
However, the number of detected fusion events by spinmdisg- confocal ibwer than with TIREue

to reducedsignalto-noise ratiocompared to TIRF. This protocol describes the use of a Nikon Eclipse
THE, equipped with an APO TIRF 60x/1.49 Oil objective (Nikon) and a sCMOS camera (Zyla; Andor).
Theprotocol has also successfutlgenperformed using a Zeiss Axiovert 200M microscope equipped

with an Alpha Plafirluar 100x/1.45 Oil TIRF objective (Zeiss) and an EMCCD camera (CASCADE; Roper
Scientificland witha Nikon Eclipse ‘B equipped with a CFl Apochromat 100x/1.49 Oil TIRIetDl®

(Nikon) and an EMCCD camdgadlve 512; Photometrixiror optimal quality of the imaging dathe

coverslip thickness should be matchedhe objective that is used

For dualcolor imaging of MVEPM fusion events we usa dual band filter cube combined with a
dichroic beamsplitter and dualcamera system. This sap allows forsimultaneous imaigg ofboth

a TSPAMNHIuorin and a SPAMNHAU;ji reporter at high speed®ptionally, an optical imagsplitter 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
drasticallyreduces the imaging speed and prevemging at the minimal frequency of 2 Hmat is
needed to capture the fast fusion events.

Imaging MVBPM fusia events With highspeed imagingusion of aCD63pHIuorincontaining MVB

with the plasma membrane can be observed as a rapid localized increase in fluorescent intensity,
followed by a slow decrease of the sigogbn dissipation of the secreted exosoméisterestingly,

the signal duration for CDg3Hluorin MVBPM fusion events is significantly longer than that observed

for PM-deposition of VAMPpHIuorin from the limiting membrane of secretory organelles or soluble
release of NPgHIuorin.We hypothesiz¢hat entrapment of TSPAPNHIuorin exosomes between cells
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and the coverslip, sticking of the exosomes to the PM, or exosaxtracellular matrix interactiort8
after MVBPM fusion lies on the basis of this difference in signal duration. Whereas-gHMdrin
shows ex¢énded signal duration similar to CDgBlluorin, the posfusion dynamics of most Cb9
pHIluorin fusion events are more similar to those of VANMPRUOrin, suggesting that only a fraction
of CD9pHluorin fusion events report MVB exocytosis. We therefore reuend the use of CD63
pHluorin or CD8pHIuorin to quantify MVBPM 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
coverslig® appear as bright structures in the field of view. To distinguish these structures from
intracellular noracidic CD6®HIluorin compartments it is possible to do an acid wash using Tyrode’s
medium with pH 5.8. Similarly, one can quantify the amount of acidic TSPANorincontaining
endosomesin the cell using Tyrode’s solution with MH, which neutralizes all acidic cellular
compartments. In combination with a TIRF-get this will highlight the endosomes that are close to

the plasma membrane.

When designing a TSPAMNIuorin imaging expearient, it is important to realize that basal M\FBA

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 requBeacquisitions of separatenaging fields containing + 2

cells for 3 minuteper acquisitionThe number of acquisitions should be increased in case the field of
view is too small to capture multiple cells simultansely. Furthermore basal fusion activity, even in

the same celtype, is generally not the same in independent experiments. Thus, it is necessary to take
along a norreated control in each experiment when studying the effect of a certain treatment on
MVB-PM fusion activiy.

Transient transfection of the HelLa cells results in variable TPPANrin expression levels. As
overexpression of the TSPAIMIuorin might result in impaired trafficking, we only select cells with
moderate expression levels for imagifigneacquisiton time and laser power should be set to achieve
high signato-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
analysidythe Analyzer of MVB Exocytosis macro

When considering acquisition settings, ensure that the imaging spedd4$ v}uPZ ~H 1 ,le 3§}
distinguish MVB’M fusion from vesicles with neutral pH approaching the plasma membrane.
Furthermore a high spatial resolutiois 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 pixeb$iz60 nm

and 107 nm

Image analysisFollowingimage acquisitionthe MVB-PM fuson activityof individual cells can be
determined by counting the number of full MMBM fusion events that can be observed per minute.

A full MVBPM fusion event can be recognized by a sudden increase in fluorescence intensity, resulting
from the instant neutralization of the pdf the MVB upon exocytosand rapid movement of the
secreted exosomes towards the coverslip into the TIRF figl sudden increase is followed by an
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exponential decrease with a minimal duration of two seconds, dwinigh the event remains in the
same location (Figa3b).Importantly, increases in fluorescent intensity can be detected that are not

a consequence of full MVBM fusion and thus do not report exosome releagerucially these non
productiveevents can be discriminated from full MVMBA fusion in live imaging by analysis of the
fluorescent profile right before and following initial fusion (FHg,b). For example, in some casas
sudden increase in fluorescent intensity is followed by no desseman irregular decrease of the
signaland/or lateral movement of the fluorescent signal after fusion, suggesting that the MVB is
movingin the cell after neutralizationThis type of events is reminiscent ofcaledsynaptic vesicle
kissand-run everis where the vesicl@ore transiently opens and closes without fully collapsing into
the plasma membrane. In the case of TSpAMNIorin, kissaandrun-like fusionevents might result

from MVBPM fusion with incomplete exosome secretion, or by full fusiod eapid reuptake of
exocytosed exosomes. In both cases, there is no or incomplete exosome secretion and thus we
exclude thes&issand-run-like events from ouanalysis Another cause for an increase in fluorescence
that occurs more frequently is when aR/ANpHIuorincontaining (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-RMWRBusion events based on the
duration ofthe fluorescence increasend their lateral movement in the TIRF fi¢kdg3a,b). In Box 1

we provide a set of guidelines for the analysig 8PAMHIuorin live imaging data.

The TSPANHIuorin imaging procedure is based on the localization offtB®AMHIuorinin acidic
MVBs and subsequent neutralization of these compartments by their fusion witANhélowever, a
fractionof the fusion events that can be observed with the TSpANorins canresult from PM fusion

of other acidic endosomal SPAMositive vesicles. For example, fusion events might arise from
plasma membrane deposition of CDBBIuorin from transport vesicles or lysosomes. In our original
publication we show that in HeLa cells, mthan 95% o€D63pHIuorin fusion events report esome
secretiort’. As mentioned earlier, the signal duration after exocytosi€bb63pHIuorh and CD81
pHluorin MVBsis significantly longer as compared to that observed for PM deposition of limiting
membraneassociatedvAMP2pHIuorin. This difference in signal duration allows asdiscriminate
betweenMVB-PMfusion events anthe exocytosi®f endosomes or lysosomes that only have TSPAN
pHIluorin in the limiting membrandJnder the experimental conditions described in this prototice
fusion duration of VAMPRHIuorin fusion events is shorter than 2 seconidence we have set the
minimal signal duration time for MVBM fusion at 2 second®dx 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 theivel&ision duration of PM
deposition of VAMPpHIuorin as compared to CD@B8luorin in your system. Increasing the imaging
frequency to 5 Hz might allow for a better analysis of the fast VApHRQGorin fusion events.

Manual counting of the MVABM fusionactivity based on the guidelines described in Box 1 is possible,
but requires careful examination of each individual fusion event and is therefore actimmuming
process. To shorten the image analysis time, we developed a FlJI/ImageJ macro nandedljizer

of MultivesicularBody Exocytosis (AMvBE)available as Supplementary Software Wpon opening

of a TSPANHIuorin TIRF microscopy tirepsewith the AMvBEmacro, the user can pinpoint all
sudden increases in fluorescent intensity that resembk&din events. The AMvB&acro will then
track and analyze these events and test whether they comply to a nuaiflparrameters that are set

by the usemefore analysisAlthough these parameters can be changed by the user, we recommend
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the settings in Box for the detection of MVBPM fusim, whichare based on the criteria as described
in Box 1 After analysis, the macrprovides the user with a list of “true” MVBM fusion events that
contains data on their intensity, duration and position.

There are a number of importamtiriableso consider when analyzing the fusion activity with AMvBE.
First of all, AMVBE is developed for detecting MRRBfusion with CD6BHIuorinand CD83pHIuorin,

and cannot be used to quantify fusion events resulting from soluble release or PM deposition. For this,
other macros have previousheen developetf*L Secondthe macro correctsmall inaccuracies in
pinpointing the events by automatic detection of tpeak intensity in both space and time around
the selected RQFig3c). However, this event correction in time prevents the analg$isisionevents

that occur in the first or last 3 seconds of the acquisition. This should be consigbezdchoosing

the image acquisition time. Finally, drift or significant photobleaching during imagimgamper the
analysis.To avoid this, we included the option to correct for cell movement and photobleaching.
However, when experiencing photobleaching wecommend lowering acquisition time and laser
power to avoid both bleaching and phototoxicigs this might affedusion activity

Materials

Biological Materials
x Cell lines: In the example data shown in this protocol we use HeLé&SightsaAldrich ECACC
cat. n0.93021013 RRID:CVCL_003®/e have also successfully tested our protocol using
HUVEC, HEK293T, Caski, SiHa, HCT11&2,046& and MNT cellsand we anticipate it
shouldwork with most adherent cell lines and primary cells.
CRITICAThe cell lines used in your research should be regularly checked to ensure they are
authentic and not infected with mycoplasma.

Reagents
Plasmids
CRITICAL: The following TSéporters are available from Addgene.
CD63pHIluorin in pCMMSPORTEAddgene ID 130901)
CD821pHiluorin in pPCMMSPORTEAddgene ID 130903)
CD9pHluorin in pCMMSPORT@Addgene 1D 130905)
CD63pHuji in pPCMVYSPORTEAddgene ID 130902)
CD81pHuji in pPCMVSPORT@Addgene ID 130904)

X CDS9pHuji in pPCMVSPORTEAddgene ID 130906)
CRITICALTSPANeporters in the pLenti6.3/TO/VBEST vectoffor lentiviral transfection) are
available upon request.

X X X

Cell culture and transfection reagents
x DMEM + GutaMAX(Gibcogcat. n0.61965026)
DMEM without phenol red (Gibco, cat. no. 316%33)
10%(vol/vol) Fetal Bovine Serum (GE Healthcare Hyclone, cat. no. SV30160.03)
PenicillinStreptomycinGlutamine (Gibco, cat. n@0378016)
TrypsinEDTA (Gibcaat. n0.15400054)

X X X
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X Opti-MEM (Gibco,cat. n0.31985070)
x Lipofectamine 2000 (Thernfeishercat. n0.11668027)
X PolyL-lysine0.1 % (w/vol) in O (SigmaAldrich cat. no.P8920)

Chemicals
x CaCl(SigmaAldrich, cat. no. C7902)
CAUTIONKaClcauses serious eye irritatiot/ork in a fumehood and use personal protective
equipment when handling CaCl
KCl(Serva, cat. no. 26868.02)
NaCl(SigmaAldrich, cat. no. 31434)
MgC} (SigmaAldrich, cat. no. M9272)
GlucosgMerck cat. no. 1.04074)
HEPES (Sign#ddrich, cat. no. H4034)
NH:CI (Riedetle Haén, cat. no. 31107)
CAUTIONIH,CIcauses serious eye irritati@nd is harmful if swallowedVork in a fumehood
and use personal protective equipment when handlingGIH
x MES (ZN-morpholino] ethane sulfonic acigbigmaAldrich, cat. no. M8250)

X X X X X X

Equipment
x Humidified cell culture incubator, 5% €0
x Level lbiosafety cabinet

x Nunc Labrek chambered coverglass 8 well, borosilicate glass, thickness #1 (ThermoFisher,

cat.no. 15541)

TIRF microscope
x Nikon Eclipse Tnicroscopewith motorized TIRF illuminator unit (Nikon)
x Stage top incubator and cage incubator with€antrol and humidity moduleGkolal
X Argon laser 488 nriMelles Griotmodelno. IMA101040ALS

CAUTIOMaser light can severely harm the eye. Ensure that laser light is always shielded from

the user, and wear protective glasses while working with lasers.

DPSS laser 594 nf@pectraPhysicsmodelno. Excelsio94-30)

Duatband filter cube 488/594 nrChromamodelno. TRF59906

Two-camera imaging adaptéAndor, TuCam)

Dichroic beamsplitter (dichroic mirror: 552 nm, emission mCherry 641/75 nmsiemi&FP
520/35 nm)

sCMOS camei@ndor, Zyla)

TIRF objective, CFl Apochromat TIRF 60x/1.48likdn)

Perfect Focus SysterNikon)

X X X X

Analysis software
X NISElements image acquisition software (Nikon)
X The most upto-date version of the FIJI distribution of ImateJ
(https://imagej.net/Fiji/Download$ upplemented with the MultiStackReg
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(http://bradbusse.net/downloads.htn)l , and TurboRef
(http://bigwww.epfl.ch/thevenaz/turboreg) plug-ins.
x The AMVBE macr&upplementary Software 1)

Reagent seup

Full cell culture medium
DMEM supplemented with 1096ol/vol) FBS, 1 U/ml Penicillin G,1 mg/ml streptomycin sulfate and 2
mM glutamine Store at 4 @ for up to 4 weeks.

Tyrode’s solution pH 7.4:
2 mM CagG| 2.5 mM KCI, 119 mM NaCl, 2 mM Mg30 mM glucose, and 25 mMERESpH 7.4
Sterilize the solution using a 0.2 micron fileerd store at 4 Gfor up to 1 year

Tyrode’s solution pH 5.5:

2 mM CaG) 2.5 mM KCI, 119 mM NaCl, 2 mM MgGD mM glucose, and 25 mM MES[R-
morpholino] ethane sulfonic acid), pH 5Sterilize the solution using a 0.2 micron filter and store at
4 @forupto 1 year

Tyrode’s solution 50 mM Nidl:
2 mM CagG| 2.5 mM KCI, 119 mM NacCl, 2 mM Mg60 mM NHCL, 30 mMylucose, and 25 mM
HEPESSterilize the solution using a 0.2 micron filter and store & fbr up to 1 year

Poly-L-Lysine coated &b-Tek glass chamber slides:

Dilute the polyL-lysine solution 10x in sterile doubtiistilled HO (final concentration: 0.01% (wol))

and add 400 ul to each well of a E&ek 8 well glass chamber slide. Incubate for 5 minatasom
temperatureand remove the polt-lysine solution. Wash twice with doubtistilled HO and let the

LabTek slide dnat room temperaturein the biosafety cabinet foat leastl hour without lid.Poly-L-
lysinecoated LabTek slides can be prepared in advance and stored under sterile conditions at room
temperature(21-24°Qfor up to1 year

CRITICAthis should be performed under sterile conditions

CRITICAdcratches in the glass slide can hamper the TIRF imaging. To avoid scratching the glass bottom
of the LabTek slide, weecommendkeegngthe slideinside a 10 cm culture dish.

Procedure

Plating and transfectiorof the cellsTiming 2 daysl hour handson time

CRITICAthis protocol describethe live imaging of MVBM fusion using the CDgfHluorin reporter

in HelLa cells. The protocol caasilybe used with other TSPANporters and/or applied to other
adherent cells although transient transfection of other cell types might require a different
transfection protocolStep 39 can be skipped when usifentiviraltransduced cells stably expressing
TSPAMeporters.
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1. Hela cells are maintaad in a T75 flask in full cell culture medium in a humidified incubator
at 37 °C and 5% @O0 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 (Bpically
5 mirutes). After the cells have detached, add 8 ml full medium and resuspend the cells
thoroughly to obtain a single cell suspension. Split the HeLategllimesa week at a 1:20
ratio.

2. Seed the cells at a density of-38%in poly-L-lysinecoateda LabTek 8 wellchambered
coverglasand let them attach for 24 hours in a humidified incubator at 37 °C and 5% CO

3. Cell transfection (Steps-9): Transfect the HelLa cells at-60% confluency with CD63
pHluorin plasmid DNA usinigpdfectamine 2000In order to do so, first dute 500 ng CD63
pHluorin plasmid DNA in OgiEMto a total volume of 100R.

CRITICAL STEP For do&¥ imaging with the TSPANporters we recommend using 250 ng

of the TSPANHIuorin and 250 ng of the TSPANUu;ji.

CRITICAL BF It is critical to achieve a high transfection efficiency without inducing cell
toxicity from too high overexpression of the TSP&porters or the lipofectamine 2000.
Increase or decrease the amount of DNA and lipofectamine 2000 when necessary.itmaddit
to lipofectamine, other transfection reagents such as JetPrime might also be used according
to manufacturer’s protocol.

CRITICAL ST&® recommend doing the whole transfection procedure in a flow cabinet and
incubator close to the imaging sap. Howeer, when cells need to be moved to an incubator
close to the imaging seip (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,illite 1.5 B Lipofectamine 2000 in OpEM to a total volume of 10G.

5. Add the 100 Ipf diluted Lipofectamine 200Qfrom Step 4) to the DNA solutigfrom 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 feta@nirutes.

7. Refresh the culture medium of the HelLa cells with weemed culture medium without
antibiotics

8. Add50 P of the transfection miture per welland incubate the cells for 6 hours.

9. Refresh the culture medium of the transfected cells with 4Bpre-warmedphenolred free
full culturemedium and incubate for another 18 hours.

(Duakcolor) TIRF microscopy set dpming 1.5 hours. 30 mitreshands on time.

10. Switchon the heating and C&ontrol at least 1 hour in advance.
CRITICAL STEP We advise to use a microscopp eqtiipped with a humidified stage
incubator for imaging at 37 °C and 5% .Cddwever, in certain cells (e.g. HeLa and HUWEC)
is possible to detect MVV\BM fusion activity without stage incubator and/onaging at room
temperature (2124 °C) in Tyrode’s soluti@m another C@independent type of medium (e.g.
Leibovitz's L15)

11. Start up the 488 nm laser line. In case of du@dr TIRF, also start up the 594 nm laser line.

12. Switch on microscope system and camera(s)

13. Start the imaging software (e.g. NE®ements)

14. Clean and dry the TIRF objective lens with 70% (voksiognol. Adjust the correction collar
of the objective for theight temperature and thickness of the glass coverslip.

14



15.

16.
17.

18.

19.

20.
21.

22.

23.

24.

25.

Focus and align the laser&) that the laser bearis focused on the back focal plane in the
central axis of the objective.

Select the optical configuration for widefield GFP fiymrescencemicroscopy

Place the Laliekchambered coverglassontaining the transfected cells in the microscope
stage holder.

LocalizeCD63pHIuorin expressing cells in widefield dlpierescence mode

?Troubleshooting

Startthe perfect focus system and focus on the basal plasma membrane

Select the optical configuration for TIRF microscopy

Set the TIRF angl by increasing the incidence angle of the excitation beasing the
motorized TIRF illuminator unintil there is a sudden decrease in background signal fram th
interior of the cell and the plasma membrane has a-tlimensional appearancgig4)*.
CRITICAL STHREF illumination is critical for the detection of MWB}fusion events with high
sensitivity.

CRITICAL STEP In experimenteravithe number of TSPADHIuorin expressing cells is
limited, setting of the TIRF angle can be done udi§ nm TetraSpeck Microspheres
(Invitrogen, cat. noT7279 as described in Réf.

Optional: When performinglualcolor TIRF imaging using two camersslect the dual
camera mode and insert the TuCam filter cassette.

Optional: When performindualcolor TIRF imagingsing two cameragerform 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 aligndégti o obtain the same focus for both
channels.

CRITICAL STE&tential remaining distortions can loerrected after image acquisition using
image registration software.

CRITICAL STEP In experiments where the number of -pERAINN expressing cells is
limited, alignment of red and green channels can be done using 100 nm TetraSpeck
Microspheres (Invitrogen, cat. no. T7379

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 wilhlsacesults.

To control for this, excite with each laser separately and check if there is-thismafh of the
fluorescent signal between channels.

Specifycamera settingswe recommend to use a bit depth of 12 or 16 and no bintoraptain
images ohigh resolution

CRITICAL STHi AMVBE macro criterium forminimum event size to dconsidered (see
Box 2)requiresthat the pixel size is small enough for fusion events to obey the Nyquist
criterion (i.e. for the recommended ‘minimum evesize to be considered’ valug 400 nm,
the pixel size should be a maximum of 200 nm)

Image acquisitionTimingin total 3060 minutes per condition.

26.

Choose an imaging field, ideally containing 2 or more cells with average expression levels.
CRITICAL STEP ltis critical to have a perfect focus at the basal plasma membrane.

15



CRITICAL STEP For the analysis of/&ision in duatolor, we recommend imaging cells
that have similar expression levels of TSi#ANIorin andTSPAMHu;ji.
?Troubleshooting
27./lu P 8§z 00 § HT ,I (JE& 38Ju % E]} 5Z & 0oBPAMEIGE]}% E <P
HeLacelly.
CRITICAL STEPJau P]JVP * %o Ji$ ckutiallto distinguish full MVIBM fusion events
from kissand-run-like events and neutral (transport) vesicles moving into the TIRF field
?Troubleshooting
28. Repeaffrom steps26-27 (}E HA ]J(( & vS (] o X

Quantifying tetraspaninpHluorin MVB-PM fusion events using the AMvBfacro Timingchannel
alignment of duatolor TIRF data: £30 mitesper condition Quantifying MVBM fusion events+30
minutesper condition.

CRITICAAIthough manual analysis of fusion events based on the guidedivaeifable in Box 1s
possible, we recommend using assisted counting using the AMaBE(Supplementary Software 1)
for quantitative analysis of MVBM fusion event$Steps 36B7).

CRITICAthe AMvBEmMacro was developed to quantify M\ fusion events using CDg8lluorin.
We do not recommend to use this tool with TSPgtji, due to the reduced pklensitivity of this
fluorescent protein.

29. Optional: When performing dualolor TIRF using two cameras, first correct small distortions
in channel alignment using Image Registration inBétents. Load the acquisition data in
NISElements and select ‘image/E ‘Channel Alignment and Registration’ #Bmage
Registration’ Then select the channel you want to migdand select the oint (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 alighacquisition data.

30. Install the plugn: open FIJI and select ‘Plugins>—-Macros’ — ‘Install...” and open the
AMvBEmMacro in the plugin folder
CRITICARTERNis step has to be repead each time you restart FIJI.

CRITICABTERENsure FlJI is updated the latest version ands supplemented with the
MultiStackReg and TurboReg piag-

31. Load an image stack tselecting'Plugins—> ‘Macros’ — ‘AMvVBE 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 app8sect the location where you
want the results of the image analysis to be stored.

33. Sdect the parameters for analysis in the window that appe#¥s. recommend the following
settings(at an acquisition framerate of 2 }iz

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

- Condition for fluorescence decrease after exocytosis (min. nb of fra@es

- Condition for fluorescence increase before exocytosis (max. nb of flates

- Min. event size to be considered (in micrometer): 0.4

- If the decay condition is not fulfilledhreshold value (N) for exocytosis event rescue
such that Mean + N*STD: 3
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- Manual threshold for vesicle movement fixed by users (unit in nb of vesicle diameter):
2
CRITICAL STERSs 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 STERhough photobkaching during image acquisition should be avoided, the
AMvBEmMacro has the option to correct for bleaching.

34. Click 'OK’ and the macro will start the image registratifter image registration, a dialogue
box appears that says: ‘Pinpoint the exocytosisrfleft click) Right click to ix
?Troubleshooting

35. Click ‘OK’ and select all sudden increases in fluorescence intensity that appear fusion events.
CRITICAL STEP fusion events within the first oB stonds of theacquisitioncannot be
analyzed. Therefore, we recommend to exclude this tiroen further analysis.

36. After selecting all fusion eventgght-clickto opena dialogue box that says: ‘Each event will
be analyzed'.

37. Click ‘OK’ and the AMvBH&acro will analyze all eventall results can be found in the
destination folder that was selected in step.3
?Troubleshooting

Timing

Step2, seeding the cells: 15 mites.

Step3-8, transfection: £30 miates.

Step9, refreshing culture medium: 5 mites.

Step10-22, (duakcolor) TIRF microscopy set up: 1.5 hours, 30ut@ehands on time.
Step26-28, live imaging of MVBM fusion 30-60 mirutesper condition

Step29, channel alignment of dualolor TIRF data: £30 mites per condition.

Step ®-37, analysis of fusion activity using AMvBE: +30utéaper condition.

Box 1, nanual analysis of fusion activity: 1 hour per condition.

Troubleshooting
Troubleshooting guidance can be found in Table 1

Table 1. Troubleshooting Table

step Problem Possiblaeason Solution
18 Cells cannot be Transfection Increase the amount of
localized efficiencyistoo DNA:Lipofectamine2000
low. used for transfection or

varyDNA: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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26-27

27

Many visible(pH
neutral) CD63
pHIluorin
positive
compartments
in field of view

No fusion events
can be detected

Microscope is not
in TIRF mode

CD63pHluorin is
trapped in the
endoplasmic
reticulum.

Cells contain
endosomes with a
(close to) neutral
pH.

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

The cells do not
containmany
acidic CD63
pHIluorin positive
compartments

The microscope is
not focused at the
cellular plasma
membrane

18

reagent or
electroporation
procedure (e.g. Neon
system, Thermofischer).
Alternatively, lentiviral
transduction can be
used for difficultto-
transfect cells.

Reset the TIRF angle
(Step 22) andocuson
the plasma membrane

(Fig. 3).

Image cells with lower
CD63pHiluorin
expression or transfect
cells with less CD63
pHluorin DNA
Although the presence
of these visible
endosomes makes the
detection of MVEPM
fusion events more
challenging, fusion
eventscan still be
detected.

Use HelLa or HEK293
cells as positive control
to make sure that the
imaging sewp is
correct.

Use NECI wash (50 mM
NH,Cl in Tyrode’s
solution pH 7.4 to
visualize CD6BHIluorin
positive acidic MVBs.
Use acid wash (Tyrode’
solution, pH 5.5) to
guench CD6®HIuorin
on the PM. If the
fluorescent signal does
not decrease this means
the focus is not at the



27 Cells become | High laser
smaller over intensity causes
time. phototoxicity.

CQ control is not
on, resulting in

increased
phototoxicity.

27 Fluorescence High laser
intensity intensity induces
decreases over | photobleaching of
time. CD63pHIluorin

34 A popup TurboReg and/or

window appears MultiStackReg

stating that is/are not

TurboReg or (properly)

MultiStackRegs ' installed.

not (properly)
installed.

37 Unexpected Decimal and
values in Thousnd

summary .csv | separator settings

files when in Excel are

opened in Excel. incorrect.

Anticipated results

19

plasma membranand
the imaging is not
performed in TIRF
Reset the TIRF angle
(Step 22) andocuson
the plasma membrane
(Fig. 3).

Reduce laser power or
acquisition time.

Turn on C@control or
use C®@independent
medium

Reduce laser power or
acquisition time

Reinstall TurboReg
and/or MultiStackReg
according to the
description in the
Readme fileAfter
installing TurboReg
and/or MultiStackReg,
restart FIJI software and
reinstall AMvBE.
Alternatively, stacks can
be preregistered and
then analysed with
AMVBE without
registration by
unchecking the
“registration to correct
cell movement” box.
Change Decimal and
Thousands separator
settings for all columns.
Decimal separator: (,)
and Thousands
separator: () (space).



This protocol describes the live imaging of MRM-fusionusing TSPAKeporters on a TIRF setup
Successful implementation of the protocoprovides insight into the quantity and
(subcellular)localization of exosome release at siaglé resolution. This approach can be used to
investigate exosome release in adeivariety of adherent cell types. So far, we havecessfullysed

the CD63pHlIuorin reporter in HeLa, HUVEC, HEK293T, Caski, SiHa, HCT126MSat@and MNT

cells. Supplementary Videos 1,a6d 7 show typical examples of CD@8lluorin MVBPM 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 cellseven within the same experiemt (Fig. 5a).

The TSPAKeporter live cell imaging approach catsobe used to directly assess the influence of
external stimuli on MVERM fusion activity, as shown here with the small molecule histamine (Big. 5

Due to the high variation in basalsion 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 6cPMVB
fusion events per minutedf each individual cell at baseline and in the presence of the stinfklgs

5b). To present fusion activity data & more visual way, we routinely usetotal projection of all

fusion events over a given time period on the background of the cell (Fig. 5c), aimdhes
visualization of the location of MVBM 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 martvebjeay of analyzing

basal MVB2M fusion activity (Fig. 5a) or modulation of MFBHfusion 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, ABE creates a summary TIFF file of the acquisition where the pinpointed
fusion events are highlighted with colored circles depending on the outcome of the analysigl{Fig. 5
Supplementary Video)8In addition, intensity profiles are automatically savedtfe true MVBPM

fusion events, which can be used to visualize and assess decay kinetics of individual evemts (Fig. 3
Alternatively, individual fusion events can be visualized in a heatmaplépse gallery (Figh3. The

list with frame numbers containing true MMBM fusion events can be used to make a total projection

of all MVB exocytosis events over a themurse of several minutes (Fig) 5

Simultaneous duatolor TIRF microscopy of a combination of TSpHNorins with red fluorescent
proteinscan be used tarack MVBs before fusion or tdentify cargo molecules of exocytic MVBs.
This data can be representbast by a timdapse gallery (Fig. 2a) or a fluorescent intensity profile of
the fusion event in both channels. We observed multigdeible-positive MVBPM fusion events in
HelLa cells expressing CER@3luorin and CD8pHuji (Fig. 2aSupplementary Video)2

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

Data availability
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The data that support this study are available from the corresponding author upon reasonable
request.

Code availability
The AMVBE macro can be found in Supplementary Software 1
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Figurelegends main text

Fig. 1:Model for the visualization of MVBPM fusion with CD63HIuorin

ApH-sensitive optical reporter (CDg8Hluorin) is quenched when facing the acidic lumen of the MVB.
Upon fusiorof the MVB with the PMlow luminal pH isnmediately neutralized, resulting in a sudden
increase in fluorescent intensity that can be detected by live microsdoegsrtupper right Stills from
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a CD63pHIuorin MVB-PM fusion event as visualized liye Total Internal Reflection Fluorescence
(TIRFmicroscopyl s before fusion (1), at the moment of fusion,@)d 30 s after fusion (3). Scale
bar,2.5 .m. EC, extracellular. (modified froH.

Fig. 2: Simultaneous dualolor TIRF microscopy of TSPANIuorin with TSPANHUuji reporters

a, (Left) Merged stillsof dual€olor TIRF imaging with CDBpBlIuorin and CD8pHuji (upper), CD63
pHluorin and CD6&BRFP (middle) and CDE3erm-pHIluorin and CD6BHuiji (lower original source

17 at the moment of MVBPM fusion (in the white dashed squar€ale bar20 .m. (Right)Enlarged
stills of the MVBPM fusion everg 1 second before fusion, at the moment of fusion, and 10 seconds
after fusion.b, Models (upper) andheoretical intensity plotglower) of MVBPM fusion events for
the different combinations of TSPAfporters ¢, Comparison of pedkuorescenceéntensities (as fold
over background) of MVBM fusion events in the green and red channel of GaMiBiorin and CD63
pHuji ceexpressing cell$63 individual fusion events in ;120 different cells). Black dashed line
represents linear regression of all MPB4 fusion eventsRearson’s £0.78 slope = 0.6)L

Fig.3: Visualization of individual fusion events

a, Example of thelfiorescence intensity profiteof afull MVB-PM fusion eventa kissand-run-like

fusion event and a neutral vesicle moving in and out of the TIRF field inddiés aver timeb,
Heatmap timelapse galleries of different types of CB@dluorin eventsobtained in HelLa cell$ull
MVB-PM fusion and exosome release is characterized by a sudden increase in fluorescent intensity,
followed by anexponentialdecrease of fluorescence at a fixed position. Hdis$run-like fusion

events display a sudden increase in fluorescent intensity, but can be distinguished based-on post
fusion movement and irregular decrease of fluorescent signal. Neutral vesicles can be observed during
their approach to the PM, resulting in a slower, more irreguiareasein fluorescent intensity and

can move in the TIRF field for prolonged tiperiods Note the difference in time scale between the
kissand-run-like and the neutral vesicle tirdapsesc, Schematic explaining the various parameters

of the AMVBE macro. ()me 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 whel= 44« UA@Mith *= increase
rate, (7) duration of the fluorescence increase, (8) time point during fluorescence decrease where

tP= Hps UA?@Mith = decay rate, (@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: Setting the TIRF angle for a CD®Blluorin expressing Hela cell
A CD63HlIuorin expressing HelLa cell imaged usingflaprescence microscopy at a 0° angle (left)
and at the correct TIRF angle (rigl8ale bar20 .m.

Fig. 5:Analysis of MVBPM fusion activity with the AMvVBE macro

a, Basal MVBPM fusion activity (fusion events per minute) measured in HeE2Gtells), HUVEC (n
=12 cells) and HEK2B8n = 12 cells) and analyzed using the AMvBE mabData is represented as
box-andwhisker plotwhere the line in the box represents the median, the boundaries of the box
represent the 2% and 73" percentiles and the whiskers shdte minimum and maximum valugs
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P <0.05%*, P <0.01, ***, P <0.001 usingan unpairedStucent’s two-tailed two-sample t testHelLa
vs HUVEC: P < 0.0001, HelLa vs HEK293TH % BlBK293T vs HUVEC: P = 0.083@easurement
of MVB-PM fusion activity in individual HeLa cells £n25) before and during stimulation with
histamine ~iii ...d3 analyzed with the AMVBE mackasion activity before histamine stimulation
is the same as basal fusion activity in HeLRig. 5a*, P < 0.05usinga pairedStudent’s twetailed
two-sample ttest. Ctrl vs 100 .hiddamine P = 0.0386, lerojection ofMVB-PM fusion events (yellow
spots) in a HelLa cell (blue) over a tinmirse of 3 minutesScale bar, 20 m..d, (Upper) Sill of
summary results file created by the AMvVBE macro 6D&63pHIuorin expressing HelLa cdllashed
white square depicts region of interest used for Supplementary V&l&xcale bar20 .m. (Lower)
Sills from Supplementary Vide8 showing a neutraCD63pHIluorinpositive vesicle moving in the
TIRF plane (left; highlighted by a red ring) and a true #MBusion event (ight; highlighted by a
green ring) Scale bars .m.

Supplementary Information

Supplementary Video ITIRF microscopy of a CB@3luorinexpressingleLa cell at 8x speefcale
bar 20 m.

Supplementary Video 2Dualcolor TIRF microscopy of a CBS3uorin (green) and CD§Huji
(red) expressing HeLa cell at 8x speed. Scale bam20

Supplementary Video 3ualcolor TIRF microscopy of a CE&#Huorin (green) and CD68RFP
(red) expressing HelLa cell at 8x spegehle bar 20m. White arows highlight MVBs containing
CD63pHluorin and CD6®RFP that are visible in red before fusion.

Supplementary Video 4Dualcolor TIRF microscopy of a CBB&rm-pHIluorin (green) and CD63
pHuiji (red) expressing HeLa cell at 8x speed. Scale ban Z0riginal sourc¥.

Supplementary Video 5TIRF microscopy of HelLa cells stably expressing@é8rin 6weeks
posttransduction at 8x speedcale bar 20m..

Supplementary Video STIRF microscopy of a Ch@3luorinexpressintdUVEell at 8x speed
Scale bar 20m..

Supplementary Video 7TIRF microscopy of a Ch@3luorinexpressintEK293Tell at 8x sped
Scale bar 20m..

Supplementary Video 8xample of the summary TIFF file as created by the AhaBEO upon
analysis of an MVBM fusion event (highlighted by a green circle) or a neutral qib3orin

positive vesicle moving in the TIRF plane (highlighted by a red circle). Scalerpar, 5 ...

Supplementary Software JAMvVBE macro
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Box 1 Criteria fomanual counting of MVEPM fusion events.
A burst of fluorescence is typically considered as exosome réasdVBPM fusionevent when:

- There is a sudden increase in fluorescence intensity followed by an exponential
decrease of the fluorescent signal.

- Itreaches peak intensity in a maximum3dfames(when imaging at 2Hz

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

- It shows minimal movement after the initial burstesicles that move more thgn
twice their diameter are excluded.

- lthasasignal pE& S]}v }(.Bighatduration 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 settingpr the analysis of MVEPM fusion
events with AMVBE.

The following settings are recommended for the analysis of MMBusion activity with AMvBE:

- Time window for event correction (in nb of frames): 6
During the selection of the events, the user mightgaint a fusion event som
frames before or after the peak fluorescence intensity of the event is reached. The
time window for event correction allows AMVBE to determine the maxim
fluorescence intensity of the event 6 frames before and after the frampginted
by the user (Fig@& 1,2). The higher this value, the less accurate the user has to
p