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Figure S2. Exosome filopodia surfing, grabbing, and pulling. Additional examples to Fig. 3 illustrating CD63-emGFP HEK293 exosomes (green) surfing 
on tunneling nanotubes in HEK293 cells (a) or Huh7 cells stained with CellMask Deep Red (red; b), both imaged by combined DIC with confocal fluores-
cence live cell microscopy. Individual images from time-lapse movies are shown at selected time points as indicated. Exosome trajectories are shown in a 
dragontail visualization (maximum of 20 frames), pseudocolored for speed as indicated. Bars, 10 µm. Examples are shown to illustrate different types of 
exosome movement on tunneling nanotubes (a and b) or filopodia (c and d). Typically, exosomes were directed toward the cell body immediately after 
apparent contact with the filopodium and migrated with relatively constant speed (d). In rare cases, this was preceded by an initial short movement in 
the opposite direction, followed by a stalling and redirection toward the cell body (c). For tunneling nanotubes we frequently documented that exosomes 
moved back and forth on the nanotube connecting the two cells (a and b, arrows). (e) Supplemental data to exosome uptake quantification in Fig. 4 a, 
separated by imaging method. (f) Cytochalasin D inhibition of exosome uptake. CD63-emGFP HEK293 exosomes (10 pM) were added to human primary 
fibroblasts pretreated with DMSO (left) or Cytochalasin D (50 μM for 20 min; right). Uptake was monitored by combined DIC with confocal fluorescence 
live cell imaging. Exosome trajectories are shown in a dragontail visualization, pseudocolored for exosome speed as indicated. Bars, 20 µm. (g) Further 
example illustrating exosome cell entry into plasma membrane–derived endocytic vesicles. Human primary fibroblasts labeled with CellMask Deep Red 
(red) upon incubation with CD63-emGFP HEK293 exosomes (10 pM, green) imaged by combined DIC with confocal fluorescence live cell microscopy. 
Exosome trajectories are color coded by speed as indicated. Bars, 20 µm.
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Figure S3. Characterization of intracellular exosome fate. Intracellular trajectories of a total of 312 single HEK CD63-emGFP exosomes in fibroblasts 
from a 75-min movie (5  s/frame) were analyzed for different motion parameters. (a) Frequency distribution of individual exosome trajectory speeds.  
(b) Correlation between track length and displacement distance for each individual vesicle. 50% of the vesicles were traced for 20–50 s, with a median 
total trajectory length of 3.5 µm. The wide distribution of the maximum speed with no apparent upper cutoff confirms that our frame rate is sufficient to trace 
most intracellular movements. More than 80% of the vesicles showed a minimum speed of close to zero, suggesting that transient stalling was a common 
characteristic. 75% of the vesicles showed an at least fivefold higher maximum than minimum speed, with a mean of 30-fold. Together these characteristics 
argue for a stop-and-go movement. The displacement length did correlate with the absolute trajectory length however was generally smaller, demonstrating 
that the vesicles did not primarily proceed on straight intracellular routes. (c) Examples for intracellular speed traces of CD63-emGFP HEK293 exosomes 
in human primary fibroblasts from confocal live cell movies (Video 8). Data points represent speeds derived from relative exosome displacement between 
two frames. Examples for intracellular exosome movement and exosome uptake trajectories in human primary fibroblasts as detected by CLSM/DIC im-
aging with increased scanning speed (0.8 s/image; d) or spinning disk microscopy (1 s/z-stack; e). (f) Quantification of colocalization of CD63-mCherry 
exosomes with MVBs and lysosomes at different time points after internalization into human primary fibroblasts. A high degree of colocalization between 
NRhPE with transiently transfected CD63-GFP, together with a low degree of colocalization of NRhPE with LysoTracker supports that NRhPE primarily stains 
MVBs and LysoTracker stains primarily Lysosomes. For lysosomal colocalization, we used CD63-mCherry exosomes because GFP is pH labile and would 
result in underestimation of lysosomal destiny of exosomes. For MVB colocalization we used GFP exosomes for compatibility with the NRhPE stain and to 
make the analysis even more MVB selective because of the loss of GFP fluorescence in the lysosomal fraction irrespective of a low level of cross-staining 
with NRhPE. Under these conditions we saw a significant degree of colocalization of exosomes with Lysosomes (Lysotracker) which increased over time, 
and a low and relatively constant level of colocalization with NRhPE, which corresponded almost exactly to the low level of overlap between NRhPE and 
LysoTracker. Together with the TEM data, this suggests that MVBs are not a major destiny of internalized exosomes but that exosomes are targeted to the 
lysosome. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; n.s., not significant. (g, top) Human primary fibroblasts, stained for 1 h with NRhPE (red), 
were imaged by confocal live cell microscopy at 12, 24, and 48 h upon addition of HEK293 CD63-emGFP exosomes (green). (bottom) Human primary 
fibroblasts, stained for 1 h with LysoTracker (green), were imaged by confocal live cell microscopy at 12, 24, and 48 h upon addition of HEK293 CD63-
mCherry exosomes (red). Exosomes showed a significant colocalization with Lysosomes, which increased over time and reaching close to 60% (P = 0.56). 
Some colocalization with NRhPE was detected, which slightly increased over time but did not exceed 20% (P = 0.16). Controls: NRhPE showed a high 
degree of colocalization with CD63-emGFP in transiently transfected fibroblasts and a low degree of colocalization with LysoTracker green (P = ∼0.1 in 
Huh7 cells, not depicted), consistent with relatively selective MVB staining. Fibroblasts treated with CD63-mCherry exosomes but without any additional 
staining yielded a negligible colocalization background with Pearson coefficients of 0.07. High resolution z-stacks with oversampling (x-y: 40 nm; z: 130 
nm) were recorded of several intracellular regions. Stacks were deconvolved by Huygens remote manager, and colocalization was quantified using JaCoP 
(Fiji) to derive Pearson coefficients. (h) Model of exosome cell internalization and intracellular fate. Exosomes from the medium are actively recruited to 
the cell body via different modes of filopodia activity (surfing, pulling, and grabbing) to reach endocytic hotspots at the filopodia base, where they are 
internalized as intact vesicles into endosomes. Within the cell, exosome containing vesicles undergo a stop-and-go movement to scan the ER, before being 
finally directed to the lysosome.
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Video 1. LNP formulations accumulate at the cell surface. Cationic LNP formulation (200 pM) with encapsulated Cy3-labeled 
siRNA (200 nM, green) were added to Huh7 cells, and 2 min after addition uptake was monitored over 12 h with by live cell 
confocal imaging with optical sections and DIC-transmitted light channel. Alexa Fluor 647–labeled Transferrin (red) was addition-
ally applied to monitor endosomal uptake. The video shows an upper optical section representing the cell surface.

Video 2. LNP formulations accumulate at the cell surface. Cationic LNP formulation with encapsulated Cy3-labeled siRNA  
(200 pM; green) were added to Huh7 cells, and 2 min after addition uptake was monitored over 12 h with by live cell confocal 
imaging with optical sections and DIC transmitted light channel. Alexa Fluor 647–labeled Transferrin (red) was additionally 
applied to monitor endosomal uptake. The video shows an optical section representing the interior of the cell.

Video  3. Exosome uptake in human primary fibroblasts is clustered into filopodia active regions. CD63-emGFP–labeled 
HEK293 exosome (green) uptake was monitored over 80 min in Actin-RFP (red) labeled human primary fibroblasts. Exosome 
trajectories (dragontail) are shown with color coding for absolute time to visualize the progressive distribution of the intracellular 
movement and the cellular entry points of the exosomes. The exosome concentration was 100 pM unless specified otherwise.

Video 4. Exosomes are endocytosed in human primary fibroblasts at filopodia active regions. Uptake of CD63-emGFP–labeled 
HEK293 exosomes (green; 100 pM) was monitored over 28 min in CellMask Deep Red (red) labeled human primary fibroblasts 
by live cell confocal imaging with optical sections and DIC transmitted light channel. Movie shows speed color-coded exosome 
tracks (dragontail) to visualize the intracellular movement and entry points. CellMask labels the plasma membrane and gets 
internalized with endocytic vesicles.

Video 5. Exosome surf on filopodia of human primary fibroblasts. CD63-emGFP–labeled HEK293 exosome (green) movement 
along filopodia of CellMask Deep Red (red) labeled primary fibroblasts or was monitored for 8 min by live cell confocal imaging 
and DIC transmitted light channel with a frame rate of 5 s/frame 1 h after transduction. Trajectories are color coded by speed as 
indicated, and exosomes tracked by the SPT algorithm are shown by spheres. Exosomes at 100 pM.

Video 6. Exosome surf on filopodia of human primary fibroblasts. Surfing along F-actin–labeled primary fibroblast filopodia 
(white) and uptake of CD63-emGFP–labeled HEK293 exosome (green) was tracked for 1 h by live cell TIRF imaging with a frame 
rate of 30 s/frame 2 h after transduction. Trajectories are color coded by speed as indicated, and exosomes tracked by the SPT 
algorithm are shown by spheres. Exosomes at 100 pM .
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Video 7. Fibroblast pulls exosome to cell surface. 100 pM of CD63-emGFP–labeled HEK293 exosome (green) were added 
to F-actin (black) labeled primary fibroblasts grown on a line substrate. The movie starts 60 min after exosome addition and 
documents the scenery for 20 min by live cell TIRF imaging with a frame rate of 10 s/frame.

Video  8. Exosomes scan along the ER. CD63-GFP–labeled HEK293 exosomes (green) were tracked and ER movement is 
monitored for 75 min in human primary fibroblasts with a frame rate of 5 s/frame by live cell confocal and DIC-transmitted light 
channel imaging. The movie starts 150 min after exosome addition (100 pM). Exosome trajectories are visualized as dragontails 
(dragontail of four images) with color coding for speed as indicated. 

Video 9. Exosome uptake in human primary fibroblast recipient cells. CD63-emGFP–labeled HEK293 exosome (green) are 
taken up in CellMask Deep Red (red) labeled primary fibroblast. Time-lapse movie was recorded for 10 min by live cell confocal 
optical section imaging and DIC-transmitted light channel with a frame rate of 9 s/frame, starting 5 min upon exosome addi-
tion. Exosomes at 100 pM.

Video  10. Intracellular exosome movement. The movement of CD63-mCherry–labeled HEK293 exosomes (red) in human 
primary fibroblasts was monitored for 5 min with a frame rate of 1.5 s/frame by live cell confocal and DIC-transmitted light 
channel imaging. The movie starts 165 min after addition of exosomes at 100 pM. The DIC channel visualizes the movement of 
intracellular vesicles, ER membrane, and the outline of the cell with filopodia. The fluorescently labeled exosomes move within 
these larger vesicles and scan along the ER. Videos 8 and 10 demonstrate the motion of fluorescently labeled exosomes within 
larger DIC, contrast rich, intracellular vesicles that scan along the ER, which is visualized as membranous web either in the DIC 
or confocal fluorescence channel (ER Tracker red) as indicated.

Reference
Stalder, L., W. Heusermann, L. Sokol, D. Trojer, J. Wirz, J. Hean, A. Fritzsche, F. Aeschimann, V. Pfanzagl, P. Basselet, et al. 2013. The rough endoplasmatic reticulum 

is a central nucleation site of siRNA-mediated RNA silencing. EMBO J. 32:1115–1127. http ://dx .doi .org /10 .1038 /emboj .2013 .52

http://dx.doi.org/10.1038/emboj.2013.52

