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ABSTRACT
Extracellular vesicles (EVs) are biological nanovectors that retain molecular signatures of their cells of origin and mediate
intercellular communication, resulting in ideal platforms for the development of diagnostic tools and bio-inspired drug delivery
technologies. Despite their potential, the mechanisms underlying EV release, uptake and distribution remain unclear. Here,
we leverage high-resolution live-cell imaging, quantitative analytical methods and in vivo mouse models to define the major
determinants of EV diffusion. Our findings reveal that cell density plays a crucial role in EV dissemination. Specifically, sparsely
distributed cells exhibit higher EV release rates into the supernatant due to increased surface exposure in vitro. In contrast, densely
packed cells promote EV internalization and degradation by adjacent cells, effectively restricting EV diffusion in vivo and in vitro.
As a result, EVs travel only limited distances, with the majority being internalized by adjacent cells. These findings challenge
the prevailing assumption that any EV can act as long-range messengers and instead highlight their function as short-range
communication agents primarily confined within their tissue or organ of origin. This study provides fundamental insights into
EV-mediated intercellular signalling and has important implications for their use in diagnostic and therapeutic applications.

1 Introduction

Extracellular vesicles (EVs) are membrane-bound structures
released by cells that play critical roles in intercellular com-
munication by transferring proteins, lipids and nucleic acids to
recipient cells (Cocucci et al. 2009). These vesicles are integral to
numerous physiological processes, including immune responses
(Lindenbergh and Stoorvogel 2018), development (Gross et al.
2012), and tissue homeostasis, as well as pathological conditions
such as inflammation, cancer progression, and metastasis (Vader

et al. 2014). Since the content of EVs is representative of their cell
of origin, EVs released by diseased tissues carry cargoes that mir-
ror the overall complexity of the underlying pathological process.
For this reason, EVs represent a potential source of information
for diagnostic and prognostic clinical use in cancer (Yekula et al.
2020; Pang et al. 2020; Lo and Lam 2020), neurodegenerative
diseases (Lakshmi et al. 2020; Picca et al. 2022; Pinnell et al. 2021),
or other conditions for which biopsies are the standard of care,
but frequent repetition of the procedure is impractical due to
invasiveness and cost (Armstrong and Wildman 2018).

Federico Colombo and Kartik Nimkar contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work
is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2025 The Author(s). Journal of Extracellular Vesicles published by Wiley Periodicals LLC on behalf of International Society for Extracellular Vesicles.

Journal of Extracellular Vesicles, 2025; 14:e70169
https://doi.org/10.1002/jev2.70169

1 of 22

https://doi.org/10.1002/jev2.70169
https://orcid.org/0000-0002-0088-9845
mailto:cocucci.1@osu.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1002/jev2.70169


Despite their biological significance, the mechanisms underlying
EV release, uptake and spatial distribution within tissues remain
incompletely understood. In particular, the extent to which the
extracellular environment, including cell density, modulates EV
movement and cell-to-cell exchange is still largely unexplored.
This gap in knowledge limits our understanding of how EVs
function as mediators of local versus long-range signalling and
may impact the interpretation of EV-based diagnostic strategies.

In this study, we investigate how basic physiological parameters
that control EV movement in the extracellular space, with a spe-
cific emphasis on cell density in the tumour microenvironment,
affect the diffusion, uptake and degradation of EVs. By addressing
these questions, we aim to provide new insight into the spatial
constraints of EV-mediated communication.

A key finding presented in this work is the inverse relationship
between EV release per cell and cell density in vitro, suggesting
that sparsely distributed cells release EVs more efficiently in
the media due to greater exposure of the cell surface to the
extracellular space. Conversely, higher cell density promotes
EV internalization and degradation in adjacent recipient cells,
emphasizing the pivotal role of cell proximity in modulating
EV-mediated signalling. Furthermore, experiments designed to
measure the diffusion range of EVs within tissues demonstrate
that EVs are primarily exchanged locally, with 80% of the signal
retained within 40 µm from the donor cell in the tumour
microenvironment. The limited diffusion of EVs underscores
their major role as short-range signalling agents, aligning with
their functionmainly inmaintaining local tissue homeostasis and
orchestrating paracrine signalling.

2 Materials andMethods

2.1 Reagents

The human triple-negative breast cancer cell line SUM-159PT
(SUM) and the gene-edited cell line AP2S1-EGFP (SUM-AP2-
EGFP) were a kind gift of Dr. Tomas Kirchhausen (Harvard
Medical School, Boston,MA,USA) (Aguet et al. 2016); the human
cervical cancer cell line HeLa and inducible knockdown for
clathrin (HeLa CLTC) were from Drs. Pier Paolo Di Fiore and
Sara Sigismund (IEO, European Institute of Oncology, Milano)
(Caldieri et al. 2017). The mammalian expression vectors for
Clathrin-mRuby, mEmerald-CD9 and mTagBFP-Nucleus-7 were
generously provided by Dr. Michael Davidson (Addgene Plas-
mids: #55852, #54029 and #55265), while the one to express
EGFP-CD63was provided byDr.MartinHemler. HaloTag ligands
JF549 and JF635 are kind gifts of Dr. Luke Lavis (Janelia Research
Campus). The expression vectors were propagated in DH5-alpha
E. coli (New England Biolabs), and plasmids were purified using
Plasmid Miniprep or Midiprep Kits (Qiagen) or a PureLink
HiPure Plasmid Filter Midiprep Kit (Thermo Fisher Scientific).
Primers were obtained from IDT (Integrated DNA Technolo-
gies). Primary antibodies against clathrin heavy chain (mouse
monoclonal, 610499, BD Biosciences), CD9 (mouse monoclonal,
2897163, EMD Millipore), CD63 (mouse monoclonal 561925,
eBiosciences), CD81 (rabbit monoclonal, SN206-01, Thermo
Fisher), Vinculin (mouse monoclonal VCL/2575, AbCam), ESYT-
1 (rabbit monoclonal, HPA016858, Sigma-Aldrich), ERGIC (rabbit

polyclonal, ab121574, AbCam), Halo (mouse monoclonal, 28A8,
ChromoTek), TSG101 (mouse monoclonal, 4A10, AbCam), and
GAPDH (rabbit monoclonal, 14C10, Cell Signalling) were used
for Western blotting together with anti-mouse or anti-rabbit
IgG antibodies conjugated with horseradish peroxidase (goat-
polyclonals, 5178-2504 or 1706515, both purchased from Bio-Rad).
Chemicals were bought from Sigma-Aldrich unless specified
otherwise.

2.2 Cell Handling and Transfection

Cell lines were cultured at 37◦C and 5% CO2; SUM were
grown in F12-Glutamax (ThermoFisher Scientific) supplemented
with 5% foetal bovine serum (FBS) (VWR), 100U/mL penicillin
and streptomycin (Thermo Fisher Scientific), 1 µg/mL hydro-
cortisone (H-4001; Sigma-Aldrich), 5 µg/mL insulin (128–100;
Cell Applications) and 10 mM 4-(2-hydroxyethyl)-1-piperazine-
ethane-sulfonic acid (HEPES), pH 7.4. HeLa cells were grown
in DMEM-high glucose supplemented with 10% FBS, 100U/mL
penicillin and streptomycin and 1% Glutamax (Gibco). To induce
clathrin knockdown, HeLa CLTC cells were cultured for 1 week
in DMEM-high glucose supplemented with 10% Tetracycline-free
FBS (Thermo Fisher), 100U/mL penicillin and streptomycin, 1%
Glutamax (Gibco) and 0.5 µg/mL doxycycline (Sigma-Aldrich).
Cells were resuspended to be propagated or subjected to other
experimental procedures by exposure to 0.25% trypsin-EDTA
(Thermo Fisher Scientific) for 3 min at 37◦C, followed by a wash
in 10 mL complete media and centrifugation at 300 × g for 5 min.
Cells were counted and plated as needed. Cell culture flasks and
multi-well plates were bought from Greiner Bio-One.

For transient transfections, 4 × 105 cells were plated in one well
of a 6-well plate in complete medium. The following day, 3 µL of
Mirus TransIT 2020 reagent (Mirus Bio, Madison, WI) and 1 µg
of plasmid were combined in 250 µL Opti-MEM (Thermo Fisher
Scientific). After 30 min the mixture was added dropwise to the
cells. Expression of Clathrin-mRuby, CD9-Emerald, nuclear-BFP,
CD9-Halo and CD63-GFP was obtained by transient transfec-
tions. To obtain SUM andHeLa cells stably expressing CD9-Halo,
the transiently transfected cells were expanded in T75 flasks in
the presence of the antibiotic G418 (800 µg/mL for 15 days) and
further enriched by two rounds of cell sorting and expansion over
the course of 3 weeks.

2.3 Plasmid Assembly

The mammalian expression vector encoding for CD9-Halo was
developed starting from the mEmerald-CD9 vector and a pre-
viously developed CALM-Halo construct (Willy et al. 2021).
Emerald was substituted with HaloTag using an approach based
on isothermal assembly (Gibson et al. 2009). Briefly, two overlap-
ping PCR products were generated using the high-fidelity DNA
polymerase Q5 (New England Biolabs): one was the linearized
recipient CD9 plasmid; the second was the HaloTag insert.
Primers to generate the CD9 linearized plasmid were:

FW: 5’-cgagatttccggcggcagcggagggCCGGTCAAAGGAGGCA
CC-3’

RW: 5’- tttctgccatGGTGGCGACCGGTAGCGC-3’
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Primers to amplify the HaloTag insert were:
FW: 5’-ggtcgccaccATGGCAGAAATCGGTACTG-3’
RW: 5’-ctttgaccggccctccgctgccgccGGAAATCTCGAGCGTCGAC-

3’

Upper-case characters in the primer sequences indicate the
regions that anneal with the original constructs. The lower-case
characters indicate additional bases inserted to provide matching
sequences between the two amplified PCR products and a flexible
linker (SGGSGG) between the HaloTag and the CD9 sequence.
The PCR products were ligated using the NEBuilder HiFi DNA
Assembly kit (New England Biolabs, Ipswich, MA, USA) and
transformed into competent DH5a E. coli (5-alpha Competent E.
coli) following the protocol provided by the company (New Eng-
land Biolabs, Ipswich, MA). For colony selection, bacteria were
plated on Luria Broth agar plates supplemented with kanamycin
(25µg/mL). Plasmids were extracted using the QIAprep Miniprep
Kit (Qiagen,Hilden,Germany) orHiPure PlasmidFilterMidiprep
Kit (Thermo Fisher Scientific, Waltham, MA) and sequenced to
ensure that the correct modifications were in place.

2.4 Cell Protein Extraction and Immunoblotting

HeLa and HeLa CLTC cells grown on 6 well plates at 80%
confluence were detached, washed three times in phosphate-
buffered saline (PBS) and solubilized at 4◦C in lysis buffer
(50 mM Hepes pH 7.4, 150 mM NaCl, 15 mM MgCl2, 1 mM
EGTA, 10% glycerol and 1% Triton X-100) supplemented with a
protease inhibitor mixture (Roche). Nuclei were removed from
the lysates by centrifugation (800 × g, 10 min, 4◦C). Protein
concentration was measured by Bicinchoninic acid (BCA) assay
(Pierce). Sampleswere loaded in precast 4%–20% gradient sodium
dodecyl sulphate (SDS) polyacrylamide gels (Mini-PROTEAN
TGX gels, Bio-Rad) and run at room temperature with 100 V
(constant) before being transferred to polyvinylidene fluoride
or nitrocellulose membranes using the Trans-Blot Turbo system
(Bio-Rad) for 10 min at 2.5 A. Membranes were stained with
Ponceau S solution then saturated in blocking buffer composed
of Tris Buffer Saline (TBS) (150 mM NaCl and 50 mM Tris pH
7.4) supplemented with 5% nonfat dry milk and 0.05% Tween20.
The membranes were then incubated for 1 h with the appropriate
primary antibodies diluted in blocking buffer (100 ng/mL). After
three washes of 5 min apiece in blocking buffer, the membranes
were incubated with 1 µg/mL of secondary antibody for 1 h. After
extensive washes in Tris-buffered saline, the chemiluminescent
signal was elicited by 5 min incubation with enhanced chemilu-
minescence substrate (ECL, Pierce, ThermoFisher Scientific) and
captured photographically on film (CL-XPosure, Thermo Fisher
Scientific).

2.5 Slot Blot for EV Protein Detection

SUM or HeLa cells were seeded in 6-well plates at increasing
density. 24 h post-plating, the cells were washed twice with HBSS
and maintained in Opti-MEM (1 mL/well). After 24 h, the cell
supernatantswere collected and centrifuged at 5000× g for 10min
to remove floating cells and debris. The resulting supernatants
were spotted on a nitrocellulose membrane (0.45 µm, Bio-Rad)

using a slot blot apparatus. Briefly, pre-wet nitrocellulose in TBS
solution (150 mM NaCl, 50 mM Tris, pH 7.4) was inserted into
a slot blot apparatus (Bio-Rad) connected to vacuum aspiration.
The samples (200 µL each) were loaded into the slot-blot wells
and dried out by vacuum. The process was repeated until the
entire volume of each sample was loaded (1 mL each sample). An
equal final volume of Opti-MEM was spotted in separate wells as
a negative control following the same procedure.

The nitrocellulose membrane was dried at room temperature
(RT) for 2 h, then saturated for 1 h with blocking buffer (5%
non-fat dry milk in TBS + 0.05% Tween20). The membrane was
incubated overnight at 4◦C with the primary antibodies diluted
in blocking buffer (100 ng/mL). The day after, the membrane
was washed three times with blocking buffer, incubated with
anti-HRP secondary antibodies, and the signal was developed
with ECL reaction. Densitometric analyses were performed with
ImageJ software (NIH).

2.6 Nanoparticle Tracking Analysis (NTA)

Cells were seeded in 6-well plates and grown in complete
media. The day after, cells were washed four times with HBSS
(Gibco) and incubated in Opti-MEM (Gibco). After 24 h, the cell
supernatantswere collected and centrifuged at 5000× g for 10min
to remove floating cells and debris. The resulting supernatants
were collected and kept on ice before injection into the imaging
chamber of NanoSight NS300 (Malvern Panalytical) by a syringe
pump. Three videos of at least 30 s each were recorded for each
sample. The instrument is equipped with a CMOS camera and
controlled by NTA software (version 3.3). Camera shutter speed
was set to 25 fps, camera gain to 250, and detection threshold to 5.
Minimum expected particle size andminimum track length were
set to automatic.

2.7 Live Cell Confocal Microscopy and Data
Analysis

After transfection, cells were detached, counted, and mixed in
a Falcon tube. The cell mixture containing EV-donor (CD9-
Emerald or CD9-Halo) and EV-recipient cells (Clathrin-mRuby,
n-BFP, AP2-EGFP or CD63-GFP) was plated on a 6-well plate
containing glass coverslips (#1.5; Warner Instruments, diameter
25 mm) previously cleaned by sonication (Ultrasonic Cleaner
Branson 1800, Branson) in ethanol and dried at 120◦C. For SUM
co-culture experiments, a total of 3 × 105 cells were seeded per
well, while for HeLa co-cultures 6 × 105 cells per well were used.
The day after seeding, cells were treated with 50 nM Bafilomycin
A1 or its solvent (DMSO) for 24 h. When CD9-Halo cells were
used as EV donors, the co-cultures were incubated with HaloTag
ligand JF549 (Grimm et al. 2015) (5 nM) dissolved in complete
media. After 1 h of washing in cell media, the coverslips were
moved into ametal chamber for live-cell imaging (Thermo Fisher
Scientific) and acquired with a Nikon A1R scanning confocal
microscope equipped with a temperature and CO2-controlled
chamber. The microscope is controlled by the Nikon Imaging
Software-Elements (Nikon). Image stacks were acquired using a
Plan Apo 100X oil immersion lens (NA:1.45); planes were spaced
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0.25 µmalong the z axis, and pixel size was 0.25 µm. ImageJ (NIH)
was used to project the images across the z axis.

To define the concentration of HAloTag ligand JF549 that
maximized CD9-Halo labelling while preventing nonspecific
fluorescent signal, HeLa cells stably transfected with CD9-Halo
were plated on 25 mm glass coverslips as described previously,
exposed to increasing concentrations of Halo Ligand JF549 (2.5-
40 nM) for 1 h, then extensively washed with media for an
additional hour. Nuclei were labelled with 2 µg/mL Hoechst
(ThermoFisher Scientific) for 10min. Image stackswere acquired
using a Plan Fluor 40X oil immersion lens (NA:1.3); planes were
spaced 0.5 µm along the z axis, and pixel size was 0.62 µm.

Five fields of view were acquired by live cell confocal microscopy
for each coverslip in order to have > 100 cells per condition. The
images were analyzed using CellProfiler (Carpenter et al. 2006),
which measured the intensity of each cell in the JF549 channel.
A cell was defined by the software as the object comprised within
the circle drawn 25 pixels around the perimeter of the nucleus,
identified by the Hoechst staining.

To assess the extent of EV exchange at the cell–cell interface,
HeLa cells expressing CD9-Halo were seeded on glass coverslips
with HeLa cells, labelled for 1 h with 2 µM Calcein-AM (Thermo
Fisher Scientific), at a 1:3000 ratio (80% confluency at seeding)
to maximize the possibility that EV donor cells were surrounded
by a confluent monolayer of recipient cells after 48 h. The day
after seeding, cells were treated with 50 nM Bafilomycin A1 for
24 h. Before imaging, the cells were incubated with HaloTag
ligand JF549 (5 nM, 1 h of incubation) to label CD9 and Hoechst
(10 min of incubation) to stain nuclei. After extensive washes
in complete media, the cells were imaged with the Nikon A1R
confocal microscope using a Plan Fluor 40X oil immersion lens
(NA:1.3); planes were spaced 0.3 µm along the z axis and pixel
size was 0.62 µm.

Fields were selected with CD9-Halo cells in the centre of the
image. The images were segmented using a customized routine
developed in MATLAB. First, the code generated a mask to
outline the CD9-Halo cells (origin of the EVs). Then, an algorithm
subdivided the rest of the image into concentric surfaces at
increasing distances from the edge of the cell. The lateral size of
the concentric masks was constant and approximately set to half
of the diameter of a HeLa cell (14 µm).

2.8 EV Exchange In Vivo: Tumour
Establishment, Tissue Processing, and Analysis

To assess the extent of EV exchange in tissues, in vivo, primary
tumours were established by subcutaneously injecting 2.5 × 106
HeLa stably expressing CD9-Halo or Staygold, a highly photo-
stable and bright green fluorescent protein, as donor and recipient
cells respectively in a ratio of 1:100 or 1:200 (donor:recipient cells)
into both flanks of athymic nude mice (n = 5, Target Validation
Shared Resource, The Ohio State University). As a control, 2.5 ×
106 donor or recipient cellswere injected separately into the flanks
of three additional mice (n = 3 for each condition). Fourteen
days post-injection (Day 14), when tumours became palpable,
mice were treated intraperitoneally with 0.3 mg/kg Bafilomycin-

A1 (Li et al. 2021) (Selleckchem, USA). On Day 15, mice received
intraperitoneal injection of 0.3 mg/kg Bafilomycin-A1 and retro-
orbital injection of HAloTag ligand JF635 (100 nmol). On Day 16,
the mice were euthanized, and tumours were harvested, fixed in
4% PFA for 5 h, and stored overnight in 30% sucrose dissolved in
PBS. The following day, the tissues were embedded in Optimal
Cutting Temperature (OCT) compound, sectioned, and mounted
onto slides. Nuclei were counterstained using Fluoromount-G
Mounting Medium with DAPI (Thermo Fisher Scientific).

Confocal image stacks were acquired using a Nikon AR1 confocal
microscope with a Plan Apo λ 20X lens (NA: 0.75) at a pixel size
of 0.2 µm. Image analysis was performed using a Python-based
processing pipeline that can be found at https://github.com/
CocucciLab/spatial-limits-of-extracellular-vesicles. First, an ero-
sion morphological operation was applied to the images. Masks
were then created to outline CD9-Halo donor cells, and the
distance from the thresholded signal surrounding the masks to
the nearest boundary of the donor cells was computed. Based on
these distance measurements, the images were segmented into
concentric zones at intervals of 50 pixels (approximately 10 µm).
For each segmented zone, the frequency of the CD9-Halo signals
was quantified and plotted. We estimated the long-distance travel
of EVs by measuring the signal surrounding recipient cells in
tumours composed of donor and recipient cells (diffuse CD9-
Halo signal). For background analysis, the same pipeline was
applied to regions randomly selected in tumours composed of
only recipient cells. Finally, statistical differences were computed
using the Mann-Whitney U test between the signal of CD9-Halo
EVs released by donor cells in tumours composed of donor and
recipient cells, or the CD9-Halo signal surrounding recipient cells
(diffuseCD9-Halo signal), with the background ofHaloTag ligand
JF635 signal computed in tumour composed of only recipient
cells.

2.9 Lattice Light Sheet Microscopy (LLSM) Live
Cell Imaging, Data Acquisition and Visualization

We imaged HeLa cells with a lattice light-sheet fluorescence
microscope (Intelligent Imaging Innovation). Directly derived
from the instrument patented by Dr. Eric Betzig and colleagues
(Chen et al. 2014), this system utilizes Bessel beam lattice sheet
illumination via cylindrical lenses and a high-speed spatial light
modulator (SLM) for multicolour imaging, as well as an annular
mask array for the formation of various light sheets and galvo
mirrors to control lattice movement in x and z. It has cameras in
the image and Fourier space to inspect the lattice and annular
mask shapes. Assembled on an active vibration isolation table
equipped with active and passive systems for vibration cancel-
lation (TMC, Ametek), it is equipped with four laser lines for
sample excitation (405 nm, 300 mW, Omicron; 488 nm, 300 mW,
Coherent; and 560 nm, 500 mW and 642 nm and 500 mW,
MPB Communication) and the required filter sets necessary
to efficiently image two colour sets at a time (Semrock). Two
water immersion objectives control the illumination (28×/0.67
NA) and detection (25×/1.1 NA, expanded to reach a final 62.5×
magnification). Two piezo controllers operate the translations of
the stage and of the objective. The instrument is also equipped
with a temperature-controlled, 90 × 1500 cm (36″ × 60″) speci-
men chamber maintained at 37◦C. Images are acquired by two
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high-speed, high-resolution 2K × 2K sCMOS camera with 82%
QE (ORCA-Flash4.0 V3, Hamamatsu). A computer workstation
(Dell) is equipped with the software SlideBookTM 6 (Intelligent
Imaging Innovation) that fully controls the instrument (high-
speed synchronization of laser firing, SLM pattern display, galvo
movements, and imaging camera readout along with the ability
to de-skew and view data).

Data Acquisition and visualization. To acquire the images, we
illuminated the sample with a dithered light sheet generated
in the square lattice configuration (Chen et al. 2014) using an
excitation NA of 0.550/0.493 and full width at half maximum
(FWHM) beam length of 15 µm. SUM cells stably expressing
CD9-Halo or AP2-EGFP were excited for 35 ms with the 488-
nm and 561-nm lasers at a power of 12 and 27 mW, respectively,
measured before the cylindrical lenses (500-mW laser, acousto-
optic tunable filter 1 [AOTF 1]). Image stacks were composed of
40 sequential planes of 768 × 512 pixels spaced 0.6 µm in sample
scan mode (corresponding to 73×53×13 µm volume spaced 0.35
µm over the z axis after de-skewing). The movies we analyzed
were composed of a variable number of stacks (from 234 to 932)
acquired every 3 s to generate movies spanning from 11 to 46
min. For visualization, the de-skewed stacks (Intelligent Imaging
Innovation) were deconvolved using the Lucy–Richardson algo-
rithm (MATLAB, MathWorks) and rendered with a 5D viewer
developed in MATLAB environment (Wait et al. 2019). The 3D
rendered images were exported as .tiff images or movies in .mp4
format.

2.10 Estimation of EV Diffusion

We estimated the diffusion of EVs after being released in the
extracellular space in in vitro cultures using the Stokes-Einstein
equation, a widely accepted method for evaluating nanoparticle
diffusion. This equation serves as the foundation for the nanopar-
ticle tracking analysis (NTA), a technology that can effectively
estimate EV size using their diffusion properties (Filipe et al.
2010).

The Stokes–Einstein equation is:

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟

where:

kB = 1.38×10−23 J

T = 310◦K (absolute temperature for 37◦C),

η= 0.00069 Pa (dynamic viscosity of water at 37◦C), r ()= 50×10−9
m (radius of a particle with 100 nm diameter).

Using this equation, an EV of 100 nm in diameter randomly
diffuses at a speed of D = 6.578 µm2/s in water at 37◦C.

Additionally, the Central Limit Theorem states that the sum of
many independent variables tends toward a normal (Gaussian)
distribution. For this reason, in the context of diffusion, the
cumulative effect of many small, random movements results

in a Gaussian distribution of particles over time. The standard
deviation (SD) of the Gaussian accounts for the spread of the
particle positions from the point of release. Therefore, to compute
the distance travelled by particles after one or 2 days of diffusion,
we used the equation:

SD =
√
2𝐷𝑡

whereD= 6.578 µm2/s (diffusion coefficient fromStokes–Einstein
equation), and t is the time expressed in seconds (86400 s for 1
day). Consequently, SD is 1.066mm after 1 day and 1.507mm after
2 days of diffusion. Therefore, based on the properties of normal
distribution, 99.7% of EVs are expected to be within a radius of
3SD from the point of origin, if freely diffusing in the extracellular
space. This corresponds to 3.198mmafter 1 day and 4.521mmafter
2 days of diffusion.

2.11 Flow Cytometry and Cell Sorting

HeLa or SUM cells plated on 6-well plates were transfected
with CD9-Emerald or n-BFP. After 24 h, the cells were detached
by 0.25% trypsin-EDTA (Thermo Fisher Scientific), counted,
and mixed 1:1 in a Falcon tube. For each condition, a total of
120,000HeLa cells (60,000CD9-Emerald and 60,000 n-BFP)were
mixed. In the experiments using SUM, a total of 60,000 cells per
condition were used (30,000 CD9-Emerald and 30,000 n-BFP).

Mixtures were seeded in multiwell plates and left to adhere
and spread for 48 h. The day after seeding, cells were treated
with 50 nM Bafilomycin A1 for 24 h. Then, the cell co-cultures
were detached by 0.25% trypsin-EDTA, rinsed in complete media,
and analyzed by flow cytometry (Gallios, Beckman Coulter).
Unstained cells and single-colour controls (CD9-Emerald+ and n-
BFP+) were used to set photomultiplier voltages. Analyses were
performed using Kaluza software (Beckman Coulter).

Alternatively, double-positive n-BFP/CD9-Emerald cells were
sorted using an ARIA III cell sorter (Beckton Dickinson and
Company). Sorted cells were seeded on a glass coverslip for cell
imaging. After spreading, cells were labelledwith 1 µMCell Trace-
Far Red (Thermo Fisher Scientific) in serum-free medium for
20 min. After two washes in complete medium, coverslips were
inserted into a metal chamber for live-cell confocal imaging with
aNikonA1Rmicroscope. Image stackswere acquired using a Plan
Apo 100X oil immersion lens (NA:1.45); planes were spaced 0.25
µmalong the z axis, and pixel size was 0.25 µm. ImageJ (NIH) was
used to project the images across the z axis.

To biochemically confirm that EVs were internalized by a bio-
chemistry approach, we used stably transfected HeLa cell lines
expressing CD9-Halo (donor) and clathrin-Halo (acceptor). CD9-
Halo cells were labelled with HaloTag ligand JF635 (5 nM), and
clathrin-Halo cells withHAloTag ligand JF503 (20 nM) overnight.
The following day, 1.3 × 106 cells of each line were mixed and co-
cultured in the presence of Bafilomycin for 24 h. Double-positive
cells (JF635+ and JF503+) were sorted, pelleted, and lysed along
with controls (CD9-Halo and clathrin-Halo cells alone) using
standard lysis buffer. Fifteen micrograms of each lysate were
resolved by SDS-PAGE, transferred to nitrocellulose membranes,
and stained with Ponceau. After blocking in 5% milk in TBST
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for 1 h, membranes were incubated overnight at 4◦C with anti-
Halo antibody and either anti-vinculin or anti-GAPDH as loading
controls.

2.12 Cell Viability Assay

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was performed to assess cell viability upon treat-
ment with Bafilomycin A1. HeLa cells plated in 96-well plates
(10,000 cells/well) were treated with increasing concentrations
of Bafilomycin A1 (0-400 nM) or its solvent (DMSO) for 24
h. Afterwards, MTT (5 mg/mL) was added to each well and
incubated at 37◦C for 2 h. The cell media was removed and
replaced with DMSO to dissolve formazan crystals, the MTT
metabolite. The platewas kept under agitation for 15min, then the
absorbance was measured at 560 nm using a plate reader (BioTek
SynergyH1).

Flow cytometry analysis of cells labelled with Annexin V and
PI was performed to assess viability of cells upon increasing cell
density. HeLa and SUM were plated at different numbers on a
6-well plate: 106, 5 × 105, 2.5 × 105, 105, 5 × 104 and 2.5 × 104.
After 24 h, cells were washed twice with 2 mL of HBSS and
incubated with 1 mL of Opti-mem for additional 24 h. Then,
while the supernatants were collected and used for additional
characterization (see slot-blot for EV protein detection), the cells
were trypsinized and centrifuged at 300 × g for 5 min. Annexin
V-PI staining was performed as suggested by the company (BD
#556547). Briefly, the cell pellet (consisting of ∼100,000 cells) was
resuspended in 100 µL of 1X binding buffer, 4 µL of PI of Annexin
Vwere added. Cellswere vortexed gently and incubated for 15min
in the dark. An additional 400 µL of binding buffer was added,
and the cells were acquired by flow cytometry (Gallios, Beckman
Coulter) within 1 h.

2.13 Transmission ElectronMicroscopy (TEM)
of EV Pellets

SUM cells were seeded at 70% confluence in two T175 flasks.
After spreading, cells were washed in HBSS and incubated
in Opti-MEM for 24 h. The conditioned media were collected
and centrifuged at 5000 × g for 10 min to remove cell debris.
The resulting supernatants were transferred into ultracentrifuge-
proof tubes and centrifuged for 1 h at 110,000 × g using a swing
rotor (SW32, Beckman Coulter). The supernatants were dis-
carded, and the pellets were resuspended in 60 µL of HBSS. 20 µL
of EV suspension was adsorbed onto 400-mesh formvar/carbon-
coated grids for 10 min at RT. Adherent EVs were stained
with uranyl-acetate and immediately imaged using a Tecnai G2
Biotwin transmission electron microscope (FEI).

2.14 Approaches to Study EV Exchange In Vitro

To study the impact of cell distance to EV exchange in vitro
we used two strategies. The first one was based on the design
and fabrication of plastic rings for cell culture. Cell rings were
designed using the online software Tinkercad (Autodesk). For the
Close configuration, we designed rings of 1 cm radius and 0.5 cm

height. For the Far configuration, we designed two rings (1 cm
radius and 0.5 cm height) connected by a stem of 4 cm. We chose
to plate the cells at 40mmapart tomaximize the distance between
donor and acceptor cells within a standard 10 cm petri dish, while
still allowing for straightforward and reproducible plating. Rings
were 3D-printed in a biocompatible resin (Surgical Guide) using a
Form 3B+ printer (Formlabs) following the company’s protocol.
After printing, the rings were washed extensively in iso-propanol
and cured. The curing procedure consisted of simultaneously
exposing the printed parts to heat (60◦C) and light (405 nm) for
60 min in a Form Cure station (Formlabs).

Ring patterns were placed into 10 cm Petri dishes. To plate cells
in the Close configuration, we mixed HeLa cells transfected with
CD9-Emerald or n-BFP at a 1:1 ratio. The Far configuration
consisted of plating donor and recipient cells in two different
rings connected by a 4 cm stem. 60,000 HeLa cells transfected
with CD9-Emerald were plated in one ring, and 60,000 HeLa
cells transfected with n-BFP were plated in the other ring. After
24 h, the culture media and the rings themselves were removed
from the dishes. The Petri dishes were then washed in HBSS,
and the cells were incubated in complete DMEM media. The
following day, the cells were treated with 50 nM Bafilomycin A1
for 24 h. Some plates were placed on an orbital shaker at 37◦C to
promote media movement, while other plates were kept still in
the incubator. After 24 h, cells were detached by trypsinization,
centrifuged and analyzed by flow cytometry to measure the
percentage of double-positive CD9-Emerald/n-BFP cells.

In other experiments, we used HeLa stably transfected with
CD9-Halo cells as donors. The donor cells were plated on
six-well-plates wells and labelled with HaloTag ligand JF635
(5 nM) overnight. The HeLa acceptor cells were labelled with
5 µg/mL of Hoechst dissolved inmedia for 15 min. After extensive
washes, the cells were either mixed and plated on a single
glass coverslip (close configuration) or plated separately on two
different coverslips. Coverslips with donor or acceptor cells were
then secured on a 10 cm petri dish using a small drop of
Dow Corning high vacuum grease at 3 or 30 mm of distance.
The plate was covered with 8 mL of media supplemented with
Bafilomycin A1. After 24 h the coverslips were retrieved in 6-well
plates and separately trypsinized and analyzed by flow cytometry.
This approach allowed us to isolate donor and acceptor cell
populations with minimal risk of cross contamination. The 3 mm
distance was selected because it approximates the maximum
theoretical diffusion distance for EVs over 24 h, based on the
Stokes–Einstein equation, while the 30 mm distance serves as a
far-range control.

2.15 Design and Fabrication of a Millifluidic
Device for Studying EV Exchange in Dynamic
Conditions

The millifluidic device was designed using the online software
Tinkercad (Autodesk) and printed in a biocompatible resin (Sur-
gical guide) using the protocol described in the previous section.
The device consists of a rectangular prism (D 15×W20×H6mm)
embedding two circular chambers (Ø: 6 mm, height: 1.7 mm)
connected by a channel of 3 mm length. We chose to connect the
two chambers with a channel of 3 mm in length to minimize the
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dead volume between them, while placing the two chambers at
a distance corresponding to the maximum theoretical diffusion
range of EVs over 24 h, as estimated by Stokes–Einstein equation.
An inlet and an outlet channel allow the directional fluid flow
between the chambers, which are designed to host 5 mm glass
coverslips carrying EV donor and/or recipient cells.

HeLa/CD9-Emerald (EV donor) and HeLa/n-BFP (EV recipient)
cells were seeded at high density on 48-well plates containing
5 mm glass coverslips, previously cleaned by ethanol and glow
discharge. For the “Close configuration” donor and recipient cells
were mixed at 1:1 ratio, and 20 µL of the mixture (containing
10,000 donor and 10,000 recipient cells) were dropped onto
each coverslip. Instead, for the “Far configuration” donor and
recipient cells were seeded on distinct coverslips (10,000 cells
each). After cells spreading coverslips were gently washed in
complete DMEMmedia to remove floating cells, then transferred
into the millifluidic device. The coverslips carrying EV donor
cells were placed in the left chambers of the devices while the
ones carrying the EV recipient cells on the right chambers. The
devices were sealed by applying a biocompatible tape on the top
surface, then filled with complete DMEM (without phenol red)
supplemented with Bafilomycin A1 (50 nM).

Some devices were connected to an infusion syringe pump to
deliver media from the chambers containing the donor cells to
the chambers containing the recipient cells. To do so, a 10 mL
syringe was filled with complete DMEM + Bafilomycin A1 and
connected to a transparent tube (Tygon R3603). The syringe was
then inserted into a pump for fluid delivery (Chemyx Fusion 200).
A flow rate of 200 µL/min was set to fill the tube. Then, the
tube was inserted into the device using a connector made from
a syringe needle (Gauge 27). The inlet channel was sealed using
Dow Corning high vacuum grease to avoid fluid leakage from the
chamber.

The flux was reduced to 5 µL/min. The progression of the media
across the device can be monitored by observing the contrast
between the transparent media contained in the chambers and
the one with phenol red, used to deliver the Bafilomycin A1 and
the CD9-Emerald EVs once released by the donor cells. At this
flow rate, themedia filling the device is replaced every 20–25min.
After 18 h at 37◦C, the coverslips carrying EV donor and recipient
cells (“Close configuration”) and the coverslips containing the
recipient cells of the “Far configuration” were removed from
the chambers and placed into a 48-well plate. Cells were gently
washed twice in PBS and detached with PBS/EDTA (300 µL). The
cell suspensions were transferred into flow tubes and analyzed
by flow cytometry to measure the percentage of double-positive
CD9-Emerald/n-BFP cells. Untransfected, CD9-Emerald+, and
n-BFP+ cells were used as single-colour controls.

2.16 Transferrin-647 Uptake to Evaluate the
Functionality of Clathrin-Mediated Endocytosis

HeLa CLTC cells were treated or not with 0.5 µg/mL doxycycline
for 1 week to induce the expression of shRNA specific for clathrin
heavy chain. Then, the cells were washedwithHBSS and exposed
to 0.5 µg/mL Transferrin-Alexa Fluor 647 (A647-Tf, Thermo
Fisher Scientific) dissolved in completeDMEMfor 10min at 37◦C.

Afterwards, the dishes containing the cells were set on ice to block
endocytosis, and the cells were washed with ice-cold HBSS. To
measure the amount of transferrin receptor present at rest on the
cell surface, cells in other wells were exposed to A647-Tf at 4◦C
for 10min. To remove the surface-bound fluorescent ligand, some
wells were exposed twice to an acidic solution for 1 min (150 mM
NaCl and 0.1 M glycine, pH 2.5). After two more washes in ice-
cold HBSS, the cells were detached by trypsinization, collected
in flow tubes containing 1 mL of media to inactivate trypsin,
centrifuged at 300 × g, and resuspended in ice-cold media.
The samples were then quantified by flow cytometry (Gallios,
Beckman Coulter), and the resulting data were analyzed by
Kaluza software (Beckman Coulter). Transferrin internalization
was normalized to the amount of surface-bound. The experiment
was repeated three times, and the normalized means obtained
across the experiments were compared using an unpaired t-test
(GraphPad Prism).

2.17 Statistical Analysis and Figure Preparation

Statistical analyses were performed using the software Prism
(GraphPad), MATLAB (MathWorks), and Python packages;
figures were assembled in Adobe Illustrator (Adobe).

3 RESULTS

3.1 Increasing Cell Density Decreases the
Number of EVs Retrieved in the Cell Supernatant

To investigate the role of cell–cell contact in EV release, we plated
SUM159-PT (SUM) cells, a model of metastatic breast cancer
(Flanagan et al. 1999), at increasing densities. To avoid the con-
founding contribution of EVs derived from foetal bovine serum
(FBS), we cultured the cells in Opti-MEM, which sustains cell
growth in the absence of serum.After 24 h,we collected the super-
natants and processed them for Nanoparticle Tracking Analysis
(NTA) to quantify EV concentration (Vestad et al. 2017).While the
absolute number of EVs retrieved in the supernatant increased
with increasing cell density, the number of EVs released per cell
decreased significantly (Figure 1a). Increasing cell density did
not significantly modify the size of the EVs, which maintained a
mode diameter distribution between 129 and 152 nm (Figures 1b,c
and Figure S1a). We also observed the typical cup shape that
EV samples present when processed for transmission electron
microscopy analysis (Figure 1d) (Rikkert et al. 2019). We repeated
this experiment using both SUM and HeLa cells, two models
that have been used extensively in EV and membrane trafficking
studies (Willy et al. 2021; Mathieu et al. 2021; Bonsergent et al.
2021). This time we analyzed the supernatant by slot blot. Slot
blot analysis showed that the recovered media is enriched in
EVs (Figure S1e), and that the signals of the tetraspanins CD9
and CD63, well-known EV markers, followed a similar trend in
both SUM and HeLa cells (Figure S1b,c). When we compared
EV yield per cell, measured by NTA (Figure 1a) or estimated
from EV marker analysis by slot blot (Fig. S1d), we observed
that the number of EVs retrieved at high cell density consistently
represented 50%or less of themaximumamount released at lower
cell densities. To exclude the possibility that culturing cells at high
density inOpti-MEMcould affect their viability, we analyzed cells
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FIGURE 1 The number of EVs collected in the supernatant is inversely proportional to cell density. (a–c) SUM cells were plated (6-
well plate; well surface = 9.6 cm2) at increasing densities in Opti-MEM for 24 h. After removing cell debris from the supernatants of each sample by
centrifugation (5000 × g for 10 min), both the EV concentration and the size distribution were assessed by Nanoparticle Tracking Analysis (NTA). (a)
While EV concentration increases with the number of cells (blue line), the number of EVs released per cell is inversely proportional to cell density (red
line). The graph reports the mean ± SEM of three independent experiments. (b) Size frequency distributions (mean = black line; SD = blue area) of EVs
collected from cells plated at increasing numbers (indicated on top of each peak). Increasing cell density did not significantly influence the distribution
of EV sizes. As tabulated in (c), the mean of the modal peak across all cell densities was between 129 and 152 nm. The plotted curves in (b) and the
quantification in c are the mean of three independent experiments. (d) TEMmicrograph of EVs obtained from Opti-MEM conditioned by SUM cells for
24 h. EVs were enriched by ultracentrifugation (110,000 × g for 1 h) and the resulting pellets were negatively stained with uranyl acetate for visualization.
(e) Illustration of the proposed relationship between cell density and EV retrieval from the supernatant. When cells are sparsely distributed, EVs can be
released from both the apical and the lateral surfaces of the cells and promptly reach the extracellular space (top panel). In contrast, at high cell density,
only EVs released from the apical surface can promptly reach the extracellular space (bottom panel).

by flow cytometry using Annexin V and PI staining. This study
showed no significant increase in cell death or stress in either
SUM or HeLa cells when cells plated at increasing densities were
compared to those seeded at 2.5 × 105 cells within each group
(Figure S1f,g).

Since CD9 and CD63 are markers of ectosomes and exosomes
(Mathieu et al. 2021; Jackson et al. 2017), this result suggests that
either EVs budding from the plasma membrane or EVs secreted
upon multivesicular body fusion are influenced by cell density.
A possible explanation is that sparse cells expose more surface to
the extracellular space for EV release than densely packed cells
(Figure 1e).

3.2 Cell Density Favours EV Internalization
Without Hindering Production

However, the experiments presented so far could not discriminate
between alternative mechanisms, including whether increased
cell density can either prevent EV release by donor cells, or
promote EV internalization and degradation by neighbouring
cells (Heusermann et al. 2016; Chen et al. 2016; Maugeri

et al. 2019; Joshi et al. 2020). To assess this, we developed
an unbiased approach to quantify the fraction of cells that
accumulate EVs. The experiment was based on a co-culture of
EV-donor and EV-recipient cells. EV-donor cells were transfected
with the tetraspanin CD9 conjugated at its N-terminal with
the monomeric fluorescent protein Emerald (CD9-Emerald), an
improved version of EGFP (Day and Davidson 2009). CD9-
Emerald was distributed on the cell surface (Figure S2a), and its
over-expression did not influence EV release either quantitatively
or qualitatively (Figure S2b–e). The EV-recipient cells were trans-
fected with nuclear-tagBFP (n-BFP). Co-culture experiments
were set up using either SUM or HeLa cells, with each cell type
used as both donor and acceptor within its respective experiment.
Twenty-four hours after transfection, both donor and recipient
cells were plated in the same well (Figure 2a). We reasoned
that the inhibition of vacuolar H+-ATPase by Bafilomycin A1
(Bafilomycin) could showwhether internalized EVs are degraded
in lysosomes (Cashikar and Hanson 2019; Ortega et al. 2019; Sav-
ina et al. 2003; Tapper and Sundler 1995; Edgar et al. 2016). For this
reason, we added either 50 nM Bafilomycin, a concentration that
had non-toxic effects on our cellmodels (Figure S2f), or its solvent
(DMSO) to the culture dishes. The following day, we resuspended
and analyzed the cells by flow cytometry. Cells retaining both
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FIGURE 2 Endosomal alkalization reveals EV exchange in high-density cultures. (a–e) Flow cytometry assay to define the fraction of
recipient cells that engulf EVs. (a) Scheme representing the co-culture of CD9-Emerald (donor) and n-BFP (recipient) cells. (b) Representative flow
cytometry analysis (left) and confocal microscopy imaging of sorted n-BFP+/CD9-Emerald+ HeLa cells (right). The confocal Z projection and relative
YZ profile (computed at the white dashed line) show that EVs are engulfed in the intracellular space of the recipient cells. The confocal data is composed
of 40 planes spaced every 250 nm on the z axis. (c and d) The fraction of SUM and HeLa recipient cells (n-BFP+) internalizing EVs (n-BFP+/CD9-
Emerald+ cells) was quantified by flow cytometry. The co-cultures exposed to Bafilomycin or DMSO are shown in blue and red respectively. In yellow,
cultures solely composed of n-BFP+ cells (Emerald-) were used as negative controls to define the threshold for Emerald+ signal (red dashed line). (e)
Statistical analysis of three independent co-culture experiments (mean ± SEM). The fraction of cells that engulfed EVs increased from 49% ± 2% to
80% ± 3% (1.6 times; mean ± SD) in SUM and from 45% ± 6% to 80% ± 4% (1.8 times; mean ± SD) in HeLa cells when treated with Bafilomycin in
comparison to the vehicle. Data were compared using a two-tailed t-test where ** p value < 0.001. (f–i) Co-cultures of CD9-Emerald donor cells and
Clathrin-mRuby recipient cells were imaged by live cell confocal microscopy. Donor and recipient cells were mixed and seeded at a 1:1 ratio to reach
80% confluence after 48 h. White square indicates the region that is magnified in the right panel and the dotted line the plane at which the YZ planes
are computed. Experiments were performed using either SUM (f and h) or HeLa cells (g and i). After 24 h of incubation, the co-cultures were exposed
to 50 nM Bafilomycin A1 or its solvent (DMSO) for an additional 24 h.
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n-BFP and CD9-Emerald signals accounted for the fraction of n-
BFP cells that engulfed CD9-Emerald EVs. In some experiments,
the cells were sorted and plated on coverslips to confirm by
confocal microscopy that EVs labelled by CD9-Emerald were
indeed internalized by the recipient cells (Figure 2b). In other
experiments, we used HeLa cells transfected with CD9-Halo, a
self-labelling enzyme (Los et al. 2008), as donor cells. The sorted
cells were lysed to confirm by western blot analysis that CD9-EVs
were internalized in recipient cells (Figure S2g).

The fraction of n-BFP cells that accumulated CD9-Emerald
labelled EVs significantly increased in both SUM and HeLa cells
upon exposure to Bafilomycin (Figures 2c–e). We confirmed
our results by confocal microscopy. In this set of experiments,
recipient cells were labelled with clathrin-light chain mRuby
(Clathrin-mRuby) (Cocucci et al. 2012) to clearly visualize
their surface (Figures 2f,g). Upon Bafilomycin treatment, CD9-
Emerald EVs accumulated in the cytosolic space of the recipient
cells (Figures 2h,i). An increase in EV release upon Bafilomycin
treatment may have partially contributed to the accumulation
of EVs in the endocytic pathway (Cashikar and Hanson 2019;
Ortega et al. 2019; Savina et al. 2003; Tapper and Sundler 1995;
Edgar et al. 2016). Thus, to assess whether Bafilomycin enhanced
EV release in our cell models, we quantified the number of EVs
released by cells cultured in Opti-Mem media in the presence of
the drug or its solvent by NTA. We detected ∼3 times more EVs
uponBafilomycin administration (Figure S2h), in agreementwith
previous results (Cashikar and Hanson 2019; Ortega et al. 2019;
Savina et al. 2003; Tapper and Sundler 1995; Edgar et al. 2016).
When the supernatants of either SUM or HeLa cells treated or
not with Bafilomycin were probed for CD63, CD9 or TSG101 by
slot blot (Figure S2i–l), we observed a trend toward increased
signal for all three markers in HeLa cells and for CD9 and CD63
in SUM cells upon Bafilomycin treatment when compared with
their respective controls.

3.3 Real-Time Visualization of EV Exchange in
High-Density Cell Culture Models Using Lattice
Light Sheet Microscopy (LLSM)

We reasoned that co-culture experiments could be extended to the
visualization of EV exchange in real-time. To this end, we used
lattice light sheet microscopy (LLSM) since image acquisition is
faster and less phototoxic than with confocal microscopes. LLSM
allows visualization of the entire cell volume while retaining
single object/single molecule resolution, resulting in one of the
most effective approaches to study cell biology events in four or
more dimensions (Willy et al. 2021; Elgamal et al. 2020; Chen
et al. 2014). SUM donor cells were transfected with CD9-Halo and
labelled with 5 nM of photostable HaloTag ligand JF549 (Figure
S3a) (Willy et al. 2021; Zheng and Lavis 2017). As expected, CD9-
Halo labelled the cell surface, including filopodia and membrane
ruffles (Figure S3b).When SUM-CD9-Halo cells were co-cultured
with cells expressing CD63-EGFP, CD9-Halo-EVs accumulated in
endosomes and lysosomes, organelles that are labelled by CD63
(Kobayashi et al. 2000) (Figure S3c). This result recapitulates
our previous findings that CD9 EVs are entrapped in the endo-
lysosomal system upon endocytosis, suggesting that Bafilomycin
treatment prevents their degradation. For live cell imaging, we
used, as recipient cells, SUM cells gene-edited to express the

subunit mu of the adaptor protein complex AP2 labelled with
EGFP (AP2M1-EGFP), a well-established marker of clathrin-
mediated endocytosis (CME) (Aguet et al. 2016). While it is well
known that clathrin-coated vesicle formation takes roughly 60 s
and that a frequency of volume acquisition of 0.3 Hz is sufficient
to detect the dynamics of CME (Aguet et al. 2016; Willy et al.
2021), the time course of EV release and uptake in real-time
is poorly investigated. Since a particle of 100 nm in diameter
diffuses in the extracellular space at ∼6.57 µm2/s at 37◦C (see
Estimation of EV diffusion in the material and methods section)
(Lee et al. 2021), we reasoned that to successfully track single
EVs from release to uptake, it was necessary to focus on the cell–
cell interface. At this location, EVs entrapped between contiguous
cells would be subjected to constrained diffusion. Although we
collected 23 movies ranging from 15 to 40 min of acquisition
(a total of 12 h of imaging), we only identified 10 events that
unambiguously corresponded to EVs released from donor cells
that were internalized by recipient cells (Figure 3a,b,d,e; Movies
1 and 2). At least two reasons explain why EV internalization
was rarely detected: first, because a cell releases roughly 3400
EVs in 24 h (see Figure 1a), which corresponds to only ∼3 EVs
per minute; second, because we were restricting our studies to
a subfraction of EVs by solely monitoring vesicles labelled with
CD9. Despite these limitations, we could observe EV exchange
in real-time. EVs either budded from the cell surface or were
released upon the sudden rupture of the tips of filopodia,
strengthening the general assumption that CD9 is a marker of
ectosomes (Welsh et al. 2024). In addition, filopodia can undergo
additional scission events after being released, producing smaller
EVs (Movie 3). Notably, the few EVs that were internalized
did not colocalize with AP2-EGFP at any point in time, while
other CD9-EVs that were entrapped in clathrin-coated vesicles
were never endocytosed (Figure 3c). These results suggested
that CD9-EVs are not internalized by CME in our cellular
model. To unequivocally confirm our observations, we used a
HeLa cell model in which complete depletion of clathrin heavy
chain could be obtained by activating a doxycycline-dependent
shRNA system (Figure 3f) (Caldieri et al. 2017), thereby inhibiting
CME, as revealed by the inhibition of transferrin internalization
(Figure 3g). HeLa cells depleted or not of clathrin heavy chain
were transfected with n-BFP and co-cultured with CD9-Emerald
HeLa cells. Flow cytometry analysis showed that CME inhibition
by clathrin heavy chain depletion did not impair the endocytosis
of CD9-EVs (Figure 3h,i), strengthening our conclusions.

3.4 Cell Density Influences the Exchange of EVs

If it is true that EVs are mainly exchanged at the cell–cell
interface, high cell density may maximize the number of cells
that internalize EVs. To explore this possibility, we seeded
co-cultures of HeLa cells expressing either CD9-Emerald (EV-
donor) or n-BFP (EV-recipient) at increasing cell density. Cells
were also exposed to Bafilomycin (as described previously) to
maximize the detection of EV exchange. Then, each co-culture
was analyzed by flow cytometry to assess the fraction of n-BFP
cells that internalized EVs. As expected, cells at confluence had
the largest number of double-positive cells while the fraction
was significantly reduced at lower densities (Figure 4a,b). Since
low cell density may result in inefficient EV exchange due to
a decrease in the absolute number of the EVs released in the
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FIGURE 3 5-D microscopy reveals both the dynamics of EV transfer, and that EV uptake is independent of clathrin-mediated
endocytosis. (a–e) SUM cells expressing either CD9-Halo (EV donor) or AP2-EGFP (EV recipient) were mixed and seeded at a 1:1 ratio, stained with
5 nM of HaloTag ligand JF549 for 1 h, and imaged by Lattice Light Sheet Microscopy (LLSM). All movies were acquired in sample scan mode and were
composed of sequential volumes of 73 × 53 × 13 µm (corresponding to 40 sequential optical sections acquired with 35 ms of exposure for each channel
and spaced every 350 nm after de-skewing; the final frequency of acquisition of the movie was of 0.3 Hz). (a and d) Three-dimensional renderings
extrapolated from Movies 1 and 2. The dotted squares define the regions corresponding to the magnified image sequences plotted in Panels b, c, and e.
The yellow lines highlight the edges of the acceptor cells, obtained by thresholding the cytosolic AP2-EGFP signal. (b and e) Internalized CD9-EVs. The
lack of co-localization between CD9-Halo and AP2-EGFP upon vesicle internalization (white circle) suggests that clathrin mediated endocytosis (CME)
does not support CD9-EV uptake. (c) An example of a CD9-EV that remained at the cell–cell interface for more than 5 min without being efficiently
internalized by clathrin-coated vesicles despite recurrent colocalization with AP2-EGFP puncta (see also Movie 1). (f–i) To assess the role of CME in
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CD9-EV uptake, HeLa cells stably expressing a doxycycline (Dox)-inducible shRNA sequence against clathrin heavy chain (HeLaCLTC)were cultured in
the presence of Dox for 1 week to downregulate clathrin expression. (f) Immunoblotting demonstrated that the Dox-inducible shRNA system abolished
the expression of clathrin heavy chain as compared to untreated (Ut) cells. (g) Clathrin heavy chain depletion impairs CME. HeLa CLTC depleted (Dox)
or not (Ut) of clathrin heavy chain were exposed to fluorescently labelled transferrin (A647-Tf), a CME cargo, for 15 min at 37◦C to allow the ligand to
internalize (TfINT), or at 4◦C to label the surface receptor by preventing its endocytosis (TfSRF). After washes, the cells were analyzed by flow cytometry.
The graph shows the ratios between TfINT and TfSRF represented as % of the maximal value (three independent experiments, mean ± SEM). Data were
compared using a two-tailed t-test. ** p value < 0.001. (h)HeLa cells expressing CD9-Emerald were co-cultured at high density (80% confluence at 48 h)
with either HeLa CLTCUt-n-BFP or HeLa CLTC Dox-n-BFP. 24 h post-seeding, the cells were treated with 50 nM Bafilomycin for 4 h before quantifying
the fraction of double-positive CD9-Emerald/n-BFP cells by flow cytometry. The results from three independent experiments are summarized in (i)
(data analysis was performed using a two-tailed t-test; ns = not significant) and indicated that CME does not significantly contribute to the uptake of
CD9-EVs.

extracellular space, we set up a compartmentalized co-culture
system where the same number of EV-donor and EV-recipient
cellswere seeded in either aClose orFar configuration. To achieve
this, we printed ad hoc cell culture rings in a biocompatible
material using a stereolithography 3D printer (Figure S4a,b). The
rings were used to plate the cells in a confined space (Figure 4e;
S4c). After cell spreading occurred, the rings were removed and
media containing Bafilomycin was added to fill the dish (Figure
S4d). The following day, the cells were detached and analyzed by
flow cytometry to quantify the amount of EV transfer. When cells
were plated in the Close configuration, the fraction of double-
positive cells was significantly higher in comparison with the
cells plated in the Far configuration (Figure 4c,d). However,
assuming that all the EVs that were released could freely diffuse
in the extracellular space, they would follow a Gaussian Density
distribution with a standard deviation of ∼1 mm after 24 h (see
Estimation of EV diffusion in the material and methods section),
suggesting that cells plated 40 mm from the donor cells (Far
configuration) could not have been significantly exposed to the
labelled EVs, since 99.7% of the particles would not be able to
travel more than ∼3 mm from the donor cells.

To include these considerations on EV diffusion in our experi-
ment set-up, we developed two approaches. First, we performed
an additional experiment where CD9-Emerald and n-BFP HeLa
cells seeded in the Far configuration were incubated either
motionless or under continuous agitation in the presence of
Bafilomycin. A co-culture of CD9-Emerald and n-BFP HeLa
cells plated in the Close configuration was used as a reference
(Figure 4e; S4c). Interestingly, when cells were analyzed by flow
cytometry, there was no significant difference in the fraction of
cells that internalized EVs between the two conditions when
seeded in the Far configuration (Figure 4f,g). Conversely, the
fraction of internalized EVs in the cells plated in the Close
configuration was significantly higher when compared with both
samples plated in the Far configuration (Figure 4g).

Second, to further explore the role of fluid dynamics in EV
uptake, we developed a millifluidic device that features two
chambers designed to host 5 mm glass coverslips for plating
EV-donor and/or EV-recipient cells, enabling the study of EV
exchange under stationary or dynamic configurations (Figure 4j
and Figure S4e–i). In the millifluidic Close configuration, donor
(CD9-Emerald HeLa) and recipient (n-BFP HeLa) cells were co-
seeded at a 1:1 ratio on a single coverslip at 80%density, facilitating
direct cell–cell contact (Figure 4j, top panel, and Figure S4g).
Conversely, the millifluidic Far configuration involved seeding

donor and recipient cells on separate coverslips placed in distinct
chambers within the device (Figure 4j, middle and bottom
panels). For some Far configuration setups, a directional flow
was introduced by connecting chambers via a syringe-driven
injection system, creating a flow of media supplemented with
Bafilomycin (Figure 4j, bottom panel, and Figure S4h,i). After
18 h of incubation at 37◦C, cells were detached and analyzed
via flow cytometry to quantify the proportion of n-BFP cells
that internalized CD9-Emerald EVs (Figures 4h,i). There was
no significant difference in EV transfer between the millifluidic
Far configuration with or without directional flow, confirming
that EV exchange is more efficient when cells are adjacent in
two-dimensional cell cultures.

We observed that although statistically sound, the experiments
evaluating EV exchange over distance displayed a certain degree
of variability (compare Figure 4d with Figure 4g,i). To investigate
this further, we used HeLa cells stably expressing CD9-Halo
as donor cells. These cells were labelled with a Halo ligand
conjugated with JF635, that is a fluorogenic dye with excep-
tional brightness (Mohar et al. 2022), to maximize EV detection.
Then, to assess the role of distance more precisely, we plated
donor and acceptor cells either on the same 25 mm coverslip
(close configuration) or on separate coverslips. These coverslips
were then secured to a 10 cm petri dish surface with silicon
grease, positioned at a distance of either 3 mm or 30 mm.
This experimental design allowed us to recover and analyze
donor and acceptor cells separately, thereby minimizing the
possibility of cross-contamination of the two populations during
flow cytometry analysis. As shown in Figure 4k,l, this approach
confirmed that close proximity favours EV exchange. However,
the efficiency of EV transfer was similar at both tested distances,
with 5.16%± 0.42% (mean± SD) of acceptor cells positive for CD9-
Halo-JF635 at 3 mm, and 4.22% ± 0.75% (mean ± SD) at 30 mm,
with no statistically significant difference between the two condi-
tions. In conclusion, these experiments revealed that cell-to-cell
proximity significantly enhances the intercellular transfer of EVs,
suggesting that EV exchange occurs more efficiently between
neighbouring cells.

3.5 EVs Are Locally Exchanged

These observations raised an additional question: how far can
EVs travel between adjacent cells? To explore this, we plated
CD9-Halo HeLa cells (donor cells) with HeLa cells loaded with
Calcein-AM (recipient cells) at a ratio of 1:3000 to ensure that
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FIGURE 4 EV exchange is favoured by cell proximity. (a and b) Co-cultures of HeLa cells expressing either n-BFP or CD9-Emerald were used
to assess the impact of cell proximity on the efficiency of EV exchange. To do so, EV donor (CD9-Emerald) and EV recipient (n-BFP) cells were seeded at
decreasing cell densities (100%–15%; confluence at 48 h). 24 h post-seeding, the cells were treated with 50 nM Bafilomycin for an additional 24 h before
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analysis by flow cytometry. (a) The density plots show the density distributions of n-BFP+ cells according to the CD9-Emerald signal, in function of the
cell density (cell confluence). The double-positive cell populations correspond to the events in the histograms on the right side of the red line, which
marks the threshold for Emerald+ signal, defined using the control population (nBFP+/Emerald− cells). The results from three independent experiments
(mean± SD) are shown in the graph in (b). Data were compared usingOne-wayANOVA and Tukey’s post-hoc test (ns= not significant; **p value< 0.01).
(c–e) To further explore the effect of the intercellular distance on the amount of EV transfer, custom-made rings (1 cm radius, 0.5 cm height; see also
Figure S4) were printed in a biocompatible material using a stereolithographic 3D device (Formlabs). The rings were used as mobile chambers to control
the distance between EV donor and EV recipient cells when plating. The pictogram in (e) outlines the Close and Far configurations that characterize
the experiment (for more details, see Figure S4a–d). Close configuration (e, Top panel): EV donor (CD9-Emerald) and EV recipient cells (n-BFP) were
seeded together at a 1:1 ratio in one ring in the middle of the dish (100% final confluence) to generate a dense co-culture. Far configuration (e, Bottom
panel): using two connected rings (4 cm apart), an equal number of EV donor (CD9-Emerald) and EV recipient (n-BFP) cells were seeded in each ring.
After 24 h, the rings were removed in both conditions and the dishes were filled with complete media supplemented with 50 nM Bafilomycin. 24 h post-
treatment, the cells were detached and analyzed by flow cytometry to compare the efficiency of EV transfer when the two cell types were seeded together
versus separately. One representative experiment is shown in (c) while data from three independent experiments are summarized in (d). (c) n-BFP+

cells seeded without donor cells were used as negative controls to define the threshold for Emerald+ signal (yellow distribution and red dashed line).
The red and blue distributions depict the CD9-Emerald intensities that were recorded in the n-BFP+ recipient cell population when co-cultured in either
the Close (red) or Far (blue) configurations with CD9-Emerald donor cells. (d)When cells were cultured in the Close configuration, 60% ± 6% (mean ±
SEM) of n-BFP+ cells had internalized CD9-Emerald+ EVs. In contrast, only 6.4% ± 6% (mean ± SEM) of n-BFP+ cells cultured in the Far configuration
received EVs from the CD9-Emerald donor cells located 4 cm away. The differences in EV transfer between the two configurations were statistically
significant (data analysis was performed using a two-tailed t-test where *** p value < 0.001). To test the contribution of paracellular fluid flow in EV
transport, we set up two approaches. First, we established three modalities of co-cultures (f and g): one was plated in the Close configuration as a control
of EV exchange while the other two were seeded as Far configurations. Of the two Far configurations, one co-culture was placed on an orbital shaker at
37◦C to promote media movement and simulate the flow of extracellular fluid (Far [shaken]) while the other remained stationary (Far [still]). After 24
h, the cells from each condition were detached and analyzed by flow cytometry to measure the percentage of n-BFP+/CD9-Emerald+ cells. n-BFP+ cells
seeded without donor cells were used as negative controls to define the minimum value limit for Emerald+ signal (yellow distribution and red dashed
line). The red distribution in (f) accounts for the CD9-Emerald intensities recorded in the n-BFP+ cell population cultured in the Close configuration,
while the blue and the green distributions account for the cells seeded in the Far (still) and Far (shaken) configurations respectively. The results from
three independent experiments are reported in (g). Data were compared using One-wayANOVA and Tukey’s post-hoc test (ns= not significant; **p value
< 0.01 and ***p value< 0.001). In a second approach (h–j)we implemented amillifluidic device (see also Figure S4). Themillifluidic device is composed
of two chambers that can host 5 mm glass coverslips on which EV donor and/or EV recipient cells were plated. The experiment was run in different
configurations to mimic exchange of EVs between neighbour cells or cells located in different districts in the presence or absence of directional flow
(j). The “Close configuration” setup consisted of EV-donor (HeLa/CD9-Emerald) and EV-recipient cells (HeLa/n-BFP) mixed at 1:1 ratio and seeded
onto a single glass coverslip (80% seeding density, blue/green disk, top pictogram in j). Instead, for the “Far configuration” donor and recipient cells
were seeded on distinct coverslips (green disk, donor cells; blue disk recipient cells, pictogram in the middle in j). After cell spreading coverslips were
placed into the millifluidic devices according to the scheme in (j). The chambers were tape-sealed, filled with complete DMEM supplemented with
Bafilomycin (50 nM), and incubated at 37◦C for 18 h. In some experiments “Far configuration” set-ups were connected to the injection system to create
a directional flow (Far Flow, bottom pictogram in j) between the first chamber (containing the donor cells, on the left) and the second chamber (hosting
the recipient cells, on the right). A tube connects a syringe filled with complete DMEM + Bafilomycin A1 to the chambers allowing the device to be
placed in an incubator for the entire experiment. (h and i) After 18 h the coverslips were removed from the chambers and placed in a multiwell plate.
Cells were detached by exposure to trypsin and analyzed by flow cytometry to measure the fraction of n-BFP cells that internalized CD9-Emerald EVs. A
representative experiment is shown in (h). n-BFP+ cells seeded without donor cells were used as negative controls to define the threshold for Emerald+

signal (yellow distribution and red dashed line). The graph in (i) shows the fraction of Emerald+/n-BFP+ cells from three independent experiments.
Statistical comparisons were performed using One-way ANOVA and Tukey’s post-hoc test (ns= not significant; *p value< 0.05). (k and l)Co-cultures of
HeLa cells stably expressing CD9-Halo labelled with HaloTag ligand JF635 (donor cells) and HeLa cells labelled with Hoechst (acceptor cells) were used
to further explore the effect of the intercellular distance on the amount of EV transfer. The cells were either mixed (close configuration) or plated on
different coverslips. Coverslips of donor and acceptor cells were placed in 10 cmpetri dishes in two Far configurations, either distant 3mmor 30mm from
each other secured on the bottom of the petri dish using Silicon. The dish was filled with 8mL of completemedia supplementedwith 50 nMBafilomycin.
24 h post-treatment, the cells were detached and analyzed by flow cytometry to compare the efficiency of EV transfer when the two cell types were seeded
together versus separately. One representative experiment is shown in (k) while data from three independent experiments are summarized in (l). (k)
Hoechst+ cells seeded without donor cells were used as negative controls to define the threshold for JF635+ signal (yellow distribution and red dashed
line). The red distribution depicts the CD9-Halo-JF635+ intensities that were recorded in the Hoechst+ recipient cell population when co-cultured in
Close configurations, while Far configuration distant 3mmor 30mm apart are plotted in blue and green, respectively. The graph in (l) shows the fraction
of CD9-Halo-JF365+/Hoechst cells from three independent experiments. Statistical comparisons were performed using One-way ANOVA and Tukey’s
post-hoc test (ns = not significant; ****p value < 0.0001).

donor cells would be surrounded by a monolayer of recipient
cells (Figure 5a). After 48 h, the cells were imaged by confocal
microscopy to capture images of the sparse donor cells (Figure 5b–
d). We developed a segmentation protocol that identifies the
donor cells and designs concentric regions of interest to measure

the relative intensity of EV signal as a function of the distance
from the edges of the donor cells (Figure 5f,g). Our results
demonstrated that EV signal decays exponentially with increased
distance from the contours of the donor cell (Figure 5e), with the
maximum signal occurring within the first 14 µm (accounting
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FIGURE 5 EVs are exchanged at the cell–cell interface. To assess the propagation of EVs between adjacent cells, we set up an in vitro and
in vivo approach. The in vitro system was based on co-seeding (pictogram in a) on glass coverslips HeLa cells expressing CD9-Halo with HeLa cells
labelled with Calcein-AM at a 1:3000 ratio and 80% seeding density to maximize the possibility that EV donor cells were surrounded by a confluent
monolayer of recipient cells after 48 h. 24 h post-seeding, the cells were treated with 50 nMBafilomycin for 24 h. Before imaging, the cells were incubated
with 5 nM HaloTag ligand JF549 for 1 h to label CD9-Halo. Additionally, the cells were incubated with Hoechst for 10 min to stain nuclei. After two
washes in complete media, the cells were imaged by confocal microscopy (b). Magnification of an area at the edge of b (d) shows negligible CD9-Halo
fluorescence in comparison to the accumulation of CD9-EVs observed within recipient cells in immediate proximity to the donor cells (magenta in c).
(f) by thresholding Calcein-AM signal and Hoechst signal it was possible to define the cytosolic area occupied by the acceptor cells (black and blue
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masks). The edges of the cells are highlighted by a green line. Orange arrowheads indicate EV (magenta mask) engulfed in the acceptor cells. The white
coloured area indicates the extracellular space (glass surface). (g) To quantify the accumulation of EVs in recipient cells within the context of their
proximity to donor cells, we developed a segmentation analysis that correlates the intensity of CD9-Halo fluorescence with the distance from the edge
of the nearest donor cell. We achieved this by normalizing the absolute CD9-Halo intensity to the respective segmented surface area. The results in e
show that 53% of EVs are transferred to cells that are within 14 µm from the edge of a donor cell, while 95% of the signal is retained within 56 µm from
the edge of donor cells. The black numbers on the top of the plot indicate the fraction of EV signal detected in each surface segment (% EVs), while the
red numbers the cumulative sum of the EV signal (Cumol. % EVs). The colour-coded dots on the top of the plot correspond to the segmented surface
areas shown in (g). To estimate the propagation of EVs in living tissues, we set up a tumour model (h). We injected HeLa donor and recipient cells
(in a ratio of 1:100–1:200), or only HeLa recipient cells, in the flank of nude mice. After 14 days, time necessary for the tumour to grow, we dispensed
Bafilomycin to the mice to prevent EV degradation. On Day 15, we injected HaloTag ligand JF635 retro-orbitally and an additional dose of Bafilomycin
ip; the following day (Day 16), the mice were sacrificed and the tissues processed for confocal imaging. A representative field of view is in (i), with
the relative magnification in (j) and the result of the segmentation analysis in (k). In (k), blue masks correspond to the donor cells, while magenta
show the surrounding EV signal. The intensity colour gradient defines the area of segmentation (10 µm increments). To estimate long travelling EVs
we defined the amount of diffuse CD9-Halo EV signal in tumours composed of donor and recipient cells by using as reference recipient cells distant
from donor cells (e.g., Panel l). The results of the experiment are summarized in the graph in (m): the pink traces show the distribution of CD9-Halo
EV signal in function of distance from the donor cells, the red trace represents the data obtained from (i–k), while the black trace shows the average
distribution of all the pink and red traces. The blue trace shows the average distribution of the diffuse CD9-Halo signal from confocal images of tumours
with donor and recipient cells (16 frames), while the yellow trace shows the average distribution of the HaloTag ligand JF635 background in tumours
with only recipient cells (6 frames). Gray lines indicate the last statistically significant point between the CD9-Halo EV signal (black) and the HaloTag
ligand JF635 background (yellow), calculated using Mann Whitney U-test, that is 40 µm of distance from the donor cells (see also Figure 5S). Data is
shown as mean ± SD. (n) Cell density plays a crucial role in EV exchange. In densely packed environments, such as tissues, EVs are predominantly
captured by neighbouring cells. As a result, EV-mediated intercellular communication primarily operates as a paracrine system, effectively influencing
microdomains of approximately 40 µm in diameter. In this illustration, cells are depicted as hexagons of distinct colours. To simplify the figure, only
four cells are considered as donors: one purple, one green, one red, and one blue. The EVs released by these donor cells can travel to and interact with
neighbouring cells. The influenced cells are colour-coded with gradient shades corresponding to the colour of the donor cell. These gradients stand for
the extent to which a cell can exert influence via EVs, based on the distance the EVs can travel from their cell of origin, as indicated by our data.

for 53% of the total detected EV signal). This region roughly
corresponds to the first layer of recipient cells. Moreover, 95%
of the EV signal is retained within 60 µm from the donor cells,
corresponding to approximately three layers of recipient cells.
These results suggest that EVs are exchanged locally and are
internalized by adjacent recipient cells.

However, the motion of interstitial fluids could propel EVs to
reach more distant cells in the same or in other tissues. To
address this concern, we designed an in vivo approach to study
EV exchangewithin tissues (Figure 5h) by inducing the formation
of tumours composed of EV donor and recipient cells. Donor
cells were labelled with CD9-Halo, while the recipient cells were
labelled with an EGFP variant (Staygold [Hirano et al. 2022]).
We injected either a mixed population of HeLa EV-donor and
HeLa EV-recipient cells or a homogenous population of HeLa
recipient cells into the flanks of nudemice at a 1:200 or 1:100 ratio.
Fourteen days post-tumour cell inoculation, mice were treated
with Bafilomycin for 48 h to limit EV degradation (Days 14 and
15). On Day 15, mice were also retro-orbitally injected (Mohar
et al. 2022) with the HaloTag ligand JF635 (Grimm et al. 2017)
to label the CD9-Halo donor cells and the released CD9-Halo-
EVs. The following day (Day 16), the mice were sacrificed and
tumours processed for confocal microscopy (Figure 5i,j,l, and
Figure S5a–f). To quantify the accumulation of CD9-Halo EVs in
recipient cells within the context of their proximity to donor cells,
we developed a segmentation analysis that correlates CD9-Halo
fluorescence with distance from the edge of the nearest donor
cell (Figure 5k and Figure S5g–l). We did this by normalizing
the CD9-Halo EV signal (Figure 5k and Figure S5g–l, magenta)
to the respective nearest segmented surface area of the donor
cell (Figure 5k and Figure S5g–l, blue mask). When we analyzed

the distribution of the EV signal, we observed that it quickly
decreased from the edge of the donor cell (Figure 5m, black
trace), recapitulating the results obtained in the in vitro model
(Figure 5e, black trace). To unbiasedly estimate the distance that
EVs can travel, we used the same segmentation analysis, but the
signal distribution was computed from randomly chosen cells
in tumours composed solely of recipient cells (Fig. S5n), which
resulted in the averaged yellow trace in Figure 5m and Figure S5o.
When we compared EV signal detected from donor cells with the
HaloTag ligand JF635 background, the difference was statistically
significant for the first 40 µm from the nearest edge of the donor
cell (compare the blackwith the yellowhistograms in Figure S5p).

Since the cancer cells grew in the tumour over 15 days, and
during this time donor cells had constantly secreted EVs, it was
possible that EVs travelled long distances and were distributed
through the tumour tissues. This would have resulted in a diffuse
CD9-Halo EV signal. To consider this possibility, we calculated
the CD9-Halo EV signal from randomly chosen recipient cells
in tumours composed of donor and recipient cells (Figure 5l
and Figure S5m) that we called “diffuse CD9-Halo EV signal”.
When we compared the obtained averaged traces (Figure 5m,
Figure S5o,p blue trace), we realized that there was no statistical
significant difference between the diffuse CD9-Halo EV signal
measured in tumour composed of donor and recipient cells
with the HaloTag ligand JF635 background signal measured in
tumours composed only of recipient cells (compare the blue with
the yellow trace or histograms in Figure 5m and Figure S5o,p).
These data demonstrate that EVs released by cancer cells over the
course of ∼15 days did not significantly distribute throughout the
tumour, but rather that EVs, after being released, were mainly
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internalized and degraded by surrounding cells, suggesting that
long distance travel of EVs is limited in the cancer mass.

Because the conclusions abovewere constrained by the sensitivity
of our microscopy system and could not quantify EV-associated
signal below the background treshold, we estimated the sub-
threshold fraction by fitting an exponential decay to the data
points exceeding the threshold (0–40 µm from the donor cell).
This model predicted that 50% of the EV-associated signal was
retained within 17 µm from the donor cell boundaries (95% CI
46.6%–52.1%) and 80% (95% CI 74.1%–84.9%) within 40 µm (Figure
S6a,b), supporting the previous analysis. Moreover, the model
estimated that less than 5% of the EVs travel beyond 100 µm from
their cell of origin within the tumour parenchyma.

In conclusion, these experiments strongly support a model in
which EVs aremainly exchanged locally, at the cell–cell interface.

4 DISCUSSION

In this work, we used various approaches to investigate the
dynamics of EV exchange, from single cells to the tissue models.
We demonstrated an inverse correlation between EV release per
cell and cell culture density, driven by the endocytic activity
of surrounding cells. Using LLSM and taking advantage of the
limited diffusion of EVs at cell–cell interfaces, we observed real-
time EV exchange and showed that CD9-EVs are internalized
via clathrin-independent pathways. Our in vitro and in vivo
experiments highlight the limited diffusion of EVs, challenging
the assumption that any EV can mediate long-distance inter-
cellular communication. Rather, we propose a new paradigm
where EVs are mainly contributing to short-range intercellular
communication. This is supported by our in vivo experiments,
where the majority of EVs were retained within a ∼40 µm
radius of their donor cells within the tumour microenvironment
(Figure 5n).

Here, we discuss key findings, relevant comparisons with past
studies, and the importance of both this work and the proposed
model for the future understanding of EV-mediated intercellular
communication and their potential for therapeutic and diagnostic
applications.

4.1 Real-Time Visualization of EV Transfer
Between Neighbouring Cells

Experiments performed thus far to elucidate the mechanisms of
EV internalization have either been based on in-bulk approaches,
or limited spatial and/or temporal resolution (Verweij et al. 2021;
Colombo et al. 2021). Therefore, these experiments, although
informative, were unable to dissect the internalization pathways
of specific subclasses of EVs in physiological conditions (Ver-
weij et al. 2021; Colombo et al., 2021). To resolve this issue,
we decided to directly visualize the exchange of EVs between
cells using Lattice Light Sheet Microscopy (LLSM). The use of
LLSM minimizes phototoxicity, enabling the rapid acquisition
of the entire cell volume (Chen et al. 2014). This capability is
essential for tracking the internalization of fast-diffusing objects
across the entire cell surface, including EVs. By capturing EV

dynamics with single-object resolution, we were able to study
rare cellular events, such as EV budding and internalization, with
unprecedented precision. However, despite collecting more than
12 h of movies of live cells, we observed only a few EV release
and uptake events. This scarcity is likely due to two factors: (i)
the relatively low release rate of EVs, with only about three EVs
released per minute (as estimated from Fig. 1a) and (ii) the selec-
tive labelling of EVs with CD9, restricting observations to this
specific EV subclass. This specificity, while limiting EV quantity,
enhanced the clarity of the study by focusing on a well-defined
vesicle type. A critical finding of this study is that CD9-EVs
do not rely on clathrin-mediated endocytosis for internalization.
This selectivity in uptake challenges the assumption that EV
internalization occurs exclusively through multiple redundant
pathways and instead suggests that certain subclasses of EVs may
be internalized through more defined molecular mechanisms,
potentially depending on specific ligands present on their surface
(Rennick et al. 2021). Although we do not further characterize
the molecular machinery involved in CD9-EV internalization, it
is possible thatmacropinocytosis contributes to the uptake, as has
recently been reported in specific cell types such as macrophages
and astrocytes (Feng et al. 2010; Pantazopoulou et al. 2023).
Additionally, our study focused only on cancer cells, and we
cannot exclude the possibility that CD9-EVs released by other cell
types may differ in size and composition. Such differences could
influence how these EVs are internalized. Likewise, variability in
ligand-receptor interactions at the surface of recipient cells may
lead to the use of distinct internalization pathways, depending on
the acceptor cell type.

Therefore, future studies should aim to determine the extent to
which the presence of distinct ligands confers specificity for the
internalization of EVs via different pathways. This understanding
could enable the scientific community to classify EVswith respect
to their specific internalization mechanisms. Such classifications
may pave the way for developing inhibitors to limit well-defined
EV effects or for utilizing particular EV subclasses to target
specific cell types or subcellular compartments.

4.2 Influence of Cell Density and Diffusion on
EV Distribution and Uptake

This study demonstrates that in two-dimensional cell cultures,
while increased cell density leads to a higher absolute number
of EVs in the cell supernatant, the EV release rate per cell
decreases. The data suggest that sparsely distributed cells, with
more exposed surface area release EVs more efficiently into the
extracellular space. Conversely, EV internalization is enhanced
by high cell density, with internalized EVs promptly trafficked
to the endo-lysosomal system for degradation. This is proven
by the accumulation of EVs in the endo-lysosomal network of
recipient cells when lysosomal degradation is inhibited, such
as through Bafilomycin treatment (Feng et al. 2010). Indeed,
although Bafilomycin can also impair protein recycling (Johnson
et al. 1993) and macropinocytosis (Zhang et al. 2022), potentially
limiting the internalization of EVs, this effect is minimal in our
cellular system since Bafilomycin administration resulted in the
accumulation of CD9-EVs in the endo-lysosomal network.
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While EV uptake was strongly favoured by proximity of the cells
in the in vitro cell culture systems, a limited but measurable level
of EV exchange was still observed when cells were separated
by several millimetres. Moreover, our data showed that EV
exchange remained comparable regardless of whether cells were
placed 40 mm apart in a steady state, or in agitation. Although
there were consistent trends and statistical significance of these
experiments, we observed high variability, that prompted us
to conduct a more controlled assay using HeLa cells stably
expressing CD9-Halo. Donor and acceptor cells were plated on
separate coverslips positioned either 3 or 30 mm apart and
analyzed independently. This approach allowed us to isolate
the two cell populations and significantly reduce experimental
noise, likely by minimizing variability introduced by transient
transfection. Importantly, under these optimized conditions, only
∼5% of acceptor cells internalizedEVswhen plated either 3mmor
30 mm apart, compared to ∼60% when donor and acceptor cells
were intermixed. Nonetheless, the consistent 5% fraction of cells
that uptake EVs observed at both ‘far’ distances suggests that EVs
can travel farther than predicted by Stokes–Einstein equation,
which estimates that EVs should not diffuse beyond ∼3 mm over
the course of 1 day in free media. These results suggest that
additional factors may influence EV diffusion in vitro, such as
subtle temperature fluctuations or mechanical vibrations from
the incubator.

Moreover, assuming equal exposure to freely diffusing EVs,
this may reflect intrinsic heterogeneity among recipient cells,
such as differences in cell cycle stage, endocytic capacity or
physical positioning (e.g., at the edge of the coverslip), that
could influence uptake efficiency. Further investigation will be
required to elucidate these variables. For example, our system
is based on immortalized cultured cancer cells, and we cannot
exclude that other cell types that are more competent for particle
internalization, such as macrophages (Czernek et al. 2015), could
capture the fraction of EVs released in the extracellular space
more efficiently.

In conclusion, these results highlight that close cell proximity
significantly enhances EV exchange, and that low cell density can
conversely increase the relative fraction of EVs that cells release in
the supernatant. From a technological perspective, our findings
indicate that optimizing cell plating strategies can significantly
enhance EV production, improving scalability for drug develop-
ment. Furthermore, bioengineering advancements could lead to
the development of cell lines or bioreactors specifically tailored
for optimized EV harvesting.

4.3 How Far Can an EV Travel?

Understanding how far EVs can travel is instrumental to eluci-
date their potential role in intercellular communication and as
biomarkers. To this end, we combined insights from two com-
plementary approaches: an in vitro two-dimensional co-culture
model and an in vivo tumour model. The results across both
systems were consistent, revealing that EVs are predominantly
internalized by neighbouring cells, and have limited capacity for
long-range intercellular trafficking. Both systems suggested that
the majority of EVs are retained within 40 µm from the cells of
origin.

The tumourmodel was well-designed to estimate EV distribution
in a tissue over time. Given that interstitial fluid in tissues moves
at speeds of 0.1–1 µm/s (Chary and Jain 1989; Munson and Shieh
2014), allowing a theoretical travel distance of 17–170 mm over
48 h, and the high frequency of donor cells within the tissue,
we expected to observe a homogenous increase in the EV signal
across the tissue if long-range EV traveling occurred. Such a
diffuse increase would have resulted in a significant statistical
difference between the diffuse CD9-Halo EV signal measured
through the entire parenchyma in tumours composed of both
donor and recipient cells and HaloTag ligand JF635 background
signal in tumours composed of only recipient cells. However,
no statistically significant difference was observed between these
two groups. Therefore, this finding strongly suggests that EVs do
not freely travel through interstitial spaces following the fluid
flow as small molecules do (Chary and Jain 1989). Instead, they
appear to be constrained within the tissue microenvironment
and are internalized by neighbouring cells, consistent with their
role as local communication vectors. Because this conclusion
was constrained by the sensitivity of our microscopy system,
we extended the analysis by fitting the EV-associated signal-
distance profile above background with an exponential decay.
Near exponential tails are expected for finite-time diffusion of
particles in heterogeneous media with intermittent trapping and
jump-like relocations, and are well described by continuous-
time random walk models (Hu et al. 2023; Barkai and Burov
2020). This framework is consistent with EV motion in the
extracellular space, where random walks constrained by local
microarchitecture govern transport, and the exponential model
well captured the observed radial decay of EV-associated signal.
The model predicts that 50% of the EV-associated signal is
retained within the first 17 µm from the donor cell, 80% within
40 µm, and less than 5% of the signal extends beyond 100 µm in
the tumour microenvironment.

The local accumulation of EVs underscores their primary role as
short-range signalling agents within tissues. The general inability
of EVs tomediate long-distance communication can be explained
by the interplay of their release, diffusion, and internalization
kinetics. Studies, including our own, estimate that cells release
approximately three EVs per minute (Son et al. 2016; Chiu et al.
2016). In contrast, the endocytic capacity of surrounding cells
far exceeds this rate: it is well accepted that cells can recycle
their entire cell surface in roughly 1 h (Steinman et al. 1976),
suggesting that EVs can be quickly endocytosed. This is due at
least in part to EVs being coated with ligands (Altei et al. 2020;
Higginbotham et al. 2011), which can enhance their adhesion to
and internalization by neighbouring cells while also hindering
their escape. The stickiness of EVs is evident from their behaviour
upon release by migrating cells, as they remain stationary on
the substrate where they were deposited, whether biological or
synthetic (Sung et al. 2015; Ma et al. 2014). Furthermore, tissues
are densely packed, and cells are interconnected by intercellular
junctions that allow the diffusion of molecules with diameters
smaller than 40 nm (Adil et al. 2020). This dense architecture
largely prevents the escape of EVs, while allowing the quick
movement of the fluids. This is also reflected in estimates
showing that the majority of EVs in circulation originates from
blood cells, while EVs derived from other tissues account for a
fraction of the circulating EV pool (Auber and Svenningsen 2022;
Li et al. 2020; Fordjour et al. 2023). These factors collectively
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reduce the likelihood of EVs escaping local uptake to traverse
multiple cellular layers, as proven by our results, in the tumour
microenvironment.

4.4 EVs as Paracrine vs. Endocrine Effectors in
Various Biological Contexts

Our findings align with previous observations that EVs primarily
function as paracrine effectors in intercellular communication,
exerting their effects locally across various biological systems.
For brevity, we discuss a few of the many examples that support
this concept. First, in the central nervous system, EVs play a
crucial role in maintaining tropism by paracrine secretion (Früh-
beis et al. 2013; Lopez-Leal and Court 2016). Similarly, during
development, EVs have been observed to travel approximately
50 µm to mediate signalling, emphasizing their localized role in
these processes (Hurbain et al. 2022). Second, EVs released by
cardiomyocytes contribute to cardio protection by orchestrating
paracrine signalling directed to fibroblasts (Li et al. 2021). Third,
EVs released by keratinocytes canmodulate the pigmentation and
the morphology of melanocytes in the skin (Prospéri et al. 2024;
Cicero et al. 2015). Finally, the action of EVs appears localized
even in the context of antigen presentation (Lindenbergh and
Stoorvogel 2018). For instance, migratory dendritic cells (DCs)
home to lymphoid organs where they locally release EVs that
are efficiently captured by lymph node–resident DCs (Allan
et al. 2006; Montecalvo et al. 2008). In contrast, EVs isolated
from cultured DCs subsequently injected into circulation are
inefficient at stimulating T-cell responses in vivo (Montecalvo
et al. 2008), reinforcing the concept that EVs mediate short-range
intercellular communication.

Although EVs predominantly function locally, this does not
preclude their potential to act systemically. For example, in
polarized epithelial cells, EVs are primarily secreted from the
apical side (Colombo et al. 2021), leading to their accumulation
in bodily fluids such as bile (Masyuk et al. 2010), milk (Feng
et al. 2021) or urine (Pisitkun et al. 2004). Furthermore, disease
states characterized by inflammation can increase local vascular
permeability and pressure, facilitating the release of EVs into
circulation. Notably, long-range signalling axes mediated by EVs
have been observed under conditions that are characterized by
tissue damage and/or inflammation, such as those induced by
exercise (Whitham et al. 2018), obesity (Huang-Doran et al.
2017), cancer (Wang et al. 2023; Peinado et al. 2012), or bacterial
infection (Bittel et al. 2021). Our results do not contradict these
observations but rather suggest that EVs detected in circulation
predominantly originate from blood cells or cells located in
close proximity to lymphatic vessels or capillaries, rather than
being indiscriminately released from the entire tissue. This has
significant implications for the use of EVs in liquid biopsy, as it
suggests that not all regions of a tissue contribute equally to the
circulating EV pool.

In conclusion, we have defined key factors that limit EV diffusion
and quantified the effective range over which EVs can travel.
Because we estimate that only about 20% of EVs are predicted to
travel beyond 40 µm from their donor cells, the EV flux reaching
a given recipient cell will be dominated by nearby sources.
Consequently, the likelihood of eliciting a biological meaningful

response is substantially higher for neighbouring donors than for
distant ones, consistent with short-range signalling. Therefore,
our data suggest a model in which each cell influences, via EVs, a
tissue microdomain with a radius of approximately 40 µm in the
cancer microenvironment (Figure 5n). Within this microdomain,
EVs support tropism and other localized effects. While our study
focused on the mobility of EVs of approximately 100 nm in
diameter, it is plausible that smaller EVs may travel farther in
the same tissue environments, whereas larger EVs may exhibit
even greater diffusion constraints. Tissue architecture may also
influence EV diffusion. Cancerous tissues are characterized by
high cellularity and looser intercellular connections, whereas
healthy tissues are composed of more orderly cells with well-
organized intercellular spaces (Nyga et al. 2021; Almagro et al.
2022). Whether these structural differences translate into distinct
local diffusion distances for EVs between cancer and normal
tissues remains to be determined. Similarly, we cannot exclude
the possibility that EVs with distinct composition may travel
varying distances, depending on the surface-exposed ligands that
could either promote or inhibit their endocytosis by surrounding
cells.

Future studies employing advanced in vivo models are required
to construct a comprehensive map of tissue-specific EV contri-
butions to systemic circulation that take into consideration the
tissue architecture, the endocytic capacity of the surrounding
cells, vessel permeability, and EV composition. Such knowledge
will be essential for harnessing EVs as biomarkers or therapeutic
nanovectors in a targeted and effective manner.
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