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Abstract

Extracellular vesicles released by tumors (tEVs) disseminate via cir-
culatory networks and promote microenvironmental changes in
distant organs favoring metastatic seeding. Despite their abun-
dance in the bloodstream, how hemodynamics affect the function
of circulating tEVs remains unsolved. We demonstrated that effi-
cient uptake of tEVs occurs in venous endothelial cells that are
subjected to hemodynamics. Low flow regimes observed in veins
partially reroute internalized tEVs toward non-acidic and non-
degradative Rab14-positive endosomes, at the expense of lyso-
somes, suggesting that endothelial mechanosensing diverts tEVs
from degradation. Subsequently, tEVs promote the expression of
pro-angiogenic transcription factors in low flow-stimulated endo-
thelial cells and favor vessel sprouting in zebrafish. Altogether, we
demonstrate that low flow regimes potentiate the pro-tumoral
function of circulating tEVs by promoting their uptake and
rerouting their trafficking. We propose that tEVs contribute to pre-
metastatic niche formation by exploiting endothelial mechanosen-
sing in specific vascular regions with permissive hemodynamics.
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Introduction

Inter-organ communication is instrumental in maintaining sys-

temic homeostasis, in coordinating metabolic response to environ-

mental challenges or in reacting to diseased tissue. It can be

mediated by hormones, cytokines, but also by membrane-covered

structures belonging to the heterogenous family of extracellular

vesicles (EVs) (Tkach & Th�ery, 2016). These small vesicles

(30 nm to 5 lm diameter range) transport bioactive molecules

(RNAs, lipids, proteins) between distant organs by traveling

through circulatory networks (Y�a~nez-M�o et al, 2015; Cheng &

Hill, 2022). In cancer, as the disease becomes systemic and pro-

gresses from primary to secondary sites, EVs actively contribute

to organ cross-talk and thereby impact both primary tumor

growth and metastatic spreading. Tumor EVs (tEVs) released by

primary tumors spread via blood or lymphatic circulation and

reach distant organs where they alter the microenvironment

(Kalluri & LeBleu, 2020; Marar et al, 2021). When reaching future

metastatic organs before tumor cells arrival, tEVs modify their

cellular and extracellular composition and create a pre-metastatic

niche favorable to metastasis formation (Peinado et al, 2017;

Ghoroghi et al, 2021a). While the changes induced by tEVs on

distant organs started to be unraveled over the past years, the

transit of tEVs from the circulation to the new organ are very

poorly described. Notably, while circulating tEVs are mostly taken

up by endothelial cells (together with intravascular patrolling

monocytes) in both vascular blood (Takahashi et al, 2013; Imai

et al, 2015; Morishita et al, 2015; Hyenne et al, 2019) and lym-

phatic settings (Garc�ıa-Silva et al, 2021), few studies described
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their fate in a realistic vascular environment (Hyenne et al, 2019;

Verweij et al, 2019b; van Niel et al, 2022). By contrast, the

behavior of circulating tumor cells (CTCs) in the vasculature is

better understood (Follain et al, 2020). For instance, it is now

well established that blood flow forces (i.e. flow velocity and

shear stress) directly impact the arrest, extravasation and meta-

static capacities of circulating tumor cells (Follain et al, 2020).

We thus hypothesized that hemodynamics is likely to tune the

vascular targeting and uptake of tEVs and thereby control how

they prime distant organs and form pre-metastatic niches.

Furthermore, hemodynamics strongly affects the biology of the

endothelium: through a variety of mechano-sensors, endothelial

cells sense and rapidly respond to flow forces, notably to shear

stress, by adapting their architecture and homeostasis (Fang

et al, 2019). For instance, hemodynamic forces alter endothelial

shape and cytoskeleton organization (Li et al, 2005), but also endo-

somal pathways, such as endothelial autophagy (Vion et al, 2017).

Flow shear forces also directly impact the capacity of endothelial

cells to take up material flowing in the circulation, such as ions, pro-

teins, or nanoparticles, although it is not clear whether they alter

their fate (Tarbell, 2010; Han et al, 2012, 2015). Therefore, we spec-

ulated that hemodynamics would impact the fate and trafficking of

internalized tEVs.

To test this possibility, we built an experimental pipeline that

allows to control flow forces while assessing the initial steps of tEVs

targeting, uptake and fate in realistic hemodynamic environments.

We chose to use EVs isolated from a triple-negative breast cancer

line, 4T1, as we have shown that they prime pre-metastatic niches

in secondary organs (Ghoroghi et al, 2021b). Here, we combined an

in vivo model, the zebrafish embryo, that we adapted to the study of

tEVs (Hyenne et al, 2019; Verweij et al, 2019a), together with an in

vitro microfluidics models where a monolayer of endothelial cells

can be challenged with tunable flow profiles (Follain et al, 2018).

Such multi-modal approach allowed to document, for the first time,

how hemodynamics control the trafficking of tEVs upon uptake,

whose consequences are instrumental in mediating their microenvi-

ronmental priming function. We show that specific venous hemody-

namics where high tEVs uptake occurs, regulates their fate and

function through the control of their trafficking routes in endothelial

cells. Importantly, we show that low flow regimes promote a partial

lysosomal escape which enhances the pro-angiogenic function

of tEVs.

Results

Blood flow tunes endothelial uptake of circulating tEVs

To determine the influence of hemodynamics on the dissemination

of circulating tEVs, we took advantage of the zebrafish embryo

(Hyenne et al, 2019). At 48 h post-fertilization, the zebrafish

embryo is composed of a complex vascular network suited to real-

time imaging of circulating EVs (Hyenne et al, 2019; Verweij

et al, 2019a, 2021). When injected in the Duct of Cuvier, tEVs

quickly disseminate through the bloodstream and reach the caudal

plexus via the dorsal aorta (Fig 1A and Hyenne et al, 2019). While

the dorsal aorta carries circulating tEVs at flow velocities exceeding

550 lm/s, these quickly return in venous compartments character-

ized by low flow velocities (Average < 450 lm/s) (Follain

et al, 2018). Interestingly, when assessing which vascular regions

were preferably targeted by tEVs, we observed that both patrolling

macrophages and endothelial cells of low flow regions efficiently

internalized circulating tEVs (Hyenne et al, 2019). We first validated

tEVs uptake by endothelial cells by correlating intravital imaging

with electron microscopy (iCLEM) (Fig 1A, iCLEM panel, Fig EV1).

We then carefully and concomitantly measured blood flow veloci-

ties and endothelial accumulation of circulating tEVs (Fig 1A). To

do so, we isolated tEVs from tumor cells by differential centrifuga-

tion, labeled them with MemGlow (Collot et al, 2018; Hyenne

et al, 2019) and injected them in the circulation of zebrafish

embryos (Mary et al, 2020). We analyzed four vascular regions

(Fig 1A, hemodynamics panel) that are representatives of the flow

profiles found in the caudal plexus and plotted the amount of tEVs

internalized by endothelial cells with respect to the flow velocities

(Fig 1A and Movie EV1). We observed that the data segregated in

two populations with respect to endothelial cell position: while

accumulation of tEVs is maximal in regions of the caudal vein aver-

aging 400–450 lm/s flow velocity, it is significantly reduced in

regions of the dorsal aorta where flow ranges from 575 to 650 lm/s.

Of note, we observed a similar pattern using 4T1 EVs isolated by

▸Figure 1. Blood flow tunes the uptake of circulating tEVs by endothelial cells.

A Description of the experimental setup: 2 days post-fertilization (Fli1:GFP (endothelium) Gata1:dsRed (red blood cells: RBCs) zebrafish embryos are injected intravas-
cularly (i.v.) via the duct of Cuvier with Memglow-Cy5-labeled 4T1 tEVs and imaged in the caudal plexus after 30 min (right, Z projection). iCLEM panel: EVs injected
embryos were imaged live, fixed and processed for CLEM. Endothelial regions were EVs were observed by photon microscopy are retrieved by electron microscopy
(red arrows) and contain endosomal structures. Hemodynamics panel: Velocities of individual circulating RBCs are tracked and fluorescent tEV signal internalized in
the endothelium is measured in four indicated regions per fish (2 dorsal aorta and 2 caudal vein). Bottom left: representative images of the four regions showing
tEVs within the endothelium (Z projections) and RBCs tracks with a color code representing velocities (white arrows indicate the direction of the flow). Bottom
right: graph showing the correlation between internalized tEVs and RBC velocities in the four different regions (n = 6 embryos, three independent experiments).

B, C Memglow-Cy5-labeled 4T1 tEVs are injected intravascularly (i.v.) in Fli1:GFP (GFP endothelium) embryos with decreased (B) or increased (C) heart pacemaker activ-
ity with respectively lidocaine and IBMX treatments. Middle: representative images, maximum intensity projections. Yellow stars: patrolling macrophages. Right
graph represents the percentage of fluorescent tEVs within the endothelium (1 dot: 1 fish; Lidocain: n = 36 per condition, three independent experiments;
****P < 0.0001 Student t-test; IBMX: n = 39 per condition, three independent experiments, P = 0.11 Student t-test; n.s., non significant).

D Memglow-Cy5-labeled 4T1 tEVs are perfused on HUVECs endothelial monolayer labeled with Memglow 488 in static or flow conditions (400 lm/s, corresponding
to a 0.43 dyn/cm2 shear stress) and imaged by confocal microscope after 3 h. Representative images and quantification of internalized tEVs showing increase in
tEV total fluorescence (P = 0.013, Mann–Whitney) and in tEV total area (P = 0.0001, Mann–Whitney) (data per cell, normalized to static; 1 dot: 1 field of view;
n = 67; experiment performed in quintuplicate). (a.u. arbitrary units). *P < 0.05; ***P < 0.001.

Source data are available online for this figure.
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size exclusion chromatography and with EVs from AT3 cells,

another triple-negative breast cancer cell line (Fig EV2A and B). In

order to explore whether flow profiles directly impact the uptake of

tEVs, we pharmacologically tuned blood flow velocities in the zebra-

fish embryo and quantified the resulting tEVs uptake in the caudal

vein. Decreasing flow velocities with lidocaine (Fig EV2C), a sodium

channel blocker that reduces pacemaker activity of the heart

(Follain et al, 2018), lead to a significant decrease of tEVs uptake by

endothelial cells of the caudal vein (Fig 1B). Conversely, increasing

the heart pacemaker activity (Fig EV2C) using IBMX (3-isobutyl-1-

methylxanthine) (Follain et al, 2018) results in a slight albeit non-

significant increase in tEVs uptake (Fig 1C). These data suggest that

tEVs uptake is optimal in endothelial cells of the caudal vein that is

subjected to lower flow regimes averaging 400 lm/s. Notably, a

careful analysis of the correlation between EV internalization, vas-

cular regions and their associated blood flow profiles reveals that

venous endothelial cells always showed superior EV uptake levels

when flow is pharmacologically manipulated (Fig EV2C). This sug-

gests that the EV uptake potential of endothelial cells of the caudal

vein exceeds the one of the dorsal aorta and implies that, in addition

to hemodynamics, the identity of endothelial cells contributes to EV

uptake. While this question would require further investigation, we

decided to focus the rest of our study on venous endothelial cells, as

they internalize most of circulating EVs. To confirm these in vivo

data suggesting that tEVs uptake is mostly efficient at velocity flow

profiles averaging 400 lm/s occurring in venous regions, we

exploited an in vitro microfluidics system, which allows for a precise

and homogenous control of flow regimes on a monolayer of endo-

thelial cells of venous identity (HUVECs, Fig 1D, left). Similarly, we

measured the internalization of fluorescent tEVs perfused and

observed that tEVs accumulate more efficiently in endothelial cells

subjected to a 400 lm/s flow speed (which we estimate to corre-

spond to shear stress value of 0.43 dyn/cm2) when compared to

static (or no flow) conditions (Fig 1D, right). Similar results were

obtained using genetically labeled CD63-APEX2-GFP EVs

(Fig EV2D). Interestingly, at higher flow speed (4,400 lm/s corre-

sponding to an estimated shear stress value of 5 dyn/cm2), the total

amount of internalized EVs remains similar, yet with heterogenous

distribution among endothelial cells (Fig EV2D). Altogether, our in

vitro and in vivo experiments demonstrate that efficient uptake of

tEVS occurs in venous endothelial cells where low blood flow has a

positive effect on EV internalizations.

Circulating tEVs are partially re-routed to alternative non-acidic
and non-degradative RAB14 positive compartments

We then aimed to characterize the fate of circulating tEVs in low

flow-stimulated endothelial cells. To investigate the trafficking

routes exploited by tEVs, we generated vHUVECs endothelial cell

lines stably expressing fluorescent markers of early (mCherry-

Rab5), late (mEmerald-Rab7) and recycling endosomes (eGFP-

Rab11) as well as late endosome-lysosomes (RFP-LAMP1). We

tracked the internalization of fluorescently labeled tEVs by live

imaging and quantified their colocalization with endosomal markers

after 3 h using an automated image analysis pipeline (see Materials

and Methods). We found that internalized tEVs mostly co-localize

with LAMP1 and, to a lesser extent with Rab5 and Rab7 positive

compartments (Figs 2A and EV3A–C). A low flow regime had no

effect on the distribution of tEVs among these endosomal markers

suggesting that endothelial mechanosensing had no impact on the

general internalization routes used by tEVs.

The accumulation of circulating tEVs in LAMP1 positive com-

partments suggests that they could mostly be stored in degradative

compartments, similarly to what happens in patrolling macrophages

(Hyenne et al, 2019). Therefore, we interrogated whether flow could

divert tEVs from degradative machineries. We first labeled degrada-

tive compartments in endothelial cells using the Magic Red mem-

brane permeant probe, which detects the activity of the lysosomal

protease cathepsin B. While most of the internalized tEVs accumu-

late in Magic Red positive compartments, flow significantly reduced

the proportion of tEVs found in cathepsin B-positive structures

(Fig 2B) suggesting that internalized tEVs are partially redirected to

non-degradative compartments upon flow mechanosensing. Since

the degradative activity of lysosomes hydrolases relies on the acidic

▸Figure 2. Blood flow diverts tEVs sorting toward RAB14 positive non-degradative and non-acidic compartments.

A In vitro, internalized tEVs co-localize more efficiently with LAMP1 than RAB5, RAB7 and RAB11 in endothelial cells cultured under flow. Memglow-Cy5 labeled tEVs
were perfused on vHUVECs cells stably expressing FP-RAB5,7,11 or LAMP1 cultured in flow or static conditions and imaged by spinning disk after 3 h (single plane
representative images). Automated colocalization analysis (Mann–Whitney, n.s.:non significant, one dot = one cell, n = 7–20 from two to three independent
experiments).

B Decreased accumulation of circulating tEVs in degradative compartments in endothelial cells cultured under flow. Memglow-Cy5 labeled tEVs were perfused on
HUVECs cultured in flow or static conditions and labeled using Magic Red to stain compartments with cathepsin B activity. Representative spinning disk single plane
images (Manual quantification, one dot = one cell, n = 30 from three independent experiments, Mann–Whitney, ****P < 0.0001).

C tEVs accumulate in less acidic compartments when endothelial cells are cultured under flow. CD63-pHluorin-mScarlet 4T1 EVs were perfused on HUVECs cultured in
flow or static condition and imaged by spinning disk after 3 h (single plane representative images). Graph represents the pHluorin/mScarlet ratio (one dot = one field
of view, n = 15, experiment performed in triplicate Mann–Whitney, ****P < 0.0001).

D tEVs show increased accumulation in Rab14 positive compartments in endothelial cells cultured under flow. Memglow-Cy5 labeled tEVs were perfused on vHUVECs
cells stably expressing GFP-RAB14 cultured in flow or static conditions and imaged by spinning disk after 3 h (single plane representative images). Manual and auto-
mated quantifications show increased colocalization in flow conditions (one dot = one cell, n > 139 from four independent experiments, Mann–Whitney,
****P < 0.0001).

E In zebrafish embryos, modulating flow speed alters tEVs trafficking in acidic compartments. CD63-pHluorin-mScarlet 4T1 tEVs were injected intravascularly (i.v.) in
wild-type zebrafish embryos treated with lidocaine or IBMX to respectively decrease or increase heartbeat rates and flow velocity (veh., vehicle). Maximum projection
of fish caudal vein area showing tEVs accumulation in the endothelium (visualized by transmitted light and represented with a white dashed line) 3 h post-injection.
Graph represents the pHluorin/mScarlet ratio in venous endothelial cells (one dot = one fish (average of individual single Z plans), n > 22 embryos from three
independent experiments, Mann–Whitney, *P < 0.05).

Source data are available online for this figure.
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luminal pH (Perera & Zoncu, 2016), we next probed the pH of tEV-

containing compartments by exploiting the pH-sensitive reporter

pHluorin. pHluorin is anchored on EVs external membrane via an

insertion in the extracellular domain of the tetraspanin CD63, while

the pH-insensitive mScarlet is fused to its intracellular C-terminal

end (Sung et al, 2020). As pHluorin is fluorescent in a neutral envi-

ronment but quenched in an acidic environment, it allows to probe

the pH of the compartments targeted by tEVs (Fig 2C, left). We gen-

erated tumor cells expressing CD63-pHluorin-Scarlet and secreting

pH-sensitive fluorescent EVs. The ratio of green (pHluorin) toward

red (mScarlet) fluorescence was then used to probe the pH of tEVs’

environment in receiving cells. When pH-sensor tEVs were perfused

on endothelial cells, we again observed striking differences in endo-

thelial cells subjected to flow. We found that flow drastically

increased the pHluorin/mScarlet ratio (Fig 2C) suggesting that endo-

thelial mechanosensing can change the trafficking routes of internal-

ized tEVs and reroute them toward more neutral compartments.

Together, these results show that internalized tEVs are in part

diverted to less acidic and less degradative compartments when

endothelial cells are cultured under low flow regimes.

In order to identify such compartments, we focused on Rab14, a

Rab GTPase known for being localized in LAMP1 positive late endo-

somes, in addition to other compartments (Hoffman et al, 2022).

Among other functions, Rab14 is involved in intracellular virus and

pathogen trafficking towards late endo-lysosomes (Kyei et al, 2006;

Kuijl et al, 2013; Okai et al, 2015). Importantly, Rab14 also controls

the transit of internalized material toward non-acidic LAMP1 posi-

tive compartments (Trofimenko et al, 2021). Therefore, we stably

expressed GFP-Rab14 in endothelial cells and first confirmed that

Rab14 is mostly absent from lysosomal degradative compartments,

as it only weakly co-localizes with Magic Red in static and flow con-

ditions (Fig EV4). We then assessed whether tEVs traffic through

Rab14 compartments. While internalized tEVs are often found in

close proximity to Rab14 positive independently of flow, the propor-

tion of tEVs within the lumen of Rab14 positive compartments is

significantly increased in flow-stimulated endothelial cells (Fig 2D).

Altogether, our results show that the low flow regimes partially

switch EVs trafficking, either directly or not, toward Rab14 positive

non-acidic and non-degradative compartments suggesting that endo-

thelial mechanosensing of flow would prevent some tEVs from

degradation.

To validate our observations in vivo, we injected CD63-pHluorin-

mScarlet tEVs in the circulation of zebrafish embryos where the

flow speed was pharmacologically manipulated. We measured

the pHluorin/mScarlet ratio of tEVs internalized in a single vessel

(caudal vein) as performed in Fig 1 and observed that the pHluorin/

mScarlet ratio was reduced in embryos with decreased flow veloci-

ties (Fig 2E), suggesting that tEVs accumulate in vivo in more acidic

compartments under a reduced flow velocity. Conversely, increasing

blood flow velocity with IBMX increases the pHluorin/mScarlet

ratio, suggesting that tEVs tend to accumulate in less acidic com-

partments in endothelial cells facing higher flow speed. Altogether,

our combined in vitro and in vivo data show that circulating tEVs

follow a different trafficking route depending on hemodynamic

forces applied on endothelial cells.

Blood flow promotes lysosomal pathways in endothelial cells

Endothelial cells have exceptional mechanosensing abilities that

orchestrate multiple cellular functions (Freund et al, 2012; Fang

et al, 2019). Having observed that low flow regimes re-direct tEVs

toward non-degradative compartments, we wondered whether this

resulted from a broad re-organization of endosomal trafficking in

flow-stimulated endothelial cells. To address this question, we ana-

lyzed endolysosomal trafficking in flow-stimulated endothelial cells,

in absence of tEVs. We first compared transcriptional response

using RNAseq in endothelial cells subjected to low flow (400 lm/s)

or not (Dataset EV1). While earlier work had provided transcrip-

tomic analysis of endothelial cells subjected to high-shear flow

regimes (for example 10 dynes/cm2, Garc�ıa-Carde~na et al, 2001), we

provide here an original documentation of the impact of low veloc-

ity flow regimes on endothelial transcriptional programs. Interest-

ingly, such flow profiles significantly favor the transcription of

genes associated with lysosomal pathways (Fig 3A). When probing

▸Figure 3. Blood flow upregulates lysosomal pathway.

A RNA sequencing of HUVEC cells cultured under a moderate flow speed reveals an enrichment in genes associated with lysosomal regulation. Transcriptomics
was performed on HUVEC cells cultured in static or flow conditions. The bubble plot shows the GO terms differentially expressed between static and flow
conditions (P-values < 0.05 and log2 fold-changes > 1; BP, biological process; CC, cellular components). The volcano plot shows the genes differentially expressed
between static and flow conditions highlighting the 73 genes associated with lysosomes in pink and NHE9 in red. The lower right graph shows the number of
NHE9 reads in static and flow conditions.

B, C Increased number of lysosomes in endothelial cells cultured under flow and observed by photonic (B) and electronic microscopy (C). HUVEC cells were cultured in
static or flow conditions, labeled with Memglow 488, Nucblue and lysotracker to visualize cells, nuclei, and lysosomes respectively and imaged by confocal as
shown on representative maximum projection images. Left graph represents the relative number of lysosomes per cell and right graph the mean area of these
compartments (one dot is one field of view, n = 20 from two independent experiments, P < 0.0001, Student t-test comparing the density per field of view; lysot.,
lysotracker; Px, pixel) c) Representative electron microscopy images of HUVEC cells cultured in flow and static conditions and schematic representation of late
endosome lysosome (LEL, red). Graphs show an increase in the number of LEL per cytoplasmic surface (one dot represents one field of view; n = 121 and 125 fields
of view respectively; P = 0.0028 Mann–Whitney) and a decrease in their average diameter in HUVEC cells cultured under flow (one dot represents one LEL; n = 166
and 178 LELs respectively; P = 0.015 Mann–Whitney). *P < 0.05; **P < 0.01; ****P < 0.0001.

D Increase in degradative compartments in HUVEC cells upon flow treatment. HUVEC cells were cultured in static or flow conditions, labeled Magic Red to visualize
compartments with cathepsin B activity and imaged by confocal as shown on representative maximum projection images. Left graph represents the relative
number of magic red positive compartment per cell (1 dot = 1 field of view (FOV); P = 0.0025 Student t-test comparing the number of positive compartment per
cell) and right graph the mean area of these compartments. (1 dot = 1 FOV P = 0.049 Mann–Whitney) from two independent experiments. **P < 0.01.

E NHE9 positive compartments accumulate tEVs. Representative confocal images (single plane) of internalized EVs in vHUVECs cells expressing NHE9-mCherry in flow
or static conditions. Colocalization was quantified using an automated pipeline (Each dot represents one field of view, n = 34; two independent experiments,
Mann–Whitney comparing the colocalization per field of view, P = 0.6417). n.s., non-significant.

Source data are available online for this figure.

6 of 16 EMBO reports e57042 | 2023 � 2023 The Authors

EMBO reports Benjamin Mary et al

 14693178, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

br.202357042 by C
ochrane France, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 3.

� 2023 The Authors EMBO reports e57042 | 2023 7 of 16

Benjamin Mary et al EMBO reports

 14693178, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

br.202357042 by C
ochrane France, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the endolysosomal pathway using fluorescent dyes, we observed

that flow increased the number of lysotracker positive compart-

ments (Fig 3B). When carefully assessing inner trafficking compart-

ments using electron microscopy, we confirmed that flow

significantly increases the number of endolysosomes, which

displayed a smaller mean size (Fig 3C) in agreement with fluores-

cence microscopy (Fig 3B), and that is directly linked to their degra-

dative capacities (de Araujo et al, 2020). Therefore, to gain insight

into the functionality of those compartments, we quantified the

cathepsin B activity using the Magic Red dye. We observed that

the number of Magic Red positive compartment is increased, while

their apparent size is decreased (Fig 3D). This result suggests that

endothelial cells sensing flow profiles that are permissive to tEVs

uptake also increase their lysosomal degradative activity, which is

regulated by pH. Altogether, these experiments show that flow pro-

files that do favor tEVs uptake and re-routing also promote endoly-

sosomal degradative pathways. Therefore, the re-routing of EVs

toward non-degradative compartments does not solely result from a

mechano-transduction pathway that adjusts lysosomal pathways,

but more likely reflects a flow-dependent EV specific switch in traf-

ficking route. Interestingly, the RNAseq analysis further revealed

that flow-stimulated endothelial cells activate expression of genes

involved in the regulation of lysosomal pH, including the proton

exchanger NHE9 (SLC9A9) which limits endosome luminal acidifi-

cation (Fig 3A) (Kondapalli et al, 2015; Beydoun et al, 2017). We

confirmed by independent RNA sequencing that flow triggers endog-

enous NHE9 expression and generated endothelial cells stably

expressing NHE9-mCherry. Using these, we observed that fluores-

cent tEVs accumulate in NHE9-positive compartments (Fig 3E).

Therefore, although we cannot exclude that flow impacts additional

pathways, flow not only strengthens the lysosomal pathway in

endothelial cells, through transcriptional control, it also triggers the

formation of NHE9 compartments where tEVs accumulate.

Blood flow and circulating tEVs cooperate to favor angiogenesis

Having demonstrated that low blood flow favors the lysosomal

escape of tEVs, we wondered whether they might tune endothelial

response. We first interrogated to what extent blood flow and tEVs

would cooperate and impact transcriptional programs of targeted

endothelial cells. Interestingly, the endothelial transcriptome was

differentially impacted by tEVs in static and low flow condition

(Fig 4A and Dataset EV2). While the number of genes dysregulated

by tEVs is similar in static and flow stimulated endothelial cells,

their identity differs. Indeed, different sets of genes are transcrip-

tionally impacted by tEVs when endothelial cells are cultured in

static or low flow (Fig 4A, right). Among the genes upregulated by

tEVs in flow-stimulated endothelial cells, we found several pro-

angiogenic transcription factors, such as ID1, ID2, ID3, Hey1, Hey2,

MAFB, Runx1 and HES1 (Benezra et al, 2001; Fischer et al, 2004;

Kitagawa et al, 2013; Morioka et al, 2014). We further identified

genes that are involved in two pro-angiogenic signaling pathways,

the Notch (HEY1, HEY2, HES1, JAG1) and the TGFß (Smad6,

Smad7, Bambi, PMEPA1, Nog) pathways (Fig 4A, right). While the

concerted action of flow and tEVs uptake in endothelial cells triggers

activation of pro-angiogenic programs, possibly via the Notch and

TGFß pathways, whether they impact the angiogenic activity of

endothelial cells remains unclear.

To test the relevance of this pro-angiogenic gene signature in vivo,

we adapted a well-established experimental tumor angiogenesis assay

in zebrafish embryos (Nicoli & Presta, 2007) to investigate whether

tEVs could impact endothelial response in realistic hemodynamic

conditions. To this end, we assessed the ability of intravenous injected

and circulating tEVs to promote the formation of neo-sprouts from

existing sub-intestinal vessels in embryos bearing a tumor mass. When

embryos are injected with tEVs, the tumor-induced sprouting is poten-

tiated with an increased number of neo-vascular sprouts per embryo

(Fig 4B). Importantly, tEVs also increase the percentage of embryos

bearing tumor-induced endothelial sprouts when compared to

embryos injected with PBS. Together, our results demonstrate that

circulating tEVs induce a pro-angiogenic response in vivo.

Discussion

Overall, our work demonstrates for the first time that the fate and

function of tEVs flowing in the bloodstream and on their way to

shape pre-metastatic niches is tightly linked to hemodynamic forces

and mechanosensing abilities of the endothelium. We provide here

the first evidence that the endothelium uses its flow-sensing abilities

to divert internalized tEVs from lysosomal degradation and thereby

change their signaling capacities. We further identified the range of

flow regimes where tEVs re-routing in venous endothelial cells is

favored. In venous endothelial cells subjected to such flow regimes,

▸Figure 4. Circulating tumor EVs and blood flow cooperate to promote angiogenesis.

A RNA sequencing reveals an enrichment in pro-angiogenic pathways in HUVEC cells cultured under a moderate flow speed and treated with 4T1 tEVs. Transcriptomics
was performed on HUVEC cells cultured in static or flow conditions and treated with 4T1 tEVs or PBS for 24 h. Heat map shows that the genes differentially expressed
upon tEV treatment in flow condition are not deregulated in static conditions. The right graph shows differentially expressed genes, with increased (=Up) or decreased
(=Down) expression with flow and/or tEVs (PAdj < 0.1). Pro-angiogenic transcription factors (=TFs) (orange) and members of the TGFß /BMP pathway (green) are
highlighted.

B Tumor EVs promote angiogenesis in vivo. Zebrafish embryos were injected intravascularly (i.v.) with 4T1 tEVs or PBS and subsequently with 4T1 tumor cells (=TCs).
Representative confocal images show neovascular sprouts in the sub-intestinal vessels (SIV) 24 h post-tumor cell injection. The number of neovascular sprouts (upper
graph; one dot = one fish; n ~ 80 embryos from five independent experiments; one-way ANOVA with Dunn’s multiple comparison test, adjusted P value = 0.0001)
and the percentage of embryos with neovascular sprouts (lower graph; one dot = one experiment; one-way ANOVA with Tukey’s multiple comparisons; adjusted P
values were as follows: CTL vs PBS + TCs P = 0.0186, CTL vs tEVs + TCs P < 0.0001 and PBS + TCs vs tEVs + TCs P = 0.0156) were quantified. Arrowheads point to
neovascular sprouts. *P < 0.05; ***P < 0.001; ****P < 0.0001.

C model explaining the fate and function of circulating tumor EVs: low flow speed promotes EVs uptake by endothelial cells followed by partial lysosomal escape and
rerouting in RAB14 and NHE9 positive compartments. As a consequence, tumor EVs induce a pro-angiogenic response.

Source data are available online for this figure.
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internalized tEVs are partially re-routed to non-acidic and

non-degradative RAB14 and NHE9 positive compartments with

direct and functional consequences on their angiogenic potential.

Such regimes not only favor the partial lysosomal escape of tEVs,

they also allow the arrest of CTCs that precedes metastatic extrava-

sation and outgrowth (Follain et al, 2018, 2020). Therefore, tEV-

mediated indoctrination of endothelial cells and CTCs extravasation

are likely to occur at similar locations, implying that CTCs would be

prone to reach vessels that were already corrupted by tEVs. In addi-

tion to activating endothelial cells to favor arrest and extravasation

of CTCs, tEVs are likely to favor the recruitment of immune cells to

further support metastatic outgrowth. In conclusion, venous hemo-

dynamics potentiate the functional impact of tEVs on endothelial

cells toward a pro-angiogenic response which ultimately shapes pre-

metastatic niches and metastatic outgrowth.

In this work, we propose that binding and arrest of tEVs at the

endothelial surface is optimal in venous endothelial cells. We and

others observed similar location of arrest using EVs of different ori-

gins (4T1 and AT3 triple-negative EVs in this study, zebrafish mela-

noma and fibroblast EVs in a previous study (Hyenne et al, 2019),

RBC and endothelial EVs in two recent independent studies (Qin

et al, 2022; preprint: Coly et al, 2023)). Interestingly, similar observa-

tions were made with synthetic nanoparticles as their uptake by

endothelial cells is higher at venous-like low shear stress than in

static conditions, but decreases at higher arterial-like shear stress

in a receptor-dependent manner (Lin et al, 2010; Han et al, 2012,

2015; Chen et al, 2020). While our results certainly demonstrate that

flow forces reroute EVs within endothelial cells, flow tuning had no

effect on the ratio of uptake measured in the dorsal aorta vs. the cau-

dal vein (Fig EV2C). Besides, drastically increasing the magnitude of

flow in vitro (4400 lm/S) had no further effect on the total amount

of internalized EVs, yet it led to a heterogenous pattern of uptake

with many cells internalizing big amounts of EVs (Fig EV2D). The

precise nature of the mechanisms involved in the internalization of

circulating EVs remain however to be determined. Interestingly, we

had observed EVs rolling on the surface of the caudal vein endothe-

lium of zebrafish embryos at low flow velocity (Hyenne et al, 2019),

suggesting direct receptor-mediated interactions between EVs and

the endothelial surface. We and others had shown that endothelial

targeting of tEVs also relies on specific adhesion receptors present at

their surface, such as integrins or CD146/MCAM (Hoshino et al,

2015; Ghoroghi et al, 2021b; Jerabkova-Roda et al, 2022). Therefore,

expression of these receptors at the surface of subtypes of EVs or on

EVs from different origins could also account for different uptake

patterns. While the identity of the ligands of such receptors remains

obscure, their differential expression with respect to endothelial cells

identity (or in different organs) could also contribute to EV biodistri-

bution. In some organs, such as the liver, venous endothelial cells

are specialized in the uptake of circulating macromolecules and

small lipid-based structures through the expression of specific cell

surface receptors(Pandey et al, 2020). Therefore, we propose that

the destination of circulating tEVs relies on the combined effect of

hemodynamics, vessel identity and receptor-ligand interactions. Our

results also show that at moderate velocities, internalized tEVs are

partially rerouted toward non-acidic compartments suggesting that

the fate of tEVs, and their function, is controlled by the mechano-

sensing abilities of the endothelium. Flow-dependent trafficking of

internalized tEVs could determine the proportion of EVs undergoing

lysosomal degradation and tEVs allowed to transfer their cargo

through back-fusion in endosomes. However, since both processes

rely on endosomal acidification (Joshi et al, 2020; Bonsergent

et al, 2021), the extent to which tEVs escape lysosomal degradation

could relate to alternative fate, such as direct signaling from endo-

somes (Shelke et al, 2019) or endothelial transcytosis which allows

tEVs to cross the blood–brain barrier (Morad et al, 2019). Character-

izing the proportion of internalized EVs following each of these fates

will be essential in the future and would require the development of

innovative in vivo compatible tools.

Flow forces favor lysosomal escape allowing tEVs to promote a

pronounced pro-angiogenic transcriptional program in endothelial

cells. Flow mechanotransduction could act in two ways: either it

impacts cargo transfer or it tunes the interpretation of EV signaling

by endothelial cells. When subjected to flow, EVs trigger the activa-

tion of the TGFß and Notch pathways. How tEVs activate these

pathways remains unclear, yet we found that 4T1 tEVs contain sev-

eral regulators of the TGFß pathway (Smad5, Smurf2, etc.) (Ghor-

oghi et al, 2021b), including TGFß type II receptor, whose presence

on tEVs is sufficient to trigger the pathway in receiving cells (Xie

et al, 2022). Mechanistically, both the TGFß pathway, as well as the

Notch pathway can also be activated directly from endosomes

(Baron, 2012), and possibly from internalized tEVs (Shelke

et al, 2019). Activation of this pro-angiogenic program, potentially

through Notch and TGFß pathways, could impact metastasis in

many ways. Activation of Notch1 in endothelial cells of the preme-

tastatic niche, for instance, favors neutrophils infiltration and ulti-

mately metastasis (Wieland et al, 2017). Besides, endothelial tEVs

were shown to activate the Notch pathway in endothelial cells,

resulting in increased expression of HEY1 and HEY2 and formation

of capillary-like structures in vitro and in vivo (Sheldon et al, 2010).

In addition, activation of the TGFß pathway in endothelial cells pro-

motes inflammation and endothelial permeabilization (Chen

et al, 2019), while the presence of TGFß type II receptor on tEVs cor-

relates with metastasis (Xie et al, 2022). While it remains unclear

whether and how the positive impact of tEVs on sprouting efficacy

of the endothelium impacts metastasis progression, we speculate

that it acts as an initial trigger of the priming of metastatic niches or

of the vascularization of metastatic foci. Indeed, circulating tEVs

promote tumor-induced neo-angiogenesis in vivo, a scenario that is

likely to happen when tEVs shape pre-metastatic niches (Peinado

et al, 2017; Ghoroghi et al, 2021a). While tumor tEVs were previ-

ously shown to promote angiogenesis in vitro (Todorova et al,

2017), our results suggest that such effect can be potentiated by

hemodynamic forces of perfused vessels. As a consequence, we

expect circulating tEVs to favor the formation of neo-vascular

sprouts in capillary-like vessels that are prone, from a hemodynam-

ics stand-point, to the arrest of CTCs (Follain et al, 2018). The for-

mation of new and abnormal blood vessels could constitute a first

step in the creation of pre-metastatic niches, leading to the subse-

quent recruitment of specific immune populations and ultimately

favoring homing of circulating tumor cells (Peinado et al, 2017). We

have recently shown that endothelial cells also hijack a flow-

stimulated pro-angiogenic transcriptional program to perform intra-

vascular remodeling that favors the extravasation of arrested CTCs

(Follain et al, 2018, 2021). It is thus tempting to speculate that tEVs

could mediate such intravascular remodeling, whose dependence on

flow forces is also established (Follain et al, 2021). Finally, one
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could expect that tEVs are continuously secreted after metastasis ini-

tiation, leading to the induction of neo-sprouts which sustain the

growth of metastatic foci that have colonized distant organs

(Kienast et al, 2010).

Material and Methods

Cell culture

4T1 cells (4T1 native, 4T1 CD63-APEX2-GFP, 4T1 CD63-pHluorin-

mScarlet and 4t1-NLS-tdTomato-IH) and AT3 cells were cultured in

RPMI-1640 medium complemented with 10% Foetal Bovine Serum

(FBS, Hyclone) and 1% penicillin/streptomycin (PS, 100 U/ml,

Gibco). HUVEC cells (Human Umbilical Vein Endothelial Cell,

Promocell) were grown in Endothelial Growth Medium (ECGM,

Promocell) complemented with supplemental mix (SupplementMix,

Promocell) and 1% PS. VeravecTM are HUVECs human endothelial

cells adapted to longer term culture using a single adenovirus pro-

tein, E4ORF1 (Angiocrine Biosciences). They were cultured in

ECGM MV2 (Promocell) complemented with 20% of FBS and 1%

PS. For all the microfluidic experiments, HUVECs or vHUVECs were

used before passage number 4. HEK293T cells were grown in

DMEM (Gibco) complemented with 10% FBS and 1% PS. All cell

lines were maintained at 37°C and 5% CO2 and verified for the

absence of mycoplasma by PCR on a regular basis.

Stable cell line generation

Lentivirus containing the following constructs were produced in

HEK293T cells using JetPRIME (Polyplus, FRANCE) transfection:

pLSFFV-mCherry-Rab5A, pLSFFV-RFP-LAMP1, pLSFFV-mEmerald-

Rab7A, pLSFFV-eGFP-Rab11A, pLSFFV-GFP-Rab14 (gift from N.

Vitale, INCI, Strasbourg, France), pLSFFV-NHE9-mCherry (gift from

K. C. Kondapalli, Michigan-Dearborn University, USA), pLSFFV-

CD63-APEX2-GFP, pLSFFV-pHluorin-CD63-mScarlet (gift from A. M.

Weaver, Vanderbilt University, USA) together with packaging

expression vectors pLP1, pLP2 and pLP3. vHuvec or 4T1 cells were

infected by lentivirus in the presence of 5 lg/ml polybrene (Sigma)

followed by antibiotic selection (Puromycin at 1 lg/ml or blasticidin

at 5 lg/ml).

EVs isolation and labeling

4T1 EVs were previously characterized by electron microscopy,

nanoparticle tracking analysis, proteomics and Western blots

(Hyenne et al, 2015; Ghoroghi et al, 2021b). In brief, cells were cul-

tured at sub-confluency in EV depleted medium for 24 h. EV

depleted medium was prepared using 2× complete medium, centri-

fuged at 100,000 g for 20 h (Optima XE-90 ultracentrifuge—

Beckman Coulter) to eliminate EVs from FBS. Supernatant was then

filtered at 0.22 lm (Millipore) and adjusted to 1×. tEVs were mostly

isolated using differential ultracentrifugation protocols as described

previously (Hyenne et al, 2015, 2019). The pellets obtained at the

final step of 100,000 g centrifugation were resuspended in sterile

PBS1X. In Fig EV2A, EVs were isolated by size exclusion chromatog-

raphy (SEC) using the iZON qEV2 size exclusion column (Izon sci-

ence, Cambridge MA) according to the manufacturer’s instructions

and as previously described (Ghoroghi et al, 2021b). In brief, 2 ml

of concentrated extracellular medium were applied on top of a qEV

column and 6 ml fractions were collected. Four EV-rich fractions

(F2, F4, F6, and F8) were pooled, then concentrated using an

Amicon Ultra-4 10 kDa centrifugal filter device (Merck Millipore).

Pellets were resuspended in 500 ml PBS. When needed, tEVs were

labeled using 200 nM of MemGlow-Cy5 (Cytoskeleton Inc.) lipidic

dye between the 1st and the 2nd 100,000 g ultracentrifugation as

described previously (except for SEC where labeled EVs were con-

centrated with an Amicon Ultra-4-10 kDa). Following the tEV isola-

tion, their number and size distribution were measured by ZetaView

NTA (PMX-120-12B-R2—Particle Metrix). tEVs were stored at 4°C

and used within 24 h.

Microfluidics experiments

For microfluidic experiments, IBIDI� l-slides with 1 (l-Slide I 0.4

Luer ibiTreat: #1.5 polymer coverslip) or 6 (l-Slide VI 0.4 ibiTreat:

#1.5 polymer coverslip) channels were coated with fibronectin

(SIGMA) for 1 h and seeded with 100,000 or 50,000 cells per chan-

nel respectively. Once endothelial cells reached confluency, the

channels were either maintained in static conditions or continu-

ously perfused under a flow of 400 lm/s for 17 h using a Reglo

Digital MS-CA 2/12 peristaltic pump. tEVs were then either applied

on the static cells or perfused continuously under flow at a concen-

tration of 5 × 108 to 1 × 109 particles/ml. After 3 h of tEV perfu-

sion, channels were removed from the flow, and washed 3 times

with fresh ECGM and 3 times with ECGM/Hoechst 33342

(NucBlueTM ThermoFisher). After 10 min incubation, cells were

washed twice with ECGM/HEPES 20 mM before imaging. To assess

lysosome number or Cathespin-B activity, endothelial cells were

incubated after EV perfusion with Lysotracker Deep Red (Thermo

Fisher Scientific) diluted at 50 nM or MagicRed dye (Bio-Rad)

diluted at 1:260 respectively for 1 h. When needed, cells were incu-

bated with MemGlow-488 (Cytoskeleton Inc.) at 200 nM to label

the plasma membrane.

Photonic microscopy and image analysis

Cells were imaged live at 37°C with 5% CO2 with an Olympus Spin-

ning Disk (60× objective, N.A. 1.2), with a Leica SP5 confocal (63×

objective, N.A. 1.25) or with a Zeiss LSM 800 confocal (63× objec-

tive, N.A. 1.4). Zebrafish embryos were imaged live at 28°C with a

Lecia SP5 confocal equipped with a HC PL APO 20X/0.7 IMM objec-

tive or with an Olympus Spinning Disk equipped with a 30×

objective (N.A. 1.05). Image analysis and processing were

performed using the Fiji (2.0.0) (Schindelin et al, 2012), Cell Profiler

(4.2.1) (Stirling et al, 2021) and ICY (2.4.2.0.) (De Chaumont

et al, 2012) software. Number, intensity, and area of compartments

(Figs 1D and 3B and D) were quantified on maximum intensity pro-

jections using the ICY Spot detector plugin. To quantify tEV signal

in the endothelium in vivo (Fig 1B and C), we used an in-house built

Fiji macro to quantify the total tEV fluorescence in the tail region

and specifically in the endothelium. Colocalization (Figs 2A, B and

D, and 3E and EV2) was analyzed on processed single Z planes

(Despeckle and Gaussian blur filter in Fiji) based on intensity

thresholding using Cell Profiler. Areas of overlapping regions

between tEVs and given compartment were quantified. The
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percentage of tEV colocalization with the given compartment was

calculated as a ratio of tEV overlap area to the total area of tEV

objects times 100. The in vitro CD63-pHluorin/mScarlet experiments

(Fig 2C), were analyzed on processed single planes, using masks to

detect single spots and measure fluorescence intensities in the endo-

thelium. For each field of view, total green and red spots fluores-

cence was then measured and used to calculate a pHluorin/mScarlet

ratio. For the in vivo CD63-pHluorin/mScarlet experiments (Fig 2C),

the venous endothelium was first manually segmented and the total

green and red spots fluorescence in the endothelium was then mea-

sured on thresholded single Z planes and used to calculate a

pHluorin/mScarlet ratio.

Electron microscopy

Chemical fixation: Cells were fixed with 2.5% glutaraldehyde (GA)/

2.0% paraformaldehyde (PFA) (Electron Microscopy Sciences) in

0.1 M NaCac buffer (pH 7.4) at RT for 2 h, then rinsed in 0.1 M

NaCac buffer (pH 7.4) (Electron Microscopy Sciences) and post-fixed

with 1% OsO4 (Electron Microscopy Sciences) and 0.8% K3Fe(CN)6
(Sigma-Aldrich) for 1 h at RT. Then, samples were rinsed 0.1 M

NaCac buffer (pH 7.4) followed by a distilled water rinse and stained

with 1% uranyl acetate, overnight at 4°C sheltered from the light.

The samples were stepwise dehydrated in Ethanol (50%

×10 min, 70% ×10 min, 95% ×15 min and 100% 3 × 10 min), infil-

trated in a graded series of Epon (Ethanol 100%/Epon 3/1, 1/1) 1 h

and kept in Ethanol 100%/Epon 1/3 overnight at RT. The following

day, samples were placed in pure Epon 3 ×1 h and polymerized at

60°C 48 h. 100 nm thin sections were collected in 200 copper mesh

grids and data set was acquired with a TEM Hitachi 7500 TEM, with

80 kV beam voltage, and the 8-bit images were obtained with a

Hamamatsu camera C4742-51-12NR.

The number of MVBs and lysosomes per surface of cytoplasm

were quantified using the Fiji software. MVBs and late endosome

lysosomes were distinguished based on their morphology: MVBs

have one or more ILVs and late endosome lysosomes contain ILVs

but are also electron dense and contain irregular membrane curls.

Intravascular injection of tEVs in zebrafish embryos

Zebrafish embryos were obtained from the following strains: Tg

(fli1a:eGFP), Tg(Fli: LA-eGFP), Tg(Fli1:Gal4; UAS: RFP), Casper Tg

(Gata1:RFP; flk:GFP). Embryos were maintained at 28°C in Danieau

0.3× medium, supplemented with 1-Phenyl-2-thiourea (PTU, Sigma-

Aldrich) after 24 h post fertilization (hpf). All injection experiments

were carried out at 48 hpf and imaged between 48 and 72 hpf. All

animal procedures were performed in accordance with French and

European Union animal welfare guidelines and supervised by local

ethics committee (Animal facility #A6748233; APAFIS

#2018092515234191). At 48 hpf, zebrafish (ZF) embryos were

dechorionated and mounted on a 0.8% low melting agarose pad

containing 650 lM tricaine (ethyl-3-aminobenzoate-

methanesulfonate). Embryos were injected intravascularly in the

duct of Cuvier with 27.6 nl of Membright Cy5- labeled tEVs or

4T1CD63pHluorinmScarlet-tEVs (at 1010 EVs/ml) with a Nanoject

microinjector 2 (Drummond) under a M205 FA stereomicroscope

(Leica) as described previously (Hyenne et al, 2019; Mary

et al, 2020).

Sample preparation for correlative light and electronic
microscopy of ZF embryos

Correlative Light and Electron Microscopy was performed as previ-

ously described (Hyenne et al, 2019; Mary et al, 2020). Transgenic

fli1:GFP embryos were injected with MemGlow-Cy3 tEVs and

imaged alive with a Leica SP8 confocal microscope. Z stack was

performed on the caudal vein regions that had internalized EVs.

After imaging, the embryo was chemically fixed with 2.5% glutaral-

dehyde and 4% paraformaldehyde in 0.1 M Cacodylate buffer (the

fish tail was cut off in the fixative). The sample was kept in fixative

at RT for 1–2 h and stored in fixative at 4°C overnight until further

processing. The sample was rinsed in 0.1 M Cacodylate buffer for

2 × 5 min and post-fixed using 1% OsO4 in 0.1 M Cacodylate

buffer, for 1 h at 4°C. Then, sample was rinsed for 2 × 10 min in

0.1 M Cacodlyate buffer and secondary post-fixed with 4% water

solution of uranyl acetate, 1 h at RT. Rotation was used at all steps

of sample processing. Followed by 5 min wash in MiliQ water, the

sample was stepwise dehydrated in Ethanol (25%, 50% each

15 min, 95%, 3 × 100% each 20 min) and infiltrated in a graded

series of Epon (Ethanol/Epon 3/1, 1/1, 1/3, each 45 min). Sample

was left in absolute Epon (EmBed812) overnight. The following

day, sample was placed in a fresh absolute Epon for 1 h and poly-

merized (flat embedded) at 60°C for 24-48 h. Once polymerized,

most surrounding Epon was cut off using razorblade and sample

was mounted on empty Epon blocks (samples flat on the top of the

blocks) and left at 60°C for 24 h-48 h. The region of interest was

targeted by ultramicrotome, sections and compared with the LM

datasets. After targeting, serial 100 nm sections were collected in

formvar coated slot grids. The sections were post stained with ura-

nyl acetate (4%) and lead citrate. The sections were imaged in a

Biotwin CM120 Philips (FEI) TEM at 80 kV with a SIS 1 K Keen-

View. Stitches of the 70 sections were aligned using the Track EM

plugin in Fiji (Cardona et al, 2012).

Blood flow mapping

For flow speed mapping, we injected MemGlow labeled 4 T1 tEVs

in Tg (kdrl:EGFP; gata1:DsRed) embryos in Casper background at

48 hpf. 30 min post injection, we recorded short time-lapses in four

different regions in the zebrafish caudal plexus (two in the dorsal

aorta and two in the venous area) using spinning disk. For each

region, we recorded 30 s time-lapses (17 ms time interval) at single

focal plane with flowing red blood cells (RBC). Flow speed was

measured by tracking RBC in each region with IMARIS software

(v9.5.1) (using spot detection method and tracking algorithm in

autoregressive motion). tEVs (Cy5) accumulation in endothelial

cells (GFP) was measured by IMARIS for each region.

Pharmacological blood flow tuning

IBMX (3-Isobutyl-1-Methylxanthin—15879—Merck) and lidocaine

(L7757—Merck) were directly added to the embryo water (Danieau/

PTU solution) containing ZF embryos at the concentration of

100 lM in DMSO for 20 h and at the concentration of 640 lM in

EtOH for 2 h respectively. Control embryos were treated with simi-

lar amount of DMSO or EtOH accordingly. Embryos were then

mounted and maintained in fresh solutions of drugs until the end of
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the experiment. Heartbeat of the embryos were recorded as short

time-lapses with a Stereomicroscope (Leica M205 FA). Heartbeats

were manually counted on kymographs.

In vivo angiogenesis assay

PTU treated Tg(Fli: LA-eGFP) dechorionated embryos were either

uninjected (control) or injected with PBS or with 4T1 Memglow-

labeled tEVs at 36 hpf intravascularly. At 48 hpf, PBS injected and

tEV injected embryos received 4T1-NLS-tdTomato-IH tumor cell

injection (volume-18 nl containing ~ 100–150 cells) in the perivitel-

line space. 24 hpi of tumor cells embryos were imaged by spinning

Disk focusing on the sub-intestinal vein (SIV) plexus (that spans the

dorso-lateral part of the yolk) as described in (Hen et al, 2015).

The number of newly formed vascular sprouts was manually

counted.

Transcriptomic analyses

Transcriptomics from Fig 4A was performed on HUVECs cultured in

static or flow conditions and treated with 1 × 109 EVs or PBS for

24 h, while transcriptomics from Fig 3A was performed on HUVECs

as described previously (Follain et al, 2021).

RNA extraction and sequencing
Total RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden,

Germany) and RNA integrity was assessed by Bioanalyzer (total

RNA Pico Kit, 2100 Instrument, Agilent Technologies, Paolo Alto,

USA). SMART-Seq� HT PLUS Kit (Takara, Kusatsu, Japan) was

used to build mRNA libraries. Libraries were pooled and sequenced

(single-end, 75 bp) on a NextSeq500 using the NextSeq 500/550

High Output Kit v2 according to the manufacturer’s instructions

(Illumina Inc., San Diego, CA, USA).

Analysis of RNA-sequence reads: identification of differentially
expressed genes
Sequence reads were mapped on the human hg19 genome using

STAR (Dobin et al, 2012) to obtain a BAM file (Binary Alignment

Map). Raw read counts were determined as an abundance matrix

with the HTseq-count tool of the Python package HTSeq (Anders

et al, 2014). Trimmed Mean of M-values normalization (TMM) was

applied using the EdgeR package (Robinson et al, 2009). A voom

transformation was applied to the data that were then fitted into a

linear model using weighted least squares for each gene with limma

package (Ritchie et al, 2015). Finally, a contrast matrix was created

and differential expressions were computed. Up- and down-regulated

genes were selected based on adjusted P-values < 0.05 and log2 fold-

changes > 1 for Fig 3A and on adjusted P-values < 0.1 and log2 fold-

changes > 0.5 for Fig 4A. The later analysis uses looser thresholds to

take into account the double analysis (+/� Flow, +/� EVs). Func-

tional enrichment analyses were performed using STRING v11

(Szklarczyk et al, 2019) and Gene Ontology (Carbon et al, 2021).

Statistical analysis

All experiments were performed in two to three independent experi-

ments. Statistical analysis of the results was done using GraphPad

Prism (Software version 9.0). Normality of the data was confirmed

using Shapiro-Wilkson test and accordingly different statistical tests

were used as described in legends. For data that follow gaussian dis-

tribution, unpaired t-test or one-way ANOVA (with Tukey’s post-test

analysis) were used. For data that do not follow gaussian distribu-

tion, Mann–Whitney or Kruskal–Wallis tests (with Dunn’s post-test

analysis) were used. Illustrations of the statistical analyses were

displayed in the figures as the mean � standard deviation (SD). P-

values smaller than 0.05 were considered as statistically significant.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Data availability

The RNAseq dataset produced in this study is available in

ArrayExpress (accession E-MTAB-13156), http://www.ebi.ac.uk/

arrayexpress/experiments/E-MTAB-13156). Data sources are avail-

able through this link: https://www.ebi.ac.uk/biostudies/studies/S-

BSST1174?key=bb5b5bd3-8849-4cce-ac0e-840b86ce322d.

Expanded View for this article is available online.
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