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Résumé de thése en francgais

Titre en francais :
Disséquer I'impact des forces hémodynamiques dans l'internalisation, le destin et la

fonction des vésicules extracellulaires tumorales circulantes.

Les vésicules extracellulaires (VEs) sont de petites vésicules composées
d’'une bicouche lipidique d'origine membranaire qui peuvent étre sécrétées par
n'importe quelle cellule. Elles sont présentes dans tous les fluides corporels (sang,
lymphe, urine, fluide cérébrospinal etc) ce qui leur permet de se disséminer a travers
tout 'organisme. Ce sont des acteurs importants de la communication intercellulaire
autocrine, paracrine et endocrine. Elles transportent différents messagers (ARNm,
ARN non-codants, protéines, lipides) qui se transmettent et modifient le phénotype
des cellules réceptrice (van Niel et al., 2018; Zomer et al., 2016, 2015). Elles régulent
de nombreux processus physiologiques tels : le développement (Gross et al., 2012;
Krause et al., 2018), 'immunité (Buzas, 2022; Lundberg et al., 2016; Théry et al.,
2002), la physiologie (Whitham et al., 2018); mais également pathologiques tels : les
maladies cardiovasculaires (Boulanger et al., 2017), les maladies neurologiques
(Ruan et al., 2021; Sardar Sinha et al., 2018) et le cancer (Peinado et al., 2012).

Plus spécifiquement dans le cadre du cancer, il a été montré que les vésicules
extracellulaires (VEs) tumorales sont sécrétées en plus grandes quantité par les
cellules tumorales et sont présentes en abondance dans le sang des patients. Elles
exercent principalement des fonctions pro-tumorales localement et peuvent
également favoriser le développement des métastases en modifiant les cellules
stromales et le microenvironnement a distance de la tumeur primaire. Elle
favorisent I'apparition de ce qui est appelé une niche pré-métastatique : un site
favorable a I'établissement de foyers secondaires (Costa-Silva et al., 2015; Ghoroghi
et al., 2021; Hoshino et al., 2015; Peinado et al., 2017).

Malgré leur importance et leur abondance dans la circulation, les études
réalisées jusqu’ici sur les vésicules extracellulaires tumorales n’ont que tres rarement
pris en compte le caractére dynamique de I’environnement dans lequel elles
évoluent, a savoir le systeme vasculaire. C’est pourquoi, la compréhension de leur
comportement hémodynamique et leur mécanisme d’action dans le systéme

vasculaire ainsi que dans la progression métastatique restent limitée.



Ainsi, mon projet a eu pour objectif (1) d’étudier I'impact des forces
hémodynamiques, sur I'internalisation des VEs tumorales par I'endothélium ; (2)
d’identifier les mécanismes contrélant I'internalisation des VE tumorales
circulantes ; (3) d’étudier I'impact des forces hémodynamiques sur le destin des VE
internalisées et (4) de caractériser I'effet des VE tumorales circulantes sur
’endothélium. Afin d’étudier ces processus, jai utilisé et adaptés deux modéles
complémentaires, 'embryon de poisson zébre (Hyenne et al., 2019) et une approche
microfluidique (Follain et al., 2018). Ces modéles permettent d'étudier le
comportement des VEs dans des conditions dynamiques et physiopathologiques
pertinentes in vivo et in vitro.

Ces deux modéles nous ont permis d’identifier qu'une vitesse de flux
modérée, correspondant a la vitesse du flux sanguin mesurée dans les lits capillaires
(400um/s), favorise I'internalisation des vésicules tumorales par les cellules
endothéliales. /n vitro et in vivo, nous avons pu mettre en évidence qu’une absence
ou une diminution de la vitesse de flux, respectivement, diminue significativement
I'internalisation des VE par les cellules endothéliales. Ces résultats suggérent que
la capacité d’internalisation des VE tumorales par 'endothélium est, au moins en
partie, contrélés par les contraintes mécaniques auxquelles ils sont soumis. Par
ailleurs, nos résultats suggerent qu’une voie d’endocytose a elle seule ne contrdle pas
I'internalisation des vésicules tumorales circulantes mais que, plus probablement,
plusieurs mécanismes rentrent en jeu. A titre d’exemple, dans une étude publiée
récemment a laquelle j'ai participé (Ghoroghi et al., 2021), nous avons pu mettre en
évidence que linternalisation de VE tumorales est en partie contrélée par les
molécules d’adhésion a la surface des VEs (CD146).

Par ailleurs, nous avons découvert que Ila présence de forces
hémodynamiques modérées entraine I’activation de voies lysosomales au niveau
transcriptionnel dans les cellules endothéliales mais également que ces forces
redirige partiellement les vésicules tumorales internalisées par les cellules
endothéliales vers des compartiments moins acides et potentiellement moins
dégradatifs. Dans leur ensemble, ces résultats suggerent qu’un flux modéré affecte
le destin et le trafic des VE tumorales internalisées par 'endothelium. Finalement,
des expériences de séquengage d’ARN nous ont permis de mettre en évidence que

les vésicules tumorales circulantes déclenchent une réponse pro-angiogénique



dans ces cellules stimulées par un flux modéré et nous avons confirmé I’activité pro-
angiogénique de ces VE tumorales dans le modéle du poisson zébre.

Nos travaux ont permis de démontrer limportance de [I'environnement
hémodynamique dans l'internalisation, le trafic au sein des cellules réceptrices ainsi
que la fonction des vésicules extracellulaires tumorales circulantes. Bien que
certains des mécanismes identifiés nécessitent davantage d’investigations pour mieux
comprendre leur fonctionnement complet, nos travaux permettent de mettre en avant
le réle primordial du flux dans le comportement de ces vésicules tumorales
circulantes et la progression tumorale. Ce travail, associant I'étude de forces
biomécaniques et de vésicules extracellulaires pourrait permettre une meilleure
compréhension des mécanismes pro-métastatiques des VE tumorales circulantes
et de leur capacité a favoriser I’apparition de niche pré-métastatique a distance de
leur site de sécrétion. De facon similaire il pourrait permettre dans le futur d’examiner
plus attentivement le réle des forces hémodynamiques dans d’autres processus
physiopathologiques régulées par les vésicules extracellulaires et notamment les
maladies cardiovasculaires.

Ces données, représentant mon projet principal de thése, sont présentés en
détails dans cette thése, leurs implications, leurs limitations et leur futur
développement sont également discutés. Elles font 'objet d’'un manuscrit en cours
d’écriture, intitulé « Blood flow diverts extracellular vesicles from endothelial
degradative compartments to promotes angiogenesis». Certaines données
discutées dans cette thése proviennent également, d’'un autre travail auquel jai
participé en tant que deuxiéme auteur, intitulé “Ral GTPases promote breast cancer
metastasis by controlling biogenesis and organ targeting of exosomes”,
Ghoroghi, S. et al. eLife 10, e61539 (2021), et d’'un chapitre chapitre méthodologique
intitulé “Live tracking of extracellular vesicles in larval zebrafish”, Mary, B.,
Ghoroghi, S., Hyenne, V. & Goetz, J. G. Methods in Enzymology vol. 645 243-275
(Elsevier, 2020) que j'ai rédige.
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INTRODUCTION
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These last decades an increasing number of studies focused on a complex, yet
fascinating field of cellular biology, the extracellular vesicles (EVs). They participated
to an exponential rise of knowledge about these small vesicles secreted by all cells
which act as intercellular messenger. EVs play role in a plethora of physiological
and pathological processes. In the first part of my introduction | will give key
examples in which EVs play a critical role in normal as well as pathological situations
while focusing at most on long distance effect. Then | will more particularly focus on
cancer as EVs were shown, not only to be a major actor of intercellular
communications in this disease but also to actively participate to the metastatic
cascade by delivering their message to distant sites. | will present key examples of
their involvement in cancer progression at local as well as distant scale. | will then
present what is known about their secretion, dissemination, uptake and message
delivery mechanisms (Part 2).

Throughout this journey, the dissemination step via body fluids, notably through
blood, is not well understood. Additionally, comprehension of uptake and message
delivery mechanisms is also very fragmented. More particularly, the role of fluidic
forces at work in cardiovascular systems was never investigate in tumor EVs (tEVs)
dissemination, uptake and intracellular fate. It is the main subject of my PhD work that
| will present in this manuscript. Better comprehension of this biophysical parameter in
tEVs biology could help to better characterize their behavior in dynamic environments
(Part 3). This knowledge could benefit for various field of research as they are involved
in many biological phenomenon. More particularly it can help to better understand
tEVs-mediated metastatic progression mechanisms and potentially help to unraveled

new therapeutic avenues to treat cancer as well.
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1. Functional role of EVs in physiology and pathology

1.1. EVs as inter-cell/linter-organ communication mediators

Coordinated communication between cells and between organs is the basis of
multicellular organisms’ homeostasis maintenance. Evolution gave rise to different
mechanisms allowing intercellular and inter-organ interactions. In these
mechanisms most of the time, secreted chemical molecules (such as proteins and
hormones) act as messengers between cells. To simplify, they bind to their
receptors on cell surface and trigger downstream signaling cascades potentially
leading to changes in genes expression, cell phenotype and in some cases,
modifying organ activity. Autocrine, juxtacrine, paracrine and endocrine signaling
are the main processes enabling cells and organs to communicate with each other
(Figure 1) (Singh and Harris, 2005; Sporn and Roberts, 1985). Autocrine,
juxtacrine and paracrine signaling participate to short- and medium range
communication, while endocrine signaling is involved in long range communication.
Autocrine signaling describes an auto-activation of a cell by its own molecules
secreted in the extracellular space and acting on its own membrane receptors (e.g.
IL-1 and monocytes) (Sporn and Roberts, 1985; Toda et al., 2002). Juxtacrine
signalization occurs through cell-cell direct contacts through membrane proteins
and junctions (e.g. some growth factors) (Anklesaria et al., 1990). Paracrine
communication is a mechanism in which secreted molecules can diffuse locally,
forming a gradient and affecting neighboring cells at short- and mid- distance (e.g.
retinoic acid and neurotransmitters) (Molotkov et al., 2006). Finally, endocrine
signaling allows the long-range communication between organs. For instance,
through this process, hormones travel via body fluids and mediate inter-organ
communication. However, long-distance messengers must be adapted to undergo
this hazardous journey and avoid degradation/elimination from the body. For
example, lipophilic messengers (e.g. cholesterol-derived hormones, eicosanoid
acids) must associate with apolipoproteins to solubilize in body fluids and
disseminate through the body. In this context, in addition to chemical messengers,
previously identified extracellular vesicles (EVs), recently emerged as another
important messenger in short- to long-range inter-cellular and even inter-organism

communications (Bittel et al., 2021; Thomou et al., 2017).
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Paracrine signaling Autocrine signaling

Secreted signal

Juxtacrine signaling Endocrine signaling

Figure1: The main cell-cell signaling pathways. Paracrine signaling defines exchanges of
secreted material between adjacent cells. Autocrine signaling defines auto-activation of a cell with
its own secreted material. Juxtacrine signaling defines receptor-ligand based communication
between adjacent cells. Endocrine signaling defines dissemination of secreted material through the
vascular system between distant cells. Juxtacrine and autocrine signaling occur a short-range,
paracrine signaling occurs at short to medium-range (few micrometers), and endocrine signaling
occurs at long-range (up to several meters). Adapted from Lodish, Berk, Kaiser, Krieger, Bretscher,
Ploegh, Amon, Martin, Molecular Cell Biology 8th edition; W. H. Freeman, 2016.

Extracellular vesicles were observed for the first time more than fifty years ago,
and “exosomes” were described 10 years later. However, it is only these last two
decades that the multiple functions of extracellular vesicles were more thoroughly
investigated (Witwer and Théry, 2019). The capacity to secrete EVs is a common
feature shared by all living organisms, from bacteria to eukaryotes and archaea
(Toyofuku et al., 2019; Woith et al., 2019). From what we know, EVs can be
secreted by all kind of cells, found in all body fluids in human (blood, lymph, urine,
cerebrospinal fluids, milk) (Garcia-Silva et al., 2019; Lasser et al., 2011; Norouzi-
Barough et al., 2020; Rikkert et al., 2020; Saugstad et al., 2017) and isolated form
different ecosystems (Biller et al., 2014; Moros et al., 2021; Schatz and Vardi, 2018)
and even found in dust (Dinh et al., 2020).

In 2018, the MISEVs2018 guidelines (Théry et al., 2018) defined EVs as
“particles naturally released from the cell that are delimited by a lipid bilayer and
cannot replicate, i.e. do not contain a functional nucleus”. This definition includes a
variety of particle subpopulations from different cellular origins delimited by lipidic

membrane identified during the past decades. They are separated into two families
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based on their biogenesis pathways: exosomes, vesicles originating from
endosomal origin, and ectosomes (or microvesicles), vesicles coming from the
plasma membrane (PM). This second family includes multiple types of vesicles
such as exosphere, oncosomes, apoptotic bodies etc....that will not be discussed
in detail here (Figure 2). The biogenesis pathway of these two families, their
regulation and the composition of different EVs subpopulations will be discussed in
more detail later in section 3. As the EVs community recommends it, the general
term “EVs” will be used here to refer to these vesicles, even though some studies
cited and discussed here used other terms in their work. This generic term is used
to avoid overstatement on the nature of the EVs subpopulation studied which is

sometimes difficult to assess.

Figure2: The two families of Extracellular Vesicles: the exosomes and the
ectosomes/microvesicles. Exosomes are endosome-derived vesicles which come from the
release of multivesicular bodies (MVB) or amphisomes contents (i.e., release of intraluminal vesicles
(ILV)) into the extracellular space. Amphisomes are intracellular compartments formed after MVB
and autophagosome fusion. Ectosomes, also called microvesicles, are plasma membrane derived
EVs secreted by membrane budding or blebbing. They include multiple types of vesicles of small
(e.g., small ectosomes), medium, and large (e.g., apoptotic bodies) size. Large oncosomes are
produced by tumor cells. Migrasome structures are released by migrating cells. Midbodies are
remnants structures from cytokinesis. Cilia release specific ectosomes known as ciliary ectosomes.
Apoptosis triggers the release of large ectosomes called apoptotic bodies or other type of apoptotic
vesicles via beaded apoptopodia and specific protrusions formed by apoptotic cells. Elongated
neutrophil-derived structures (ENDs) are generated by rolling neutrophils on the endothelium.
Follicular dendritic cells form iccosomes. T cell can form T cell micro-villi particles (TMPs). Exophers
contain damaged organelles and protein aggregates. Of note, virus can be secreted through both
plasma membrane derived vesicles or MVB secretion. Extracted from Buzas, 2022.
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To act at long-range, using endocrine-like signaling, EVs can disseminate
through the vascular system and spread into the organism. EVs transport different
cargos such as mRNA, miRNA, adhesion molecules, surface receptors, cytosolic
proteins as well as lipids, glycans and many other types of RNAs. Their messages
can be transmitted to recipient cells, modifying their phenotype as classical
messenger do (Kanada et al., 2015; Ridder et al., 2015, 2014; Valadi et al., 2007).
Yet, these entities can transport more than only one message to other cells given
their cargo diversity. This makes their functions and their mechanisms of action
more versatile and more complex compared to classical chemical messengers.

Extracellular vesicles play a role in homeostasis and physiological inter-cellular
communication events such as development, metabolism, immunity as well as
pathological contexts such as cardiovascular (Boulanger et al., 2017; Coly and
Boulanger, 2022; Gomez et al., 2020) and nervous system diseases (Sardar Sinha
et al., 2018; You et al., 2022) or cancer (Lucatti et al., 2022). In the next sections |
will non-exhaustively describe key roles of EVs in different contexts. In
physiological mechanisms | selected examples from development and tissue
homeostasis fields as one exemplifies well medium and long-range scale of EVs
and the other allows to address the diversity of cellular processes that could be
mediated by EVs. In pathological contexts | choose to briefly present EVs
involvement in cardiovascular diseases and notably atherosclerosis, as my project
is also in relation with the cardiovascular system. Finally, | focused more on cancer
and tumor EVs (tEVs) roles in local as well as long distance scales. In both,
physiological and pathological contexts, | will briefly present the crucial role of EVs
mediated inter-cellular communication regarding the immune system as it plays an

essential role in cancer.

1.2 Examples of EVs function in physiological contexts

EVs are key messengers that maintain organisms’ basal physiological state. In
the next paragraphs examples will be discussed to give an overview of the broad
scope of EVs-mediated mechanisms in physiology and homeostasis maintenance.
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1.2.a Development

Increasing evidences suggest important roles of EVs in maternal to embryo
interactions and developmental processes from oocytes implantation and
maturation to embryonic organogenesis. For instance, in mouse models, EVs from
embryonic stem cells injected in blastocysts favorize their proper implantation
(Desrochers et al., 2016) and in bovine models, EVs from uterine flushing facilitate
implantation of the fertilized egg in the endometrium (Nakamura et al., 2016;
Kusama et al., 2018). At later stage, it was shown in canine models that EVs from
oviduct facilitated the oocytes maturations (Lange-Consiglio et al., 2017).

In embryonic development, EVs are involved in morphogen transport, facilitating
their diffusion in the extracellular space (Gustafson and Gammill, 2022; Cruz et al.,
2018). This mechanism of diffusion was for instance suggested for Wnt proteins
loaded onto EVs in drosophila and human cell models (Gross et al., 2012; Koles et
al., 2012). Similarly, vesicular secretion of sonic Hedgehog (Shh) was previously
identified as a key actor of left-right determination in mouse embryonic
development (Tanaka et al., 2005). More recently, vertebrate Shh morphogen was
also found to be secreted into EVs and capable of activating target genes in
recipient cells (Vyas et al., 2014).

In organogenesis mechanisms, ex vivo experiments showed that EVs
transporting key factor (miRNA and proteins) can serve as a secondary inductive
signal for kidney organogenesis (Krause et al., 2018). Additionally, EVs from
amniotic fluid stem cells carry a regenerative potential and rescue underdeveloped
lungs in rodent models (Antounians et al., 2021). As a last example, in fish, EVs
from osteoblasts trigger osteoclast differentiation in the scale (Kobayashi-Sun et
al., 2020).

Altogether, these examples highlight the multiple roles of EVs in embryonic

development as medium to long-range messengers.
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1.2.b Immunity

In the last twenty years, increasing number of publications described that EVs
play different roles in several innate and adaptive immune processes (Buzas,
2022). Pioneer discoveries showed that B cell-derived and dendritic cell (DC)-
derived EVs transport functional major histocompatibility complex (MHC) loaded
with peptide and can activate immune response by direct antigen presentation to T
cells (Raposo et al., 1996; Zitvogel et al., 1998) (Figure 3A). Few years later,
antigen bearing-EVs were shown to mediate an indirect antigen presentation
mechanism by transporting antigens and peptides to antigen presenting cells (APC)
that are then able to process and present the antigen (Théry et al., 2002) (Figure
3B). More recently, a cross-presentation mechanism was identified in which
transfer of class | MHC-bearing-EVs, from a donor to an acceptor DC, activate
CD8+ T cells (Ruhland et al., 2020) (Figure 3C). Antigen cross-presentation was
also observed in EVs-mediated transfer of antigen from plasmacytoid-DC to
conventional DC for presentation to CD8+ T cells (Fu et al. 2020) (Figure 3D) and
platelet-derived large EVs were shown to be autonomous in the antigen processing,
loading onto MHC class | and activation of naive CD8+ T cells (Marcoux et al.,
2021) (Figure 3E).

In addition to antigen presentation functions, EVs were also suggested to be
involved in T and B lymphocyte maturation and antibody production. They can carry
self-antigen to DC in the thymus for presentation, potentially participating to
negative selection of T cells (Skogberg et al. 2015), and thymic epithelial EVs were
shown to help maturation of CD4 and CD8 T cells (Lundberg et al., 2016).
Additionally, exchanges of CD24 via EVs between B cells was suggested to be
involved in B cells maturation in bone marrow (Ayre et al., 2015) and, interestingly,
miRNA exchanges from T cells to B was reported to mediate antibody production
in germinal center (Fernandez-Messina et al., 2020). One of the most recent and
fascinating discovery, suggests that EVs regulate the life span of naive T cells. At
the immunological synapse APC can transfer telomeres to T cells via EVs, these
telomeres can then fuse with T cell chromosome, rescuing them from senescence,

increasing their life span and immune protection (Lanna et al., 2022).
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Finally, it was also shown that during pregnancy, placenta-derived EVs carry
immunosuppressive molecules allowing the foetus to be tolerated by the mother’s
immune system (Hedlung et al., 2009; Stenqvist et al., 2013; Kovacs et al., 2019).

These examples were purposely selected to highlight the historical discovery of
EVs-mediated antigen presentation and EVs-mediated physiological regulation of
immunity (i.e. maturation of immune cell and pregnancy) to illustrate EVs capacity
to have opposite effects either promoting or downmodulating immune system
activity. EVs-mediated immune responses in pathological contexts will be

approached in later section.

Direct antigen presentation Indirect antigen presentation

Cross presentation

c E

Figure3: Extracellular vesicles-mediated antigen presentation. A) Direct presentation of
antigen to T cells via MHC class | loaded with antigen at the surface of EV. B) EV can be
internalized by dendritic cells (DC). EV antigens and biomecules can be processed by DC that
activate immune cells by indirect presentation. C, D, E) Cross-presentation of MHC via EV. C)
Migratory DC from the tumor microenvironment transfer antigens to conventional DC via EV. The
second DC activates tumour-specific CD8+ T cells after processing and presentation of EV-
transferred peptides. D) Plasmocytoid specialized DC can also secrete EV bearing antigen and
trigger activation of CD8+T via cross-presentation of EV-antigens by conventional DC. E) Platelet-
derived EVs carry functional machinery to process internalized material (e.g. Ovalbumin OVA),
load peptide onto MHC class and present it to T cells and activate it through with the help of co-
stimulatory molecules (CD40, CD40L and OX40L) present on their surface. TCR, T cell receptor.
Modified from Buzas, 2022. 21



1.2.c Tissue homeostasis and maintenance

EVs were shown to play important roles in multiple cellular mechanisms
involved in tissue homeostasis. The mechanisms in which they are involved have
been carefully reviewed recently (Roefs, Sluijter and Vader, 2020) and will not be
exhaustively discussed here, but few examples will be presented. Although EVs
could play both, beneficial or detrimental effect in tissue maintenance, in this
section | will mainly focus on key examples of EVs positive effects to illustrate the
broad scope of cell behaviors that EVs can mediate. Of note, EVs were shown to
take part in all the six “hallmarks” cellular mechanisms of tissue repair (cell survival,
immune modulation, extracellular matrix (ECM) repair, cellular proliferation, cell
differentiation, cell migration and angiogenesis) illustrating the omnipresence of
EVs in physiological mechanisms (Figure 4) (Avalos and Forsthoefel, 2022). For
example, bone marrow stem cell- and cardiac progenitor cell-derived EVs were
shown to inhibit apoptosis in myocardiac cells (Lai et al., 2010), and EVs from fetal
liver-derived supportive stromal cells were shown to promote survival of
hematopoietic stem and progenitor cells (HSPC) (Stik et al., 2017). In immune
regulation of tissue homeostasis, EVs from macrophages were shown to promote
intestinal stem cell regeneration and survival, therefore promoting recovery after
injury in mice (Saha et al., 2016). In aging processes and senescence, EVs from
young mesenchymal stem cells or fibroblasts were shown to decrease senescence
and expand mice life (Dorronsoro et al., 2021; Fafian-Labora et al., 2020).
Conversely, it was shown that EVs from senescent cells activate senescence in
target cell through IFN transfer mechanism (Borghesan et al., 2019). The positive
roles of EVs in regeneration and correct revascularization processes (i.e. skin
regeneration) (Wolf et al., 2022) and wound healing (Pomatto et al., 2021) were
also recently highlighted. In addition, it is now known that EVs secreted by stem
cells participate to stemness maintenance and stem niche regulation (De Luca et
al., 2016; Khanh et al., 2020; Hur et al., 2021).

EVs recently emerged as an important cue that mediate cell migration and
motion in tissue. It has been proposed that cells secrete EVs that bind to the ECM
sustainably via their surface molecules, thereby forming a path that following cells

could take. In addition, the fact that EVs carry chemoattractive proteins as well as
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ECM components and matrix remodeling molecules (e.g. matrix
metalloproteinases (MMPs)) enhance their capacity to mediate cell migration in
different biological processes (Sung et al., 2015; Kriebel et al., 2018; Brown et al.,
2018). Overall, EVs are now considered as an integral part of the ECM, regulating
multiple cellular behaviors in physiological processes (Rilla et al., 2019).

Finally, EVs were shown to be a systemic mediator of metabolism. A stunning
example is that miRNA present in EVs from adipose tissues can transfer to distant
cells and modify metabolism of distant organs (e.g. liver), notably through gene
expression regulation. Thereby they participate to systemic long-range EVs-
mediated tissue metabolism regulation (Thomou et al., 2017). In addition, it was
shown that stressed adipocytes release EVs that can reach the circulation, home
to the heart and protect cardiomyocytes from future injuries (e.g. ischemia
reperfusion) (Crewe et al., 2021). Overall, EVs disseminating through circulation
have a critical impact on organs metabolism, illustrating their importance as
messengers at systemic level.

Yet, their role in pathological situations is similarly important. | will discuss

significant examples in the next sections.

Figure 4: Schemes illustrating EV involvement in the 6 “hallmarks” of mammalian tissue
repair and regeneration. These past decades EVs were shown to play a role in each of these
cellular behaviours: cell survival, immune responses modulation, ECM remodelling, proliferation,
migration, and differentiation. Their involvement in all these cellular processes participate to the
maintenance of homeostasis. MV, microvesicles; EX, exosomes; PM, plasma membrane.
Extracted from Avalos and Forsthoefel, 2022.
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1.3. Role of EVs in pathological contexts

EVs play diverse roles in a plethora of pathological contexts. Although, studies
often focus on how EVs facilitate the development of the disease, in some cases
EVs participate to the resolution of the abnormal situation. Thus, depending on the
context, EVs can be double-sided, playing either enhancer or inhibitor role in
pathology progression (Burgelman et al., 2021) and raise lot of possibilities as

potentials biomarkers to follow diseases progression (Hoshino et al., 2020).

1.3.a Sepsis and inflammation

This double role of EVs is well exemplified in the immunology field, in which EVs
either activate and potentialize or decrease immune response to avoid adverse
effects.

Besides their important role in antigen presentation EVs were also shown to
play a role in innate immune answer and inflammation. For instance, granulocyte-
derived EVs can activate monocytes and were associated with poor prognosis in
patients in intensive care unit (Danesh et al., 2018). In chronic inflammatory lung
disease, activated neutrophil-derived EVs cause lung matrix destruction,
supporting progression of the disease (Genschmer et al., 2019), and in mice
arthritis models, platelet-derived EVs internalized by neutrophils enhance
inflammation (Duchez et al., 2015). Interestingly, it was suggested that EVs
associated with C-reactive Protein (CRP) could propagate the inflammation
through dissemination of these EVs in the blood (Fendl et al, 2021). Overall, EVs
were largely identified as actors of chronic inflammatory diseases such as colitis,
Crohn’s disease, chronic pancreatitis, triggering inflammatory signals such as
secretion of IL-1b, IL-6, and CCL-2 and maintaining a global inflammatory state
(Lucotti et al., 2022).

However, EVs can also modulate immune response, either for beneficial or
detrimental outcomes. For example, macrophages can secret EVs bearing CD14
(the lipopolysaccharide (LPS) co-receptor), which decreases CD14 levels at
macrophage membrane thereby affecting pro-inflammatory cytokine production
and increasing survival in sepsis (Alarcén-Vila et al., 2020). Similarly, EVs release
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from macrophages activated by inflammasome could help to prevent
hyperinflammation and its negative systemic consequences (Budden et al., 2021).
A similar function was identified in polymicrobial infection, where EVs can have a
positive effect decreasing macrophage activity and avoiding thereby adverse
effects of sepsis (Tu et al., 2020). On the contrary, in immune-compromised
patients (such as chronic sepsis, HIV patients and Hepatitis C patients), EVs from
myeloid-derived suppressor cells (MDSC) drive naive cell differentiation to
immunosuppressive MDSC and inhibit T cell activation participating to the
maintenance of a chronic state (Wang et al, 2018b; Alkhateeb et al, 2020; Thakuri
et al, 2020).

From a wider perspective, EVs are known to be important in both innate and
adaptive immunity displaying microenvironment- and pathology-dependent effects
that mediate cross-communication between immune actors at every step of the

immune response (Buzas, 2022) and particularly in cancer (Marar et al., 2021).

1.3.b Atherosclerosis and cardiovascular diseases

EVs were shown to either promote the development of cardiovascular disease
and atherosclerosis lesions or mediate protective signaling (Boulanger et al., 2017;
Coly and Boulanger, 2022). On one hand, EVs from atherosclerotic plaque could
trigger formation of other plaques at distant sites by dissemination of
proinflammatory signals, such as transfer and expression of miR-23a-3p that
maintain ERK1/2 phosphorylation and endothelial cell inflammation (Peng et al.,
2022). Additionally, neutrophil-derived EVs can enhance atherosclerosis by
delivering miRNA (miR-155) in arterial endothelial cells that promotes the activation
of NF-kB signaling (Gomez et al., 2020). In response to atheroprone stimuli,
endothelial cell-derived EVs can transfer miRNA-92a to macrophages, leading to
atheroprone phenotype macrophages through the downregulation of KLF4 (an
essential macrophage polarization regulator), promoting thereby atherosclerotic
progression (Chang et al., 2019; Loyer et al., 2014; Coly and Boulanger; 2022). In
some cases, EVs produced by cells exposed to inflammation were also shown to
have an angiostatic effect, inhibiting the proper revascularization of ischemic
arteries (Carter et al., 2022). Finally, several EVs-derived cargos were shown to
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promote fibrosis in cardiac dysfunctions (Cai et al., 2020; Nie et al., 2018;
Govindappa et al., 2020). This is for instance the case of activated CD4+ T cell-
derived exosomes that were shown to transfer miR-142-3p to cardiac fibroblasts
promoting their activation, proliferation and migration, that ultimately aggravate
cardiac fibrosis and dysfunction post-infarction (Cai et al., 2020). Additionally,
cardiomyocyte-derived miR-217-containing EVs were shown to be involved in
cardiac hypertrophy and cardiac fibrosis (Nie et al., 2018).

On the other hand, it has been shown that EVs can also facilitate recovery in
ischemic limb injuries, potentially acting via TGFR signaling and proangiogenic
effect (Cavallari et al., 2017; Mathiyalagan et al., 2017). It was also suggested that
they could help cardiac repair after myocardial infarction, notably through their
capacity to transfer non-coding RNA. This field of research was well-reviewed in
Peters et al., 2020. As an example, EVs derived from endothelial cells expressing
KLF2, a transcription factor involved in the regulation of endothelium physiology,
were described to promote anti-inflammatory responses, and reduce monocyte
recruitment and activation, thereby attenuating myocardial ischemia, potentially via
miR-24-3p (Qiao et al., 2020). Overall, the role of EVs in cardiovascular diseases
and their recovery is complex and versatile, and the above-mentioned examples
highlight once again their different effects depending on EVs subtypes and

microenvironmental context.

2. Cancer, metastatic progression and EVs

These last decades, one of the main pathological contexts in which EVs have
been extensively studied is cancer. In these diseases tumor-derived EVs (tEVs)
were shown to play multiple roles at every step of cancer progression (Lucotti et
al., 2022; Kalluri and LeBleu, 2020). After a rapid description of the main
characteristics of cancer, | will more precisely discuss the involvement of EVs and
particularly their medium to long-range action in cancer. Of note, although studies
showed that in some context, EVs and tEVs could inhibit cancer progression (Pucci
et al., 2016; Plebanek et al., 2017; Cianciaruso et al., 2019; Tokuda et al, 2021),
here | will only focus on their pro-tumoral effect and give key examples of tEVs-
mediated mechanisms that mediate cancer development at different steps.
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2.1. Cancer overview

After heart failure, cancer is the most prevalent cause of death worldwide,
supposedly accounting for one in six deaths in 2018 (Bray et al., 2018). Although it
includes many different types, the common particularity of cancer is an uncontrolled
hyperproliferation of cells (Hanahan and Weinberg, 2011). Cancer can be classified
in two main types: liquid cancer (i.e blood cancer) such as lymphoma, leukemia
and myeloma, that originate from myeloid or lymphoid cells and do not form a
primary tumor mass; and solid cancer (i.e. organ tumors) such as carcinomas and
sarcomas, in which proliferative cells form a solid mass in a tissue creating the
primary tumor. Carcinomas (i.e. epithelial cancer) are the most common cancers
(almost 85%). It can potentially originate from any organ and the outcome of the
disease mainly depends on its progression toward metastasis that is responsible
for about 90% of cancer-related deaths. Metastasis define the dissemination of
cancer cells from a primary tumor to distant organs through body circulatory
systems, establishing thereby new tumors in these secondary foci. Metastasis
development involves a cascade of complex events that will be detailed hereunder.

More than twenty years ago, Hanahan and Weinberg described six key features
of cancer cells that were called the “hallmarks of cancer” (Hanahan and Weinberg,
2000), and 4 additional features were added a decade ago, showing altogether the
complexity of cancer disease and recapitulating the general characteristics of
cancer (Hanahan and Weinberg, 2011) (Figure 5). One of the founding events of
a primary tumor formation lies on the genomic instability of a cell or a group of cells
which acquire key mutations (randomly or under the effect of mutagenic agents)
leading to their transformation from normal cells to malignant cells. However, the
external cues and the environmental conditions (e.g. the extracellular matrix,
resident immune cells, normal stromal cells), also participate to the tumor formation
(Farc and Cristea, 2020). Together, they establish a microenvironment that bears
these hallmarks of cancer (Figure 5).

1. Genomic instability and mutation
2. Sustained proliferative signaling
3. Evading growth suppressor
4

. Avoiding immune destruction
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Enabling replicative immortality
Tumor promoting inflammation
Activating invasion and metastasis
Inducing angiogenesis

Resisting cell death
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0.Deregulating cellular energetics

These hallmarks illustrate the fact that tumor cannot be only defined as a mass
of cancer cells with intrinsic features but is rather part of a complex ecosystem
called the tumor microenvironment (TME) that involves multiple actors playing a
role in cancer progression through their interplays. After brief description of main
components of TME, the concepts of metastasis and organotropism, and
characteristics of pre-metastatic niche (PMN), | will give some examples in which

EVs affect cancer in each of these steps.

Figure 5: The hallmarks of Cancer. These hallmarks not only involve intrinsic characteristics
of malignant cells but also different contributions of the tumor microenvironment notably the
interactions between tumor cells and immune component. They support tumor growth and
progression. Adapted from Hanahan and Weinberg, 2011.
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Figure 6. The tumor microenvironment (TME). Scheme of the TME and its main components. The
tumor microenvironment involves not only different cancer cells but also multiple other cell types
including: stromal, lymphatic endothelial cells and immune cells, as well as a modified extracellular
matrix. In this heterogenous microenvironment extracellular vesicles (tumoral or not) together with
secreted factors mediate intercellular communication to most of the time support tumor growth.
Tumor-induced angiogenesis and lymphangiogenesis, immune suppression and inflammation as
well as ECM remodelling participate to the establishment and the growth of the TME.Of note immune
cell play a dual role either anti- or pro-tumorigenic. Overall, the tumor microenvironment promotes
immune escape of cancer cells. DC: Dendritic cells; MDSC: Myeloid-Derived suppressor cells; LT:
Lymphocytes T; LB: Lymphocytes B; TC: Tumor cells; NK: Natural Killer; ECM: Extracellular Matrix.
EV: extracellular vesicles

The tumor microenvironment (TME):

The tumor microenvironment is a term used to define the primary mass of
proliferative cancer cells and the surroundings of this mass that includes a variety of
other cell types (tissue resident cells or recruited by the TME itself), soluble factors
(such as growth factors and chemokines), and the extracellular matrix (ECM). The
TME participate actively to tumor growth and the progression of the disease, promoting
multiple pro-tumorigenic events in which intercellular communication plays a crucial
role (Balkwill et al., 2012; Hanahan and Coussens, 2012). Cellular components of the
TME use all the different kind of intercellular communication pathways (autocrine,
paracrine, juxtacrine) to not only maintain the microenvironment and the proliferation
of cancer cells but also their potential dissemination in the body.

Here are some of the main components of the TME which participate to the formation
and the maintenance of TME.
e Endothelial cells and pericytes:

As the tumor mass is growing, the cells that are in the center of the mass rapidly

lose their access to vascular system and therefore the access of nutrient and oxygen

essential for their proliferation. In response to hypoxia, cancer cells as well as pro-
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inflammatory cells secrete angiogenic factors such as Vascular Endothelial Growth
Factor (VEGF), Fibroblast Growth Factor (FGF) and Platelet-derived Growth Factor
(PDGF) that trigger the recruitment of endothelial cells and pericytes enabling thereby
neo-angiogenesis supporting tumor growth (Carmeliet and Jain 2011; Farc and
Cristea, 2020). Tumor-induced angiogenesis forms disorganized leaky vessels that
present abnormal characteristics (in the branching structures and the lumen) and are
more permeable (Palma et al., 2017). Consequently, flow is highly perturbed in TME
and there is an increased plasma leakage in extracellular space (Follain et al., 2020).
Additionally, lymphatic endothelial cells (LEC) and lymphangiogenesis are also
stimulated in TME via VEGF-C and VEGF-D signals (Stacker et al., 2014), particularly
at the tumor periphery (Pathak et al., 2006). These conditions promote the apparition
of a high interstitial fluid pressure (IFP) in the center of the tumor and lower IFP at the
periphery, thereby creating a gradient that drives interstitial fluid from the center to the
tumor periphery, facilitating its lymphatic drainage (Follain et al., 2020) (Figure7). This
convective flow is thought to impair drug distribution inside tumor in therapeutic
approaches and has been suggested to promote the dissemination of cancer cells
(Cornelison et al., 2018; Pereira et al., 2018), tumor-derived soluble factors and
importantly, EVs (see section 2.2), through vascular systems, potentially promoting
cancer progression (Follain et al., 2020) (Figure7). In the TME, pericytes that normally
support the structural integrity of blood vessels, are in less abundance, adding to the
overall fragility of newly formed vessels integrity (Balkwill et al., 2012). Beside their
cancer promoting effect associated to their impact on blood vessel integrity, pericytes
can also promote cancer progression through direct and indirect interaction with other
stromal cells and cancer cells (Sun et al., 2021; Lechertier et al., 2020). It was recently
described that pericyte-derived chemokine (CCL2) promotes tumor cell survival and
growth through induction of MEK1-ERK1/2-ROCK2 signaling pathway (Wong et al.,
2020). Pericytes were also suggested to have immunosuppressive effects, for instance
by recruiting tumor-associated macrophages (Sun et al., 2021)
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Figure 7: Lymphatic drainage at the tumor site. Aberrant and permeable blood vessels in the
tumour microenvironment increase continuous plasma leaking. Intratumoral compression of
lymphatic vessels prevents efficient draining of this plasma causing high interstitial fluid pressure
(IFP) within the tumour. Tumour-induced lymphangiogenesis enhances lymphatic vessel formation
at the tumour periphery, creating a gradient of IFP from the center of the tumour mass toward the
periphery. Interstitial fluids and soluble factors that it drains (including tumour derived factors and
tEV), reach the lymphatic system driving them to lymph nodes. The lymphatic system will then,
recycle lymph, re-injecting it into the blood compartment via the subclavian veins. The gradient of
IFP in tumour microenvironment enhance soluble factors and tEVs drainage by lymphatic vessels,
which is thought to facilitate their dissemination and their capacity to reach blood compartment. The
second route for tEV to reach the blood will be the direct reabsorption of interstitial fluids by blood
vessels, which can be facilitate by enhanced permeability and abnormal vessels in the tumor
microenvironment. Extracted from Follain et al., 2020

e Immune cells:
Almost all immune cell types (adaptive or innate) can be found in the vicinity of TME,
either inside the tumor mass, at the periphery or in draining lymph nodes. Depending
on the stage of the disease and the immune cell types considered, they can have
contradictory roles either promoting or inhibiting disease progression.

For instance, T lymphocytes involve multiple subtypes that have different, and
sometime opposite, effects on tumor progression (Balkwill et al., 2012). For instance,
cytotoxic CD8+ memory T cells and CD4+ T helper1 are thought to have an anti-tumor
effect (Fridman et al. 2012). By contrast, T regulatory (Treg) cells, similarly to CD4+ T
helper2 are rather immunosuppressive, decreasing anti-tumor immune response and

promoting tumor progression (Ohue and Nishikawa, 2019). Similarly, B cells play
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antagonist roles in tumor progression according to their subtypes and to tumor types,
thereby correlating with either good or poor prognosis in clinic. On one hand, they have
pro-tumorigenic effects promoting for instance angiogenesis through the secretion of
Transforming Growth Factor beta (TGFB) and tumor necrosis factor (TNF), (Schwartz
et al., 2016). On the other hand, B cells also have anti-tumor effects for instance by
inducing the lysis of cancer cell types via secretion of TNF-related apoptosis-inducing
ligands (TRAIL) and granzyme B (Shi et al., 2013).

Innate immunity also plays an important role in TME and involves different
actors such as dendritic cells (DC), macrophages and natural killer (NK) cells that all
communicate together and with the other components of the TME (Balkwill et al.,
2012). DC have mainly anti-tumor effects (immune surveillance) and their presence
often correlates with good prognosis. Macrophages recruited in the TME, coming from
either monocyte precursors or tissue resident macrophages, can undergo
modifications and become tumor associated macrophages (TAM). They are usually
classified in 2 main subtypes having opposite effects on tumor: “M1” TAM are anti-
tumorigenic through the secretion of pro-inflammatory molecules such as IL-12 and
TNFa, while “M2” TAM are pro-tumorigenic by triggering angiogenesis through the
secretion of VEGF or by modulating anti-tumor immune responses by secreting
immune suppressive cytokines (Liu et al., 2020; Biswas and Mantovani, 2010). M1
TAM are usually more abundant in the TME at the beginning of the tumor development,
however throughout the establishment of the tumor and its escape from immune
surveillance they tend to switch to an M2 phenotype (Quail and Joyce, 2013). However,
the M1-M2 classification is highly debated in the immunology field, because the
underlying mechanisms and the characteristics of these phenotypes are not well
understood and rather plastic. Finally, NK cells present in the TME have the capacity
to recognize and directly eliminate cancer cells by secreting granzymes and perforins
and are thereby one of the key actors of cancer immune surveillance. However, several
factors secreted in the TME such as TGF3 and IL-6 can impair the effector function of
NK cells by preventing their activation (Sungur and Murphy, 2014). More recently,
unconventional role of these cells was reported. Via Interferon y (IFN y) signaling, NK
were shown to promote fibronectin production from melanoma cells which stiffens the

ECM and was suggested to prevent metastatic progression (Glasner et al., 2018).
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e Cancer associated fibroblasts and Extracellular matrix:

Cancer associated fibroblasts (CAF) represent the most abundant component
in the TME. Although the origin of CAF remains poorly understood, several studies
described that CAF could derive from different cell types including resident fibroblasts,
bone marrow-derived mesenchymal stem cells and endothelial cells (Sahai et al.,
2020). CAF promote tumor progression by triggering multiple events including
angiogenesis, epithelial-to-mesenchymal transition (EMT), immune response
modulation and ECM remodeling (Sahai et al., 2020; Balkwill et al.,2012). Moreover,
they are the main producers of ECM molecules, shaping a complex network composed
of proteoglycans and fibrous proteins including collagens, fibronectin and laminins.
Beside the role of ECM as physical scaffold supporting cells, the remodeling of the
extracellular matrix in the TME can promote tumor progression. For instance, ECM can
be degraded by proteases including matrix metalloproteinase (MMPs) and a disintegrin
and metalloproteinase (ADAMSs) secreted by different cell types such as CAF and
cancer cells. The proteolytic degradation of ECM molecules can then facilitate cancer
cell migration and release ECM-binding soluble signaling molecules (e.g growth

factors), leading to their activation (Lu et al., 2011).

2
1
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ECM
DC MDSC LT LB TC EV  components
TAM NK Pericyte CAF Soluble  Neutrophils

factors

Figure 8: Simplified scheme of the metastatic cascade multiple steps. 1) Malignant cells invade
their stroma. They breach through the vascular endothelium via a process called intravasation (enhanced
by increased vascular permeability and fragility of at tumor site). 2) In the circulation, part of them survive,
avoid immune surveillance and disseminate to distant organs. 3) Circulating Tumor Cells (CTCs) can
adhere to vessels walls using adhesion molecules to resist blood flow or mechanically stop due to vessels
architecture. Arrested CTC can cross the endothelial barrier (process called extravasation), reach stroma
of specific distant site called a pre-metastatic niche (PMN) and form a secondary tumor called metastasis.
During PMN and metastasis formation soluble factors and extracellular vesicles play a crucial role, for
instance by recruiting cell that will enhance these processes or by remodelling the extracellular matrix.
DC: Dendritic cells; MDSC: Myeloid-Derived suppressor cells; LT: Lymphocytes T; LB: Lymphocytes B;
TC: Tumor cells; NK: Natural Killer; ECM: Extracellular Matrix. EV: extracellular vesicles.
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2.2. The metastatic cascade

The metastatic cascade (Figure 8) represents the different steps enabling the
progression of cancer disease from an in situ primary tumor to the dissemination of
cancer cells to distant organs establishing thereby new tumor foci.

e Invasion step:

After the proliferation of initial cancer cells, some of these cells can undergo
different processes conferring them migratory and invasive properties. In epithelial
tumors one of these processes is called the epithelial-to-mesenchymal transition
(EMT) that is triggered by different signaling pathways such as TGF@ and Wnt. One
characteristic of this transition is the modulation of cadherin expression, notably the
decrease of E-cadherin for the benefit of N-cadherin expression, enhanced expression
of metalloproteinases and new repertoire of integrins (Dongre and Weinberg, 2019).
In these processes, multiple molecular interactions and chemotactic events mediate
tumor cell invasion. However, biomechanical cues such as cell and ECM stiffness,
deformability, and, in general, the physical forces (e.g. interstitial fluid pressure)
present in the environment play also an important role in the invasion capacities of
tumor cells (Follain 2020; Gensbittel et al 2021).

e Intravasation:

Intravasation defines the process by which cancer cells pass through the
endothelial barrier (lymphatic or blood vessels) and reach the vascular system. This is
facilitated by the leaky vasculature presents in TME and its high permeability. Tumor
cells that are present in vessels are called circulating tumor cells (CTC). CTC must
survive a lot of different stresses including hemodynamic flow, death by loss of
attachment (anoikis), shear stress and immune surveillance by NK cells. While
reducing drastically the number of CTC, all these events induce a selective pressure
resulting in the survival of the most resistant, resilient and aggressive tumor cells
(Follain et al., 2020; Strilic and Offermans 2017).

e Extravasation:

To escape circulation, CTC that survived in the circulation engage contact with the
vessel wall to counteract blood flow and mechanical constraints (Osmani et al., 2019),
cross the endothelial basal lamina, by diapedesis or endothelial remodeling (Follain et
al., 2018), and invade the stroma to potentially form a secondary tumor. Arrest and
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extravasation form a complex chain of events that is not totally understood involving
not only isolated CTC but also immune cells (e.g. monocytes and neutrophils) (Headley
2016) or clustered CTC. At this step too, the plasticity of tumor cells, the soluble factors
present as well as surrounding cells and the modification of the microenvironment will
allow part of them to either survive and start proliferating or enter dormancy.

e Organotropism and pre-metastatic niche (PMN) formation:

The fact that CTC do not arrest at totally random sites but rather colonize specific
organs depending on the type of cancer is called organotropism (Gao et al., 2019). For
example, breast cancer tends to metastasize in bone, lungs, liver, brain or lymph node
(Chen et al., 2018). Molecular (i.e. CTC-endothelium interactions) and biophysical
cues (hemodynamics forces, flow patterns, vascular architecture, permeability)
determine the site of CTC arrest and therefore contribute to organotropism (Follain et
al., 2020). Additionally, organotropism is explained by the “seed and soil” theory,
proposed in the late XIX" century by Steven Paget (Paget 1989), which states that
metastatic outgrowth occurs in organs with favorable microenvironment. Evidences of
the past 15 years show that factors, including EVs, secreted by the primary tumor, can
modify this microenvironment leading to the formation of the ‘pre-metastatic niche’
(PMN) in target organs.

The PMN (Figure 9) is a microenvironment that underwent series of modifications
before the arrival of tumor cells, ultimately supporting cancer cell seeding and
proliferation. The establishment and properties of PMNs are still not completely
understood for now. Nevertheless, it is known that tumor-derived soluble factors, in
particular tumor EVs, are major actors of PMN initiation (EVs will be discussed in a
next section). For example, MMP family proteins, Angpt14 and Angpt2 secreted by the
primary tumor can trigger the permeabilization of the endothelium and disruption of
endothelial cell junctions at distance, initiating PMN formation. This process facilitates
the crossing of endothelium barrier by tumor cells (Liu and Cao, 2016). Secreted
factors also recruit and activate different types of cells such as myeloid cells and
stromal cells (fibroblasts) that in turn can secret pro-inflammatory molecules including
TGFB, MMPs and chemokines, promoting cancer cell seeding and metastasis
formation (Liu and Cao, 2016). Immune suppression combined with chronic
inflammation at the PMN site favor its establishment and maintenance in time.

Additionally, the remodeling of ECM through molecules such as MMPs and deposition
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of new ECM constituents including fibronectin and tenascin-C promote also PMN
formation (Liu and Cao, 2016) (Figure9).

In this cascade of events EVs and particularly tEVs actively participate to the cross-
communication between all the actors involved (tumor cells, stromal cells, immune
cells, ECM) (Kalluri and LeBleu, 2020; Sheehan and D’Souza-Schorey, 2019). In the
following sections, | will give non-exhaustive examples of their roles in cancer disease
and illustrate that EVs participate at each step of its progression, from the primary site
to the development of metastasis.

Chronic inflammation Immunosuppression
. TNF . MDSC
. S100 proteins . Neutrophile
. IL6, IL8 . PD-L1

ECM remodeling

« Fib ti
0 N:an'gnec 3 Macrophages/TAM MDSC

. Collagen

Neutrophils NK

ECM components tEVs

Fibroblasts/fCAF ~ Tumor derived
factors

Vascular permeability and angiogenesis
+  miR-105
+ VEGFA
0 epiregulin

Figure 9. Scheme of the main characteristics of the pre-metastatic niche (PMN). tEV and
tumor-derived factors can induced changes in distant environments that contribute to the PMN
establishment and subsequent metastatic colonization. tEV were notably identified to fragilize
vascular endothelium, induce ECM remodeling, chronic inflammation and
immunosuppression in distant sites. MDSC: Myeloid-Derived suppressor cells; TC: NK:
Natural Killer; ECM: Extracellular Matrix. tEVs: extracellular vesicles.

36



2.3 EVs in the primary tumor

Pioneer studies showed that inhibiting tEVs secretion directly decreases cancer
progression and metastasis (Bobrie et al., 2012; Peinado et al., 2012; Wang et al.,
2014). In parallel, it was shown that tEVs induce changes in phenotype of stromal and
epithelial cells (Antonyak et al., 2011, Franzen et al., 2015), endothelial cells (Zhou et
al., 2014), and immune cells (e.g. neutrophils) (Hwang et al., 2019) to promote cancer
development and communication between all cell types at the primary tumor site (Yan
et al 2018). This communication notably promotes horizontal transfer of malignant
traits such as migratory, growth capacities or even drug resistance between different
populations of tumor cells in the TME (Al-Nadawi et al., 2008, Lucotti et al., 2022).

e Vascular permeability and angiogenesis (in TME):

In a seminal study, Skog et al showed that glioma-derived EVs enriched in angiogenic
proteins could induce pro-angiogenic behaviors (i.e. formation of tubules) in endothelial
cells in vitro (Skog et al, 2008). More recently, it was shown that colorectal
adenocarcinoma-derived tEVs (from SW480 cells) promote angiogenesis in vitro and
in vivo at the site of injection. They trigger an early growth response-1 (EGR1)
activation of the endothelial cells through ERK1/2, JNK dependent signaling enhancing
their migratory behavior (Yoon et al., 2014). In addition, it was also reported that Piwi-
interacting RNA (piRNA, piRNA-823) transported by tEVs coming from multiple
myeloma cells participate not only to angiogenesis activation in endothelial cells in the
TMN but also acquisition of malignant traits such as invasiveness and support tumor
progression in vivo (Li et al 2019). Finally, it was suggested that tEVs produced in
hypoxic environments, are even more pro-angiogenic compared to control tEVs,
suggesting that tumor environment mediates the production of tEVs with specific
features (Mao et al., 2019). Overall, EVs are important transporters of pro-angiogenic
factors (e.g. miRNA, ANGPT2, E-cadherin) that can be transmitted to receiving cell
(e.g. endothelial cells) or act on the ECM to increase angiogenesis in the primary tumor
microenvironment (Umezu et al, 2014; He et al., 2019; Xie et al., 2020; Tang et al.
2018). Although tumor-related angiogenesis forms leaky vessels, tEVs are also able
to directly increase vascular permeability by transferring RNA material in endothelial
cells, disrupting the cell-cell junctions in the TME (Zhou et al., 2014; Tominaga et al.,
2015; Treps et al., 2016).

37



Altogether these studies highlight the role of tEVs in neo-angiogenesis and vascular
permeabilization thereby promoting cancer progression at the primary site.
e CAF and EVs mediated communication (in TME):

EVs mediated transfer from CAF to tumor cells support pro-tumoral
mechanisms. For instance, CAF-derived EVs can transfer Galectin-1 protein in cancer
cells increasing their migration capacities (Toti et al 2021). In addition, miRNA
(including miR-21, miR-378e and miR-143) delivered by CAF-derived EVs into breast
cancer cell lines increase their stemness, EMT markers and anchorage-independent
growth enhancing their aggressiveness (Donnarumma et al., 2017). In breast cancer,
CAF-derived EVs can also have an immunosuppressive effect, increasing PD-L1
expression in breast cancer cells via transfer of miR-92 (Dou et al., 2020).

Conversely, tumor EVs can also impact fibroblasts and CAFs. Tumor EVs from
gastric cancer can induce the apparition of distinct populations of CAF expressing
different chemokine signatures. This participates to the heterogeneity of cancer-
associated stromal cells and could support tumor growth (Naito et al., 2019). TGFR
signaling plays an important role in EVs-mediated communication between CAF and
TME. It was shown that TGFR transferred by bladder tEVs to normal fibroblasts triggers
their differentiation into CAF via activation of SMAD pathway (Ringuette Goulet et al.,
2018). A recent study showed that mutant p53 protein selectively loaded into tEVs can
induce fibroblast differentiation into CAF that supports tumor growth in vivo (Ma et al.,
2021). Finally, it was also shown that hepatocellular carcinoma EVs induce the
transformation of hepatocyte stellate cells into CAF that supports cancer progression
(Zhou et al., 2018). Of note, tEVs can also induce fibroblast differentiation into
myofibroblast, promoting angiogenesis in vitro and tumor growth in vivo (Webber et
al., 2010; Webber et al., 2015).

e Effect on immunosuppression and Tumor-Associated Macrophages
communication (in TME):

At the primary site, tEVs were shown to transfer miRNA (e.g. miR1246) to
macrophages, that leads to their reprogramming as tumor-associated macrophages
(TAM) which secrete TGF3 promoting immunosuppression (Cooks et al., 2018).
Additionally, EVs from osteosarcoma were shown to induce the secretion of TGFR2 by
TAM, inducing M2 phenotype and immunosuppressive environment suitable for tumor
growth (Wolf-Dennen et al., 2020). Another study showed that in hypoxic lung cancer
EVs can transfer miR-103a inducing activation of AKT and STAT3 signaling and
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inducing thereby polarization of macrophages into M2 TAM (Hsu et al., 2018). Finally,
an interesting study is proposing a new model to explain tEVs spreading (Umakoshi et
al., 2019). It shows that TAM can serve as a kind of shuttle for tEVs, helping to transfer
tEVs and tEVs-contents in distant stromal cells to enhance the establishment of a pro-
tumoral environment.

Besides their effect via TAM, tEVs can enhance the establishment of an
immunosuppressive environment through the presence of PD-L1 at their surface that
can inactivate T cells (Poggio et al., 2019; Chen et al., 2018). It was suggested that
PD-L1 presence at EVs surface is mediated by an Alix protein-dependent secretion
pathway in breast cancer cells which also directly inversely impact PD-L1 levels at the
plasma membrane of cell. This suggests that cellular- and EVs-associated PD-L1-
mediated immunosuppression are closely related but their impact on tumor
immunosuppression regarding each other remains to be investigated (Monypenny et
al., 2018).

o Effect on extracellular matrix (in TME):

EVs-mediated ECM remodeling can promote local tumor invasion. For instance, tEVs
cargo such as membrane-type 1 matrix metalloproteinase (MT1-MMP) facilitate the
degradation of ECM, and thereby the invasiveness of cancer cells (Clancy et al., 2015).
EVs-associated MMPs were shown to be able to degrade type 1 collagen and gelatin
(Hakulinen et al., 2008). Additionally, tEVs secretion mediates the formation of
invadopodia, an actin-based structure specialized in invasion that releases proteinases
(Hoshino et al., 2013). This study showed an important and synergic link between tEVs
secretion, invadopodia formation and maintenance and secretive activity, which
generally participate to facilitate tumor cell invasion.

Overall, these examples illustrate the diversity of pro-tumorigenic mechanisms

and affected cell types that are mediated by tEVs within the TME.

24 EVs-mediated organotropism

e Actors of tEVs organotropism:

The key feature of EVs is their long-range capacity of action by dissemination.
Thereby, tEVs research dramatically caught attention when they were described to
enhanced PMN establishment and metastatic development (Peinado et al., 2012,
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Costa-Silva et al., 2015, Hoshino et al., 2015). As for cancer cells, it has been
shown that tEVs biodistribution and accumulation in organs is not a random nor
passive process. Their organotropism, similar to CTC, is thought to be regulated by
two main features: biophysical cues (e.g. hemodynamic profiles) and
chemical/molecular cues. The biophysics aspect and pattern of EVs and tEVs
biodistribution and their behavior in body fluids will be discussed in more details
later.

tEVs accumulation in organs depends on tEVs origin, their membrane
receptor/protein repertoires, and their glycosylation (Hoshino et al., 2015, Wu et al.,
2020, Nishida-Aoki et al., 2020) However, it has been reported that, in experimental
models the route of tEVs injection also impacts distribution and this limitation would
need to be addressed in the future (Gupta et al., 2020).Yet, their biodistribution
reflects organ-specific metastatic behavior of their secreting tumor cells (Wu et al.,
2020; Gerwing et al., 2020; Peinado et al., 2012; Hoshino et al., 2015; Xu et al.,
2018). This organotropism depends on adhesion proteins present on tEVs. For
instance, integrins (ITG) a634/ a6R1 and aVR35 were respectively associated with
lung and liver tropism of tEVs, driving subsequent metastasis in these organs
(Hoshino et al.,, 2015; Armacki et al., 2020). Additionally, it was shown that
knockdown of lung-tropic proteins (Slco2a1 and CD13) redirects tEVs that normally
accumulate in the lung to heart and kidney (Wu et al., 2020). CD44v6 and Tspan8
on pancreatic and colorectal tEVs were shown to mediate the transfer of pro-
tumoral characteristics (anti-apoptotic, migratory, invasiveness) to other cells
(Wang et al. 2016, Wang et al, 2019). This suggests that different
proteins/receptors play a role in tEVs/recipient cell interactions and more details
will be given in section 5.

e Therapeutical approaches:

Some studies already pinpoint the possibility to target these interactions to
impact tEVs-mediated progression of cancer. For example, breast cancer-derived
tEVs treatment with specific anti-CD9 and anti-CD63 antibodies decreases
metastasis burden in lung, lymph node and thoracic cavity, accompanied by an
increased antibody treated-tEVs uptake by macrophages. The authors suggest that
their treatment could promote tEVs clearance by macrophages thereby
counteracting the establishment of metastasis (Nishida-Aoki et al., 2017). This

study suggests that targeting surface molecules could help to limit the pro-
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metastatic effect of some tEVs. However, for most of the receptors identified their
associated ligands remain unknown in the context of tEVs organotropism and PMN
formation. Our fragmented knowledge on this subject makes therapeutic
application difficult so far.

Overall, these studies highlight the importance of tEVs surface molecules and
their accumulation in metastatic-prone organs. Accumulation of tEVs at these sites
is most of the time of bad prognosis as tEVs could favor the apparition of the PMN
and subsequent metastasis in these locations. Therefore, understanding the
molecular actors and the role of fluidic physical forces in tEVs distribution is a
fundamental question that needs to be further addressed and constitutes the center

of my PhD project.

2.5 Effect of EVs at the future metastatic site

In the same ways as tEVs modify the primary tumor, tEVs can also impact
distant site. One major difference is that the effect of tEVs can arise before the
arrival of any CTC. Hence, it is admitted that tEVs participate actively to the
establishment of the PMN (Costa-Silva et al., 2015; Henrich et al., 2020; Peinado
et al., 2017). As tumor secreted factors, tEVs participate to the “soil” preparation,
acting on cellular and molecular actors of the metastatic niche. However, it is
important to keep in mind that their actions are also likely to take place
simultaneously to metastasis growth, once the secondary foci are on development.
e Vascular permeability and angiogenesis (at PMN):

Tumor EVs can weaken the endothelial barrier, increasing its leakiness and
permeability at PMN. For instance, tEVs from melanoma cells can increase lung
vascular permeability (Peinado et al., 2012) and hepatocellular carcinoma tEVs
were shown to reduce VE-cadherin and ZO-1 expressions in non-cancerous region
of the liver (Yokota et al, 2021). Different non-coding RNAs transported by tEVs
(e.g. miR-105, miR-25-3p, miR-181c, circRNA) were shown to mediate this
increases vascular permeability in breast, colorectal, brain and pancreatic
metastasis models (Zhou et al., 2014; Zeng 2018; Tominaga et al. 2015, Li et al.,
2018). In addition to RNA, protein cargo, such as semaphorine3A, epiregulin,
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VEGFA were also shown to increase vessel permeability via tEVs transfer (Treps
et al., 2016; Treps et al., 2017; Yang et al., 2017).

tEVs also induce neo-angiogenesis and lymphangiogenesis at distant sites
before the arrival of CTC, for instance in lymph nodes (Garcia-Silva et al., 2021).
For instance, tEVs cargo CEMIP, VEGF and epiregulin were shown to trigger
angiogenesis and endothelial remodeling in brain and lung PMN (Rodrigues et al.,
2019; Treps et al., 2017; Yang et al., 2017). In addition, miR-221-3p from cervical
squamous carcinoma cell-derived EVs was shown to promotes lymph node
lymphangiogenesis by inhibiting vasohibin-1 in human lymphatic endothelial cells
(HLECs) and enhance metastasis (Zhou et al. 2019).

Overall, increased permeability, neo-angiogenesis and lymphangiogenesis
(Stacker et al., 2014) participate to tumor cell dissemination and these newly
formed vessels display structural and functional defects promoting subsequent
CTC extravasation and invasion at future metastatic sites.

e CAF and EVs mediated communication (at PMN):

tEVs can regulate CAF at PMN. Studies identified that tEVs from hepatocellular
carcinoma can transform fibroblast to CAF in the lung by using a miRNA (miR-
1247-3p) dependent mechanism, 31-integrin/NF-kB signaling pathway (Fang et al.,
2018). Moreover, CAF-derived tEVs from the primary site participate to the niche
establishment and maintenance. It was shown that CAF-derived tEVs activate
resident lung fibroblasts at distant site, enabling matrix remodeling, facilitating PMN
formation and subsequent metastasis in lung (Kong et al., 2019).

Other cells can also be modified through tEVs-mediated signaling. It was shown
that prostate cancer tEVs, breast cancer tEVs or EGFR-loaded gastric cancer tEVs
can respectively modify bone marrow stromal cells, osteoblasts, osteoclasts and
liver stromal cells, promoting bone or liver metastasis (Dai et al., 2019; Li et al.,
2019; Yuan et al., 2021; Zhang et al., 2017). Recent study reported that tEVs from
melanoma cells can educate normal lung cells, downregulate type | interferon
receptor and cholesterol 25-hydroxylase which promotes PMN formation and
melanoma lung metastasis (Ortiz et al., 2019).

e Effect on the inflammation and immunosuppression (in PMN):

Overall, it was shown that tEVs at the PMN trigger signaling cascades that

induce the establishment of an inflammatory environment attracting tumor

supporting cells. For instance, tEVs from metastatic melanoma cells increase the
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expression of TNF, S100A8 and S100A9 in lung PMN (Peinado et al., 2012). These
molecules activate pro-inflammatory gene signatures in lung fibroblasts and
astrocytes, promoting lung and brain metastasis, respectively (Gener Lahav et al.,
2019). Another recent study showed that in colorectal cancer, primary tumors
secrete ITG beta-like 1-enriched tEVs in circulation that stimulates an NF-kR
signaling pathway which activates fibroblasts and induces the secretion of pro-
inflammatory cytokines (IL-6, IL-8) in distant organs, contributing to PMN formation
(Ji et al., 2020).

Besides inflammation, tEVs also mediate recruitment of immune cells at the
PMN to promote an immunosuppressive environment. For instance, pancreatic
cancer derived tEVs were reported to induce the recruitment of macrophages and
granulocytes in liver participating to PMN establishment (Costa-Silva et al., 2015).
Moreover, it was found that tEVs also promote the accumulation of myeloid-derived
suppressor cells (MDSC), directly inhibiting T-cell growth and decreasing NK cell
cytotoxicity in PMN (Wen et al. 2016). Additionally, it was reported that melanoma
tEVs contain small nuclear RNA that can promote PMN in the lung through TLR3
activation and the release of cytokines leading to the recruitment of neutrophils.
These neutrophils can alter their polarization displaying then tumor promoting
effects (Liu et al. 2016). Besides tEVs role in the recruitment of immune cells within
the PMN, they also play a role in the immune escape. Similarly, to what was
described for the primary TME, PD-L1-mediated immunosuppression also impacts
PMN. It was found that systemic presence of PD-L1 onto EVs from the circulation
positively correlates with metastatic burden in patients. Hence, PD-L1 from EVs in
the circulation impairs immune response and enhances metastasis formation
(Chen et al., 2018).

Altogether, the inflammatory status of PMN combined with the establishment of
an immunosuppressive environment mediated by tEVs, participate to the formation
of a permissive “soil” for secondary tumor formation, survival, and growth.

o Effect on extracellular matrix:

Once tEVs reach the PMN, they can remodel the ECM network (Mu et al. 2013;
Medeiros et al. 2020). Besides their capacity to transport MMP and degrade the
matrix (Sung et al., 2021), EVs can also carry ECM molecules such as fibronectin
and transfer it to recipient cells or to the new environment (Antonyak et al., 2011;

Sung et al., 2015), modifying the PMN. They can also alter secretion of ECM
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molecules by ECM producer cells. For instance, tEVs containing mutant p53,
modify fibroblast phenotype to produce abnormal ECM with different organization
and composition (Novo et al, 2018). EVs from pancreatic cancer cells contribute to
ECM remodeling at the liver PMN by transferring migration inhibitory factor (MIF)
to Kupffer cells inducing release of TGF-B, which in turn promotes collagen |
deposition and production of fibronectin by hepatic stellate cells. (Costa-Silva et al.
2015). Another study from the same group also showed that the uptake of breast
cancer EVs by lung fibroblasts stimulates their activation and fibronectin secretion
(Hoshino et al. 2015).

These studies highlighted the important role of tEVs in ECM remodeling at PMN
which supports tumor cell invasion, seeding, resistance to apoptosis and,

ultimately, enhances metastasis development.

These selected examples illustrate well the various aspects of EVs in
physiological and pathophysiological contexts and particularly their action at
distance from the secreting site. In cancer, this feature is paramount for their
involvement in PMN establishment at distance from the primary tumor (Gao et al.,
2021). A last but, striking example, is the capacity of breast cancer cell tEVs to
reprogram glucose metabolism in non-tumor cells at distant sites (i.e. lung and
brain). TEVs decrease their capacity to uptake glucose, increasing available
nutrients for subsequent cancer cells, thereby, promoting PMN establishment and
metastasis (Fong et al., 2015).

While | tried to give an overview of their function through selected examples
(particularly their role at distance), there are multiple other cellular processes
regulated by long-range tEVs communication. Yet, the different underlying
mechanisms involved are not well known. Depending on the secreting cells, EVs
can have antagonist roles in given context which makes their study even more
difficult. For instance, they are also involved in tumor dormancy and were described
to trigger both, maintenance and awaking processes on tumor cells (Ono et al.,
2014; Bliss et al., 2016; Walker et al., 2019). Better understanding of these
mechanisms could shed light on tumor cell immune escape and cancer relapse
after years of latency, which is one of the major issues in this disease. In addition,
EVs functions can also differ from the one attributed to their parent cells. For
instance, if TAM are usually considered as pro-tumorigenic (because of their
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immunosuppressive properties), their EVs could have on the contrary tendency to
activate immune response by stimulating T cell activation and proliferation,
suggesting opposite roles between TAM and TAM-derived EVs (Cianciaruso et al.,
2019). These differences are thought to be closely linked to their origins and their
biogenesis processes. The diversity of EVs populations is correlated with the
diversity of production and secretion pathways that are better understood and

characterized each year.

3. Extracellular Vesicles biogenesis and secretion

3.1. Terminology

The name “Extracellular vesicles” refers to a wide variety of vesicles composed
by a lipidic membrane from cell origin and with a diameter that varies between 10nm
to several um. Recently, the name “extracellular particles” was proposed to include
non-vesicular nanoparticles produced by cells such as the recently identified
exomer subpopulation. As | previously explained the main subtypes of EVs and
their origin (Figure 2), in the following section, | will briefly discuss the different
biogenesis mechanisms and their regulation. | will use the term “EVs” to generally
refer to vesicles, the term exosomes to refer to endosomes-derived vesicles and
microvesicles (MV) to refer to plasma membrane derived veiscles, as it is advised
by the community in the MISEVs recommendation (Théry et al., 2018).

3.2. Biogenesis and secretion

Exosomes biogenesis depends on multivesicular body (MVB) formation and
regulation in secreting cells. The MVB is a late endosome formed during maturation
of the endolysosomal pathway, which can ultimately fuse with lysosomes for
degradation (Scott et al., 2014). Its characteristic structure is easily recognizable
on electronic microscopy images (Figure 10). During MVB formation, small
invaginations bud within the lumen and form the intraluminal vesicles (ILV). Thus,
ILV (future EVs) cargo proteins depend on their trafficking to late endosome. Part
of these proteins are coming from Golgi apparatus after post-translational

modifications, from plasma membrane after internalization and recycling, or from
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cytoplasm. In the context of EVs secretion, MVB are redirected to the plasma
membrane, fuse with the plasma membrane and release ILV in the extracellular

space, which become exosomes.

Intraluminal vesicles

/

Figure10: Different types of MVBs and endolysosome seen by electron microscopy in the
worm C. elegans. Specific structures of intracellular compartments are seen: intraluminal vesicles
in MVB and multiple membrane containing endolysosome. Extracted from Hyenne et al., 2015.

The formation of ILV is controlled by ESCRT-dependent pathways and ESCRT-
independent pathway (Kowal et al., 2014; Van Niel et al., 2018; Mathieu et al.,
2019). ESCRT machineries are groups of proteins formed by regulated assembly
sequence of several subunits that makes up the ESCRT complex. In ESCRT-
dependent pathway, ESCRT-0 (STAM1/2, HGS), -l (TSG101), -Il (VPS22), -lII
(CHMP4), Alix, VPS4, VTA1 and eventually syndecan, syntenin and VPS32
proteins are sequentially recruited. A regulated cascade of events involving these
proteins controls protein sorting in ILV and their formation in the MVB (Baeitti et al.,
2012; Schoneberg et al., 2017; Wenzel et al., 2018). It was shown that impacting
expression of these machinery components not only modulates exosome
secretion, but also affects their cargo load (Colombo et al., 2013; Larios et al.,
2020), showing the role of these molecules in both biogenesis and cargo sorting of
exosomes (Figure 11).

ESCRT-independent pathways were identified since depletion of all ESCRT
complexes does not totally impair ILV formation (Stuffers et al., 2009). Other
molecules/proteins maintain and control the production of exosomes in absence of
ESCRT complexes. For instance, the tetraspanin CD63 (Stuffers et al., 2009; Edgar
et al., 2014; Van Niel et al., 2011) and the small GTPase Rab31 (Wei et al., 2021)
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participate to ILV formation and CD9, CD82, CD81 (van Niel et al., 2018;
Chairoungdua et al., 2010; Luga et al., 2012) are more dedicated to sorting of
proteins in late endosomes/ILV. Of note, Ral-1in C. elegans, a Ras related GTPase
homolog to Ral proteins in mammals, was also identified to play a role in ILV
generation, MVB transport and EVs secretion (Hyenne et al., 2015). Similarly,
sphingomyeline, ceramide, lysobiphosphatidic acid (LBPA), and lipid-raft play a
role in different biogenesis mechanisms described as lipid-dependent biogenesis
pathways (Trajkovic et al., 2008; Kajimoto et al., 2013; Valapala et al., 2011; Egea-
Jimenez and Zimmermann, 2018; Larios et al., 2020; Wei et al 2021). Although
Syndecan, Syntenin, and Alix proteins were shown to take part in ESCRT-
dependent mechanisms in ILV formation and cargo sorting (Baietti et al., 2012;
Larios et al., 2020), they also function independently of ESCRTcomplexes, through
the syndecan-syntenin-alix pathway (Friand et al., 2015; Ghossoub et al., 2014,
Leblanc et al., 2020) in which tetraspanin TSPANG6 negatively regulates exosome
biogenesis (Ghossoub et al., 2020). (Figure 11).

Once ILVs are formed, MVBs can be transported to the plasma membrane in a
process controlled by various small GTPases (Figure 11). Rab27a and Rab27b
(Ostrowski et al., 2010; Bobrie et al., 2012; Mathieu et al., 2019) as well as Rab11
and Rab35 (Savina et al., 2005; Hsu et al., 2010) regulate MVB transport, docking
and tethering to the plasma membrane, thereby mediating ILV secretion. More
recently, Rab39 GTPase was shown to control specifically basolateral secretion of
exosomes, and Rab37 apical release in canine kidney epithelial cells (Matsui et al.,
2022).
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Lipid-mediated pathways

ESCRT-independent or
semi-independent
pathways

ESCRT-dependent 3
pathways

Figure 11: Biogenesis of endosomes-derived extracellular vesicles (exosomes) and
plasma membrane-derived vesicles (microvesicles, MV). Exosomes biogenesis follows a
sequence of events: 1. Loading and sorting of protein cargo into EV, 2. Transport to the plasma
membrane and 3. Release by fusion of the MVB with plasma membrane. Biogenesis of
microvesicles requires membrane curvature mediated by cytosqueleton components and
budding of the plasma membrane. Modified from Lucotti et al., 2022.

The last step of exosomes release is the fusion of MVB with plasma membrane.
SNARE (soluble N-ethylmaleimide-sensitive fusion attachment protein receptor, R-
SNARE and Q-SNARE) complex mediates membrane fusion events between
compartments (Yoon and Munson, 2018). Logically, they were also shown to
mediate MVB fusion at the plasma membrane (Koles et al., 2012; van Niel et al.,
2018; Verweij et al., 2018). For instance, Vamp7, YKT6, SNAP23 as well as
syntaxine 4 and syntaxine 5 play a role in EVs release at the plasma membrane in
human cell lines and C. elegans (Palmulli and van Niel 2018; van Niel et al., 2018 ;
Verweij et al., 2018; Hyenne et al., 2015). There is still a lack of knowledge about
how MVB redirection to plasma membrane and ILV release are regulated.
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Cytoskeleton components could play an important role in these mechanisms (e.g.
in MVB docking at plasma membrane) as they regulate organelle positioning and
trafficking inside cells (Granger et al., 2014). For instance, MVB move along
microtubules and actin regulation controls EVs secretion. Cortactin, together with
Rab27a and coronin1b, were shown to mediate MVB and plasma membrane
interaction and EVs secretion (Sinha et al., 2016) (Figure 11).

In addition to biogenesis pathways, the balance between secretion and
degradation regulates EVs secretion. Along the endolysosomal pathway,
endosome acidification increases and ultimately late-endosomes/MVB fuse with
lysosomes for degradation, forming the endolysosome compartment (Figure 10).
It was suggested that EVs biogenesis pathway includes mechanisms to escape this
degradative fate. For instance, knockdown or disruption of V-ATPase protein
impairs the acidification of MVB and increases EVs release (Kozik et al., 2013; Guo
et al., 2017). Similarly, pharmacological inhibition of degradation (e.g. by the use of
bafilomycin A) also increases EVs secretion (Edgar et al., 2016; Villarroya-Beltri et
al., 2016). In addition, V-ATPase regulation on MVB by neutral sphingomyelinase
2 can decrease acidification and increase EVs secretion (Choezom and Gross,
2022). Interestingly, it was shown that impairing lysosomal function via inhibition of
MEK/ERK pathway increases EVs release in cancer cells, suggesting that
lysosomal and degradation escape is a mechanism used by cancer cells to release
more EVs (Hikita et al., 2022). Moreover, loss of sirtuin 1 expression in breast
cancer cells decreases lysosomal acidification and MVB targeting to degradation.
Consequently, these cancer cells release EVs with a unique cargo that can promote
cancer progression (Latifkar et al., 2019). Overall, recent discoveries suggest that
EVs secretion could be tightly linked to MVB acidification and degradation through
the endolysosomal pathways. However, this mechanism is still not well understood.

Compared to exosomes, mechanisms that control ectosomes/microvesicles
(MV) budding from plasma membrane are less known. Outward budding and
membrane scission depend on specific lipids families and enzymes. MVs arise from
membrane domains rich in ceramide and cholesterol that facilitate membrane
curvature (i.e. lipid-raft) (Sedgwick & D’Souza-Schorey, 2018). For instance,
cholesterol depletion decreases MV release (del Conde et al., 2005). Additionally,
enzymes regulating lipids such as flippase, floppases, scramblases or SMase
family enzyme (acid sphingomyelinase, A-SMase) also mediate membrane
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curvature by rearrangement of lipids in the membrane, thus affecting MV formation
and secretion (Al-Nedawi et al., 2008; Piccin et al. 2007; Bianco et al., 2009). More
recently, it was shown that the glycocalyx is also playing a role in membrane
curvature, participating to MV release (Shurer et al., 2019).

Cytoskeleton regulators and cell cortex activity are also important in MV
generation. For instance, ARF6 and RhoA/ROCK signaling control actin
contractility at the periphery of the cell to facilitate MV secretion (Muralidharan-
Chari et al., 2009; Li et al., 2012; Sedgwick et al., 2015). Additionally, Rab35
together with ARF6 regulates fascin proteins that control actin bundling and MV
formation (Clancy et al., 2019) and finally ESCRT-I subunit (TSG101) was shown
to interact with ALIX and ARRDC1 proteins at the vicinity of the plasma membrane
controlling MV release (Nabhan et al., 2012). Interestingly, hypoxia was shown to
trigger MV release in Rab22a dependent mechanism (Wang et al., 2014) opening
questions for hypoxia-induced release of MV in tumor (Clancy et al., 2021). Overall,
current knowledge about MV biogenesis shows that plasma membrane lipids and
the cytoskeleton are the two main actors of MV biogenesis. However, it will need
more studies to fully understand their regulatory mechanisms.

Despite recent discoveries, key questions remain largely unanswered in EVs
biogenesis (exosomes and microvesicles). Firstly, the link between the various
biogenesis mechanisms and the diversity of EVs subpopulations secreted by one
single cell or by different cells is not understood. Secondly, there is no clear idea
on how cell state and extracellular signals control biogenesis pathways and/or
sorting mechanisms. Thirdly, if EVs biogenesis mechanisms seem to be quite
conserved between species (e.g. in yeast, drosophila or C. elegans
(Linnemannstons et al., 2022; Hyenne et al., 2015)), yet we do not know how one
particular pathway is favored compared to another in different
contexts/organisms/cells. Finally, it is thought that biogenesis/cargo sorting
pathways impact the subsequent function of EVs once secreted, but this link is not
understood yet.
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3.3. EVs composition and sorting mechanisms

e Exosomes cargo sorting:

Besides their membrane lipids, EVs contain proteins (including receptors and
surface molecules), enzymes and nucleic acids (Figure 12). Their cargo content
dictates their interactions and their effect on receiving cells as well as on the ECM
(Mu et al., 2013). The cargo can differ depending on EVs origin/subpopulation
(Haraszty et al., 2016; Kowal et al., 2016; Jeppesen et al., 2019),
pathophysiological state of the secreting cells (Hurwitz et al., 2016; Min et al., 2019;
Hoshino et al., 2020) or the metabolic state of the organism (Whitham et al., 2018;
Zhang et al., 2021). For instance, in cancer research, comparison of protein load in
EVs is done to identify distinct EVs proteomes between patients and healthy donors
(Hurwitz et al., 2016; Hoshino et al., 2020). Additionally, this kind of studies showed
that differential protein expression in EVs does not reflect similar variations in the
secreting cells. This supports the idea of selective packaging of cargo into EVs
(Hurwitz et al., 2016).

Protein loading into EVs, particularly into exosomes but not exclusively, are
thought to be mediated by tetraspanins (CD9, CD63, CD81), integrins, syntenin as
well as ESCRT proteins and Alix (van Niel et al. 2018; Andreu and Yanez-Mo6 2014;
Latysheva et al., 2006; Baietti et al., 2012). They control not only the budding of
ILV inside MVB but also loading of proteins inside future exosomes. More recently,
it has been suggested that SIRT proteins (SIRT1 and SIRT2) participate to
exosome biogenesis and cargo sorting (Li et al., 2019; Latifkar et al., 2019; Lee et
al., 2019). Interestingly, Rab31 controls EGFR loading into exosomes after its
phosphorylation during ILV formation (Wei et al., 2021), and TSG101 also controls
E-cadherin recruitment to exosomes through interaction with a late-domain motif in
E-cadherin tail (Banfer et al., 2022). Additionally, post-translational modifications
(e.g. ubiquitination, SUMOylation, phosphorylation glycosylation) also mediate
cargo sorting into EVs (Anand et al., 2019; Carnino et al., 2020).
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Figure 12: Composition of Extracellular Vesicles (EVs). Multiple cargos can be transported via
EV. This scheme represents an overview of the different molecules identified as EV cargo, their
respective presence in EV differ depending on their secreting cells and the type of EV subpopulation.
EV can contain transmembrane proteins (e.g., tetraspanins, glycoproteins and adhesion molecules),
cytosolic proteins (e.g. heat shock proteins (Hsp), cytoskeletal proteins, ESCRT components,
cytokines) and multiple lipids (e.g. cholesterol, ceramides, sphingomyelin, phosphatidylinostol (Pl),
phosphatidylserine (PS), phosphatidylcholine (PC), phosphatidylethanolamine (PE)). Finally, they
can also transport mMRNA, miRNA, non-coding RNA in their lumen (of note, DNA cargo could be
mainly associated with tumor derived EV). Hsc = Heat shock cognate; TSG = tumor suspectibility
gene; TNF = tumor necrosis factor; TGF = Transforming growth factor; TRAIL = TNF-related
apoptosis-inducing ligand; FasL = Fas ligand; TfR = Transferrin receptor. Extracted from Gurung et
al., 2021.

Nucleic acids are also present in EVs. Presence of DNA in endosome-derived
EVs is still debated, as well as its localization (inside or outside EVs) (Lazaro-
Ibafiez et al., 2019) and their consideration as co-isolated contaminant products
rather than a proper EVs cargo (Mateescu et al., 2017; Jeppesen et al., 2019).
However, it could be different in cancer context, as more proofs supporting DNA as
a functional tEVs cargo were reported these last years (Maire et al., 2021; Lucotti
et al., 2022). In contrast, RNA and non-coding RNA cargo are more documented.
There is a large diversity of nature (MRNA, miRNA, ncRNA, RNA fragments etc...)
and function of these RNA (O’brien et al., 2020). Although, functional RNA transfer
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and its effect on receiving cells is now quite documented in different contexts, a
paradox remains, since only an extremely low quantity of RNA, and particularly
mMiRNA, is packed into EVs (Li et al 2014; Cheuvillet et al., 2014; Wei et al., 2017).
Yet, similarly to proteins, RNA cargo in EVs do not necessarily reflects RNA contain
of their corresponding secreting cells, suggesting active RNA sorting mechanisms
in EVs (Leidal et al., 2020). Various proteins, such as nSMase2 (Kosaka et al.,
2013), hnRNPA2B1 ribonucleotide (Villarroya-Beltri et al., 2013), YBX1 RNA-
binding protein (Shurtleff et al., 2017), Ras-MECK network and AGO2 (McKenzie
et al., 2016) or SYNCRIP (Santangelo et al., 2016) were shown to control RNA
sorting into EVs via specific RNA targeting sequences. Interestingly it was reported
that, in cancer cells, miRNA sorting into EVs can be regulated by different
pathways, either selective or non-selective, supporting the idea that a unique cell
can produce different EVs populations with different cargo load (Temoche-diaz et
al., 2019). Recently, it was shown that small sequences of miRNA control their
sorting into EVs (EXOmotifs) or retention into cells (CELLmotifs). The two RNA-
binding proteins Alyref and Fus were shown to control the loading of miRNA into
EVs (Garcia-Martin et al., 2022). Although, this study brought key insights in the
field, RNA sorting into EVs is still far from being totally understood.

Lastly, lipids present in EVs membrane (e.g. phosphatidylcholine (PC),
phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylinositol (P1),
phosphatidic acid (PA), cholesterol, ceramides GM3, sphyngomyeline,
glycosphingolipids) play an important role in vesicles formation, structure,
membrane curvature, trafficking and release (Skotland et al., 2020; Skotland et al.,
2019). Interestingly, it has been shown that there is a specific enrichment in some
lipids (cholesterol, PS, PA) and low levels of other (PC, Pl) in EVs compared to
cells, suggesting a specific selection of lipids (Skotland et al., 2020). However, the
mechanism regulating their incorporation into EVs during vesicle formation remains
unknown.

e microvesicles cargo sorting:

The mechanisms regulating cargo sorting into ectosomes (MV) are even less
understood. However, some key actors were identified. For instance, TSG101
mediates MV release and T cell receptor loading in T cell MV (Choudhuri et al,
2014). Additionally, VAMP3 (a SNARE protein) (together with CD9) and a complex

between ARF6 and Exportin5, were identified in tumor cells to control loading of
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proteins (notably matrix metalloprotease) and nucleic acid (miRNA) respectively,
into MV (Clancy et al, 2015; Clancy et al, 2019). In addition, the small GTPase
Rab22a was found to colocalize with MV in formation, controlling cargo loading into
hypoxic cancer cells (Wang et al., 2014). Another study found that a 25-nucleotide
motif sequence containing short CTGCC sequence in mRNA could mediate their
sorting into MV (Bolukbasi et al., 2012). Cytosolic protein loading into MV requires
interactions between cargo protein and plasma membrane at lipid-rafts location.
Thus, the post-translational modifications that control protein anchorage at the
plasma membrane also control their sorting into MV (van Niel et al., 2018). Yet the
exact mechanisms that control nucleic acid addressing to plasma membrane and
loading into MV is far from being understood entirely.

Identification of EVs cargo and its composition is of uppermost importance as it
will define EVs capacity to interact with their environment and receiving cells,
controlling the organotropism of EVs, their interaction with other molecular actors,
their capacity to disseminate through body fluids and reach their receiving
cells/organs, and ultimately their function at these targeted sites.

4. EVs dissemination, body fluids and biomechanics

4.1 Joining the circulation

After their secretion, EVs are directly exposed to the extracellular space. Their
repertoire of cargo molecules allows them to interact with their surroundings. For
instance, the MMP that they transport can affect the remodeling of the ECM (Hakulinen
et al., 2008; Mu et al., 2013). In addition, tEVs mediate the secretion, recruitment and
regulation of ECM proteins such as laminins, collagen, fibronectine and tenascine C
(Antonyak et al., 2011; Hoshino et al., 2013; Sun et al., 2021). This feature has
dramatic consequences for tumor cell invasiveness at the primary and PMN site (cf
section 2). How EVs are transported from their secretion site to body fluids remains
poorly known, specifically for EVs secreted by deep cell layer in poorly vascularized
regions. In the case of tEVs, the aberrant vasculature (i.e. permeabilized and fragile)
of the TME, could favor their dissemination inside vascular system. Additionally, the
interstitial fluid pressure gradient in the tumor (cf Figure 7) could enhance tEVs
drainage toward peripheral lymphatic vessels (Follain et al., 2020). Thus, two main
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routes could mediate tEVs dissemination at long range scale: the tumoral lymphatic
drainage of interstitial fluids and their passage in blood flow via dysfunctional and
permeable vessels (Broggi et al., 2019; Garcia-Silva et al., 2019; Maus et al., 2019).
Additionally, a more exotic hypothesis could be that EVs use cellular shuttle to reach
circulation. As described before, TAM can transfer tumor cell-EVs components to other
cells of the TME (Umakoshi et al., 2019). However, proper “re-secretion” of intact tEVs
was not described in this study, rather a transfer of material through macrophage
membrane blebs (Umakoshi et al., 2019). This hypothesis is for now quite conjectural
but also very interesting and will be discussed later in section 5.

In the following sections | will discuss EVs present in body fluids and refer to them
as “circulating EVs” by opposition to EVs that act at a local range, near their site of
secretion. For the sake of brevity, | will describe lymph and blood EVs, although EVs
are present in other body fluids (urine, milk, sweat, saliva, tears etc...) in human and
animal models (Karimi et al., 2018; Yanez-M¢ et al., 2015); Butler, Abdelhamed, &
Kurre, 2018; Hoshino et al., 2020, Rikkert et al., 2020, Garcia-Silva et al., 2019, Lasser
et al., 201; Zhao et al., 2020). | will mainly focus on circulating EVs in the context of
cancer. EVs levels are usually elevated in the body fluids of cancer patients (Hoshino
et al., 2020; Rikkert et al., 2020; Garcia-Silva et al., 2019) such that it was suggested
that this parameter could be used for diagnosis (Sabbagh et al., 2020).

4.2 EVs in lymph and lymphoid organs

In organs, interstitial fluid present in between cells is drained by the lymphatic
system, filtered by lymph node, becomes lymph and is reinjected into the circulatory
system. Interstitial fluid drains many different components coming from cell secretions
and cell debris, including soluble factors and more importantly EVs, that could
eventually accumulate in lymph nodes and lymph. Thereby, because of the biophysical
and directional properties of the lymphatic system, when EVs are drained by the lymph,
they first encounter lymphatic vessels and lymphoid organs and therefore likely to
accumulate there. This is facilitated by the interstitial pressure in solid tumors (see
Figure 7) (Swartz and Fleury, 2007; Cornelison et al., 2018). On one hand, these
mechanical properties and flow direction of the lymphatic system facilitate tEVs
interactions with immune cells present in lymphatic drainage organs (Pucci et al.,

2016). These interactions can promote antigen presenting cells to activate immune
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response via EVs-mediated antigen transport (Théry et al 2002), facilitating immune
surveillance (Pucci et al., 2016). On the other hand, accumulation of tEVs in these
location makes lymphatic system and lymphoid organs an early site for PMN and
subsequent metastasis formation (Hood et al., 2011). Supporting this hypothesis,
studies showed an increased accumulation of melanoma tEVs bearing tumorigenic
markers in lymph and lymphoid organs than in blood (Garcia-Silva et al., 2019; Broggi
et al., 2019) and adenocarcinoma, gastric and colorectal cancer tEVs were shown to
induce PMN formation in lymph nodes (Jung et al., 2009; Liu et al., 2016; Sun et al.,
2019). For instance, tEVs expressing CD97 increase the expression of CD55,
CD44v6, CD151, CD46 and EpCam in LN thereby enhancing cell proliferation,
migration and invasion at this site, supporting the establishment of PMN (Liu et al.,
2016). These studies, and others, support the idea that lymph nodes, as the first
draining organs, are privileged locations of tEVs accumulation and tEVs-mediated
PMN formation. Hence, the lymphatic flow direction would be one of the biophysical
parameters that mediate EVs and tEVs biodistribution, controlling apparition of PMN
and secondary tumors (Maus et al., 2019). However, accumulation of tEVs in the LN
does not impair necessarily their further dissemination and it is known that tEVs can
trigger PMN and metastasis formation beyond sentinel lymph nodes, in other more
distant organs (Maus et al., 2019; Broggi et al., 2019). It suggests that lymphatic
circulation could participate to tEVs-mediated PMN formation in lymph nodes, but also
that lymphatic drainage is not the only (biophysical) parameter that mediates tEVs

organotropism, in addition to presumably not being the only route of dissemination.

4.3. EVs in blood

The blood circulatory system is also an important reservoir of EVs from various
origins. Depending on the studies, blood was shown to contain between10° to 102
EVs/mL (Johnsen et al.,, 2019). This concentration varies depending on
(patho)physiological parameters such as physical exercise (Whitham et al., 2018;
Zhang et al., 2021; Denham and Spencer, 2020), disease (notably cancer) (Peinado
et al., 2012; Boulanger et al., 2017; Sabbagh et al., 2021), gender (Toth et al., 2007;
Nielsen et al. 2014) and balance between EVs secretion and clearance (Imai et al.,
2015; Matsumoto et al., 2020). In normal condition, circulatory EVs are mostly coming

from vascular cells. Erythrocytes and platelets (Karimi et al., 2018; Flaumenhaft et al.,
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2010), and monocytes and endothelial cells (Nielsen et al. 2014) were identified as
main producers of circulating EVs. However, it is possible to isolate circulating EVs
from other origins in blood, notably from tumor cells or stromal cells in cancer. Indeed,
tEVs are found in high quantities in blood samples of cancer patients and it is
associated with poor prognosis (Hoshino et al., 2020). For instance, it has been shown
that the concentration of glioblastoma circulating EVs in plasma was higher in patients
compared to healthy donor or patients with other brain lesions (Osti et al 2019). This
concentration decreased upon surgery and tumor removal suggesting that plasma
circulating EVs in the case of glioblastoma can originate from tumor or tumor-
associated stromal cells.

Within the vasculature, EVs can interact with various cell types and blood
components and affect the homeostasis of vascular tracts and notably the coagulation
processes. For instance, pancreatic, glioblastoma and breast carcinoma tEVs
transport pro-coagulant factors (Tissue Factor, P-selectin glycoprotein ligand-1(PSGL-
1), podoplanin) and trigger thrombogenic events when interacting with platelets or
neutrophils (Thomas et al., 2009; Tawil et al., 2021; Gomes et al., 2017; Leal et al.,
2017). Although platelet aggregation is known for being involved in the formation of
PMN (Lucotti et al., 2019), the role of EVs in this mechanism remains to be elucidated.
However, it was shown that, metastatic tEVs can trigger low-density lipoproteins
aggregation and tEVs uptake by monocytes, potentially affecting PMN formation by
immunomodulatory events (Busatto et al., 2020). Overall, circulating tEV interaction
with other cells (and notably the endothelium) is thought to be mediated by cell
adhesion molecules (CAM). For instance, glycoproteins, ITG and other (e.g. ICAM-1)
were shown to mediate circulating tEV interactions within the blood compartment
(Jerabkova-Roda et al., 2022).

44. EVs biodistribution

Despite their relative stability fluids in absence of cells, several papers reported
that circulating EVs have a rather short half-life in circulation. In mice, the majority of
exogenously injected EVs are cleared from circulation after 2 to 10 min (Morishita et al
2015, Lai et al., 2014, Takahashi et al., 2013). It is explained by their rapid
accumulation in two main receiving cell types: patrolling monocytes and endothelial

cells (Imai et al., 2015; Kamerkar et al., 2017; Verweij et al., 2019). This can be in part
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explained by the presence of specific CAM at the surface of circulating EVs. In cancer,
tEVs biodistribution reflects the same organotropism as the secreting tumor cells when
they form metastasis (Wen et al., 2016; Xu et al., 2018, Gerwing et al., 2020; Wu et
al., 2020). Interestingly, injected EVs do not arrest at the first capillary bed they
encounter, but rather colonize specific organ depending on EVs origin, showing a
contribution of specific EVs factors (Gupta et al., 2020; Wiklander et al., 2015). As
discussed before, EVs biodistribution depends on surface molecule repertoire such as
ITG (e.g. a6p4/ a6B1 and av5) and tetraspanins (TSPAN8 and CD151) (Hoshino et
al., 2015; Yue et al., 2015; Wang et al., 2016; Wu et al., 2020; Armacki et al., 2020;
Gerwing et al., 2020) as well as surface glycans and glycosylation status of proteins
(Nishida-Aoki et al., 2020; Williams et al., 2019). Similarly, EVs adhesion molecules
affect their uptake by monocytes. The presence of the transmembrane protein CD47
at the surface of EVs, for instance, precluded their internalization by monocytes
(Kamerkar et al., 2017). Importantly, these CAM-mediated interactions dictate the
function of circulating tEV. For example, CD44 and ICAM-1 at the surface of tEV were
shown to mediate their capacity to form PMN (Jung et al., 2009; Zhang et al., 2022).
Overall, EVs adhesion receptors play an important role in tEVs/cells interactions and
mediate organotropism, biodistribution and function, although the ligands of these
receptors are mostly unknown.

In addition to these mechanismes, it is possible that biomechanical forces, blood
flow and vascular pattern also contribute to EVs organotropism and distribution
similarly to the effect they have on CTCs. Our team and others previously showed
that hemodynamic forces, together with sequential adhesive events, tune CTC arrest
and metastasis formation (Follain et al., 2018; Osmani et al., 2019; Follain et al., 2021;
Follain et al., 2020 Massagué et al., 2016). Particularly, our team identified a flow-
dependent mechanism called endothelial remodeling that mediate CTC extravasation
(Follain et al. 2018). Interestingly, while reduced flow promotes CTC arrest it
decreases their extravasation capacities by impairing endothelial remodeling. On the
contrary, increased flow decreases CTC arrest whereas it promotes CTC
extravasation. Therefore, the permissive range identified in this study describes an
intermediate flow allowing both CTC arrest and extravasation. This study showed for
the first time that hemodynamic forces impact CTC intravascular arrest and
extravasation, guiding thereby CTC and determining their homing. As CTC show

many similarities with circulating tEV regarding adhesive properties (Jerabkova-Roda
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et al., 2022), it is possible that flow-dependent processes also affect circulating tEV
biodistribution, arrets and ultimately, uptake. In addition, several studies showed that
hemodynamic forces (flow speed and shear stress) affect the uptake of synthetic
nanoparticles (NP) of similar diameter to EVs (Bhowmick et al., 2012; Han et al., 2012;
Han etal., 2015). Thus, a balance between molecular and hemodynamic factors could
also control EVs distribution in the vasculature. Yet, the implication of hemodynamics
in EVs biodistribution remains poorly investigated. Only one study, published at the
end of my thesis, address this question (Qin et al., 2022). | will detail this study, as
well as the NP ones in the discussion. Nevertheless, studying the role of
hemodynamics on the uptake of circulating EVs by endothelial cells require to

understand how endothelial cells respond to flow forces.

4.5 Hemodynamic sensing by endothelium

In response to fluid shear stress, the shape of endothelial cells is modified, cells
elongate and orientate along the flow direction. A variety of apical membrane
molecules and microdomains are involved in transducing and converting shear stress
into intracellular signals leading to the activation of multiple downstream signaling
pathways (Yamamoto and Ando, 2018). Among others one can cite ion channels, the
glycocalyx, adhesion molecules and the primary cilia (Ando and Yamamoto, 2013;
Tanaka et al., 2021). Tzima and colleagues showed that PECAM-1, VE-cadherin and
VEGFR2 constitute a mechanosensory complex sufficient to transduce shear stress
by triggering integrin pathway activation and downstream events that mediate
endothelial cell alignment in direction of flow (Tzima et al., 2005). Several studies
showed that shear stress induces the remodeling of actin cytoskeleton and is
associated with modifications of intercellular junctions as well as focal adhesions
(Inglebert et al., 2020; Tanaka et al., 2020; Thi et al., 2004). For instance, endothelial
cell elongation and alignment requires actin assembly at one end of the stress fibers,
leading to their growth, fusion with neighboring stress fibers and their reorientation,
ultimately leading to their protrusion from cell membrane (Noria et al., 2004). The
endothelial glycocalyx was described as another mechanism enabling the transduction
of shear stress and the adaptation of endothelial cells to this stress (Thi et al., 2004,
Tanaka et al., 2020; Wang et al., 2020). Several studies described that upon shear

stress exposure, the endothelial glycocalyx undergoes organizational adaptive
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changes through the synthesis of major glycocalyx structural components (e.g heparan
sulfate, hyaluronan) and associated with actin cytoskeleton modification (Wang et al.,
2020; Zeng and Tarbell 2014). Mechanosensitive channels have also been proposed
as early shear stress transducers. It was for instance shown that potassium and
calcium channels are flow-sensitive channels that trigger nitric oxide production
leading to vasodilation and ultimately decrease wall shear stress (Ahn et al., 2017;
Gerhold and Schwartz, 2016). Endothelial primary cilia are non-motile organelles
protruding from cell apical membrane and have been described to play a role in fluid
shear sensing by transducing extracellular fluid shear into intracellular signaling. It was
shown that the absence of primary cilia in endothelial cells reduces cytosolic calcium
and nitric oxide production that is triggered by fluid shear stress (Nauli et al., 2008;
Gerhold and Schwartz, 2016).

4.6. Technical limitations for circulating EVs studies

Although circulating EVs gained attention these past years, their in vivo study
remains challenging due to the difficulties to monitor them dynamically in circulatory
system. It is particularly difficult to follow with precision a population of EVs throughout
an organism and its accumulation in organs. Thereby, the organotropism and behavior
of these circulatory EVs in fluids is poorly understood. To date, in cancer and tEVs
research, no in vivo model allows to follow entirely and document the fate of tEVs, from
their secretion by an endogenous growing tumor, through their journey to vascular
system, their accumulation in distant organs up to the development of metastasis in
this organ afterwards. Injection of pre-labelled EVs with lipophilic dyes in mice/model
organisms is commonly used to track tEVs in vivo (Wiklander et al., 2015; Wen et al.,
2016; Peinado et al, 2012; Costa-Silva et al, 2015; Hoshino et al, 2015; Rodrigues et
al, 2019). However, the amount of labelled EVs injected, the potential aggregation of
the dyes and their fluorescent half-life, are important limitations and it questions the
physiological relevance of these models. Moreover, to correctly identify organs where
EVs accumulate, mice sacrifice and organ removal is necessary (Wiklander et al.,
2015; Hoshino et al., 2015), thus precluding dynamic in vivo imaging. To overcome
these limitations, several studies used fusion proteins to follow biodistribution of
circulating tEVs using fluorescent, bioluminescence or radioactivity reporters
(Suetsugu et al, 2013; Takahashi et al., 2013; Lai et al., 2014; Morishita et al, 2015,
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Lai et al 2015; Hikita et al, 2018; Zaborowski et al., 2019; Wang et al, 2020). Overall,
these studies show that injected or endogenous EVs and tEVs accumulate rapidly in
the spleen, liver, lungs, pancreas and the gastro-intestinal tracts, and to lesser extent
in the heart, brain and muscles of mice. Many different types of tEVs were also
described to accumulate in the bone marrow, however the proportion in which tEVs
accumulate in these organs/tissues are dependent of EVs-types, methods of injection
and EVs quantities (Gupta et al., 2020). Interestingly, it has been reported that the
biodistribution of small EVs can be affected by the physiological state (for example
sepsis) of the individual (Mirzaaghasi et al., 2021). This characteristic should be
considered in the study of tEVs biodistribution since tumoral burden could affect this
behavior. As another approach, intravital imaging in rodent could be a good way to
visualize EVs in vivo. Yet, it is not an easy handling technic and depends on the
localization of optical windows (van der Vos et al., 2016; Zomer et al., 2015). Another
approach is to use the Cre/Lox system in mice models to visualize EVs dissemination
and investigate the biodistribution of floxed EV reporter (Ridder et al., 2014; Ridder et
al., 2015; Zomer et al.,, 2015; Kur et al., 2020; Bittel 2021). With this approach,
leukocytes, neurons, microglia, and endothelial cells were shown not only to uptake
tEVs but also to express fluorescence suggesting a proper reconstitution of the
Cre/Lox system and proper transfer of tEVs cargo in the targeted tissue (Ridder et al,
2015; Kur et al., 2020; Bittel 2021). Additionally, it was shown that melanoma tEVs can
efficiently transfer Cre RNA in lymph nodes, lungs, and spleen allowing recombination
and expression of the fluorescent reporter enabling to follow tEVs biodistribution
(Zomer et al., 2015). Although these technics allow to study the fate of circulating EVs
at the organism scale in mice, they do not allow to investigate easily circulating EVs
behavior at single vesicle or single receiving level and high spatio-temporal resolution,
highlighting the importance of developing alternative approaches and models.

4.7. Circulating tEVs as diagnosis marker

As circulating EVs can now be isolated relatively easily form body fluid samples
and their content analyzed by lipidomic, proteomic or transcriptomic approaches, they
were suggested to be a powerful tool to detect diseases and classify diseases stage,
notably in cancer (Zhou et al., 2020; Hoshino et al., 2020; Lucotti et al., 2022). It was

suggested that the overall plasmatic concentration in EVs (independently of their
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origin) could be used in clinical diagnosis (e.g. in glioblastoma) (Sabbagh et al., 2020),
as well as the precise analysis of circulating EV cargo composition. For instance, RNA
or protein signature in circulating EVs isolated from patients’ blood sample could help
the detection of different types of cancer such as nasopharyngeal carcinoma,
hepatocellular carcinoma, non-small cell lung cancer or breast cancer (Ye et al., 2014,
Sohn et al., 2015, Liu et al., 2017, Keup et al., 2018, Koi et al., 2020; Hoshino et al.,
2020). A recent study proposed a rapid and feasible procedure allowing the
characterization of circulating EVs from serum of multiple myeloma patients and their
use as biomarker (Laurenzana et al., 2021). However, despite an increasing number
of publications describing circulating tEVs as potential cancer marker, only few have
been approved for clinical use to my knowledge. As an example, the non-invasive
ExoDx Prostate (IntelliScore) (EPI) test has been developed and tested in clinic to
detect specific RNA in urinary exosome. It allows to stratified high from low-grade
prostate cancer and avoid unnecessary medical examination and biopsy (McKiernan
et al., 2018; Margolis et al., 2022). The development of diagnostic tool can be limited
by several reasons. Among others the difficulty to properly purify circulating EVs
populations from body fluids and to remove unwanted contaminants (such as
lipoproteins). Additionally, the heterogeneity of EVs cargo seen in different individuals
also restrains diagnostic tool development. Interestingly, it has been suggested that
the lymphatic exudate of melanoma patients could be a better source of biomarker
than blood, specially at early stages (Broggi et al., 2019; Garcia-Silva et al 2019).

Altogether, it appears that finding more specific markers, or molecular signature
as well as improving protocols for EVs isolation are needed to completely understand
the variation of circulating EVs concentration and cargos upon cancer progression and
metastatic outgrowth.

5. EVs uptake and intracellular fate

5.1. Uptake mechanisms

Until | started my PhD, EVs uptake had never been studied in flow conditions.
Therefore, everything | am describing hereafter come from studies performed in static
conditions. The first step in EVs uptake is the initial interaction/recognition between
EVs and receiving cells. Whether EVs uptake is mostly a specific or a random
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mechanism remains to be fully addressed. However, the specificity of EVs-cell
interactions and cell-targeting behavior of EVs observed in many studies support a
specific process. For instance, EVs derived from oligodendrocytes are specifically
internalized by microglia but not by neurons (Fitzner et al., 2011). Inversely, amyloid
precursor protein-carrying EVs from neuroblastoma cells preferentially accumulate in
neurons compared to glial cells (Laulagnier et al., 2017).

EVs-cell interactions are usually either mediated by direct ligand-receptor
binding or are indirect, with adhesion of EVs to cell-adjacent ECM molecules (e.g.
fibronectin, collagen-I, laminin) facilitating EVs uptake at given sites by specific cells
(Clayton et al., 2004; Sung et al., 2015; Hoshino et al., 2015; Purushothaman et al.,
2016). These interactions happen at the plasma membrane but can also occur at
specialized structures such as filopodia (Heusermann et al., 2016). Moreover, it was
suggested that the dynamic of EVs-cell interaction varies depending on the type of
receiving cells (e.g. between microglia and astrocytes) (Prada et al., 2016). In this
study the fact that microglial cells are macrophages could explain this difference of
uptake. Supporting this, it was shown that macrophages actively internalize EV through
phagocytosis (Feng et al., 2010). Additionally, it was shown that lower temperature
decreases EVs uptake, showing that EVs uptake is an active process requiring energy
(Escrevente et al., 2011; Christianson et al., 2013).

Treatment of EVs or receiving cells by proteinase K was described to decrease
EVs uptake, showing that surface adhesion molecules mediate binding of EVs to
specific receiving cells, thus controlling receptor mediated EVs uptake (Escrevente et
al., 2011). As it was previously mentioned, the presence of some proteins at the
surface of EVs could inhibit their uptake. This is for instance the case of CD47, an ITG-
associated transmembrane protein that can trigger phagocytosis-inhibiting signal
(Kamerkar et al., 2017). Inversely, other key receptors mediate and promote EVs
uptake, such as lectins, integrin (e.g. a4 or B4) and tetraspanins (TSPANS8) (Rana et
al., 2012; Hoshino et al., 2015; Yue et al., 2015). For instance, complexes formed by
these adhesive molecules at EVs surface (e.g. Tspan8-CD49d (ITGa4)) mediate
proper binding and uptake of rat adenocarcinoma tEVs by endothelial cells (Nazarenko
et al., 2010). Additionally, glypican 1 and glycoprotein CD44 were shown to participate
to EVs uptake (Gonda et al., 2019; Melo et al., 2015) as well as the overall
glycosylation status of EVs surface proteins and glycan (Nishida-Aoki et al., 2020;
Williams et al., 2019). Surface molecules on receiving cells also play a role in EVs-cell
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interactions. Interestingly, heparan sulfate proteoglycans at the surface of receiving
cells, but not at the surface of EVs, favor tEVs uptake in glioblastoma cells and
epithelial cells (Chinese Hamster Ovary cells, CHO cells) (Christianson et al., 2013).
Going further, a comprehensive study recently showed that it is ITGB3 on tEVs that
interacts with heparan sulfate proteoglycans on receiving cells to mediate tEVs
internalization and intercellular communication in breast cancer model (Fuentes et al.,
2020). Nevertheless, most of the time corresponding ligands at the surface of cells
often failed to be identified. Better understanding of their nature and identity would
greatly improve our understanding of EVs-cell interactions.

Beside receptor-dependent/ mechanisms, receptor-independent pathways also
play a role in EVs endocytosis and are usually associated with unspecific uptake
events. For instance, macropinocytosis was described to control EVs uptake in bone
marrow-derived mesenchymal stromal cells (BMSCs), human pancreatic
adenocarcinoma and Hela cells (Tian et al., 2014; Kamerkar et al., 2017; Nakase et
al., 2015; Costa-Verdera et al., 2017). Using different pharmacological treatments to
inhibit vacuolar acidification with alkalinizing drugs, it was shown that macropinocytosis
is also involved in oligodendrocytes-EVs uptake by microglia (Fitzner et al., 2011).
Interestingly in this study, inhibition of dynamin 1 and 2 using dynasore also decreases
EVs uptake by microglial cells, suggesting involvement of clathrin-dependent
endocytosis as well. Dynamin and clathrin-dependent EVs uptake were also previously
observed in BMSCs (Tian et al., 2014) and was confirmed more recently in HelLa cells
(Roberts-Dalton et al., 2017).

EVs internalization can also go through clathrin-independent mechanisms. For
instance, caveolae-mediated EVs uptake was described in epithelial cells (Nanbo et
al., 2013) but the role of caveolin-1, important in clathrin-independent endocytosis, is
still not clear and can have both negative and positive effect in EVs uptake (Costa-
Verdera et al., 2017; Svensson et al., 2013; Nanbo et al., 2013). Additionally, the use
of Methyl-B-cyclodextrine to remove cholesterol and alter membrane lipid
microdomains was shown to reduce EVs internalization in endothelial cells suggesting
the implication of lipid-raft-mediated endocytosis (Svensson et al., 2013). Importantly,
it was shown that intact actin cytoskeleton is needed for proper EVs uptake as
cytochalasin D and latrunculin treatment of cells inhibit glioblastoma-derived EVs
internalization by parental cell (Svensson et al., 2013) and leukemia-derived EVs
internalization by macrophages (Feng et al., 2010). Finally, genistein was used to
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inhibit clathrin-independent endocytosis and reduced EVs uptake by human carcinoma
and Hela cells (Horibe et al., 2018; Costa Verdera et al., 2017).

Overall, almost all the main endocytic pathways, including clathrin-dependent
or independent pathways, were described to play a role in EVs uptake, at least partially
(Mulcahy et al., 2014; Adem et al., 2019) (Figure 13). However, depending on the
origin of EVs and the receiving cell types, results were different from one study to the
other. Hence, mechanisms that drive the choice of the endocytic pathways remains
unknown and could depend on many parameters (EVs size, CAM repertoire, type or
physiological state of receiving cell). This multiplicity of possible endocytic pathways
also complicates the study of the molecular actors require for EVs internalization, actin

cytoskeleton coordination and membrane regulation during this process.
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Figure13: Extracellular Vesicles uptake.

Interactions between EV and recipient cells can lead to several outcomes. Fusion events can
happen, releasing EV contents directly into the cell cytosol. A simple contact between EV and cells
can also triggers signaling (e.g. through cytokines present at the surface of EV, or specific ligands
such as PD-L1). Several pathways of receptor-mediated endocytosis were identified in EV uptake.
Among them phagocytosis (most probably via complement-related proteins) and integrin-mediated
endocytosis. In addition, membrane lipids were shown to mediate micropinocytosis dependant EV
uptake. Finally, soluble forms of EV surface cargo can also triggers signaling, yet with less
efficiency. Abbreviation: PDL-1, programmed death-ligand 1. Extracted from Adem et al., 2019.
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5.2. EVs intracellular fate and message delivery

5.2.a EVs at cell surface

After binding with receiving cell membrane, EVs can have different fates. They
can fuse directly with plasma membrane (PM) releasing their luminal contents directly
into the cytosol (Del Conde et al., 2005; Montecalvo et al., 2012). For instance, it was
shown that melanoma tEVs can fuse with PM of human melanoma cells suggesting a
paracrine signaling effect in tumor (Parolini et al., 2009). Fusion between EVs and PM
lipidic bilayers results in the integration of EVs lipids and trans-membrane proteins in
the plasma membrane of the receiving cells, participating to lipid regulation and
exchange between secreting and receiving cells (Record et al., 2014) (Figure 13). It
was suggested that EVs-cell fusion at the PM is mediated by the interaction between
syncytin-2 and the receptor Major Facilitator Superfamily Domain 2a (MFSD2a) (Prada
and Meldolesi, 2016). However, PM fusion seems to be more restricted to larger
vesicles (e.g. PM-derived EVs) which show limited internalization because of their size
(Kanada et al., 2015; Del Conde et al., 2005). Of note, it was suggested that low pH in
tumor microenvironment could enhance fusion events (Parolini et al., 2009). This
would mean that environmental as well as physiological parameters dictate EVs way
of entry in recipient cells. Yet, this hypothesis remains to be demonstrated. EVs-cell
contact only could also directly trigger signaling pathways from the cell surface. This
suggests that internalization or even cargo transfer is not always essential for EVs
function (Sato et al., 2019; Ko et al., 2019).

However, most studies show that EVs are mainly internalized in receiving cells
(Mulcahy et al., 2014; van Niel et al., 2018; Tian et al., 2013). At this point, internalized
EVs can either: 1) follow the endolysosomal pathway and be degraded in lysosomal
compartment 2) escape from endosome compartments and deliver their content in the
cytoplasm or 3) be re-secreted by the cell (Figure 14). In the next paragraphs | will

discuss these three mechanisms and their regulation.
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Figure14: The different fates of internalized EVs. (1) EVs tether to recipient cell membrane most of the
time through specific molecular interactions involving membrane-exposed proteins, sugars or lipids (inset).
(2) Studies showed that EVs are globally trafficking via the endolysosomal pathway and accumulate in
endolysosomes. At this point three fates are possible. i) acidification of the endolysosome trigger the
degradation of internalized EV. ii) EVs undergo endosomal escape by mechanisms that are still poorly
understood, releasing their content in recipient cell cytosol. (3) At this time it is the main hypothesis to
explain functional EV message delivery to recipient cells after internalization. iii) Lastly, EVs might also be
recycled and re-secreted or targeted to the lysosome for degradation. (3') The alternative route of EV
content delivery to the acceptor cell is fusion with the plasma membrane and cytosolic cargo release. Yet
this mechanism could be more specific to plasma-membrane derive EV (microvesicles) rather than
endosome-derived EV (exosomes). Extracted from Mathieu et al., 2019.
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5.2.b EVs and the endolysosomal pathway

After uptake, internalized EVs accumulate in intracellular compartments of the
endocytic pathway. First in early endosomes which will mature in late endosomes and
multivesicular bodies (MVB). MVB can then fuse with lysosomal compartments,
targeting their content (including internalized EVs and newly formed ILV) towards
degradation (van Niel et al., 2018). Colocalization of fluorescently labelled EVs with
early then late endosomal compartments showed that substantial part of internalized
EVs follows this endolysosomal route, to finally accumulate in late endosomal-
lysosomal compartment in perinuclear regions (Chen et al., 2016; Tian et al., 2010;
Tian et al.,, 2013; Tian et al., 2014; Costa-Verdera et al., 2017). For instance,
LysoTracker probe, that labels acidic compartments (i.e; lysosomes), allowed to
demonstrate colocalization of internalized EVs and lysosome in living cells (Tian et al.,
2013).

Accumulation in lysosomal acidic compartments over time suggests that, after
internalization, intact EVs progressively move forward to degradative processes,
impairing efficient transfer of their message/cargos because of biomolecule
degradation. Indeed, inside endolysosomal compartments hydrolysis will degrade
internalized material to recycle biomolecules. Thereby, the degradation of internalized
EVs can also provide lipids, proteins and nutrients to recipient cells and notably
starving cancer cells (Zhao et al., 2016). Overall, lysosomal catabolism participates to
EVs-mediated trophic support of receiving cells. Lysosomal compartments are not
simple degradative organelles but can also recycle bioactive material of EVs origin,
support membrane regulation, participate to signaling, cell metabolism and even
secretion processes (Ballabio and Bonifacino 2020). Hence, the degradation of EVs
inside lysosome does not mean that EVs would have no effect on recipient cells and
accumulation of EVs inside these compartments should not be considered as a non-
functional EVs destination (Verweij et al., 2019; Mathieu et al., 2019).

Several studies show that internalized EVs can also follow a different fate,
escape from degradation and deliver their cargo to receiving cells. For instance, EVs-
mediated transfer of miRNA (miR-21) was shown to decrease expression of TGFf
receptor Il (TGFBRII) in BMSCs (Tian et al., 2014). Similarly, using a Cre-Lox reported

system, EVs were shown to functionally transfer mMRNA to neurons (Ridder et al., 2014)
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or cells in the tumor microenvironment in glioma and carcinoma mice models (Ridder
et al., 2015). The same approach was used to show transfer of RNA from malignant
mammary tumor cells to less malignant cells locally and at distance in mice (Zomer et
al., 2015). Likewise, transfer of proteins between glioma cells (Al-Nedawi et al., 2008)
and in the nervous system (Korkut et al., 2013) were observed, as well as transfer of
Galectin-1 between fibroblast and cancer cells and angiopoietin 2 between cancer cells
and endothelial cells (Xie et al., 2020). Overall, EVs-mediated transfer of functional
nucleic acid and proteins also implies that EVs cargo escape from degradation and
reach the cytosol or an environment suitable for its translation/use by the recipient cell.

Although, the precise mechanisms controlling EVs escape and/or capacity to
deliver their message into the cytosol is not well described, it is thought that back-
fusion occurs between the EVs membrane and the endosomal membrane leading to
cargo release in the cytosol. It was suggested that EVs fusion events are more likely
to occur in endosomes rather than at the plasma membrane (Bonsergent and Lavieu,
2019; Joshi et al., 2020; Yao et al., 2018; Costafreda et al., 2020). Back-fusion could
be controlled by membrane lipids, such as cholesterol, phosphatydilserine, or
lysobiphosphatidic acid (LBPA) (Del Conde., 2005; Joshi et al., 2020; Yao et al., 2018).
Alternatively, it could involve protein-based mechanisms, similar to the processes used
by virus with fusogenic proteins as vesicular stomatitis virus G glycoproteins (VSVG)
(Van Dongen et al., 2016). Of note, this protein is extensively used for EVs
bioengineering as it facilitates cargo transfer (Somiya and Kuroda., 2021). Although
decrease in pH is commonly associated with degradation processes and endosome
maturation towards lysosome, low pH inside endosomes has also been suggested to
enhance back-fusion mechanism and EVs cargo release (Parolini et al., 2009;
Montecalvo et al., 2012). This hypothesis was confirmed more recently, showing that
fusion events in endosomes are triggered by endosomal acidification (Bonsergent and
Lavieu, 2019; Joshi et al., 2020). Hence, acidification of intracellular compartments
could be a key feature in EVs biology, controlling events from their biogenesis to their
secretion, to their degradation or their back fusion with endosomal membrane. As for
now, back fusion still deserves more work, in particular to characterize the time scale,
the frequency, the precise localization (i.e. the type of endosomes) and the molecular
regulators involved.

Alternative mechanisms of cargo transfer were described. For instance, it was

suggested that EVs cargo could escape degradation and be transferred in the
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endoplasmic reticulum (ER). Indeed, during their maturation, EVs-containing
endosomes were shown to contact ER before their fusion with lysosomes, through a
process called ER scanning (Heusermann et al., 2016). Alternatively, EVs could
escape degradation by retrograde trafficking from the endolysosomal pathway to the
trans-Golgi network. (Gurung et al, 2021). Finally, a study suggests that EVs cargos
could be directly transferred into the nucleus of the recipient cell when late endosomes
and the nuclear envelope interact during endolysosomal maturation (Santos et al.,
2018). However, all these alternative routes remain to be confimed.

Overall, membrane fusion between EVs and endosomal compartment is still
considered as prevalent mechanism that mediate the release of endocytosed EVs
cargo into cytosol, their capacity to transfer their message and ultimately their function
on receiving cells. However, the proportion of EVs undergoing degradation or cargo

transfer and the mechanisms regulating this balance are not known.

5.3. Recycling and re-secretion

The last possible fate for endocytosed EVs beside degradation or escape from
endosomal compartment is their potential re-secretion. This mechanism is assimilated
to transcytosis as it could allow the endocytosis of EVs at one pole of the cell and its
exocytosis at another location (potentially the opposite pole). Since the classical
endolysosomal pathway includes the maturation of late endosome into MVB, it is
possible that part of internalized EVs may rejoin secretory pathways and be recycled
and released again in the extracellular space (Van Niel et al., 2018; Mathieu et al.,
2019; Kalluri and Lebleu, 2020) (Figure 14). In a striking study, it was reported that
breast cancer cells (MDA-MB-231) can uptake fibroblast CD81* EVs, load Wnt11 onto
these EVs and re-secrete them to enhance breast cancer cell motility by Wnt11
signaling, promoting thereby metastasis (Luga et al., 2012). The recycling and re-
secretion of internalized EVs was also reported to allow EV breaching through an intact
blood brain barrier using transcytosis in brain endothelial cells (Morad et al., 2019).
Notably, the authors showed that internalized EV could colocalize with Rab11+
recycling compartments (Takahashi et al., 2012). Interestingly, they also showed that
part of the internalized EV is still trafficking toward degradative route in

endolysosomes. This suggests that different populations of internalized EV could be
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sorted into different endocytic pathways to be either degraded or recycled (Morad et
al., 2019).

Overall, these studies strongly suggested that EVs recycling and re-secretion
could happen in different context. Nevertheless, whether it is only specific
subpopulations of EVs that are recycled remain to be fully demonstrated. For instance,
trophoblastic EVs were reported to colocalize more with Rab5+ and EEA1+ early
endosomes rather than lysosomal compartments, suggesting a selective route of
recycling for these EVs (Vargas et al., 2014). Finally, the precise molecular regulation
of EVs recycling and transcytosis remains to be characterized.

Altogether, these studies highlight that various molecular and biophysical signal
can impact the function, trafficking and regulation of organelles, and thereby potentially
EVs fate and functions. However, the impact of biophysical signals remains poorly
investigated. For example, as EVs uptake and internalization has been almost
exclusively studied in static condition, or at least usually neglecting biomechanical
constraints of EVs environment, it would be of great importance to study how
hemodynamic forces could impact circulating EVs uptake and function.
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Aims of the project

Background:

As | presented it in the introduction, EVs contribute to cell cross-communication
locally but also between distant organs, participating in various physiological and
pathological processes. In cancer, tumor EVs, released in large amount by cancer
cells, are found in abundance in blood samples from patients, and were shown to be
involved in multiple events promoting cancer progression (Osti et al., 2019 (Henrich
et al., 2020; Hyenne et al 2019, Peinado et al. 2017, Costa-Silva et al., 2015, Hoshino
et al., 2015). Thus, it appears essential to understand the behavior and the fate of
circulating EVs. Despites recent advances in this field, we still do not have a clear
idea of the fate of circulating tEVs after clearance from vessels. Part of them, but not
the totality, accumulate in specific organ/location in experimental set-up (namely,
injection of exogenous EVs), but, at vesicle scale, circulating tEVs destination and
fate in complex circulatory system remains quite obscure. Partly, because of
incomplete understanding of molecular interactions controlling circulating tEVs
biodistribution and organotropism in hemodynamic systems and even less insights on
biomechanical parameters that could impact it. Consequently, we do not know how
biophysics affect tEVs-mediated pre-metastatic niche formation. During my PhD, |
aimed to develop new models adapted to the study of circulating EVs and to
understand their fate and function in receiving cells.

Our previous work on CTCs showed that a permissive range of flow not only
enables the stable arrest of CTC on vessel wall through integrin-mediated adhesion
(Follain et al. 2018; Osmani et al., 2019), but also promotes extravasation of CTC by
a process called endothelium remodeling (Follain et al. 2018). My working hypothesis
is that tEVs, in similar fashion, exploit both molecular as well as biophysical
parameters to, not only disseminate through the vascular system but also potentially
mediate PMN formation. Better understanding of these two aspects might help to
predict arrest pattern of tEVs more efficiently and modify it to interfere with metastatic

cascade and cancer progression.
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Project:

My PhD project aimed to investigate the role of biomechanical cues in tEVs
uptake, intracellular trafficking and function in endothelial recipient cells. | focused on
endothelial cells, on one hand because they are an important EVs recipient cell type.
Different types of endothelium (cardiac, brain, venous) were shown to be able to
uptake EVs (Zwi-Dantsis et al., 2020; Morad et al., 2019; He et al., 2019). Importantly,
the vasculature in non-pathological context was also shown to display important EVs
uptake (Verweij et al., Dev Cell 2019). On the other hand, because the endothelium
represents the first barrier to circulating tumor cell invasion in distant organs and
circulating tEVs-mediated modifications of the endothelium greatly impact PMN
formation and metastatic progression (cf Introduction section 1). The first part of my
work participated to the establishment of in vitro and in vivo experimental models (i.e.
microfluidic approach and use of the zebrafish embryo) for the study of tEVs, their
uptake, their intracellular trafficking and their function in dynamic conditions. These
models allowed me to investigate key questions that remain poorly understood in
circulating tEVs biology. My goals were to: (1) study the role of hemodynamic forces
on circulating EVs uptake by recipient cells. (2) Identify the endocytic pathways
and the receptors involved in circulating EVs uptake. EVs were shown to be
internalized through different endocytic pathways. However, these mechanisms were
mostly studies in in vitro static assays. (3) Determine whether the dynamic
environment of circulating EVs affects the trafficking of internalized EVs inside
receiving cells and their targeting to specific endocytic compartments. Indeed,
the environment in which internalized EVs end up (mostly compartments of the
endolysosomal pathway) determine their capacity to deliver messages. (4)
Investigate how combined exposure of hemodynamic flow and circulating tEVs
affects endothelial cell phenotypes. Various effect of tEVs on endothelium were
reported in the literature (e.g. endothelial disruption, pro-angiogenic effect). However,
endothelial response to tEVs exposure in relevant context including realistic

biomechanical parameters had not been explored.
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Therefore, the main goals of my PhD project can be summarized in the following five
axis:

1. Development of in vitro and in vivo models for the study of circulating
tEVs
Impact of flow forces on tEVs utpake
Mechanisms of circulating tEVs uptake

Effect of flow on intracellular compartments and tEVs fate

o e b

Effect of flow on tEVs message delivery and its consequences on
endothelial cell phenotype
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Models to investigate circulating tEVs

In the last decades, several studies investigated tEVs distribution and uptake
by endothelial cells and their consequences on endothelium in vitro and in vivo
(Skog et al., 2008; Svensson et al., 2013; Zhou et al., 2014; Morad et al., 2019; Xie
et al., 2020; Tominaga et al., 2015; Yokota et al., 2021; Yang et al., 2017; Zeng et
al., 2018). However, until recently, as | started my PhD project, studies usually done
in vitro in transwell assays or in vivo by injection of tEVs in the circulation never
considered the biophysical aspect of the hemodynamic forces.

In addition, at that time, limitations of existing models prevented study of tEVs
in dynamic environments such as the circulatory system. Although, development of
new tools allowed visualization of EVs and detection of efficient EVs cargo transfer
in vivo, either by injection of fluorescent EVs labelled by lipidic dyes, with fusion
proteins or by recombination events in Cre/lox systems (Wiklander 2015; Hoshino
et al., 2015; van der Vos et al., 2016; Abels et al., 2019; Ridder et al., 2014; Zomer
et al., 2015; Lai et al., 2015), detection of circulating EVs directly into circulatory
vessels and dynamic recording of their behavior was still quite challenging. More
specifically, they displayed major drawbacks to investigate the link between
hemodynamic profiles, tEVs biodistribution and consequences of their uptake on
endothelial cells at almost-single-particle resolution scale (e.g. control of
hemodynamic forces in the mice is complicated).

Hence, during the first part of my PhD, | contributed to develop two models (one
in vitro and on in vivo) adapted to the study of tEVs in biophysically relevant
conditions and investigate key questions on circulating tEVs. In the next paragraphs
| will present these two models.
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An in vitro microfluidic system

Microfluidic device was previously used in our lab to investigate CTC dynamic
behavior and mechanisms of arrest (Follain et al., 2018, Osmani et al., 2019). Although
microfluidic and flow chambers were previously used in in vitro studies of nanoparticle
distribution and uptake (Han et al., 2012, Han et al., 2015, Charwat et al., 2018;
Gomez-Garcia et al., 2018), it was not used to study circulating tEVs uptake and fate
in endothelial cells at that time. | adapted it to the study of circulating EVs, allowing me
to precisely tune flow speed parameters and perfuse fluorescently labelled tumor EVs
on an endothelial monolayer. This microfluidic system enabled to reproduce
physiological hemodynamic conditions of small vessels in which tEVs accumulate.
Hence, the use of microfluidic devices allowed me to better control the environment of
circulating tEVs and analyze the fate of tEVs once they are internalized.

An in vivo model: the zebrafish embryo

At the beginning of my PhD, | participated to the establishment of the zebrafish
embryo as a good model to study circulating EVs in vivo. Using the advantages of the
zebrafish embryo, our team, in parallel with the one of Guillaume van Niel, published
founder papers demonstrating the power of the zebrafish embryo in the study of
circulating EVs, their biodistribution, their behavior as well as their function in vivo, with
live imaging and correlative light electron microscopy (CLEM) techniques (Hyenne et
al., 2019; Verweij et al., 2019). | had the opportunity to participate to this work and be
co-author on this paper we published in 2019. In addition, technics and protocols used
in this work (i.e. exogenous injection of tEVs inside zebrafish vasculature) were
detailed in a chapter method in which | am first author and published one year after
(Mary et al., 2020). Based on this work, | could use this model for my own project. For
instance, this model allowed me to measure flow speed in different regions of the
vascular tracks based on red blood cell displacement and correlate flow speed profiles
with injected labelled tEVs distribution in the vascular system.

Overall, | used the microfluidic model and the zebrafish embryo together to
thoroughly investigate the link between hemodynamics and tEVs uptake, fate and
function in endothelial cells.
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RESULTS
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1. The zebrafish embryo: a model to study circulating tEVs

At the beginning of my thesis, live imaging of tEVs in circulatory system in vivo at
almost-single-particle resolution was still quite challenging due to the small size of EV's
and the difficulty to limit background signals (Verweij et al., 2021). The worm C.
elegans and the fly D. melanogaster were previously used to visualize EVs at the organ
or vesicles scale in vivo (Verweij et al., 2021). However, these two are not appropriate
to model tEVs biodistribution in complex mammalian circulatory systems. Despite,
improvements made in mice models (Wiklander 2015; Hoshino et al., 2015; van der
Vos et al., 2016; Abels et al., 2019; Ridder et al., 2014; Zomer et al., 2015), detection
of EVs at the vesicle scale was still limited in terms of depth and tissue/organ and most
of the time big amount of EVs, and sacrifice for ex-vivo harvesting of organs were
necessary (Men et al., 2019). Although these models had their own advantages, their
limitations did not allow live detection and recording of circulating tEVs in the vascular
system, their interactions and their function on recipient cells.

Upon my arrival in the lab, we used the zebrafish embryo model to overcome
several limitations of previous models and make possible the study of hemodynamics
in tEVs biology. First, the transparency of zebrafish embryos autofluorescence in live
imaging approaches is crucial and enable the detection of fluorescently labelled EVs
(either with dye or genetically) at vesicle scale in living tissues. Moreover, the reduce
size of the animal facilitate its compatibility with high resolutive optical systems.
Secondly, the zebrafish embryo rapidly develops a complex and stereotyped
vasculature as well as an innate immune system (i.e. presence of myeloid cells in the
vascular system within 48h post fertilization). In addition, vessels of different sizes as
well as arterial and venous regions that show different flow speeds, reproduce
biophysical characteristics of human and mice arterioles, venules and capillary beds
(Follain et al., 2020). Overall, zebrafish embryo vascular system allows to model
human vasculature and study EVs circulation along vascular tracts in innate immune
competent environment. In addition, as it was previously used by our lab (Follain et al.,
2018), it is easily possible to modify heart rate and thus, tune blood flow speed in the
embryo. This facilitates the study of hemodynamic forces in vivo. Finally, 82% of
human disease-related genes are conserved between human and zebrafish (Howe et
al., 2013). This genes conservation makes the zebrafish a powerful model to study
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different human diseases such as cancer, cardiovascular, gastrointestinal, kidney or
even neurodegenerative diseases upstream of using mice models directly (Verweij et
al., 2019). For instance, zebrafish embryo was used in our lab to investigate key steps
of the metastatic cascade (i.e. extravasation of tumor cells, CTC arrest) (Follain et al.,
2018; Osmani et al., 2019) and by others to model human cancer in fish (Cagan et al.,
2019; Brown et al., 2017). At this time, simultaneously with the lab of Guillaume van
Niel, in Paris, we continued to exploit advantages of the zebrafish organism to adapt
this model to the study and live imaging of circulating EVs at high spatio-temporal
resolution and vesicle scale.

On one hand, in a thorough study, the group of Guillaume van Niel, described the
journey of endogenous EVs, produced by the yolk syncitial layer, from their secretion
by a syntenin-dependent mechanism, to their dissemination into the circulatory tracks
and their accumulation inside macrophages and endothelial cells in potential lysosomal
compartments (Verweij et al., 2019).

On the other hand, our lab developed a different, yet complementary approach,
based on injection of exogenous tumor EVs or tumor cells labelled with a brighter, less
aggregation-prone, more stable lipophilic dye (Collot et al., 2019) (i.e. MemBright, now
commercialized under the name of MemGlow). We aimed to track tEVs at high
resolutive scale in complex hemodynamic context and better document the behavior,
the fate and the potential function of circulating tEVs in vivo (Hyenne et al., 2019). We
showed that:

e Zebrafish melanoma EVs share a high percentage of proteins with human
melanoma EVs.

e Exogenously injected tEVs can be followed at high spatiotemporal resolution
and vesicle scale. Additionally, their hotspot of arrest corresponds to the
caudal vein region with low flow speed profiles.

e tEVs in movement follow a Poiseuille distribution in zebrafish bloodstream,
showing that circulating tEVs go slower in the vicinity of the endothelium
than at the center of the vessel.

e tEVs are massively and rapidly internalized by endothelial cells and
patrolling macrophages (but not neutrophils) and seem to accumulate in

lysosomal compartments.

81



e tEVs trigger phenotype switch in these macrophages from an M2 to an M1
signature. This supports the long-distance action of tEVs circulating in the
vascular system.

e Education of the embryo by pre-injection of tEVs facilitates metastatic
progression upon subsequent injection of tumor cells.

This work participates to the establishment of the zebrafish embryo as a model

to study tEVs in hemodynamic conditions at a good resolutive scale.

Additionally, it illustrates the relevance of this model to reproduce late stage of

the metastatic cascade induced by circulating tEVs and notably their capacity

to enhance metastatic formation.

See Annexe: Study the fate of tumor extracellular vesicles at high spatiotemporal

resolution using the zebrafish embryo

e Hyenne et al., 2019
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2. A versatile protocol compatible with different applications

In the research paper published in 2019 (Hyenne et al, 2019), we highlighted the
power of the zebrafish as a model for circulating tEVs research and the study of tEVs
long-distance action which can (i) modify the phenotype of immune cells (e.g.
macrophages) and (ii) support growth of metastasis. Subsequently to this work, we
published a method article, in which | am first author, that describes in detail our tEVs
injection protocol and discuss its applications.

We wrote in detailed manner all the key steps of our approach. The aims were to
focus on specific aspects of our protocol, share our expertise and suggest different
ideas of applications. We demonstrated the versatility and simplicity of exogenous
injection of EVs in different transgenic zebrafish lines, its advantages (e.g. EVs
labelling possibilities, EVs population and quantity control) and gave examples of its
multiple applications. In this chapter we discussed:

e Our isolation protocols: differential ultracentrifugation (DU) size exclusion

chromatography (SEC).

e EVs labelling: lipophilic dye, MemGlow (Collot et al., 2019) and genetically
labelled fluorescent tEVs (e.g. Syntenin2-GFP-EVs from zebrafish melanoma
cells).

e Our quantification method: nanoparticle tracking analysis methodology (NTA).

e Zebrafish injection method: advice to increase efficiency (localization,
quantities).

Additionally, we suggested and provided examples of:

e Imaging and analysis workflow: high speed scanning and object-based tracking
(tEVs and RBC).

e Complementary analysis: spatiotemporal analysis of object in movement,
visualization of tEVs in intracellular compartments by Lysotracker or CLEM
approaches.

e Functional assay: priming of metastatic niche.

We stressed that all the technics addressed in this method chapter can be adapted

in different contexts according to experimental goals and should definitively not be
only restricted to cancer research.
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Formerly considered as insignificant cell debris, extracellular vesicles (EVs) have
emerged as potent mediators of cell-cell communication, both in proximity and at dis-
tance from the producing cell. EVs are transported in body fluids and can be internalized
by specific distant cells to ultimately deliver a functional message. Despite their striking
importance in many physiological and pathological contexts, the exact mechanisms by
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which EVs impose local and distant modifications of the microenvironment in vivo
remain to be fully understood. We realized that some conceptual gaps are direct con-
sequences of the difficulty to visualize the shuttling and targeting of EVs in real time
in vivo. The zebrafish larvae offered attractive features for live tracking of EVs, within cir-
culating fluids. Here, we describe the experimental procedures that we have built for
dissecting the dissemination of EVs at high spatio-temporal resolution in vivo.

1. Introduction

Over the past 20 years, extracellular vesicles (EVs) became central
mediators of cell-cell communication in various physiologic contexts, such
as development, reproduction, metabolism or neurology (Yanez-Mo et al.,
2015). They also contribute to the progression of multiple pathologies, such
as immune deficiencies, cardiovascular disorders, infectious disease, or can-
cer. These multi-tasking cellular products can also behave as protecting
soldiers from bacterial toxins and thus combat infection (Keller et al.,
2020). EVs are heterogeneous vesicles secreted by all cell types with diam-
eters ranging from a few nanometers to several micrometers. They can be
found in most, if not all human body fluids (blood, lymph, urine, milk,
sweat, saliva, tears and others) (Bakhshandeh, Kamaleddin, & Aalishah,
2016; Yanez-Mo et al., 2015). Their lipid bilayer ensures protection of their
cargo, which is composed of mRNAs, non-coding RNAs, proteins and, in
the case of some tumor EVs, DNA (Balaj et al., 2011; Lazaro-Ibanez et al.,
2019). The repertoire of molecules that EVs carry depends on their cellular
and sub-cellular origin as well as their species of origin and the physiological
state of secreting cells (Karimi et al., 2018; Zhao et al., 2020). EVs are het-
erogeneous by nature. A single cell can secrete a wide variety of EVs-
subpopulations (Kowal et al., 2016) that are likely to convey a functional
heterogeneity. EVs act within short, medium and distant ranges. They func-
tion as paracrine and autocrine factors and can alter the behavior of cells, and
the associated microenvironment, in close proximity. For instance, EVs
rearrange the extracellular matrix, thereby promoting invadopodia formation
and cell migration, close to the site of secretion (Hoshino et al., 2013). EVs
also communicate at the scale of an organ through the dissemination of mor-
phogen factors beyond the reach of diftusion gradient of soluble molecules
(Gross, Chaudhary, Bartscherer, & Boutros, 2012; Matusek et al., 2014).
Finally, and most interestingly for this protocol, EVs also act within long
range. They can disseminate in the organism through body fluids, thereby
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contributing to cross-organ communication and ultimately, act as endocrine
factors (Butler, Abdelhamed, & Kurre, 2018). The most striking examples
probably come from cancer studies suggesting that EVs secreted by a
primary tumor can exploit the blood circulation to reach distant organs
and locally modify the microenvironment to promote future metastasis
(Adem, Vieira, & Melo, 2020; Costa-Silva et al., 2015; Hoshino et al.,
2015; Peinado et al., 2012). However, some black boxes remain concerning
the origin, shuttling behavior, destination and functional impact of the large
amounts of EVs present in our body fluids (ranging around 10'° EVs per ml in
blood (Johnsen, Gudbergsson, Andresen, & Simonsen, 2019)). EVs found in
body fluids have several cellular origins (Flaumenhaft, Mairuhu, & Italiano,
2010; Karimi et al., 2018). In blood, their concentration depends on several
parameters, that can be physiological (Whitham et al., 2018) or pathological
(i.e., Cancer or cardiovascular diseases Peinado et al., 2012; Boulanger, Loyer,
Rautou, & Amabile, 2017), and counter-balanced by rapid clearance
(Matsumoto et al., 2020). However, how single EV (or population of EVs)
use, respond and exploit body fluids remains to be elucidated. Circulating
EVs can now be sampled, isolated and analyzed in multiple ways, revealing
their contents and their origin (Nielsen, Beck-Nielsen, Andersen, &
Handberg, 2014; Zhao et al., 2020). We reasoned that understanding their
fate and their function would greatly benefit from animal models adapted
to the imaging of small objects in complex environments like circulatory
systems in vivo.

Microscopic visualization of circulating EVs in realistic pathophysiological
situations in vivo still faces major challenges (Verweij, Hyenne, Van Niel, &
Goetz, 2019). Imaging nano-sized objects as single particles depend on both
subcellular resolution and brightness of the labeling objects (i.e., EVs) so that
one can distinguish EVs from the potential autofluorescence background.
Furthermore, because some body fluids such as blood circulate at high-speed,
high-speed sampling is needed to study the dynamic of circulating EVs with
microscopy. Finally, the animal model used should allow deep, non-invasive
access to internal organs and be compatible with the expression of fluorescent
markers in tissue-specific cell lines in order to identify EVs receiving cells and
organs. In rodents, difterent strategies, based on bioluminescence, lipophilic
dyes, or transgenic expression of EVs fluorescent markers have been devel-
oped (Hyenne, Lefebvre, & Goetz, 2017). It is now possible to track the bio-
distribution of labeled EVs injected into the circulation at the whole animal
scale (Hoshino etal., 2015; Lai et al., 2014; Wiklander et al., 2015). However,
these approaches often require ex vivo imaging and do not allow to investigate
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the circulating EVs behavior at the high spatio-temporal resolution, towards
single EV detection. To overcome these limitations, several groups developed
intravital imaging of EVs in mice (Lai et al., 2015; van der Vos et al., 2016;
Zomer et al., 2015). Although they provide unique observations of EVs in
their natural microenvironment, the complexity of these procedures prevents
high-throughput imaging and are often not compatible with a high sampling
of EVs shuttling in body fluids. Alternatively, the zebrafish larvae meets all
requirements for in-depth, high-speed analysis of circulating EVs.

Indeed, over the past years, zebrafish larvae emerged as a unique animal
model to study physiological and pathological circulating EVs at unprece-
dented spatiotemporal resolution (Verweij, Hyenne, et al., 2019). It offers
several advantages for non-invasive analysis in vivo. Zebrafish embryos
develop a stereotype vasculature (and blood circulation) and a maturing
immune system within 48h. Its translucent body allows simple in vivo
non-invasive imaging and it is easily amenable to all types of confocal and
high-speed microscopy. This model easily tolerates genetic manipulation
to express fluorescent proteins in specific cell populations within zebrafish
tissues. Overall, zebrafish presents a high level of genetic and physiologic
homology with humans and can be used to model a large number of human
diseases (cancer, cardiovascular, neurological, efc...). More particularly, it
reproduces a relevant physiological environment for the study of circulating
EVs (Hyenne et al., 2019; Verweij, Hyenne, et al., 2019; Verweij, Revenu,
et al., 2019). Detection of fluorescent EVs, labeled with either lipophilic
dyes or by transgenic expression of fluorescent markers within secreting cells
is favored by transparent larvae. Zebrafish internal organs are easily accessible
by confocal microscopy thus, 3D analysis of regions where EVs arrest and
accumulate is within reach. Moreover, high-speed imaging allows to follow
circulating EVs dynamic at single-particle scale in fish vasculature, and trans-
genic zebrafish lines are used to visualized EVs/cells interaction in vivo.
Finally, we exploited this model to perform an extensive analysis of
circulating EVs and describe their hemodynamic behavior in vivo in both
physiological and pathological conditions (Hyenne et al., 2019; Verweij,
Revenu, et al., 2019).

In this chapter, we describe a simple but detailed procedure (Hyenne
et al.,, 2019), from isolation and labeling of EVs to intravascular injection
and imaging in the zebrafish larvae. The versatility of our experimental
approach ofters the possibility to study exogenous EVs of difterent origins
and pathological conditions, for instance from human samples, and to
compare their respective roles and hemodynamic behavior once they have
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reached the circulation. Despite the advantages of using zebrafish for study-
ing tumor EVs, there are some limitations that are important and need to be
addressed (such as difference in maintenance temperature and/or molecular
and cellular process conservation between species) when studying human
pathophysiology. Nevertheless, the zebrafish has proven very useful in dif-
ferent fields of human medical research (tissue regeneration, cardiovascular
diseases, cancer progression) and could pave the way for later validation in
mammalian models. In particular, it is suitable to study the dissemination of
tumor EVs, document their arrest and internalization, as well as their
capacity to cross the endothelium and induce local phenotypic changes.

2. EVs isolation and labeling

EVs are generally 1solated from conditioned cell culture media or from
various body fluids such as blood plasma, urine, saliva, breast milk, semen,
and amniotic fluid. There are several methods available to isolate EVs includ-
ing ultracentrifugation-based methods, size-based techniques, immune
affinity, precipitation and microfluidic (Karimi et al., 2018; Waillms,
Cabanas, Mager, Wood, & Vader, 2018; Yang et al., 2020). Here, we will
describe two approaches that we found suitable for a subsequent labeling
approach: differential centrifugation (UC) (Théry, Amigorena, Raposo, &
Clayton, 2006) and size exclusion chromatography (SEC). The latter has
no deleterious effect on EVs’ integrity, and better preserves their functionality
(Mol, Goumans, Doevendans, Sluijter, & Vader, 2017; Stranska et al., 2018).
A schematic illustration of UC and SEC methods are shown in Fig. 1C. Upon
isolation, we characterize EVs to confirm the presence, size and concentration
of EVs in the preparation (physical characterization), but also to assess EV
purity and content (molecular characterization) (Théry et al, 2018).
Isolation is followed by characterization of EVs population. In this chapter,
we will describe the basic quantification of EVs size and concentration by
nanoparticle tracking analysis (NTA). Finally, we will detail a procedure
for EV fluorescent labeling. While several strategies have been developed
to fluorescently label EVs (Chuo, Chien, & Lai, 2018), the post-isolation
labeling with fluorescent lipophilic dyes remains the most versatile and rapid
approach to label EVs. They, such as PKH-26, PKH-67, DiO, DiL, Dir or
MemBright, are inserted into EVs lipid bilayer (Collot et al., 2018; Hood,
Roman, & Wickline, 2011; Hoshino et al., 2015; Takahashi et al., 2013).
Due to their lipophilic nature, these dyes have been shown to have multiple
drawbacks, including non-specific labeling, altered biodistribution, and
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Fig. 1 Parallel zebrafish embryo and EV preparation. A schematic illustration of the
parallel workflow timeline required for zebrafish embryo generation (A) and EV isolation
and labeling (B and Q).

presence of additional artifacts (Takov, Yellon, & Davidson, 2017). However,
they remain very useful and unique tools for labeling of EVs from all origins
and can be trusted when used with appropriate controls (Simonsen, 2019).
As an alternative strategy, EV proteins can be fused to fluorescent proteins
and expressed in EV-producing cells (Corso, 2019; Gorgens et al., 2019).
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This allows to visualize unique subpopulations of EVs and can also be used
to track EVs from a genetically engineered cell or zebrafish lines, as we
have done for endogenous zebrafish EVs (Verweij, Hyenne, et al.,
2019; Verweij, Revenu, et al., 2019). Here, we present both strategies:
genetically labeled EVs isolated from zebrafish melanoma cells (Zmell)
expressing syntenin2-GFP and post-isolation labeling of EVs with
MemBright. MemBrights are recently developed cyanine-based mem-
brane probes (Cy3, Cy5 or Cy7), bearing alkyl chains and zwitterionic
groups (Collot et al., 2018). These probes have unique properties that pro-
vide high brightness and specificity to labeled-EVs in addition to
preventing fluorescent self-aggregation (Hyenne et al., 2019). In addition,
MemBright can be used to co-inject different types of EVs labeled with
different colors (Cy3, Cy5), which allows us to compare different EV pop-
ulation (or origin) and track their specific behavior, fate and function. As a
control, PBS is incubated with MemBright in a similar way as we labeled
EVs, analyzed by NTA and injected into zebrafish larvae.

2.1 Equipment and reagents

* Centricon Plus-70 centrifugal filter (10k, Millipore).

* Beckman tubes thinwall polypropylene (17mL).

*  Ultracentrifuge (Beckman XL-70, equipped with at SW28 and 70Ti
rotors).

* Size exclusion chromatography column (iZon qEV2).

* ZetaView apparatus (Particle Metrix, Meerbusch, Germany) for NTA.

* Alignment suspension for NTA measurement (Particle Metrix,
Meerbusch, Germany).

¢ MembBright-Cy3 or Cy5 (Collot et al., 2018).

*  PBS solution (Dutscher X0520-500; 0.2 pm filtered using a pore filtra-
tion unit (Stericup Merck)).

* EV free medium, obtained by ultracentrifugation of classical culture
media for 20h at 100000g during (Beckman XL-70 centrifuge,
rotor70T1) to eliminate EVs present in FBS. The supernatant is collected
and filtered at 0.22 pm (Stericup Merck).

* Cells lines. Here, we use Zmell melanoma cells (Heilmann et al., 2015)
and Zmell cells expressing Syntenin2-GFP (Hyenne et al.,, 2019).
Depending on the cell type and the growth rate of EVs producing
cells, the number of cells seeded 48 h before EV isolation could differ.
Usually, EVs are isolated when cell confluency reaches 80%.
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2.2 EV isolation
2.2.1 Isolation by ultracentrifugation

1.

Culture cells in the EV free medium for 24h before collecting
conditioned medium (see Fig. 1).

. Transfer supernatant media from a cell culture flask (~80% confluent) to

a 50mL falcon, and centrifuge at 300 X ¢ for 15min at 4 °C. Keep the
supernatant for further processing

. Concentrate supernatant in 15mL using a Centricon Plus-70 centrifugal

filter (10k; Millipore)

o Add supernatant to sample filter cup and spin at up to 4000 X ¢ until
the desired concentration is achieved.

o Typical spin time is 15-20min, depending on solute type and
concentration.

. Centrifuge concentrated medium at 2000 X ¢ for 10min at 4°C. Keep

the supernatant for further processing.

. Centrifuge supernatant at 10,000 X ¢ for 30 min at 4°C, discard 10K

pellet (large-sized EVs). Keep the supernatant for further processing.
Note that in this protocol, large-sized EVs that mainly include micro-
vesicles are discarded because we mainly focused on the effect and
characterization of small tumor EVs (exosomes).

. Centrifuge supernatant medium at 100,000 X ¢ for 70 min at 4 °C and the

100K pellet (small-sized EVs) is kept for further processing.
Wash pellet with 15mL of 1 x PBS, centrifuge at 100,000 X ¢ for 70 min
at 4°C.

. Resuspend the EV pellet in 50 pL of 1 x PBS by gentle pipetting.
. Use isolated EVs immediately or store at 4°C in the dark to use the

next day.

2.2.2 Isolation by size-exclusion chromatography (SEC)

1.

2.
3.

Collect and concentrate conditioned medium similarly to Section 2.2.1
(Steps 1-3) but with a final volume of 2mL.

Rinse the SEC columns with 50 mL of PBS, twice.

Apply 2mL of the concentrated extracellular medium on top of qEV
column (Izon Science).

. Fill the column with PBS and collect 2mL fractions. At this step, the

concentration of EVs in each fraction should be analyzed, for instance
using NTA analysis. Depending on the experiments, single fractions
can be used, or multiple fractions can be pooled.
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. Centrifuge single or pooled fractions for 1h at 100,000 x g, 4°C.
. Resuspend the EV pellet in 50 pL of 1 X PBS by gentle pipetting.
. Alternatively, single or pooled fractions can be concentrated using an

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

. Use isolated EVs immediately or store at 4°C in the dark to use the

next day.

2.3 EV labeling

1.

Use fresh EVs isolated by ultracentrifugation or SEC (see Section 2.2). As
a control, use a similar volume of particle-free PBS (0.2 um filtered).

. Incubate isolated EVs, or control PBS with MemBright-Cy3 or Cy5 at

200nM (final concentration) in PBS.

. Mix continuously for 30s by gentle pipetting.

Let stand at room temperature in the dark for 30 min.

. Rinse labeled EVs in 15mL of PBS and centrifuged at 100,000 X ¢ for

70min at 4°C.

. Carefully aspirate the supernatant which contains the excess unbound dye.

Resuspend the EV pellet in 50 pL of 1 x PBS by gentle pipetting.

. To ensure the highest possible fluorescent intensity, use labeled EVs a

soon as possible or store at 4°C in the dark.

2.4 EV quantification and size measurement

1.

Dilute EVs samples before analysis in particle-free PBS (0.2 pm filtered)
to obtain a concentration within the recommended measurement range
(1-10 x 10° particles/mL), corresponding to dilutions from 1:100 to
1:100,000 depending on the initial sample concentration.

. Start the program and flush the cell channel with distilled water prior to

measurement.

. To align the foci of the laser and microscope, inject the alignment sus-

pension, containing polystyrene particles, into the NTA instrument.

. Inject the EV suspension into the channel and start the measurement.
. Save the measurement and based on that adjust the EV sample to have

the ideal concentrations for zebrafish injections which is between 10
and 10" EVs per mL.

Since freezing is sought to alter EVs pellet (Cheng, Zeng, Han, & Xia, 2019)
we recommend using only fresh EVs for fish injections. EV pellets are either

used right after isolation or the next morning. In any case, EV pellets are

never frozen and are kept at 4 °C, protected from the light, for a maximum
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duration of 1week. To coordinate EVs isolation with fish breeding and
embryo production, we use an optimized organizational timeline developed
to save maximum time for experimentation (Fig. 1B). In this workflow, EV
1solation and fish breeding protocols are followed in parallel. Starting from
day 1 EVsisolation takes 3 days and zebrafish larvae are ready for injection in
the morning of the fourth day of the protocol which corresponds to 2 dpf for
zebrafish larvae (Fig. 1).

3. Zebrafish embryo handling and injection

Intravascular injection of EVs in zebrafish larvae is an easy-handling
protocol based on a previously described method of tumor cell injection
(Follain, Osmani, Fuchs, et al., 2018; Follain, Osmani, Azevedo, et al.,
2018). Zebrafish fluorescent transgenic zebrafish strains allow to identify spe-
cific cell types and can be adapted to the user’s need (see Section 3.3). When
EVs are labeled with Membright-Cy5 or Membright-Cy3, these strains offer
the possibility to dissect cell types that are targeted by EVs once they reach
their final destination within the circulatory system. Once EVs samples are
collected, characterized and labeled in particle-free PBS, they are ready to
be injected in the larvae. Larvae are anesthetized and immobilized in an aga-
rose drop to facilitate injection of a few nanoliters of EVs solution under the
stereomicroscope using a nanoinjector. This methodology (i.e., intravascular
injection of EVs) can also be used for educating metastatic niches (Hyenne
et al., 2019) as it had been done in murine models (Costa-Silva et al.,
2015; Peinado et al., 2012).

3.1 Reagents

e DANIEAU: stock solution 30 x: H,O +1740mM NaCL, 21 mM K(lI,
12mM MgSOy,, 18 mMCa(NO3),, 150mM HEPES, pH at 7.6

« PTU: 1-phenyl-2-thiourea (Merck KGaA P7629): stock solution
(50 x): 10mM in DANIEAU (0.3 X) solution

* Tricain (ethyl-3-aminobenzoate-methanesulfonate): stock solution
(25 %x): 16.25 mM in DANIEAU (0,3 x)/PTU (1 X) solution

*  Low melting point agarose 0.8% (m/v): melt at 80°C cool down and
maintain at 40 °C during the procedure

*  Mineral oil
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3.2 Equipment

10 cm petri dish

Plastic pipette

Thin tweezers (Electron Microscopy Sciences 5,SA-78320-5)

35 cm glass-bottomed petri dish (ref: 35 mm Dish | No. 1.0 Coverslip |
20mm Glass 9. Diameter | Uncoated-P35G-1.0-20-C)
Stereomicroscope: Leica M205 FA equipped with a fluorescent excita-
tion lamp (Mercury short-arc reflector lamp, EL6000), a GFP filter (Ex.
450-490/Em. 500-550), an ET-C filter (Ex. 533-557/Em. 570-640), a
plan APO objective 20 X (10450028) and a camera (DFC3000 G)
Capillary glass (Drummond scientific company—Item# 3-000-203-G/X)
Capillary puller (Sutter Instrument P-1000)

Nanoinjector (Drummond Scientific Nanoject II Auto-Nanoliter
Injector)

3.3 Biological materials

Labeled EVs in PBS at an ideal concentration of 10'" particles/mL
(Section 2).
Basically, any fish line can be used in this model depending on the biol-
ogy that is tested. We provide a non-exhaustive list of transgenic lines
commonly used in our lab (Table 1). This list is non-exhaustive and
can be extended depending on the cell type or biological pathway that
is studied.
Zebrafish, Danio rerio, fluorescent transgenic lines: in our case, we mostly
use the following strains:
Tg(Flila::eGFP) and Tg(Flila::RFP) stably expressing GFP and RFP
proteins respectively in endothelial cells.
Tg(mpeg:: GFP) stably expressing GFP in myeloid cells (macrophages and
monocytes are visualized at this stage of development).
Double transgenic lines Tg(Flila::Gal4 Uas::RFP, mpeg:: GFP) that express
RFP in endothelial cells and GFP in myeloid cells at the same time.
These transgenes are expressed in fish with a golden background,
which are mutated for the gene slc24a5 and present a delayed pigmenta-
tion in their early developmental stage (Lamason et al., 2005). Note that
we also use these transgenic fish lines in Casper background, which is a
mutant fish strain homozygous for two genes, roy '~ and nacre” ", that
control pigmentation. These fish lack melanocytes and iridophores and
are translucent even in adulthood (White et al., 2008).
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Table 1 Zebrafish transgenic lines.

Name of
Genetic transgenic
background line Fluorophore Tissue/Cell type References
Golden Tg(Flila: GFP Endothelial cells Lawson and
(Lamason et al., eGFP) Weinstein (2002)
2005) or Casper
(White et al.,
2008)
Golden Tg(mpeg: GFP Myeloid cells Ellett, Pase,
(Lamason et al., GFP) (macrophages Hayman,
2005) or Casper and monocytes) Andrianopoulos,
(White et al., and Lieschke
2008) (2011)
Golden Tg(Flila: RFP and  Endothelial cells Herwig et al.
(Lamason et al., Gal4, Uas: GFP and myeloid (2011); Ellett
2005) or Casper RFP, mpeg: cells et al. (2011);
(White et al.,  GFP) (macrophages Hyenne et al.
2008) and monocytes) (2019)
Golden Tg(mpo: GFP Neutrophils Yuan etal. (2011)
(Lamason et al., eGFEP)
2005)
Golden Tg(mpeg: mCherry Myeloid cells Nguyen-Chi
(Lamason et al., mcherry/TNF and GFP (Red) and et al. (2015)
2005) a:eGFP) TNFa-secreting

macrophages
(Green)

Casper (White Ty (Flk: GFP and Endothelium Home-made
et al., 2008) eGFP; Gatal: RFP and red blood

RFP) cells
Casper (White Tg(gatal: dsRed Red blood cells Traver et al.
et al., 2008) dsRed) (2003)

» Other fish strains are commonly used like: Tg(mpo::eGFP) which
expresses GFP in neutrophils, Tg(mpeg::mcherry/ TNFa::eGFP) which
expresses mcherry in macrophages and GFP in TNF a-secreting macro-
phages (Nguyen-Chi et al., 2015), (Casper) Tg (Flk::eGFP; Gatal::RFP)
expressing GFP in the endothelium and RFP in red blood cells or
Tg(gatal:dsRed) expressing dsRed in red blood cells.
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All animal procedures were performed in accordance with French and

European Union animal welfare guidelines and supervised by the local ethics

committee (Animal facility #A6748233; APAFIS #2018092515234191).

3.4 Zebrafish lines handling and embryo preparation
3.4.1 Zebrafish handling

1.

Prepare 0.3x DANIEAU solution using the stock solution
(Section 3.1.)

. Collect the fertilized eggs after mating in 10cm petri dish and kept

in DANIEAU (0.3 ) solution at 28°C for the first 24h post-
tertilization (hpt).

. Sort the positive embryos 24hpt with a stereomicroscope M205

FA Leica.

Put embryos in DANIEAU (0.3 X) solution with 200pM of PTU
(1-phenyl-2-thiourea Merck KGaA P7629) to inhibit melanogenesis
(Karlsson, von Hofsten, & Olsson, 2001). Embryos remain in this
DANIEAU (0.3 x)/PTU(1 x) solution over the course of the
experiment.

. Mechanically dechorionate embryo with precaution using a thin twee-

zer before immobilization.

3.4.2 Zebrafish immobilization

1.

At 48hpf, anesthetize zebrafish larvae with DANIEAU(0.3 x)/PTU
(1 X) solution containing 650 pM of tricaine (DANIEAU(0.3 X)/PTU
(1 x)/Tricain(1 X) solution).

. Caretully put larvae in a low melting point 0.8% agarose drop also con-

taining 650 pM of tricaine on a glass-bottomed petri dish compatible
with imaging (Fig. 2B). We use 35mm MatTek microwell petri dish
No.1.0 Coverslip, 14 mm glass diameter, uncoated. Larvae are all aligned
in the same direction on their flank at the bottom of the agarose drop
using tweezers before agarose solidifies. After 5min agarose should be

solidified and the fish immobilized in the petri dish.

. Add DANIEAU(0.3 x)/PTU(1 x) solution in the petri dish.

3.4.3 Preparations for larvae injection

1.

Pull 0.53mm diameter glass needles with a capillary puller (Sutter
Instrument P-1000) in order to obtain capillaries with a tip of approx-
imately 10 pm of diameter (Fig. 2A).
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Fig. 2 EV injection and imaging in zebrafish larvae. (A) Equipment required for EVs
injection in zebrafish larvae 1: Stereomicroscope, 2: Nanoinjector, 3: Injection control unit,
4: Scheme of glass capillary. (B) Schematic representation of 48 hpf larvae embedded in
agarose and mounted in a glass-bottom petri dish. (C) Upper panel: Schematic represen-
tation of a 48 hpf zebrafish larvae showing the site of EVs injection (duct of Cuvier) and their
main site of arrest (caudal plexus). Bottom panels: Confocal images of Fli1a:eGFP larvae
injected with Membright Cy3 labeled Zmel EVs. (D) Schematic representation and confocal
images of the caudal plexus of Flilaz:Gal4 UAS:RFP larvae injected with Membright Cy5
Zmel EVs. Large field of view: Z-stack. Zoom: single plane. (E) Schematic representation
and confocal images of the caudal plexus of Mpeg::GFP larvae injected with Membright
Cy5 Zmel EVs. Large field of view: Z-stack. Zoom: single plane. (F) Schematic representation
and confocal images of the caudal plexus of Flila:Gal4 UAS:RFP larvae injected with
Zmel EVs expressing the fusion protein syntenin2-GFP. Middle panels: Z-projection
and single plane images showing arrested and internalized EVs in endothelial cells.
Right panels: EVs circulating in the caudal vein at a single time point (upper panel).
Temporal projection representing EVs movements (lower panel). Panel C: from
Hyenne, V., Ghoroghi, S., Collot, M., Bons, J, Follain, G., Harlepp, S., Mary, B., Bauer, J,
Mercier, L., Busnelli, |, Lefebvre, O. Fekonja, N. Garcia-Leon, M.J, Machado, P.,
Delalande, F., Ldpez, A.A, Silva, S.G., Verweij, FJ, van Niel, G, Djouad, F., Peinado, H.,
Carapito, C,, Klymchenko, A.S., Goetz, J.G., 2019. Studying the fate of tumor extracellular
vesicles at high spatiotemporal resolution using the zebrafish embryo. Developmental Cell
48, 554-572.e7. https:/doi.org/10.1016/j.devcel.2019.01.014.
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. Break the tip of the capillary with tweezers to obtain the thinnest cap-

illary tip that can pierce through the yolk sac.

. Fill the needle with mineral oil using a syringe. It is important to avoid

the presence of any bubbles inside the needle as it could affect the quality
and reproducibility of the injection. The needle is mounted on a
nanoinjector (Drummond Scientific Nanoject II Auto-Nanoliter
Injector) (Fig. 2 A2) which allows injecting between 2.3nL and 69nL
of a solution with a speed of 46nL/s (fast) or 23nL/s (slow). The
nanoinjector piston is pushed up to two-third of the needle length in
order to have enough available volume to aspirate the solution
containing the EVs (Fig. 2A).

. Put 5pL of fluorescent EVs suspension in 1 X PBS on a parafilm paper

placed under the stereomicroscope.

. Fill the capillary of EV suspension. Avoid air bubbles in the capillary.

3.5 Larvae injection

1.

Place the petri dish containing aligned larvae mounted in agarose under
the stereomicroscope with their yolk facing the injector and the tip of the
needle (Fig. 2B).

. Gently insert the capillary in the duct of Cuvier, which connects the yolk

vasculature to the heart (Fig. 2C). The needle’s tip is placed in the vicin-
ity of the circulating blood cell in the blood vessel right under the
epidermis that cover the yolk sac.

. Inject between 23.0nL and 36.8nL of EVs, depending on the concen-

tration of EVs and the number of particles you want to inject, in one
single injection. Best results are obtained with 5¢10° to 110 particles
per injection. During injection, blood cells that are displaced by the
injected volume and pumped by the heartbeat can be visualized under
the stereomicroscope (Fig. 2C). These movements are used as readout
to control the efficacy of the injection. It is important to ensure that the
injected volume 1s pumped by the heart during injection in order to
avoid that the solution of EVs leaks out of the circulatory tract by
the wound made by the capillary. Doing so will allow reproducible
injections.

4. In vivo imaging of circulating EVs in zebrafish larvae:
Applications

Once a series of 8—16 larvae are injected, they can be imaged with any

microscope allowing fast imaging, ideally with optimal resolution (spinning
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disk, single-plane illumination (SPIM), confocal microscopy, etc...). These
microscopes should ideally be equipped with a thermostatic chamber heated
at 28 °C. Here, we will describe high spatio-temporal imaging of EVs using
confocal microscopy (Leica SP5/SP8 equipped with a resonant scanner).
Alternatively, spinning disk microscopy proved to be equally efficient
(Verweij, Hyenne, et al., 2019; Verweij, Revenu, et al., 2019) and SPIM
should in theory also allow non-invasive imaging of circulating EVs over
a long period of time (Follain, Mercier, Osmani, Harlepp, & Goetz,
2017). In the next sections, we provide specific microscopy procedures to
track: (1) circulating EVs, (2-3) individual EVs right after injection, (4)
freshly arrested EVs (5) EVs uptake and (6) the functional consequences
of dispersion of tumor EVs. We also show how these procedures can be
adapted to the multi-color simultaneous imaging of different EV populations
(Hyenne et al., 2019). These imaging sessions are focused on the caudal
plexus area of the zebrafish vasculature, which proves to be a perfect region
for optimal imaging parameters (speed and resolution). This region is thin
and thus easily accessible with single-photon imaging. Furthermore, it is a
hotspot for the arrest of circulating tumor cells (Follain, Osmani, Fuchs,
et al.,, 2018; Follain, Osmani, Azevedo, et al., 2018) and EVs (Hyenne
et al., 2019).

4.1 Equipment

*  Microscope: TCS inverted SP5 with HC PL APO 20 x /0.7 IMM
CORR CS objective (Leica) or upright SP8 confocal microscope with
an HC FLUOTAR L 25 x /0.95 W VISIR objective (Leica), equipped
with a resonant scanner and a thermostatic chamber (28 °C).

* Softwares: SP5/SP8 microscope is equipped with the Leica LAS_AF
software version INK 2.7.3.9723. The FIJI/Image | software is used
for further image analysis.

* Imaris: Fast tracking of EVs can be performed and rendered using the
tracking tool of Imaris.

4.2 Imaging and analysis protocols

4.2.1 High-speed imaging for hemodynamic profiling of circulating EVs
High-speed imaging is mandatory to reveal the accurate hemodynamic
profiles of populations of fluorescently labeled EVs in the zebrafish
vasculature. Here, we provide examples of how one can reach high-speed
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confocal microscopy that is suited for imaging and tracking circulating EVs

in the blood flow of zebrafish larvae (as published in Hyenne et al., 2019).

1. Place the glass-bottom petri dish containing zebrafish larvae under the
microscope right after injection. Larvae can be either imaged using an
inverted or an upright confocal microscope.

2. Use transmitted light and overall fluorescence to focus, if desired, on the
caudal plexus region where most of the EVS would accumulate (see
Verweij, Hyenne, et al., 2019; Verweij, Revenu, et al., 2019,
Hyenne et al., 2019). Such region can be of course adapted to the
needs of the study. Imaging at several magnifications is recommended
to fully characterize the vascular region of interest with optical
sectioning.

3. Lasers are set according to the dyes (Membright, efc.) and the transgenic
zebrafish strain that are used. We usually use Membright-Cy3 or -Cy5
labeled EVs injected in Tg(Flila::eGFP), Tg(mpeg1::eGFP) or Tg(Flila::
Gal4; UAS::RFP) fish, respectively, to identify circulating EVs in the
vasculature (Fig. 2C-E). Note that the same protocol is used for
genetically engineered fluorescent EVs (Fig. 2F). Transmitted light
imaging is also used to record and track the displacement of circulating
red blood cells (RBCs). Alternatively, one can use the Tg(gatal::dsRed)
zebrafish line to track circulating RBCs using fluorescence (see Goetz
et al., 2014; Hyenne et al.,, 2019). Finally, two populations of EVs
can be imaged simultaneously, for instance, population #1 labeled
with MemBright-Cy3, co-injected with population #2 labeled with
MemBright-Cy5 in Tg(Flila::eGFP) fish.

4. Use aresonant scanner (Leica) to reach a frequency of 80—100 frames per
second in order to capture the motion of EVs in circulation. This could
imply to reduce the image pixel size to 512 x 32 pixels, for example,
focusing on a single arterial or venous vessel. We usually rotate the acqui-
sition region so that a single vessel/vascular region would fit within a
512 x 32 pixels window (Fig. 3A).

5. Acquire only one Z plane inside the selected vascular region with a
pinhole >1 airy unit to capture EVs moving slightly out of the focal
plane, for 1min (Fig. 3A) at optimal scanning speed (to reach 80—100
frames/s, which should allow capturing RBCs and EVs flowing in the
dorsal aorta of a 2dpf larvae). RBCs can be imaged at the same time
by transmitted light, or by fluorescence using transgenic fish with
fluorescent erythrocytes (Gatal::dsRed for instance).
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Fig. 3 Dynamic behavior of circulating EVs and fate of internalized EVs. (A) Membright
Cy3 4T1 EVs and red blood cells (RBC) tracking in zebrafish caudal plexus: tracking of
individual 4T1 EVs in the caudal vein. Right histogram: EVs and RBC velocities (y axis:
pum/s) versus distance to vessel wall (x axis: pm). (B) Schematic representation and con-
focal images of double transgenic fish (Flila:Gal4 UAS:RFP mpeg::eGFP) injected with
Membright Cy5 Zmel EVs. Left panels: 3D stack of caudal plexus region. Zoom:
single planes. Right panels: time-lapse showing macrophages (GFP) having internalized

(Continued)
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4.2.2 Image analysis

Once movies are recorded, we use FIJI (or Imaris tracking modules) to track
RBCs and EVs in motion and process the images. We provide here one pos-
sible workflow to analyze these images. We recommend referring to the
Imaris tracking modules for optimal tracking parameters and will detail
below how we reach accurate tracking of flowing EVs and RBCs using
FIJI plugins.

4.2.2.1 Tracking of RBCs

1. Enhance the contrast of the whole stack. Depending on the quality of the
image, the Gaussian Blur or Unsharp mask FIJI filters can be used.

2. Execute a Z-projection with average intensity option and subtract the
obtained image to the stack. The remaining stack should only
display RBCs.

3. Make a binary image of the resulting stack.

4. Apply a bandpass filter with the correct values to remove the background
noise and keep only the RBCs.

5. Analyze the obtain stack with the Mosaic 2D /3D particle tracker plugin.
For each frame, the position of each blood cell is obtained, and the veloc-
ities of each individual track can be visualized (Fig. 3A).

4.2.2.2 Tracking of EVs

1. Use an appropriate threshold to improve the quality of the images
(flowing EVs).

2. Make binary images and invert the stack.

Fig. 3—Cont'd Membright Cy5-Zmel EVs (cyan) and moving along the endothelium
(red). Arrows: macrophage inside the vasculature. Arrowheads: macrophage carrying
EVs and moving outside the vasculature. (C) Schematic representation and illustrative
images of a CLEM experiment on a Fli1a:eGFP larvae injected with Membright Cy3-Zmel
EVs (Upper left). Lower left panel: superposition of the region of interest imaged with
confocal and with electron microscopy. Bottom right panels: Same endothelial region
imaged with confocal and with electron microscopy. Magnified areas show that this
region contains multivesicular endosomes, which could be the compartments con-
taining internalized EVs. Panel A: Adapted from Hyenne, V., Ghoroghi, S., Collot, M.,
Bons, J., Follain, G., Harlepp, S., Mary, B., Bauer, J., Mercier, L., Busnelli, I, Lefebvre, O.,
Fekonja, N. Garcia-Leon, M.J, Machado, P, Delalande, F., Ldpez, A.A., Silva, S.G,
Verweij, F.J, van Niel, G., Djouad, F. Peinado, H. Carapito, C, Klymchenko, A.S,
Goetz, J.G., 2019. Studying the fate of tumor extracellular vesicles at high spatiotemporal
resolution using the zebrafish embryo. Developmental Cell 48, 554—572.e7. https:/doi.org/
10.1016/j.devcel.2019.01.014.
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3. Use the 2D spot enhancing Filter plugin.

N

. Use the stack obtained to make another binarization.

5. Use the Mosaic 2D/3D particle tracker plugin. The position of each EV
for each frame is obtained, thus their velocity can be plotted on the image
(Fig. 3A).

4.2.2.3 Spatio-temporal analysis of EVs and RBCs within blood vessels

An important parameter to dissect the hemodynamic profiles of EVs is their

exact location, and subsequent velocity, within blood vessels when flowing.

We previously analyzed the velocity of EVs according to their position

within the vessel (Hyenne et al., 2019). Here, we provide a detailed

procedure for performing such analysis.

1. Delineate the endothelial wall using the transmitted light (or GFP
fluorescence from a Tg(Flila:eGFP) larvae, and extract the coordinates
(into an excel or csv table).

2. Using the temporal analysis of RBCs and EVs velocities (Sections 4.2.2.1
and 4.2.2.2.), extract the coordinates of EVs and RBCs over time.

3. Calculate all the possible distances “d” between EVs (or RBCs) positions
(Xgrand Ygp or Xppe and Ygrpc, respectively) and the closest position
of the endothelium (X, 4, and Y,,4,)-

4. Use these following equations to calculate “d”:

d= \/(XEV - Xendo)z + (YEV - Yendo)2 or

d= \/(XRBC - Xendo)2 + (YRBC - Yendo)z

5. Keep the smallest distances “d” for each EVs or RBC position.

6. This procedure allows to plot the velocities of RBCs and EVs as a func-
tion of the distance from the endothelial wall (Fig. 3A) and thus their
position within the vessel.

Such detailed analysis allowed us to make the first hemodynamic profiling of
circulating EVs in the zebrafish vasculature (Hyenne et al., 2019). We found
that EVs follow a Poiseuille repartition during the circulation in zebrafish
vessels. They display high velocity in the middle of the vessel and reduced
velocity in the vicinity of endothelial walls, where they drastically slow
down and engage rolling and adhesion behaviors. To go further in the anal-
ysis of circulating EVs and their interactions with their microenvironment,
we complement the dynamic analysis of EVs in movement with fine 3D
imaging of arrested EVs in the caudal plexus.
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4.2.3 Dissect the mechanisms of EVs arrest with 3D volume imaging

In order to prime metastatic niches (Peinado etal., 2017), circulating EVs are

believed to first target specific vascular regions and get internalized by endo-

thelial cells or patrolling macrophages present in the circulation. Whether
this 1s an active or passive process remains to be determined. We provide
here means to accurately characterize the intravascular arrest behavior of cir-
culating EVs in vivo. Such analysis is based on volume imaging of the
zebrafish vasculature concomitantly with arrested EVs. Doing so, we discov-

ered that the vast majority of artificially introduced tumor EVs display a

flow-dependent arrest behavior and preferentially stop in low flow venous

compartments of the zebrafish vasculature, only 10min after injection

(Hyenne et al., 2019). We also identified the main cell types taking up

EVs in zebrafish: endothelial cells and patrolling macrophages. This protocol

can also be adapted to image two populations of EVs concomitantly. It could

therefore allow comparing simultaneously different profiles of the arrest of
natural subpopulations of EVs (e.g., microvesicles and exosomes) or of
engineered EVs (e.g., expressing or not an adhesion receptor).

1-3. The three first steps -1. -2. -3. are common with the protocols

described in Section 4.2.1.

4. Use a pinhole of 1 airy unit and a z-step of 0.5 pm, acquire an optical
confocal section of the entire caudal plexus (Fig. 2D and F, Fig. 3B).
Several resolutions can be used and we, for example, apply 512 x 512
or 1024 x 1024 pixels imaging (or 512 x 256, 1024 x 350 pixels) which
are imaging parameters (size) that allow optimal EVs and vasculature
imaging (Fig. 2D and E).

5. Perform a maximum intensity Z projection of the stack to visualize the
overall distribution of EVs in the caudal plexus. Such analysis allows to
attribute EV arrest position with respect to the vessel identity and flow
parameters (see Hyenne et al., 2019; Verweij, Hyenne, et al., 2019).

6. Single planes of the stack are selected to confirm the internalization of
fluorescent EVs in fish cells (Fig. 2D-F, Fig. 3B).

When combined with imaging acquisition parameters allowing to
accurately determine hemodynamic profiles (see Section 3.3), such an
analysis allows to correlate hotspots of the arrest of EVs with vascular
flow profiles. In addition, this protocol allows to identify the cells
internalizing circulating EVs. For example, we routinely inject EVs
labeled with Membright dyes in Tg(Flila::eGFP), Tg(mpeg1::eGFP),
Tg(Flila::Gal4; UAS::RFP) or Tg(Flila::Gal4;, UAS::RFP; mpeg1::
GFP) fish lines (Fig. 2C—F, Fig. 3) as we had identified that patrolling
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macrophages, in addition to endothelial cells, are massively engulfing
circulating EVs (Hyenne et al., 2019; Verweij, Hyenne, et al., 2019)
(Fig. 2D and E, Fig. 3B). Finally, this protocol can be used to compare
the preferential arrest sites and target cells of two populations of EVs
simultaneously. In this case, two populations of EVs will be labeled with
two difterent dyes in parallel and mixed at the same concentration right
before injection in zebrafish larvae (Hyenne et al., 2019).

4.2.4 Visualization of circulating EVs arrest and uptake
Depending on the source of EVs and the identity of the receiving cell, many
different mechanisms of EV arrest and uptake have been described. They
include direct fusion between EVs and the receiving cell plasma membrane,
phagocytosis, macropinocytosis, clathrin-dependent and independent
endocytosis and receptor mediated endocytosis. The arrest and internaliza-
tion of circulating EVs can now be visualized in vivo in zebrafish larvae. It can
be used to directly test the involvement of a particular EV receptor or to
compare the arrest and uptake of difterent populations of EVs.

1-3. The three first steps -1. -2. -3. are common with the protocols

described in Section 4.2.1.

4. Note that for this protocol, it is essential to start imaging right after injec-
tion, as quickly as possible, since most of the circulating EVs get inter-
nalized in less than 10 min.

5. Make a xyzt time-lapse of the cell of interest. Of note, difterent settings can
be used depending on the dynamic of the internalization. As an example,
we previously used the following settings: Short time lapses at 5—10
Z stacks per minute for 1 min with a z-step of 0.5mm; long time lapses
at 1 Z stack per minute for 1h with a z-step of 2mm; short time-lapses
at 3—8 images per second on single Z planes (Hyenne et al., 2019).

This protocol allowed us to capture events of internalization by endothelial

cells and macrophages (Fig. 3B right panel) (Hyenne et al., 2019). Our

analysis identified two different mechanisms of EVs uptake by macro-
phages in vivo: endocytosis and a mechanism similar to filopodia surfing

(Heusermann et al., 2016; Hyenne et al., 2019). Furthermore, this protocol

can be used to track the trafticking of EVs within the receiving cells, from

the initial entry of EVs, to their storage compartment.

4.2.5 Identification of the compartments storing internalized EVs
After uptake, EVs are usually trafficked to late endosomes-lysosomes, where
they will deliver their cargo or be degraded. Zebrafish larvae are well adapted
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to study the fate of circulating EV once they are internalized. Indeed, as
zebrafish larvae are permeable, it is possible to visualize the late endosomes-
lysosomes by simply adding lysotracker to zebrafish incubating medium.

The following labeling protocol can be added to the protocols Sections
4.2.3 or 4.2.4 described above:

* Add lysoTracker (Thermofisher Scientific) at 5pM in the DANIEAU

medium for 2h before EVs injection

Another way to study the fate of circulating EVs in zebrafish with the high
spatial resolution is to use correlative light electron microscopy (CLEM)
(Fig. 3C). Since this protocol has been described elsewhere (Follain,
Osmani, Fuchs, et al., 2018; Goetz, Monduc, Schwab, & Vermot, 2015;
Hyenne etal., 2019), we will briefly describe the main steps. Living zebrafish
larvae are imaged at different magnifications after EVs internalization, with
labeling allowing visualization of EVs and a specific cell type (endothelial
cells or macrophages for instance) as well as additional anatomical landmarks.
Larvae are fixed and processed for serial electron microscopy analysis, using
previously described protocols (Follain, Osmani, Fuchs, et al., 2018; Goetz
etal., 2015; Hyenne et al., 2019). Using recorded anatomic landmarks, such
as the architecture of the vasculature in the caudal plexus, the cell of interest
can be retrieved (Fig. 3C). It is then possible to image and reconstruct the 3D
volume of the cell of interest at high resolution by serial section electron
microscopy or tomography.

These approaches (with their associated protocols described above (in
particular Sections 4.2.3 or 4.2.4)) can be instrumental to identify the fate
of internalized EVs. In the future, it could contribute to the understanding
of the mechanisms of EV cargo transfer.

4.2.6 Functional assay: Priming of metastatic niches

EVs are known to induce phenotypic changes in multiple physiologic and
pathologic contexts. The zebrafish larvae can be used to capture these phe-
notypes in real time and correlate them with the uptake of EVs. While many
other possibilities will likely arise in different fields in the coming years, we
provide here an example of a functional assay aiming to determine the pro-
metastatic potential of tumor EVs. Many studies in mice revealed that intra-
venous injection of tumor EVs increases the metastatic growth of tumor cells
subsequently injected into the circulation (Costa-Silva et al., 2015; Peinado
etal., 2012). Here, we detail a protocol allowing to directly image the events
occurring after the initial arrival of tumors EVs. In this assay, zebrafish mel-
anoma EVs (Zmell EVs) are injected into larvae circulation before the
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injection and tracking of Zmell td-tomato cells. As a control for EVs, we

initially used 100 nm polystyrene beads, but complementary controls should

use EVs from non-tumoral cells (e.¢., Zebrafish fibroblasts AB9). Afterward,
tumor cell growth is monitored over time using longitudinal imaging.

1. Inject a control concentration of (in our case Zmel EVs, 100nm poly-
styrene beads (phosphorex) as a control) into the circulation of zebrafish
larvae at 32hpf

2. 14h after EVs injection, inject tumor cells corresponding to the tEVs
secreting cells, in our case, Zmell td-Tomato melanoma cells. Tumor
cells are prepared as previously described (Follain, Osmani, Fuchs,
et al., 2018). Briefly, cells are detached, and a cell suspension is prepared
in their culture medium ata 10° cells/mL. Between 27.6 and 32nL of the
cell suspension is injected into the fish vasculature.

3. Image the zebrafish caudal plexus with a confocal microscope at different
time points to record tumor cells survival and colonization. In our
case 24h, 48h and 7 days after tumor cell injection (Fig. 4B). Larvae are
mounted for imaging and replaced in their growing medium, according
to the procedure. Note that in this experiment we use beads as control,
in previous work we added a supplemental control injecting EVs coming
from zebrafish fibroblasts (AB9 cell line) (Hyenne et al., 2019).

The zebrafish transparency allows to easily visualize the arrest of tumor cells

in the circulation at a single cell level (Fig. 4B left panels), to follow extrav-

asation of tumor cells at different time-points (Fig. 4B middle and right
panels) and their outgrowth and invasion of surrounding tissues (Fig. 4B
right panels).

5. Conclusions

As research in circulating extracellular vesicles grows with develop-
ments in diagnosis, biomaterials or fundamental biology, appropriate models
are crucial to dissect their behavior in physiologic and pathologic conditions
in vivo. Unfortunately, a majority of in vitro studies have not yet taken into
account the hemodynamic environment which circulating EVs use to dis-
seminate and execute their functions. In addition, classical in vive models
(such as mice) do not allow to precisely follow EVs dynamics in body fluids.
On the contrary, intravascular injection of EVs within the zebrafish larvae
allows a non-invasive visualization of individual EVs dispersion, uptake
and interactions with cells in the physiological environment of a circulatory
system. This methodology is compatible with every type of EVs isolation
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Fig. 4 Example of a functional EVs experiment in zebrafish. (A) Schematic representa-
tion a priming experiment protocol in zebrafish. EVs or 100nm beads are injected in
34hpf larvae. Tumor cells are injected in 48 hpf larvae. Tumor cell survival and coloni-
zation is followed at different time-points. Hptci: hours post tumor cell injection.
(B) Confocal images of a representative priming experiment. The growth of Zmel1
tdTomato cells is imaged in FlieTa:eGFP fish at three different time-points after tumor
EVs or beads treatments. Arrows: intravascular cells, arrowheads: extravascular cells.

protocol, requires minimum material and basic imaging setup. Ultimately, it
is currently the best model to investigate EVs hemodynamics behavior,
attachment, uptake and endocytosis by specific cell types in vivo (Hyenne
et al., 2019; Verweij, Hyenne, et al., 2019).

The methodology described within this chapter is likely to provide
fertile grounds for increasing our knowledge and address several important
questions:

(1) How do EVs disseminate through body fluids? To escape their secreting site
and reach distant receiving cells, EVs often need to cross the endothelial
barriers. Two processes, transcytosis and endothelial leakage have been
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described (Matsumoto et al., 2017; Tominaga et al., 2015). However, the
articulation of the two processes and their underlying molecular mecha-
nism remains to be unraveled in vivo. In zebrafish, injection of pre-labeled
EVs with appropriate dyes, combined with CLEM imaging, could allow
to image EVs leaving the blood circulation with high levels of details
(Hyenne etal., 2019). High-resolution visualization of EVs inside and out-
side the zebrafish vasculature will help to understand if EVs reach distant
cells as isolated vesicles or if other cells (e.g., macrophages) can help EVs to
cross the endothelial barrier (Fig. 3B arrowheads). Furthermore, using
CD63-pHLuorin tool (a pH sensitive GFP fused to the CD63 EV marker
that is fluorescent only in non-acidic compartments) in zebrafish larvae
(Verweij, Hyenne, etal., 2019; Verweij, Revenu, etal., 2019) allows visu-
alizing EVs diftusing from their secreting site and helps to understand how
EVs cross the endothelial barrier to reach the circulation. Therefore,
zebrafish larvae can be used to track the journey of EVs from their secretion
site to their target cells, via the blood circulation.

Which mechanisms control EVs organotropism and uptake? It is thought that
the repertoire of adhesion molecules present on the surface EVs is
responsible for specific interactions between EVs and receiving cells,
ultimately leading to EVs internalization and cargo delivery. Several
molecules, such as integrins (Hoshino et al., 2015), tetraspanins
(Nazarenko et al., 2010; Rana, Claas, Kretz, Nazarenko, & Zoeller,
2011; Rana, Yue, Stadel, & Zoller, 2012), heparan sulfate proteogly-
cans (Purushothaman et al., 2016) and lectins (Barres et al., 2010;
Bruno et al., 2009) have been shown to mediate the interaction
between EVs and receiving cells. However, the relative importance
and the interplay of these molecules 1s unknown. Zebrafish model
allows comparing and visualizing in vive interaction and internalization
of different populations of EVs bearing different membrane proteins.
Therefore, it offers the possibility to test the individual or combined
role of specific adhesion molecules in circulating EVs arrest and uptake.
Furthermore, because pharmacological approaches and genetic manip-
ulation are easily performed in the zebrafish, one can dissect endocytic
pathways that control EVs uptake in vivo and test pathways previously
identified in vitro like clathrin-dependent endocytosis or micro-
pinocytosis (Nakase, Kobayashi, Takatani-Nakase, & Yoshida, 2015;
Tian et al., 2014). The zebrafish larvae provides a relevant model to
test these pathways in realistic physiological environments where
hemodynamics forces are taken into account.

110



Live tracking of extracellular vesicles in larval zebrafish 269

(3) What are the consequences of EVs uptake? The dynamic of the phenotypic
changes induced by EVs uptake on a receiving cell are not fully under-
stood. This is in part due to the lack of appropriate models allowing to
visualize the impact of EVs on receiving cells in vivo. However,
zebrafish larvae offers the possibility to directly correlate the number
and timing of EVs uptake to modifications of the phenotype of an
individual receiving cell. Various tools could be developed to investi-
gate this question. For instance, we have shown that tumor EVs activate
the expression of TNF-a in macrophages in zebrafish (Hyenne et al.,
2019). This transgenic line, Tg(mpeg::mcherry, TNF-a::GFP) (Nguyen-
Chi et al., 2015) can now be used to dissect precisely the consequences
of EVs uptake on macrophages phenotypic switch. Similar approaches
adapted to other fields of biology could easily be developed in zebrafish.
For instance, genetic reporters, such as the Cre-Lox system, which are
available in zebrafish (Carney & Mosimann, 2018), could be used to visu-
alize EVs cargo delivery, similarly to what has been done in mice (Zomer
et al., 2015).

Finally, we think that the zebrafish model could be a great asset in
various fields of EVs research. Indeed, zebrafish models have been deve-
loped in several domains (Gut, Reischauer, Stainier, & Arnaout, 2017,
Kirchberger, Sturtzel, Pascoal, & Distel, 2017, Torraca & Mostowy,
2018; White, Rose, & Zon, 2013; Xi, Noble, & Ekker, 2011) where circu-
lating tEVs play instrumental roles, such as cancer biology, cardiovascular
diseases, neurodegenerative disorders or pathogenic diseases. Therefore,
these fields could strongly benefit from studying the role of EVs in zebrafish,
which could increase our knowledge on EVs biology in addition to
accelerate the development of therapeutic strategies and clinical trials.
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3. The role of hemodynamics forces on circulating tEVs and endothelium

interactions

The two complementary models presented before allowed me to decipher the
fate of circulating tEVs. During my PhD, my main work aimed at (i) investigate the
potential correlation between flow speed and tEVs accumulation in endothelial
recipient cells in vivo; (ii) explore if biophysical cues of the circulation (i.e.
hemodynamic forces) affect circulating tEVs trafficking inside recipient endothelial
cells; (iii) study combined effects of tEVs internalization and presence of hemodynamic
forces on endothelial cell phenotype.

Using both, the zebrafish embryo and a microfluidic approach, together with my
colleagues Nandini Asokan, we found that the presence of a moderate flow, similar
to the one in small vessels (e.g. venules) and corresponding to the area where
circulating tEVs arrest in vivo, have a significant impact on circulating tEVs biology.
This supports the idea that hemodynamic is indeed an important factor to consider
while studying circulating tEVs (e.g. their biodistribution and their function). We
showed that:

e Venous moderate flow speed in vivo and similar range of flow speed in vitro
(400pum/s) enhance tEVs internalization by endothelial cells.

e in vivo, there is an inverted correlation between flow speed and tEVs
accumulation in endothelial cells (i.e. high arterial flow speed decreases tEVs
accumulation, low venous flow speed increases it).

e In vitro and in vivo, absence or decrease of flow speed respectively, reduces
tEVs internalization by endothelial cells.

e |n vitro and in vivo flow speed regulates tEVs redirection toward less acidic
compartments in endothelial cells.

e In vitro, presence of moderate flow speed increases colocalization of tEVs with
Rab14+ compartments.

e In vitro and in vivo, tEVs treatment associated with a relevant hemodynamic
environment activates pro-angiogenic mechanisms.

Overall, our work showed the importance of the hemodynamic environment in
circulating tEVs biology. Biophysical forces tune the internalization, the trafficking as
well as the function of tEVs inside endothelial cells. Further investigations will be
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needed to entirely characterize some mechanisms identified in this work. Nonetheless,
it could pave the way for further research about circulating tEVs behavior in circulation
and more importantly in tumor progression and the apparition of PMN. Additionally, it
could also bring lights on the importance of the hemodynamic part of EVs biology in
other pathophysiological processes mediated by EVs such as cardiovascular disease.

Blood flow diverts circulating extracellular vesicles from endothelial degradation to

promote angiogenesis

e Mary et al., 2022 (in preparation)
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Extracellular vesicles released by tumors (tEVs) disseminate via
circulatory networks and promote microenvironmental changes
in distant organs favouring metastatic seeding. Despite their
abundance in the bloodstream, how hemodynamics affect the
function of circulating tEVs remains unsolved. We experimen-
tally tuned flow profiles in vitro (microfluidics) and in vivo (ze-
brafish) and demonstrated that efficient uptake of tEVs oc-
curs in endothelial cells subjected to capillary-like hemody-
namics. Such flow profiles partially reroute internalized tEVS
towards Rab14-positive endosomes, which are non-acidic and
non-degradative, suggesting that endothelial mechanosensing
allows to divert tEVs from degradation. Subsequently, tEVs
promote the expression of pro-angiogenic transcription factors
in flow-stimulated endothelial cells and favor vessel sprouting in
zebrafish. Altogether, we demonstrate that capillary-like flow
profiles 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 mechanosensing in specific vascular
regions with permissive flow profiles.

extracellular vesicles, endothelium, | ly
Correspondence: hy istra.fr jacky. i m.fr
Introduction

Inter-organ communication is instrumental in maintaining
systemic homeostasis, coordinating metabolic response to
environmental challenges or reacting to diseased tissue. It
can be mediated by hormones, cytokines, but also by more
recently described and more complex structures belonging
to the heterogenous family of extracellular vesicles (EVs).
These small vesicles (30nm-5um diameter) transport bioac-
tive molecules (RNAs, lipid, proteins) between distant organs
by traveling through circulatory networks (Yafiez-M¢ et al.,
2015; Cheng and Hill, 2022). In cancer, as the disease be-
comes systemic and progresses 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 in multiple ways (Kalluri
and LeBleu, 2020; Marar et al., 2021). By joining future
metastatic organs before tumor cells arrival, tEVs modify
its 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 in-
duced by tEVs on distant organs started to be unraveled over
the past years, the transit of EVs from the circulation to the
new organ are very poorly described. By contrast, the behav-
ior of circulating tumor cells in the vasculature is better un-
derstood (Follain et al., 2020b). For instance, it is now well
established that blood flow forces directly impact the arrest,
extravasation and metastatic capacities of circulating tumor
cells (Follain et al., 2020a). It is therefore possible that hemo-
dynamics affects the abilities of tEVs to alter distant organs
and form pre-metastatic niches. Furthermore, hemodynam-
ics strongly affects the biology of the endothelium, which,
together with patrolling monocytes, takes up most of circulat-
ing EVs (Morishita et al., 2015; Imai et al., 2015; Takahashi
etal., 2013; Hyenne et al., 2019). For instance hemodynamic
forces alter endothelial shape and cytoskeleton organization
(Li et al., 2005), but also endosomal pathways, as they reg-
ulate 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 (Han et al., 2015, 2012; Tarbell, 2010).
Therefore, we speculated that hemodynamics would impact
the fate and trafficking of internalized tEVs. To test this pos-
sibility, we studied the initial steps of tEVs settling in patho-
physiologic models properly reproducing the hemodynamic
environment. We combined an in vivo model, the zebrafish
embryo, that we adapted to the study of tEVs (Hyenne et al.,
2019; Verweij et al., 2019), together with an in vitro microflu-
idics models where a monolayer of endothelial cells can be
challenged with flow of a tunable speed (Follain et al., 2018).

2022 Mary etal. | bioRxiv | November 16,2022 | 1-14

120



Our results show that hemodynamics has a major impact on
EVs fate and function as it promotes EVs uptake, alters their
trafficking in endothelial cells by inducing a partial lysoso-
mal escape and enhances their pro-angiogenic function.

Results and Discussion

Blood flow tune endothelial uptake of circulating tEVs To
determine the influence of hemodynamics on the dissemina-
tion of circulating tEVs, we took advantage of the zebrafish
embryo that we previously described (Hyenne et al., 2019).
At 48h post-fertilization, the zebrafish embryo is composed
of a complex vascular network suited to real-time imaging
of circulating EVs (Verweij et al., 2021, 2019; Hyenne et
al., 2019). When injected in the duct of cuvier, injected EVs
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 rel-
atively high flow velocities, these quickly return in venous
compartments characterized by low flow velocities. Interest-
ingly, when assessing which vascular regions were preferably
targeted by tEVs, we observed that both endothelial cells and
patrolling macrophages of low flow regions efficiently inter-
nalized circulating tEV (Hyenne et al., 2019). In order to bet-
ter dissect such observation, we carefully and concomitantly
measured blood flow velocities and endothelial accumulation
of circulating tEVs (Fig.1A). To do so, we isolated tEVs from
4T1 mouse mammary tumor cells by differential centrifuga-
tion, labeled them with a stable and bright lipophilic dye that
we previously characterized, the MemGlow (formerly known
as MemBright) (Hyenne et al., 2019) and injected them in the
circulation of zebrafish embryos (Mary et al., 2020). We ana-
lyzed four vascular regions 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 (Figure 1A). We observed a significant inverse
correlation between flow profiles and endothelial accumula-
tion of tEVs : while accumulation of tEVs is maximal in ve-
nous regions with 400 um/s flow velocity, it is significantly
reduced in arterial regions where flow exceeds/reaches 600
um/s in average. In order to confirm that flow profiles directly
control the uptake of tEVs, we experimentally and pharma-
cologically tuned blood flow velocities in the ZF embryo and
quantified the resulting tEVs uptake in a common vascular
region (caudal vein). Decreasing flow velocities with lido-
caine (that reduces pacemaker activity of the heart (Figure
1B, left) as previously described (Follain et al., 2018)) lead
to a significant decrease of tEVs uptake by endothelial cells
(Figure 1B). Conversely, increasing the heart pacemaker ac-
tivity using IBMX (that increases pacemaker activity of the
heart (Figure 1C, left) as previously described (Follain et al.,
2018)) results in a slight albeit non-significant increase in
tEVs uptake in the veinous endothelium (Figure 1C). To con-
firm these in vivo data suggesting that tEVs uptake is mostly
efficient at permissive flow profiles of 400 um/s, we exploited
in vitro microfluidics system, which allow for a precise and
homogenous control of flow regimes. Similarly, we measured
the internalization of fluorescent tEVs perfused on a mono-
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layer of endothelial cells and observed that tEVs accumulate
more efficiently in endothelial cells subjected to a 400 pm/s
flow speed (when compared to static, no flow conditions).
Altogether, our in vitro and in vivo experiments demonstrate
that endothelial cells most efficiently accumulate tEVs when
subjected to flow velocities of 400 um/s. We propose that
binding and arrest of tEVs at the endothelial surface are pre-
vented when flow velocities exceed the permissive value of
400 pm/s while both uptake and trafficking of tEVs would
be impaired, through mechanosensing, at low flow velocities.
Interestingly, we had observed EVs rolling on the surface of
the endothelium of zebrafish embryos at this flow velocity
(Hyenne et al., 2019). In addition a velocity of 400 um/s fa-
vors the arrest of circulating tumor cells (Follain 2018) and
is the average flow speed measured in small capillaries from
organs that are prone to metastasis such as human liver or
mouse brains (Follain et al., 2020b). Nevertheless, hemo-
dynamics cannot be the sole explanation for such behavior
and 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). Therefore, efficient binding of
tEVs to the endothelial surface occurs when adhesion-prone
tEVs exploit permissive flow profiles. Interestingly, simi-
lar observations 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 (Han
etal., 2012, 2015; Chen et al., 2020; Lin et al., 2010). There-
fore, is it likely that the destination of circulating EVs relies
on the combined effect of hemodynamics and receptor-ligand
interactions.

Circulating tEVs are partially re-routed to alternative
non-acidic and non-degradative RAB14 positive com-
partments We then aimed to characterize the fate of circu-
lating tEVs in flow-stimulated endothelial cells. To inves-
tigate the trafficking routes exploited by tEVs, we gener-
ated VHUVECs endothelial cell lines stably expressing flu-
orescent markers of early (mCherry-Rab5), late (mEmerald-
Rab7) and recycling endosomes (eGFP-Rab11) as well as late
endosome-lysosomes (RFP-Lampl). We tracked the inter-
nalization of fluorescently labelled tEVs by live imaging and
quantified their colocalization with endosomal markers after
3h using an automated image analysis pipeline (see material
and methods). We found that internalized EVs mostly co-
localize with LAMPI positive compartments and, to a lesser
extent with Rab5 and Rab7 (Fig.2A and Fig.S1). Flow 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.
Since accumulation of circulating tEVs in LAMP1 positive
compartments suggests that they end up in degradative com-
partments, we wondered whether flow could divert tEVs from
degradative machineries. We first labeled degradative com-
partments in endothelial cells using the Magic Red mem-
brane permeant probe, which rapports the activity of the
lysosomal protease cathepsin B. While most of the inter-
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Fig. 1. Blood flow tune the uptake of circulating tEVs by endothelial cells A) Description of the experimental setup: 2 days post-fertilization transgenic (Fli1:GFP (endothelium)
Gata1:dsRed (red blood cells -RBCs) zebrafish embryos are injected intravascularly with Memglow-Cy5-labeled 4T1 EVs and imaged in the caudal plexus after 3h (right,
Z projection). Velocities of individual circulating RBCs are tracked and fluorescent EV signal internalized in the endothelium is measured in four indicated regions per fish
(2 aortic and 2 veinous). Bottom left: representative images of the four regions showing EVs within the endothelium (Z projections) and RBCs tracks with a color code
representing velocities. Bottom right: graph showing the correlation between internalized EVs and RBC velocities in the same region (n= 3 embryos). B-C) Memglow-Cy5-
labeled 4T1 EVs are injected intravascularly in Fli1:GFP (GFP endothelium) embryos with decreased (B) or increased (C) heart pacemaker activity with respectively lidocaine
and IBMX. Left graphs display pacemaker activities (1 dot: 1 fish). Middle: representative images, single planes. Right graph represents the proportion of fluorescent EVs
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). D) Memglow-Cy5-labeled 4T1 EVs are perfused on HUVECs endothelial monolayer labeled with Memglow 488 in static or flow conditions (400m/s)
and imaged by confocal after 3h. Representative images and quantification of internalized EVs showing increase in EV total area, in EV total fluorescence (1 dot: 1 field of
view; experiment performed in quadruplicate).

nalized tEVs accumulate in Magic Red positive compart- found in CathepsinB-positive structures (Fig. 2B) suggest-
ments, flow significantly reduced the proportion of tEVs ing that internalized EVs are partially redirected to non-
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degradative compartments upon flow mechanosensing. Since
the degradative activity of lysosomes hydrolases relies on the
acidic luminal pH (Perera and Zoncu, 2016), we next probed
the pH of EV-containing compartments by exploiting the pH
sensitive reporter pHluorin. When anchored on EVs exter-
nal membrane via an insertion in the extracellular domain
of the tetraspanin CD63, such construct, which is also fused
to pH insensitive mScarlet at its intracellular C-terminal end
(Sung et al., 2020), allows to probe the pH of the compart-
ments targeted by tEVs. We generated tumor cells express-
ing CD63-pHluorin-Scarlet and validated that these cells can
secrete pH sensitive fluorescent EVs (data not shown and
Fig.2C). The ratio of green (PhLuorin) towards red (mScar-
lett) fluorescence was then used to probe the pH of tEVs’
environment. When pH-sensor tEVs were perfused on en-
dothelial cells, we again observed striking differences in en-
dothelial cells subjected to flow. We found that flow dras-
tically increases the pHluorin/mScarlet ratio suggesting that
endothelial mechanosensing can change the trafficking routes
of internalized tEVs and reroute them towards more neutral
compartments (Fig. 2C). Together, these results show that in-
ternalized tEVs are in part diverted to less acidic and less
degradative compartments when endothelial cells are cul-
tured under flow. In order to identify such compartments, we
focused on Rab14, a Rab GTPase known for being localized
in LAMP1 positive late endosomes, in addition to other com-
partments (Hoffman et al., 2022). Among other functions,
Rab14 is involved in intracellular virus and pathogen traffick-
ing towards late endo-lysosomes (Kyei et al., 2006; Okai et
al., 2015; Kuijl et al., 2013). Importantly, Rab14 also controls
the transit of internalized material toward non-acidic LAMP1
positive compartments (Trofimenko et al., 2021). Therefore,
we stably expressed GFP-Rab14 in endothelial cells and as-
sessed their proximity to internalized tEVs. While internal-
ized EVs are often found in close proximity of Rab14 posi-
tive independently of flow, the proportion of EVs within the
lumen of Rab14 positive compartments is significatively in-
creased in flow-stimulated endothelial cells. Altogether, our
results show that the presence of a moderate flow speed par-
tially switches EVs trafficking toward Rab14 positive non-
acidic and non-degradative compartments suggesting that en-
dothelial mechanosensing of flow would prevent 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 ma-
nipulated. We measured the pHluorin/mScarlet ratio of tEVs
internalize in a single vessel (caudal vein) as performed in
Fig.1 and observed that the pHluorin/mScarlet ratio was re-
duced in embryos with decreased flow velocities, suggest-
ing that EVs accumulate in more acidic compartments un-
der low flow velocity (Fig.2F). Conversely, increasing blood
flow velocity with IBMX increases the pHluorin/mScarlet ra-
tio, suggesting that tEVs tend to accumulate in less acidic
compartments in endothelial cells facing higher flow speed
(Fig.2G). Altogether, our combined in vitro and in vivo data
show that circulating EVs follow a different trafficking route
depending on hemodynamic forces applied on endothelial
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cells. At moderate or high velocities, internalized EVs are
partially rerouted towards non-acidic compartments suggest-
ing that the fate of tEVs, and their function, is strictly con-
trolled by the mechano-sensing abilities of the endothelium.
Flow-dependent trafficking of internalized EVs could deter-
mine the proportion of EVs undergoing lysosomal degrada-
tion or allowed to transfer their cargo through back-fusion
in endosomes. However, since both processes rely on en-
dosomal acidification (Bonsergent et al., 2021; Joshi et al.,
2020), the extent to which tEVs escape lysosomal degrada-
tion could relate to alternative fate, such as endothelial tran-
scytosis which allows EVs to cross the blood-brain barrier
(Morad et al., 2019).

Blood flow promotes lysosomal pathways in endothe-
lial cells Endothelial cells have exceptional mechanosensing
abilities that orchestrate multiple cellular fonctions (Fang et
al., 2019; Freund et al., 2012). Having observed that flow
re-directs tEVs towards 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 simply analyzed endolysoso-
mal trafficking in flow-stimulated endothelial cells, in ab-
sence of EVs. We first compared transcriptional response
using RNAseq in endothelial cells subjected to 400 pm/s
or not. Interestingly, such flow profiles significantly favor
the transcription of genes associated with lysosomal path-
ways (Fig. 3A). When probing the endolysosomal pathway
using fluorescent dyes, we oberved that flow increases the
number of lysotracker positive compartments, whose area
was decreased (Fig.3B). When carefully assessing inner traf-
ficking compartments using electron microscopy, we con-
firmed that flow significantly increases the number of en-
dolysosomes, which displayed a smaller size (Fig.3C). Fi-
nally, to gain insight into the functionality of those com-
partments, we quantified the cathepsin B activity using the
Magic Red dye. We observed that not only the number of
Magic Red positive compartment is increased, but their in-
tensity is also higher (Fig.3D). This result suggests that en-
dothelial cells sensing flow profiles that are permissive to
tEVs uptake also increase their lysosomal degradative activ-
ity, which is regulated by pH. Interestingly, the RNAseq anal-
ysis further revealed that flow-stimulated endothelial cells
could turn on genes involved in the regulation of lysosomal
pH (Fig.3A). Among them, the proton exchanger NHE9 is
known to limit endosome luminal acidification (Kondapalli
et al., 2015). When flow-stimulated endothelial cells stably
expressing NHE9-mCherry were incubated with fluorescent
tEVs, we observed that most of them ended up in NHE9-
positive compartments, independently of flow (Fig.S2). Al-
together, these experiments show that flow profiles that do
favor tEVs uptake and re-routing also promote endolysoso-
mal 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 spe-
cific switch in trafficking route.

Blood flow and circulating tEVs cooperate to favor angio-
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Fig. 2. Blood flow induces a switch in tEVs trafficking towards RAB14 positive non- degradative and non-acidic compartments. A) In vitro, internalized EVs co-localize more
efficiently with LAMP1 than RAB5, RAB7 and RAB11 in endothelial cells cultured under flow. Memglow-Cy5 labeled EVs were perfused on VHUVECs cells stably expressing
FP-RABS5,7,11 or LAMP1 cultured in flow or static conditions and imaged by spinning disk after 3h (single plane representative images). Automated colocalization (Kruskal-
Wallis, one dot= one cell, n=7-20). B) Decreased accumulation of circulating tEVs in degradative compartments in endothelial cells cultured under flow. Memglow-Cy5 labeled
EVs 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, Mann Whitney, p<0,0001). C) tEVs accumulate in less acidic compartments when endothelial cells
are cultured under flow. CD63-pHIuorin-mScarlet 4T1 EVs were perfused on HUVECs cultured in flow or static condition and imaged by spinning disk after 3h (single plane
representative images). Graph represents the pHIuorin/mScarlet ratio (one dot = one field of view, n=15, Mann Whitney, p<0,0001). D) tEVs show increased accumulation in
Rab14 positive compartments in endothelial cells cultured under flow. Memglow-Cy5 labeled EVs were perfused on vHUVECs cells stably expressing GFP-RAB14 cultured
in flow or static conditions and imaged by spinning disk after 3h (single plane representative images). Manual and automated quantifications show increased colocalization
in flow conditions (Stats). E-F) In zebrafish embryos, modulating flow speed alters EV destination. CD63-pHIuorin-mScarlet 4T1 EVs were injected in wild-type zebrafish
embryos treated with lidocaine (E) or IBMX (F) to respectively decrease or increase heart beat rates and flow velocity. Representative Z projections showing EVs accumulation
in the endothelium (visualized by transmitted light and represented with a white dashed line) 3h post-injection. (Right graph represents the pHIluorin/mScarlet ratio, one dot =
one Z plane, n>500, Mann Whitney, p<0,0001).
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Fig. 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. Differentially expressed GO terms are listed. Heat map shows
the expression of the 73 genes associated with lysosomes GO term and dysregulated between 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 single planes. Left graph represents the
relative number of lysosomes per cell and right graph the mean area per lysosome. (one dot is one field of view, n=20, p<0,0001, Student T-test) C) Representative electron
microscopy images of HUVEC cells cultured in flow and static conditions and schematic representation of late endosome lysosome (LEL, red) and MVBs (yellow). 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).
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 single planes. Left graph represents the relative number of magic red positive
compartment per cell (1 dot: 1 cell; p=0,0025 T-test) and right graph the mean area of these compartments. ( 1 dot is 1 field of view, 0,049 Mann Withney)
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genesis Having demonstrated that blood flow favor both the
uptake and 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. Inter-
estingly, the endothelial transcriptome was differentially im-
pacted by EVs in static and flow condition. While the num-
ber of genes dysregulated by tEVs is similar in static and
flow, their identity differs: Genes whose transcription was
impacted when tEVs were internalized by flow-stimulated
edothelial cells remain unaltered when tEVs were internal-
ized in static endothelial cells (Fig.4A). This demonstrates
that endothelial cells respond differently to EVs when sub-
jected to flow. As tEVs escape lysosomal compartments in
such conditions, this suggests that such re-routing allows
tEVs cargo delivery that ultimately tunes gene expression.
Among the genes upregulated by tEVs in flow-stimulated en-
dothelial cells, we found several pro-angiogenic transcription
factors, such as ID1, ID2, ID3, Hey1, Hey2, MAFB, Runx1
and HES1 (Benezra et al.; Fischer et al., 2004; Morioka et al.,
2014; Kitagawa et al., 2013). We further identified genes that
are reminiscent of two pro-angiogenic signaling pathways,
Notch (HEY1, HEY2, HES1, JAG1) and TGF (Smad6,
Smad7, Bambi, PMEPA1, Nog). Altogether, we demon-
strate here that (blood) flow and tEVs cooperate to favor lyso-
somal escape allowing tEVs to promote a pronounced pro-
angiogeneic transcriptional program in endothelial cells. In-
terestingly, endothelial EVs were shown to activate the Notch
pathway in endothelial cells, resulting in increased expres-
sion of HEY1 and HEY?2 and formation of capillary-like
structures in vitro and in vivo (Sheldon et al., 2010). In addi-
tion, activation of the TGFB pathway in endothelial cells pro-
motes inflammation and endothelial permeabilisation (Chen
et al., 2019). Interestingly, our tEVs contain several regula-
tors of the TGF pathway (Smad5, Smurf2, etc.) (Ghoroghi
et al., 2021b), including TGFSB type II receptor, whose pres-
ence on tEVs is sufficient to activate the TGF pathway in re-
ceiving cells and correlates with metastasis (Xie et al.). While
pro-angiogenic programs, which could possibly be activated
by the Notch and TGFB pathways, require a concerted ac-
tion of flow and tEVs uptake in endothelial cells, whether
they impact the angiogenic activity of endothelial cells re-
mained unsolved. To test the relevance of such gene signature
in vivo, we adapted a well-established experimental tumor
angiogenesis assay in zebrafish embryos (Nicoli and Presta,
2007) to investigate whether tEVs could impact endothelial
response in realistic hemodynamic conditions. To this end,
we assessed the ability of i.v 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 sprout-
ing is potentiated with an increased number of neo-vascular
sprouts per embryo (Fig.4B). Importantly, tEVs also increase
the percentage of embryos bearing tumor-induced endothe-
lial sprouts when compared to embryos injected with PBS.
These results confirm that circulating tEVs promote tumor-
induced neo-angiogenesis in vivo. While tumor EVs were
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previously shown to promote angiogenesis in vitro (Todor-
ova et al., 2017), our results suggest that such effect can be
potentiate by hemodynamic forces of perfused vessels. As a
consequence, we expect circulating tEVs to favour the for-
mation of neo-vascular sprouts in capillary-like vessels that
are prone, from an hemodynamics stand-point, to favor ar-
rest of CTCs (Follain, 2018). The formation of new and
abnormal blood vessels could constitute a first step in the
creation of pre-metastatic niches, leading to the subsequent
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 pro-
gram to perform intravascular remodeling that favors the ex-
travasation of arrested CTCs (Follain et al., 2018, 2021). It is
tempting to speculate that tEVs could mediate such intravas-
cular remodeling, whose dependence on flow forces is also
established (Follain et al., 2018). Finally, one could expect
that the induction of neo-sprouts by circulating tEVs could
sustain the growth of metastatic foci that have colonized dis-
tant organs.

Overall, our work demonstrates for the first time that the
fate and function of EVs flowing in the bloodstream and on
their way to shape pre-metastatic niches is tightly linked to
hemodynamic forces as well as mechanosensing abilities of
the endothelium. We provide here the first evidence that
flow-sensing endothelial cells divert internalized tEVs from
lysosomal degadation, which is at the basis of a potential
change in their fate. We further identified permissive flow
regimes where EVs uptake by endothelial cells is optimal.
Such regimes not only favor the uptake and lysosomal es-
cape of tEVs, they also allow the arrest of CTCs that precedes
metastatic extravasation and outgrowth (Follain et al., 2020a,
2018). In endothelial cells subjected to such flow regimes,
internalized EVs are partially rerouted to non-acidic and non-
degradative RAB14 positive compartments (Fig.4C) with di-
rect and functional consequences on their angiogenic poten-
tial. In conclusion, hemodynamics potentiate the functional
impact of tEVs on endothelial cells towards a pro-angiogenic
response which ultimately shapes pre-metastatic niches and
metastatic outgrowth.

Methods

Cell culture 4T1 cells were cultured in RPMI-1640
medium complemented with 10per cent Foetal Bovine Serum
(FBS, Hyclone) and lper cent penicillin/streptomycin (PS,
100U/ml, Gibco). HUVEC cells (Human Umbilical Vein En-
dothelial Cell, Promocell) were grown in Endothelial Growth
Medium (ECGM, Promocell) complemented with supple-
mental mix (SupplementMix, Promocell) and 1per cent PS.
VeravecTM HUVECs human endothelial cells (Angiocrine
Biosciences), referred here as VHUVECs, were cultured in
ECGM MV2 (Promocell) complemented with 20per cent of
FBS and Iper cent PS. For all the microfluidic experiments,
HUVECs or vHUVECSs were used before passage number
4. HEK293T cells were grown in DMEM (Gibco) comple-
mented with 10per cent FBS and 1per cent PS. All cell lines
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Fig. 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 EVs. Transcriptomics was performed on HUVEC cells cultured in static or flow conditions and treated with 4T1
EVs or PBS for 24h. Heat map shows that the genes differentially expressed upon EV treatment in flow condition are not deregulated in static conditions. The lower graph
shows differentially expressed genes. Pro-angiogenic transcription factors (orange) and members of the TGFb/BMP pathway (green) are highlighted. B) Tumor EVs promote
angiogenesis in vivo. Zebrafish embryos were injected with 4T1 EVs or PBS and subsequently with 4T1 tumor cells (TCs). Representative confocal images show neovascular
sprouts in the sub-intestinal vessels (SIV)24h post-tumor cell injection. The number of neovascular sprouts and the percentage of embryos with neovascular sprouts were
quantified. 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 positive compartments. As a consequence, tumor EVs induce a pro-angiogenic response.

were maintained at 37C and Sper cent 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-Rabl1A, pLSFFV-GFP-
Rabl4 (gift from N. Vitale, INCI, Strasbourg, France),
pLSFFV-NHE9-mCherry (gift from K. C. Kondapalli,
Michigan-Dearborn University, USA), pLSFFV-pHluorin-
CD63-mScarlet (gift from A. M. Weaver, Vanderbilt
University, USA). vHuvec or 4T1 cells were infected by
lentivirus in the presence of Sug/mL polybrene (Sigma)
followed by antibiotic selection (Puromycin at lug/mL or
blasticidin at Sug/mL).

EVs isolation and labelling For EV isolation, cells were
cultured at sub-confluency in EV depleted medium for 24h.
EV depleted medium was prepared using 2X complete
medium, centrifuged at 100,000g for 20h (Optima XE-90
ultracentrifuge - Beckman Coulter) to eliminate EVs from
FBS. Supernatant was then filtered at 0,22um (Millipore) and
adjusted to 1X. EVs were isolated using differential ultra-
centrifugation protocols as described previously (Hyenne et
al., 2015, 2019). The pellets obtained at the final step of
100,000g centrifugation were resuspended in sterile PBS1X.
When needed, EVs were labeled using 200nM of MemGlow-

8 | bioRxiv

Cy5 (Cytoskeleton Inc.) lipidic dye between the 1st and
the 2nd 100 000g ultracentrifugation as described previously.
Following the EV isolation, their number and size distribu-
tion were measured by ZetaView NTA (PMX-120-12B-R2 —
Particle Metrix). EVs were stored at 4°C and used within
24h.

Microfluidics experiments For microfluidic experiments,
IBIDI® p-slides with 1 (u-Slide I 0.4 Luer ibiTreat: 1.5 poly-
mer coverslip) or 6 (u-Slide VI 0.4 ibiTreat: 1.5 polymer
coverslip) channels were coated with fibronectin (SIGMA)
for 1 hour and seeded with 100 000 or 50 000 cells per
channel respectively. Once endothelial cells reached con-
fluency, the channels were either maintained in static con-
ditions or continuously perfused under a flow of 400um.s-
1 for 17h using a Reglo Digital MS-CA 2/12 peristaltic
pump. EVs were then either applied on the static cells or
perfused continuously under flow at a concentration of 108
particles/ml. After 3h of EV perfusion, channels were re-
moved from the flow, and washed 3 times with fresh ECGM
and 3 times with ECGM/Hoechst 33342 (NucBlue™ Ther-
mokFisher). After 10min incubation, cells were washed twice
with ECGM/HEPES 20mM before imaging. To assess lyso-
some number or Cathespin-B activity, endothelial cells were
incubated after EV perfusion with Lysotracker Deep Red
(Thermo Fisher Scientific) diluted at 50nM or MagicRed dye
(Bio-Rad) diluted at 1:260 respectively for 1h. When needed,
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cells were incubated with MemGlow-488 (Cytoskeleton Inc.)
at 200nM to label the plasma membrane.

Photon microscopy Cells were imaged live in chambers
thermostated at 37°C with 5 per cent CO2. Imaging was per-
formed using an Olympus Spinning Disk with 60X objective
or with an SP5 confocal (Leica) with a 63X objective (N.A.
1.25). Zebrafish embryos were imaged live at 28°C with a
SP5 confocal equipped with a HC PL APO 20X/0,7 IMM ob-
jective (Leica) or with a Olympus Spinning Disk with a 30X
objective. Image analysis and processing were performed us-
ing the Fiji software. Cell Profiler 4.2.1 was used to analyze
the immunofluorescent images, one Z plane for each field of
view. Prior to CellProfiler analysis, Fiji was used to process
the individual channels (TopHat 50 filter for the compartment
and Despecle + GaussianBlur 1 filter for the EV channel. Ob-
jects (EVs and compartment marker) were identified in Cell-
Profiler based on the intensity thresholding. Objects were
considered colocalized if distance between their centers was
4 pixels. The percentage of EV colocalization with given
compartment was calculated as a ratio of colocalized EV ob-
jects to the total number of EV objects times 100.

Electron microscopy Electron microscopy: Chemical fix-
ation: Cells were fixed with 2,5 per cent glutaraldehyde
(GA)/2,0 per cent paraformaldehyde (PFA) (Electron Mi-
croscopy Sciences) in 0.1M NaCac buffer (pH 7.4) at room
temperature for 2h, then rinsed in 0.1M NaCac buffer (pH
7.4) (Electron Microscopy Sciences) and post-fixed with 1
per cent OsO4 (Electron Microscopy Sciences) and 0.8 per
cent K3Fe(CN)6 (Sigma-Aldrich) for 1h at room tempera-
ture. Then, samples were rinsed in 0.1M NaCac buffer (pH
7.4) followed by a distilled water rinse and stained with 1
per cent uranyl acetate, overnight at 4°C sheltered from the
light. The samples were stepwise dehydrated in Ethanol (50
per cent x10min, 70 per cent x10min, 95 per cent x15min and
100 per cent 3x10min), infiltrated in a graded series of Epon
(Ethanol 100 per cent/Epon 3/1, 1/1) 1h and kept in Ethanol
100per cent/Epon 1/3 overnight at room temperature. The
following day, samples were placed in pure Epon 3 x1h and
polymerized at 60°C 48h. 100 nm thin sections were col-
lected 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 cam-
era C4742-51-12NR. The number of MVBs and lysosomes
per surface of cytoplasm were quantified using the Fiji soft-
ware. MVBs and lysosomes were distinguished based on
their morphology: MVBs have one or more ILVs and lyso-
somes contain ILVs but are also electron dense and contain
irregular membrane curls.

Intravascular injection of tEVs in zebrafish embryos Ze-
brafish embryos were obtained from the following strains:
Tg(flila:eGFP), Tg(Fli :LA-eGFP), Tg(Flil:Gal4; UAS:
RFP), Casper Tg(Gatal:RFP; flk: GFP). Embryos were main-
tained at 28°C in Danieau 0.3X 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 hpf and 72 hpf. All an-
imal procedures were performed in accordance with French
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and European Union animal welfare guidelines and super-
vised by local ethics committee (Animal facility A6748233;
APAFIS 2018092515234191). At 48 hpf, zebrafish (ZF) em-
bryos were dechorionated and mounted on a 0.8per cent low
melting agarose pad containing 650 uM tricaine (ethyl-3-
aminobenzoate-methanesulfonate). Embryos were injected
intravascularly in the duct of Cuvier with 27,6 nL of Mem-
bright Cy5- labeled EVs (at 1010 EVs/ml) Labeled tEVs
(4T1Nat-MemGlowCy5-EV or 4T1CD63pHluorinmScarlet-
EV) with a Nanoject microinjector 2 (Drummond) under a
M205 FA stereomicroscope (Leica) as described previously
(Mary et al., 2020; Hyenne et al., 2019).

Blood flow mapping For flow speed mapping, we in-
jected MemGlow labelled 4T1 EVs in Tg (kdrl:EGFP;
gatal:DsRed) embryos in Casper background at 48hpf. 30
min post injection, we recorded short time-lapses in 4 dif-
ferent regions in the zebrafish caudal plexus (two in the dor-
sal aorta and two in the venous area). For each region, we
recorded 30s time-lapses (17ms time interval) at single focal
plane with flowing red blood cells (RBC). Flow speed was
measured by tracking RBC in each region with IMARIS soft-
ware. tEVs (Cy5) accumulation in endothelial cells (GFP)
was measured by IMARIS for each region.
Pharmacological blood flow tuning IBMX (3-Isobutyl-1-
Methylxanthin - Merck) and lidocaine (Brand ?) were di-
rectly added to the embryo water (Danieau/PTU solution)
containing ZF embryos at the concentration of 100uM in
DMSO for 20h and at the concentration of 640uM in EtOH
for 2h respectively. Control embryos were treated with sim-
ilar amount of DMSO or EtOH accordingly. Embryos were
then mounted and maintained in fresh solutions of drugs un-
til the end of the experiment. Heartbeat of the embryos were
recorded as short time-lapses with a Stereomicroscope (Le-
ica M205 FA). Heartbeats were manually counted on kymo-
graphs.

In vivo Angiogenesis assay For angiogenesis assay, PTU
treated Tg(Fli :LA-eGFP) dechorionated embryos were ei-
ther uninjected (control) or injected with PBS or with 4T1
Memglow-labeled EVs at 36 hpf intravascularly. At 48 hpf,
PBS injected and EV injected embryos received 4T1-tDT tu-
mor cell injection (volume- 18 nl containing 100-150 cells)
in the perivitelline 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 were manually counted.

Transcriptomic analyses RNA extraction and sequencing
Total RNA was extracted using RNeasy Mini Kit (Qiagen,
Hilden, Germany) and RNA integrity was assessed by Bioan-
alyzer (total RNA Pico Kit, 2100 Instrument, Agilent Tech-
nologies, Paolo Alto, USA). SMART-Seq® HT PLUS Kit
(Takara, Kusatsu, Japan) was used to build mRNA libraries.
Libraries were pooled and sequenced (single-end, 75bp) 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 differ-
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entially expressed genes Sequence reads were mapped on
the human hgl9 genome using STAR (Dobin et al., 2013)
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., 2015). Trimmed Mean of M-values normalization
(TMM) was applied using the EdgeR package (Robinson et
al., 2010). 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 fold-
changes > 1.5. Functional enrichment analyses were per-
formed using STRING v11 (Szklarczyk et al., 2019).
Statistical analyses All experiments were performed and re-
sults were analyzed in at least three independent experiments.
Statistical analysis of the results was done using GraphPad
Prism (Software version 9.0). Normality of the data was con-
firmed using Shapiro-Wilkson test and accordingly different
statistical tests were used as described in legends. For data
that do not follow gaussian distribution, Mann-Whitney or
Krustal-Wallis tests (Dunn’s post-test analysis) were used. Il-
lustrations 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.
Acknowledgements We thank all members of the Goetz Lab
for helpful discussions, in particular Florent Colin for careful
reading, Pascal Kessler from the PICSTRA platform, as well
as Gregory Khelifi and Camille Hergott for animal care. This
work was supported by a fellowship from La Ligue COntre
le Cancer to M.M.; by grants from La Ligue contre le Cancer,
Canceropole Grand-Est, INCa (PLBIO19-291), Plan Cancer
(Nanotumor) and Roche to J.G.G.; and by institutional funds
from University of Strasbourg and INSERM to JGG.
Author Contributions BM and NA performed most exper-
iments, with help from KJR (image analysis), AL (molec-
ular biology, cell line generation), and OL (molecular biol-
ogy, cell line generation). Electron microscopy processing
and analysis was performed by IB and VH. TS, AP, AM and
RC performed RNA sequencing and analysis. JGG and VH
supervised and designed the project. JGG (with help from
VH) was responsible for funding the project. JGG and VH
wrote the manuscript with insights from all authors.

Bibliography

Benezra, R., S. Rafii, and D. Lyden.
proteins and angiogenesis. Oncogene.
doi:10.1038/sj/onc/1205160.

Bonsergent, E., E. Grisard, J. Buchrieser, O. Schwartz, C.
Théry, and G. Lavieu. 2021. Quantitative characterization of
extracellular vesicle uptake and content delivery within mam-
malian cells. Nat. Commun. 12:1-11. doi:10.1038/s41467-
021-22126-y.

Chen, PY., L. Qin, G. Li, Z. Wang, J.E. Dahlman, J.
Malagon-Lopez, S. Gujja, N.A. Cilfone, K.J. Kauffman, L.

2001. The Id
20:8334-8341.

10 | bioRxiv

Sun, H. Sun, X. Zhang, B. Aryal, A. Canfran-Duque, R. Liu,
P. Kusters, A. Sehgal, Y. Jiao, D.G. Anderson, J. Gulcher,
C. Fernandez-Hernando, E. Lutgens, M.A. Schwartz, J.S.
Pober, T.W. Chittenden, G. Tellides, and M. Simons. 2019.
Endothelial TGF-3 signalling drives vascular inflammation
and atherosclerosis. Nat. Metab. 2019 19. 1:912-926.
doi:10.1038/S42255-019-0102-3.

Chen, Y.Y.,, AM. Syed, P. MacMillan, J. V. Rocheleau,
and W.C.W. Chan. 2020. Flow Rate Affects Nanoparti-
cle Uptake into Endothelial Cells. Adv. Mater. 32:1-7.
doi:10.1002/adma.201906274.

Cheng, L., and A.F. Hill. 2022. Therapeutically harnessing
extracellular vesicles. Nat. Rev. Drug Discov. 2022 215.
21:379-399. doi:10.1038/S41573-022-00410-W.

Fang, Y., D. Wu, and K.G. Birukov. 2019. Mechanosens-
ing and Mechanoregulation of Endothelial Cell Functions.
Compr. Physiol. 9:873. doi:10.1002/CPHY.C180020.
Fischer, A., N. Schumacher, M. Maier, M. Sendtner, and
M. Gessler. 2004. The Notch target genes Heyl and
Hey2 are required for embryonic vascular development.
doi:10.1101/gad.291004.

Follain, G., D. Herrmann, S. Harlepp, V. Hyenne, N. Osmani,
S.C. Warren, P. Timpson, and J.G. Goetz. 2020b. Fluids and
their mechanics in tumour transit: shaping metastasis. Nat.
Rev. Cancer. 20:107-124. doi:10.1038/s41568-019-0221-x.
Follain, G., N. Osmani, A. Sofia, G. Allio, L. Mercier, M.A.
Karreman, G. Solecki, M.G. Leon, O. Lefebvre, N. Fekonja,
C. Hille, V. Chabannes, G. Dollé, T. Metivet, F. Der Hov-
sepian, C. Prud’Homme, A. Pichot, N. Paul, R. Carapito, S.
Bahram, B. Ruthensteiner, A. Kemmling, S. Siemonsen, T.
Schneider, J. Fiehler, M. Glatzel, F. Winkler, Y. Schwab, K.
Pantel, S.S. Harlepp, J.G. Goetz, A.S. Azevedo, G. Allio, L.
Mercier, M.A. Karreman, G. Solecki, M.J. Garcia Leon, O.
Lefebvre, N. Fekonja, C. Hille, V. Chabannes, G. Dollé, T.
Metivet, F. Der Hovsepian, C. Prudhomme, A. Pichot, N.
Paul, R. Carapito, S. Bahram, B. Ruthensteiner, A. Kemm-
ling, S. Siemonsen, T. Schneider, J. Fiehler, M. Glatzel, F.
Winkler, Y. Schwab, K. Pantel, S.S. Harlepp, and J.G. Goetz.
2018. Hemodynamic forces tune the arrest, adhesion and
extravasation of circulating tumor cells. Dev. Cell. 45:33-
52.e12. doi:10.1016/j.devcel.2018.02.015.

Freund, J.B., J.G. Goetz, K.L. Hill, and J. Vermot. 2012.
Fluid flows and forces in development: functions, features
and biophysical principles. doi:10.1242/dev.085902.
Ghoroghi, S., B. Mary, N. Asokan, J.G. Goetz, and V.
Hyenne. 2021a. Tumor extracellular vesicles drive metas-
tasis (it’s a long way from home). FASEB BioAdvances.
3:930-943. doi:10.1096/FBA.2021-00079.

Ghoroghi, S., B. Mary, A. Larnicol, N. Asokan, A. Klein,
N. Osmani, I. Busnelli, F. Delalande, N. Paul, S. Halary, F.
Gros, L. Fouillen, A.-M. Haeberle, C. Royer, C. Spiegelhal-
ter, G. André-Grégoire, V. Mittelheisser, A. Detappe, K. Mur-
phy, P. Timpson, R. Carapito, M. Blot-Chabaud, J. Gavard,
C. Carapito, N. Vitale, O. Lefebvre, J.G. Goetz, and V.
Hyenne. 2021b. Ral GTPases promote breast cancer metas-
tasis by controlling biogenesis and organ targeting of exo-
somes. Elife. doi:10.7554/elife.61539.

2022 Mary etal. |

129



Han, J., V. V. Shuvaev, P.F. Davies, D.M. Eckmann, S. Muro,
and V.R. Muzykantov. 2015. Flow shear stress differentially
regulates endothelial uptake of nanocarriers targeted to dis-
tinct epitopes of PECAM-1. J. Control. Release. 210:39-47.
doi:10.1016/j.jconrel.2015.05.006.

Han, J., B.J. Zern, V. V. Shuvaev, P.F. Davies, S. Muro, and
V. Muzykantov. 2012. Acute and chronic shear stress differ-
ently regulate endothelial internalization of nanocarriers tar-
geted to platelet-endothelial cell adhesion molecule-1. ACS
Nano. 6:8824-8836. doi:10.1021/nn302687n.

Hen, G., J. Nicenboim, O. Mayseless, L. Asaf, M. Shin,
G. Busolin, R. Hofi, G. Almog, N. Tiso, N.D. Lawson,
and K. Yaniv. 2015. Venous-derived angioblasts generate
organ-specific vessels during zebrafish embryonic develop-
ment. doi:10.1242/dev.129247.

Hoffman, H.K., R.S. Aguilar, A.R. Clark, N.S. Groves, N.
Pezeshkian, M.M. Bruns, and S.B. van Engelenburg. 2022.
Endocytosed HIV-1 Envelope Glycoprotein Traffics to Rab14
+ Late Endosomes and Lysosomes to Regulate Surface Lev-
els in T-Cell Lines . J. Virol. 96. doi:10.1128/JVI.00767-22.
Hoshino, A., B. Costa-Silva, T.-L. Shen, G. Rodrigues, A.
Hashimoto, M. Tesic Mark, H. Molina, S. Kohsaka, A. Di
Giannatale, S. Ceder, S. Singh, C. Williams, N. Soplop,
K. Uryu, L. Pharmer, T. King, L. Bojmar, A.E. Davies, Y.
Ararso, T. Zhang, H. Zhang, J. Hernandez, J.M. Weiss, V.D.
Dumont-Cole, K. Kramer, L.H. Wexler, A. Narendran, G.K.
Schwartz, J.H. Healey, P. Sandstrom, K. Jgrgen Labori, E.H.
Kure, P.M. Grandgenett, M.A. Hollingsworth, M. de Sousa,
S. Kaur, M. Jain, K. Mallya, S.K. Batra, W.R. Jarnagin, M.S.
Brady, O. Fodstad, V. Muller, K. Pantel, A.J. Minn, M.J. Bis-
sell, B.A. Garcia, Y. Kang, V.K. Rajasekhar, C.M. Ghajar, 1.
Matei, H. Peinado, J. Bromberg, and D. Lyden. 2015. Tu-
mour exosome integrins determine organotropic metastasis.
Nature. 1-19. doi:10.1038/nature15756.

Hyenne, V., A. Apaydin, D. Rodriguez, C. Spiegelhalter, S.
Hoff-Yoessle, M. Diem, S. Tak, O. Lefebvre, Y. Schwab, J.G.
Goetz, and M. Labouesse. 2015. RAL-1 controls multivesic-
ular body biogenesis and exosome secretion. J. Cell Biol.
211:27-37. doi:10.1083/jcb.201504136.

Hyenne, V., S. Ghoroghi, M. Collot, J. Bons, G. Follain,
S. Harlepp, B. Mary, J. Bauer, L. Mercier, 1. Busnelli, O.
Lefebvre, N. Fekonja, M.J. Garcia-Leon, P. Machado, F.
Delalande, A.A. Lépez, S.G. Silva, FJ. Verweij, G. van
Niel, F. Djouad, H. Peinado, C. Carapito, A.S. Klymchenko,
and J.G. Goetz. 2019. Studying the Fate of Tumor Ex-
tracellular Vesicles at High Spatiotemporal Resolution Us-
ing the Zebrafish Embryo. Dev. Cell. 48:554-572.e7.
doi:10.1016/j.devcel.2019.01.014.

Imai, T., Y. Takahashi, M. Nishikawa, K. Kato, M. Morishita,
T. Yamashita, A. Matsumoto, C. Charoenviriyakul, and Y.
Takakura. 2015. Macrophage-dependent clearance of sys-
temically administered B16BL6-derived exosomes from the
blood circulation in mice. J. Extracell. vesicles. 4:26238.
doi:10.3402/jev.v4.26238. Joshi, B.S., M.A. de Beer, B.N.G.
Giepmans, and I.S. Zuhorn. 2020. Endocytosis of Extracel-
lular Vesicles and Release of Their Cargo from Endosomes.
ACS Nano. doi:10.1021/acsnano.9b10033.

2022 Mary etal. |

Kalluri, R., and V.S. LeBleu. 2020. The biology, function,
and biomedical applications of exosomes. Science (80-. ).
367. doi:10.1126/science.aau6977. Kitagawa, M., M. Hojo,
I. Imayoshi, M. Goto, M. Ando, T. Ohtsuka, R. Kageyama,
and S. Miyamoto. 2013. Hesl and Hes5 regulate vascu-
lar remodeling and arterial specification of endothelial cells
in brain vascular development. Mech. Dev. 130:458-466.
doi:10.1016/J.MOD.2013.07.001.

Kondapalli, K.C., J.P. Llongueras, V. Capilla-Gonzilez,
H. Prasad, A. Hack, C. Smith, H. Guerrero-Cazares, A.
Quifiones-Hinojosa, and R. Rao. 2015. A leak pathway for
luminal protons in endosomes drives oncogenic signalling in
glioblastoma. Nat. Commun. 6. doi:10.1038/ncomms7289.
Kuijl, C., M. Pilli, S.K. Alahari, H. Janssen, P.S. Khoo,
K.E. Ervin, M. Calero, S. Jonnalagadda, R.H. Scheller, J.
Neefjes, and J.R. Junutula. 2013. Rac and Rab GTPases
dual effector Nischarin regulates vesicle maturation to facili-
tate survival of intracellular bacteria. EMBO J. 32:713-727.
doi:10.1038/EMB0J.2013.10.

Kyei, G.B., I. Vergne, J. Chua, E. Roberts, J. Har-
ris, J.R. Junutula, and V. Deretic. = 2006. Rabl4 is
critical for maintenance of Mycobacterium tuberculosis
phagosome maturation arrest. EMBO J. 25:5250-5259.
doi:10.1038/SJ.EMBOJ.7601407.

Li, Y.S.J., J.H. Haga, and S. Chien. 2005. Molec-
ular basis of the effects of shear stress on vascu-
lar endothelial cells. J. Biomech. 38:1949-1971.
doi:10.1016/J.JBIOMECH.2004.09.030.

Lin, A., A. Sabnis, S. Kona, S. Nattama, H. Patel, J.F. Dong,
and K.T. Nguyen. 2010. Shear-regulated uptake of nanopar-
ticles by endothelial cells and development of endothelial-
targeting nanoparticles. J. Biomed. Mater. Res. Part A.
93A:833-842. doi:10.1002/JBM.A.32592.

Marar, C., B. Starich, and D. Wirtz. 2021. Extracellular vesi-
cles in immunomodulation and tumor progression. Nat. Im-
munol. 22:560-570. doi:10.1038/s41590-021-00899-0.
Mary, B., S. Ghoroghi, V. Hyenne, and J.G. Goetz. 2020.
Live tracking of extracellular vesicles in larval zebrafish. In
Methods in Enzymology.

Morad, G., C. V. Carman, E.J. Hagedorn, J.R. Perlin, L.I.
Zon, N. Mustafaoglu, T.E. Park, D.E. Ingber, C.C. Daisy, and
M.A. Moses. 2019. Tumor-Derived Extracellular Vesicles
Breach the Intact Blood-Brain Barrier via Transcytosis. ACS
Nano. 13:13853-13865. doi:10.1021/acsnano.9b04397.
Morioka, T., M. Sakabe, T. loka, T. Iguchi, K. Mizuta, M.
Hattammaru, C. Sakai, M. Itoh, G.E. Sato, A. Hashimoto, M.
Fujita, K. Okumura, M. Araki, M. Xin, R.A. Pedersen, M.F.
Utset, H. Kimura, and O. Nakagawa. 2014. An Important
Role of Endothelial Hairy-Related Transcription Factors in
Mouse Vascular Development. doi:10.1002/dvg.22825.
Morishita, M., Y. Takahashi, M. Nishikawa, K. Sano, K.
Kato, T. Yamashita, T. Imai, H. Saji, and Y. Takakura. 2015.
Quantitative analysis of tissue distribution of the B16BL6-
derived exosomes using a streptavidin-lactadherin fusion pro-
tein and lodine-125-Labeled biotin derivative after intra-
venous injection in mice. J. Pharm. Sci. 104:705-713.
doi:10.1002/jps.24251.

bioRxiv | 11

130



Nicoli, S., and M. Presta. 2007. The zebrafish/tumor
xenograft angiogenesis assay. Nat. Protoc. 2:2918-2923.
doi:10.1038/nprot.2007.412.

Okai, B., N. Lyall, N.A.R. Gow, J.M. Bain, and L.P. Erwig.
2015. Rabl4 regulates maturation of macrophage phago-
somes containing the fungal pathogen Candida albicans and
outcome of the host-pathogen interaction. Infect. Immun.
83:1523-1535. doi:10.1128/1A1.02917-14.

Peinado, H., H. Zhang, I.LR. Matei, B. Costa-Silva, A.
Hoshino, G. Rodrigues, B. Psaila, R.N. Kaplan, J.F.
Bromberg, Y. Kang, M.J. Bissell, T.R. Cox, A.J. Giaccia, J.T.
Erler, S. Hiratsuka, C.M. Ghajar, and D. Lyden. 2017. Pre-
metastatic niches: organ-specific homes for metastases. Nat.
Rev. Cancer. 17:302-317. doi:10.1038/nrc.2017.6.

Perera, R.M., and R. Zoncu. 2016. The Lysosome as a Reg-
ulatory Hub. Annu. Rev. Cell Dev. Biol. 32:223-253.
doi:10.1146/annurev-cellbio-111315-125125.

Sheldon, H., E. Heikamp, H. Turley, R. Dragovic, P. Thomas,
C.E. Oon, R. Leek, M. Edelmann, B. Kessler, R.C.A. Sain-
son, I. Sargent, J.L. Li, and A.L. Harris. 2010. New
mechanism for Notch signaling to endothelium at a dis-
tance by Delta-like 4 incorporation into exosomes. Blood.
116:2385-2394. doi:10.1182/BLOOD-2009-08-239228.
Sung, B.H., A. von Lersner, J. Guerrero, E.S. Krystofiak,
D. Inman, R. Pelletier, A. Zijlstra, S.M. Ponik, and A.M.
Weaver. 2020. A live cell reporter of exosome secretion and
uptake reveals pathfinding behavior of migrating cells. Nat.
Commun. 11:1-15. doi:10.1038/s41467-020-15747-2.
Szklarczyk, D., A.L. Gable, D. Lyon, A. Junge, S.
Wyder, J. Huerta-Cepas, M. Simonovic, N.T. Doncheva,
J.H. Morris, P. Bork, L.J. Jensen, and C. Von Mering.
2019. STRING vl1: Protein-protein association networks
with increased coverage, supporting functional discovery in
genome-wide experimental datasets. Nucleic Acids Res.
doi:10.1093/nar/gky1131.

Takahashi, Y., M. Nishikawa, H. Shinotsuka, Y. Matsui, S.
Ohara, T. Imai, and Y. Takakura. 2013. Visualization and
in vivo tracking of the exosomes of murine melanoma B16-
BL6 cells in mice after intravenous injection. J. Biotechnol.
165:77-84. doi:10.1016/j.jbiotec.2013.03.013.

Tarbell, J.M. 2010. Shear stress and the endothe-
lial transport barrier. Cardiovasc. Res. 87:320.
doi:10.1093/CVR/CVQ146.

Tian, T., Y.L. Zhu, EH. Hu, Y.Y. Wang, N.P. Huang, and
Z.D. Xiao. 2013. Dynamics of exosome internalization and
trafficking. J. Cell. Physiol. doi:10.1002/jcp.24304.
Todorova, D., S. Simoncini, R. Lacroix, F. Sabatier,
and F. Dignat-George. 2017. Extracellular Vesi-
cles in Angiogenesis. Circ. Res.  120:1658-1673.
doi:10.1161/CIRCRESAHA.117.309681.

Trofimenko, E., Y. Homma, M. Fukuda, and C. Widmann.
2021. The endocytic pathway taken by cationic substances
requires Rab14 but not Rab5 and Rab7. Cell Rep. 37.
doi:10.1016/J.CELREP.2021.109945.

Verweij, F., L. Balaj, C. Boulanger, D. Carter, E. Compeer,
G. D’Angelo, S. El Andaloussi, J. Goetz, J.C. Gross, V.
Hyenne, E.-M. Kriamer-Albers, C.P. Lai, X. Loyer, A. Marki,

12 | bioRxiv

S. Momma, E. Nolte-‘t Hoen, M. Pegtel, H. Peinado, G.
Raposo, K. Rilla, H. Tahara, C. Théry, M. van Royen, R.
Vandenbroecke, A. Wehman, K. Witwer, Z. Wu, R. Wub-
bolts, and G. van Niel. 2021. The power of imaging to un-
derstand Extracellular Vesicle biology in vivo. Nat. Meth-
ods. In press. Verweij, FJ., V. Hyenne, G. Van Niel,
and J.G. Goetz. 2019. Extracellular Vesicles: Catching
the Light in Zebrafish. Trends Cell Biol. 29:770-776.
doi:10.1016/j.tcb.2019.07.007.

Vion, A.C., M. Kheloufi, A. Hammoutene, J. Poisson, J.
Lasselin, C. Devue, I. Pic, N. Dupont, J. Busse, K. Stark,
J. Lafaurie-Janvore, A.l. Barakat, X. Loyer, M. Souyri, B.
Viollet, P. Julia, A. Tedgui, P. Codogno, C.M. Boulanger,
and P.E. Rautou. 2017. Autophagy is required for en-
dothelial cell alignment and atheroprotection under physi-
ological blood flow. Proc. Natl. Acad. Sci. U. S. A.
doi:10.1073/pnas.1702223114.

Xie, F., X. Zhou, P. Su, H. Li, Y. Tu, J. Du, C. Pan, X. Wei, M.
Zheng, K. Jin, L. Miao, C. Wang, X. Meng, H. van Dam, P.
ten Dijke, L. Zhang, and F. Zhou. Breast cancer cell-derived
extracellular vesicles promote CD8 + T cell exhaustion via
TGF-$ type II receptor signaling. doi:10.1038/s41467-022-
31250-2.

Yafiez-M6, M., PR.-M. Siljander, Z. Andreu, A.B. Zavec,
FE. Borras, E.I. Buzas, K. Buzas, E. Casal, F. Cappello,
J. Carvalho, E. Colas, A. Cordeiro-da Silva, S. Fais, J.M.
Falcon-Perez, I.M. Ghobrial, B. Giebel, M. Gimona, M.
Graner, I. Gursel, M. Gursel, N.-H.H. Heegaard, A. Hendrix,
P. Kierulf, K. Kokubun, M. Kosanovic, V. Kralj-Iglic, E.-M.
Kramer-Albers, S. Laitinen, C. Liasser, T. Lener, E. Ligeti, A.
Ling, G. Lipps, A. Llorente, J. Lotvall, M. Mancek-Keber,
A. Marcilla, M. Mittelbrunn, I. Nazarenko, E.N.M. Nolte-’t
Hoen, T.A. Nyman, L. O’Driscoll, M. Olivan, C. Oliveira,
E. Pallinger, H.A. Del Portillo, J. Reventés, M. Rigau, E.
Rohde, M. Sammar, F. Sdnchez-Madrid, N. Santarém, K.
Schallmoser, M.S. Ostenfeld, W. Stoorvogel, R. Stukelj, S.G.
Van der Grein, M.H. Vasconcelos, M.H.M. Wauben, and O.
De Wever. 2015. Biological properties of extracellular vesi-
cles and their physiological functions. J. Extracell. vesicles.
4:27066. doi:10.3402/jev.v4.27066.

2022 Mary etal. |

131



Fig. 5. Supplementary Figure 1: tEVs trafficking in endothelial cells in flow and static conditions. Representative confocal images (single plane) of internalized EVs in
VHUVECSs cells cultured in flow or static conditions and expressing either mCherry-RAB5 (A), mEmerald-RAB7 (B), eGFP-RAB11 (C), or RFP-LAMP1 (D).

Fig. 6. Supplementary Figure 2: tEVs accumulate in NHE9 positive compartments. Representative confocal images (single plane) of internalized EVs in vHUVECs cells
cultured in flow or static conditions and expressing NHE9- mCherry. Colocalization was quantified using an automated pipeline.

2022 Mary etal. | bioRxiv | 13

132



4. The role of tEVs secretion pathway in metastatic progression

During my PhD | also participated to another project that identified a new role of
Ral GTPase in tEVs biogenesis and breast cancer metastasis. Although there is now
numerous evidences of the pro-tumoral role of tEVs in metastatic progression and
notably their capacity to enhance PMN formation (Wortzel et al., 2019), the link
between their origin and their deleterious functions is still not well understood.

This work explored the role of small GTPases, RalA and RalB, in the biogenesis
and cargo loading of tEVs in murine breast cancer model. We found that:

e Ral GTPases control tEVs biogenesis, their formation and secretion levels

through a phospholipase D-dependent pathway controlling MVB homeostasis.
¢ In mice, RalA and RalB promote lung metastasis of breast cancer cells.

e Proteomic analysis showed that these GTPases control the cargo loading of

specific proteins and RNAs inside tEVs.

e Specific loading of the adhesion molecule CD146/MCAM mediated by Ral

GTPases in tEVs mediates their organotropism capacities.

e CD146/MCAM is one of the actors responsible of the lung tropism and pro-

metastatic effect of these tEVs.

Overall, this study identified RalA and B as new regulators of tEVs biogenesis and
release. In addition, it identified CD146/MCAM as an important mediator of breast
cancer tEVs organotropism which mediates the pro-tumoral effect of these tEVs. This
work highlighted the link between origin, biogenesis pathway and pro-metastatic effect
of tEVs, and could even support further therapeutic investigations targeting RalA/B or
CD146/MCAM in mammalian model.

Ral GTPases promotes metastases by controlling biogenesis and organ colonization

of exosomes
e Ghoroghi et al., 2021
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Abstract Cancer extracellular vesicles (EVs) shuttle at distance and fertilize pre-metastatic niches
facilitating subsequent seeding by tumor cells. However, the link between EV secretion
mechanisms and their capacity to form pre-metastatic niches remains obscure. Using mouse
models, we show that GTPases of the Ral family control, through the phospholipase D1, multi-
vesicular bodies homeostasis and tune the biogenesis and secretion of pro-metastatic EVs.
Importantly, EVs from RalA or RalB depleted cells have limited organotropic capacities in vivoand
are less efficient in promoting metastasis. RalA and RalB reduce the EV levels of the adhesion
molecule MCAM/CD146, which favors EV-mediated metastasis by allowing EVs targeting to the
lungs. Finally, RalA, RalB, and MCAM/CD146, are factors of poor prognosis in breast cancer
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patients. Altogether, our study identifies RalGTPases as central molecules linking the mechanisms
of EVs secretion and cargo loading to their capacity to disseminate and induce pre-metastatic
niches in a CD146-dependent manner.

Introduction

The communication between tumor cells and their neighboring stromal cells is essential to sustain
tumor growth and promote invasion and metastasis (Becker et al., 2016; Follain et al., 2020). Nota-
bly, this communication allows tumors to indoctrinate their microenvironment and switch the pheno-
types of various cell types, such as endothelial cells, fibroblasts, or immune cells to the benefit of
tumor growth, invasion, immune escape and metastasis. Such communication occurs with organs dis-
tant of the primary tumors and favors the formation of pre-metastatic niches where the modified
microenvironment can help settling metastatic tumor cells (Peinado et al., 2017). Seeding of this
favorable metastatic environment can be mediated by soluble molecules (Kaplan et al., 2005;
Wang et al., 2017) or by extracellular vesicles (EVs) secreted by tumor cells (Costa-Silva et al.,
2015; Hoshino et al., 2015; Jung et al., 2009; Peinado et al., 2012). EVs are lipid bilayered vesicles
of nanometric diameters containing a complex mixture of RNA and protein cargoes, including a rep-
ertoire of surface receptors (Mathieu et al., 2019). They can be directly secreted from the plasma
membrane and called microvesicles or originate from an endosomal compartment, the multi-vesicu-
lar body (MVB), and then called exosomes (van Niel et al., 2018). The levels of circulating tumor
EVs tend to correlate with tumor progression (Baran et al., 2010; Galindo-Hernandez et al., 2013;
Logozzi et al., 2009). Accordingly, inhibition of key components of the EV secretion machinery
often correlates with decreased metastasis (Hyenne et al., 2017). For instance, Rab27a, which
directs exosome secretion by controlling the docking of MVBs to the plasma membrane
(Ostrowski et al., 2010), promotes breast and melanoma tumor growth and metastasis in mice
(Bobrie et al., 2012; Peinado et al., 2012) and predicts poor survival in human pancreatic cancer
(Wang et al., 2015). In addition to the levels of secreted tumor EVs, their content, and in particular
their set of surface adhesion proteins equally orchestrates metastasis formation. For instance, the
presence of tetraspanins CD151 and Tspan8 on the surface of pancreatic adenocarcinoma EVs favors
metastasis in rats by enhancing their adhesive capacities and controlling their biodistribution
(Yue et al., 2015). Moreover, integrin receptors exposed by tumor EVs dictate their organotropism
and thereby tune/control the seeding of a premetastatic niche in specific and distant organ
(Hoshino et al., 2015). Therefore, accumulating evidence show that both the levels and the content
of secreted tumor EVs are instrumental in promoting metastasis.

However, the molecular mechanisms coordinating these processes remain elusive. In particular,
how the machinery governing EV secretion can impact the pro-metastatic properties of tumor EVs
deserves in-depth characterization. To address this issue, we focused on the members of the Ral
family, RalA and RalB (collectively referred to as RalA/B), acting downstream of RAS and promoting
metastasis of different tumor types in both mice and human (Gentry et al., 2014; Yan and Theodor-
escu, 2018). We recently found that these versatile proteins are evolutionarily conserved regulators
of exosome secretion (Hyenne et al., 2015). We originally observed that, in the nematode C. ele-
gans, the Ral GTPase ortholog RAL-1 controls exosome secretion by acting on the biogenesis of
MVBs. Importantly, we further showed that RalA/B modulate the levels of secreted EVs in models
that are relevant to human breast cancer (Hyenne et al., 2015) suggesting that these GTPases could
influence disease progression through EVs release. Here, we exploited 4T1 cells, an aggressive mam-
mary tumor model that mimics human triple-negative breast cancer (Kaur et al., 2012) to further
decipher how RalA/B tune EV secretion mechanisms and thereby control metastatic progression of
the disease.

In this study, we first provide a detailed dissection of the impact of the Ral GTPases on EV secre-
tion levels and unravel the mechanisms by which they control the homeostasis of MVBs. We have dis-
covered that RalA/B directly acts through the phospholipase D1 (PLD1), which, as we show, also
promotes EVs secretion, to favor the maturation of MVBs. We further demonstrate that RalA and
RalB promote lung metastasis without affecting the invasive potential of breast carcinoma. Impor-
tantly, RalA/B are crucial for the organ targeting of tumor EVs, and, as a consequence, for the seed-
ing of pre-metastatic niches. Finally, we identify the adhesion protein CD146/MCAM as a key EV
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cargo controlled by RalA and RalB and demonstrate that it conveys, in part, the pro-metastatic func-
tion to EVs by controlling the lung tropism of breast cancer EVs.

Results

RalA and RalB control exosome secretion levels through the
homeostasis of MVBs

We have previously shown that RalA and RalB control EV secretion in aggressive 4T1 mammary
tumor cells (Hyenne et al., 2015) that reliably mimics the aggressive phenotype of human triple-
negative breast cancer. We thus built on this relevant tumor model and decided to test the hypothe-
sis that RalA and RalB could orchestrate pro-metastatic functions by tuning the molecular mecha-
nisms driving the secretion levels and nature of EVs. We first confirmed our initial observations with
the nanoparticle-tracking analysis (NTA) of EVs released by 4T1 cells and isolated by ultracentrifuga-
tion (100,000 g pellet). Stable depletion of RalA or RalB by shRNA reduces by 40% the amount of
secreted EVs (Figure 1a, Figure 1—figure supplement 1a), with no impact on their average size
(Figure 1—figure supplement 1b). RBC8 and BQUS57, two previously described specific chemical
inhibitors of Ral GTPases (Yan et al., 2014) significantly reduced EV secretion levels in mouse and
human mammary tumor cell lines (4T1, MDA-MB231, D2A1, and MCF7 cells) as well as in two other
cancer cell lines, human melanoma (A375) and pancreatic carcinoma (Panc1) cells (Figure 1b and
Figure 1—figure supplement 1c). Together with evidence previously obtained in Caenorhabditis
elegans (Hyenne et al., 2015), this demonstrates that the mechanisms by which RalA/B GTPases
tune EV secretion levels are conserved throughout evolution and are notably at play in various can-
cer cell lines.

To better understand how Ral GTPases could impact EVs secretion, we first characterized their
intracellular distribution in 4T1 cells. Endogenous RalA and RalB localize mostly within CDé3-positive
endosomal compartments (MVBs and late endosomes), as well as at the plasma membrane
(Figure 1c). Similarly, GFP-tagged RalA and RalB localize both in late endosomal compartments pos-
itive for Lysotracker and at the plasma membrane (Figure 1c). Therefore, in 4T1 cells, Ral GTPases
localize both at biogenesis sites of microvesicles (plasma membrane) and exosomes (MVBs). To fur-
ther determine whether Ral GTPases affect MVBs as previously observed in C. elegans, we per-
formed thorough electron microscopy (EM) analysis of endosomal compartments in 4T1 cells. In a
first analysis of cells that were processed upon chemical fixation, we quantified the densities of (i)
MVBs and (ii) endolysosomes, as well as (i) the diameter of MVBs, (iv) the number and (v) the diame-
ter of intraluminal vesicles (ILVs) per MVB. Strikingly, we found RalA or RalB depletion leads to a
40% decrease in the number of MVB per cytoplasmic surface in 4T1 cells (Figure 1d and Figure 1—
figure supplement 2a), with no impact on the density of endolysosomes (Figure 1—figure supple-
ment 2b). Further analysis of Lysotracker-positive compartments using FACS confirmed that RalA/B
depletion has no significant effect on the late endosome-lysosome pathway (Figure 1—figure sup-
plement 2c). Besides, EM analysis revealed no differences in ILV numbers per MVB surface (Fig-
ure 1—figure supplement 2d), nor in MVB diameters (Figure 1—figure supplement 2e). However,
since chemical fixation is known to affect the morphology of endosomal compartments, we took our
EM analysis one step forward by implementing high-pressure freezing (HPF) of cells, which better
preserves the ultrastructure of endosomes (Klumperman and Raposo, 2014). A similar decrease in
the number of MVBs per cytoplasmic surface in RalA and RalB knockdown cells was observed in
these conditions (Figure 1—figure supplement 2a). Upon HPF, we further observed a slight
decrease in the number of ILVs per MVB surface (Figure 1—figure supplement 2d) that could be, in
part, explained by a slight increase in MVB diameters (Figure 1—figure supplement 2e). In conclu-
sion, depletion of either RalA or RalB significantly reduces MVB number, while the remaining MVBs
are slightly bigger. Overall, thorough EM analysis of intracellular compartments using both chemical
fixation and HPF clearly demonstrates that both RalA and RalB control MVB homeostasis in breast
mammary tumor cells.

A RalA/B-PLD1-PA axis governs exosome biogenesis
We further investigated the molecular mechanisms controlling MVB homeostasis downstream of
RalA/B GTPases. We decided to focus on phospholipases D (PLDs), which catalyzes the hydrolysis of
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Figure 1. RalA and RalB control exosome secretion and multi-vesicular body (MVB) homeostasis. (a-b) Nanoparticle tracking analysis of extracellular
vesicles (EVs) isolated by ultracentrifugation (100,000 g pellet) from the supernatant of shCtl, shRalA, or shRalB 4T1 cells (a) or from various cell types
treated with Ral inhibitors RBC8 (b, left) or BQUS7 (b, right). 231: MDA-MB-231 cells. Each dot represents one experiment (a: 10 independent

Figure 1 continued on next page
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experiments; One-Way Anova followed by Bonferroni’s Multiple Comparison Test; b: four to five independent experiments, Mann Whitney test). (c)
Representative confocal images of 4T1 cells showing endogenous expression of RalA, RalB, and CDé3 by immunofluorescence (left) and overexpression
of GFP-RalA and GFP-RalB in cells incubated with Lysotracker (right). Scale bar: 10 um; zoom: 2 um. (d) Representative electron micrographs of 4T1
shCtl, shRalA and shRalB cells, with zoom on MVBs; Scale bar: 1 um; zoom: 200 nm. Violin plots show quantification of the number of MVB per
cytoplasm surface. Each dot represents one field of view; horizontal bars represent the average (76-88 fields of view; Kruskal-Wallis test followed by

Dunn'’s Multiple Comparison Test).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Ral knockdown efficiency and impact on EV secretion.
Figure supplement 2. Electron microscopy analysis of endosomes in the absence of RalA or RalB (a-b).

phosphatidylcholine (PC) into phosphatidic acid (PA), for three reasons: (1) PLD1 and PLD2 are two
well-known targets of RalA and RalB (Jiang et al., 1995; Luo et al., 1998; Vitale et al., 2005), (2)
PLD2 controls exosome secretion in breast cancer cells (Ghossoub et al., 2014), and (3) PLDs impact
cancer progression (Bruntz et al., 2014). We first verified that both PLD1 and PLD2 are expressed in
4T1 cells by RT-qPCR (Figure 2—figure supplement 1a). In the absence of efficient anti-PLD anti-
body for immunofluorescence, we decided to assess the subcellular localization of PLD-GFP fusion
proteins. PLD1 mostly localizes to endosomal compartments positive for RalA, RalB, and lysotracker,
whereas PLD2 mostly localizes to the plasma membrane (Figure 2a and Figure 2—figure supple-
ment 1b). Therefore, we tested whether PLDs could function downstream of RalA/B to control
MVBs homeostasis and exosome secretion using two chemical inhibitors, CAY10593 for PLD1 and
CAY10594 for PLD2 (Lewis et al., 2009; Scott et al., 2009). EM analysis of 4T1 cells revealed that
inhibition of PLD1, but not of PLD2, induces a 40% decrease in the number of MVBs per cytoplasmic
surface (Figure 2b). This phenotype is consistent with PLDs respective localizations and suggests
that PLD1 functions in the RalA/B exosome secretion pathway. Further NTA analysis of treated cells
showed that both inhibitors reduce EV secretion levels in 4T1 cells (Figure 2c), suggesting that both
PLD isoforms regulate EV secretion potentially through distinct mechanisms. Importantly, PLD1 inhi-
bition fully phenocopies the effect of RalA/B GTPases depletion, both on the cellular density of
MVBs and on the level of EV secretion. To determine whether PLD1 acts downstream of RalA/B, we
looked at its localization in the absence of RalA or RalB. Confocal analysis revealed that in 40% of
shRalA or shRalB cells, PLD1 is uniformly cytoplasmic instead of being endosomal (Figure 2d). By
contrast, RalA/B depletion had no major impact on PLD2 localization at the plasma membrane (also
its trafficking might be altered) (Figure 2—figure supplement 1c). This shows that RalA/B GTPases
are required for PLD1 localization on endosomes. To further investigate if PLD activity is involved in
Ral GTPases-dependent EV secretion, we performed a lipidomic analysis of secreted EVs. As PLD
converts PC into PA, we focused on these two lipid species. Importantly, RalA/B depletion signifi-
cantly reduces the PA/PC ratio of secreted EVs (Figure 2e). In particular, the PA/PC ratio made of
mono- and di-unsaturated lipid species (36:1, 36:2, 38:1, and 38:2), known to be PLD product/target,
respectively, showed a tendency to be decreased although not reaching statistical significance (Fig-
ure 2—figure supplement 1d). This further implies that PLD’s main product, PA, plays a crucial role
in MVB homeostasis. Altogether, these results suggest that Ral GTPases control PLD1 localization on
MVBs, which is required for local PA accumulation and ultimately for MVB homeostasis and exosome
secretion (Figure 2f).

RalA and RalB promote metastasis non-cell autonomously

Having identified RalA and RalB as important regulators of EV secretion in breast cancer cells, we
next investigated whether such a function could impact metastasis. At first, we analyzed public data-
bases to interrogate a potential correlation between RalA/B expression levels and metastatic pro-
gression. Using a large cohort of breast cancer patients with metastatic progression from the Cancer
Genome Atlas (TCGA), we found that high expression of either RalA or RalB is significantly corre-
lated with reduced survival (Figure 3a). Automated quantification of RalA/B expression levels by
immunohistochemistry in primary tumors of breast cancer patients unraveled overexpression of both
proteins in tumors from patients with metastasis (Figure 3b). These results prompted us to investi-
gate in depth the role of RalA/B in a syngeneic mouse model of aggressive breast cancer, which is
highly relevant to the human pathology.
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Figure 2. The RalA/B-PLD1-PA axis governs exosome secretion. (a) Representative confocal images of 4T1 cells co-transfected with PLD1-GFP and
tdTomato-RalA (upper panels) or tdTomato-RalB (lower panels) and incubated with Lysotracker. Scale bar: 10 pm; zoom: 2 pm. (b) Electron microscopy
analysis of 4T1 cells treated with PLD1 or PLD2 inhibitor. Scale bar: 1 pm. Violin plots show quantification of the number of multi-vesicular body (MVB)
per cytoplasmic surface. Each dot represents one field of view; horizontal bar represents the average (180-194 fields of view; Kruskal-Wallis test

Figure 2 continued on next page
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followed by Dunn’s Multiple Comparison Test). (c) Nanoparticle tracking analysis of extracellular vesicles (EVs) isolated by ultracentrifugation (100,000 g
pellet) from the supernatant of 4T1 cells treated with PLD1 (CAY10593) or PLD2 (CAY10594) inhibitor. Each dot represents one experiment (three
independent experiments; One-Way Anova permutation test followed by fdr multi-comparison permutation test). (d) Representative confocal images of
shControl, shRalA and shRalB 4T1 cells transfected with PLD1-GFP. Scale bar: 10 um; zoom: 2 um. Graph shows the percentage of cells with high (>5)
number of PLD1-GFP cytoplasmic puncta. (Each dot represents one experiment. Five independent experiments; Number of cells analyzed: shCtl (136),
shRalA (170), shRalB (244); Kruskal-Wallis test followed by Dunn’s Multiple Comparison Test). (e) Quantification of the Phosphatidic Acid (PA) /
PhosphatidylCholine (PC) ratio in EVs isolated from shControl, shRalA, and shRalB cells (each dot represents one experiment; three independent
experiments; One-Way Anova permutation test followed by fdr multi-comparison permutation test; fdr <0.1). (f) Model showing how RalA and RalB
could control PLD1 localization on MVBs, thereby inducing the PA accumulation on MVBs, promoting MVB homeostasis and controlling exosome

secretion.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. PLD1 and PLD2 in 4T1 cells.

Therefore, we conducted a careful and exhaustive longitudinal analysis of metastatic progression
of mammary tumors in syngeneic Balb/c mice. Briefly, 4T1 cells depleted or not for RalA or RalB
were orthotopically grafted in mammary ducts, and several criteria were tracked over time. First,
RalA and RalB have antagonist effects on tumor growth measured in vivo over time and ex vivo after
41 days: while RalA depletion significantly increased tumors growth, RalB depletion induced the
opposite effect when compared to control tumors (Figure 3c). Neither RalA, nor RalB affected apo-
ptosis, using caspase3 as a read-out (Figure 3—figure supplement 1a-b). In contrast, 4T1 cells
depleted of RalA and RalB show increased growth rate in vitro and a decreased proportion of cells
in sub-G1 phase of the cell cycle (Figure 3—figure supplement 1c—d). A similar increase in prolifera-
tion rates was observed in vivo in the absence of RalA (Figure 3d). Therefore, while depletion of
RalA favors in vivo tumor growth by enhancing 4T1 proliferation potential, it is likely that additional
non-cell autonomous factors are responsible for the decreased tumor growth observed upon RalB
depletion.

We obtained the most striking result when carefully assessing the lung metastasis burden of these
mice after 41 days. We measured the number and the surface covered by metastatic foci in serial
lung sections and observed that RalA or RalB depletion in mammary tumors drastically reduced their
metastatic potency (Figure 3e). When compared to the tumor growth rate, the most dramatic
reduction of metastasis was observed in the case of RalA depletion. These experiments show that
although RalA and RalB have antagonist effects on primary tumors, they both promote metastasis.
To dissect this phenotype, we tested whether RalA or RalB could impact inherent cell migration and
invasion potential of 4T1 cells, as it had been reported for RalB (Oxford et al., 2005; Zago et al.,
2018). We performed 2D (Figure 3f) and 3D (Figure 3g) in vitro invasion assays and observed no
effect of RalA or RalB expression levels on motility potential of 4T1 cells. Therefore, RalA/B seem to
promote metastasis independently of cell invasion and are likely to promote metastasis of aggressive
breast cancer cells non-cell autonomously by inducing pro-metastatic micro-environmental changes.

RalA- and RalB-dependent EVs induce endothelial permeability

Since RalA and RalB promote metastasis independently of their cell-intrinsic properties, we won-
dered whether they could control secreted factors that are likely to induce micro-environmental
alterations. In addition to EVs, tumor cells secreted soluble factors can promote metastasis by modu-
lating the microenvironment, notably by promoting the formation of a metastatic niche
(Ombrato et al., 2019). To test this possibility, we examined the impact of RalA and RalB on the sol-
uble secretome of 4T1 cells. Depletion of RalA or RalB had no drastic effect on the soluble factors
secreted by 4T1 cells (Figure 3—figure supplement 2). However, the secretion of one protein
known to promote metastasis (Ombrato et al., 2019), WISP1/CCN4, is significantly decreased in
shRalA/B cells (Figure 3—figure supplement 2). Thus, RalA and RalB are likely to enhance meta-
static potency by promoting the secretion of EVs and possibly as well through WISP1/CCN4. Fur-
thermore, in addition to enhancing the levels of secreted EVs, RalA/B could alter their functionality.
To test this possibility, we challenged the pro-tumoral function of RalA/B EVs in an in vitro functional
assay.
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Figure 3. RalA and RalB promote lung metastasis in a non-cell autonomous fashion. (a) Kaplan-Meier curve, obtained from TCGA 1097 cohort, showing
the survival probability of patients with tumor breast invasive carcinoma having high or low RalA (pvalue: 5.15 e-03; pAdj: 1.35e-01) or RalB (pvalue: 1.77
e-05; pAdj: 5.99e-03) expression levels. (b) Representative images of immunohistochemistry against RalA or RalB performed on mammary primary
Figure 3 continued on next page
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Figure 3 continued

tumors from patients with or without metastasis. Scale bar: 500 um Graphs represent automated scoring of DAB staining. Each dot represents one
patient; 10 patients per group; Student t-test. (c) Orthotopic injection of shControl, shRalA, and shRalB 4T1 cells in syngenic mice. Representative
images of primary tumors at day 41. Scale bar: 1 cm. Graphs showing the primary tumor growth over time (Left) and the primary tumor weight at day
41. Each dot represents one mouse. (Two independent experiments; Left: Two-way Anova followed by Bonferonni post-test, Right: Kruskal-Wallis test
followed by Dunn’s Multiple Comparison Test). (d) Representative images of primary tumors stained with anti-Kié7 antibody. Scale bar: 50 um. Graph
indicates the % of Kié7-positive nuclei. Each dot represents one mouse. (six mice taken from two independent experiments; Kruskal-Wallis test followed
by Dunn’s Multiple Comparison Test. (e) Analysis of lung metastasis in mice from the orthotopic experiment presented in (c). Representative images of
lung sections (Day 41) stained with hematoxilin eosin. Scale bar: 1 mm. Graphs show the number of metastatic foci per section (upper, One-Way Anova
followed by Bonferroni’s Multiple Comparison Test) and the metastatic surface per lung surface (lower; Kruskal-Wallis test followed by Dunn’s Multiple
Comparison Test). Each dot represents one section f) Pictures of wound healing closure at different time points. Scale bar: 150 um. Graph represents
the percentage of wound closure at 16 hr (three independent experiments; Kruskal-wallis test followed by Dunn’s multiple comparison test). (g) Pictures
of 3D invasion assay after 15 days. Graph represents the invasive index. Scale bar: 100 um.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Proliferation and apoptosis of 4T1 cells and tumors.

Figure supplement 2. Soluble secretome of 4T1 shControl cells compared to 4T1 shRalA or 4T1 shRalB cells (three independent experiments; One-
Way Anova permutation test followed with pairwise permutation test with fdr correction).

Since tumor EVs are known to induce vascular permeability in the vicinity of tumors as well as in
distant organs (Tominaga et al., 2015; Treps et al., 2016; Zhou et al., 2014), we tested the capac-
ity of RalA/B dependent EVs to promote endothelial permeability in vitro. When added to a mono-
layer of endothelial cells, 4T1 EVs increased its permeability in a dose-dependent manner
(Figure 3—figure supplement 1e). We then tested the impact of EV content on vascular permeabil-
ity by subjecting endothelial cells to similar amounts of EVs derived from 4T1 cells expressing or not
RalA/B. Interestingly, endothelial monolayers became less permeable when treated with a similar
amount of EVs derived from shRalA or shRalB cells. Similarly, such EVs fail to disrupt adherent and
tight junctions by contrast to EVs derived from 4T1 control cells (Figure 4b) suggesting that EVs
from RalA/B knockdown cells have reduced pro-permeability abilities. Therefore, depletion of RalA/
B reduces secretion levels of EVs and leads to the secretion of EVs whose effect on vascular leakiness
is hampered. The important observation that vascular permeability could be reduced upon depletion
of RalA or RalB, and with a similar amount of EVs, prompted us to further dissect whether RalA or
RalB could tune the priming of pre-metastatic niches.

RalA and RalB dependent EVs are pro-metastatic and lung tropic

Here, we thus explored whether RalA and RalB synergistically impact the pro-metastatic functions of
EVs by tuning their secretion levels as well as their content. Since on one hand RalA and RalB posi-
tively control the levels and the functionality of secreted tumor EVs (Figures 1 and 4a), and on the
other hand they promote metastasis (Figure 3), we tested a direct impact of RalA/B-dependent EVs
on the promotion of lung metastasis. For this, we decided to directly assess the role of 4T1 EVs in
priming lung metastatic niches in vivo, as previously described for other tumor EVs (Costa-
Silva et al., 2015; Hoshino et al., 2015; Peinado et al., 2012; Zhou et al., 2014). Priming of lungs
with control EVs significantly enhances lung metastasis over 14 days when compared to PBS
(Figure 4c). In striking contrast, priming of mouse lungs with a similar number of EVs derived from
Ral-depleted cells did not promote metastasis. This key experiment demonstrates that RalA/B confer
pro-metastatic functions to EVs, in addition to controlling their secretion levels. Indeed, the
decreased metastasis observed in absence of RalA/B can result from either drastically reduced EVs
secretion or diminished pro-metastatic potential of EVs. To unravel why EVs from RalA/B-depleted
cells are unable to promote metastasis, we first determined their capacity to efficiently reach the
lungs and prime pre-metastatic niches by tracking the dissemination of fluorescently labeled EVs
that were injected in the blood circulation of Balb/c mice. We found that 1 hr after injection 4T1 EVs
mostly accumulate in the lungs, as well as the liver and brain (Figure 4d and Figure 4—figure sup-
plement 1a). These three organs are the main metastatic organs of 4T1 cells, and breast carcinoma,
showing that the organotropism of 4T1 EVs mirrors the metastatic organotropism of their parental
cells and further validates the relevance of our model to human pathology (Kaur et al., 2012;
Lou et al., 2008). Through a careful analysis of cell types that internalize EVs in these conditions, we
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Figure 4. RalA and RalB control lung tropism of pro-metastatic tumor extracellular vesicles (EVs). (a) Effect of a similar amount of EVs on HUVEC
monolayer permeability in vitro. The graph represents the normalized amount of fluorescent dextran that crossed the endothelial barrier. Each dot
represents one experiment (eight independent experiments; One-Way Anova followed by Bonferroni’s Multiple Comparison Test). (b) Representative
epifluorescence images of VE-cadherin (upper panels) and ZO1 (Lower panel) stainings on HUVECS cells treated with similar amounts of EVs. Scale bar:
Figure 4 continued on next page
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Figure 4 continued

20 um; zoom: 2 um. Graphs represent the disorganization of adherent (up) and tight (low) junctions (Three independent experiments; up; Kruskal-Wallis
test followed by Dunn’s Multiple Comparison Test). (c) Metastasis priming experiment, Balb/c mice are first injected twice with tumor equal number of
EVs (1.5 x 108 EVs), then intravenously with 4T1 luciferase cells and metastasis is then followed over time. Graph shows metastasis progression over
time in mice pre-injected with PBS, or with equal number of EVs from shControl, shRalA or shRalB cells (7-10 mice per group; merge of two
independent experiments; Two-way Anova followed by Bonferonni multiple comparison post test; stars indicate statistically significant differences at
day 14). Right: In vivo and ex vivo representative images of mice and lungs at day 14. Scale bars: 1 cm. (d-e) Lung accumulation of equal number of
fluorescent-labeled EVs (3 108 EVs), from shControl, shRalA or shRalB cells injected intravenously. (d) Representative ex vivo images and graph showing
the total lung fluorescence 1 hr post-injection. Each dot represents one mouse. (Eight mice taken from two independent experiments; Kruskal-Wallis
test followed by Dunn’s Multiple Comparison Test.) (€) Representative confocal lung sections images and graph showing the percentage of EVs-
positive fields. Each dot represents one section (three mice; Kruskal-Wallis test followed by Dunn’s Multiple Comparison Test). Scale bar: 5 um. (f-g)
Arrest and internalization of equal number of EVs from shControl, shRalA, and shRalB cells on endothelial cells in vitro and in vivo. (f) Representative
confocal Z-stacks of equal number of EVs after 1 hr or incubation with HUVEC monolayer. Scale bar: 25 pm. Each dot represents one field of view (each
dot represents one field of view from three independent experiments; Kruskal-Wallis test followed by Dunn’s Multiple Comparison Test). (g)
Representative confocal Z-stacks the caudal plexus of Tg(Fli1:GFP) zebrafish embryos, where GFP is expressed in the endothelium, injected with similar
number of EVs and imaged right after injection. Each dot represents one zebrafish (31-53 embryos from four independent experiments; Kruskal-Wallis
test followed by Dunn’s Multiple Comparison Test). Scale bar: 20 um.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. 4T1 extracellular vesicles (EVs) organotropism.

observed that 4T1 EVs mostly accumulate in endothelial cells, macrophages, and fibroblasts of the
lung parenchyma (Figure 4—figure supplement 1b). Importantly, EVs derived from RalA- or RalB-
depleted cells failed to efficiently reach the lungs, even though similar amounts were injected in all
conditions (Figure 4d,e). Similar results were observed for EVs reaching the liver (Figure 4—figure
supplement 1c). Hence, we can conclude at this stage that RalA/B control the pro-metastatic prop-
erties of EVs by tuning their ability to reach vascular regions and local parenchyma and efficiently
reach metastatic organs, thereby modulating the formation of a pre-metastatic niche.

The latter results raised the exciting hypothesis that metastasis impairment could be, in part,
explained by a general defect in adhesion of circulating EVs at the vascular wall. We recently showed
that EVs target specific vascular regions by first arresting at the surface of endothelial cells
(Hyenne et al., 2019). We used two complementary models that allow careful tracking of single EVs
and assessed early events of EVs internalization in endothelial cells. Using microfluidics, we found
that internalization of 4T1 EVs within endothelial cells is decreased after 1 hr when they originate
from RalA/B-depleted cells (Figure 4f). Similarly, upon tracking of fluorescent EVs injected in the cir-
culation of zebrafish embryos, we observed that endothelial arrest/internalization of EVs from RalA/
B knockdown cells is significantly hampered (Figure 4g). Altogether, these experiments suggest that
RalA/B knockdown significantly reduced the adhesive properties of EVs to the endothelium, estab-
lishing a potential link with their failure to accumulate in mice lungs. Furthermore, our results support
a model in which RalA/B GTPases, in addition to promoting EV secretion, also control the pro-meta-
static function of these EVs, likely by modulating their content.

RalA/B promote CD146 EV loading for efficient lung targeting and pre-
metastatic niche priming

These functional experiments (Figure 4) suggest that the content of EVs can directly influence
metastasis formation and that such content is likely to be impacted by RalA/B. Therefore, we carried
out a careful and thorough molecular comparison of the cargo content of EVs derived from RalA/B-
tuned cells. We first analyzed the RNA content of EVs using RNAseq and found that a large propor-
tion of the RNAs present in EVs from shRal cells were different from the control (30-50%)
(Figure 5a; Supplementary file 1). Accordingly, GO terms associated with mRNA enriched in each
EV type showed important differences in biological processes, molecular function, or cellular compo-
nents (Figure 5—figure supplement 1). In addition, EVs from shRalA cells differed from control or
shRalB EVs in the nature of the RNA they contain, as shRalA EVs showed an important increase in
non-coding RNA (Figure 5b). Overall, this experiment reveals that RalA/B have a profound impact
on the content of RNA in 4T1 EVs.
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Figure 5. CD146/MCAM is under-expressed in RalA/B knockdown extracellular vesicles (EVs) and mediates their lung tropism. (a) Venn diagram
representing the RNA present in the EVs isolated from shControl, shRalA or shRalB cells (with a minimum of 10 reads per sample; RNA sequencing
performed in triplicate). (b) Type of RNA associated identified in EVs isolated from shControl, shRalA, or shRalB cells. Left: RNA exclusively present in
one type of EVs. Right: enriched RNAs (log2 fold change >2; p(adj.)<0,05). (c) GO terms of the proteins identified in EVs isolated from 4T1 cells by
Figure 5 continued on next page
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Figure 5 continued

ultracentrifugation (100,000 g pellet) and illustration of some proteins known to be present in EVs. (d) Comparison of the protein content of EVs
isolated from shControl, shRalA, and shRalB cells. The venn diagram represents proteins having different expression levels (Mass spectrometry
performed in triplicate; FDR < 1%). (e) Analysis of the expression of CD146/MCAM, Clic4, and Glypican4 in EVs isolated from shControl, shRalA and
shRalB cells by western blots. Each dot represents one experiment (four to six independent experiments; Kruskal-Wallis test followed by Dunn’s
Multiple Comparison Test). (f-g) Arrest, internalization, and organotropism of EVs treated with an anti-CD146 antibody and injected in the circulation of
zebrafish embryos (f) or mouse (g). (f) Representative confocal Z-stacks the caudal plexus of Tg(Fli1:GFP) zebrafish embryos, where GFP is expressed in
the endothelium, injected with equal number of EVs and imaged right after injection. Scale bar: 20 um; Zoom scale bar: 5 um. Each dot represents one
zebrafish (46 embryos from four independent experiments; Mann Whitney test). (g) Representative confocal images of lung sections and graph showing
the percentage of EVs-positive fields. Scale bar: 10 um. Each dot represents one mouse (eight mice from two independent experiments; Mann Whitney
test). (h) Metastasis priming experiment, Balb/c mice are injected twice with tumor equal number of EVs (1.5 x 108 EVs), pre-incubated with CD146
blocking antibody or isotype control, and then intravenously injected with 4T1 luciferase cells and metastasis is followed over time. Graph shows
metastasis progression over time (14 mice per group; merge of two independent experiments; Two-Way Anova followed by Bonferonni multiple
comparison post-test; stars indicate statistically significant differences at day 14). In vivo and ex vivo representative images of mice and lungs at day 14.
Scale bars: 1 cm. (i) Kaplan-Meier curve, obtained from TCGA 1097 cohort, showing the survival probability of patients with tumor breast invasive
carcinoma having high or low MCAM/CD146 expression levels (pvalue: 3.42 e-02; pAdj: 5.67e-01). (j) Model describing the role of RalA/B-dependent
EVs in metastatic formation.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. RNA content of extracellular vesicles (EVs) from shControl, shRalA, and shRalB cells.
Figure supplement 2. 4T1 cells and extracellular vesicles (EVs) express CD146/MCAM long isoform.

We further analyzed the protein content of 4T1 EVs by mass spectrometry. As shown in Figure 5¢
and 4T1 EVs contain a large number of proteins usually found in small EVs (77 of the top 100 pro-
teins from Exocarta are found in 4T1 EVs; Supplementary file 2), such as tetraspanins, integrins,
ESCRT proteins or small GTPases, such as RalA/B themselves. Importantly, many of these proteins
are known to localize to endosomes, suggesting that some of these EVs are bona fide exosomes.
Unexpectedly, comparison of the proteome of EVs secreted by RalA or RalB knockdown cells did
not reveal major differences, as no protein is exclusive to one type of EVs. Instead, a small propor-
tion of proteins showed differential expression levels (Figure 5d; Supplementary file 2). Regarding
their protein content, we noted that EVs from control cells are closer to EVs from shRalB cells (97
proteins with differential expression) than to EVs from shRalA cells (217 proteins with differential
expression). We then focused on the five proteins over-expressed in EVs from shCtl cells compared
to both EVs from shRalA and EVs from shRalB cells. These proteins are CD146/MCAM, Clic4, Glypi-
can 4, BDKRB2, and Abcg2. We verified the expression levels of CD146/MCAM, Clic4 and Glypican4
by western blot of identical number of EVs (Figure 5e). While Clic4 and Glypican4 are significantly
under-expressed in EVs from shRalA or shRalB cells, the long isoform of CD146/MCAM (Figure 5—
figure supplement 2a) showed a significant decrease in EVs from shRalA cells, and a tendency to
decrease in EVs from shRalB cells, which was confirmed by anti-CD146 ELISA (Figure 5—figure sup-
plement 2b). The hypothesis that Ral GTPases could control CD146 EV loading is further sustained
by colocalization analysis. Indeed, by immunofluorescence, we observed that CD146 localizes both
at the plasma membrane and in CDé63-positive MVB/late endosomes in 4T1 cells, similarly to Ral
GTPases (Figure 5—figure supplement 2c). Altogether, content analysis reveals that depletion of
either RalA or RalB deeply affects the EV RNA loading and changes the levels of several key
proteins.

We next interrogated whether the impact of RalA/B on the lung targeting and priming potential
of EVs could be explained by its effect on the EV levels of MCAM/CD146. MCAM/CD146 (also
known as Mel-CAM, Muc18, S-endo1, Gicerin) is an adhesion receptor overexpressed in various can-
cer types, including breast cancer, where it was shown to promote invasion and tumor progression
(Garcia et al., 2007; Zeng et al., 2011; Zeng et al., 2012). In addition, MCAM/CD146 is present on
endothelial cells where it mediates the adhesion of several cell types, including the transendothelial
migration of monocytes (Bardin et al., 2009). Given, the known function of MCAM/CD146 in cell
adhesion (Wang and Yan, 2013), we hypothesized that it may, at least in part, be responsible for
the lung tropism defects observed with EVs derived from RalA/B-depleted cells. To test the involve-
ment of MCAM/CD146 in EVs adhesion, we treated 4T1 EVs with an anti-mouse MCAM/CD146
blocking antibody before injection in zebrafish or mouse circulation. EVs pretreated with MCAM/
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CD146 blocking antibody failed to successfully arrest on endothelial walls of zebrafish embryos
(Figure 5f) and inefficiently reached the lungs in our mouse model (Figure 5g). Finally, we assessed
the functional role of EV-bound CD146 in priming of pre-metastatic niches. To do this, 4T1 EVs were
pre-treated with MCAM/CD146 blocking antibody (or with an isotype control) and injected intrave-
nously, preceding tail-vein injection of 4T1 luciferase cells. Blocking CD146 on EVs significantly
reduced their pro-metastatic potential. Therefore, inhibition of MCAM/CD146 precludes their lung
accumulation and the subsequent formation of metastasis and thereby phenocopies RalA/B knock-
down. These results demonstrate that MCAM/CD146, whose presence at the surface of EVs is tuned
by RalA/B, is, at least partly responsible of the adhesion and lung tropism of 4T1 EVs. It further
explains why EVs from RalA knockdown cells, which have reduced levels of MCAM/CD146, fail to
reach the lungs efficiently. The pro-metastatic role of MCAM/CD146 is further confirmed by the
analysis of a human cohort of breast cancer showing that its high expression is associated with wors-
ened prognosis (Figure 5h). Altogether, our work demonstrates that RalA/B, by controlling MVB
homeostasis, promote the secretion CD14é6-enriched EVs, whose lung tropism sustains efficient
metastasis (Figure 5i).

Discussion
The therapeutic limitations of breast cancer metastasis warrant a deeper understanding of its molec-
ular machinery. Our findings highlight the exosome-mediated priming of metastatic niches by Ral
GTPases as a critical requisite for lung metastasis during breast cancer progression. We show that
RalA and RalB promote the secretion of exosomes by maintaining a high number of multi-vesicular
bodies, likely through the PLD1-PA axis. Furthermore, we demonstrate that RalGTPases favor the
secretion of CD146-rich exosomes, which accumulate in metastatic organs, notably in lungs, where
they establish premetastatic niches (Figure 5i). Finally, we show that high levels of RalA and RalB
correlated with poor prognosis suggesting a unified mechanism for human breast cancer metastasis.

This work, together with our previous study of RAL-1 in C. elegans (Hyenne et al., 2015), estab-
lishes Ral GTPases as major evolutionarily conserved mediators of exosome secretion. Our experi-
ments suggest that RalA/B contribute to exosome secretion in several tumor cell lines, of different
origins, implying that they might function pleiotropically over various cancers. Our results suggest
that RalA/B and their effector PLD1 affect the levels of secreted exosomes by tuning the levels of
cytoplasmic MVBs. While Ral GTPases, partially localized at the plasma membrane, could also affect
microvesicle secretion, our data indicate that they function in exosome biogenesis upstream of
PLD1. Similarly, a direct correlation between MVB density and levels of secreted EVs was recently
suggested by studies showing that chemical or electric stimulation of MVB biogenesis results in
increased EV secretion (Kanemoto et al., 2016; Yang et al., 2020). The formation of MVBs results
from dramatic biochemical transformations of endosomes involving multiple protein and lipid
switches (Huotari and Helenius, 2011; Scott et al., 2014). Understanding the steps at which RalA/B
and PLD affect this endosome maturation program is critical and remains to be fully deciphered.
Our results from mice and C. elegans suggest that biogenesis of ILVs, which is a key step in MVB
maturation and the initial phase of the exosome secretion pathway, could as well be controlled by
RalA/B. Our work further identifies PLD as an effector acting downstream of Ral to control exosome
secretion. Whether other Ral effectors contribute to EV secretion remains to be addressed. Interest-
ingly, while PLD2 was found to impact exosome secretion by governing ILV biogenesis in a different
breast carcinoma cell line (Ghossoub et al., 2014), our data rather suggest that PLD1 controls exo-
some biogenesis in 4T1 cells. Indeed, PLD1 localizes on MVBs and its inhibition, but not the inhibi-
tion of PLD2, decreases MVB density. Nevertheless, it should be noted that we measured EV
secretion levels and MVB density based on PLD inhibition at previously-published high concentra-
tions of the inhibitors (compared to their respective IC50) and that off-target effect can not be ruled
out. By contrast, PLD2 is essentially localized at the plasma membrane of 4T1 cells and its inhibition
reduces EV secretion suggesting that PLD2 could rather promote microvesicle secretion in 4T1 cells.
Therefore, we speculate that RalA/B-PLD1 control ILV biogenesis in 4T1 cells, possibly through the
regulation of PA levels. Alternatively, they could impact the homeostasis of a subclass of MVBs, for
instance by controlling their stability or their degradation.

Priming of metastatic niches by (soluble or) EV-mediated factors takes central stages in cancer
progression (Gao et al., 2019; Peinado et al., 2017) and identification of molecular machineries
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that underlie this condition could point to new therapeutic or diagnostic targets. Our study demon-
strates that Ral GTPases enhance the formation of lung metastasis in mouse models, by promoting
the secretion of exosomes within primary tumors, while RalA/B expression levels correlates with
metastasis in human breast cancer. While the pro-tumoral activity of Ral GTPases was so far mostly
attributed to their capacity to promote anchorage-independent cell growth (for RalA) or cell invasion
(for RalB) (Yan and Theodorescu, 2018), we now show that Ral GTPases have additional non-cell
autonomous functions, and that these functions are important contributors to metastasis. Indeed, in
4T1 cells, depletion of either RalA or RalB alters the levels, content and functionality of secreted
EVs, without decreasing cell migration or proliferation. Depending on the cell type or the biological
process, RalA and RalB can display redundant, synergistic or even antagonist activities
(Gentry et al., 2014). Since RalA and RalB mostly share similar phenotypes regarding EV secretion,
content and function, they likely function in the same pathway. Interestingly, both Ral proteins
appear to be essential for exosome secretion, revealing that their functions are not fully redundant.
Therefore, both GTPases are required for the generation of a specific subpopulation of EVs with
enhanced pro-metastatic properties and further work is needed to fully unravel the downstream
molecular pathways. With this work, RalA and RalB add to the list of proteins known to control exo-
some secretion and to affect tumor progression, such as Rab27a (Bobrie et al., 2012; Kren et al.,
2020; Peinado et al., 2012), Alix (Monypenny et al., 2018), syntenin (Das et al., 2019), and com-
ponents of the ESCRT machinery (Mattissek and Teis, 2014). These studies demonstrate that the
number of EVs secreted by a primary tumor is an essential element determining the efficiency of
metastasis. However, it is important to keep in mind that all these proteins regulating EV trafficking,
including RalA/B, contribute to tumor progression through both exosome dependent and exosome
independent functions. Altogether, despite pointing to additional functions of RAL GTPases, our
study is the first to identify new molecular machinery from its function in EV biogenesis up to its pro-
metastatic function in breast cancer lung metastasis.

Priming of metastatic niches by EVs has, so far, mostly been attributed to increased levels of pro-
metastatic EVs with pro-metastatic functions (Becker et al., 2016; Bobrie et al., 2012
Peinado et al., 2012). In addition to controlling the levels of secreted EVs, we show that RalA/B
affect their function by enhancing their capacity to induce endothelial permeability in vitro and pre-
metastatic niches in vivo. These two observations could be linked, as RalA/B-dependent EVs could
promote endothelial permeability locally in the primary tumor or at distance in lungs, thereby favor-
ing both tumor intravasation and extravasation. Content analysis revealed that RalA/B control the
identity and levels of RNAs and proteins present in secreted EVs. Interestingly, Ras, which is known
to activate RalA/B (Gentry et al., 2014), also controls the protein and RNA cargo of tumor EVs
(Cha et al., 2015; Demory Beckler et al., 2013; McKenzie et al., 2016), although its effect on the
levels of secreted EVs is unclear (Demory Beckler et al., 2013; McKenzie et al., 2016). As McKenzie
and collaborators identified a MEK-ERK-Ago2 pathway downstream of Ras (McKenzie et al., 2016),
it would be interesting to determine how this pathway connects with the Ral-PLD-PA axis described
in our study. Among the few proteins significantly enriched in RalA/B-dependent EVs, we identified
CD146, a molecule known to modulate cell-cell adhesion (Wang and Yan, 2013). We showed, using
functional inhibition, that CD146 present on pro-metastatic EVs controls their lung targeting effi-
ciency thereby impacting their biodistribution and niche-promoting function. Accordingly, we and
others show that high expression of CD146 correlates with poor prognosis in human breast carci-
noma (Garcia et al., 2007; Zeng et al., 2012). CD146 functions as an adhesion molecule involved in
homophilic and heterophilic interactions (Wang and Yan, 2013), promoting for instance monocyte
transmigration (Bardin et al., 2009). CD146 can perform trans-homophilic interactions via its immu-
noglobulin-like extracellular domain (Taira et al., 1994; Taira et al., 2005). It also binds to extracel-
lular matrix proteins or other transmembrane proteins, such as VEGFR2 (Wang and Yan, 2013).
Therefore, it is tempting to speculate that CD146 affects the biodistribution and organ targeting
efficiency of circulating tumor EVs by mediating their interaction with specific ligands present on the
luminal side of endothelial cells of metastatic organs. Other adhesion molecules, such as integrins
and tetraspanins were shown to affect the biodistribution of tumor EVs and ultimately the formation
of metastasis (Hoshino et al., 2015; Yue et al., 2015). Therefore, it is likely that the combination of
these receptors at the surface of tumor EVs, combined with the differential expression of their
ligands on endothelial cells throughout the organism will dictate their homing. More work will be
needed to characterize this organ specific EV zip code and to identify relevant endothelial ligands
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for circulating EVs and develop inhibitory strategies to impair their arrest and uptake at metastatic
sites. In addition, the presence of other cell types in the circulation, such as patrolling monocytes,
which take up large amounts of circulating EVs, could also contribute to the accumulation of tumor
EVs in specific organs (Hyenne et al., 2019; Plebanek et al., 2017). Finally, other factors, such as
the vascular architecture and hemodynamic patterns could be involved (Follain et al., 2020;
Hyenne et al., 2019) and the interplay between these mechanical cues and the surface repertoire of
metastatic EVs should be a fertile ground for future research. Precisely dissecting the mechanisms
by which tumor EVs reach specific organs would allow to understand the priming of premetastatic
niches.

Overall, our study identifies RalA/B GTPases as a novel molecular machinery that regulates the
formation and shedding of pro-metastatic EVs. We also discovered CD146 as an EV cargo whose tar-
geting could inspire new therapeutic strategies to impact the progression of metastatic breast
cancer.

Materials and methods

Cell culture

The establishment of 4T1 cell lines stably expressing shRNA against RalA, RalB, or a scramble
sequence has been described previously (Hyenne et al., 2015). 4T1-Luciferase (RedLuc) cells were
purchased from Perkin-Elmer. All 4T1 cell lines were cultured in RPMI-1640 medium, completed with
10% fetal bovine serum (FBS, Hyclone) and 1% penicillin-streptomycin (PS) (GIBCO). 4T1 shRNA cell
lines were maintained in medium containing 1 ug/ml puromycin, except during experiments, and
regularly checked for the stability of knockdown by western blots. Human Umbilical Vein Endothelial
Cells (HUVEC) (PromoCell) were grown in ECGM (PromoCell) supplemented with a supplemental
mix (PromoCell C-39215) and 1% PS. Human A375 melanoma and human MDA-MB-231, MCF7 and
SKBR3 breast cancer (ATCC) cell lines were grown in high-glucose Dulbecco’s modified Eagle's
Medium (DMEM, Gibco Invitrogen Corporation) supplemented with 10% (FBS) and 1% PS. D2A1
cell were grown in high-glucose Dulbecco’s modified Eagle’s Medium (DMEM, Gibco Invitrogen
Corporation) supplemented with 5% (FBS), 5% new born calf serum, 1% non-essential amino acids,
and 1% PS. Human Panc-1 pancreatic adenocarcinoma cell line was grown in RPMI-1640 supple-
mented with 10% FBS, and 50 pg/ml gentamicin sulfate (Gibco/Life Technologies). All cell lines were
cultured in a humidified atmosphere containing 5% CO, at 37°C and checked regularly for absence
of mycoplasma by PCR (VenorGeM, Clinisciences).

Plasmid transfections

Cells at 50-70% confluency were transfected with 1 pg of plasmid using JetPRIME (PolyPlus, lllkirch,
France) according to the manufacturer’s instructions. The following plasmids were used: pGFP-PLD1,
pGFP-PLD2 (Corrotte et al., 2006), pLenti CMV:tdtomato-RalA, and pLenti CMV:tdtomato-RalB.

Drug treatment

Cells were incubated with the following drugs in the appropriate medium: RalA/B inhibitors BQU57
(10 uM; Sigma) and RBC8 (10 uM; Sigma), PLD1 inhibitor CAY10593 (10 uM; Santa Cruz Biotechnol-
ogy) or PLD2 inhibitor CAY105%94 (10 uM; Santa Cruz Biotechnology). Cells were treated for 18 hr
before processing for EV isolation or cell analysis.

qRT-PCR analysis

Total RNA was extracted from cells using TRI Reagent (Molecular Research Center) according to the
manufacturer’s instructions. For qRT-PCR, RNA was treated with DNase | and reverse transcribed
using the High-Capacity cDNA RT Kit. gRT-PCR was performed using the Power SYBR Green PCR
Master Mix or TagMan Gene Expression Master Mix using a 7500 Real-Time PCR machine (Applied
Biosystems). All compounds were purchased from Life Technologies (St Aubin, France). Data were
normalized using a Tagman mouse probe against GADPH as endogenous control (4333764T, Life
Technology) and fold induction was calculated using the comparative Ct method (-ddCt).
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Western blot

Cell or EV extracts were denatured in Laemmli buffer and incubated at 95°C for 10 min. 10 pg of
protein extract (for cell lysates) or equal number of EVs (8.50 x 108 EVs per lane, measured by NTA)
were loaded on 4-20% polyacrylamide gels (Bio-Rad Laboratories, Inc). The following antibodies
were used: CD9 (Rat, 553758; BD Biosciences), RalA (mouse, 610221; BD Biosciences), RalB (mouse,
04037; Millipore), Glypican 4 (Rabbit, PA5-97801; Thermo Fisher Scientific), antibodies specifically
recognizing the short and long isoforms of CD146 were previously described (Kebir et al., 2010),
Clic4 (mouse, 135739; Santa Cruz Biotechnology), o-tubulin (mouse, CP06; Millipore) and Secondary
horseradish peroxidase-linked antibodies: anti-Rat (GE healthcare; NA935), anti-Mouse (GE health-
care; NA 931) and anti-rabbit (GE healthcare; NA934). Acquisitions were performed using a PXi sys-
tem (Syngene). Intensities were measured using the Fiji software.

Elisa
Elisa was performed according to the manufacture’s instruction (RayBiotech) by loading equal num-
ber of EVs (7 x 108 - 9.5 x 107) per well (two experiments in triplicate).

Electron microscopy

Chemical fixation

Cells were fixed with 2.5% glutaraldehyde/2.0% paraformaldehyde (PFA) (Electron Microscopy Sci-
ences) in 0.1M Cacodylate buffer at room temperature for 2 hr, then rinsed in 0.1M Cacodylate
buffer (Electron Microscopy Sciences) and post-fixed with 1% OsO4 (Electron Microscopy Sciences)
and 0.8% K3Fe(CN), (Sigma-Aldrich) for 1 hr at 4°C. Then, samples were rinsed in 0.1M Cacodylate
buffer followed by a water rinse and stained with 1% uranyl acetate, overnight at 4°C. The samples
were stepwise dehydrated in Ethanol (50%, 70% 2 x 10 min, 95% 2 x 15 min and 100% 3 x 15 min),
infiltrated in a graded series of Epon (Ethanol100%/Epon 3/1, 1/1, 1 hr) and kept in Ethanol100%/
Epon 1/3 overnight. The following day, samples were placed in pure Epon and polymerized at 60°C.
One hundred nm thin sections were collected in 200 copper mesh grids and imaged with a Philips
CM12 transmission electron microscope operated at 80 kV and equipped with an Orius 1000 CCD
camera (Gatan).

High-pressure freezing
HPF was performed using an HPF COMPACT 03 high pressure freezing machine (Wohlwend), using
3 mm diameter Aclar film disks (199 um thickness), as cell carriers. Subsequent freeze substitution in
acetone was performed using an automatic FS unit (Leica AFS), including 0.25% OsO#4 staining, and
Epon embedding. Sections were contrasted on grids with 1% uranyl acetate followed with 0,4% lead
citrate (Sigma-Aldrich). Imaging was performed similarly to chemical fixation.

The number of MVBs and lysosomes per surface of cytoplasm were quantified using the Fiji soft-
ware. MVBs and lysosomes were distinguished based on their morphology: MVBs have one or more
ILVs and lysosomes contain ILVs but are also electron dense and contain irregular membrane curls.

FACS analysis

For cell cycle analysis, 10° cells were fixed using the FoxP3 Staining Kit (00-5523-00 eBioscience) for
30 min at room temperature in the dark. Samples were then resuspended in permeabilization buffer
containing 20 ug of RNase A (R6513 Sigma) and 1 ug of propidium iodide (Pl) (130-093-233 Miltenyi
Biotech) for 30 min. Pl fluorescence was analyzed using a BD Accuri C6 cell analyzer with BD CSam-
pler Analysis Software. Results were analyzed with FlowJo software version 10 (TreeStar).

For lysosomal analysis, confluent cells were incubated with 1 uM Lysotracker Green DND 26
(L7526-Thermo Fischer) diluted in complete RPMI medium for 30 min at 37°C. Cells were then
detached by addition of TrypLE (12604021, ThermoFischer), washed in PBS 2% (v/v) FCS, and
stained with 0.1 uM DAPI in PBS 2% (v/v) FCS immediately before analysis. Samples were processed
on a Gallios Flow Cytometer (Beckman Coulter). Dead cells and doublets were excluded from analy-
sis respectively by the selection of DAPI negative cells and co-analysis of integral vs time-of-flight
side scatter signals. Data were analyzed on FlowJo software (BD Bioscience). Mean Fluorescence
intensities (MFI) of lysotracker in each condition were normalized by performing a ratio with MFI of
an unstained condition in the same channel.
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Migration assays
For 2D migration assays, 4T1 mammary tumor cells were plated on 35 mm plastic dishes (six-well
plates) and grown for 2 days until reaching 90% confluence. The cells were then grown for 16 hr in
serum-free medium before wounding of the monolayer by scraping from the middle of the plate.
Cells were incubated in complete RPMI medium and sequential images of the wound were collected
with a x10 objective at 0, 8, and 24 hr after wounding. Percentage of wound closure over time was
analyzed and quantified using the Fiji software.

3D Organotypic invasion assays were conducted as previously described (Timpson et al., 2011;
Vennin et al., 2017). Briefly, rat tail tendon collagen was extracted with 0.5 mol/L acetic acid to a
concentration of 2.5 mg/ml. A total of 8.4 x 10* telomerase immortalized fibroblasts (TIFs) were
embedded into the neutralized collagen in the presence of 1 x MEM and 8.8% FBS. Matrices were
allowed to contract over a 12-day period in DMEM (1% P/S, 10% FBS). Following contraction TIFs
were removed with puromycin (2 ug/ml) for 72 hr before 8 x 10* 4T1 cells were seeded on the con-
tracted matrices and allowed to grow to confluence for 48 hr in RPMI (1% P/S, 10% FBS). The matri-
ces were then transferred to an air-liquid interface on a metal grid and cells allowed to invade for 15
days with media changes every 2 days. Following the invasion, organotypic matrices were fixed in
10% buffered formalin and processed for histochemical analysis. The invasive index was measured in
three representative fields of view per matrix with three matrices per replicate for three replicates.

Number of cells>200 pm depth
Cells on top of the matrix

Invasive Index =

In vitro permeability assay

Transwell filter inserts (pore size 1.0 um, 12 mm diameter, polyester membrane, Corning, New York,
USA) were coated with fibronectin (10 pg/ml; Sigma). Then, HUVECs were seeded (0.3 x 10° cells/
well) and grown on transwell filters for 48 hr until reaching confluency. Confluent monolayers of
HUVEC cells were treated with similar amounts (10-100 pg) of 4T1-EVs, PBS (as a negative control)
or with 100 ng/ml TNF-a (as a positive control) overnight. FITC-dextran (MW ~70,000; Sigma) was
added to the top well at 25 mg/ml for 20 min at 37°C, and fluorescence was measured in the bottom
well using a fluorescence plate reader (Berthold Tris Star 2; 485 nm excitation and 520 nm emission).
Cells were washed for three times and were fixed for immunofluorescence (described below).

Secretome analysis

Cell culture supernatants were collected and centrifuged for 15 min at 300 g. Supernatants were
incubated with Mouse XL Cytokine Array membranes (R and D Systems) according to the manufac-
turers’ instructions. Three independent experiments were performed. Intensities were measured
using the Fiji software.

In vitro proliferation assay

Briefly, cells were seeded in 96-well plates at the density of 2000 cells per well with 200 ul of com-
plete culture medium and cultured for 24, 48, and 72 hr at 37°C. Culture medium without cells was
used as the blank control group. To avoid the edge effect, the peripheral wells were filled with ster-
ile PBS. For the proliferation test, a total of 20 ul MTS solution was added to each well, followed by
incubation for 2 hr at 37°C. Optical density was measured at 490 nm using a Berthold Tristar device.

EVs isolation and characterization

Cells were cultured in EV-depleted medium (obtained by overnight ultracentrifugation at 100,000 g,
using a Beckman, XL-70 centrifuge with a 70Ti rotor) for 24 hr before supernatant collection. The
extracellular medium was concentrated using a Centricon Plus-70 centrifugal filter (10 k; Millipore)
and EVs were isolated by successive centrifugation at 4°C: 15 min at 300 g, 10 min at 2000 g, 30 min
at 10,000 g and 70 min at 100,000 g (using a Beckman XL-70 centrifuge with a SW28 rotor). EVs pel-
lets were washed in PBS, centrifuged again at 100,000 g for 70 min, resuspended in PBS and stored
at 4°C. For all functional experiments, EVs were used immediately after isolation or stored overnight
at 4°C and injected the next day. For content analysis, EVs were frozen at —80°C. After EV isolation,
EVs numbers and size distribution were measured by NTA using a ZetaView (Particle Metrix, Meer-
busch, Germany).
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For in vivo mouse experiments, EVs were isolated the using the iZON qEV2 size exclusion column
(Izon science, Cambridge MA) according to the manufacturer’s instructions. After rinsing the col-
umns with PBS, 2 ml of concentrated extracellular medium were applied on top of a gEV column
(Izon Science) and 6 ml fractions were collected. For organotropism experiments, four EV-rich frac-
tions (F2, F4, F6, and F8) were pooled, then ultracentrifuged for 1 hr at 100,000 xg, 4°C with a
SW28 rotor in a Beckman XL-70 centrifuge or concentrated using an Amicon Ultra-4 10 kDa centrifu-
gal filter device (Merck Millipore). Pellets were resuspended in 500 ul PBS. For priming experiment,
the most EV-rich fraction was used (F4).

For fluorescent labeling, isolated EVs were incubated with MemBright-Cy3 or Cy5 (Collot et al.,
2018) at 200 nM (zebrafish) and 500 nM (mice) (final concentration) in PBS for 30 min at room tem-
perature in the dark. Labeled EVs were then rinsed in 15 ml of PBS, centrifuged at 100,000 g with a
SW28 rotor in a Beckman XL-70 centrifuge and pellets were resuspended in 50 ul PBS. EVs were
used immediately after isolation or stored for a maximum of one night at 4°C before use.

Mass spectrometry-based proteomics experiments

Sample preparation of EVs Proteins. A total of 20 mg samples were denatured at 95°C for 5 min in
Laemmli buffer and concentrated in one stacking band using a 5% SDS-PAGE gel. The gel was fixed
with 50% ethanol/3% phosphoric acid and stained with colloidal Coomassie Brilliant Blue. The gel
bands were cut, washed with ammonium hydrogen carbonate and acetonitrile, reduced and alky-
lated before trypsin digestion (Promega). The generated peptides were extracted with 60% acetoni-
trile in 0.1% formic acid followed by a second extraction with 100% acetonitrile. Acetonitrile was
evaporated under vacuum and the peptides were resuspended in 10 ul of H20% and 0.1% formic
acid before nanoLC-MS/MS analysis.

NanoLC-MS/MS analysis. NanoLC-MS/MS analyses were performed on a nanoACQUITY Ultra-
Performance LC system (Waters, Milford, MA) coupled to a Q-Exactive Plus Orbitrap mass spectrom-
eter (ThermoFisher Scientific) equipped with a nanoelectrospray ion source. The solvent system con-
sisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B).
Samples were loaded into a Symmetry C18 precolumn (0.18 x 20 mm, 5 um particle size; Waters)
over 3 min in 1% solvent B at a flow rate of 5 ul/min followed by reverse-phase separation (ACQUITY
UPLC BEH130 C18, 200 mm x 75 um id, 1.7 um particle size; Waters) using a linear gradient ranging
from 1% to 35% of solvent B at a flow rate of 450 nl/min. The mass spectrometer was operated in
data-dependent acquisition mode by automatically switching between full MS and consecutive MS/
MS acquisitions. Survey full scan MS spectra (mass range 300-1800) were acquired in the Orbitrap at
a resolution of 70K at 200 m/z with an automatic gain control (AGC) fixed at 3.10% and a maximal
injection time set to 50 ms. The 10 most intense peptide ions in each survey scan with a charge
state >2 were selected for fragmentation. MS/MS spectra were acquired at a resolution of 17.5K at
200 m/z, with a fixed first mass at 100 m/z, AGC was set to 1.10°, and the maximal injection time
was set to 100 ms. Peptides were fragmented by higher energy collisional dissociation with a nor-
malized collision energy set to 27. Peaks selected for fragmentation were automatically included in a
dynamic exclusion list for 60 s. All samples were injected using a randomized and blocked injection
sequence (one biological replicate of each group plus pool in each block). To minimize carry-over, a
solvent blank injection was performed after each sample. EVs mass spectrometry was performed in
triplicate.

Data interpretation. Raw MS data processing was performed using MaxQuant software1 v1.6.7.0
(Cox et al., 2014). Peak lists were searched against a database including Mus musculus protein
sequences extracted from SwissProt (09-10-2019; 17 007 sequences, Taxonomy ID = 10 090). Max-
Quant parameters were set as follows: MS tolerance set to 20 ppm for the first search and five ppm
for the main search, MS/MS tolerance set to 40 ppm, maximum number of missed cleavages set to
1, Carbamidomethyl (C) set as a fixed modification, Oxidation (M) and Acetyl (Protein N-term) set as
variable modifications. False discovery rates (FDR) were estimated based on the number of hits after
searching a reverse database and were set to 1% for both peptide spectrum matches (with a mini-
mum length of seven amino acids) and proteins. All other MaxQuant parameters were set as default.
Protein intensities were used for label-free quantification. The imputation of the missing values (Det-
Quantile imputation) and differential data analysis were performed using the open-source ProStaR
software (Wieczorek et al., 2017). A Limma moderated t-test was applied on the dataset to perform
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differential analysis. The adaptive Benjamini-Hochberg procedure was applied to adjust the p-values
and FDR values under 1% were achieved.

Complete dataset has been deposited to the ProteomeXchange Consortium via the PRIDE part-
ner repository5 with the dataset identifier PXD020180 (Deutsch et al., 2020).

RNA sequencing

EV pellets were treated with proteinase K (0.05 pg/ul) for 10 min at 37°C. Roche Cocktail Inhibitor
was then added to the sample for 10 min at room temperature followed by incubation at 85°C for 5
min. Samples were then incubated with RNase A (0.5 pug/ul) for 20 min at 37°C to degrade unpro-
tected RNA. Total RNAs of isolated EVs was extracted using TRl Reagent (Molecular Research Cen-
ter). Total RNA Sequencing libraries were prepared with SMARTer Stranded Total RNA-Seq Kit v2 -
Pico Input Mammalian (TaKaRa) according to the manufacturer’s instructions. Libraries were pooled
and sequenced (paired-end 2*75 bp) on a NextSeq500 using the NextSeq 500/550 High Output Kit
v2 according to the manufacturer’s instructions (lllumina, San Diego, CA, USA). Raw sequencing
data generated by the lllumina NextSeq500 instrument were mapped to the mouse reference
genome using the hisat2 software (Kim et al., 2015). For every sample, quality control was carried
out and assessed with the NGS Core Tools FastQC (http://www.bioinformatics.babraham.ac.uk/proj-
ects/fastqc/). Read counts were generated with the htseg-count tool of the Python package HTSeq
(Anders et al., 2015). Differential analysis was performed by the DESEQ2 (Love et al., 2014) pack-
age of the Bioconductor framework. Detection of significantly up- and down-regulated genes
between pairs of conditions based on their log2FC and functional enrichment analyses were per-
formed using STRING v11 (Szklarczyk et al., 2019). EVs RNA sequencing was performed in
triplicate.

Lipidomics

EVs were extracted with 2 ml of chloroform/methanol 2/1 v/v and 1 ml water, sonicated for 30 s, vor-
texed, and centrifuged. Lower organic phase was transferred to a new tube, the upper aqueous
phase was re-extracted with 2 ml chloroform. Organic phases were combined and evaporated to
dry. Lipid extracts were resuspended in 50 pl of eluent A. Synthetics internals lipid standards (PA
14:1/17:0, PC 17:0/14:1 and PS 17:0/17:0) from Avanti Polar Lipids was added. LC-MS/MS (MRM
mode) analyses were performed with a MS model QTRAP 6500 (ABSciex) coupled to an LC system
(1290 Infinity I, Agilent). Analyses were achieved in the negative (PA) and in positive (PC) mode;
nitrogen was used for the curtain gas (set to 20), gas 1 (set to 20) and gas 2 (set to 10). Needle volt-
age was at — 4500 or 5500 V without needle heating; the declustering potential was adjusted set at
— 172 V or + 40 V. The collision gas was also nitrogen; collision energy is set to — 46 or + 47 eV.
The dwell time was set to 30 ms. Reversed phase separations were carried out at 50°C on a Luna C8
150 x 1 mm column, with 100 A pore size, 5 um particles (Phenomenex). Eluent A was isopropanol/
CH30H/H,0O (5/1/4) +0.2% formic acid+0.028% NH3; and eluent B was isopropanol+0.2% formic
acid+0.028% NHs. The gradient elution program was as follows: 0-5 min, 30-50% B; 5-30 min, 50-
80% B; 31-41 min, 95% B; 42-52 min, 30% B. The flow rate was set at 40 pl/min; 15 pl sample vol-
umes were injected. The areas of LC peaks were determined using MultiQuant software (v3.0,
ABSciex) for PA and PC quantification. EVs lipid analysis was performed in triplicate.

Animal experiments

All animals were housed and handled according to the guidelines of INSERM and the ethical com-
mittee of Alsace, France (CREMEAS) (Directive 2010/63/EU on the protection of animals used for sci-
entific purposes). Animal facility agreement number: #C67-482-33. Experimental license for
mice: Apafis #4707-20 16032416407780; experimental license for zebrafish: Apafis #16862—
2018121914292754.

Mouse experiments
Six- to 8-week-old female BalB/c mice (Charles River) were used in all experiments.

Orthotopic breast tumor experiments: Syngenic BalB/c mice were injected in the left fourth mam-
mary gland with 250,000 4T1 mammary tumor cells stably expressing either scramble control shRNA,
RalA shRNA, or RalB shRNA and diluted in 50 pl PBS. When tumors became palpable, tumor volume
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was assessed by caliper measurements using the formula (width? x length)/2 (mm?) twice a week for
41 days. At the endpoint of the experiment, tumors and lungs were harvested, weighted, and fixed
in formaldehyde. Alternatively, organs were embedded in OCT and frozen at —80°C. In this case,
lungs were inflated with OCT before dissection.

Priming experiments

Mice were injected retro-orbitally with 1.5 x 108 EVs isolated from 4T1-shControl, shRalA and shRalB
cells. Two injections of EVs were performed 2 days apart. PBS was used as a negative control. Subse-
quently, 4T1-luciferase cells (90.000) were injected via tail vein one day after EV pre-conditioning.
After cells injection, the extent of lung metastasis was measured every 3 days for 12 days using non-
invasive imaging with IVIS Lumina Ill (Perkin Elmer). In brief, a D-luciferin solution (purchased from
Perkin Elmer and used at 150 mg/kg, according to manufacturer’s instructions) was injected intraper-
itoneally to the isofluorane (Zoetis) anesthetized mice. 5 min after luciferin injection, a biolumines-
cence image was acquired with an IVIS Lumina Il (Perkin Elmer) imaging system and then analyzed
using the Living Image software (Perkin Elmer). The rate of total light emission of the lung metastatic
area was calculated and expressed as radiance photons counted during the whole acquisition time
(5 min) and normalized to the initial radiance photon (photon/second/cmz/sr) measured immediately
after 4T1- luciferase cells injection for each mouse (t0).

EV biodistribution

Mice were injected via retro-orbital venous sinus with 1-4 x 10® MenBright-Cy3-labeled EVs freshly
isolated from 4T1-shControl, shRalA, and shRalB cells. PBS was used as a negative control. Mice
were sacrificed 1 hr post-injection to quantify the fluorescence intensity of the organs ex vivo with
IVIS Lumina Il (Perkin Elmer). Average of fluorescent photons per lung were quantify as radiant effi-
ciency [photon/second/cm?/sr] / [uW/cm?]. For experiment testing the role of CD146 in EV biodistri-
bution, isolated EVs were incubated with CD146 blocking antibody (EPR3208; Abcam; 12 ug/ml) for
30 min at room temperature before injection. For metastasis priming experiments, CD146 was
blocked similarly and a rabbit IgG isotype was used as control (Abcam) at an equivalent
concentration.

Zebrafish experiments

At 48 hr post-fertilization (hpf), Tg(Fli1 :GFP) zebrafish embryos were dechorionated and mounted in
0.8% low melting point agarose pad containing 650 mM of tricaine (ethyl-3-aminobenzoate-metha-
nesulfonate). Embryos were injected in the duct of Cuvier with 27.6 nl of Membright Cy5-labeled
EVs (at 10'° EVs/ml) freshly isolated from 4T1-shControl, shRalA, and shRalB cells with a Nanoject
microinjector 2 (Drummond) under a M205 FA stereomicroscope (Leica), using microforged glass
capillaries (25-30 mm inner diameter) filled with mineral oil (Sigma). Embryos were imaged with con-
focal right after injection. For experiment testing the role of CD146, 4T1-isolated EVs were incu-
bated with CD146 blocking antibody (12 ug/ml) for 30 min at room temperature before injection.

Tissue section and staining

Mouse lungs were incubated overnight in 4% PFA, dehydrated in 100% ethanol for 24 hr, embedded
in paraffin, cut in 7-um-thick sections, dewaxed and rehydrated with 100% Toluene (two washes of
15 min) then incubated in 100-70% alcohol solutions (10 min each) followed by final staining with
hematoxylin (Surgipath) for 5 min and washing with tap water. Sections were further processed with
differentiation solution (1% HCI in absolute ethanol, for 7 s), followed by washing under tap water
for 10 min. Sections were then incubated in eosin (Harris) for 10 s, rinsed and dehydrated in 70-
100% alcohol baths with rapid dips in each bath before a final wash in toluene for 15 min and
embedded in Eukitt solution (Sigma). Two random distanced sections taken in each of the five lung
were analyzed for each mouse. Stitching imaging was performed using an Axiolmager (Zeiss) with a
x 10 objective. Metastatic surfaces and whole lung surfaces were measured using the Fiji software.

Caspase 3/7 assay
Mouse tumor samples stored at —80°C are disrupted in a buffer containing Tris HCl pH 7.5, 50 mM,
NaCl 150 mM, NP40 1% + Protease Inhibitors cocktail (Complete from Roche) in the presence of 4
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zirconium beads, using the Precellis system (Bertin instruments) with two pulses (10"') at 5000 rpm.
Protein concentration was measured using Bradford kit (BioRad) and 5 ug was analyzed using the
Caspase 3/7 glo kit (Promega) according to manufacturer’s instructions. Photons production gener-
ated by the luciferase was measured using a luminometer (Berthold Tris Star 2).

Immunofluorescence

For immunofluorescence on cultured cells, cells were fixed with 4% PFA for 15 min, permeabilized in
PBS-Triton 0.1% (Sigma) for 10 min and incubated in 5% normal goat serum for 1 hr. The following
primary antibodies were used: ZO-1 (Rabbit, 61-7300; Thermo Fisher Scientific), VE-Cadherin
(mouse, 348502; BioLegend), CD63 (rat, D623-3; MBL), RalA (mouse, 610221; BD), RalB (mouse,
04037; Millipore), CD146 (Mouse, P1H12, Thermofisher). The following secondary antibodies were
used: goat anti-mouse/rat/rabbit coupled with Alexa Fluor 488, Alexa 555, or Alexa 647 (Invitrogen).
Cells were mounted with DAPI-containing Vectashield (Vector Laboratories).

For immunofluorescence on tissue sections, tissues were cut in 7-um-thick sections, dewaxed for
paraffin-embedded tissues and air-dried for frozen tissues. Sections were incubated first in 5% nor-
mal goat serum for 2 hr in a humidified container. The following antibodies were used: CD31
(Mouse, 37-0700; Thermo Fisher Scientific), S100A4 A gift from Nona Ambartsumian (Institut for
Cancer Biology, Copenhagen, DK-2100, Denmark.), F4/80 (Rat, ab6640; abcam), rabbit monoclonal
antibody against Kié7 (Rabbit, RM-9106-S0; Thermo Fisher Scientific), and caspase-3 (Mouse, 96651;
Cell Signaling Technology). Secondary antibodies were similar to the ones used with cells. Nuclei
were stained with DAPI (Sigma).

Imaging and analysis

Imaging on fixed samples. Tissue and cell sections were imaged with a Zeiss Imager Z2 with a x40
objective (N.A. 1.4) or with an SP5 confocal (Leica) with a x63 objective (N.A. 1.25). Image analysis
and processing were performed using the Fiji software. For endothelial adherent and tight junction
analysis, 10 random junctions were analyzed per image (five images per sample) measuring junction
width. For Ki67 and Caspase3 imaging, 15 random fields of view were quantified per sample. For
EVs imaging, 40-60 random fields of view were imaged on three to four sections per mouse.

Live-cell imaging. For live-cell imaging, cells were seeded on 3.5 cm diameter glass-bottom
dishes (MatTek Corporation, Ashland, MA) pre-coated with fibronectin (10 pug/ml; Sigma). Nuclei
were labeled with NucBlue Live Ready Probe (Life Technologies, Grand Island, NY). In some experi-
ments, cells were incubated with Lysotracker Deep Red (Thermo Fisher Scientific) at 1 uM for 30 min
before imaging. Cells were imaged by confocal microscopy (SP5, Leica) equipped with a thermo-
stated chamber at 37°C with 5% CO,. Image analysis and processing were performed using the Fiji
software.

HUVEC cells were seeded in fibronectin (10 ug/ml; Sigma) pre-coated glass bottom culture cham-
bers (LabTek I, Dutscher 055082). Confluent cells were incubated with 2 x 108 MemBright-labeled
EVs in ECGM EV-free medium for 1 hr. Nucleus were labeled using NucBlue (Life Technologies,
Grand Island, NY). Cells were imaged by confocal microscopy (SP5 Leica) in a thermostated chamber
at 37°C with 5% COs,.

Zebrafish imaging: Confocal imaging was performed on the caudal plexus of zebrafish embryos
right after injection with an inverted TCS SP5 with HC PL APO 20X/0,7 IMM Corr CS objective
(Leica). Image analysis and processing were performed using the Fiji software.

Human samples

Human databases: Kaplan-Meier survival curves and statistical analysis of overall survival and gene
expression was assessed on the TCGA breast invasive carcinoma cohort (1097 patients) using data
generated by the TCGA Research Network: https://www.cancer.gov/tcga.

Immunohistochemistry

Paraffin sections of 4 um from metastasic and non-metastasic breast tumours were obtained from
CRB-Tumorothéque of the Institut de Cancérologie de |'Ouest (ICO, Saint-Herblain, France)
(Heymann et al., 2020). Immunohistochemsitry was performed using RalA (BD Transduction
#610222, 1/100) and RalB (Sigma WHO0005899, 1/400) antibodies on MicroPICell facility (Nantes,
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France) Citrate buffer pH6 was used for antigen retrieval 20 min at 96°C (Target Retrieval solution
low pH, Dako) and DAB and Hematoxylin staining were revealed using ImPath detection kit (DAB
OB Sensitive Detection Kit, ImPath). Whole slides were scanned on Hamamatsu scanner using Nano-
zoomer Digital Pathology software. Automated computer quantification of DAB staining in perinu-
clear zones (brown intensity measurement) after automatic nuclei detection with hematoxylin
staining in the whole biopsies was performed using Qupath open source software for digital pathol-
ogy image analysis (Bankhead et al., 2017) on MicroPICell platform (Nantes, France). Quantification
was further confirmed by manual blinded arbitrary scoring of DAB brown intensity in tumoral zones
was performed using a score of 1 for low staining to score of 3 for intense staining.

Statistical analyses

All results were confirmed in at least two independent experiments. Statistical significance of results
was analyzed using the GraphPad Prism program version 5.04. The Shapiro-Wilk normality test was
used to confirm the normality of the data. The statistical difference of Gaussian data sets was ana-
lyzed using the Student unpaired two-tailed t test, with Welch’s correction in case of unequal varian-
ces and the one-way ANOVA test followed by a Bonferonni multiple comparison post-test was used
for multiple data comparison. For data not following a Gaussian distribution, the Mann-Whitney test
was used, and the Kruskal-Wallis test followed by Dunn’s Multiple Comparison post-test was used
for multiple data comparison. Two Way Anova was used to compare more than one parameters fol-
lowed by Bonferonni post-test. For analyzing data containing only three measurements, One-Way
Anova permutation test followed pairwise permutation test with false detection rate (fdr) correction,
using R software (version 3.6.2) was used. lllustrations of these statistical analyses are displayed as
the mean +/- standard deviation (SD). p-Values smaller than 0.05 were considered as significant. *,
p<0.05, **, p<0.01, ***, p<0.001, ****, p<0.0001.
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This study, to which | contributed, mainly on the CD146/MCAM axis and fish
experiments, was highlighted in a small article that | wrote in a French journal
(Médecine/Science) where we discussed our findings and their significance in cancer
research as well as in tEVs biology.
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Vésicules extracellulaires et cancer

La communication entre les cellules tumorales et les cel-
lules stromales fagonne un microenvironnement permissif
a la progression métastatique. Les vésicules extracellu-
laires favorisent cet échange en modifiant le compor-
tement de cellules qu’elles ciblent, stimulant ainsi la
progression de la tumeur, mais également la formation
de métastases [1]. Lorsqu’elles sont sécrétées par les
cellules tumorales, les vésicules extracellulaires peuvent
stimuler localement la prolifération, 'invasion ou la
résistance aux traitements anti-tumoraux des cellules
tumorales voisines [1]. Elles peuvent également agir
sur des cellules non tumorales du microenvironnement
et, par exemple, promouvoir la néo-vascularisation de
la tumeur ou activer les fibroblastes résidents, modi-
fiant ainsi la composition de la matrice extracellulaire.
Elles jouent, par ailleurs, un role crucial dans la réponse
immunitaire anti-tumorale, et peuvent I’activer en ser-
vant, par exemple, de source d’antigénes tumoraux ou,
au contraire, peuvent favoriser « I’évasion » immuni-
taire de la tumeur en inhibant les lymphocytes T ou en
réduisant la cytotoxicité des cellules NK (natural killer)
[2]. Outre cette action locale, les vésicules extracel-
lulaires tumorales agissent également a distance de la
tumeur primaire, dans des organes ou des tissus qu’elles
atteignent en empruntant les circulations sanguine ou
lymphatique. €lles pré-conditionnent ainsi de futurs
organes a recevoir des métastases, avant méme 'arri-
vée des cellules tumorales, en formant des niches pré-
métastatiques [3]. Ces niches, qui favorisent Parrivée et
la croissance de cellules tumorales, donc I'implantation
de métastases, présentent des caractéristiques com-
munes : des barrieres endothéliales fragiles et poreuses,
une activation des cellules stromales, un recrutement de
cellules myéloides et un microenvironnement globale-
ment pro-inflammatoire et immunosuppresseur [2, 3]. Si
ce nouveau paradigme impliquant les vésicules extracel-
lulaires dans le développement métastasique est porteur
d’espoir sur un plan diagnostique voire thérapeutique, de
nombreuses zones d’ombre limitent encore sa compré-
hension et freinent son exploitation. Par exemple, si la
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fonction pro-métastatique de certains cargos (protéines et micro-ARN)
présents dans les vésicules extracellulaires tumorales a été rapportée
[1, 3], Pidentité moléculaire du contenu des vésicules extracellulaires
induisant I’apparition des niches pré-métastatiques est encore mal
connue. On ignore également la nature précise des mécanismes permet-
tant 'accumulation de ces cargos dans les vésicules extracellulaires et
la sécrétion de ces vésicules par les cellules de la tumeur primaire. Par
ailleurs, alors que les niches pré-métastatiques et les métastases se
forment dans des organes déterminés, qui varient selon le type tumoral,
on comprend encore mal les processus qui régissent cette spécificité
[3]. Comprendre les mécanismes de la biodistribution des vésicules
extracellulaires tumorales pourrait aider a expliquer ce phénomene.
De maniere générale, une meilleure compréhension de ces processus
et des molécules mises en jeu permettrait de mieux détecter et com-
battre la formation de métastases, une étape critique de I'agressivité
d’une tumeur cancéreuse. Sonder le répertoire moléculaire des vésicules
extracellulaires par des biopsies liquides permettrait de développer des
outils pour détecter la maladie plus t6t et entreprendre des approches
thérapeutiques ciblées.

Notre équipe de recherche vient d’apporter un éclairage nouveau sur ces
questions en identifiant une nouvelle voie de biogenése des vésicules
extracellulaires tumorales et en décrivant, par une approche molécu-
laire « multi-modele », son implication dans la formation de niches
pré-métastatiques dans le contexte du cancer du sein métastatique [4].
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Figure 1. Modéle expliquant le réle des
GTPases Ral dans la sécrétion d’exosomes
tumoraux et dans la formation de niches
pré-métastatiques. Les GTPases RalA et
RalB contrélent la densité de corps multi-
vésiculaires (multivesicular body, MVB)
dans les cellules tumorales et la sécré-
tion de vésicules extracellulaires par ces
cellules. Elles contrdlent également le

chargement de CD146 dans les vésicules

g‘l:é MVB D146 extracellulaires, une protéine d’adhérence
a
Aerf a qui favorise leur accumulation dans les
Tumeur primaire Métastases
(carcinome mammaire) Vétsicules poumon organes destinés a recevoir des métas-
extra-
cellulaires tases et la formation de niches pré-métas-

Biogenése des vésicules extracellulaires tumorales

Bien que représentant un ensemble trés hétérogene, les vésicules
extracellulaires sont classées en deux catégories selon leur voie de
biogenése : exosomes ou microvésicules. Les exosomes proviennent
de la sécrétion des vésicules intraluminales présentes au sein d’un
endosome tardif particulier, le corps multi-vésiculaire. Lorsque celui-
ci fusionne avec la membrane plasmique de la cellule, les vésicules
intraluminales sécrétées dans le milieu extracellulaire sont alors
appelées exosomes [5] (Figure 1). Les microvésicules, quant a elles,
proviennent du bourgeonnement de la membrane plasmique de la
cellule [5]. Certains mécanismes moléculaires contrdlant la sécrétion
des vésicules extracellulaires tumorales et participant directement
a la formation de métastases ont été récemment identifiés [1, 5].
Par exemple, la GTPase Rab27a permet I'ancrage des corps multi-
vésiculaires a la membrane plasmique, et contrdle ainsi la sécrétion
d’exosomes, ce qui favorise notamment les métastases de carcinomes
mammaires et de mélanomes chez la souris [6, 7]. Afin de mieux com-
prendre comment la sécrétion de vésicules extracellulaires contrdle
Iapparition de métastases, nous avons choisi de nous concentrer sur
les GTPases RalA et RalB car nous avions préalablement mis en évi-
dence le role de leur orthologue, RAL-1, dans la sécrétion d’exosomes
chez le nématode Caenorhabditis elegans [8]. Ces protéines étaient
alors connues pour leur fonction dans différents processus cellulaires
(sécrétion, migration, prolifération, etc.) et pour leur réle pro-tumoral
dans plusieurs types de cancers [9]. Pour évaluer leur importance dans
les processus de métastases induits par les vésicules extracellulaires,
nous avons étudié les effets de I’inhibition de I'expression de ces
GTPases dans un modéle de carcinome mammaire murin particuliere-
ment agressif [4]. Ce modéle cellulaire, appelé 4T1!, mime fidélement,
aprés injection & des souris BALB/c, la maladie humaine (cancer du
sein « triple négatif ») et permet de réaliser des études de tumorige-
nése et de métastases expérimentales dans un contexte syngénique.
Nous avons constaté que la réduction de Iexpression de RalA ou de

1 4T1 est une lignée cellulaire de cancer du sein dérivée du tissu de la glande mammaire de souris BALB/c.

m/s n® 12, vol. 37, décembre 2021

tatiques (figure créée sur BioRender.com).

RalB (par la technique de shARN [short hairpin RNAT),
ou leur inhibition pharmacologique, diminuent la sécré-
tion des vésicules extracellulaires tumorales. Les inhi-
biteurs chimiques des GTPases Ral diminuent également
la sécrétion de vésicules extracellulaires par d’autres
types de cellules tumorales (cellules de mélanome
et de carcinome pancréatique), ce qui indique que la
fonction de ces protéines n’est pas restreinte au cancer
du sein. Une analyse subcellulaire des organelles a éga-
lement permis de montrer que RalA et RalB affectent la
sécrétion d’exosomes en contrdlant la densité cellulaire
des corps multi-vésiculaires (Figure 1) [4]. Ainsi, nous
avons mis en évidence une nouvelle voie de sécrétion
d’exosomes tumoraux dépendant des GTPases Ral, pour
laquelle il conviendra de déterminer comment elle s’ar-
ticule avec les mécanismes de biogenése des exosomes
décrits précédemment [5].

Vésicules extracellulaires tumorales et niche
pré-métastatique

Afin d’évaluer I'importance de cette voie de sécrétion
d’exosomes dans la progression tumorale et la forma-
tion de métastase, nous avons entrepris d’injecter les
cellules 4T1 dans la glande mammaire de souris syngé-
niques immunocompétentes. Alors que les GTPases RalA
et RalB perturbent la croissance des tumeurs primaires
de maniere opposée, toutes deux sont requises pour
la formation de métastases pulmonaires. On retrouve
d’ailleurs une expression plus élevée de ces GTPases
chez des patientes atteintes de cancer du sein et
présentant des métastases [4, 9]. Les résultats que
nous avons obtenus montrent ainsi, d’une part, que les
GTPases Ral contrélent la sécrétion d’exosomes tumo-
raux et, d’autre part, que ces GTPases sont nécessaires
a la formation de métastases. Afin d’établir un lien
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entre ces deux phénotypes, nous avons évalué la capacité des vésicules
extracellulaires tumorales a induire la formation de niches pré-métas-
tatiques dans un modele de métastases expérimentales chez la souris.
Nous avons observé que les vésicules extracellulaires issues de cellules
dans lesquelles 'expression des GTPases Ral a été inhibée perdent
leur potentiel pro-métastatique. Ces vésicules perdent également la
capacité de cibler les organes destinés a recevoir des métastases (le
foie et le poumon), une propriété essentielle a la formation des niches
pré-métastatiques. Les GTPases Ral sont donc nécessaires a la sécré-
tion d’une sous-population de vésicules extracellulaires capables de
cibler efficacement un organe destiné a recevoir des métastases et d’y
former des niches pré-métastatiques.

Nous avons ensuite analysé le contenu des vésicules extracellulaires
tumorales par une approche « multi-omique ». Nous avons observé
que les GTPases Ral contrdlent le contenu de ces vésicules en pro-
téines, en ARN (ARNm et ARN non-codants) et en lipides. Une décou-
verte majeure de cette analyse comparative a été I'identification
d’une protéine d’adhérence intercellulaire, CD146 (aussi appelée MCAM
pour molécule d’adhérence cellulaire du mélanome), dont I"enrichisse-
ment dans les vésicules extracellulaires tumorales dépend des GTPases
Ral (Figure 1). Uinhibition de CD146 a I’aide d’un anticorps anti-CD146
a montré que cette protéine est nécessaire au ciblage pulmonaire
de ces vésicules ainsi qu’a la formation de niches prémétastatiques.
'identification de CD146 dans ce contexte vient s’ajouter a celle des
tétraspanines (TSPAN8 et CD151) et des couples d’intégrines (0634,
o, B4 et a6PB1), dont I'impact sur accumulation des vésicules extra-
cellulaires tumorales dans des organes spécifiques et sur la formation
de niches pré-métastatiques a été établi [10, 11]. Ces découvertes
suggerent que la combinaison de I’expression de molécules d’adhé-
rence a la surface de vésicules extracellulaires détermine leur capacité
a s’accumuler dans un organe déterminé. Décrypter cette combinaison
de récepteurs et en identifier les ligands permettraient de développer
des thérapies ciblées bloquant les étapes initiales de la formation des
niches pré-métastatiques, ce qui constituerait un outil innovant et
d’action précoce dans la lutte contre la formation de métastases.

Conclusion

Nos travaux, que nous présentons ici dans le cadre du numéro théma-
tique de médecine/sciences dédié aux vésicules extracellulaires, ont
donc permis de mettre en évidence une nouvelle voie de biogenese
d’exosomes tumoraux dépendant des GTPases RalA et RalB. Nous avons
montré que cette voie contrdle 'enrichissement des vésicules extra-
cellulaires tumorales en certaines molécules cargos étroitement liées
A leur capacité pro-métastatique (en particulier la protéine CD146).
D’autres cargos (ARN, protéines, etc.) de ces vésicules contribuent
cependant également a la mise en place des niches pré-métastatiques
[1, 3], mais leur rattachement & des voies de sécrétion particu-
lieres dans les cellules tumorales reste a déterminer. Lidentification
simultanée de molécules pro-métastatiques portées par les vésicules
extracellulaires et de leurs mécanismes moléculaires de sécrétion res-
pectifs permettrait I’élaboration de stratégies thérapeutiques ciblées

m/sn® 12, vol. 37, décembre 2021

«a double-tranchant », en agissant a la fois sur la
quantité et sur I'identité des vésicules extracellulaires
tumorales. Une meilleure connaissance des marqueurs
moléculaires présents a la surface de ces vésicules
pourrait finalement favoriser I’émergence de nouveaux
outils diagnostiques multimoléculaires a partir de biop-
sies liquides réalisées chez les patients. ¢
Ral-dependent tumor extracellular vesicles induce
premetastatic niches in secondary organs
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5. tEVs and the metastatic cascade

In addition to our own research project and papers, together with my colleagues Shima
GHOROGHI and Nandini ASOKAN, we recently published a review article describing
what is currently known about the role of tEVs in metastatic progression. We
recapitulated what was known at that time on tEVs fate from their secretion to their
dissemination through body fluids and their involvement in the formation of pre-
metastatic sites. This review focuses on key steps during tEVs’ journey through
organisms, and notably what is known concerning their escape of the primary tumor
site and the mechanisms that can drive their organotropism and their dissemination in
circulation. In addition, we described known mechanisms by which tEVs facilitate PMN
formation such as their pro-angiogenesis and permeabilization effect, their capacity to

remodel the ECM and to mediate immune cells response.

Tumor extracellular vesicles drive metastasis (it's a long way from home)
e S. Ghoroghi, B. Mary, N. Asokan, FASEB 2021
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1 | INTRODUCTION

Abstract

Among a plethora of functions, extracellular vesicles released by primary tumors
spread in the organism and reach distant organs where they can induce the for-
mation of a premetastatic niche. This constitutes a favorable microenvironment
for circulating tumor cells which facilitates their seeding and colonization. In this
review, we describe the journey of extracellular vesicles (EVs) from the primary
tumor to the future metastatic organ, with a focus on the mechanisms used by
EVs to target organs with a specific tropism (i.e., organotropism). We then high-
light important tumor EV cargos in the context of premetastatic niche formation
and summarize their known effects on extracellular matrix remodeling, angio-
genesis, vessel permeabilization, resident cell activation, recruitment of foreign
cells, and ultimately the formation of a pro-inflammatory and immuno-tolerant
microenvironment. Finally, we discuss current experimental limitations and re-
maining opened questions in light of metastatic diagnosis and potential therapies
targeting PMN formation.

KEYWORDS

extracellular vesicles, metastasis, microenvironment, premetastatic niche

tumors.! Thus, the limitations of anti-metastasic treat-
ments require a deeper understanding of the complex

Cancer is among the most common causes of morbidity
and mortality worldwide, and the vast majority of cancer-
related death is due to metastasis rather than primary

stepwise process of tumor cell dissemination toward
target organs in order to design innovative therapies.?
Metastasis is a highly inefficient process as only a very
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small proportion of tumor cells escaping primary tumors
are able to successfully form micrometastatic foci in dis-
tant organs.>* As they leave the primary tumor, tumor
cells face hostile environments with specific and distinct
properties: they need to resist harsh forces of blood or
lymph shear stress, cross endothelial barriers, evade im-
mune surveillance, settle, and finally proliferate in ter-
ritories where micro-environmental properties are often
distinct from their site of origin.>® It is now well estab-
lished that metastatic success relies on the capacity of
tumor cells to adapt to these variations through cellular
and metabolic plasticity. Over the past decade, however,
this paradigm evolved with the identification of tumor-
released factors able to modify the microenvironment at
future metastatic sites before tumor cell arrival. These
novel tumor-induced microenvironments are referred
to as premetastatic niches (PMNs) and defined by their
capacity to facilitate metastasis of circulating tumor cells
(CTCs) arriving subsequently.® The discovery of PMNs re-
freshed the “seed and soil” theory established by Stephen
Paget in 1889, who proposed that metastasis succeeds in
organs where the local microenvironment (the soil) is
favorable for tumor cells seeding and colonization (the
seed).” It appears now that the soil can be fertilized by
various types of tumor-secreted factors (reviewed in Refs
[6,8]), such as growth factors,’ cytokines,'® and extracel-
lular vesicles (EVs), which constitute the focus of this
review.

Over the past 10 years, several studies demonstrated
that tumor EVs have the capacity to spread away from the
primary tumor though body fluids and reach distant or-
gans where they can induce the formation of PMNs. EVs
regroup a heterogenous collection of secreted vesicles
with diameters ranging from a few nm to several um, con-
taining various cargos (RNAs, lipids, and proteins) and
responding to a plethora of names (exosomes, microve-
sicles, oncosomes, and much more).“'13 Conceptually,
EVs present the advantage of harboring combinations of
molecules with potential signaling properties protected
or inserted within a resistant lipid bilayer."* Multiple evi-
dences now show that EVs can carry functional cargo and
modify the microenvironment by affecting the phenotype
of their receiving cells or by altering the organization of
the extracellular matrix (ECM)."*"7 Importantly, recent
studies reported the capacity of EVs to mediate the com-
munication between distant organs in several physiologic
and pathologic contexts."®*! This raises an exciting func-
tional potential for the high amounts of EVs present in all
body fluids (average concentration 10° EVs/ml in human
blood with important variations®). However, it is import-
ant to acknowledge that at this stage, the fate and function
of most EVs naturally present in body fluids are far from
being understood.

It is now firmly established that tumor-secreted EVs
can impact multiple aspects of tumor progression such
as proliferation, invasion, drug resistance, endothelial
permeability, or immune response.'”?*** Their high het-
erogeneity is likely to explain the diversity of their func-
tion, their range of action (local or distant), and ultimately
their impact on tumor progression (pro- or anti-tumoral).
In this review, we will describe the common features of
PMNs and explain how tumor EVs, and their cargo, con-
tribute to their formation. We will discuss the diagnostic
and therapeutic consequences of EVs function in PMN
formation and highlight the important remaining ques-
tions (see Table 1, outstanding questions).

2 | GLOBAL FEATURES OF
PREMETASTATIC NICHES

PMNs are characterized by a number of key modifica-
tions of the tissue architecture, composition, and metabo-
lism, which facilitate CTCs arrival and expansion. So far,
PMNs have been essentially described in rodent models
and direct evidences of the PMNs existence in human
are rare and mostly observed in sentinel lymph nodes
and lungs.**?7 This can be explained by the difficulty
to obtain patients tissue samples from future metastatic
sites. Nevertheless, PMNs have been observed in future
metastatic organs of mice bearing orthotopic primary

TABLE 1 Outstanding questions

Do tumor EV subtypes and EV content evolve as tumor grows?

What is the frequency of EV release from primary tumors
during tumor progression and what is the proportion of
secreted EVs able to reach PMN?

Are intratumoral regions/clones identical in secreting EVs
(levels and cargo)?

What is the dynamic of EVs and CTCs arrival on metastatic sites?

What is the relative contribution of EVs and other tumor-
derived secreted factors to PMN?

What are the tissue-specific ligands driving EV organotropism
and how can we identify them?

Once metastasis has formed, is there a permanent bi-directional
exchange of EVs between primary, secondary, or tertiary
tumor sites?

To what extent, do the stromal/non-tumor EVs contribute to the
formation of PMN and eventually metastasis?

Are the tumor EV-induced re-programming of stromal cells a
transient feature in the PMN or stable over time?

What is the balance between pro- and anti-metastatic EVs
secreted by tumor cells and how can it be tuned?

‘What is the best strategy to target blood-borne EVs when
treating metastasis?
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tumors.?*! For instance, bone marrow lesions were ob-
served in mice bearing mammary breast tumors, before
the arrival of tumor cells.”® However, most of our knowl-
edge on PMN formation emerged from mouse models
where PMN is induced by injection of tumor-secreted
factors. Such experimental approaches provide direct
evidence for the function of PMN promoting factors and
opportunities to dissect the first steps of PMN formation.
However, these approaches also contain inherent limits
when compared to the real pathophysiologic situation,
since they often rely on the repeated bolus injection of
high amounts of tumor-derived factors, which unlikely
mimic their natural release.

PMNs have been described in different organs such as
lungs, liver, brain, lymph nodes, and bone marrow, with
various associated primary tumor types (breast, pancreatic,
colorectal cancer, and melanoma...).6 The initial alteration
of PMNss is believed to take place at the entry gates of the
target organ, the blood vessels, which is the most efficient
route for long distance communication. Several studies re-
port the disruption of endothelial junctions, breakdown of
vascular basement membranes, and ultimately permeabi-
lization of the endothelium before the arrival of CTCs.***
It is tempting to speculate that initial permeabilization of
the endothelium by tumor-secreted factors triggers a posi-
tive feedback loop promoting the increased accumulation
of such factors in the target organ and finally facilitating
CTC extravasation. Other key features of the PMN are the
activation of resident stromal cells, (such as fibroblasts or
myeloid cells) and the recruitment of new cells (such as
bone marrow-derived cells (BMDCs) or neutrophils) from
other organs, by tumor-secreted factors.®** These changes
in cell phenotypes and populations will alter the homeo-
stasis of the tissue on multiple levels: promotion of ECM
remodeling, alteration of cell metabolism,” and trigger-
ing of a pro-inflammatory***>* and immunosuppressive
environment.***” ECM remodeling can be orchestrated by
resident cells as fibroblasts or macrophages or by newly
recruited myeloid cells.**"**? It occurs either through
the deposition of new ECM components or through the
alteration of pre-existing ones (such as fibronectin, peri-
ostin, or versican among others).>***44! Altered ECM
composition and organization can then promote the re-
cruitment of BMDCs as well as the homing of CTCs to
the PMN.**-*342 These events are likely to constitute a
second positive feedback loop contributing to the rein-
forcement of PMNs, as recruited BMDCs will contribute
to ECM remodeling which will further promote BMDC
recruitment. Finally, the activation of resident cells and
recruitment of novel cells will induce the formation of a
pro-inflammatory and immunosuppressive microenvi-
ronment, which will actively contribute to efficient PMN
formation.*>3844

“WiLEY-L2

Formation of this complex pre-metastatic environ-
ment results from the interplay between various types
of tumor-secreted soluble molecules and heterogenous
tumor-derived EVs. Importantly, additional external fac-
tors, such as aging, infection, cancer treatment, or surgery
could directly contribute to PMN evolution. Our review
is focused on the role of tumor EVs in PMN formation,
but they likely function in close relationship with tumor-
derived and tumor-independent factors. The journey of
EVs toward the PMN is a multistep process, involving their
secretion from tumor cells, their travel in blood and lym-
phatic circulation, their accumulation in distant organs,
usually following a non-random pattern (organotropism),
their exit from circulation, and their uptake by recipient
cells where they prime the PMN formation (Figure 1).

3 | LEAVING THE PRIMARY
TUMOR

The capacity of tumor cells to secrete high levels of pro-
metastatic EVs clearly correlates with their ability to
metastasize from a primary tumor.>****° For instance, de-
pletion of genes involved in EV secretion, such as Rab27a,
nSMase2, RalA, or RalB in aggressive tumor cells leads
to a decrease in both the levels of secreted EVs in vitro
and metastasis in vivo.****"33 Importantly, the content of
released EVs might even be more relevant for PMN for-
mation than their actual number. Indeed, several studies
showed that injection of an equal number of tumor EVs
with different contents has different impact on PMN for-
mation.***>? However, the heterogeneity of tumor EVs
composition, in addition to the variety of documented
EVs sub-populations, is far from being fully elucidated
(see Table 1, outstanding questions). Therefore, it will
be essential to characterize precisely the content and the
amount of released EVs along tumor progression in order
to define the identity of EV subtypes that directly con-
tribute to PMN formation (see Table 1, outstanding ques-
tions). The secretion of pro-metastatic EVs is likely to vary
as tumor progresses, depending on the primary tumor
microenvironment. For instance, EVs secreted by tumor
cells cultured in hypoxic conditions have enhanced ca-
pacities to promote PMN formation.>*** Importantly, the
secretion of pro-metastatic EVs is enhanced when tumor
cells are exposed to chemotherapeutic treatments, reveal-
ing that attempts to inhibit primary tumor can actually re-
sult in PMN priming and increased metastasis.*®>’
Independently of their heterogeneity, the dynamics
of EV release by tumors have been poorly described in
vivo so far (see Table 1, outstanding questions), as it re-
mains technically challenging to track EVs from their
secretion to their uptake. It is likely that tumor EVs are
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FIGURE 1 Tumor extracellular vesicles prime premetastatic niches. The journey of EVs from the primary tumor to the future
metastatic organ is a multistep process initiated with the secretion of tumor-derived EVs and other tumor-derived soluble factors (TDSF)
from the primary tumor. 1. Upon secretion, tumor-derived EVs leave the primary tumor and travel through the blood and lymphatic
circulation, where they interact with blood components like neutrophils, endothelial cells, platelets, low-density lipoproteins (LDL), and
other immune cells. These interactions affect blood homeostasis, enhance the uptake of tumor EVs by distinct recipient cells, and could
induce endothelial permeabilization, thereby promoting the formation of premetastatic niche (PMN). 2. Tumor EVs are further taken

up by patrolling monocytes and endothelial cells and some of the tumor EVs pass through the impermeable endothelial cells within the
tissue by transcytosis. Uptake of tumor EVs by these recipient cells can directly impact the PMN formation. Inset shows a magnified tumor
EV, that are encapsulated by a lipid bilayer, containing various biomolecules such as DNA, RNA, proteins as well glycans, specialized
receptors at their surface (CD47, CD9, and CD63), and several adhesion proteins such as integrins and MCAM. 3. Key features of the PMN.
Highlighted are the key features of the PMN and their associated tumor EV cargos that actively contribute to efficient PMN formation.
Upon internalization by distinct recipient cells, tumor EVs deliver their cargo, induce phenotypic changes in them, thereby promoting ECM
remodeling, reprogramming cell metabolism, inducing immunomodulation, angiogenesis and vascular permeability, lymphangiogenesis,
and also triggering pro-inflammatory molecules. All these salient features eventually promote PMN formation. 4. Following the PMN
formation, circulating tumor cells (CTCs) eventually reach the PMN and colonize in the new tissue, leading to metastasis. Highlighted in
the far left, is the human women model demonstrating organotrophic metastasis, where primary breast tumor-secreted EVs prime PMN at
distant organs such as lungs, brain, liver, and bone. Created with BioRender.com

secreted very early, akin to metastatic tumor cells,” and
thereby prime PMNs before tumors can be diagnosed.
Key experiments performed in mice using the Cre-lox
system revealed that tumor EV transfer occurs not only
at short distance between neighboring cells within the
primary tumor mass but also with cells located in dis-
tant organs.**%° Release of EVs from the primary tumor
must account for random movements in interstitial flu-
ids, interactions with the ECM, and uptake by neighbor
cells. Indeed, EVs, which often express ECM adhesion
and degradation proteins at their surface, were shown
to interact with distinct types of matrix and eventually

remodel their organization.***“* Therefore, it is possible
that only a small proportion of secreted tumor EVs reach
the circulation and spread in the organism. The retention
of some EVs within the primary tumors might select a
sub-population of spreading EVs with specific adhesive
properties. Tumor EVs can be found in blood and lym-
phatic circulation®*®* (Figure 1). How they safely reach
circulation has not been firmly demonstrated, but it can
be speculated that they are transported by interstitial flu-
ids to reach lymphatic vessels. Indeed, in tumors, high
interstitial fluid pressure induces a convective flow from
blood vessels toward the lymphatic vessels.> Besides,
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tumor EVs could benefit from abnormally permeabilized
blood vessels characteristic of tumors to reach the blood
circulation.®® Interestingly, tumor EVs bearing PMN
markers are more concentrated in lymph than in blood
from melanoma patients.®*** Besides, mice experiments
revealed that lymphatic vessels are essential for tumor
EVs spreading.64 Finally, adenocarcinoma, melanoma, or
gastric cancer EVs can induce PMN formation in lymph
nodes.’”® These data suggest that tumor EVs could ex-
ploit different routes to reach distant organs and initiate
PMN formation. Similarly, tumor cells can in some cases
first reach the lymph node, form a first metastatic foci
and then transfer to the blood circulation to seed sec-
ondary metastasis in more distant organs.”””’> Whether
tumor EVs can follow similar routes ahead of tumor cells
and induce a first PMN in lymph nodes and a second one
in more distant organs remains to be properly demon-
strated. Therefore, in the future, a proper description of
the temporal and spatial dynamics of tumor EV spread-
ing away from primary tumors will be instrumental to
properly understand the initial steps of PMN formation
(see Table 1, outstanding questions).

4 | BEHAVIOR IN CIRCULATION

It is now established that tumor EVs circulate in blood
and lymph vessels of cancer patients, alongside non-
tumor EVs.®*7>™ Regardless of their origin, an increase
in the levels of circulating EVs or in the amount of pro-
tein per EV was reported in lymph and blood circulation
of cancer patients.**®*7>”"7 Part of this increase could be
directly attributed to the presence of a primary tumor
rather than an indirect systemic effect, since surgical re-
moval of the tumor tends to decrease the global levels of
circulating EVs as shown for glioblastoma.” However, the
precise proportion of tumor EVs in the circulation, and
even more importantly, the proportion of tumor EVs able
to induce or contribute to PMN formation are unknown.
As tumor-derived EVs are 20 times more abundant than
CTCs in the circulation of metastatic patients’® a hunt for
EV-associated cancer biomarkers was launched over the
past years. It allowed the identification of tens of novel po-
tential diagnosis targets, which can either be single RNAs
or proteins or more complex molecular signatures.*®”*8!
Even if the clinical validation of most of these findings is
still awaited, the molecular signatures carried by circulat-
ing EVs could eventually provide identification of specific
cancer types, progression stages, or predict therapeutic
response. In addition, the molecular study of circulating
EVs in patients body fluids, if correlated with metastasis
formation could contribute to a better understanding of
PMNs in humans.

“WiILEY-L®

Despite being stable for days in serum, EVs’ half-life
in the circulation remain low.**®* Indeed, reports in mice
and zebrafish show that exogenous EVs have a very short
half-life (2-10 min) in the blood circulation.***** This
short circulating time is mostly explained by the rapid up-
take of circulating EVs by patrolling monocytes and en-
dothelial cells.®*#*%7 In circulation, EVs are subjected to
a highly dynamic environment, defined by important bio-
mechanical forces with unknown consequences on their
biology.5 Recently, the use of zebrafish embryo, an emerg-
ing model in cancer biology,*®**! allowed the first in vivo
description of circulating endogenous and exogenous EVs
with high spatio-temporal resolution.® The distribution
of circulating EVs in blood vessels follow the Poiseuille
law: they circulate faster in the center of the vessel than
on its margins, where they can eventually be seen rolling
on the surface of the endothelium. This reduced velocity
at the margin of the vessel likely drives their uptake by
endothelial cells.

5 | INTERACTION WITH BLOOD
COMPONENTS

Circulating tumor EVs can also interact with several
blood components, such as circulating immune cells, lipo-
proteins, platelets, or endothelial cells, but probably not
with circulating red blood cells®*°*?® (Figure 1). These
interactions can have direct consequences on blood ho-
meostasis. For instance, several reports show that tumor
EVs transport pro-coagulant factors such as tissue factor,
PSGL-1, or podoplanin and promote thrombosis through
interactions with platelets or with neutrophils.**™” The
pro-thrombotic activity of tumor EVs appears to vary de-
pending on the subtype of EV and the stage of the secret-
ing tumor cell.”**® While platelet aggregation correlates
with PMN formation,” the role of tumor EVs in this pro-
cess has not yet been investigated. In addition to platelets,
EVs from brain metastasis (originating from breast cancer
and melanoma cells), were shown to interact with blood
low-density lipoproteins and to trigger their aggregation.®
This interaction enhances the uptake of EVs by monocytes
and could, therefore, potentially affect PMN formation.
The uptake of circulating tumor EVs by endothelial
cells and patrolling monocytes can directly impact PMN
formation (Figure 1). Indeed, several studies report that
tumor EVs induce permeabilization of the endothe-
lium,”>1%%1%" which could constitute a first step in PMN
formation.***® Patrolling monocytes are mostly consid-
ered anti-metastatic through their capacity to take up
tumor-derived material and promote the recruitment
and activation of natural killer cells.'® Indeed, the up-
take of EVs from non-metastatic tumor cells by patrolling
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monocytes prevents the establishment of a PMN in the
lung.'® Similarly, in lymph nodes, sub-capsular macro-
phages block tumor EVs dissemination and limit tumor
progression.’® Accordingly, anti-tumor EVs induced
the accumulation of patrolling monocytes to the lungs,
thereby inhibiting metastasis.'® Therefore, while the up-
take of circulating tumor EVs by endothelial cells seems to
mostly promote PMN formation, their uptake by patrolling
monocytes prevents it. Along this line, EVs which are the
most efficient at inducing PMN formation could have the
capacity to escape patrolling monocytes surveillance. This
could be achieved by specialized receptors at the surface
of EVs, as for instance, the glycoprotein CD47 limits their
uptake by patrolling monocytes.®” Alternatively, PMN-
efficient EVs could be taken up by patrolling monocyte
and modify their phenotype to the benefit of PMN forma-
tion, for instance, by promoting TNF-a expression and in-
ducing a pro-inflammatory environment.®*

Altogether, these studies suggest that the interactions
of tumor EVs with various circulating factors have direct
consequences on PMN formation.

6 | ORGAN TARGETING

Deciphering the mechanisms controlling the biodistri-
bution of tumor EVs is essential to understand the early
steps of PMN formation. To date, this question has been
mostly tackled by tracking pre-labeled exogenous EVs
injected as a bolus in mouse circulation. This approach
has some limitations since the injection site and the labe-
ling method of EVs can impact their biodistribution.'*®%”
Nevertheless, a recent study showed that prostate cancer
EVs injected in the circulation reach the bone marrow
similar to CD63-GFP EVs secreted by orthotopic grafted
tumor cells.'® Importantly, EVs from different cell types
tend to accumulate in different organs and in general
injected EVs do not arrest at the first capillary bed they
encounter, suggesting the existence of specific targeting
or retention mechanisms.'?® Indeed, an increasing num-
ber of studies demonstrated the existence of tumor EVs
organotropism by showing that they accumulate prefer-
entially in the organs where their secreting cells mostly
form metastasis.*>¢*%1911% Similar to tumor cell or-
ganotropism, tumor EV organotropism could be dictated
by a balance between hemodynamics, vascular patterns,
and intrinsic adhesive properties.>""! Accordingly, cir-
culating EVs were shown to accumulate mostly in vas-
cular regions with a low blood flow speed in zebrafish
embryo.?!3* However, the precise contribution of hemo-
dynamics in EVs biodistribution has not been elucidated
yet. In contrast, several adhesion proteins, such as integ-
rins, MCAM/CD146, and tetraspanins Tspan8 and CD151

were shown to mediate EV biodistribution and PMN fo
rmation, 33310112114 pepletion of these receptors or in-
hibition of their adhesive properties alters EVs biodistri-
bution and their capacity to form PMNs in mice models.
For example, the presence of integrin 8, on breast tumor
EVs is necessary for their lung accumulation.® Strikingly,
forced expression of integrin (3, on tumor EVs which nor-
mally accumulate in bones is sufficient to promote their
lung tropism.*® In addition to the identity of these adhe-
sion proteins, their posttranslational modifications could
contribute to EV organotropism, since the global levels of
glycosylation on EVs were recently shown to impact their
biodistribution."*> Although this has not been formally
demonstrated yet, the combination of adhesion mol-
ecules present at the surface of tumor EVs may define a
zip-code for EV organotropism. Supporting this hypoth-
esis, it was shown that the co-expression of a tetraspanin
(Tspan8) with an integrin (ITGa,) defines the novel bio-
distribution of pancreatic adenocarcinoma EVs in rats.!%
Importantly, although ligands of integrins, tetraspanins,
or CD146 have been characterized in various contexts,
their identity in EV organotropism and PMN formation
has not been revealed. This is a crucial question since the
receptor-mediated EV organotropism hypothesis implies
the existence of organ-specific differentially enriched li-
gands (see Table 1, outstanding questions). Finally, while
CTCs and immune cells often exploit low and high affinity
receptors to engage and subsequently stabilize their adhe-
sion, 7' more work is needed to identify whether such
scenario is at play for EVs.

7 | MECHANISMS OF PMN
PRIMING BY TUMOR EVS

Once they have reached their target organ, tumor EVs ini-
tiate most of the microenvironmental changes observed
in PMNs and described earlier (Figure 1). In this section,
we will review the mechanisms triggered by tumor EVs,
identify the major EV cargos, and describe the subsequent
chain of events leading to PMN formation.

7.1 | Vascular permeability and
angiogenesis

Tumor EVs internalized by endothelial cells were re-
ported to promote endothelial permeability through dif-
ferent molecular pathways triggered by their miRNAs or
protein cargos. For instance, miRNAs miR-105 and miR-
25-3p, respectively, present in EVs from breast or colo-
rectal cancer cells, induce a direct or indirect decrease
in the expression of tight junction components, which
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leads to endothelial permeability, PMN formation, and
ultimately to increased metastasis in the liver, lung, and
brain of mice.!®"'® Another miRNA, miR-181c, present
in EVs from breast cancer metastatic cells, downregulates
the actin regulator PDPK1 and disrupts endothelial cell-
cell junctions in the blood-brain barrier, thereby leading
to an increased brain metastatic.”® Besides, several tumor
EV protein cargos, such as semaphorin3A, epiregulin, or
VEGF-A are responsible for blood vessel permeability in
distant organs,'%%-120:12!

In addition, tumor-derived EVs facilitate PMN forma-
tion by promoting angiogenesis in distant organs in the
absence of tumor cells."**** For instance, several EV
cargos, such as CEMIP, epiregulin, or VEGF-A have the
capacity to induce vascular remodeling in brain or lung
PMNs. 2012123 cEMIP-induced angiogenesis leads to
the formation of pro-inflammatory peri-vascular niches
where colonizing tumor cells accumulate.'®® Similar to
their action on blood vessels, tumor EVs can affect lym-
phatic vessels and promote lymphangiogenesis in lymph
nodes.'?*!?® For instance, miR-221-3p enriched in EVs
derived from cervical squamous carcinoma cells, induces
the downregulation of the lymphangiogenesis inhibitor
vasohibin-1 in lymphatic endothelial cells, thereby pro-
moting lymph PMN and metastasis.'*> A more indirect
role was described for EVs from colorectal cancer cells,
which can induce the expression of VEGF-C by macro-
phages in an IRF-2-dependent manner. In turn VEGF-C
promotes remodeling of the lymphatic network and sub-
sequently facilitates lymph node metastasis."** Wnt5a
present in EVs from gastric cancer activates the YAP tran-
scription factor in bone marrow-derived mesenchymal
stem cells, leading to enhanced lymphangiogenesis and
PMN formation.'?® Altogether, these studies show that
various cargos present in EVs from different tumor ori-
gins tune the vascular and lymphatic systems at multiple
future metastatic sites.

7.2 | Matrix remodeling

Increased endothelial permeability would allow circulat-
ing EVs to cross more easily the endothelial barrier and
accumulate in the target organ. In addition, tumor EVs
can be transported throughout impermeable endothelial
vessels by transcytosis and be released within the tissue.'*”
Tumor EVs contain multiple adhesion receptors and ma-
trix metalloproteases which allow them to bind different
types of ECMs and directly alter their composition and
their organization in PMNs.*%12 In addition, tumor EVs
indirectly induce matrix remodeling by activating resident
cells. For instance, breast cancer or pancreatic ductal ad-
enocarcinoma EVs activate lung fibroblasts and promote
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fibronectin secretion and reorganization.**> Similarly,
tumor EVs RNA cargos promote Toll-like receptor3
(TLR3)-dependent secretion of fibronectin by lung alveo-
lar epithelial cells.** Costa-Silva and colleagues described
a complete cascade of events starting with pancreatic can-
cer EVs and ending in the reorganization of three ECM
components (vitronectin, Tenascin C, and fibronectin) and
the formation of a pro-inflammatory microenvironment.*
In brief, macrophage migration inhibitory factor (MIF)
contained in tumor EVs induces the secretion of TGF-3
by Kupffer cells, which in turn promotes the production
of fibronectin by hepatic stellate cells and ultimately the
recruitment of bone marrow-derived macrophages to the
liver.®® Moreover, osteosarcoma EVs-associated TGFf1,
upon internalization by lung fibroblasts-induced pulmo-
nary fibroblast differentiation and upregulated variety of
ECM components that promoted invasive competence
of these cells and tumor progression in distant PMN.'*
Interestingly, depending on the tumor subtype they come
from, breast cancer EVs can induce different composi-
tions of ECM in lung PMNs.*® Therefore, tumor EVs are
clear regulators of ECM remodeling in PMNSs. This can di-
rectly affect the cell composition of PMNs by contributing
to the recruitment of various immune cells*? and favoring
tumor cell colonization.

7.3 | Activation of tissue-resident cells

Asdescribed above, activation of fibroblasts or macrophages
by tumor EVs can lead to ECM modification remodeling. In
addition, tumor EVs can modify the cytokine and growth
factor secretion pattern of resident stromal cells. EVs from
hepatocellular carcinoma, for instance, can induce the ac-
tivation of cancer-associated fibroblasts (CAFs) in the lung
PMN through two different mechanisms: via miR-1247-3p
and the activation of NF-xB signaling pathway'® or by
Nidogen 1 and TNFR1 secretion."** CAF activation results
in the secretion of pro-inflammatory cytokines which con-
tribute to PMN establishment.'?*!3! Activation of resident
fibroblasts by tumor EVs could induce a positive feedback
loop, as CAFs EVs can further promote PMN formation in
lungs.'*? Other resident cells can be activated by tumor EVs,
depending on the organ. In bone marrow, for instance, the
transfer of pyruvate kinase M2 from prostate cancer EVs to
bone marrow stromal cells leads to an increased secretion
of CXCL12, which sustains prostate cancer cell growth and
metastasis.!®® Likewise, the transfer of miR-21 from breast
cancer EVs to osteoclasts triggers their differentiation and
activation, favoring the establishment of bone metastasis
in breast cancer model.'> In the liver, EGFR-loaded EVs
drive the expression of hepatocyte growth factor (HGF) in
stromal cells, which further promotes liver metastasis.'**
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In addition, recent studies showed that tumor EVs con-
tain regulators of metabolism and have the capacity to
modulate the metabolism in PMNs.* For instance, miR-
122 downregulates the glycolytic enzyme pyruvate kinase
in lung stromal cells during breast cancer metastasis. The
decrease of glucose uptake by stromal cells results in an
increase in nutrient availability for tumor cells, thereby
promoting metastasis.?’

7.4 | Pro-inflammatory environment
EV-dependent activation of resident cells (and recruited
immune cells)induces the formation of a pro-inflammatory
microenvironment in various PMNs**33*135 For exam-
ple, the arrival of melanoma EVs to the lungs favors the
expression of pro-inflammatory molecules TNF, S100A8
and S100A9, which lead to BMDCs recruitment to the
lung PMNs.>* A similar increase of S100 proteins was
observed in lung and liver PMNs.® In addition, secre-
tion of pro-inflammatory cytokines can be induced by
tumor EVs.*351% Eor instance, secretion of the IL6 by
resident macrophages is increased by miR-21 containing
tEVs from colorectal cancer cells in liver PMNs."*® 1L6
and IL8 can also be secreted by fibroblasts activated by
integrin beta-like 1 enriched EVs from colorectal cancer
cells through a TNFAIP3-mediated NF-xf signaling path-
way.!*! Altogether, EVs orchestrate the formation of an
inflammatory environment that is a hallmark of PMN.

7.5 | Cells recruitment to PMN

Another important hallmark of PMNs consists in the re-
cruitment of cells from other organs. Originally, pioneer
work from the group of D. Lyden demonstrated that inflam-
mation in PMNss leads to the recruitment of BMDCs.** Since
then, different types of immune cells were shown to be re-
cruited to PMNs. For instance, monocytes can be recruited
to PMNs by tumor EV-induced upregulation of CCL2 in res-
ident macrophages or endothelial cells.*”'*” Additionally,
activation of alveolar epithelial cells by small nuclear RNA
melanoma EVs leads to an enhanced secretion of cytokines
which promotes neutrophil recruitment to the lung PMN.*
Neutrophils can suppress anti-tumor immunity, create an
inflammatory microenvironment, retain CTCs in the organ
vasculature, and promote their colonization.'** 4!

7.6 | Immunomodulation

Tumor EVs have antagonist effects on the immune sys-
tem, as they can both deliver tumor antigens to antigen

presenting cells, thereby activating the immune system,
but also suppress the anti-tumor immune response by
targeting various immune cells.** While most studies
focused on primary tumors, some evidences show that
tumor EVs modulate both innate and adaptative immu-
nity in PMN 3446104142 g instance, breast cancer EVs
promote the accumulation of BMDCs, directly inhibit T-
cell growth, and decrease Natural killer (NK) cell cytotox-
icity leading to the formation of an immunosuppressive
environment in lung PMN.* Interestingly, intravital im-
aging revealed that extravasating tumor cells release large
EVswhich are taken up by different myeloid cells arriving
sequentially at the metastatic site. This EV uptake induces
phenotypic changes in receiving immune cells and pro-
motes metastasis.** Besides tumor EVs have the capacity
to mediate immune suppression, notably through the PD-
1-PD-L1 axis.** Indeed, metastatic melanoma EVs carry-
ing programmed death-ligand 1 (PD-L1) on their surface
have the capacity to inhibit anti-tumoral CD8 T-cell func-
tion and promote tumor progression.'** A recent study
suggests that breast cancer EVs carrying miR-503 promote
the M1-M2 conversion of microglia, which results in en-
hanced PD-L1 expression and suppression of local immu-
nity in brain metastasis."*> Overall, the balance between
pro- and anti-tumor roles of EVs on distant immune cell
populations remains to be fully investigated as it could
open novel therapeutic avenues.

8 | CONCLUSIONS

Although the understanding of PMNs considerably pro-
gressed since their initial description in 2005, a large num-
ber of fundamental questions remain opened (see Table 1,
outstanding questions).

First of all, the existence of PMNs implies that tumor-
secreted factors, including EVs, reach distant organs be-
fore the arrival of CTCs. Although the exact timing and
dynamics have not been solved, some experiments using
orthotopic primary tumors show the localization of tumor
EVs and/or distant microenvironmental changes hap-
pening before tumor cells could be detected.?**31:108
However, this sequence of events has not been firmly
proven in a relevant orthotopic spontaneous tumor model.
This is important in particular because tumor cell spread-
ing to future metastatic sites was shown to be an early
event in several types of cancer.’***® While early dissem-
inating CTCs mostly enter dormancy,'* it could be specu-
lated that disseminating tumor EVs instead or in addition
to altering the distant microenvironment before tumor
cell arrival, are also able to help awakening rare dormant
tumor cells already present on site. This is appealing since
dormant cell often reside in perivascular niches,"*® where
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they would be in good position to receive circulating EVs
and soluble factors. Interestingly, recent studies showed
that EVs from stromal cells have the capacity to mediate
tumor cell dormancy."*™*5 Whether EVs shed by primary
tumors can also perturb tumor cell dormancy remains to
be explored, yet such discoveries would provide exciting
treatment options for counteracting the major issue of
tumor cell dormancy. More generally, determining the
relative dynamics of EVs and cell release from primary tu-
mors is essential for the definition and the understanding
of PMN formation, but also to design adapted therapeutic
strategies.'>

Along the same line, it will be essential to describe the
dynamics of EVs release during tumor progression, and
its impact on driving efficient PMNs. Notably, whether
tumor EVs continue to land to metastatic sites once
metastasis has started is not known, yet this is likely to
happen. While metastatic growth surely benefits from
permanent feeding by EVs released from the primary
tumor, metastatic outgrowth might feedback on the pri-
mary tumor, akin to metastatic cells. Indeed, the com-
munication between primary and secondary tumor sites
is not unidirectional as tumor cells from metastasis can
recolonize primary tumors, in a process called tumor
self-seeding."®” In addition, tumor cells were shown to re-
disseminate from metastatic to tertiary sites'® raising the
possibility that EVs from metastatic foci can prime addi-
tional PMNs. Interestingly, studies report that tumor EVs,
either injected in the circulation or co-incubated with
tumor cells before injection, promote tumor self-seeding
in mice."**'® If it is not known yet whether EVs from
metastatic sites can target primary tumors, Zomer and
colleagues made elegant use of in vivo imaging to show
that two distinct primary tumor sites can exchange EVs.*
Such intravital imaging of EVs shuttling in relevant me-
tastasis models would undoubtedly help addressing these
issues and increase our understanding of the (bio)genesis
of PMNs,60-104.161.162

PMN formation is induced by a complex interplay of
soluble molecules and EVs, whose precise orchestration
remains to be understood. For this, it will be essential to
characterize the heterogeneity of EVs released by primary
tumors, as they have antagonist effects on PMN forma-
tion, notably by inducing differential immune responses.
It would be particularly interesting to link EVs heteroge-
neity to intratumor heterogeneity which is a key driver of
therapy resistance and metastasis'® and to document the
impact of EVs released in this difficult context of therapy
resistance. In addition, while significant progress has been
made in understanding the identity and position of cells
that have metastatic potential within tumors, whether
similar regions and cellular identity correlated with EV
secretion potential and function would be an exciting area
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of research (see Table 1, outstanding questions). It will be
equally important to fully characterize EVs secreted by
non-tumoral cells, which populate, react, and participate
to tumor growth, as they also play a significant role in
PMN formation.'**'%* Additionally, exogenous EVs, such
as bovine milk-derived EVs, could directly impact metas-
tasis.'®® Finally, tumor-secreted EVs are not always suffi-
cient to induce PMN formation and require the additional
contribution of tumor-secreted factors.'?® Therefore, the
relative contribution of tumor released soluble factors
and EVs and their potential cooperation will have to be
studied in detail (see Table 1, outstanding questions).
Interestingly, the interaction between tumor EVs and cy-
tokines, in particular CCL2, was recently shown to modify
their organotropism, the formation of PMNs, and finally
lung metastasis.**

While several clinical trials aiming to block PMN for-
mation are already undergoing,® a fine understanding of
the contribution of tumor EVs to PMN formation could
pave the way for novel therapeutic approaches. For in-
stance, it could be possible to inhibit EV secretion from
primary tumors, since this approach decreases metas-
tasis in mice.****">* Alternatively, tuning the balance
of pro- versus anti-tumoral EVs released by tumor cells
could improve the anti-tumoral immune response (see
Table 1, outstanding questions). Another exciting, yet
tricky, possibility would be to target and stop tumor EVs
in the circulation. In a recent study, Nishida-Aoki and
colleagues showed that intravenous injection of anti-
humanCD9 or anti-humanCD63 antibodies decreases
lung metastasis in mice bearing orthotopic breast xe-
nografts.'® Therefore, the identification of tumor EVs-
specific surface proteins would allow to distinguish
them from non-tumoral ones and would constitute ideal
candidates for such therapeutic approaches. Finally,
targeting the mechanisms of pro-metastatic tumor EVs
uptake by resident stromal cells constitutes a promis-
ing possibility to prevent metastasis, as shown in mice
where reserpine suppresses tumor EV uptake and dis-
rupts PMN formation.'®’

Altogether, tumor EVs are central players in PMN for-
mation and constitute diagnostic and therapeutic targets
to detect and treat metastasis progression.
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Current model suggests that tEVs from the primary tumor reach the circulation,
diffuse in the organism, enhance PMN establishment at distant and mediate
subsequent metastatic formation (Henrich et al., 2020; Costa-Silva et al., 2015,
Hoshino et al., 2015; Peinado et al. 2017). However, this model still holds lot of black
boxes and specifically on the involvement of hemodynamic forces on EVs distribution
and function.

Hence my work during my PhD aimed at adapting live imaging models to study
circulating tEVs and investigate the role of hemodynamics forces on tEVs uptake, fate
and function on recipient cells and more particularly on endothelial cells.

More particularly my work participated to the development of the zebrafish embryo
as a good model to study circulating tEVs and their consequence on metastatic
progression. In addition, | adapted a microfluidic system to study tEVs in a relevant
hemodynamic context at the intracellular level. These two models allowed me to show
that flow forces importantly impact tEVs uptake (mediated in part by the presence of
the receptor CD146/MCAM at the surface of tEVs) and fate inside endothelial cells,
notably by a marked redirection of internalized tEVs toward less acidic compartments.
In addition, my results suggest that presence of flow forces could also potentiate the
function of tEVs onto endothelial cells, supporting a pro-angiogenetic signature upon

combined stimulation by flow plus tEVs.

Setting-up new models to study circulating EVs

Zebrafish

At the beginning of my thesis, despite development of new tools allowing
visualization of EVs distribution in different models (worm, drosophila, mice) (Verweij
et al., 2021), accumulation pattern and fate of circulating tEVs in vivo were still difficult
to study. Overall, circulating tEVs destinations and behavior in complex circulatory
system were quite obscure. To overcome limitations that previous models exhibited,
we took advantages of the zebrafish model to study circulating tEVs in relevant
hemodynamic environment. Zebrafish had been previously used to investigate EVs-
mediated delivery of anticancer drugs through the blood-brain barrier (Yang et al.,
2015). However, in this study, proper visualization of EVs in vivo was absent as well
as reliable proofs of EVs interactions, effect on recipient cells and effective delivery of
drugs into the brain. In addition, transgenic zebrafish lines were used to follow the
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uptake of endogenous CD63-GFP+ neurons-EVs by brain endothelial cells, the
transfer of miRNA-132and its effect on brain vasculature (Xu et al.,, 2017).
Nonetheless, here as well, there was no visualization of EVs in circulation and no EVs-
mediated long distance communication event was reported.

On our side, we took advantage of zebrafish transparency to dynamically follow
tEVs in live imaging at vesicle and high spatiotemporal scale (Hyenne et al., 2019).
Additionally, we documented the distribution pattern and behavior of circulating tEVs
and identified recipient cell type. Moreover, we demonstrated that exogenous injection
of tEVs in the zebrafish could be used to model the effect of circulating tEVs in later
stage of the metastatic cascade in relevant hemodynamics conditions at high
resolutive scales. This work, together with one of Guillaume Van Niel's team that
simultaneously published a thorough study on circulating EVs in zebrafish, although in
a non-pathological model, could help to sustainably anchor the zebrafish embryo as a
state-of-the-art model for dynamic study of circulating EVs (Hyenne et al., 2019;
Verweij et al, 2019).

Our protocol (published recently in a method chapter (Mary et al., 2020)) relies on
exogenous injection of tEVs in the duct of Cuvier. However, in mice the route of EVs
injection affects their biodistribution (Gupta et al., 2020). In zebrafish, the back-to-back
comparison between endogenous release (Verweij et al., 2019) and exogenous
injections of EVs (Hyenne et al., 2019) showed similar pattern of distribution and
interactions with recipient cells. It supports that in the zebrafish, exogenous injection
of EVs at concentration which is in the physiologic range, reproduces quite accurately
endogenous behavior of circulating EVs. The use of lipidic dyes that incorporate into
membranes of cells or EVs (DiD, PKH or CellMask) often comes with drawbacks such
as unbound dye, unspecific labelling, aggregation, unequal labelling of different
subpopulations of EVs or longer half-life than EVs. Hence, it is recommended to limit
the concentration of dye used, to properly remove free dye and to complement their
use with other labelling approaches (Verweij et al., 2021). To overcome these
limitations, we wused a new generation of cyanine-based lipidic dye
(Memglow=MemBright) that reported to be brighter, to trigger less aggregation, to be
more stable in membrane (less leakage) and that can be used at lower concentration
(Collot et al., 2019). In addition, we used genetically labelled tEVs (Syntenin2-GFP-
EVs and CD63-pHIluorin-mScarlet-EVs (Sung et al., 2020)) that confirmed our results
obtained with tEVs labelled with dyes.
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The two methods of labelling were used with success in both our models (zebrafish
and microfluidics) and showed similar pattern of distribution. When EVs arrest we can
observe discrete spots, which could correspond to single vesicles as well as larger
intracellular clusters, which correspond to multiple EVs stored in the same
compartment. Due to diffraction limit of classical optical microscopy, we cannot
assume that single spot detected in the zebrafish embryo or in the microfluidic system
are indeed all single vesicles. However, synthetic nanoparticle of 100nm diameter have
a similar apparent size as labeled EVs. It would be interesting to assess in which
proportion detected spots, in vitro and in vivo, correspond to either single vesicles or
small aggregates. Possibilities include the use of super-resolution imaging techniques
to overcome the diffraction limit (Follain et al., 2017) and the use of correlative light-
electron microscopy (CLEM) approaches to differentiate single or aggregated
circulating tEVs internalization in different compartments of endothelial cells in vivo
(e.g. by adapting previously used technics done in macrophages (Hyenne et al., 2019))
and in vitro. This might be possible with specific constructs, such as CD63-GFP-Apex2,
allowing genetic labelling of small EVs to detect them in both photonic and electronic
systems (Lam et al., 2015).

Microfluidics

With microfluidic channels, | reproduced quite accurately the positive effect of
specific hemodynamic conditions on uptake and trafficking of circulating tEVs. This
model could be used to explore other range of flow in vitro, for example higher flow
speed mimicking arterial flow. In addition, this approach could be also be improved to
investigate other flow types such as oscillatory or disturbed flow as opposed to laminar
flow. However, one limitation of this system is that it does not reproduce the three-
dimensional environment of circulating tEVs. Additionally, it does not allow to
reproduce the small internal diameter of the smaller vessels in vivo. As a consequence,
it is not possible to reproduce high shear stress, while maintaining relevant flow speeds
in our system (see later). Thereby microfluidics should be complemented with other
approaches.

Another important aspect of our in vitro studies relies in the choice of the endothelial
cells. We choose to use HUVEC and VERAHUVEC cells, as they are commonly used
and can be considered as generic endothelial cells. However, it is likely that they have
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different properties than endothelial cells of specific tissues and types of vessels.
Ideally, our project should be pursued with venous capillary endothelial cells, as the
permissive flow regimes we identified is more likely present in small venules.
Additionally, we could use mouse brain BEnd.3 endothelial cells to investigate more in
detail potential transcytosis events.

According to me combining these two models allows to overcome their individual
limitations (i.e. limited intracellular resolution for the zebrafish and only partial
reproduction of cardiovascular complexity for microfluidics) and could greatly improve
study of circulating EVs fate inside the cardiovascular system.

Model homology and EV heterogeneity

In those models, | principally used heterologous systems (mouse breast
carcinoma tEVs, human endothelial cells and zebrafish). In the lab, our experimental
pipeline consists in identifying fundamental mechanisms in heterologous zebrafish or
microfluidic models and ultimately confirm them in a mouse homologous model of
breast cancer. This approach previously led to important breakthrough in CTC biology
and tEV-mediated metastasis, showing its robustness (Follain et al., 2018, 2021;
Ghoroghi et al., 2021). In the case of EVs, efficient transfer of nucleic materials was
shown to be possible between mouse and human cells (Valadi et al., 2007). Altogether
it supports that the fundamental mechanisms that | described during my thesis could
be shared between these species and our heterologous models still maintain their
relevance. However, heterologous models also have some limitations that will need to
be addressed in the future. For example, do the different species body temperatures
(28° C instead of 37) have an impact on our model of mouse tEVs distribution in
zebrafish embryo? Does it impact their uptake? It is possible as temperature was
shown to impact EVs uptake in recipient cells. However, in our cases we found that
zebrafish tEVs (Zmel1 tEVs) (Hyenne et al., 2019) showed the same pattern of
distribution and internalization than mouse tEVs (4T1 tEVs). Nevertheless, a side-by-
side comparison of internalization rate between zebrafish tEVs and mouse tEVs would
be important. Overall, the results discussed here could certainly benefit from
reproduction in homologous model.

Another level of complexity comes from EVs heterogeneity. | used either
heterogenous sub-populations of EVs isolated by ultracentrifugation or CD63 positive
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EVs fused to pHluorin. Although, both groups of EVs partially accumulate in non-
degradative endosomes upon flow treatment, we can not exclude that different tEVs
subpopulations are differentially affected by flow-mediated mechanisms (uptake and
trafficking). Systematic comparison of subpopulations of tEVs could help to better
characterize the specificities of the processes we discovered.

Hemodynamic parameters control circulating tEVs biodistribution

During my PhD | investigated how fluid-based mechanical properties could affect
circulating tEVs. My work, done with colleagues, showed that tEVs accumulation in
endothelial cells is enhanced in venous regions of the vasculature, where blood flow
is reduced (around 400um/s). In addition, we documented a correlation between flow
speed (measured by displacement of red blood cells) and tEVs accumulation in
endothelial cells, accumulation of tEVs being inversely correlated with flow speed. The
fact that higher flow speed region (i.e. arteries) show less tEVs accumulation than
venous area suggested that, similarly to CTC, tEVs arrest need a permissive range of
flow and that hemodynamic cues indeed play a role in tEVs biodistribution.
Interestingly, we found that in this venous area, reducing blood flow in vivo or an
absence of flow in vitro decreased tEVs accumulation inside endothelial cells. This
suggested that flow speed-mediated mechanism of circulating tEVs uptake is not only
a passive event. In this case the absence of tEVs movement would have increased
uptake. On the contrary, in the microfluidic system we observed a positive effect of
moderate flow on tEVs uptake by endothelial cells, reproducing what we saw in the
zebrafish in the venous area.

Altogether my results suggest that along the cardiovascular system of vertebrates,
variation of flow speed and hemodynamic regimes will greatly affect circulating tEVs
accumulation in endothelial cells and a window of permissive flow regimes could exists.
Hence, flow forces could either, inhibit circulating tEVs uptake by endothelium in
arterial regions where flow speed is more important, or enhance it in flow permissive
regions such as venous area or capillaries. These hypotheses still need to be studied
in more complex system using a mouse model for example and inhibitory and

promoting aspects of blood flow should be better characterized in the future.
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Effect of flow speed and shear stress on EVs uptake: a mechanical

explanation

A simplistic mechanical explanation of the beneficial effect of moderate blood flow,
could be that reduced speed enhance the number of circulating tEVs-endothelium
interactions. Conversely, high flow speed regimes, would be too fast to allow,
significant proportion of interactions and stable adhesion events capable of
counteracting the mechanics of stream flow. Supporting this, the Poiseuille distribution
of tEVs inside the venous area, shows that circulating tEVs at the vicinity of vessels
border are slower and even exhibit rolling behavior of tEVs at the endothelium surface
reminiscent of immune cell behavior (Hyenne et al., 2019). This margination of small
objects at vessel walls, which was also documented for synthetic nanoparticles (Toy
et al., 2011; Mdller et al., 2015) and endogenous circulating EVs (Verweij et al., 2019),
increases interaction time between tEVs and endothelium, and could facilitate potential
ligand/receptor interactions that control their uptake (Hyenne et al., 2019). Indeed, it is
known that surface receptors mediate tEVs organotropism and accumulation in target
organs, notably integrins (Hoshino et al., 2015). During my PhD, we showed that
CD146/MCAM, is a key tEVs surface cargo that mediates, in part, 4T1-tEVs
accumulation in endothelial cells and at lungs PMN and affects metastatic progression
(Ghoroghi et al., 2021). Although we showed that CD146-mediated interactions take
place in the vascular system, we do not know if these interactions are flow-dependent
or how flow forces regulate them. In addition, we still ignore the identity of CD146 ligand
on the endothelium. CD146 at EVs surface could perform homophilic interactions with
endothelial CD146 or heterophilic interactions with various membrane proteins (i.e.
VEGFR2 or Netrin-1) or extracellular matrix proteins (Wang and Yan, 2015). These
interactions could allow the arrest of circulating tEVs and their uptake by recipient cells
at flow permissive areas in the vascular system.

Interestingly, studies using nanoparticles (NP) similar in size with EVs, showed that
reduced flow speed which is, in experimental settings, linked to reduced wall shear
stress (i.e. the force exerted by blood flow on the endothelium walls per area unit and
depending on flow speed), also enhanced NP uptake by endothelial cells. On the
contrary, increasing shear stress reduced the uptake of NP (Han et al., 2012;
Bhowmick et al., 2012) and liposome (Kusunose et al., 2013) by endothelial cells. More
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recently, it was reported that shear stress in the range of 1,8 dyn/cm? favor NP uptake
whereas a shear stress of 10 dyn/cm? restricts it (Charwat et al., 2018). Overall, this
past decade, papers tend to show that low shear stress (more or less < 5dyn/cm?)
enhances NP internalization by endothelial cells and higher shear stress (> 5 (+/-1)
dyn/cm?) decrease it (Lin et al., 2009; Bhowmick et al., 2012; Han et al. 2012; Tan et
al., 2019; Chen et al., 2020). This was also confirmed in vivo in mice and zebrafish
models, arteries showing less NP accumulation than venules and/or capillaries
(Gomez-Garcia et al., 2018; Han et al., 2012). Importantly for us, it was reported that
shear stress on the endothelial walls of caudal ventral vein in larvae varies between
0,016 to 3,4 dyn/cm? with an average of 1 dyn/cm? (Gomez-Garcia et al., 2018). In our
microfluidic system, a flow speed of 400um/s previously measured in the venous area
of the zebrafish and used in our in vitro system, corresponds to a shear stress of 0,5
(+/- 0,2) dyn/cm?. Overall, this suggests that our microfluidic system reproduces rather
accurately the conditions of the zebrafish model and that circulating tEVs accumulation
in dynamic environment phenocopies results previously obtained for NP. However, in
our case we did not properly investigate the inverted correlation between increased
shear stress and tEVs accumulation in endothelial cells in vitro. The reason is that we
decided to focus on flow speed measured in the zebrafish embryo at the tEVs hotspot
of arrest (i.e. the venous area) (Hyenne et al., 2019; Mary et al., 2022). Fortunately,
reproducing accurate zebrafish venous flow speed while maintaining relevant shear
stress conditions in vitro is possible. However, mimicking higher shear stress (i.e. >
5dyn/cm?) implies to increase flow speed too much in vitro, to the point that it would be
irrelevant compared to the flow speed measured not only in venules but also in
arterioles of the zebrafish larvae. All studies investigating hemodynamic parameters
are facing the same dilemma (i.e. reproduction and control of the flow speed or
reproduction and control of the shear stress?) and, to my knowledge, studying both at
the same time in physiologically relevant conditions in vitro is hardly achievable.
Concerning EVs, at the beginning of my thesis, no study investigated these
questions. However, in a paper published at the end of my thesis, in 2022, using both
in vitro microfluidic and in vivo models (zebrafish and mice), it was reported that low
magnitude hemodynamic forces and shear stress produced by laminar (<5dyn/cm?) or
oscillatory flow (0.5 + 4 dyn/cm?) facilitated endothelial uptake of Red Blood Cells EVs
(RBCEVs) compared to higher shear stress produced by high laminar flow speed (12
to 25 dyn/cm?) in vitro (Qin et al., 2022). The authors reproduced these results in
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zebrafish and in mice (using a left carotid ligation model in mice) showing that RBCEVs
preferentially accumulate in endothelial cells in area of low magnitude flow forces or
oscillatory flow/perturbed flow (Qin et al., 2022). These findings mirrored nanoparticle
behavior in zebrafish and microfluidic models, where NP mostly accumulate in regions
with low shear stress (i.e. venous), disturbed or non-laminar flow speed (Gomez-
Garcia et al., 2018). Similarly to reduced flow speed, authors suggested that disturbed
flow increases the number of interactions between EVs (or NP) and endothelium,
facilitating the accumulation of particles in endothelium. Supporting this, in zebrafish,
our results together with those on RBCEVs and NP showed increased accumulation
in branched capillaries localized between the dorsal aorta and vein in the caudal
plexus, where flow speed and shear stress drop and are highly perturbed (Quin et al.,
2022; Gomez-Garcia et al., 2018; Verweij et al., 2019; Hyenne et al., 2019). Although
we did not investigate disturbed flow regimes in our models, it was reported that at low
flow regime/shear stress magnitudes (around 1dyn/cm?) there is no significant
difference of NP uptake by endothelial cells between laminar or disturbed flow profiles
(Gomez-Garcia et al., 2018). This suggests that our models, at low flow speed range,
maintain their relevancy. In addition, it could be possible that at higher shear stress
(and potentially higher flow speed) disturbance of the flow play a crucial role in
circulating EVs interactions with endothelium but might be less important at reduced
shear stress scale as lower flow velocity already promotes interactions between EVs
(or particles) and endothelial cells.

Altogether, these results on RBCEVs and NP, support our findings and confirmed
that tumor EVs show similar behavior and dissemination pattern than nanoparticles
and normal RBCEVs in dynamic environments in vitro and in vivo. Our results, suggest

that circulating tEVs accumulate in low flow speed and low shear stress regions in vivo.

Effect of flow speed on EVs uptake: a biological response

In addition to acting on the interactions between EVs and the endothelial surface,
mechanical sensing could trigger an endothelial response that promotes circulating
tEVs uptake. However, our RNA sequencing analysis of endothelial cells cultivated
under flow failed to identify specific candidates related to flow sensing. In the future it
will be necessary to identify which endothelium mechanoreceptors are involved in flow-
related internalization of circulating tEVs (either inhibitory or promoting effect). To add
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to the complexity of these mechanisms, mechanoreceptors would likely differ between
different types of endothelial cells, different areas of the vasculature and upon different
mechanical stresses (Gray and Stroka, 2017). Among others, primary cilium,
glycocalyx, PECAM-1, mechanosensitive ion-channels (e.g. PIEZO-1), tyrosine kinase
receptors, VE-cadherin or VEGF receptors are thought to be involved in endothelial
cell mechanosensing (Gray and Stroka, 2017; Fang et al., 2019).

NP studies suggested that PECAM-1 at the surface of endothelial cells as well as
lipid raft domains could play a role in the mechanosensing of flow. This could
subsequently activate RhoA/ROCK dependent endocytosis pathways (also involving
src kinases) and mediate internalization of antibody-coated NP by endothelium
supporting an active involvement of actin cytoskeleton in this mechanism in flow
mediated endocytosis (Han et al., 2015). A well-known feature of endothelial response
to flow is the apparition of aligned actin stress fibers (Wong et al., 1983). Numerous
studies on flow mediated NP uptake suggest that limited range of flow could recruit
actin cytoskeleton and enhance NP uptake, while on the contrary, high and continuous
flow speed (and shear stress) would lead to the formation of stress fibers and inhibit
NP uptake (Han et al., 2012; Bhowmick et al., 2012; Han et al., 2015; Chen et al.,
2020). In our case, it would be interesting to explore whether formation of actin stress
fibers in the fish endothelial cells, depending on the area (e.g. artery versus veins),
correlates with the different accumulations of circulating tEVs.

Additionally, it was shown that endothelial primary cilium is a structure specialized
in low flow sensing in the zebrafish larvae and can trigger calcium-mediated signaling,
regulating angiogenesis (Goetz et al., 2014). This organelle could play a role in flow-
mediated circulating tEVs uptake by endothelial cells. Supporting this hypothesis, it
was shown that cilium curvature enhances clathrin- and dynamin-dependent receptor-
mediated and fluid-phased endocytosis (Raghavan et al., 2014). However, this was
observed in renal proximal tubule cells and internalized cargo tested were albumin and
dextran, not NP or EVs. Of note, the flow conditions used in this study recapitulated
the range of shear present in venous area of the zebrafish larvae. Involvement of
endothelial primary cilium in flow-mediated tEVs uptake remains to be investigated.
The recent finding that endogenous circulating EVs are internalized in zebrafish
endothelial cells via a dynamin dependent pathway could pair with this model (Verweij
et al., 2019).
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Finally, despite changes in lysosomal activity-related genes, our in vitro
transcriptomic analysis did not show any significative upregulation of genes associated
with endocytic pathways. Nonetheless, post-transcriptional modifications could
regulate the uptake of circulating tEVs. Along this line, our lab reported that the
presence of moderate flow enhanced localization of the secreted extracellular matrix
protein fibronectin to the luminal side of endothelial cells in vivo and in vitro, without
affecting its expression level (Osmani et al 2019). Interestingly it was suggested that
heparan sulfate proteoglycan interactions with fibronectin is a key actor of tEVs
adhesion, uptake and function onto endothelial cells (Purushothaman et al., 2016).
Although, in these studies, fibronectin is described to be on EVs surface, it is
reasonable to think that interaction can work the other way round. Endothelial cells
heparan sulfate proteoglycan would bind fibronectin lying at the luminal side of
endothelium in the zebrafish and subsequent circulating tEVs could bind luminal
fibronectin via their own heparan sulfate proteoglycans, facilitating uptake by
endothelial cells. Although, this hypothesis remains to be tested, it could explain,
maybe a part of flow related circulating tEVs uptake.

Overall, we still need further investigations to dissect the particularities of positive
and inhibitory effect of flow regimes on circulating tEVs uptake. (i) Mechanical
receptors, (ii) adhesion molecules involved, (iii) endocytic pathways, and (iv) exact
limits of permissive flow speed regimes (min and max), are among the questions that

remain to be answered.

Circulating tEVs and endocytic pathways

The identification of endocytic pathways that control circulating tEVs uptake by
endothelial cells is essential. Static experiment previously identified many different
pathways controlling EVs uptake (Mulcahy et al., 2014). According to the literature it
appears that nearly all common endocytic pathways were at least once described to
play a role in EVs uptake by recipient cells. It is reasonable to think that, indeed the
type of EVs (and its repertoire of surface molecules) as well as the type of recipient
cells could impact the endocytic pathway involved. However, no study investigated
dependency of endocytic pathway regarding dynamic environment. Therefore, in
addition to the identification of CD146 as an important receptor for circulating tEVs
uptake, | used a pharmacological approach to identify pathways involved in tEVs
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uptake in dynamic condition (Figure 15). | used the Dynasore (dynamin inhibitor) to
inhibit clathrin-mediated endocytosis (Fitzner et al., 2011; Roberts-Dalton et al., 2017),
the genistein (tyrosine kinase inhibitor, PI3K) supposed to inhibit clathrin-independent
endocytosis (Horibe et al., 2018; Costa-Verdera et al., 2017), and the Bafilomycin A
that inhibits V-ATPases, vesicular acidification and supposedly micropinocytosis
(Fitzner et al., 2011) in the microfluidic system. Interestingly, in dynamic environment
none of these treatments significantly decrease tEVs uptake compared to control cells
(although some tendencies could be seen). These results differ from previous studies
showing involvement of these pathways in EVs uptake (Fitzner et al., 2011; Roberts-
Dalton et al., 2017; Costa-Verdera et al., 2017) and particularly in endogenous EVs
uptake by endothelial cells in vivo (Verweij et al., 2019). For instance, dynamin and
clathrin-dependent endocytosis were showed to control endogenous circulating EVs
uptake, via scavenger receptors, by endothelial cells in the zebrafish embryo (yet,
using another drug, pyrimidin-7) (Verweij et al., 2019). The difference of EVs
population, recipient cells type and models (in vivo versus in vitro) in my system
compared to the previous studies could explain the different results.

The fact that none of the drug alone significantly affected circulating tEVs uptake
could mean that endocytic pathways differ in static and dynamic conditions.
Alternatively, it could illustrate the existence of compensatory mechanisms in dynamic
conditions. Therefore, it would be interesting to test the co-depletion of several
pathways. In addition, it would be interesting to test other processes, such as lipid raft-
mediated endocytosis (with Methyl-3-cyclodextrin, Filipine or Simvastatin for example)
or caveolae-related processes as they were shown to respectively promote EVs uptake
by endothelial cells (Svensson et al., 2013) and flow-mediated NP uptake (Han et al.,
2012, Han et al., 2015). Similarly, we could test macropinocytosis (using 5-(N-ethyl-N-
isopropyl) amiloride (EIPA)) that can be regulated by shear stress (Davies et al., 1984;
Raghavan et al., 2014) and controls EVs uptake by macrophages (Kamerkar et al.,
2017) and brain endothelial cells (Morad et al., 2019).

Although we did not find a clear answer on which general endocytic pathway control
circulating tEVs uptake, microfluidic approaches could be combined with zebrafish to
screen multiple drugs (or other approaches such as antibody-mediated blocking)
interfering with EVs uptake in dynamic conditions. In this context, it would also be
interesting to use genetically labelled tEVs with specific subpopulation markers (e.g.
CD63-GFP-tEVs) to better characterize endocytosis of precise tEVs subpopulation.
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Finally, we observed that all endothelial cells present in the same monolayer do not
internalize tEVs with the same efficiency (data not shown here). Interestingly, it was
previously observed that different types of endothelial cells (from different origins but
also within a same population) also internalized nanoparticles with different efficiency
and only distinct subpopulations are the main internalizing cells (Aliyandi et al., 2020;
Kingston et al., 2021; Aberg et al., 2021). This heterogeneity is not well understood but
could reflect heterogeneity in the repertoire of surface receptors that are involved in
interactions with EVs. Understanding the ligand/receptors interactions involved in

circulating tEVs uptake might help to resolve this question.

W

EV fluorescence relative to control

Figure 15: Pharmacological treatment of endothelial cells in dynamic condition. Memglow-Cy5-
labeled 4T1 EVs are perfused on HUVECs endothelial monolayer labeled with Memglow 488 in flow
condition (400m/s) and treated for 30min with the indicated drug before adding tEV. Drug is present
in the system during the perfusion time. Images are taken by confocal microscopy after 3h of
perfusion and after three wash steps with PBS and a final wash with endothaliall medium. Scale bar
25um. Representative images and quantification of internalized tEV from two independent
experiments for a total of twenty fields of view per condition minimum normalized to tEV fluorescence
in the CTRL condition (DMSO). Kruskal-Wallis statistical test. Results showed no significant
differences bewteen CTRL condition and treated cells.

To summarize, our results suggest that all along the vascular system, as the flow
forces greatly vary, endothelial uptake of tEVs will also varies. It seems that regions
with reduced flow speed and shear stress as well as area of perturbed flow will be
hotspots of arrest for tEVs in endothelial cells. These regions also correspond to the
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regions of arrest of CTCs. Biodistribution of circulating tEVs is, on one hand, controlled
by hemodynamics cues and on the other hand, by receptors/ligand interactions. The
exact nature of the flow sensors and endocytic pathways involved still have to be
deciphered. Whether this permissive flow will also be more suitable for endothelial
crossing by transcytosis (similarly to CTC extravasation which is increased by
permissive flow regimes (Follain et al., 2018)), remains to be investigated. Yet, these
new insights on circulating tEVs distribution in a vascular system could greatly help to
better understand and predict potential localization of tEVs-induced pre-metastatic

niche formation.

Circulating tEVs intracellular trafficking and fate: degradation or functional

cargo delivery?

In addition to a better understanding of flow forces impact on circulating tEVs
internalization by endothelial cells, my work also contributed to better characterize the
fate of internalized tEVs inside these recipient cells. | have shown that that presence
of a moderate flow partially redirects circulating tEVs to less acidic and potentially less
degradative compartments positive for Lamp1+, Rab14+ and NHEOS+.

The small GTPase Rab14 appears as a specific marker of EVs trafficking under
flow. It was shown to control trafficking of intracellular pathogens toward late
endosomes-lysosomes and to be present on different endosomes including Lamp1
positive compartments (Hoffman et al., 2022). Importantly, Rab14 is also part of an
alternative endocytic pathway, not sensitive to the classical endocytosis inhibitors
(phosphoinositide 3-kinase (PI13K) inhibitors). This pathway, controls uptake of cationic
substances and redirects them to non-acidic and potentially non degradative Lamp1
positive compartments (Trofimenko et al., 2021). Yet, EVs have a negative zeta
potential due to the presence of anionic lipids (Verweij et al., 2019; Midekessa et al.,
2020). However, this does not exclude that part of internalized tEVs, in our case, can
be redirected toward Rab14+ compartments after their uptake. At this stage two
hypothesis remain, either (i) in permissive range of flow circulating tEVs enter in
endothelial cells via classical endocytosis (including dynamin-dependent mechanisms)
and then part of them is redirected toward RAB14+ Lamp1+ compartments; or (ii) flow
activates this different endocytic pathway and trigger the endocytosis of some
circulating tEVs through this unconventional pathway.
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At this stage, we still do not have a clear idea on how presence of flow could
mediate (and potentially activate) this unconventional endocytosis pathway. In
addition, we do not know how EVs zeta potential could impact their uptake and fate or
if presence of hemodynamic forces could affect their charge. Finally, our results
suggest that CD63+ populations of extracellular vesicles can undergo this redirection
toward RAB14+ Lamp1+ compartments as the pHsensitive probe fuse to this
tetraspanin was used to identified it. Nevertheless, whether this flow-dependent
redirection toward less acidic, less degradative compartments is similar for different
subpopulations of EVs (tEVs or EVs) remains to be investigated.

Interestingly, our RNA sequencing, electron microscopy, lysotracker and
cathepsin B experiments rather support a global activation of lysosomal and
degradative activity in endothelial cells treated by moderate flow speed. Therefore,
we suggest that moderate flow can both, affects global activation of the
endolysosomal pathway and at the same time be responsible of a flow dependent
EVs specific redirection during their intracellular trafficking. In addition, although we
detected an upregulation of endolysosomal compartments number, we also noticed
their decrease in size upon moderate flow treatment. It has been suggested that size
of lysosomal compartments could be a readout of lysosomal differential functioning
(Araujo et al., 2020). Thereby, it could be interesting to investigate with better
resolutive approaches (for example CLEM), whether upon flow, circulating tEVs are
redirected towards endolysosomal compartments of different sizes and if this is linked
to different pH levels.

Overall, the redirection of circulating tEVs towards less acidic and less degradative
compartments could greatly impact their capacity to deliver their message to receiving
cells and therefore affect their function on endothelial cells. On one hand, acidification
of endolysosomal compartments is required for activity of lysosome hydrolases and
therefore its degradative function (Ballabio and Bonifacino, 2020). On the other hand,
it has also been suggested that acidification allows efficient EVs cargo release into
recipient cells cytosol supposedly via back-fusion of EVs and endosome membranes
(Joshi et al., 2020; Bonsergent et al., 2021). Another recent study showed that pH-
sensitive and pH-insensitive liposomes can be both internalized by brain endothelial
cells via classical endolysosomal pathway but undergo different fates (Reginald-Opara
et al., 2022). PH-sensitive ones could preferentially release their cargo into the cell

cytosol, potentially through back fusion with acidic endolysosomal compartments.
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Conversely, pH-insensitive liposomes treated endothelial cells showed increased
retention of these liposomes inside endolysosomal compartments. Authors suggested
that part of them can be exocytosed together with endogenous EVs as intact liposomes
(the other part being fused with endogenous EVs), illustrating a transcytosis event.
This study suggests that pH levels in endosomal compartments mediates the fate of
internalized particles (degradation, cargo transfer or re-secretion) (Reginald-Opara et
al., 2022). Of note, other studies already showed the capacity of endothelial cells to
redirect part of internalized EV toward re-secretion fate. This mechanism was
suggested to mediate transcytosis events and EVs crossing of the blood brain barrier
(Morad et al. 2019). However, potential re-secretion remains to be investigated in our
models.

Overall, this alternate trafficking in presence of flow could really modify tEVs
capacity to deliver their message to endothelial cells. To investigate this question,
during my thesis | tried to adapt to my microfluidic model, a bioluminescent assay,
developed to monitor EVs cargo transfer to receiving cells via cytoplasmic release
(Somiya and Kuroda, 2021). This bioluminescent reporter assay is based on a split-
luciferase called NanoBit system. EVs secreting cells (in my case 4T1 cells) express
a small luminescent tag (HiBit) that can complement a large subunit of luciferase
(LgBit) expressed in recipient cells (in my case Huvec or VHUVEC) and induce
detectable luminescent signal. | controlled that the transient co-expression of the two
parts of the luciferase (HiBit and LgBit) in endothelial cells (HUVEC) was able to
produce detectable luminescence in 96-wells plate and in microfluidic channels
(luminescence detected by plate reader and IVIS Spectrum in vivo imaging system
respectively) (Figure 16A and 16B). In a parallel control, | transiently expressed LgBit
construct in stable 4T1-HiBit cells and detected correct level of luminescence (Data
not shown). Together these results showed that the complementation between HiBit
and LgBit is able to produce luminescence. The HiBit tag was fused with either the
VSVG protein, or with peptides described to favor EVs targeting: the CAAX sequence
and the EXOSignal sequence (Garcia-Martin et al., 2022) to increase EVs loading. |
treated HUVEC cells transiently expressing LgBit construct with different amount of
4T1-Hibit-EVs or with PBS but none of the concentrations allowed detection of
luminescence after 6h of treatment (Figure 16A graph). | tried a similar approach in
microfluidic channels seeded with vHUVEC cells stably expressing LgBit construction
fused with a GFP proteins to confirm presence of the LgBit subunit. Yet, here again,
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even high concentrations of 4T1-HiBit-EVs did not give any bioluminescent signal
significantly different from the control condition treated with PBS (Figure 16C).
However, | could not detect VSVG in EVs (Figure 16D-E) (and | had no way to verify
the presence of CAAX-HiBit or EXOSignal-Hibit) suggesting an inefficient loading of
Hibit in EVs. This could explain the impossibility to complement LgBit subunit upon
EVs treatment of LgBit expressing vVHUVEC. Therefore, | was unable to validate the
split-luciferase assay in my system. In the future it will be necessary to adapt new EVs
cargo delivery reporter assay in our microfluidic system (Bonsergent et al., 2021). This
would allow to determine whether the presence of flow affects capacity of tEVs to
transfer their messages to recipient cells.

199



A Transfected HUVEC

- —————

4T1-EV-

oy i\

- ————
N ————

C Stable expression
of LgBit

PBS
250- 4T1Hibit-2,5x10°
D No transfection 4T1Hibit-5X108
5:\ 2004 HiBit+LgBit double Transfection ATAHibit-10x10°
< LgBit Transfection
- ] g ' 4T1Hibit-15x10°
g 1507 PBS
[0}
[&]
1]
2 NS NS
E 100+ EV 4T1EV 4T1
S D 7Hibit Nat
kel
o 501 ’j:q
C T T ; T T T ; .I _75 kD
PBS PBS 2510° 1.40° PBS 25.10°
T— B vsvGY 63KD
4T1-HiBit-EV 4T1-HiBit-EV -
T X T X
E §,9 §3,¢9
No transfection HiBit+LgBit double 2 o X 4 ‘g_g) > @
s L5 55 Lo
$555 55353
FfFrfrs T T=
A S8 S <
Y Y ¥ A
75kD - [
i b
» ol “W-
v %
'
VSVG VSVG = |
EV Cell
Luminescence extract extract
MIIII|IIII|IIII|m
2000 4000 6000 8000 10000 12000
Min=676
Max=12463

Figure 16: Split-luciferase reporter assay. A) Huvec cells transiently expressing LgBit subunit
are treated with different concentrations of tEV (in particles/mL) produced by Hibit expressing 4T1
cells (4T1-HiBit-EV). PBS treatment and double transient transfection of Hibit and LgBit subunits
in Huvec cells are used as negative and positive controls respectively. Bioluminscence is detected
by plate reader. B) Double transient transfection of HiBit and LgBit in Huvec cells seeded in
microfluidic channel compared to untransfected cells. C) Different treatments of stably expressing
LgBit vHuvec cells with 4T1-Hibit-EV or PBS. D and E) Western Blot of VSVG proteins tEVs (D)
or tEVs and cell extracts (E) from native 4T1 cells or stable 4T1 cell lines expressing different HiBit

constructs.
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Circulating tEVs function on endothelium; potential effect on PMN formation

Since tEVs can have a huge impact on endothelium biology (see introduction),
we decided to explore circulating tEVs effect in functional studies. We previously
showed in priming experiments, that circulating tEVs enhanced metastatic formation
but did not provide further evidence of an explanatory mechanism. | investigated more
thoroughly the impact of circulating EVs on the endothelium by transcriptomics. While
the treatment with tEVs affects endothelial gene expression in both cases (in static and
in flow condition), the signature is significantly different. Our results showed that a
combined treatment with flow and tEVs activates an overexpression of transcription
factors associated with pro-angiogenic activity (e.g. ID1, ID2, ID3, MAFB, Runx1 and
HES1) and genes belonging to two signaling pathways, Notch and TGFR, known to
promote angiogenesis (Sheldon et al., 2010; Achyut and Yang, 2011; Costanza et al.,
2017). While still very hypothetical, this differential tEVs response upon flow treatment
could indeed support that presence of a moderate flow tune tEVs function on
endothelium and do it via several potential mechanisms. First, we can imagine that
redirection toward less degradative compartments increases tEVs half-life inside
recipient cells, potentializing their opportunity to deliver their message in endothelium
either through cargo transfer or via direct signaling from endosomes. Interestingly, both
Notch and TGFR pathways can be activated either directly from the plasma membrane
or from within endosomes. This was shown for EV bearing inactive forms of TGFR that
become active inside endosomes compartments, activating endosomal TGFR
receptors (Shelke et al., 2019). To test this hypothesis, we could perform time-lapse
analysis of circulating tEVs inside endothelial cells (for example with the
CD63pHIurinmSacrlet construction) and monitor their residency time on different
compartments. Second, since acidification of endolysosomal compartments promotes
EVs cargo transfer (Bonsergent et al., 2021, Joshi et al., 2020), we can imagine that
upregulation of lysosomal pathways, acidity regulators and increased number of
LysoTracker and Cathepsin B positive compartments, potentially enhance efficiency
of tEVs message delivery.

The pro-angiogenic signature induced by the combined action of EVs and blood
flow is closely related to Notch and TGFR pathways (e.g. Hey1, Hey2, JAG1, Smad6,
Smad7, Bambi, PMEPA, Nog) which are known to be involved in EV-mediated
angiogenesis events (Sheldon et al., 2010; Achyut and Yang, 2011; Costanza et al.,
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2017). In addition, TGFR activation also increases inflammation and permeabilization
in the endothelium (Chen et al., 2019). In our case, we do not know which potential
tEV cargo can trigger this endothelial response. Yet, we know, through proteomic
analysis (Ghoroghi et al., 2021) that our tEV, contain TGFR regulators such as Smad5,
Smurf2 and notably TGFR type Il receptor. The later was shown to be transferred via
tEV and sufficient to activate TGFR pathway in recipient cells and impact metastasis
(Xie et al., 2022). We found that Smad6 and Smad7 are upregulated in our model.
These two proteins have an inhibitory effect of the canonical TGF R} pathway. However,
activation of the TGFR pathway can lead to increased Smad6 and Smad7 expression
via negative feedback loop. Besides, TGFR signaling also includes non-canonical
pathways that involve different actors (Achyut and Yang, 2011; Costanza et al., 2017).
Thereby, it will be interesting to test in our model the activation of the TGFR pathway,
not only by investigating the phosphorylation of Smad2/3 proteins which are the main
regulators of the canonical pathway, but also the phosphorylation status of non-
canonical pathways components (e.g AKT).

Using an adapted and established tumor-induced angiogenesis assay (Nicoli
and Presta, 2007), we confirmed this pro-angiogenic activity of circulating tEVs in vivo
in the zebrafish model. Our results showed that injection of tEVs in zebrafish-bearing
tumor mass promotes formation of neo-vascular sprouts from sub-intestinal vessels
compared to PBS injections. While pro-angiogenic activity of tEVs was already shown
in vitro and in vivo (Todorova et al., 2017), we confirmed their effect in a relevant
hemodynamic context. Additionally, our results suggest that this environment could
favor this tEV-mediated pro-angiogenic activity. In this model, it is possible that tumor-
derived factor could synergically function with the injected circulating tEVs to
potentialize this pro-angiogenic activity. This hypothesis is compatible with our results
showing less neo-sprouts when zebrafish are only injected with PBS.

An increased angiogenic activity is one of the characteristics of the PMN.
Hence, circulating tEVs, at a distant site, could trigger an angiogenic activity supporting
PMN formation (Peinado et al., 2017). Additionally, hemodynamic forces enhance
circulating tEVs arrest at the same location they induce endothelial remodeling and
facilitate CTC extravasation through the highjack of pro-angiogenic program in
endothelial cells (Follain et al., 2018, 2021). tEV are known actors of tumor-related
endothelial regulation (Kugeratski et al., 2022). Thereby, we suggest that, at these

sites, circulating tEVs could support this endothelial remodeling and CTC
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extravasation, via their own pro-angiogenic activity. Finally, tumor-induced newly
formed vessels are usually more permeable and abnormal. Thereby, it is possible that
disturbed and low flow regimes created locally by these vessels or sprouts could
increase later tEV accumulation. This could potentialize their effect, enhancing further
vessel formation and ultimately could facilitate the subsequent vascularization of
secondary foci, supporting metastatic growth. This could also happen after the

formation of a secondary tumor, allowing their nutrient supply.

Altogether the work done during my PhD showed for the first time that the low
flow profiles together with the molecular interactions between circulating tEVs and
endothelium mediates arrest, uptake and functions of circulating tEVs. Therefore,
circulating tEVs-mediated function will vary depending on the vasculature region. In
addition, the zebrafish model (notably the venous region) reproduces quite well
hemodynamic profiles (in terms of flow speed and shear stress) that can be measured
in mice and human lungs, liver, brain or bone marrow (Follain et al., 2020). Notably in
these organs, we can find low speed/shear regions matching hemodynamic
parameters that | identified in my work as optimal for circulating tEVs arrest and uptake.
Interestingly, these organs/regions are also hotspots of circulating tEVs arrest and
PMN formation in animal models (Smyth et al., 2015; Fong et al., 2015; Xu et al., 2018),
supporting our findings. Further investigations will be needed to entirely characterize
underlying mechanisms in flow mediated effects identified in this work. Nonetheless, it
could pave the way for further research about circulating tEVs behavior in circulation
and more importantly in tumor progression and the apparition of PMN. Additionally, it
could also bring lights on the importance of the hemodynamic part of EVs biology in

other pathophysiological processes mediates by EVs.
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SUMMARY

Tumor extracellular vesicles (EVs) mediate the
communication between tumor and stromal cells
mostly to the benefit of tumor progression. Notably,
tumor EVs travel in the bloodstream, reach distant
organs, and locally modify the microenvironment.
However, visualizing these events in vivo still faces
major hurdles. Here, we describe an approach for
tracking circulating tumor EVs in a living organism:
we combine chemical and genetically encoded
probes with the zebrafish embryo as an animal
model. We provide a first description of tumor EVs’
hemodynamic behavior and document their intravas-
cular arrest. We show that circulating tumor EVs are
rapidly taken up by endothelial cells and blood
patrolling macrophages and subsequently stored in
degradative compartments. Finally, we demonstrate
that tumor EVs activate macrophages and promote
metastatic outgrowth. Overall, our study proves the
usefulness and prospects of zebrafish embryo to
track tumor EVs and dissect their role in metastatic
niches formation in vivo.

INTRODUCTION

Over the past two decades, extracellular vesicles (EVs) have
emerged as novel mediators of cell-cell communication due to

their capacity to carry functional molecules coupled with their
ability to travel in biological fluids (Raposo and Stoorvogel,
2018). EVs are heterogeneous in content and origin, as they
can either arise from plasma membrane budding (then called mi-
crovesicles) or originate from a late endosomal compartment,
the multi-vesicular body (MVB) (i.e., exosomes) (van Niel et al.,
2018). EVs are known to be important in tumor progression
and metastasis, where the complex tumor microenvironment
requires a permanent cross-communication between cells
(Hyenne et al., 2017). EVs secreted by tumor cells are enriched
in pro-tumoral and pro-metastatic factors (proteins, mRNAs,
miRNAs, and other non-coding RNAs) and can modify the
phenotype of both tumor and stromal cells, mostly to the benefit
of tumor growth and metastasis formation (Hyenne et al., 2017).
For instance, tumor EVs were shown to transfer oncogenic traits
from more aggressive to less aggressive tumor cells (Al-Nedawi
et al., 2008). Importantly, tumor EVs can differentiate macro-
phages or fibroblasts into tumor-associated macrophages or fi-
broblasts, thereby promoting tumor growth and invasion (Chow
et al,, 2014; Gu et al., 2012; Paggetti et al., 2015). This pro-met-
astatic EV-mediated communication can occur within the pri-
mary tumor or at distance in physically far-off organs (Peinado
et al.,, 2017). Remarkably, repeated injection of EVs isolated
from metastatic cells into the mouse blood circulation induces
the formation of a pre-metastatic niche, even in the absence of
tumor cells (Costa-Silva et al., 2015; Grange et al., 2011; Hoshino
et al., 2015; Liu et al., 2016; Peinado et al., 2012). The ability of
circulating tumor EVs to alter the microenvironment of a given or-
gan is particularly relevant with regard to (1) the increased
amounts of tumor EVs present in the blood circulation of patients
with cancer (Baran et al., 2010; Galindo-Hernandez et al., 2013;
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Logozzi et al., 2009), and (2) the fact that elevated levels of EV
proteins have been associated with poor prognosis in metastatic
melanoma patients (Peinado et al., 2012). Therefore, it is crucial
to precisely understand the mechanisms governing tumor EV
dispersion and uptake in the blood circulation.

However, local or distant dissemination of tumor EVs has only
been sparsely characterized in living organisms (Hoshino et al.,
2015; Lai et al., 2015; Pucci et al., 2016). In particular, how EVs
circulate in the blood flow and how specifically they are internal-
ized by stromal cells during the priming of pre-metastatic niches
remain poorly understood. EVs are nanoscale objects and are
thus difficult to track in vivo. Moreover, mouse models are not
fully suited for real time and in vivo EV tracking. In mice, EVs
can either be followed after bulk injections (Lai et al., 2014; Taka-
hashi et al., 2013) or with increased resolution through intravital
imaging procedures (Lai et al., 2015; Van Der Vos et al., 2016;
Zomer et al., 2015). However, such approaches have not yet
been able to describe the behavior of tumor EVs in the blood cir-
culation. An ideal animal model suited to accurately dissect the
behavior of tumor EVs in vivo would allow their tracking in the cir-
culation and their uptake and, at the same time, be amenable for
modeling tumor and metastasis progression.

Interestingly, the zebrafish embryo largely complies with all
these needs. Indeed, zebrafish has recently emerged as a potent
model in cancer biology (White et al., 2013). The molecular path-
ways driving cancer progression and the anatomo-pathological
features of tumorigenesis are essentially conserved between
human and fish. In addition, the zebrafish embryo is transparent,
possesses a stereotyped vasculature, a maturating immune sys-
tem and is therefore perfectly suited for intravital imaging with
high spatial and temporal resolution. For these reasons, the ze-
brafish embryo appears as an adequate model to study tumor
EVs in vitro.

Here, we show that zebrafish melanoma EVs are similar to
human melanoma EVs and demonstrate how their fate can
be tracked in the zebrafish embryo. For efficient staining of
EVs, we used MemBright, a recently developed cyanine-based
membrane probe with improved brightness and specificity
(Collot et al., 2019). Using this tool, and EVs from genetically
engineered cells in parallel, we provide the first description of
EVs’ dynamics in the blood circulation. We subsequently exam-
ined the transit routes and arrest sites of tumor EVs and iden-
tified endothelial cells and patrolling macrophages as major
EVs-recipient cells. Importantly, these cells have also been
identified in a parallel study describing endogenous EVs disper-
sion in the zebrafish embryo (Verweij et al., 2019). We further
show that these cell types have increased uptake efficiency
toward tumor EVs, and found that patrolling macrophages
internalize tumor EVs through at least two distinct endocytic
mechanisms, before storing them in acidic compartments. Us-
ing correlated light and electron microscopy (CLEM), we pre-
cisely identified the cells uptaking EVs and finely described
their morphology as well as the storage or degradative com-
partments at the electron microscopy level. In addition, we
demonstrate that it is possible to track naturally released EVs
in vivo in the zebrafish embryo using either pre-labeling with
MemBright or genetically engineered cells. Finally, we show
that melanoma EVs activate macrophages and promote meta-
static outgrowth in zebrafish.

2 Developmental Cell 48, 1-19, February 25, 2019

RESULTS

Zebrafish Melanoma EVs Are Similar to Human and
Mouse Melanoma EVs

To study tumor EVs in zebrafish, we first characterized EVs
released by a melanoma cell line (Zmel1) derived from a trans-
genic mitfa-BRAF(V600E);p53(—/—) zebrafish line (Heilmann
et al., 2015) (Figure 1A). EVs were isolated from a cell culture su-
pernatant following an established protocol of differential centri-
fugation (Théry et al., 2006), and EVs present in the 100.000 g
pellet were characterized by nanoparticle tracking analysis
(NTA) and electron microscopy. We found that Zmel1 EVs have
an average diameter of 150 nm in solution and 90 nm after chem-
ical fixation (Figures 1B and 1C). Subsequently, we character-
ized the protein content of these EVs by mass spectrometry
and identified 794 proteins present in Zmell EVs (Table S1A).
This list includes several proteins typically found in extracellular
vesicles, such as ALIX, CD81, Flotillin 1, TSG101, CD9, RalA,
Hsc70, HSP90, syntenin 2, integrins 5 and B1, and others (of
note, CD63 was absent from Zmell EVs) (Figure 1D; Table
S1A). We then wondered whether the content of zebrafish mela-
noma EVs was comparable to the ones of human or mouse mel-
anoma EVs. We compared proteins present in Zmel1 EVs with
proteins identified in the EVs isolated from six human (451-LU,
SK-Mel28, SK-Mel147, SK-Mel103, WM35, and WM164) (Tables
S1B-S1G) and three mouse (B16-F0O, B16-F1, and B16-F10)
(Tables S1H-S1J) melanoma cell lines. Protein content compar-
ison revealed that 65% and 40% of Zmel1 proteins were also
identified in human or mouse melanoma EVs, respectively (Fig-
ure 1E). Zmel1 EVs are closer to human melanoma EVs than to
mouse melanoma EVs. We identified a core list of 82 proteins
found in melanoma EVs from either zebrafish, mice, or human
(Table S1K). Altogether, these data demonstrate that Zmell
EVs derived from an established zebrafish melanoma cell line
are highly similar to mammalian melanoma EVs and therefore
constitute a good model to study human melanoma EVs.

In addition, we compared proteins present in Zmel1 EVs with
proteins present in two other types of zebrafish EVs identified
in a parallel study (Verweij et al., 2019). First, 17% of Zmel1
EVs proteins are also present in EVs from AB9 fibroblastic cell
line (Table S1L). Then, we compared Zmel1 EVs with CD63-pos-
itive EVs secreted by a zebrafish embryonic epithelium, the yolk
syncytial layer (YSL), and isolated from zebrafish embryos (Ver-
weij et al., 2019). Interestingly, we found a relatively low similarity
between these two types of zebrafish EVs (1-2% of Zmel1 EV
proteins are present in YSL CD63+EVs; 10% of YSL CD63+EV
proteins are present in Zmell EVs) (Table S1M). This difference
illustrates the cell-type specificity of EV cargo enrichment. How-
ever, the mechanism of biogenesis of these two EV types could
be partially similar, as 5 of the 12 proteins common to Zmel1 EVs
and YSL EVs have been shown to affect, positively or negatively,
exosome secretion in mammalian cells: TSG101, ALIX, Syntenin
2, Flotillin 1, and Rab2 (Baietti et al., 2012; Colombo et al., 2013;
Okabayashi and Kimura, 2010; Ostrowski et al., 2010).

The MemBright Dye Specifically and Brightly Labels
Tumor EVs

In order to fluorescently label Zmel1 EVs and follow them in vivo,
we used new membrane probes, MemBright (Collot et al., 2019).
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Figure 1. EVs Secreted by Zmel1 Zebrafish Melanoma Cells Are Similar to Mouse and Human Melanoma EVs

(A) Zebrafish melanoma EVs were isolated from Zmel1 cells by differential centrifugation (Heilmann et al., 2015).

(B) Histogram of a nanoparticle tracking analysis of Zmel1 EVs showing the number of EVs (y axis) versus their diameter (nm, x axis).

(C) Electron microscopy images of Zmel1 EVs and a histogram showing the percentage of total EVs (y axis) versus their diameter (nm, x axis).

(D) lllustration of some of the classical EV proteins present among the 794 proteins identified in ZMel1 EVs by mass spectrometry (see Table S1).

(E) Histogram showing the percentage of Zmel1 EVs proteins common with EV proteins from various human or mouse cell lines (using human orthologs).

They differ significantly from existing commercial dyes because
they bear two amphiphilic groups composed of zwitterions and
alkyl chains, which insert the dye into the membrane bilayer (Fig-
ure 2A). Moreover, MemBright is available in several colors,
which therefore enables multi-color approach in EV imaging (Fig-
ures S2G-S82l). To assess the value of MemBright in EV labeling,
we first globally compared the MemBright-labeled EVs to iden-
tical EVs labeled with PKH-26, a commercially available and
widely used dye for EV labeling (Hoshino et al., 2015; Imai
et al.,, 2015). Zmell EVs were incubated with MemBright-Cy3
(at 0.2 uM) or with PKH-26 (at 2 uM, according to manufacturer’s
instructions), washed and isolated by ultracentrifugation. Using
fluorescence spectroscopy, we observed that PKH-labeled

EVs display a broad absorption spectrum, with a blue shifted
peak typically indicating the presence of H-aggregation (Fig-
ure 2B) (Wurthner et al., 2011). By contrast, MemBright-labeled
EVs show an absorption spectrum identical to the solubilized
form of the probe (Figures 2B and S1A), revealing that the
MemBright is efficiently embedded in EV membranes.
MemBright-labeled EVs are as bright as PKH-labeled EVs even
though the MemBright was 10-fold less concentrated than
PKH (Figures 2B, 2C, and S1D). When both dyes were used at
similar dilutions (0.2 pM), the MemBright labeled EVs were
much brighter than the PKH ones (Figure S1E). Indeed,
MemBright displays >20-fold higher quantum vyield than the
PKH: 0.42 versus 0.02 (Table S2). Since MemBright-Cy3 and
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Figure 2. EVs Can Be Brightly and Specifically Labeled with MemBright

(A) Molecular structure of the membrane binding probe MemBright.

(B) Histograms showing a spectroscopy analysis of MemBright (MB) and PKH labeled Zmel1 EVs describing the absorbance (left histogram, y axis) and the
fluorescence intensity (right histogram, y axis) versus the wavelength (nm, x axis). Arrows indicate the presence of PKH aggregates in labeled EVs (left) as well as

in control PKH alone (right).

(C) Zmel1 EVs labeled with MemBright Cy3 (MBCy3) observed by Epifluorescence (upper) and confocal (lower).
(D) Electron microscopy of non-labeled (upper) and labeled (lower) Zmel1 EVs and histogram showing the percentage of labeled and non-labeled Zmel1 EVs

(y axis) versus their diameter (x axis, nm) by electron microscopy (right graph).

(E) Nanoparticle tracking analysis of MemBright-labeled and non-labeled Zmel1 EVs showing the number of EVs (y axis) versus their diameter (nm, x axis).

PKH26 contain the same Cy3-based fluorophore, such remark-
able difference in the quantum yield suggests inefficient parti-
tioning of PKH into EV membranes. This poor partitioning
probably arises from the aggregation of PKH in aqueous media,
in line with characteristic short-wavelength shoulder in the ab-
sorption spectrum in the samples of EVs (Figure S1B). This is
not the case for MemBright. Interestingly, a similar spectro-
scopic experiment conducted without EVs reveals the presence
of a red-shifted fluorescence peak with PKH alone but not with
MemBright alone (Figure S1C). These fluorescent PKH aggre-
gates have an average diameter of 80 nm (+ 10 nm), as analyzed

4 Developmental Cell 48, 1-19, February 25, 2019

by fluorescence correlation spectroscopy (FCS), which is in the
range of EVs and therefore could lead to artifacts. To comple-
ment these studies, we analyzed MemBright-labeled EVs by
electron microscopy and NTA and found that neither their
morphology nor their size was affected, when compared to
non-labeled EVs (Figure 2D). Importantly, no larger size aggre-
gates were detected in MemBright-labeled EVs (Figure 2E).
Finally, we demonstrated the versatility of MemBright by labeling
EVs isolated from 4T1 mouse mammary carcinoma cells. Spec-
troscopy (Figure S1B; Table S2) and electron microscopy
analysis (data not shown) confirmed the advantages of the
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MemBright probes. Furthermore, separation of MemBright-labeled
4T1 EVs by density gradient revealed that the majority of the fluo-
rescent MemBright is present in the fractions where most EVs are
found, as confirmed by the presence of ALIX and TSG101 (Fig-
ure S1F). Altogether, these experiments prove that labeling EVs
with MemBright does not lead to soluble fluorescent aggregates
that can be confounded with labeled EVs. In addition, given its
high quantum yield, MemBright can be used at a relatively low con-
centration to efficiently label isolated EVs.

Tumor EVs Can Be Individually Tracked in the Living
Zebrafish Embryo

We next investigated whether MemBright labeling could be
used for tracking tumor EVs in vivo. We injected zebrafish em-
bryos at 2 days post-fertilization with MemBright-labeled EVs in
the blood circulation. Fluorescent EVs were observed essen-
tially in the tail region of the embryo, which is composed of
the dorsal aorta and the venous caudal plexus (Figure 3A). Mi-
nutes following injection, we observed several fluorescent EVs
that were either still flowing or that were already arrested along
the endothelium (Figure 3A; Video S1A). We first assessed the
apparent size of EVs by comparing them to 100 nm fluorescent
polystyrene beads. In vitro and upon injection in the circulation
of zebrafish embryos, we found that MemBright-labeled EVs
and 100 nm fluorescent beads display similar apparent sizes,
which correspond to the resolution limits of confocal micro-
scopy (Figures S2A-S2D). Furthermore, MemBright-labeled
EVs do not adhere to red blood cells (RBCs), and no leakage
of MemBright from EVs to RBCs could be observed in vitro
or in vivo (Figures S2E and S2F). These observations suggest
that MemBright in combination with our microscopy set-up
allow imaging of fluorescent objects of the size of an individual
EV. At this stage, however, we cannot assess whether bigger
spots result from bigger EVs or clusters of small EVs. In addi-
tion, MemBright can be used to co-inject different types of
EVs labeled with different colors (Cy3, Cy5) and specifically
track their fate. As a proof of concept, we co-injected Zmel1 tu-
mor EVs (labeled with MemBright-Cy5) with 4T1 mouse tumor
EVs (labeled with MemBright-Cy3) in zebrafish embryos and
observed both specific localizations for each EVs population
as well as a common uptake in isolated cells (Figures S2H
and S2I). This suggests that MemBright could be used to follow
specific internalization routes of distinct types of EVs that might
be on the basis of their function and message delivery.

We then aimed to describe the over-looked behavior of tu-
mor EVs in the blood circulation. To do that, we performed
high-speed confocal acquisitions of flowing tumor EVs (and
of co-flowing RBCs) in different regions of the vasculature of
living zebrafish embryos (Figure 3A; Videos S1B and S1C).
When tracking both tumor EVs and RBCs, we first found that
EVs have a higher velocity in the aorta than in the caudal veins,
in accordance with the hydrodynamic profiles previously
described in this region of the zebrafish embryo vasculature
(Figure 3B) (Follain et al., 2018a). Second, when analyzing co-
motion of tumor EVs and RBCs in a single vessel, we noticed
that EVs have a reduced velocity compared to RBCs. These
observations are not restricted to Zmel1 EVs since 4T1 EVs
display a higher velocity in the dorsal aorta than in the caudal
veins but a slower velocity than RBCs (Figures 3C and 3D).
Interestingly, we observed that the hemodynamic behavior of
tumor EVs differs in regions close to the vessel wall, from which
RBCs are mostly excluded. Indeed, when we plotted the veloc-
ity of tumor EVs as a function of their position with regards to
vessel walls, we observed that tumor EVs explore the vicinity
of vessel walls with a reduced velocity (Figures 3C and 3D).
Thus, it seems that tumor EVs follow a Poiseuille flow, which
predicts that objects displaced by a laminar flow would have
a reduced velocity because of frictional forces, along the
border of the vessel wall. Such a behavior, in addition to their
potential adhesive capacity, could thus favor the arrest of tu-
mor EVs. Indeed, individual inspection of EVs in close proximity
to the vessel wall reveals that they are either flowing, rolling on
the surface of the endothelium, or arresting (Figure 3E). We
observed arrest of EVs following a rolling behavior, suggesting
that it could be driven by progressive activation of adhesion
molecules, as well as the sharp arrest of flowing EVs, without
a rolling phase (Video S2). A very similar behavior was
observed for endogenous EVs (Verweij et al., 2019). Altogether,
we provide the first accurate description of circulating tumor
EVs in the vasculature.

In addition, we used a complementary genetic approach. We
expressed Syntenin2 (a major cargo detected in Zmel1 EVs by
mass spectrometry, Figure 1D) fused to GFP in Zmell cells
and showed that these cells secrete GFP-positive EVs (Figures
3F and 3G). Upon intravascular injection in zebrafish embryos,
the Syntenin2-GFP EVs can be tracked in the circulation similar
to MemBright-labeled EVs (Figures 3H and 3l). Altogether, we
document that both genetically and chemically labeled tumor

Figure 3. Hemodynamic Characterization of Individual EVs Tracked in the Circulation of Zebrafish Embryo

(A) Experimental setup used to track circulating EVs: two days post-fertilization zebrafish embryos are injected in the duct of Cuvier with fluorescent EVs (left) and
observed in the caudal plexus with high-speed confocal microscopy. Middle: Z projection of MemBright-Cy3 Zmel1 EVs in the caudal plexus right after injection.
Right: schematic representation of the caudal plexus showing the direction of the blood flow in the dorsal aorta (pink) and the venous plexus (blue).

(B) Individual tracks of red blood cells (RBC) or Zmel1 EVs in the dorsal aorta (DA, left) and in the caudal vein (CV, right).

(C) Upper: Individual tracks of red blood cells (RBC) or 4T1 EVs in the CV. Lower: Zoom on individual tracks of red blood cells (RBC, right) or 4T1 EVs (left) in the CV
in proximity of the vessel wall (white lines). (B) and (C): Color coding represents velocities.

(D) Left: histogram showing the velocity (y axis, pm/s) versus the time (x axis, AU) of RBCs (red) and EVs (black) in the CV. Right: histogram showing the velocity
(y axis, um/s) versus the distance to the vessel wall (x axis, pm) of RBCs (red) and EVs (gray) in the CV.

(E) Examples of individual EVs rolling (left) or arresting (right) in the circulation of the CV.
(
(

F) Schematic representation of Zmel1 cells expressing Syntenin2-GFP.

G) EVs isolated from Zmel1 Syntenin2-GFP cells and labeled with MemBright; the diagram indicates the colocalization between GFP and MemBright (mean and

standard deviation).

(H) Temporal projection of a time-lapse of Tg(Fli:Gal4, UAS:RFP) embryos injected with Zme1 Syntenin2-GFP EVs imaged immediately after injection.
(I) Z-projection of Tg(Fli:Gal4, UAS:RFP) embryos injected with Zme1 Syntenin2-GFP EVs imaged 1h after injection.
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Figure 4. Zmel1 EVs Are Mainly Taken Up by Endothelial Cells, Macrophages, and Hematopoietic Stem Cells but Not by Neutrophils
(A) Confocal images of MemBright-Cy3 labeled Zmel1 EVs 3 h post-injection (hpi) in Tg(Fli1:GFP) embryos (endothelium specific expression). The upper panels
were stitches from several individual images to allow a large region to be visualized.

(legend continued on next page)
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EVs can be tracked in the bloodstream of zebrafish embryos, al-
lowing the study of their hemodynamic behavior and intravas-
cular arrest.

Circulating Tumor EVs Are Mostly Taken Up by
Endothelial Cells and Patrolling Macrophages
How circulating tumor EVs target specific cell types at distance
remains a mystery, mostly because this step could not be
captured before. Here, most of the tumor EVs are found arrested,
exclusively in the tail region of the fish, only 10 to 15 min following
injection (Figure 4A). In addition, we found that most of the up-
take by endothelial cells occurs in the venous region (Figure 4B),
suggesting that the permissive flow profiles of this particular re-
gion favor arrest and uptake of tumor EVs, as they do for circu-
lating tumor cells (Follain et al., 2018a). Syntenin2-GFP EVs
arrest similarly in Tg(Fli:Gal4, UAS:RFP) embryos (Figure 3l)
and similar observations have been done for endogenous EVs
(Verweij et al., 2019). To assess which cell types could uptake
tumor EVs, we used four transgenic zebrafish lines with different
tissue-specific fluorescent expression Tg(Fli1:GFP) for the
endothelium (Figure 4A), Tg(mpeg1:GFP) for macrophages (Fig-
ure 4D), Tg(mpo:GFP) for neutrophils (Figure 4E), and Tg(gatal:
dsRed) for RBCs and putative hematopoietic stem cells (Fig-
ure 4F). We found that tumor EVs are rapidly taken up by endothe-
lial cells, macrophages, and immobile Gatal-positive cells
(putative hematopoietic stem cells) but not by neutrophils that
are known to have a reduced phagocytic activity (Figures 4A,
4D, 4E, and 4F) (Le Guyader et al., 2008). Embryos injected with
the MemBright dye alone do not show any signal that could arise
from soluble fluorescent aggregates (Figure S3). In addition,
endothelial cells and macrophages take up equivalent propor-
tions of Zmel1 EVs, 43% (n = 19 fish) and 38% (n = 11) respec-
tively. Together, this represents the large majority of arrested
EVs in the zebrafish embryo at that stage. Importantly, a similar
behavior is observed for endogenous CD63-positive EVs (Verweij
et al., 2019), suggesting again that circulating EVs of different or-
igins share common mechanisms of arrest in vivo. Interestingly,
although inert polystyrene beads and non-tumoral EVs (from
AB9 zebrafish fibroblasts) can be taken up by macrophages
and endothelial cells, they show a reduced accumulation
compared to Zmel1 EVs (Figures 4C and 5C). This suggests that
both unspecific and specific uptake mechanisms co-exist in vivo.
In mice, tumor EVs are internalized by different types of mono-
cytes and macrophages (Whiteside, 2016). In the zebrafish em-
bryo, we noticed that tumor EVs are mostly taken up by small
round mpeg1-positive cells (Figures 5A and 5B). In non-injected
embryos, these round cells are in direct contact with the blood
flow (Figure 5A), which they scan using long protrusions (Fig-
ure 5D; Video S8). They also display a reduced velocity (Fig-
ure 5E; Video S4). Therefore, the morphology, location, and

dynamics of these cells are reminiscent of patrolling monocytes,
which are known to play an important role in tumor progression
and metastasis in mice and humans (Auffray et al., 2007; Carlin
et al., 2013; Hanna et al., 2015). To confirm this observation
and gain insight into the ultrastructure of these cells, we used
our established CLEM procedure (Goetz et al., 2014; Karreman
et al.,, 2016b) in Tg(mpeg1:GFP) embryos injected with tumor
EVs labeled with MemBright-Cy3 (Figure 5F; Video S5). We tar-
geted two typical mpeg1:GFP positive cells that have taken up
circulating tumor EVs in the living zebrafish embryo (see STAR
Methods; Figures S4A and S4B). Fine segmentation of EM im-
ages revealed that macrophages localize in a cavity of the lumen
of the vessel, where they form tight contacts with the endothe-
lium and extend wide protrusions in the lumen (Figure 5F; Video
S5). Interestingly, the region of the endothelium that contacts the
macrophages is enriched of endocytic structures, suggesting
active exchange between those two cell types (Figure 5G). The
macrophages that have taken up tumor EVs extend long and dy-
namic protrusions in the lumen of the vessel (Figures 5D and 5H),
as shown for patrolling monocytes in mice (Carlin et al., 2013).
Surprisingly, analysis of the serial sections reveals that their
height can be >3 um and that these protrusions are actually
forming large flat sheets deployed in the lumen. Altogether, our
data show that circulating tumor EVs are rapidly taken up by
patrolling macrophages in the zebrafish embryo, which suggests
that it can be used to track the mechanisms of delivery of tumor
EVs at high spatiotemporal resolution.

Internalized Tumor EVs Are Targeted to Late Endosomal
Compartments

To gain further insight into the mechanisms through which
patrolling macrophages uptake tumor EVs, we then imaged the
dynamics of circulating tumor EVs (Video S6A). On one hand,
EVs arrest at the surface of the macrophage and undergo a
slow internalization that can be tracked at optimal spatiotem-
poral resolution (Figures 6A and 6C; Video S6B). The timing of
this uptake (~ 30 s) is in the range of classical endocytosis (Fig-
ure 6A) (Idrissi and Geli, 2014; Taylor et al., 2011). On the other
hand, tumor EVs are first caught by a protrusion extending
from the macrophage, and then crawl back toward the cell
center before being internalized at the basis of the protrusion
(Figures 6B and 6C; Video S6C). This second mechanism of
internalization is significantly faster (< 5 s) (Figure 6C).

Next, we wondered which intracellular compartments are
targeted by uptaken EVs. For this, we incubated Tg(mpeg1:GFP)
zebrafish embryos with the LysoTracker to label late endosome-
lysosomes (LELs). Rapidly after injection, several Zmell EVs
already colocalize with LysoTracker, although the majority
does not (Figure 6D). This colocalization increases over time
and 3 h post-injection (hpi), most EV signal is found in

(B) Z-projections showing the borders of the dorsal aorta (DA) and the venous plexus (VP), and a histogram showing the EV fluorescence per surface in DA and VP

(mean and standard deviation; p < 0.0001; Mann-Whitney test).

(C) Quantification of the proportion of 100 nm polystyrene beads, fibroblasts AB9 Evs, or Zmel1 melanoma EVs taken up by endothelial cells 3 hpi (Zmel1 EVs Vs
beads: p = 0.015, unpaired t test; Zmel1 EVs Vs AB9 EVs: p < 0.0001, unpaired t test).

(D) Confocal images of MemBright-Cy3 labeled Zmel1 EVs 3 hpi in Tg(mpeg1:GFP) (macrophage specific expression).

(E) Confocal images of MemBright-Cy3 labeled Zmel1 EVs 3 hpi in Tg(mpo1:GFP) (neutrophil-specific expression).

(F) Confocal images of MemBright-Cy5 labeled Zmel1 EVs 3 hpi in Tg(Fli1:GFP; Gata1:RFP) (GFP: endothelium; GataT: red blood cells and hematopoietic

stem cells).

8 Developmental Cell 48, 1-19, February 25, 2019

252



Please cite this article in press as: Hyenne et al., Studying the Fate of Tumor Extracellular Vesicles at High Spatiotemporal Resolution Using the Zebra-
fish Embryo, Developmental Cell (2019), https://doi.org/10.1016/j.devcel.2019.01.014

CellP’ress

Figure 5. Circulating EVs Are Taken Up by Patrolling Macrophages
(A) Confocal Z projection images of MemBright-Cy3 labeled Zmel1 EVs injected in Tg(mpeg1:GFP) (left) with zoom on elongated macrophages devoid of EVs and
round macrophages accumulating EVs (right).

(legend continued on next page)
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endosome-lysosome compartments (Figure 6D). Of note, 24 hpi,
the MemBright signal is still visible and fully colocalizes with
LysoTracker (Figure 6D). Although this approach provides a dy-
namic view of EVs trafficking in zebrafish embryos, LysoTracker
labeling does not distinguish between MVBs, late endosomes,
and lysosomes. To complement this study, we again exploited
our established CLEM procedure on Tg(mpeg1:GFP) embryosin-
jected with tumor EVs (Figures 5F-5H and 6E). We generated a
3D model of MemBright-labeled EVs in each macrophage, based
on the confocal fluorescent data (called fluorescent 3D model,
Figure 6F, upper panel). In parallel, based on TEM serial sections
of the same cells, we segmented all the MVBs, late endosomes,
and lysosomes that we could locate, and generated a 3D model
of these compartments (called TEM 3D model) (Figure 6F, lower
panel; Video S5). When comparing the two models, we found that
the 3D model created from the fluorescent tumor EVs overlaps
with the model from serial TEM sections of LELs (Video S5).
This suggests that the internalized tumor EVs are stored within
these MVBs, LELs compartments that we imaged at high-resolu-
tion (Figure 6E, lower panels). Besides, close examination of the
EM stack revealed EVs present in the lumen of the vessel, in close
proximity of macrophage protrusions, as well as putative EVs
present in endosomes (Figures S4C-S4E). Altogether, this dem-
onstrates the power of the zebrafish embryo to track, at multiple
scales, the fate of nanometer-sized objects such as tumor EVs.

Tracking the Release of EVs In Vivo Using MB and
Genetically Engineered Cells

We focused so far on tumor EVs that were previously isolated
and labeled in vitro and subsequently tracked in vivo. This strat-
egy, however, does not allow tracking of tumor EVs shed from
in-vivo-grown tumors. Interestingly, we noticed that EVs can
be labeled by incubating the secreting cells with the MemBright
dye. MemBright quickly and exclusively accumulates in late en-
dosomal compartments of Zmell cells in culture (Figure 7A).
Upon extensive washing, these cells release fluorescently
labeled EVs (Figure 7B) whose morphologies and diameters
are similar to EVs from non-labeled cells (Figure 7B). When this
approach was used on 4T1 cells expressing CD63-GFP, we
could detect EVs positive for both MemBright and CD63, proving
that the MemBright can label exosomes (Figure S5). We
observed puncta positive for CD63-GFP but not for MemBright
and vice-versa. This suggests that the MemBright dye does
not label all EVs equally and illustrates the heterogeneity of
EVs, which has recently been described (Kowal et al., 2016).
Altogether, these experiments suggest that the MemBright is

rapidly endocytosed, targeted to MVBs, and incorporated into
the membrane of intra-luminal vesicles before being subse-
quently released outside of the cells attached to the membrane
of exosomes. Such a behavior is extremely useful since it allows
labeling and tracking of naturally released EVs by pre-incubating
cells with MemBright. To prove this, we co-cultured Zmel1 pre-
labeled with MemBright-Cy5 with Zmel1 cells expressing cyto-
plasmic tdTomato. After a week, we observed several Cy5
fluorescent puncta accumulating in the cytoplasm of Zmel1
tdTomato cells, suggesting that indirectly labeled EVs success-
fully transferred between neighboring cells (Figure 7B). Such a
result opens the door to in vivo experiments where pre-labeled
tumor cells would be grafted in zebrafish embryos (Figures 7C
and 7D). To test local EVs transfer, tdTomato Zmel1 cells were
pre-labeled with MemBright-Cy5 and subsequently injected
into the circulation of Tg(mpeg1:GFP) zebrafish embryos. We
observed macrophages crawling around arrested Zmel1 tumor
cells, and containing Cy5-positive fluorescent puncta (Figure 7C;
Video S7), suggesting local EVs transfer between tumor cells
and macrophages. These puncta are negative for tdTomato,
revealing a different mechanism than the transfer of cytoplasmic
material between melanoma cells and macrophages (Roh-John-
son et al., 2017). In addition, we tested the distant transfer of EVs
by injecting tdTomato Zmel1 cells pre-labeled with MemBright-
Cy5 in the yolk region and imaging macrophages present in
the caudal plexus. Similar to the previous experiment, we de-
tected Cy5 fluorescence in macrophages, suggesting the
existence of a distant transfer of EVs that exploits the blood cir-
culation for shedding and targeting at distance (Figure 7D). We
further validated the ability to detect secreted EVs in vivo by
intravascular injection of Syntenin2-GFP expressing Zmel1 cells.
Upon injection of these cells in the bloodstream, we followed
successful extravasation and metastatic outgrowth overtime,
which was accompanied by an increased secretion of tumor
EVs. While the release of fluorescent EVs was not observed
around recently extravasated cells (4 hpi), growing metastatic
foci gradually released increasing amounts of Syn2-GFP EVs,
which were either mobile or immobile (Figure 7E). Altogether,
these experiments demonstrate that the zebrafish embryo al-
lows tracking of the release and transfer of chemically and genet-
ically labeled EVs from tumor to stromal cells in vivo.

Tumor EVs Activate Macrophages and Promote
Metastatic Growth in Zebrafish

In contrast to inert objects, tumor EVs are loaded with signaling
molecules that are likely to affect the fate or behavior of cells that

(B) EVs are mostly taken up by small macrophages. Histogram showing the intensity of taken up EVs (y axis, arbitrary units) versus the perimeter of the mac-

rophages (x axis, um). Each dot represents one macrophage.

(C) Macrophages internalize tumor EVs more efficiently than 100 nm polystyrene beads (mean and standard deviation; p = 0.016, unpaired t test).

(D) Individual time points of single plane confocal images showing the dynamics of the protrusions in round macrophages.

(E) Histogram showing the perimeter of macrophages (y axis, um) versus their velocity (x axis, um/s) (left) and images at the beginning (T = 0) and the end
(T = 60 min) of a representative time-lapse. Velocities of migration of Tg(mpeg1:GFP)-positive cells are represented with a color code. Three round
Tg(mpeg1:GFP)-positive cells (1, 2, and 3) show very little displacement during one h.

(F) CLEM experiment on Tg(mpeg1:GFP) embryos injected with MemBright-Cy3 4T1 EVs imaged by confocal right after injection (left, Z projection). Middle:
electron microscopy images on two different Z planes showing the same cells. Right: 3D model showing the two macrophages (green), the endothelium (purple),

and three red blood cells (blue).

(G) Electron microscopy images of the contact between the endothelium and the macrophage, showing the accumulation of endocytic structures on the

endothelium side.

(H) 3D model and electron microscopy images of one protrusion sent by the macrophage into the lumen. This protrusion is visible over several microns in Z.
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internalize them. We thus assessed whether Zmel1 EVs could
modify the behavior of receiving cells. We focused on macro-
phages, which are taking up most of the circulating EVs, and first
analyzed their velocities upon uptake. The uptake of tumor EVs
by patrolling macrophages significantly reduced their motility
when compared to macrophages that had internalized control
beads (Figure 8A). Since macrophage velocity has been associ-
ated with their activation status in vitro (Vogel et al., 2014), we
chose to evaluate the impact of Zmel1 EVs on macrophage acti-
vation. To do this, we used a recently described transgenic line
that relies on the expression of TNF-a to discriminate between
pro-inflammatory “M1-like” and “M2-like” polarized macro-
phages (Nguyen-Chi et al., 2015). Strikingly, most embryos in-
jected with Zmel1 EVs showed M1 activated macrophages
20 hpi (Figures 8B and 8C). Such switches were rarely observed
when embryos were injected with 100 nm control polystyrene
beads, which clearly demonstrates that circulating Zmel1 EVs
can modify the behavior of receiving cells at distance. Tumor
EVs can educate receiving cells and confer them pro-metastatic
characteristics (Peinado et al., 2017). Inspired by such experi-
ments mostly performed in mice, we next assessed whether
circulating tumor EVs could tune metastatic outgrowth. We first
“primed” embryos with intravascular injection of either Zmeld
EVs (or 100 nm polystyrene beads). After 12 h, the same embryos
were injected with Zmel1 cells in a classical experimental metas-
tasis assay as previously performed (Follain et al., 2018a). Meta-
static growth was assessed 7 days later by measuring fluores-
cence in the caudal plexus. We observed a marked and
significant increase in metastatic outgrowth when embryos
were primed with Zmel EVs, and not with inert beads (Figure 8D).
Furthermore, metastatic foci of embryos primed with tumor Zmel
EVs were strikingly more invasive and displayed colonization of
the fin parenchyma (Figures 8D and 8E). Altogether, these exper-
iments demonstrate that (1) tumor EVs transform the phenotypes
of macrophages and (2) favor metastatic outgrowth and inva-
siveness by modifying the microenvironment. In addition to
demonstrating that labeling EVs with MemBright does not
perturb their function, this further validates the use of zebrafish
embryos to dissect, with high spatiotemporal resolution, the
cascade of events induced by circulating tumor EVs and leading
to pre-metastatic niche formation in vivo.

DISCUSSION

The work presented here establishes the zebrafish embryo as a
new animal model to study tumor EVs in vivo. It demonstrates the

proximity of zebrafish melanoma EVs to human melanoma EVs
and shows how a new membrane probe, the MemBright, specif-
ically and brightly labels EVs. Using this probe, but also geneti-
cally labeled EVs, we were able to precisely track their fate and
behavior at high spatiotemporal resolution in vivo. This allowed
us to provide a description of the behavior of tumor EVs circu-
lating in the blood flow and to track their fate upon arrest. We
identify the three main cell types taking up circulating tumor
EVs (endothelial cells, patrolling macrophages, and putative he-
matopoietic stem cells) and unravel their uptake mechanisms.
Besides, we describe two complementary methods, a conven-
tional genetic approach and the pre-labeling of secreting cells
by MemBright, allowing to track the release and transfer of EVs
in vivo. Finally, we provide evidence for a functional role of tumor
EVs in altering the metastatic microenvironment and promoting
metastatic outgrowth in zebrafish embryos.

In a parallel study, Verweij and colleagues examine the fate of
CD683 positive EVs secreted by the YSL in zebrafish embryo
(Verweij et al., 2019). They track endogenous EVs, genetically
labeled and naturally secreted during zebrafish development,
while we tracked exogenous MemBright-labeled injected tumor
EVs. Yet, both studies reach similar conclusions. They both
show that (1) endogenous and tumor EVs mainly arrest in the
caudal plexus, in regions of low blood flow, (2) EVs are mostly
taken up by endothelial cells and patrolling macrophages, and
(3) EVs are stored in acidic compartments. Together, our reports
establish the zebrafish embryo (Danio rerio) as a new model to
study fundamental aspects of EVs biology in vivo. It thus repre-
sents a precious and complementary tool to invertebrate models
Drosophila and C. elegans, which already contributed to better
understand the mechanisms of EV secretion as well as their
function (Beer and Wehman, 2017).

In addition, we propose the zebrafish embryo as a new and
complementary model to murine and human cell culture systems
for studying the fate and the function of tumor EVs during the
priming of metastatic niches at distance. Compared to in vitro
systems, zebrafish embryo offers an invaluable complex micro-
environment, where different cell types known to contribute to
tumor progression are present and can be tracked using estab-
lished fluorescent transgenic lines. Its transparency allows visu-
alization of individual tumor EVs dispersion and uptake in living
zebrafish with unprecedented spatiotemporal resolution, which
represents a major advantage over the mouse, where more com-
plex intravital imaging procedures are required in order to visu-
alize single EVs (Lai et al., 2015; Van Der Vos et al., 2016; Zomer
et al., 2015). The zebrafish embryo is also amenable to CLEM,

Figure 6. EVs Are Taken Up through Different Mechanisms and Accumulate in Late Endosomal Compartments
(A and B) Single-plane confocal images of Tg(mpeg1:GFP) embryos injected with Zmel1 MemBright-Cy3 (MBCy3) EVs extracted from time-lapses generated
immediately after injection and showing: (A) the attachment and uptake of EVs by endocytosis and (B) the sliding of EVs on the macrophage protrusion and its fast

internalization.

(C) Schematic representation of the modes of uptake by macrophages (upper) and histogram showing the duration (y axis, s) of those two mechanisms (mean and

standard deviation).

(D) Single plane confocal images of Tg(mpeg1:GFP) embryos injected with Zmel1 MBCy3 EVs and incubated with LysoTracker.
(E) CLEM experiment on Tg(mpeg1:GFP) embryos injected with MemBright-Cy3 4T1 EVs imaged by confocal (2 single confocal planes of the GFP and the MBCy3

channels and Z projection of the EV channel (lower)).

(F) 3D model of the two cells and the taken up EVs generated from the confocal data (upper panel, fluorescence), and 3D model of the two cells and the MVBs-late
endosomes-lysosomes compartments (LELs) generated from the serial transmission electron microscopy data (lower panel, serial TEM).
(G) Global view of each macrophage highlighting the MVBs-late endosomes-lysosomes compartments (orange and red, left). Zooms of those compartments are

shown on the right in two different Z positions of the same region.
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through procedures which are simplified compared to the mouse
(Goetz et al., 2015; Karreman et al., 2016b). In the future, nano-
scale imaging should unravel how tumor EVs secreted by a pri-
mary tumor reach the blood circulation before crossing the
endothelium when reaching a given organ but also to grasp the
details of their uptake and trafficking at a subcellular level.

Here, we show that most tumor EVs are internalized by a sub-
set of macrophages. We consider these cells as functionally
similar to murine and human patrolling monocytes for the
following reasons: (1) they are positive for the mpeg1 promoter,
which is expressed both by monocytes and macrophages in hu-
man (Spilsbury et al., 1995), (2) they are small, round and have a
slow migration velocity when compared to elongated differenti-
ated macrophages, and (3) they are sending highly dynamic pro-
trusions toward the lumen of the vessels and show areas of
direct cell-cell contacts with the endothelial wall, as previously
shown (Murayama et al., 2006). These last two aspects match
the main characteristics of human and mice patrolling mono-
cytes (Auffray et al., 2007; Carlin et al., 2013). Notably, CLEM
analysis reveals that the dynamic protrusions observed in live im-
aging are actually flat sheets of several microns that scan the
vessel lumen and could function as butterfly nets to catch tumor
EVs deep in the vessel lumen. Such structures are specific to
macrophages, allowing them to internalize fluid-borne objects,
unlike neutrophils that only phagocytose surface-bound ones
(Colucci-Guyon et al., 2011). Once they have contacted the pro-
trusion, the EVs quickly slide toward the cell body through un-
known mechanisms, which could be similar to the filopodia
surfing recently described (Heusermann et al., 2016). Those pro-
trusions could also participate in macropinocytic uptake of EVs,
similar to what has been observed by microglia (Fitzner et al.,
2011). EVs are then internalized at the basis of the protrusions,
probably in regions of active endocytosis. Interestingly, our EM
data revealed several EVs present at the basis of protrusions
(see Figure S4C). Alternatively, circulating EVs can directly
bind to the macrophage surface before being endocytosed.
The capacity of patrolling macrophages to rapidly uptake circu-
lating EVs explains the very short half-life (10-20 min) of circu-
lating EVs after their injection in the blood circulation of either
mouse (Morishita et al., 2015; Saunderson et al., 2014; Takaha-
shi et al., 2013) or zebrafish (our work). This is in agreement with
the observation that chemical depletion of monocytes and mac-
rophages in mice dramatically increases the stability of circu-
lating EVs (Imai et al., 2015).

Tumor EVs are then rapidly stored in acidic degradative com-
partments, similar to what has been described for macrophages
in vitro (Feng et al., 2010). Determining whether and how internal-

ized EVs deliver signaling molecules to the receiving cell,
although they are mostly targeted to degradative compartments,
is a central question in the EV field. It will be particularly important
to address it in the case of tumor EVs taken up by patrolling mac-
rophages. It is interesting to note that uptake mechanisms and
compartments are similar between exogenous tumor EVs (this
study) and endogenous EVs (Verweij et al., 2019). This suggests
that tumor EVs are internalized using universal mechanisms and
further demonstrates that the zebrafish embryo is a perfect
model for dissecting such behavior.

In addition, the zebrafish embryo allows a direct comparison of
EVs with distinct sizes, contents, or origins. This will be essential
to better understand the heterogeneity of EVs, as it is now clear
that multiple sub-populations (or sizes) of EVs co-exist with
different cargo contents and presumably different functions
(Kowal et al., 2016). Co-injection of different types of EVs can,
for instance, be used to precisely dissect the involvement of
one given EV transmembrane or cargo protein, or to compare tu-
mor EVs from patients at different stages of tumor progression.
Using multi-color MemBright probes (Cy3, 5, or 7) to label EVs,
it is possible to directly compare the behavior of co-injected pop-
ulations of EVs. Labeling EVs with membrane probes after their
isolation is fast and allows obtaining bright fluorescent EVs
regardless of their origin. It is particularly relevant for EVs isolated
from cell lines reluctant to gene expression manipulation, from
animal body fluids, or, importantly, in the case of tumor EVs
from samples of cancer patients. However, the use of membrane
probes requires the assurance of labeling specificity. This is
particularly essential for studies aiming to track EVs dispersion
and uptake, as dye aggregates can easily be confounded with
EVs, due to their small sizes (Lai et al., 2015; Takov et al.,
2017). Here, using spectroscopic and microscopic approaches,
we have shown that the MemBright does not form such fluores-
cent aggregates, in contrast to commonly used PKH. In addition,
it is brighter and can therefore be used at reduced concentra-
tions, minimizing again the risk of false-positive results. The
key difference of MemBright from PKH is the presence of amphi-
philic groups, which favor efficient transfer of the fluorophore
from aqueous media to lipid membranes (Collot et al., 2015; Ku-
cherak et al., 2010). Therefore, MemBright can be used to confi-
dently track EV dispersion and uptake.

Finally, our work demonstrates that zebrafish can be used to
dissect the causal relationship between circulating tumor EVs
uptake and formation of metastatic niches. While most studies
performed in mice demonstrate correlations between bulk injec-
tion of EVs and emergence of a pre-metastatic niche, the zebra-
fish embryo, by allowing continuous imaging, allows direct

Figure 7. Tracking EVs Released by Zebrafish Melanoma Cells

(A) Confocal images of Zmel1 cells incubated with MemBright-Cy3 and stained with LysoTracker.

(B) Schematic representation of the experimental procedure: MemBright added to cells in culture accumulates in MVBs and is subsequently released in exo-
somes. Such EVs can be observed by electron microscopy. Confocal images of Zmel1 cells pre-labeled with MemBright-Cy5 and co-cultured with Zmel1
tdTomato cells, showing the transfer of MemBright in Z projections (left) and single planes (right).

(C) Confocal images of tdTomato Zmel1 cells pre-labeled with MemBright-Cy5 injected in the circulation of Tg(mpeg1:GFP) embryos and imaged in the caudal
plexus two days post-injection, showing the local transfer of MemBright-Cy5 to macrophages.

(D) Confocal images of tdTomato Zmel1 cells pre-labeled with MemBright Cy5 injected above the yolk of Tg(mpeg1:GFP) embryos and imaged in the yolk region
(primary tumor, left) and in the caudal plexus (distant imaging of shed EVs, right) two days post-injection, showing the long distance transfer of MemBright-Cy5 to

macrophages.

(E) In vivo release of Syntenin2-GFP EVs. Zmel1 Syntenin2-GFP cells injected in the circulation of Tg(Fli:Gal4, UAS:RFP) embryos and imaged by confocal in the

following days.
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Figure 8. Melanoma EVs Activate Macrophages and Promote Tumor Growth in Zebrafish
(A) 22 h following injection of Zmel1 EVs or 100 nm beads, the dynamics of mpeg1:GFP macrophages was measured by time-lapse. Histogram showing that the
velocity of macrophages 22 h after injection (one dot represents one macrophage; mean and standard deviation; p = 0.0009, Mann-Whitney test).
(B) Tg(mpeg1:mCherry/TNFa:eGFP) injected with Zmel1 EVs or 100 nm beads and imaged 20 h post-injection. Histogram showing the number of TNFa:GFP
positive cells per fish caudal plexus (one dot represents one embryo; mean and standard deviation; p < 0.0001, Mann-Whitney test).
(C) Confocal images of Tg(mpeg1:mCherry/TNFa:eGFP) injected with Zmel1 EVs or 100 nm beads and imaged 20 h post-injection.

(legend continued on next page)

Developmental Cell 48, 1-19, February 25, 2019 15

259



CellP’ress

Please cite this article in press as: Hyenne et al., Studying the Fate of Tumor Extracellular Vesicles at High Spatiotemporal Resolution Using the Zebra-
fish Embryo, Developmental Cell (2019), https://doi.org/10.1016/j.devcel.2019.01.014

quantitative assessment of how metastatic niches are formed
and how they can contribute to metastatic outgrowth. In this
work, we show that injection of tumor EVs in the circulation is
rapidly followed by expression of TNFa, reminiscent of their acti-
vation into a pro-inflammatory “M1-like” phenotype. These re-
sults are consistent with in vitro studies showing that EVs from
breast cancer cells or oral squamous carcinoma cells stimulate
an M1 macrophage inflammatory response (including TNF in-
duction) (Xiao et al., 2018; Chow et al., 2014). Other studies,
however, show that tumor EVs, for instance from prostate tu-
mors, induce an M2 activation (Halin Bergstrom et al., 2016).
Although the M1/M2 binary polarization model of macrophages
has been challenged (Aras and Zaidi, 2017), pro-inflammatory
macrophages have been reported to exert pro- or anti-tumoral
effects depending on the context (Engblom et al., 2016). Further
work is thus needed to better understand how tumor EVs tune
macrophages’ fate during metastatic progression. Here, the ze-
brafish model offers the opportunity to revisit the interactions be-
tween tumor EVs, macrophages and other immune cells (and
their activation status), and tumor cells during extravasation
and metastatic outgrowth. Recent work performed in mice,
which exploited intravital imaging, revealed close interactions
between tumor cells arrested in the circulation and myeloid cells
and the exchange of microvesicles promoting extravasation
(Headley et al., 2016). Complementary usage of these two
models, based on intravital imaging, is thus likely to bring impor-
tant insights into how tumor EVs can tune metastatic outgrowth.

Importantly, we show that pre-treatment of zebrafish with
Zmel1 tumor EVs enhances metastatic outgrowth, leading to a
more invasive phenotype. This phenotype is reminiscent of
several mice studies showing that pre-injection of EVs from
either melanoma, pancreatic ductal adenocarcinoma, or breast
tumors promotes metastasis of their respective tumors cells in-
jected in the circulation (Costa-Silva et al., 2015; Hoshino
et al.,, 2015; Plebanek et al., 2017). In Zmel1 EVs pre-treated
fish, we also observed that tumor cells were more efficient at
actively invading the caudal fin. Such a phenotype could result
from increased extravasation efficiency or from EV-mediated
increased proliferation. Alternatively, it could arise from tumor
EVs that can directly alter the extracellular matrix in pre-metasta-
tic niches (Costa-Silva et al., 2015), or induce the secretion of
pro-migratory factors by activated pro-inflammatory macro-
phages (Xiao et al., 2018).

Altogether, our work on the tracking of exogenous tumor EVs
(this study) and of endogenous EVs (Verweij et al., 2019) set the
zebrafish embryo as a new and highly attractive in vivo model
to track EVs at the single EV scale. Interestingly, both studies
identified similar mechanisms of transit and uptake for physio-
logical and pathological extracellular vesicles, which further
validate the zebrafish embryo as a reliable animal model for
studying the biology of EVs. Finally, we believe that the zebra-
fish embryo will open new avenues for EV biology, as it offers
adapted time and space scales to the study of small organelles
in vivo.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zmel1, Zmel1 tdTomato and Zmel1 Syntenin2-GFP

Zebrafish melanoma Zmel1 and Zmel1 td Tomato Kindly provided by Richard White (Memorial Sloan Kettering Cancer Center, New
York) (Heilmann et al., 2015). Zmel1 Syntenin2-GFP generated in the laboratory. Culture condition: 28°C, 5% CO,. DMEM high
glucose (HG), 10% FBS, 1% NEAA-MEM, 1% penicillin-streptomycin.

AB9 Cells
Zebrafish fibroblasts obtained from the caudal fin of an adult AB strain zebrafish (ATCC CRL-2298). Culture condition: 28°C, 5% CO..
DMEM HG, 10% FBS, 1% NEAA-MEM, 1% Penstrep.

4T1 Cells and 4T1 CD63-GFP

Mouse mammary gland carcinoma (BALB/c female) (CVCL_0125). 4T1 CD63-GFP generated in the laboratory. Culture condition:
37°C, 5%CO0,. RPMI 1640 with 10% FBS, 1% penicillin-streptomycin. Authentication: Injection in the nipple of mammary gland of
BALB/c mice lead to mammary tumor.

B16-FO0, F1 and F10
Mouse melanoma cell lines, purchased from ATCC (ATCC CRL-6322; ATCC CRL-6323; ATCC CRL-6475). Culture condition: 37°C,
5%C0,. DMEM supplemented with 10% (v/v) EV-depleted fetal bovine serum (EV-d-FBS), glutamine 2mM and gentamicin

451-LU, SK-Mel28, SK-Mel147, SK-Mel103, WM35 and WM164
Human melanoma cells, kindly provided by Dr. M. Soengas (CNIO, Madrid). Culture condition: 37°C, 5%CO,. DMEM with 10%
EV-d-FBS.

Zebrafish

Zebrafish embryos were obtained from the following strains: Tg(flila:eGFP), Tg(mpeg1:eGFP), Tg(mpo:eGFP), Tg(Fli1:Gal4; UAS:
RFP), Casper Tg(Gata1:RFP; flk:GFP), Tg(mpeg:mCherry; TNF-0:GFP). Embryos were grown in our laboratory or kindly provided
by F. Peri’s (EMBL, Heidelberg, Germany) and C. Lengerke’s laboratories (University Hospital Basel, Switzerland). Embryos were
maintained at 28° in Danieau 0.3X medium, supplemented with 1-Phenyl-2-thiourea (Sigma-Aldrich) after 24 h post fertilization
(hpf). For all Zebrafish experiments, the offspring of one single cross was selected, based on anatomical/developmental good health.
Embryos were split randomly between experimental groups. All injection experiments were carried at 48 hpf and imaged between
48 hpf 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).
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METHOD DETAILS

Cell Line Generation

To generate Zmell cells expressing Syntenin2-GFP, Syntenin2 (a gift from P.Zimmerman) was first cloned in pCS2 eGFP Ires Blast
vector. Then, 2 millions of Zmel dark cells were transfected with 2 pg of plasmid pCS2 Zf-Syntenin2-eGFP Ires Blast cut with Notl
using 4 pl of JetPrime according to manufactory instructions (PolyPlus, lllkirch, France). After 1 week, cells with stable integration
of the construct were selected using 4ug/ml of blasticidin (Sigma Aldrich, St. Quentin Fallavier, France). 4T1 cells expressing
CD63-GFP were generated as follows. Briefly, human CD63 cDNA was fused to AcGFP cDNA by In-Fusion cloning (Takara, Ozyme,
Saint-Quentin-en-Yvelines, France) and introduced in pLenti CMV-MABBXXS mPGK-Blast vector. Lentiviruses were obtained by
HEK293T cells (ATCC CRL-3216; cultured in DMEM, 10% FCS, 1% penicillin-streptomycin) transfection (Invitrogen, Life Technolo-
gies, Saint Aubin, France) with pLenti CMV-CD63-acGFP mPGK-Blast together with pLP1, pLP2 and pLP/VSVG lentiviral packaging
plasmids to obtain lentiviral particles. After 48 hours, conditioned media was collected, filtered through a 0.22 um filter to remove cell
debris, and used to transduce 4T1 cells cultured in DMEM supplemented with 10% fetal calf serum and 1% penicillin-streptomycin
(Gibco, USA) in the presence of 5ug/mL polybrene (Sigma Aldrich, Lyon, France), followed by selection with puromycin (1 pg/mL,
Sigma Aldrich, Lyon, France). Human blood was collected from healthy donors using 3.8% (v/v) sodium citrate (1:9) as anticoagulant.
Human erythrocyte rich pellet was obtained by centrifugation at 250 rpm during 15 minutes at room temperature.

EV Isolation and Analysis

For Zmel1 and 4T1 EVs isolation, cells were cultured in EV depleted medium (obtained by overnight ultracentrifugation at 100,000g,
using a Beckman, XL-70 centrifuge with a Ti70 rotor) for 24h before supernatant collection. Extracellular medium was concentrated
using a Centricon Plus-70 centrifugal filter (10k; Millipore) and EVs were isolated by successive centrifugation at 4°C: 5 minutes at
300 g, 10 minutes at 2,000 g, 30 minutes at 10,000 g and 70 minutes at 100,000 g (using a Beckman XL-70 centrifuge with a
SW28 rotor). EVs pellets were washed in PBS, centrifuged again at 100,000 g for 70 minutes, resuspended in PBS and stored at
4°C. For in vivo experiments, EVs were used immediately after isolation or kept 4°C at and used the next day.

For mouse and human melanoma EVs isolation, cells were cultured in media supplemented with 10% EV-depleted FBS (FBS,
Hyclone). FBS was depleted of bovine EVs by ultracentrifugation at 100,000xg for 70 min. EVs were isolated from conditioned media
collected after 72 h of cell cultures by successive centrifugation at 10°C: 5 minutes at 300 g, 10 minutes at 500 g, 20 minutes at
12,000 g and 70 minutes at 100,000 g (using a Beckman Optima X100 with a Beckman 70Ti rotor). EVs pellets were washed in
PBS, centrifuged again at 100,000 g for 70 minutes, and resuspended in PBS. Protein content was measured by bicinchoninic
acid assay (BCA assay).

For transmitted electron microscopy analysis, 3 ul of EV extracts were allowed to dry on formvar coated grids for 20 minutes, fixed
in 3% PFA for 10 minutes, rinsed in water and contrasted in a uranyl acetate (0,4%)/ methylcellulose (2%) mix for 10 minutes on ice.
EVs were observed either with an Orius 100 charge-coupled device camera (Gatan) mounted on a Philips CM12 microscope oper-
ated at 80kV or with a Veleta 2kx2k side-mounted TEM CDD Camera (Olympus Soft Imaging Solutions) mounted on a Philips CM120
microscope operated at 120kV.

NTA was performed on Zmel1 EVs diluted 10 times with sterile PBS, using a Nanosight NS300 (Malvern Instruments) or a ZetaView
(Particle Metrix). The measurement was repeated three times.

For density gradient analysis, EVs isolated in the 100,000 g pellet were loaded on top of a 5-40% iodixanol (Optiprep) density
gradient prepared as previously described (Van Deun et al., 2014). The gradient was centrifuged for 18 hours at 100,000g and
4°C (using a Beckman XL-70 centrifuge with a SW28 rotor). Gradient fractions of 1ml were collected from the top of the gradient.
Fractions 1 to 4, 5 to 10 and 11 to 16 were pooled, diluted to 16 ml in PBS and centrifuged for 3 hours at 100,000g and 4°C. The
resulting pellet was resuspended in 50 pl of PBS. For western blotting analysis, 10 pl of EV extracts were loaded on 4-20% polyacryl-
amide gels (Biorad), under denaturing conditions. The following antibodies were used: Alix (BD Biosciences 611621) and TSG101
(GeneTex GTX70255). Acquisitions were done using a PXi system (Syngene).

Shotgun Proteomics

Sample Preparation of Zmel1 EVs Protein Content

After having determined protein concentration (RC-DC™; Bio-Rad, Hercules, CA), 20 ug samples were denaturated at 95°C for 5 min
in Laemmli buffer and then concentrated in one stacking band using a 5% SDS-PAGE gel. The gel was fixed with 50% ethanol/3%
phosphoric acid and stained with colloidal Coomassie Brilliant Blue. Each band was excised, cut in five pieces, and transferred into a
96-well microtiter plate. Gel slices were washed with 3 cycles of incubations in 100 pL of 50:50 (v/v) 25 mM NH4HCO3/ACN for 10 min.
Gel bands were then dehydrated with 50 pL. 100% ACN and then reduced with 50 uL. 10 mM DTT for 30 min at 60°C, followed by
30 min at RT. Proteins were then alkylated with 50 uL 55 mM iodoacetamide for 20 min in the dark at RT, and then 100 uL ACN
were added for 5 min. Samples were washed with 50 pL 25 mM NH4HCO3; for 10 min, and then 50 pL ACN for 5 min, before being
dehydrated with two cycles of incubations in 50 uL ACN for 5 min. Proteins were digested overnight with a modified porcine trypsin
(Promega, Madison, WI) solution at a 1:100 (w/w) enzyme/protein ratio at 37°C. Tryptic peptides were extracted under agitation at RT
with 60 pL 60% ACN/0.1% FA for 45 min, and then 100% ACN for 10 min. The extraction supernatants were pooled and vacuum-
dried, before re-suspension in 40 uL. 2% ACN/0.1% FA.
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Nano-LC-MS/MS Analysis of Zmel1 EVs Protein Content

Nano-LC-MS/MS analysis was performed on a nanoAcquity UPLC device (Waters, Milford, MA) coupled to a Q-Exactive Plus mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). The solvents consisted of 0.1% FA in H,O (solvent A) and 0.1% in ACN
(solvent B). 1 uL of the samples was loaded onto a Symmetry C18 pre-column (20 mm x 180 um, 5 um diameter particles; Waters,
Milford, MA) over 3 min at 5 ul/min with 1% solvent B. Peptides were eluted on a Acquity UPLC BEH130 C18 column (250 mm X
75 um, 1.7 um particles; Waters, Milford, MA) at 450 pulL/min with the following gradient of solvent B: linear from 1% to 8 % in
2 min, linear from 8% to 35% in 77 min, linear from 35% to 90% in 1 min, isocratic at 90% for 5 min, down to 1% in 2 min, isocratic
at 1% for 2 min.

The Q-Exactive Plus was operated in data-dependent acquisition mode by automatically switching between full MS and consec-
utive MS/MS acquisitions. Full-scan MS spectra were collected from 300-1,800 m/z at a resolution of 70,000 at 200 m/z with an auto-
matic gain control target fixed at 3 x 10° ions and a maximum injection time of 50 ms. The top 10 precursor ions with an intensity
exceeding 2 x 10° ions and charge states > 2 were selected on each MS spectrum for fragmentation by higher-energy collisional
dissociation. MS/MS spectra were collected at a resolution of 17,500 at 200 m/z with a fixed first mass at 100 m/z, an automatic gain
control target fixed at 1 x 10° ions and a maximum injection time of 100 ms. A dynamic exclusion time was set to 60 s.

Sample Preparation of Mammalian EVs Cargo

Proteins were solubilized using 8 M urea in 100 mM Tris-HCI pH 8.0. Samples (7.5 ng) were digested by means of the standard FASP
protocol. Briefly, proteins were reduced (10 mM DTT, 30 min, RT), alkylated (55 mM IA, 20 min in the dark, RT) and sequentially di-
gested with Lys-C (Wako) (protein:enzyme ratio 1:50, o/n at RT) and trypsin (Promega) (protein:enzyme ratio 1:100, 6 h at 37° C).
Resulting peptides were desalted using C4g stage-tips.

Nano-LC-MS/MS Analysis of Mammalian EVs Cargo

LC-MS/MS was done by coupling a nanoLC-Ultra 1D+ system (Eksigent) to a LTQ Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific) via a Nanospray Flex source (Thermo Fisher Scientific). Peptides were loaded into a trap column (NS-MP-10 BioSphere
C18 5 um, 20 mm length, Nanoseparations) for 10 min at a flow rate of 2.5 pl/min in 0.1% FA. Then peptides were transferred to an
analytical column (ReproSil Pur C18-AQ 2.4 um, 500 mm length and 0.075 mm ID) and separated using a 120 min linear gradient
(buffer A: 4% ACN, 0.1% FA; buffer B: 100% ACN, 0.1% FA) at a flow rate of 250 nL/min. The gradient used was: 0-2 min 6% B,
2-103 min 30% B, 103-113 min 98% B, 113-120 min 2% B. The peptides were electrosprayed (1.8 kV) into the mass spectrometer
with a PicoTip emitter (360/20 Tube OD/ID um, tip ID 10 um) (New Objective), a heated capillary temperature of 325°C and S-Lens RF
level of 60%. The mass spectrometer was operated in a data-dependent mode, with an automatic switch between MS and MS/MS
scans using a top 15 method (threshold signal > 800 counts and dynamic exclusion of 60 s). MS spectra (350-1500 m/z) were ac-
quired in the Orbitrap with a resolution of 60,000 FWHM (400 m/z). Peptides were isolated using a 1.5 Th window and fragmented
using collision induced dissociation (CID) with linear ion trap read out at a NCE of 35% (0.25 Q-value and 10 ms activation time).
The ion target values were 1E6 for MS (500 ms max injection time) and 5000 for MS/MS (100 ms max injection time).
Nano-LC-MS/MS Data Interpretation

Raw files were processed with MaxQuant (versions 1.6.0.16) (Cox et al., 2014) against an in-house concatenated Danio rerio-Bos
taurus (UniProtKB, February 2017, 90,922 entries) supplemented with contaminants for Zmel1 EVs proteins and generated with
the database toolbox from MSDA (Carapito et al., 2014), or a human protein database (UniProtKB/Swiss-Prot, August 2014,
20,187 sequences) supplemented with contaminants for mammalian EVs cargo. Label-free quantification was done with the match
between runs option activated (match window of 0.7 min and alignment window of 20 min). Carbamidomethylation of cysteines was
set as a fixed modification whereas oxidation of methionines and protein N-term acetylation were set as variable modifications. Min-
imal peptide length was set to 7 amino acids and a maximum of two tryptic missed-cleavages were allowed.

Protein Comparisons

To compare the Zmel1 protein content with mammalian EV content, each protein list was concatenated and duplicate proteins were
deleted. Ortholog proteins were searched using the ortholog protein files predicted by the PANTHER classification system (ftp://ftp.
pantherdb.org/ortholog/13.0/ (Thomas et al., 2003)). Only proteins referred as “Least diverged ortholog” or “Ortholog” were consid-
ered. All comparisons between Zmel1 EVs and mammalian EVs were done using human orthologs and the lists of common proteins
was obtained using Venny 2.1 (Oliveros, 2007).

MemBright and PKH Labeling of EVs
Isolated EVs were incubated with MemBright-Cy3 or Cy5 at 200nM (final concentration) in PBS for 30 minutes at room temperature in
the dark. They were then rinsed in 15ml of PBS and centrifuged at 100,000g with a SW28 rotor in a Beckman XL-70 centrifuge. Pellets
were resuspended in 50 pl PBS and stored at 4°C. For in vivo experiments, EVs were used immediately after isolation or stored over-
night at 4°C and injected the next day. For PKH-26 labeling EVs were treated according to the manufacturer’s instructions (2 uM final
concentration). Briefly, EVs in 200 ul of PBS were first mixed with 300 pl of Diluent C, then with 500pl of Diluent C containing 4 ul of
PKH and finally incubated for 30 minutes at room temperature in the dark. PKH labeled EVs were then processed as MemBright
labeled EVs. As a control, PBS alone was processed similarly to EVs, labeled with MemBright or PKH and analysed by microscopy
or spectroscopy.

For photonic microscopy analysis, 3 ul of labeled EV extracts were allowed to settle on poly-L lysine coated coverslips and then
imaged on a Zeiss Imager Z2 with a 63X objective (N.A. 1.4) or with a SP5 confocal (Leica) with a 40X objective (N.A. 1.25).
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Spectroscopy

EVs labeled with either MemBright-Cy3 or PKH-26, or control MemBright-Cy3 or control PKH (diluted in PBS as described above), as
well as the dyes directly diluted in Milli-Q water (Millipore) or ethanol were analyzed by spectroscopy. Absorption and emission
spectra were recorded at 20°C in quartz cuvettes on a Cary 400 Scan ultraviolet-visible spectrophotometer (Varian) and a
FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon) equipped with a thermostated cell compartment, respectively. For standard
recording of fluorescence spectra, excitation was at 520 nm and the emission was collected 10 nm after the excitation wavelength
(530 nm to 700 nm). All the spectra were corrected from wavelength-dependent response of the detector. The scattering due to the
EVs was corrected with a baseline correction using Origin software. Quantum yields were determined using rhodamine B in water
(QY=0.31) as a reference (Magde et al., 1999).

Fluorescence Correlation Spectroscopy (FCS)

To characterize the size of PKH aggregates, FCS measurements were performed on PKH26 (diluted at 5 uM) using a home-built
confocal set-up based on a Nikon inverted microscope with a Nikon 60x 1.2NA water immersion objective. Excitation was provided
by a cw laser diode (532 nm, Oxxius) and photons were detected with a fibered Avalanche Photodiode (APD SPCM-AQR-14-FC,
Perkin Elmer) connected to an on-line hardware correlator (ALV7000-USB, ALV GmbH, Germany). Typical acquisition time was
5 min (10 x 30 s) with an excitation power of 1.1 uW at the sample level. The data were analyzed using the PyCorrFit software (Muller
et al,, 2014).

MemBright Labeling of Cells

Sub-confluent cells in 10cm culture dishes were rinsed twice with warm serum free medium and then incubated for 30 minutes at
28°C (Zmel1 cells) or at 37°C (4T1 cells) with MemBright quickly diluted in serum free medium (200nM final). To eliminate all possible
traces of unbound MemBright, cells were then rinsed three times with serum free medium, rinsed with EDTA and trypsinated. Cells
were then either injected in zebrafish embryos, seeded in a triple flask for EV production, or seeded in glass bottom microwell dishes
(MatTek Corporation) pre-coated with fibronectin from bovine plasma at 10pg/ml (Sigma F-1141) for imaging.

Intravascular Injection of Zebrafish Embryo

At 48h post-fertilization (hpf), zebrafish embryos were dechorionated and mounted in 0.8% low melting point agarose pad containing
650 uM of tricaine (ethyl-3-aminobenzoate-methanesulfonate) to immobilize them. Pre-labelled EVs, polystyrene beads (Phos-
phorex) or tumors cells were injected with a Nanoject microinjector 2 (Drummond) and microforged glass capillaries (25 to 30 um
inner diameter) filled with mineral oil (Sigma). 27,6 nL of a EV, beads or cell suspension (at 100.10° cells) per ml were injected into
the duct of Cuvier of the embryos under the M205 FA stereomicroscope (Leica), as previously described (Follain et al., 2018b; Sto-
letov et al., 2010). For the priming experiments, 32hpf embryos were injected with either Zmel1 EVs or 100nm polystyrene beads
(together with fluorescent dextran to assess the efficiency of injection). 14h post-injection, embryos were injected in the circulation
with Zmel1 tdTomato tumor cells. Larvae were grown for a week and imaged at 7 days post-injection. For late endosome/lysosome
labeling, embryos were incubated with Lysotracker Deep Red (Thermo Fisher Scientific) diluted at 5uM in Danieau 0,3X medium for 2
hours at 28°C before injection.

Confocal Imaging and Analysis

Confocal imaging was alternatively performed with an inverted TCS SP5 with HC PL APO 20X/0,7 IMM CORR CS objective (Leica) or
an upright SP8 confocal microscope with a HC FLUOTAR L 25X/0,95 W VISIR objective (Leica). For high speed imaging of EVs in the
blood flow, embryos were imaged right after injection; acquisitions were done at 80-100 frames per second for 1 minute, using the
resonant scanner in a single Z plane, with an opened pinhole of more than 1 airy unit. To identify the cell types uptaking EVs,
the caudal plexus region of mpeg1:GFP, mpo:GFP or Flita:GFP was imaged 3h post-injection with a z-step of 1 um. To quantify
the proportion of EVs arrested in the dorsal aorta vs venous plexus regions, images were acquired similarly in Fli1:GFP embryos.
For each case, quantification is described in the next paragraphs. To image the dynamics of macrophage protrusions, short time
lapses of mpeg1:GFP embryos were acquired at 5 to 10 Z stacks per minute (z-step of 0,5 um, stack covering the macrophage).
To image the dynamics of macrophages, long time lapses of mpeg1:GFP embryos were acquired at 1 Z stack per minute for one
hour in (z-step of 2 um, stack covering the venous plexus). To image the uptake of EVs by macrophage, mpeg1:GFP embryos short
time lapses were generated right after injection at 3 to 8 images per second on single Z planes. Image analysis and processing were
performed using Fiji (Schindelin et al., 2012) as described in the following paragraphs.

Semi-automated Method to Determine the Proportion of Internalized EVs

To determine the proportion of EVs internalized by either endothelial or macrophages, we used the Z-stacks obtained from either
Fli1:GFP or mpeg1:GFP embryos injected with Zmel1-MemBright EVs. Using Fiji, we split the cell and EVs channels and merged
them in a single RGB image. From the merged channel, we made a binary stack followed by a Z-projection with maximal intensity.
We used this as a reference image where all the EVs and cells are apparent. After normalizing this image to 1 we multiplied each stack
(respectively EVs and Cell) by this projection. In both stacks, we thus kept only the positions that colocalize either with the EV position
or the Cells position (all other positions possess a null value). We then made a binary from the Cell stack, applied close and dilated
before normalizing it to 1. The multiplication of this stack with the EV one lead to a new stack that keeps only the particle enclosed in
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the cellular compartments. Getting back to the Cell stack, we apply an inversion of the intensity values before substracting 254. The
resulting stack was then multiplied by the EV stack and the created new stack let only apparent the EVs that did not colocalize with
the cells. Further analyses of the intensities from the two stacks allowed us to access the ratiometric values of EVs uptaken by the
different cell lines.

Quantification of EVs in Aorta vs Vein Regions
Each region (dorsal aorta and venous plexus) was manually delimited on Z-projections, using vessels visible in Fli1:GFP channels.
Total EV intensity was then measured in each region and reported to the area. A ratio of EV fluorescence in the venous plexus
over dorsal aorta was then measured for each fish.

Flow Analysis for Red Blood Cells

Flow analysis of red blood cells

We first globally enhanced the contrast of the whole stack. Then we performed a Z-projection with the average intensity and
subtracted the obtained image to the stack. The remaining stack exhibits only the moving objects i.e. the red blood cells in
this case. Then we applied a binarisation to the stack before applying a bandpass filter with the correct values to remove the back-
ground noise and keeping only the flowing blood cells. This stack was then further analyzed with the Mosaic 2D/3D particle tracker
plugin. We thus accessed the positions of each blood cell for the different frames and we computed the velocities of each
individual track.

Flow Analysis of EVs

Time-lapses of EVs were first thresholded and binarized. We then inverted the stack before running the 2D spot enhancing
Filter plugin. We used the resulting stack to perform a second binarisation and then launched the Mosaic 2D/3D particle
tracker plugin. We thus accessed the positions of each EV for the different frames and we computed the velocities of each individual
track

EVs and RBCs Distance and Velocity from the Endothelial Barrier

In order to access to the distance of the EVs or red blood cells to the endothelial barrier, we first drew the endothelial wall using the
transmitted light and extracted its coordinates to a table. From the analysis described in the previous paragraph, we extracted the
coordinates and the velocity EVs and red blood cells. We ran a macro where we compared for all the position Xg, and Ygy of the EV
the closest position Xendo @and Yendo bY comparing all the possible distances d by calculating :

d= \/(XEV - Xendo)2 +(Yev — ysndo)2

and keeping the smallest distance.
This allowed us to plot the EV or the red blood cells velocities as a function of the distance from the endothelial wall.

Sample Preparation for Correlative Light and Electronic Microscopy of ZF Embryos

Correlative Light and Electron Microscopy was performed as previously described (Goetz et al., 2014; Karreman et al., 2016a). Trans-
genic mpeg1:GFP embryos were injected with MemBright-Cy3 4T1 EVs and imaged alive with a Leica SP8 confocal microscope (see
“Confocal imaging and analysis section”). Z stack was performed on two patrolling macrophages having uptaken EVs. Afterimaging,
the embryo was chemically fixed with 2,5% glutaraldehyde 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 room temperature for 1-2h and stored in fixative at 4°C overnight or until further
processing. The sample was rinsed in 0.1M Cacodylate buffer for 2x5min and post-fixed using 1% OsO4 in 0.1 M Cacodylate buffer,
for 1h at 4°C. Then, sample was rinsed for 2x10 min in 0.1M Cacodlyate buffer and secondary post-fixed with 4% water solution of
uranyl acetate, 1h at room temperature. 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 15min, 95%, 3X100% 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, sam-
ple was placed in a fresh absolute Epon for 1h and polymerized (flat embedded) at 60°C for 24-48h. Once polymerized, most sur-
rounding 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 24h-48h. Samples were attached to an imaging pin with dental wax and mounted into the Brukker Skyscan 1272
for microCT imaging. Data were acquired over 188° with 0.2° angular step and a pixel size of 9 um. Karreman et al. thoroughly details
the process of how the microCT data enables the correlation of fluorescent imaging to 3D EM of voluminous samples (Karreman
et al., 2016a). Retrieval of the region of interest is described in Figure S4. The region of interest was targeted by ultramicrotome, sec-
tions stained with toluidine blue and compared with the MicroCT and LM datasets. After targeting, serial 70nm sections were
collected in formvar coated slot grids. The sections were post stained with uranyl acetate (4%) and lead citrate. The sections
were imaged in a Biotwin CM120 Philips (FEI) TEM at 80kV with a SIS 1K KeenView. Stitches of the 70 sections were aligned using
the Track EM plugin in Fiji (Cardona et al., 2012). Segmentation and 3D reconstruction were done using the IMOD software package
(Boulder Laboratory, University of Colorado) and Amira.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Tests

Statistical analysis of the results was performed using the GraphPad Prism program version 5.04. The Shapiro-Wilk normality test
was used to confirm the normality of the data. The statistical difference of Gaussian data sets was analyzed using the Student
unpaired two-tailed t test, with Welch’s correction in case of unequal variances. For data not following a Gaussian distribution,
the Mann-Whitney test was used. lllustrations of these statistical analyses are displayed as the mean +/- standard deviation (SD).
p-values smaller than 0.05 were considered as significant. *, p<0.05, **, p < 0.01, ***, p < 0.001, ***, p < 0.0001.

Zebrafish Experiments

Measurements of EVs displacement in the dorsal aorta and in the caudal vein of zebrafish embryos (Figures 3B-3E) was performed
on four zebrafish embryos. Measurements of EV uptake in aorta versus venous plexus was repeated three times (n=17; Figure 4B).
Comparison of the uptake of beads, AB9 EVs and Zmel1 EVs by endothelial cells (n=20, 24 and 11 respectively; Figure 4C) and mac-
rophages (n=28, 21 and 19 respectively; Figure 5C) was repeated three times each. The correlation between Zmel1 uptake intensity
and macrophages perimeter was done on 73 macrophages (13 embryos; Figure 5B). The velocity of non-injected macrophages was
measured on 35 macrophages (6 embryos; Figure 5E). The colocalization between uptaken EVs and lysotracker in macrophages at
10 min and 3h post-injection was performed on 61 and 54 puncta, respectively (n=6 and 7 fish, respectively; Figure 6D). The dynamics
of macrophages injected with either beads or Zmel1 EVs was measured on 27 and 47 macrophages, respectively (5 and 8 embryos;
Figure 8A). The activation of M1 macrophages after beads or Zmel1 EVs injection was repeated twice (n=38 and 28 fish, respectively;
Figures 8B and 8C). The metastatic outgrowth of Zmel1 cells in zebrafish embryos injected with either beads or Zmel1 EVs was
repeated five times (n=55 and 57 fish, respectively; Figure 8D).

EVs Experiments

Measurements of the diameters of Zmel1 EVs (Figure 1B) and Zmel1 EVs labeled with MemBright (Figure 2E) by NTA was repeated
three times. Analysis of Zmel1 EVs (Figures 1C and 2D) and Zmel1 EVs labeled with MemBright (Figure 2D) by TEM was repeated
each three times (n= 871 and 356, respectively). Spectroscopic analysis of PKH and MemBright labeled EVs (Figure 1B) was per-
formed once, at different concentrations. Measurements of the fluorescence of PKH or MemBright labeled EVs was repeated three
times (Figures S2A and S2B). The number of puncta measured is indicated in the graph bars. The density gradient isolation of EVs
was repeated twice (Figure S1F). The measurements of the apparent EV diameter Vs beads diameter by confocal was repeated three
times in vitro and in vivo (Figure S2). The number of individual puncta measured is indicated in the graphs. Mass spectrometry of EVs
was performed on triplicates (Figure 1E; Table S1).

DATA AND SOFTWARE AVAILABILITY

The proteomics data have been deposited on Exocarta. All relevant data regarding the EVs experiments have been deposited on the
EV-TRACK knowledgebase (EV-Track ID:EV180078) (Van Deun et al., 2017).
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Supplementary figure legends

Supplementary Figure 1 (Related to Figure 2): Analysis of MemBright labeled EVs (A)
Histograms showing a spectroscopy analysis of MemBright and PKH describing the absorbance (left,
y axis) and the fluorescence intensity (right, y axis) versus the wavelength (nm, x axis) of the two
probes in water or methanol. The presence of aggregates of PKH in water is visible. Arrows indicate
the presence of PKH aggregates in labeled EVs (left) as well as in control PKH alone (right). (B)
Histograms showing the absorbance (left, y axis) and the normalized absorbance (right, y axis) of
Zmell or 4T1 EVs labeled with PKH or MemBright versus the wavelength (nm, x axis). PKH
aggregates are denoted with an arrow. (C) Histograms showing the intensity of the emitted
fluorescence (left, y axis) and the normalized fluorescence intensity (right, y axis) of Zmell or 4T1 EVs
labeled with PKH or MemBright versus the versus the wavelength (nm, x axis). PKH fluorescent
aggregates are denoted with an arrow. (D) Representative fluorescent images of Zmell EVs labeled
with PKH (at 2uM) or MemBright (at 200nM) and histogram showing the relative fluorescent intensity
of individual puncta (p=0,001; Mann-Whitney test). (E) Representative fluorescent images of 4T1 EVs
labeled with PKH (at 200nM) or MemBright (at 200nM) and histogram showing a higher fluorescent
intensity of Zmell-MemBright individual puncta compared to Zmell-PKH puncta (p<0,0001; Mann-
Whitney test). (F) Western blot on EVs labeled with MembrightCy3, or MemBright alone, separated on
a density gradient (Left). It shows the presence of Alix and TSG-101 in the fractions 5-10 exclusively.
No signal is observed in the control MemBright alone. Representative fluorescent images at low
(upper) and high (lower) magnifications of the same samples than the western blots (right).

Fluorescent MemBrightCy3 puncta accumulate in fractions 5-10.

Supplementary Figure 2 (Related to Figure 3): Characterization of MemBright EVs in vivo. (A)
Representative confocal images of Zmell EVs labeled with MemBright-Cy5 and incubated with 100nm
red fluorescent polystyrene beads in vitro. (B) Representative confocal Z projections of Tg(pul:GFP)
(lymphoid, monocytes/macrophages) embryos co-injected with Zmell EVs labeled with MemBright-
Cy5 and with 100nm red fluorescent polystyrene beads imaged 3 hours post-injection. (C) Single
plane zoom on embryos co-injected with Zmell EVs labeled with MemBright-Cy5 and with 100nm red
fluorescent polystyrene beads. (D) Histogram showing the apparent diameters (left, nm) of MemBright
labeled Zmell EVs and 100nm beads measured in confocal images in vitro and in vivo in zebrafish
embryos (in vitro: p<0,0001; in vivo: p=0,6; Mann-Whitney test). (E) Confocal images from three
different Z planes of Zmell EVs labeled with MemBright-Cy5 and incubated with human red blood
cells in vitro for 10 minutes. (F) Confocal images from rapid time-lapses of Tg(Gatal:RFP; Flil:GFP)
embryos injected with MemBright-Cy5 labeled Zmell EVs, showing examples of EVs far (upper panel)
or close (lower panel) from RBCs in the circulation. (G) Representative confocal Z projections of
Tg(Flil:GFP) embryos co-injected with Zmell EVs labeled with MemBright-Cy3 and with 4T1 EVs
labeled with MemBright-Cy5. (H) Representative confocal single planes from a time-lapse imaged
right after injection of Tg(Flil:GFP) embryos co-injected with Zmell EVs labeled with MemBright-Cy3
and with 4T1 EVs labeled with MemBright-Cy5. (I) Time projection over 10 seconds of a time-lapse
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imaged right after injection of Tg(Flil:GFP) embryos co-injected with Zmell EVs labeled with
MemBright-Cy3 and with 4T1 EVs labeled with MemBright-Cy5.

Supplementary Figure 3 (Related to Figure 4): Control Zebrafish embryo injected with
MemBright-labeled EVs or with control MemBright alone. Representative confocal Z-projections of
Tg(mpegl:GFP) (macrophages) embryos injected with either 4T1 EVs labeled with MemBright-Cy3 or
with MemBright-Cy3 without EVs and imaged 3 hours post injection.

Supplementary Figure 4 (Related to Figure 5): Retrieval of the cells by CLEM and the putative
journey of EVs in macrophages by electron microscopy (A) Tg(mpegl:GFP) embryos were
injected with 4T1 MemBright-Cy3 labeled EVs and imaged by confocal (upper panels). The upper right
panel shows the position of the Region Of Interest (ROI) containing the two target cells, with respect to
several embryonic landmarks imaged by confocal at low magnification. The lower left image shows the
tail of the embryo after fixation and resin embedding imaged by microCT. The lower right image shows
the position of the ROI in an electron microscopy section. (B) Higher magnification of the ROl imaged
by confocal and electron microscopy. Common features between transmitted light in the living fish and
electron microscopy on fixed fish are highlighted to allow a precise positioning of the ROI. The
electron microscopy panel is stitched together from several individual images to allow a larger region
to be visualized with better resolution. The asterisk points to a dirt speck on the EM section. (C)
Electron microscopy images of EVs observed in the lumen of the vessel, in the close proximity of
protrusions extending from the macrophage plasma membrane, which were identified by CLEM. (D)
Electron microscopy images of putative EVs present in early endosomes close to the surface of

macrophages. (E) Electron microscopy images of putative EVs present in MVBs.

Supplementary Figure 5 (Related to Figure 7): 4T1 CD63-GFP cells pre-labeled with MemBright.
(A) Representative confocal images of 4T1 CD63-GFP cells labeled with MemBright-Cy3 at different
times before and after MemBright addition. (B) Zooms on confocal images of 4T1 CD63-GFP cells
labeled with MemBright-Cy3 at 3h and 24h after MemBright addition. (C) Representative images of
EVs isolated from the extracellular medium of 4T1 CD63-GFP cells pre-labeled with MemBright-Cy3.
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Supplementary tables

Table 1 (Related to Figure 1): proteins identified in EVS by mass spectrometry (A) proteins
identified in EVs isolated from Zmell zebrafish melanoma cells (page 1-20); (B-G) proteins identified
in EVS isolated from human melanoma 451-LU cells (page 21-68) (B), SK-Mel28 cells (page 69-125)
(C), SK-Mel147 cells (page 126-167) (D), SK-Mel103 cells (page 168-215) (E), WM35 (page 216-258)
(F) and WM164 cells (page 259-307) (G); (H-J) proteins identified in EVs isolated from mouse
melanoma B16-FO cells (page 308-322) (H), B16-F1 cells (page 323-349) (I) and B16-F10 cells (page
350-364) (J); (K) proteins common to zebrafish, mouse and human melanoma EVs (page 365-367);
(L) proteins common to Zmell EVs and AB9 EVs (page 368-371); (M) proteins common to Zmell EVs
and YSL CD63-GFP positive EVs (page 372).

Table 2 (Related to Figure 2): Quantum yield of MemBright and PKH labeled EVs.
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mpeg1:GFP 4T1 EVs Membright-Cy3

mpeg1:GFP Control Membright-Cy3

Supplementary Figure 3_Hyenne et al.
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A Before After MemBright addition
MemBright addition T=0 T=3 hours T=24 hours

Membright CD63-GFP

CD63-GFP
Membright Nuclei

After MemBright addition c
T=3 hours T=24 hours CD63-GFP Membright Cy3

CD63-GFP

CD63-GFP
Membright Cy3

Membright

CD63-GFP
MembrightNuclei

Supplementary Figure 5_Hyenne et al.
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Table S2, related to Figure 2 :

Photo-physical properties of labelled EVs.

A Abs FWHM Abs AEm FWHM Em QY
(nm) (nm) (nm) (nm) 4)
PKH 4T1 559° 72 574 47 0.02
PKH Zmell 558° 71 572 50 0.04
MB 4T1 559 42 572 33 0.42
MB Zmell 560 42 571 34 0.41

# A second H-aggregation peak was observed at 522nm.
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Benjamin MARY

Disséquer I'impact des forces hémodynamiques dans
I’internalisation, le destin et la fonction des vésicules

extracellulaires tumorales circulantes

Résumé

Parmi les multiples messagers sécrétés par une tumeur, les vésicules extracellulaires
tumorales (VEt) sont connues pour modifier 'environnement des organes a distance
de leur lieu de sécrétion. Via leur dissémination par le sang, elles favorisent la
croissance de tumeurs secondaires (métastases) au sein de I'organisme. Néanmoins,
le réle du flux sanguin et des forces hémodynamiques dans ce modéle est mal connu.
Mon travail de thése montre qu’une vitesse de flux modérée, présente dans les petits
vaisseaux (e.g. les vénules/capillaires), favorise l'internalisation des VEs tumorales
par les cellules des parois vasculaires (les cellules endothéliales) et modifie leur destin
intracellulaire. Elles sont redirigées vers des compartiments moins acides, échappent
ainsi en partie a la dégradation et favorisent une activité pro-angiogénique localement.
In fine, ce mécanisme dépendant du flux pourrait étre impliqué dans les processus de
formation des métastases médiés par les VEs tumorales.

Mots clés :

Vésicules extracellulaires, cancer, métastases, hémodynamique, endolysosomes

Résumé en anglais

Tumor masses secrete plethora of molecular and cellular messengers that mediate
tumor growth. Among them, tumor Extracellular Vesicles (tEVs) are known to modify
distant microenvironment and participate to the formation of pre-metastatic niche, a
favorable soil for metastasis development. tEVs disseminate via the vascular system,
nonetheless, the role of blood flow and hemodynamic forces in this model is not known.
My work shows that moderate flow speed similar to what is measured in venule and
capillaries, enhances tEVs internalization in endothelial cells and modifies their
intracellular fate. tEVs are redirected toward less acidic and less degradative
compartments. This redirection allows part of internalized tEVs to avoid degradation
and favors a pro-angiogenic activity. Finally, this newly identified flow-dependent
mechanism could participate to tEV-mediated metastasis formation.

Keywords :

Extracellular vesicles, cancer, metastasis, hemodynamic, endolysosomes
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