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SUMMARY OF MY PROJECT:

According to statistics published by the World Health Organization, cancer is among the most
common causes of morbidity and mortality worldwide, with an estimated 14.1 million new cases
and 8.2 million deaths in 2012 (Ferlay et al. 2015). The most commonly diagnosed cancers were
breast, lung, and colorectal, and more than 90% of cancer-related death is due to metastasis rather
than primary tumors (Ferlay et al. 2015). However, the therapeutic limitations of metastasis require
a deeper understanding of its molecular machinery to identify effective therapeutic targets to block
metastasis (Hanahan and Weinberg 2000; Gupta and Massagué¢ 2006). In October 2016, as a PhD
student, I joined Jacky Goetz’s group, whose focus is on metastasis and the mechanisms of
its formation. Cell-to-cell communication is crucial in the formation of metastasis. Extracellular
Vesicles (EVs) (Graga Raposo and Stahl 2019) have been considered as crucial players by
mediating the communication between tumors cells and their microenvironment (Adem, Vieira,
and Melo 2020). EVs are composed of different biomolecules including RNA, lipids, and proteins,
and can be taken up by distant cells and deliver a functional message. Interestingly, tumor cells
are known to secrete a lot of tumor EVs (tEVs), that are enriched in pro-tumoral factors (Hyenne,
Lefebvre, and Goetz 2017). Indeed, they can transform stromal cells into tumor-associated cells
(Chow et al. 2014; Gu et al. 2012). Moreover, tEVs contribute to metastatic organotropism,
creating a so-called “pre-metastatic niche” in specific metastatic secondary sites before the arrival
of tumor cells (Hoshino et al. 2015; Peinado et al. 2017). The functional impact of tEVs in
promoting metastasis mainly depend on their levels and content. However, the molecular

mechanisms coordinating these processes remain obscure. Therefore, the goal of my PhD project

was to understand the mechanisms by which two GTPases (RalA/B) control exosome

secretion and to determine how this affects breast cancer progression and metastasis.

I built my PhD project on top of the work carried out by Vincent Hyenne who already showed
RalA and RalB are evolutionarily conserved regulators of exosome secretion (Hyenne et al. 2015).
Exosomes are small vesicles originating from the endosomal compartments called multivesicular
bodies (MVBs) (Colombo, Raposo, and Théry 2014). Hyenne, et al. originally observed that, in

the nematode C. elegans, the Ral GTPase ortholog RAL-1 controls exosome secretion by acting
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on the biogenesis of MVBs. They further showed that RalA/B control the levels of secreted EVs
in relevant models to human breast cancer (Hyenne et al. 2015) suggesting that these GTPases
could influence disease progression through EVs secretion. During my PhD project, using 4T1
aggressive mouse mammary carcinoma cells, we showed that two GTPases (RalA/B) control
MVBs homeostasis through the phospholipase D1(PLD1), thus tune the biogenesis and secretion
level of pro-metastatic EVs. We also found RalA and RalB promote lung metastasis in a syngeneic
mouse model. Importantly, EVs from RalA or RalB depleted cells have limited organotropic
capacities in vivo and, as a consequence, are less efficient in promoting lung metastasis. Thus, our
work suggests that Ral GTPases control the pro-metastatic function of EVs, by tuning their levels
and likely by modulating their content. Finally, we found that Ral GTPases promote the secretion

of CD146-enriched EVs, whose lung tropism sustains efficient metastasis. Altogether, our study

identified for the first time a new molecular machinery from its function in EV biogenesis up

to its pro-metastatic function in breast cancer. We found Ral GTPases as important

molecules linking the mechanisms of EVs secretion, cargo loading to their capacity to

distribute and induce pre-metastatic niches. Recently, my work was selected as one of

International Society for Extracellular Vesicles (ISEV) 2020’s outstanding contributions to the

advance of basic science.

This thesis will thoroughly provide a better understanding of the contribution of tumor exosome
in metastasis and determine the role of Ral GTPases in this process. In Chapter 1, I first explain
the invasion of cancer cells into the surrounding tissue and their metastatic spread through the
body. Then I continue by including a detailed description of Extracellular Vesicles (EVs),
including exosomes as well as their contribution in metastasis formation. Finally, I highlight the
importance of Ral GTPase in various aspects of cell biology. In Chapter 2, I provide my main
findings on how Ral GTPases promote metastasis by controlling biogenesis and organ
colonization of exosomes (Ghoroghi et al. eLife, accepted). Then, I continue by including my
results on establishing the zebrafish embryo as a novel animal model to track circulating tEVs in
vivo (Hyenne et al. 2019). The tools and methods developed in this novel animal model were also
used in part of my Ral project. Finally, in Chapter 3, I will discuss my main findings on how
they integrate into the current knowledge in this field, and how they open new research avenues

for the future.
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INTRODUCTION



1 Cancer

Cancer is the second leading cause of death worldwide, accounting for an estimated 9.6 million
deaths, or one in six deaths, in 2018 (Bray et al. 2018). Cancer is a large group of diseases
characterized by uncontrolled cell growth (Baylin and Jones 2016). There are more than a hundred
distinct types of cancer, which can be classified by the type of cells and organ from which they
originate. Depending on the tissue they have developed from, carcinomas, lymphomas, and
sarcomas are examples of solid tumors. Leukemias on the other hand is an example of liquid
cancers that arise from the blood-forming cells. In leukemia, tumor cells are systemically spread
without the formation of a tumor mass (Sell 2005). However, most cancers (~85%) are of
epithelial origin, referred to as carcinomas, such as breast cancer in which cancer cells spread from
a primary tumor to distant sites through the vascular and lymphatic circulations to establish
secondary tumors known as metastasis (Valastyan and Weinberg 2011).

Breast cancer is the most frequent cancer among women, impacting more than 2 million new
cases worldwide in 2018 (Siegel, Miller, and Jemal 2018). According to the World Health
Organization, it is estimated that 627,000 women died from breast cancer that is approximately
15% of all cancer-related deaths among women in 2018 (Siegel, Miller, and Jemal 2018).
Since the late 1980s, in many highly developed countries, mortality rates have declined due to
improved detection, earlier diagnosis, and more effective treatments (Siegel, Miller, and Jemal
2018). Well-established risk factors for breast cancer in women include reproductive factors such
as early age at menarche, late age at first childbirth, nulliparity, and late age at menopause, family
history of breast cancer, alcohol consumption, exposure to ionizing radiation, prior hormone
replacement therapy, use of oral contraceptives, lack of physical activity, increased age and obesity
(Colditz and Bohlke 2014). Overall, 5-10% of breast cancers are inherited, and the risk is linked
to two tumor suppressor genes: BRCA1(17g21) and BRCA2(13q12) that are involved in double-
strand break DNA repair (Rebbeck et al. 2016). Breast cancer is a clinically, genetically and
histologically heterogeneous disease. Malignancies of the breast can begin in different areas of the
breast and depending on which cell type is affected, breast cancers can be divided into carcinomas
and sarcomas (Polyak 2007; Allison 2012). Carcinomas are cancers arising from the epithelial

component of the breast, they can be basal or luminal. The epithelium of the mammary gland
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is composed of two main cellular lineages: luminal cells that surround a central lumen and highly
elongated myoepithelial cells that are located in a basal position adjacent to the basement
membrane. Alveoli sarcomas are a much rarer form of breast cancer (<1% of primary breast
cancer) that arise from the stromal components of the breast including myofibroblasts and blood
vessel cells (Figure.l) (Feng et al. 2018). In some cases, breast tumor could be the combination
of different cell types. Histologically, breast cancer is broadly categorized into in situ carcinoma
and invasive carcinoma, and most breast cancers are invasive. More details regarding the
histological subtypes have been summarized in table 1(Feng et al. 2018). Approximately 30% of
women with early-stage breast cancer will experience distant metastases which is the primary
cause of cancer morbidity and mortality. The stage of breast cancer can be determined, ranging
from stage 0 to stage IV, based on the size of the primary tumor, the involvement of lymph nodes,
and the presence of distant metastasis (Allison 2012; Polyak 2007). However, studies have shown
that histological differences along with biological markers, which have been summarized in table
2, are sufficient prognostic markers for metastasis risk (Harbeck et al. 2019). Throughout my PhD
project, we mainly focused on breast cancer and a murine mammary tumor cell line, 4T1, was
used as a model of aggressive cancer mimicking human triple-negative breast cancer (P. Kaur et

al. 2012).

Preinvasive

Normal
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Figure 1. Anatomical and histologic origins of breast tumor cells.
Adapted from (Harbeck et al. 2019). Created with BioRender.com
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Histological subtypes

Ductal

Lobular

Preinvasive
Cells limited to basement
membrane

Ductal carcinoma in situ (DCIS)
Spreads through ducts and distorts
ductal architecture; can progress to
invasive cancer; unilateral

Lobular carcinoma in situ (LCIS)

Does not distort ductal architecture; can be
bilateral

Risk factor rather than precursor

Invasive
Extension beyond the
basement membrane

Invasive ductal carcinoma (IDC)
Develops from DCIS; fibrous response
to produce a mass; metastasizes via
lymphatics and blood

Invasive lobular carcinoma (ILC)
Isolated tumor cells (CDH1 mutations)
minimal fibrous response; metastasizes
preferentially via viscera

Table 1. Histological subtypes of breast cancer, (Harbeck et al. 2019).

Molecular/intrinsic subtypes of breast cancer

Subtype

Molecular Signatures

Characteristics

Luminal A

ER+, PR+, HER2-, Low Ki67

~70%, Most common,
Best prognosis

Luminal B

ER+, PR+, HER2+, High Ki67

Lower survival than Luminal A

10%-20%

HER2

ER-, PR-, HER2+

5%-15%

Triple Negative

ER-, PR-, HER2-

More common in black women
Diagnosed at younger age Worst

15%-20%

prognosis

Normal-like

ER+, PR+, HER2-, Low Ki67

Rare; Low proliferation gene cluster

Low proliferation gene cluster

expression

expression

Table 2. Molecular/intrinsic subtypes of breast cancers, Breast cancers that have estrogen receptors
are called ER-positive (or ER+) cancers, with progesterone receptors are called PR-positive (or PR+)
cancers. HER2-positive breast cancer is a breast cancer that tests positive for a protein called human
epidermal growth factor receptor 2 (HER2). Ki67 is cell proliferation marker (Feng et al. 2018).

In section 1.1, I will start by outlining common features of cancer that have been highlighted in

“Hallmarks of Cancer”(Hanahan and Weinberg 2011), and briefly presenting a unified set of

distinctive and complementary capabilities that enable tumor growth and metastatic dissemination.

Since most of the hallmarks of cancer are related to the notion of tumor microenvironment (TME),

in section 1.2 I describe the crucial role of TME in tumor development and metastasis. In section

1.3, I proceed by describing tissue invasion and metastasis. Since successful metastatic
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colonization occurs with a non-random pattern only at certain organ site, in section 1.4 I highlight
the concept of organotropism. Then in section 1.5, I take a close look at the development of a
supportive microenvironment at the metastatic site taking place before the arrival of tumor cells

and later promoting their survival and outgrowth.

1.1 General hallmarks of cancer

The originally proposed hallmarks of cancer by Hanahan and Weinberg pointedly linked six
essential alterations in cell physiology to malignant growths (Hanahan and Weinberg 2000). In
Hallmarks II, Hanahan and Weinberg re-evaluated and expanded their 2000 assessment with
emerging hallmarks and enabling characteristics (Hanahan and Weinberg 2011) (Figure.2).
Briefly, the characteristics that cancer cells acquire to survive and form a primary tumor mainly

depend on one of these hallmarks called genome instability and mutation of neoplastic cells

which is considered as an enabling characteristic of cancer cells. Then cancer cells form the

primary tumor through some of these hallmarks listed below along with few examples of each:

Evading
Sustained growth

prolifration suppressor

Genome
instability and,
mutation

Resisting
cell death

! Evading
Activating = & |immune cells
invasion and % suppression
metastasis
Reaching
Tumor replicative
promoting immortality
inflammation

Inducing Reprogramming
angiog tabol

Figure 2. Cancer Hallmarks. Inspired by (Hanahan and Weinberg 2011). Created with
BioRender.com

13



Sustained proliferation which is the main feature of cancer cells and is achieved in several ways.

Normal cells control the production of their growth signals to maintain homeostasis of cell number,

but cancer cells deregulate this control system (Hanahan and Weinberg 2011).

Evading growth suppressor which negatively regulate cells proliferation. Tumors often display

mutations in Retinoblastoma (Rb) and p53 genes which lead to uncontrolled proliferation. Rb and
p53 are central anti-proliferative protein and central cell cycle blocker, respectively (Hanahan and

Weinberg 2011).

Resisting cell death, which is achieved through loss of p53, overexpression of anti-apoptotic

factors such as B-cell leukaemia/lymphoma 2 (Bcl-2) or down-regulation of pro-apoptotic factors

such as Bax or Bim (White and DiPaola 2009).

Evading immune cells suppression, which is related to resisting apoptosis from cytotoxic T

lymphocytes (CTL) and natural killer (NK) cells. Several studies demonstrated that tumors with
high infiltration of CTLs and NK cells had better prognosis (Shields et al. 2010).

Reaching replicative immortality, which means tumor cells acquire a state of immortality by

passing through an unlimited number of growth/division cycle. The immortalization capability is
attributed to the activation of the DNA polymerase telomerase that is responsible for the

regeneration of telomeres adding segments of nucleotides (Raynaud et al. 2010).

Reprogramming metabolism, which is the deregulating cell energy pathways and provide tumor

cells with not only necessary energy but also nutrients to fuel their excessive growth, survival,
invasion, metastasis and resistance to anti-cancer therapies. Reprogramming metabolism also
activates oncogenes such as RAS and MYC linking metabolism to the other

hallmarks(DeBerardinis et al. 2008).

Inducing angiogenesis which refers to new blood vessel formation from the existing ones for

providing oxygen and nutrients for the growth of tumors. The resulting vasculature is highly
abnormal with enlarged vessels, leakiness and over-branching (Hanahan and Weinberg 2000;
Baeriswyl and Christofori 2009).
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Tumor-promoting inflammation, which is driven by the immune system and contribute to the

growth of a primary tumor in its surrounding stroma. Inflammatory environments can modify
extracellular matrix (ECM), and contribute to many hallmarks capabilities by supplying bioactive
molecules to the tumor microenvironment (Hanahan and Weinberg 2011).

Activating invasion and metastasis which occurs due to all the above-mentioned characteristic.

This hallmark is at the center of the focus in this thesis and will be discussed thoroughly. (Hanahan
and Weinberg 2011). Many of the above-mentioned hallmarks are related to the notion of

tumor microenvironment (TME).

1.2 Tumor Microenvironment

TME refers to the area surrounding the tumor, progressive formation of which relies on cell-cell
communication, and ultimately favors the growth of the tumor in its surrounding stroma (Joyce
and Pollard 2009). TME includes many types of cells, among which the different tumor cells
recruited stromal, endothelial, and immune cells in a modified extracellular matrix (ECM)
(Figure.3). Cell-to-cell communication has a critical role during tumor progression by profound
influence on proliferation and dissemination of tumor cells. Intercellular communication between
cancer cells and the TME can be direct by cell-to-cell contact (e.g., adhesion molecules) or indirect
through signaling by cytokines, growth factors, and extracellular vesicles (EVs) (Dominiak et al.
2020; Galdiero, Marone, and Mantovani 2018; Thomas, Lee, and Beatty 2020). The noteworthy
way of cell-cell communication between tumor cells and the TME is represented by EVs which
will be discussed deeply in section 2.7. However, to better understand the mechanism of cell—cell
communication between a tumor and its microenvironment it is necessary to study the main
cellular players and ECM in the TME which have been summarized below.

Vascular and Lymphatic endothelial cells: In TME, tumor growth depends on angiogenesis,

which provides oxygen and nutrients through the formation of new blood vessels, and
lymphangiogenesis, which facilitates removal of excessive fluids and drainage of tumor cells and
tumor-secreted factors from the tumor (Follain et al. 2020). Angiogenic factors present in the TME,
such as VEGFs, FGFs, platelet-derived growth factors (PDGFs) and chemokines stimulate
sprouting of endothelial cells that is needed for cancer growth. VEGF (also known as VEGFA) is

the main angiogenic factor in the TME and is produced by both malignant cells and inflammatory
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leukocytes (Carmeliet and Jain 2011). The tumor vasculature is abnormal in its structure and
function. For example, blood vessels are leaky with chaotic branching structures and an uneven
vessel lumen. Increased permeability of vessels raises the interstitial fluid pressure in the tumor
tissue (Stylianopoulos et al. 2012). High interstitial fluid pressure (Swartz and Fleury, 2007)
induces a convective flow from blood vessels towards the lymphatic vessels (Cornelison et al.
2018). Therefore, it could be suggested such convection forces along with blood and lymphatic
circulations, relocate tumor cells as well as tumor-derived soluble factors or EVs to promote their
dissemination towards the vascular systems or the ECM at the periphery (Follain et al. 2020).
Tumor cells are able to invade existing lymphatic vessels or stimulate lymphatic vessel spouting
through production of VEGFC or VEGFD (Pereira et al. 2018). Lymphatic vessels are also
important in cancer progression by altering the host immune response to the tumor (Swartz and

Lund 2012).
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Figure 3. Typical tumor microenvironment. A schematic view of the tumor microenvironment
components. The tumour mass consists not only of a heterogeneous population of cancer cells but also a
variety of stromal, endothelial, and immune cells in a modified extracellular matrix. They form a complex
regulatory network that supports tumor growth. Inspired by (Joyce and Pollard 2009). Created with
BioRender.com
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Pericytes: In addition, perivascular stromal cells called “pericytes” support the structure of
blood vessels in the TME. They are also important cellular components of the TME, which
contribute to tumor angiogenesis, growth, metastasis, and evasion of immune destruction

(Armulik, Genové, and Betsholtz 2011; Cooke et al. 2012).

Immune cells: The crucial role of the immune system in the protection against cancer is well
supported (Schreiber, Old, and Smyth 2011). However, the immune system consists of various
different cell types which have a different interaction with tumor cells and other cells in the TME
and promote tumor growth. Therefore, immune cells have a complex and ambiguous role in TME.

Below I provide a rapid and simplified summary of the role of each cell type on TME.

T lymphocytes can be found within and surrounding the tumor mass as well as in draining
lymphoid organs (Fridman et al. 2012). The phenotype of pro- and anti-tumor T cells can vary
with disease type and stage. For instance, cytotoxic CD8+ memory T cells, and CD4+ Th1 helper
cells normally destroy tumor cells. However, CD4+ Th2 helper T cells and FOXP3+ T regulatory
cells are immunosuppressive, thus tumor promoting and associated with poor prognosis (Fridman
et al. 2012; Hsieh et al. 2004). B lymphocytes sometimes can be found at the invasive margin of
some tumors but are more often present in draining lymph nodes and lymphoid structures adjacent
to the TME. B cell infiltration into the TME 1is associated with good prognosis in some breast and
ovarian cancers(Milne et al. 2009; Coronella et al. 2001). However, immunosuppressive 1L-10
producing subtypes of B cells, B10 or B reg cells also associated with tumor-promoting activity in
mouse models (Mauri and Bosma 2012). Whether B cells and B regs in particular have similar
roles in human cancers remains unknown. Innate cytotoxic lymphocytes, natural Killer (NK)
cells and natural Kkiller T (NKT) cells are usually found outside of tumor area, and in many
cancers appear to predict a good prognosis (Mauri and Bosma 2012). Recently, Glasner et al.
reported a new anti-tumor role of NK cells by promoting the production of the ECM protein
fibronectin 1 (FN1) from melanoma cells, thus ECM stiffening and preventing metastatic spread
(Glasner et al. 2018). However, some tumor-related soluble factors (i.e. IL-10, IDO, PGE2, TGF-
B1) produced by different tumor-infiltrating immune cells (i.e. M2-macrophages, MDSC, DC,
Treg), may negatively impact NK cell activity (Sungur and Murphy 2014).
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Myeloid cells are a variety of cells belonging to the innate immune system and tend to adapt their
phenotype to their tissue of residence (Gabrilovich, Ostrand-Rosenberg, and Bronte 2012). Thus,
in cancer, myeloid cells present in different states and perform a series of different functions. In
the last decades, among those myeloid cells, macrophages, dendritic cells (DCs), and myeloid-
derived suppressor cells (MDSCs) have received great attention because of their ability to initiate
or suppress an anti-tumor immune response (Engblom et al. 2017). Here, I will briefly focus on
these myeloid cells and their roles as cancer buddies or foes: In tumors, tumor associated
macrophage (TAM) are derived from circulating monocytes that are recruited from the bone
marrow or spleen. Macrophages also originate from embryonic precursors and develop into tissue-
resident macrophages, such as macrophages in the lung, or Kupffer cells in the liver (Epelman et
al. 2014; Lahmar et al. 2016). Due to their substantial heterogeneity, TAMs are commonly divided
into M1 referring to anti-tumorigenic (arise in response to TLR ligands and IFN) and M2 to pro-
tumorigenic macrophages (expand in response to IL4, IL13, and TGFf) (Mosser and Zhang 2008;
Lawrence and Natoli 2011). For example, TAMs with anti-tumorigenic potential enhance NK cell
responses by producing IL18 and IL22 (Poh et al. 2019; Engblom et al. 2017). On the other hand,
in growing tumors TAMs often accumulate in hypoxic areas, where the hypoxic conditions may
induce a switch to a pro-angiogenic, invasive phenotype through multiple angiogenic factors, such
as TGFB, VEGF, PDGF, and fibrin (Quail and Joyce 2013; Kzhyshkowska, Ovsiy, and Gratchev
2014). Myeloid-derived suppressor cells (MDSCs) which are inhibitory immune cells producing
a large amount of II-10, inhibit cytotoxic T cells and polarized TAM to a tumor promoting
phenotype (Gabrilovich, Ostrand-Rosenberg, and Bronte 2012; Sica and Bronte 2007). Terminally
differentiated myeloid dendritic cells might be detective in the TME and cannot sufficiently
stimulate an immune response to tumor-associated antigen (Meredith et al. 2012; Satpathy et al.

2012).

Fibroblasts:

On the other hand, Cancer-associated fibroblast (CAF) could serve as an important player in TME
by producing growth factors and proinflammatory cytokines, such as transforming growth factor-
B (TGF-), vascular endothelial growth factor (VEGF), interleukin-6 (IL-6), and CXC-chemokine
ligand (CXCL12), to promote angiogenesis and recruit immunosuppressive cells into the TME to
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assist in immune evasion (Orimo et al. 2005; Erez et al. 2010; Sugimoto et al. 2006). CAF are also
spindle-shaped cells that build up and remodel the ECM structure through the secretion of MMPs,
ECM components and other enzymes (Erez et al. 2010). Below I will discuss the importance of

ECM in TME.

The ECM of the tumor microenvironment:

As I mentioned TME is a complex structure composed of different cell types embedded in a
modified ECM, where the ECM macromolecules determine tumor progression and metastatic
dissemination (Henke, Nandigama, and Ergiin 2020). The ECM is the noncellular component of
tissue, consisting of various macromolecules including collagens, glycoproteins (fibronectin and
laminins), proteoglycans, and polysaccharides with different physical and biological properties
(Brassart-Pasco et al. 2012). In normal tissue, ECM’s composition is regulated to control cell
behaviors, but dysregulation of ECM leads to the development of cancer (Walker, Mojares, and
del Rio Hernandez 2018). For example, Collagens is the most significant component of the ECM.
In cancer cells, matrix stiffening via collagen deposit and crosslinking has been associated with
tumor malignancy(Paszek et al. 2005). However, the exact role of collagen deposition in tumor
progression is not very well known. Recent studies have shown that enhanced collagen
crosslinking and deposition result in tumor progression via an enhanced integrin signaling
(Levental et al. 2009). On the other hand, Glycoproteins including fibronectin and laminins, are
mainly known as ECM connectors. Glycoproteins support ECM networks by linking cell surface
receptors to other ECM components and growth factors (McKee et al. 2007). In normal tissue,
laminin are the main components of the basement membranes, however in tumors laminin gets
distorted or appears distributed in the stromal parts of the tumors which lead to invasiveness
(Gusterson et al. 1982; Hand et al. 1985; Qiu et al. 2018). On the other hand, fibronectin has been
shown to be highly stretched and considerably remodeled in the tumor stroma (Chandler et al.
2011; K. Wang et al. 2016). However, how these changes in fibronectin structure impact cancer
progression is not well understood.

Tumor cells:

In addition to the above-mentioned characteristic of TME, cancer cells themselves acquire new

and different mutations as the tumor develops, leading to intratumor heterogeneity (ITH) as
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various subpopulations of cancer cells can be identified, including rare cancer stem cells (CSCs)
(McGranahan and Swanton 2017). CSCs have the ability of self-renewal cloning and giving rise
to heterogeneous cell populations with a high plasticity potential and resistance to stressful factors
within the TME such as low level of oxygen or nutrient (Visvader and Stingl 2014; Aponte and
Caicedo 2017). Altogether, the above-mentioned cells and component of TME communicate
with each other and with cancer cells. This communication allows the cancer cell to modify
not only the surrounding tumor microenvironment but also cells located at distant sites

leading to a stepwise progression from the primary tumor to the formation of metastasis.

1.3 Metastasis

At the cellular level, metastasis represents the end product of a multistep cascade (Figure.4)
starting with Invasion. Formation of successful tumor microenvironment along with the
proliferation of tumor cells turn benign tumor mass to invasive (malignant) cancer when cancer

cells are invading the tissue surrounding the primary tumor.
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Figure 4. Overview of metastatic cascade. Metastasis is a multistep process, in which tumor cells invade
their stroma towards the blood and lymphatic vessels and by entering these vessels (process called
intravasation), they travel to distant organs by the flows. Survived cells in the circulation, adhere the vessels
wall and extravasate (cross the endothelial barrier to reach the stroma), they might colonize and reactivate
the growth of a new tumor called metastasis. Inspired by (Fares et al. 2020). Created with BioRender.com

In the most common type of cancers, as for instance in breast carcinoma, tumor cells must destroy

their first barrier called basal lamina to move from being in situ (Spaderna et al. 2006; Nguyen-
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Ngoc et al. 2012). The minimal pore size that a cell can go through is ~7 um (E. J. Wolf et al.
2013). When the space is small like in basal lamina, cells will start expressing metalloproteinases
(MMPs) and degrade the matrix first. MMPs are either transmembrane or secreted by tumor and
stromal cells eventually through EVs (Lee 2004). Along with chemically degrading of the ECM
using MMPs, cells mechanically remodel ECM through a complex intercoupling between
intracellular forces (such as cell contractility) and extracellular forces (adhesions and protrusions)
that depend on the stiffness of the surrounding stroma and the alignment of matrix fibers(Wisdom

et al. 2018; Paz and Sanchez 2015).

All the above-mentioned process will promote invasion, through which some tumor cells are able
to reach the vessels and cross the endothelial barrier, a process called intravasation. Due to
constant rearrangement, lack of perivascular coverage and basement membrane, the vasculature
of the primary tumor is immature and hyperpermeable causing leakage of plasma proteins that
further facilitate new vessel formation and tumor cell intravasation(Lambert, Pattabiraman, and
Weinberg 2017). After intravasation, cells surviving in the circulation will arrest, adhere and
extravasate to escape the circulation. These last steps are one of the major focus in my lab.
Although few cancer cells intravasate into the vasculature, even fewer survive the physical
stresses, including hydrodynamic flow, loss of attachment to a substrate and shear stress(Rankin
and Giaccia 2016; Follain et al. 2020). Other obstacles involve the human immune system—in
particular, natural killer (NK) cells, which kill some of the cancer cells in the bloodstream—as
well as anoikis, programmed cell death induced by lack of appropriate attachment to the ECM.
These factors lead to a significant decrease in the number of cancer cells that reach the metastatic
site from the primary tumor (Strilic and Offermanns 2017). However, a recent study in our team
demonstrated that blood flow forces tune both the arrest and extravasation of circulating tumor
cells (CTCs), suggesting that the success rate of CTC extravasation is increased when CTCs
become arrested (trapped) in vessels with reduced blood flow dynamics and/or get engulfed due

to endothelial remodeling (Follain et al. 2018).

In Addition, the process of adhesion and extravasation can be further aided by inflammatory cells,
such as monocytes and neutrophils, which would form complexes with CTC and mediate their
adhesion and translocation throughout the vessel wall, as well as establishing and maintaining the
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metastatic niche (Headley et al. 2016). After extravasation, cancer cells have one final task to
complete known as colonization of secondary sites. Colonization includes the capacity of arriving
cells to survive and start proliferating or enter dormancy. Successful metastatic colonization
could occur with its non-random patterns only at certain organ site, highlighting the concept

of organotropism (Fidler,1973).
1.40rganotropism

Cancers metastasize to through a distinct metastatic route and follow a non-random distribution
among distant organs, known as ‘‘organotropism’’ or ‘‘organ-specific metastasis” (Y. Gao et al.
2019). In both clinical and animal models, usually based on the histological origin of cancer, there
will be a predictable pattern of organ-specific metastasis, as each cancer types are predicted to
metastasize to specific secondary organs (Obenauf and Massagué 2015; Valastyan and Weinberg
2011; Wan, Pantel, and Kang 2013). The most common sites for cancers to metastasize are the
brain, bones, lungs and liver, and the least metastatic sites are pancreas, skin, ovary, thyroid,
muscle and spleen. Different cancer subtypes also correlated with distinct tendencies to

metastasize to specific organs (Voduc et al. 2010).

The most common site of metastatic breast cancer
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Figure 5. Summary of breast cancer organotropic metastases. The site-specific organotropic
metastasis is regulated by the breast cancer subtypes Bone is the most common site of metastatic breast

cancer patients, with the second most common site is brain, and liver and lungs are the next. Adapted from
(W. Chen et al. 2018).
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For instance, breast cancer tends to metastasize distantly to the bone, lung, liver, brain, and distant
lymph node. However, the luminal subtype has a higher propensity to metastasize to the bone,
whereas both basal-like and TN subtypes have a high rate of metastases to lung, distant lymph
node and brain (Figure 5). Therefore, each cancer types and subtypes display distinct
organotropisms (W. Chen et al. 2018). There are different factors explaining why certain organs

are more prone to be a host than others which will be briefly listed below.

Blood flow patterns and vascular architecture are important factors in organotropism. In his -

the hemodynamic hypothesis-, James Ewing explains organotropism based on the blood flow and
anatomy of vascular connection between the primary tumor and the secondary organ (Ewing
1928). Basically, flow rates, vessel size and shear stress can all influence the survival of cancer
cells in the circulation and control organotropic seeding patterns (Azevedo et al. 2015; Chambers,
Groom, and MacDonald 2002; Baccelli et al. 2013). Distinct blood flow pattern may also lead to
entrapment of tumor cells in capillary vessels or their attachment to adhesion molecules on the
endothelium (Aceto et al. 2014). For instance, the venous blood that circulates through most
organs is directed to the liver and lungs before reaching other organs, which may explain why
these organs are such a common site of metastasis (Denéve et al. 2013). However, blood flow
pattern and capillary entrapment are not the only influencing factors and cannot sufficiently
explain all the clinical observations of metastatic organotropism. For instance, organs with an
equal volume of blood flow (kidney, liver, brain) still have very different metastatic patterns.
Another factor that can facilitate extravasation and colonization is the architecture of blood vessel
walls and endothelial cell morphology which also differ among organs (Budczies et al. 2014). In
contrast to the vessels in the brain and lungs, which have more tight junctions between endothelial
cells and a basement membrane, sinusoid vessels in the liver and the bone marrow are fenestrated,
or lined, with a discontinuous layer of endothelial cells that provides greater permeability.
Therefore, transendothelial migration is less restricted in the liver and bone marrow than it is in
the brain or the lungs, as shown in quantitative cell-tracking studies in mice (Aird 2007). However,
as explained before the vasculature of target organs can be impaired before the arrival of tumor

cells. For instance, in breast cancer and melanoma tumor -cell-derived SPARC, and
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ANGPTLA disrupts vascular endothelial cell-cell junctions, and increases the permeability of lung
capillaries(P.-H. Huang et al. 2009; Padua et al. 2008; Tichet et al. 2015). Additionally, tumor cells
can cross blood-brain barrier (BBB) by upregulating the expression level of COX2, HBEGF,
MMP2, miR-105, and ST6GalNac5, which increase vascular permeability in the brain(Bos et al.
2009; Sevenich and Joyce 2014; Z. Zhou et al. 2017). The adhesion molecules on endothelial cells
also vary by organ environment which may be related to metastatic tropism. For example,
expression of induced E-selectin in the liver by inflammatory cytokines, such as TNF-a secretion
by tumor-recruited macrophages and Kupffer cells, promote adhesion and liver metastasis
(Auguste et al. 2007; Eichbaum et al. 2011). Moreover, E-selectin expression on endothelial cells
in the bone marrow contribute to CTC adhesion and metastasis to the bone (Barthel et al. 2013).
The presence of different adhesion molecules in distinct organs may enhance metastatic seeding,
such as N-cadherin (Qi et al. 2005) and ICAMI (intracellular adhesion molecule 1) (Rahn et al.
2005), which enhance transendothelial migration. Although there are even more known adhesion
molecules whose contribution to colonization in specific tissues is still unclear. Another factor

which has been shown in many studies is the genetic adaptation of tumor cells during organ-

specific_colonization. Different gene signatures enriched in metastatic cells promote CTCs

survival in the vasculature, capillary adhesion, extravasation, migration, angiogenesis, and the
mobilization of stromal components that can promote organotropism (Piskounova et al. 2015;
Tabaries et al. 2012). For instance, clonal enrichment for preexisting mutations present in primary
tumors, was shown to be upregulated in metastasis models and may lead to the survival of

metastatic cells in specific organs (Jacob and Prekeris 2015). Organotropic cancer cells also

possess distinct metabolic features. Considering the difference in oxygen levels, acidity, and

metabolite profiles of host organs, it is expected to find distinct tumor characteristics matching
organ-specific metabolic environments (Y. Gao et al. 2019). For example, the brain and lungs have
high levels of glucose and oxygen, which may facilitate colonization of metastatic cells using
aerobic glycolysis or oxidative phosphorylation (Y. Gao et al. 2019). Finally and very
importantly, many studies demonstrating the importance of secreted factors such as growth
factors (e.g., VEGF), cytokines (e.g., TNF-b, TGF-b), matrisome proteins (e.g., LOX,
versican) as well as EVs in metastatic tropism by preparing a Pre-Metastatic Niche (PMN)

in specific organs before the arrival of tumor cell (Gao,2019).
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1.5 Pre-Metastatic Niche

In 1889, Steven Paget “seed and soil” theory proposed metastasis will succeed in organs where
the local microenvironment (the soil) is favorable for tumor cells invasion and growth (the seed)
(Paget 1989). This theory still stands over 100 years later, emphasizing the requirement for a
supportive microenvironment, in metastatic outgrowth. Additionally, a similar model has been
suggested in 2005 by David Lyden and his team, in which they explained that a favorable
microenvironment must develop in order for tumor cells to be able to engraft and proliferate at
secondary sites. These tumor growth-favoring microenvironments are termed ‘pre-metastatic
niches” (PMNs) which are formed before the arrival of the tumor cell (Kaplan et al. 2005).
In ecology, a niche is a term describing the relational position of a species or population within a
specific ecosystem. Similarly, Raymond Schofield postulated the concept of the stem cell niche as
a specialized microenvironment that provides stem cell maintenance and regulates cell function

and proliferation (Psaila and Lyden 2009). The PMN can be primed and established through a

complex interplay among primary tumor-derived factors including EVs, tumor-mobilized bone
marrow-derived cells, and local stromal components (Sleeman 2012; Yang Liu and Cao 2016).
Many aspects of PMN are still unknown, below what is currently known about the constitution of

the PMN will be discussed (Figure 6).
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Figure 6. Characteristics of the pre-metastatic niche. TDSFs and EVs induce the mobilization and
recruitment of several cell populations to secondary organ sites, creating a suitable
niche microenvironment for metastatic tumor cell colonization. Inspired by (Yang Liu and Cao 2016).
Created with BioRender.com
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The vasculature at PMNs is remodeled by primary tumor-secreted factors (Psaila and Lyden

2009). For instance, MMP9Y, as a member of the MMP family, is also involved in regulating
vascular integrity in PMNs (Kaplan et al. 2005). Hyperpermeability and breakdown of the
vascular basement membrane result in altered vascular integrity in the pre-metastatic lungs of
melanoma (P.-H. Huang et al. 2009) and breast cancer(H. H. Yan et al. 2010). For example, TGFf
in the breast tumor primes cancer cells for metastasis to the lungs by inducing angiopoietin-like
4 (ANGPTLA4). Tumor cell-derived Angptl4 disrupts vascular endothelial cell-cell junctions,
increases the permeability of lung capillaries, and facilitates the trans-endothelial passage of
tumor cells (Padua et al. 2008). A landmark study, performed in patients/mice with melanoma
showed that primary tumor-secreted factors upregulated angiopoietin 2 (ANGPT2), MMP3 and
MMP10 in the pre-metastatic lung, and thereby disrupted blood vessels. However, identities of the
cells expressing these molecules and the tumor-secreted factors that induce their expression are
not known yet (P.-H. Huang et al. 2009). Moreover, CCL2 secretion by breast tumor cells and the
stroma result in the recruitment of monocytes expressing C-C chemokine receptor type 2 (CCR2),
that, in turn, secrete VEGFA (Qian et al. 2011). Formation of blood clots is another PMN-
associated change at the vascular level and could be considered as one of the important causes of
mortality in cancer patients (Kuderer, Ortel, and Francis 2009), however its mechanism, and
biological relevance for cancer progression is not known. It has been shown,
CD11b+CD68+F4/80+ myeloid cells are recruited to the lung by primary tumor-induced fibrin
clots during PMN formation, thus enhancing CTC homing and survival (Gil-Bernabé et al. 2012).
Interestingly, recruitment of CD11b+MMP9+Ly6G+ granulocytic cells by the platelet-secreted
CXCR?2 ligands, CXCL5 and CXCL7 chemokines, upon platelet contact with tumor cells is an
essential mechanism for the guidance of granulocytes to form “early metastatic niches” (Labelle,

Begum, and Hynes 2014).

Disruption of endothelial cell function is just one of the first modifications during PMN formation,
as other stromal cell types are activated by primary tumors derived-secreted factors and contribute
to the establishment of PMN (Yang Liu and Cao 2016). Tissue-resident macrophages are an
example of stromal cells activated during PMN formation. For instance, pulmonary alveolar
macrophages contribute to the lung PMN of breast cancer (P. Sharma and Allison 2015). Liver
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Kupffer cells, also facilitate the recruitment of BMDCs to PMNs via exosome (discussed later)

(Peinado et al. 2017). Inflammation is another contributor to PMN formation (Yang Liu and

Cao 2016) . A common denominator of inflammatory responses within the PMN is the S100
protein that is essential in intercellular crosstalk between tumor cells and stromal cells during PMN
formation (Peinado et al. 2017). Importantly, depending on the tumor type, exosomal cargo
induces the upregulation of specific S100 family members in stromal cells which will be discussed
later in section 2.7. It has been shown, mice injected subcutaneously with lung cancer cells, then
treated with monoclonal antibodies against SIO0A8 and S100A9, displayed less accumulation of
CD11b+ myeloid cells in lung PMN leading to reduced lung metastasis (Hiratsuka et al. 2011).
Moreover, serum amyloid Al (SAA1) and serum amyloid A3 (SAA3) can be induced by a breast
cancer-derived S100A4 via TLR4 and NF-kB signaling in an organ-specific manner and may serve
as a connection between inflammation and tumor metastasis in the PMN (Hansen et al. 2015).
Moreover, SAA1 and SAA3 upregulation by SI00A4 increased BMDC recruitment to metastatic
organs and tumor cell adhesion to fibronectin (Lukanidin and Sleeman 2012). Thus, S100A4 acts
similar to SI00A8 and S100A9 to regulate the PMNs formation by promoting pro-inflammatory

microenvironments both in the primary tumor and in PMNs (Mauti et al. 2011).

In addition, the ECM undergoes remarkable remodeling at PMN organ sites in response to

systemic factors released from the primary tumor, recruited BMDCs or activated stromal cells
(Sleeman 2012). The remodeling to ECM happens through two mechanisms including deposition
of new ECM components and changing the physical properties of pre-existing ECM at PMNs.
Some important ECM components are fibronectin, MMPs, versican, periostin, and tenascin-C
(Ghajar et al. 2013; S. Kim et al. 2009). For example, before the arrival of tumor cells, carcinoma
cells upregulate fibronectin at PMN in lung, which promotes BMDC through a4f1 integrin. These
BMDCs are recruited to the metastatic site by tumor-derived factors and express MMP9 to
facilitate the breakdown of the basement membrane (Kaplan et al. 2005). In addition to fibronectin,
other components of ECM support the PMN. Tenascin C, which is initially expressed by breast
cancer cells and later by stromal cells promote survival and outgrowth of lung metastases
(Oskarsson et al. 2011). Secretion and incorporation of periostin into ECM is another important
factor in the establishment of PMN. For example, tumor-derived factors, such as TGFp, induce the

expression and secretion of periostin from stromal fibroblasts expressing a-smooth muscle actin
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and vimentin in the lung PMN of breast cancer (Malanchi et al. 2012). Furthermore, versican, an
ECM proteoglycan, is upregulated by many tumors in human. Tumor-derived versican activates
macrophages through Toll-like receptor 2 (TLR2) to produce interleukin-6 (IL-6) and tumor
necrosis factor (TNF), thereby establishing a pro-inflammatory microenvironment in the pre-
metastatic lung (S. Kim et al. 2009). All the above-mentioned study supports the ECM
remodeling, however, the specific functional consequences of ECM remodeling at the PMN on

metastasis is not fully understood.

Establishing an_immunosuppressive PMN is another important strategy for tumors and their

metastatic derivatives (Yang Liu and Cao 2016). Natural killer (NK) cells, non-classical
“‘patrolling’” monocytes and CD8+ T cells contribute to preventing tumor metastasis without
affecting primary tumor growth (Bidwell et al. 2012; Hanna et al. 2015). However,
immunosuppressive cells within the PMN, such as MDSCs, macrophages, and Treg cells
potentially suppress anti-tumor immune responses (Yang Liu and Cao 2016; McAllister and
Weinberg 2014). For example, T cell-expressed prolyl- hydroxylase proteins which are proposed
to create an immunosuppressive PMN in the lung by prompting pulmonary Treg cells and
restraining CD4+ and CD8+ T cell responses (Clever et al. 2016). MDSCs can either develop from
tissue-resident myeloid populations or they may be recruited to PMNs (Peinado et al. 2017).
MDSC:s in the lung also convert the niche site into a pro- inflammatory, immunosuppressive PMN
by suppressing interferon-y (IFNy)-mediated immune responses while inducing the expression of
pro-inflammatory cytokines, interleukins and SDF1 (H. H. Yan et al. 2010). Other tissue-resident
cells, such as pulmonary alveolar macrophages also participate in the lung PMN in breast cancer
and reported to create an immunosuppressive niche by suppressing anti-tumor T cell responses (P.
Sharma and Allison 2015). Neutrophils were also shown to support the formation of lung PMNs
in breast cancer. Recently it has been demonstrated that, besides neutrophils, there could be active,
EV-mediated communication between tumor cells and other innate immune cells during PMN

formation which will be discussed later in section 2.7.

Altogether, the combined systemic effects of tumor-secreted factors and tumor-shed EVs lead to
PMN formation. The fundamental role of EVs in mediating communication between tumor cells
and cells of the microenvironment for PMN formation was a great discovery by Lyden’s group in

28



2012 (Peinado et al. 2012). It has been followed by subsequent studies, showing tumor EVs
contribute to metastatic organotropism, creating a so-called PMN in specific metastatic
secondary sites before the arrival of tumor cells (Peinado et al. 2017). However, the exact
mechanisms by which tEVs contribute to PMN formation are still unknown and the subject

of current investigations.

2 Extracellular Vesicles (EVSs)

EVs comprise a heterogeneous population of membrane vesicles secreted by all cell types, and
present in all body fluids. EVs contain RNA, lipids, proteins and possibly DNA, which can be
taken up by distant cells and deliver a message. Size of EVs may vary (typically between 50 nm
and 500 nm)(Mathieu et al. 2019). Based on the current knowledge of their biogenesis, EVs can
be broadly divided into two main categories: exosomes and microvesicles (van Niel, D’ Angelo,
and Raposo 2018). I will start this part with section 2.1 by briefly explaining the history and
terminology of EVs. In section 2.2, I describe the most common methods of isolation and
characterization of EVs, which are the essential and challenging steps before subsequent analysis
and functional studies of EVs. In section 2.3, I proceed by describing the EVs composition, since
understanding the EV content is very important for understanding their biological functions as
well as their roles in cancer development. In section 2.4, I explain the mechanisms of EVs
biogenesis and secretion; many aspects of which remain unknown. In addition to EV biogenesis
and secretion, other essential aspects of EVs such as uptake mechanisms are still unknown and
still important for understanding the progression in cancer specially organ-specific metastasis.
Therefore, in section 2.5 I describe the mechanisms of EV uptake. Then in section 2.6, I talk about
the biological and pathological role of EVs. Finally, in section 2.7 I take a close look at the
important role of EVs in different facets of cancer progression and metastasis including their

function in PMN.

2.1 History and Terminology:

The discovery of vesicles around cells in mammalian tissues or fluid dates back to the late 1960s,

and until the 1980s, these cell-derived vesicles were considered as platelet “dust” or cellular debris

29



that directly budded from the plasma membrane(P. Wolf 1967). In 1971, the term “extracellular
vesicle” was used for the first time in the title of a scientific publication that showed electron
microscopy evidence for EV biogenesis from O. danica, a flagellated alga (Aaronson et al. 1971).
Around this time, EVs were referred to by several names by groups working in different fields,
without knowing clearly what these particles were (Witwer and Théry 2019). The most critical
finding came later in 1983 when two papers published almost at the same time in JCB and Cell
reported that in reticulocytes, transferrin receptors at the surface of small ~50 nm vesicles were
released from maturing blood reticulocytes into the extracellular space (Harding, Heuser, and Stahl
1983; Pan and Johnstone 1983). A few years later, Johnstone used the term “exosomes”, with
regards to the vesicle structures that are released into the extracellular space (Johnstone et al.
1987). Although the term “exosome” had in fact been used a few years earlier, when referring to
other membrane fragments isolated from biological fluids, ranged in size from 40 to 1000 nm

(Trams et al. 1981).
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Figure 7. Physical characteristics of the different EV subtypes: Exosomes (indicated as water blue
vesicles) originate from the endosomal pathway and are secreted upon fusion of MVBs with the cell plasma
membrane. Apoptotic EVs or apoptotic bodies (dark blue) and microvesicles, ectosome or micropartcile
(blue) buds directly from the plasma membrane. Others are co-isolated particles together with EVs.
Extracted from (Mathieu et al. 2019).
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The term “exosome” has also been employed with a completely different meaning, by Mitchell
and colleagues to name the intracellular particle involved in RNA editing (Mitchell et al. 1997).
These preliminary reports helped to develop the field as we know it now, where many studies
described the relevance of heterogeneous EVs population. Novel isolation and characterization
methods over the last two decades allowed great progress defining major EV populations including
exosomes and microvesicles based on their underlying biogenesis, and content (van Niel,
D’Angelo, and Raposo 2018). The main classes of EVs, exosomes are the smallest among EVs
categories (~50—-150nm) and generated by an intracellular endocytic trafficking pathway
involving the fusion of multivesicular late endocytic compartments (multivesicular bodies
(MVBs)) with the plasma membrane(Mathieu et al. 2019). On the other hand, microvesicles (100-
1000 nm) and apoptotic bodies (100-5000nm) that are generated by the outward budding and
fission of the plasma membrane of healthy and apoptotic cells, respectively (Mathieu et al. 2019).
Despite this classification, and regardless of the secretion mechanisms, there is still a grey zone
where the overlapping range of size or density, similar morphology and variable composition have
made it challenging to create a precise nomenclature for EVs (Willms et al. 2016; 2018). For
instance, there is a size overlap between small microvesicles, exosomes and enveloped viruses
(50-150nm). In addition, apoptotic bodies or small apoptotic vesicles might be undistinguishable
from the other EVs .Other secreted particles such as exomeres(~35 nm)(H. Zhang et al. 2018) and
different types of lipoproteins can be co-isolated with EVs as well (Figure 7) (Mathieu et al. 2019).
Therefore, referring the literature on EVs-specific population nomenclature may generate
confusion, because the results are not always informative and consistent (Witwer and Théry 2019).
To avoid this confusion, it is critical to refer to the International Society for Extracellular Vesicles
(ISEV) guidelines on minimal information for studies of extracellular vesicles (MISEV)(Witwer
and Théry 2019). According to the MISEV, the commonly used term of “exosome” and
“microvesicle” should be replaced with EV as the generic term for particles released from the cell
that is delimited by a double-leaflet membrane and cannot replicate, i.e., do not contain a functional
nucleus (Théry et al. 2018). For clarity, in this thesis, I will use the term exosomes for studies
directly addressing the mechanisms of exosome biogenesis in MVBs or the term EVs for

experiments concerning general populations of vesicles (exosomes and microvesicles).
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Altogether, due to heterogeneity in EV population, it is very challenging to purify EV
subtypes to 100% homogeneity. However, effective isolation and characterization shedding
light on EV heterogeneity will advance our understanding of their critical roles in health and
disease, ultimately accelerating the development of EVs as therapeutics and diagnostics,
especially since they have been considered as a novel biomarker in various pathologies such
as cancer. Selecting appropriate isolation and characterization method is therefore a critical

step in all areas of EV research.

2.2 EV isolation, and characterization

2.2.1 EVisolation

EVs are generally purified from conditioned cell culture media or various body fluids such as
blood plasma (Caby et al. 2005), urine (Pisitkun, Shen, and Knepper 2004), saliva(Houali et al.
2007), breast milk (Admyre et al. 2007), semen (Poliakov et al. 2009), and other biofluids (Asea
et al. 2008). Culture media and body fluid contain a complex mixture of EVs and other
components of the extracellular space such as cell debris, protein, lipoproteins, and nucleic acids.
Therefore, EV isolation is still challenging, and a perfect standardization in isolation methods does
not exist, but progress has been made to develop improved isolation techniques (Théry et al. 2006).
In my PhD project 1 used two different methods of EV isolation including differential
ultracentrifugation, and size exclusion chromatography (SEC) (Stranska et al. 2018). Other
EV isolation methods have been developed including density gradient, other size-based
techniques, immune affinity, precipitation, and microfluidic (D. Yang et al. 2020). These
alternative methods have been developed based on a particular feature of EVs, such as their
density, shape, size, and surface proteins to aid their isolation, however, each of these methods has
a unique set of advantages and disadvantages (D. Yang et al. 2020). Below I will briefly explain
the most-commonly used isolation methods used during my PhD as well as the advantages and
shortcomings associated with these methods.

Differential Ultracentrifugation (UC) is the most widely used primary isolation method for EVs

(Gardiner et al. 2016). With the high capacity of centrifugal force, ranging from ~100,000 to
120,000 x g, ultracentrifugation isolates EVs based on their density and size differences from other
components in a sample (Théry et al. 2006). For all my experiments (mainly in vitro) I used this

32



method dues to its advantages including versatile, cost-effective, and provide vesicle enrichment
as a pellet. However, this method is time-consuming and leads to low purity and in some cases

aggregation with “contaminating” protein complexes (Zarovni et al. 2015).

Size exclusion chromatography (SEC) is another size-based separation method for EV isolation

(Nordin et al. 2015). In SEC, porous materials such as polymer beads are utilized to separates
macromolecules by differences in size as they pass through the column (Géamez-Valero et al.
2016). In the past few years, companies such as qEV (iZON) have developed different commercial
SEC kits to isolate EVs from <150 pL up to 10 mL volume of starting material with porous resins
of 35 nm or 75 nm for optimal EV isolation (Vogel et al. 2016). For my in vivo (mice)
experiments, [ used SEC method since it doesn’t affect EV structure, preserve its integrity, and
prevent aggregation, all of which are important for safe injection of EVs into mice. However, in
this method, there is still possible sample contamination with proteins (D. Yang et al. 2020).
Characterization of EVs after isolation is very important to have pure isolation and absence

of contamination.

2.2.2 EV characterization

EVs characterization is essential, not only to confirm the presence, size and concentration of EVs
in the preparation (physical characterization) but also to assess EV-content (molecular
characterization) (Lotvall et al. 2014). Below, the most common techniques for EVs
characterization will be discussed briefly (Rebbeck et al. 2016; Doyle and Wang 2019). However,
the small size, the heterogeneity, the presence of contaminants and the poor sensitivity of the

current technologies, make the EV characterization still relatively challenging.

Physical characterization is a great way to measure the size and/or concentration of EVs in a

sample through high-resolution imaging such as electron microscopy, or by using optical or
electrical readouts such as nanoparticle tracking analysis (NTA), dynamic light scattering, and
tunable resistive pulse sensing (Hartjes et al. 2019). Among these methods, NTA is one of the
widely used EV analysis methods which is based on recording a time-lapse of particles undergoing

Brownian motion when in solution. Particles are detected by either scattered light or emitted
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fluorescence. The software simultaneously records the Brownian motion of diffuse particles and
based on these motions calculate the size of the particles(Dragovic et al. 2011).0On the other hand,
electron microscopy including transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) are common approaches to produce high-resolution image demonstrating the

morphology of EVs using a beam of electrons (Wu, Deng, and Klinke 2015).

Molecular characterization is a good way to study the content of the isolated EVs and is usually

done through different approaches, some of which have been mentioned below (Webber and
Clayton 2013). The proteomic approach is being used to identify as many proteins as possible
within relatively high amounts of EV sample. This method is being used to discover novel EV
markers, as well as comparing the EV proteome between EV subpopulations (Schey, Luther, and
Rose 2015). According to MISEV 2018, to validate the purity of EV preparation the presence of
at least three positive protein markers of EVs, including at least one transmembrane/lipid-bound
protein (e.g. CD9, CD81, CD63) and one cytosolic protein (e.g. Alix, Syntenin, HSC-70, Tsg101)
and the absence of at least one negative protein marker (e.g., IMMT, GM130) should be confirmed
(Lotvall et al. 2014; Théry et al. 2018; Kowal et al. 2016). Similar to proteomics, recently
lipidomics has been also known to study the lipid component of EVs however, the limitations in
lipidomic analyses need to be improved (Skotland et al. 2019). Next generation sequencing (NGS)
or microarrays are also a great tool for RNA characterization of EVs. Due to lipoproteins or
ribonucleoproteins (RNPs) contaminants coming from the cell culture media, it is recommended

to treat the EV with proteinase, RNase or DNase prior to analysis (Mateescu et al. 2017).

Even though the isolation and characterization of EVs are challenging, a careful selection of
methods (or a combination of methods) leads to a better understating of EV composition as

well as biogenesis and function.
2.3 EV Composition

Study of EV composition revealed that they contain proteins, lipids and nucleic acids, and this
composition can differ between secreting cell types and culture conditions. The specific

composition of EVs affect their fate and function, underlying the importance of selective cargo-
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sorting mechanism (Kalra et al. 2012; Simpson, Kalra, and Mathivanan 2012; Haraszti et al. 2016).
Type and abundance of EV cargoes depend on cell type and are often influenced by the
physiological or pathological state of the donor cell, the stimuli that modulate their molecular
mechanisms that lead to their biogenesis (Minciacchi, Freeman, and Di Vizio 2015). Within the
past few years, many studies on the composition of EVs using various omics approaches have been
performed and complied in databases such as EVpedia (http://evpedia.info), Vesiclepedia
(http://www.microvesicles.org), and Exocarta (http://www.exocarta.org). Below the composition
of EVs will be described and in a global scheme of EVs (Figure 8) more detail will be given on

various type of transmembrane and cytosolic protein as well as other lipids and nucleic acids.
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Figure 8. Overall composition of Extracellular Vesicles. Schematic representation of EV
composition including families of proteins, lipids, and nucleic acids. Please note that each listed component
may be present in some subtypes of EVs and not in others. For example, tetraspanins (CD63, CD81, and
CD9) are commonly found in small EVs. However, DNAs are probably secreted in large plasma membrane
derived EVs and/or apoptotic vesicles rather than exosomes. Abbreviations: ARF, ADP ribosylation factor;
ESCRT, endosomal sorting complex required for transport; LAMP, lysosome-associated membrane
protein;, MHC, major histocompatibility complex; MFGES, milk fat globule—epidermal growth factor-
factor VIII; RAB, Ras-related proteins in brain; TfR, transferrin receptor. Adapted from (Colombo,
Raposo, and Théry 2014).
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2.3.1 Protein Composition and Sorting Mechanisms

Proteins are a major component of the EV cargo, and their expression is commonly used for
characterization purposes. Many proteomic studies have also been employed to discover novel EV
markers (Kowal et al. 2016), compare the EV proteome upon different isolation methods (Nordin
et al. 2015) or classify between EV subpopulations (Willms et al. 2016). A compilation of 16
proteomic data sets has identified common vesicular markers, accepted across the EV community,
however careful characterization of these protein has been recommended by International Society
for Extracellular Vesicles (ISEV) (Lotvall et al. 2014; Théry et al. 2018). Many of these EV-
associated proteins are regulators of the EV biogenesis. However, no general agreement has yet
emerged on specific markers of EV subtypes, such as endosome-origin “exosomes” and plasma
membrane-derived “ectosomes” (microparticles/microvesicles) (Théry et al. 2018). While no
specific protein markers have been identified for different EVs subtypes, MVs, exosomes, and
apoptotic bodies have different protein profiles due to their different routes of formation (Jeppesen

etal. 2019).

Tetraspanin (CD9, CD63 and CD81), the family of proteins with four transmembrane domains,
are highly enriched exosomes, but not exclusive to exosomes as they are also detected on bigger
vesicles (van Niel, D’Angelo, and Raposo 2018; Verweij et al. 2011; Kowal et al. 2016). The
presence of the tetraspanins on EVs is due to the formation of clustered microdomains together
with other partners such as integrins (Yafnez-Mo, Gutiérrez-Lopez, and Cabanas 2011;
Berditchevski, Zutter, and Hemler 1996) and syntenin (Latysheva et al. 2006), that promote the
budding of the membrane either towards the extracellular environment or toward the lumen of the
MVBs(Andreu and Yaiez-M6 2014; Hemler 2005). In addition, exosomes are also enriched with
proteins of the Endosomal Sorting Complex Required for Transport (ESCRT) such as Alix that
was shown to interact with syndecan through syntenin, supporting exosome biogenesis and

ensuring cargo loading into the vesicles (Baietti et al. 2012).

Diverse post-translational modifications (PTM) of proteins are also known to participate in the
selective mechanism of protein cargo sorting into EVs, which could explain the enrichment of
specific proteins in EVs compared to the global cellular level (Moreno-Gonzalo, Villarroya-Beltri,

and Sanchez-Madrid 2014). SUMOylation, phosphorylation, ubiquitylation, and glycosylation, are
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some of the common mechanisms of PTMs that regulate cargo sorting (Anand et al. 2019). For
instance, the recognition of the ubiquitinated epidermal growth factor receptor (EGFR) by the
ESCRT complex, promotes the invagination of the endosomal membrane and thus the recruitment
of EGFR into EVs (Trajkovic et al. 2008). On the contrary, secretion of small integral membrane
protein of the lysosome/late endosome (SIMPLE) into exosomes is enhanced by mutations in its
PPXY motif, which mediates its binding to E3 ubiquitin ligases, suggesting that ubiquitination
negatively regulates SIMPLE secretion on exosomes (Zhu et al. 2013). Ubiquitination is also not
required for the packaging of major histocompatibility complex II (MHC-II) into exosomes
(Gauvreau et al. 2009). The phosphorylation of some proteins such as Annexin A2 has been also
shown to influence their sorting in EVs, by protecting them from endosomal degradation
(Valapala and Vishwanatha 2011). Considering EVs are molecularly reflective of their tissue of
origin, EVs are also enriched with particular transmembrane protein receptors (e.g., epidermal
growth factor receptors’EGFRs) and adhesion proteins (e.g., epithelial cell adhesion
molecule/EpCAM), some of which could be considered as important pathophysiological EV
biomarkers (Al-Nedawi et al. 2008; Tauro et al. 2013). Therefore, understanding the protein

composition of EVs is crucial for biomarker research as well.
2.3.2 Nucleic Acid Composition and Sorting Mechanisms

In addition to protein cargoes, different forms of RNA and DNA are also possible EV cargoes.
Recent studies have shown that certain EVs may contain DNA fragments such as single-stranded
DNA, double-stranded DNA, genomic DNA, mitochondrial DNA, and even reverse-transcribed
complementary DNAs (Balaj et al. 2011; Sansone et al. 2017). However, unlike other EVs cargoes,
selective sorting of specific DNA fragments into EVs is disputable (Kahlert et al. 2014; Thakur et
al. 2014). Recently, the secretion of DNA and histones was shown to be an autophagy/amphisome-
dependent mechanism and no association with exosomes was shown (Jeppesen et al. 2019). Since
it is also not clear how much of the EV-associated DNA is inside and how much is bound to the
surface, DNA is still often considered a contaminant from improper EV isolation (Mateescu et al.

2017; Jeppesen et al. 2019).
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RNAs represent the main nucleic acid cargo of EVs (Valadi et al. 2007). EVs are heterogeneous
populations with different types and proportions of RNA cargo within them and shown to deliver
functional mRNA and miRNA to recipient cells (Bellingham et al. 2012; S. Kaur et al. 2018;
Shurtleff et al. 2017; Mateescu et al. 2017). Functionally, these RNAs can be divided into those
with known functions, such as some mRNA, microRNA (miRNA) and small interfering RNA,
those with predicted functions, for example, some transfer RNA, small nucleolar RNA, small
nuclear RNA, Y RNA and vault RNA and those with unknown functions, such as fragmented and
degraded (methylated and uridylidated) RNA species(O’Brien et al. 2020). Quantification analysis
of EV cargo is difficult due to low numbers of cargo molecules per vesicle. On average, only one
microRNA per EVs (M. Li et al. 2014) to one microRNA per 100 EVs (Chevillet et al. 2014) and
one intact long RNA molecule (e.g. a full-length mRNA) per 1,000 extracellular vesicles (Wei et
al. 2017) were reported. However, the repertoire of RNAs cargo of EVs is different from the cells
which they were derived, indicating an active RNA sorting into the EVs (Leidal and Debnath
2020). Even though, the exact mechanism of RNA sorting into EVs is still unclear four potential
mechanisms have been described so far. These include: 1) Kosaka et al. found that in HEK293
cells overexpression of nSMase2 leads to an increased number of miRNAs loaded into EVs, thus
suggesting nSMase2-dependent pathway is associated with the sorting of miRNAs into EVs
(Kosaka, Yoshioka, et al. 2013) 2)Villarroya-Beltri et al. discovered that the in T-cells interaction
between four nucleotide motif (GGAG) and the ribonucleoprotein (nRNPA2B1) is necessary for
loading miRNAs into EVs (Villarroya-Beltri et al. 2013). Similarly, Shurtleff and colleagues
demonstrated in HEK293 cells RNA-binding protein YBX1 has been implicated in sorting
miRNAs into EVs (Shurtleff et al. 2017). 3) It has also been proposed that a sequence motif within
the 3’UTR of a number of mRNAs enriched in glioblastoma-derived EVs may act as a “‘zip code’’
that targets mRNAs into EVs. This zip code consists of a 25-nucleotide sequence which contains
a short CTGCC core sequence on a stem-loop structure (Bolukbasi et al. 2012). 4) Finally, studies
have also revealed the direct role of Ras-MEK network in regulating the RNA-induced silencing
complex (RISC) component Argonaute 2 (Ago2) proteins (functional carriers of miRNAs),
thereby controlling the loading of miRNA into EVs. Knocking out AGO2 reduces the number of
specific miRNAs in colon cancer-derived EVs (McKenzie et al. 2016).
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2.3.3 Lipids

The interest in studying EV lipids has been growing within the past few years. According to these
findings, the EV membrane contains phosphatidylcholine (PC), phosphatidylserine (PS),
phosphatidylethanolamine (PE), phosphatidylinositols (PIs), phosphatidic acid (PA), cholesterol,
ceramides (GM3), sphingomyelin, glycosphingolipids, as well as some other lower abundance
lipids (Skotland et al. 2020). These lipids could contribute to the structure of vesicles, exosome
formation, membrane trafficking, and dynamics of release (Skotland et al. 2019). For example,
despite its simple structure and relatively low abundance, PA is also important for membrane
dynamics (Egea-Jimenez and Zimmermann 2018). PA might be key at several stages of exosome
formation, due to its ability to induce a negative membrane curvature because of its small
headgroup (forming a ‘cone’ that might favor endosomal intraluminal budding) (Kooijman et al.
2005). One study indicates that PA is 1.8-fold enriched in exosome enriched EVs versus lysates
from PC-3 cells (Llorente et al. 2013, 3). On the other hand, there is a two to three times
enrichment from cells to exosomes of cholesterol, and PS, a similar mole percent of PE in cells
and exosomes, and a lower mole percent of PC and PI in exosomes than in their parent cells
(Skotland et al. 2020). What might explain this difference is not very well known. Altogether,
understanding the EVs composition is crucial not only for selecting an accurate method for
EV characterization, isolation and biomarker research but also because it can give an

indication on 1) mechanism of biogenesis 2) their spreading and uptake and 3) their function.

2.4 Biogenesis of EVs

Since EVs have been classified based on differences in biogenesis, below I will discuss the
different molecular mechanisms resulting in the release of MVs or release of exosomes (Figure 9).
As a first regulator for EV biogenesis, cargoes destined for secretion within EVs must be targeted
to the site of production, either at the plasma membrane (for MV) or at the limiting membrane of
the MVB (for exosomes). Second, cargoes are enriched in the forming vesicles by stepwise
mechanisms which ultimately lead to vesicle release (van Niel, D’Angelo, and Raposo 2018).
Below, I briefly explain the biogenesis of MVs and exosomes, even though the exosome

biogenesis is more complicated than biogenesis of MV and is better studied.
39



( N\ ARMMs
) =
\ ¢ L
S ww ARF6 ARRDCT
RhoA TSG101

Eadly sarting MVB plasma
endosome = -
ILV membrane
docking
. SNARE
ESCRT+ O ‘ MVB \\& Complex
ESCRT- O trasnport / SNAP23

VAMP3

| | YKT6

mechanism = ()
O OO

MVB

Balanced with

degradative OO

pathway @

Golgi O Exosomes
apparatus Cj C

Membrane fusion
with plasma
membrane

£ oo

Lysosome

Figure 9. Biogenesis of exosomes and microvesicles. The budding of microvesicles from the plasma
membrane is regulated by ARF6 and RhoA proteins. Other type of microvesicle (ARMMs) were also shown
to directly originate from the plasma membrane by ARRDC1 and TsglO1 intervention. In exosome
biogenesis, the internalization of the cell plasma membrane form an early sorting endosome. The cargo
contained in the early endosome can be recycled back to the cell plasma membrane or directed to the MVB.
The MVBs are filled with ILVs formed by invagination of the MVB membrane via ESCRT- dependent and
-independent mechanisms. MVBs can either degrade their content by fusing with the lysosome or be
transported directly to and fuse with the plasma membrane. The docking and fusion to the plasma membrane
are regulated by Ral-1, Rab and SNARE proteins. Adapted from (van Niel, D’ Angelo, and Raposo 2018).
Created with BioRender.com

2.4.1 Biogenesis of Microvesicles

The biogenesis and release of MVs from cells may be controlled by several mechanisms
(Figure.9). MVs are generated from sites of high membrane blebbing, and their biogenesis is
regulated by lipid composition and organization of the peripheral cytoskeleton, both of which are

able to change membrane fluidity and deformability (Muralidharan-Chari et al. 2010). Lipid rafts,
40



specific lipid microdomains enriched with cholesterol and glycosphingolipids, are essential to the
budding of the cell membrane and cholesterol is thought to play a key role in MV formation, as its
depletion reduces MV formation (Skotland et al. 2019; Lingwood and Simons 2010; del Conde et
al. 2005; Haraszti et al. 2016). Scramblases, flippases and floppases, three different types of
enzymatic groups of phospholipid transportation enzymes, contribute to the translocation of
phospholipids between the two membrane leaflets and are crucial during MVs formation
(Minciacchi, Freeman, and Di Vizio 2015; Clark et al. 2009; Maas, Breakefield, and Weaver
2017). Also, the activity of acidic sphingomyelinases and the conversion of sphingomyelin to
ceramide (a cone-shaped lipid) lead to membrane bending, and regulation of MV formation (
Lingwood and Simons 2010). In addition to lipid rearrangement, cytoskeletal rearrangements of
actin and myosin mediate the fission and release of the MVs from the cell. This process is regulated
by a signaling cascade initiated with ARF6 and RhoA GTPase mediators(Tricarico, Clancy, and
D’Souza-Schorey 2016; Muralidharan-Chari et al. 2010). Recently, Qian Lu’s lab discovered an
arrestin domain containing protein 1 [ARRDC1]-mediated microvesicles (ARMMs) which were
shown to contain plasma membrane associated ARRDCI and Tsgl01 driving their direct secretion
but lack of late endosomal markers, and reported to selectively recruit, package and deliver active
siRNAs into recipient cells (J. Wang et al. 2018; Nabhan et al. 2012). Among the above mentioned
molecules, TSG 101, and Arf6 not only regulate shedding of MVs biogenesis (Muralidharan-Chari
etal. 2010), but also control the biogenesis of exosomes via the syndecan—syntenin—ALIX pathway
(Ghossoub et al. 2014), thus it may control the balance between the generation of both
subpopulations of EVs.

2.4.2 Biogenesis of Exosomes

The biogenesis of exosomes is closely related to the endosomal pathway. Exosomal membrane
cargoes reach endosomes from the Golgi apparatus or are internalized from the plasma membrane
before being sorted to ILVs during endosome maturation (Klumperman and Raposo 2014).
Proteins that are destined for recycling are translocated back to the plasma membrane and will
therefore not end up in ILVs unless their endosomal recycling is impaired as for the transferrin
receptor in reticulocytes (Vidal, Mangeat, and Hoekstra 1997). Exosomes are generated as ILVs

within the lumen of endosomes during their maturation into MVBs. Several molecules, including
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a number of small GTPases, have been shown to affect exosome biogenesis by acting at different
levels. Our team recently found that the small GTPase RAL-1 modulates exosome secretion by
controlling ILV formation and the attachment and fusion of MVBs to the plasma membrane
(Hyenne et al. 2015), which is the center of my PhD. The formation of the ILVs is the beginning
of the biogenesis of exosomes which happen through different mechanisms which will be

discussed shortly below (Figure.9).

One of this mechanism depends on Endosomal Sorting Complex Required for Transport
(ESCRT) composed of four different subcomplexes (ESCRT-0, -I, -I1, -IIT) and associated
proteins (Alix, VPS4 and VTA-1) (Hurley 2015). The formation of ILVs requires four
complexes, ESCRT-0, -1, -1, and -III, with ESCRT-0, -1, and -II presumably involved in cargo

sorting and ESCRT-III in membrane deformation and fission(Remec Pavlin and Hurley 2020).
These subunits orchestrate the ILVs formation in a stepwise process, starting with ESCRT-0 that
binds ubiquitin residues attached to the cytoplasmic domain of the transmembrane cargo proteins
that have to be sorted. ESCRT-0 also recruit ESCRT-I and then ESCRT-II (Schoneberg et al.
2017). When ESCRT-0 disconnect, ESCRT-I and ESCRT-II recruit and activate ESCRT-III which
forms spiral-shaped structures that act as molecular springs (Chiaruttini et al. 2015). These can
store mechanical energy that is proposed to play a role in all membrane remodeling functions of
ESCRT-II (Chiaruttini et al. 2015). ESCRT-III functions may also depend on the turnover of
individual subunits via the triple A ATPase vacuolar protein sorting-associated protein (VPS4)
(Lata et al. 2008; Mierzwa et al. 2017). ESCRT-0 and -I show gradual and linear recruitment and
dissociation, whereas ESCRT-III and its regulatory ATPase VPS4 show fast and transient
dynamics (Wenzel et al. 2018). Moreover, ESCRT-III recruits deubiquitinating enzymes that
remove the ubiquitin on cargo proteins before the ILVs are released into the endosomal
lumen. However, this step is not critical in exosome biogenesis, as ubiquitinated proteins can be
still found in exosomes (Buschow et al. 2005). The role of the ESCRT complex has been deeply
investigated by Colombo et al. using an RNA-interference screening, that targets 23 ESCRT and
ESCRT-associated proteins in HeLa cells, they identified 7 proteins that influence exosome
biogenesis in these cells. Depletion of proteins of ESCRT-0 or -1 components STAM, HRS or
TSG101 reduced exosome secretion, whereas depletion of ESCRT-III CHMP4C, VPS4 and
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accessory molecules VTA1 or ALIX resulted in an increased exosome secretion(Colombo et al.
2013).

The ESCRT mechanism can be partially activated via ALIX for ILV formation. In recent

works, the syntenin-ALIX pathway has emerged as a major player controlling ILV formation. It
has been recently shown in HeLa cells that ALIX- can directly recruit ESCRT-III-to promotes
ILV budding and the sorting and delivery of tetraspanins to exosomes (Larios et al. 2020). To
identify ESCRT components involved in syndecan—syntenin—ALIX exosome biogenesis, using
RNA-interference screening Baietti et al. showed depletion of TSG101 (ESCRT-I), VPS22
(ESCRT-II), CHMP4 (ESCRT-III) or VPS4 on MCF-7 cells reduced exosomal release of
syndecans, syntenin and CD63, suggesting that these components are involved in this pathway
(Baietti et al. 2012). It should be noted that this study mostly analyzed the specific syndecan—
syntenin exosome subpopulation in MCF-7 which would explain the inconsistencies with other
reports. In fact, syntenin plays a dual role and could be considered as a mediator that make a
balance by recycling syndecan to the plasma membrane through phosphoinositide PIP2 and the
small GTPase Arf6 (Zimmermann et al. 2005) or by dispatching syndecans to ILVs via the ESCRT
accessory protein Alix (Baietti et al. 2012). Therefore, a special mechanism for biogenesis can
differ based on the cell type and the cargo proteins enriched in specific subpopulations of exosomes

or other unknown reasons.

The involvement of tetraspanins in ESCRT-independent biogenesis of ILVs was revealed upon

depletion of components of the four ESCRT complexes, ILVs are still formed in an ESCRT
independent manner (Stuffers et al. 2009). EM analyses have shown that ESCRT-independent
ILVs are loaded with tetraspanin CD63 in HEp-2(Stuffers et al. 2009) and HelLa cells(Edgar,
Eden, and Futter 2014). In melanocytes, CD63 is also required for the sorting of the melanosomal
protein PMEL to ILVs (van Niel et al. 2011). Other tetraspanins have been also shown to have a
role in ILV formation. For example, BMDCs from CD9 knockout mice secrete less exosomes,
while expression of CD9 and CD82 promotes the release of B-catenin in exosomes (Chairoungdua
et al. 2010). In a mouse model of breast cancer, the release of Wntl1 on exosomes from cancer-

associated fibroblasts has been shown to depends on the tetraspanin CD81 (Luga et al. 2012).
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In addition to proteins, lipids are also major actors in ILV formation. The first ESCRT-

independent mechanism reported for exosome biogenesis was from Trajkovic and colleagues who
reported that in oligodendrocyte precursor cells, inhibition of neural sphingomyelinase 2
(nSMase2) (enzymes that hydrolyze sphingomyelin to ceramide) decreased vesicle budding
(Trajkovic et al. 2008). Ceramide could create specific lipid microdomains and induce negative
membrane curvature, which gives rise to ILVs and exosomes enriched in ceramide (Kajimoto et
al. 2013). Lipid rafts on exosomal membranes can also contribute to ILV formation and sorting of
raft-associated molecules such as GPI-anchored proteins (Valapala and Vishwanatha 2011).
Phospholipase D (PLD) has also been involved in the generation of exosomes via the syntenin—
ALIX pathway (Ghossoub et al. 2014). PLD is a ubiquitously expressed enzyme that catalyzes the
hydrolysis of phosphatidylcholine (PC), the most abundant membrane phospholipid, to generate
phosphatidic acid (PA) and choline. PA is considered as the simplest phospholipid. Due to its small
headgroup, PA is able to induce a negative membrane curvature that might also favor endosomal
intraluminal budding (Jenkins and Frohman 2005). Therefore, PA might be key at several stages
of exosome formation. However, the role of PA for budding in endosomes and for MVB formation
has not been directly investigated (Egea-Jimenez and Zimmermann 2018). Lipids, therefore, play
a crucial role in exosome biogenesis; however further investigation will be needed to fully

understand their contribution.

Altogether, different subpopulations of exosomes can be secreted by one cell type. These different
populations of exosomes could arise from different populations of MVBs that co-exist within the
same cell. Alternatively, a single MVB could contain distinct populations of ILVs, which could
thus lead to the secretion of different exosomes. Whether ESCRT-independent, semi-dependent
(such as the syntenin—ALIX pathway) and ESCRT-dependent mechanisms each act in different
MVBs, or if they can simultaneously act on the same MVB, is not very well known. ESCRT-
dependent and -independent sorting pathways could act together on the same MVB, and the
abundance of a given cargo protein or its PTM will determine the recruitment of one sorting
mechanism over another and dictate the destiny of the MVB (Palmulli and van Niel 2018).The
main fate of an MVB is to fuse with lysosomes in order to degrade their content (Scott, Vacca,
and Gruenberg 2014). However, mechanisms that prevent lysosomal degradation and promote

ILVs secretion exist, but they still remain poorly understood. Several studies have supported the
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hypothesis of a balance between lysosomal degradation and exosome secretion (Villarroya-Beltri
et al. 2013; Edgar et al. 2016). For example, in certain diseases impairment of lysosome function
lead to endosomal accumulation of proteins or lipids which provoke their extracellular secretion
via EVs (Eitan et al. 2016; Strauss et al. 2010; Rajendran et al. 2006). Thus, the balance between
degradation and secretion of MVBs is a very important step before MVBs release their ILVs

as exosomes.
2.4.3 Regulators of Exosome Secretion

The transport and fusion of the MVBs towards the plasma membrane is promoted and regulated
by association with the cytoskeleton, together with the action of molecular motors and small
GTPases, and their fusion involves soluble NSF attachment protein receptor (SNARE) proteins
(Granger et al. 2014; Jahn and Scheller 2006) (Figure 9). Members of the Rab family of small
GTPases have been involved in transferring vesicles between intracellular compartments and play
a role in MVB trafficking to the plasma membrane for exosome release. In an shRNA screening
targeting 59 Rab GTPases in HeLa cells, of RAB2B, RAB5A, RAB9A, RAB27A and RAB27B
were found to be involved in exosome secretion (Ostrowski et al. 2010). In the same study,
RAB27B and RAB27A were shown to allow mobility and docking of MVBs to the PM,
respectively. Several other studies have confirmed the reduction of exosome release upon Rab27a
silencing in different cell lines, which has become a common strategy of modulating exosome
secretion (Ostrowski et al. 2010). Moreover, in K562 cells RAB11 has been mostly known for
its role in recycling cargo proteins from early endosomes to the plasma membrane (Savina et al.
2005) and RAB35 seems to have a role in the docking and tethering of MVBs to the PM in
oligodendroglial cells (Hsu et al. 2010).

The final step of exosome release requires the fusion of MVBs with the plasma membrane which
is mediated by SNARE (soluble N-ethylmaleimide-sensitive fusion attachment protein receptor)
complex. The members of this protein family are classified as either R- or Q-SNAREs. Commonly,
fusion is mediated by one R-SNARE and three Q-SNAREs. An R-SNARE on the MVB membrane
comes together with a Q-SNARE complex, containing two to three Q-SNAREs, on the plasma

membrane to form a trans-SNARE complex. This creates close proximity for the two membranes
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leading to the formation of a fusion pore allowing the release of ILVs (Pfeffer 2010; Js and Bs
2004; Murray and Stow 2014). The SNARE proteins VAMP7 , YKT6 and SNAP23 were
identified as key players in the secretion of exosomes in K562, HEK293 and HeLa cells,
respectively (Palmulli and van Niel 2018). As mentioned earlier, in our team, Hyenne, et al.
showed in C. elegans, the Ras-related GTPase homologue Ral-1 is involved in MVB biogenesis
and fusion with the plasma membranes together with the Q-SNARE syntaxin 5 (Hyenne et al.
2015). In addition, actin cytoskeleton mediates the docking and fusion of MVBs with the PM, thus
affecting exosome release. The actin regulatory protein cortactin has been shown to regulate
exosome secretion by mediating both trafficking and docking of MVBs to the PM via the
interaction with the small Rab GTPase, RAB27A and coroninlb (Sinha et al. 2016). The
microtubule network which contributes to the overall intracellular organization is probably
required for the transport of MVBs to the plasma membrane (Tuanlao Wang et al. 2011, 7). In
addition to the molecular mechanisms of EV secretion by donor cells, it is also important to

understand the processes by which they are taken up by their target cells.

2.5 EVs & recipient cells

The uptake of EVs by their target cells dependent on the type of the target cell, its physiological
state, and whether ligands on the surface of the EV recognize receptors on the surface of the cell

or vice versa (Mulcahy, Pink, and Carter 2014). In this process, the first step is the binding of

EVs to the surface of the target cells which is likely to be mediated by specific interactions

between proteins enriched at the surface of extracellular vesicles and receptors at the plasma
membrane of the recipient cells (Morelli et al. 2004; Nazarenko et al. 2010). The exact cellular
and molecular basis for the specific targeting to acceptor cells is still unclear. Several mediators of
these interactions are known, such as tetraspanins, integrins, lipids, lectins, heparan sulfate
proteoglycans and ECM components, and some data are available. For example, integrins on EVs
can interact with adhesion molecules such as intercellular adhesion molecules (ICAMs) at the
surface of recipient cells (Morelli et al. 2004). In addition, the interaction of integrins with EMC
proteins, mostly fibronectin and laminin, has been shown to have important roles in exosome, and
microvesicle binding to recipient cells (Sung et al. 2015; Purushothaman et al. 2016; Leiss et al.

2008). Exosomal tetraspanins can also mediate the binding process via interaction with integrins
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and ultimately promote exosome docking and uptake by selected recipient cells (Mulcahy, Pink,
and Carter 2014). Other molecules such as heparan sulfate proteoglycans and lectins, both present
in EVs and at the plasma membrane, mediate the binding of these vesicles to recipient cells. For
example, Glypican 1, a cell surface proteoglycan that bears heparan sulfate, and CD44, a cell
surface glycoprotein involved in cell—cell interactions, are mediating exosome and microvesicle
docking, respectively (Melo et al. 2015; Bruno et al. 2009). Lipid composition of EVs could also
regulate cell targeting. For example, phosphatidylserine can recruit specific lipid binding proteins
such as galectin 5 or annexin 5 that then induce docking of vesicles to the target cell membrane(van

Niel, D’Angelo, and Raposo 2018). After binding to the target cells, EVs may remain at the

plasma membrane or may internalize by clathrin-mediated or clathrin independent endocytosis,

such as macropinocytosis and phagocytosis as well as through endocytosis via caveolae and lipid
rafts (Figure.10) (Mulcahy, Pink, and Carter 2014).All these processes have specific characteristics
with some functional overlap between them. Phagocytosis depends on specific receptors and
mechanisms that are present primarily in specialized cells, which envelope EVs in phagosomes,

eventually directing the cargo toward the lysosome (Gonda et al. 2019).
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Macropinocytosis

Surface Phagocytosis

Extracellular  binding
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Figure 10. The uptake of EVs by their target cells. In the recipient cell (which can be the producing
cell itself), exogenous EVs will bind to the cell surface and can undergo several internalizations including
clathrin-mediated or clathrin independent endocytosis, such as macropinocytosis and phagocytosis as well
as through membrane fusion or endocytosis via caveolac and lipid rafts. Adapted from (van Niel,
D’Angelo, and Raposo 2018). Created with BioRender.com
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Macropinocytosis on the other hand consists of membrane ruffles in which molecules are

internalized unselectively from the extracellular space (Lim, 2011). However, it has been shown
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that some exosomes induce macropinocytosis internalization and increase uptake by selectively
activate this mechanism (Nakase et al. 2016; Costa Verdera et al. 2017). Other endocytosis focuses
on specific cellular proteins such as clathrin and caveolin (cytosolic proteins) that form specific
pits to internalize substances (Conner and Schmid 2003). Particle size and cell type seem to play
arole on why and when a cell uses clathrin, caveolin, or neither however, the exact mechanism is

still incompletely understood (Gonda et al. 2019). Once docked at the plasma membrane, EVs

can provoke functional responses through binding to and activating receptors expressed on the

recipient cells. For examples, EVs from B cells and dendritic cells induce a specific antigenic

response by presenting antigens to T cells (Zitvogel et al. 1998; Graca Raposo 1996).

After internalization, cargo delivered by EVs can also activate many responses and processes in
the recipient cell. For example, in dendritic cells, protein cargoes of EVs from intestinal epithelial
cells (Mallegol et al. 2007) or other dendritic cells (Morelli et al. 2004) are processed in the
endocytic compartment similarly to antigens and then used in antigen presentation, thus regulate
the immune response. EVs could also fuse directly with the plasma membrane of recipient cells
and ultimately release intraluminal content in the cytoplasm of recipient cells, a key step to support
the release of miRNA and mRNA from EVs into recipient cells to regulate gene expression. The
direct fusion of EVs with the membrane of recipient cells also enables the exchange of trans
membrane proteins and lipids (Figure.10) (van Niel, D’Angelo, and Raposo 2018). Altogether,
we have discussed most of the important aspects of EVs from their composition to their
biogenesis and uptake. Each of this aspect is crucial in understanding the biological and

pathological roles of EVs.

2.6 Biological, pathological, and clinical aspects of EVs

In this part, I quickly overview the biological, pathological, and clinical aspects of EVs in a non-
exhaustive manner. Despite most of the literature mainly focusing on the roles of EVs in

pathological conditions, there are evidence on the role of EVs are also known as natural vehicles

of biological cargo with a crucial role in tissue homeostasis and repair (Roefs, Sluijter, and Vader

2020). EVs are able to prevent cell death. For example, EVs from bone marrow stem cells or

cardiac progenitor cells can reduce apoptosis in myocardial cells after ischemia and reperfusion
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injury(R. C. Lai et al. 2010). In addition, EVs have a role in immune modulation. For example,
EVs derived from several immune cells, contain molecules typical of the immune system such as
MHC-II molecules (Graca Raposo 1996), interleukin 15 receptor a-chain (Viaud et al. 2009),
CD86 and ICAM-1(Segura et al. 2005). All these molecules have an impact on different
immunological functions including induction of antigen-specific T cells response (Segura et al.
2005; Admyre et al. 2007; Théry, Zitvogel, and Amigorena 2002) promotion of NK cell
proliferation (Viaud et al. 2009) and DCs maturation (D et al. 2001). Another role of EVs is
neovascularization during recovery after ischemia/reperfusion injury and cutaneous wound
healing. It has been shown neovascularization can be stimulated by the administration of EVs
released from the different stem and progenitor cells 9/9/2021 6:47:00 PM. Furthermore, in
response to stress or injury, healthy cells can release EVs containing bioactive proteins that
promote cell proliferation and migration (Roefs, Sluijter, and Vader 2020). For example, in
joint regeneration, CD73 present on EVs from embryonic stem cell-derived MSCs contribute to
chondrocyte proliferation, migration, and ECM(S. Zhang et al. 2018). In addition, in neuronal
communication (J et al. 2006) EVs promote axonal regeneration upon sciatic nerve injury (Lopez-

Verrilli, Picou, and Court 2013). In addition to their biological role, EVs are involved in the

pathological development and progression of many diseases. For example, EVs are associated
with the generation and progression of neurodegenerative diseases. Increasing evidence indicates
that EVs are potential carriers of misfolded proteins, whose accumulation cause neurodegenerative
disorder (Kalani, Tyagi, and Tyagi 2014; Russo, Bubacco, and Greggio 2012). In alzheimer’s
disease, for instance, EVs containing f-amyloid, the toxic protein responsible for the formation of
amyloid plaques, enhanced its deposition in various part of the brain (Rajendran et al. 2006).
Moreover, the role of EVs in tumor biology have been extensively investigated which will be
carefully reviewed later in this part (Hyenne, Lefebvre, and Goetz 2017). There has been also

significant progress in the potential clinical applications of EVs. EVs are now being considered

as an important tool for drug delivery cargos. For example, EVs from MSCs have been tested as
the vehicle to package and transport active drugs such as paclitaxel with increased anti-
tumor effects (Pascucci et al. 2014). The utilization of exosomes as drug delivery vehicles offers
important advantages compared to other nanoparticulate drug delivery systems such as being non-

immunogenic in nature due to similar composition as body’s own cells (Cordonnier et al. 2017).
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Furthermore, publication frequencies of studies investigating different contents of EVs as
biomarkers for disease diagnosis over the past 10 years attracted the greatest interest in EVs
research (B. Zhou et al. 2020). Moreover, EVs has been also considered as major candidates for
non-invasive diagnosis in cancer with significant superiority over other sources of liquid biopsy
due to their presence in almost all body fluids and possessing high stability by encapsulating with
lipid bilayers (Melo et al. 2015; Hoshino et al. 2015; B. Zhou et al. 2020). For example, it has been
shown that circulating exosomes derived from melanoma patients express PD-L1 on their surface
which could be considered as a better marker than PD-L1 expression in tumour biopsies and a
good way to predict the tumour response to treatment (more explanation regarding PD-L1 will be
provided in section 2.7.2)(Cordonnier et al. 2020). It has been also demonstrated that exosomal
Hsp70 is a valuable biomarker of tumor presence, progression or recurrence (Chanteloup et al.
2020). Very recently, in a most complete proteomic study, several EV associated proteins have
been identified were tumor type-specific (breast, colorectal, lung, and pancreatic cancer)
regardless of disease stage (Hoshino et al. 2020). Lyden’s group provided proof-of-principle that
tumor EVs signature, which they refer to as extracellular vesicles and particles (EVPs), can be
considered as cancer biomarkers. They identified protein signatures that not only distinguish
between tumour and nonmalignant EVPs in plasma but also distinguish EVPs obtained from
different human tumour types (Hoshino et al. 2020). Since the center of my focus in my PhD is
understanding the role of EVs in cancer metastasis, in the next part I will discuss the role of

EVs in cancer.

2.7 Role of EVs in cancer

EVs play a crucial role in cancer. Initially, tumor EVs were shown to induce an antitumoral
immune response through the activation of dendritic cells and T lymphocytes (Zitvogel et al.
1998). However, since this initial discovery, most of the studies have established pro-tumoral
roles for tumor EVs including promoting tumor growth and metastasis (Moller and Lobb 2020).
Tumor cells release large amounts of EVs bearing tumoral markers, which can subsequently
disseminate at distance(Hoshino et al. 2020). Despite their striking importance in tumor
progression, the exact contribution of tEVs in local and distant modifications of the

microenvironment in vivo remains to be fully deciphered. In this part, I’m focusing on EVs
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secreted by tumor cells and will describe their involvement in primary tumor

microenvironment and metastasis.

2.7.1 Involvement of EV’s in the primary tumor microenvironment
As I have mentioned in the cancer part, EVs are an important part of TME. Both tumor EV (tEVs)
and non-tumor EVs act as effective signaling molecules between cancer cells and the surrounding

cells that make up TME and mediators of cancer therapy resistance (I. Li and Nabet 2019).

Role of non-tumor EVs in the primary tumor microenvironment

As cargo carriers, EVs are also involved in the maintenance of cancer stem cells (CSC)

homeostasis and its mechanism as well as the transformation between non- CSC and CSC (Dai et
al. 2020). EVs are also important participants in the resistance of CSCs, which involving multiple

mechanisms, such as enhanced DNA repair efficiency and anti-apoptotic capacity (K. Wang et al.
2016). For example, in breast cancer, RAB27B promoted exosomes transfer from stromal cells to

the breast cancer cell. These exosome contain 5'-triphosphates which activate the RIG-I (retinoic
acid-induced gene 1 enzyme) signal in target cells, thus activating IRDS (Interferon-Related DNA
Damage Resistance Signature) genes, in parallel to the NOTCH3 pathway activation to regulate
the expansion of CSCs which are therapy-resistant tumor-initiating cells (Boelens et al. 2014).

EVs released by MSCs in the TME facilitate the alteration of non-CSC to CSC and promote

tumor progression by transporting special miRNA cargo to neighboring cells. For example, EVs
from bone marrow-derived MSCs containing miR-214 inhibit oxidative stress injury in CSC, thus

helping tumor progression (A. Sharma 2018). Cancer-associated fibroblast (CAF)-derived EVs

are also one of the key factors of oncogenic transformation (Zhao et al. 2016). CAF-derived

EVs not only promotes the growth of cancer cells, but also promote drug resistance and tumor
metastasis (Zhao et al. 2016; T.-X. Huang, Guan, and Fu 2019). For example, CAF-derived EVs
promote angiogenesis and tumor development in colorectal cancer and also induce the
dedifferentiation of cancer cells through the Wnt pathway, which leads to the chemical resistance

of CRC (Hu et al. 2019; Savardashtaki et al. 2019).
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Role of tumor EVs in the primary tumor microenvironment

In the primary TME, due to heterogeneity of cancer cells, there are different genetically and
phenotypically subclones which can transfer oncogenic traits via tEVs to neighboring cancer
cells to modify their biological phenotypes. For example, glioma cells transferred EVs with the
oncogenic receptor EGFRVIII to neighboring glioma cells lacking this receptor, thereby enhancing
tumorigenesis of these cells by activating the AKT pathway in them (Al-Nedawi et al. 2008).
Similarly, Mutant KRAS, along with other oncogenes such as EGFR and SRC, can also be
transferred via exosomes to recipient colon cancer cells of wild-type KRAS, promoting tumor
invasion (Becker et al. 2016). Importantly, a recent study shows that Apoptotic glioblastoma cells
release apoptotic extracellular vesicles that transfer various components of spliceosomes to change
the mRNA splicing in recipient cells and promote their drug resistance as well as migration
capacity(Pavlyukov et al. 2018). tEVs not only transfer oncogenic traits between cancer cells
but also transfer between cancer cells and stromal cells. For instance, it has been shown MVs
from MDA-MB-231 breast cancer cells confer normal fibroblasts and epithelial cells with
transformed characteristics of cancer cells such as increased proliferation, survival, and anchorage-
independent growth of immortalized fibroblasts and normal mammary epithelial cells(Antonyak
and Cerione 2014). These effects were shown to be mediated by a cross-linked form of fibronectin
present on the surface of MV, which engaged integrins expressed on the recipient fibroblasts and
mammary epithelial cells thus stimulated signaling events that promoted their growth under

anchorage-free conditions (Antonyak and Cerione 2014). Moreover, in TME, the tEVs cargoes

stimulate the immune response through alarmins (mRNA, transmembrane proteins including

CD9, CD63, and CD81, HSPs, major histocompatibility complex I molecules) and tumor-
associated antigens (Ramos-Zayas et al. 2019). The antigen-presenting and immune-stimulating
properties of tEVs allow them to trigger anti-tumor responses and contribute to the recruitment
and reconstruction of TME components (Jan et al. 2019). Many findings also support a key role

of tEVs between cancer cells and the surrounding vasculature by eliciting pro-angiogenic

responses (Groza et al. 2020). For example, exosomes were shown to reflect the hypoxic status
of glioma cells by inducing microvasculature sprouting and vascularization during tumor
formation in xenografts models (Kucharzewska et al. 2013). Under hypoxia conditions, multiple

myeloma cells and 4T1 breast cancer cell line also increase the secretion of exosomes enriched in
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miR-210 and miR-135b respectively, which increases endothelial tube formation to promote
angiogenesis (King, Michael, and Gleadle 2012; Umezu et al. 2014). In further support of the EVs
role during angiogenesis, Grange et al. have reported that CD105-positive renal carcinoma cells
secrete EVs, which induce proliferation of HUVECs in vitro and in vivo (Grange et al. 2011).
Exosomal Annexin A2 is found in greater amount in EVs from a malignant breast cell line,
compare to the normal breast epithelial cells and promote the migration of endothelial cells in a
tissue plasminogen activator tPA-dependent manner thus leading to angiogenesis (Chaudhary et
al. 2020). In addition, it has been reported neutral sphingomyelinase 2 (nSMase2) affect exosomal
miRNA secretion in metastatic breast cancer cells. Specifically, exosomal angiogenic miRNAs
such as miR-210 that is transferred to endothelial cells, where it enhances the capillary formation
and migration capability. Exosomal miR-210 might be one of the key factors for tumor
angiogenesis and its high expression predict poor survival in breast cancer patients (King, Michael,
and Gleadle 2012; Kosaka, Yoshioka, et al. 2013). Altogether, tEVs not only alter the cellular
physiology of the surrounding cells but also has an impact on distant non-tumor cells to allow

dissemination and growth of cancer cells which ultimately lead to metastasis.

2.7.2 Involvement of EV's in metastasis

The _initiation of metastasis includes the local invasion of primary tumor cells into the

surrounding tissues through the remodeling of the extracellular matrix (ECM) and the gaining
migratory behavior (Figure 11). The contribution of EVs in all these steps has been summarized
below: First, tumor EVs are capable of carrying important ECM molecules thus controlling
cell polarity and directional cell movement (Adem, Vieira, and Melo 2020). Sung et al. reported
that exosomal fibronectin bound with cellular integrin receptors form a strong adhesion at the
leading edge to promote cell migration (Sung et al. 2015). The same group later showed that tumor
EVs not only increase cell migration speed but also promote directional movement towards
a chemotactic gradient, although the exact mechanisms are unknown (Sung and Weaver 2017).
Luga and colleagues showed that EVs from cancer-associated fibroblasts also stimulate protrusive
activity and motility in recipient breast cancer cells by activating autocrine WNT-planar cell

polarity signaling (Luga et al. 2012). Second, tumor EVs can directly degrade ECM which lead
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to an enhanced cell invasion and metastasis. For example, Hendrix et al. (2010) demonstrated
that Rab27b-mediated exocytic release of HSP90 EVs from metastatic breast cancer cells activates
matrix metallopeptidase 2, a protease that degrades the ECM (Hendrix et al. 2010). Third, tumor
EVs could promote recipient cells’ epithelial-mesenchymal transition (EMT), during which
ECM is degraded and tumor cells lose their epithelial features and gain mesenchymal properties
by losing E-Cadherin and cell polarity while gaining N-cadherin, twist, snail, and vimentin to
become more invasive. Several proteins, signaling molecules and miRNAs, regulating EMT, have
been identified in the cargos of EVs such as HIF1a, matrix metalloproteinase 13, casein kinase II
a, annexin A2, and latent membrane protein 1, TGF-B, B-catenin, IL-6, caveolin-1 or vimentin and
nucleic acids like EMT-inducer miRNAs (Aga et al. 2014; Jeppesen et al. 2014; Yoshizaki et al.
2013).
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Figure 11. EV-mediated metastasis. EVs are involved in the initiation of metastasis, which lead to
invasiveness and motility of tumor cell and clearance of natural barriers against metastases. EVs are also
involved in the preparation of a pre-metastatic niche, via the recruitment of BMDCs and induction of ECM
remodelling and angiogenic processes. Inspired by (Syn et al. 2016). Created with BioRender.com
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Finally, tumor EVs influence the processes of intravasation and extravasation. EVs are able
to unlock the tight junctions and increase the endothelial permeability to enhance tumor cells
intravasation via miR-105 which reduce the expression of ZO-1 in recipient endothelial cells (W.
Zhou et al. 2014). Recently, it has been demonstrated that exosomal Met (oncoprotein)contributes
to a leaky vasculature and, ultimately promotes the intravasation and extravasation of cancer cells.
This study further showed that Met-high subpopulations in melanoma cells develop vascular
structures lacking pericytes (Adachi et al. 2016). However, how tEV pass the endothelial barrier
is not very well known yet. Recently, it has been shown that tEVs can directly breach the blood—
brain barrier (BBB) via transcytosis (Morad et al. 2019). Other mechanisms could also help EVs
to pass through the endothelium such as a direct transition between endothelial cells through gap
junctions or pores, or even the involvement of immune cells such as monocyte (Adem, Vieira,

and Melo 2020).

In addition to the above-mentioned factors, several publications indicate the essential role of EVs

in the preparation of the pre-metastatic niche and establishment of the tumor (Figure 11). If

tumor cells are seeds and the pre-metastasis niche is the soil, then circulating EVs released from
tumor cells can be seen as fertilizers, which can make the barren land fertile and facilitate the
colonization of tumor cells. Recent work by Lyden and colleagues on exosome-mediated
metastasis has partially supported this hypothesis. According to their findings, tumor EVs
expressing specific integrins on their surface including a6p1, a6p4, avps, and avp3 which are
associated with ECM molecules, such as laminin and fibronectin, and certain cell types in target
organs, partially dictated future PMNs at lung, liver, and brain organotropic sites, respectively
(Hoshino et al. 2015). Moreover, using reporter systems under the control of the CRE recombinase
demonstrated that vesicle enclosed CRE mRNA can be transferred and translated into functional
protein in vivo. Using this methodology together with intravital imaging provided direct proof for
the ability of tumor derived EVs to signal over long ranges (Zomer et al. 2015). EVs also
upregulate inflammatory molecules. As it has been mentioned previously chronic inflammation
is an essential factor for tumor development and metastasis. Thus, the local inflammatory
microenvironment is important for pre-metastatic niche formation. Lyden and colleagues showed
exosomal integrins upregulate the expression of proinflammatory S100 molecules in the distant

tissue microenvironment via activating Src phosphorylation(Hoshino et al. 2015). Moreover, EVs
55



promote matrix remodeling. Several kinds of BMDCs have been shown to stimulate matrix
remodeling in the PMN, and upregulation of fibronectin(Y. Gao et al. 2019; Kaplan et al. 2005).
For example, Costa-Silva showed exosomes from pancreatic cancer cells contribute to the
establishment of PMN in the liver by transferring macrophage migration inhibitory factor (MIF)
to Kupffer cells. MIF induces the release of TGF-3 from Kupffer cells, which in turn promotes the
production of fibronectin and recruits bone marrow-derived macrophages for liver pre-metastatic
niche formation (Costa-Silva et al. 2015). Another study from the same group also showed that
the uptake of breast cancer exosome by lung fibroblasts stimulates their activation and fibronectin
secretion (Hoshino et al. 2015). Additionally, Toll-like receptor3 (TLR3) activation in lung
epithelial cells by non-coding small nuclear RNAs transferred by tEVs promote expression
of S100A8, SI00A9, MMP9 and fibronectin, which, in turn, contributes to lung PMN formation.
Upregulation of TLR3 also promotes secretion of chemokines that mobilize neutrophils
(CD45+CD11b+Ly6G+Ly6Cint c-Kit+ VEGFR1+), as well as macrophages (F4/80+) and
monocytes (VEGFRI1+Ly6G—Ly6C+) that further support PMN formation(Yanfang Liu et al.
2016). In a rat pancreatic adenocarcinoma model, exosomal CD151 and Tetraspanin 8 (Tspan8)
enhance PMN formation and promote metastases in lungs and bone marrow, most likely through
extracellular matrix remodeling. Interestingly, EVs deprived of Tspan8 have a reduced capacity to
cross the blood-brain barrier in vivo(Yue et al. 2014). Increased angiogenesis and vascular
permeability by EVs are other factors that promote the formation of PMN. Here I will mention a
few examples. It has been reported EVs derived from hypoxic tumors have more potential to
promote angiogenesis and vascular leakage (Kucharzewska et al. 2013). Grange et al. found that
human kidney cancer stem cell-derived CD105-positive MVs induce angiogenesis and facilitate
the metastatic niche formation (Grange et al. 2011). In mice, exosomal miR-181c from breast
cancer metastatic cell lines disrupted cell-cell contact in the BBB by downregulating the actin
regulator, PDPK1, leading to an increased brain metastatic burden (Tominaga et al. 2015).
Furthermore, exosomal miR-25-3p from colorectal cancer cells promote angiogenesis and disrupt
the tight junctions of vascular endothelial cells by targeting KLF2 and KLF4. The miR-25-3p
further induce vascular leakiness and facilitate the PMN formation in the liver and lung of mice
(Zeng 2018). EVs can also induce the recruitment of suppressive immune cells to the PMN. For

example, the recruitment of BMDCs to lung PMNss is being induced by EVs (Peinado et al. 2012).
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Wen, et al. found that EVs also promoted the accumulation of myeloid-derived suppressor cells
and directly inhibiting T-cell growth and decreasing Natural killer (NK) cell cytotoxicity (Wen et
al. 2016). Mature DCs also played important roles in antitumor immunity by presenting tumor
antigens, but four known immunomodulatory proteins have been identified in melanoma EVs, the
combination of which reduces DC maturation in the lymph node. This study shows the importance
of exosome-mediated immune suppression since LN metastasis is critical for the progression of
melanoma to metastasis (Maus et al. 2017).

EVs also serves as a vehicle for transport of programmed death-ligand 1 (PD-L1) into receptor
cells. PDL1 is a membrane-bound ligand found on the cell surface of many tumor cells and binds
programmed cell death protein-1 (PD-1) on T cells to suppress their activation (Tang et al. 2020).
One study showed the presence of glioblastoma-derived EVs carrying PD-L1 in the plasma of
glioblastoma patients were positively correlated with tumor burden (Ricklefs et al. 2018). Another
study reported in breast cancer exosomal PD-L1 promote tumor evasion of immune surveillance
by transferring PDL-1 to other cancer cells with low- or no- PD-L1(Y. Yang et al. 2018). The third
study reported an increased circulating exosomal PD-L1 from human melanoma, breast cancer, or
lung cancer. Thus, when the EVs containing PD-L1 reach the PMN, the immune system could be
inhibited leading to the promotion of PMN formation(G. Chen et al. 2018). Additionally, it was
reported that BI6F10 melanoma exosomes contained small nuclear RNA from lung cancer or
melanoma promoted lung PMN by activating TLR3 and releasing cytokines which recruited
neutrophils to the lung (Yanfang Liu et al. 2016, 3). In contrast, EVs derived from non-metastatic
melanoma cancer cells are not capable to generate PMN in the bone. However, these EVs
promoted the expansion, recruitment, and differentiation of TRAIL-positive tumor-reactive
macrophages, which kill and phagocytize tumor cells, contributing to cancer cell clearance at PMN
(Plebanek 2017). In another study, tEVs derived from parental lung cancer cells contained miR-
192, which inhibited interleukin 8 (IL8), intercellular adhesion molecules, and CXCLI1 in the
endothelial precursor cells of the bone microenvironment, thus decreasing tumor-induced
angiogenesis in vivo. However, the EVs from metastatic cells with less miR-192, promoted bone-

metastasis niches formation (Valencia et al. 2014).

In conclusion, all these studies on the role of EVs in cancer show that both the levels and the

content of secreted tumor EVs are crucial in promoting metastasis. There also studies on how the
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EV secretion machinery controls the pro-metastatic properties of tEVs. For example, as [ have
discussed earlier Rab27A that control exosome secretion(Ostrowski et al. 2010), also 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 (Q. Wang et al. 2015).These studies allowed
the identification of Rab27A as a key driver of EV biogenesis and tumorigenesis. Two other RAB
GTPases RAB22A and RAB3D known to regulate EV formation have been similarly used in
breast cancer cells to determine the role of EVs in tumor progression(Ting Wang et al. 2014; J.
Yang et al. 2015). Depletion of RAB22A decreased their capacity to secrete EVs under hypoxia
in vitro and impairs their ability to form lung metastasis in mice(Ting Wang et al. 2014). Similarly,
downregulation of RAB3D decreased EVs secretion in breast cancer cells in vitro, and in parallel
reduced breast cancer cell invasion and lung metastasis in mice (J. Yang et al. 2015). Moreover,
overexpression of Sphingomyelinase nSMase2 breast cancer cells leads to more EVs secretion in
vitro and promote lung metastasis through an increase in angiogenesis once injected in
mice(Kosaka et al. 2010; Kosaka, Iguchi, et al. 2013). Altogether, these studies generally correlate
the levels of secreted EVs by tumor cells and the capacity of these cells to form tumors and
metastasis in mice. Along this line, in my PhD project, we identified Ral GTPase from its

function in EV biogenesis up to its pro-metastatic function in breast cancer.

3 Ral GTPases

I established my PhD project on top of the study by Vincent Hyenne who already showed Ral
GTPase are evolutionarily conserved regulators of exosome secretion (Hyenne et al. 2015). We
originally observed that, in the nematode C. elegans, the Ral GTPase ortholog RAL-1 controls
exosome secretion by acting on the biogenesis of MVBs. Although Ral genes and proteins are
highly conserved across species, invertebrates, such as the fruit fly Drosophila melanogaster and
the nematode Caenorhabditis elegans only possess a single Ral gene (Gentry et al. 2014).
Importantly, Ral-1 has 2 orthologs in mammals (RalA and RalB), which function downstream of
RAS (Chien and White 2003). RalA and RalB have been known as closest relatives of the
classical Ras proteins and share a high structural similarity with RAS. In this section, I will discuss
Ral GTPase in more details by focusing on its regulator in section 3.1. Then I continue in section

3.2 by including the important effectors of Ral and their function. In section 3.3 I will talk about
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the role of Ral GTPase in normal physiology. Finally, in section 3.4 I discuss the contribution of

Ral GTPase in cancer.
3.1 Ral Regulators

Ral GTPases share general structural and biochemical features with Ras and other small GTPases,
consisting of six b-sheets connected by loops and five a-helices, which form the highly flexible
switch I and switch II regions (Gentry et al. 2015). Like Ras, Ral proteins terminate in carboxyl
terminal CAAX tetrapeptide motifs (C = cysteine, A = aliphatic amino acid, and X = terminal
amino acid; Ral amino acids), which signal for a series of posttranslational modifications that
facilitate intracellular trafficking and are critical for the membrane association of RAL. The
tertiary protein structure of both RALA and RALB proteins is very similar; containing a free-
floating N-terminal 11-amino acid sequence, followed by the G-domain, involved in GDP/GTP
binding, and the C-terminal membrane targeting sequence (Cox et al. 2014). Although RalA and
RalB share more than 82% identical sequence, they have distinct C-terminal sequences, which can
influence subcellular membrane localizations as well as effector interactions(C. Yan and

Theodorescu 2018).

GTP-GDP Cycling

The specific set of guanine nucleotide exchange factors (GEFs) promote GDP to GTP exchange
on Ral proteins to activate them in response to specific signals. Activated GTP-bound Ral proteins
then bind to and modify the activity of a unique set of downstream target proteins that mediate
their functions in cells. In addition, specific GTPase-activating proteins (GAPs) promote GTP to
GDP hydrolysis on Ral family members to deactivate them. Seven GEFs and two GAPs have been
identified as regulating Ral GTPases (Figure.12). Seven known RALGEFs can be divided into two
groups. The first group (RALGDS, RGL1, RGL2, RGL3) directly bind to the effector binding
region of activated RAS thus relies on RAS activation, while the other group (RALGPSI,
RALGPS2, RGLA4) can be activated through RAS-independent mechanisms (Gentry et al. 2014).
However, RAL specific GAP proteins (RALGAP1 and RALGAP2) are not very well known.
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RALGAPs are supporting an inhibitory role on RAL activity (Shirakawa et al. 2009; X.-W. Chen
et al. 2010, 20).
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Figure 12. A. The three most characterized effector signaling pathways downstream of RAS,
Adapted from (C. Yan and Theodorescu 2018)B. The GDP-GTP cycle of Ral GTPases. Upstream signals
stimulate binding of RALGEEF that triggers GDP-GTP exchange, leading to Ral activation. Then, RAL-
GTP can bind to its downstream effector proteins (e.g. RALBP1). Ultimately, RALGAPs bind to RAL-
GTP and hydrolyze GTP to GDP, cycling RAL back to its inactive GDP-bound form, Extracted from (C.
Yan and Theodorescu 2018). Created with BioRender.com

Posttranslational Modifications

Prenylation of the CAAX motif was shown to be essential for Ral membrane association and
subcellular localization (Gentry et al. 2015). Similar to Ras, Ral GTPases terminate in a CAAX
motif which signals for post-translational modifications and membrane addressing. The CAAX-
signaled modifications are critical for Ral function. The crucial step of the posttranslational
modifications is the covalent addition of an isoprenoid lipid to the first cysteine residue by the
geranylgeranyl- transferase-1 (GGTase-I). The AAX residues were then cleaved and the terminal

lipid-modified cysteine methylated (Bodemann and White 2008).

Phosphorylation of RAL at the C-terminal region also plays an important role in the regulation

of RAL activity. Phosphorylation of RALA by Aurora A relocates RALA from plasma membrane
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to endomembranes where RALA interacts with RALBP1 mediating RALA anchorage-
independent growth (Lim et al. 2010). Phosphorylation of RALB by protein kinase C translocated
RALB from plasma membrane to the perinuclear region of the cell which is required for RALB-

mediated migration and metastasis(Martin et al. 2012).

3.2 Ral Effector Proteins

Like RAS, after activation, RAL exerts its biologic function via interaction with various effector
protein and regulate different downstream pathways. A number of effector proteins have been
identified that bind to Ral proteins, but it has been a challenge to determine the differences between
RalA and RalB in effector engagement and how those differences are regulated(Moghadam et al.
2017). Furthermore, there is a lack of knowledge on which effectors preferentially engage Ral
proteins under different physiological conditions and how these dynamics are regulated. Below I

have summarized some effectors and how each of these effector pathways contributes to cellular

physiology.

RAL Binding Protein 1/RLIP76: RAL binding protein 1 (RALBPI1, also known as RLIP or
RLIP76) was the first identified Ral binding partner was (synonyms: RLIP76 and Ripl) with a
RAL binding domain that binds to both switch I and I regions of RAL-GTP (Fenwick et al. 2010).
The binding surfaces on RalBP1 that contact RalA and RalB are not identical, even though RalA
and RalB are 100% identical in their contact sites for binding RalBP1 (Campbell et al. 2015).

RalBP1 is a large protein (76 kDa) and has a vast array of functions ranging from receptor mediated
endocytosis to facilitating mitochondrial fission during mitosis (Jullien-Flores et al. 2000;
Kashatus et al. 2011). RalBP1-Ral interaction also involves Ral in regulating actin cytoskeleton
changes. For example, RalBP1 exhibits GAP activity toward CDC42 and Racl, which stimulates
filopodia and lamellipodia formation, respectively. In addition, the Ral-RalBP1 interaction involve
in receptor-mediated endocytosis where RalBP1 binds two Eps homology (EH) domain-containing
proteins: POB1 and Repsl5. Moreover, RalBP1 also binds to the m2 subunit of AP2, which
recruits clathrin to the sites of endocytosis (Jullien-Flores et al. 2000; Nakashima et al. 1999).
However, whether Ral promotes or inhibits endocytosis is not well known and additional studies

will be required to determine the exact role of the Ral-RalBP1 interaction in endocytosis
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SEC5/EXOQOcyst Complex 84: Octameric protein complex termed the exocyst is the major effector

of Ral proteins. The exocyst complex is composed of Sec3, Sec5, Sec6, Sec8, Sec10, Secl5, Exo70
and Exo84, among which Sec5 and Exo84 are critical components and responsible for targeting
various secretory vesicles to specific regions of the cellular membrane (Fukai et al. 2003). Active
GTP-bound Ral proteins directly interact with the exocyst subunits to regulate both localization
and assembly of exocyst, but it is unclear how exactly Ral controls exocyst functions(Zago et al.
2019). The exocyst directly interacts with several important regulators of protrusion formation,
front-rear polarity and extra-cellular matrix degradation or deformation, to mediate cell migration
and invasion(Zago et al. 2019).

Phospholipase D (PLD):

PLD is a lipase that catalyzes the hydrolysis of phosphatidylcholine into choline and phosphatidic
acid (PA). The product of PLD, PA, acts as a second messenger to facilitate vesicle budding and
transport. Six different isoforms of PLD (PLDs) have been identified however, most of the
knowledge about PLD biology relates to the PLD1 and PLD2 isoenzymes (Yao et al. 2020). Unlike
other effectors, association with Ral is not GTP-dependent (J. H. Kim et al. 1998). Ral interacts
with PLD1 in a nucleotide independent manner, but how Ral binds PLD2 is not known. The Ral-
PLDI1 complex is associated with a small GTPase, Arf, which in turn promotes PLD1 activity (Luo
et al. 1998). Arf-induced PLDI activation is involved in receptor-mediated endocytosis and
exocytosis (Shen, Xu, and Foster 2001; Vitale et al. 2002). Moreover, both RalA and RalB
interaction with PLD1 has been shown to be essential for HeLa cell cytokinesis (Cascone et al.

2008).

ZONAB: RalA interacts with the Y-box transcription factor, ZO-1-associated nucleic-acid-
binding protein (ZONAB) in a GTP and cell-density-dependent manner. Moreover, an active RalA
activates the ZONAB transcription factor to regulate the cell density in MDCK cells (Frankel et
al. 2005).
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3.3 Function of Ral GTPase

Ral GTPase regulates different mechanisms in the biology of cells such as cell migration. It has

been shown RalB, but not RalA is important in cell migration (Rossé et al. 2006). They showed
RalB expression is essential for promoting both exocyst assembly (Sec5 and Exo84) and
localization at the leading edge of moving cells (Rossé et al. 2006). It has been also shown
that activation of RalB by RGL2 at plasma-membrane promotes protrusions formation and
invasion (Zago et al. 2019). Another publication from the same team also established a link
between the Ral/Exocyst and the Rac, the two motility driving pathways. They showed, RalB
controls the association of the subunits of its effector the exocyst complex and stimulates
localization of the exocyst at the leading edge in motile cells. The exocyst localizes together with
the GAP protein SH3BP1 to the leading edge of motile cells, which stimulates the hydrolysis of
bound GTP to GDP on Racl (Parrini et al. 2011). In 2003, Chien and White revealed that RalA
was dispensable for the proliferation of both normal and tumour-derived cell lines in adherent

cultures but that RalA is required for anchorage-independent proliferation of transformed cells,

while RalB is required for survival of transformed cells (Chien and White 2003). Another role of
Ral GTPase is in apoptosis. For example, in Drosophila melanogaster Ral via the exocyst complex
acts as a negative regulator of JNK-dependent apoptotic signaling (Balakireva et al. 2006). JNKs
belong to the superfamily of MAP-kinases involved in the regulation of cell proliferation,
differentiation, and apoptosis (Dhanasekaran and Reddy 2008). Autophagy, a multi-step process
that enables cells to survive by removing unnecessary or dysfunctional components, is another role
of Ral GTPase. For example, that RalB and the exocyst subunit Exo84 are required for
autophagosome formation during nutrient starvation (Bodemann et al., 2011). RalA and RalB also
play distinct roles in cytokinesis. RalA is required to tether the exocyst to the cytokinetic furrow
in early cytokinesis and RalB is required for recruitment of the exocyst to the midbody of this
bridge to initiate abscission and complete cytokinesis (Cascone et al. 2008). The role of both RalA

and RalB in yesicle trafficking and cell polarity has been also demonstrated. For example, Ral

is required for the maintenance of apical-basal polarity of post-mitotic epithelial cells during tissue
remodeling and lack of Ral activity lead to a defect in subcellular localization of proteins
implicated in apical-basal polarity (Belaiche 2014). Moreover, phosphorylation by protein kinase

Ca (PKCa) is critical for RalB-mediated vesicle trafficking and exocytosis. For example, RalB
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phosphorylation regulates vesicular trafficking and membrane fusion by regulating v- and t-
SNARE interactions (Martin et al. 2012). There also other roles of Ral GTPase, such as regulation
of mitochondrial fission at mitosis through RALA and RALBP1(Kashatus et al. 2011). Moreover,

RalGPS2, an independent GEF for the Ral GTPase, was also shown to promote the tunnelling

nanotube formation via actin cytoskeleton rearrangement in bladder cancer(D’Aloia et al. 2018).

3.4 Ral GTPase and cancers

To date, the most effective strategy to target RAS oncogenic signaling has been inhibiting the
downstream RAF-MEK-ERK and PI3K- AKT-mTOR effector pathways. In the last decade, the
RALGEF-RAL signaling pathway has emerged as a third important effector signaling axis
downstream of RAS (Figure.12) (Roberts and Der 2007; Yap et al. 2008). RalGEFs participate in
downstream signaling from activated Ras proteins. However, early studies in mouse fibroblast
cells found other pathways rather than RALGEF-RAL pathway to be sufficient in mediating RAS-
driven tumor transformation (Urano, Emkey, and Feig 1996). Thus, the role of RALGEF-RAL

signaling in RAS-driven tumorigenesis was initially unnoticed.

Later, Counter and colleagues later report that unlike murine fibroblasts, signaling from H-Ras
through the RalGEF-Ral pathway was sufficient for RAS transformation in immortalized human
HEK cells (Hamad et al. 2002). Further, it was demonstrated that RalA but not RalB is the
RALGETF effector protein that plays a critical role in RAS-mediated tumor transformation (Lim et
al. 2005). RalB seems to be more potent than RalA in the regulation of cell invasion and migration
(Lim et al. 2006). Additional support for a role of Ral signaling in human cancer was found by
White and colleagues who showed RalB was critical for human tumor cells survival while RalA

was necessary for the anchorage-independent growth of cancer cells (Chien and White 2003).

Pancreatic cancer is a very good model for studying the role of RAL in human cancer due to its

high frequency of KRAS mutations. Counter group studied the activation status of the three known
effector pathways in human pancreatic cancer cell lines (Lim et al. 2005) and tumor samples (Lim
et al. 2006). Both studies showed an increased level of activated RalA and RalB in all samples. In

addition, both RalA and RalB were found to be more activated compared to other RAS effector
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pathways PI3K and RAF, showing the significant role of Ral signaling in KRAS driven pancreatic
cancer. RalA and RalB were found to play distinct roles in pancreatic cancer, where RALB but
not RALA knockdown impaired in vitro invasion of these cell lines and metastatic colonization in

vivo (Lim et al. 2006).

Bladder cancer cell lines with RAS mutation status, and RalA/B overexpression and

overactivation showed RalA and RalB have similar functions in tumor growth but opposite roles
in motility (Oxford et al. 2005). Using a Ral transcriptional signature, the role of Ral signaling in
patient bladder tumor samples was found to correlate with disease stage, progression to strength
invasion, and survival(Smith et al. 2007; 2012). In addition, overexpression of Ral activators like
RGL2 and Aurora A kinase, as well as Ral effectors like RALBP1 were also found in human
bladder tumor samples (Smith et al. 2007)

Colorectal cancer cell lines and patient samples were shown to have upregulated RALA and

RALB activation (Martin et al. 2011). However, RalA and RalB play antagonistic roles in colon
cancer. Stable RNAi suppression of RalA reduced anchorage-independent growth of cancer cells,
whereas stable suppression of RalB enhanced such growth. Different function of these isoforms
was partially related to their distinct usage of effector proteins. Both RalA and RalB need to intract
with RALBPI1 but through different components of the exocyst complex. RALA interacts with
EXO84, whereas RALB interacts with SECS to mediate their effect on anchorage-independent
growth in colorectal cancer cells (Martin et al. 2011). This antagonistic role of RalA and RalB in
colorectal cancer determined cancer cell type differences in RAL function thus the requirement of

selective targeting of each RAL isoform in colorectal cancer.

In_lung cancer, the requirement of RAL tumorigenesis was also established in a genetic knockout

mouse model(Peschard et al. 2012). Deletion of both RALA and RALB genes but not either one

alone blocked KRAS-driven lung tumor development, suggesting that RalA and RalB have
redundant functions in tumorigenesis in a mouse model of lung cancer. The Farassati group (Male
et al. 2012) showed that transient knockdown of RalA reduced the proliferation and invasiveness
of NSCLC cell line A549 in vitro and tumorigenesis in vivo. More recently, a panel of 14 human

NSCLC cell lines showed although both RalA and RalB had higher expression in KRAS mutant
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cell lines, only RalA activity was high (Guin et al. 2013), suggesting RalA promote the tumor
growth in NSCLC cell lines.

In melanoma, approximately one-third have activating NRAS mutations and about 60%

have BRAF mutations. A role for RALGEF-RAL signaling in NRAS-driven melanoma

tumorigenesis was found to have a major contribution to anchorage-independent growth in an
immortalized mouse melanocyte model, where the transforming activities of the three NRAS
downstream effectors, RAF, PI3K, and RALGEF were evaluated (Mishra et al. 2010). Moreover,
findings of Zipfel et al. demonstrated that the Ral signaling pathway can be activated in melanoma
in the absence of an oncogenic Ras mutation (Zipfel et al. 2010). Stable knockdown of RALA,
and to a lesser extent of RALB, inhibited the tumorigenic growth of melanoma cell lines both in

vitro and in vivo (Zipfel et al. 2010).

In breast cancer cells (MCF-7), EGF stimulated Ral activation, and RalA was shown to be critical
for EGFR promotion of estrogen-independent proliferation (Yu and Feig 2002). Later Li et al.
also showed lysophosphatidic acid-induced MDA-MB-231 breast cancer cell ( associated with
malignant behaviors including tumor invasion and metastasis) was linked to Ral activation, and

their invasion was dependent on RalA/B expression (T. T. Li et al. 2009).

Altogether, with all these studies further research is required to understand why RalA and RalB
have the same effectors and yet function differently. It remains also unclear how exactly RalA and
RalB contribute to tumor growth downstream of Ras activation. According to the above-mentioned
studies, it seems that the role of different Ral proteins is tumor-type specific, but then what lead to
this preference for one Ral protein over another is unclear. Recent advancements in Ral inhibition

and genetic modification such as CRISPR will help to further address these questions.
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RESULTS



Study of the role of Ral GTPases in exosome secretion and metastatic
progression

Growing evidence suggests that tumor derived EV's participate in crucial steps of metastatic spread
of a primary tumor mainly by exerting pro-tumoral functions and changing the phenotypes of
stromal cells to the benefit of tumor growth and metastasis(Becker et al. 2016). They shuttle to
distant organs and promote metastasis by conditioning the pre-metastatic niche(Peinado et al.
2017). The levels of tumor EVs secretion correlate with tumor aggressiveness, however, the link
between the mechanisms of EV secretion and their capacity to form pre-metastatic niches remains
obscure. During my PhD the goal of my project was to understand the mechanisms by which two
GTPases (RalA/B) recently identified in our laboratory control exosome secretion and to
determine how this affects breast cancer progression and metastasis. My main finding first
demonstrated a detailed dissection of the impact of the Ral GTPases on EV secretion levels. We
showed GTPases of the Ral family control, through the phospholipase D1, multivesicular bodies
(MVBs) homeostasis and thereby tune the biogenesis and secretion of EVs. We further
demonstrated that RalA and RalB promote lung metastasis in a syngeneic mouse model without
affecting the invasive potential of breast carcinoma. Another important finding was EVs from
RalA or RalB depleted cells have limited organotropic capacities in vivo and, as a consequence,
are less efficient in promoting lung metastasis. Finally, we identified the adhesion protein
CD146/MCAM as a key EV cargo controlled by RalA and RalB and demonstrated that it conveys,
in part, the pro-metastatic function to EVs by controlling the lung tropism of breast cancer EVs.
Altogether, we identified RalA/B GTPases as a novel molecular machinery that regulates the
formation and secretion of pro-metastatic EVs and unraveled RalA/B and CDI146 as novel
therapeutic targets for breast cancer metastasis-see annex 1: Ral GTPases promote metastasis

by controlling biogenesis and organ colonization of exosomes.
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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 vivo and
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
patients. Altogether, our study identifies RalGTPases as central molecules linking the mechanisms

10of 29

69



eLIfe Research article

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 BQU57, 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 CD63-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 (i) endolysosomes, as well as (iii) 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 BQU57 (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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Figure 1 continued

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 CD63 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. (a) Representative western blots showing tubulin, RalA (left) and RalB (right) expressions in 4T1 shControl, shRalA, and shRalB

cells. (b) Graph showing the average diameter of the extracellular vesicles (EVs) isolated from 4T1 shControl, shRalA, and shRalB cells measured by
nanoparticle-tracking analysis. Each dot represents one experiment (12 independent experiments; One-Way Anova followed by Bonferroni’s Multiple
Comparison Test). (c) Nanoparticle-tracking analysis of EVs isolated by ultracentrifugation (100,000 g pellet) from the supernatant of various breast
cancer cell lines treated with the Ral inhibitor RBC8. Each dot represents one experiment (four independent experiments, Mann Whitney test, p value

indicated on the graph).

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 2¢c), 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
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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 um; zoom: 2 pm. (b) Electron microscopy
analysis of 4T1 cells treated with PLD1 or PLD2 inhibitor. Scale bar: 1 um. 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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Figure 2 continued

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 (CAY105%94) 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.

correlated 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
investigate in depth the role of RalA/B in a syngeneic mouse model of aggressive breast cancer,
which is highly relevant to the human pathology.

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
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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 confocal images of primary tumors stained with anti-Ki67 antibody. Scale bar: 50 pm.
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 pm.

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).

metastatic potency by promoting the secretion of EVs and possibly as well through WISP1/CCN4.
Furthermore, in addition to enhancing the levels of secreted EVs, RalA/B could alter their functional-
ity. To test this possibility, we challenged the pro-tumoral function of RalA/B EVs in an in vitro func-
tional assay.

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 471 EVs
mostly accumulate in the lungs, as well as the liver and brain (Figure 4d and Figure 4—figure
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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 pum; 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 10° 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 10° 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). (e) 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 pm. (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 um. 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 pm.

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

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

supplement 1a). These three organs are the main metastatic organs of 4T1 cells, and breast carci-
noma, 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 condi-
tions, we observed that 4T1 EVs mostly accumulate in endothelial cells, macrophages, and fibro-
blasts 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 (Fig-
ure 4—figure supplement 1c). Hence, we can conclude at this stage that RalA/B control the pro-
metastatic properties 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
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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 Glypican four 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 10® 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.

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.

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 Glypican
four by western blot of identical number of EVs (Figure 5e). While Clic4 and Glypican four are signif-
icantly under-expressed in EVs from shRalA or shRalB cells, the long isoform of CD146/MCAM (Fig-
ure 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 supplement 2b). The hypothesis that Ral GTPases could control CD146 EV loading is further
sustained by colocalization analysis. Indeed, by immunofluorescence, we observed that CD146 local-
izes 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 deple-
tion 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
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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/
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 CD146-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
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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
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
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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
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 ng/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 ug of plasmid using JetPRIME (PolyPlus, llkirch,
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 CAY10594 (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
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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).

Western blot

_ell or EV extracts were denatured in Laemmli buffer and incubated at 95°C for 10 min. 10 ug 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 CD146é were previously described (Kebir et al., 2010),
Clic4 (mouse, 135739; Santa Cruz Biotechnology), a-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 10% - 9.5 x 10%) 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)4 (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% OsO4 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 toomr temperature in the dark. Samples were then resuspended in permeabilization buffer
containing 20 pg of RNase A (R6513 Sigma) and 1 pg of propidium iodide (PI) (130-093-233 Miltenyi
Biotech) for 30 min. PI fluorescence was analyzed using a BD Accuri Cé 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
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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.

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

Invasive Index =
vasty * Cells on top of the matrix

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 ug/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 ug) of 4T1-EVs, PBS (as a negative control)
or with 100 ng/ml TNF-o (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
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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).

For in vivo mouse experiments, EVs were isolated the using the iZON gEV2 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 qEV 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 pl 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 pl 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.
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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
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 pg/pl) for 20 min at 37°C to degrade unpro-
tected RNA. Total RNAs of isolated EVs was extracted using TRI 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 Illumina 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 (

). 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 II, 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,O (5/1/4) +0.2% formic acid+0.028% NH; 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 ul 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.
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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 ul PBS. When tumors became palpable, tumor volume
was assessed by caliper measurements using the formula (width? x length)/2 (mm?3) 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 VIS Lumina IIl (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 VIS Lumina Ill (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 Ill (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 pug/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 pg/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
%10 objective. Metastatic surfaces and whole lung surfaces were measured using the Fiji software.

Ghoroghi et al. eLife 2021;10:e61539. 21 of 29

&9



.
eLIfe Research article

Caspase 3/7 assay

Mouse tumor samples stored at —80°C are disrupted in a buffer containing Tris HCI pH 7.5, 50 mM,
NaCl 150 mM, NP40 1% + Protease Inhibitors cocktail (Complete from Roche) in the presence of 4
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), CDé3 (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 Ki67 (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 Caspase three 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% CO..

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:
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Immunohistochemistry

Paraffin sections of 4 um from metastasic and non-metastasic breast tumours were obtained from
CRB-Tumorothéque of the Institut de Cancérologie de I'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,
France) Citrate buffer pH6 was used for antigen retrieval 20 min'a 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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Human subjects: Paraffin sections of 4 um from metastasic and non-metastasic breast tumours were
obtained from CRB-Tumorothéque of the Institut de Cancérologie de I'Ouest (ICO, Saint-Herblain,
France) (Heymann et al., 2020). Patients were diagnosed and treated at ICO (Integrated Center for
Oncology, St Herblain) for metastatic and non-metastatic breast cancers. Samples were processed
and included in the CRB-Tumorothéque ICO upon donor agreement and informed consent. Samples
and related information are destroyed at the request of the donor. The CRB-Tumorothéque ICO
have been declared to and authorized by the French Research Ministry (Declaration Number: DC-
2018-3321). This declaration includes approval by a research ethics committee (CPP "Comité de pro-
tection des personnes"), in accordance with the French legislation of the Public Health Code.

Animal experimentation: All animals were housed and han- dled according to the guidelines of
INSERM and the eth- ical committee of Alsace, France (CREMEAS) (Direc- tive 2010/63/EU on the
protection of animals used for scientific purposes). Animal facility agreement num- ber: C67-482-33.
Experimental license for mice: Apafis 4707-2016032416407780; experimental license for zebrafish:
Apafis 16862-2018121914292754.
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« Supplementary file 1. EVs RNA analysis. Sheet a: RNAs overexpressed in EVs from 4T1 shCtl cells
Vs EVs from shRalA cells Sheet b: RNAs overexpressed in EVs from 4T1 shRalA cells Vs EVs from
shCtl cells Sheet c: RNAs overexpressed in EVs from 4T1 shCtl cells Vs EVs from shRalB cells Sheet
d: RNAs overexpressed in EVs from 4T1 shRalB cells Vs EVs from shCtl cells

» Supplementary file 2. EVs proteomic analysis. Sheet a: Proteins identified in EVs from 4T1 shCitl
cells Sheet b: Proteins overexpressed in EVs from 4T1 shCtl cells Vs EVs from shRalA cells Sheet c:
Proteins overexpressed in EVs from 4T1 shRalA cells Vs EVs from shCtl cells Sheet d: Proteins over-
expressed in EVs from 4T1 shCtl cells Vs EVs from shRalB cells Sheet e: Proteins overexpressed in
EVs from 4T1 shRalB cells Vs EVs from shCtl cells Sheet f: Proteins overexpressed in EVs from 4T1
shCtl cells Vs EVs from shRalA cells and EVs from shRalB cells

Sequencing and mass spectrometry data have been deposited to EV-Track knowledgebase.

The following previously published dataset was used:

Database and

Author(s) Year Dataset title Dataset URL Identifier

The Cancer 2012 Comprehensive molecular portraitsihttps://www.cancer‘gov/ ~ TCGA breast invasive
Genome Atlas of human breast tumours tcga carcinoma cohort (10
Network 97 patients),

accession, other
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During my PhD, I contributed to establish the zebrafish embryo as a novel animal model to track
circulating tEVs in vivo (Hyenne et al. 2019). The tools and methods developed in these studies
were also used in part of my main project as well.

The zebrafish embryo as a model to track circulating EVs in vivo

In vivo, very few is known about the behavior of EVs in the circulation. One major limitation in
the field is the ability to track such small particles in vivo. Microscopic visualization of circulating
EVs in vivo, which depends both on subcellular resolution and brightness of the labeled EVs still
faces major challenges (Verweij, Hyenne, et al. 2019). In addition, the appropriate models are
crucial to have deep, non-invasive access to internal organs in order to identify EVs receiving cells
and organs. In the mouse model, different strategies, based on bioluminescence, lipophilic dyes or
transgenic expression of EVs fluorescent markers have been developed (Hyenne, Lefebvre, and
Goetz 2017). However, these approaches often involve ex vivo imaging and do not allow to
precisely follow EVs dynamics in body fluids. To overcome these limitations, several groups
developed intravital imaging of EVs in mice however, due to the complexity of these procedures,
high-throughput imaging and are often not compatible with a high sampling of EVs shuttling in
body fluids (van der Vos et al. 2016; Zomer et al. 2015; C. P. Lai et al. 2015). Alternatively, the
zebrafish embryo emerged as a unique animal model to study physiological and pathological
circulating EVs at unprecedented spatiotemporal resolution (Verweij, Hyenne, et al. 2019).
Zebrafish embryos offer several advantages for non-invasive analysis in vivo including a
stereotype vasculature (and blood circulation), a maturing immune system within 48h, translucid
body and easily amenable to all types of confocal and high-speed microscopy. Overall, zebrafish
presents a high level of genetic and physiologic homology with humans and more particularly, it
reproduces a relevant physiological environment for the study of circulating EVs (Verweij,
Revenu, et al. 2019; Hyenne et al. 2019). Detection of fluorescent EVs, labelled with either
lipophilic dyes or by transgenic expression of fluorescent markers within secreting cells is favored
by transparent embryos. Zebrafish model also allows to perform an extensive analysis of
circulating EVs and describe their hemodynamic behavior in vivo (Verweij, Revenu, et al. 2019;
Hyenne et al. 2019). As an alternative strategy, EV proteins can be fused to fluorescent proteins
and expressed in EV-producing cells (Corso et al. 2019; Gorgens 2016). This allows to visualize

unique subpopulations of EVs and can also be used to track EVs from the genetically engineered
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cell (Verweij, Revenu, et al. 2019). In addition, MemBright is recently developed cyanine-based
membrane probes (Cy3, Cy5 or Cy7) (Collot et al. 2019) with unique properties that provide high
brightness and specificity to labeled-EVs as well as preventing fluorescent self-aggregation
(Hyenne et al. 2019). MemBright can be also used to co-inject different types of EVs labeled with
different colors (Cy3, Cy5), which allows us to compare different EV population (or origin) and

track their specific behavior, fate and function. In our project, we aimed to track and assess the

function of circulating tumor EVs in vivo using the zebrafish embryvo and provide a high-

resolution description of their dissemination and uptake. First, we injected membright labelled

EVs from fish melanoma cells (zmel) (Heilmann et al. 2015) into the zebrafish embryos and
tracked EVs in the blood flow. Then we characterized their uptake by endothelial cells and
patrolling monocytes. In these cells, we demonstrated that the majority of the EVs concentrate in
lysosomal compartments. We also performed a functional test on different transgenic embryos
showing activation and production of TNF-a (Nguyen et al. 2015), which correspond to the M2-
MI transition, often associated with the transformation of normal macrophages (M2) to cancer
associated macrophage (M1) (Biswas and Mantovani 2010). Finally, we performed pre-injection
with EVs (called priming), followed by tumor cell injection demonstrate the induction of
premetastatic niches by EVs. We showed that tumor cells invade more efficiently the fish stroma
and develop bigger micro-metastasis in the case of EV priming (Hyenne et al. 2019) — see annex
2: Study the fate of tumor extracellular vesicles at high spatiotemporal resolution using the
zebrafish embryo. On the other project, we mainly focused on the experimental details of
zebrafish model and wrote a chapter on-see annex 3: Live tracking of extracellular vesicles in

larval zebrafish.
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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
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their capacity to carry functional molecules coupled with their
ability to travel in biological fluids (Raposo and Stoorvogel,
2013). 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
etal.,, 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.

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(VB00E);p53(—/—) zebrafish line (Heilmann
etal., 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-F0, B16-F1, and B16-F10)
(Tables STH-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 Zmeld
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 Zmell
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-
welij 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 Zmel1 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).

Developmental Cell 48, 554-572, February 25, 2019 555

CellPress

102



Zebrafish melanoma
(mitfa-BRAF V8%, p53-+)

R

o
_®2000m
Zmel1 EVs

Mass spectrometry

CD81
CD9
Flotillin1

Hsc70

A
Hsp90 Syntenin 2

ITGa5
ITGB1a
ITGB1b

ZMEL1_EVs

100

(=]

Nanoparticle tracking
analysis

N W b G
S o

© o o

Number of EVs (x10°)

200 400 600 800
EV diameter (nm)

25 Electron microscopy
20

15
10
5

% of EVs

04
0 50 100 150 200 250 300 350 400
EV diameter (nm)

SK-Mel147

Human melanoma EVs  Mouse melanoma EVs

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-82I). 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). Zmel1 EVs were incubated with MemBright-Cy3
(at 0.2 uM) or with PKH-26 (at 2 pM, according to manufacturer’s
instructions), washed and isolated by ultracentrifugation. Using
fluorescence spectroscopy, we observed that PKH-labeled
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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 yield 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 vyield suggests inefficient parti-
tioning of PKH into EV membranes. This poor partitioning
probably arises from the aggregation of PKH in agueous 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 (x 10 nm), as analyzed

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 Zmel1 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, um/s) versus the time (x axis, AU) of RBCs (red) and EVs (black) in the CV. Right: histogram showing the velocity
(y axis, pm/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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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 3I)
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
etal., 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 S3). 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 Zmel1 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; Gata?: red blood cells and hematopoietic

stem cells).
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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 Zmel1 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-
sonetal., 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 A Macrophages and Pr: t
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, pm). 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, pm) versus their velocity (x axis, pm/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-« 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 Zmel1
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
CD63 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 Acct

in Late | 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
invitro (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,
itis 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. Itis 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.
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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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STARX*METHODS

KEY RESOURCES TABLE

REAGENT OR RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides and Recombinant proteins

MemBright Collot et al. (2019) N/A
PKH-26 Sigma-Aldrich MINI26
100nm fluorescent beads Phosphorex 2211
Antibodies

Mouse monoclonal anti-Alix antibody
Mouse monoclonal anti-TSG-101 antibody
Anti-mouse IgG coupled to HRP

BD Biosciences
GeneTex
Fisher scientific

Cat# 611621; RRID: AB_2236941
Cat# GTX70255; RRID: AB373239
Cat# NC9491974

Deposited Data

EV related experimental details EV-track consortium EV180078

EV proteomics Exocarta TBD

Experimental Models: Cell lines

Zmell White lab (MSKCC) N/A

Zmel1 tdTomato White lab (MSKCC) N/A

Zmel1 Syntenin2-GFP This paper N/A

AB9 ATCC ATCC-CRL-2298

4T1 RRID: CVCL_0125

4T1 CD63-GFP This paper N/A

B16FO0 ATCC ATCC CRL-6322; RRID: CVCL_0604
B16F1 ATCC ATCC CRL-6323; RRID: CVCL_0158
B16F10 ATCC ATCC CRL-6475; RRID: CVCL_0159
451-LU Soengas lab (CNIO) RRID: CVCL_6357

SK-Mel28 Soengas lab (CNIO) RRID: CVCL_0526

SK-Mel147 Soengas lab (CNIO) RRID: CVCL_3876

SK-Mel103 Soengas lab (CNIO) RRID: CVCL_6069

WM35 Soengas lab (CNIO) RRID: CVCL_0580

WM164 Soengas lab (CNIO) RRID: CVCL_7928

Experimental Models: Organisms/strains

Zebrafish: Tg(Flila:eGFP) Peri lab; EMBL zebrafish facility N/A
Zebrafish: Tg(mpeg1a:eGFP) Lengerke lab; Basel University zebrafish facility ~ N/A
Zebrafish: Tg(mpo:eGFP) Lengerke lab; Basel University zebrafish facility =~ N/A
Zebrafish: Tg(Flila:Gal4; UAS:RFP) Lengerke lab; Basel University zebrafish facility ~ N/A
Zebrafish: Casper Tg(Flk:eGFP; Gata1:RFP) Vermot lab; IGBMC zebrafish facility N/A
Zebrafish: Tg(mpeg1:mCherry; TNFa:eGFP) Djouad lab; IRMB zebrafish facility N/A
Recombinant DNA

pSyntenin2-eGFP Zimmermann lab (CRCM) N/A
pCS2 Zf-Syntenin2-eGFP This paper N/A
pLenti CMV-CD63-AcGFP This paper N/A
Software and Algorithms

Fiji / Image J NIH N/A
IMOD University of Colorado N/A
Amira for Life Sciences ThermoFisher Scientific N/A
GraphPad PRISM GraphPad Software N/A
MaxQuant Max Planck Institute of Biochemistry N/A
PyCorrFit software Max Planck Institute of Biochemistry N/A

(Continued on next page)
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Continued

REAGENT OR RESOURCE SOURCE IDENTIFIER
Other

Transmitted electron microscope CM12 Philips N/A
Transmitted electron microscope CM120 Philips N/A
Biotwin CM120 (FEI) TEM Philips

Nanosight NS300 Malvern Instruments N/A
ZetaView Particle Metrix N/A
NanoAcquity UPLC device Waters N/A
NanoLC-Ultra 1D+ system Eksigent N/A
Cary 400 Scan ultraviolet-visible spectrophotometer ~ Varian N/A
FluoroMax-4 spectrofluorometer Horiba Jobin Yvon N/A
M205 FA stereomicroscope Leica N/A
Inverted TCS SP5 confocal microscope Leica N/A
Upright SP8 confocal microscope Leica N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Vincent
Hyenne (hyenne@unistra.fr).

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%CO0O,. 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-a.: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).

e2 Developmental Cell 48, 554-572.e1-e7, February 25, 2019

121



CellPress

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 pL 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 pL/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 pL/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 C,g 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 pm, 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 ul 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 pl of PBS were first mixed with 300 ul 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 pM) 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 (Zmell 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 10ug/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 pm
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 Flila:GFP was imaged 3h post-injection with a z-step of 1 pum. 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 pm, 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-aut ted 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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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 nug 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 pl 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 ul 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 pg 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 L of 50:50 (v/v) 25 mM NH4HCO3/ACN for 10 min.
Gel bands were then dehydrated with 50 uL. 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 pL 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 puL. 25 mM NH4HCOj3 for 10 min, and then 50 uL. ACN for 5 min, before being
dehydrated with two cycles of incubations in 50 pL. 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 pL. 2% ACN/0.1% FA.
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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 Xgy and Ygy of the EV
the closest position Xendo and Yendo by comparing all the possible distances d by calculating :

d= \/(XEV - Xendo)z +(Vev *Yemm)z

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. After imaging,
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
etal., 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 (=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 Zmel1 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 Zmel1 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 Zmel1-MemBright individual puncta compared to Zmel1-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 Zmel1 EVs labeled with MemBright-Cy5 and incubated with 100nm
red fluorescent polystyrene beads in vitro. (B) Representative confocal Z projections of Tg(pu1:GFP)
(lymphoid, monocytes/macrophages) embryos co-injected with Zmel1 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 Zmel1 EVs labeled with MemBright-Cy5 and with 100nm red
fluorescent polystyrene beads. (D) Histogram showing the apparent diameters (left, nm) of MemBright
labeled Zmel1 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 Zmel1 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(Gata1:RFP; Fli1:GFP)
embryos injected with MemBright-Cy5 labeled Zmel1 EVs, showing examples of EVs far (upper panel)
or close (lower panel) from RBCs in the circulation. (G) Representative confocal Z projections of
Tg(Fli1:GFP) embryos co-injected with Zmel1 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(Fli1:GFP) embryos co-injected with Zmel1 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(Fli1:GFP) embryos co-injected with Zmel1 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(mpeg1: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(mpeg1: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 ROl in an electron microscopy section. (B) Higher magnification of the ROI 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 Zmel1 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-F0 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 Zmel1 EVs and AB9 EVs (page 368-371); (M) proteins common to Zmel1 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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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 Zmel1 558" 71 572 50 0.04
MB 4T1 559 42 572 33 0.42
MB Zmel 560 42 571 34 0.41

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

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 diffusion 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, different 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 ofters
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 different 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 isolated 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; Willms,
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 eftect 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

141



248 Benjamin Mary et al.

© 9:00 AM © 9:00AM

© s:00PM O 9:00AM

A ey
separate male and Barrier removal and Embryo dechorionation Fish mounting
female Egg collection and sorting
- Day 1 l o Day2 Day 3 Day 4
© 9:00AM O 10:00 AM (©10:00 AM ©10:00 AM
&
Gl — o P an 5 H -
Seed cells Change medium Isolate/label EVs EV injection
(keep at 4C°)
-
= — =
~80% confluent —’ g
- 9
Pellet: - 300g,
EH 'S ’
Cells | J‘ 15min
v
(]
supernatant
/|4000g,
O 15 min
Concentration 10kD filter
uc = SEC
: Pellet: g -
c H Debris

[®) &) —
. ;20009.
EV 10min
10KD e
Pellet \)

4 EV Fractions of 2 mi
10.000g, L e
Soluble 30 min | l |

i tel 1l
Molecules 21 6/ |8
®) \ VAR
v v v
) : 100.000g,
Membright-Cy3 ®) 70 min
200nM ./ PBS EV
100.000g, 100KD
70 min

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 C).

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).

e Beckman tubes thinwall polypropylene (17mL).

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

*  Size exclusion chromatography column (iZon qEV2).

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

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

*  MemBright-Cy3 or Cy5 (Collot et al., 2018).

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

e EV free medium, obtained by ultracentrifugation of classical culture
media for 20h at 100000g during (Beckman XL-70 centrifuge,
rotor70T1i) to eliminate EVs present in FBS. The supernatant is collected
and filtered at 0.22 pm (Stericup Merck).

o 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 15 mL using a Centricon Plus-70 centrifugal

filter (10k; Millipore)

o Add supernatant to sample filter cup and spin at up to 4000 X g 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 10 min at 4 °C. Keep

the supernatant for further processing.

. Centrifuge supernatant at 10,000 X ¢ for 30min 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 50mL of PBS, twice.

Apply 2mL of the concentrated extracellular medium on top of gEV
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.

144



Live tracking of extracellular vesicles in larval zebrafish 251

.°*

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 pum 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 g 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 um 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
isolation and fish breeding protocols are followed in parallel. Starting from
day 1 EVs isolation 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 KCI,
12mM MgSOy, 18 mMCa(NO3),, 150mM HEPES, pH at 7.6

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

e 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

e Mineral oil
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3.2 Equipment

e 10cm petri dish

*  Plastic pipette

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

*  35cm glass-bottomed petri dish (ref: 35mm Dish | No. 1.0 Coverslip |
20mm Glass 9. Diameter | Uncoated-P35G-1.0-20-C)

e 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)

o Capillary puller (Sutter Instrument P-1000)

e Nanoinjector (Drummond Scientific Nanoject II Auto-Nanoliter
Injector)

3.3 Biological materials

+ TLabeled 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.

o 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.

= To(mpeg:: GEP) stably expressing GFP in myeloid cells (macrophages and

monocytes are visualized at this stage of development).

= Double transgenic lines Tg(Flila::Gal4 Uas::REFP, mpeg:: GFP) that express

REFP 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., eGFP)
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 Tg (Flk: GFP and Endothelium Home-made
et al., 2008) e¢GFP; 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 x) solution at 28°C for the first 24h post-
fertilization (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 xX) 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 xX)/PTU
(1 X) solution containing 650 uM of tricaine (DANIEAU(0.3 x)/PTU
(1 X)/Tricain(1 X) solution).

. Carefully 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 48hpf 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 Flila:eGFP larvae
injected with Membright Cy3 labeled Zmel EVs. (D) Schematic representation and confocal
images of the caudal plexus of Flila: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, I, 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 1e10° 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 is 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).

e 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.

e 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 wvascular 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::eGEP), 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 simultancously, 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 80100
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)

Stitched TEM sections and confocal image of veinous part of the caudal plexus
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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 RBC:s.

3. Make a binary image of the resulting stack.

4. Apply abandpass 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 FliTa: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., Lépez, 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.

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).

b

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 RBC:s) positions
(Xgpand Ygp or Xppe and Ygrpe, respectively) and the closest position
of the endothelium (X,,4, and Y,,4)-

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

d= \/(XLV - de0>2 + (YLV - Yenda)2 or

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

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 is 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 difterent 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(mpegl::eGEFP),
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 different 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 different 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, different 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 difterent 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 trafficking 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 EV's
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:

e 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.g., 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, 100 nm poly-
styrene beads (phosphorex) as a control) into the circulation of zebrafish
larvae at 32hpt

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,
etal., 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 difterent 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 vivo 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
34 hpf 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 Zmell
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
tertile 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 etal., 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 orif 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 diffusing from their secretingsite 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 is unknown. Zebrafish model
allows comparing and visualizing in vivo interaction and internalization
of different populations of EVs bearing difterent 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 wvitro 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.
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(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-o 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
etal., 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 EV's in zebrafish,
which could increase our knowledge on EVs biology in addition to
accelerate the development of therapeutic strategies and clinical trials.

Acknowledgments

We thank all members of the Goetz Lab for helpful discussions. We are indebted to Kerstin
Richter and Francesca Peri (EMBL, Heidelberg, Germany) as well as to Pauline Hanns and
Claudia Lengerke (University Hospital Basel, Switzerland) for supplying zebrafish embryos
during the early stages of this work. We are grateful to Camille Hergott and Gregory Khelifi
for zebrafish care. We are grateful to R. White (MSKCC, New York, USA) for the Zmell
(native and tdTomato) cells, as well as to Pascale Zimmerman (CRCM, Marseille, France) for
the Syntenin-2 construct. This work was supported by a fellowship from the French Ministry
for Research to BM, and by a fellowship from the IDEX (University of Strasbourg) and ARC
(Association pour le Recherche sur le Cancer) to SG, by grants from La Ligue contre le
Cancer, Canceropole Grand-Est, INCa (EVRALTIC) and Plan Cancer (VESMATIC) to
VH and JGG, and by institutional funds from University of Strasbourg, INSERM to JGG.

163



270 Benjamin Mary et al.

References

Adem, B., Vieira, P. F., & Melo, S. A. (2020). Decoding the biology of exosomes in metas-
tasis. Trends in Cancer, 6, 20-30. https:/doi.org/10.1016/j.trecan.2019.11.007.

Bakhshandeh, B., Kamaleddin, M., & Aalishah, K. (2016). A comprehensive review on
exosomes and microvesicles as epigenetic factors. CSCR, 12, 31-36. https:/doi.org/
10.2174/1574888X11666160709211528.

Balaj, L., Lessard, R., Dai, L., Cho, Y.-J., Pomeroy, S. L., Breakefield, X. O., et al. (2011).
Tumour microvesicles contain retrotransposon elements and amplified oncogene
sequences. Nature Communications, 2, 180. https:/doi.org/10.1038/ncomms1180.

Barres, C., Blanc, L., Bette-Bobillo, P., André, S., Mamoun, R., Gabius, H.-J., etal. (2010).
Galectin-5 is bound onto the surface of rat reticulocyte exosomes and modulates vesicle
uptake by macrophages. Blood, 115, 696-705. https://doi.org/10.1182/blood-2009-07-
231449.

Boulanger, C. M., Loyer, X., Rautou, P.-E., & Amabile, N. (2017). Extracellular vesicles in
coronary artery disease. Nature Reviews. Cardiology, 14, 259-272. https:/doi.org/10.
1038/nrcardio.2017.7.

Bruno, S., Grange, C., Deregibus, M. C., Calogero, R. A., Saviozzi, S., Collino, F., et al.
(2009). Mesenchymal stem cell-derived microvesicles protect against acute tubular
injury. JASN, 20, 1053—1067. https://doi.org/10.1681/ASN.2008070798.

Butler, J. T., Abdelhamed, S., & Kurre, P. (2018). Extracellular vesicles in the hematopoietic
microenvironment. Haematologica, 103, 382-394. https:/doi.org/10.3324/haematol.
2017.183335.

Carney, T.]., & Mosimann, C. (2018). Switch and trace: Recombinase genetics in zebrafish.
Trends in Genetics, 34, 362—-378. https:/doi.org/10.1016/j.tig.2018.01.004.

Cheng, Y., Zeng, Q., Han, Q., & Xia, W. (2019). Eftect of pH, temperature and freezing-
thawing on quantity changes and cellular uptake of exosomes. Profein & Cell, 10,
295-299. https://doi.org/10.1007/513238-018-0529-4.

Chuo, S. T.-Y., Chien, J. C.-Y., & Lai, C. P.-K. (2018). Imaging extracellular vesicles:
Current and emerging methods. Journal of Biomedical Science, 25, 91. https:/doi.org/
10.1186/512929-018-0494-5.

Collot, M., Fam, T. K., Ashokkumar, P., Faklaris, O., Galli, T., Danglot, L., et al. (2018).
Ultrabright and Fluorogenic probes for multicolor imaging and tracking of lipid droplets
in cells and tissues. Journal of the American Chemical Society, 140, 5401-5411. https:/doi.
org/10.1021/jacs.7b12817.

Corso, G., Heusermann, W., Trojer, D., Gorgens, A., Steib, E., Voshol, J., et al. (2019).
Systematic characterization of extracellular vesicle sorting domains and quantification
at the single molecule — single vesicle level by fluorescence correlation spectroscopy
and single particle imaging. Journal of Extracellular Vesicles, 8(1), 1663043.

Costa-Silva, B., Aiello, N. M., Ocean, A. J., Singh, S., Zhang, H., Thakur, B. K., et al.
(2015). Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver.
Nature Cell Biology, 17, 816-826. https:/doi.org/10.1038/ncb3169.

Ellett, F., Pase, L., Hayman, J. W., Andrianopoulos, A., & Lieschke, G. J. (2011). mpeg]
promoter transgenes direct macrophage-lineage expression in zebrafish. Blood, 117,
e49—-e56. https:/doi.org/10.1182/blood-2010-10-314120.

Flaumenhaft, R., Mairuhu, A., & Italiano, J. (2010). Platelet- and megakaryocyte-derived
microparticles. Seminars in Thrombosis and Hemostasis, 36, 881-887. https:/doi.org/10.
1055/5-0030-1267042.

Follain, G., Mercier, L., Osmani, N., Harlepp, S., & Goetz, J. G. (2017). Seeing is believing —
Multi-scale spatio-temporal imaging towards in vivo cell biology. Journal of Cell Science,
130, 23-38. https://doi.org/10.1242/jcs.189001.

164



Live tracking of extracellular vesicles in larval zebrafish 271

Follain, G., Osmani, N., Azevedo, A. S., Allio, G., Mercier, L., Karreman, M. A_, et al. (2018).
Hemodynamic forces tune the arrest, adhesion, and extravasation of circulating tumor cells.
Developmental Cell, 45 33—-52.e12. https://doi.org/10.1016/j.devcel.2018.02.015.

Follain, G., Osmani, N., Fuchs, C., Allio, G., Harlepp, S., & Goetz, J. G. (2018). Using the
zebrafish embryo to dissect the early steps of the metastasis Cascade. In A. Gautreau (Ed.), Cell
Migration (pp. 195-211). New York, NY: Methods in Molecular Biology. Springer New
York. hitps://doi.org/10.1007/978-1-4939-7701-7_15.

Goetz, J. G., Monduc, F., Schwab, Y., & Vermot, J. (2015). Using correlative light and
Electron microscopy to study zebrafish vascular morphogenesis. In C. M. Nelson
(Ed.), Tissue morphogenesis, Methods in Molecular Biology (pp. 31-46). New York, NY:
Springer New York. https:/doi.org/10.1007/978-1-4939-1164-6_3.

Goetz, J. G., Steed, E., Ferreira, R. R., Roth, S., Ramspacher, C., Boselli, F., et al. (2014).
Endothelial cilia mediate low flow sensing during zebrafish vascular development. Cell
Reports, 6, 799-808. https:/doi.org/10.1016/].celrep.2014.01.032.

Gorgens, A., Bremer, M., Ferrer-Tur, R., Murke, F., Tertel, T, etal. (2019). Optimisation
of imaging flow cytometry for the analysis of single extracellular vesicles by using
fluorescence-tagged vesicles as biological reference material. Journal of Extracellular
Vesicles, 8(1), 1587567.

Gross, J. C., Chaudhary, V., Bartscherer, K., & Boutros, M. (2012). Active Wnt proteins are
secreted on exosomes. Nature Cell Biology, 14, 1036—1045. https:/doi.org/10.1038/
ncb2574.

Gut, P., Reischauer, S., Stainier, D. Y. R., & Arnaout, R. (2017). Little fish, big data:
Zebrafish as a model for cardiovascular and metabolic disease. Physiological Reviews,
97, 889-938. https:/doi.org/10.1152/physrev.00038.2016.

Heilmann, S., Ratnakumar, K., Langdon, E. M., Kansler, E. R, Kim, I. S., Campbell, N. R .,
et al. (2015). A quantitative system for studying metastasis using transparent zebrafish.
Cancer Research, 75, 4272—4282. https://doi.org/10.1158/0008-5472.CAN-14-3319.

Herwig, L., Blum, Y., Krudewig, A., Ellertsdottir, E., Lenard, A., Belting, H.-G., et al.
(2011). Distinct Cellular Mechanisms of Blood Vessel Fusion in the Zebrafish
Embryo. Current Biology, 21, 1942—1948. https:/doi.org/10.1016/j.cub.2011.10.016.

Heusermann, W., Hean, J., Trojer, D., Steib, E., von Bueren, S., Graff-Meyer, A., et al.
(2016). Exosomes surf on filopodia to enter cells at endocytic hot spots, traffic within
endosomes, and are targeted to the ER. The Journal of Cell Biology, 213, 173-184.
https:/doi.org/10.1083/jcb.201506084.

Hood, J. L., Roman, S. S., & Wickline, S. A. (2011). Exosomes released by melanoma cells
prepare sentinel lymph nodes for tumor metastasis. Cancer Research, 71(11), 3792-3801.

Hoshino, A., Costa-Silva, B., Shen, T.-L., Rodrigues, G., Hashimoto, A., Tesic Mark, M.,
etal. (2015). Tumour exosome integrins determine organotropic metastasis. Nature, 527,
329-335. https:/doi.org/10.1038/nature15756.

Hoshino, D., Kirkbride, K. C., Costello, K., Clark, E. S., Sinha, S., Grega-Larson, N., et al.
(2013). Exosome secretion is enhanced by invadopodia and drives invasive behavior. Cell
Reports, 5, 1159-1168. https://doi.org/10.1016/j.celrep.2013.10.050.

Hyenne, V., Ghoroghi, S., Collot, M., Bons, J., Follain, G., Harlepp, S., et al. (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.

Hyenne, V., Lefebvre, O., & Goetz, J. G. (2017). Going live with tumor exosomes and
microvesicles. Cell Adhesion & Migration, 11, 173-186. https:/doi.org/10.1080/
19336918.2016.1276694.

Johnsen, K. B., Gudbergsson, J. M., Andresen, T. L., & Simonsen, J. B. (2019). What is the
blood concentration of extracellular vesicles? Implications for the use of extracellular

165



272 Benjamin Mary et al.

vesicles as blood-borne biomarkers of cancer. Biochimica et Biophysica Acta, Reviews on
Cancer, 1871, 109-116. https:/doi.org/10.1016/j.bbcan.2018.11.006.

Karimi, N., Cyjetkovic, A., Jang, S. C., Crescitelli, R., Hosseinpour Feizi, M. A,
Nieuwland, R., et al. (2018). Detailed analysis of the plasma extracellular vesicle prote-
ome after separation from lipoproteins. Cellular and Molecular Life Sciences, 75,
2873-2886. https:/doi.org/10.1007/s00018-018-2773-4.

Karlsson, J., von Hofsten, J., & Olsson, P.-E. (2001). Generating transparent zebrafish:
A refined method to improve detection of gene expression during embryonic develop-
ment. Marine Biotechnology, 3, 0522-0527. https://doi.org/10.1007/51012601-0053-4.

Keller, M. D., Ching, K. L., Liang, F.-X., Dhabaria, A., Tam, K., Ueberheide, B. M., et al.
(2020). Decoy exosomes provide protection against bacterial toxins. Nature, 579,
260-264. https:/doi.org/10.1038/541586-020-2066-6.

Kirchberger, S., Sturtzel, C., Pascoal, S., & Distel, M. (2017). Quo natas, danio?>—recent
progress in modeling Cancer in zebrafish. Frontiers in Oncology, 7, 186. https:/doi.
org/10.3389/fonc.2017.00186.

Kowal, J., Arras, G., Colombo, M., Jouve, M., Morath, J. P., Primdal-Bengtson, B., et al.
(2016). Proteomic comparison defines novel markers to characterize heterogeneous
populations of extracellular vesicle subtypes. Proceedings National Academy of Sciences
United States of America, 113, E968—E977. https:/doi.org/10.1073/pnas.1521230113.

Lai, C. P., Kim, E. Y., Badr, C. E., Weissleder, R., Mempel, T. R., Tannous, B. A., et al.
(2015). Visualization and tracking of tumour extracellular vesicle delivery and RNA
translation using multiplexed reporters. Nature Communications, 6, 7029. https://doi.
org/10.1038/ncomms8029.

Lai, C. P., Mardini, O., Ericsson, M., Prabhakar, S., Maguire, C. A., Chen, J. W., et al.
(2014). Dynamic biodistribution of extracellular vesicles in Vivo using a multimodal
imaging reporter. ACS Nano, 8, 483—494. https://doi.org/10.1021/nn404945r.

Lamason, R. L., Mohideen, M. A. P. K., Mest, J. R., Wong, A. C., Norton, H. L.,
Aros, M. C., et al. (2005). SLC24A5, a putative cation exchanger, affects pigmentation
in zebrafish and humans. Science, 310, 1782-1786. https:/doi.org/10.1126/science.
1116238.

Lawson, N. D., & Weinstein, B. M. (2002). In Vivo Imaging of Embryonic Vascular
Development Using Transgenic Zebrafish. Developmental Biology, 248, 307-318.
https:/doi.org/10.1006/dbi0.2002.0711.

Lazaro-Ibanez, E., Lasser, C., Shelke, G. V., Crescitelli, R., Jang, S. C., Cvjetkovic, A., etal.
(2019). DNA analysis of low- and high-density fractions defines heterogeneous subpop-
ulations of small extracellular vesicles based on their DNA cargo and topology. Journal of
Extracellular Vesicles, 8, 1656993. https:/doi.org/10.1080/20013078.2019.1656993.

Matsumoto, J., Stewart, T., Sheng, L., Li, N., Bullock, K., Song, N., et al. (2017).
Transmission of a-synuclein-containing erythrocyte-derived extracellular vesicles across
the blood-brain barrier via adsorptive mediated transcytosis: Another mechanism for ini-
tiation and progression of Parkinson’s disease? Acta Neuropathologica Communications, 5,
71. https:/doi.org/10.1186/540478-017-0470-4.

Matsumoto, A., Takahashi, Y., Chang, H. Y., Wu, Y. W., Yamamoto, A., Ishihama, Y.,
etal. (2020). Blood concentrations of small extracellular vesicles are determined by a bal-
ance between abundant secretion and rapid clearance. Journal of Extracellular Vesicles, 9,
1696517. https:/doi.org/10.1080/20013078.2019.1696517.

Matusek, T., Wendler, F., Poles, S., Pizette, S., D’Angelo, G., Furthauer, M., et al. (2014).
The ESCRT machinery regulates the secretion and long-range activity of Hedgehog.
Nature, 516, 99-103. https://doi.org/10.1038/nature13847.

Mol, E. A., Goumans, M.-]., Doevendans, P. A., Sluijter, J. P. G., & Vader, P. (2017). Higher
functionality of extracellular vesicles isolated using size-exclusion chromatography

166



Live tracking of extracellular vesicles in larval zebrafish 273

compared to ultracentrifugation. Nanomedicine: Nanotechnology, Biology and Medicine, 13,
2061-2065. https:/doi.org/10.1016/j.nan0.2017.03.011.

Nakase, 1., Kobayashi, N. B., Takatani-Nakase, T., & Yoshida, T. (2015). Active mac-
ropinocytosis induction by stimulation of epidermal growth factor receptor and onco-
genic Ras expression potentiates cellular uptake efficacy of exosomes. Scientific Reports,
5, 10300. https:/doi.org/10.1038/srep10300.

Nazarenko, 1., Rana, S., Baumann, A., McAlear, J., Hellwig, A., Trendelenburg, M., et al.
(2010). Cell surface Tetraspanin Tspan8 contributes to molecular pathways of exosome-
induced endothelial cell activation. Cancer Research, 70, 1668—1678. https://doi.org/10.
1158/0008-5472.CAN-09-2470.

Nguyen-Chi, M., Laplace-Builhe, B., Travnickova, J., Luz-Crawford, P., Tejedor, G.,
Phan, Q. T., et al. (2015). Identification of polarized macrophage subsets in zebrafish.
eLife, 4, 07288 https://doi.org/10.7554/¢Life.07288.

Nielsen, M. H., Beck-Nielsen, H., Andersen, M. N., & Handberg, A. (2014). A flow
cytometric method for characterization of circulating cell-derived microparticles in
plasma. Journal of Extracellular Vesicles, 3, 20795. https://doi.org/10.3402/jev.v3.20795.

Peinado, H., Aleckovié, M., Lavotshkin, S., Matet, I., Costa-Silva, B., Moreno-Bueno, G.,
et al. (2012). Melanoma exosomes educate bone marrow progenitor cells toward a
pro-metastatic phenotype through MET. Nature Medicine, 18, 883-891. https:/doi.
org/10.1038/nm.2753.

Peinado, H., Zhang, H., Matei, I. R., Costa-Silva, B., Hoshino, A., Rodrigues, G., et al.
(2017). Pre-metastatic niches: Organ-specific homes for metastases. Nature Reviews
Cancer, 17, 302-317.

Purushothaman, A., Bandari, S. K., Liu, J., Mobley, J. A., Brown, E. E., & Sanderson, R. D.
(2016). Fibronectin on the surface of myeloma cell-derived exosomes mediates
exosome-cell interactions. The Journal of Biological Chemistry, 291, 1652—1663. https:/
doi.org/10.1074/jbc.M115.686295.

Rana, S., Claas, C., Kretz, C. C., Nazarenko, 1., & Zoeller, M. (2011). Activation-induced
internalization differs for the tetraspanins CD9 and Tspan8: Impact on tumor cell motil-
ity. The International Journal of Biochemistry & Cell Biology, 43, 106—119. https://doi.org/
10.1016/j.biocel.2010.10.002.

Rana, S., Yue, S., Stadel, D., & Zoller, M. (2012). Toward tailored exosomes: The exosomal
tetraspanin web contributes to target cell selection. The International Journal of
Biochemistry & Cell Biology, 44, 1574-1584. https:/doi.org/10.1016/j.biocel.2012
.06.018.

Simonsen, J. B. (2019). Pitfalls associated with lipophilic fluorophore staining of extracellular
vesicles for uptake studies. Journal of Extracellular Vesicles, 8, 1582237 https://doi.org/10.
1080/20013078.2019.1582237.

Stranska, R., Gysbrechts, L., Wouters, J., Vermeersch, P., Bloch, K., Dierickx, D., et al.
(2018). Comparison of membrane affinity-based method with size-exclusion chroma-
tography for isolation of exosome-like vesicles from human plasma. Journal of
Translational Medicine, 16, 1. https://doi.org/10.1186/512967-017-1374-6.

Takahashi, Y., Nishikawa, M., Shinotsuka, H., Matsui, Y., Ohara, S., Imai, T, et al. (2013).
Visualization and in vivo tracking of the exosomes of murine melanoma B16-BL6 cells in
mice after intravenous injection. Journal of Biotechnology, 165(2), 77—84.

Takov, K., Yellon, D. M., & Davidson, S. M. (2017). Confounding factors in vesicle uptake
studies using fluorescent lipophilic membrane dyes. Journal of Extracellular Vesicles, 6(1),
1388731.

Théry, C., Amigorena, S., Raposo, G., & Clayton, A. (2006). Isolation and characterization
of exosomes from cell culture supernatants and biological fluids. Current Protocols in Cell
Biology, 30, 3.22.1-3.22.29. https://doi.org/10.1002/0471143030.cb0322s30.

167



274 Benjamin Mary et al.

Tian, T., Zhu, Y.-L., Zhou, Y.-Y., Liang, G.-F., Wang, Y.-Y., Hu, F.-H., et al. (2014).
Exosome uptake through Clathrin-mediated endocytosis and macropinocytosis and
mediating miR-21 delivery. The Journal of Biological Chemistry, 289, 22258-22267.
https://doi.org/10.1074/jbc.M114.588046.

Tominaga, N., Kosaka, N., Ono, M., Katsuda, T., Yoshioka, Y., Tamura, K., et al. (2015).
Brain metastatic cancer cells release microRINA-181c-containing extracellular vesicles
capable of destructing blood—brain barrier. Nature Communications, 6, 6716. https:/
doi.org/10.1038/ncomms7716.

Torraca, V., & Mostowy, S. (2018). Zebrafish infection: From pathogenesis to cell biology.
Trends in Cell Biology, 28, 143—156. https:/doi.org/10.1016/j.tcb.2017.10.002.

Traver, D., Paw, B. H., Poss, K. D., Penberthy, W. T., Lin, S., & Zon, L. I. (2003).
Transplantation and in vivo imaging of multilineage engraftment in zebrafish bloodless
mutants. Nature Immunology, 4, 1238—1246. https:/doi.org/10.1038/ni1007.

van der Vos, K. E., Abels, E. R., Zhang, X., Lai, C., Carrizosa, E., Oakley, D., et al. (2016).
Directly visualized glioblastoma-derived extracellular vesicles transfer RINA to
microglia/macrophages in the brain. Neuro-Oncology, 18, 58—69. https:/doi.org/10.
1093/neuonc/nov244.

Verweij, F. J., Hyenne, V., Van Niel, G., & Goetz, ]J. G. (2019). Extracellular vesicles:
Catching the light in zebrafish. Trends in Cell Biology, 29, 770-776. https://doi.org/
10.1016/j.tcb.2019.07.007.

Verweij, F.J., Revenu, C., Arras, G., Dingli, F., Loew, D., Pegtel, D. M., et al. (2019). Live
tracking of inter-organ communication by endogenous exosomes in vivo. Developmental
Cell, 48 573-589.¢4. https:/doi.org/10.1016/j.devcel.2019.01.004.

White, R., Rose, K., & Zon, L. (2013). Zebrafish cancer: The state of the art and the path
forward. Nature Reviews Cancer, 13, 624—636. https:/doi.org/10.1038/nrc3589.

White, R. M., Sessa, A., Burke, C., Bowman, T., LeBlanc, J., Ceol, C., et al. (2008).
Transparent adult zebrafish as a tool for in vivo transplantation analysis. Cell Stem
Cell, 2, 183-189. https://doi.org/10.1016/j.stem.2007.11.002.

Whitham, M., Parker, B. L., Friedrichsen, M., Hingst, J. R., Hjorth, M., Hughes, W. E.,
et al. (2018). Extracellular vesicles provide a means for tissue crosstalk during exercise.
Cell Metabolism, 27 237-251.e4. https://doi.org/10.1016/j.cmet.2017.12.001.

Wiklander, O. P. B., Nordin, J. Z., O’Loughlin, A., Gustafsson, Y., Corso, G., Mager, 1.,
et al. (2015). Extracellular vesicle in vivo biodistribution is determined by cell source,
route of administration and targeting. Journal of Extracellular Vesicles, 4, 26316. https:/
doi.org/10.3402/jev.v4.26316.

Willms, E., Cabanas, C., Mager, [., Wood, M. J. A., & Vader, P. (2018). Extracellular vesicle
heterogeneity: Subpopulations, isolation techniques, and diverse functions in Cancer
progression. Frontiers in Immunology, 9, 738. https:/doi.org/10.3389/fimmu.2018.
00738.

Xi, Y., Noble, S., & Ekker, M. (2011). Modeling Neurodegeneration in Zebrafish. Current
Neurology and Neuroscience Reports, 11, 274-282. https:/doi.org/10.1007/511910-011-
0182-2.

Yianez-Mo6, M., Siljander, P. R.-M., Andreu, Z., Zavec, A. B., Borras, F. E., Buzas, E. [,
et al. (2015). Biological properties of extracellular vesicles and their physiological func-
tions. Journal of Extracellular Vesicles, 4, 27066. https://doi.org/10.3402/jev.v4.27066.

Yang, D., Zhang, W., Zhang, H., Zhang, F., Chen, L., Ma, L., etal. (2020). Progress, oppor-
tunity, and perspective on exosome isolation - efforts for efficient exosome-based
theranostics. Theranostics, 10, 3684-3707. https:/doi.org/10.7150/thno.41580.

Yuan, H., Zhou, J., Deng, M., Zhang, Y., Chen, Y., Jin, Y., et al. (2011). Sumoylation of
CCAAT/enhancer—binding protein o promotes the biased primitive hematopoiesis of
zebrafish. Blood, 117, 7014=7020. https:/doi.org/10.1182/blood-2010-12-325712.

168



Live tracking of extracellular vesicles in larval zebrafish 275

Zhao, F., Cheng, L., Shao, Q., Chen, Z., Lv, X., Li, J., et al. (2020). Characterization of
serum small extracellular vesicles and their small RNA contents across humans, rats,
and mice. Scientific Reports, 10, 4197. https://doi.org/10.1038/541598-020-61098-9.

Zomer, A., Maynard, C., Verweij, F. J., Kamermans, A., Schafer, R., Beerling, E., et al.
(2015). In vivo imaging reveals extracellular vesicle-mediated Phenocopying
of metastatic behavior. Cell, 161, 1046-1057. https:/doi.org/10.1016/j.cell.2015.
04.042.

169



DISCUSSION



Between 20%-30% of women with breast cancer will develop metastasis which is the main reason
for patient mortality (Harbeck et al. 2019). The therapeutic limitations of breast cancer metastasis
warrant a deeper understanding of its molecular machinery. This is the reason why a large amount
of research is currently focused on improving the knowledge on the biological and molecular
mechanisms underlying the metastatic processes in breast cancer. Tumor EVs (Graga Raposo and
Stahl 2019) have been shown as essential players in the initiation, progression and metastatic
cascade in breast cancer (Adem, Vieira, and Melo 2020). The levels of tumor secreted EVs
correlate with tumor aggressiveness, however, the link between EV secretion mechanisms and
their capacity to form pre-metastatic niches remains unknown. Thus, it’s crucial to focus on how
the EV secretion machinery regulates the pro-metastatic properties of tEVs. During my PhD, the
main goal of my project was to understand the mechanisms by which two GTPases (RalA/B)
control exosome secretion and to determine how this affects breast cancer progression and

metastasis. The main results from my project are illustrated in Figure. 13:

Figure 13. Model describing the role of RalA/B dependent EVs in metastatic formation. 1)
Ral GTPases control PLD1 localization on MVBs, which is required for MVB homeostasis and exosome
secretion, 2) Ral GTPases control the pro-metastatic function of EVs by modulating their content, 3) Ral
GTPases promote the secretion CD146-enriched EVs, whose lung tropism sustains efficient metastasis.
Created with BioRender.com
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In the following section, I will discuss my major findings in relation to the existing literature. I

will also discuss the possible limitations of my study, and potential perspectives to be explored.

Ral GTPases control PLD1 localization on MVBs. which is required for MVB homeostasis

and exosome secretion

We observed Ral depleted cells secrete much less EVs in 4T1 cells and using chemical inhibitors
of Ral (RBC8 and BQU57) we also showed a decrease in EV secretion with other cancer cell types.
Theodorescu’s group identified these small compounds that could bind to a site in the GDP-bound
form of Ral GTPases and lock them in their inactive GDP-bound state. Both of these inhibitors
target Ral-GDP to make it unavailable to its effectors(C. Yan et al. 2014). Then, we also found
that depletion of either RalA or RalB significantly reduces the number of MVBs in the
cytoplasm, suggesting that these genes are controlling MVB homeostasis in breast mammary
tumor cells. Recently, other studies also suggested that chemical or electric stimulation of MVB
biogenesis results in increased EV secretion (D. Yang et al. 2020; Kanemoto et al. 2016). Another
study showed, leptin treatment (a well-known adipokine implicated in mammary tumorigenesis)
promoted the number of MVBs in the cytoplasm of breast cancer cells and lead to an increased
EV secretion(Giordano et al. 2020). Overall, this suggests that there is a direct correlation between
MVB density and levels of secreted EVs. To test whether RalA/B were acting on exosome
secretion by controlling PLD activities, we showed Ral and PLDI1 localized to the similar
endosomal compartment. On the contrary, PLD2 mostly localizes to the plasma membrane.
In general, PLD1 localizes at intracellular compartments, such as the endosome, the Golgi
complex, lysosome, and exocytotic vesicles (Jenkins and Frohman 2005), whereas PLD2 was
shown to be mainly localized at the plasma membrane (Jenkins and Frohman 2005). Then, using
specific chemical inhibitors we showed that either inhibition of PLD1 or inhibition of PLD2
reduces EV secretion levels in 4T1 cells. Interestingly, while PLD2 inhibition was found to
impact EVs secretion in a cell line model of human mammary carcinoma (MCF-7) (Ghossoub et
al. 2014), our data rather suggest that PLD1 or PLD2 controls EVs secretion in 4T 1 cells. However,
the electron microscopy analysis of these cells revealed that inhibition of PLD1, but not of PLD2,
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induces a 40% decrease in the number of MVBs per cytoplasmic surface. Thus, the question
is: do PLD isoforms regulate EV secretion potentially through distinct mechanisms? PLD?2
mostly localize to the plasma membrane, we could imagine it affect EV secretion from the plasma
membrane by controlling MVs secretion. Due to heterogeneity in EV population, lack of ability to
purify EV subtypes to 100% homogeneity, and absence of specific protein markers for
identification of different EVs subtypes; we don’t have a clear answer to this question yet. The
other possibility could be that drugs at high concentration (10 pM) may not be specific to one PLD,
but target both PLD1 and PLD2. To solve non-specific action of drug we can either use specific
siRNA against each gene, or a lower concentration to inhibit PLD1 or PLD2. Next, we observed
that in 40% of shRalA or shRalB cells, PLD1 is uniformly cytoplasmic instead of being
endosomal. This shows that RalA/B are required for PLD1 localization on endosomes. In the
similar experiment, we also looked into PLD2 localization and observed PLD2 mostly appeared
on the plasma membrane and sometimes as cytoplasmic puncta. However, in the cells that were
depleted for RalA/B we observed an increased accumulation of cytoplasmic puncta. We can
conclude RalA/B control localization of PLD1 on MVB and it seems they could also affect PLD2
trafficking to the plasma membrane. However, how does RalA/B affect the dynamic of PLD2 need
more analysis. Altogether, we showed RalA/B control PLDI1 localization on MVBs, which could
be required for local phosphatidic acid (PA) accumulation. We failed to detect PA in the living
4T1 cell by testing biosensor constructs (Nicolas Vitale) that specifically binds to PA (data not
shown). Then, we quantified EVs lipids and found that RalA/B depletion significantly reduces
the PA/PC ratio of secreted EVs. As mentioned previously, ILV formation requires enzymatic
modification of lipids on the MVB membrane thus underline the important role of specific lipids
and lipid-related enzymes in this process (Scott, Vacca, and Gruenberg 2014). Specific lipid
classes involved in ILV formation are ceramide, lysophospholipids and PA, whose accumulation
in membranes promote the formation of lipid microdomain and membrane invagination (Record
et al. 2018). PA is a phospholipid characterized by a small and negative polar head. PA increased
level during membrane rearrangement generates negative membrane curvature. In addition to
PLD, diacylglycerol kinase a (DGKa) is also responsible for PA synthesis and seems to function
antagonistically to PLDs, as it negatively regulates the formation of mature MVBs and the

secretion of exosomes in T lymphocytes (Roberto Alonso et al. 2005; R. Alonso et al. 2011). PA
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is a pleiotropic bioactive lipid, which can activate or locally recruit specific proteins (Kooijman et
al. 2003; 2005). Because it interacts with cytosolic proteins, PA could also work as an anchor for
their sorting into exosome. For example, it has been shown that PA directly binds syntenin and
induce negative membrane curvature, thereby favoring ILV budding and exosome secretion
(Ghossoub et al. 2014; Kooijman et al. 2005). Thus, further work is required to determine how the
Ral-PLD1-PA axis is connected to other known machineries of ILV biogenesis. In addition, there
is evidence that RAS mediates the activation of PLD (Jiang et al. 1995) but whether RAS might
function in exosome biogenesis and cargo-loading by acting on the Ral-PLD-PA axis is important
to be determined. Ral could also function through other effectors; one appealing candidate could
be Cortactin. Ral activity regulates the tyrosine phosphorylation of cortactin (Goi et al. 2000),
which has been known to promote exosome secretion as an actin-binding protein by controlling
branched actin dynamics (Sinha et al. 2016), it would also be interesting to know how cortactin
controls EV secretion in the absence of Ral. Altogether identification of Ral GTPase and other
small GTPases, in the regulation of exosome biogenesis and secretion raises many questions. How
do Ral GTPase and other molecular machineries for exosome biogenesis act together and
coordinate in the same cell type or even within the same MVB? And how do these different
molecular machineries link to heterogeneous populations of EVs? we can address these
questions by a combination of different strategies such as genetic co-depletion of parallel
pathways, immunodetection of specific cargo and morphological analysis of MVBs by electron

microscopy, as well as molecular and physical characterization of secreted EVs.

Ral GTPases control the pro-metastatic function of EVs, likely by modulating their content

Having identified RalA and RalB as important regulators of EV secretion in breast cancer cells,
we next wondered whether such a function could impact metastasis. Thus, using orthotopic tumor
cell injection in syngeneic mice, we observed that RalA depletion significantly increased tumor
growth, while RalB depletion induced the opposite effect when compared to control tumors.
According to the literature, in the absence of either RalA or RalB, there is no effect or a decrease
in the growth of primary tumor (C. Yan and Theodorescu 2018; Moghadam et al. 2017). There is
only one study where the loss of RalA leads to an increase in the proliferation in vitro, in mouse
embryonic fibroblasts (MEFs) (Peschard et al. 2012). It seems that the role of different Ral

proteins is tumor-type specific, but how exactly RalA and RalB contribute to tumor growth
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downstream of Ras activation need further investigation. In contrast, depletion of RalA and RalB
increased the growth rate of 4T1 cells in vitro, while a similar increase in proliferation rates was
observed in vivo in the absence of RalA. We should also consider that cell proliferation in vitro
does not necessarily represent normal physiologic behavior and may lead to different cellular
behavior in vivo. 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 remarkable
result when carefully assessing the lung metastasis burden of these mice after 41 days. Compared
to other subtypes of breast cancer, triple-negative is highly associated with lung metastasis (D.
Gao et al. 2009). Our 4T1 native cells also mimic human triple-negative subtype. We thus decided
to assess lung metastasis from both shRalA and shRalB orthotopic tumors. We observed a
reduced lung metastatic burden from Ral-depleted cells compared to the control. In contrast
to our study, it has been shown that knockdown of neither RalA nor RalB affects bone metastasis
of a human breast cancer cell line (MDA-MB-231) in athymic nude mice (Yin et al. 2007). This
different result could be attributed to the cell type and the model, which are not similar to those of
our study; suggesting the role of RalA or RalB in metastasis might be tumor-type specific and

dedicating specific functions to either Ral protein in cancer should be done carefully.

Performing 2D and 3D in vitro invasion assays, we observed no effect of RalA or RalB expression
levels on motility potential of 4T1 cells. Therefore, RalA/B seem to promote metastasis non-cell
autonomously, likely by inducing pro-metastatic microenvironmental changes. This result
prompted us to further dissect whether RalA or RalB could tune the priming of pre-metastatic
niches and observed that control EVs significantly enhances lung metastasis when compared
to PBS. In contrast, priming of mouse lungs with a similar number of EVs from Ral-depleted
cells did not promote metastasis. Precisely dissecting the mechanisms by which tEVs reach
specific organs would allow to understand the priming of premetastatic niches. However, further
studies are also needed to understand how the lungs are changed after priming with 4T1
EVs? to address this question we should check the composition of the pre-metastatic niche
compared to normal lungs such as immune cells, ECM component, stromal and endothelial cells

since they have a key role in pre-metastatic niche formation.
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To unravel why EVs from Ral-depleted cells are unable to promote metastasis, we first determined
their capacity to efficiently reach lungs and tracked the dissemination of fluorescently labeled EVs
that were injected in the blood circulation of Balb/C mice. Due to EVs short half-life in the
circulation (~2 min) (Morishita et al. 2015; Saunderson et al. 2014), one hour after injection we
checked and found 4T1 EVs mostly accumulate in the lungs. Importantly, EVs from RalA/B
knockdown cells failed to efficiently reach the lungs, even though a similar amount were
injected in all conditions. Similarly, upon tracking of fluorescent EVs injected in the circulation of
zebrafish embryos, we observed that endothelial arrest of EVs from RalA/B knockdown cells is
significantly hampered suggesting that RalA/B knockdown reduced the adhesive properties of
EVs, to the endothelium, establishing a potential link with their failure to accumulate in mice
lungs. Through a careful analysis of cell types that internalize EVs in these conditions, we observed
that 4T1 EVs mostly accumulate in endothelial cells, macrophages and fibroblasts of the lung
parenchyma. Now the question is how can fibroblasts and other cells take up EVs, while they
are not in contact with the circulation? how tEV pass the endothelial barrier is not very well
known yet. However, recently it has been shown that tEVs could reach cells distant from blood
vessels by mechanisms such as transcytosis or vascular leakiness (Morad et al. 2019; Adem,
Vieira, and Melo 2020). We have tested the capacity of RalA/B dependent EVs to promote
vascular leakiness in vitro by exposing 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 from shRalA or shRalB cells compare to the shControl.
However, this test needs to be done in vivo as well to provide a better understanding of EVs
behavior in circulation. Another question is what could be the fate of EVs that failed to
accumulate in the lung especially EVs from RalA/B knockdown cells? based on the previous
finding we can imagine the clearance of these EVs from the circulation could depend on myeloid
cells — particularly macrophages in zebrafish (Hyenne et al. 2019) and neutrophils in mice
(Chennakrishnaiah et al. 2018) — that are present in blood vessels and on endothelial cells. In
addition, like synthetic nanoparticles, the small size of EVs also favours their margination close to
the endothelium walls (Toy et al. 2011; Miiller, Fedosov, and Gompper 2014), increasing their
probability of being ingested by phagocytic cells (Hyenne et al. 2019). Moreover, EVs that are

not rapidly taken up might be subjected to the high shear characteristic of arteries and destroyed,
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as shown for breast, ovarian and lung CTCs and for leukaemia cells in a microfluidics
system(Regmi, Fu, and Luo 2017). In mice, tEVs are also rapidly transported in
lymphatics(Srinivasan, Vannberg, and Dixon 2016), where they end up in metastasis- free lymph
nodes and can be internalized by resident macrophages of the subcapsular sinus (Hood, San, and

Wickline 2011; Pucci et al. 2016).

Our results further showed that in addition to promoting EV secretion, RalA/B GTPases control
the pro-metastatic function of these EVs, likely by modulating their content. We analyzed
RNA and protein content and showed that depletion of either RalA or RalB deeply affects the EV
RNA loading and changes the levels of several key proteins. It is also important to investigate
whether EVs content reflects cargo sorting or cell expression levels? To answer this question
one way is to do RNA-seq and MS for the whole cell using cell lysate and compare the changes.
If the same RNA and protein are going up and down in both EVs and cells, we can imagine EV is
reflecting the changes in transcription or translation which could be explained by a bigger level of
regulation since among the Ral effectors there are some transcription factors. Since Ral is localized
at the site of ILV biogenesis, we can imagine it could also control the sorting of EV cargo.
Moreover, Ras, which is known to activate RalA/B (Gentry et al. 2014), also controls the protein
and RNA cargo of tumor EVs(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.

Ral GTPases promote the secretion CD146-enriched EVs, whose lung tropism sustains

efficient metastasis

We hypothesized CD146, as an adhesion receptor could be responsible, at least in part for the
seeding potential defects observed with EVs from Ral-depleted cells. CD146 functions as an
adhesion molecule involved in homophilic and heterophilic interactions(Z. Wang and Yan 2013),
promoting for instance monocyte transmigration(Bardin et al. 2009). CD146 can perform trans-
homophilic interactions via its immunoglobulin-like extracellular domain (Taira et al. 1994; 2005).
It also binds to extracellular matrix proteins or other transmembrane proteins, such as VEGFR2
(Z. Wang and Yan 2013). Up to now, a total of 13 molecules or complexes have been known as
ligands for CD146. These ligands can be categorized into components of the ECM, pro-angiogenic
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factor receptors, and growth factors. All these ligands directly interact with CD146 and have been
shown to be involved in the promotion of CD146-mediated angiogenesis and tumor metastasis (Z.
Wang et al. 2020, 14). Previously, CD146 has been shown to affect melanoma cell extravasation
to the lung during dissemination, by interacting with endothelial cells and regulating VEGF-
induced vessel permeability (Jouve et al. 2015). Later, another group suggested CD146 enhance
melanoma cell extravasation and interaction with resident mesenchymal stem cells and pericytes
to prepare the pre-metastatic niche formation(Correa et al. 2016). We showed that EVs pre-
treated with CD146 blocking antibody failed to successfully arrest on endothelial walls of
zebrafish embryos and inefficiently reached the lungs in the mouse. Therefore, we speculate
that CD146 affects the biodistribution and organ targeting efficiency of circulating tEVs 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 tEVs 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
tEVs, combined with the differential expression of their ligands on endothelial cells throughout
the organism will dictate their homing. Now the question is how EV-loaded CD146
mechanistically determine such specificity? In addition to organ-dependent enrichment of
adhesion molecules such as CD146 ligands in specific regions of the vasculature, such
organotropism could also be explained by (i) the site of EV injection, (i1) vascular architecture and
hemodynamic patterns (Follain et al. 2020; Hyenne et al. 2019), (iii) presence of other cell types
in the circulation, such as patrolling monocytes (Hyenne et al. 2019; Plebanek 2017) and/or (iv)
the permeable nature of the target tissue (Verweij, Hyenne, et al. 2019). Next, we wondered how
does EV-loaded CD146 affect the priming of pre-metastatic niche. This experiment is still
ongoing but our preliminary result shows that we have less formation of pre-metastatic niche when
we block CD146 on 4T1 EVs. These results suggest that CD146, whose presence at the surface of
EVs is tuned by RalA/B, is partially responsible for the adhesion and lung tropism of 4T1 EVs and
its reduced levels lead to failure of reaching thus priming the PMN in the lungs efficiently.
Another question is, other than lung tropism effect of CD146-enriched EVs, what are other
pro-metastatic function of these EVs on priming the PMN? Most of the study in the EV field

including ours is based on doing priming experiments with a large amount of EVs. We basically
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treat the recipient cells with these EVs which is not what happened physiologically. Thus, there
will be a need for more studies trying to balance the dose of EVs to the physiological concentration
so we can really understand the precise function of these EVs. It is also difficult to imagine one
single protein such as CD146 play the whole functional results we observe in the given scenario.
Therefore, it is also necessary to carefully study the functional role of other proteins we found in
our pro-metastatic EVs including Clic4, Glypican 4, BDKRB2 and Abcg2.

Overall, our study identifies RalA/B GTPases as a novel molecular machinery that regulates the
formation and shedding of pro-metastatic EVs and offers new potential targets (RalA/B and
CD146) for developing new therapeutic strategies to impact the progression of metastatic breast
cancer. Since there is no drug developed successfully to directly targeting Ras proteins or acting
on Ras-driven effectors (Gysin et al. 2011), it seems that Ral GTPases could be considered as
therapeutic targets in cancer. For example, it has been shown RBC8 and BQUS57 effectively inhibit
anchorage-independent and xenograft growth in some, but not all, human cancer cells (C. Yan et
al. 2014). However, RBC8 and BQUS57 are first generation tools and their effectiveness in clinical
trials has not been investigated yet. Therefore, in addition to targeting Ral for use as a cancer
therapy, it is also possible that Ral may be used as a biomarker since we found both RalA and
RalB in 4T1 EVs by mass spectrometry. We also detected RalA and RalB in EVs from blood
samples of 4T1 tumor-bearing mice. This represents the promising option to probe expression
levels of RalA and RalB concomitantly in primary tumors and liquid biopsies as novel markers of
bad prognosis since EVs constitute novel targets for early cancer diagnosis or longitudinal

monitoring of anticancer treatment response (Hoshino et al. 2020; Moravec, Divi, and Verma

2017). However, all these requiring further investigation.
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Etude du role des GTPases Ral dans la sécrétion des exosomes et la progression métastatique

De plus en plus de preuves suggerent que les VE dérivées des tumeurs participent aux étapes
cruciales de la propagation métastatique d'une tumeur primaire, principalement en exercant des
fonctions pro-tumorales et en modifiant les phénotypes des cellules stromales au profit de la
croissance tumorale et des métastases (Becker et al. 2016). Ils font la navette vers des organes
distants et favorisent les métastases en conditionnant la niche pré-métastatique (Peinado et al.
2017). Les niveaux de sécrétion des EVs tumoraux sont corrélés avec l'agressivité tumorale,
cependant, le lien entre les mécanismes de sécrétion des EVs et leur capacité a former des niches
pré-métastatiques reste obscur. Au cours de mon doctorat, 1'objectif de mon projet était de
comprendre les mécanismes par lesquels deux GTPases (RalA/B) récemment identifiées dans
notre laboratoire controlent la sécrétion des exosomes et de déterminer comment cela affecte la
progression du cancer du sein et les métastases. Ma principale découverte a d'abord démontré une
dissection détaillée de I'impact des GTPases Ral sur les niveaux de sécrétion des VE. Nous avons
montré que les GTPases de la famille Ral contrdlent, par 1'intermédiaire de la phospholipase D1,
I'homéostasie des corps multivésiculaires (MVBs) et réglent ainsi la biogenése et la sécrétion des
EVs. Nous avons également démontré que RalA et RalB favorisent les métastases pulmonaires
dans un modele de souris syngénique sans affecter le potentiel invasif du carcinome mammaire.
Un autre résultat important est que les VE provenant de cellules dépourvues de RalA ou de RalB
ont des capacités organotropiques limitées in vivo et, par conséquent, sont moins efficaces pour
promouvoir les métastases pulmonaires. Enfin, nous avons identifi¢ la protéine d'adhésion
CD146/MCAM comme une cargaison EV clé contrdlée par RalA et RalB et démontré qu'elle
transmet, en partie, la fonction pro-métastatique aux EVs en controlant le tropisme pulmonaire des
EVs du cancer du sein. Dans 1'ensemble, nous avons identifié les GTPases RalA/B comme une
nouvelle machinerie moléculaire qui régule la formation et la sécrétion des VE pro-métastatiques
et nous avons démélé RalA/B et CD146 comme de nouvelles cibles thérapeutiques pour les
métastases du cancer du sein - voir annexe 1 : Les GTPases Ral favorisent les métastases en

controlant la biogenese et la colonisation des organes des exosomes.
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Au cours de mon doctorat, j'ai contribu¢ a établir I'embryon de poisson zeébre comme un nouveau
modele animal pour suivre les TEV circulants in vivo (Hyenne et al. 2019). Les outils et les
méthodes développés dans ces études ont également été utilisés dans une partie de mon projet

principal également.

L'embryon de poisson zébre comme modéle pour suivre les EVs circulants in vivo

In vivo, trés peu de choses sont connues sur le comportement des EVs dans la circulation. L'une
des principales limites dans ce domaine est la capacité de suivre ces petites particules in vivo. La
visualisation microscopique des VE circulantes in vivo, qui dépend a la fois de la résolution
subcellulaire et de la luminosité des VE marquées, est encore confrontée a des défis majeurs
(Verweij, Hyenne, et al. 2019). En outre, les modéles appropriés sont cruciaux pour avoir un acces
profond et non invasif aux organes internes afin d'identifier les cellules et les organes récepteurs
d'EVs. Dans le modéle murin, différentes stratégies, basées sur la bioluminescence, les colorants
lipophiles ou l'expression transgénique de marqueurs fluorescents des EVs ont ét¢ développées
(Hyenne, Lefebvre, et Goetz 2017). Cependant, ces approches impliquent souvent une imagerie
ex vivo et ne permettent pas de suivre précisément la dynamique des EVs dans les fluides
corporels. Pour surmonter ces limitations, plusieurs groupes ont développé l'imagerie intravitale
des VE chez la souris ; cependant, en raison de la complexité de ces procédures, l'imagerie a haut
débit et ne sont souvent pas compatibles avec un échantillonnage ¢élevé de VE faisant la navette
dans les fluides corporels (van der Vos et al. 2016 ; Zomer et al. 2015 ; C. P. Lai et al. 2015). Par
ailleurs, 1'embryon de poisson zebre est apparu comme un mod¢le animal unique pour étudier les
VE circulantes physiologiques et pathologiques a une résolution spatio-temporelle sans précédent
(Verweij, Hyenne, et al. 2019). Les embryons de poisson zebre offrent plusieurs avantages pour
une analyse non invasive in vivo, notamment une vascularisation (et une circulation sanguine)
stéréotypée, un systéme immunitaire en maturation dans les 48h, un corps translucide et facilement
accessible a tous les types de microscopie confocale et a haute vitesse. Globalement, le poisson
zebre présente un haut niveau d'homologie génétique et physiologique avec I'homme et plus
particulierement, il reproduit un environnement physiologique pertinent pour I'é¢tude des EVs
circulants (Verweij, Revenu, et al. 2019 ; Hyenne et al. 2019). La détection des EVs fluorescents,
marqués soit par des colorants lipophiles, soit par l'expression transgénique de marqueurs
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fluorescents au sein des cellules sécrétrices est favorisée par la transparence des embryons. Le
modele du poisson zebre permet également de réaliser une analyse approfondie des VE circulants
et de décrire leur comportement hémodynamique in vivo (Verweij, Revenu, et al. 2019 ; Hyenne
et al. 2019). Comme stratégie alternative, les protéines des VE peuvent étre fusionnées a des
protéines fluorescentes et exprimées dans des cellules productrices de VE (Corso et al. 2019 ;
Gorgens 2016). Cela permet de visualiser des sous-populations uniques d'EVs et peut également
étre utilisé pour suivre les EVs de la cellule génétiquement modifiée (Verweij, Revenu, et al.
2019). En outre, MemBright est une sonde membranaire a base de cyanine récemment développée
(Cy3, Cy5 ou Cy7) (Collot et al. 2019) avec des propriétés uniques qui fournissent une luminosité
¢levée et une spécificité aux VE marqués ainsi que la prévention de l'auto-agrégation fluorescente
(Hyenne et al. 2019). MemBright peut également étre utilisé pour co-injecter différents types de
VE marqués avec différentes couleurs (Cy3, Cy5), ce qui nous permet de comparer différentes
populations de VE (ou leur origine) et de suivre leur comportement, leur destin et leur fonction
spécifiques. Dans notre projet, nous avons voulu suivre et évaluer la fonction des VEs tumorales
circulantes in vivo en utilisant I'embryon de poisson ze¢bre et fournir une description a haute
résolution de leur dissémination et de leur absorption. Tout d'abord, nous avons injecté dans des
embryons de poisson-zebre des VE marquées par des membranes a partir de cellules de mélanome
de poisson (zmel) (Heilmann et al. 2015) et nous avons suivi les VE dans le flux sanguin. Nous
avons ensuite caractérisé leur absorption par les cellules endothéliales et les monocytes en
patrouille. Dans ces cellules, nous avons démontré que la majorité des EVs se concentrent dans les
compartiments lysosomaux. Nous avons également réalis¢é un test fonctionnel sur différents
embryons transgéniques montrant une activation et une production de TNF-a (Nguyen et al. 2015),
qui correspondent a la transition M2-M1, souvent associée a la transformation de macrophages
normaux (M2) en macrophages associ¢s au cancer (M1) (Biswas et Mantovani 2010). Enfin, nous
avons effectué une pré-injection de VE (appelée priming), suivie d'une injection de cellules
tumorales pour démontrer I'induction de niches pré-métastatiques par les VE. Nous avons montré
que les cellules tumorales envahissent plus efficacement le stroma du poisson et développent des
micro-métastases plus importantes dans le cas de 1'amorcage par les EVs (Hyenne et al. 2019) -
voir annexe 2 : Etude du devenir des vésicules extracellulaires tumorales a haute résolution spatio-

temporelle en utilisant I'embryon de poisson zebre. Sur l'autre projet, nous nous sommes
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principalement concentrés sur les détails expérimentaux du modele de poisson zebre et avons écrit

un chapitre sur-voir annexe 3 : Live tracking of extracellular vesicles in larval zebrafish.
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