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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) (Graça 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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ABBREVIATIONS  

  
APC                Antigen Presenting Cell 
ARF6              ADP-ribosylation Factor 6 
ARMMs         ARRDC1-mediated Microvesicles 
BMDCs          Bone Marrow Derived Dendritic Cell 
BBB               Blood–brain barrier  
CD                  Cluster of Differentiation                                                                                         
CAF                Cancer Associated Fibroblast                                                                               
CAM               Cancer Associated Macrophage                                                                               
CSC                Cancer Stem Cell  
CTCs              Circulating Tumor Cells                                                                                             
DC                  Dendritic Cell 
DNA               Deoxyribonucleic acid 
DLS                Dynamic Light Scattering 
DCIS              Ductal carcinoma in situ 
ECM              Extracellular Matrix 
EGFR              Epidermal Growth Factor Receptor 
ER                   Endoplasmic Reticulum 
ESCRT           Endosomal Sorting Complex Required for Transport 
EV                   Extracellular Vesicle 
FBS                 Fetal Bovine Serum 
GFP                Green Fluorescent Protein 
HDL               High-Density Lipoprotein 
HER2             Human Epidermal Growth Factor Receptor 2 
HSPG             Heparan Sulfate Proteoglycans 
ICAM             Intercellular Adhesion Molecule 
ILV                 Intraluminal Vesicle 
IFNγ                Interferon-γ  
LAMP2b         Lysosome-associated Membrane Protein 2b  
LMP-1            Latent Membrane Protein 1 
MHC              Major Histocompatibility Complex  
MVBs             Multivesiclular Bodies 
miRNA           MicroRNA 
mRNA            Messenger RNA 
MMP              Metaloproteinases 
MDSCs          Myeloid-derived Suppressor Cells  
MSCs             Mesenchymal Stromal Cells 
MV                 Microvesicle 
MVB              Multivesicular Body 
nSMase2        neutral Sphyngomyelinase 2  
NGS               Next Generation Sequencing 
NK                  Natural Killer 
NTA               Nanoparticle Tracking Analysis 
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PBS               Phosphate Buffered Saline 
PDGFs          Platelet-derived growth factors  
piRNA          Piwi-like RNA 
PA                 Phosphatidic Acid 
PD-1              Programmed death receptor 1  

PD-L1           Programmed death ligand 1  
PS                  Phosphatidylserine 
PTM              Post-Translational Modifications 
PMN              Pre-Metastatic Niche 
PLD               Phospholipase D 
 Ral GTPases Ral guanosine triphosphatases   
RBP               RNA Binding Protein 
RhoA             Ras Homolog Gene Family, Member A  
RISC              RNA-induced Silencing Complex 
RNA               Ribonucleic acid  
RNAi             RNA Interference 
RNP               Ribonucleoprotein 
rRNA             Ribosomal RNA 
RT                  Room Temperature 
SEC                Size Exclusion Chromatography 
SIMPLE         Small Integral Membrane Protein of the Lysosome/Late Endosome 
siRNA            Small Interfering RNA 
SNARE          Soluble NSF Attachment Protein Receptor 
TIM4              T cell immunoglobulin and mucin domain containing 
TLR2              Toll-like receptor 2  
TGF-β            Transforming Growth Factor-β 
TAM              Tumor Associated Macrophage  
TEM               Transmission Electron Microscopy 
TME               Tumor Microenvironment  
TNF                Tumor Necrosis Factor  
tEVs               Tumor-derived Extracellular Vesicles 
TRAIL           TNF-related Apoptosis-inducing Ligand 
Tsg101           Tumor Susceptibility Gene 101 
UC                  Ultracentrifugation 
VAMP7         Vesicle-Associated Membrane Protein 7 
VEGF            Vascular Endothelial Growth Factor  
WB                Western Blot 
YBX1             Y-Box Protein 1 
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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(17q21) 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.1) (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).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

 
 

 

 

 
 

 

 
 
               
 
 
 
 
 
 
 
 

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 

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 

10%-20% 

Lower survival than Luminal A 

 

HER2 
 

ER-, PR-, HER2± 

 

5%-15% 

 

Triple Negative 
ER-, PR-, HER2- 

 

15%-20% 

More common in black women 

Diagnosed at younger age Worst 

prognosis 

 

Normal-like 
ER+, PR±, HER2-, Low Ki67 

 

Rare; Low proliferation gene cluster 

expression 

 

Low proliferation gene cluster 

expression 

 

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  
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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: 

 

 

 

 

 

 

 

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

 

 

 

 

 

 

 

 

 

 

 

 

 
 

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 is associated with good prognosis in some breast and 

ovarian cancers(Milne et al. 2009; Coronella et al. 2001). However, immunosuppressive IL-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 killer 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-

β1) 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 TGFβ) (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 TGFβ, 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 Il-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-

β (TGF-β), 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 Ergün 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 Río Hernández 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.  

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 μm (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 Sánchez 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). 

1.4 Organotropism   

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). 

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 (Denève 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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ANGPTL4 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-α 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 ICAM1 (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; 

Tabariès 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). 

 

 

 

 

 

 

 

 

 

 

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, MMP9, 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,  TGFβ 

in the breast tumor primes cancer cells for metastasis to the lungs by inducing  angiopoietin-like 

4 (ANGPTL4). 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 

CXCR2 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 S100A8 and S100A9, displayed less accumulation of 

CD11b+ myeloid cells in lung PMN leading to reduced lung metastasis (Hiratsuka et al. 2011). 

Moreover, serum amyloid A1 (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 S100A4 increased BMDC recruitment to metastatic 

organs and tumor cell adhesion to fibronectin (Lukanidin and Sleeman 2012). Thus, S100A4 acts 

similar to S100A8 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 α4β1 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 TGFβ, induce the 

expression and secretion of periostin from stromal fibroblasts expressing α-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). 

MDSCs in the lung also convert the niche site into a pro- inflammatory, immunosuppressive PMN 

by suppressing interferon-γ (IFNγ)-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 
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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 (EVs) 

 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 
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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).   

 

 

 

 

 

 

 

 

 

 

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 (~50–150 nm) 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 EV isolation 

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 I 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 × 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 
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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 (Gámez-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 μL 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, I 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) (Lötvall 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).On 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 

(Lötvall 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.    

 

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; MFGE8, 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) (Lötvall 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 

et al. 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 (Yáñez-Mó, Gutiérrez-López, and Cabañas 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 Yáñez-Mó 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 Sánchez-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 (hnRNPA2B1) 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.  
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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 Tsg101 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, 
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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 ARRDC1 and Tsg101 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 

et al. 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, -II, -III) and associated 

proteins (Alix, VPS4 and VTA-1)  (Hurley 2015). The formation of ILVs requires four 

complexes, ESCRT-0, -I, -II, and -III, with ESCRT-0, -I, 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 (Schöneberg 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-III (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 -I 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 HeLa 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 β-catenin in exosomes (Chairoungdua 

et al. 2010). In a mouse model of breast cancer, the release of Wnt11 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 coronin1b  (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).  

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 caveolae and lipid rafts. Adapted from (van Niel, 
D’Angelo, and Raposo 2018). Created with BioRender.com 

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 

a role 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 α-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 β-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  (Möller 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 



 
 
 
 

51 

secreted by tumor cells and will describe their involvement in primary tumor 

microenvironment and metastasis.  

 

2.7.1 Involvement of EVs 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 MVs, 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 EVs 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 HIF1α, matrix metalloproteinase 13, casein kinase II 

α, annexin A2, and latent membrane protein 1, TGF-β, β-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). 

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 α6β1, α6β4, αvβ5, and αvβ3 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 
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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-β 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, S100A9, 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 (VEGFR1+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 PMNs 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 B16F10 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 CXCL1 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 I 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 (RALGPS1, 

RALGPS2, RGL4) 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).    

 

A.                                                                        B.     

 

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 RALGEF 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-I (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 (RALBP1, also known as RLIP or 

RLIP76) was the first identified Ral binding partner was (synonyms: RLIP76 and Rip1) with a 

RAL binding domain that binds to both switch I and II 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 Rac1, 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 Reps15. 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/EXOcyst 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, Sec15, 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-

PLD1 complex is associated with a small GTPase, Arf, which in turn promotes PLD1 activity (Luo 

et al. 1998). Arf-induced PLD1 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 Rac1 (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 vesicle 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 

Cα (PKCα) 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 

RALGEF 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 RALBP1 but through different components of the exocyst complex. RALA interacts with 

EXO84, whereas RALB interacts with SEC5 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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Study of the role of Ral GTPases in exosome secretion and metastatic 

progression 

Growing evidence suggests that tumor derived EVs 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 CD146 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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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; Görgens 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 embryo 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-

M1 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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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 

Zmel1 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 2µM) 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 ROI 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. 

 

 λ Abs 

(nm) 

FWHM Abs 

(nm) 

λ Em 

(nm) 

FWHM Em 

(nm) 

QY 

(ϕ) 

PKH 4T1 559
a
 72 574 47 0.02 

PKH Zmel1 558a 71 572 50 0.04 

MB 4T1 559 42 572 33 0.42 

MB Zmel1 560 42 571 34 0.41 

 
a  A second H-aggregation peak was observed at 522nm. 
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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 (Graça 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 PLD1 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 4T1 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? PLD2 

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 μM) 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 PLD1 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 α (DGKα) 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; Müller, 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, (ii) 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 BQU57 effectively inhibit 

anchorage-independent and xenograft growth in some, but not all, human cancer cells (C. Yan et 

al. 2014). However, RBC8 and BQU57 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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Étude du rôle des GTPases Ral dans la sécrétion des exosomes et la progression métastatique 

De plus en plus de preuves suggèrent que les VE dérivées des tumeurs participent aux étapes 

cruciales de la propagation métastatique d'une tumeur primaire, principalement en exerçant 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 à former des niches 

pré-métastatiques reste obscur. Au cours de mon doctorat, l'objectif de mon projet était de 

comprendre les mécanismes par lesquels deux GTPases (RalA/B) récemment identifiées dans 

notre laboratoire contrôlent 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 l'impact des GTPases Ral sur les niveaux de sécrétion des VE. Nous avons 

montré que les GTPases de la famille Ral contrôlent, par l'intermédiaire de la phospholipase D1, 

l'homéostasie des corps multivésiculaires (MVBs) et règlent ainsi la biogenèse et la sécrétion des 

EVs. Nous avons également démontré que RalA et RalB favorisent les métastases pulmonaires 

dans un modèle 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 identifié la protéine d'adhésion 

CD146/MCAM comme une cargaison EV clé contrôlée par RalA et RalB et démontré qu'elle 

transmet, en partie, la fonction pro-métastatique aux EVs en contrôlant le tropisme pulmonaire des 

EVs du cancer du sein. Dans l'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 démêlé 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 

contrôlant la biogenèse et la colonisation des organes des exosomes. 

 



 
 
 
 

219 

Au cours de mon doctorat, j'ai contribué à établir l'embryon de poisson zèbre comme un nouveau 

modèle 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 zèbre comme modèle pour suivre les EVs circulants in vivo 

In vivo, très 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 à la fois de la résolution 

subcellulaire et de la luminosité des VE marquées, est encore confrontée à des défis majeurs 

(Verweij, Hyenne, et al. 2019). En outre, les modèles appropriés sont cruciaux pour avoir un accès 

profond et non invasif aux organes internes afin d'identifier les cellules et les organes récepteurs 

d'EVs. Dans le modèle murin, différentes stratégies, basées sur la bioluminescence, les colorants 

lipophiles ou l'expression transgénique de marqueurs fluorescents des EVs ont été 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 à 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, l'embryon de poisson zèbre est apparu comme un modèle animal unique pour étudier les 

VE circulantes physiologiques et pathologiques à une résolution spatio-temporelle sans précédent 

(Verweij, Hyenne, et al. 2019). Les embryons de poisson zèbre offrent plusieurs avantages pour 

une analyse non invasive in vivo, notamment une vascularisation (et une circulation sanguine) 

stéréotypée, un système immunitaire en maturation dans les 48h, un corps translucide et facilement 

accessible à tous les types de microscopie confocale et à haute vitesse. Globalement, le poisson 

zèbre présente un haut niveau d'homologie génétique et physiologique avec l'homme et plus 

particulièrement, il reproduit un environnement physiologique pertinent pour l'étude 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 

modèle du poisson zèbre 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 être fusionnées à des 

protéines fluorescentes et exprimées dans des cellules productrices de VE (Corso et al. 2019 ; 

Görgens 2016). Cela permet de visualiser des sous-populations uniques d'EVs et peut également 

être utilisé pour suivre les EVs de la cellule génétiquement modifiée (Verweij, Revenu, et al. 

2019). En outre, MemBright est une sonde membranaire à base de cyanine récemment développée 

(Cy3, Cy5 ou Cy7) (Collot et al. 2019) avec des propriétés uniques qui fournissent une luminosité 

élevée et une spécificité aux VE marqués ainsi que la prévention de l'auto-agrégation fluorescente 

(Hyenne et al. 2019). MemBright peut également être 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 l'embryon de poisson zèbre et fournir une description à haute 

résolution de leur dissémination et de leur absorption.  Tout d'abord, nous avons injecté dans des 

embryons de poisson-zèbre des VE marquées par des membranes à 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 réalisé un test fonctionnel sur différents 

embryons transgéniques montrant une activation et une production de TNF-a (Nguyen et al. 2015), 

qui correspondent à la transition M2-M1, souvent associée à la transformation de macrophages 

normaux (M2) en macrophages associés 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 l'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 l'amorçage par les EVs (Hyenne et al. 2019) - 

voir annexe 2 : Etude du devenir des vésicules extracellulaires tumorales à haute résolution spatio-

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

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

 

 




