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El contenido generado por IA puede ser incorrecto.]Disruption of cellular communication that regulates normal physiology is often key factor in the development of disease, including cancer. Extracellular vesicles (EVs) are mediators of cell-cell communication, modulating local and distant microenvironments and playing an important role influencing tumor progression at both early and late stages. Indeed, EV-mediated communication participate in the initial steps of primary tumor transformation and proliferation, as well as the preparation of the pre-metastatic niche and subsequent metastasis. In this context, the presence of DNA in EVs (EV-DNA) is particularly intriguing, with important biological implications and significant potential as a biomarker in liquid biopsies. In this review we will discuss the mechanisms involved in EV-shed DNA and the potential impact in tumor evolution. In addition, it has become apparent in recent years that the secretion of EVs also influences the behavior of the surrounding microenvironment. An important unresolved challenge in oncology is the resistance of tumors to treatment, one of the primary causes of high cancer mortality. The role of EVs in therapy resistance has garnered considerable interest. In the later part of this review, we will also examine the potential involvement of EVs in resistance to therapy.


[bookmark: _Toc190258591]Clinical Highlights 
EVs are important mediators of cell-cell communication in both health and disease. Unraveling the complexities of how EVs reprogram cells and affect cancer progression holds immense potential for the development of novel therapeutic approaches. Moreover, understanding the diverse nature of EVs, and their contributions to tumor growth and spreading will offer valuable insights into cancer biology. EVs emerge as key players from the earliest stages of tumor formation to the later stages of metastasis, reshaping our understanding of cancer development and offering new possibilities for treatment. By deciphering the cargo in EVs and harnessing its therapeutic potential, we could move closer to realizing the goals of personalized cancer care and precision medicine. EVs can contain DNA, derived from the cells that produce them and in clinical terms, extracting these EVs from body fluids holds promise as a tool to track disease, although the superiority of this tool over cfDNA in liquid biopsies remains unclear. Nevertheless, the multifaceted cargo in EVs and their potential to outperform other biomarkers in liquid biopsies represents an intriguing avenue for further exploration.
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[bookmark: _Toc190258592]1. A Brief History of Extracellular Vesicles
Intercellular communication influences cell homeostasis and physiological processes. In addition to the secretion of soluble molecules, communication via extracellular vesicles (EVs) has emerged as an important element within this framework. Accordingly, the past decade has seen a notable increase in the study of EVs, enhancing our understanding of their functions (1).
The initial observations of material that could potentially be secreted via multivesicular bodies (MVBs) date back to the 1950s.  One of the first descriptions of MVBs was in rat oocytes, as “vesicular structure, containing a large number of small vesicles” providing early indications that these structures could potentially liberate their content to the surrounding environment (2). Later, a biological role for secreted extracellular material was recognized when platelet-secreted vesicles were shown to be implicated in platelet activation during blood coagulation (Figure 1: (3)).  Some years later, the term “exosome” was coined to define the microvesicles produced by both normal and neoplastic cells, and the 5'-nucleosidase activity they possessed suggested they fulfil a physiological role (4). 
By 1983, a more comprehensive picture of the EV secretion pathway had been stablished. Studies into reticulocyte to erythrocyte maturation defined an active mechanism of secretion within a recycling system that involved transferrin and its receptor, a process characterized by MVB fusion to the plasma membrane (5, 6) (Figure 1). The term “exosome” was then specifically adopted to describe vesicles ranging from 40 to 100 nm in diameter that are actively secreted into the extracellular milieu. Subsequently, it was proposed that exosome secretion appears to release material that is superfluous to the cell (7). However, a seminal study in the 1990s was the first to ascribe EVs an active role in cell-cell communication, demonstrating that B lymphocytes infected with Epstein-Barr virus secreted exosomes enriched in major histocompatibility complex (MHC) class II (8). These exosomes could stimulate CD4+ lymphocytes and thus, a role for immune cell-secreted exosomes in antigen presentation was proposed. Another landmark study then revealed that exosomes derived from dendritic cells (DCs) contain both MHC class I and II, along with T lymphocyte co-stimulatory molecules, and that they were able to eradicate or suppress the growth of established murine tumors in a T cell-dependent manner (9)(Figure 1). Thanks to these pioneering studies, we have since been able to gain significant insights into the biogenesis of EVs and their activity.
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Figure 1. Timeline of the main milestones in extracellular vesicle (EV) research. The first observations date back to the 1950s and 1960s when multivesicular structures were observed in different prokaryotic and eukaryotic organisms, as was a role for platelet-derived EVs in coagulation. In the last 20 years, an important role for EVs in primary tumor development it has also been demonstrated, as well as in the formation of pre-metastatic niches and in advanced metastasis. The discovery of nucleic acids in EVs (especially DNA) opens up a wide range of possibilities to study the relevance of this material throughout tumor development.


[bookmark: _Toc190258593]1.1. EV nomenclature and biogenesis
Since the discovery of EVs, the different nomenclatures employed have generated some confusion over the years. In an effort to standardize this issue, biomarkers and other characteristics of these vesicles have been defined. Thanks to the International Society of Extracellular Vesicles (ISEV), leaders in the field have established guidelines for EVs (10, 11) and as a result, EVs are currently defined as a heterogeneous group of lipid membrane-based particles secreted by various cell types that can be found in any biological fluid, yet they lack a functional nucleus which makes them unable to replicate (12, 13). Based on their size, EVs can be categorized as large (lEVs) or small EVs (sEVs) (14). LEVs include microvesicles (150 nm - 1 µm), apoptotic bodies (1 µm - 5 µm) and large oncosomes (1 µm - 10 µm), whereas sEVs include exosomes that range from 50-100 nm in diameter (15). As cargo, EVs may be loaded with proteins, lipids and notably, nucleic acids (NAs). EV-associated NAs include RNA as well as DNA, which will be discussed in greater detail later in this review. In recent years, a population of non-vesicular extracellular particles (NVEPs) has also been defined, which include exomeres (16, 17) and supermeres (18, 19).
Historically, sEVs have been more extensively studied and the mechanisms driving their biogenesis have been thoroughly characterized. As such, sEV biogenesis primarily involves the endosomal pathway, a cellular process that centers on the internalization of receptors or cellular components that are then directed for secretion or lysosomal degradation (20, 21). The sequence within the endosomal pathway commences with the formation of early endosomes (EEs) through to the internalization of specific plasma membrane components. As these early endosomes mature into late endosomes (LEs), intraluminal vesicles (ILVs) are generated through intra-endosomal budding, forming MVBs. While the primary fate of MVBs is in the degradative pathway through their fusion with lysosomes, they may also fuse with the plasma membrane to release ILV-containing exosomes into the extracellular microenvironment.

Along the pathways involved in ILVs by the inward budding of MVEs, the role of the Endosomal Sorting Complex Required for Transport (the ESCRT) has been studied intensely in the formation of MVBs and ILVs (22, 23)(Figure 2-1). The ESCRT machinery was originally discovered in the late 1990s from studies of yeast mutants with defective transport of molecules to the vacuole (the equivalent of mammalian lysosomes (24-27). The ESCRT is made up of approximately thirty evolutionarily conserved proteins organized into four multi-protein sub-complexes (ESCRT-0, I, II and III), along with accessory proteins like Syndecans, ALIX or Syntenin-1 that are recruited sequentially to induce ILV excision (28)(Table 1).
Table 1. Description of ESCRT Complex 

	Complex
	Main function
	Protein members
	References

	ESCRT-0
	Binds and recruits ubiquitinated proteins into MVB
	HRS, STAM (1 & 2)
	(250-254)

	ESCRT-I
	Connects ESCRT-0 and ESCRT-II complexes to form ILVs by clustering ubiquitinated proteins
	VPS23 (TSG101), VPS28, VPS37 (A-D), MVB12 (A, B)
	(26, 255-258)

	ESCRT-II
	Initiates the budding process of the endosomal pathway and interacts with ESCRT-III
	EAP20, EAP30, EAP45
	(259-262)

	ESCRT-III
	Triggers membrane scission to form ILVs
	CHMP2 (A, B), CHMP6, CHMP3, CHMP4 (A, B, C)
	(24, 263, 264)

	VPS4-VTA1 Complex
	Involved in ESCRT-III disassembly
	VPS4, VTA1
	(25, 265, 266)

	Accessory proteins
	Recruit deubiquitinases to the ESCRT-III complex
	ALIX
	(267, 268)

	
	Favors the formation of ILVs
	Syntenin-1, Syndecans
	(269, 270)




ILV formation in MVBs is not strictly dependent on the presence of ESCRT complexes since ESCRT-independent pathways that govern MVB formation exist in higher organisms (29). Along with other tetraspanins, CD63, CD9 and CD81 form clusters that facilitate the budding of protein rich microdomains (30)(Figure 2-1). Therefore, both ESCRT-dependent and ESCRT-independent pathways play crucial roles in the formation of sEVs and the incorporation of their cargo (Figure 2-1). The use of these distinct mechanisms appears to depend significantly on the specific cargo to be incorporated. For instance, ceramide produced by Neutral Sphingomyelinase 2 (nSMase2) is essential for the targeted sorting of proteolipid protein (PLP) into sEVs (31). Moreover, recent findings indicate that tetraspanin CD63 plays a crucial role in cholesterol sorting into ILVs (32).  Hence, the involvement of each sorting mechanism sees to vary depending on the biological context, further highlighting the extensive heterogeneity among sEVs. Once formed, MVBs face two possible fates: degradation in the lysosomal pathway or secretion of their content in the form of sEVs (Figure 2). The quantity of sEVs released by a cell is inversely correlated to MVB degradation in lysosomes. Although the precise mechanisms governing the equilibrium between lysosomal degradation and sEV secretion are not fully understood, the significance of the Rab GTPase protein family in orchestrating these processes has been highlighted. 
Regarding other proteins involved in small extracellular vesicle (sEV) secretion, among the more than 60 members of the Rab GTPase family associated with various intracellular compartments and functions, only a subset has been implicated (33). The main RAB GTPases that have been shown to be involved in the production and secretion of exosomes are RAB7, RAB11, RAB27, and RAB35 (34)(Table 2). Rab27 in particular plays a crucial role in generating sEVs and it has been studied extensively with respect to sEV trafficking to the cell membrane (Figure 2-2). Pioneering studies showed that inhibiting either Rab27A or Rab27B significantly dampens sEV secretion, for the first time suggesting that these proteins were crucial for sEV secretion from tumor cells (35). This role of Rab27 has been observed consistently in various tumor types, including bladder carcinoma (36) and melanoma (37). These proteins differ in their subcellular localization, with Rab27A primarily associated with CD63+ MVBs where it is involved in the intracellular mobilization of the actin cytoskeleton (38), while Rab27B localizes to the trans-Golgi region near the nucleus. Importantly, the coordinated action of Rab27a and the small GTPase Arl8 at membrane contact sites between pre-lysosomal endosomes and the endoplasmic reticulum is important for the efficient secretion of exosomes, highlighting the critical role of these small GTPases in exosome biology (39). Nevertheless, the extracellular vesicle (EV) secretion machinery varies depending on the cell type and tissue, involving different members of the Rab GTPase family(40). Specifically, Rab5, Rab7, Rab11, Rab27, and Rab35 are implicated in vesicle secretion, playing crucial roles in processes such as cancer progression (Table 2) . 

Table 2. Description of Main Rab Proteins Involved in sEV Secretion

	Protein
	Localization
	Function
	Cell/Tumor type
	References

	Rab7
	Late endosomes and lysosomes
	MVB transport to lysosomal pathway
	Epithelial, HEK, Cervical cancer, Breast cancer, Melanoma
	(271-274)

	Rab11
	ER, Golgi and early endosome
	Recycling from endosomal compartment to plasma membrane
	Epithelial, Colon cancer, Cervical cancer, Chronic Myelogenous Leukemia, Neuronal
	(275-278)

	Rab27
	Late endosomes, secretory vesicles and melanosomes
	Exocytosis events / Translocation of melanosomes to the plasma membrane
	Cervical cancer, Bladder cancer, Melanoma, Head and neck squamous cell carcinoma, Breast cancer
	(34-36, 136, 279)

	Rab35
	Plasma membrane, recycling endosome
	Protein recycling to the plasma membrane
	Neuronal/glioma, Cervical cancer
	(280-283)




The final stage in the release of ILVs into the extracellular domain as sEVs requires MVB fusion with the plasma membrane. The SNARE complex plays an important role in this process (Figure 2-3), a complex of receptors situated within the MVB (vesicle-SNARE or v-SNARE) or as membrane receptors (target-SNARE or t-SNARE). Interactions among these elements facilitate sEV release, along with recycling of the constituent elements through an ATP-dependent mechanism (41). Among the v-SNARE proteins are Vesicle-associated membrane proteins (VAMPs), whose exact functions remain unclear. Consequently, significant challenges and controversies persist in understanding the specific machinery involved in small extracellular vesicle (sEV) shedding, particularly in the context of tumor cell biology.
Despite the historic relevance of sEVs, in recent years lEVs have been seen to be important players in the cellular communication driven by EVs despite being the focus of fewer studies. As described above, lEV are generated by direct blebbing of the plasma membrane, driven through the direct interaction of the actin and myosin cytoskeleton with small GTP and ARF proteins (42)(Figure 2-4). In healthy cells, lEV formation involves rearranging lipid components of the plasma membrane and notably, maintaining lipid asymmetry in the plasma membrane is crucial to mobilize the cytoskeleton and facilitate lEV formation. The enzymatic activity of acid sphingomyelinase, responsible for hydrolyzing sphingomyelin to ceramide, promotes plasma membrane lipid modifications, thereby triggering lEV formation in glial cells (43). Furthermore, the presence of cholesterol in the membrane promotes the formation of lEVs in activated platelets (44), while external factors like elevated Ca2+ concentrations favor lEV secretion (45).
In 2009, the first evidence linking the ARF6 protein to cytoskeletal remodeling highlighted how ARF6 activation promotes lEV production in melanoma cells through downstream signals that act through its effectors, phospholipase D, ERK and myosin light-chain kinase (MLCK: (46). However, ARF6 overexpression in HeLa cells does not affect lEV secretion, although RhoA and its effectors do play a critical role in lEV biogenesis in these cells (47). Likewise, the small GTPase ARF1 was found to regulate matrix metalloproteinase (MMP)-9 activity, thereby favoring lEV shedding (48). Some proteins of the ESCRT machinery have been also implicated in membrane budding (49), such that these studies underline the heterogeneity in lEV formation (Figure 2-4), highlighting the need to further explore and unravel the mechanisms underlying lEV biogenesis.
The presence of bioactive molecules within EVs enables them to participate in cell-cell communication over short and long distances. The information encapsulated in EVs is transmitted to recipient cells through membrane fusion or via interactions with molecules on the surface of the recipient cell. A crucial breakthrough was the discovery of NAs (RNAs) in EVs that had the capacity to actively influence host cells following the translation of the information they encode (50). This breakthrough raised many new possibilities and amplified the communication potentially of EVs, which was thereafter explored extensively. Different mechanisms of EV uptake have now been described, depending on the origin of the EVs and the type of recipient cell. The interaction between EVs and recipient cells involves specific membrane receptors, endocytotic processes (pinocytosis or phagocytosis), intracellular proteins (clathrin), lipid rafts (caveolae) or direct membrane fusion (51).





[image: Diagrama

El contenido generado por IA puede ser incorrecto.]Figure 2. Mechanisms involved in EV biogenesis. Scheme representing the mechanisms underlying the biogenesis and the release of small (sEVs) and large extracellular vesicles (lEVs). (1) Initiation of sEV generation involves various endocytotic processes that lead to the formation of early endosomes (EEs). Subsequent maturation of EEs into late endosomes (LEs) can occur via pathways dependent on or independent of ESCRT (Endosomal Sorting Complex Required for Transport). In the ESCRT-dependent pathway, successive incorporation of ESCRT (0, I, II, III) and accessory proteins (e.g., TSG101, ALIX, Syntenin-1) results in the formation of intraluminal vesicles (ILVs). Alternatively, this process may be driven through the tetraspanin family (CD63, CD9, CD81 and CD82) of proteins along with other proteins (nSMase) in an ESCRT-independent manner. The incorporation of proteins from the Golgi apparatus, together with the aforementioned mechanisms, culminates in the LE maturing into the multivesicular body (MVB). (2) The MVB may then either degrade in lysosomes or be secreted into the extracellular milieu. Proteins of the RabGTPase family (such as Rab27A and Rab27B) are involved in the movement of the MVBs to the membrane for secretion. (3) The final step of MVB fusion with the plasma membrane for sEV secretion depends on the interaction between vesicular proteins (v-SNARE) and plasma membrane proteins (t-SNARE). This interaction forms a protein complex necessary for the release of sEVs into the extracellular milieu. (4) Secretion of lEVs involves direct membrane blebbing facilitated by the interaction of the cell cytoskeleton with proteins of the ARF family (ARF6, ARF1) and small GTPases (RhoA). Some proteins of the ESCRT machinery are also involved in membrane budding. ER: Endoplasmic Reticulum.


[bookmark: _Toc190258594]1.2. EVs in immune cell regulation and development 
While our primary emphasis in this review is on the impact of EVs within the context of tumor progression and metastasis, it is crucial to acknowledge that EVs also play an important role in physiological processes like development (52), or in regulating the cells responsible for immune responses (53)(Figure 3A). The innate immune system is the primary line of defense in an organism, in which inflammation is a key mechanism. EVs have been attributed a dual role in inflammation as they may have both pro-inflammatory and anti-inflammatory effects. For example, the uptake of EVs derived from necrotic cells by macrophages induces the production of pro-inflammatory cytokines like TNF- and CCL2, as is also the case for apoptotic cell-derived EVs (54). By contrast, EVs secreted by neutrophils (named ectosomes) contain TGF-β and certain membrane lipids that favor an anti-inflammatory response (55). Moreover, Natural killer (NK) cells have the capacity to generate EVs irrespective of their activation status, and these vesicles express typical protein markers of NK cells that produce cytotoxic activity against several tumor cell lines (i.e. Fas ligand and perforin), and against activated but not resting immune cells (56). This pro-inflammatory activity of EVs due to specific mediators or damage patterns, as well as their anti-inflammatory role in certain contexts, is highly context-dependent and influenced by the EVs secreted by cells of the innate immune system.
Antigen-presenting cells (APCs), represent a crucial link between the innate and adaptive immune systems and their maturation is associated with an enhanced capacity to secrete more EVs enriched with MHC-antigens. EVs from DCs can activate the adaptive immune system by inducing antigen-specific naïve CD4+ T cell activation or by priming naïve T cells (57, 58). Following activation by the T cell receptor (TCR), T lymphocytes bearing the TCR/CD3/zeta complex enhance their ability to secrete EVs compared to basal conditions (59). Notably, T cell derived EVs can activate mast cells by triggering the degranulation induced by IL-24 production (60). Furthermore EVs fulfil diverse roles in both the initiation and effector phases of immune responses ((61), and they influence the effectiveness of immune cell responses. Indeed, EVs have also been implicated in autoimmune diseases (62, 63). 
EVs may also be involved in the bidirectional regulation of the immune system during pregnancy (Figure 3B), when immunosuppression is necessary to establish the immune tolerance in women necessary for the ‘semi-allograft’ fetus to develop (64). The involvement of  EVs in immune cell regulation has also been described during gestational development, when immunosuppression is necessary in pregnant women to establish the immune tolerance required to allow the ‘semi-allograft’ fetus to develop (64). Pregnant women have more plasma EVs than normal (65), and EVs from placental trophoblasts and maternal thrombocytes can trigger immune tolerance through STAT3 phosphorylation in T cells (66). Moreover, EVs derived from the human placenta can dampen T cell and NK cell cytotoxicity (67), as well as inducing apoptosis of activated immune cells (PBMCs)((68). Hence, circulating EVs represent a novel form of communication between the placenta and the maternal immune system to ensure embryonic development. In addition, maternal EVs promote embryo implantation, with maternal endometrial miRNAs potentially modifying the transcriptomic of the pre-implantation embryo (69). Although there are limited studies, EVs derived from porcine embryos in vitro were found to contain miRNAs associated with pluripotent genes, including Oct4, Sox2, Klf4, c-Myc and Nanog. Embryos produced in vitro can secrete EVs that possibly enable them to communicate with their [image: Gráfico, Gráfico de burbujas

El contenido generado por IA puede ser incorrecto.]microenvironment (70), which suggests a potential contribution of miRNAs secreted from embryonic cells to the processes of implantation and development.
In summary, over recent years our understanding of the importance of EVs in various physiological processes has advanced significantly, shedding light on the regulation of immune cell responses, particularly during pregnancy. From here onwards, we will focus on the role of EVs secreted by tumor cells on the establishment of primary tumors, their growth and the process of metastasis. 
Figure 3. EVs in physiological processes. (A) EVs play an important role in regulating and mediating communication within the innate and adaptive immune systems, thereby promoting anti-tumor responses. The interaction between tumor necroptotic cells and innate immune cells stimulates the secretion of EVs that carry pro-inflammatory factors (e.g. TNF-α, CCL2) and anti-inflammatory factors (e.g. IFN-β, TGF-β1), eliciting context-dependent responses. Furthermore, EVs derived from innate immune cells (e.g. NK cells) harbor cytotoxic proteins (FasL, perforin), which contribute to anti-tumor effects. Crosstalk between the innate and adaptive immune systems via EVs facilitates T cell activation through MHC-antigen-enriched EVs. In turn, activated T cells enhance their activity by secreting TCR/CD3-enriched EVs into the innate immune system and EVs capable of activating mast cell-mediated degranulation via IL-24. (B) During gestational development, EVs contribute to the establishment of an immunosuppressive environment crucial for fetal implantation and development. This immunosuppression is facilitated by EVs enriched with proteins that dampen immune activity (e.g. ULBP1-5, MIC, FASL, TRAIL).








[bookmark: _Toc190258596]2. Fertilizing the Metastatic Soil: The Role of Extracellular Vesicles in Tumor Growth and Metastasis
[bookmark: _Toc190258597]2.1. Understanding metastasis
In 1889, the pathologist Stephen Paget proposed the concept of ‘seed and soil’ (71). This concept emerged from necropsy studies on 735 women with breast cancer, noting that the metastatic behavior of their tumors could not be explained by mechanical factors alone. Tumor cells in the breast had a much greater predisposition to metastasize to the liver than to other organs with a similar vascular supply, like the spleen. A predisposition to settle in specific bones like the femur was also noted. According to Paget, this phenomenon can be attributed to a specific and selective interaction between the tumor cells ("seed") and the distant organs ("soil"), and as a given seed type thrives best in a specific soil, so do tumor cells find it easier to metastasize to certain organs (71). This concept, initially based on empirical observations of probability, marked a significant breakthrough in the understanding of metastasis. Although James Ewing later argued that metastatic spread was exclusively due to mechanical factors (namely the anatomy of the vascular system), considering metastasis to be a purely passive process (72), it is now clear that metastasis is an active process that cannot be fully explained by vascular considerations alone.
The ‘seed and soil’ theory was consolidated throughout the 70s and 80s, gaining acceptance within the scientific community. Indeed, Isaiah J. Fidler carried out important studies that marked the first steps towards demonstrating what Paget had proposed almost a century earlier (Figure 4A). Many of these advances regarding the requirements of tumor cells to metastasize to specific organs were revisited by Fidler in two important reviews (73, 74). In early studies, on syngeneic models of melanoma metastasis using the B16 cell line, only a small proportion of tumor cells were seen to be capable of metastasizing (75). Moreover, Fidler was the first to demonstrate that metastatic cells were derived from a small subset of cells within the primary tumor (76). These findings represented a significant advance in understanding metastasis and led to new hypotheses based on the special traits of metastatic tumor cells, helping to define the concept of site-specific metastasis. He then went on to describe some relevant mechanisms of site-specific metastasis in different organs like the brain (77, 78), liver (79) or bone (80). Today, metastatic dissemination is much better understood, and the significance of the interactions between disseminated tumor cells and specific organs is widely acknowledged. Genomics and systems approaches have provided important insights into the cancer cell traits that drive the interactions with stromal niches and that facilitate organ-specific metastasis, and the relevance of the microenvironment in metastatic dissemination is also well established, as compiled in a [image: Diagrama
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Figure 4. Tumor evolution and metastasis. A. Timeline of the main studies and ideas in the field of metastasis. B. The progression of cancer involves multiple steps, culminating in metastasis. Following the initiation and growth of the primary tumor locally, tumor cells must attain the capacity to invade surrounding tissues and enter the bloodstream, where they disperse as circulating tumor cells (CTCs). This marks the initial crucial phase in tumor expansion and metastatic spread, characterized by the physical translocation of tumor cells from the primary tumor (I). However, effective metastasis entails several further steps. The subsequent critical phase, termed distal organ colonization (II), requires the tumor cells to exit the bloodstream, survive in a novel milieu to form micrometastases and then adapt to the new environmental cues to ensure the growth of macrometastases. This progression is influenced by the formation of a pre-metastatic niche (PMN) within the distant organs, which facilitates the metastatic process.








Simplistically, metastatic dissemination can be divided into two fundamental processes: physical translocation from the primary tumor to the site of dissemination; and colonization/adaptation of disseminated cells to the microenvironment of the distant organ (82, 83). Each of these processes can be further divided into several stages that tumor cells must navigate to metastasize. After tumor initiation and progression, tumor cells must acquire an invasive phenotype to be able to migrate through the stroma of the organ of origin and intravasate into the bloodstream. Subsequently, circulating tumor cells (CTCs) within the bloodstream must learn how to survive and successfully extravasate into the appropriate tissue. Concomitant with tumor cell dissemination, pre-metastatic niches (PMNs) form in the metastatic organs to which tumor cells are able to successfully home and form micro-metastatic foci (82, 83). Subsequently, tumor cells in the metastatic organs must adapt to the new microenvironment and develop macrometastatic foci (Figure 4B).
This process of dissemination is highly inefficient, requiring tumor cells to acquire a range of traits that enable them to progress through each metastatic stage (84). A quintessential hallmark of malignancy is the capacity for self-renewal, an attribute are often associated with specific subpopulations within tumors recognized as cancer stem cells (CSCs) (85), cells that normally constitute only a small fraction of the overall tumor mass. Remarkably, there is data supporting the existence of a minor population of tumor cells in continuous evolution along the metastatic pathway that have the ability to successfully invade distal organs, referred to as metastasis initiating cells (MICs)(86). During tumor progression, clonal expansion akin to the principles of Darwinian evolution drives malignant tumor development and metastasis. Comparing the genetic features of primary tumors and metastases has revealed important disparities between the metastatic lesions and their primary counterparts, primarily due to sub-clonal selection. These studies also revealed different modes of metastatic progression driven by underlying genetic variations. Indeed, competitive or co-operative interactions appear to be established among distinct sub-clones during metastasis that play a pivotal role in shaping the genetic diversity observed in metastatic lesions (87).
Organ-specific metastasis is currently understood as a very intricate process influenced by a myriad of factors (88)(Figure 4A). One intriguing insight is that the initial arrival of tumor cells to distant organs does not seem to be the primary rate-limiting factor of metastasis but rather, cancer cells can enter secondary organs and persist in a dormant state for extended periods (89). Consequently, the transition from cell infiltration to successful colonization represents a pivotal step in the metastatic cascade. Completing this transition means cancer cells have evaded detrimental signals to then capitalize on the supportive and survival cues provided by the host organ.
EVs have emerged as pivotal players in the context of metastasis, participating actively in various stages of this process (90). By exploring the significance of EVs in metastasis, it becomes clear that they are instrumental in shaping the microenvironment of both the primary tumor and the distant organ, influencing the fate of disseminated cancer cells (91). Revisiting the classic "seed" and "soil" analogy of metastasis, EVs assume an important role as their cargo, consisting of growth factors, signaling molecules and genetic material, conditions or “fertilizes” the “soil”, interacting with resident cells to ensure a supportive niche is established for incoming cancer cells at potential metastatic sites (92). Furthermore, EVs also contribute to the molding of primary tumors, influencing tumor development and the acquisition of malignant traits from the very earliest stages of cancer progression. This multifaceted role of EVs highlights their critical importance in the complex landscape of metastasis.
[bookmark: _Toc190258598]2.2. The role of EVs in the primary tumor niche, and in promoting tumor growth and survival
EVs released by tumor cells have a significant influence on the primary tumor microenvironment, playing a pivotal role in the early stages of tumor development. These vesicles carry a cargo rich in proteins crucial for the survival and proliferation of the primary tumor. Thus, the intricate relationship between tumor-derived EVs and their microenvironment highlights their key role in shaping the conditions that favor tumor progression (93). The wide relevance and increasing knowledge of the nature and characteristics of EVs has led to their use at the translational level in different clinical trials. This table gathers the information of relevant clinical trials selected based on our criteria (Table 3). In addition a systematic review of the different clinical trials available in the field of EVs together with different applications has been recently published by other authors(94). The effect of EVs on primary tumor development is manifested in different dimensions. Firstly, EVs influence the communication between tumor cells and the tumor niche to aid the development of the former. Consequently, the significance of their communication with cancer associated fibroblasts (CAFs) in tumor development has been studied extensively. Melanoma-derived EVs were proposed to play an important role in the formation of the primary tumor niche by supporting fibroblast proliferation, migration and the initiation of the proinflammatory transcriptional programs characteristic of CAFs. Notably, the miRNA-211 within these vesicles targets IGF2R and activates the MAPK pathway, fostering reciprocal growth in melanoma (95)(Figure 5-1). 
Table 3. Selection of active clinical trials with known status, involving ispecific EV biomarkers across different tumor types.

	NCT Number
	Use
	Target
	Year
	Disease Stage
	Tumor Type

	NCT03985696
	Response to therapy
	Protein - CD20, PDL-1
	2019
	Advanced - Inmunotherapy
	Lymphoma

	NCT04852653
	Response to therapy
	Protein, DNA
	2021
	T2, T3, T4 - Neoadjuvant treatment
	Rectal Cancer

	NCT05575622
	Response to therapy
	Protein - PD-L1, LAG3
	2022
	Stage IV - Immunotherapy
	Hepatocellular Carcinoma

	NCT05705583
	Response to therapy
	RNA
	2023
	Advanced - Inmunotherapy
	Renal Cell Carcinoma

	NCT05854030
	Response to therapy
	miRNA
	2023
	Stage IV - Immunotherapy
	Lung Cancer

	NCT06104930
	Response to therapy
	DNA methylation
	2023
	Indication for radiotherapy
	Meningioma

	NCT05218759
	Response to therapy
	miRNA
	2022
	Advanced - Anlotinib
	Lung Cancer

	NCT04499794
	Prognosis
	EML4-ALK fusion
	2020
	IIIB-IV unresectable
	Lung Cancer

	NCT04948437
	Prognosis
	Thyroglobulin and Galectin-3
	2021
	Any
	Thyroid Cancer

	NCT05463107
	Prognosis
	Proteins (see details in trial)
	2022
	Any
	Thyroid Cancer

	NCT05798338
	Diagnosis/Prognosis
	Protein - EV - SIMOA/ELISA
	2023
	Stage I-III
	Breast Cancer

	NCT05831397
	Diagnosis/Prognosis
	Protein - EV - SIMOA/ELISA
	2023
	Any
	Breast Cancer

	NCT02147418
	Diagnosis
	Protein
	2014
	Any
	Oral Squamous Cell Carcinoma

	NCT05417048
	Diagnosis
	miRNA - glycosylated EVs
	2022
	Any
	Breast Cancer

	NCT05587114
	Diagnosis
	ctDNA, CTCs and EV
	2022
	Any
	Lung Cancer

	NCT06278064
	Diagnosis
	Protein - Proteomics
	2024
	Stage I-II
	Gastric Cancer

	NCT03791073
	Diagnosis
	Interstitial tissue fluid, Proteomics
	2018
	Any
	Pancreatic Cancer

	NCT06702891
	Diagnosis
	Protein, RNA, DNA
	2024
	Any
	Gastric Cancer




Moreover, studies on different tumor types have highlighted the intricate EV-mediated communication between cancer cells and CAFs. The EVs derived from prostate cancer and mesothelioma are particularly noteworthy, with the membrane-bound TGF-β along with the betaglycan carried by these EVs activating SMAD-dependent signaling in primary lung fibroblasts, promoting their differentiation into CAFs (96). This interplay was examined in other contexts and for instance, the presence of miRNA-494 and miRNA-542-3p in EVs from the BSp73ASML rat adenocarcinoma metastatic model enhances MMP expression and downregulates cadherin 17 in reticular fibroblasts, forming a pro-invasive niche (97). Importantly, the interaction between tumor cells and CAFs within the niche mediated by EVs is bidirectional (98). A pivotal study showcased the significant impact of CAF-derived EVs on breast cancer cells, revealing that by transferring Cd81 and activating an autocrine Wnt-PCP pathway these EVs are critical to enhance tumor cell motility (99).
In addition to its role in the primary tumor microenvironment, communication through EVs appears to play an intrinsic role in conferring malignant traits to tumor cells (Figure 5-2). Notably, oncoproteins like PDGFR, Met, β-catenin, Ras and Akt have been identified as cargo within EVs, and when cells take up these EVs these proteins produce profound biological alterations, potentially inducing genetic instability and enhanced aggressiveness (90). Pioneering studies revealed that EVs derived from glioblastoma contained mRNAs, miRNAs and angiogenic proteins that were internalized by tumor cells, promoting proliferation (100). Notably, tumor-specific EGFRvIII was discovered in EVs from glioblastoma patients, suggesting potential diagnostic applications when analyzing liquid biopsies. Subsequently, this groundbreaking work was followed by numerous studies confirming that EVs facilitate the horizontal transfer of miRNAs to cells throughout tumor progression (Figure 1). Hence, the involvement of EVs in reprogramming the transcriptome of the recipient cells became relevant, particularly in breast cancer where proliferation is promoted and non-tumorigenic cells are converted to a tumorigenic phenotype (95).
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El contenido generado por IA puede ser incorrecto.]Interestingly, EVs are involved in multiple aspects of tumor cell motility, including targeting, cell adhesion and extracellular matrix (ECM) degradation (101). Indeed, it was originally proposed that EVs are involved in establishing cell and tissue polarity (102), and accordingly, much effort has focused on the role of EVs in cell plasticity and dissemination, such as the epithelial-to-mesenchymal transition (EMT). The EMT is a complex process whereby epithelial cells lose their epithelial properties and acquire a mesenchymal-like phenotype. This transformation is characterized by the downregulation of E-cadherin and other typical epithelial markers, along with the disruption of apical–basal cell polarity (103). EMT was initially identified in early embryogenesis as a crucial event to facilitate cell motility. However, the last two decades have seen that EMT plays a crucial role in tumor progression (as does the inverse mesenchymal-to-epithelial transition -MET), not only in tumor invasion but also, at various stages of the metastatic cascade and in terms of resistance to therapy. 

Figure 5. The influence of EVs on primary tumor growth. EVs are crucial in stromal activation and to modulate primary tumor growth through different mechanisms. (1) They contribute to CAF activation through multiple pathways: promoting proliferation by the horizontal transfer of miRNA-211, enhancing differentiation through TGF-1, and contributing to a pro-invasive niche via miRNA-494 and miRNA-542. In addition, CAFs secrete Cd81 in EVs that contribute to tumor cell motility and the activation of the WNT-PCP pathway. (2) EVs also contribute to the malignant transformation of neighboring cells by carrying oncoproteins such as c-Met, PDGFR, EGFRvIII and Ras. (3) Tumor-secreted EVs are able to mediate EMT by promoting macrophage polarization and secreting different proteins like MMP13, or miRNAs such as miRNA 19b-3p. (4) EVs derived from tumor cells are also involved in immunosuppression by secreting PD-L1, and inducing T cell exhaustion and resistance to immunotherapy.








How the invasive phenotype of cancer cells affects EV release and malignancy is an important question. It is well-established that cancer cells release higher amounts of EVs compared to non-malignant cells (104). Interestingly, the enhanced release of EVs in cancer cells is influenced by both cell-intrinsic factors, such as oncogenic transformation, and environmental signals, including hypoxia and cellular stress, which activate multiple signaling pathways (104). Beyond increasing EV secretion, malignant cells also enhance their capacity to pack cargo—such as proteins and DNA—into EVs (37, 105). Therefore, malignant transformation not only affects the number of EVs released but also the volume and content of cargo loaded into these vesicles. Given the biological effects of EVs described in this review, considerable efforts are underway to target specific pathways involved in EV secretion or cargo packaging as potential anti-tumor therapies(106). 
In addition, EVs are known to contain proteases (e.g. MT1-MMP) that are involved in proteolytic degradation and remodelling of the ECM facilitating the tumor cell invasion, EMT and metastasis(107). Considering this evidence, attention has increasingly turned to the impact of EVs on EMT in recent years. The initial evidence of this association came from a proteomics study on bladder carcinoma, which revealed an enrichment of EMT-related proteins in the lumen of EVs derived from metastatic tumors (108). This connection was confirmed in oral squamous carcinomas, where horizontal transfer of MMP13 by EVs between tumor cells promotes metastasis and enhances the expression of mesenchymal markers typically associated with EMT (109) (Figure 5-3). More recently, EVs were seen to enhance EMT in oral squamous tumors, inducing macrophage polarization (110, 111). As well as these advances, CD103 CSCs+-derived EVs induce EMT in clear cell renal cell carcinoma through PTEN inhibition and via the horizontal transfer of miRNA-19b-3p (112). Nevertheless, our current understanding of this relationship remains incomplete and there is still insufficient evidence to conclusively support this link in vivo. Thus, further research using in vivo models and different tumor types will be necessary to elucidate whether EV-mediated regulation of EMT is relevant in cancer. The ability of EVs to influence tumor cell proliferation has also been studied in metastatic niches. In the context of brain metastasis, tumor cells selectively downregulate the expression of the PTEN tumor suppressor gene in a brain niche-specific manner, promoting tumor proliferation. The underlying mechanism appears to rely on the horizontal transfer of miRNAs via EVs released by brain astrocytes. Indeed, inhibiting EV secretion by astrocytes rescues PTEN expression and suppresses brain metastasis (113).
[bookmark: _Toc190258599]2.3. Role of EVs in pre-metastatic niche formation and metastatic dissemination
As tumors progress they secrete soluble factors and shed EVs that influence primary tumor growth, as well as the formation of PMNs. Indeed, tumors have an effect on the microenvironments in distant organs, establishing a milieu favoring the survival and outgrowth of tumor cells upon their arrival (114). The contribution of tumor-derived factors to PMN formation has opened a new era in metastasis research, particularly in relation to tumor-secreted EVs (90). The influence of EVs on metastatic dissemination and PMN formation has been shown in several tumor types. Pioneering studies showed that EVs from platelets promote tumor progression, metastasis and angiogenesis by stimulating the expression of angiogenic factors like MMP‐9, vascular endothelial growth factor (VEGF), interleukin‐8 (IL-8) and hepatocyte growth factor (HGF), as well as adhesion to fibrinogen and endothelial cells (115). Subsequently, CSC-derived EVs expressing CD105 were implicated in the angiogenic switch of endothelial cells that favors metastatic dissemination of renal cancer in the lungs (Figure 6-1) (116). Similarly, EVs favor the assembly of a soluble matrix in models of pancreatic cancer, enhancing metastatic dissemination in cooperation with soluble factors and dependent on CD44v6 (Figure 6-1). Moreover, melanoma-derived sEVs somehow increase sentinel lymph node metastasis, suggesting an involvement of EVs in local metastatic dissemination (117). Hence, the main idea was that EVs secreted by primary tumor cells appear to influence local and distal metastasis by provoking changes in PMNs.
Building upon these insights, we extended our understanding of the effects of melanoma-derived sEVs (37), proposing that tumor-derived sEVs promote: 1) the formation of PMNs in distal organs by increasing vascular leakiness and bone marrow cell recruitment; and 2) the reprograming of bone marrow progenitors toward a pro-vasculogenic and pro-metastatic phenotype through a mechanism dependent on the c-Met oncoprotein carried in sEVs (Figure 6-1). This highlights the influence of EVs on distant organs and how they can affect both PMNs in organs and immune cell niches, facilitating metastatic dissemination. Moreover, sEVs were further demonstrated to drive organotropic metastatic tropism of different tumor cells to distinct organs (e.g. breast and pancreatic cancer). As such, sEVs derived from tumor cells with tropism to the lung, liver and brain preferably fused with stromal cells in these specific organs, promoting organ-specific metastasis (118). This process was dependent on specific integrins in the EVs, with integrins α6β4 and α6β1 implicated in lung metastasis, while exosomal integrin αvβ5 was associated with liver metastasis (Figure 6-2). Targeting these integrins, decreased sEV uptake, and reduced metastasis to the lungs and liver. Importantly, this data also suggests that exosomal integrins may serve as predictive markers for organ-specific metastasis (118). In addition, sEVs derived from pancreatic ductal adenocarcinoma (PDAC) were shown to be involved in liver PMN formation by attracting bone marrow-derived macrophages, enhancing fibronectin deposition in the liver and establishing an environment favorable for the initiation of metastatic seeding in a process involving the macrophage migration inhibitory factor (MIF) (119)(Figure 6-3)
Tumor-derived EVs have also been implicated in disrupting the endothelial barrier in several organs (120), as well as by provoking a loss of integrity at the blood-brain barrier (BBB) when forming a brain PMN (121, 122)(Figure 6-4). Breast cancer-derived EVs were proposed to induce BBB breakdown in a mechanism dependent on the miRNA-181c downregulation of its target gene, PDPK1 (121). Moreover, secretion of Cell Migration Inducing Protein, Hyaluronan Binding (CEMIP) in tumor-derived sEVs was identified as a key driver of brain PMN formation, inducing endothelial cell branching and inflammation, suggesting it may be a potential target to prevent and treat brain metastasis (122). Besides the protein cargoes of secreted EVs, miRNAs have been also implicated in the generation of PMNs (123). Vesicles containing miRNA-122 reprogram glucose metabolism in PMNs (Figure 6-5), thereby facilitating metastasis, while inhibiting miRNA-122 in vivo restores glucose uptake and limits the formation of metastases. This was the first indication of the influence of EVs on the metabolic state of distant organs, thereby influencing PMN formation and opening a novel area for study. Nevertheless, our understanding of how primary tumor-secreted factors facilitate PMN formation, particularly by influencing nutrient availability, remains limited. It was recently proposed that tumor-secreted factors might provoke an increase in palmitate availability in pre-metastatic lungs (124). While the contribution of EVs to this process was not specifically studied, the available evidence is compatible with soluble factors and EVs regulating metabolism within PMNs, thereby [image: Mapa
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Figure 6. Influence of EVs in PMN formation. EVs contribute to the formation of pre-metastatic niches (PMNs) through different mechanisms. (1) Tumor secreted EVs carry different proteins (e.g. Met+, CD105, CD44v6) that are involved in the formation of lung PMNs (defined by greater vascular leakiness and BMDC recruitment), promoting an angiogenic switch and ECM deposition, and favoring metastasis to the lung. (2) The expression of integrins drives EV tropism to distal organs, which contributes to organ-specific metastasis: integrins  and 64 are involved in lung tropism, and v5 integrin in liver tropism. (3) Tumor-secreted EVs also contribute to liver PMN formation and metastasis through the MIF contained in sEVs that favors the deposition of fibronectin, resulting in macrophage recruitment. (4) Similarly, secretion of CEMIP in tumor-derived sEVs favors PMN formation in the brain, promoting vascular remodeling and inflammation. EVs can also disrupt the BBB via miRNA-181. (5) Other mechanisms relevant to PMN formation in the lung mediated by EVs are neutrophil recruitment via TLR-3 and metabolic reprograming via miRNA-122, as well as horizontal transfer of miRNA-1246 to macrophages from endogenously-secreted sEVs. (6) EVs contribute to Lymph Node (LN) PMN formation by inducing lymphangiogenesis via NGFR and inducing apoptosis in CD8 T cells within the LNs, thereby enhancing metastatic spread. On the other hand, macrophages in the LNs represent one of the main barriers to proximal metastasis, enhancing immune cell responses.







Intriguingly, EVs are also involved in the formation of lymph node (LN) PMNs as they efficiently spread through the lymphatic system. Melanoma-derived EVs are known to distribute through the lymphatic system (125), with the potential to be detected by lymphatic drainage, and they interact with lymphatic endothelial cells (LECs) (Figure 6-6). Indeed, melanoma-derived secreted EVs become distributed throughout the mouse lymphatic system, facilitating tumor cell homing and binding to CD169+ macrophages in the sub-capsular sinus of tumor-draining LNs, and eliciting enhanced immune responses against cancer cells that tumors usually overcome (126). In addition, we found that melanoma-derived EVs can be taken up by LECs, enhancing lymphangiogenesis, PMN formation and the ensuing adhesion of tumor cells. This process was dependent on the nerve growth factor receptor (NGFR) p75NTR in the EVs (127). In addition to their implication in PMN formation, melanoma-derived EVs taken up by LECs promote the apoptosis of CD8 T cells, thereby contributing to immunosuppression and tumor progression (128)(Figure 6-6).

[bookmark: _Toc190258600]2.4. Role of EVs in immune cell regulation during tumor progression
In addition to their direct influence on tumor malignancy and proliferation, EVs also have an immunosuppressive effect that contributes to tumor development (Figure 5-4) (129). The overexpression of PD-L1 by tumor cells is a fundamental mechanism to evade immune attack, this ligand interacting with its PD-1 receptor on CD8 T cells to induce an immune checkpoint response. Thus, checkpoint inhibitors represent a potentially groundbreaking advance in the treatment of many tumor types, particularly in metastatic disease (130). Interestingly, the presence of PD-L1 in EVs secreted by tumors contributes directly to resistance to immunotherapy. This effect is attributed to the decoy role of PD-L1 in EVs, which diminishes the functional immunostimulatory activity of blocking antibodies (131). PD-L1 is also expressed in the membrane of tumor-secreted EVs, suppressing immune responses. Indeed, the PD-L1 in tumor-derived EVs is essential to promote T cell exhaustion, and blocking this PD-L1 in EVs has an independent and additive antitumor effect to the PD-1/PD-L1 blocking antibodies utilized in the clinic (132). In addition to vesicular PD-L1 levels being regulated by IFN-ɣ, which in turn functionally regulates the response of CD8 T cells, altered levels of circulating PD-L1 were evident in EVs from patients during treatment. Significantly, these changes allowed patients to be reliably classified as responders or non-responders to immune checkpoint blockade (133). Given the lack of predictive markers of response to immunotherapy, the possibility of using circulating PD-L1 bound to EVs to assess this issue is very promising. This phenomenon has also been expanded to head and neck squamous cell carcinoma (HNSCC), with the levels of PD-L1 in circulating EVs again correlated with disease progression. Notably, this correlation was observed exclusively for PD-L1 in circulating EVs, as opposed to soluble PD-L1 or PD-1 (134), underlining the pivotal role of PD-L1 within EVs. Studying the mechanisms involved in the immune checkpoint response will be crucial to gain a more comprehensive understanding of the relevance of EVs in immunoregulation, an issue that remains relatively underexplored. Moreover, this data represents a significant milestone in defining the immunoregulatory effects of EVs and their potential therapeutic implications.
Tumor-secreted sEVs may also favor PMN formation by promoting neutrophil recruitment and by inducing chemokine secretion from lung epithelial cells. In this model, epithelial cells in the lung can sense tumor exosomal RNAs through the Toll-like receptor 3 (TLR3) (135). Importantly, recent work showed that endogenously secreted EVs from tumors can transfer miRNA-1246 to macrophages inducing local inflammation at PMNs (136)(Figure 6-5). Furthermore, tumor-derived EVs might participate in the suppression of immune responses by mobilizing myeloid-derived suppressor cells (137) and neutrophils (138). Cancer-derived EVs also play a crucial role in inhibiting NK cell cytotoxicity, promoting expression of the NKG2D activating ligand and serving as a decoy for NK cell activation (139). In addition, other immune regulators have been found in tumor-derived EVs, helping suppress the cytotoxic response of T cells. For example, ovarian cancer tumor cells release EVs containing arginase-1, which disrupts antigen presentation by DCs and consequently, alters the cytotoxicity of CD8 T cells (140). Similarly, the LGALS9 ligand is secreted in EVs derived from glioblastoma and it interacts with the TIM3 receptor on DCs, thereby inhibiting antigen processing and presentation, and ultimately affecting antitumor immunity (141). Notably, this marker may also be studied in cerebrospinal fluid (CSF) from patients, highlighting its potential as a marker in liquid biopsies. Interestingly, tumor-derived EVs may also be anti-tumoral under certain conditions and EVs from a non-metastatic melanoma model were able to protect against lung metastasis due to their immunomodulatory effects. Education by these EVs helped activate the innate immune system, expanding bone marrow-derived monocytes and aiding the immune elimination of metastasis (142). In addition, triple-negative breast cancer (TNBC)-released EVs containing CSF-1 foster a tumor immune microenvironment linked to a favorable prognosis in these patients (143).


[bookmark: _Toc190258601]3. Exploring the Role of Extracellular Vesicles in Primary Tumor Evolution

[bookmark: _Toc190258602]3.1. The presence of genetic material in extracellular vesicles
The discovery of the presence of RNA in EVs and its functional relevance in recipient cells represented a major breakthrough in cancer research (50, 100). Besides RNA and miRNAs, EVs derived from cancer cells carry retrotransposon elements that include LINE-1 (L1), ALU and human endogenous retroviruses (HERVs:(144). Subsequent studies identified the presence of transfer RNA (tRNA), ribosomal RNA (rRNA), long non-coding RNA (lncRNA), piwi-interacting RNAs (piRNAs), Y RNAs, mitochondrial RNAs and vault RNAs (vtRNAs) in EVs, further stimulating interest in the specific regulation of EV packaging and release (145). 
The mechanisms by which RNA is incorporated into extracellular vesicles (EVs) are becoming clearer, with most RNA transiting the cytoplasm in association with RNA-binding proteins (RBPs). However, the specific processes involved are only just beginning to be understood. For instance, the Argonaute 2 RBP that is involved in miRNA biogenesis controls miRNA secretion in EVs (146). HNRNPK and SAFB are also RBPs that control the secretion of non-coding RNA (ncRNA) through a process involving secretory autophagy (147). In addition, post-translational modifications of RBPs (e.g., sumoylation, ubiquitylation, phosphorylation) and post-transcriptional modifications of RNA sequences (e.g., uridylation), are also involved (148). For example, following sumoylation, the heterogeneous nuclear ribonucleoprotein A2B1, (hnRNPA2B1) can identify specific sequence motifs that are enriched in exosomal miRNAs, promoting the preferential secretion of particular miRNA subsets in EVs derived from human primary T lymphocytes (149). Once released, these exosomal miRNAs can influence a variety of physiological processes. For instance, the polarization of MVBs on T lymphocytes in the context of immune synapses, facilitating the transfer of sEVs and exosomal miRNAs to APCs in an antigen-specific manner (150). 
Moreover, specific sequence motifs are also determinants of miRNA secretion via EVs or their permanence within the cell. Sequence analysis identified 4 to 7 nucleotide motifs with a high GC content that promote miRNA secretion into sEVs, such as CNGGNG or UGUG[U/C], whereas shorter 4 or 5 nucleotide motifs with a low GC content favor intracellular retention. However, the presence and role of these motifs appears to be cell type-specific, establishing a complex system that governs miRNA sorting into sEVs (151). Other mechanisms related to the sub-cellular localization of miRNA packaging have recently been described. Specifically, the interaction of a specific miR-223 sequence with two proteins was described as a novel miRNA release mechanism in EVs (152), with release dependent on the interaction with a region of the YBX1 protein and an interaction with YBAP1 in the mitochondria where miR-223 originally resides serving as a negative regulator of packaging in EVs. Another relevant study shows the relevance of the contact zones between the endoplasmic reticulum (ER) and plasma membrane through the linker protein VAP-A, which regulates the specific secretion of miRNA-100 via EVs (153). Notably, this study highlights the relevance of this process in mediating tumor progression. Despite these advances, the precise mechanisms governing RNA packaging into extracellular vesicles are still largely unknown and await further discovery.
DNA can also be incorporated into EVs, as first demonstrated by the detection of mitochondrial DNA (mtDNA) in EVs derived from astrocytes and glioblastoma cells (154). Notably, only approximately 10% of the mtDNA remained protected within EVs following DNase treatment, suggesting that most of the DNA is on the outside of the EVs (154). Subsequent studies into EV associated DNA (EV-DNA) showed that single-stranded DNA (ssDNA) was the main DNA population in EVs from brain tumor cells and it was more prevalent than in the EVs from normal brain cells (144). One of the potential explanation by the authors was that ssDNA may be packaged into EVs in tumor cells following replication failure and the accumulation of Okazaki fragments in the cytoplasm (144). 
EVs from tumor cells may also contain double-stranded DNA (dsDNA), representing the entire genome of the cell of origin (Figure 1) (105, 155). Notably, current experimental data suggest that EV-DNA is predominantly located outside of small extracellular vesicles (sEVs), with only a small proportion (1–20%) protected within them (156). Moreover, an examination of DNA in lEVs derived from prostate cancer plasma and cell culture media revealed the presence of both ssDNA and dsDNA. Notably, these DNA species were predominantly located inside the lEVs, exhibiting lengths of more than 2 million base pairs (bps) and suggesting that higher-order DNA structures are adopted to protect this DNA against degradation (157). These findings were recently confirmed by analyzing EV-DNA at the single-vesicle level using nano-flow cytometry (nFCM). The populations of DNA-containing EVs varied from 30 to 80% depending on the cell line (158) and furthermore, the secretion of other extracellular particles (EPs) lacking the characteristics of typical EVs but that share potential functional and structural similarities with them also contained DNA (159).
How DNA is loaded into different EV populations is not fully understood. It has been proposed that DNA in sEVs stems from micronuclear structures, small buddings of the nucleus that are generated in response to DNA damage and that are indicative of genomic instability in the cell (160, 161)(Figure 7-1). Indeed, classic markers of sEVs (CD63, CD9) were seen to co-localize with markers of micronuclei (Laminin A/C) in ovarian cancer cells. Intriguingly, only a minority of EVs (10% of the cell line-derived EVs and 1% of plasma-derived EVs) contained DNA, indicating that the incorporation of DNA into EVs might not be predominant. However, exposure to cytotoxic agents that induce genomic instability enhances the appearance of micronuclei and EV-DNA (162)(Figure 1). Another hypothesis was proposed in a model dependent on autophagy and MVBs but independent of sEV secretion (Figure 7-2), suggesting that dsDNA and histones do not associated with sEVs derived from human colon cancer, glioblastoma and breast cancer cell lines. Moreover, it also appears that in the DKO-1 human colon cancer cell line, nuclear structures may bleb into the cytoplasm in a process dependent on the LC3B marker of autophagy and the nuclear Laminin B protein. This blebbing leads to the formation of an autophagosome, for which LC3B-PE is essential, and their subsequent fusion with MVBs creates a hybrid single-membrane structure or “amphisome”. This amphisome will ultimately undergo lysosomal degradation or it is secreted into the extracellular space by mechanisms independent of sEV secretion (163)(Figure 1). Regarding lEVs, in melanoma cell lines, dsDNA can be recruited to lEVs via ARF6 GTP/GDP cycling in a process that also involves the cytosolic DNA sensor cGAS (Figure 7-3). Notably, this process is independent of the elements associated with amphisomes or micronuclei, suggesting it might serve as a means for DNA transfer to neighboring cells (164)(Figure 1). Thus, distinct mechanisms for DNA incorporation into both sEVs and lEVs have been proposed and the mechanisms involved may not be universally applicable but rather, they may depend on the specific biological context.
Regarding its biological relevance, the secretion of DNA in EVs may be a mechanism to control cell homeostasis. Inhibiting the production of sEVs by non-tumor cells caused DNA Damage Responses (DDRs) in the cell itself due to the accumulation of DNA in the cytoplasm. These findings, coupled with the fragments of chromosomal DNA found in some sEVs, provide evidence that they may serve to maintain cell homeostasis by secreting potentially harmful DNA, particularly in normal cell lines (165)(Figure 1). There is evidence that EV-DNA may increase in response to DNA damage and for example, more mtDNA was detected in sEVs derived from the conditioned medium of human and mouse fibroblast cells following X-ray irradiation (166). Moreover, the external surface of sEVs from human leukemia Jurkat cells treated with ciprofloxacin, an antibiotic used to treat bacterial diseases in humans, has more mtDNA and chromosomal DNA associated to it (167). Hence, the secretion of DNA via EVs could contribute to protective strategies against harmful materials, such that EV secretion could be considered a cellular defense mechanism that alleviates the intrinsic burden of damaging material. The possible implications of this strategy for tumor progression are significant, as EVs could carry hazardous material that might affect the microenvironment, with unforeseen consequences. Understanding the biological significance of DNA shedding through EVs and its extrinsic effect could also help define new anti-tumor therapies, and the development of novel approaches to [image: Gráfico, Diagrama
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Figure 7. Mechanisms of DNA secretion into the extracellular medium. (1) Nuclear DNA can be translocated into the cytoplasm either directly from the nucleus via direct nuclear membrane blebs or through micronuclear structures formed in response to DNA damage or genomic instability. Subsequently, this cytoplasmic DNA may be incorporated into MVBs within the endosomal pathway, ultimately leading to its incorporation and secretion in association with sEVs. (2) Cytoplasmic DNA and histones have the capacity to associate with autophagic proteins (e.g. LC3B), facilitating the assembly of autophagosome structures. Fusion of these autophagosomes with MVBs results in the formation of hybrid structures known as amphisomes, which can undergo either degradation or secretion of their nuclear components independently of sEVs. (3) The interaction between cytoplasmic DNA, ARF family proteins (e.g. ARF6) and the DNA sensor protein cGAS promotes the incorporation of DNA into the lEV biogenesis pathway. This process culminates in membrane blebbing and the subsequent encapsulation of genetic material into this vesicular fraction. 









[bookmark: _Toc190258603]3.2. The impact of extracellular vesicle-mediated horizontal transfer of DNA on primary tumor evolution
[bookmark: bbib0955]A unique aspect of tumor-derived EVs is the inclusion of structurally abnormal (oncogenic) proteins and/or NAs that possess an inherent transformative potential. There is data supporting that cancer-shed EVs contain a repertoire of oncoproteins and their corresponding transcripts, including EGFRvIII, MET, KIT, RAS, EGFR, HER2, AKT, AXL, LMP1 or IDH1 (Figure 8-1). Moreover, several studies suggest that cancer-associated EVs could carry oncogenic DNA sequences corresponding to MYC, KRAS, HRAS and other genes (168). Thus, whether cancer-derived EVs possess the capacity to deliver oncogenic cargo to normal cells is an interesting debate (169-172). 
There is evidence that EVs contain oncogenic DNA (172, 173), RNA (174, 175) or proteins (171, 176) that can induce tumorigenic conversion in different cell types, however the mechanisms involved are far from being understood. Pioneering studies showed that the uptake of mutant HRAS by immortalized rodent fibroblasts (177) or the delivery of oncogenic EGFR/EGFRvIII to dormant glioma cells via EVs promotes changes that are classic indicators of oncogenic transformation (171), such as altered cell morphology, accelerated proliferation, enhanced colony formation in soft agar, or growth into what resemble cancerous foci in vitro. In addition, the oncogenic transformation and intercellular trafficking of cancer-derived EVs could potentially contribute to pathological transformation of stromal cells (e.g. endothelial cells), facilitating the intercellular transmission of genomic instability (178)(Figure 8-2). However, these effects may frequently be constrained in time and they may not independently lead to tumor formation in vivo (179). Nevertheless, pancreatic cancer cell-derived sEVs have been proposed to act as initiators that induce random mutations in recipient cells, such as NIH-3T3 fibroblasts (180, 181). These findings suggest EVs influence the "horizontal transformation" of the surrounding microenvironment, a hypothesis also proposed from studies into the influence of plasma cfDNA. Hence, intercellular transfer of oncogenic cargo could theoretically induce a tumorigenic phenotype in normal cells, thereby establishing a new mechanism that drives malignant growth and the hypothesis of “genometastasis” (182). Distinguishing whether these effects are caused by the molecular transfer of oncogenic material or if they are due to the intrinsic evolution of the primary tumor is not always easy. As such, the extent to which these interactions may involve horizontal transfer of oncogenic molecules via EVs or cfDNA, as well as when this may occur, remains unclear.
The discovery of retrotransposons in EVs also hints that these elements may fulfil a potential role in recipient cells. Retrotransposons are “jumping elements” that can insert into the host genome and be transcribed (183), although their ability to influence the behavior of recipient cells remains unclear. The protection of retrotransposon sequences afforded by EVs suggests they are potentially involved in the horizontal transfer of these sequences that are protected from degradation (184), as reflected by the horizontal transfer of retrotransposons to recipient cells and their ensuing activity-dependent translation (185, 186). While the replication and integration of retrotransposons into the host genome is well understood, their ability to be [image: Imagen que contiene Diagrama
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Figure 8. Horizontal transfer of DNA. Extracellular secretion of genetic material can occur in the form of cfDNA or in association with EVs, potentially involving oncoprotein transcripts, oncogenic DNA, RNA or retrotransposon elements. Horizontal transfer of this genetic material has the capacity to induce replication and translation of oncogenes, thereby potentially leading to malignant transformation and genomic instability in (1) tumor cells (although it remains uncertain whether this may be a transient transformation) or (2) endothelial cells. The transfer of EV-DNA or cfDNA plays a significant role in immune cell activation. DNA recognition by elements in the cGAS/STING signaling pathway of dendritic cells activates the secretion of cytokines that promote anti-tumor immunity (3). Moreover, the detection of cytoplasmic DNA by macrophages triggers an inflammasome response, leading to hyper-inflammation (4). The anti-tumor response stimulated by the recognition of EV-DNA/cfDNA by immune cells suggests the potential therapeutic application of modified EVs (ExoSTING) to enhance immune recruitment and inflammatory responses (5).








Cells employ mechanisms to recognize external NAs, typically in response to bacterial or viral infection (187). These mechanisms involve Pattern Recognition Receptors (PRRs) like TLRs or Rig-I Like Receptors (RLRs), which can detect exogenous RNAs and DNAs, thereafter initiating the induction of specific inflammatory events that provoke cell death (187). In the case of the cGAS-STING pathway, this appears to be altered in tumor contexts such that effector responses are not elicited, leading to the accumulation of Chromosomal Instability (CIN) and consequently, enhancing metastatic potential (188). Interestingly, the transfer to DCs of dsDNA in tumor-derived EVs generated by irradiated mouse breast cancer cells (RT-TEX) upregulated co-stimulatory molecules and the activation of IFN-I through the STING pathway, which could prime protective anti-tumor T-cell responses (189)(Figure 8-3). Similarly, conditioned media derived from topotecan-treated tumor cells elevated the IL-6 produced by DCs. In this scenario, ExoDNA served as a potent inducer of anti-tumor immunity by activating DCs and facilitating the infiltration of CD8+ T cell populations into tumor sites (190)(Figure 8-3). Besides activating anti-tumor responses and T cells, EV-shed DNA after chemotherapy treatment with irinotecan can also activate innate immune cells, stimulating the AIM2 (absent in melanoma 2) inflammasome response that leads to IL-1β and IL-18 secretion, and provoking intestinal cell toxicity (191)(Figure 8-4). Hence, EVs could be involved in both anti-tumor effects and in the associated adverse inflammatory responses. Thus, understanding the effects of EVs in these scenarios could help modulate anti-tumor cell responses and reduce their collateral effects.
Most research into the interplay between components of the cGAS/STING pathway and EVs has concentrated on dsDNA transfer by EVs under physiological conditions. For example, inhibiting EV secretion promotes cell senescence by activating the cyclic cGAS/STING inflammatory pathway in fibroblasts (165). The mechanisms involved in the release of STING within EVs are now being studied, with several reports indicating that STING is transported into EVs following cell infection with herpes simplex virus (192, 193). A more recent study showed that when the cGAS/STING signaling pathway was activated, EVs carry STING oligomers as an alternative degradation pathway, thereby modulating the innate immune response. These data support a role for EVs in cGAS/STING signaling, both in physiological and pathological scenarios (Figure 8-5). Since this pathway is being explored to modulate anti-tumor cell responses (194, 195), it would be intriguing to assess the significance of EV secretory pathways on treatment efficacy. Indeed, EVs were utilized as a therapeutic modality to manipulate this pathway and ExoSTING, an engineered EV loaded with cyclic dinucleotides, selectively activates APCs within the tumor, promoting local Th1 responses and CD8+ T cell recruitment while eliciting systemic anti-tumor immunity (196).
In addition to their impact on DNA-sensing pathways, EVs also have the ability to horizontally transfer genomic DNA (gDNA). The horizontal transmission of EV-DNA has been suggested as a novel mechanism to transfer genetic material, influencing genome evolution (184, 197). The transfer of EV-DNA to recipient cells is a rare event, although the potential integration of specific DNA sequences into the recipient cell's genome is a phenomenon that could be plausible (198), but still a matter of debate. Increased levels of SRY (sex-determining region Y) DNA in plasma EVs from patients with coronary artery disease offers additional support for DNA transfer. It was proposed that this EV-associated gDNA could be transferred to recipient cells and expressed by them, thereby influencing recipient cell behavior by elevating DNA-coding mRNA and protein levels (199), consequently increasing the expression of ICAM1 in endothelial cells and CD11a in macrophages (Figure 8-3). In addition, the transmission of maternal EV-DNA is linked to altered embryo bioenergetics during the periconception period (200). These data, suggest that horizontal DNA transfer by EVs appears to be a rare but physiological phenomenon.
In the context of cancer, the potential for EVs to transfer mutated DNA was demonstrated by analyzing BCR/ABL hybrid sequences transferred to HEK293K cells exposed to EVs from K562 cells (173). In addition, sEVs derived from tumor patients can induce malignant transformation of fibroblasts, altering their cell fate and leading to tumor formation when they are injected into mice, thereby conferring a similar phenotype (170). However, not all cells exhibit the same susceptibility to EV-DNA incorporation nor the mechanisms involved have been demonstrated. The transformation induced by EVs in non-transfected cells may be limited or absent due to defense mechanisms, such that while uptake occurs it may be transient in both primary and immortalized fibroblasts (179).
In summary, there is a significant interest not only in understanding the mechanisms involved in EV-DNA secretion but also in elucidating the associated biological implications. Intrinsically, the secretion of EV-DNA by tumor cells is thought to be a means to eliminate harmful material from the cell and to dampen anti-tumor cell responses, thereby promoting tumor progression. Externally, the secretion and transfer of EV-DNA to recipient cells may provoke oncogenic transformation, yet it may also activate anti-tumor cell immunity, but how these mechanisms may affect tumor evolution in vivo is still not clear. Overall, it appears that modulating EV secretion and the impact of EV cargo represents a delicate balance that could have a significant influence on tumor cell evolution. It is crucial to acknowledge that EVs transport a huge variety of molecules. Hence, the evolution of tumor cells during metastatic transformation would entail a combination of intrinsic and extrinsic factors, including the transfer of EV-DNA, as well as that of other regulatory molecules conveyed by EVs like RNA and proteins. 
Nevertheless, the current literature lacks clear evidence of direct integration of EV-DNA into recipient cells, nor does it clarify the mechanisms involved in processing this material. Since the expression of oncogenes typically induces senescence rather than transformation (201), understanding how EV-mediated horizontal transfer could drive transformation in recipient cells suggests that additional mechanisms may be involved. For example, it is plausible to speculate that EV-mediated horizontal transfer could promote transformation by activating pathways that accelerate intrinsic processes or tumor progression, such as DDR or chromosomal instability (CIN). Potential mechanisms could include STING activation, DDR signaling, or retrotransposon transfer. Given the typical composition of EV-DNA (generally small fragments), it is likely that transformation may not involve genetic changes. Instead, it could influence signaling or epigenetic regulation in recipient cells, thereby enhancing the intrinsic evolution of tumorigenesis.
The absence of conclusive evidence in this area should not discourage further investigation; rather, it should stimulate it. Given these uncertainties, it is evident that additional research is required to fully understand the biological implications of EV-DNA secretion and its potential extrinsic effects on tumor evolution.

[bookmark: _Toc190258604]3.3. Examining extracellular vesicle DNA and its potential as a surrogate marker for mutations
Liquid biopsies are minimally invasive tests that may enable the molecular profile of patients to be defined in real-time. In addition to being non-invasive, these biopsies may also be less expensive than conventional biopsies to capture tumor heterogeneity and facilitate a sequential analysis of samples (202). Historically, liquid biopsies predominantly analyze circulating tumor cells (CTCs) and circulating free DNA (cfDNA: (203, 204), yet the means to obtain biopsies face specific technical limitations, as well as challenges regarding stability and sensitivity. Interest in studying EV-DNA in liquid biopsies has increased in recent years since this DNA is representative of the tumor cell of origin, offering the potential to monitor tumor mutations (105)(Table 4). 






Table 4. DNA Mutations and Liquid Biopsy – Main References and Relevance/Use

	Gene
	Tumor type
	Mutations
	Clinical utility
	Body fluid
	Analyte
	References

	BRAF
	Melanoma
	V600E
	Detection of patients at high risk of relapse
	Exudative seroma
	EV DNA/RNA + cfDNA
	(211)

	
	
	
	
	Plasma
	EV DNA/RNA + cfDNA + DNA tissue
	(212)

	BRAF
	Melanoma
	V600E
	Improve detection of mutation, Patient Monitoring
	Plasma
	EV DNA + cfDNA
	(213)

	BRAF, KRAS, EGFR
	Multiple advanced cancers
	BRAFV600, 
KRASG12/G13, EGFRexon19del/L858R
	Comparison with cfDNA, Patient Monitoring
	Plasma
	EV DNA/RNA + cfDNA
	(206)

	EGFR
	NSCLC
	T790M
	Detection of mutation
	Plasma
	EV DNA/RNA + cfDNA
	(209)

	
	
	
	
	Plasma
	EV DNA/RNA + cfDNA
	(210)

	KRAS
	PDAC
	Codon 22, 12, 273
	Detection of mutation
	Serum
	EV DNA
	(153)

	
	
	G12D
	Detection of mutation
	Serum
	EV DNA
	(203)

	
	
	Multiplex KRAS mutations
	Comparison with cfDNA, Patient Monitoring
	Plasma
	EV DNA
	(204)

	
	
	G12V, G12D
	Diagnosis and monitoring early and late stage PDAC
	Blood
	EV DNA
	(208)

	TP53
	PDAC
	Codon 273 GΔA
	Proof of concept
	Serum
	EV DNA
	(153)

	
	
	R273H
	Proof of concept
	Serum
	EV DNA
	(203)

	IDH1
	Glioma
	G395A
	Diagnosis and monitoring
	Blood
	EV DNA
	(207)





Pioneering studies revealed that most sEV-derived DNA larger than 2.5 kb is linked to the outer membrane, whereas internal sEV-dsDNA is typically between 100 bp and 2.5 kb in size. This DNA was tested for cancer-specific mutations, such as the BRAFV600E mutation in melanoma-derived sEVs and epidermal growth factor receptor (EGFR) in non-small cell lung cancer (NSCLC)-derived sEVs (105). It was also demonstrated that sEVs derived from pancreatic cancer patients contained fragments of dsDNA >10 kb inside EVs that spanned all chromosomes. Moreover, since the KRAS mutation was successfully identified in this EV-DNA, the bottleneck appears to reside in the sensitivity of the techniques available to detect the valuable information contained in EVs (155). Indeed, it was subsequently seen that KRAS mutations in PDAC patients could be more accurately detected from sEV-DNA than cfDNA (205, 206). Similar results were obtained when analyzing different mutations in EV-DNA and cfDNA for a variety of tumor types (207). Furthermore, less EV-DNA in plasma appears to correlate with longer survival, implying that EV-DNA may offer insight into the clinical outcomes of patients undergoing treatment (208). Analyzing EV-DNA in glioma patients indicated that several types of EVs contain genomic DNA sequences. Interestingly, the G395A mutation in IDH1, a significant mutation to diagnose human glioma, was detected in EVs in the peripheral blood of glioma patients. As patients with mutated IDH1 have a better prognosis than patients with wild-type IDH, EV-DNA may serve as an alternative to liquid biopsies obtained from CSF (209).
Although many studies have focused on the study of sEV-DNA, lEV-DNA may harbor even more valuable information for certain cancers. In the context of prostate cancer, the majority of DNA in the patient’s plasma was enclosed within lEVs, representing a potential source for mutation detection (157). The contribution of each EV fraction may hinge on factors like tumor type and disease stage. For instance, in the context of pancreatic cancer, lEV-DNA is prominent in the detection of KRAS mutations in early disease stages, shifting in favor of sEV-DNA at advanced stages (210). Hence, while the fraction of lEVs has traditionally been ignored, it may be of value to obtain information from liquid biopsies. It was recently proposed that integrating different fractions may enhance the sensitivity of such techniques, rather than focusing on a single fraction. Indeed, combining EV-DNA/RNA together with cfDNA has a sensitivity and specificity of detection close to 90% for the EGFRT790M mutation in NSCLC patients. Diagnosing this mutation is crucial to the optimal treatment of these patients, although obtaining a conventional biopsy for analysis is challenging (211, 212).
As an alternative to plasma-derived EVs, liquid biopsies can extend to other biological fluids. Notably, lymphatic drainage obtained from stage III melanoma patients after lymphadenectomy was rich in EVs and detecting the BRAFV600E mutation in EV-NAs from this fluid correlated with the risk of relapse (213). Therefore, further developments to improve the sensitivity and specificity of the different detection methods, as well as combining fractions and identifying the most appropriate biological material, will help advance the diagnostic value of EV-NAs from liquid biopsies. Indeed, we recently found that the systematic evaluation of BRAF mutations in both tissue and plasma enhances the rate of mutant BRAF detection, improving the prognostic efficiency in high-risk melanoma patients, particularly in the short term. Thus, the combined analysis of mutations in tissue, circulating cfDNA and EV-NAs could be more effective to monitor patients than relying on one component alone (214).
Nevertheless, the clinical translation of EV analysis faces significant challenges, primarily due to the need to identify suitable and reproducible protocols compatible with clinical settings, and also standardization of the procedures for isolation and analysis. However, a practical clinical protocol to isolate EV-DNA and evaluate the BRAF gene in plasma samples has been proposed, and it was seen to enhance the detection of BRAFV600E gene copies when compared to cfDNA isolation, highlighting the potential of EVs in next-generation liquid biopsy approaches (215). Interestingly, there are already platforms currently being tested in clinical settings, such as the ExoDx Prostate IntelliScore® test for prostate cancer patients (178) and the QuantideX® qPCR ESR1 test for breast cancer patients (216). Nevertheless, there are still no standardized protocols or approaches to analyze plasma-circulating EVs, which hinders their application in clinical settings.

[bookmark: _Toc190258605]4. The Influence of Extracellular Vesicles in Resistance to Therapy
[bookmark: _Toc190258606]4.1 The influence of EVs on resistance to therapy
When considering the significance of EVs in tumor development, the question has been raised regarding their potential involvement in one of the principal challenges in cancer research: resistance to therapy. While various studies have sought to demonstrate the role of EVs in the propagation of resistance, this issue still remains unclear. Key mechanisms that drive resistance to therapy have been outlined previously (217), a review in which the connections between specific mechanisms and types of resistance, as well as the potential to target EVs to overcome resistance, are discussed in depth. In this part of the review we will discuss the role of EVs in therapy resistance and the main works that contributed to this idea, we have summarized all of them in Table 5. 
Table 5. Main studies contributing to the role of EVs in therapy resistance

	Therapy
	Tumor Type
	Mechanism of Action
	Reference Number

	Chemotherapy and Radiation
	Breast Cancer
	Fibroblast-derived EVs promote therapy resistance
	(216)

	Chemotherapy
	Breast Cancer
	
	(217)

	Oxaliplatin
	Gastric cancer
	
	(227)

	Bortezomib
	Multiple Myeloma
	Bone marrow-derived EVs mediate therapy resistance
	(219)

	Doxorubicin
	Osteosarcoma
	Resistant tumor cell-derived EVs promote therapy resistance
	(223)

	Sunitinib
	Renal cancer
	
	(224)

	Sorafenib
	Hepatocellular carcinoma
	
	(225)

	Docetaxel
	Lung Cancer
	Tumor-derived EVs inhibit therapy resistance
	(228)

	Temozolomide
	Glioblastoma
	EVs from CSCs confer therapy resistance
	(241)

	Radiation
	Glioma
	
	(242)

	Erlotinib
	Lung Cancer
	
	(243)

	Enzalutamide
	Prostate cancer
	
	(244)

	Bortezomib, GW4869
	Mixed-lineage leukemia
	EV inhibition enhances therapy effect
	(247)

	GW4869, Rab27KO, PD-L1
	Breast cancer
	
	(248)

	GW4869, Ferropoptosis inhibitors, PD-L1
	Melanoma
	
	(249)




Significant advances in understanding this phenomenon have been made in breast cancer, with relevant studies elucidating mechanisms underlying the association between EVs and resistance to treatment. In particular, two relevant studies showed EVs mediate communication between stromal and tumor cells that contributes to resistance to therapy in breast tumors (Figure 9-1). A pivotal study revealed that stromal cells release EVs containing RNA that is capable of stimulating RIG-I to activate STAT1-dependent anti-viral signaling. In addition, stromal cells activate NOTCH3 on breast cancer cells. Both paracrine EV-driven anti-viral responses and juxtacrine NOTCH3 pathways converge to expand resistance to therapy (218). Another noteworthy study revealed that tumor cells can corrupt and convert fibroblasts into CAFs through the NOTCH1 and MYC pathways. These transformed CAFs subsequently release EVs that promote resistance to therapy and enhance metastatic potential. The underlying mechanisms involve the release of RN7SL1A RNA within EVs, which acts as a damage-associated molecular pattern (DAMP) recognized by tumor cells, thereby inducing a state of resistance in recipient cells (219). Another significant link between EVs and resistance to therapy was also made in breast cancer, such that EVs not only modulate resistance but also, therapy itself can trigger the release of EVs with pro-tumor and metastatic effects (220). Indeed, taxanes and anthracyclines were seen to activate EV secretion pathways enriched in annexin A6, leading to endothelial cell [image: Diagrama

El contenido generado por IA puede ser incorrecto.]activation and monocyte expansion in the lung PMN, facilitating metastasis (Figure 9-2).
Figure 9. Influence of EVs on resistance to therapy. Resistance to therapy may be influenced by EVs through different mechanisms. (1) In breast cancer, CAFs release EVs carrying RN7SL1A that activates RIG-I in tumor cells, thereby inducing resistance to chemotherapy and radiotherapy via the STAT1-NOTCH3 and MYC-NOTCH1 pathways. (2) The release of annexin A6 by tumor cells contributes to resistance to taxane and anthracyclines, mediating endothelial cell activation and monocyte expansion. (3) The secretion of lncARSR in EVs transmits resistance to sunitinib by indirect activation of the MET/AXL pathways. (4). Tumor cells are also able to propagate sorafenib resistance by releasing EVs carrying circRNA-SORE, which activates oncogenic signaling in tumor recipient cells.



Beyond breast cancer, some progress has been achieved in elucidating the mechanisms underlying resistance to therapy associated with EVs in other tumor types, although they have been far from fully defined. For instance, a decade ago it was reported that, bone marrow-derived cells (BMDCs) promote multiple myeloma resistance to bortezomib through EVs, as well as other malignant features like proliferation and migration (221). These experiments were performed on patient-derived BMDCs, enhancing their translational relevance, and certain survival pathways were seen to be activated by EV treatment in vitro. Despite representing a significant advance in the field, the specific mechanisms underlying this resistant phenotype were not defined, and this resistance-promoting effect was not demonstrated in vivo.
Similarly, therapeutic resistance has long been associated with the role of ABC transporters. Notably, recent studies have also highlighted the significance of EVs in contributing to resistance by releasing ATP Binding Cassette (ABC) transporters. For a more comprehensive discussion on these mechanisms, several insightful reviews are available (222, 223). Another example is the P-gp glycoprotein, one of the most extensively studied transporters due to its implication in cancer. This protein was detected in EVs from prostate cancer patients resistant to docetaxel (224) and the secretion of P-gp via EVs was shown to contribute to doxorubicin resistance in osteosarcoma (225). These findings highlight the potential for future research along these lines.
A promising area in cancer research involves exploring the role of ncRNA in mediating the resistance to therapy through horizontal transfer, with various ncRNAs implicated in conferring a resistant phenotype to different tumor types over recent years. Intriguingly, the most studies focus on a specific ncRNA within a particular tumor context, and perhaps the two most relevant were conducted on renal cell carcinoma (226) and hepatocellular carcinoma (227). In the former, the ncRNA known as lncARSR induced resistance to sunitinib via EVs, facilitating the expression of AXL and c-MET oncoproteins (226)(Figure 9-3). The second study, published four years later, described how circRNA-SORE propagated hepatocellular carcinoma resistance to sorafenib through EVs (227) (Figure 9-4). Importantly, both studies demonstrated resistance to therapy in vivo, supporting the findings with clinical data from patients. Interestingly, the circRNA-SORE present in EVs from patient plasma was proposed as a potential biomarker for treatment response, possibly applicable to liquid biopsies. Indeed, an independent study identified AR-V7 lncRNA in EVs as a marker of resistance to hormone therapy in prostate cancer, further evidence of the promise of this approach (228). However, it is essential to acknowledge the limitations of these studies in predicting treatment response, as none of them demonstrated these ncRNAs to be independent and better markers than those used for other liquid biopsies, such as CTCs. Building on the success of these studies, other recent publications delved into the roles of specific ncRNAs in gastric cancer resistance to oxaliplatin (229) and lung adenocarcinoma resistance to docetaxel (230). Notably, the use of in vivo models of tumor growth and resistance in these studies adds to the relevance of their findings. While the transfer of specific ncRNAs seems to play an important role in EV-mediated resistance in diverse tumor types, further studies are needed. Known resistance mechanisms beyond ncRNAs must be explored given the limited number of articles addressing resistance to therapy mediated by EVs that involve other biomolecules. Moreover, the clinical relevance and utility of these findings in liquid biopsies awaits further validation. Finally. while the role of EVs in cell-to-cell communication supports their implication in resistance to therapy, extensive research is underway to engineer EVs as therapeutic agents for drug delivery and related applications. These advances have been explored in a review (231).  In addition, the literature supports the use of specific markers identified in EVs as therapeutic targets. Based on the information provided in the original studies used in this review, we have summarized these findings in Table 6. 
Table 6. Selection of EV studies suggesting specific therapeutic approaches to reduce tumor progression

	Cancer Type
	Therapy/Approach
	Target
	Effect
	Reference

	Breast Cancer, Melanoma
	shRNA
	Rab27a
	Preventing PTEN loss in tumor cells
	(111)

	Melanoma
	shRNA
	c-Met, Rab27a
	Reduction of lung metastasis
	(36)

	Breast Cancer, Pancreatic Cancer
	shRNA, Integrin blocking peptides
	Integrins (β4, β5)
	Reduction of lung and liver organ-specific metastasis
	(116)

	Pancreatic Cancer
	shRNA
	MIF
	Reduction of liver metastasis
	(117)

	Breast Cancer
	KO
	CEMIP
	Reduction of brain metastasis
	(120)

	Breast Cancer
	Overexpression
	miRNA-122
	Reduction of metastasis
	(121)

	Melanoma
	shRNA
	THX-B, NGFR
	Reduction of lymph node metastasis
	(125)

	Prostate Cancer, Colon Cancer
	Antibodies, KO
	PD-L1, Rab27a, nSMase
	Reactivation of anti-tumor immunity
	(129), (130)

	Melanoma
	Antibodies
	CD63, PD-L1
	Reactivation of anti-tumor immunity
	(131)

	Colon Cancer, Breast Cancer, Lymphoma
	DMA, amiloride
	Reduction of exosome secretion
	Improve chemotherapy response
	(135)

	Breast Cancer
	shRNA
	Rab27a
	Reduction of primary tumor and metastases
	(136)

	Glioma
	KO
	LGALS9, Rab27a, nSMase2
	Reduction of primary tumor growth
	(139)

	Melanoma, Lymphoma, Colon Cancer, Hepatoma
	Overexpression
	STING, Cyclic dinucleotides
	Enhance anti-tumoral immune response
	(194)




[bookmark: _Toc190258607]4.2. The role of CSC-derived EVs in resistance to therapy
When discussing known resistance mechanisms that have received limited attention in the context of EVs, CSCs are of particular interest. The identification of CSCs represented a groundbreaking paradigm shift in cancer research, challenging the conventional understanding of tumor initiation and maintenance (85). Beyond their role in initiating and sustaining tumors in vivo, CSCs have emerged as a resilient subpopulation capable of evading therapeutic interventions (232). The phenomenon of resistance to therapy underscores the notion of intratumoral heterogeneity, such that certain cell clones within tumors exhibit resistance and their survival is favored following therapy. The concept of CSCs inherently embodies this intratumoral heterogeneity, with a significant implication in resistance to therapy, with the evidence that CSCs are important mediators contributing to resistant phenotypes having been examined comprehensively (233). The recognition that EVs also contribute to such resistance shifted attention towards the mechanisms possibly driven by CSCs, although this issue remains relatively unexplored.
The transformative concept of CSCs evolved towards the end of the last century, starting with critical discoveries in acute myeloid leukemia (AML) (234, 235). In these studies tumor cells were injected into immunosuppressed NOD/SCID mice, and their ability to engraft and maintain tumor growth was assessed. These cells were identified and characterized through their CD34+/CD38- membrane markers, revealing their hierarchical role in tumor formation. As a result of these findings further exploration of CSCs was undertaken in various cancer types and through analogous experiments on NOD/SCID mice, similar cell populations were identified in breast cancer (236), brain tumors (237) and colon cancer (238, 239). While these cells expressed different markers to those observed in AML (CD44+/CD24- in breast cancer, CD133+ in brain tumors and colon cancer), they shared the pivotal capacity to initiate and maintain tumors in vivo.
The mechanisms governing CSC initiation and maintenance resemble the normal regenerative processes of epithelial stem cells. In analogy to basal stem cells that drive efficient regeneration and maintenance of the epithelium (240, 241), CSCs can initiate and sustain clonal expansion, and tumor growth. Indeed, the plasticity of these cells is gaining prominence as a fundamental concept underlying resistance to therapy. The capacity to swiftly adapt and respond to stress, exemplified by therapeutic interventions in the context of tumors, aligns with the characteristic behavior of stem cells. It is increasingly evident that CSC populations are often synonymous with the cell subsets resistant to anti-neoplastic treatments. Whether this phenomenon signifies a passive Darwinian selection in the context of cancer or active reprogramming toward a stem-like phenotype remains unclear (232). Nevertheless, significant advances have been made in defining the characteristics of this therapeutically refractory stem-like phenotype.
In this context, a question arises regarding the potential role of EVs in establishing the CSC phenotype and more specifically, in the CSC-associated resistance phenotype. A critical issue is whether CSC-derived EVs exert an influence on the transformation of other tumor cells into more aggressive and resistant phenotypes. Currently, there is limited data available favoring this connection, although CSC-derived EVs have been linked to tumor progression in mouse models of PDAC. Preferential communication via EVs was apparently orchestrated from CSCs to non-CSCs, which ultimately promoted tumor growth. In addition, mechanistic insights suggested that the observed effect on tumor growth is dependent on the activation of YAP in the recipient cells through the horizontal transfer of agrin (242)(Figure 10-1). Beyond the specific mechanisms, these studies provide fundamental indications that CSC-derived EVs play an important role in promoting tumor development, although future research will need to establish this connection.
While there is limited data establishing a link between CSC-derived EVs and tumor progression, the relationship between these EVs and CSC-related mechanisms of therapeutic resistance is even less well understood. However, the CSC of gliomas, named glioma stem cells (GSCs), are known as the cells that contribute preferentially to the therapeutic resistance of brain tumors and thus, the role of GSC-derived EVs in therapeutic resistance has been assessed. Patient-derived GSCs cultured under hypoxic conditions secrete EVs that contribute to the survival and proliferation of cancer cells. It was proposed that under hypoxic conditions the GSCs secrete miRNA-30b-3p in EVs which affect recipient cells by targeting RHOB (243)(Figure 10-2). This mechanism was described in vitro but the effect of miRNA-30b-3p on tumor growth was also shown in vivo, with an association between higher levels of miRNA-30b-3p in the CSF of temozolomide resistant patients also found (243). Interestingly, this study suggests that in the context of brain tumors, CSCs could release EVs that influence tumor progression and treatment failure under specific hypoxic conditions. In an independent study using a similar model of CSCs, GSC-derived EVs contributed to radiotherapy resistance in vitro (244), although the underlying mechanisms were not defined and the effect in vivo was not assessed.
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El contenido generado por IA puede ser incorrecto.]Figure 10. Influence of EVs on CSC-mediated resistance. EVs play a crucial role in tumor development through CSCs. (1) EVs derived from CSCs preferentially communicate with non-CSCs, and promote tumor progression carrying agrin and activating YAP in recipient cells. (2) Hypoxia promotes the release of miRNA-30B-3P in EVs, which contributes to resistance against temozolomide and radiotherapy by targeting the RHOB factor. (3) Another mechanism involves the activation of STAT3, which mediates resistance to erlotinib via APE1 secreted in CSC-derived EVs.






Besides these data from brain tumors, a few other relevant studies have assessed the effect of CSC-derived EVs on the resistance to therapy of other tumors. In erlotinib-resistant NSCLC lines, the APE1 protein was upregulated in resistant cells and implicated in malignancy through IL6/STAT3 signaling (Figure 10-3). The presence of this protein in CSC-derived EVs contributed to resistance to erlotinib in vitro, results that were partially confirmed in vivo with a mild effect of the genetic modulation of APE1 in EVs. However, the implications of this novel mechanisms in patients are yet to be assessed (245). Moreover, a potential novel effect of CSC-derived EVs was proposed in a study performed on metastatic castration-resistant prostate cancer. In this case, the YAP1 protein was seen to be overexpressed by cells resistant to enzalutamide and as a transcription factor, this protein can contribute to resistance by regulating the expression of genes associated to ‘stemness’. The pharmacological inhibition of YAP1 had a therapeutic effect in vivo and indeed, YAP1 is secreted in EVs derived from the resistant cells and these EVs enhance resistance in vitro. While CSCs were not explicitly identified or isolated in this publication nor was the effect of EVs on resistance conclusively shown to depend on YAP1, this may be a potentially novel means for EVs to regulate a resistant stem-like phenotype (246). In conclusion, further research on CSC-derived EVs is urgently needed and will be pivotal to advance our understanding of EV biology, both in tumor development and resistance to therapy.
Thus, CSC-derived EVs may play a significant role in resistance to therapy and as EV-mediated communication relies heavily on stromal interactions and paracrine signaling, they may be crucial in regulating the CSC phenotype. Notably, studies have highlighted the influence of endothelial cells in this context and for example, endothelial cells were shown to promote the CSC phenotype in colorectal cancer through the secretion of soluble Jagged-1 (247). Although this study did not focus on EV-based communication, it provided a foundational understanding of how the CSC phenotype may be regulated directly from the stroma. Expanding on this, a recent glioblastoma study demonstrated that endothelial cells could regulate the mesenchymal phenotype of the stem cell compartment via EV secretion (248). This study also found that this mode of communication could influence both responsiveness to chemotherapy and tumor progression. These studies support the idea that the CSC phenotype can be regulated by EV-mediated communication through bidirectional crosstalk with stromal and endothelial cells, highlighting their potential as targets for overcoming therapy resistance. 
Indeed, a several studies have explored how targeting EVs might provide novel therapeutic strategies to overcome this resistance. For example, inhibiting EV secretion by combining bortezomib with the nSMase2 inhibitor GW4869 resulted in a stronger anti-tumor effect than either agent alone (249). This suggests the potential of using EV inhibitors to overcome therapy resistance and improve the efficacy of anti-tumor treatments. Similarly, genetic knockdown of Rab27a or treatment with the EV inhibitor GW4869 enhanced the therapeutic impact of anti-PD-L1 antibodies, suggesting that resistance to immunotherapy could be mitigated by reducing EV secretion (250). In addition, treatment with GW4869, combined with ferroptosis inducers, can restore T cell activity, enhance ferroptosis, and potentiate antitumor immunity, offering a promising strategy to overcome therapeutic resistance (251). While the development of agents targeting EV secretion is emerging, it is important to consider the potential collateral effects of systemic administration of general inhibitors of EV secretion. EV secretion plays a key role in normal cellular communication, so inhibiting it broadly could have serious long-term consequences, particularly in humans. Instead, the focus should be on designing specific approaches to understand the pathways and cargo associated with tumor-derived EV secretion. Although this is a challenging task, targeting the secretion of oncogenic material within EVs could significantly improve therapeutic outcomes while minimizing adverse effects. 


5. Future perspectives
In this review, we provide an overview of the various activities attributed to EVs, from the initial hypotheses that they release the cell’s unwanted material to that of targeted cell-cell communication. The significant advances in the past two decades indicate that EVs constitute a heterogeneous population of vesicles that carry specific messages which must now be decoded and understood. 
EVs have a complex and varied origin, a diversity that poses challenges to the study of their biology, and to understand their physiological and pathological significance. Indeed, the role of EVs in specific biological processes seems to be highly context-dependent. Comprehending the heterogeneity of EVs and their unique contributions to biological processes would facilitate a deeper understanding of the complexity underlying EV secretion and the extrinsic effects of EVs. Indeed, one of the main limitations in the field is the significant heterogeneity of EVs in terms of both size and content. Their cargo is diverse, including proteins, lipids, RNAs and DNA. This variability in size and content presents challenges for the isolation and analysis of EVs. Establishing standardized protocols for EV isolation, characterization, and quantification is crucial for advancing our understanding of their role in cancer, their potential as biomarkers, and their contribution to therapy resistance
The relevance of EVs has been studied at different stages of tumor development, ranging from the initiation and proliferation of primary tumors to metastatic progression. The extrinsic effect of EVs on the primary tumor niche, through the regulation of CAFs, and on immunity through PD-L1 or other mechanisms have been validated more intensely, adding to our understanding of the initial interactions of EVs in the tumor microenvironment. However, our current understanding of EV involvement in primary tumor development is still limited and thus, the intrinsic effects they may have on the formation and evolution of the primary tumor niche, and on recipient tumor cells is intriguing. Investigating whether EVs exert extrinsic selective pressures during primary tumor formation and elucidating the mechanisms involved clearly warrant further study. In particular, their effects on EMT, and on the communication between CSCs and non-CSCs remain largely unexplored. The intriguing concept that CSCs may orchestrate tumor progression by communicating with other tumor cells via EVs could represent a valuable insight into tumor biology, as well as perhaps offering an insight into the mechanisms underlying resistance to therapy. The evidence currently available is encouraging since promising effects on tumor transformation and proliferation have been observed.
EVs secreted by the primary tumor redefine our understanding of the tumor's invasive front, extending this beyond mere physical contact. While the boundaries of tumors are conventionally delineated by the primary tumor mass, our insights now reveal a new level of interaction with their microenvironment and beyond. Notably, the secretion of EVs represents a sophisticated tactic of counterintelligence, disrupting physiological communication between immune cells, influencing local invasion and promoting the transformation of tumor and stromal cells. We have some understanding of how EVs mediate organ-specific metastasis as a result of PMN preparation. As a prelude to metastatic colonization, EV homing to metastatic organs anticipates the imminent establishment of metastases. Consequently, unraveling the underlying mechanisms and devising strategies to counteract this phenomenon will be promising to develop novel therapies. By targeting EV shedding and homing to metastatic organs, interventions could mitigate PMN formation and thereby decelerate the progression of metastasis. Combining therapies that inhibit EV shedding and PMN formation with conventional anti-tumor strategies would represent a more holistic approach to effectively combat metastasis.
Apart from the potential CSC-associated mechanisms of resistance to therapy, other pathways have also been implicated, especially in breast cancer. However, more research is needed in other tumor types and models, not least as our current understanding of EV driven resistance and its relevance in the clinic is still limited. Although CSCs constitute a relatively small population within the tumor, the cargo carried by their EVs could potentially reprogram the surrounding microenvironment. Understanding the spatial and temporal dynamics of EV-mediated reprogramming, whether local or distal, could provide crucial insights into the co-evolution of tumor cells with their microenvironment and the potential involvement of EVs in this process.
Clarifying the pathways responsible for the management and regulation of the cargo within EVs would enhance our understanding of these structures. The discovery of EV-DNA raised the possibility of a number of new implications and therapeutic opportunities. The secretion of EV-DNA may facilitate the release of unwanted material from cells, potentially triggering anti-tumor responses by the immune system, while also potentially inducing oncogenic transformation in neighboring cells through the horizontal transfer of EV-DNA. The detection of EV-DNA in biological fluids, protected from degradation, holds significant promise for disease monitoring in patients and in specific tumors, potentially serving as a biomarker for mutations in different tumor types. However, the advantage of utilizing EVs in liquid biopsies compared to cfDNA is yet to be demonstrated, not least as most standardized clinical procedures focus on the analysis of cfDNA and the superiority of studying EVs is yet to be established. In terms of biological relevance, the mechanisms and stimuli that control EV-DNA secretion are still poorly defined, and further studies will be needed to determine the relevance of this cargo to cell survival and tumor progression. Indeed, there is a need to better understand the potential extrinsic effects of this EV-DNA on recipient cells. Thus, the hypothesis of horizontal transfer and subsequent oncogenic transformation of neighboring cells as a result of EV-DNA uptake requires more thorough investigation. 


[bookmark: _Toc190258608]6. Conclusions
The results obtained over the last two decades show that EVs play a pivotal role in mediating cell-cell communication in both physiological and pathological processes, notably in cancer. We have seen the pivotal role EVs play in cancer and how their cargo, such as NAs, can horizontally influence the tumor and metastatic microenvironment. However, our comprehension of the biological significance and the mechanisms that define the nature of their cargo requires further elucidation. There are many key questions that remain to be answered regarding the participation of EVs in cancer, however we can anticipate that in the forthcoming years much light will be shed on how EVs influence the development and propagation of primary tumors, how they contribute to metastasis, as well as to resistance to therapy. Perhaps more importantly, we hope that in this time the diagnostic, prognostic and therapeutic potential of these vehicles will begin to be realized.
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