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Abstract

:

Malignant melanoma, one of the most aggressive human malignancies, is responsible for 80% of skin cancer deaths. Whilst early detection of disease progression or metastasis can improve patient survival, this remains a challenge due to the lack of reliable biomarkers. Importantly, these clinical challenges are not unique to humans, as melanoma affects many other species, including companion animals, such as the dog and horse. Extracellular vesicles (EVs) are tiny nanoparticles involved in cell-to-cell communication. Several protein and genomic EV markers have been described in the literature, as well as a wide variety of methods for isolating EVs from body fluids. As such, they may be valuable biomarkers in cancer and may address some clinical challenges in the management melanoma. This review aimed to explore the translational applications of EVs as biomarkers in melanoma, as well as their role in the clinical setting in humans and animals. A summary of melanoma-specific protein and genomic EV markers is presented, followed by a discussion of the role EVs in monitoring disease progression and treatment response. Finally, herein, we reviewed the advantages and disadvantages of methods utilised to isolate EVs from bodily fluids in melanoma patients (human and animals) and describe some of the challenges that will need to be addressed before EVs can be introduced in the clinical setting.
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1. Introduction


Malignant melanoma, one of the most aggressive human malignancies, is responsible for 80% of skin cancer-associated deaths [1]. Unlike most other cancers, the incidence of melanoma is increasing in humans [2]. Current prognostic indicators for melanoma are crude, relying predominantly upon the Breslow thickness, or depth of the tumour. A Breslow thickness of <0.8 mm carries a 10-year survival of 98% [3]. However, such thin melanomas still account for 22–29% of melanoma-related deaths [4,5]. This is partly due to the increased incidence of thinner tumours, as well as an increased emphasis on early detection. However, this also highlights the lack of a clear method of stratifying risk in melanoma. Similarly, once the initial staging of melanoma has been completed, assessment of disease progression and monitoring of treatment response rely upon clinical examination or radiological imaging, often diagnosing progression only once well established. Whilst the early detection of disease progression or metastasis can improve patient survival [6], it remains a challenge due to the lack of reliable biomarkers.



Notably, these clinical challenges are not restricted to humans, as melanoma affects many other species [7], including companion animals such as the dog and horse. Spontaneously occurring canine dermal and oral malignant melanoma show striking similarities with human melanomas and represent a valuable translational animal model [7,8,9]. Parallel subtypes of melanoma in humans, dogs, and horses share similar driving mutations, such as NRAS, TP53, and PTEN [10,11]. As in human medicine, prognostic indicators for canine and equine melanoma are limited and consist mostly of histological grading (cellular differentiation, mitotic index/Ki67 score) and tumour size. Whilst a large percentage of these presentations are benign melanocytic tumours, there are no reliable methods to identify those patients who may progress and develop metastases. Comparative oncology, the parallel study of spontaneous animal models, offers a significant opportunity for translational research.



Extracellular vesicles (EVs) are small nanoparticles released by almost all cells examined to date. They harbour a variety of macromolecules such as proteins, lipids, metabolites, DNA, RNA, and microRNAs. They are involved in cell-to-cell communication and play a role in regulating physiological processes such as angiogenesis, coagulation, inflammation, and immune responses [12]. They are classified on the basis of their size, biogenesis pathway, cell of origin, and function. Three main subtypes of EVs are described in the literature: exosomes, microvesicles, and apoptotic bodies. Exosomes are produced by way of the endolysosomal pathway and are released as a result of the fusion of multivesicular bodies (MVBs) with the cell membrane. They are traditionally thought of as 30–150 nm in size and are characterised by markers such as CD81, CD63, TSG101, and Alix [13]. In contrast, plasma membrane-derived EVs are larger in size. Microvesicles (or ectosomes, 50–1000 nm) are produced as a result of outward budding of the cell membrane, whereas apoptotic bodies (up to 2000 nm) are the result of apoptotic blebbing of the cell membrane [14]. Traditionally in humans, small EVs have been characterised by size and expression of molecules such as TSG101, CD81, CD9, or CD63, and the absence of markers associated with the endoplasmic reticulum exemplified by calnexin [13]. Similarly, in other species such as dogs, horses, and cats, CD63 [15,16] and CD9 [16,17,18] have also been identified as markers of EVs. This suggests that the utility and clinical applications of EVs may be relevant across species. Whilst there have been efforts to characterise EV subtypes [19] and their specific subpopulations [20,21], there remains a lack of consensus regarding specific markers of EV subtypes. As a result, the International Society for Extracellular Vesicles recommends that descriptions of EVs are based upon the size, density, biochemical composition, or cell of origin rather than inferring a particular biogenesis pathway [13].



Importantly, EVs play a significant role in disease and are of particular interest in cancer. Their cargo can drive several specialised functions, including those implicated in the control of tumour proliferation, epithelial–mesenchymal transition (EMT), immune evasion, and pre-metastatic niche formation in many cancers [22]. In melanoma specifically, it has been demonstrated that EVs play a role in tumour progression [23,24,25,26], and the ability to increase tumour cell migratory capability [27]. This review aimed to explore the translational applications of EVs as biomarkers in melanoma (Figure 1), and their role in the clinical setting in humans and animals. Various combinations of search terms such as “melanoma”, “exosome”, “extracellular vesicle”, “biomarker”, “dog”, “canine”, “horse” and “equine”, were entered into PubMed, Scopus, and Google Scholar and were used to identify articles with a translational application for discussion. As a result, this will not encompass the entire melanoma EV literature but instead includes highlighting markers with potential clinical applications. As the melanoma-associated EV literature in veterinary medicine and animal models is currently limited, the literature discussed herein primarily relates to human melanoma. As much of the literature continues to refer to EVs as “exosomes”, resulting in confusion regarding the type of EV described, this review aimed to predominantly focus on the role of small EVs < 150 nm (exosomes) as a source of potential biomarkers in melanoma. Thus, we refer to them as EVs throughout.




2. The Potential Role of EVs as a Source of Biomarkers


Biomarkers are defined as a “characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention” [28]. In the setting of cancer, these can be further described as prognostic, predictive, and pharmacodynamic. Prognostic biomarkers allow the prediction of the natural course of cancer, predictive biomarkers may be used to assess whether a patient will respond to a particular treatment, and pharmacodynamic biomarkers can be used to measure the effect of treatment on a tumour [29]. However, for a biomarker to be a viable clinical tool, it must meet a number of criteria. Any cancer biomarker must be reflective of the tumour itself, with a high sensitivity and specificity, whilst its utility should be convenient, minimally invasive, reproducible, and low cost [30].



Extracellular vesicle contents reflect the cell from which they have been derived [31], reproducing both the transcriptome and proteome of the cell of origin [32]. As a result, the number of studies investigating the potential of EVs as biomarkers in disease has increased dramatically over the last 10 years [33]. The proposed tissue specificity of EVs poses an interesting question for researchers. They have been described as a potential “liquid biopsy” [33] due to their detection in multiple different body fluids, in several species, including in plasma, serum, urine, bronchoalveolar lavage, seroma, and milk [13,15,34,35,36,37]. This allows convenient and minimally invasive acquisition.



In cancer, EVs are of specific interest as they are ubiquitous throughout the body and can be viewed as a physiological or pathological bio-print. They can offer a “snapshot” insight into the tumour and metastatic landscape at any given moment. EVs are thought to protect their contents, such as genetic material, from degradation, improving the detection of clinically relevant mutations [38]. Furthermore, in the setting of human melanoma, EVs are intimately involved in regulating the antitumour immune response, angiogenesis, and pre-metastatic niches supportive of metastasis [39]. This appears to be relevant in dogs also. Specifically, Zmigrodzka et al. [40] demonstrated via flow-cytometry that the number of EVs isolated from plasma in dogs with cancer was higher than healthy controls. This study included one dog with melanoma, although it specifically looked at EVs derived from platelets and leucocytes [40]. Whilst the relevance of EVs in melanoma of non-human mammals has yet to be specifically explored, their role in human melanoma progression potentially offers a valuable insight into the tumour biology.



Extracellular vesicles offer significant advantages over other potential liquid biopsy options proposed previously in melanoma. These vesicles are stable when appropriately stored in plasma for at least three months [41]. Currently, many methods of EV isolation exist from plasma or serum [42], and isolation from a single minimally invasive venepuncture has become attainable. As opposed to circulating free DNA (cfDNA) or circulating tumour RNA (ctRNA), which may be as a result of apoptosis or tumour cell injury, the cargo within EVs is thought to be selectively loaded and highly regulated [43]. This may provide further insight into their role in tumour activity. Circulating tumour cells (CTCs), whilst a suggestive feature of epithelial–mesenchymal transition, are challenging to identify, particularly in early stage disease. Whilst circulating melanoma tumour cells can be isolated from blood samples using techniques based upon cell size [44], they are recognised as lacking the cell adhesion molecules often used to identify CTCs [45]. As cutaneous melanoma originates from melanocytes in the skin, principally in the avascular epidermis, access by the tumour cells to the deeper dermal blood vessels is not thought to occur until vertical growth occurs by perforating the basement membrane zone separating the epithelium from the mesenchyme. This is thought to limit access of tumour cells to the circulation during early disease [32], and thus may make CTCs less reliable as biomarkers of melanoma progression in comparison to EVs. In contrast to other components of the tumour circulome, EVs are detectable in early stage disease, with an increase in number associated with increased tumour burden [46,47,48].




3. Utility of EVs in Melanoma Diagnosis


In order for melanoma-derived EVs to be a reliable source of biomarkers or a tool in the diagnosis of melanoma, they must first be identifiable within a chosen body fluid. EVs attributed to melanoma have been detected in patient serum, as well as in malignant effusions such as ascites and pleural effusions [49]. The concentration of all EVs identified in the serum of patients with melanoma is higher in comparison to healthy controls [50]. Interestingly, this is the case even when patients show no further clinical evidence of disease postoperatively. Furthermore, it has been hypothesised that the ratio of melanoma EVs to total protein content in plasma could also be used to distinguish between distinct clinical presentations [50]. This suggests that in the setting of melanoma, EVs may be a valuable tool when diagnosing and prognosticating. Moreover, melanoma-derived EVs may better capture primary tumour characteristics in comparison with traditional histological approaches. For example, Cordonnier et al. (2020) demonstrated that while EV-associated programmed death ligand 1 (PD-L1, which binds the PD-1 receptor on activated T, B, and myeloid cells) was identified in the serum of 100% of patients with melanoma (n = 30), immunohistochemical evaluation identified PD-L1 in only 67% of tumour biopsies [51]. This suggests that circulating EVs could potentially provide clinicians with a better overview of the dynamic tumour heterogeneity, whilst also protecting the tumour-derived cargo that may otherwise be degraded.



However, for EVs to be used as reliable biomarkers, it will be essential to detect circulating EVs that are specifically derived from the melanoma tumour. As such, there have been multiple studies that have attempted to define a specific signature melanoma EV, and thus allow their identification in patient serum. Potential clinically relevant markers of melanoma-derived EVs are summarised in Table 1.



3.1. Melanoma EV Protein Markers


Several EV-related proteins have been hypothesised to be specific to cancer cells overall, which are also expressed on melanoma-derived EVs [25,32,52,61]. Notably, many cancers may express common proteins in their EVs, as there is evidence that shared tumour antigens can stimulate the immune system across different tumour types and across species [62,63]. A summary of the potentially clinically relevant melanoma-derived EV markers and their functions, as described and identified in this review, is presented in Table 2.



Heat shock protein 70 (HSP70) is a protein involved in protecting the cell from proteotoxic stress. The over-expression of HSP70 is associated with poor prognosis in cancer due to its ability to protect the cell from stress associated with the accumulation of mutant proteins and rapid proliferation [64]. HSP70 has been identified in melanoma-derived EVs [25,32,52] and is also expressed in many different tumour-derived EVs in both humans [65] and dogs [62,66]. In fact, EV-associated HSP70 has been proposed as a potential biomarker for diagnosing and monitoring a variety of solid tumours, such as lung, breast, and ovarian cancer [65], and ongoing clinical trials are utilising a specific peptide aptamer to bind to the extracellular portion of HSP70 and thus capture relevant EVs [67]. If successful, it seems feasible that similar studies could be extended to investigate the role of HSP70 in the diagnosis and monitoring of melanoma. Furthermore, expression of HSP70 in canine malignancies has been reported [68], and its role in canine cancer immunology [69] suggests that this may be extrapolated to other species, including humans. Furthermore, Caveolin-1, a protein involved in mediating the metastasis and progression of cancers in general [61], and melanoma specifically [70], has also been quantified in the plasma-derived EVs of melanoma patients [53] and from melanoma cell lines [27].



Further attempts have been made to define a melanoma-specific EV signature through proteomic studies. However, to date, the majority of these studies have focused on melanoma cell lines [71]. The first of these, performed by Mears et al. in 2004, profiled the EVs of two such cell lines, SK-MEL-28 and MeWo, and demonstrated the presence of melanoma-specific antigens Mel-CAM and Mart-1, as well as the generalised marker HSP70 [52]. Mart-1, in association with tyrosinase-related proteins (TRP), has also been associated with melanoma-derived EVs previously [72]. Furthermore, this combination of MART-1, TRP-1, and TRP-2 have been used as evidence to confirm EV origin from melanoma cells [54].



The large proteomic study of Hurwitz et al. [32], assessing the NCI-60 cell line panel, identified a potential melanoma-specific EV marker protein, namely, premelanosome protein (PMEL), in all nine melanoma cell lines investigated [32]. PMEL (also known as gp100, Silver) is a pigment cell-specific protein, involved in the formation of amyloid-like fibrils in melanosomes, the organelle involved in melanin synthesis [73]. PMEL has since been identified in subsequent proteomic studies of melanoma EVs [74]. PMEL has also been identified in three of seven melanoma cell lines studied by Lazar et al. [27], although interestingly not in EVs isolated from SK-MEL-28 [27] as reported by Hurwitz et al. [32]. This suggests that the presence of these markers may also be related to other experimental (e.g., in vitro) conditions. In order for any of these markers to be relevant, they must also be melanoma-specific, easily identifiable, and clinically useful. PMEL has been identified in the EVs isolated from the ascites of a small number of melanoma patients [49]. Peinado et al. [25] developed a potential melanoma-specific EV signature, stating the importance of TRP-2, VLA-4, HSP70, HSP90, and MET in circulating EVs. This was initially developed using mass spectrometry analyses of the cell culture supernatant of five highly metastatic melanoma cell lines, although subsequently also identified as a marker of advanced melanoma in human patients [25]. Furthermore, Sharma et al. [55] reported utilising the presence of the transmembrane protein CSPG4 to isolate melanoma-specific EVs from patient plasma, using antibody precipitation to target the CSPG4 epitope expressed on melanoma cells [55]. This demonstrated the ability to differentiate the plasma of melanoma patients from healthy donors, as EVs from healthy donors were found to be negative for CSPG4 [50]. Interestingly, CSPG4 has been reported to be a potential biomarker in canine melanoma [75,76], and thus this epitope may also apply to other animal models of melanoma. However, the reported specificity of CSPG4 for melanoma in humans remains in question, as it has also been identified in the EV isolates of other cancer cell line models, such as oral squamous cell and pancreatic adenocarcinoma [74].




3.2. Genomic Markers


In an effort to find genomic markers of melanoma EVs, researchers have performed several studies in vitro (Table 3). In comparison to EVs isolated from normal melanocytes (HEMa-LP, NHEMc), the EVs of melanoma cell lines have been shown to contain increased mRNA levels for inflammatory chemokines and decreased levels of mRNA for TRP-1 and ATP-binding cassettes (ABCB5) [57]. Interestingly, both of these features are related to melanoma initiation and progression. Similarly, mRNA expression of the major histocompatibility antigen HLA-C expression appears to be downregulated in EVs isolated from melanoma cell lines in comparison to normal melanocytes (HEMa), suggested as an indicator of poor immunogenicity [79].



In addition to mRNA, EVs have also been reported to contain microRNAs (miRNA, miR). These non-coding RNAs, which were initially discovered in Caenorhabiditis elegans [80], are involved in the regulation of gene expression. While they have been demonstrated to exist stably in body fluids such as saliva, urine, breast milk, and blood, it is suggested that their packaging within EVs can protect them from degradation [81]. Furthermore, EV-associated miRNAs are altered in other canine diseases such as leishmaniasis [82] and mammary cancer [17,83], again suggesting that the analysis of EV-associated miRNA may be relevant in the monitoring of disease across species. As EV-associated miRNAs reflect the contents of their parent cell, there have been multiple attempts to define cell type -specific miRNA signatures in different malignancies, with the aim of elucidating the role of oncogenic and oncosuppressive EV-derived miRs [84].



The miRNA profiles of melanoma- and melanocyte-derived EVs were compared in vitro by Xiao et al. [57] Utilising miRNA arrays, the authors demonstrated increased levels of 130 miRNAs and decreased levels of 98 miRNAs in EVs derived from the melanoma cell line A375, compared to the EVs derived from the normal adult primary melanocytes cell (HEMa-LP). Many of these dysregulated miRNAs were associated with cellular growth, proliferation, movement, and cell death, and included miR-21, miR-23, miR-let7a/c, miR-138, miR-125b, miR-222, and miR-494 [57].



While it has been reported that miR-125b-5p is the one of most abundantly and significantly enriched miRNAs in three melanoma cell lines (WM9, WM35, and WM902B) in vitro (in comparison to normal melanocytes) [59], others have reported that lower serum levels of EV-associated miR-125b are associated with melanoma in clinical studies [60]. As such, the role of miR-125b in identifying melanoma-related EVs remains unclear. For example, while Alegre et al. (2014) reported that patients with advanced melanoma had lower levels of EV-associated miR-125b compared to healthy controls [60], Pfeffer et al. [56] found no difference in the serum levels of EV-associated miR-125b between patients with melanoma and those without. The latter study also reported higher levels of EV-associated miR-17, miR-19a, miR-21, miR-126, and miR-149 detected in the plasma of individuals with metastatic sporadic melanoma in comparison to healthy controls [56]. Other suggested markers of circulating melanoma-derived EVs in the clinical setting include miR-191 and miR-let-7a [85], and miR-494 [86].



In order to make sense of these data and to identify potential melanoma-specific EV biomarker signatures, researchers have suggested combinations of these genetic and proteomic markers, as well as the incorporation of normalised biological controls. Tengda et al. [58] reported a sensitivity of 92% and specificity of 88% when combining EV-derived miR-532-5p and miR-106b in a panel to differentiate patients with melanoma of varying clinical stages from healthy individuals [58].





4. Role of EVs in Monitoring Melanoma Progression


Extracellular vesicles play a key role in promoting the progression and metastases of melanoma [23]. They have been shown to drive tumorigenesis and cell proliferation through the upregulation of the PI3K/AKT pathway [87] and downregulation of cell cycle regulators such as p27 [88]. It is becoming increasingly clear that EVs may have value as prognostic biomarkers in monitoring and predicting melanoma progression. This may potentially alert clinicians to recurrence before it is clinically evident, thereby facilitating timely interventions and thus improving patient outcomes [6].



The quantity and size of EVs in the circulation do not seem to be altered by clinical stage in melanoma [25,51,78], although other alterations in the circulating EV profile are apparent. Patients with advanced disease appear to have a higher concentration of protein per particle, both in plasma [25] and exudative seromas [35]. In vitro studies suggest that the cargo of these EVs contains distinct proteins with activities reflecting the stage of melanoma progression and metastases. Lazare et al. demonstrated that the cargo of EVs isolated from metastatic melanoma cell lines contained proteins strongly associated with regulation of the actin cytoskeleton and cell adhesion. This suggests that the cargo of EVs from melanoma cells contain distinct proteins reflecting the stage of progression and metastases. Similarly, other proteins associated with cell adhesion and migration modulation, such as LAMA1 and LAMB1, have been identified in the cargo of EVs from the metastatic melanoma cell line H3 [74].



Moreover, the composition of EV cargo appears to change with melanoma clinical stage. In a murine melanoma model, the quantity of CD63-positive EVs appeared to increase in relation to tumour burden [53]. Similarly, S100B and MIA proteins have been found at higher levels within the plasma-derived EVs of patients with advanced melanoma, in comparison to those who are disease-free [77]. Moreover, patients with advanced melanoma have also been shown to have lower levels of miR-125b within EVs isolated from serum, compared to those who are disease-free or healthy controls [60]. Similarly, the EV cargo panels described by Tengda et al. [58] and Peinado et al. [25] appear to differentiate melanoma on the basis of the clinical stage, identifying those with advanced disease. Furthermore, the cargo of melanoma-related EVs appears to be altered on the basis of the volume of nodal metastases, with patients with a higher nodal burden displaying a higher seroma-derived EV content of the RAS/RAF/MAPK pathway-related molecules [35].



The level of EV-associated PD-L1 may also allow differentiation of melanoma patients on the basis of their tumour burden. Whilst EV PD-L1 plasma levels did not correlate with the tumour Breslow thickness, subtype, or age of the patient [51], there was an increased level of EV PD-L1 protein overall in the plasma of patients with melanoma in comparison to healthy human controls [51,78]. EV-associated PD-L1 plasma levels also increased with tumour burden in a murine model and in humans, and was higher in metastatic versus non-metastatic melanoma cell lines [78]. PD-L1 therapies may be applied to canine [89,90] and equine melanoma [91] patients, and by extension to other species.



There have been attempts to utilise the cargo of exosomes to predict eventual melanoma progression and prognosis through the correlation with known prognostic indicators. In patients with a thicker melanoma (i.e., higher Breslow thickness), higher levels of miR-126, miR-149, miR-19a, miR-21 [56], miR532-5p, and miR-106b have been identified in their associated EVs [58]. In addition, the detection of BRAFV600E-mutated DNA in the EVs isolated from exudative seroma of melanoma patients correlated with tumour expression of the BRAF mutation [35]. This finding was also shown to predict eventual progression and was hypothesised to be an indicator of residual disease [35].



Although currently underdeveloped in the melanoma field, an integrin signature expressed on melanoma EVs has been suggested to predict future organ-specific metastases, thus playing a role in the uptake of EVs at pre-metastatic sites. In the setting of breast cancer, the development of lung metastases is associated with EV-related ITGß4, whereas in the setting of pancreatic cancer, EV-related ITGαv is associated with the development of liver metastases [92]. Charoenviriyakul et al. [93] demonstrated a role for surface proteins, including integrins, in the pharmacokinetics and biodistribution of melanoma EVs in vitro [93]. Further study is required to investigate the relevance of these and other integrins in the development and prediction of eventual melanoma metastases.




5. Role of EVs in Monitoring Treatment Response


Extracellular vesicles may also be used to assess treatment response in melanoma. The first-line treatment for a primary presentation of melanoma is surgical excision in humans, as well as in dogs and horses. The impact of the removal of the primary melanoma on the EV profile has not been thoroughly researched to date. However, there is evidence that the reduction of tumour burden, via surgical resection, is associated with a reduction in the concentration of circulating EVs in humans [94].



There have been multiple studies investigating how EVs may play a role in monitoring the patient’s response to oncological treatment. In vitro studies have suggested that the secretion and shedding of EVs may be increased in response to chemotherapy [95], particularly for those EVs containing HSP70 [65]. Similarly, in vitro and murine studies have demonstrated an increased secretion of miR-211-5p containing EVs as a response to treatment with BRAF inhibition with dabrafenib [96]. This suggests that EVs can be used to monitor tumour stress response or injury. Furthermore, these findings argue well for clinical application in humans, and indeed it has been reported that human patients undergoing treatment with chemotherapy may have lower levels of caveolin-1-related EVs [53].



The impact of treatment on EVs in canine and equine melanoma patients has not yet been assessed. Canine and equine patients with a high risk of metastases may be treated by platinum-based chemotherapeutic agents, although often with limited response [97,98]. This is partly due to the chemoresistant nature of melanoma cells, parallel to that seen in humans. However, a high serum EV concentration has been shown to be predictive of response to the CHOP-based (cyclophosphamide, doxorubicin, vincristine, and prednisone) chemotherapy protocol in canine lymphoma patients [99]. It stands to reason that the EV profile in both dogs and horses may also be altered following treatments used in melanoma.



Melanoma is known as a variably immunogenic tumour, with melanoma-derived EVs playing a significant role in modulating the immune response to the tumour, including by influencing the tumour-associated macrophage phenotype [95,100]. Moreover, melanoma-derived EVs containing Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) or Fas 9 can influence the proliferation and apoptosis of CD8+ T cells, further modulating the patient’s response to melanoma [50]. However, perhaps the most significant advance in the treatment of melanoma has been the advent of immune checkpoint inhibitors, for example, the class of PD-1 inhibitors and CTLA-4 (CD152) inhibitor/antagonists, which have had a very significant impact on melanoma survival [101,102]. Similarly, inhibition of the PD-1/PD-L1 axis in dogs with melanoma has been reported as a potential treatment, with pilot studies demonstrating antitumour response [90].



EV-related PD-L1, which has the same membrane topology as tumour cell PD-L1, has been detected at a higher concentration in the serum of patients who later fail to respond to these immune checkpoint inhibitors [78]. This suggests that melanoma-derived EVs play a role in the peripheral inhibition of the immune system, as it appears that upregulation of PD-L1 may allow cancers to evade the host immune system. Those melanoma patients who do respond to these drugs also show a peak in EV-related PD-L1 levels 3–6 weeks after commencing PD-1 inhibition therapy [78]. Furthermore, circulating levels of EV-related PD-L1 protein and EV-related PD-L1 mRNA both decrease concurrently with radiological evidence of tumour response, and increase with evidence of melanoma progression [51,103]. As such, EV-related PD-L1 measurements may facilitate both prediction and monitoring of response to PD-L1 inhibitors (e.g., by durvalumab, pembrolizumab, atezolizumab, and avelumab). EV-related PD-1 has also been isolated from patient serum, specifically from T cell-derived EVs, isolated using immunoaffinity-based techniques. Specifically, Tucci et al. (2018) demonstrated that a higher basal level of EV-related PD-1 and CD28 from T cells identified patients most likely to respond to inhibition of CTLA-4 (a protein that stops the immune system from attacking cancer cells) by the drug ipilimumab. Patients with a higher basal level of EV-related PD-1 and CD28 from T cells were associated with a higher progression-free and overall survival [104]. Similarly, treatment-associated increase in the level of CD80 on dendritic cell-derived EVs facilitated prognostication and was also associated with a longer progression-free survival, suggesting reactivation of the antitumour immune response [104].



In addition to monitoring treatment responses by measuring levels of EV-related PD-L1 and PD-1, preclinical melanoma studies have suggested that circulating EVs can act as mediators of cellular resistance to chemotherapeutic agents. For example, Federici et al. [105] reported that cisplatin uptake by melanoma cells in vitro was reduced under the acidic extracellular pH conditions that favour both increased EV release and incorporation of cisplatin within melanoma EVs (rather than the melanoma cell itself) [105]. In this way, EV-related pathways appear to be involved in the elimination of and resistance to the anticancer agent cisplatin. Furthermore, it was demonstrated in a murine model that the use of a proton pump inhibitor to reduce acidity can act as a chemosensitising agent, i.e., by reducing the cisplatin content in circulating EVs [105]. Similarly, Cesi et al. [106] demonstrated that resistance to the BRAF inhibitor vemurafenib was transferred via EVs between melanoma cells in vitro through the transport and uptake of a truncated version of the tyrosine receptor ALK [106].




6. Methods of Isolation and Identification of EVs


There have been several different methods described for the isolation and characterisation of EVs, resulting in the publication of the Minimal Information for Studies of Extracellular Vesicles Guidelines in 2018 [13]. Given that EVs are released from every cell type studied to date, reliable cancer-specific methods to isolate those EVs are required, and thus several commercial and branded assays have been developed.



The yield of EVs and their composition varies depending upon the methodology, pre-collection treatment, and body fluid chosen. Given the ubiquity of EVs for all our body cells, it is important to note also that most circulating EVs in cancer patients will not be related to their cancer. However, the true proportion of EVs in the circulation that is attributable to the tumour is not known. Serum is deemed to have a higher proportion of platelet-derived EVs in comparison to plasma [107]. Beyond this, even the choice of anticoagulant used for plasma preparation may alter the EV populations. For example, citrate use may result in a higher concentration of platelet-derived EVs [107], but a lower yield of EVs overall [108].



It has also been shown that the method of EV isolation from serum and plasma significantly impacts yield and protein composition [42]. Ultracentrifugation (UC) is one of the most commonly used methods of EV isolation [109], although this method has predominantly been reported for isolation from cell culture media. Some of the recognised drawbacks of ultracentrifugation include protein aggregation and incomplete separation, as the size of pellets isolated is dependent upon the centrifugal force applied. Lower g forces risk contamination with apoptotic bodies [71], whereas higher centrifugal forces are considered to result in reduced yield due to EV damage [42]. Subsequent technical modifications of this include cushion ultracentrifugation and density gradient ultracentrifugation, which allow a more gentle separation of particles on the basis of density. Ultracentrifugation is also time-consuming, and in any event does not permit distinct isolation of those EVs specifically related to the disease of interest. That said, ultracentrifugation has still been used successfully for the isolation of melanoma derived EVs from human serum [58], as well as for the identification of potential subsequent melanoma-specific EV markers [25].



In light of the drawbacks associated with ultracentrifugation, other techniques are gaining in popularity [109]. Size-exclusion chromatography (SEC) is reported to preserve EV integrity [71]. It allows EVs larger than a defined size to be separated from other smaller particles on the basis of the time taken to pass through a column, and thus can result in higher yields [42]. Commercially available columns have been utilised to isolate melanoma-derived EVs from cell culture media, although their use has not yet been reported with serum or plasma from melanoma patients. Furthermore, SEC has been combined with other isolation methods, such as ultrafiltration and centrifugal filtration, resulting in reported higher yields of EVs in comparison to ultracentrifugation or precipitation methods [110]. Minimising the isolation of non-vesicular co-isolated components, for example, lipoproteins and albumin [13], remains a challenge, and sequential combinations of variations of UC and SEC [42,111] can improve this, and thus should be considered.



Precipitation agents have also increased in popularity [109], and commercially available agents such as ExoQuick have been utilised to isolate melanoma-derived EVs from both cell culture media [57] and patient serum [60]. However, while these agents isolate a high yield of EVs from serum, they also concentrate a higher proportion of “contaminating” smaller molecules, hypothesised to be protein aggregates or lipoproteins [42]. Finally, immunoaffinity-based methods of EV isolation have been increasingly employed [109], and have been used specifically to target melanoma derived-EVs in plasma, e.g., targeting the CSPG4 epitope on melanoma cells [50,55]. Importantly, this method may isolate EVs of different functional classes [110].




7. Challenges


Whilst the field of EVs is developing rapidly, there are many challenges and barriers to their introduction into clinical use. Inconsistent nomenclature and wide variations in both methods of isolation and reporting standards significantly hinder comparison between studies. These issues are being addressed by the EV community through the repeated revision of guidelines [13] and the introduction of an online database of experimental parameters EV-TRACK [112], which aims to encourage and facilitate systematic reporting on EV biology and methodology. Furthermore, although “exosomes” and other microvesicles such as “ectosomes” are considered to be functionally distinct, their current definitions somewhat overlap on the basis of their size, and may be co-isolated on the basis of existing techniques. Whilst some authors have made progress in this domain [19], further definition of markers to distinguish these subtypes is required, as well as establishing their functional relevance. However, these discrepancies will need to be addressed before the field can advance further.



In addition, the majority of studies performed on EVs in melanoma have been based upon homogenous cell line populations in vitro. Whilst cell lines have long been used to model melanoma molecular biology, they do not replicate the in vivo tumour microenvironment or immune landscape, and as such, they can be a poor representation of in vivo pathophysiology. Melanoma cell lines represent a valuable tumour model in terms of gene expression similarities, but also differ from their originating tumour at a transcriptional level [113]. Furthermore, EVs isolated from these cell lines represent those from a single cell clone and do not represent variations in tumour heterogeneity. This problem has been noted by those in the field, where melanoma-specific EV signatures developed in vitro are not replicable as reliably in vivo [35,114]. As such, further in vivo or ex vivo studies are required to determine the relevance of EVs in melanoma, and melanoma-specific EV signatures are required to address the heterogeneity of EVs in human plasma. This will also need to include the development of appropriate standards and biological controls, although some authors in clinical studies are already attempting to address this [47,88,115].




8. Conclusions


Melanoma prognostication and monitoring of treatment response remain a significant clinical challenge in both human and veterinary medicine, and despite advances in treatment, the disease still carries significant mortality. Melanoma-derived EVs have been identified in the circulation and have been demonstrated to play a significant role in tumorigenesis and disease progression. As a result, and due to the advantages they offer over other potential biomarker sources, EVs provide an attractive option for liquid biopsy in many species. In this regard, several clinical studies have attempted to define a melanoma-specific EV signature, and have shown their relevance in monitoring progression and response to treatment. As this field advances, in conjunction with standardisation of reporting and methodology, melanoma-derived EVs will likely play a key role in the clinical management and surveillance of all melanoma patients.







Author Contributions


Conceptualisation and writing of the original draft: S.M.B., A.M., P.K., S.M.P.; writing—review and editing: C.C., D.J.T., P.K., C.Y.G.; conceptualisation, review, and editing: S.M.B., C.C., A.M., S.M.P. All authors have read and agreed to the published version of the manuscript.




Funding


This work was performed within the Irish Clinical Academic Training (ICAT) programme, supported by the Wellcome Trust and the Health Research Board (grant number 203930/B/16/Z); the Health Service Executive National Doctors Training and Planning; and the Health and Social Care, Research and Development Division, Northern Ireland.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the writing of this manuscript.




References


	



Miller, A.J.; Mihm, M.C., Jr. Melanoma. N. Engl. J. Med. 2006, 355, 51–65. [Google Scholar] [CrossRef] [PubMed]

	



Sacchetto, L.; Zanetti, R.; Comber, H.; Bouchardy, C.; Brewster, D.H.; Broganelli, P.; Chirlaque, M.D.; Coza, D.; Galceran, J.; Gavin, A.; et al. Trends in incidence of thick, thin and in situ melanoma in Europe. Eur. J. Cancer 2018, 92, 108–118. [Google Scholar] [CrossRef] [PubMed]

	



Gershenwald, J.E.; Scolyer, R.A.; Hess, K.R.; Sondak, V.K.; Long, G.V.; Ross, M.I.; Lazar, A.J.; Faries, M.B.; Kirkwood, J.M.; McArthur, G.A.; et al. Melanoma staging: Evidence-based changes in the American Joint Committee on Cancer eighth edition cancer staging manual. CA Cancer J. Clin. 2017, 67, 472–492. [Google Scholar] [CrossRef] [PubMed]

	



Landow, S.M.; Gjelsvik, A.; Weinstock, M.A. Mortality burden and prognosis of thin melanomas overall and by subcategory of thickness, SEER registry data, 1992–2013. J. Am. Acad. Dermatol. 2017, 76, 258–263. [Google Scholar] [CrossRef] [PubMed]

	



Whiteman, D.C.; Baade, P.D.; Olsen, C.M. More people die from thin melanomas (1 mm) than from thick melanomas (>4 mm) in Queensland, Australia. J. Investig. Dermatol. 2015, 135, 1190–1193. [Google Scholar] [CrossRef]

	



Leiter, U.; Buettner, P.G.; Eigentler, T.K.; Forschner, A.; Meier, F.; Garbe, C. Is detection of melanoma metastasis during surveillance in an early phase of development associated with a survival benefit? Melanoma Res. 2010, 20, 240–246. [Google Scholar] [CrossRef]

	



van der Weyden, L.; Brenn, T.; Patton, E.E.; Wood, G.A.; Adams, D.J. Spontaneously occurring melanoma in animals and their relevance to human melanoma. J. Pathol. 2020, 252, 4–21. [Google Scholar] [CrossRef]

	



Prouteau, A.; Andre, C. Canine Melanomas as Models for Human Melanomas: Clinical, Histological, and Genetic Comparison. Genes 2019, 10, 501. [Google Scholar] [CrossRef]

	



Nishiya, A.T.; Massoco, C.O.; Felizzola, C.R.; Perlmann, E.; Batschinski, K.; Tedardi, M.V.; Garcia, J.S.; Mendonca, P.P.; Teixeira, T.F.; Zaidan Dagli, M.L. Comparative Aspects of Canine Melanoma. Vet. Sci. 2016, 3, 7. [Google Scholar] [CrossRef]

	



Wong, K.; van der Weyden, L.; Schott, C.R.; Foote, A.; Constantino-Casas, F.; Smith, S.; Dobson, J.M.; Murchison, E.P.; Wu, H.; Yeh, I.; et al. Cross-species genomic landscape comparison of human mucosal melanoma with canine oral and equine melanoma. Nat. Commun. 2019, 10, 353. [Google Scholar] [CrossRef]

	



Simpson, R.M.; Bastian, B.C.; Michael, H.T.; Webster, J.D.; Prasad, M.L.; Conway, C.M.; Prieto, V.M.; Gary, J.M.; Goldschmidt, M.H.; Esplin, D.G.; et al. Sporadic naturally occurring melanoma in dogs as a preclinical model for human melanoma. Pigment. Cell Melanoma Res. 2014, 27, 37–47. [Google Scholar] [CrossRef] [PubMed]

	



Yuana, Y.; Sturk, A.; Nieuwland, R. Extracellular vesicles in physiological and pathological conditions. Blood Rev. 2013, 27, 31–39. [Google Scholar] [CrossRef]

	



Thery, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.; Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750. [Google Scholar] [CrossRef] [PubMed]

	



El Andaloussi, S.; Mäger, I.; Breakefield, X.O.; Wood, M.J.A. Extracellular vesicles: Biology and emerging therapeutic opportunities. Nat. Rev. Drug Discov. 2013, 12, 347–357. [Google Scholar] [CrossRef] [PubMed]

	



Aguilera-Rojas, M.; Badewien-Rentzsch, B.; Plendl, J.; Kohn, B.; Einspanier, R. Exploration of serum- and cell culture-derived exosomes from dogs. BMC Vet. Res. 2018, 14, 179. [Google Scholar] [CrossRef] [PubMed]

	



Klymiuk, M.C.; Balz, N.; Elashry, M.I.; Heimann, M.; Wenisch, S.; Arnhold, S. Exosomes isolation and identification from equine mesenchymal stem cells. BMC Vet. Res. 2019, 15, 42. [Google Scholar] [CrossRef]

	



Fish, E.J.; Irizarry, K.J.; DeInnocentes, P.; Ellis, C.J.; Prasad, N.; Moss, A.G.; Bird, R.C. Malignant canine mammary epithelial cells shed exosomes containing differentially expressed microRNA that regulate oncogenic networks. BMC Cancer 2018, 18, 832. [Google Scholar] [CrossRef]

	



Ferraz, M.d.A.M.M.; Carothers, A.; Dahal, R.; Noonan, M.J.; Songsasen, N. Oviductal extracellular vesicles interact with the spermatozoon’s head and mid-piece and improves its motility and fertilizing ability in the domestic cat. Sci. Rep. 2019, 9, 9484. [Google Scholar] [CrossRef]

	



Keerthikumar, S.; Gangoda, L.; Liem, M.; Fonseka, P.; Atukorala, I.; Ozcitti, C.; Mechler, A.; Adda, C.G.; Ang, C.S.; Mathivanan, S. Proteogenomic analysis reveals exosomes are more oncogenic than ectosomes. Oncotarget 2015, 6, 15375–15396. [Google Scholar] [CrossRef]

	



Crescitelli, R.; Lasser, C.; Jang, S.C.; Cvjetkovic, A.; Malmhall, C.; Karimi, N.; Hoog, J.L.; Johansson, I.; Fuchs, J.; Thorsell, A.; et al. Subpopulations of extracellular vesicles from human metastatic melanoma tissue identified by quantitative proteomics after optimized isolation. J. Extracell. Vesicles 2020, 9, 1722433. [Google Scholar] [CrossRef]

	



Willms, E.; Johansson, H.J.; Mager, I.; Lee, Y.; Blomberg, K.E.; Sadik, M.; Alaarg, A.; Smith, C.I.; Lehtio, J.; El Andaloussi, S.; et al. Cells release subpopulations of exosomes with distinct molecular and biological properties. Sci. Rep. 2016, 6, 22519. [Google Scholar] [CrossRef] [PubMed]

	



Goh, C.Y.; Wyse, C.; Ho, M.; O’Beirne, E.; Howard, J.; Lindsay, S.; Kelly, P.; Higgins, M.; McCann, A. Exosomes in triple negative breast cancer: Garbage disposals or Trojan horses? Cancer Lett. 2020, 473, 90–97. [Google Scholar] [CrossRef] [PubMed]

	



Tucci, M.; Mannavola, F.; Passarelli, A.; Stucci, L.S.; Cives, M.; Silvestris, F. Exosomes in melanoma: A role in tumor progression, metastasis and impaired immune system activity. Oncotarget 2018, 9, 20826–20837. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Silva, S.; Peinado, H. Melanosomes foster a tumour niche by activating CAFs. Nat. Cell Biol. 2016, 18, 911–913. [Google Scholar] [CrossRef]

	



Peinado, H.; Aleckovic, M.; Lavotshkin, S.; Matei, I.; Costa-Silva, B.; Moreno-Bueno, G.; Hergueta-Redondo, M.; Williams, C.; Garcia-Santos, G.; Ghajar, C.; et al. Melanoma exosomes educate bone marrow progenitor cells toward a pro-metastatic phenotype through MET. Nat. Med. 2012, 18, 883–891. [Google Scholar] [CrossRef]

	



Hood, J.L.; San, R.S.; Wickline, S.A. Exosomes released by melanoma cells prepare sentinel lymph nodes for tumor metastasis. Cancer Res. 2011, 71, 3792–3801. [Google Scholar] [CrossRef]

	



Lazar, I.; Clement, E.; Ducoux-Petit, M.; Denat, L.; Soldan, V.; Dauvillier, S.; Balor, S.; Burlet-Schiltz, O.; Larue, L.; Muller, C.; et al. Proteome characterization of melanoma exosomes reveals a specific signature for metastatic cell lines. Pigm. Cell Melanoma Res. 2015, 28, 464–475. [Google Scholar] [CrossRef]

	



Biomarkers Definitions Working Group. Biomarkers and surrogate endpoints: Preferred definitions and conceptual framework. Clin. Pharmacol. Ther. 2001, 69, 89–95. [Google Scholar] [CrossRef]

	



Sawyers, C.L. The cancer biomarker problem. Nature 2008, 452, 548–552. [Google Scholar] [CrossRef]

	



Wu, L.; Qu, X. Cancer biomarker detection: Recent achievements and challenges. Chem. Soc. Rev. 2015, 44, 2963–2997. [Google Scholar] [CrossRef]

	



Kalluri, R. The biology and function of exosomes in cancer. J. Clin. Investig. 2016, 126, 1208–1215. [Google Scholar] [CrossRef] [PubMed]

	



Hurwitz, S.N.; Rider, M.A.; Bundy, J.L.; Liu, X.; Singh, R.K.; Meckes, D.G., Jr. Proteomic profiling of NCI-60 extracellular vesicles uncovers common protein cargo and cancer type-specific biomarkers. Oncotarget 2016, 7, 86999–87015. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, B.; Xu, K.; Zheng, X.; Chen, T.; Wang, J.; Song, Y.; Shao, Y.; Zheng, S. Application of exosomes as liquid biopsy in clinical diagnosis. Signal Transduct. Target. Ther. 2020, 5, 144. [Google Scholar] [CrossRef] [PubMed]

	



Sedykh, S.E.; Purvinish, L.V.; Monogarov, A.S.; Burkova, E.E.; Grigor’eva, A.E.; Bulgakov, D.V.; Dmitrenok, P.S.; Vlassov, V.V.; Ryabchikova, E.I.; Nevinsky, G.A. Purified horse milk exosomes contain an unpredictable small number of major proteins. Biochim. Open 2017, 4, 61–72. [Google Scholar] [CrossRef]

	



García-Silva, S.; Benito-Martín, A.; Sánchez-Redondo, S.; Hernández-Barranco, A.; Ximénez-Embún, P.; Nogués, L.; Mazariegos, M.S.; Brinkmann, K.; López, A.A.; Meyer, L.; et al. Use of extracellular vesicles from lymphatic drainage as surrogate markers of melanoma progression and BRAFV600E mutation. J. Exp. Med. 2019, 216, 1061–1070. [Google Scholar] [CrossRef]

	



Tutanov, O.; Proskura, K.; Kamyshinsky, R.; Shtam, T.; Tsentalovich, Y.; Tamkovich, S. Proteomic Profiling of Plasma and Total Blood Exosomes in Breast Cancer: A Potential Role in Tumor Progression, Diagnosis, and Prognosis. Front. Oncol. 2020, 10, 2173. [Google Scholar] [CrossRef]

	



Tamkovich, S.; Grigor’eva, A.; Eremina, A.; Tupikin, A.; Kabilov, M.; Chernykh, V.; Vlassov, V.; Ryabchikova, E. What information can be obtained from the tears of a patient with primary open angle glaucoma? Clin. Chim. Acta 2019, 495, 529–537. [Google Scholar] [CrossRef]

	



Zocco, D.; Bernardi, S.; Novelli, M.; Astrua, C.; Fava, P.; Zarovni, N.; Carpi, F.M.; Bianciardi, L.; Malavenda, O.; Quaglino, P.; et al. Isolation of extracellular vesicles improves the detection of mutant DNA from plasma of metastatic melanoma patients. Sci. Rep. 2020, 10, 15745. [Google Scholar] [CrossRef]

	



Hood, J.L. Natural melanoma-derived extracellular vesicles. Semin. Cancer Biol. 2019, 59, 251–265. [Google Scholar] [CrossRef]

	



Zmigrodzka, M.; Witkowska-Pilaszewicz, O.; Rzepecka, A.; Cywinska, A.; Jagielski, D.; Winnicka, A. Extracellular Vesicles in the Blood of Dogs with Cancer-A Preliminary Study. Animals 2019, 9, 575. [Google Scholar] [CrossRef]

	



Kalra, H.; Adda, C.G.; Liem, M.; Ang, C.S.; Mechler, A.; Simpson, R.J.; Hulett, M.D.; Mathivanan, S. Comparative proteomics evaluation of plasma exosome isolation techniques and assessment of the stability of exosomes in normal human blood plasma. Proteomics 2013, 13, 3354–3364. [Google Scholar] [CrossRef] [PubMed]

	



Brennan, K.; Martin, K.; FitzGerald, S.P.; O’Sullivan, J.; Wu, Y.; Blanco, A.; Richardson, C.; Mc Gee, M.M. A comparison of methods for the isolation and separation of extracellular vesicles from protein and lipid particles in human serum. Sci. Rep. 2020, 10, 1039. [Google Scholar] [CrossRef] [PubMed]

	



Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.; Wieland, F.; Schwille, P.; Brugger, B.; Simons, M. Ceramide triggers budding of exosome vesicles into multivesicular endosomes. Science 2008, 319, 1244–1247. [Google Scholar] [CrossRef] [PubMed]

	



De Giorgi, V.; Pinzani, P.; Salvianti, F.; Panelos, J.; Paglierani, M.; Janowska, A.; Grazzini, M.; Wechsler, J.; Orlando, C.; Santucci, M.; et al. Application of a filtration- and isolation-by-size technique for the detection of circulating tumor cells in cutaneous melanoma. J. Investig. Dermatol. 2010, 130, 2440–2447. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Xia, W.; Lv, Z.; Ni, C.; Xin, Y.; Yang, L. Liquid Biopsy for Cancer: Circulating Tumor Cells, Circulating Free DNA or Exosomes? Cell. Physiol. Biochem. 2017, 41, 755–768. [Google Scholar] [CrossRef]

	



Maisano, D.; Mimmi, S.; Russo, R.; Fioravanti, A.; Fiume, G.; Vecchio, E.; Nistico, N.; Quinto, I.; Iaccino, E. Uncovering the Exosomes Diversity: A Window of Opportunity for Tumor Progression Monitoring. Pharmaceuticals 2020, 13, 180. [Google Scholar] [CrossRef]

	



Moloney, B.M.; Gilligan, K.E.; Joyce, D.P.; O’Neill, C.P.; O’Brien, K.P.; Khan, S.; Glynn, C.L.; Waldron, R.M.; Maguire, C.M.; Holian, E.; et al. Investigating the Potential and Pitfalls of EV-Encapsulated MicroRNAs as Circulating Biomarkers of Breast Cancer. Cells 2020, 9, 141. [Google Scholar] [CrossRef]

	



Li, W.; Li, C.; Zhou, T.; Liu, X.; Liu, X.; Li, X.; Chen, D. Role of exosomal proteins in cancer diagnosis. Mol. Cancer 2017, 16, 145. [Google Scholar] [CrossRef]

	



Andre, F.; Schartz, N.E.; Movassagh, M.; Flament, C.; Pautier, P.; Morice, P.; Pomel, C.; Lhomme, C.; Escudier, B.; Le Chevalier, T.; et al. Malignant effusions and immunogenic tumour-derived exosomes. Lancet 2002, 360, 295–305. [Google Scholar] [CrossRef]

	



Sharma, P.; Diergaarde, B.; Ferrone, S.; Kirkwood, J.M.; Whiteside, T.L. Melanoma cell-derived exosomes in plasma of melanoma patients suppress functions of immune effector cells. Sci. Rep. 2020, 10, 92. [Google Scholar] [CrossRef]

	



Cordonnier, M.; Nardin, C.; Chanteloup, G.; Derangere, V.; Algros, M.P.; Arnould, L.; Garrido, C.; Aubin, F.; Gobbo, J. Tracking the evolution of circulating exosomal-PD-L1 to monitor melanoma patients. J. Extracell. Vesicles 2020, 9, 1710899. [Google Scholar] [CrossRef] [PubMed]

	



Mears, R.; Craven, R.A.; Hanrahan, S.; Totty, N.; Upton, C.; Young, S.L.; Patel, P.; Selby, P.J.; Banks, R.E. Proteomic analysis of melanoma-derived exosomes by two-dimensional polyacrylamide gel electrophoresis and mass spectrometry. Proteomics 2004, 4, 4019–4031. [Google Scholar] [CrossRef]

	



Logozzi, M.; De Milito, A.; Lugini, L.; Borghi, M.; Calabrò, L.; Spada, M.; Perdicchio, M.; Marino, M.L.; Federici, C.; Iessi, E.; et al. High levels of exosomes expressing CD63 and caveolin-1 in plasma of melanoma patients. PLoS ONE 2009, 4, e5219. [Google Scholar] [CrossRef] [PubMed]

	



Gener Lahav, T.; Adler, O.; Zait, Y.; Shani, O.; Amer, M.; Doron, H.; Abramovitz, L.; Yofe, I.; Cohen, N.; Erez, N. Melanoma-derived extracellular vesicles instigate proinflammatory signaling in the metastatic microenvironment. Int. J. Cancer 2019, 145, 2521–2534. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, P.; Ludwig, S.; Muller, L.; Hong, C.S.; Kirkwood, J.M.; Ferrone, S.; Whiteside, T.L. Immunoaffinity-based isolation of melanoma cell-derived exosomes from plasma of patients with melanoma. J. Extracell. Vesicles 2018, 7, 1435138. [Google Scholar] [CrossRef] [PubMed]

	



Pfeffer, S.R.; Grossmann, K.F.; Cassidy, P.B.; Yang, C.H.; Fan, M.; Kopelovich, L.; Leachman, S.A.; Pfeffer, L.M. Detection of Exosomal miRNAs in the Plasma of Melanoma Patients. J. Clin. Med. 2015, 4, 2012–2027. [Google Scholar] [CrossRef]

	



Xiao, D.; Ohlendorf, J.; Chen, Y.; Taylor, D.D.; Rai, S.N.; Waigel, S.; Zacharias, W.; Hao, H.; McMasters, K.M. Identifying mRNA, MicroRNA and Protein Profiles of Melanoma Exosomes. PLoS ONE 2012, 7, e46874. [Google Scholar] [CrossRef]

	



Tengda, L.; Shuping, L.; Mingli, G.; Jie, G.; Yun, L.; Weiwei, Z.; Anmei, D. Serum exosomal microRNAs as potent circulating biomarkers for melanoma. Melanoma Res. 2018, 28, 295–303. [Google Scholar] [CrossRef]

	



Gerloff, D.; Lutzkendorf, J.; Moritz, R.K.C.; Wersig, T.; Mader, K.; Muller, L.P.; Sunderkotter, C. Melanoma-Derived Exosomal miR-125b-5p Educates Tumor Associated Macrophages (TAMs) by Targeting Lysosomal Acid Lipase A (LIPA). Cancers 2020, 12, 464. [Google Scholar] [CrossRef]

	



Alegre, E.; Sanmamed, M.F.; Rodriguez, C.; Carranza, O.; Martin-Algarra, S.; Gonzalez, A. Study of circulating microRNA-125b levels in serum exosomes in advanced melanoma. Arch. Pathol Lab. Med. 2014, 138, 828–832. [Google Scholar] [CrossRef]

	



Senetta, R.; Stella, G.; Pozzi, E.; Sturli, N.; Massi, D.; Cassoni, P. Caveolin-1 as a promoter of tumour spreading: When, how, where and why. J. Cell. Mol. Med. 2013, 17, 325–336. [Google Scholar] [CrossRef]

	



Troyer, R.M.; Ruby, C.E.; Goodall, C.P.; Yang, L.; Maier, C.S.; Albarqi, H.A.; Brady, J.V.; Bathke, K.; Taratula, O.; Mourich, D.; et al. Exosomes from Osteosarcoma and normal osteoblast differ in proteomic cargo and immunomodulatory effects on T cells. Exp. Cell Res. 2017, 358, 369–376. [Google Scholar] [CrossRef] [PubMed]

	



Wolfers, J.; Lozier, A.; Raposo, G.; Regnault, A.; Thery, C.; Masurier, C.; Flament, C.; Pouzieux, S.; Faure, F.; Tursz, T.; et al. Tumor-derived exosomes are a source of shared tumor rejection antigens for CTL cross-priming. Nat. Med. 2001, 7, 297–303. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, M.E. The HSP70 family and cancer. Carcinogenesis 2013, 34, 1181–1188. [Google Scholar] [CrossRef] [PubMed]

	



Gobbo, J.; Marcion, G.; Cordonnier, M.; Dias, A.M.M.; Pernet, N.; Hammann, A.; Richaud, S.; Mjahed, H.; Isambert, N.; Clausse, V.; et al. Restoring Anticancer Immune Response by Targeting Tumor-Derived Exosomes With a HSP70 Peptide Aptamer. J. Natl. Cancer Inst. 2016, 108, djv330. [Google Scholar] [CrossRef]

	



Salvermoser, L.; Dressel, S.; Schleissheimer, S.; Stangl, S.; Diederichs, C.; Wergin, M.; Bley, C.R.; Haller, B.; Multhoff, G. 7Hsp70 serum levels in pet dogs-a potential diagnostic biomarker for spontaneous round cell tumors. Cell Stress Chaperones 2019, 24, 969–978. [Google Scholar] [CrossRef]

	



Chanteloup, G.; Cordonnier, M.; Isambert, N.; Bertaut, A.; Marcion, G.; Garrido, C.; Gobbo, J. Membrane-bound exosomal HSP70 as a biomarker for detection and monitoring of malignant solid tumours: A pilot study. Pilot Feasibility Stud. 2020, 6, 35. [Google Scholar] [CrossRef]

	



London, C.; Bear, M.; McCleese, J.; Foley, K.; Paalangara, R.; Inoue, T.; Ying, W.; Barsoum, J. Phase I Evaluation of STA-1474, a Prodrug of the Novel HSP90 Inhibitor Ganetespib, in Dogs with Spontaneous Cancer. PLoS ONE 2011, 6, e27018. [Google Scholar] [CrossRef]

	



Yu, W.-Y.; Chuang, T.-F.; Guichard, C.; El-Garch, H.; Tierny, D.; Laio, A.T.; Lin, C.-S.; Chiou, K.-H.; Tsai, C.-L.; Liu, C.-H.; et al. Chicken HSP70 DNA vaccine inhibits tumor growth in a canine cancer model. Vaccine 2011, 29, 3489–3500. [Google Scholar] [CrossRef]

	



Felicetti, F.; Parolini, I.; Bottero, L.; Fecchi, K.; Errico, M.C.; Raggi, C.; Biffoni, M.; Spadaro, F.; Lisanti, M.P.; Sargiacomo, M.; et al. Caveolin-1 tumor-promoting role in human melanoma. Int. J. Cancer 2009, 125, 1514–1522. [Google Scholar] [CrossRef]

	



Surman, M.; Stȩpień, E.; Przybyło, M. Melanoma-derived extracellular vesicles: Focus on their proteome. Proteomes 2019, 7, 21. [Google Scholar] [CrossRef] [PubMed]

	



Andre, F.; Andersen, M.; Wolfers, J.; Lozier, A.; Raposo, G.; Serra, V.; Flament, C.; Angevin, E.; Amigorena, S.; Zitvogel, L. Exosomes in cancer immunotherapy: Preclinical data. Adv. Exp. Med. Biol. 2001, 495, 349–354. [Google Scholar] [PubMed]

	



Watt, B.; van Niel, G.; Raposo, G.; Marks, M.S. PMEL: A pigment cell-specific model for functional amyloid formation. Pigment. Cell Melanoma Res. 2013, 26, 300–315. [Google Scholar] [CrossRef] [PubMed]

	



Guerreiro, E.M.; Ovstebo, R.; Thiede, B.; Costea, D.E.; Soland, T.M.; Kanli Galtung, H. Cancer cell line-specific protein profiles in extracellular vesicles identified by proteomics. PLoS ONE 2020, 15, e0238591. [Google Scholar] [CrossRef] [PubMed]

	



Riccardo, F.; Iussich, S.; Maniscalco, L.; Lorda Mayayo, S.; La Rosa, G.; Arigoni, M.; De Maria, R.; Gattino, F.; Lanzardo, S.; Lardone, E.; et al. CSPG4-specific immunity and survival prolongation in dogs with oral malignant melanoma immunized with human CSPG4 DNA. Clin. Cancer Res. 2014, 20, 3753–3762. [Google Scholar] [CrossRef] [PubMed]

	



Mayayo, S.L.; Prestigio, S.; Maniscalco, L.; Rosa, G.; Aricò, A.; Maria, R.; Cavallo, F.; Ferrone, S.; Buracco, P.; Iussich, S. Chondroitin sulfate proteoglycan-4: A biomarker and a potential immunotherapeutic target for canine malignant melanoma. Vet. J. 2011, 190, e26–e30. [Google Scholar] [CrossRef] [PubMed]

	



Alegre, E.; Zubiri, L.; Perez-Gracia, J.L.; Gonzalez-Cao, M.; Soria, L.; Martin-Algarra, S.; Gonzalez, A. Circulating melanoma exosomes as diagnostic and prognosis biomarkers. Clin. Chim Acta 2016, 454, 28–32. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.; Huang, A.C.; Zhang, W.; Zhang, G.; Wu, M.; Xu, W.; Yu, Z.; Yang, J.; Wang, B.; Sun, H.; et al. Exosomal PD-L1 contributes to immunosuppression and is associated with anti-PD-1 response. Nature 2018, 560, 382–386. [Google Scholar] [CrossRef]

	



Bardi, G.T.; Al-Rayan, N.; Richie, J.L.; Yaddanapudi, K.; Hood, J.L. Detection of inflammation-related melanoma small extracellular vesicle (sEV) mRNA content using primary melanocyte sEVs as a reference. Int. J. Mol. Sci. 2019, 20, 1235. [Google Scholar] [CrossRef]

	



Sassen, S.; Miska, E.A.; Caldas, C. MicroRNA: Implications for cancer. Virchows Arch. 2008, 452, 1–10. [Google Scholar] [CrossRef]

	



Zhang, J.; Li, S.; Li, L.; Li, M.; Guo, C.; Yao, J.; Mi, S. Exosome and Exosomal MicroRNA: Trafficking, Sorting, and Function. Genom. Proteom. Bioinform. 2015, 13, 17–24. [Google Scholar] [CrossRef] [PubMed]

	



Loria, A.D.; Dattilo, V.; Santoro, D.; Guccione, J.; De Luca, A.; Ciaramella, P.; Pirozzi, M.; Iaccino, E. Expression of Serum Exosomal miRNA 122 and Lipoprotein Levels in Dogs Naturally Infected by Leishmania infantum: A Preliminary Study. Animals 2020, 10, 100. [Google Scholar] [CrossRef] [PubMed]

	



Fish, E.J.; Martinez-Romero, E.G.; DeInnocentes, P.; Koehler, J.W.; Prasad, N.; Smith, A.N.; Bird, R.C. Circulating microRNA as biomarkers of canine mammary carcinoma in dogs. J. Vet. Intern. Med. 2020, 34, 1282–1290. [Google Scholar] [CrossRef] [PubMed]

	



Ingenito, F.; Roscigno, G.; Affinito, A.; Nuzzo, S.; Scognamiglio, I.; Quintavalle, C.; Condorelli, G. The Role of Exo-miRNAs in Cancer: A Focus on Therapeutic and Diagnostic Applications. Int. J. Mol. Sci. 2019, 20, 4687. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, D.; Barry, S.; Kmetz, D.; Egger, M.; Pan, J.; Rai, S.N.; Qu, J.; McMasters, K.M.; Hao, H. Melanoma cell-derived exosomes promote epithelial-mesenchymal transition in primary melanocytes through paracrine/autocrine signaling in the tumor microenvironment. Cancer Lett. 2016, 376, 318–327. [Google Scholar] [CrossRef]

	



Li, J.; Chen, J.; Wang, S.; Li, P.; Zheng, C.; Zhou, X.; Tao, Y.; Chen, X.; Sun, L.; Wang, A.; et al. Blockage of transferred exosome-shuttled miR-494 inhibits melanoma growth and metastasis. J. Cell. Physiol. 2019, 234, 15763–15774. [Google Scholar] [CrossRef]

	



Matsumoto, A.; Takahashi, Y.; Nishikawa, M.; Sano, K.; Morishita, M.; Charoenviriyakul, C.; Saji, H.; Takakura, Y. Accelerated growth of B16BL6 tumor in mice through efficient uptake of their own exosomes by B16BL6 cells. Cancer Sci. 2017, 108, 1803–1810. [Google Scholar] [CrossRef]

	



Felicetti, F.; De Feo, A.; Coscia, C.; Puglisi, R.; Pedini, F.; Pasquini, L.; Bellenghi, M.; Errico, M.C.; Pagani, E.; Carè, A. Exosome-mediated transfer of miR-222 is sufficient to increase tumor malignancy in melanoma. J. Transl. Med. 2016, 14, 1–15. [Google Scholar] [CrossRef]

	



Maekawa, N.; Konnai, S.; Okagawa, T.; Nishimori, A.; Ikebuchi, R.; Izumi, Y.; Takagi, S.; Kagawa, Y.; Nakajima, C.; Suzuki, Y.; et al. Immunohistochemical Analysis of PD-L1 Expression in Canine Malignant Cancers and PD-1 Expression on Lymphocytes in Canine Oral Melanoma. PLoS ONE 2016, 11, e0157176. [Google Scholar] [CrossRef]

	



Maekawa, N.; Konnai, S.; Takagi, S.; Kagawa, Y.; Okagawa, T.; Nishimori, A.; Ikebuchi, R.; Izumi, Y.; Deguchi, T.; Nakajima, C.; et al. A canine chimeric monoclonal antibody targeting PD-L1 and its clinical efficacy in canine oral malignant melanoma or undifferentiated sarcoma. Sci. Rep. 2017, 7, 8951. [Google Scholar] [CrossRef]

	



Ganbaatar, O.; Konnai, S.; Okagawa, T.; Nojima, Y.; Maekawa, N.; Minato, E.; Kobayashi, A.; Ando, R.; Sasaki, N.; Miyakosi, D.; et al. PD-L1 expression in equine malignant melanoma and functional effects of PD-L1 blockade. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Hoshino, A.; Costa-Silva, B.; Shen, T.L.; Rodrigues, G.; Hashimoto, A.; Tesic Mark, M.; Molina, H.; Kohsaka, S.; Di Giannatale, A.; Ceder, S.; et al. Tumour exosome integrins determine organotropic metastasis. Nature 2015, 527, 329–335. [Google Scholar] [CrossRef] [PubMed]

	



Charoenviriyakul, C.; Takahashi, Y.; Morishita, M.; Nishikawa, M.; Takakura, Y. Role of Extracellular Vesicle Surface Proteins in the Pharmacokinetics of Extracellular Vesicles. Mol. Pharm. 2018, 15, 1073–1080. [Google Scholar] [CrossRef] [PubMed]

	



DePeralta, D.; Michaud, W.; Hammond, M.; Boland, G. 44.03 Circulating Microvesicles, Exosomes, are Enriched in Melanoma and correlate with Tumor Burden. In Proceedings of the Academic Surgical Congress, Jacksonville, FL, USA, 2–4 February 2016. [Google Scholar]

	



Andrade, L.N.S.; Otake, A.H.; Cardim, S.G.B.; da Silva, F.I.; Ikoma Sakamoto, M.M.; Furuya, T.K.; Uno, M.; Pasini, F.S.; Chammas, R. Extracellular Vesicles Shedding Promotes Melanoma Growth in Response to Chemotherapy. Sci. Rep. 2019, 9, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Lunavat, T.R.; Cheng, L.; Einarsdottir, B.O.; Bagge, R.O.; Muralidharan, S.V.; Sharples, R.A.; Lässer, C.; Gho, Y.S.; Hill, A.F.; Nilsson, J.A.; et al. BRAF V600 inhibition alters the microRNA cargo in the vesicular secretome of malignant melanoma cells. Proc. Natl. Acad. Sci. USA 2017, 114, E5930–E5939. [Google Scholar] [CrossRef]

	



MacKay, R.J. Treatment options for melanoma of gray Horses. Vet. Clin. Equine Pract. 2019, 35, 311–325. [Google Scholar] [CrossRef]

	



Bergman, P.J. Melanoma. In Clinical Small Animal Internal Medicine; Wiley: Hoboken, NJ, USA, 2020. [Google Scholar] [CrossRef]

	



Garnica, T.K.; Lesbon, J.C.C.; Avila, A.; Rochetti, A.L.; Matiz, O.R.S.; Ribeiro, R.C.S.; Zoppa, A.; Nishiya, A.T.; Costa, M.T.; de Nardi, A.B.; et al. Liquid biopsy based on small extracellular vesicles predicts chemotherapy response of canine multicentric lymphomas. Sci. Rep. 2020, 10, 20371. [Google Scholar] [CrossRef]

	



Bardi, G.T.; Smith, M.A.; Hood, J.L. Melanoma exosomes promote mixed M1 and M2 macrophage polarization. Cytokine 2018, 105, 63–72. [Google Scholar] [CrossRef]

	



Ribas, A.; Hamid, O.; Daud, A.; Hodi, F.S.; Wolchok, J.D.; Kefford, R.; Joshua, A.M.; Patnaik, A.; Hwu, W.J.; Weber, J.S.; et al. Association of Pembrolizumab With Tumor Response and Survival Among Patients With Advanced Melanoma. JAMA 2016, 315, 1600–1609. [Google Scholar] [CrossRef]

	



Hodi, F.S.; O’Day, S.J.; McDermott, D.F.; Weber, R.W.; Sosman, J.A.; Haanen, J.B.; Gonzalez, R.; Robert, C.; Schadendorf, D.; Hassel, J.C.; et al. Improved survival with ipilimumab in patients with metastatic melanoma. N. Engl. J. Med. 2010, 363, 711–723. [Google Scholar] [CrossRef]

	



Del Re, M.; Marconcini, R.; Pasquini, G.; Rofi, E.; Vivaldi, C.; Bloise, F.; Restante, G.; Arrigoni, E.; Caparello, C.; Bianco, M.G.; et al. PD-L1 mRNA expression in plasma-derived exosomes is associated with response to anti-PD-1 antibodies in melanoma and NSCLC. Br. J. Cancer 2018, 118, 820–824. [Google Scholar] [CrossRef] [PubMed]

	



Tucci, M.; Passarelli, A.; Mannavola, F.; Stucci, L.S.; Ascierto, P.A.; Capone, M.; Madonna, G.; Lopalco, P.; Silvestris, F. Serum exosomes as predictors of clinical response to ipilimumab in metastatic melanoma. Oncoimmunology 2018, 7, e1387706. [Google Scholar] [CrossRef] [PubMed]

	



Federici, C.; Petrucci, F.; Caimi, S.; Cesolini, A.; Logozzi, M.; Borghi, M.; D’Ilio, S.; Lugini, L.; Violante, N.; Azzarito, T.; et al. Exosome release and low pH belong to a framework of resistance of human melanoma cells to cisplatin. PLoS ONE 2014, 9, e88193. [Google Scholar] [CrossRef] [PubMed]

	



Cesi, G.; Philippidou, D.; Kozar, I.; Kim, Y.J.; Bernardin, F.; Van Niel, G.; Wienecke-Baldacchino, A.; Felten, P.; Letellier, E.; Dengler, S.; et al. A new ALK isoform transported by extracellular vesicles confers drug resistance to melanoma cells. Mol. Cancer 2018, 17, 145. [Google Scholar] [CrossRef] [PubMed]

	



Palviainen, M.; Saraswat, M.; Varga, Z.; Kitka, D.; Neuvonen, M.; Puhka, M.; Joenvaara, S.; Renkonen, R.; Nieuwland, R.; Takatalo, M.; et al. Extracellular vesicles from human plasma and serum are carriers of extravesicular cargo-Implications for biomarker discovery. PLoS ONE 2020, 15, e0236439. [Google Scholar] [CrossRef] [PubMed]

	



Jamaly, S.; Ramberg, C.; Olsen, R.; Latysheva, N.; Webster, P.; Sovershaev, T.; Braekkan, S.K.; Hansen, J.B. Impact of preanalytical conditions on plasma concentration and size distribution of extracellular vesicles using Nanoparticle Tracking Analysis. Sci. Rep. 2018, 8, 17216. [Google Scholar] [CrossRef]

	



Royo, F.; Thery, C.; Falcon-Perez, J.M.; Nieuwland, R.; Witwer, K.W. Methods for Separation and Characterization of Extracellular Vesicles: Results of a Worldwide Survey Performed by the ISEV Rigor and Standardization Subcommittee. Cells 2020, 9, 1955. [Google Scholar] [CrossRef]

	



Shu, S.; Yang, Y.; Allen, C.L.; Hurley, E.; Tung, K.H.; Minderman, H.; Wu, Y.; Ernstoff, M.S. Purity and yield of melanoma exosomes are dependent on isolation method. J. Extracell Vesicles 2020, 9, 1692401. [Google Scholar] [CrossRef]

	



Onodi, Z.; Pelyhe, C.; Terezia Nagy, C.; Brenner, G.B.; Almasi, L.; Kittel, A.; Mancek-Keber, M.; Ferdinandy, P.; Buzas, E.I.; Giricz, Z. Isolation of High-Purity Extracellular Vesicles by the Combination of Iodixanol Density Gradient Ultracentrifugation and Bind-Elute Chromatography From Blood Plasma. Front. Physiol. 2018, 9, 1479. [Google Scholar] [CrossRef]

	



Consortium, E.-T.; Van Deun, J.; Mestdagh, P.; Agostinis, P.; Akay, O.; Anand, S.; Anckaert, J.; Martinez, Z.A.; Baetens, T.; Beghein, E.; et al. EV-TRACK: Transparent reporting and centralizing knowledge in extracellular vesicle research. Nat. Methods 2017, 14, 228–232. [Google Scholar] [CrossRef]

	



Vincent, K.M.; Postovit, L.M. Investigating the utility of human melanoma cell lines as tumour models. Oncotarget 2017, 8, 10498–10509. [Google Scholar] [CrossRef] [PubMed]

	



Koliha, N.; Heider, U.; Ozimkowski, T.; Wiemann, M.; Bosio, A.; Wild, S. Melanoma affects the composition of blood cell-derived extracellular vesicles. Front. Immunol. 2016, 7, 282. [Google Scholar] [CrossRef] [PubMed]

	



Kosaka, N.; Kogure, A.; Yamamoto, T.; Urabe, F.; Usuba, W.; Prieto-Vila, M.; Ochiya, T. Exploiting the message from cancer: The diagnostic value of extracellular vesicles for clinical applications. Exp. Mol. Med. 2019, 51, 1–9. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceuticals 13 00475 g001 550] 





Figure 1. Potential markers of melanoma-derived extracellular vesicles (EVs) that may play a role in diagnosis, monitoring progression, and treatment response in humans and other mammals. 
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Table 1. Potential melanoma-derived EV markers for diagnosis, as described in this review.
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Protein Markers

	
Genetic Markers






	
HSP70 [25,32,52]

Caveolin-1 [32,53]

TRP-2 [25,54]

Mel-CAM [25,52]

Mart-1 [25,52,54]

PMEL [32,49]

CSPG4 [32,50,55]

VLA-4 [25]

MET [25]

	
miR-17 [56]




	
miR-19a [56]




	
miR-21 [56,57]




	
miR-23 [57]




	
miR-106b [58]




	
miR-125b [57,59,60]




	
miR-126 [56]




	
miR-138 [57]




	
miR-149 [56]




	
miR-222 [57]




	
miR-494 [57]




	
miR-532-5p [58]




	
miR-let7a-c [57]
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Table 2. Summary of potential melanoma-derived EV protein markers as described in this review.
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	Protein Marker
	Melanoma Cell Line
	In Vivo
	Function





	HSP70
	SK-Mel-2 [32], -5 [32], -28 [25,32,52], -202 [25], -265 [25], -35 [25]; B16-F10 [25]; LOX IMVI [32]; M14 [32]; Malme-3M [32]; MeWo [52]; MDA-MB-435 [32]; UACC-62 [32], -257 [32]
	Human plasma [25]
	Detection [25]



	Caveolin-1
	LOX IMVI [32]; M14 [32]; Malme-3M [32]; Me501 [53]; MDA-MB-435 [32]; SK-Mel-2 [32], -5 [32], -28 [32]; UACC-62 [32], -257 [32]
	Human plasma [53]
	Detection [53]



	Mel-CAM
	SK-Mel-28 [52]; MeWo [52]
	
	Detection [25]



	Mart-1
	SK-Mel-28 [52]; MeWo [52]; RMS [54]
	
	Detection [25]



	TRP-1
	RMS [54]
	
	Detection [25]



	TRP-2
	B16-F10 [25]; SK-Mel-28 [25], -202 [25], -265 [25], -35 [25]; RMS [54]
	Human plasma [25]
	Detection [25],

monitor progression [25]



	PMEL
	LOX IMVI [32]; M14 [32]; Malme-3M [32]; MDA-MB-435 [32]; SK-Mel-2 [32], -5 [32], -28 [32]; UACC-62 [32], -257 [32]
	Malignant effusions [49]
	Detection [49]



	VLA-4
	B16-F10 [25]; SK-Mel-28 [25], -202 [25], -265 [25], -35 [25]
	Human plasma [25]
	Detection [25]



	CSPG4
	LOX IMVI [32]; M14 [32]; Malme-3M [32]; MDA-MB-435 [32]; SK-Mel-2 [32], -5 [32], -28 [32]; UACC-62 [32], -257 [32]
	Plasma [50,55]
	Detection [50,55]



	MET
	B16-F10 [25]
	Human plasma [25]
	Detection [25],

monitor progression [25]



	MIA
	Malme-3M [32]; SK-Mel-2 [32], -5 [32], -28 [32]; UACC-62 [32], -257 [32]
	Human plasma [77]
	Monitoring progression [77]



	S100B
	LOX IMVI [32]; Malme-3M [32]; MDA-MB-435 [32]; SK-Mel-2 [32], -5 [32], -28 [32]; UACC-257 [32]
	Human plasma [77]
	Monitoring progression [77]



	PD-L1
	SK-Mel-2 [51]; B16-F10 [51]
	Human plasma [51,78]
	Detection [78],

monitoring progression [51]
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Table 3. Summary of studies describing potential melanoma-derived EV genomic markers.
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	Melanoma Cell Line
	In Vivo
	Genomic Markers Identified





	Xiao et al. [57]
	A375, SK-Mel-28
	
	TOP1 mRNA, miR-21, miR-23, miR-125b, miR-138, miR-222, miR-494, miR-let7a/c



	Gerloff et al. [59]
	WM9, WM35, WM902B
	
	miR-24-3p, miR-99b-5p, miR-100-5p, miR-125b-5p, miR-221-3p



	Pfeffer et al. [56]
	
	Plasma
	miR-17, miR-19a, miR-21, miR-126, miR-149



	Xiao et al. [85]
	A375, SK-Mel-28
	Serum
	miR-191, miR-let-7a



	Li et al. [86]
	WM35, A375, WM451
	Serum
	miR-195-star, miR-494, miR-665



	Tengda et al. [58]
	
	Serum
	miR-106b, miR-532-5p
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