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Melanoma, the most aggressive skin cancer that originated from genetic mutations in the melanocytes, is still a troublesome medical problem under the current therapeutic approaches, which include surgical resection, chemotherapy, photodynamic therapy, immunotherapy, biochemotherapy and targeted therapy. Nanotechnology has significantly contributed to the development of cancer treatment in the past few years, among which extracellular vesicles (EVs) are nanosized lipid bilayer vesicles secreted from almost all cells that play essential roles in many physiological and pathological processes. In terms of melanoma therapy, the unique physicochemical properties of EVs make them promising nanocarriers for drug transportation compared to other synthetic nanocarriers. Moreover, EVs can be further engineered to maximize their drug delivery potential. Herein, in this minireview, we gave a brief overview of EV-based drug delivery strategies for melanoma therapy, in which different therapeutics delivered via EVs were summarized. We also highlighted the current progress of the EV-based delivery platform for melanoma therapy in clinical trials. The obstacles to applying exosomes in clinical practice toward further translation of EVs melanoma therapy were also discussed at the end. In summary, EVs offer promising prospects for melanoma therapy, whilst the ways for unlocking EVs’ full potential in melanoma therapies should be further investigated by solving relevant issues which hamper EVs-based melanoma therapy translation in the future.
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INTRODUCTION
Melanoma is a challenging skin cancer due to its high metastasis and chemoresistance. (Bandarchi et al., 2010). Current therapeutic systems for melanoma include surgical resection, chemotherapy, photodynamic therapy, immunotherapy, biochemotherapy, and targeted therapy. (Garbe et al., 2011). For melanoma at the early non-metastatic stage, surgical resection is preferred, and the prognosis is usually satisfying. However, the prognosis significantly worsens when regional lymph nodes are involved or metastasized. Although targeted therapy and immunotherapy have shown great promises in patients with advanced melanoma, drug resistance and related adverse effects to the above therapeutic measures could also not be neglected. (Chen et al., 2022). Thus, new methods to treat melanoma are urgently needed. In recent decades, nanomedicine has contributed remarkably for the development of cancer treatment. (van der Meel et al., 2019). Despite the fact that synthetic nanocarriers, including polymers, inorganic and biomimicking nanoparticles et al., are increasingly widely used in cancer treatment, limitations such as their toxicity and low biocompatibility still hinder their further clinical applications. Extracellular vesicles (EVs) are lipid bilayer vesicles of nanometric size secreted most by all cells. Several subtypes of EVs, including exosomes, ectosomes, membrane vesicles, and apoptotic bodies, have been identified. (Witwer and Thery, 2019) (Herrmann et al., 2021). EV-mediated cellular crosstalk within the tumor microenvironment is complex, for example, some EVs from the same cell source may play dual roles, either inhibiting or promoting the growth of cancer. (Figure 1A). Specifically, EVs derived from tumor and immune cells (dendritic cells, macrophages, natural killer cells, etc.) are the most frequently studied. In terms of tumor-derived EVs (TDEVs), in one aspect, it can promote tumor growth, invasion and metastasis through multiple mechanisms, such as inducing epithelial to mesenchymal transition, creating a pre metabolic niche, promoting angiogenesis and macrophages polarization towards a tumor supporting phenotype, etc. (Sun et al., 2018; Ahmadi and Rezaie, 2020). Meanwhile, it can also transfer antigens from parental cells to indigenous immune cells, activate dendritic cells (DC) and further activate DC induced killer cells, resulting in anti-tumor effects. (Wang et al., 2020).Among immune cells, DC derived EVs (DCEVs) can activate natural killer (NK) cells and T cells to start the immune killing process as well as directly kill tumors, thereby playing an anti-tumor role. (Munich et al., 2012; Fu et al., 2022).Similarly, NK cell derived EVs (NKEVs) induce endogenous and exogenous apoptosis of cancer cells by presenting perforin and FasL. (Zhu et al., 2018). As for macrophages, M1 subtype derived EVs (M1EVs) can promote DC maturation, and further activate T-cell responses, activating anti-tumor response, while the M2 type exerted the opposite effects that inhibited the immune response. (Du et al., 2020). In combination of their multirole played in the tumor microenvironment and the cell-derived characteristics, EVs possess many advantages compared with synthetic nanocarriers, such as high biocompatibility, low immunogenicity, complex molecules transport ability, intrinsic active targeting and information transferring between different cells. (Tarasov et al., 2021). In addition, EVs can be further engineered by targeting ligands, stimuli-responsive elements, and immune evasion properties, et al. (Armstrong et al., 2017), which will maximize their drug delivery potential. For the treatment of melanoma, EVs as vehicles can load a variety of drugs or cargoes, such as conventional chemotherapy drugs, polypeptides, oligonucleotides, amino acids, immunostimulants, et al. As a result, due to their intrinsic and modified properties obtained by vesicle engineering, EVs offer promising prospects for melanoma therapy by its self-biomolecules (e.g., micro RNAs) or the improved delivery of other therapeutic agents. Herein, we summarize the recent advances of EVs as both therapeutics themself and delivery vehicles in the treatment of melanoma (Table 1). The prospect and obstacles related to their clinical translation will also be discussed.
[image: Figure 1]FIGURE 1 | Summary of extracelluar vesicle assisted therapy for melanoma. (A) EV-mediated cellular crosstalk within the tumor microenvironment; (B) EV based endogenous miRNAs for melanoma treatment. MiR-155 within exosomes can induce the proangiogenic switch of cancer-associated fibroblasts by promoting the expression of proangiogenic factors via SOCS1/JAK2/STAT3 signaling pathway. (Zhou et al., 2018).Reproduced with permission. Copyright 2018, BioMed Central. (C) EV based chemotherapy. DOX that are loaded inside EVs exerted much higher inhibitory effects on the proliferation of B16.F10 melanoma cells. (Patras et al., 2022). Reproduced with permission. Copyright 2021, Taylor & Francis Group, LLC. (D) EV based immunotherapy. Bone marrow-derived MSCs transfected with plasmid encoding TRAIL indicated significant cell death compared to non-treated B16F0 cells. The tumor volume was also significantly reduced in vivo. (Shamili et al., 2018).Reproduced with permission. Copyright 2018, ELSEVIER. (E) EV based photothermal therapy. With near infrared (NIR) laser irradiation, AuNP@DCB16.F10 at tumor site generated hyperthermia, resulting in the apoptosis and necrosis of primary tumor and release of tumor antigens. Upon activation, mature DCs presented antigens to T cells and trigger the subsequent antitumor immune response. (Zhang et al., 2019a).Reproduced with permission. Copyright 2019, American Chemical Society. (F) EV based radiotherapy. EVs isolated from conditioned medium of Auger-RIT exposed cells are associated with about 30–40% bystander cytotoxic effects. (Karam et al., 2021).Reproduced with permission. Copyright 2021, Taylor & Francis Group, LLC.
TABLE 1 | Exosome based therapeutic strategies for melanoma.
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Primarily, EVs enable intercellular communications via a wide range of endogenous bioactive molecules, such as RNAs, proteins, carbohydrates, and lipids. When it comes to the treatment of melanoma, miRNAs are often mentioned for their well-known roles in tumorigenesis. (Ingenito et al., 2019). In this way, miRNAs may offer novel tumor therapeutic targets in melanoma therapies. Here, we discussed recent studies exploring the potentials of exosomal miRNAs for melanoma treatment.
It is generally known that the metastasis of melanoma involves multiple steps, one of which is epithelial-to-mesenchymal transition (EMT). Compared with most of the epithelial tissues, melanocytes express large amounts of EMT-inducing transcription factors, an intrinsic factor predisposing melanoma to high-grade metastatic property. (Xiao et al., 2016). McMasters et al. reported that miR-191 derived from two human malignant melanoma cell lines, A375 and SK-MEL-28, could promote EMT in primary melanocytes through the mitogen-activated protein kinase (MAPK) signaling pathway. (Xiao et al., 2016). Similarly, Wang et al. found that miR-106b-5p could induce the EMT of human epidermal melanocytes (HEMa-LP) and promote melanoma metastasis in mice model with pulmonary tumor metastasis. (Luan et al., 2021). Novel strategies targeting EMT may offer as new approaches for the treatment of melanoma, in which relevant miRNAs may be recognized as potential therapeutic targets.
Besides, exosomal miRNAs can affect the tumor microenvironment in the occurrence and development of melanoma. It is reported that miR-155 may be a potential target for controlling melanoma angiogenesis by switching the expression of proangiogenic factors in cancer-associated fibroblasts (CAFs) via the SOCS1/JAK2/STAT3 signaling pathway. (Zhou et al., 2018) (Figure 1B). Moreover, Ernstof et al. demonstrated that exosomal miR-155/miR-210 modulates stromal cell metabolism and may contribute to a pre-metastatic niche. (Shu et al., 2018). When human adult dermal fibroblasts (HADF) were exposed to human melanoma-derived exosomes (HMEX), an increase in aerobic glycolysis and a decrease in oxidative phosphorylation (OXPHOS) of HADF were observed. Exosomes derived from milk were also developed for the therapy of melanoma. For example, Kim’s research supports that the miR-2478 derived from milk exosomes can regulate melanogenesis by targeting Rap1a (a target gene of miR-2478) in melanoma cells through the AKT-GSK3β signal pathway. (Bae and Kim, 2021).
In another study by Zhou et al. (Li et al., 2019), they investigated the roles of miR-494 in melanoma progression. Their results showed that the proliferation and metastasis of melanoma cells were suppressed by inhibiting the release of exosomes, thus blocking the transfer of miR-494. Meanwhile, in vivo studies further confirmed that tumor growth and metastasis were suppressed by increasing miR-494 accumulation after the depletion of rab27a (GTPase, a well-known inhibitor for exosome release). It implies that blocking the exosomal transfer of miR-494 may offer another new approach to developing miRNA-based therapies for melanoma.
EVs based chemotherapy for melanoma
Chemotherapy is a widely accepted palliative therapy for stage IV metastatic melanoma. (Atkins et al., 2008). Dacarbazine as a single chemotherapeutic agent is the most widely used for the treatment of metastatic melanoma. Unfortunately, most responses to this agent are transient because only 1%–2% of patients achieved a durable long-term response to chemotherapy (Eisen, 2003), not to mention the common and unacceptable reactions to chemotherapy drugs. Compared with chemotherapeutic agents alone, relevant studies demonstrated a survival benefit from EVs-based chemotherapy, including efficacy improvement, reduced off-target effects, lower cytotoxic effects on normal cells et al. (Elsharkasy et al., 2020) It has been shown in many clinical trials that the decreased responsiveness of melanomas to doxorubicin (Dox) causes therapeutic inefficacy. (Fink et al., 2004; Smylie et al., 2007). However, Patras et al. exemplified that EVs loaded with Dox and modified with polyethylene glycol (PEG) moieties (PEG-EV-Dox) exerted much higher inhibitory effects on the proliferation of mouse melanoma cells, B16F10. The following in vivo experiments in B16.F10 melanoma-bearing mice also revealed that the PEG-EV-Dox showed a more robust antitumor efficacy. PEG-EV-Dox ensures prolonged systemic circulation time, higher accumulation of Dox, and more powerful tumor targeting potential. (Patras et al., 2022) (Figure 1C). Their latest study proposed a combination therapy with simvastatin incorporated in IL-13-functionalized long-circulating liposomes (IL-13-LCL-SIM) based on PEG-EV-Dox to selectively target both tumor-associated macrophages and melanoma cells. (Negrea et al., 2022). The results demonstrated that sequential administration of IL-13-LCL-SIM and PEG-EV-Dox had the most potent antiproliferative effect on melanoma cells.
In this regard, another researcher developed a more complex platform focusing on delivering Dox to melanoma with an active targeting modality, which composed of membrane anchor (BODIPY)-spacer (PEG)-targeting ligands (cyclic RGD peptide), namely, AExs. Dox encapsulated AExs (dAExs) delivered significantly enhanced anticancer activity, exhibiting the lowest half-maximal inhibitory concentrations (IC50) of 1.606 ± 0.255 μM compared to free Dox groups (9.852 ± 1.058 μM). Moreover, tumor volume and body weight of the dAEx group were exhibited significant suppression of melanoma growth, indicating the enhanced therapeutic activity of Dox through targeted and improved delivery via modified EVs. (Kang et al., 2020). These results are consistent with another similar example of engineered exosomes. (Jiang et al., 2021). By contrast, they chose tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) as an engineering tool due to its property of inducing extrinsic apoptosis in most cancerous cells. In addition, the drug delivered by exosomes is triptolide (TPL), which possesses diversified pharmacological activities, including antineoplastic. Similarly, Elisabetta et al. reported a system of macrophage-derived exosomes loaded tumoricidal drug, acridine orange (AO), showing greater antitumor effectiveness against metastatic melanoma cells than free AO. (Iessi et al., 2017).
EVs based immunotherapy for melanoma
Traditional immunotherapy for metastatic melanoma is mainly divided into the following five categories: cytokines such as interleukin 2 (IL-2) and α interferon (IFN-α), tumor vaccine based on melanoma antigen or DC, oncolytic virus, T cell adoptive therapy and immune checkpoint inhibitors (ICIs). (Zhang and Zhang, 2020). In recent years, immunotherapy represented by immune checkpoint blockade (ICB) has dramatically improved the prognosis of patients with metastatic melanoma. However, melanoma immunotherapy still faces some challenges such as drug resistance and immune-related adverse effects (irAE). (Jenkins and Fisher, 2021). The combination of exosomes and immunotherapy has the potential not only to change the drug delivery modes of traditional immunotherapy, optimize pharmacokinetics and reduce the occurrence of irAE, but also help to accurately target the tumor immunosuppressive microenvironment and enhance the efficacy of immunotherapy. (Irvine and Dane, 2020). Up to now, various studies have shown that EVs-based immunotherapy can significantly inhibit tumor progression by multiple mechanisms such as more robust tumor immune response and immune memory etc. (Shi and Lammers, 2019)
A series of studies have shown that exosomes without extra drugs could play an immunotherapeutic role in melanoma. Zhu et al. found that exosomes derived from NK cells can induce B16F10 cells apoptosis and inhibit the growth of melanoma xenografts. The mechanism may be related to Fas-L and TNF-α in exosomes from NK cells. (Zhu et al., 2017). Similarly, another study revealed that ginseng-derived nanoparticles (GDNPs) could alter macrophage M2 polarization, which contributes to an antitumor response both in vitro and in vivo. (Cao et al., 2019). Moreover, Ma et al. developed chimeric exosomes with the function of dual targeting of lymph nodes and tumor tissues, which activated the immune response in lymph nodes and improved the tumor immune microenvironment, showing significantly inhibited tumor progression in melanoma mice models via synergistic mechanism. (Wang et al., 2021).
Apart from exogenous drug-free exosomes, the following findings are compelling proofs of the excellent antitumor effects toward melanoma elicited with engineered exosomes. Zhang and colleagues reported engineered EVs displaying PD-1 on the surface, disrupting the immunosuppressive PD-1/PD-L1 axis by shielding PD-L1 on melanoma cancer cells. (Zhang et al., 2018). Furthermore, an inhibitor of indoleamine 2,3-dioxygenase was loaded into the PD-1 modified EVs, which inhibited the immunosuppressive pathway, leading to increased tumor infiltration of CD8+ T cells and tumor regression. Similar results were observed by Abnous et al., whilst the engineered exosome strategy is transfecting bone marrow-derived MSCs with plasmid encoding TRAIL, a novel agent for cancer treatment acting as tumor necrosis factor-related apoptosis-inducing ligand. (Shamili et al., 2018) (Figure 1D).
Combination therapy of the transforming growth factor-β receptor I (TGFβRI) kinase inhibitor SD-208 and a toll-like receptor (TLR)-7/8 agonist resiquimod (R848) was examined along with serum-derived exosomes (EXOs) as versatile carriers. In vitro, SD-208/EXOs and R848/EXOs reduced the migration of B16F10 cells and triggered the release of proinflammatory cytokines from stimulated macrophages and dendritic cells, respectively. In addition, the combination therapy of R848/EXOs and SD-208/EXOs reduced tumor growth and improved survival rate at low doses in the B16F10 tumor xenograft model. (Lee et al., 2022).
Besides, tumor-cell derived small extracellular vesicles (sEV) combined with immunostimulatory adjuvants may serve as a promising tumor vaccine through the induction of the cytotoxic T cell response. Takakura et al. proposed an efficient delivery system based on tumor-cell derived exosomes that contain endogenous tumor antigens and immunostimulatory CpG DNA. Murine melanoma B16BL6 cells were transfected with a plasmid vector encoding a fusion streptavidin (SAV, a protein that binds to biotin with high affinity)-lactadherin (LA, an exosome-tropic protein) protein, yielding genetically engineered SAV-LA-expressing exosomes (SAV-Exo). Consequently, treatment with CpG-SAV-Exo effectively activated mouse dendritic cells (DC2.4 cells) and enhanced tumor antigen presentation capacity. Immunization with CpG-SAV- Exo exhibited stronger antitumor effects in vivo than simple co-administration of exosomes and CpG DNA. (Morishita et al., 2016). The authors also constructed a CpG-DNA-anchored superstructure in which sEVs were assembled to achieve prolonged tissue residence and the selective uptake by dendritic cells. (Matsumoto et al., 2019).
As early as 2005, exosomes have been reported for clinical immunotherapy of melanoma. Escudier et al. conducted phase I clinical trials for patients with stage III/IV melanoma immunotherapy using exosomes derived from dendritic cells with MAGE3 polypeptide. The results showed that its large-scale application in clinical is safe and feasible. (Escudier et al., 2005).
EVs based photothermal therapy for melanoma
Photothermal therapy (PTT) is a treatment method composed of multiple procedures, including preparation of biomaterials with high photothermal conversion efficiency, the irradiation of external light sources (generally near-infrared light), temperature rising of tumor tissue, and killing of tumor cells etc. (Tong et al., 2007) Although PTT is mainly focused on local tumor treatments, these treatments could cause tumor-specific immune responses. This immune response is mainly regulated by tumor antigens and heat shock proteins released by dead tumor cells, which can be captured by antigen-presenting cells, with a consequence of activating the immune system to attack distal tumor cells. In other words, the photothermal effect could also be expected to treat distal sites, even metastases. (Ito et al., 2006; Greten and Korangy, 2010). For example, Zhang et al. (Zhang et al., 2019a) developed a novel immunological gold nanoparticle (AuNP) for combinatorial PTT and immunotherapy against melanoma (Figure 1E). This nanoparticle was intracellularly generated, followed by exocytosis from B16.F10 cells with retained tumor antigens (AuNP@B16.F10), then further internalized by DCs and secreted as DCs derived vesicles (AuNP@DCB16.F10). The in vitro cytotoxicity and anti-cancer assays show that AuNP@DCB16.F10 can efficiently kill tumor cells with laser irradiation, while nanoparticles or lasers alone cannot. In the in vivo assay, AuNP@DCB16.F10 + NIR (near infrared) exhibited significant tumor growth suppression with an inhibitory rate of 96.7%. Mechanistically, under NIR irradiation, AuNP@ DCB16.F10 generated heat and caused apoptosis of the tumor cells, which further enhanced antitumor immunity as a prominent immunological nanoplatform. Others also reported a novel metal nanostructure named EVdox@AuNP for combinatorial chemo-photothermal therapy. (Zhang et al., 2019b). EVdox@AuNP, consisting of self-grown gold nanoparticles, EVs, and Dox, demonstrated improved cellular internalization, controlled drug release, and more importantly, enhanced antitumor efficacy and better biocompatibility. Furthermore, Dai et al. (Xie et al., 2022) developed a new multifunctional nanomedicine named phototheranostic metal-phenolic networks (PFG MPNs) by integration of semiconductor polymers, ferroptosis inducer (Fe3+), and exosomes inhibitor (GW4869). The PFG MPNs demonstrated superior near-infrared II fluorescence/photoacoustic imaging performance for PTT. GW4869 mediated PD-L1 based exosomal inhibition revitalized T cells and enhanced the ferroptosis. This synergy strategy of PTT with anti-exosomal PD-L1 enhanced ferroptosis evoked potent antitumor immunity in B16.F10 tumors and immunological memory against metastatic tumors in lymph nodes.
EVs based radiotherapy for melanoma
For melanoma therapy, radiotherapy (RT) has been recognized as a tumor-localized treatment aimed at local control or palliation in the past decades. (Barton et al., 2014). Besides, considering the tolerance of the peritumoral tissues, the dose limits often preclude the application of curative radiation. (Dietrich et al., 2015). However, several recent studies revealed that EVs-based radiotherapy may provide a novel recognition. In a sense, EVs-based radiotherapy may not only be a successful regional treatment but also a promising systemic strategy for melanoma. In the study of Karam et al. (Karam et al., 2021), they reported preliminary results on the role of small extracellular vesicles (sEVs) as mediators of bystander and systemic effects in melanoma cells exposed to Auger RIT (radioimmunotherapy) or X-rays (Figure 1F). sEVs isolated from conditioned medium (CM) of Auger-RIT exposed cells are associated with about 30–40% bystander cytotoxic effects. They also observed that progressively, cytoplasmic dsDNA increased in B16.F10 cells during Auger-RIT and was enriched in sEVs. However, sEV-based in vivo studies showed no therapeutic effects. The authors suspected that sEVs collection time might impact the nature of sEVs, which should be further investigated. Similarly, Kishore et al. (Jella et al., 2020) provide novel mechanistic insights into the post-irradiation non-targeted effects of radiotherapy. According to their results, irradiation triggers the release of tumor-cell exosomes (RT-TEX) from B16.F10 cells, which contain several DAMPs (damage-associated molecular pattern) that activate antigen-presenting cell (APCs) and NK cells and delay tumor growth. However, since the ability of RT-TEX to activate NK cells has so far been investigated only in the context of in vivo tumor milieu, the mechanism underlying direct or indirect influence of exosomes on NK cells remains unknown. Next, Almodóvar et al. (de Araujo Farias et al., 2018) presented preclinical therapeutic data combining RT with MSC (mesenchymal stem cells) therapy. Their study aimed to investigate the role of exosomes derived from irradiated MSCs in delaying melanoma growth and metastasis after treatment with MSC + RT. They found that the tumor cell loss rates were: 44.4% and 12.1%, respectively, after treatment with the combination of MSC and RT and for exclusive RT. Moreover, the number of metastatic foci in vivo treated with MSC + RT was 60%, less than the control group, which shows that exosomes derived from MSCs, combined with radiotherapy, enhanced radiation effects and possessed superior melanoma suppressive effect.
CONCLUSION AND PERSPECTIVES
The components derived from exosomes themselves can affect the recipient cells’ physiological processes and influence the melanoma microenvironment via cell-to-cell communications. More importantly, due to their physicochemical and biological properties, exosomes are considered very promising drug/cargo delivery vehicles for the treatment of melanoma, especially with the assistance of advanced bioengineering techniques, including surface modification, various loading techniques, nucleic acid delivery techniques, etc. In other words, modification strategies offer the promising prospect of extending the therapeutic capability of EVs beyond their natural functions. (Miles et al., 2020). In this minireview, we have briefly classified the research progress of exosomes in melanoma treatment according to the different drugs/cargo, including chemotherapy, immunotherapy, photothermal therapy, radiotherapy, and their synergic therapy.
Despite the prospects mentioned above, the obstacles to applying exosomes in clinical practice cannot be ignored. To begin with, the lack of standardized/scalable EV isolation techniques, storage methods, and appropriate quality controls have hampered further translation of EVs. (Li et al., 2020). Furthermore, the biosafety of EVs-based nanomedicines also needs to be addressed. (Walker et al., 2019). More insights into the issues mentioned above will likely pave the way for unlocking EVs’ full potential and broader applications of promising EV-based melanoma therapies in the near future.
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