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Cutaneous melanoma is the deadliest and most aggressive form of skin cancer owing to its high capacity for metastasis. Over the past few decades, the management of this type of malignancy has undergone a significant revolution with the advent of both targeted therapies and immunotherapy, which have greatly improved patient quality of life and survival. Nevertheless, the response rates are still unsatisfactory for the presence of side effects and development of resistance mechanisms. In this context, tumor microenvironment has emerged as a factor affecting the responsiveness and efficacy of immunotherapy, and the study of its interplay with the immune system has offered new promising clinical strategies. This review provides a brief overview of the currently available immunotherapeutic strategies for melanoma treatment by analyzing both the positive aspects and those that require further improvement. Indeed, a better understanding of the mechanisms involved in the immune evasion of melanoma cells, with particular attention on the role of the tumor microenvironment, could provide the basis for improving current therapies and identifying new predictive biomarkers.
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1 INTRODUCTION
Despite continuous advances in melanoma research, there are active challenges in the field of its therapeutics, largely due to its ability to resist treatments and spread to other organs (Ferlay et al., 2010; Siegel et al., 2020; Siegel et al., 2023). A recent study predicted that newly diagnosed melanoma cases will surge by over 50% by 2040, underscoring the urgent need for novel therapies to counter this trend (Arnold et al., 2022). Notably, the stage of melanoma at diagnosis largely predicts the treatment outcome. In fact, the prognosis for melanoma is highly favorable when the disease is diagnosed at its onset, while a significant mortality rate with a 5-year survival rate of less than 10% is observed in patients with metastases, showing that metastatic diseases are the main causes of deaths associated with melanoma (Bomar et al., 2019). Currently the standard treatment approaches for melanoma include surgery, targeted therapies, and immune checkpoint blockade, while radiation therapy, chemotherapy, and immune cell-based therapies are used for patients with advanced disease or those who are unresponsive to conventional first-line therapies (Heo et al., 2016). The advent of immunotherapy has revolutionized the concept of drug therapy, opening avenues for more effective and personalized treatments (Di Giacomo et al., 2013; Sanlorenzo et al., 2014). Until now, the evolution of immunotherapy has led to the development of oncolytic virus therapy, tumor microenvironment modulators, and immune checkpoint inhibitors (ICIs) (Gurzu et al., 2018; Knight et al., 2023). Among these, the introduction of ICIs in clinical practice has completely modified melanoma patient management and significantly improved their long-term survival (Weiss and Kluger, 2022). Unfortunately, this kind of treatment often offers only transient benefits to the patients and can also produce toxic effects (Weiss and Kluger, 2022; Wolchok et al., 2022). Thus, there is an urgent need to identify predictive biomarkers of the responses and new rational targets for more effective therapies to overcome immune resistance while minimizing the toxic effects. This review provides an updated overview of recent advances in immunotherapy and future perspectives for treatment of metastatic melanoma.
2 MELANOMA
A melanoma is a highly metastatic tumor promoted by the uncontrolled proliferation of melanocytes (Gurzu et al., 2018); this tumor is histologically classified according to the tumor, node, and metastasis (TNM) system, where the tumor is staged through specific and universal characteristics such as tumor thickness, ulceration, and mitosis in the lesions. The other parameters used for classification of this malignancy are mainly concerned with its ability to involve the lymph node system and distance of metastases from the primary tumor (Balch et al., 2009; Amin et al., 2017). Many studies have shown that the genesis of melanoma is complex and multistage, involving both environmental and genetic factors. It has been demonstrated that even if many benign lesions present alterations of the v-raf murine sarcoma viral oncogene homolog B (BRAF) in the codon V600E, disease progression is bound to the concomitant alterations in other genes involved in several cellular processes (Pollock et al., 2003; Shain et al., 2015). Indeed, benign nevi remain quiescent for several years, and neoplastic transformation only occurs after genetic mutations against target genes, such as telomerase reverse transcriptase (TERT), cyclin-dependent kinase inhibitor 2A (CDKN2A), phosphatase and tensin homolog (PTEN), neurofibromin 1 (NF1), and KIT proto-oncogene receptor tyrosine kinase (KIT). These genetic alterations are responsible for uncontrolled activation of the MAPK and PI3K pathways that are physiologically involved in cell proliferation and survival (Leonardi et al., 2018).
2.1 Risk factors
Ultraviolet (UV) radiation exposure contributes to the development of approximately 60%–70% of melanoma through mutagenic processes, release of reactive oxygen species (ROS), and uncontrolled production of growth factors (Whiteman et al., 2001; Garibyan and Fisher, 2010; Sample and He, 2018). UV radiations are divided into two categories that equally promote the genesis of melanoma: UV-A (315–400 nm) that are indirectly involved in DNA damage through ROS production and UV-B (280–315 nm) that directly promote DNA mutagenesis (Sample and He, 2018). Only 10% of melanoma are associated with hereditary mutations in genes, which are classified as high, medium, and low penetrance genes based on their ability to promote cancer (Tsao et al., 2012; Read et al., 2016; Soura et al., 2016). Among the high penetrance genes, about 40% of all patients with familial melanoma exhibit mutation in the CDKN2A gene. In this regard, two independent studies have shown that CDKN2A−/− mice exposed to UV irradiation or that mice harboring mutations of the HRAS and NRAS genes develop cutaneous melanoma rapidly (Chin et al., 1997; Yang et al., 2007; VanBrocklin et al., 2010). Medium penetrance genes are represented by the melanocortin 1 receptor (MC1R), microphthalmia-associated transcription factor (MITF), and solute carrier family 45 member 2 (SLC45A2), which are all involved in skin pigmentation. Pasquali et al. (2015) demonstrated that patients with only a single allelic variation of the MC1R gene showed 40% increased risk of developing melanoma compared to the wild-type control subjects and that the presence of an additional allelic mutation further increased this risk by 28%. Furthermore, multiple allelic changes double the risk of disease onset (Pasquali et al., 2015). The germline variant of MITF (p.E318K) is characterized by replacement of the glutamic acid residue in position 318 with a lysine; this mutation alters the post-translational modification state of MITF by disrupting a conserved SUMOylation site, thus affecting the MITF transcriptional activity (Miller et al., 2005). Many low penetrance genes that are correlated with low probabilities of melanoma onset have been identified by genome-wide association studies (GWASs) (Potrony et al., 2016).
2.2 Mutations
Over the recent few decades, both activating and deleterious mutations, including single-nucleotide variants (SNVs, somatic and germline mutations) and copy number variations (CNVs), have been documented extensively as the alterations driving melanoma (Guan et al., 2015). Actual knowledge on these genetic alterations is listed in public databases such as the skin cutaneous melanoma catalog in The Cancer Genome Atlas (TCGA) or cBioPortal for Cancer Genomics (www.cbioportal.org) (Guan et al., 2015; Leonardi et al., 2018). Approximately 60% of melanoma patients present somatic mutations of BRAF, a proto-oncogene that encodes a serine/threonine kinase crucial for the MAPK signaling pathway. In vitro studies have shown that BRAF inhibition promotes cell growth reduction and apoptosis induction, while reducing tumor formation in vivo (Hingorani et al., 2003; Hoeflich et al., 2006; Hoeflich et al., 2009; Tsao et al., 2012; Leonardi et al., 2018; Savoia et al., 2019). Notably, BRAF-mutated melanoma are associated with shorter survivals in both metastatic and early-stage patients (Long et al., 2011). To date, several drugs targeting BRAF activity have been developed and approved for melanoma treatment (Koelblinger et al., 2018; Roskoski, 2018; Morales et al., 2019). Importantly, BRAF mutation and expression can also modulate the immunological phenotypes of melanoma. Indeed, Tomei et al. (2015) compared BRAF-mutant versus wild-type samples and identified two immune-related phenotypes, among which the poor phenotype characterized by an undifferentiated status and a poor prognosis was associated mostly with BRAF mutations (Tomei et al., 2015). Interestingly, the phosphoinositol-3-kinase (PI3K)/AKT pathway is often associated with resistance to BRAF inhibitors in melanoma (Paraiso et al., 2011; Irvine et al., 2018). Beyond the BRAF mutations, melanoma are frequently linked with PTEN loss; PTEN is involved in the regulation of many cellular processes, such as cell growth, survival, and cell motility, and the concomitant mutations in PTEN and BRAF are associated with reduced overall survival (OS) in 44% of melanoma (Bazzichetto et al., 2019). The missense mutation of neuroblastoma RAS viral oncogene homolog (NRAS) occurs in 15%–20% of all patients and is correlated with a more aggressive melanoma subtype with elevated capacity for metastasis. To date, no specific drugs have been approved for NRAS mutations because several strategies targeting NRAS directly have failed to produce effective therapeutics. Additionally, many clinicians do not routinely perform mutational profiling of NRAS, although its detection could have prognostic implications and facilitate clinical trial enrollment (Randic et al., 2021). Finally, less frequent mutations in other genes, such as the mitogen-activated protein kinase (MEK) involved in constitutive ERK activation and chemoresistance (Nikolaev et al., 2011; Stark et al., 2011), as well as sporadic mutations of KIT, NF1, and TERT have been identified (Beadling et al., 2008; Nagore et al., 2009; Handolias et al., 2010; Whittaker et al., 2013; Nissan et al., 2014).
3 IMMUNOTHERAPY AND MELANOMA
The immune system is an intricate network of organs, cells, and soluble factors involved in the protection of the body. Immunotherapy is a type of cancer treatment that takes advantage of this ability in the development of strategies to counteract cancer growth (Beadling et al., 2008; Handolias et al., 2010; Stark et al., 2011). Studies on tumor evasion mechanisms from the perspective of immune control have allowed the development of several molecular drugs that can “educate” the immune system to recognize and kill tumor cells (Falcone et al., 2020; Herrscher and Robert, 2020). In this context, metastatic melanoma are considered perfect examples of immunogenic tumors owing to the important presence of lymphocytic infiltrates (Sanlorenzo et al., 2014). Before the advent of immunotherapy in 2011, the average life expectancy for metastatic melanoma patients was about 9 months. Today, thanks to the identification of new therapeutic targets and development of new immunotherapy drugs, approximately 20% of melanoma patients survive for up to 10 years after diagnosis (Ascierto et al., 2023a). The immunological approaches for melanoma treatment include ICIs (Lugowska et al., 2018; Simsek et al., 2019; Baltussen et al., 2021); vaccines (Choubey, 2019); biological drugs such as cytokines, stimulating factors, and interferons (Choubey, 2019); as well as adoptive cell therapy (ACT) (Chen and Gao, 2019).
3.1 Immune checkpoint inhibitors (ICIs)
ICIs are monoclonal antibodies that were initially developed to bind and inhibit T-lymphocyte antigen 4 (CTLA-4) and programmed cell death protein 1 (PD-1), which are both present on the surfaces of T lymphocytes (Lugowska et al., 2018; Simsek et al., 2019). More recently, inhibitors capable of blocking new immune targets, such as lymphocyte-activation gene 3 (LAG-3), have also been developed (Huard et al., 1995). Table 1 summarizes the most important ICIs involved in the treatment of metastatic melanoma.
TABLE 1 | Summarizes the most important ICIs involved in metastatic melanoma treatment.
[image: Table 1]3.1.1 CTLA-4 inhibitors
CTLA-4 is a transmembrane receptor belonging to the immunoglobulin superfamily and is present on both CD4+ and CD8+ T lymphocytes. After binding with the receptors B7-1 (CD-80) or B7-2 (CD86) expressed on the antigen-presenting cells (APCs), CTLA-4 promotes inhibitory signals that regulate T cell activities (Figure 1). Thus, CTLA-4 is an important pharmacological target in the treatment of many neoplastic forms, including metastatic melanoma (Franklin et al., 2017; Khair et al., 2019; Kim and Choi, 2022). The discovery of ipilimumab (MDX-010), an IgG1 monoclonal antibody for CTLA-4, has greatly improved the treatment outcomes of metastatic melanoma, and its use in combination with PD-1 inhibitors has helped achieve a previously unimaginable increase in the OS. The CheckMate 067 trial showed that approximately half of the patients receiving first-line metastatic melanoma treatment as a combination of nivolumab (PD-1 inhibitor) and ipilimumab were alive after 7.5 years. The median OS with the combination treatment was 72.1 months compared to the 36.9 months OS for the PD-1 inhibitor and 19.9 months OS with ipilimumab alone. In addition, the treatment efficacy was maintained over the long term (Hodi et al., 2018; Turajlic et al., 2018; Wolchok et al., 2022). Although research has promoted the development of other CTLA-4 inhibitors, their results have not been as remarkable as those obtained with ipilimumab. For example, no differences were observed in terms of OS between patients treated with the fully human IgG2 monoclonal antibody tremelimumab (CP-675206) and those receiving chemotherapy or other immunotherapy agents (Ribas et al., 2019; Hamid et al., 2023).
[image: Figure 1]FIGURE 1 | Schematic representation of the most important ICI blockades in melanoma. Under normal conditions, T cell activation is provided by the MHC and TCR signaling pathways, while these pathways are suppressed by the ICIs working together in the tumor microenvironment. ICIs block the interactions between checkpoints and their partner proteins, thus preventing the off signals from being sent, consequently allowing the T cells to kill the cancer cells. This image was created with BioRender (https://biorender.com).
3.1.2 PD-1 axis inhibitors
PD-1 is a protein that is physiologically involved in immune system repression and is activated by two ligands: PD-1 ligand (PDL-1) and PD-2 ligand (PDL-2). When tumor cells interact with PD-1 on T cells via PDL-1, the PI3K/AKT pathway is inhibited, leading to cell cycle arrest and T cell activity inhibition (Buchbinder and Desai, 2016) (Figure 1). Melanoma is frequently characterized by high PDL-1 expression, and different antibodies blocking the PD-1/PDL-1 axis, such as nivolumab (BMS-936558, MDX-1106) and pembrolizumab (MK-3475), have been approved for its treatment (Francisco et al., 2010; Hino et al., 2010; Pardoll, 2012; Sunshine and Taube, 2015; Li et al., 2016). These two selective IgG4 monoclonal antibodies, when used alone or in combination with other immunotherapy agents, have shown important results in terms of progression-free survival (PFS) and OS in many clinical studies conducted on metastatic melanoma patients (Robert et al., 2015; Tsai and Daud, 2015; Simeone and Ascierto, 2017; Amaria et al., 2022; Tawbi et al., 2022; Wolchok et al., 2022; Ascierto et al., 2023a; Patel et al., 2023). In particular, the CheckMate 037 clinical trial showed that in metastatic melanoma patients in whom ipilimumab or BRAF inhibitor therapy have failed, nivolumab promoted an objective response rate (ORR) of 31.7% as opposed to 10.7% in patients receiving chemotherapy (Weber et al., 2015). Similarly, in other clinical trials, previously untreated melanoma patients were treated with both nivolumab and ipilimumab alone or in combination; the median PFS and ORR were significantly improved in both the combination and nivolumab-only groups compared to the ipilimumab-only group (Larkin et al., 2015). Recently, an interesting study showed that immunological analysis conducted after a single anti-PD-1 dose can predict patient clinical outcome (Huang et al., 2019); the authors observed rapid immune responses after PD-1 blockade mediated by T cell reactivation and a complete or major pathologic response in 30% of the patients within 3 weeks. These patients had 100% disease-free survival at 24 months, contrary to patients without significant pathologic responses who had poor prognosis with more than 50% recurrence despite therapy at the time of surgery/treatment (Huang et al., 2019). Therefore, a neoadjuvant treatment protocol could allow early identification of patients at high risk of recurrence, thus suggesting transition to a more effective therapy. The advent of pembrolizumab, a monoclonal antibody acting against the PD-1 protein, has become a therapeutic hope for treated patients. In the Keynote-001 trial, approximately 173 melanoma patients resistant to ipilimumab therapy were treated with pembrolizumab at different doses (2 mg/kg every 3 weeks or 10 mg/kg every 3 weeks); these patients showed significant results in terms of survival with ORR of 26% at both doses, with 58% and 63% of patients being alive at the end of 1 year, respectively (Robert et al., 2014). Several studies have also evaluated the activities of other PD-1 axis inhibitors, such as pidilizumab (CT-011), which is a humanized IgG1 monoclonal antibody that has achieved encouraging results regarding inhibited tumor growth and metastasis in preclinical studies in the context of different tumors, including melanoma (Niezgoda et al., 2015). Notably, the inhibition of PD-1 ligands also appears to achieve important results in clinical settings, and several molecules like anti-PDL-1 and PDL-2 have been developed for melanoma treatment. BMS-936559 (MDX-1105) is a fully human IgG4 monoclonal antibody that inhibits binding between PDL-1 and its receptor; similarly, atezolizumab (MPDL3280A), durvalumab (MEDI4736), and avelumab (MSB0010718C) are three humanized IgG1 monoclonal antibodies with high affinities and specificities to PDL-1 that are already used in several clinical trials for metastatic melanoma (Li et al., 2016; Keilholz et al., 2019; Blank et al., 2021; Mao et al., 2022). Finally, in addition to antibody-based treatments, two PDL-2 fusion proteins (AMP-224 and AMP-514) capable of inhibiting PD-1 have been developed (Sunshine and Taube, 2015).
3.1.3 LAG-3 inhibitors
LAG-3 is a CD4 homolog expressed on T lymphocytes that binds the major histocompatibility complex MHC-II, thus inhibiting T cell proliferation and activity (Huard et al., 1995; Demeure et al., 2001; Camisaschi et al., 2014). Several studies have shown the presence of a LAG-3-positive lymphocytic infiltrate in melanoma, laying the basis of a new therapeutic approach aimed at LAG-3/MCH-II binding inhibition (Hemon et al., 2011; Durham et al., 2014). In 2022, the US Food and Drug Administration (FDA) approved relatlimab (BMS-986016) as the first human IgG4 monoclonal antibody anti-LAG-3 for the treatment of several cancers, including melanoma (FDA, 2022). The RELATIVITY-020 study conducted by Ascierto et al. (2023b) on 518 melanoma patients showed that the combination of relatlimab and nivolumab had satisfactory and durable clinical results in patients with metastatic melanoma that were previously treated with PDL-1 inhibitors; indeed, the median PFS here ranged from 2.1 to 3.2 months (95% CIs, 1.9 to 3.5 and 1.9 to 3.6, respectively), and the PFS rates at 6 months ranged from 27.7% to 29.1% (95% CIs, 20.5 to 35.4 and 24.2 to 34.1, respectively) across patient cohorts characterized by different treatment doses (Ascierto et al., 2023b). The RELATIVITY-047 study then analyzed 714 untreated melanoma patients who were divided into two groups equally to receive a combination of relatlimab and nivolumab or nivolumab alone. The study showed positive results in terms of the median PFS for the combination therapy compared to monotherapy with nivolumab (10.2 and 4.6 months, respectively). The study also evaluated the correlations between the PDL-1 and LAG-3 expression levels and treatment responses. Patients with LAG-3 expressions ≥1% presented ORR improvements with the combination than monotherapy with nivolumab (47% and 35%, respectively). On the other hand, LAG-3 expressions <1% resulted in ORRs of 31% and 24%, respectively. Similar ORR results were also obtained by assessing the PDL-1 expression levels: when PDL-1 was ≥1%, the ORR was 53% in the combination case and 45% in monotherapy; when PD-L1 was <1% the ORRs were 36% and 24%, respectively (Tawbi et al., 2022). Despite the positive results, the combination vs nivolumab alone also showed frequent adverse events (81.1% vs 69.9%, respectively). The fully human IgG4 fianlimab (REGN3767), which is another LAG-3 inhibitor, has been utilized in combination with cemiplimab (PD-1 inhibitor) in patients with advanced melanoma. In this trial, the investigators observed ORRs of 63.6% in the PDL-1 naïve patients and 13.3% in patients previously treated with a PDL-1 inhibitor; they showed that the combination was associated with a good safety profile (ClinicalTrials, 2024). Finally, RO7247669 is a new PD-1/LAG-3 bispecific antibody that blocks PD-1 interactions with PDL-1 and PDL-2 as well as the interaction of LAG-3 with MHC-II; although both findings need further confirmations, this agent appears to have encouraging antitumor activity (Jiang et al., 2021).
4 VACCINES
New mRNA vaccines are the latest trend in oncology therapy and exploit the ability of the immune system to recognize and destroy cancer cells (Figure 2). Although this approach is still evolving, alternative immunotherapeutic approaches to ICIs have gained popularity in the treatment of several tumor types, such as metastatic melanoma. The image in this figure was created with BioRender (https://biorender.com).
[image: Figure 2]FIGURE 2 | Alternative immunotherapy approaches in melanoma. Although still evolving, alternative immunotherapeutic approaches to ICIs are gaining ground in the treatment of several tumor types, such as metastatic melanoma. This image was created with BioRender (https://biorender.com).
Vaccines essentially comprise neoantigens, mutated proteins expressed only by tumor cells, tumor-associated antigens present in both normal and tumor cells whose expressions change substantially between them, as well as inflammatory mediators, such as cytokines and chemokines (Liu et al., 2017; Mohan et al., 2018; Xie et al., 2023). Melanoma is the first type of cancer for which these new immunological therapies have been developed and improved, although the results obtained to date are not entirely satisfactory. Glycoprotein 100 (Gp-100) is an important example of a tumor-associated antigen that is highly expressed in melanocytes and melanoma (Wagner et al., 1997). A synthetic peptide formed by a few amino acid residues of its sequence represents the first vaccine formulated for advanced melanoma treatment (Vigneron et al., 2004). In vivo experiments have demonstrated satisfactory results in terms of prolonged OS and reduced tumor growth after direct administration of the Gp-100 vaccine (Oberli et al., 2017). In 2011, approximately 185 metastatic melanoma patients were treated with IL-2 alone or in combination with the Gp-100 peptide; the results of this study showed a significant increase in terms of OS for patients receiving combination therapy (Schwartzentruber et al., 2011). De Keersmaecker et al. (2020) instead showed that the use of a next-generation vaccine consisting of Gp-100 and other tumor-associated antigens plus ipilimumab could significantly improve T cell stimulation and the ORR of metastatic melanoma patients (De Keersmaecker et al., 2020). Another vaccine developed for melanoma treatment is Vitespen, a heat shock protein (Gp96)–peptide complex obtained and purified from excised tumors; unfortunately, this did not produce important results in terms of survival in advanced melanoma even while presenting few adverse effects (Testori et al., 2008). The development of new vaccine-based therapeutic approaches is particularly of note as several studies are still open (ClinicalTrials, 2024). One of these is the KEYNOTE-942 study that compares advanced melanoma patients treated with pembrolizumab and a personalized mRNA vaccine, where the patients receive pembrolizumab in monotherapy (Weber et al., 2024). The study recruited 157 patients and divided them into two groups, where 107 received the mRNA vaccine plus pembrolizumab and 50 received pembrolizumab alone, with median follow-up durations of 23 and 24 months, respectively. The recurrence-free survival was noted to be longer with the combination treatment versus monotherapy, where the 18-month recurrence-free survival was 79% versus 62%, respectively (Weber et al., 2024).
5 OTHER IMMUNOTHERAPY APPROACHES
5.1 Biological drugs
The use of immune-stimulating cytokines, such as interleukin-2 (IL-2) and interferon- α (IFN-α), has been approved as adjuvant treatments for melanoma (Figure 2). For many years, it has been noted that high doses of IL-2 appear to activate both T lymphocytes and natural killer (NK) cells, resulting in total response in a small number of the cases. Instead, IFN-α promotes inhibition of tumor proliferation through oncogene repression and activation of the Janus kinase (JAK) signal transducers and activators of transcription (STAT) pathway along with induction of inhibitory chemokine secretion. Unfortunately, the high toxicity associated with both treatments have limited their use to only patients in perfect health conditions (Sanlorenzo et al., 2014; Zhao et al., 2019).
5.2 Oncolytic viruses
Oncolytic viruses represent a new and important therapeutic approach that relies on the abilities of the viral particles to replicate only in cancer cells, thus inducing their death (Figure 2). The only approved oncolytic viral treatment of metastatic and advanced melanoma is based on the type I herpes simplex virus and is named Talimogene laherparepvec (TVEC); it has been genetically modified to selectively replicate in cancer cells without infecting normal cells (Liu et al., 2003). TVEC performs two important functions: it acts directly on the tumor cells causing their death and it stimulates the general immune responses of the patient. Several preclinical and clinical studies have shown that the use of TVEC, alone or in combination with other agents (ipilimumab, pembrolizumab), produces encouraging results (Conry et al., 2018).
5.3 Adoptive cell therapy
ACT or cellular immunotherapy promotes the therapeutic use of immune cells that are directly isolated from the patients (Figure 2). Upon isolation, these cells can be simply expanded or genetically engineered to enhance their cancer-fighting capabilities (Weber et al., 2020). ACTs are constantly evolving and include different methods: 1) tumor-infiltrating lymphocyte (TIL) therapy; 2) engineered T cell receptor (TCR) therapy; 3) chimeric antigen receptor (CAR) T cell therapy. TIL therapy involves isolating T lymphocytes directly from the patient’s tumor, followed by their clonal expansion in vitro. Subsequently, these immune cells are significantly increased in number and can be reinfused into the patient. Although this approach has not yet been approved for clinical practice, it has demonstrated significant responses in patients with advanced melanoma in the Lifileucel study conducted on patients with advanced melanoma that were previously treated by different therapeutic approaches (ICI treatments or BRAF/MEK inhibitors) (Sarnaik et al., 2021). These encouraging results have been confirmed in another study conducted on advanced melanoma cases refractory to anti PD-1 treatments; in this study, 168 patients were equally divided into two groups and treated with TIL or ipilimumab, where patients treated with TIL had a significantly longer PFS of 7.2 months compared to 3.1 months for those who received ipilimumab (Rohaan et al., 2022). In specific cases, T lymphocytes can be engineered to recognize only cancer cells (Zhao and Cao, 2019). In particular, some clinical trials now involve the use of lymphocytes expressing modified TCR, the CAR structured to recognize tumor-specific antigens, in the treatment of patients with metastatic melanoma (Chinnasamy et al., 2010; Chinnasamy et al., 2013; Lu et al., 2017; Yu et al., 2018; Sha et al., 2020). Two studies also evaluated the immune recognition of melanoma-associated antigens by the T cells (MART-1); in both cases, apart from an initial transient tumor regression, no significant results were observed (Abate-Daga et al., 2013; Chodon et al., 2014). Over the past few years, other trials have focused on other melanoma markers, such as the New York esophageal squamous cell carcinoma 1 (NY-ESO-1) and melanoma antigen family A3 (MAGE-A3), obtaining encouraging results in terms of survival. Unfortunately, the small number of patients enrolled or the adverse effects registered subsequently have not allowed us to draw exhaustive conclusions regarding these treatments (Robbins et al., 2015; Lu et al., 2017). Following the important results achieved with hematological diseases, CAR-T therapies have also turned toward the treatment of solid tumors. Several tumor antigens are used as targets for CAR-T cells in the treatment of metastatic melanoma, but preclinical studies have shown encouraging results only for the vascular endothelial growth factor receptor-2 (VEGFR-2). In two independent studies, coadministration of the anti-VEGFR-2 CAR-T cells with exogenous IL-2 or TCR transduced cells significantly increased the tumor-free survival compared to anti-VEGFR-2 CAR-T cells alone in a melanoma murine model (Chinnasamy et al., 2010; Chinnasamy et al., 2013). This in vivo finding, unfortunately, did not match the findings of a clinical trial conducted on 24 melanoma patients who received different concentrations of CAR-T cells combined with administration of low or high dose of IL-2. This study was interrupted because of disease progression in substantially all enrolled patients as well as for the occurrence of major adverse effects (Yu et al., 2018). Unfortunately, satisfactory results with CAR-T therapy have not yet been reported for melanoma.
6 MELANOMA IMMUNOTHERAPY RESISTANCE MECHANISMS
One of the crucial problems of oncology research is to definitively understand the molecular mechanisms underlying resistance to therapies. Although the advent of precision medicine has helped in the development of progressively more targeted and efficient treatments, it has not yet resolved an extremely important question: why are some patients refractory to conventional treatments, or do they develop secondary resistance? Surely, understanding the cellular and molecular mechanisms underlying drug resistance is a demanding challenge owing to the significant intratumor heterogeneities as well as intertumor variations among different patients. Nevertheless, extensive research conducted over the past few years has shed light on some of methods by which melanoma cells can evade immune system surveillance and become resistant to immunotherapy treatments.
6.1 Tumor mutational burden (TMB)
TMB represents the total number of somatic mutations per million bases found in a specific tumor. Cutaneous melanoma are known to exhibit higher TMB values than other tumors, mainly due to the C < T transitions caused by UV light, which make them highly immunogenic and therefore ideal for immunotherapy (Sha et al., 2020). Numerous studies have demonstrated significant positive correlations between the TMB of melanoma and immunotherapy responses. For instance, melanoma patients with higher basal levels of mutational burden exhibited improved ORR and PFS when treated with ICIs (Snyder et al., 2014; Ning et al., 2022). Furthermore, a recent study associated TMB with response to adjuvant anti-PD-1 treatment in 165 melanoma patients; in this study, samples were sequenced using a multigene next-generation sequencing (NGS) panel to identify the mutational load before treatment onset, and it was shown that patients with higher TMB values experienced better outcomes and extended relapse-free survival (RFS). The presence of BRAF mutation was also assessed but was identified as an independent predictor of response (Eckardt et al., 2023). Thus, in melanoma, as in other highly immunogenic cancers, the strong correlation between TMB and immune cell infiltration helps clinicians in predicting immunotherapy responses.
6.2 Major histocompatibility complex (MHC)
One of the possible mechanisms that promote immune evasion and resistance to treatment involve the reduction or loss of proteins associated with antigen presentation (Lee et al., 2020a; Cornel et al., 2020). A loss of factors associated with MCH-I and II complexes on melanoma cells profoundly reduces responses to ICIs. Indeed, an interesting study on 181 pretreatment melanoma samples showed that a loss of MCH-I is closely related to CTLA-4 inhibitor resistance, while higher levels of MCH-II seem to increase the responsiveness to PD-1 inhibitors (Rodig et al., 2018). This important aspect was also validated in other cancer settings (Alspach et al., 2019).
6.3 PDL-1
The use of PDL-1 expression as a predictive biomarker for the responses of ICIs is still a controversial topic. In fact, PDL-1 expressions vary between the primary tumor and metastases, and even patients with low PDL-1 levels may respond well to therapy (Herbst et al., 2014). Additionally, the parameters used to assess PDL-1 levels have not yet been clearly delineated (Yang et al., 2021). In general, patients with high tumor levels of PDL-1 seem to respond better to PD-1/PDL-1 inhibitors, whereas increased expression of PD-1 on the immune cells negatively regulates treatment responses (Tang et al., 2018).
6.4 Circulating biomarkers
6.4.1 Circulating tumor cells (CTCs)
Circulating tumor cells (CTCs) represent a very small percentage of cells in the bloodstream and provide important information on the tumor of origin as well as the metastatic sites (Ricciardi et al., 2023). As a window into the tumor, the analysis of CTCs could be a valid clinical tool for the evaluation of therapeutic approaches toward establishing more personalized medicine. In fact, it has been demonstrated that melanoma patients with PD-L1+ CTCs are eight times more likely to respond to pembrolizumab than patients with undetectable PD-L1+ CTCs (Khattak et al., 2020). Moreover, the development of a CTC gene signature in the context of melanoma has promoted early assessment of a long-term immunotherapy response (Hong et al., 2018).
6.4.2 Circulating tumor DNA (ctDNA)
All cells, including cancer cells, physiologically release DNA into the bloodstream after apoptotic or necrotic processes. Therefore, the circulating tumor DNA (ctDNA), which are essentially small fragments of genetic material, can be considered good indicators of therapeutic responses as their concentrations in the blood vary over time after treatment (Ricciardi et al., 2023). Many studies have shown significant negative correlations between ctDNA levels and responses to long-term treatments, such as immunotherapy. Indeed, melanoma patients with higher baseline ctDNA levels have presented lower average OS because of poor responses to treatments (Lee et al., 2020b; Marczynski et al., 2020; Marsavela et al., 2020).
6.4.3 Circulating tumor microRNAs (ctmiRNAs)
Although represented at low concentrations, circulating tumor microRNAs (ctmiRNAs) have been evaluated as predictive biomarkers of treatment responses in several cancer settings, including melanoma (Valihrach et al., 2020; Huang et al., 2022). For example, an interesting research has shown that in patients with advanced melanoma, several miRNAs (miR-4649-3p, miR-1234-3p, and miR-615-3p) show upregulation after treatment failure with ICIs (Bustos et al., 2020).
6.5 Epigenetic modifications
Epigenetic modifications induce changes in DNA accessibility and chromatin structure, which affect the phenotype without altering the DNA sequence (Handy et al., 2011). Cancer cells frequently experience epigenetic events, leading to changes in the gene activation levels. Deregulation of DNA methylation is considered an epigenetic modification (Yang and Wang, 2021), and it has been amply demonstrated that many tumor phenotypes can be attributed to promoter hypermethylation of tumor-related genes. In melanoma, the most common event is the methylation of CpG islands at the gene promoters, which negatively affect the genes involved in differentiation, replication, tumor suppression, and immune antigen presentation, including Ras-association domain family 1 isoform A (RASSF1A), O6-methylguanine-DNA methyltransferase (MGMT), cyclin-dependent kinase inhibitor 2A (CDKN2A), and PTEN (Esteller et al., 2001; Ehrlich, 2009; de Unamuno Bustos et al., 2018; Aleotti et al., 2021). Several lines of evidence have shown that melanoma cells can downregulate MHC levels by inducing less permissive chromatin states to evade immune surveillance (Garrido et al., 2010). Consistently, HDAC inhibition restores MHC expression in the murine B16 melanoma cells and in human melanoma (Khan et al., 2008; Sarkar et al., 2015). Several studies have also demonstrated that the hypermethylation levels of certain genes could be used to differentiate melanoma patients from healthy individuals and that they can serve as diagnostic markers. Indeed, aberrant DNA methylation is an early event in carcinogenesis and could be revealed by liquid biopsy. Interestingly, the progression of melanoma can lead to changes in the DNA methylation patterns; thus, longitudinal monitoring of DNA methylation in a non-invasive manner through liquid biopsy can provide real-time information on the behaviors and stages of melanoma (Salvianti et al., 2015; Diefenbach et al., 2020).
6.6 Immunosuppressive microenvironment
Cancer cells promote an immunosuppressive microenvironment necessary for their survival and escape drug interventions. In this protumoral context, multiple components of the immune system undergo significant changes that alter their anticancer capabilities. For instance, T lymphocytes experience altered differentiation, leading to upregulation of several inhibitory receptors on their surfaces, including PD-1, CTLA-4, LAG-3, immunoglobulin, mucin domain-containing molecule 3 (Tim3), and the immunoreceptor tyrosine-based inhibition motif (ITIM) domain (TIGIT) protein (Tian et al., 2015; Falcone et al., 2020). These dysregulated T cells facilitate tumor immune escape and consequently contribute to immunotherapy resistance (Chauvin et al., 2015; Noyes et al., 2022). Alterations in energy metabolism, particularly lipid metabolism, are fundamental for the development of these exhausted and dysregulated T cells. Owing to their hyperproliferative properties, cancer cells exhibit increased energy demands, and this persistent demand can result in significant modifications to the other components of the tumor microenvironment (TME) over time. For example, elevated cholesterol levels in the TME induce dysregulation in the T cells and lead to increased expressions of immune checkpoint proteins on their surfaces (Ma et al., 2019; Ma and Yi, 2019). T regulatory cells (Tregs), which are a subpopulation of T cells with oncogenic characteristics, play crucial roles in the maintenance of the TME. When present, Tregs induce anticancer immunity (Viehl et al., 2006; Ascierto et al., 2010), and their depletion enhances the immune responses while improving the therapeutic outcomes (Zappasodi et al., 2018). Cancer cells also manipulate cytokine expressions to create more favorable TMEs. Melanoma cells, along with other solid tumors, release many proinflammatory cytokines and soluble factors that increase immunological tolerance within their TMEs. For instance, the production of VEGF or transforming growth factor β (TGF-β) attracts immunosuppressive myeloid-derived suppressor cells (MDSCs) to the tumor sites, thereby promoting treatment resistance (Umansky et al., 2014). Moreover, specific tumor-derived micro-RNAs (miRNAs) have been shown to promote the transformation of macrophages to M2-like cells that interact with T cells to induce an immunosuppressive microenvironment refractory to the anti-PD-1 agents (Umansky et al., 2014).
7 COMBINATIONAL THERAPEUTIC APPROACHES
In light of the above discussion, it is clear that immunotherapy, like other treatments, is susceptible to the tumor’s defense mechanisms that can fail over time in most patients. Therefore, in many cases, the adoption of different therapeutic approaches that are able to target multiple tumor vulnerabilities provides better OS. Specifically, in melanoma, the combination of immune and targeted therapies is a promising option. Indeed, several preclinical studies have shown that in a murine model of BRAF-mutated melanoma, treatment with BRAF inhibitors improves the antitumor effects of TCR-engineered ACT, increases the expression of melanoma-associated antigens, and decreases the expression of immunosuppressive cytokines (Koya et al., 2012; Frederick et al., 2013). Conversely, especially in non-response phases, BRAF inhibition promotes immune evasion (Frederick et al., 2013). Several clinical trials have evaluated this combinational treatment strategy in patients with advanced melanoma characterized by BRAF mutations. In all major trials, although characterized by different settings, the triple combination of MAPK inhibitors and ICIs resulted in significant increases in the median PFS values compared to targeted therapy alone (Ferrucci et al., 2020; Dummer et al., 2022; Dummer et al., 2023; ClinicalTrials, 2024). Unfortunately, the appearance of side effects has led to reevaluations of these studies. Although not yet considered in the clinical context, an additional evaluable therapeutic approach for melanoma is the combination of ICIs and poly(ADP-ribose) polymerase (PARP) inhibitors. Indeed, evidence has shown that about 40% of the cutaneous melanoma have homologous recombination DNA damage repair defects that would benefit from the use of PARPi (Peyraud and Italiano, 2020; Chan et al., 2021; Zhou et al., 2023). This combination could have interesting implications in melanoma treatment for several reasons. First, PARP is implicated in not only DNA damage repair but also regulation of immune responses. When DNA damage repair is blocked, the cellular mutational load increases significantly, further exposing the tumors to the protective actions of the immune system. Moreover, there is a compensatory upregulation of PDL-1 on the tumor cells, which results in increased response to ICIs (Chan et al., 2021). Based on the same premise mentioned previously, the combination of immunotherapy and radiotherapy could also have interesting implications. Indeed, one of the effects related to radiotherapy is increased tumor antigen visibility and promoted priming of the T cells. Thus, immunotherapy could be synergized with radiation-induced immune activation to make the microenvironment less favorable for tumor growth (Tagliaferri et al., 2022).
8 PERSONALIZED TREATMENT APPROACHES
The composition of the TME is emerging as a possible biomarker of response to ICI therapy. Based on the cellular infiltrates, three TME classes have been identified: inflamed (or “hot”) with high levels of intratumoral (IT) and peritumoral (PT) lymphocytes, excluded (or “altered”) with high PT but low IT lymphocytes, and ignored (or “cold”) characterized by the lack of lymphocytes and associated with negative responses to ICI therapy (Sobottka et al., 2021). Indeed, several studies have associated the TME composition with patient responses to ICI treatment. Gide et al. (2019) performed a multifactor analysis to identify genes expressed differentially between patients responding or not responding to the combined anti-CTLA-4 and anti-PD-1 immunotherapy; they found upregulation of the T-cell-related genes and genes associated with NK-cell-mediated cytotoxicity as well as increased T-cell cytotoxicity and cytokine signaling in responders compared to non-responders (Gide et al., 2019). Furthermore, recent evidence suggests that the maintenance of an immunosuppressive TME can also be influenced by the presence of tumor-associated macrophages (TAMs) (Qian and Pollard, 2010). Arlauckas et al. (2017) used time-lapse microscopy in a mouse model of anti-PD-1 responsive cancer and demonstrated that TAMs are able to capture anti-PD-1 mAbs from the T cell surfaces, thus decreasing their efficacy (Arlauckas et al., 2017). In addition, anti-PD-1 mAbs bound to the receptors of the macrophages are able to promote T-cell-mediated cytotoxicity, weakening the effectiveness of the therapy (Zhang et al., 2018). Interestingly, several studies have also hypothesized that the gut microbiome may influence response to immunotherapy by producing short-chain fatty acids (SCFAs) that impact the epigenome of the melanoma cells (Lam et al., 2021). In this context, Luu et al. (2021) showed that the SCFA pentanoate increases the antitumor activity of the CD8+ T cells by inhibiting the class I histone deacetylase.
9 TOXICITY AND QUALITY OF LIFE
In recent years, there has been an increasing focus on not only improvement of survival outcomes but also health-related quality of life (HRQoL), which can be seen as a set of long-term aspects concerning the social, psychological, emotional, and cognitive statuses of the patient that are impacted by the treatments (Mamoor et al., 2020; Pinto et al., 2022). Indeed, despite the obvious advantages, treatment with ICIs is related to several toxic effects called immune-related adverse effects (irAEs) owing to immune activation and inflammatory responses against the healthy tissue of the host. These toxic effects may affect multiple organs, such as the skin, liver, lungs, and colon, leading to severe declines in their functions and sometimes fatal outcomes (Wang et al., 2018). Moreover, the appearance of side effects is linked to the patient’s state of health. Previous reports have shown that patients with preexisting anti-thyroglobulin antibodies are more sensitive to developing thyroid disorders upon treatment with ICIs (Kimbara et al., 2018). Similarly, a correlation between CTLA-4 gene polymorphism or cytokine activity and development of irAEs after anti-CTLA-4 treatment has been demonstrated. For example, high levels of IL-17 were found in patients who developed colitis following anti-CTLA-4 treatments. The possibility of emerging toxicities due to combinational therapies also needs particular attention. The effects of the combination of ipilimumab and nivolumab on HRQoL have been reported by two research groups from the CheckMate 067 study (Larkin et al., 2019; Schadendorf et al., 2023); these studies found that there was were no clinically meaningful differences in HRQoLs in patients receiving the combination therapy compared to those receiving nivolumab monotherapy.
10 FUTURE PERSPECTIVES AND CONCLUSIONS
The immune system is the first line of defense against anything deemed “foreign” to the human body. Notably, tumors are formed by cells that can be considered “foreign” in many aspects as they acquire peculiar and specific characteristics that are not present in normal cells. With this in mind, the strategy of harnessing and amplifying the capabilities of our immune system to recognize and block tumor proliferation has revolutionized cancer therapy. Metastatic melanoma was the most dismal among solid tumors until a few decades ago, with survival chances of only a few months after diagnosis. Although excisional surgery and conventional chemotherapy were effective strategies for most patients, they did not provide satisfactory results against this highly heterogeneous tumor (Falcone et al., 2020). The advent of targeted therapies has opened new therapeutic avenues, but immunotherapy in particular revolutionized the treatment landscape of melanoma by improving not only the life expectancy but also overall conditions of the patients. However, the potential for toxic effects and resistance to treatments necessitates identification of predictive biomarkers that have till date only allowed creation of individualized therapies specific to each patient’s tumor and immune landscape. Several putative predictive biomarkers have been proposed, but none of these possess enough sensitivity and specificity when used alone, and only combinations of multiple biomarkers have been shown to predict the effectiveness of immunotherapy. This approach should guide clinicians to better stratify patients to achieve control over the disease for a longer period and to overcome the innate and acquired resistances to immunotherapy. Additionally, to determine the optimal therapy regimen, the presence of comorbidities and patient’s quality of life must be considered, as some effective immunotherapies can induce high levels of toxicity. Specifically, patients with comorbidities should be rigorously monitored for possibly increased toxicity. For example, a recent study by Mallardo et al. (2023) showed that cotreatment with nivolumab and relatlimab could have reduced efficacies in patients affected by type 2 diabetes, probably due to the reduced expression of LAG-3 (Mallardo et al., 2023). Another area that remains to be explored concerns the role of the gut microbiome in the interplay between the host and cancer, and the response to immunotherapy thereof. Microbiota are influenced by several factors, and their understanding and manipulation via fecal transplantation or dietary settings could have interesting therapeutic implications. In fact, it has been demonstrated that fecal transplantation can change the gut microbiome, thereby reprogramming the TME and reducing the resistance to anti-PD-1 treatment (Davar et al., 2021; Bolte et al., 2023). To date, one of the popular topics regarding the progression of metastatic melanoma concerns identification of factors that can predict patient responses to ICIs. Recently, omics technologies have provided very powerful tools for discovering novel biomarkers/signatures to predict responses to cancer treatments. For example, the IFN-gamma signature has been identified to predict responses to ICIs in melanoma patients (Grasso et al., 2020; Yan et al., 2021). However, a holistic approach is necessary to achieve this purpose, in which gut microbiome characterization together with genomics, transcriptomics, and immunological insights could provide solid assistance in predicting the outcomes of immunotherapies.
AUTHOR CONTRIBUTIONS
CS: writing–original draft, writing–review and editing. SI: writing–review and editing. LC: Conceptualization, writing–review and editing. IF: Conceptualization, writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was financially supported by the Italian Ministry of Health (to IF, GR-2019-1237-1365).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations or those of the publisher, editors, and reviewers. Any product that may be evaluated in this article or claim that may be made by its manufacturer is not guaranteed or endorsed by the publisher.
REFERENCES
 Abate-Daga, D., Hanada, K., Davis, J. L., Yang, J. C., Rosenberg, S. A., and Morgan, R. A. (2013). Expression profiling of TCR-engineered T cells demonstrates overexpression of multiple inhibitory receptors in persisting lymphocytes. Blood 122 (8), 1399–1410. doi:10.1182/blood-2013-04-495531
 Aleotti, V., Catoni, C., Poggiana, C., Rosato, A., Facchinetti, A., and Scaini, M. C. (2021). Methylation markers in cutaneous melanoma: unravelling the potential utility of their tracking by liquid biopsy. Cancers (Basel) 13 (24), 6217. doi:10.3390/cancers13246217
 Alspach, E., Lussier, D. M., Miceli, A. P., Kizhvatov, I., DuPage, M., Luoma, A. M., et al. (2019). MHC-II neoantigens shape tumour immunity and response to immunotherapy. Nature 574 (7780), 696–701. doi:10.1038/s41586-019-1671-8
 Amaria, R. N., Postow, M., Burton, E. M., Tetzlaff, M. T., Ross, M. I., Torres-Cabala, C., et al. (2022). Neoadjuvant relatlimab and nivolumab in resectable melanoma. Nature 611 (7934), 155–160. doi:10.1038/s41586-022-05368-8
 Amin, M. B., Greene, F. L., Edge, S. B., Compton, C. C., Gershenwald, J. E., Brookland, R. K., et al. (2017). The Eighth Edition AJCC Cancer Staging Manual: continuing to build a bridge from a population-based to a more "personalized" approach to cancer staging. CA Cancer J. Clin. 67 (2), 93–99. doi:10.3322/caac.21388
 Arlauckas, S. P., Garris, C. S., Kohler, R. H., Kitaoka, M., Cuccarese, M. F., Yang, K. S., et al. (2017). In vivo imaging reveals a tumor-associated macrophage-mediated resistance pathway in anti-PD-1 therapy. Sci. Transl. Med. 9 (389), eaal3604. doi:10.1126/scitranslmed.aal3604
 Arnold, M., Singh, D., Laversanne, M., Vignat, J., Vaccarella, S., Meheus, F., et al. (2022). Global burden of cutaneous melanoma in 2020 and projections to 2040. JAMA Dermatol 158 (5), 495–503. doi:10.1001/jamadermatol.2022.0160
 Ascierto, P. A., Lipson, E. J., Dummer, R., Larkin, J., Long, G. V., Sanborn, R. E., et al. (2023b). Nivolumab and relatlimab in patients with advanced melanoma that had progressed on anti-programmed death-1/programmed death ligand 1 therapy: results from the phase I/IIa RELATIVITY-020 trial. J. Clin. Oncol. 41 (15), 2724–2735. doi:10.1200/JCO.22.02072
 Ascierto, P. A., Mandala, M., Ferrucci, P. F., Guidoboni, M., Rutkowski, P., Ferraresi, V., et al. (2023a). Sequencing of ipilimumab plus nivolumab and encorafenib plus binimetinib for untreated BRAF-mutated metastatic melanoma (secombit): a randomized, three-arm, open-label phase II trial. J. Clin. Oncol. 41 (2), 212–221. doi:10.1200/JCO.21.02961
 Ascierto, P. A., Napolitano, M., Celentano, E., Simeone, E., Gentilcore, G., Daponte, A., et al. (2010). Regulatory T cell frequency in patients with melanoma with different disease stage and course, and modulating effects of high-dose interferon-alpha 2b treatment. J. Transl. Med. 8, 76. doi:10.1186/1479-5876-8-76
 Balch, C. M., Gershenwald, J. E., Soong, S. J., Thompson, J. F., Atkins, M. B., Byrd, D. R., et al. (2009). Final version of 2009 AJCC melanoma staging and classification. J. Clin. Oncol. 27 (36), 6199–6206. doi:10.1200/JCO.2009.23.4799
 Baltussen, J. C., Welters, M. J. P., Verdegaal, E. M. E., Kapiteijn, E., Schrader, A. M. R., Slingerland, M., et al. (2021). Predictive biomarkers for outcomes of immune checkpoint inhibitors (ICIs) in melanoma: a systematic review. Cancers (Basel) 13 (24), 6366. doi:10.3390/cancers13246366
 Bazzichetto, C., Conciatori, F., Pallocca, M., Falcone, I., Fanciulli, M., Cognetti, F., et al. (2019). PTEN as a prognostic/predictive biomarker in cancer: an unfulfilled promise?Cancers (Basel) 11 (4), 435. doi:10.3390/cancers11040435
 Beadling, C., Jacobson-Dunlop, E., Hodi, F. S., Le, C., Warrick, A., Patterson, J., et al. (2008). KIT gene mutations and copy number in melanoma subtypes. Clin. Cancer Res. 14 (21), 6821–6828. doi:10.1158/1078-0432.CCR-08-0575
 Blank, C. U., Wong, D. J., Ho, T. H., Bauer, T. M., Lee, C. B., Bene-Tchaleu, F., et al. (2021). Phase ib study of atezolizumab plus interferon-α with or without bevacizumab in patients with metastatic renal cell carcinoma and other solid tumors. Curr. Oncol. 28 (6), 5466–5479. doi:10.3390/curroncol28060455
 Bolte, L. A., Lee, K. A., Bjork, J. R., Leeming, E. R., Campmans-Kuijpers, M. J. E., de Haan, J. J., et al. (2023). Association of a mediterranean diet with outcomes for patients treated with immune checkpoint blockade for advanced melanoma. JAMA Oncol. 9 (5), 705–709. doi:10.1001/jamaoncol.2022.7753
 Bomar, L., Senithilnathan, A., and Ahn, C. (2019). Systemic therapies for advanced melanoma. Dermatol Clin. 37 (4), 409–423. doi:10.1016/j.det.2019.05.001
 Buchbinder, E. I., and Desai, A. (2016). CTLA-4 and PD-1 pathways: similarities, differences, and implications of their inhibition. Am. J. Clin. Oncol. 39 (1), 98–106. doi:10.1097/COC.0000000000000239
 Bustos, M. A., Gross, R., Rahimzadeh, N., Cole, H., Tran, L. T., Tran, K. D., et al. (2020). A pilot study comparing the efficacy of lactate dehydrogenase levels versus circulating cell-free microRNAs in monitoring responses to checkpoint inhibitor immunotherapy in metastatic melanoma patients. Cancers (Basel) 12 (11), 3361. doi:10.3390/cancers12113361
 Camisaschi, C., De Filippo, A., Beretta, V., Vergani, B., Villa, A., Vergani, E., et al. (2014). Alternative activation of human plasmacytoid DCs in vitro and in melanoma lesions: involvement of LAG-3. J. Invest. Dermatol. 134 (7), 1893–1902. doi:10.1038/jid.2014.29
 Chan, W. Y., Brown, L. J., Reid, L., and Joshua, A. M. (2021). PARP inhibitors in melanoma-an expanding therapeutic option?Cancers (Basel) 13 (18), 4520. doi:10.3390/cancers13184520
 Chauvin, J. M., Pagliano, O., Fourcade, J., Sun, Z., Wang, H., Sander, C., et al. (2015). TIGIT and PD-1 impair tumor antigen-specific CD8⁺ T cells in melanoma patients. J. Clin. Invest. 125 (5), 2046–2058. doi:10.1172/JCI80445
 Chen, C., and Gao, F. H. (2019). Th17 cells paradoxical roles in melanoma and potential application in immunotherapy. Front. Immunol. 10, 187. doi:10.3389/fimmu.2019.00187
 Chin, L., Pomerantz, J., Polsky, D., Jacobson, M., Cohen, C., Cordon-Cardo, C., et al. (1997). Cooperative effects of INK4a and ras in melanoma susceptibility in vivo. Genes Dev. 11 (21), 2822–2834. doi:10.1101/gad.11.21.2822
 Chinnasamy, D., Tran, E., Yu, Z., Morgan, R. A., Restifo, N. P., and Rosenberg, S. A. (2013). Simultaneous targeting of tumor antigens and the tumor vasculature using T lymphocyte transfer synergize to induce regression of established tumors in mice. Cancer Res. 73 (11), 3371–3380. doi:10.1158/0008-5472.CAN-12-3913
 Chinnasamy, D., Yu, Z., Theoret, M. R., Zhao, Y., Shrimali, R. K., Morgan, R. A., et al. (2010). Gene therapy using genetically modified lymphocytes targeting VEGFR-2 inhibits the growth of vascularized syngenic tumors in mice. J. Clin. Invest. 120 (11), 3953–3968. doi:10.1172/JCI43490
 Chodon, T., Comin-Anduix, B., Chmielowski, B., Koya, R. C., Wu, Z., Auerbach, M., et al. (2014). Adoptive transfer of MART-1 T-cell receptor transgenic lymphocytes and dendritic cell vaccination in patients with metastatic melanoma. Clin. Cancer Res. 20 (9), 2457–2465. doi:10.1158/1078-0432.CCR-13-3017
 Choubey, D. (2019). Type I interferon (IFN)-inducible Absent in Melanoma 2 proteins in neuroinflammation: implications for Alzheimer's disease. J. Neuroinflammation 16 (1), 236. doi:10.1186/s12974-019-1639-5
 ClinicalTrials (2024). ClinicalTrials.gov. Available at: https://clinicaltrials.gov.
 Conry, R. M., Westbrook, B., McKee, S., and Norwood, T. G. (2018). Talimogene laherparepvec: first in class oncolytic virotherapy. Hum. Vaccin Immunother. 14 (4), 839–846. doi:10.1080/21645515.2017.1412896
 Cornel, A. M., Mimpen, I. L., and Nierkens, S. (2020). MHC class I downregulation in cancer: underlying mechanisms and potential targets for cancer immunotherapy. Cancers (Basel) 12 (7), 1760. doi:10.3390/cancers12071760
 Mamoor, M., Postow, M. A., Lavery, J. A., Baxi, S. S., Khan, N., Mao, J. J., et al. (2020). Correction: quality of life in long-term survivors of advanced melanoma treated with checkpoint inhibitors. J. Immunother. Cancer 8(1), e000260. doi:10.1136/jitc-2019-000260
 Davar, D., Dzutsev, A. K., McCulloch, J. A., Rodrigues, R. R., Chauvin, J. M., Morrison, R. M., et al. (2021). Fecal microbiota transplant overcomes resistance to anti-PD-1 therapy in melanoma patients. Science 371 (6529), 595–602. doi:10.1126/science.abf3363
 De Keersmaecker, B., Claerhout, S., Carrasco, J., Bar, I., Corthals, J., Wilgenhof, S., et al. (2020). TriMix and tumor antigen mRNA electroporated dendritic cell vaccination plus ipilimumab: link between T-cell activation and clinical responses in advanced melanoma. J. Immunother. Cancer 8 (1), e000329. doi:10.1136/jitc-2019-000329
 Demeure, C. E., Wolfers, J., Martin-Garcia, N., Gaulard, P., and Triebel, F. (2001). T Lymphocytes infiltrating various tumour types express the MHC class II ligand lymphocyte activation gene-3 (LAG-3): role of LAG-3/MHC class II interactions in cell-cell contacts. Eur. J. Cancer 37 (13), 1709–1718. doi:10.1016/s0959-8049(01)00184-8
 de Unamuno Bustos, B., Murria, E. R., Perez, S. G., Simarro Farinos, J., Pujol Marco, C., Navarro Mira, M., et al. (2018). Aberrant DNA methylation is associated with aggressive clinicopathological features and poor survival in cutaneous melanoma. Br. J. Dermatol. 179 (2), 394–404. doi:10.1111/bjd.16254
 Diefenbach, R. J., Lee, J. H., and Rizos, H. (2020). Methylated circulating tumor DNA as a biomarker in cutaneous melanoma. Melanoma Manag. 7 (3), MMT46. doi:10.2217/mmt-2020-0010
 Di Giacomo, A. M., Calabro, L., Danielli, R., Fonsatti, E., Bertocci, E., Pesce, I., et al. (2013). Long-term survival and immunological parameters in metastatic melanoma patients who responded to ipilimumab 10 mg/kg within an expanded access programme. Cancer Immunol. Immunother. 62 (6), 1021–1028. doi:10.1007/s00262-013-1418-6
 Dummer, R., Long, G. V., Robert, C., Tawbi, H. A., Flaherty, K. T., Ascierto, P. A., et al. (2022). Randomized phase III trial evaluating spartalizumab plus dabrafenib and trametinib for BRAF V600-mutant unresectable or metastatic melanoma. J. Clin. Oncol. 40 (13), 1428–1438. doi:10.1200/JCO.21.01601
 Dummer, R., Welti, M., and Ramelyte, E. (2023). The role of triple therapy and therapy sequence in treatment of BRAF-mutant metastatic melanoma. Response to overall survival with first-line atezolizumab in combination with vemurafenib and cobimetinib in BRAFV600 mutation-positive advanced melanoma (IMspire150): second interim analysis of a multicentre, randomised, phase 3 study. J. Transl. Med. 21 (1), 529. doi:10.1186/s12967-023-04391-1
 Durham, N. M., Nirschl, C. J., Jackson, C. M., Elias, J., Kochel, C. M., Anders, R. A., et al. (2014). Lymphocyte Activation Gene 3 (LAG-3) modulates the ability of CD4 T-cells to be suppressed in vivo. PLoS One 9 (11), e109080. doi:10.1371/journal.pone.0109080
 Eckardt, J., Schroeder, C., Martus, P., Armeanu-Ebinger, S., Kelemen, O., Gschwind, A., et al. (2023). TMB and BRAF mutation status are independent predictive factors in high-risk melanoma patients with adjuvant anti-PD-1 therapy. J. Cancer Res. Clin. Oncol. 149 (2), 833–840. doi:10.1007/s00432-022-03939-w
 Ehrlich, M. (2009). DNA hypomethylation in cancer cells. Epigenomics 1 (2), 239–259. doi:10.2217/epi.09.33
 Esteller, M., Corn, P. G., Baylin, S. B., and Herman, J. G. (2001). A gene hypermethylation profile of human cancer. Cancer Res. 61 (8), 3225–3229.
 Falcone, I., Conciatori, F., Bazzichetto, C., Ferretti, G., Cognetti, F., Ciuffreda, L., et al. (2020). Tumor microenvironment: implications in melanoma resistance to targeted therapy and immunotherapy. Cancers (Basel) 12 (10), 2870. doi:10.3390/cancers12102870
 FDA approves anti-LAG3 checkpoint. Nat. Biotechnol. 2022;40(5):625. doi:10.1038/s41587-022-01331-0
 Ferlay, J., Shin, H. R., Bray, F., Forman, D., Mathers, C., and Parkin, D. M. (2010). Estimates of worldwide burden of cancer in 2008: GLOBOCAN 2008. Int. J. Cancer 127 (12), 2893–2917. doi:10.1002/ijc.25516
 Ferrucci, P. F., Di Giacomo, A. M., Del Vecchio, M., Atkinson, V., Schmidt, H., Schachter, J., et al. (2020). KEYNOTE-022 part 3: a randomized, double-blind, phase 2 study of pembrolizumab, dabrafenib, and trametinib in BRAF-mutant melanoma. J. Immunother. Cancer 8 (2), e001806. doi:10.1136/jitc-2020-001806
 Francisco, L. M., Sage, P. T., and Sharpe, A. H. (2010). The PD-1 pathway in tolerance and autoimmunity. Immunol. Rev. 236, 219–242. doi:10.1111/j.1600-065X.2010.00923.x
 Franklin, C., Livingstone, E., Roesch, A., Schilling, B., and Schadendorf, D. (2017). Immunotherapy in melanoma: recent advances and future directions. Eur. J. Surg. Oncol. 43 (3), 604–611. doi:10.1016/j.ejso.2016.07.145
 Frederick, D. T., Piris, A., Cogdill, A. P., Cooper, Z. A., Lezcano, C., Ferrone, C. R., et al. (2013). BRAF inhibition is associated with enhanced melanoma antigen expression and a more favorable tumor microenvironment in patients with metastatic melanoma. Clin. Cancer Res. 19 (5), 1225–1231. doi:10.1158/1078-0432.CCR-12-1630
 Garibyan, L., and Fisher, D. E. (2010). How sunlight causes melanoma. Curr. Oncol. Rep. 12 (5), 319–326. doi:10.1007/s11912-010-0119-y
 Garrido, C., Algarra, I., Maleno, I., Stefanski, J., Collado, A., Garrido, F., et al. (2010). Alterations of HLA class I expression in human melanoma xenografts in immunodeficient mice occur frequently and are associated with higher tumorigenicity. Cancer Immunol. Immunother. 59 (1), 13–26. doi:10.1007/s00262-009-0716-5
 Gide, T. N., Quek, C., Menzies, A. M., Tasker, A. T., Shang, P., Holst, J., et al. (2019). Distinct immune cell populations define response to anti-PD-1 monotherapy and anti-PD-1/anti-CTLA-4 combined therapy. Cancer Cell 35 (2), 238–255. doi:10.1016/j.ccell.2019.01.003
 Grasso, C. S., Tsoi, J., Onyshchenko, M., Abril-Rodriguez, G., Ross-Macdonald, P., Wind-Rotolo, M., et al. (2020). Conserved interferon-gamma signaling drives clinical response to immune checkpoint blockade therapy in melanoma. Cancer Cell 38 (4), 500–515. doi:10.1016/j.ccell.2020.08.005
 Guan, J., Gupta, R., and Filipp, F. V. (2015). Cancer systems biology of TCGA SKCM: efficient detection of genomic drivers in melanoma. Sci. Rep. 5, 7857. doi:10.1038/srep07857
 Gurzu, S., Beleaua, M. A., and Jung, I. (2018). The role of tumor microenvironment in development and progression of malignant melanoma - a systematic review. Rom. J. Morphol. Embryol. 59 (1), 23–28.
 Hamid, O., Hassel, J. C., Shoushtari, A. N., Meier, F., Bauer, T. M., Salama, A. K. S., et al. (2023). Tebentafusp in combination with durvalumab and/or tremelimumab in patients with metastatic cutaneous melanoma: a phase 1 study. J. Immunother. Cancer 11 (6), e006747. doi:10.1136/jitc-2023-006747
 Handolias, D., Hamilton, A. L., Salemi, R., Tan, A., Moodie, K., Kerr, L., et al. (2010). Clinical responses observed with imatinib or sorafenib in melanoma patients expressing mutations in KIT. Br. J. Cancer 102 (8), 1219–1223. doi:10.1038/sj.bjc.6605635
 Handy, D. E., Castro, R., and Loscalzo, J. (2011). Epigenetic modifications: basic mechanisms and role in cardiovascular disease. Circulation 123 (19), 2145–2156. doi:10.1161/CIRCULATIONAHA.110.956839
 Hemon, P., Jean-Louis, F., Ramgolam, K., Brignone, C., Viguier, M., Bachelez, H., et al. (2011). MHC class II engagement by its ligand LAG-3 (CD223) contributes to melanoma resistance to apoptosis. J. Immunol. 186 (9), 5173–5183. doi:10.4049/jimmunol.1002050
 Heo, J. R., Kim, N. H., Cho, J., and Choi, K. C. (2016). Current treatments for advanced melanoma and introduction of a promising novel gene therapy for melanoma (Review). Oncol. Rep. 36 (4), 1779–1786. doi:10.3892/or.2016.5032
 Herbst, R. S., Soria, J. C., Kowanetz, M., Fine, G. D., Hamid, O., Gordon, M. S., et al. (2014). Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature 515 (7528), 563–567. doi:10.1038/nature14011
 Herrscher, H., and Robert, C. (2020). Immune checkpoint inhibitors in melanoma in the metastatic, neoadjuvant, and adjuvant setting. Curr. Opin. Oncol. 32 (2), 106–113. doi:10.1097/CCO.0000000000000610
 Hingorani, S. R., Jacobetz, M. A., Robertson, G. P., Herlyn, M., and Tuveson, D. A. (2003). Suppression of BRAF(V599E) in human melanoma abrogates transformation. Cancer Res. 63 (17), 5198–5202.
 Hino, R., Kabashima, K., Kato, Y., Yagi, H., Nakamura, M., Honjo, T., et al. (2010). Tumor cell expression of programmed cell death-1 ligand 1 is a prognostic factor for malignant melanoma. Cancer. 116 (7), 1757–1766. doi:10.1002/cncr.24899
 Hodi, F. S., Chiarion-Sileni, V., Gonzalez, R., Grob, J. J., Rutkowski, P., Cowey, C. L., et al. (2018). Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab alone in advanced melanoma (CheckMate 067): 4-year outcomes of a multicentre, randomised, phase 3 trial. Lancet Oncol. 19 (11), 1480–1492. doi:10.1016/S1470-2045(18)30700-9
 Hoeflich, K. P., Gray, D. C., Eby, M. T., Tien, J. Y., Wong, L., Bower, J., et al. (2006). Oncogenic BRAF is required for tumor growth and maintenance in melanoma models. Cancer Res. 66 (2), 999–1006. doi:10.1158/0008-5472.CAN-05-2720
 Hoeflich, K. P., Herter, S., Tien, J., Wong, L., Berry, L., Chan, J., et al. (2009). Antitumor efficacy of the novel RAF inhibitor GDC-0879 is predicted by BRAFV600E mutational status and sustained extracellular signal-regulated kinase/mitogen-activated protein kinase pathway suppression. Cancer Res. 69 (7), 3042–3051. doi:10.1158/0008-5472.CAN-08-3563
 Hong, X., Sullivan, R. J., Kalinich, M., Kwan, T. T., Giobbie-Hurder, A., Pan, S., et al. (2018). Molecular signatures of circulating melanoma cells for monitoring early response to immune checkpoint therapy. Proc. Natl. Acad. Sci. U. S. A. 115 (10), 2467–2472. doi:10.1073/pnas.1719264115
 Huang, A. C., Orlowski, R. J., Xu, X., Mick, R., George, S. M., Yan, P. K., et al. (2019). A single dose of neoadjuvant PD-1 blockade predicts clinical outcomes in resectable melanoma. Nat. Med. 25 (3), 454–461. doi:10.1038/s41591-019-0357-y
 Huang, N., Lee, K. J., and Stark, M. S. (2022). Current trends in circulating biomarkers for melanoma detection. Front. Med. (Lausanne) 9, 873728. doi:10.3389/fmed.2022.873728
 Huard, B., Prigent, P., Tournier, M., Bruniquel, D., and Triebel, F. (1995). CD4/major histocompatibility complex class II interaction analyzed with CD4-and lymphocyte activation gene-3 (LAG-3)-Ig fusion proteins. Eur. J. Immunol. 25 (9), 2718–2721. doi:10.1002/eji.1830250949
 Irvine, M., Stewart, A., Pedersen, B., Boyd, S., Kefford, R., and Rizos, H. (2018). Oncogenic PI3K/AKT promotes the step-wise evolution of combination BRAF/MEK inhibitor resistance in melanoma. Oncogenesis 7 (9), 72. doi:10.1038/s41389-018-0081-3
 Jiang, H., Ni, H., Zhang, P., Guo, X., Wu, M., Shen, H., et al. (2021). PD-L1/LAG-3 bispecific antibody enhances tumor-specific immunity. Oncoimmunology 10 (1), 1943180. doi:10.1080/2162402X.2021.1943180
 Keilholz, U., Mehnert, J. M., Bauer, S., Bourgeois, H., Patel, M. R., Gravenor, D., et al. (2019). Avelumab in patients with previously treated metastatic melanoma: phase 1b results from the JAVELIN Solid Tumor trial. J. Immunother. Cancer 7 (1), 12. doi:10.1186/s40425-018-0459-y
 Khair, D. O., Bax, H. J., Mele, S., Crescioli, S., Pellizzari, G., Khiabany, A., et al. (2019). Combining immune checkpoint inhibitors: established and emerging targets and strategies to improve outcomes in melanoma. Front. Immunol. 10, 453. doi:10.3389/fimmu.2019.00453
 Khan, A. N., Gregorie, C. J., and Tomasi, T. B. (2008). Histone deacetylase inhibitors induce TAP, LMP, Tapasin genes and MHC class I antigen presentation by melanoma cells. Cancer Immunol. Immunother. 57 (5), 647–654. doi:10.1007/s00262-007-0402-4
 Khattak, M. A., Reid, A., Freeman, J., Pereira, M., McEvoy, A., Lo, J., et al. (2020). PD-L1 expression on circulating tumor cells may Be predictive of response to pembrolizumab in advanced melanoma: results from a pilot study. Oncologist 25 (3), e520–e527. doi:10.1634/theoncologist.2019-0557
 Kim, G. R., and Choi, J. M. (2022). Current understanding of cytotoxic T lymphocyte antigen-4 (CTLA-4) signaling in T-cell biology and disease therapy. Mol. Cells 45 (8), 513–521. doi:10.14348/molcells.2022.2056
 Kimbara, S., Fujiwara, Y., Iwama, S., Ohashi, K., Kuchiba, A., Arima, H., et al. (2018). Association of antithyroglobulin antibodies with the development of thyroid dysfunction induced by nivolumab. Cancer Sci. 109 (11), 3583–3590. doi:10.1111/cas.13800
 Knight, A., Karapetyan, L., and Kirkwood, J. M. (2023). Immunotherapy in melanoma: recent advances and future directions. Cancers (Basel) 15 (4), 1106. doi:10.3390/cancers15041106
 Koelblinger, P., Thuerigen, O., and Dummer, R. (2018). Development of encorafenib for BRAF-mutated advanced melanoma. Curr. Opin. Oncol. 30 (2), 125–133. doi:10.1097/CCO.0000000000000426
 Koya, R. C., Mok, S., Otte, N., Blacketor, K. J., Comin-Anduix, B., Tumeh, P. C., et al. (2012). BRAF inhibitor vemurafenib improves the antitumor activity of adoptive cell immunotherapy. Cancer Res. 72 (16), 3928–3937. doi:10.1158/0008-5472.CAN-11-2837
 Lam, K. C., Araya, R. E., Huang, A., Chen, Q., Di Modica, M., Rodrigues, R. R., et al. (2021). Microbiota triggers STING-type I IFN-dependent monocyte reprogramming of the tumor microenvironment. Cell 184 (21), 5338–5356.e21. doi:10.1016/j.cell.2021.09.019
 Larkin, J., Chiarion-Sileni, V., Gonzalez, R., Grob, J. J., Rutkowski, P., Lao, C. D., et al. (2019). Five-year survival with combined nivolumab and ipilimumab in advanced melanoma. N. Engl. J. Med. 381 (16), 1535–1546. doi:10.1056/NEJMoa1910836
 Larkin, J., Hodi, F. S., and Wolchok, J. D. (2015). Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N. Engl. J. Med. 373 (13), 1270–1271. doi:10.1056/NEJMc1509660
 Lee, J. H., Menzies, A. M., Carlino, M. S., McEvoy, A. C., Sandhu, S., Weppler, A. M., et al. (2020b). Longitudinal monitoring of ctDNA in patients with melanoma and brain metastases treated with immune checkpoint inhibitors. Clin. Cancer Res. 26 (15), 4064–4071. doi:10.1158/1078-0432.CCR-19-3926
 Lee, J. H., Shklovskaya, E., Lim, S. Y., Carlino, M. S., Menzies, A. M., Stewart, A., et al. (2020a). Transcriptional downregulation of MHC class I and melanoma de-differentiation in resistance to PD-1 inhibition. Nat. Commun. 11 (1), 1897. doi:10.1038/s41467-020-15726-7
 Leonardi, G. C., Falzone, L., Salemi, R., Zanghi, A., Spandidos, D. A., McCubrey, J. A., et al. (2018). Cutaneous melanoma: from pathogenesis to therapy (Review). Int. J. Oncol. 52 (4), 1071–1080. doi:10.3892/ijo.2018.4287
 Li, Y., Li, F., Jiang, F., Lv, X., Zhang, R., Lu, A., et al. (2016). A mini-review for cancer immunotherapy: molecular understanding of PD-1/PD-L1 pathway & translational blockade of immune checkpoints. Int. J. Mol. Sci. 17 (7), 1151. doi:10.3390/ijms17071151
 Liu, B. L., Robinson, M., Han, Z. Q., Branston, R. H., English, C., Reay, P., et al. (2003). ICP34.5 deleted herpes simplex virus with enhanced oncolytic, immune stimulating, and anti-tumour properties. Gene Ther. 10 (4), 292–303. doi:10.1038/sj.gt.3301885
 Liu, C. C., Yang, H., Zhang, R., Zhao, J. J., and Hao, D. J. (2017). Tumour-associated antigens and their anti-cancer applications. Eur. J. Cancer Care (Engl) 26 (5), e12446. doi:10.1111/ecc.12446
 Long, G. V., Menzies, A. M., Nagrial, A. M., Haydu, L. E., Hamilton, A. L., Mann, G. J., et al. (2011). Prognostic and clinicopathologic associations of oncogenic BRAF in metastatic melanoma. J. Clin. Oncol. 29 (10), 1239–1246. doi:10.1200/JCO.2010.32.4327
 Lu, Y. C., Parker, L. L., Lu, T., Zheng, Z., Toomey, M. A., White, D. E., et al. (2017). Treatment of patients with metastatic cancer using a major histocompatibility complex class II-restricted T-cell receptor targeting the cancer germline antigen MAGE-A3. J. Clin. Oncol. 35 (29), 3322–3329. doi:10.1200/JCO.2017.74.5463
 Lugowska, I., Teterycz, P., and Rutkowski, P. (2018). Immunotherapy of melanoma. Contemp. Oncol. Pozn. 22 (1A), 61–67. doi:10.5114/wo.2018.73889
 Luu, M., Riester, Z., Baldrich, A., Reichardt, N., Yuille, S., Busetti, A., et al. (2021). Microbial short-chain fatty acids modulate CD8(+) T cell responses and improve adoptive immunotherapy for cancer. Nat. Commun. 12 (1), 4077. doi:10.1038/s41467-021-24331-1
 Ma, X., Bi, E., Lu, Y., Su, P., Huang, C., Liu, L., et al. (2019). Cholesterol induces CD8(+) T cell exhaustion in the tumor microenvironment. Cell Metab. 30 (1), 143–156. doi:10.1016/j.cmet.2019.04.002
 Ma, X., and Yi, Q. (2019). Cholesterol induces T cell exhaustion. Aging (Albany NY) 11 (18), 7334–7335. doi:10.18632/aging.102305
 Mallardo, D., Woodford, R., Menzies, A. M., Zimmer, L., Williamson, A., Ramelyte, E., et al. (2023). The role of diabetes in metastatic melanoma patients treated with nivolumab plus relatlimab. J. Transl. Med. 21 (1), 753. doi:10.1186/s12967-023-04607-4
 Mao, L., Fang, M., Chen, Y., Wei, X., Cao, J., Lin, J., et al. (2022). Atezolizumab plus bevacizumab in patients with unresectable or metastatic mucosal melanoma: a multicenter, open-label, single-arm phase II study. Clin. Cancer Res. 28 (21), 4642–4648. doi:10.1158/1078-0432.CCR-22-1528
 Marczynski, G. T., Laus, A. C., Dos Reis, M. B., Reis, R. M., and Vazquez, V. L. (2020). Circulating tumor DNA (ctDNA) detection is associated with shorter progression-free survival in advanced melanoma patients. Sci. Rep. 10 (1), 18682. doi:10.1038/s41598-020-75792-1
 Marsavela, G., Lee, J., Calapre, L., Wong, S. Q., Pereira, M. R., McEvoy, A. C., et al. (2020). Circulating tumor DNA predicts outcome from first-but not second-line treatment and identifies melanoma patients who may benefit from combination immunotherapy. Clin. Cancer Res. 26 (22), 5926–5933. doi:10.1158/1078-0432.CCR-20-2251
 Miller, A. J., Levy, C., Davis, I. J., Razin, E., and Fisher, D. E. (2005). Sumoylation of MITF and its related family members TFE3 and TFEB. J. Biol. Chem. 280 (1), 146–155. doi:10.1074/jbc.M411757200
 Mohan, T., Zhu, W., Wang, Y., and Wang, B. Z. (2018). Applications of chemokines as adjuvants for vaccine immunotherapy. Immunobiology 223 (6-7), 477–485. doi:10.1016/j.imbio.2017.12.001
 Morales, D., Lombart, F., Truchot, A., Maire, P., Hussein, M., Hamitou, W., et al. (2019). 3D coculture models underline metastatic melanoma cell sensitivity to vemurafenib. Tissue Eng. Part A 25 (15-16), 1116–1126. doi:10.1089/ten.TEA.2018.0210
 Nagore, E., Botella-Estrada, R., Requena, C., Serra-Guillen, C., Martorell, A., Hueso, L., et al. (2009). Clinical and epidemiologic profile of melanoma patients according to sun exposure of the tumor site. Actas Dermosifiliogr. 100 (3), 205–211. doi:10.1016/s1578-2190(09)70046-0
 Niezgoda, A., Niezgoda, P., and Czajkowski, R. (2015). Novel approaches to treatment of advanced melanoma: a review on targeted therapy and immunotherapy. Biomed. Res. Int. 2015, 851387. doi:10.1155/2015/851387
 Nikolaev, S. I., Rimoldi, D., Iseli, C., Valsesia, A., Robyr, D., Gehrig, C., et al. (2011). Exome sequencing identifies recurrent somatic MAP2K1 and MAP2K2 mutations in melanoma. Nat. Genet. 44 (2), 133–139. doi:10.1038/ng.1026
 Ning, B., Liu, Y., Wang, M., Li, Y., Xu, T., and Wei, Y. (2022). The predictive value of tumor mutation burden on clinical efficacy of immune checkpoint inhibitors in melanoma: a systematic review and meta-analysis. Front. Pharmacol. 13, 748674. doi:10.3389/fphar.2022.748674
 Nissan, M. H., Pratilas, C. A., Jones, A. M., Ramirez, R., Won, H., Liu, C., et al. (2014). Loss of NF1 in cutaneous melanoma is associated with RAS activation and MEK dependence. Cancer Res. 74 (8), 2340–2350. doi:10.1158/0008-5472.CAN-13-2625
 Noyes, D., Bag, A., Oseni, S., Semidey-Hurtado, J., Cen, L., Sarnaik, A. A., et al. (2022). Tumor-associated Tregs obstruct antitumor immunity by promoting T cell dysfunction and restricting clonal diversity in tumor-infiltrating CD8+ T cells. J. Immunother. Cancer 10 (5), e004605. doi:10.1136/jitc-2022-004605
 Oberli, M. A., Reichmuth, A. M., Dorkin, J. R., Mitchell, M. J., Fenton, O. S., Jaklenec, A., et al. (2017). Lipid nanoparticle assisted mRNA delivery for potent cancer immunotherapy. Nano Lett. 17 (3), 1326–1335. doi:10.1021/acs.nanolett.6b03329
 Paraiso, K. H., Xiang, Y., Rebecca, V. W., Abel, E. V., Chen, Y. A., Munko, A. C., et al. (2011). PTEN loss confers BRAF inhibitor resistance to melanoma cells through the suppression of BIM expression. Cancer Res. 71 (7), 2750–2760. doi:10.1158/0008-5472.CAN-10-2954
 Pardoll, D. M. (2012). The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 12 (4), 252–264. doi:10.1038/nrc3239
 Pasquali, E., Garcia-Borron, J. C., Fargnoli, M. C., Gandini, S., Maisonneuve, P., Bagnardi, V., et al. (2015). MC1R variants increased the risk of sporadic cutaneous melanoma in darker-pigmented Caucasians: a pooled-analysis from the M-SKIP project. Int. J. Cancer 136 (3), 618–631. doi:10.1002/ijc.29018
 Patel, S. P., Othus, M., Chen, Y., Wright, G. P., Yost, K. J., Hyngstrom, J. R., et al. (2023). Neoadjuvant-adjuvant or adjuvant-only pembrolizumab in advanced melanoma. N. Engl. J. Med. 388 (9), 813–823. doi:10.1056/NEJMoa2211437
 Peyraud, F., and Italiano, A. (2020). Combined PARP inhibition and immune checkpoint therapy in solid tumors. Cancers (Basel) 12 (6), 1502. doi:10.3390/cancers12061502
 Pinto, M., Marotta, N., Caraco, C., Simeone, E., Ammendolia, A., and de Sire, A. (2022). Quality of life predictors in patients with melanoma: a machine learning approach. Front. Oncol. 12, 843611. doi:10.3389/fonc.2022.843611
 Pollock, P. M., Cohen-Solal, K., Sood, R., Namkoong, J., Martino, J. J., Koganti, A., et al. (2003). Melanoma mouse model implicates metabotropic glutamate signaling in melanocytic neoplasia. Nat. Genet. 34 (1), 108–112. doi:10.1038/ng1148
 Potrony, M., Puig-Butille, J. A., Aguilera, P., Badenas, C., Tell-Marti, G., Carrera, C., et al. (2016). Prevalence of MITF p.E318K in patients with melanoma independent of the presence of CDKN2A causative mutations. JAMA Dermatol 152 (4), 405–412. doi:10.1001/jamadermatol.2015.4356
 Qian, B. Z., and Pollard, J. W. (2010). Macrophage diversity enhances tumor progression and metastasis. Cell 141 (1), 39–51. doi:10.1016/j.cell.2010.03.014
 Randic, T., Kozar, I., Margue, C., Utikal, J., and Kreis, S. (2021). NRAS mutant melanoma: towards better therapies. Cancer Treat. Rev. 99, 102238. doi:10.1016/j.ctrv.2021.102238
 Read, J., Wadt, K. A., and Hayward, N. K. (2016). Melanoma genetics. J. Med. Genet. 53 (1), 1–14. doi:10.1136/jmedgenet-2015-103150
 Ribas, A., Lawrence, D., Atkinson, V., Agarwal, S., Miller, W. H., Carlino, M. S., et al. (2019). Combined BRAF and MEK inhibition with PD-1 blockade immunotherapy in BRAF-mutant melanoma. Nat. Med. 25 (6), 936–940. doi:10.1038/s41591-019-0476-5
 Ricciardi, E., Giordani, E., Ziccheddu, G., Falcone, I., Giacomini, P., Fanciulli, M., et al. (2023). Metastatic melanoma: liquid biopsy as a new precision medicine approach. Int. J. Mol. Sci. 24 (4), 4014. doi:10.3390/ijms24044014
 Robbins, P. F., Kassim, S. H., Tran, T. L., Crystal, J. S., Morgan, R. A., Feldman, S. A., et al. (2015). A pilot trial using lymphocytes genetically engineered with an NY-ESO-1-reactive T-cell receptor: long-term follow-up and correlates with response. Clin. Cancer Res. 21 (5), 1019–1027. doi:10.1158/1078-0432.CCR-14-2708
 Robert, C., Ribas, A., Wolchok, J. D., Hodi, F. S., Hamid, O., Kefford, R., et al. (2014). Anti-programmed-death-receptor-1 treatment with pembrolizumab in ipilimumab-refractory advanced melanoma: a randomised dose-comparison cohort of a phase 1 trial. Lancet 384 (9948), 1109–1117. doi:10.1016/S0140-6736(14)60958-2
 Robert, C., Schachter, J., Long, G. V., Arance, A., Grob, J. J., Mortier, L., et al. (2015). Pembrolizumab versus ipilimumab in advanced melanoma. N. Engl. J. Med. 372 (26), 2521–2532. doi:10.1056/NEJMoa1503093
 Rodig, S. J., Gusenleitner, D., Jackson, D. G., Gjini, E., Giobbie-Hurder, A., Jin, C., et al. (2018). MHC proteins confer differential sensitivity to CTLA-4 and PD-1 blockade in untreated metastatic melanoma. Sci. Transl. Med. 10 (450), eaar3342. doi:10.1126/scitranslmed.aar3342
 Rohaan, M. W., Borch, T. H., van den Berg, J. H., Met, O., Kessels, R., Geukes Foppen, M. H., et al. (2022). Tumor-Infiltrating lymphocyte therapy or ipilimumab in advanced melanoma. N. Engl. J. Med. 387 (23), 2113–2125. doi:10.1056/NEJMoa2210233
 Roskoski, R. (2018). Targeting oncogenic Raf protein-serine/threonine kinases in human cancers. Pharmacol. Res. 135, 239–258. doi:10.1016/j.phrs.2018.08.013
 Salvianti, F., Orlando, C., Massi, D., De Giorgi, V., Grazzini, M., Pazzagli, M., et al. (2015). Tumor-related methylated cell-free DNA and circulating tumor cells in melanoma. Front. Mol. Biosci. 2, 76. doi:10.3389/fmolb.2015.00076
 Sample, A., and He, Y. Y. (2018). Mechanisms and prevention of UV-induced melanoma. Photodermatol. Photoimmunol. Photomed. 34 (1), 13–24. doi:10.1111/phpp.12329
 Sanlorenzo, M., Vujic, I., Posch, C., Dajee, A., Yen, A., Kim, S., et al. (2014). Melanoma immunotherapy. Cancer Biol. Ther. 15 (6), 665–674. doi:10.4161/cbt.28555
 Sarkar, D., Leung, E. Y., Baguley, B. C., Finlay, G. J., and Askarian-Amiri, M. E. (2015). Epigenetic regulation in human melanoma: past and future. Epigenetics 10 (2), 103–121. doi:10.1080/15592294.2014.1003746
 Sarnaik, A. A., Hamid, O., Khushalani, N. I., Lewis, K. D., Medina, T., Kluger, H. M., et al. (2021). Lifileucel, a tumor-infiltrating lymphocyte therapy, in metastatic melanoma. J. Clin. Oncol. 39 (24), 2656–2666. doi:10.1200/JCO.21.00612
 Savoia, P., Fava, P., Casoni, F., and Cremona, O. (2019). Targeting the ERK signaling pathway in melanoma. Int. J. Mol. Sci. 20 (6), 1483. doi:10.3390/ijms20061483
 Schadendorf, D., Tawbi, H., Lipson, E. J., Stephen Hodi, F., Rutkowski, P., Gogas, H., et al. (2023). Health-related quality of life with nivolumab plus relatlimab versus nivolumab monotherapy in patients with previously untreated unresectable or metastatic melanoma: RELATIVITY-047 trial. Eur. J. Cancer 187, 164–173. doi:10.1016/j.ejca.2023.03.014
 Schwartzentruber, D. J., Lawson, D. H., Richards, J. M., Conry, R. M., Miller, D. M., Treisman, J., et al. (2011). gp100 peptide vaccine and interleukin-2 in patients with advanced melanoma. N. Engl. J. Med. 364 (22), 2119–2127. doi:10.1056/NEJMoa1012863
 Sha, D., Jin, Z., Budczies, J., Kluck, K., Stenzinger, A., and Sinicrope, F. A. (2020). Tumor mutational burden as a predictive biomarker in solid tumors. Cancer Discov. 10 (12), 1808–1825. doi:10.1158/2159-8290.CD-20-0522
 Shain, A. H., Yeh, I., Kovalyshyn, I., Sriharan, A., Talevich, E., Gagnon, A., et al. (2015). The genetic evolution of melanoma from precursor lesions. N. Engl. J. Med. 373 (20), 1926–1936. doi:10.1056/NEJMoa1502583
 Siegel, R. L., Miller, K. D., and Jemal, A. (2020). Cancer statistics, 2020. CA Cancer J. Clin. 70 (1), 7–30. doi:10.3322/caac.21590
 Siegel, R. L., Miller, K. D., Wagle, N. S., and Jemal, A. (2023). Cancer statistics, 2023. CA Cancer J. Clin. 73 (1), 17–48. doi:10.3322/caac.21763
 Simeone, E., and Ascierto, P. A. (2017). Anti-PD-1 and PD-L1 antibodies in metastatic melanoma. Melanoma Manag. 4 (4), 175–178. doi:10.2217/mmt-2017-0018
 Simsek, M., Tekin, S. B., and Bilici, M. (2019). Immunological agents used in cancer treatment. Eurasian J. Med. 51 (1), 90–94. doi:10.5152/eurasianjmed.2018.18194
 Snyder, A., Makarov, V., Merghoub, T., Yuan, J., Zaretsky, J. M., Desrichard, A., et al. (2014). Genetic basis for clinical response to CTLA-4 blockade in melanoma. N. Engl. J. Med. 371 (23), 2189–2199. doi:10.1056/NEJMoa1406498
 Sobottka, B., Nowak, M., Frei, A. L., Haberecker, M., Merki, S., Tumor Profiler, C., et al. (2021). Correction: establishing standardized immune phenotyping of metastatic melanoma by digital pathology. Lab. Invest. 101 (12), 1637. doi:10.1038/s41374-021-00676-5
 Soura, E., Eliades, P. J., Shannon, K., Stratigos, A. J., and Tsao, H. (2016). Hereditary melanoma: update on syndromes and management: genetics of familial atypical multiple mole melanoma syndrome. J. Am. Acad. Dermatol 74 (3), 395–407. quiz 8-10. doi:10.1016/j.jaad.2015.08.038
 Stark, M. S., Woods, S. L., Gartside, M. G., Bonazzi, V. F., Dutton-Regester, K., Aoude, L. G., et al. (2011). Frequent somatic mutations in MAP3K5 and MAP3K9 in metastatic melanoma identified by exome sequencing. Nat. Genet. 44 (2), 165–169. doi:10.1038/ng.1041
 Sunshine, J., and Taube, J. M. (2015). PD-1/PD-L1 inhibitors. Curr. Opin. Pharmacol. 23, 32–38. doi:10.1016/j.coph.2015.05.011
 Tagliaferri, L., Lancellotta, V., Fionda, B., Mangoni, M., Casa, C., Di Stefani, A., et al. (2022). Immunotherapy and radiotherapy in melanoma: a multidisciplinary comprehensive review. Hum. Vaccin Immunother. 18 (3), 1903827. doi:10.1080/21645515.2021.1903827
 Tang, H., Liang, Y., Anders, R. A., Taube, J. M., Qiu, X., Mulgaonkar, A., et al. (2018). PD-L1 on host cells is essential for PD-L1 blockade-mediated tumor regression. J. Clin. Invest. 128 (2), 580–588. doi:10.1172/JCI96061
 Tawbi, H. A., Schadendorf, D., Lipson, E. J., Ascierto, P. A., Matamala, L., Castillo Gutierrez, E., et al. (2022). Relatlimab and nivolumab versus nivolumab in untreated advanced melanoma. N. Engl. J. Med. 386 (1), 24–34. doi:10.1056/NEJMoa2109970
 Testori, A., Richards, J., Whitman, E., Mann, G. B., Lutzky, J., Camacho, L., et al. (2008). Phase III comparison of vitespen, an autologous tumor-derived heat shock protein gp96 peptide complex vaccine, with physician's choice of treatment for stage IV melanoma: the C-100-21 Study Group. J. Clin. Oncol. 26 (6), 955–962. doi:10.1200/JCO.2007.11.9941
 Tian, X., Zhang, A., Qiu, C., Wang, W., Yang, Y., Qiu, C., et al. (2015). The upregulation of LAG-3 on T cells defines a subpopulation with functional exhaustion and correlates with disease progression in HIV-infected subjects. J. Immunol. 194 (8), 3873–3882. doi:10.4049/jimmunol.1402176
 Tomei, S., Bedognetti, D., De Giorgi, V., Sommariva, M., Civini, S., Reinboth, J., et al. (2015). The immune-related role of BRAF in melanoma. Mol. Oncol. 9 (1), 93–104. doi:10.1016/j.molonc.2014.07.014
 Tsai, K. K., and Daud, A. I. (2015). Nivolumab plus ipilimumab in the treatment of advanced melanoma. J. Hematol. Oncol. 8, 123. doi:10.1186/s13045-015-0219-0
 Tsao, H., Chin, L., Garraway, L. A., and Fisher, D. E. (2012). Melanoma: from mutations to medicine. Genes Dev. 26 (11), 1131–1155. doi:10.1101/gad.191999.112
 Turajlic, S., Gore, M., and Larkin, J. (2018). First report of overall survival for ipilimumab plus nivolumab from the phase III Checkmate 067 study in advanced melanoma. Ann. Oncol. 29 (3), 542–543. doi:10.1093/annonc/mdy020
 Umansky, V., Sevko, A., Gebhardt, C., and Utikal, J. (2014). Myeloid-derived suppressor cells in malignant melanoma. J. Dtsch. Dermatol Ges. 12 (11), 1021–1027. doi:10.1111/ddg.12411
 Valihrach, L., Androvic, P., and Kubista, M. (2020). Circulating miRNA analysis for cancer diagnostics and therapy. Mol. Asp. Med. 72, 100825. doi:10.1016/j.mam.2019.10.002
 VanBrocklin, M. W., Robinson, J. P., Lastwika, K. J., Khoury, J. D., and Holmen, S. L. (2010). Targeted delivery of NRASQ61R and Cre-recombinase to post-natal melanocytes induces melanoma in Ink4a/Arflox/lox mice. Pigment. Cell Melanoma Res. 23 (4), 531–541. doi:10.1111/j.1755-148X.2010.00717.x
 Viehl, C. T., Moore, T. T., Liyanage, U. K., Frey, D. M., Ehlers, J. P., Eberlein, T. J., et al. (2006). Depletion of CD4+CD25+ regulatory T cells promotes a tumor-specific immune response in pancreas cancer-bearing mice. Ann. Surg. Oncol. 13 (9), 1252–1258. doi:10.1245/s10434-006-9015-y
 Vigneron, N., Stroobant, V., Chapiro, J., Ooms, A., Degiovanni, G., Morel, S., et al. (2004). An antigenic peptide produced by peptide splicing in the proteasome. Science 304 (5670), 587–590. doi:10.1126/science.1095522
 Wagner, S. N., Wagner, C., Schultewolter, T., and Goos, M. (1997). Analysis of Pmel17/gp100 expression in primary human tissue specimens: implications for melanoma immuno- and gene-therapy. Cancer Immunol. Immunother. 44 (4), 239–247. doi:10.1007/s002620050379
 Wang, D. Y., Salem, J. E., Cohen, J. V., Chandra, S., Menzer, C., Ye, F., et al. (2018). Fatal toxic effects associated with immune checkpoint inhibitors: a systematic review and meta-analysis. JAMA Oncol. 4 (12), 1721–1728. doi:10.1001/jamaoncol.2018.3923
 Weber, E. W., Maus, M. V., and Mackall, C. L. (2020). The emerging landscape of immune cell therapies. Cell 181 (1), 46–62. doi:10.1016/j.cell.2020.03.001
 Weber, J. S., Carlino, M. S., Khattak, A., Meniawy, T., Ansstas, G., Taylor, M. H., et al. (2024). Individualised neoantigen therapy mRNA-4157 (V940) plus pembrolizumab versus pembrolizumab monotherapy in resected melanoma (KEYNOTE-942): a randomised, phase 2b study. Lancet 403 (10427), 632–644. doi:10.1016/S0140-6736(23)02268-7
 Weber, J. S., D'Angelo, S. P., Minor, D., Hodi, F. S., Gutzmer, R., Neyns, B., et al. (2015). Nivolumab versus chemotherapy in patients with advanced melanoma who progressed after anti-CTLA-4 treatment (CheckMate 037): a randomised, controlled, open-label, phase 3 trial. Lancet Oncol. 16 (4), 375–384. doi:10.1016/S1470-2045(15)70076-8
 Weiss, S. A., and Kluger, H. (2022). CheckMate-067: raising the bar for the next decade in oncology. J. Clin. Oncol. 40 (2), 111–113. doi:10.1200/JCO.21.02549
 Whiteman, D. C., Whiteman, C. A., and Green, A. C. (2001). Childhood sun exposure as a risk factor for melanoma: a systematic review of epidemiologic studies. Cancer Causes Control 12 (1), 69–82. doi:10.1023/a:1008980919928
 Whittaker, S. R., Theurillat, J. P., Van Allen, E., Wagle, N., Hsiao, J., Cowley, G. S., et al. (2013). A genome-scale RNA interference screen implicates NF1 loss in resistance to RAF inhibition. Cancer Discov. 3 (3), 350–362. doi:10.1158/2159-8290.CD-12-0470
 Wolchok, J. D., Chiarion-Sileni, V., Gonzalez, R., Grob, J. J., Rutkowski, P., Lao, C. D., et al. (2022). Long-term outcomes with nivolumab plus ipilimumab or nivolumab alone versus ipilimumab in patients with advanced melanoma. J. Clin. Oncol. 40 (2), 127–137. doi:10.1200/JCO.21.02229
 Xie, N., Shen, G., Gao, W., Huang, Z., Huang, C., and Fu, L. (2023). Neoantigens: promising targets for cancer therapy. Signal Transduct. Target Ther. 8 (1), 9. doi:10.1038/s41392-022-01270-x
 Yan, K., Lu, Y., Yan, Z., and Wang, Y. (2021). 9-Gene signature correlated with CD8+ T cell infiltration activated by IFN-γ: a biomarker of immune checkpoint therapy response in melanoma. Front. Immunol. 12, 622563. doi:10.3389/fimmu.2021.622563
 Yang, F., Wang, J. F., Wang, Y., Liu, B., and Molina, J. R. (2021). Comparative analysis of predictive biomarkers for PD-1/PD-L1 inhibitors in cancers: developments and challenges. Cancers (Basel) 14 (1), 109. doi:10.3390/cancers14010109
 Yang, G., Curley, D., Bosenberg, M. W., and Tsao, H. (2007). Loss of xeroderma pigmentosum C (Xpc) enhances melanoma photocarcinogenesis in Ink4a-Arf-deficient mice. Cancer Res. 67 (12), 5649–5657. doi:10.1158/0008-5472.CAN-06-3806
 Yang, Y., and Wang, Y. (2021). Role of epigenetic regulation in plasticity of tumor immune microenvironment. Front. Immunol. 12, 640369. doi:10.3389/fimmu.2021.640369
 Yu, J., Wu, X., Yan, J., Yu, H., Xu, L., Chi, Z., et al. (2018). Anti-GD2/4-1BB chimeric antigen receptor T cell therapy for the treatment of Chinese melanoma patients. J. Hematol. Oncol. 11 (1), 1. doi:10.1186/s13045-017-0548-2
 Zappasodi, R., Budhu, S., Hellmann, M. D., Postow, M. A., Senbabaoglu, Y., Manne, S., et al. (2018). Non-conventional inhibitory CD4(+)Foxp3(-)PD-1(hi) T cells as a biomarker of immune checkpoint blockade activity. Cancer Cell 33 (6), 1017–1032.e7. doi:10.1016/j.ccell.2018.05.009
 Zhang, T., Song, X., Xu, L., Ma, J., Zhang, Y., Gong, W., et al. (2018). The binding of an anti-PD-1 antibody to FcγRΙ has a profound impact on its biological functions. Cancer Immunol. Immunother. 67 (7), 1079–1090. doi:10.1007/s00262-018-2160-x
 Zhao, L., and Cao, Y. J. (2019). Engineered T cell therapy for cancer in the clinic. Front. Immunol. 10, 2250. doi:10.3389/fimmu.2019.02250
 Zhao, Z., Zheng, L., Chen, W., Weng, W., Song, J., and Ji, J. (2019). Delivery strategies of cancer immunotherapy: recent advances and future perspectives. J. Hematol. Oncol. 12 (1), 126. doi:10.1186/s13045-019-0817-3
 Zhou, A., Butt, O., Ansstas, M., Mauer, E., Khaddour, K., and Ansstas, G. (2023). Determining PARP inhibition as a treatment strategy in melanoma based on homologous recombination deficiency-related loss of heterozygosity. J. Natl. Compr. Canc Netw. 21 (7), 688–693.e3. doi:10.6004/jnccn.2022.7102
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Sorino, Iezzi, Ciuffreda and Falcone. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-11-1403021-t001.jpg
Inhibitol Target Class
Ipilimumab (MDX-010) CLTA-4 Selective human IgG1 monoclonal antibody
‘Tremelimumab CP-675,206 CLTA-4 Selective human IgG2 monoclonal antibody
Nivolumab (BMS-936558, MDX-1106) PD-1 Selective human IgG4 monoclonal antibody
Pembrolizumab (MK-3475) PD-1 Selective humanized IgG4 monoclonal antibody
Pidilizumab (CT-011) PD-1 Selective humanized IgG1 monoclonal antibody
BMS-936559 (MDX-1105) PDL-1 Selective human IgG4 monoclonal antibody
Atezolizumab (MPDL3280A) PDL-1 Selective humanized 1gG1 monoclonal antibody
Durvalumab (MEDI4736) PDL-1 Selective humanized IgG1 monoclonal antibody
Avelumab (MSB0010718C) PDL-1 Selective humanized 1gG1 monoclonal antibody
AMP-224 PD-1 PDL-2 fusion protein
AMP-514 PD-1 PDL-2 fusion protein
Relatlimab (BMS-986016) LAG-3 Selective human IgG4 monoclonal antibody
Fianlimab (REGN3767) LAG-3 Selective human IgG4 monoclonal antibody
RO7247669 PD-1/LAG-3 Bispecific antibody






OPS/xhtml/nav.xhtml
Contents

		Cover

		Immunotherapy in melanoma: advances, pitfalls, and future perspectives		1 Introduction

		2 Melanoma		2.1 Risk factors

		2.2 Mutations





		3 Immunotherapy and melanoma		3.1 Immune checkpoint inhibitors (ICIs)





		4 Vaccines

		5 Other immunotherapy approaches		5.1 Biological drugs

		5.2 Oncolytic viruses

		5.3 Adoptive cell therapy





		6 Melanoma immunotherapy resistance mechanisms		6.1 Tumor mutational burden (TMB)

		6.2 Major histocompatibility complex (MHC)

		6.4 Circulating biomarkers

		6.5 Epigenetic modifications

		6.6 Immunosuppressive microenvironment





		7 Combinational therapeutic approaches

		8 Personalized treatment approaches

		9 Toxicity and quality of life

		10 Future perspectives and conclusions

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiers in Molecular Biosciences

Immunotherapy in melanoma:
advances, pitfalls, and future
perspectives





OPS/images/fmolb-11-1403021-g001.gif





OPS/images/fmolb-11-1403021-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





