

  ijms-22-03837




ijms-22-03837







Int. J. Mol. Sci. 2021, 22(8), 3837; doi:10.3390/ijms22083837




Review



Precision Medicine and Melanoma: Multi-Omics Approaches to Monitoring the Immunotherapy Response



Fabio Valenti 1,†, Italia Falcone 2,†[image: Orcid], Sara Ungania 3, Flora Desiderio 4, Patrizio Giacomini 1[image: Orcid], Chiara Bazzichetto 2[image: Orcid], Fabiana Conciatori 2, Enzo Gallo 5, Francesco Cognetti 2[image: Orcid], Gennaro Ciliberto 6[image: Orcid], Aldo Morrone 7 and Antonino Guerrisi 4,*





1



Oncogenomics and Epigenetics, IRCCS-Regina Elena National Cancer Institute, 00144 Rome, Italy






2



Medical Oncology 1, IRCCS-Regina Elena National Cancer Institute, 00144 Rome, Italy






3



Medical Physics and Expert Systems Laboratory, Department of Research and Advanced Technologies, IRCCS-Regina Elena Institute, 00144 Rome, Italy






4



Radiology and Diagnostic Imaging Unit, Department of Clinical and Dermatological Research, San Gallicano Dermatological Institute IRCCS, 00144 Rome, Italy






5



Pathology Unit, IRCCS-Regina Elena National Cancer Institute, 00144 Rome, Italy






6



Scientific Direction IRCSS-Regina Elena National Cancer Institute, 00144 Rome, Italy






7



Scientific Direction, San Gallicano Dermatological Institute IRCCS, 00144 Rome, Italy









*



Correspondence: antonino.guerrisi@ifo.gov.it






†



These authors contributed equally to this work.









Academic Editor: Karel Smetana, Jr.



Received: 24 February 2021 / Accepted: 31 March 2021 / Published: 7 April 2021



Abstract

:

The treatment and management of patients with metastatic melanoma have evolved considerably in the “era” of personalized medicine. Melanoma was one of the first solid tumors to benefit from immunotherapy; life expectancy for patients in advanced stage of disease has improved. However, many progresses have yet to be made considering the (still) high number of patients who do not respond to therapies or who suffer adverse events. In this scenario, precision medicine appears fundamental to direct the most appropriate treatment to the single patient and to guide towards treatment decisions. The recent multi-omics analyses (genomics, transcriptomics, proteomics, metabolomics, radiomics, etc.) and the technological evolution of data interpretation have allowed to identify and understand several processes underlying the biology of cancer; therefore, improving the tumor clinical management. Specifically, these approaches have identified new pharmacological targets and potential biomarkers used to predict the response or adverse events to treatments. In this review, we will analyze and describe the most important omics approaches, by evaluating the methodological aspects and progress in melanoma precision medicine.
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1. Introduction


Melanoma is one of the more aggressive human tumors; representing 5% of all skin cancers. However, its great heterogeneity and ability to metastasize makes melanoma the skin tumor with the highest mortality rate [1]. During the early stages of disease development, melanoma has a favorable prognosis, and the 5-year survival rate affects almost all cases. Unfortunately, this condition drastically changes when the diagnosis is established at an advanced stage [2]. Only 15% of all melanoma metastatic patients survive three years after diagnosis [3]. Melanoma is constantly growing, from an epidemiological point of view, and is generally distributed in male patients between 25 and 50 years [4]. Melanocytes in the skin are the main site of melanoma development, but in a few cases, this pathology may originate from melanin-producing cells present in different mucosal surfaces, such as those of the gastrointestinal tract, the lining the choroidal layer of the eyes, and leptomeningeal [5].



Several studies have shed light on the mechanisms promoting melanoma development and have shown that the tumor transformation of melanocytes is complex and multi-stages. It is clear that most of the benign lesions present the alteration of v-Raf murine sarcoma viral oncogene homolog B (BRAF) in the codon V600E (sufficient for the nevus formation); but, for melanoma development, BRAF mutation is not sufficient because the disease progression is bound to concomitant alteration in other genes involved in the most important cellular processes [6,7]. Indeed, the benign nevi remain quiescent for several years and begin neoplastic transformation only after possible genetic mutations against target genes, such as telomerase reverse transcriptase (TERT), cyclin-dependent kinase inhibitor 2A (CDKN2A), phosphatase and tensin homolog deleted on chromosome 10 (PTEN), neurofibromin 1 (NF1), and v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT). These genetic alterations are responsible for uncontrolled activation of mitogen-activated protein kinase (MAPK) and phosphoinositol-3-kinase (PI3K) pathways, physiologically involved in cell proliferation and survival [4].



Metastatic melanoma patient management has evolved considerably in recent years, by introducing “intelligent” treatments, such as targeted therapy and immunotherapy. In particular, immunotherapy, able to modulate and stimulate the activity of the patient’s immune system, represents a new frontier in the fight against cancer, and metastatic melanoma was one of the first solid tumors to benefit from these treatments. Indeed, melanoma is characterized, in its primary form, by the consistent presence of lymphocytic infiltrate [8]. Cytotoxic T-lymphocyte-associated protein (CTLA)-4 and programmed cell death protein (PD) 1/programmed death-ligand (PDL) 1-axis inhibitors have been approved by the Food and Drug Administration (FDA), in 2011 and 2014, respectively, and they have brought significant results in terms of survival [9]. Anti-PD1 treatments, in monotherapy, give a favorable response in 26–32% of cases, while the percentage increases to 60% when associated with ipilimumab (CTLA-4 inhibitor) [10,11]. Cancer cells benefit from uncontrolled activation of the CTLA-4 receptor and the PD1/PDL1 axis to block cytotoxic T-cell activity and evade immune surveillance [12]. In several tumor contexts, including melanoma, it is known that the interaction between PD1 and CTLA-4 and their ligands induces programmed death (apoptosis) of T lymphocytes by regulation of several pathways involved in cell survival and proliferation. Therefore, the ultimate goal of PD1 and CTLA4 inhibitors is to suppress this phenomenon [13,14,15]. The apoptotic process, physiologically important for cellular homeostasis, is profoundly altered in melanoma cells and not only. In them, indeed, the delicate balance between pro- and anti-apoptotic factors is largely in favor of molecules favoring cell growth [16]. Pro-survival molecules in the entire apoptotic pathway, which are often upregulated in cancer cells, include B-cell lymphoma-2 (BCL-2), B-cell lymphoma extra-large (BCL-XL), and myeloid leukemia cell differentiation (MCL-1) proteins. On the other hand, several pro-apoptotic proteins, such as caspases, are often downregulated in tumorigenic backgrounds [17]. In colon cancer, tumor cells induce apoptosis by activating PTEN phosphorylation and consequently inhibiting PI3K pathway. This implies, in T cells, the suppression of BCL-XL and induction of programmed death [13]. A study conducted in gastric adenocarcinoma further confirmed this phenomenon. Indeed, in a cohort of 60 patients, the expression of PD1 and PDL1 in peripheral blood and tumor-infiltrating cells was characterized and the association between their expression and disease progression was evaluated. The authors observed that PD1 expression in the bloodstream and on T cells increased with disease progression and, in vitro, the lymphocytes induced PDL1 expression on tumor cells by promoting their apoptosis. Inhibition of PDL1 has reversed this effect [14]. It is clear that the efficacy of immunotherapy could be increased by combining these treatments with specific molecules that control PDL1 expression and cell proliferation. For example, it is known that several transcription factors, such as hypoxia-inducible factor-1α (HIF-1α) and signal transducer and activation of transcription-3 (STAT3), and several microRNAs (miR), such as miR-570, miR513, miR-197, miR-34a, and miR-200 act by regulating PDL1 [18].



As observed for other therapeutic approaches, a high percentage of patients do not respond to immunotherapy or suffer from adverse events. Based on these observations and on the many evidences that the tumors are complex structures, there is a necessity to invest in precision medicine. In this scenario, the omic sciences are applied; they allow an extensive analysis of all tumor characteristics and support the clinical management of the melanoma patient.



In this review we will illustrate the most important omics applications in melanoma prediction of positive or negative effects to immunotherapy.




2. Precision Medicine in Melanoma


Oncological research has significantly improved the clinical evolution of many cancers considered incurable, such as metastatic melanoma. To date, precision medicine allows predicting responses to treatments or possible adverse events through the discovery and analysis of new predictive and/or prognostic biomarkers, reducing the gap between basic research and clinical management of the patient.



In Figure 1, the principal omics analyses related to melanoma are summarized.



2.1. Genomics Approaches


It is well known that cancer is a disease with a high genetic component. Indeed, several mutations in genes involved in the most important cellular processes responsible of tumorigenesis have been identified [19,20]. Genomic analysis, i.e., the study of genome functions through sequencing, currently make it possible to identify DNA mutations, rearrangements, or amplifications in the single patient and direct them towards specific treatments [21,22]. The development of next-generation-sequencing (NGS) techniques has made it possible to sequence tumor DNA in a short time and a low cost. The detection of driver and germ mutations, and the quantification of the tumor mutational burden (TMB), have enhanced, in the clinical setting, the approach to precision medicine [23].



Melanoma development and its great invasion capability are essentially due to many somatic mutations, which alter the physiological function of two molecular pathways: MAPK and PI3K/protein kinase B (AKT) pathways. Both these pathways are involved in signal transduction from the plasma membrane to the nucleus by the activation of several proteins often mutated, not only in melanoma, but in many other type of cancers [24,25]. The MAPK pathway represents the most dysregulated site in melanoma and is fundamental for the uncontrolled cell proliferation and differentiation; about 50–60% of all melanomas are characterized by a somatic mutation of serine/threonine protein kinase BRAF, in the codon V600E [26]. Instead, the MAPK signaling is aberrant activated also by missense mutation charged to neuroblastoma RAS viral oncogene homolog (NRAS), a member of the RAS gene family, involved in the regulation of cell growth, and particularly important for melanoma onset [27]. NRAS is mutated in 15–20% of all melanomas and is correlated with a more aggressive disease subtype with elevated invasive capabilities [28]. In melanoma, although present in much lower percentages compared to BRAF and NRAS mutations, in the last few years, several mitogen-activated protein kinase kinase (MEK) mutations have been identified. In a sequencing study conducted in 2011, Nikolaev and his collaborators have individuate in about 8% of the samples analyzed, mutations of MEK1 and MEK2 involved in constitutive Extracellular Signal-Regulated Kinase (ERK) activation [29]. Stark M.S. et al. have identified somatic inactivating mutations of mitogen-activated protein kinase (MAP3K) 5 and 9, which lead to a reduction in kinase activity and are associated to chemoresistance [30]. Moreover, somatic mutations of MAP3K5 are responsible for lower pro-apoptotic capacity and, consequently, they determine an increase in cell proliferation [31].



PI3K pathway, although less frequently than the MAPK signaling, is characterized by uncontrolled activity in melanoma [32,33]. PTEN is an important tumor suppressor gene involved in cell growth, survival, and cell motility. Through its protein phosphatase activity, it is able to dephosphorylate the phosphatidylinositol (3,4,5)-trisphosphate (PIP3) in phosphatidylinositol (4,5)-bisphosphate (PIP2), and this function makes PTEN an important negative regulator of PI3K pathway. In melanoma, PTEN is often mutated/deleted, and its loss of function is present and concomitant with BRAF mutations in about 44% of melanomas [34]. In this context, several studies have shown that PTEN loss activity promotes melanoma development by upregulation of the PI3K pathway, with consequent promotion of cell survival and apoptosis reduction [35,36]. AKT is a downstream effector of the PI3K signaling and is involved in the phosphorylation and inactivation of many proteins. Three isoforms of this protein have been identified (AKT1, AKT2, and AKT3), often mutated in different cancer types. In 2008, Davies and his collaborators, analyzing a large panel of melanoma tissues and cells, have occasionally observed mutations of AKT1 and AKT3, but the contribution of these mutations in the melanocyte transformation process remains unclear [37].



Other mutations, with a lower frequency as compared to those described above, have been identified in melanoma. Activating somatic mutations in the KIT gene were found in approximately 2–8% of all melanomas, even though they are particularly associated with mucosal and acralic forms of this pathology (10–20%, respectively) [38,39]. These mutations are generally not expressed simultaneously with the more frequent BRAF and NRAS [24,40]. NF1 encodes for a cytoplasmic protein, which regulates and inhibits the RAS activity through hydrolysis of GTP in GDP. This protein, considered an important tumor suppressor, is mutated in about 15% of all melanomas and represents the third gene most altered in this pathology. Most of the NF1 mutations are characterized by a loss of function, leading to NRAS iper-activation and, consequently, MAPK and PI3K pathways dysregulation. Loss of NF1 is associated by a perennial activation of MAPK signaling and determines resistance to RAF and MEK inhibitors [41,42]. Telomerase represents a complex machinery used by the cells for the maintenance of the normal telomere homeostasis. It is formed by a catalytic subunit TERT and a telomerase RNA component (TERC). TERT promoter mutations result in several cancer types, including melanoma, and the simultaneous presence with BRAF/NRAS alterations is associated with poor prognosis for the patients. These mutations, by stabilizing short telomeres, determine genomic instability, and uncontrolled cell proliferation, and are associated with MAPK activation [43,44].



The clinical outcome of immunotherapy is not easy to predict and, in some cases, is not positive for patients. Indeed, unlike targeted therapy, which has predictive response markers, such as the BRAF mutation, validated biomarkers for the immunotherapeutic agents still need to be approved [45,46]. In recent years, gene sequencing studies have shown that the TMB, neoantigen load (NL) or PDL1 expression degree are often associated with an increased response to immunotherapy [47,48]. However, undefined cut-off and weak reliability of prediction have not given significant results [46,49]. Thus, in melanoma, the research of new predictive biomarkers appears fundamental to discriminate the patients and to avoid unnecessary and sometimes dangerous treatments. In this context, a very recent work has generated a genetic mutation model, called immunotherapy score (ITS), with a high ability to predict the response to immunotherapeutic agents. The authors have produced this model by sequencing whole exomes, and have observed an increased response to treatments and prolonged survival in patients, with high levels of ITS. ITS is not only a good isolated predictive factor, indeed, in association with TMB and plasmatic value of lactate dehydrogenase (LDH), it seems to be, in terms of response to immunotherapy, the best biomarker compared to single factors [46]. A new possible marker of response to immunotherapy in metastatic melanoma is the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) signaling. Carol Amato and collaborators, by pre-treatment sequencing of DNA and RNA of melanoma patients, have found a higher mutational load of NFKBIE (NF-kB negative regulator), in codons G34 and G41, only in patients more responsive to anti-PD1 therapy. NFKBIE loss of function resulted in the activation of the NF-kB pathway, which, therefore, can be considered a possible predictive factor of treatment response [50]. Moreover, alterations to DNA damage repair (DDR) pathways are associated with a better response to immune checkpoint inhibitors (ICIs). Hugo and his research group have observed, in a cohort of metastatic melanoma patients responding to PD1 blockade, an increase of mutations in the homologous recombination (HR) repair gene BRCA2 [51].



As previously mentioned, melanoma is characterized by a complex and heterogeneous structure, and this condition is associated with a major presence of tumor subclones, able to bypass the immune system and drug blocking. For these reasons, tumor heterogeneity is considered another parameter of response to ICIs. Several studies have shown that patients with less heterogeneous melanoma responded better to the blocking action of anti-CTLA-4 and anti-PD1 [52,53]. In addition to the various factors already described, a study conducted on 144 patients with metastatic melanoma included purity and ploidy of the tumor as predictive markers of response to PD1 inhibitors. Specifically, higher tumor purity was associated with tumor progression, while the ploidy was lower in non-responding patients [54].




2.2. Transcriptomics Approaches


Transcriptomics represents the study and analysis of the entire transcriptome, i.e., all cellular mRNAs, precursors of proteins. mRNA is the product of gene expression, its evaluation is fundamental to understand the functionality of DNA in a particular context. Currently, transcriptomics is a widespread molecular approach and the methods associated with it are: (1) microarrays, which quantify only a selected set of sequences; (2) fast RNA sequencing (RNA-Seq), which captures all sequences [55].



The need to early discriminate patients, responding or not responding to immunotherapy, has led to the construction of predictive signature, such as IMmuno-PREdictive Score (IMPRES). It is a predictor response to ICIs, which includes 15 pairwise transcriptomics relations between 28 immune checkpoint genes [56]. Unfortunately, the high melanoma heterogeneity often neutralizes or minimizes the prediction ability of these molecular signatures. Therefore, the attention has shifted from the melanoma to its microenvironment and a recent and interesting study has analyzed 94 melanoma samples collected at baseline and at progression, after treatment with anti-PD1. Using RNA-seq analysis, the authors observed that the downregulation of major histocompatibility complex (MHC) class I is associated with resistance to PD1 inhibitors and a de-differentiated MITFlow/AXLhigh phenotype. This condition is modulated by transforming growth factor-β (TGF-β) and, for this reason, combinations of anti-TGF-β and PD-1 inhibitors could provide important therapeutic benefits [57].




2.3. Proteomics Approaches


The integrated approach of multiple disciplines allows for an extensive view, especially in highly heterogeneous tumor contexts, such as melanoma. Indeed, genomic and transcriptomic studies alone highlight only a slice of its complexity. The several post-transcriptional modifications do not allow a linear relationship between gene expression and final product and the proteins obtained often differ from the starting gene. For these reasons, in-depth analysis of proteins are essential to obtain more detailed information about the tumor [58]. Proteomic studies can be performed either on cell- and tissue-derived source or on specific samples, such as blood. This occurs especially when the material to be analyzed is limited, as in the case of metastatic melanoma [59].



Variations in protein expression or function could determine response or non-response to treatments, such as immunotherapy. Recently, 116 stage IV melanoma patients undergoing tumor-infiltrating lymphocytes (TILs) or anti-PD therapies were involved for proteomics analyses. Both groups of patients were divided into responders and non-responders and, by high-resolution mass spectrometry, their protein composition has been analyzed. The authors have observed significant changes in lipid and oxidative metabolism between patients who responded to both treatments and those not responding. Specifically, the lipid and ketone metabolisms are the worst mediators of tumor immunogenicity and of antigen presentation by cancer cells [60].



The plasma proteome is profoundly dynamic and fluctuates under the influence of several factors, such as drug treatments. The use of high-resolution isoelectric focusing liquid chromatography-mass spectrometry (HiRIEF LC–MS/MS) and antibody-based targeted proteomics with proximity extension assays (PEAs) has allowed to analyze the protein structure of blood samples from metastatic melanoma patients treated with immunotherapy and to identify plasma biomarkers [61]. For this aim, the authors of the study have used the pre- and post-treatment plasma with ICIs of 46 melanoma patients (stage IV) and have compared it with the samples of patients undergoing target therapy. The most striking result of this screening was represented by the increase in circulating levels of PD1 only in response to anti-PD1 treatment, and in patients responding to this therapy, compared to the control group with targeted therapy. The plasmatic PD1 increase provides endogenous PDL1 inhibition in parallel with therapy-induced inhibition [61].



Although immunotherapies have made important advances in terms of survival, they are not free of adverse events that preclude treatment outcomes and, even, patient survival. One of the targets of proteomics analysis is also to identify possible biomarkers involved in toxicity and adverse events to treatment. In metastatic melanoma, specific proinflammatory cytokines, such as interleukin (IL)1a, IL2 and interferon (IFN) α2, could help in the early management of severe immunocorrelated toxicity. Indeed, a study conducted in melanoma patients treated with ICIs has found significant upregulation of 11 cytokines in the cohort with severe immune-related toxicities at baseline (PRE) and early during treatment (EDT) compared to the control group [62].




2.4. Metabolomics Approaches


The study of the metabolome, i.e., the low molecular weight products of the cellular processes, is fundamental to understand the functional status of cells. Together with genomics, transcriptomics, and proteomics, it provides useful information about the state of cellular “health” and the continuous interactions with the microenvironment [63]. Cancer cells metabolism is profoundly altered and, therefore, produces molecules that are specific and typical of non-physiological conditions. Metabolomics approaches can be targeted, if they focus on detecting a few and specific metabolites, or non-targeted if they attempt to identify many metabolites from biological fluids as possible [64]. Several plasma biomarkers, indicators of metastatic capacity, tumor progression, and drug response, have been identified for melanoma: however, being common to other diseases or, in general, to inflammatory processes, they are not considered reliable markers.



Among all serum biomarkers, LDH is certainly the most specific for melanoma and, in association with other predictive and prognostic factors, it is often used to predict drug responses. It is involved in the conversion of pyruvate to lactate and is upregulated in melanoma due to increased cell necrosis that spills the enzyme into the bloodstream. In patients with advanced melanoma, elevated LDH levels are associated with poor prognosis and are directly related to survival with a specificity of 92% [65]. Over the years, several studies have evaluated the prognostic role of LDH in response to immunotherapy with conflicting results. Some studies have evaluated that high baseline LDH levels correspond to reduced survival for advanced melanoma patients and decreased response to ICIs [66,67]. For this reason, new possible drug combinations have been proposed to overcome resistance to immunotherapy. High LDH levels are the consequence of increased glycolytic activity of the tumor in response to hypoxia. Therefore, the combinations of ICIs with glycolysis inhibitors or vascular endothelial growth factor (VEGF) inhibitors could open the way to new therapeutic scenarios [67]. On the other hand, a recent study re-evaluated the results of the KEYNOTE-001 clinical trial. Indeed, the authors observed a greater and more durable response to pembrolizumab in advanced melanoma patients with elevated baseline LDH levels compared to those with normal enzyme levels [68]. In some cases, BRAF-mutant melanoma patients after a first line of treatment with targeted therapy receive subsequent treatment with ICIs. The response to immunotherapy was significantly better in patients with normalized LDH levels after targeted therapy, compared to those with still high levels of the enzyme [69]. This result suggests that the assessment of serum LDH levels, after treatment with targeted therapy, could be a valid index of response or non-response to subsequent immunotherapy.



Albeit, only LDH is recognized in the Joint American Commission on Cancer (AJCC) melanoma guideline, protein S100 is another biomarker used for this pathology. Elevated S100B levels are an indicator of metastasis, response to treatment, disease relapse, and overall survival (OS) [70,71]. Recently, basal S100B levels have been considered a valuable guide to therapeutic choices in patients with metastatic melanoma undergoing immunotherapy. Indeed, it has been observed that the patients treated with pembrolizumab, in monotherapy, or in combination with ipilimumab, and with simultaneous elevated baseline levels of S100B and LDH, showed significantly reduced OS, compared to the patients with normal S100B [72].




2.5. Radiomics Approaches


Radiomics is a promising, multi-step emerging approach that might be of support to precision medicine by extracting quantitative, tumor-specific features from radiological biomedical images. In the era of machine-learning and artificial intelligence, the radiomic information obtained from medical images can provide quantitative objective parameters and play a crucial role in clinical decision support and cancer management [73]. Indeed, the association between radiomics features and the clinicopathological information of diseases could help to optimize the treatment selection and management of cancer patients [74].



Main radiomics steps are: acquisition of biomedical images, extraction of a wide number of quantitative imaging-based features, and correlation of these with different endpoints [75]. More in detail, high-quality, standardized images were firstly acquired with modern Computed tomography (CT), Magnetic Resonance Imaging (MRI), or more rarely with combined Positron Emission Tomography (PET)/CT scans. Then, the lesions are delineated manually or using automated techniques (“segmentation”); successively quantitative parameters related to texture, shape, and intensity of the lesions are extracted using high-throughput methods, and both two-dimensional (2D) and three-dimensional (3D) features can be obtained. Finally, correlations were investigated between extracted features and the specific clinical endpoints, such as treatment response or overall survival. Texture analysis (TA) is one of the most widely spread radiomics methods able to describe the textural properties of the images by analyzing its grey-level patterns and quantitative histogram [76]. TA is not invasive and able to provide quantitative and spatial information over the volume of lesion and organs at multiple time points [75]. Thus, TA might represent an added value to the analysis of tissue samples that are generally performed only once in a specific tumor site [77]. For this reason, there has been an explosive rise in popularity of radiomic/TA topics and still even more literature continue to be produced, resulting in many methods and applications. In particular, almost all the papers published on the last decade investigated cohorts of patients that underwent MRI or CT, while only a few part of them involved different imaging modalities such as PET or PET/CT [77]. Indeed, clinical trials on melanoma generally involve as standard follow-up protocol CT scan with Response Evaluation Criteria in Solid Tumours (RECIST) or MRI when higher resolution is needed as for brain studies [78]. The software mostly used for radiomics/TA are PyRadiomics Python package, TexRAD software, the IntelliSpace Portal V.8 Philips Healthcare, and LifeX software, a MATLAB toolbox Radiomics implemented by Vallieres et al. [79]. Sometimes, the radiomics/TA was made with in-house built software as reported in [80,81].



As above-mentioned, the last step of a radiomics/TA procedure is to construct mathematical models or classifier that can provide prognostic information or be predictors of treatment response. A classifier built using the radiophenotypical properties of the tumor could help the patients stratification and to optimize clinical decision [77]. A wide range of methods for classifier development and validation are reported in literature. For example, Trebeschi et al. have demonstrated that radiomics can automatically extract specific biomarkers to predict immunotherapy response using machine learning techniques to build a radiomic-based classifier [82]. Smith et al. have validated the use of CT-based radiomic to predict immunotherapy response, reporting that a decrease in a radiomic feature (mean positive pixel or MPP) was present on initial posttherapy CT for patients with a greater risk of mortality [83].



The role of radiomic/TA in predicting the response to immunotherapy in metastatic melanoma patients treated with pembrolizumab has been investigated by Durot et al. [84]. The authors have found the radiomic feature named skewness to be a potential predictor of outcome. In a recent retrospective study by Schraag et al., the authors have revealed another feature, named kurtosis, as an independent predictor of overall survival in melanoma patients treated with immunotherapy [85].



In general, radiomic/TA can provide novel imaging-based biomarkers to be correlated with a panel of diagnostic, prognostic, and predictive biomarkers, either serological (i.e., LDH), molecular (i.e., TMB), and immunohistochemical (i.e., PD-L1), to support the management of advanced melanoma patients [49,86]. Moreover, a major strength of radiomics is that information are extracted directly from biomedical imaging that are routinely obtained for almost every oncological patient, with no need of further acquisitions or costs. Despite the promising clinical advantages of radiomics, there are some issues that must be accurately evaluated for validating the prognostic role of imaging-based radiomic features. An appropriate methodological approach is needed in order to select robust methods and to provide reproducible data [73]. Moreover, multicentric studies with larger cohorts are strictly recommended to validate radiomic features as biomarkers on a wide scale.





3. New Frontiers in Precision Medicine: Liquid Biopsy


Although not yet clinically recognized, liquid biopsy is rapidly assuming a key role in the search for specific biomarkers for various cancer forms, such as non-metastatic colorectal cancer and melanoma [87,88,89]. Conventional biopsy techniques often produce limited information about tumor status, because they capture only a minor part of the tumor mass at a specific time. However, as it has been known, the tumor and its microenvironment are constantly evolving, and can change in response to treatments. In this scenario, liquid biopsy finds fertile ground and is considered a new prognostic and predictive technique to treatment response. This non-invasive technique essentially allows the isolation and detection of circulating tumor cells (CTCs), circulating tumor DNA (ctDNA) and exosomes, often released in the peripheral blood by cancer cells [90].



3.1. CTCs


CTCs, released by primary tumor or metastasis, are present in peripheral blood. The transition to a mesenchymal phenotype, mediated by epithelial mesenchymal transition (EMT) process, indeed, allows tumor cells to acquire invasive and migratory properties and to penetrate in the blood and lymphatic circulations. This prerogative induces the recruitment of CTCs in sites distant from the primary tumor to form metastases. In addition, these cells can interact with elements of the stroma and immune system to evade the immune response [91,92]. The identification and quantification of CTCs has, potentially, an important prognostic value because it would be related to the response to treatments; the limited number of CTCs in the blood (1–10 cells per milliliter of whole blood) has made necessary to develop more sensitive methods for their isolation [93]. In recent years, several experimental methods have been proposed to standardize the isolation of CTCs, based essentially on their physical and biological characteristics [94,95]. CellSearch® system (Menarini Silicon Biosystems, Inc.) is the only assay approved and standardized, in 2004, by the FDA, for the detection of CTCs in several solid tumors, such as breast, colon, and prostate cancer [96,97,98]. The assay discriminates tumor cells in the blood based on their expression of epithelial cell adhesion molecule (EpCAM) [99]. CellSearch® kits have also been developed for melanoma, but there are still too few studies conducted [100]. In addition, melanoma CTCs poorly express EpCAM and, therefore, new potential markers are being examined to discriminate them [101]. Recently, the new EPISPOT assay (S100-EPISPOT assay) has been designed for melanoma CTCs; this assay discriminates the cancer cells in the blood based on their expression and secretion of the protein S-100, typical of melanoma. The study has shown that the sensitivity of S100-EPISPOT was significantly higher than that of CellSearch [102].



In many cancer contexts, the detection of CTCs can provide important diagnostic information and is related to patients’ outcomes. In a recent study, a dual-step procedure of CTCs separation was evaluated in blood samples of 17 patients with advanced melanoma. The authors, observing parameters, such as progression free survival (PFS), OS, and number of metastasis sites, have highlighted that CTCs’ amount is correlated with patient prognosis. However, being based on a limited number of samples, these results will need to be further confirmed [103]. A clinical study has evaluated the association between the presence of CTCs in stage III melanoma patients and disease relapses. The analysis was conducted on 243 patients at first clinical presentation and the detection of CTCs was significantly associated with a shorter relapse-free survival (RFS), 6 months in 37% of patients enrolled [104].



Currently, 11 melanoma clinical trials involve the use of CTCs (Table 1) [78].



Melanoma CTCs appears to be a predictive biomarker to immunotherapy response. A significant correlation has been observed between CTCs, with elevated basal levels of PDL1, and pembrolizumab response in advanced melanoma patients. Patients with PDL1+ CTCs have found favorable effects in terms of PFS as compared to the control group with low levels of circulating PDL1 [105]. The development of a signature of 19 genes for melanoma CTCs (CTC score) allowed to quickly assess the response to ICIs. CTCs score changes radically after treatment with immunotherapy, providing important information on the treatment response even in the long term. Therefore, early monitoring of CTCs changes could help clinicians in screening patients for immunotherapy and it would also avoid unnecessary and harmful treatments for non-responsive patients [106].




3.2. ctDNA


ctDNAs are small fragments of nucleic acid, released by CTCs through unclear mechanisms. These DNA fragments may likely be associated with necrosis or apoptosis phenomena [107,108]. On the other hand, the release of ctDNA in the bloodstream can also actively occur from live cells, and this method allows the establishment of a genomic instability typical of the metastatic process [109,110]. The first scientific evidence that correlated ctDNA to the presence of a tumor was found in 1977. Higher concentration of ctDNA in the blood was detected in patients with pancreatic cancer; in addition, a significant decrease of its levels was observed after pharmacological treatment [111]. Although ctDNA and CTCs are considered important biomarkers and are present in many advanced tumors, to date, few studies have analyzed them in the same patients [107]. The blood concentration of ctDNA in cancer patients is only a small fraction of the total amount of DNA released even by “normal” cells. To date, two experimental methods are mostly used for the isolation of ctDNA: (1) recognition and detection of specific mutations that characterized the neoplasm of interest; (2) detection of new mutations or somatic variations in ctDNA [112]. The hypothesis that the DNA released from cancer cells is biologically active has been confirmed in a very interesting preclinical study. The authors have observed that ctDNA stimulates cellular transformation and tumorigenic process. Indeed, DNA-depleted supernatant of cells and colon cancer patients blocks malignant transformation of NIH3T3 murine cells [113].



Early assessment of ctDNA change during therapy could help clinicians to predict tumor response or non-response to immunotherapy [114,115,116]. Some immunotherapy methods do not provide immediate benefit to the patient, but require a longer time period. For example, in the case of autologous transfer of TILs, the complete response may occur even after 1–2 years. Therefore, clinicians are often confronted with uncertain outcomes and need to find biomarkers that can provide early information. Changes in BRAF V600E ctDNA levels, within the first month after T-cell transfer immunotherapy, can be used to rapidly identify responding from non-responding patients. Analysis of blood samples of 48 metastatic melanoma patients has showed a tight correlation between the development of an early BRAF V600E ctDNA peak and complete response to treatment with TILs [117]. A recent study demonstrated that pre-treatment ctDNA levels can be used to stratify patients to undergo to first-line of ICIs. Indeed, melanoma patients with lower pre-treatment plasma ctDNA levels had a longer PFS. On the other hand, patients with higher ctDNA values showed less inauspicious outcomes only when treated with anti PD1/CTLA-4 combinations and not with anti-PD1 alone [118]. These findings were partially confirmed by an additional clinical trial performed in 85 patients with metastatic melanoma and undergoing anti-PD1 treatment. Analysis of liquid biopsies, obtained before and during treatment, has revealed that patients with undetectable ctDNA before therapy have responded significantly better than those with higher ctDNA values (median PFS 26 weeks versus 9 weeks, p = 0.01) [119].




3.3. Exosomes


Exosomes are vesicles surrounded by plasma membrane and released by cells into microenvironment. They may contain proteins, lipids, or genetic material, and are often used for intercellular communication [120]. In recent years, exosomes have been the focus of study in oncology because also cancer cells produce and release these vesicles and they could be involved in the many stages of tumor progression and drug resistance [121,122]. In addition, given their abundance in circulation, exosomes are considered as potential biomarkers for cancer treatment [123].



Tumor cells implement several mechanisms to evade the immune system control. One of these involves the release of exosomes that carry PDL1, still bound to the plasma membrane, into microenvironment. Consequently, the tumor enhances its immune evasive potential and develops resistance to ICIs treatments [122]. Exosomal PDL1 can either antagonize anti-PD-L1 therapy by binding to the antibody itself or, being resistant to anti-PD-1 therapy, can suppress T-cell activity directly and/or indirectly [124].





4. Future Perspectives


The next few decades will focus on the development of increasingly targeted and precise medicine. The study of specific tumor forms, indeed, has highlighted the high heterogeneity among patients, and treatments useful for some patients may not be considered equally valid for others. Melanoma represents one of these tumor contexts that, influenced by multiple immunological factors and a pro-cancerous microenvironment, evade pharmacological treatments in a form still not completely clear. Therefore, it is important to evaluate all molecular and diagnostic aspects in order to have an overall view before subjecting a patient to possibly unnecessary treatments. Therefore, the omics sciences are the “future” on which to invest, appropriately, not only at the pre-clinical level (as already happens for melanoma and not only), but also at the clinical level to customize the intervention of the oncologist. Multidisciplinary approaches involving different professional figures (clinicians, biologists, mathematicians, informatics, and so on) appear to be fundamental, and aim to brilliantly overcome errors that today are insoluble with standard medicine. For melanoma, radiomics and liquid biopsy represent the new approaches on which to invest and focus. Compared to all the methods described, indeed, they are not yet used in the clinical setting for the identification of new biomarkers, or to early assess the response, or not, to a particular treatment. However, given their obvious potential, as a corollary of other more defined and used approaches, they can certainly bring benefits to the treatment of the patient.




5. Conclusions


The clinical evaluation of the cancer patients has undergone profound changes in recent decades. The tumor is no longer considered a separate entity, but is in constant dialogue with its surrounding microenvironment. Moreover, melanoma is a highly heterogeneous tumor form and differs profoundly between patients. Therefore, precision medicine has paved the way for increasingly personalized treatments, seeking to minimize the proportion of non-responding patients. Today, the dialogue between the various experimental approaches and increasingly precise data evaluation techniques allow to have a complete view of the patient, avoiding harmful and controversial treatments.







Author Contributions


Conceptualization F.V., I.F., and A.G.; writing—original draft preparation, I.F. and A.G.; writing—review and editing, I.F., S.U., F.D., C.B., F.C. (Fabiana Conciatori), E.G.; visualization, P.G. and F.C. (Francesco Cognetti); supervision, G.C. and A.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Italian Ministry of Health (RC 2021). Chiara Bazzichetto was supported by an Italian Association for Cancer Research (AIRC) fellowship for Italy.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


The authors wish to thank the San Gallicano Scientific Director office for supporting the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


The following abbreviations are used in this manuscript.



	2D
	Two-dimensional



	3D
	Three-dimensional



	AJCC
	American Joint Commission on Cancer



	AKT
	Protein kinase B



	BCL-2
	B-cell lymphoma-2



	BCL-XL
	B-cell lymphoma-extra large protein



	BRAF
	v-Raf murine sarcoma viral oncogene homolog B



	CDKN2A
	Cyclin-dependent kinase inhibitor 2A



	CTCs
	Circulating tumor cells



	ctDNA
	Circulating tumor DNA



	CTLA-4
	T-lymphocyte-associated protein



	CT
	Computed tomography



	DDR
	DNA damage repair



	EMT
	Epithelial mesenchymal transition



	EpCAM
	Epithelial cell adhesion molecule



	ERK
	Extracellular Signal-Regulated Kinase



	FDA
	Food and Drug Administration



	HIF-1α
	Hypoxia-inducible factor-1α



	HiRIEF LC-MS/MS
	High-resolution isoelectric focusing liquid chromatography-mass spectrometry



	HR
	Homologous recombination



	ICI
	Immune checkpoint inhibitor



	IFN
	Interferon



	IL
	Interleukin



	IMPRES
	IMmuno-PREdictive Score



	ITS
	Immunotherapy score



	KIT
	v-kit Hardy–Zuckerman 4 feline sarcoma viral oncogene homolog



	LDH
	lactate dehydrogenase



	MAP3K
	Mitogen-activated protein kinase kinase



	MAPK
	Mitogen-activated protein kinase



	MCL-1
	Myeloid leukemia cell differentiation



	MEK
	Mitogen-activated protein kinase kinase



	MHC
	Major histocompatibility complex



	miR
	microRNA



	MRI
	Magnetic Resonance Imaging



	NF1
	Neurofibromin 1



	NFκB
	Nuclear factor kappa-light-chain-enhancer of activated B cells



	NGS
	Next-generation-sequencing



	NL
	Neoantigen load



	NRAS
	Neuroblastoma RAS viral oncogene homolog



	OS
	Overall Survival



	PD1
	Programmed cell death protein 1



	PDL1
	Programmed death-ligand 1



	PEAs
	Proximity extension assays



	PFS
	Progression Free Survival



	PI3K
	Phosphoinositol-3-kinase



	PIP2
	Phosphatidylinositol (4,5)-bisphosphate



	PIP3
	Phosphatidylinositol (3,4,5)-trisphosphate



	PET
	Positron Emission Tomography



	PTEN
	Phosphatase and tensin homolog deleted on chromosome 10



	RECIST
	Response Evaluation Criteria in Solid Tumours



	RFS
	Shorter relapse-free survival



	RNA-seq
	Fast RNA sequencing



	STAT3
	Signal transducer and activation of transcription-3



	TA
	Texture analysis



	TERC
	Telomerase RNA component



	TERT
	Telomerase reverse transcriptase



	TGF-β
	Transforming Growth Factor-β



	TILs
	Tumor-infiltrating lymphocytes



	TMB
	Tumor mutational burden



	VEGF
	Vascular endothelial growth factor









References


	



Li, C.Y.; Wang, Q.; Shen, S.; Wei, X.L.; Li, G.X. Oridonin inhibits migration, invasion, adhesion and TGF-beta1-induced epithelial-mesenchymal transition of melanoma cells by inhibiting the activity of PI3K/Akt/GSK-3beta signaling pathway. Oncol. Lett. 2018, 15, 1362–1372. [Google Scholar] [CrossRef]

	



Natalie, H.; Matthews, N.H.; Li, W.-Q.; Qureshi, A.A.; Weinstock, M.W.; Cho, E. Epidemiology of melanoma. In Cutaneous Melanoma: Etiology and Therapy; Ward, W.H., Farma, J.M., Eds.; Codon Publications: Brisbane, Australia, 2017. [Google Scholar] [CrossRef]

	



Gurzu, S.; Beleaua, M.A.; Jung, I. The role of tumor microenvironment in development and progression of malignant melanomas—A systematic review. Rom. J. Morphol. Embryol. 2018, 59, 23–28. [Google Scholar]

	



Leonardi, G.C.; Falzone, L.; Salemi, R.; Zanghi, A.; Spandidos, D.A.; McCubrey, J.A.; Candido, S.; Libra, M. Cutaneous melanoma: From pathogenesis to therapy (Review). Int. J. Oncol. 2018, 52, 1071–1080. [Google Scholar] [CrossRef]

	



Tsao, H.; Chin, L.; Garraway, L.A.; Fisher, D.E. Melanoma: From mutations to medicine. Genes Dev. 2012, 26, 1131–1155. [Google Scholar] [CrossRef] [PubMed]

	



Pollock, P.M.; Harper, U.L.; Hansen, K.S.; Yudt, L.M.; Stark, M.; Robbins, C.M.; Moses, T.Y.; Hostetter, G.; Wagner, U.; Kakareka, J.; et al. High frequency of BRAF mutations in nevi. Nat. Genet. 2003, 33, 19–20. [Google Scholar] [CrossRef]

	



Shain, A.H.; Yeh, I.; Kovalyshyn, I.; Sriharan, A.; Talevich, E.; Gagnon, A.; Dummer, R.; North, J.; Pincus, L.; Ruben, B.; et al. The genetic evolution of melanoma from precursor lesions. N. Engl. J. Med. 2015, 373, 1926–1936. [Google Scholar] [CrossRef]

	



Sanlorenzo, M.; Vujic, I.; Posch, C.; Dajee, A.; Yen, A.; Kim, S.; Ashworth, M.; Rosenblum, M.D.; Algazi, A.; Osella-Abate, S.; et al. Melanoma immunotherapy. Cancer Biol. Ther. 2014, 15, 665–674. [Google Scholar] [CrossRef] [PubMed]

	



Lugowska, I.; Teterycz, P.; Rutkowski, P. Immunotherapy of melanoma. Contemp. Oncol. 2018, 22, 61–67. [Google Scholar] [CrossRef] [PubMed]

	



Robert, C.; Ribas, A.; Wolchok, J.D.; Hodi, F.S.; Hamid, O.; Kefford, R.; Weber, J.S.; Joshua, A.M.; Hwu, W.J.; Gangadhar, T.C.; et al. Anti-programmed-death-receptor-1 treatment with pembrolizumab in ipilimumab-refractory advanced melanoma: A randomised dose-comparison cohort of a phase 1 trial. Lancet 2014, 384, 1109–1117. [Google Scholar] [CrossRef]

	



Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.; Smylie, M.; Rutkowski, P.; et al. Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N. Engl. J. Med. 2015, 373, 23–34. [Google Scholar] [CrossRef] [PubMed]

	



Falcone, I.; Conciatori, F.; Bazzichetto, C.; Ferretti, G.; Cognetti, F.; Ciuffreda, L.; Milella, M. Tumor microenvironment: Implications in melanoma resistance to targeted therapy and immunotherapy. Cancers 2020, 12, 2870. [Google Scholar] [CrossRef]

	



Yaghoubi, N.; Soltani, A.; Ghazvini, K.; Hassanian, S.M.; Hashemy, S.I. PD-1/ PD-L1 blockade as a novel treatment for colorectal cancer. Biomed. Pharm. 2019, 110, 312–318. [Google Scholar] [CrossRef]

	



Chiu, Y.M.; Tsai, C.L.; Kao, J.T.; Hsieh, C.T.; Shieh, D.C.; Lee, Y.J.; Tsay, G.J.; Cheng, K.S.; Wu, Y.Y. PD-1 and PD-L1 Up-regulation promotes T-cell apoptosis in gastric adenocarcinoma. Anticancer Res. 2018, 38, 2069–2078. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Yang, X.; Zhang, C.; Wang, Y.; Cheng, T.; Duan, L.; Tong, Z.; Tan, S.; Zhang, H.; Saw, P.E.; et al. Tumor cell-intrinsic PD-1 receptor is a tumor suppressor and mediates resistance to PD-1 blockade therapy. Proc. Natl. Acad. Sci. USA 2020, 117, 6640–6650. [Google Scholar] [CrossRef]

	



Hussein, M.R.; Haemel, A.K.; Wood, G.S. Apoptosis and melanoma: Molecular mechanisms. J. Pathol. 2003, 199, 275–288. [Google Scholar] [CrossRef]

	



Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A Target for anticancer therapy. Int. J. Mol. Sci 2018, 19, 448. [Google Scholar] [CrossRef]

	



Chen, J.; Jiang, C.C.; Jin, L.; Zhang, X.D. Regulation of PD-L1: A novel role of pro-survival signalling in cancer. Ann. Oncol. 2016, 27, 409–416. [Google Scholar] [CrossRef]

	



Vogelstein, B.; Kinzler, K.W. Cancer genes and the pathways they control. Nat. Med. 2004, 10, 789–799. [Google Scholar] [CrossRef]

	



Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [Google Scholar] [CrossRef]

	



Tomczak, K.; Czerwinska, P.; Wiznerowicz, M. The cancer genome atlas (TCGA): An immeasurable source of knowledge. Contemp. Oncol. 2015, 19, A68–A77. [Google Scholar] [CrossRef]

	



Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.; Borg, A.; Borresen-Dale, A.L.; et al. Signatures of mutational processes in human cancer. Nature 2013, 500, 415–421. [Google Scholar] [CrossRef] [PubMed]

	



Morganti, S.; Tarantino, P.; Ferraro, E.; D’Amico, P.; Duso, B.A.; Curigliano, G. Next generation sequencing (NGS): A revolutionary technology in pharmacogenomics and personalized medicine in cancer. Adv. Exp. Med. Biol. 2019, 1168, 9–30. [Google Scholar] [CrossRef] [PubMed]

	



Broussard, L.; Howland, A.; Ryu, S.; Song, K.; Norris, D.; Armstrong, C.A.; Song, P.I. Melanoma cell death mechanisms. Chonnam Med. J. 2018, 54, 135–142. [Google Scholar] [CrossRef] [PubMed]

	



Chappell, W.H.; Steelman, L.S.; Long, J.M.; Kempf, R.C.; Abrams, S.L.; Franklin, R.A.; Basecke, J.; Stivala, F.; Donia, M.; Fagone, P.; et al. Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR inhibitors: Rationale and importance to inhibiting these pathways in human health. Oncotarget 2011, 2, 135–164. [Google Scholar] [CrossRef] [PubMed]

	



Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.J.; Bottomley, W.; et al. Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949–954. [Google Scholar] [CrossRef]

	



Eskandarpour, M.; Huang, F.; Reeves, K.A.; Clark, E.; Hansson, J. Oncogenic NRAS has multiple effects on the malignant phenotype of human melanoma cells cultured in vitro. Int. J. Cancer 2009, 124, 16–26. [Google Scholar] [CrossRef] [PubMed]

	



Sarkisian, S.; Davar, D. MEK inhibitors for the treatment of NRAS mutant melanoma. Drug Des. Devel. Ther. 2018, 12, 2553–2565. [Google Scholar] [CrossRef] [PubMed]

	



Nikolaev, S.I.; Rimoldi, D.; Iseli, C.; Valsesia, A.; Robyr, D.; Gehrig, C.; Harshman, K.; Guipponi, M.; Bukach, O.; Zoete, V.; et al. Exome sequencing identifies recurrent somatic MAP2K1 and MAP2K2 mutations in melanoma. Nat. Genet. 2011, 44, 133–139. [Google Scholar] [CrossRef]

	



Stark, M.S.; Woods, S.L.; Gartside, M.G.; Bonazzi, V.F.; Dutton-Regester, K.; Aoude, L.G.; Chow, D.; Sereduk, C.; Niemi, N.M.; Tang, N.; et al. Frequent somatic mutations in MAP3K5 and MAP3K9 in metastatic melanoma identified by exome sequencing. Nat. Genet. 2011, 44, 165–169. [Google Scholar] [CrossRef]

	



Prickett, T.D.; Zerlanko, B.; Gartner, J.J.; Parker, S.C.J.; Dutton-Regester, K.; Lin, J.C.; Teer, J.K.; Wei, X.; Jiang, J.; NISC Comparative Sequencing Program; et al. Somatic mutations in MAP3K5 attenuate its proapoptotic function in melanoma through increased binding to thioredoxin. J. Investig. Derm. 2014, 134, 452–460. [Google Scholar] [CrossRef]

	



Paraiso, K.H.; Xiang, Y.; Rebecca, V.W.; Abel, E.V.; Chen, Y.A.; Munko, A.C.; Wood, E.; Fedorenko, I.V.; Sondak, V.K.; Anderson, A.R.; et al. PTEN loss confers BRAF inhibitor resistance to melanoma cells through the suppression of BIM expression. Cancer Res. 2011, 71, 2750–2760. [Google Scholar] [CrossRef] [PubMed]

	



Irvine, M.; Stewart, A.; Pedersen, B.; Boyd, S.; Kefford, R.; Rizos, H. Oncogenic PI3K/AKT promotes the step-wise evolution of combination BRAF/MEK inhibitor resistance in melanoma. Oncogenesis 2018, 7, 72. [Google Scholar] [CrossRef]

	



Bazzichetto, C.; Conciatori, F.; Pallocca, M.; Falcone, I.; Fanciulli, M.; Cognetti, F.; Milella, M.; Ciuffreda, L. PTEN as a prognostic/predictive biomarker in cancer: An unfulfilled promise? Cancers 2019, 11, 435. [Google Scholar] [CrossRef]

	



Stahl, J.M.; Cheung, M.; Sharma, A.; Trivedi, N.R.; Shanmugam, S.; Robertson, G.P. Loss of PTEN promotes tumor development in malignant melanoma. Cancer Res. 2003, 63, 2881–2890. [Google Scholar]

	



Deng, W.; Gopal, Y.N.; Scott, A.; Chen, G.; Woodman, S.E.; Davies, M.A. Role and therapeutic potential of PI3K-mTOR signaling in de novo resistance to BRAF inhibition. Pigment. Cell Melanoma Res. 2012, 25, 248–258. [Google Scholar] [CrossRef]

	



Davies, M.A.; Stemke-Hale, K.; Tellez, C.; Calderone, T.L.; Deng, W.; Prieto, V.G.; Lazar, A.J.; Gershenwald, J.E.; Mills, G.B. A novel AKT3 mutation in melanoma tumours and cell lines. Br. J. Cancer 2008, 99, 1265–1268. [Google Scholar] [CrossRef]

	



Beadling, C.; Jacobson-Dunlop, E.; Hodi, F.S.; Le, C.; Warrick, A.; Patterson, J.; Town, A.; Harlow, A.; Cruz, F., 3rd; Azar, S.; et al. KIT gene mutations and copy number in melanoma subtypes. Clin. Cancer Res. 2008, 14, 6821–6828. [Google Scholar] [CrossRef] [PubMed]

	



Handolias, D.; Salemi, R.; Murray, W.; Tan, A.; Liu, W.; Viros, A.; Dobrovic, A.; Kelly, J.; McArthur, G.A. Mutations in KIT occur at low frequency in melanomas arising from anatomical sites associated with chronic and intermittent sun exposure. Pigment. Cell Melanoma Res. 2010, 23, 210–215. [Google Scholar] [CrossRef]

	



Goldinger, S.M.; Murer, C.; Stieger, P.; Dummer, R. Targeted therapy in melanoma—The role of BRAF, RAS and KIT mutations. EJC Suppl. 2013, 11, 92–96. [Google Scholar] [CrossRef] [PubMed]

	



Whittaker, S.R.; Theurillat, J.P.; Van Allen, E.; Wagle, N.; Hsiao, J.; Cowley, G.S.; Schadendorf, D.; Root, D.E.; Garraway, L.A. A genome-scale RNA interference screen implicates NF1 loss in resistance to RAF inhibition. Cancer Discov. 2013, 3, 350–362. [Google Scholar] [CrossRef] [PubMed]

	



Nissan, M.H.; Pratilas, C.A.; Jones, A.M.; Ramirez, R.; Won, H.; Liu, C.; Tiwari, S.; Kong, L.; Hanrahan, A.J.; Yao, Z.; et al. Loss of NF1 in cutaneous melanoma is associated with RAS activation and MEK dependence. Cancer Res. 2014, 74, 2340–2350. [Google Scholar] [CrossRef] [PubMed]

	



Nagore, E.; Rachakonda, S.; Kumar, R. TERT promoter mutations in melanoma survival. Oncotarget 2019, 10, 1546–1548. [Google Scholar] [CrossRef] [PubMed]

	



Vallarelli, A.F.; Rachakonda, P.S.; Andre, J.; Heidenreich, B.; Riffaud, L.; Bensussan, A.; Kumar, R.; Dumaz, N. TERT promoter mutations in melanoma render TERT expression dependent on MAPK pathway activation. Oncotarget 2016, 7, 53127–53136. [Google Scholar] [CrossRef] [PubMed]

	



Goodman, A.M.; Kato, S.; Bazhenova, L.; Patel, S.P.; Frampton, G.M.; Miller, V.; Stephens, P.J.; Daniels, G.A.; Kurzrock, R. Tumor mutational burden as an independent predictor of response to immunotherapy in diverse cancers. Mol. Cancer Ther. 2017, 16, 2598–2608. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Ding, Y.; Wu, M.; Chen, Y.; Lyu, X.; Lu, J.; Wang, H.; Teng, L. Integrated genomic analysis identifies a genetic mutation model predicting response to immune checkpoint inhibitors in melanoma. Cancer Med. 2020, 9, 8498–8518. [Google Scholar] [CrossRef] [PubMed]

	



Snyder, A.; Makarov, V.; Merghoub, T.; Yuan, J.; Zaretsky, J.M.; Desrichard, A.; Walsh, L.A.; Postow, M.A.; Wong, P.; Ho, T.S.; et al. Genetic basis for clinical response to CTLA-4 blockade in melanoma. N. Engl. J. Med. 2014, 371, 2189–2199. [Google Scholar] [CrossRef]

	



Van Allen, E.M.; Miao, D.; Schilling, B.; Shukla, S.A.; Blank, C.; Zimmer, L.; Sucker, A.; Hillen, U.; Foppen, M.H.G.; Goldinger, S.M.; et al. Genomic correlates of response to CTLA-4 blockade in metastatic melanoma. Science 2015, 350, 207–211. [Google Scholar] [CrossRef] [PubMed]

	



Buder-Bakhaya, K.; Hassel, J.C. Biomarkers for clinical benefit of immune checkpoint inhibitor treatment—A Review from the melanoma perspective and beyond. Front. Immunol. 2018, 9, 1474. [Google Scholar] [CrossRef]

	



Amato, C.M.; Hintzsche, J.D.; Wells, K.; Applegate, A.; Gorden, N.T.; Vorwald, V.M.; Tobin, R.P.; Nassar, K.; Shellman, Y.G.; Kim, J.; et al. Pre-treatment mutational and transcriptomic landscape of responding metastatic melanoma patients to anti-PD1 immunotherapy. Cancers 2020, 12, 1943. [Google Scholar] [CrossRef]

	



Hugo, W.; Zaretsky, J.M.; Sun, L.; Song, C.; Moreno, B.H.; Hu-Lieskovan, S.; Berent-Maoz, B.; Pang, J.; Chmielowski, B.; Cherry, G.; et al. Genomic and transcriptomic features of response to anti-PD-1 therapy in metastatic melanoma. Cell 2016, 165, 35–44. [Google Scholar] [CrossRef]

	



McGranahan, N.; Furness, A.J.; Rosenthal, R.; Ramskov, S.; Lyngaa, R.; Saini, S.K.; Jamal-Hanjani, M.; Wilson, G.A.; Birkbak, N.J.; Hiley, C.T.; et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade. Science 2016, 351, 1463–1469. [Google Scholar] [CrossRef]

	



Riaz, N.; Havel, J.J.; Makarov, V.; Desrichard, A.; Urba, W.J.; Sims, J.S.; Hodi, F.S.; Martin-Algarra, S.; Mandal, R.; Sharfman, W.H.; et al. Tumor and microenvironment evolution during immunotherapy with Nivolumab. Cell 2017, 171, 934–949. [Google Scholar] [CrossRef] [PubMed]

	



Liu, D.; Schilling, B.; Liu, D.; Sucker, A.; Livingstone, E.; Jerby-Arnon, L.; Zimmer, L.; Gutzmer, R.; Satzger, I.; Loquai, C.; et al. Integrative molecular and clinical modeling of clinical outcomes to PD1 blockade in patients with metastatic melanoma. Nat. Med. 2019, 25, 1916–1927. [Google Scholar] [CrossRef] [PubMed]

	



Lowe, R.; Shirley, N.; Bleackley, M.; Dolan, S.; Shafee, T. Transcriptomics technologies. PLoS Comput. Biol. 2017, 13, e1005457. [Google Scholar] [CrossRef] [PubMed]

	



Auslander, N.; Zhang, G.; Lee, J.S.; Frederick, D.T.; Miao, B.; Moll, T.; Tian, T.; Wei, Z.; Madan, S.; Sullivan, R.J.; et al. Robust prediction of response to immune checkpoint blockade therapy in metastatic melanoma. Nat. Med. 2018, 24, 1545–1549. [Google Scholar] [CrossRef]

	



Lee, J.H.; Shklovskaya, E.; Lim, S.Y.; Carlino, M.S.; Menzies, A.M.; Stewart, A.; Pedersen, B.; Irvine, M.; Alavi, S.; Yang, J.Y.H.; et al. Transcriptional downregulation of MHC class I and melanoma de- differentiation in resistance to PD-1 inhibition. Nat. Commun. 2020, 11, 1897. [Google Scholar] [CrossRef]

	



Olivier, M.; Asmis, R.; Hawkins, G.A.; Howard, T.D.; Cox, L.A. The need for multi-omics biomarker signatures in precision medicine. Int. J. Mol. Sci 2019, 20, 4781. [Google Scholar] [CrossRef]

	



Sabel, M.S.; Liu, Y.; Lubman, D.M. Proteomics in melanoma biomarker discovery: Great potential, many obstacles. Int. J. Proteom. 2011, 2011, 181890. [Google Scholar] [CrossRef]

	



Harel, M.; Ortenberg, R.; Varanasi, S.K.; Mangalhara, K.C.; Mardamshina, M.; Markovits, E.; Baruch, E.N.; Tripple, V.; Arama-Chayoth, M.; Greenberg, E.; et al. Proteomics of melanoma response to immunotherapy reveals mitochondrial dependence. Cell 2019, 179, 236–250. [Google Scholar] [CrossRef]

	



Babacic, H.; Lehtio, J.; Pico de Coana, Y.; Pernemalm, M.; Eriksson, H. In-depth plasma proteomics reveals increase in circulating PD-1 during anti-PD-1 immunotherapy in patients with metastatic cutaneous melanoma. J. Immunother. Cancer 2020, 8, e000204. [Google Scholar] [CrossRef]

	



Lim, S.Y.; Lee, J.H.; Gide, T.N.; Menzies, A.M.; Guminski, A.; Carlino, M.S.; Breen, E.J.; Yang, J.Y.H.; Ghazanfar, S.; Kefford, R.F.; et al. Circulating cytokines predict immune-related toxicity in melanoma patients receiving anti-PD-1-based immunotherapy. Clin. Cancer Res. 2019, 25, 1557–1563. [Google Scholar] [CrossRef]

	



Yoo, B.C.; Kim, K.H.; Woo, S.M.; Myung, J.K. Clinical multi-omics strategies for the effective cancer management. J. Proteom. 2018, 188, 97–106. [Google Scholar] [CrossRef]

	



Patti, G.J.; Yanes, O.; Siuzdak, G. Innovation: Metabolomics: The apogee of the omics trilogy. Nat. Rev. Mol. Cell Biol. 2012, 13, 263–269. [Google Scholar] [CrossRef] [PubMed]

	



Agarwala, S.S.; Keilholz, U.; Gilles, E.; Bedikian, A.Y.; Wu, J.; Kay, R.; Stein, C.A.; Itri, L.M.; Suciu, S.; Eggermont, A.M. LDH correlation with survival in advanced melanoma from two large, randomised trials (Oblimersen GM301 and EORTC 18951). Eur. J. Cancer 2009, 45, 1807–1814. [Google Scholar] [CrossRef] [PubMed]

	



Kelderman, S.; Heemskerk, B.; van Tinteren, H.; van den Brom, R.R.; Hospers, G.A.; van den Eertwegh, A.J.; Kapiteijn, E.W.; de Groot, J.W.; Soetekouw, P.; Jansen, R.L.; et al. Lactate dehydrogenase as a selection criterion for ipilimumab treatment in metastatic melanoma. Cancer Immunol. Immun. 2014, 63, 449–458. [Google Scholar] [CrossRef] [PubMed]

	



Van Wilpe, S.; Koornstra, R.; Den Brok, M.; De Groot, J.W.; Blank, C.; De Vries, J.; Gerritsen, W.; Mehra, N. Lactate dehydrogenase: A marker of diminished antitumor immunity. Oncoimmunology 2020, 9, 1731942. [Google Scholar] [CrossRef]

	



Kim, D.W.; Zager, J.S.; Eroglu, Z. Improving clinical outcomes with pembrolizumab in patients with advanced melanoma. Chin. Clin. Oncol. 2017, 6, 2. [Google Scholar] [CrossRef] [PubMed]

	



Schouwenburg, M.G.; Suijkerbuijk, K.P.M.; Koornstra, R.H.T.; Jochems, A.; van Zeijl, M.C.T.; van den Eertwegh, A.J.M.; Haanen, J.; Aarts, M.J.; Akkooi, A.; Berkmortel, F.; et al. Switching to immune checkpoint inhibitors upon response to targeted therapy; The road to long-term survival in advanced melanoma patients with highly elevated serum LDH? Cancers 2019, 11, 1940. [Google Scholar] [CrossRef]

	



Bottoni, U.; Izzo, P.; Richetta, A.; Mannooranparampil, T.J.; Devirgiliis, V.; Del Giudice, M.; Reale, M.G.; Frati, L.; Calvieri, S. S100 serum level: A tumour marker for metastatic melanoma. Melanoma Res. 2003, 13, 427–429. [Google Scholar] [CrossRef]

	



Kruijff, S.; Bastiaannet, E.; Brouwers, A.H.; Nagengast, W.B.; Speijers, M.J.; Suurmeijer, A.J.; Hospers, G.A.; Hoekstra, H.J. Use of S-100B to evaluate therapy effects during bevacizumab induction treatment in AJCC stage III melanoma. Ann. Surg. Oncol. 2012, 19, 620–626. [Google Scholar] [CrossRef]

	



Wagner, N.B.; Forschner, A.; Leiter, U.; Garbe, C.; Eigentler, T.K. S100B and LDH as early prognostic markers for response and overall survival in melanoma patients treated with anti-PD-1 or combined anti-PD-1 plus anti-CTLA-4 antibodies. Br. J. Cancer 2018, 119, 339–346. [Google Scholar] [CrossRef] [PubMed]

	



Duffy, D.J. Problems, challenges and promises: Perspectives on precision medicine. Brief. Bioinform. 2016, 17, 494–504. [Google Scholar] [CrossRef] [PubMed]

	



Chen, B.; Yang, L.; Zhang, R.; Luo, W.; Li, W. Radiomics: An overview in lung cancer management-a narrative review. Ann. Transl. Med. 2020, 8, 1191. [Google Scholar] [CrossRef]

	



Lambin, P.; Leijenaar, R.T.H.; Deist, T.M.; Peerlings, J.; de Jong, E.E.C.; van Timmeren, J.; Sanduleanu, S.; Larue, R.; Even, A.J.G.; Jochems, A.; et al. Radiomics: The bridge between medical imaging and personalized medicine. Nat. Rev. Clin. Oncol. 2017, 14, 749–762. [Google Scholar] [CrossRef] [PubMed]

	



Aerts, H.J.; Velazquez, E.R.; Leijenaar, R.T.; Parmar, C.; Grossmann, P.; Carvalho, S.; Bussink, J.; Monshouwer, R.; Haibe-Kains, B.; Rietveld, D.; et al. Decoding tumour phenotype by noninvasive imaging using a quantitative radiomics approach. Nat. Commun. 2014, 5, 4006. [Google Scholar] [CrossRef]

	



Guerrisi, A.; Loi, E.; Ungania, S.; Russillo, M.; Bruzzaniti, V.; Elia, F.; Desiderio, F.; Marconi, R.; Solivetti, F.M.; Strigari, L. Novel cancer therapies for advanced cutaneous melanoma: The added value of radiomics in the decision making process-A systematic review. Cancer Med. 2020, 9, 1603–1612. [Google Scholar] [CrossRef]

	



ClinicalTrials.gov Home Page. Available online: https://clinicaltrials.gov (accessed on 23 February 2021).

	



Vallieres, M.; Freeman, C.R.; Skamene, S.R.; El Naqa, I. A radiomics model from joint FDG-PET and MRI texture features for the prediction of lung metastases in soft-tissue sarcomas of the extremities. Phys. Med. Biol. 2015, 60, 5471–5496. [Google Scholar] [CrossRef]

	



Saadani, H.; van der Hiel, B.; Aalbersberg, E.A.; Zavrakidis, I.; Haanen, J.; Hoekstra, O.S.; Boellaard, R.; Stokkel, M.P.M. Metabolic biomarker-based BRAFV600 mutation association and prediction in melanoma. J. Nucl. Med. 2019, 60, 1545–1552. [Google Scholar] [CrossRef] [PubMed]

	



Moltz, J.H.; Bornemann, L.; Kuhnigk, J.M.; Dicken, V.; Peitgen, E.; Meier, S.; Bolte, H.; Fabel, M.; Bauknecht, H.C.; Hittinger, M.; et al. Advanced segmentation techniques for lung nodules, liver metastases, and enlarged lymph nodes in CT scans. IEEE J. Sel. Top. Signal Process. 2009, 3, 122–134. [Google Scholar] [CrossRef]

	



Trebeschi, S.; Drago, S.G.; Birkbak, N.J.; Kurilova, I.; Calin, A.M.; Delli Pizzi, A.; Lalezari, F.; Lambregts, D.M.J.; Rohaan, M.W.; Parmar, C.; et al. Predicting response to cancer immunotherapy using noninvasive radiomic biomarkers. Ann. Oncol. 2019, 30, 998–1004. [Google Scholar] [CrossRef] [PubMed]

	



Smith, A.D.; Gray, M.R.; del Campo, S.M.; Shlapak, D.; Ganeshan, B.; Zhang, X.; Carson, W.E., 3rd. Predicting overall survival in patients with metastatic melanoma on antiangiogenic therapy and RECIST stable disease on initial posttherapy images using CT texture analysis. Am. J. Roentgenol. 2015, 205, 283–293. [Google Scholar] [CrossRef]

	



Durot, C.; Mule, S.; Soyer, P.; Marchal, A.; Grange, F.; Hoeffel, C. Metastatic melanoma: Pretreatment contrast-enhanced CT texture parameters as predictive biomarkers of survival in patients treated with pembrolizumab. Eur. Radiol. 2019, 29, 3183–3191. [Google Scholar] [CrossRef] [PubMed]

	



Schraag, A.; Klumpp, B.; Afat, S.; Gatidis, S.; Nikolaou, K.; Eigentler, T.K.; Othman, A.E. Baseline clinical and imaging predictors of treatment response and overall survival of patients with metastatic melanoma undergoing immunotherapy. Eur. J. Radiol. 2019, 121, 108688. [Google Scholar] [CrossRef] [PubMed]

	



Kitano, S.; Nakayama, T.; Yamashita, M. Biomarkers for immune checkpoint inhibitors in melanoma. Front. Oncol. 2018, 8, 270. [Google Scholar] [CrossRef]

	



Allegretti, M.; Cottone, G.; Carboni, F.; Cotroneo, E.; Casini, B.; Giordani, E.; Amoreo, C.A.; Buglioni, S.; Diodoro, M.; Pescarmona, E.; et al. Cross-sectional analysis of circulating tumor DNA in primary colorectal cancer at surgery and during post-surgery follow-up by liquid biopsy. J. Exp. Clin. Cancer Res. 2020, 39, 69. [Google Scholar] [CrossRef] [PubMed]

	



Gasparello, J.; Papi, C.; Allegretti, M.; Giordani, E.; Carboni, F.; Zazza, S.; Pescarmona, E.; Romania, P.; Giacomini, P.; Scapoli, C.; et al. A distinctive microRNA (miRNA) signature in the blood of colorectal cancer (CRC) patients at surgery. Cancers 2020, 12, 2410. [Google Scholar] [CrossRef] [PubMed]

	



Boyer, M.; Cayrefourcq, L.; Dereure, O.; Meunier, L.; Becquart, O.; Alix-Panabieres, C. Clinical relevance of liquid biopsy in melanoma and merkel cell carcinoma. Cancers 2020, 12, 960. [Google Scholar] [CrossRef]

	



Palmirotta, R.; Lovero, D.; Cafforio, P.; Felici, C.; Mannavola, F.; Pelle, E.; Quaresmini, D.; Tucci, M.; Silvestris, F. Liquid biopsy of cancer: A multimodal diagnostic tool in clinical oncology. Ther. Adv. Med. Oncol. 2018, 10, 1758835918794630. [Google Scholar] [CrossRef]

	



Nieto, M.A.; Huang, R.Y.; Jackson, R.A.; Thiery, J.P. Emt: 2016. Cell 2016, 166, 21–45. [Google Scholar] [CrossRef]

	



Franzetti, G.A.; Laud-Duval, K.; van der Ent, W.; Brisac, A.; Irondelle, M.; Aubert, S.; Dirksen, U.; Bouvier, C.; de Pinieux, G.; Snaar-Jagalska, E.; et al. Cell-to-cell heterogeneity of EWSR1-FLI1 activity determines proliferation/migration choices in Ewing sarcoma cells. Oncogene 2017, 36, 3505–3514. [Google Scholar] [CrossRef]

	



Xu, X.; Zhong, J.F. Circulating tumor cells and melanoma progression. J. Invest. Derm. 2010, 130, 2349–2351. [Google Scholar] [CrossRef]

	



Alix-Panabieres, C.; Pantel, K. Challenges in circulating tumour cell research. Nat. Rev. Cancer 2014, 14, 623–631. [Google Scholar] [CrossRef]

	



Van der Toom, E.E.; Verdone, J.E.; Gorin, M.A.; Pienta, K.J. Technical challenges in the isolation and analysis of circulating tumor cells. Oncotarget 2016, 7, 62754–62766. [Google Scholar] [CrossRef]

	



Eroglu, Z.; Fielder, O.; Somlo, G. Analysis of circulating tumor cells in breast cancer. J. Natl. Compr. Cancer Netw. 2013, 11, 977–985. [Google Scholar] [CrossRef]

	



Dizdar, L.; Fluegen, G.; van Dalum, G.; Honisch, E.; Neves, R.P.; Niederacher, D.; Neubauer, H.; Fehm, T.; Rehders, A.; Krieg, A.; et al. Detection of circulating tumor cells in colorectal cancer patients using the GILUPI CellCollector: Results from a prospective, single-center study. Mol. Oncol. 2019, 13, 1548–1558. [Google Scholar] [CrossRef] [PubMed]

	



Kuske, A.; Gorges, T.M.; Tennstedt, P.; Tiebel, A.K.; Pompe, R.; Preisser, F.; Prues, S.; Mazel, M.; Markou, A.; Lianidou, E.; et al. Improved detection of circulating tumor cells in non-metastatic high-risk prostate cancer patients. Sci. Rep. 2016, 6, 39736. [Google Scholar] [CrossRef]

	



Farace, F.; Massard, C.; Vimond, N.; Drusch, F.; Jacques, N.; Billiot, F.; Laplanche, A.; Chauchereau, A.; Lacroix, L.; Planchard, D.; et al. A direct comparison of CellSearch and ISET for circulating tumour-cell detection in patients with metastatic carcinomas. Br. J. Cancer 2011, 105, 847–853. [Google Scholar] [CrossRef]

	



Roland, C.L.; Ross, M.I.; Hall, C.S.; Laubacher, B.; Upshaw, J.; Anderson, A.E.; Lucci, A. Detection of circulating melanoma cells in the blood of melanoma patients: A preliminary study. Melanoma Res. 2015, 25, 335–341. [Google Scholar] [CrossRef]

	



Went, P.T.; Lugli, A.; Meier, S.; Bundi, M.; Mirlacher, M.; Sauter, G.; Dirnhofer, S. Frequent EpCam protein expression in human carcinomas. Hum. Pathol. 2004, 35, 122–128. [Google Scholar] [CrossRef] [PubMed]

	



Cayrefourcq, L.; De Roeck, A.; Garcia, C.; Stoebner, P.E.; Fichel, F.; Garima, F.; Perriard, F.; Daures, J.P.; Meunier, L.; Alix-Panabieres, C. S100-EPISPOT: A new tool to detect viable circulating melanoma cells. Cells 2019, 8, 755. [Google Scholar] [CrossRef] [PubMed]

	



Tucci, M.; D′Oronzo, S.; Mannavola, F.; Felici, C.; Lovero, D.; Cafforio, P.; Palmirotta, R.; Silvestris, F. Dual-procedural separation of CTCs in cutaneous melanoma provides useful information for both molecular diagnosis and prognosis. Ther. Adv. Med. Oncol. 2020, 12, 1758835920905415. [Google Scholar] [CrossRef] [PubMed]

	



Lucci, A.; Hall, C.S.; Patel, S.P.; Narendran, B.; Bauldry, J.B.; Royal, R.E.; Karhade, M.; Upshaw, J.R.; Wargo, J.A.; Glitza, I.C.; et al. Circulating tumor cells and early relapse in node-positive melanoma. Clin. Cancer Res. 2020, 26, 1886–1895. [Google Scholar] [CrossRef]

	



Khattak, M.A.; Reid, A.; Freeman, J.; Pereira, M.; McEvoy, A.; Lo, J.; Frank, M.H.; Meniawy, T.; Didan, A.; Spencer, I.; et al. PD-L1 expression on circulating tumor cells may be predictive of response to pembrolizumab in advanced melanoma: Results from a pilot study. Oncologist 2019, 25, e520. [Google Scholar] [CrossRef]

	



Hong, X.; Sullivan, R.J.; Kalinich, M.; Kwan, T.T.; Giobbie-Hurder, A.; Pan, S.; LiCausi, J.A.; Milner, J.D.; Nieman, L.T.; Wittner, B.S.; et al. Molecular signatures of circulating melanoma cells for monitoring early response to immune checkpoint therapy. Proc. Natl. Acad. Sci. USA 2018, 115, 2467–2472. [Google Scholar] [CrossRef]

	



Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al. Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224. [Google Scholar] [CrossRef]

	



Stroun, M.; Lyautey, J.; Lederrey, C.; Olson-Sand, A.; Anker, P. About the possible origin and mechanism of circulating DNA apoptosis and active DNA release. Clin. Chim. Acta 2001, 313, 139–142. [Google Scholar] [CrossRef]

	



Bergsmedh, A.; Szeles, A.; Henriksson, M.; Bratt, A.; Folkman, M.J.; Spetz, A.L.; Holmgren, L. Horizontal transfer of oncogenes by uptake of apoptotic bodies. Proc. Natl. Acad. Sci. USA 2001, 98, 6407–6411. [Google Scholar] [CrossRef] [PubMed]

	



Kustanovich, A.; Schwartz, R.; Peretz, T.; Grinshpun, A. Life and death of circulating cell-free DNA. Cancer Biol. Ther. 2019, 20, 1057–1067. [Google Scholar] [CrossRef]

	



Leon, S.A.; Shapiro, B.; Sklaroff, D.M.; Yaros, M.J. Free DNA in the serum of cancer patients and the effect of therapy. Cancer Res. 1977, 37, 646–650. [Google Scholar] [PubMed]

	



Han, X.; Wang, J.; Sun, Y. Circulating tumor DNA as biomarkers for cancer detection. Genom. Proteom. Bioinform. 2017, 15, 59–72. [Google Scholar] [CrossRef]

	



Trejo-Becerril, C.; Perez-Cardenas, E.; Taja-Chayeb, L.; Anker, P.; Herrera-Goepfert, R.; Medina-Velazquez, L.A.; Hidalgo-Miranda, A.; Perez-Montiel, D.; Chavez-Blanco, A.; Cruz-Velazquez, J.; et al. Cancer progression mediated by horizontal gene transfer in an in vivo model. PLoS ONE 2012, 7, e52754. [Google Scholar] [CrossRef]

	



Lee, J.H.; Long, G.V.; Boyd, S.; Lo, S.; Menzies, A.M.; Tembe, V.; Guminski, A.; Jakrot, V.; Scolyer, R.A.; Mann, G.J.; et al. Circulating tumour DNA predicts response to anti-PD1 antibodies in metastatic melanoma. Ann. Oncol. 2017, 28, 1130–1136. [Google Scholar] [CrossRef]

	



Keller, L.; Guibert, N.; Casanova, A.; Brayer, S.; Farella, M.; Delaunay, M.; Gilhodes, J.; Martin, E.; Balague, G.; Favre, G.; et al. Early circulating tumour DNA variations predict tumour response in melanoma patients treated with immunotherapy. Acta Derm. Venereol. 2019, 99, 206–210. [Google Scholar] [CrossRef] [PubMed]

	



Forschner, A.; Battke, F.; Hadaschik, D.; Schulze, M.; Weissgraeber, S.; Han, C.T.; Kopp, M.; Frick, M.; Klumpp, B.; Tietze, N.; et al. Tumor mutation burden and circulating tumor DNA in combined CTLA-4 and PD-1 antibody therapy in metastatic melanoma—Results of a prospective biomarker study. J. Immunother. Cancer 2019, 7, 180. [Google Scholar] [CrossRef] [PubMed]

	



Xi, L.; Pham, T.H.; Payabyab, E.C.; Sherry, R.M.; Rosenberg, S.A.; Raffeld, M. Circulating tumor DNA as an early indicator of response to T-cell transfer immunotherapy in metastatic melanoma. Clin. Cancer Res. 2016, 22, 5480–5486. [Google Scholar] [CrossRef] [PubMed]

	



Marsavela, G.; Lee, J.; Calapre, L.; Wong, S.Q.; Pereira, M.R.; McEvoy, A.C.; Reid, A.L.; Robinson, C.; Warburton, L.; Abed, A.; et al. 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. 2020, 26, 5926–5933. [Google Scholar] [CrossRef] [PubMed]

	



Seremet, T.; Jansen, Y.; Planken, S.; Njimi, H.; Delaunoy, M.; El Housni, H.; Awada, G.; Schwarze, J.K.; Keyaerts, M.; Everaert, H.; et al. Undetectable circulating tumor DNA (ctDNA) levels correlate with favorable outcome in metastatic melanoma patients treated with anti-PD1 therapy. J. Transl. Med. 2019, 17, 303. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Liu, Y.; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential. Cell Biosci. 2019, 9, 19. [Google Scholar] [CrossRef] [PubMed]

	



Gyukity-Sebestyen, E.; Harmati, M.; Dobra, G.; Nemeth, I.B.; Mihaly, J.; Zvara, A.; Hunyadi-Gulyas, E.; Katona, R.; Nagy, I.; Horvath, P.; et al. Melanoma-derived exosomes induce PD-1 overexpression and tumor progression via mesenchymal stem cell oncogenic reprogramming. Front. Immunol. 2019, 10, 2459. [Google Scholar] [CrossRef]

	



Xie, F.; Xu, M.; Lu, J.; Mao, L.; Wang, S. The role of exosomal PD-L1 in tumor progression and immunotherapy. Mol. Cancer 2019, 18, 146. [Google Scholar] [CrossRef]

	



Boukouris, S.; Mathivanan, S. Exosomes in bodily fluids are a highly stable resource of disease biomarkers. Proteom. Clin. Appl. 2015, 9, 358–367. [Google Scholar] [CrossRef] [PubMed]

	



Morrissey, S.M.; Yan, J. Exosomal PD-L1: Roles in tumor progression and immunotherapy. Trends Cancer 2020, 6, 550–558. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 03837 g001 550] 





Figure 1. Schematic representation of data flow from basic to clinic research. 
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Table 1. CTCs involvement in melanoma clinical trials.
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	ID Number
	Status
	Study Type
	Outcome Measure





	NCT01528774
	Completed
	Observational
	CTCs isolation and DNA mutation analysis



	NCT01573494
	Completed
	Interventional
	CTCs isolation and evaluation in metastatic melanoma patients, before and after treatment. Contribution of CTCs in patient’s survival.



	NCT01558349
	Completed
	Observational
	Comparing the EPISPOT and CellSearch Techniques for CTCs isolation.



	NCT01776905
	Recruiting
	Observational
	Evaluation of photoacoustic flow cytometry (PAFC)-based prototype for CTCs isolation.



	NCT03797053
	Unknown
	Observational
	Evaluation of CTCs as predictive biomarkers in treatment response



	NCT01565837
	Unknown
	Interventional
	Evaluation of CTCs as predictive biomarkers in treatment response



	NCT02862743
	Active, not recruiting
	Interventional
	Molecular characterization of advanced melanoma



	NCT00338377
	Recruiting
	Interventional
	CTCs analysis and patient’s survival evaluation



	NCT02071940
	Unknown
	Interventional
	CTCs analysis and evaluation of response to treatment



	NCT03007823
	Completed
	Interventional
	CTCs analysis and patient’s survival evaluation



	NCT01878396
	Unknown
	Observational
	Evaluation of CTCs as predictive biomarkers in treatment response







CTCs: circulating tumor cells; photoacoustic flow cytometry (PAFC).
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