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Simple Summary: Immunotherapy and targeted therapy represent effective therapeutic opportuni-
ties that radically changed the available armamentarium for the treatment of melanoma. In about 50%
of patients with advanced disease, long-term survival can be achieved; unfortunately, the other half
of patients still have limited benefit from such innovative therapies and experience complications that
affect their quality of life. Affordable, reliable and easily-to-detect biomarkers are urgently needed to
facilitate the decision-making process, in order to identify patients best suited to receive immune or
targeted therapy, with the aims of reducing toxicities, enhancing efficacy and preventing recurrences.

Abstract: Immunotherapy with Ipilimumab or antibodies against programmed death (ligand) 1
(anti-PD1/PDL1), targeted therapies with BRAF-inhibitors (anti-BRAF) and their combinations
significantly changed melanoma treatment options in both primary, adjuvant and metastatic setting,
allowing for a cure, or at least long-term survival, in most patients. However, up to 50% of those with
advance or metastatic disease still have no significant benefit from such innovative therapies, and
clinicians are not able to discriminate in advance neither who is going to respond and for how long
nor who is going to develop collateral effects and which ones. However, druggable targets, as well
as affordable and reliable biomarkers are needed to personalize resources at a single-patient level.
In this manuscript, different molecules, genes, cells, pathways and even combinatorial algorithms
or scores are included in four biomarker chapters (molecular, immunological, peripheral and gut
microbiota) and reviewed in order to evaluate their role in indicating a patient’s possible response to
treatment or development of toxicities.

Keywords: biomarker; melanoma; molecular targets; immunotherapy; liquid biopsy; microbiome

1. Introduction

Ipilimumab was the first immune checkpoint inhibitor to show improvement in overall
survival (OS), with a benefit that could last years after drug discontinuation. Unfortu-
nately, its low and slow kinetics of response combined with the frequency of drug-related
toxicities limited its application. Anti-PD1/PDL1 and anti-BRAF treatments are better
tolerated and have a higher efficacy, but some patients still develop peculiar complications,
which are difficult to predict or prevent. Furthermore, several immune combinations (anti-
CTLA4/anti-PD1s, anti-LAG3/anti-PD1, NKTR/anti-PD1) or even immune and target
combinations (antiPD1/target-therapy) are under investigation, with some efficacy advan-
tages, but also frequent and severe toxicities, so that they cannot be offered to every patient.

For all these reasons, affordable and reliable biomarkers are urgently needed to help
with identifying the best patients for specific treatments. In particular, early recognition
and intervention on toxicities is critical, as many patients require treatment interruption,
discontinuation and/or long-time immunosuppression that significantly affect their quality
of life and response. Several biomarkers (molecular, immunological, cellular and humoral)
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have been investigated in order to identify those patients who could expect the best outcome
from treatments and those at risk of developing severe toxicity.

In general, biomarkers can be prognostic or predictive: the former are able to give
information about the outcome of disease independently from intervention, and the latter
allow for stratification of patients with respect to benefit from a given therapy. However,
some biomarkers retain both a prognostic and predictive role. Predictive biomarkers may
help including patients within a specific category, such as for the mutational status of a given
gene (BRAF in melanoma, cERB-B2 in breast or EGFR in non-small-cell lung cancers), or
indicate a continuous variable, such as the PDL-1 staining percentage. In this case, they are
often dynamic, and the arbitrary cut-offs to determine ‘positivity’ may incorrectly classify
whether the patient will or will not benefit from the specific intervention. To be reliable,
biomarkers should also be independent from other routinely used predictors, and subjected
to continuous revision, as our biological understanding of the disease improves over time.
On the other hand, due to the complex interaction between host and disease, building a
sort of algorithm or signature, which takes into consideration different biomarkers at the
same time, rather than one single factor, would increase their clinical value in terms of
reproducibility, specificity and sensitivity.

Hereon, we will review the role of the principal established and innovative biomark-
ers, analyzed as single molecules or in combination, to define the best algorithms for
melanoma management.

2. Molecular Biomarkers
2.1. BRAF

About 50% of melanomas harbor oncogene BRAF mutations [1] able to activate the
MAPK pathway, which regulates a melanoma cell’s proliferation, growth and survival. The
most frequent mutation on the BRAF oncogene is V600E, while V600K, V600R, V600M and
V600D occur more infrequently [2].

BRAF V600 mutations are usually associated with a more aggressive disease and a
shorter survival in stage IIIB, IIIC radically resected and even stage IV melanoma, poten-
tially arguing for their prognostic role [3,4].

On the other hand, BRAF V600 mutation is a well-defined predictive factor for a
novel class of drugs specifically designed to inhibit BRAF (also known as target therapy),
resulting in amelioration of prognosis [5].

Testing of BRAF V600 mutation is now recommended in stage III and IV melanoma,
since the presence of the mutation represents an ideal target, allowing the use of BRAF-
inhibitors (BRAF-i), in both the adjuvant and the metastatic setting. BRAF-i selectively
binds to and inhibits the activity of the gene by blocking its constitutive activation. Initially,
BRAF-i were used as monotherapy, allowing dramatic response in terms of reduction of
tumor size. However, BRAF-i were burdened by low duration of response and cutaneous
toxicity with secondary tumors development (mainly skin cancers) [6,7]. Moreover, para-
doxical activation of the MAPK/ERK pathway through BRAF amplification or alternative
splicing, loss of PTEN, COT overexpression, RAC1 alteration, MEK 1/2 mutations and
NRAS mutations are recognized mechanisms responsible of primary/acquired resistance
or secondary tumors occurrence. The addition of the inhibition of the downstream effector
MEK improved progression-free survival (PFS) from 6.2–8.8 months to 9.9–11.4 months
compared to BRAF-i alone [8,9], also reducing the secondary skin cancers rate (7% vs.
19%) [10]. These data support the BRAF-i/MEK-i combination as the standard treatment in
BRAF-mutated melanoma.

Another relevant aspect is the heterogeneity of BRAF mutational status. In advanced
disease, discordance between primary and metastatic lesions was reported in at least 40%
of lesions [11,12]. BRAF mutation heterogeneity seems to increase with increasing numbers
of metastasis [13], reflecting the need for testing in the most recent ones. Furthermore,
BRAF mutation accounts for the differential response of metastatic lesions and disease
progression during target-therapy. BRAF mutations and BRAF-i are also influencing
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the tumor microenvironment: BRAF V600E mutation promotes stromal-cell-mediated
immunosuppression via IL-1 induction [14]. On the other hand, BRAF-i can increase
melanoma antigen presentation and T cell infiltration and reduce immunosuppressive
cytokines. In primary setting, a particular immune signature (i.e., CD8+T cells genes)
may be predictive of BRAF-i/MEK-i activity [15]. Some immune-escape mechanisms of
resistance to BRAF-i were suspected by identification of markers of immunosuppression
(TIM-3, PD-1 and PD-L1 expression). Although the reasons of BRAF-i resistance are
numerous and multiple, and sometimes molecularly very distant, this information provides
the basis for the combination of immunotherapy and target-therapy in BRAF-mutated
melanoma [16].

2.2. NRAS

About 20–30% of melanomas harbor NRAS mutations, which are also able to activate
the MAPK pathway. The most frequent NRAS mutation is located in exon 1 (codon 12) and
exon 2 (codon 61). NRAS mutant melanomas seem associated with worse prognosis [17]
and with an increased risk of brain metastases. Currently, no target agents against NRAS
mutation are available, and MEK-I, such as Binimetinib, demonstrate modest activity in this
subset of patients [18]. Although NRAS mutation is often associated with an increased mu-
tational tumor burden, with a potential benefit from treatment with a checkpoint-inhibitor,
Kirchberger et al. reported similar result for checkpoint inhibitors in NRAS-mutant and
WT patients, with a reduced survival in NRAS-mutant ones [19]. Nowadays, detection of
NRAS mutation does not have an established predictive role, while it could add prognostic
information in melanoma patient (for example, increased risk of brain metastasis).

2.3. KIT

KIT is a tyrosine-kinase receptor that plays a role in the development of numerous cell
lineages, including melanocytes, mast cells and hematopoietic progenitor cells. It is able to
activate downstream effectors through MAPK and AKT pathways.

KIT alterations include amplifications or mutations, which are rare in cutaneous
melanoma (about 3%), but relatively frequent in mucosal, acral and cutaneous melanoma
with chronic sun damages (9–21% of cases) [20]. In several phase II trials, Imatinib proved to
be effective in patients with metastatic melanoma harbouring KIT point mutations mainly
located on exon 11 and 13 [21]. However, toxicity is significant and treatment continuity or
dosing can be complicated, influencing effectiveness.

Other selective KIT-inhibitors (with lower IC50) that demonstrated some kind of activity
in KIT-mutated melanoma are nilotinib [22], avapritinib [23] and masitinib (NCT01280565).
In the masitinib trial, which was halted due to slow accrual and burocratic issues, ORR was
39.1% (p-value = 0.0012) in first line of treatment and 33.3% (p-value = 0.0049) regardless of
the lines of treatment. There were also two complete responses, including one complete
response lasting for 1030 days.

Currently, it is recommended to test KIT mutations in mucosal, acral or primary
unknown melanoma, while it should be considered in cutaneous melanoma with chronic
sun damage. However, its prognostic and predictive relevance should still be established.

2.4. PTEN

Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) regulate several
crucial cell functions such as proliferation, survival, genomic stability and cell motility
through both phosphatidylinositol 3-kinase (PI3K)-dependent and -independent mecha-
nisms. It reduces downstream AKT activity and, consequently, its partial or complete loss
of function activates the PI3K-AKT pathway, causing a dysregulation in cell cycle control,
apoptosis, cell contact and migration in different cancers [24].

Loss of function of the PTEN suppressor gene is not among the most frequent mu-
tations in melanoma, being found in about 7–15% of cases [25]. However, it is usually
coupled with BRAF-activating mutations and associated with reduced overall survival in
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BRAF-mutated patients [26–28]. Giles and colleagues demonstrated that analyzing PTEN
epigenetic modifications could also help with identifying patients with an inactive gene and
a worse prognosis [29]. PTEN mutations seems to occur later in the process of melanoma
development and have been associated with resistance to immunotherapy and targeted
therapy [29,30], reducing survival expectations in stage III melanoma [29]. However, the
prognostic and predictive role of PTEN loss needs to be further elucidated in details, due
to the exceptionally complex regulation of its functional status, which involves genetic,
transcriptional, post-transcriptional and post-translational events.

2.5. MITF

Microphthalmia-associated transcription factor (MITF) is the key gene regulator of
melanocyte development, differentiation, proliferation and survival. Its deregulation is
involved in melanoma oncogenesis and, in particular, its amplification has been detected in
approximately 15% of metastatic melanoma patients [31,32].

Disruption of MITF and its target CDKN2 has been shown to suppress growth and
cell cycle progression in melanoma, but not in other cancers [33]. A recurrent activating
point mutation in MITF has recently been discovered in cases of familial melanoma (above).
Some experimental approaches using histone acetyltransferase inhibitors are ongoing [34].

In addition to its role as a potential therapeutic target, MITF is clinically useful for
diagnostic purposes in identifying melanocytes at different evolutional stages and as
an independent prognostic factor for predicting both malignancy and progression-free
survival [35,36].

Furthermore, MITF is also a key determinant of melanoma cell plasticity and tumor
heterogeneity in the tumor microenvironment, which are considered among major obstacles
for effective immunotherapy [37].

2.6. CDKN2a

Cyclin-dependent kinase-2a and 2b (CDKN2a-CDKN2b) are located in the INK4 locus
on chromosome 9p21 and encode respectively for tumor suppressor p16 and p15, which
act as CDK inhibitors, being associated with a predisposition to melanoma [38]. Germline
mutations or deletions resulting in p16 loss have been observed in up to 30% of melanomas
and are associated with hereditary melanoma [39–41]. These alterations in the pathway
of CDKN2A and Cyclin D1 (CCND1) are hypothesized to play a role in sensitivity to
CDK inhibitors [42]. In particular, p16 inhibits CDK4 and CDK6, thereby preventing the
formation of CDK/Cyclin D complexes that phosphorylate and activate the retinoblastoma
protein. Loss of p16 contributes to tumorigenesis by favoring cell cycle progression [41,42].
Instead, the p14ARF protein inhibits p53 degradation by controlling MDM2 ubiquitin ligase
to allow cell cycle arrest and apoptosis [43,44]. Partial or complete deletion of the INK4
gene cluster has been observed in most melanoma cell lines and in almost half of melanoma
metastases [45,46]. Conway et al. found that reduced gene dosage of the regions of 9p21
encoding CDKN2A, CDKN2B and P14ARF was associated with increased tumor thickness,
mitotic rate and ulceration [44]. Similarly, Grafström et al. reported that monoallelic or
biallelic deletions in the INK4 region were associated with reduced median survival [46].

2.7. AXL

Receptor tyrosine kinase AXL is a transmembrane protein member of the TAM family,
signaling through the growth of the arrest-specific protein 6 (GAS6/AXL) pathway, which
influences tumor cell growth, metastasis, invasion, epithelial-mesenchymal transition
(EMT), angiogenesis, drug resistance, immune regulation and stem cell maintenance [47,48].
When AXL is upregulated, it seems to impact on survival and therapy resistance in cancers,
but also in neurofibromatosis type 1 and some inflammatory diseases [49].

Increasing soluble AXL (sAXL) levels in blood has been reported by Flem–Karlsen
and colleagues as being associated with melanoma disease progression and correlated with
shorter two-year survival in stage IV patients treated with ipilimumab [47]. Furthermore,
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sAXL levels were related to the percentage of cells expressing AXL in resected melanoma
lymph node metastases [50]. Higher sAXL levels were also observed in late-stage melanoma
patients compared to patients at an earlier stage, and sAXL levels were linked to a higher
number of metastases and lower survival at week 7 of treatment [47].

Upregulation of the receptor tyrosine kinase AXL has been also linked with both a
reduced response to immune checkpoint blockade as well as the development of therapy
resistance to BRAF directed therapies in melanoma [51,52]. However, quantification of
sAXL blood levels is a simple and easily assessable method to determine cellular AXL
levels that could be further evaluated for use as a biomarker of disease progression and
treatment response in melanoma [53]. Finally, a randomized phase Ib/II study of the
selective small molecule AXL-inhibitor bemcentinib (BGB324) in combination with either
dabrafenib/trametinib (D/T) or pembrolizumab in patients with metastatic melanoma is
ongoing, exploring the efficacy and role of sAXL to monitor minimal residual disease [54].

2.8. Maspin

Maspin is a member of the serpin family of protease inhibitors involved in key pro-
cesses of cancer progression. Its biological activity seems to be cancer and compartment-
specific, with the protein acting either as a suppressor or as a tumor promoter in different
cancer types. Maspin expression and its sub-cellular localization has been studied as a
possible melanoma prognostic factor and related to melanoma progression [55]. In par-
ticular, Martinoli et al. evaluated nuclear and cytoplasmic maspin expression on 60 nevi,
152 primary lesions and 106 melanoma metastases, using tissue microarrays and immuno-
histochemistry. In univariate analysis, nuclear maspin expression in primary melanomas
was significantly associated with aggressive phenotypes (nodular histotype, tumor thick-
ness, mitotic rate and ulceration) and more advanced stages, whereas cytoplasmic maspin
was observed more frequently in thin superficial spreading melanomas without mitosis.
In multivariate analysis, nuclear maspin remained significantly associated with shorter
disease-free and overall survival [55].

2.9. Tumor Mutational Burden (TMB)

The mix and number of somatic mutations in cancer cells constitutes the TMB, which
is characterized by large variability across different solid tumor types. A high TMB is
probably associated with a high neoantigen generation and, consequently, is considered a
possible factor positively influencing immunotherapy effectiveness following the activation
of the immune system [56–58].

In particular, lung cancers and melanomas are among the tumors with the highest
TMB, which has been independently associated with better response rates (RR), PFS and
overall survival (OS) in patients treated with anti PD1/PDL1 immunotherapy [59].

Interestingly, melanomas harboring NF1 or NRAS mutation are associated with higher
TMB compared with other phenotypes [60], opening the opportunity to use immunotherapy
with more solid scientific support.

3. Immunological Biomarkers

Impaired immunosurveillance and cancer-related inflammation are crucial events for
cancer cell development and progression, since they influence tumor microenvironment
composition (regulatory cells, myeloid derived cells, neutrophils) and T-lymphocytes
activation through cytokine secretion. Furthermore, the expression of specific receptors
and their ligands has been differently associated to patient outcomes. Qualitative and
quantitative analysis of all those events could serve in improving patient selection for
immunotherapy through the identification of specific biomarkers.

3.1. PD-1/PDL-1 Expression

PDL1 was widely investigated as a predictive biomarker of response to anti-PD1/PDL1
checkpoint-inhibitors. However, due to its highly discontinuous and dynamic expression,
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it is not particularly reliable. In fact, if a high PDL1 expression is constantly associated with
better outcomes, a negative PDL1 status does not exclude a treatment response.

In patients with advanced melanoma enrolled in the Checkmate 037 study, the
proportion of those achieving an objective response to second-line nivolumab was 44%
when positive for PDL1 expression, and only 20% in those who were PDL1-negative [61].
Similar findings were reported in the Checkmate 066 trial using the combination ipili-
mumab/nivolumab [62]. In the KEYNOTE 001 study, which assessed pembrolizumab in
655 patients with advanced melanoma, PDL1 expression in pre-treatment tumor biopsy
samples correlated with response rate, PFS and OS. However, some patients with tumors
considered PD-L1-negative also achieved a durable response [63].

Although early studies pointed to PDL1 expression as a biomarker for increased
sensitivity to PD1/PDL1-targeted agents, this relationship is not straightforward, probably
due to its dynamic expression over time. The unpredictable nature of PDL1 as a biomarker
has been demonstrated across different tumor types and with different PD1/PDL1-targeted
antibodies. As a result, additional markers have been proposed and are emerging as
potentially more useful predictive factors of response.

3.2. Tumour Infiltrating Lymphocytes

Immune and stromal cells within the tumor microenvironment are known to play
an important role in influencing disease development as well as cellular response to
therapies. Tumor infiltrating lymphocytes (TILs) appears to correlate with outcome, and
increasing evidence suggests that their number, type and location within the primary
tumor has prognostic value. In fact, a significantly higher density of CD8+ cells at both
the invasive margin and the tumor center has been documented on pre-treatment samples
from melanoma patients who benefited from anti-PD-1 treatment compared with those
who experienced progression [64]. This has led to the development of the Immunoscore,
a consensus scoring system that reflects the densities of CD3+ and CD8+ T-cell effectors
present within the tumor and the invasive margins [65].

Immune cell infiltrate of colorectal cancer is one of the most well-studied score systems;
however, the nature of tumor-infiltrating lymphocytes is heterogeneous and varies in
different cancers. In advanced melanoma, the potential prognostic value of CD3, CD8, CD20
and FOXP3 expression levels is being evaluated in patients treated with ipilimumab [66],
and the correlation of marker expression profile with clinical outcome is ongoing.

The Immunoscore system is emerging as a useful prognostic tool in different diseases,
but it could also potentially help in predicting response to specific drugs and thus drive
therapeutic decisions. Although this approach needs to be validated in order to become a
more widely applicable and affordable combinatorial biomarker, measuring the quantity,
quality and distribution of the immunologic tumor microenvironment has led to the
development the concept of immunoprofiling, which means to characterize a specific
tumor in order to personalize subsequent treatments [67].

3.3. Regulatory T Cells (Tregs) and Circulating Myeloid-Derived Cells (MDSCs)

Tregs and MDSCs are potential biomarker candidates, since they might limit the
activity of checkpoint-inhibitor antibodies by promoting T cell exhaustion and dominant
suppression in the tumor microenvironment.

In general, increased Tregs frequencies and a reduced CD8+/Tregs-ratio are linked to
poor prognosis in multiple cancers [66]. In melanoma patients treated with ipilimumab,
significantly lower levels of Lin−CD14+HLA-DR− MDSCs have been observed in respon-
ders compared with non-responders [68]. Furthermore, another analysis of 209 advanced
melanoma patients showed that baseline levels of low Lin−CD14+HLA−DR−/low-MDSCs
and high CD4+CD25+FoxP3+-Tregs, were significantly associated with better survival [69].
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3.4. CD-73

PD-1 signaling inhibition results in a sort of paradox: on one side, it induces the
activation of CD8+ T cells and increases the production of effector molecules such as
interferon-gamma (IFN-γ) and Granzyme Bl; on the other, it enhances the expression
of adenosine receptor-2A, which in turn is able to limit CD8+ T cell response. In fact,
tumor-derived CD-73 produces extracellular adenosine that suppresses anti-tumor immune
response and promotes tumor growth via adenosine receptor signaling [70]. In addition,
CD73 expression on tumor cells reduces the immune response evoked by anti-PD-1 and
anti-CTLA-4 antibodies [71,72].

As a confirmation, adenosine receptor 2A blockade has been shown to increase the
efficacy of anti-PD-1 therapy through enhanced antitumor T cell responses in mouse
models [73]. Thus, CD73 expression on tumor cells has been suggested as a potential
biomarker for response to anti-PD-1s.

3.5. IFN-γ Signature

The IFN-γ signaling pathway can result in resistance to immune checkpoint blockade [74].
IFN-γ can arrest tumor growth, augment MHC class I expression, increase recruitment of
effector cells and coordinate innate and adaptive antitumor responses. However, IFN-γ
signaling can also compromise anti-tumor immunity, inducing the expression of PD-L1 and
up-regulating the expression of other immune-suppressive molecules in the tumor microen-
vironment [75]. In melanoma and lung cancer biopsies, high expression of IFN-γ has been
associated with response and improved survival with anti PD-1 antibody treatment [76].

3.6. Tumour Inflammation Gene Signature

Multigene expression analysis of RNA levels can be used to characterize tumor and
immune cells, indicating a T cell-inflamed phenotype which is considered related to en-
hanced clinical activity of anti-PD-1/PD-L1 agents. This extensive information can have
prognostic and predictive relevance.

Tumor specimens from 19 melanoma patients treated with pembrolizumab within
the KEYNOTE-001 study were analyzed by immune-related gene expression profile on
the NanoString nCounter platform (NanoString Technologies Inc.) using a 680 tumor- and
immune-related genes customized panel [74]. Genes associated with response were linked
to IFN-γ signaling and showed a direct correlation with IFN-γ expression. Additionally,
the panel identified other genes that showed a positive association with response and/or
PFS, leading to a larger expanded 28-gene set referred to as the “preliminary expanded
immune” signature. Moreover, an 18-gene NanoString T cell inflammation signature (TIS)
that contains IFN-γ-responsive genes related to antigen presentation, chemokine expres-
sion, cytotoxic activity and adaptive immune resistance was also correlated with clinical
benefit in patients treated with pembrolizumab [75], nivolumab and ipilimumab [77]. TIS
was associated with response in patients treated with first-line anti-PD-1 (p = 0.012) and
ipilimumab (p = 0.002, but not with response to anti-PD-1 agents as second-line treatment
after ipilimumab and/or target-therapy in ongoing pembrolizumab trials.

It seems likely that the identification of further gene expression signatures that predict
response to immunotherapy will be an increasing focus of research.

3.7. Lymphocyte Activation Gene-3 (LAG-3 or CD223)

LAG-3 is a checkpoint molecule expressed on activated T cells, natural killer cells,
Tregs, Tr1 cells, exhausted T cells, B cells and dendritic cells and usually works in coop-
eration with other checkpoints, such as PD1/PDL1 and/or CTLA4 [78,79]. LAG-3 has
been chosen as a cancer immunotherapeutic target because it is able to mediate a state
of immune exhaustion. Synergy between LAG-3 and PD1s has been reported in tumor
models, suggesting that dual immunotherapeutic inhibition would enhance efficacy and
may extend to multiple tumor types [80].
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Initial results with the anti-LAG-3 antibody relatlimab combined with nivolumab
showed a nearly 3-fold higher response rate among patients with melanoma whose tumors
expressed LAG-3 ≥ 1% versus those who had <1% LAG-3 expression (20% vs. 7.1%) [81].
Combination relatlimab/nivolumab in metastatic melanoma is under investigation in
a phase III trial (NCT03470922). LAG-3 high expression appears to be associated with
response and improved survival to checkpoints inhibition.

4. Peripheral Blood Markers

Systemic inflammation is associated with extended modifications in peripheral blood
leukocytes composition, circulating B-lymphocytes, neutrophils, macrophages and mast
cells. On the other hand, platelets release vascular endothelial growth factor (VEGF),
which mediates leukocyte migration and extravasation, and platelet-derived growth factor
(PDGF), which recruits neutrophils and monocytes.

All these cells and cytokines play an important role as effectors of innate immu-
nity and initiators of adaptive immune responses. In this context, leucocyte absolute
numbers and their differential counts/ratios can be used as a safe, easily assessable and
cost-effective inflammatory index to identify subgroups of patients with different behavior
during treatment.

Lactate dehydrogenase (LDH), C-reactive protein (CRP) and other cytokines, chemokines
and secreted factors are also affordable but non-specific markers of disease progression and
extension, being related to cell type and its functional orientation, tumor burden, disease
localization, development of immune-mediated adverse events and prognosis.

4.1. NLR, PLR, MLR and Peripheral Blood Counts

Inflammation has been included among the hallmarks of cancer and recognized as
an influencer for its development and progression. Elevated absolute neutrophils count
(ANC), absolute lymphocyte counts (ALC), neutrophils/lymphocytes ratios (NLR) and
derived-NLR (dNLR = ANC/WBC−ANC) are markers of systemic inflammation and
independent predictors of survival in multiple cancer types. In melanoma, those advanced
disease patients undergoing immunotherapies and showing elevated baseline ANC or
NLR seem to have a poorer OS.

Gandini et al. analyzed data from 584 melanoma consecutive patients admitted in
a comprehensive cancer center throughout a decade by using the institutional tumor
registry [82]. In early-stage patients, peripheral blood cell counts were not associated
either with the presence of active disease or with survival. Interestingly, when disease
progressed from regional to distant sites, becoming metastatic, a significant increase of
whole blood cells (WBC), and a change of peripheral blood cell composition were observed.
These data were suggestive of an expansion of the myeloid compartment (neutrophils
and monocytes) and a reduction of the lymphoid one. The same group demonstrated also
that in stage IV patients, higher WBC, ANC, absolute monocyte counts (AMC), NLR and
monocytes/lymphocytes ratio (MLR) were all directly associated with extent of disease
and, independently of other prognostic factors, with increased risk of mortality.

The prognostic value of NLR in melanoma was also reported in a recent meta-analysis
by Ding et al.: in a sample of 3207 patients, high NLR was associated with poor OS and
PFS, independently from the choice of treatment [83].

Pre-therapy NLR was retrospectively analyzed by Ferrucci et al. in 69 metastatic
melanoma patients treated with ipilimumab: patients with baseline NLR < 5 had a signifi-
cantly improved PFS and OS compared with those with NLR ≥ 5. Similar findings were re-
ported in three validation cohorts of patients receiving Ipilimumab in different settings [84]
and by Valpione and colleagues [85]. dNLR and neutrophilia (ANC > 7500 cell/µL) were
analyzed in an even larger cohort of melanoma patients (N = 720) receiving ipilimumab
and included in the expanded access program across 51 Italian institutions [86]. Patients
with baseline dNLR ≥ 3 had a 2.3-fold increased risk of death and a double-increased risk
of disease progression when compared to patients with dNLR < 3 in multivariate analyses
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that included age, sex and LDH. Survival rates for patients with dNLR < 3 were 41% and
23% at 1 year and 2 years respectively, and 16% and 4% for patients with high dNLR. When
the elevation of both dNLR and ANC was analyzed simultaneously, a 5.7-fold increased
risk of death and a four-fold increased risk of progression was stated. As a consequence,
ANC, dNLR and their combination could be considered as general prognostic, but not
predictive, markers for response to ipilimumab.

Relative lymphocyte count (RLC) and relative eosinophil count (REC) were also
evaluated by the same group in advanced melanoma patients receiving chemotherapy
(n = 116) or anti-CTLA-4 therapy (n = 128) [87]. Authors observed that RLC ≥ 17.5%
was associated with a significantly reduced risk of mortality in patients receiving either
chemotherapy or anti-CTLA-4. In contrast, REC ≥ 1.5% had no prognostic value for patients
treated with chemotherapy, while halving the risk of mortality in those receiving anti-CTLA-
4, introducing an interesting discriminator marker between chemo- and immunotherapy.

Interestingly, Cocorocchio and colleagues showed that in patients receiving target-
therapy, NLR ≥ 5 was significantly associated with increased risk of progression and
mortality, either in univariate or in multivariate analysis, independently of age, sex, stage,
LDH > 2xULN, previous treatments, concomitant use of steroids and type of therapy [88].

4.2. LDH and Multiparameter Combinations

In melanoma, LDH blood level is used as a general indicator of disease recurrence,
with a sensitivity of 72% and specificity of 97%. Moreover, elevated LDH levels predict
lower response rates to therapy and poorer survival, while monitoring LDH levels during
treatment is complementary to normal imaging and able to provide information on response
or disease progression. LDH was also the first marker identified as being associated
with response to ipilimumab [89] and anti-PD-1 antibodies in monotherapy, or even in
combination regimens [90], but not to duration of response [91,92].

Ferrucci et al. investigated the possibility of further combining ANC, dNLR and
LDH in patients receiving ipilimumab. In multivariate analysis, the increase of these three
parameters was associated to 13-fold increased risk of death compared to those who had
none of these markers elevated. In addition, increased ANC, dNLR and LDH remained
significantly associated with poor survival in presence of liver and/or brain metastasis [87].

A retrospective analysis of patients treated with pembrolizumab by Ribas showed
that absence of visceral metastasis, high RLE ratio, high absolute lymphocyte count, good
performance status, low LDH and low CRP are all independent prognostic factors for
clinical outcome [92].

Multiparameter combinations, like the cancer immunogram, which includes tumor-
specific and patient-specific markers to personalize evaluation, appeared to be superior to
single biomarkers in order to predict response and direct treatment choices [93].

Similar studies have focused on possible markers able to identify the subset of
metastatic melanoma patients who would benefit from targeted therapy. In particular,
a pooled analysis of those treated with dabrafenib and trametinib showed LDH levels,
number of metastatic organ sites and Eastern Cooperative Oncology Group (ECOG) perfor-
mance status to be independent markers for deeper and durable responses [94,95].

4.3. Circulating Cytokines and Secreted Factors

Cytokines, chemokines, growth factors and other proteins are able to mediate interac-
tion between peripheral immune systems and tumor microenvironments.

The cytokine profile can be used as a target for developing strategies of treatment,
preventing toxicities and monitoring responses [96,97].

For example, IFN-γ up regulates tumor immune surveillance by decreasing produc-
tion in lymphocytes, NK cells or PBMCs in many tumor types [98,99]. On the other hand,
TNF-α, inducing immune tolerance through TGF-β [99,100], is associated with poor prog-
nosis and metastatic behavior in several solid tumors. Indoleamine 2,3-dioxygenase (IDO),
a tryptophan-degrading enzyme, is induced by inflammation and functions as an immuno-
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suppressant with negative effects on proliferation, function and survival of T cells, also by
promoting Treg development [100,101]. Other secreted molecules of interest are Granzymes,
important for the ability of NK and CD8+ cells to kill target cells, and CXCL9/CXCL10,
able to attract CD8+ cells enhancing MHC class I effector functions; both their expressions
correlate with favorable prognosis in different cancers [102].

Measuring the cytokine milieu may offer clinical value, as cytokine profiles provide
information on the functional orientation of cells and the local environment. Although
assessing cytokine profiles in tissue biopsies remains a significant technical challenge,
several platforms are available to assess cytokine profiles: ELISA, ELISPOT, intracellular
cytokine staining, gene expression platforms and cytokine bead arrays [103]. Lim et al.
examined the relationship between cytokine levels and patient response to immunotherapy
on 65 cytokines. These cytokines were profiled longitudinally in 98 melanoma patients
receiving mono-immunotherapy with anti-PD-1 and validated on 49 patients receiving
combo immunotherapy with anti-PD-1 and anti-CTLA-4. Baseline expression of some
cytokines was associated with treatment response and/or OS, but data were not constant
amongst the cohorts and the findings warrant further investigation [104]. Less information
is available on how circulating biomarkers may predict the risk of immune-related adverse
events (irAEs). Lim et al. also report that plasma cytokine levels are generally stable at
baseline or early during immune-modulating treatments, and that changing these parame-
ters could reflect either the development of toxicities or have an impact on responses [104].
A toxicity score called CYTOX that includes the expression of 11 circulating cytokines has
been developed and validated in patients treated with a combination PD-1 and CTLA-4-
inhibitor. Elevated expression of these 11 cytokines (G-CSF, GM-CSF, Fractalkine, FGF-2,
IFN-alfa2, IL-12p70, IL-1a, IL-1B, IL-1RA, IL-2, IL-13) was strongly associated with severe
irAEs that required intervention with high-dose immunosuppressing agents.

4.4. Circulating Tumour DNA (ctDNA)

There is growing evidence on the biomarker role of ctDNA as an accurate predictor of
tumor response, PFS and OS.

In particular, a recent metanalysis evaluated patients with metastatic melanoma and
detectable ctDNA [105]. Detectable ctDNA at baseline and during follow-up was associated
with poorer PFS and OS and appeared to be a strong prognostic biomarker for advanced-
stage melanoma. In addition, ctDNA seems to be associated to baseline tumor burden
(TB): metastatic melanoma patients with low baseline ctDNA and low TB have a wider
response and longer PFS when treated with MAPK-inhibitors. Moreover, a reduction in
ctDNA occurring during treatment is considered an independent predictor of response to
BRAF inhibitor in melanoma [106].

Lee and colleagues examined whether ctDNA levels at baseline and early during
therapy could predict response and clinical outcome in metastatic melanoma patients
harboring BRAF, NRAS or CKIT mutations and receiving immunotherapy [107]. Even in
this case, longitudinal assessment of ctDNA worked as an accurate predictor of tumor
response, PFS and OS: patients who had a persistently elevated ctDNA on therapy had a
poorer prognosis, possibly guiding differentiation of therapeutic choices.

Possible limitations on the use of ctDNA as a predictive biomarker are the low level of
baseline ctDNA detectability and the absence of an identifiable driver mutation in up to
25% of melanoma patients.

5. Gut Microbiota Biomarkers

Growing evidence sustains bacterial microbiome as an important player in the early
phase of carcinogenesis as well as in disease progression and in patient’s response to cancer
treatments, with particular attention to immunotherapies [108–113].

Gopalakrishnan and colleagues examined the oral and gut microbiome of 112 melanoma
patients undergoing anti-PD-1 immunotherapy [112]. When looking at the gut, but not oral,
they observed significant differences in the diversity and composition of the microbiome
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of patients who responded to PD-1 therapy versus those patients who did not respond.
Responders had higher alpha diversity (p < 0.01) and relative abundance of bacteria of
the Ruminococcaceae family (p < 0.01) [110]. A similar study showed that patients who
responded to anti- PD1 therapy had an abundance of Bifidobacterium longum, Collinsella
aerofaciens and Enterococcus faecium compared with non-responders [113].

Wargo et al., on the other hand, demonstrated increased tumor immune infiltrates in
responding patients, with higher density of CD8+ T cells correlating with abundance of
specific bacteria in the gut microbiome [114].

Together, all these data suggest that increased bacterial diversity in some patients may
lead to increased immune cell infiltration, and therefore, that the commensal microbiome
may have a mechanistic influence on anti-tumor immunity.

Interestingly, the use of antibiotics and probiotics has been associated with reduced
microbiome diversity and poorer response to immune checkpoints inhibitors (ICI) [115].
Instead, a diet rich in fiber was associated with five-fold higher odds of ICI response
compared to a low-fiber one [116].

Another interesting observation is that the gut microbiome, aside from affecting
response to therapy, may influence the development of adverse events, and be used as a
biomarker to identify which patients are most at risk for experiencing collateral effects, like
checkpoint blockade-induced colitis [117]. In fact, the pre-inflammation fecal microbiota
and microbiome composition seems to be related to colitis development.

However, the intrinsic mechanisms on how microbiome may influence immunother-
apy efficacy and toxicity remain unknown. Evidence for the immunomodulatory effect of
the microbiome is building, and its translation to a potential therapeutic intervention is
under investigation.

6. Conclusions

Since the treatment landscape for metastatic melanoma is continuously evolving, the
availability of predictive/prognostic biomarkers able to select patients who are more likely
or unlikely to benefit from a given therapy in advance of its initiation would allow for
optimizing disease-management strategies. In addition, by giving patients the treatment
they are best suited to receive, we could spare them unnecessary drug-related toxicities,
improving their quality of life and reducing the costs of related support.

Unfortunately, the clinical utility of these markers for daily oncology practice is yet to
be consolidated and, at present, not sufficiently reliable to guide treatment decisions.

Novel techniques may provide a more complete assessment of a tumor’s genomic
landscape, augmenting sensitivity and specificity, though minimizing the impact of intratu-
moral heterogeneity.

In conclusion, the science around biomarkers is focusing on tumor and host genomics.
Given the vast volume of data becoming available, significant investment in computational
biology and artificial intelligence will be required to adequately weight and correlate all the
different variables and their impact on clinical outcome. Moreover, all these processes must
undergo rigorous standardization to maintain specificity and sensitivity while ensuring
reproducibility, in order to demonstrate practical and financial viability to allow widespread
application in the clinic (Table 1).
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Table 1. Prognostic, predictive and on-treatment biomarkers for advanced melanoma. General
markers have been distinguished by Molecular, Cellular, Immunological and Humoral ones.

Prognostic Biomarkers Predictive Biomarkers On-Treatment Biomarkers

General:
Stage (III vs. IV, IVa vs. IVc)

Sites of metastasis
Number of metastatic sites

Molecular:
BRAF V600 mutation

NRAS mutation
AXL

Cellular/immunological:
Multiparameter combos (NLR,

PLR, MLR)
Cancer immunogram

Tregs and MDSCs
T-cell Receptor (TCR) sequencing

Gut microbiome
Humoral:

Lactate dehidrogenase (LDH)
C-reactive protein

Circulating tumor DNA

Molecular:
BRAF V600, CKIT mutations

Tumor Mutational Burden (TMB)
PTEN loss of function

CDKN2a
sAXL

Immunological:
Checkpoints expression
(PD-1/PDL-1, LAG-3)

Immunoscore (CD8+ T-cell infiltration)
CD-73 expression

IFN-gamma signature
Tumor inflammation signature

T-cell Receptor (TCR) sequencing
Gut microbiome

Humoral:
Cytox score

T-cell receptor (TCR) sequencing
Circulating tumor DNA

Molecular:
Circulating tumor DNA

sAXL
Cellular/immunological:

Absolute lymphocyte count
Proliferating CD8+ T-Cells

T-cell subsets increase (CD8+, TREGS)
Granzyme B expression

Humoral:
Cytox score

Author Contributions: Conceptualization, P.F.F.; methodology, P.F.F. and E.C.; investigation, P.F.F.
and E.C.; data curation, P.F.F. and E.C.; writing—original draft preparation, P.F.F. and E.C.; writing—
review and editing, P.F.F. and E.C.; supervision, P.F.F. and E.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lawrence, M.S.; Stojanov, P.; Polak, P.; Kryukov, G.V.; Cibulskis, K.; Sivachenko, A.; Carter, S.L.; Stewart, C.; Mermel, C.H.;

Roberts, S.A.; et al. Mutational heterogeneity in cancer and the search for new cancer-associated genes. Nature 2013, 499, 214–218.
[CrossRef]

2. Ihle, M.A.; Fassunke, J.; König, K.; Grünewald, I.; Schlaak, M.; Kreuzberg, N.; Tietze, L.; Schildhaus, H.U.; Büttner, R.; Merkelbach-
Bruse, S. Comparison of high resolution melting analysis, pyrosequencing, next generation sequencing and immunohistochemistry
to conventional Sanger sequencing for the detection of p.V600E and non-p.V600E BRAF mutations. BMC Cancer 2014, 14, 1–13.
[CrossRef]

3. Ny, L.; Hernberg, M.; Nyakas, M.; Koivunen, J.; Oddershede, L.; Yoon, M.; Wang, X.; Guyot, P.; Geisler, J. BRAF mutational status
as a prognostic marker for survival in malignant melanoma: A systematic review and meta-analysis. Acta Oncologica 2020, 59,
833–844. [CrossRef] [PubMed]

4. Barbour, A.P.; Tang, Y.H.; Armour, N.; Dutton-Regester, K.; Krause, L.; Loffler, K.; Lambie, D.; Burmeister, B.; Thomas, J.; Smithers,
B.M.; et al. BRAF mutation status is an independent prognostic factor for resected stage IIIB and IIIC melanoma: Implications for
melanoma staging and adjuvant therapy. Eur. J. Cancer 2014, 50, 2668–2676. [CrossRef]

5. Long, G.V.; Menzies, A.M.; Nagrial, A.M.; Haydu, L.E.; Hamilton, A.L.; Mann, G.J.; Hughes, T.; Thompson, J.F.; Scolyer, R.A.;
Kefford, R.F. Prognostic and Clinicopathologic Associations of Oncogenic BRAF in Metastatic Melanoma. J. Clin. Oncol. 2011, 29,
1239–1246. [CrossRef] [PubMed]

6. Chapman, P.B.; Hauschild, A.; Robert, C.; Haanen, J.B.; Ascierto, P.; Larkin, J.; Dummer, R.; Garbe, C.; Testori, A.; Maio, M.; et al.
Improved survival with vemurafenib in melanoma with BRAF V600E mutation. N. Engl. J. Med. 2011, 364, 2507–2516. [CrossRef]
[PubMed]

7. Hauschild, A.; Grob, J.-J.; Demidov, L.V.; Jouary, T.; Gutzmer, R.; Millward, M.; Rutkowski, P.; Blank, C.U.; Miller, W.H.;
Kaempgen, E., Jr.; et al. Dabrafenib in BRAF-mutated metastatic melanoma: A multicentre, open-label, phase 3 randomised
controlled trial. Lancet 2012, 380, 358–365. [CrossRef]

8. Long, G.V.; Stroyakovskiy, D.; Gogas, H.; Levchenko, E.; de Braud, F.; Larkin, J.; Garbe, C.; Jouary, T.; Hauschild, A.; Grob, J.J.;
et al. Combined BRAF and MEK Inhibition versus BRAF Inhibition Alone in Melanoma. N. Engl. J. Med. 2014, 371, 1877–1888.
[CrossRef]

http://doi.org/10.1038/nature12213
http://doi.org/10.1186/1471-2407-14-13
http://doi.org/10.1080/0284186X.2020.1747636
http://www.ncbi.nlm.nih.gov/pubmed/32285732
http://doi.org/10.1016/j.ejca.2014.06.009
http://doi.org/10.1200/JCO.2010.32.4327
http://www.ncbi.nlm.nih.gov/pubmed/21343559
http://doi.org/10.1056/NEJMoa1103782
http://www.ncbi.nlm.nih.gov/pubmed/21639808
http://doi.org/10.1016/S0140-6736(12)60868-X
http://doi.org/10.1056/NEJMoa1406037


Cancers 2022, 14, 81 13 of 17

9. Larkin, J.; Ascierto, P.A.; Dréno, B.; Atkinson, V.; Liszkay, G.; Maio, M.; Mandalà, M.; Demidov, L.; Stroyakovskiy, D.; Thomas, L.;
et al. Combined Vemurafenib and Cobimetinib in BRAF-Mutated Melanoma. N. Engl. J. Med. 2014, 371, 1867–1876. [CrossRef]

10. Keith, T.; Flaherty, M.D.; Jeffery, R.; Infante, M.D.; Adil Daud, M.D. Combined BRAF and MEK Inhibition in Melanoma with
BRAF V600 Mutations. N. Engl. J. Med. 2012, 367, 1694–1703. [CrossRef]

11. Yancovitz, M.; Litterman, A.; Yoon, J.; Ng, E.; Shapiro, R.L.; Berman, R.S.; Pavlick, A.C.; Darvishian, F.; Christos, P.; Mazumdar,
M.; et al. Intra- and inter-tumor heterogeneity of BRAF(V600E)) mutations in primary and metastatic melanoma. PLoS ONE 2012,
7, e29336. [CrossRef] [PubMed]

12. Colombino, M.; Capone, M.; Lissia, A.; Cossu, A.; Rubino, C.; de Giorgi, V.; Massi, D.; Fonsatti, E.; Staibano, S.; Nappi, O.; et al.
BRAF/NRAS Mutation Frequencies Among Primary Tumors and Metastases in Patients with Melanoma. J. Clin. Oncol. 2012, 30,
2522–2529. [CrossRef]

13. Bradish, J.R.; Richey, J.D.; Post, K.M.; Meehan, K.; Sen, J.D.; Malek, A.J.; Katona, T.M.; Warren, S.; Logan, T.F.; Fecher, L.A.; et al.
Discordancy in BRAF mutations among primary and metastatic melanoma lesions: Clinical implications for targeted therapy.
Mod. Pathol. 2015, 28, 480–486. [CrossRef]

14. Khalili, J.S.; Liu, S.; Rodríguez-Cruz, T.G.; Whittington, M.; Wardell, S.; Liu, C.; Zhang, M.; Cooper, Z.A.; Frederick, D.T.; Li, Y.;
et al. Oncogenic BRAF(V600E) Promotes Stromal Cell-Mediated Immunosuppression Via Induction of Interleukin-1 in Melanoma.
Clin. Cancer Res. 2012, 18, 5329–5340. [CrossRef]

15. Amaria, R.N.; Prieto, P.A.; Tetzlaff, M.T.; Reuben, A.; Andrews, M.C.; Ross, M.I.; Glitza, I.C.; Cormier, J.; Hwu, W.J.; Tawbi,
H.A.; et al. Neoadjuvant plus adjuvant dabrafenib and trametinib versus standard of care in patients with high-risk, surgically
resectable melanoma: A single-centre, open-label, randomised, phase 2 trial. Lancet Oncol. 2018, 19, 181–193. [CrossRef]

16. Ferrucci, P.F.; di Giacomo, A.M.; del Vecchio, M. for the KEYNOTE-022 international team; Atkinson, V.; Schmidt, H.; Schachter,
J.; Queirolo, P.; Long, G.V.; Stephens, R.; Svane, I.M.; et al. KEYNOTE-022 part 3: A randomized, double-blind, phase 2 study
of pembrolizumab, dabrafenib, and trametinib in BRAF-mutant melanoma. J. Immunother. Cancer 2020, 8, e001806. [CrossRef]
[PubMed]

17. Jakob, J.A.; Bassett, R.L.; Ng, C.S.; Curry, J.L.; Joseph, R.; Alvarado, G.C.; Apn, M.L.R.; Richard, J.; Gershenwald, J.E.; Kim, K.B.;
et al. NRAS mutation status is an independent prognostic factor in metastatic melanoma. Cancer 2011, 118, 4014–4023. [CrossRef]

18. Echevarría-Vargas, I.M.; Reyes-Uribe, P.I.; Guterres, A.; Yin, X.; Kossenkov, A.V.; Liu, Q.; Zhang, G.; Krepler, C.; Cheng, C.; Wei,
Z.; et al. Co-targeting BET and MEK as salvage therapy for MAPK and checkpoint inhibitor-resistant melanoma. EMBO Mol.
Med. 2018, 10, e8446. [CrossRef]

19. Kirchberger, M.C.; Ugurel, S.; Mangana, J.; Heppt, M.V.; Eigentler, T.K.; Berking, C.; Schadendorf, D.; Schuler, G.; Dummer, R.;
Heinzerling, L. MEK inhibition may increase survival of NRAS-mutated melanoma patients treated with checkpoint blockade:
Results of a retrospective multicentre analysis of 364 patients. Eur. J. Cancer 2018, 98, 10–16. [CrossRef]

20. Lyle, M.; Long, G.V. Diagnosis and Treatment ofKIT-Mutant Metastatic Melanoma. J. Clin. Oncol. 2013, 31, 3176–3181. [CrossRef]
[PubMed]

21. Hodi, F.S.; Corless, C.L.; Giobbie-Hurder, A.; Fletcher, J.A.; Zhu, M.; Marino-Enriquez, A.; Friedlander, P.; Gonzalez, R.; Weber,
J.S.; Gajewski, T.F.; et al. Imatinib for Melanomas Harboring Mutationally Activated or Amplified KIT Arising on Mucosal, Acral,
and Chronically Sun-Damaged Skin. J. Clin. Oncol. 2013, 31, 3182–3190. [CrossRef] [PubMed]

22. Guo, J.; Carvajal, R.D.; Dummer, R.; Hauschild, A.; Daud, A.; Bastian, B.C.; Markovic, S.N.; Queirolo, P.; Arance, A.; Berking, C.;
et al. Efficacy and safety of nilotinib in patients with KIT-mutated metastatic or inoperable melanoma: Final results from the
global, single-arm, phase II TEAM trial. Ann. Oncol. 2017, 28, 1380–1387. [CrossRef]

23. Cocorocchio, E.; Pala, L.; Conforti, F.; Guerini-Rocco, E.; De Pas, T.; Ferrucci, P.F. Successful treatment with avapritinib in patient
with mucosal metastatic melanoma. Ther. Adv. Med. Oncol. 2020, 12. [CrossRef]

24. Bazzichetto, C.; Conciatori, F.; Pallocca, M.; Falcone, I.; Fanciulli, M.; Cognetti, F.; Milella, M.; Ciuffreda, L. PTEN as a Prognos-
tic/Predictive Biomarker in Cancer: An Unfulfilled Promise? Cancers 2019, 11, 435. [CrossRef] [PubMed]

25. Aguissa-Touré, A.-H.; Li, G. Genetic alterations of PTEN in human melanoma. Cell. Mol. Life Sci. 2011, 69, 1475–1491. [CrossRef]
26. Hodis, E.; Watson, I.R.; Kryukov, G.V.; Arold, S.T.; Imielinski, M.; Theurillat, J.-P.; Nickerson, E.; Auclair, D.; Li, L.; Place, C.; et al.

A Landscape of Driver Mutations in Melanoma. Cell 2012, 150, 251–263. [CrossRef]
27. Bucheit, A.D.; Chen, G.; Siroy, A.; Tetzlaff, M.; Broaddus, R.; Milton, D.; Fox, P.; Bassett, R.; Hwu, P.; Gershenwald, J.E.; et al.

Complete loss of PTEN protein expression correlates with shorter time to brain metastasis and survival in stage IIIB/C melanoma
pa-tients with BRAFV600 mutations. Clin. Cancer Res. 2014, 20, 5527–5536. [CrossRef]

28. Giles, K.M.; Rosenbaum, B.E.; Berger, M.; Izsak, A.; Li, Y.; Bochaca, I.I.; de Miera, E.V.-S.; Wang, J.; Darvishian, F.; Zhong, J.;
et al. Revisiting the Clinical and Biologic Relevance of Partial PTEN Loss in Melanoma. J. Investig. Dermatol. 2019, 139, 430–438.
[CrossRef] [PubMed]

29. Lahtz, C.; Stranzenbach, R.; Fiedler, E.; Helmbold, P.; Dammann, R.H. Methylation of PTEN as a Prognostic Factor in Malignant
Melanoma of the Skin. J. Investig. Dermatol. 2010, 130, 620–622. [CrossRef]

30. 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 sup-pression of BIM expression. Cancer
Res. 2011, 71, 2750–2760. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa1408868
http://doi.org/10.1056/NEJMoa12100
http://doi.org/10.1371/journal.pone.0029336
http://www.ncbi.nlm.nih.gov/pubmed/22235286
http://doi.org/10.1200/JCO.2011.41.2452
http://doi.org/10.1038/modpathol.2014.136
http://doi.org/10.1158/1078-0432.CCR-12-1632
http://doi.org/10.1016/S1470-2045(18)30015-9
http://doi.org/10.1136/jitc-2020-001806
http://www.ncbi.nlm.nih.gov/pubmed/33361337
http://doi.org/10.1002/cncr.26724
http://doi.org/10.15252/emmm.201708446
http://doi.org/10.1016/j.ejca.2018.04.010
http://doi.org/10.1200/JCO.2013.50.4662
http://www.ncbi.nlm.nih.gov/pubmed/23940219
http://doi.org/10.1200/JCO.2012.47.7836
http://www.ncbi.nlm.nih.gov/pubmed/23775962
http://doi.org/10.1093/annonc/mdx079
http://doi.org/10.1177/1758835920946158
http://doi.org/10.3390/cancers11040435
http://www.ncbi.nlm.nih.gov/pubmed/30925702
http://doi.org/10.1007/s00018-011-0878-0
http://doi.org/10.1016/j.cell.2012.06.024
http://doi.org/10.1158/1078-0432.CCR-14-1027
http://doi.org/10.1016/j.jid.2018.07.031
http://www.ncbi.nlm.nih.gov/pubmed/30148988
http://doi.org/10.1038/jid.2009.226
http://doi.org/10.1158/0008-5472.CAN-10-2954
http://www.ncbi.nlm.nih.gov/pubmed/21317224


Cancers 2022, 14, 81 14 of 17

31. Wang, R.; He, Y.; Robinson, V.; Yang, Z.; Hessler, P.; Lasko, L.M.; Lu, X.; Bhathena, A.; Lai, A.; Uziel, T.; et al. Targeting
Lineage-specific MITF Pathway in Human Melanoma Cell Lines by A-485, the Selective Small-molecule Inhibitor of p300/CBP.
Mol. Cancer Ther. 2018, 17, 2543–2550. [CrossRef]

32. Davis, E.J.; Johnson, D.B.; Sosman, J.A.; Chandra, S. Melanoma: What do all the mutations mean? Cancer 2018, 124, 3490–3499.
[CrossRef] [PubMed]

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

34. Garraway, L.A.; Widlund, H.; Rubin, M.; Getz, G.; Berger, A.J.; Ramaswamy, S.; Beroukhim, R.; Milner, J.D.A.; Granter, S.R.; Du, J.;
et al. Integrative genomic analyses identify MITF as a lineage survival oncogene amplified in malignant melanoma. Nature 2005,
436, 117–122. [CrossRef] [PubMed]

35. Weinstein, D.; Leininger, J.; Hamby, C.; Safai, B. Diagnostic and Prognostic Biomarkers in Melanoma. J. Clin. Aesthetic Dermatol.
2014, 7, 13–24.

36. Levy, C.; Khaled, M.; Fisher, D.E. MITF: Master regulator of melanocyte development and melanoma oncogene. Trends Mol. Med.
2006, 12, 406–414. [CrossRef] [PubMed]

37. Ballotti, R.; Cheli, Y.; Bertolotto, C. The complex relationship between MITF and the immune system: A Melanoma ImmunoTher-
apy (response) Factor? Mol. Cancer 2020, 19, 1–12. [CrossRef] [PubMed]

38. Sharpless, N.E.; DePinho, R.A. The INK4A/ARF locus and its two gene products. Curr. Opin. Genet. Dev. 1999, 9, 22–30.
[CrossRef]

39. Hanly, A.; Gibson, F.; Alani, R.M. Predictive Biomarkers of Melanoma. In Melanoma in Clinical Practice; Springer:
Berlin/Heidelberg, Germany, 2021; pp. 285–299. [CrossRef]

40. Soufir, N.; Avril, M.-F.; Chompret, A.; Demenais, F.; Bombled, J.; Spatz, A.; Stoppa-Lyonnet, D.; Bénard, J.; Paillerets, B.B.-D.
Prevalence of p16 and CDK4 germline mutations in 48 melanoma-prone families in France. The French Familial Melanoma Study
Group [published erratum appears in Hum Mol Genet 1998 May;7(5):941]. Hum. Mol. Genet. 1998, 7, 209–216. [CrossRef]

41. Bishop, D.T.; Demenais, F.; Goldstein, A.M.; Bergman, W.; Bishop, J.N.; Paillerets, B.B.D.; Chompret, A.; Ghiorzo, P.; Gruis, N.;
Hansson, J.; et al. Geographical variation in the penetrance of CDKN2A mutations for melanoma. J. Natl. Cancer Inst. 2002, 94,
894–903. [CrossRef]

42. Roussel, M.F. The INK4 family of cell cycle inhibitors in cancer. Oncogene 1999, 18, 5311–5317. [CrossRef]
43. Weber, J.; Taylor, L.; Roussel, M.F.; Sherr, C.J.; Bar-Sagi, D. Nucleolar Arf sequesters Mdm2 and activates p53. Nature 1999, 1,

20–26. [CrossRef]
44. Conway, C.; Beswick, S.; Elliott, F.; Chang, Y.M.; Randerson-Moor, J.; Harland, M.; Affleck, P.; Marsden, J.; Sanders, D.S.; Boon, A.;

et al. Deletion at chromosome arm 9p in relation to BRAF/NRAS mutations and prognostic signifcance for primary melanoma.
Genes Chromosomes Cancer 2010, 49, 425–438. [CrossRef]

45. Flores, J.F.; Walker, G.J.; Glendening, J.M.; Haluska, F.G.; Castresana, J.S.; Rubio, M.-P.; Pastorfide, G.C.; Boyer, L.A.; Kao, W.H.;
Bulyk, M.L.; et al. Loss of the p16INK4a and p15INK4b genes, as well as neighboring 9p21 markers, in sporadic melanoma.
Cancer Res. 1996, 56, 5023–5032.

46. Grafström, E.; Egyházi, S.; Ringborg, U.; Hansson, J.; Platz, A. Biallelic Deletions in INK4 in Cutaneous Melanoma Are Common
and Associated with Decreased Survival. Clin. Cancer Res. 2005, 11, 2991–2997. [CrossRef]

47. Ang, L.F.; Por, L.Y.; Yam, M.F. Development of an Amperometric-Based Glucose Biosensor to Measure the Glucose Content of
Fruit. PLoS ONE 2015, 10, e0111859. [CrossRef]

48. Graham, D.K.; DeRyckere, D.; Davies, K.D.; Earp, H.S. The TAM family: Phosphatidylserine-sensing receptor tyrosine kinases
gone awry in cancer. Nat. Rev. Cancer 2014, 14, 769–785. [CrossRef]

49. Scaltriti, M.; Elkabets, M.; Baselga, J. Molecular Pathways: AXL, a Membrane Receptor Mediator of Resistance to Therapy. Clin.
Cancer Res. 2016, 22, 1313–1317. [CrossRef] [PubMed]

50. Flørenes, V.A.; Flem-Karlsen, K.; McFadden, E.; Bergheim, I.R.; Nygaard, V.; Nygård, V.; Farstad, I.N.; Øy, G.F.; Emilsen, E.;
Giller-Fleten, K.; et al. A Three-dimensional Ex Vivo Viability Assay Reveals a Strong Correlation Between Response to Targeted
Inhibitors and Mutation Status in Melanoma Lymph Node Metastases. Transl. Oncol. 2019, 12, 951–958. [CrossRef]

51. Amaral, T.; Sinnberg, T.; Meier, F.; Krepler, C.; Levesque, M.; Niessner, H.; Garbe, C. The mitogen-activated protein kinase
pathway in melanoma part I—Activation and primary resistance mechanisms to BRAF inhibition. Eur. J. Cancer 2017, 73, 85–92.
[CrossRef]

52. Zuo, Q.; Liu, J.; Huang, L.; Qin, Y.; Hawley, T.; Seo, C.; Merlino, G.; Yu, Y. AXL/AKT axis mediated-resistance to BRAF inhibitor
depends on PTEN status in melanoma. Oncogene 2018, 37, 3275–3289. [CrossRef]

53. Rambow, F.; Rogiers, A.; Marin-Bejar, O.; Aibar, S.; Femel, J.; Dewaele, M.; Karras, P.; Brown, D.; Chang, Y.H.; Debiec-Rychter, M.;
et al. Toward Minimal Residual Disease-Directed Therapy in Melanoma. Cell 2018, 174, 843–855.e19. [CrossRef]

54. Straume, O.; Schuster, C.; Gausdal, G.; Lorens, J.; Gjertsen, B.T. A randomized phase Ib/II study of the selective small molecule axl
inhibitor bemcentinib (BGB324) in combination with either dabrafenib/trametinib or pembrolizumab in patients with metastatic
melanoma. J. Clin. Oncol. 2018, 36, 9548. [CrossRef]

55. Martinoli, C.; Gandini, S.; Luise, C.; Mazzarol, G.; Confalonieri, S.; Pelicci, P.G.; Testori, A.; Ferrucci, P.F. Maspin expression and
melanoma progression: A matter of sub-cellular localization. Mod. Pathol. 2013, 27, 412–419. [CrossRef]

http://doi.org/10.1158/1535-7163.MCT-18-0511
http://doi.org/10.1002/cncr.31345
http://www.ncbi.nlm.nih.gov/pubmed/29663336
http://doi.org/10.1101/gad.191999.112
http://www.ncbi.nlm.nih.gov/pubmed/22661227
http://doi.org/10.1038/nature03664
http://www.ncbi.nlm.nih.gov/pubmed/16001072
http://doi.org/10.1016/j.molmed.2006.07.008
http://www.ncbi.nlm.nih.gov/pubmed/16899407
http://doi.org/10.1186/s12943-020-01290-7
http://www.ncbi.nlm.nih.gov/pubmed/33276788
http://doi.org/10.1016/S0959-437X(99)80004-5
http://doi.org/10.1007/978-3-030-82639-0_16
http://doi.org/10.1093/hmg/7.2.209
http://doi.org/10.1093/jnci/94.12.894
http://doi.org/10.1038/sj.onc.1202998
http://doi.org/10.1038/8991
http://doi.org/10.1002/gcc.20753
http://doi.org/10.1158/1078-0432.CCR-04-1731
http://doi.org/10.1371/journal.pone.0111859
http://doi.org/10.1038/nrc3847
http://doi.org/10.1158/1078-0432.CCR-15-1458
http://www.ncbi.nlm.nih.gov/pubmed/26763248
http://doi.org/10.1016/j.tranon.2019.04.001
http://doi.org/10.1016/j.ejca.2016.12.010
http://doi.org/10.1038/s41388-018-0205-4
http://doi.org/10.1016/j.cell.2018.06.025
http://doi.org/10.1200/JCO.2018.36.15_suppl.9548
http://doi.org/10.1038/modpathol.2013.157


Cancers 2022, 14, 81 15 of 17

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

57. Simpson, D.; Ferguson, R.; Martinez, C.N.; Kazlow, E.; Moran, U.; Heguy, A.; Hanniford, D.; Hernando, E.; Osman, I.; Kirchhoff, T.
Mutation burden as a potential prognostic marker of melanoma progression and survival. J. Clin. Oncol. 2017, 35, 9567. [CrossRef]

58. 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 Immuno-therapy in Diverse Cancers. Mol. Cancer Ther. 2017, 16,
2598–2608. [CrossRef]

59. Johnson, D.B.; Frampton, G.; Rioth, M.J.; Yusko, E.; Xu, Y.; Guo, X.; Ennis, R.C.; Fabrizio, D.; Chalmers, Z.R.; Greenbowe, J.; et al.
Targeted Next Generation Sequencing Identifies Markers of Response to PD-1 Blockade. Cancer Immunol. Res. 2016, 4, 959–967.
[CrossRef] [PubMed]

60. Cirenajwis, H.; Lauss, M.; Ekedahl, H.; Törngren, T.; Kvist, A.; Saal, L.; Olsson, H.; Staaf, J.; Carneiro, A.; Ingvar, C.; et al.
NF1-mutated melanoma tumors harbor distinct clinical and biological characteristics. Mol. Oncol. 2017, 11, 438–451. [CrossRef]

61. Weber, J.S.; D’Angelo, S.P.; Minor, D.; Hodi, F.S.; Gutzmer, R.; Neyns, B.; Hoeller, C.; Khushalani, N.I.; Miller, W.H.; Lao, C.D.; et al.
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. 2015, 16, 375–384. [CrossRef]

62. Robert, C.; Long, G.V.; Brady, B.; Dutriaux, C.; Maio, M.; Mortier, L.; Hassel, J.C.; Rutkowski, P.; McNeil, C.; Kalinka-Warzocha, E.;
et al. Nivolumab in previously untreated melanoma without BRAF mutation. N. Engl. J. Med. 2015, 372, 320–330. [CrossRef]
[PubMed]

63. Daud, A.I.; Wolchok, J.D.; Robert, C.; Hwu, W.-J.; Weber, J.S.; Ribas, A.; Hodi, F.S.; Joshua, A.; Kefford, R.; Hersey, P.; et al.
Programmed Death-Ligand 1 Expression and Response to the Anti–Programmed Death 1 Antibody Pembrolizumab in Melanoma.
J. Clin. Oncol. 2016, 34, 4102–4109. [CrossRef]

64. Tumeh, P.; Harview, C.; Yearly, J.; Shintaku, I.; Taylor, E.; Robert, L.; Chmielowski, B.; Spasic, M.; Henry, G.; Ciobanu, V.; et al.
PD-1 blockade induces responses by inhibiting adaptive immune resistance. Nature 2018, 515, 568–571. [CrossRef]

65. Pagès, F.; Mlecnik, B.; Marliot, F.; Bindea, G.; Ou, F.-S.; Bifulco, C.; Lugli, A.; Zlobec, I.; Rau, T.T.; Berger, M.D.; et al. International
validation of the consensus Immunoscore for the classification of colon cancer: A prognostic and accuracy study. Lancet 2018, 391,
2128–2139. [CrossRef]

66. Bifulco, C.; Capone, M.; Feng, Z.; Madonna, G.; Simeone, E.; Curvietto, M.; Mozzillo, N.; Ciliberto, G.; Botti, G.; Fox, B.A.; et al.
MISIPI study: Melanoma ImmunoScore evaluation in patients treated with IPIlimumab. J. Transl. Med. 2014, 12, P11. [CrossRef]

67. Tanaka, A.; Sakaguchi, S. Regulatory T cells in cancer immunotherapy. Cell Res. 2017, 27, 109–118. [CrossRef]
68. Meyer, C.; Cagnon, L.; Costa-Nunes, C.M.; Baumgaertner, P.; Montandon, N.; Leyvraz, L.; Michielin, O.; Romano, E.; Speiser, D.E.

Frequencies of circulating MDSC correlate with clinical outcome of melanoma patients treated with ipilimumab. Cancer Immunol.
Immunother. 2013, 63, 247–257. [CrossRef] [PubMed]

69. Martens, A.; Wistuba-Hamprecht, K.; Foppen, M.G.; Yuan, J.; Postow, M.A.; Wong, P.; Romano, E.; Khammari, A.; Dreno, B.;
Capone, M.; et al. Baseline Peripheral Blood Biomarkers Associated with Clinical Outcome of Advanced Melanoma Patients
Treated with Ipilimumab. Clin. Cancer Res. 2016, 22, 2908–2918. [CrossRef]

70. Zhang, B. CD73: A Novel Target for Cancer Immunotherapy: Figure 1. Cancer Res. 2010, 70, 6407–6411. [CrossRef] [PubMed]
71. Beavis, P.A.; Slaney, C.Y.; Milenkovski, N.; Henderson, M.A.; Loi, S.; Stagg, J.; Kershaw, M.; Darcy, P.K. CD73: A potential

biomarker for anti-PD-1 therapy. OncoImmunology 2015, 4, e1046675. [CrossRef]
72. Iannone, R.; Miele, L.; Maiolino, P.; Pinto, A.; Morello, S. Adenosine limits the therapeutic effectiveness of anti-CTLA4 mAb in a

mouse melanoma model. Am. J. Cancer Res. 2014, 4, 172–181. [PubMed]
73. Beavis, P.A.; Milenkovski, N.; Henderson, M.A.; John, L.B.; Allard, B.; Loi, S.; Kershaw, M.; Stagg, J.; Darcy, P.K. Adenosine

Receptor 2A Blockade Increases the Efficacy of Anti–PD-1 through Enhanced Antitumor T-cell Responses. Cancer Immunol. Res.
2015, 3, 506–517. [CrossRef]

74. Zaretsky, J.M.; Garcia-Diaz, A.; Shin, D.S.; Escuin-Ordinas, H.; Hugo, W.; Hu-Lieskovan, S.; Torrejon, D.Y.; Abril-Rodriguez, G.;
Sandoval, S.; Barthly, L.; et al. Mutations Associated with Acquired Resistance to PD-1 Blockade in Melanoma. N. Engl. J. Med.
2016, 375, 819–829. [CrossRef] [PubMed]

75. Ayers, M.; Lunceford, J.; Nebozhyn, M.; Murphy, E.; Loboda, A.; Kaufman, D.R.; Albright, A.; Cheng, J.D.; Kang, S.P.; Shankaran,
V.; et al. IFN-γ-related mRNA profile predicts clinical response to PD-1 blockade. J. Clin. Invest. 2017, 127, 2930–2940. [CrossRef]
[PubMed]

76. Karachaliou, N.; Gonzalez-Cao, M.; Crespo, G.; Drozdowskyj, A.; Aldeguer, E.; Gimenez-Capitan, A.; Teixido, C.; Molina-Vila,
M.A.; Viteri, S.; de los Llanos Gil, M.; et al. Interferon gamma, an important marker of response to immune checkpoint blockade
in non-small cell lung cancer and melanoma patients. Ther. Adv. Med. Oncol. 2018, 10. [CrossRef] [PubMed]

77. Prat, A.; Navarro, A.; Paré, L.; Reguart, N.; Galván, P.; Pascual, T.; Martínez, A.; Nuciforo, P.; Comerma, L.; Alos, L.; et al.
Immune-Related Gene Expression Profiling After PD-1 Blockade in Non-Small Cell Lung Carcinoma, Head and Neck Squamous
Cell Carcinoma, and Melanoma. Cancer Res. 2017, 77, 3540–3550.

78. Kisielow, M.; Kisielow, J.; Capoferri-Sollami, G.; Karjalainen, K. Expression of lymphocyte activation gene 3 (LAG-3) on B cells is
induced by T cells. Eur. J. Immunol. 2005, 35, 2081–2088. [CrossRef]

79. Huang, C.-T.; Workman, C.J.; Flies, D.; Pan, X.; Marson, A.L.; Zhou, G.; Hipkiss, E.L.; Ravi, S.; Kowalski, J.; Levitsky, H.I.; et al.
Role of LAG-3 in Regulatory T Cells. Immunity 2004, 21, 503–513. [CrossRef]

http://doi.org/10.1038/nature12477
http://www.ncbi.nlm.nih.gov/pubmed/23945592
http://doi.org/10.1200/JCO.2017.35.15_suppl.9567
http://doi.org/10.1158/1535-7163.MCT-17-0386
http://doi.org/10.1158/2326-6066.CIR-16-0143
http://www.ncbi.nlm.nih.gov/pubmed/27671167
http://doi.org/10.1002/1878-0261.12050
http://doi.org/10.1016/S1470-2045(15)70076-8
http://doi.org/10.1056/NEJMoa1412082
http://www.ncbi.nlm.nih.gov/pubmed/25399552
http://doi.org/10.1200/JCO.2016.67.2477
http://doi.org/10.1038/nature13954
http://doi.org/10.1016/S0140-6736(18)30789-X
http://doi.org/10.1186/1479-5876-12-S1-P11
http://doi.org/10.1038/cr.2016.151
http://doi.org/10.1007/s00262-013-1508-5
http://www.ncbi.nlm.nih.gov/pubmed/24357148
http://doi.org/10.1158/1078-0432.CCR-15-2412
http://doi.org/10.1158/0008-5472.CAN-10-1544
http://www.ncbi.nlm.nih.gov/pubmed/20682793
http://doi.org/10.1080/2162402X.2015.1046675
http://www.ncbi.nlm.nih.gov/pubmed/24660106
http://doi.org/10.1158/2326-6066.CIR-14-0211
http://doi.org/10.1056/NEJMoa1604958
http://www.ncbi.nlm.nih.gov/pubmed/27433843
http://doi.org/10.1172/JCI91190
http://www.ncbi.nlm.nih.gov/pubmed/28650338
http://doi.org/10.1177/1758834017749748
http://www.ncbi.nlm.nih.gov/pubmed/29383037
http://doi.org/10.1002/eji.200526090
http://doi.org/10.1016/j.immuni.2004.08.010


Cancers 2022, 14, 81 16 of 17

80. Woo, S.R.; Turnis, M.E.; Goldberg, M.V.; Bankoti, J.; Selby, M.; Nirschl, C.J.; Bettini, M.L.; Gravano, D.M.; Vogel, P.; Liu, C.L.;
et al. Immune inhibitory molecules LAG-3 and PD-1 synergistically regulate T-cell function to promote tumoral immune escape.
Cancer Res. 2012, 72, 917–927. [CrossRef]

81. Ascierto, P.A.; Melero, I.; Bhatia, S.; Bono, P.; Sanborn, R.E.; Lipson, E.J.; Callahan, M.K.; Gajewski, T.; Gomez-Roca, C.A.; Hodi,
F.S.; et al. Initial efficacy of anti-lymphocyte activation gene-3 (anti–LAG-3; BMS-986016) in combination with nivolumab (nivo)
in patients with melanoma (MEL) previously treated with anti–PD-1/PD-L1 therapy. J. Clin. Oncol. 2017, 35, 9520. [CrossRef]

82. Gandini, S.; Ferrucci, P.F.; Botteri, E.; Tosti, G.; Barberis, M.; Pala, L.; Battaglia, A.; Clerici, A.; Spadola, G.; Cocorocchio, E.; et al.
Prognostic significance of hematological profiles in melanoma patients. Int. J. Cancer 2016, 139, 1618–1625. [CrossRef]

83. Ding, Y.; Zhang, S.; Qiao, J. Prognostic value of neutrophil-to-lymphocyte ratio in melanoma: Evidence from a PRIS-MA-compliant
meta-analysi. Medicine 2018, 97, e11446. [CrossRef] [PubMed]

84. Ferrucci, P.F.; Gandini, S.; Battaglia, A.; Alfieri, S.; di Giacomo, A.M.; Giannarelli, D.; Cappellini, G.A.; de Galitiis, F.; Marchetti, P.;
Amato, G.; et al. Baseline neutrophil-to-lymphocyte ratio is associated with outcome of ipili-mumab-treated metastatic melanoma
patients. Br. J. Cancer. 2015, 112, 1904–1910. [CrossRef]

85. Valpione, S.; Martinoli, C.; Fava, P.; Mocellin, S.; Campana, L.G.; Quaglino, P.; Ferrucci, P.F.; Pigozzo, J.; Astrua, C.; Testori, A.;
et al. Personalised medicine: Development and external validation of a prognostic model for metastatic melanoma patients
treated with ipilimumab. Eur. J. Cancer 2015, 51, 2086–2094. [CrossRef]

86. Ferrucci, P.F.; Ascierto, P.A.; Pigozzo, J.; del Vecchio, M.; Maio, M.; Cappellini, G.A.; Guidoboni, M.; Queirolo, P.; Savoia,
P.; Mandalà, M.; et al. Baseline neutrophils and derived neutrophil-to-lymphocyte ratio: Prognostic rel-evance in metastatic
melanoma patients receiving ipilimumab. Ann. Oncol. 2016, 27, 732–738. [CrossRef] [PubMed]

87. Ferrucci, P.F.; Gandini, S.; Cocorocchio, E.; Pala, L.; Baldini, F.; Mosconi, M.; Cappellini, G.C.A.; Albertazzi, E.; Martinoli, C.
Baseline relative eosinophil count as a predictive biomarker for ipilimumab treatment in advanced melanoma. Oncotarget 2017, 8,
79809–79815. [CrossRef] [PubMed]

88. Cocorocchio, E.; Martinoli, C.; Gandini, S.; Pala, L.; Conforti, F.; Stucchi, S.; Mazzarol, G.; Ferrucci, P. Baseline neutrophil-to-
lymphocyte ratio (NLR) is associated with outcome of patients treated with BRAF inhibitors. Clin. Transl. Oncol. 2020, 22,
1818–1824. [CrossRef] [PubMed]

89. Kelderman, S.; Heemskerk, B.; Van Tinteren, H.; Brom, R.R.H.V.D.; Hospers, G.; Eertwegh, A.J.M.V.D.; Kapiteijn, E.; De Groot,
J.W.B.; Soetekouw, P.; Jansen, R.L.; et al. Lactate dehydrogenase as a selection criterion for ipilimumab treatment in metastatic
melanoma. Cancer Immunol. Immunother. 2014, 63, 449–458. [CrossRef] [PubMed]

90. Diem, S.; Kasenda, B.; Spain, L.; Martin-Liberal, J.; Marconcini, R.; Gore, M.; Larkin, J. Serum lactate dehydrogenase as an
early marker for outcome in patients treated with an-ti-PD-1 therapy in metastatic melanoma. Br. J. Cancer. 2016, 114, 256–261.
[CrossRef]

91. Blank, C.U.; Ribas, A.; Long, G.V. Impact of baseline serum lactate dehydrogenase (LDH) concentration on efficacy in the
KEYNOTE-006 study of pembrolizumab vs ipilimumab. In Proceedings of the Society for Melanoma Research 2016, Boston, MA,
USA, 6–9 November 2016.

92. Ribas, A.; Li, X.N.; Daud, A. Elevated baseline serum lactate dehydrogenase (LDH) does not preclude durable responses with
pembroli-zumab. In Proceedings of the Society for Melanoma Research 2016, Boston, MA, USA, 6–9 November 2016.

93. Blank, C.U.; Haanen, J.B.; Ribas, A.; Schumacher, T.N. Cancer Immunology: The “cancer immunogram”. Science 2016, 352,
658–660. [CrossRef]

94. Long, G.V.; Grob, J.-J.; Nathan, P.; Ribas, A.; Robert, C.; Schadendorf, D.; Lane, S.R.; Mak, C.; Legenne, P.; Flaherty, K.T.; et al.
Factors predictive of response, disease progression, and overall survival after dabrafenib and trametinib combination treatment:
A pooled analysis of individual patient data from randomised trials. Lancet Oncol. 2016, 17, 1743–1754. [CrossRef]

95. Schadendorf, D.; Long, G.V.; Stroiakovski, D.; Karaszewska, B.; Hauschild, A.; Levchenko, E.; Chiarion-Sileni, V.; Schachter, J.;
Garbe, C.; Dutriaux, C.; et al. Three-year pooled analysis of factors associated with clinical outcomes across dabrafenib and
trametinib combination therapy phase 3 randomised trials. Eur. J. Cancer. 2017, 82, 45–55. [CrossRef] [PubMed]

96. Galon, J.; Angell, H.K.; Bedognetti, D.; Marincola, F.M. The Continuum of Cancer Immunosurveillance: Prognostic, Predictive,
and Mechanistic Signatures. Immunity 2013, 39, 11–26. [CrossRef] [PubMed]

97. Fridman, W.H.; Pagès, F.; Sautes-Fridman, C.; Galon, J. The immune contexture in human tumours: Impact on clinical outcome.
Nat. Rev. Cancer 2012, 12, 298–306. [CrossRef] [PubMed]

98. Alshaker, H.A.; Matalka, K.Z. FN-γ, IL-17 and TGF-β involvement in shaping the tumor microenvironment: The significance of
modulating such cytokines in treating malignant solid tumors. Cancer Cell Int. 2011, 11, 1–12. [CrossRef]

99. Lippitz, B.E. Cytokine patterns in patients with cancer: A systematic review. Lancet Oncol. 2013, 14, e218–e228. [CrossRef]
100. Munn, D.H.; Sharma, M.D.; Hou, D.; Baban, B.; Lee, J.R.; Antonia, S.J.; Messina, J.L.; Chandler, P.; Koni, P.A.; Mellor, A.L.

Expression of indoleamine 2,3-dioxygenase by plasmacytoid dendritic cells in tumor-draining lymph nodes. J. Clin. Invest. 2004,
114, 280–290. [CrossRef]

101. Godin-Ethier, J.; Hanafi, L.-A.; Piccirillo, C.A.; Lapointe, R. Indoleamine 2,3-Dioxygenase Expression in Human Cancers: Clinical
and Immunologic Perspectives. Clin. Cancer Res. 2011, 17, 6985–6991. [CrossRef]

102. Cao, X.; Cai, S.; Fehniger, T.; Song, J.; Collins, L.I.; Piwnica-Worms, D.R.; Ley, T.J. Granzyme B and Perforin Are Important for
Regulatory T Cell-Mediated Suppression of Tumor Clearance. Immunity 2007, 27, 635–646. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-11-1620
http://doi.org/10.1200/JCO.2017.35.15_suppl.9520
http://doi.org/10.1002/ijc.30215
http://doi.org/10.1097/MD.0000000000011446
http://www.ncbi.nlm.nih.gov/pubmed/30045267
http://doi.org/10.1038/bjc.2015.180
http://doi.org/10.1016/j.ejca.2015.06.130
http://doi.org/10.1093/annonc/mdw016
http://www.ncbi.nlm.nih.gov/pubmed/26802161
http://doi.org/10.18632/oncotarget.19748
http://www.ncbi.nlm.nih.gov/pubmed/29108362
http://doi.org/10.1007/s12094-020-02320-y
http://www.ncbi.nlm.nih.gov/pubmed/32108276
http://doi.org/10.1007/s00262-014-1528-9
http://www.ncbi.nlm.nih.gov/pubmed/24609989
http://doi.org/10.1038/bjc.2015.467
http://doi.org/10.1126/science.aaf2834
http://doi.org/10.1016/S1470-2045(16)30578-2
http://doi.org/10.1016/j.ejca.2017.05.033
http://www.ncbi.nlm.nih.gov/pubmed/28648698
http://doi.org/10.1016/j.immuni.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/23890060
http://doi.org/10.1038/nrc3245
http://www.ncbi.nlm.nih.gov/pubmed/22419253
http://doi.org/10.1186/1475-2867-11-33
http://doi.org/10.1016/S1470-2045(12)70582-X
http://doi.org/10.1172/JCI21583
http://doi.org/10.1158/1078-0432.CCR-11-1331
http://doi.org/10.1016/j.immuni.2007.08.014


Cancers 2022, 14, 81 17 of 17

103. Staples, E.; Ingram, R.J.M.; Atherton, J.C.; Robinson, K. Optimising the quantification of cytokines present at low concentrations
in small human mucosal tissue samples using Luminex assays. J. Immunol. Methods 2013, 394, 1–9. [CrossRef]

104. Lim, S.Y.; Lee, J.H.; Gide, T.N.; Menzies, A.M.; Guminski, A.; Carlino, M.S.; Breen, E.J.; Yang, J.Y.; 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. 2018, 25, 1557–1563. [CrossRef] [PubMed]

105. Gandini, S.; Zanna, I.; de Angelis, S.P.; Cocorocchio, E.; Queirolo, P.; Lee, J.H.; Carlino, M.S.; Mazzarella, L.; Duso, B.A.; Palli, D.;
et al. Circulating tumor DNA and melanoma survival: A systematic literature review and meta-analysis. Crit. Rev. Oncol./Hematol.
2021, 157, 103187. [CrossRef]

106. Ascierto, P.A.; Minor, D.; Ribas, A.; Lebbe, C.; O’Hagan, A.; Arya, N.; Guckert, M.; Schadendorf, D.; Kefford, R.F.; Grob, J.-J.; et al.
Phase II Trial (BREAK-2) of the BRAF Inhibitor Dabrafenib (GSK2118436) in Patients with Metastatic Melanoma. J. Clin. Oncol.
2013, 31, 3205–3211. [CrossRef]

107. 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.
[CrossRef]

108. Caballero, S.; Pamer, E.G. Microbiota-Mediated Inflammation and Antimicrobial Defense in the Intestine. Annu. Rev. Immunol.
2015, 33, 227–256. [CrossRef] [PubMed]

109. Schwabe, R.F.; Jobin, C. The microbiome and cancer. Nat. Rev. Cancer 2013, 13, 800–812. [CrossRef] [PubMed]
110. Gopalakrishnan, V.; Helmink, B.A.; Spencer, C.N.; Reuben, A.; Wargo, J.A. The Influence of the Gut Microbiome on Cancer,

Immunity, and Cancer Immunotherapy. Cancer Cell 2018, 33, 570–580. [CrossRef]
111. Routy, B.; le Chatelier, E.; DeRosa, L.; Duong, C.P.M.; Alou, M.T.; Daillère, R.; Fluckiger, A.; Messaoudene, M.; Rauber, C.; Roberti,

M.P.; et al. Gut microbiome influences efficacy of PD-1–based immunotherapy against epithelial tumors. Science 2018, 359, 91–97.
[CrossRef] [PubMed]

112. Gopalakrishnan, V.; Spencer, C.N.; Nezi, L.; Reuben, A.; Andrews, M.C.; Karpinets, T.V.; Prieto, P.A.; Vicente, D.; Hoffman, K.;
Wei, S.C.; et al. Gut microbiome modulates response to anti–PD-1 immunotherapy in melanoma patients. Science 2018, 359,
97–103. [CrossRef]

113. Matson, V.; Fessler, J.; Bao, R.; Chongsuwat, T.; Zha, Y.; Alegre, M.-L.; Luke, J.J.; Gajewski, T.F. The commensal microbiome is
associated with anti–PD-1 efficacy in metastatic melanoma patients. Science 2018, 359, 104–108. [CrossRef]

114. Wargo, J.A.; Gopalakrishnan, V.; Spencer, C.; Karpinets, T.; Reuben, A.; Andrews, M.C.; Tetzlaff, M.T.; Lazar, A.; Hwu, P.; Hwu,
W.-J.; et al. Association of the diversity and composition of the gut microbiome with responses and survival (PFS) in metastatic
melanoma (MM) patients (pts) on anti-PD-1 therapy. J. Clin. Oncol. 2017, 35, 3008. [CrossRef]

115. Pinato, D.J.; Howlett, S.; Ottaviani, D.; Urus, H.; Patel, A.; Mineo, T.; Brock, C.; Power, D.; Hatcher, O.; Falconer, A.; et al.
Association of Prior Antibiotic Treatment with Survival and Response to Immune Checkpoint Inhibitor Therapy in Patients with
Cancer. JAMA Oncol. 2019, 5, 1774–1778. [CrossRef] [PubMed]

116. Spencer, C.N.; Gopalakrishnan, V.; McQuade, J.; Andrews, M.C.; Helmink, B.; Khan, M.W.; Sirmans, E.; Haydu, L.; Cogdill, A.;
Burton, E.; et al. Abstract 2838: The gut microbiome (GM) and immunotherapy response are influenced by host lifestyle factors.
AACR Annu. Meet. 2019, 79. [CrossRef]

117. Dubin, K.; Callahan, M.K.; Ren, B.; Khanin, R.; Viale, A.; Ling, L.; No, D.; Gobourne, A.; Littmann, E.; Huttenhower, C. Intestinal
microbiome analyses identify melanoma patients at risk for check-point-blockade-induced colitis. Nat. Commun. 2016, 7, 1–8.
[CrossRef]

http://doi.org/10.1016/j.jim.2013.04.009
http://doi.org/10.1158/1078-0432.CCR-18-2795
http://www.ncbi.nlm.nih.gov/pubmed/30409824
http://doi.org/10.1016/j.critrevonc.2020.103187
http://doi.org/10.1200/JCO.2013.49.8691
http://doi.org/10.1093/annonc/mdx026
http://doi.org/10.1146/annurev-immunol-032713-120238
http://www.ncbi.nlm.nih.gov/pubmed/25581310
http://doi.org/10.1038/nrc3610
http://www.ncbi.nlm.nih.gov/pubmed/24132111
http://doi.org/10.1016/j.ccell.2018.03.015
http://doi.org/10.1126/science.aan3706
http://www.ncbi.nlm.nih.gov/pubmed/29097494
http://doi.org/10.1126/science.aan4236
http://doi.org/10.1126/science.aao3290
http://doi.org/10.1200/JCO.2017.35.15_suppl.3008
http://doi.org/10.1001/jamaoncol.2019.2785
http://www.ncbi.nlm.nih.gov/pubmed/31513236
http://doi.org/10.1158/1538-7445.am2019-2838
http://doi.org/10.1038/ncomms10391

	Introduction 
	Molecular Biomarkers 
	BRAF 
	NRAS 
	KIT 
	PTEN 
	MITF 
	CDKN2a 
	AXL 
	Maspin 
	Tumor Mutational Burden (TMB) 

	Immunological Biomarkers 
	PD-1/PDL-1 Expression 
	Tumour Infiltrating Lymphocytes 
	Regulatory T Cells (Tregs) and Circulating Myeloid-Derived Cells (MDSCs) 
	CD-73 
	IFN- Signature 
	Tumour Inflammation Gene Signature 
	Lymphocyte Activation Gene-3 (LAG-3 or CD223) 

	Peripheral Blood Markers 
	NLR, PLR, MLR and Peripheral Blood Counts 
	LDH and Multiparameter Combinations 
	Circulating Cytokines and Secreted Factors 
	Circulating Tumour DNA (ctDNA) 

	Gut Microbiota Biomarkers 
	Conclusions 
	References

