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Abstract: Advances and in-depth understanding of the biology of melanoma over the past 30 years have 

contributed to a change in the consideration of melanoma as one of the most therapy-resistant malignancies. The 

finding that oncogenic BRAF mutations drive tumor growth in up to 50% of melanomas led to a molecular therapy 

revolution for unresectable and metastatic disease. Moving beyond BRAF, inactivation of immune regulatory 

checkpoints that limit T cell responses to melanoma has provided targets for cancer immunotherapy. In this review, 

we discuss the molecular biology of melanoma and we focus on the recent advances of molecularly targeted and 

immunotherapeutic approaches.
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Introduction

Melanoma is a malignancy that arises from melanocytes, the 
pigment producing cells in the body that may be derived 
from a number of different anatomic sites including skin, 
mucosal surfaces, conjunctiva, and uveal structures. From 
the mid-1970s through the mid-2000s, an era that saw the 
rise and approval of many chemotherapeutic agents and the 
development of curative regimens for several malignancies, 
the survival of patients with metastatic melanoma went 
unchanged (1). In recent years there has been a veritable 
explosion of progress in understanding melanoma and 
in exploiting this information for clinical benefit. With 
the emergence of powerful molecular diagnostic tools, a 
number of genetic mutations and amplifications or deletions 
have been identified that appear to drive tumor growth and 

survival signaling and render these cells sensitive to small-
molecule inhibitors. This has led to the development of 
highly effective signal transduction targeted and immune-
targeted therapies. Since 2011, the FDA has approved six 
agents (ipilimumab, vemurafenib, dabrafenib, trametinib, 
pembrolizumab, and nivolumab) with four different 
mechanisms of action [cytotoxic T lymphocyte-associated 
antigen 4 (CTLA-4) inhibitor, BRAF inhibitors, MEK 
inhibitor, and PD-1 receptor inhibitor] (2-8). This is a 
review of the relevant discoveries regarding melanoma 
biology that have been or are beginning to be translated 
into transformative therapies.

The story of BRAF in melanoma

Two factors led to the molecular therapy revolution in 
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melanoma. The first was the finding that oncogenic 
mutations in BRAF are present and drive tumor growth 
in up to 50% of melanomas (9) with the vast majority of 
BRAF mutations being found in melanomas that arise 
from intermittently sun-exposed skin (9,10). The second 
was the proliferation of small-molecule kinase inhibitors to 
hit the clinic since 2002 when Philip Cohen predicted that 
protein kinases would become “the drug targets of the 21st 
century” (11). BRAF mutations are present in 10% to 20% 
of melanomas arising in mucosal or acral locations, but 0% 
of uveal melanomas (UMs) (9,12,13). The most frequent 
of the BRAF mutations is the T1796A point mutation that 
results in the substitution of valine (V) for glutamic acid (E) 
in the second position of codon 600 of exon 15 (V600E), 
which activates the protein and drives signaling though the 
MAPK pathway (9). Subsequently, variant mutations have 
been described involving codon 600, the so-called V600E2, 
as well as those that result in the substitution of valine with 
lysine (K) (V600K), aspartic acid (D) (V600D), or arginine 
(R) (V600R) in relatively small patient cohorts (14).  
V600K occurs in 20% of BRAF-mutant patients (15) and is 
associated with advancing age and chronic sun damage (16).  
The BRAF V600R mutation is the third most prevalent 
position 600 BRAF mutation and occurs in 5-7% of 
patients (17).

The BRAF mutations that have been characterized fall 
into two categories: those that cause RAS-independent 
activation of MEK and ERK (including BRAF-V600E) and 
those that have a minimal ability to directly phosphorylate 
MEK, but instead activate CRAF (RAF1) (18). Depleting 
BRAF-V600E in vitro decreases ERK activity and induces 
apoptosis whereas the depletion of BRAF mRNA in 
melanoma cell lines lacking a BRAF mutation has minimal 
effect (19). With BRAF-V600E functioning as the dominant 
oncoprotein in melanoma, depleting CRAF lacks these 
effects (19-21). In the setting of wild-type BRAF with 
upstream activation of the RAS pathway, inhibition of 
BRAF leads to increased CRAF activity and downstream 
MAPK pathway activity (22-24). This effect involves 
the enhancement of wild-type RAF oligomerization in 
the context of upstream pathway activation besides the 
suppression of monomeric, catalytically active BRAF-
V600E by the BRAF inhibitor. This may explain why 
stably expressed BRAF siRNA in BRAF-V600E human 
melanoma cells transplanted into immunocompromised 
mice greatly slowed the growth of these xenografts, but did 
not completely abrogate tumor growth (21).

Initial efforts to therapeutically target BRAF were 

focused on small molecules that block a wide range 
of kinases including RAF (sorafenib, RAF265). Not 
surprisingly, these agents never were associated with the 
dramatic effects of the more potent and specific BRAF 
inhibitors (25,26). Eventually inhibitors that preferentially 
targeted mutant isoforms of RAF (particularly at the  
600 position) (3,14,27) or MEK1/2 (4,28) were tested in 
the clinic and have revolutionized the treatment of BRAF-
mutant melanoma. But despite the successes of single-agent 
BRAF and MEK inhibitors for the treatment of metastatic, 
BRAF-mutant melanoma, the reality is that most patients 
develop disease progression after 6 or 7 months and only 
a small percentage of patients remain progression-free 
beyond a year (2,6,13,14).

Mechanisms of resistance to MAPK pathway inhibition 
can be subdivided according to their temporal occurrence 
into intrinsic, adaptive and acquired resistance. Intrinsic 
resistance to BRAF inhibition occurs in almost 50% of all 
patients with 15% of patients showing no tumor shrinkage 
at all and 35% of patients achieving only limited tumor 
reduction. The other 50% of patients initially show tumor 
shrinkage but subsequently undergo progressive disease 
with tumor outgrowth because of acquired resistance. 
Adaptive resistance occurs within hours of drug exposure 
and reflects the dynamic re-adjustment of signaling 
pathways at the cellular level (29).

MAPK reactivation in BRAF mutant melanoma

Two major paths to acquired resistance have been 
recognized: MAPK-dependent and MAPK-independent. 
MEK/ERK pathway reactivation has been described as 
the mechanism of resistance to BRAF inhibitors in the 
majority of cases (30-36). This may be achieved through 
mechanisms including expression of alternative splicing 
forms of BRAFV600E (p61 BRAF-V600E), amplification 
of BRAFV600E, the acquisition of activating mutations 
in NRAS or MEK (MAP2K1), or loss of NF1. Similarly, 
COT (MAP3K8) overexpression drives resistance through 
ERK activation independent of RAF signaling (23,31-33, 
37-39). Up-regulated receptor tyrosine kinases (RTKs) 
signal through the SRC-family kinases (SFKs) and lead to 
pathway reactivation and resistance (Figure 1).

BRAF inhibitors mediate a curious paradox: although 
they inhibit MEK/ERK signaling in BRAF mutant cells, 
they activate MEK/ERK signaling in RAS mutant cells. 
This is because, in the presence of oncogenic RAS, BRAF 
inhibitors drive the formation of BRAF-CRAF hetero- 
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and homo-dimers containing one partner that is drug 
bound and one partner that is drug-free. The drug-
bound partner drives activation of the drug-free partner 
through scaffolding or conformational functions, activating 
CRAF and, consequently, stimulating MEK and ERK 
hyperactivation (22,24,40). MAPK restoration on the 
level of RAF can also occur through increased expression 
and subsequent dimerization of CRAF (41). To overcome 
both resistance and paradoxical activation of the MEK/
ERK pathway, strategies to achieve increased inhibition 
of the pathway by combined targeting of BRAF and MEK 
have been tested. The combination of dabrafenib, a BRAF 
inhibitor, with trametinib, a MEK inhibitor, has been 
approved by FDA for treating patients with mutant BRAF 
melanomas (3,42).

Downstream and independent of RAF, expression of the 
MAPK kinase COT is an additional mechanism of ERK 
reactivation (31). Further downstream and also independent 
of ERK1/2, repression of two important apoptotic BH3-
only genes, BIM-EL and Bmf, has been observed in the 
context of resistance (43).

A mutation in MAP2K1/MEK1 (C121S) has been first 
described by targeted sequencing of a cancer gene panel 
in a tumor obtained from a patient with melanoma who 
developed resistance after an initial dramatic response to 

vemurafenib (44). MEK mutations can be detected in 3-16% 
of BRAF inhibitor-resistant patients (45,46). Carlino et al. 
identified patients with both BRAFV600E and MEK1P124 
mutant melanoma as a subgroup that is likely to have a 
poor response to single agent BRAF inhibition but may 
benefit from combination therapies involving MEK or ERK 
inhibitors (47) (Figure 1).

NRAS mutations

Mutations upstream of BRAF, in particular activating NRAS 
mutations occurring at either codon 12 or codon 61 and 
loss-of-function mutations of NF1, are the MAPK pathway 
drivers in nearly 30% of melanomas (48-50). Melanoma 
with NRAS mutations frequently occurs on the trunk (51) 
or on the upper (52,53) or lower extremities (54).

NRAS and BRAF-V600E mutations are considered to 
be mutually exclusive and have differential importance in 
melanoma pathophysiology as both of them are sufficient 
to constitutively activate the MAPK pathway, whereas 
NRAS is thought to simultaneously activate the PI3K 
pathway (55). There is some evidence for the co-occurrence 
of non-V600E BRAF mutations together with NRAS 
mutation (22). Indeed, mutations in NRAS were the first 
oncogenic mutations identified in melanoma, almost  

Figure 1 Key pathways and therapeutic targets in melanoma. Designed using the ingenuity pathway analysis (IPA) software (Available 
online: https://www.ingenuity.com/). PKC, protein kinase C; ERAS, ES cell-expressed Ras; NRG-1, neuregulin; MITF, microphthalmia-
associated transcription factor.
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20 years before the discovery of BRAF mutations. It was in 
1984 that Albino et al. found a NRAS mutation in 1 of 5 cell 
lines established from different metastases of a melanoma 
patient (56). One year later, similar observations were also 
published by Padua et al. (57).

The NF1 tumor suppressor gene encodes a RAS 
GTPase- activating protein (RAS GAP) neurofibromin, 
which negatively regulates RAS by catalyzing the hydrolysis 
of RAS-GTP to RAS-GDP (58) (Figure 1). NF1 mutations 
can contribute to melanoma development in at least two 
genetic settings via distinct mechanisms. One is that in the 
presence of activating BRAF mutations, NF1 loss prevents 
BRAF-induced senescence of melanocytes. The second is 
that in the presence of inactivating BRAF mutations NF1 
mutations co-occur with NRAS mutations and that all three 
RAS (NRAS, KRAS and HRAS) isoforms are required for 
the tumorigenic properties of these cells (50).

Selective pharmacological inhibition of NRAS remains 
technically challenging because its GTPase activity has 
so far precluded the successful design of specific small-
molecule antagonists. Also the lower tumor-infiltrating 
lymphocyte (TIL) grade for melanoma with NRAS 
mutations suggests it has a more immunosuppressed 
microenvironment, which may affect its response to 
immunotherapies (54). Farnesyltransferase inhibitors 
(FTIs) were hoped to inhibit RAS activation by blocking 
farnesylation, a key post-translational modification of  
RAS (59) that is also common in many membrane-localized 
proteins. The FTI tipifarnib was evaluated in a single-
agent, single-arm phase II trial in patients with metastatic 
melanoma, but the lack of responses among the first  
14 patients led to the early closure of the trial (60). The 
MEK inhibitor binimetinib is associated with a 20% 
response rate and a median PFS of 4 to 5 months in NRAS-
mutant melanoma patients (28). A randomized phase II trial 
of the MEK inhibitor pimasertib compared to dacarbazine 
has completed enrollment (NCT01693068) while a 
randomized phase III trial comparing binimetinib with 
dacarbazine is underway (NCT01763164).

Even if the phase III trial of binimetinib demonstrates 
a significant improvement in PFS, the great majority of 
patients will be in need of next-line therapy within 6 to 
8 months. Much less is known about resistance to MEK 
inhibitors in NRAS-mutant melanoma than resistance 
to BRAF inhibitors in BRAF-mutant melanoma. In the 
seminal study of Kwong et al. genes regulating the cell 
cycle, particularly cyclin-dependent kinase 4 (CDK4) were 
identified as top candidates for mediating MEK inhibitor 

resistance in NRAS-mutant melanoma (61). Combining 
a MEK inhibitor with a CDK4/6 inhibitor was associated 
with better outcomes than either single agent alone in 
NRAS xenograft models (61) (Figure 1). The first clinical 
trial of a MEK-plus-CDK4/6 inhibitor (binimetinib 
plus LEE011) combination demonstrated tolerability at 
reasonable doses of both agents, reduction in tumor volume 
in most patients, and a 33% response rate in NRAS-mutant 
patients (62). A similar trial evaluating the combination of 
trametinib plus palbociclib is currently open for patients 
with all solid tumors (NCT02065063).

The role of PI3K/AKT pathway in melanoma

The MAPK signaling pathway is deregulated in more 
than 70% of melanomas (NRAS and BRAF mutations) 
but the PI3K/AKT signaling pathway is also found to be 
deregulated in more than 50% of these tumors, in part 
due to genetic mutations and in part due to altered post 
translational modifications. In addition, the PI3K/AKT 
pathway, with or without concomitant MAPK reactivation 
represents an alternative path of resistance to BRAF 
inhibitors. Increased expression of the insulin-like growth 
factor 1 receptor (IGF1R) and expression of hepatocyte 
growth factor (HGF) by stromal cells mediate AKT 
signaling causing BRAF inhibitor resistance (34,36,63). 
Loss of PTEN, or deregulation of other genes (e.g., 
AKT3, BCL2A1, IGF1, and PIB5PA), can also activate 
the PI3K pathway and cause resistance to BRAF inhibitors 
(64-68). Approximately 70% of melanomas with mutated 
BRAF also exhibit inactivation of the tumor suppressor 
PTEN resulting in constitutive activation of the PI3K 
signaling pathway (48) (Figure 1). PTEN is functionally 
lost in the majority of melanomas by mutation, loss of 
heterozygosity (LOH) and chromosomal loss, methylation-
induced transcriptional silencing, or microRNA-dependent 
mechanisms (69-71). Interestingly, concurrent mutation in 
BRAF and diminished expression of PTEN are common 
in melanomas (72,73). For instance, in melanocytic nevi 
BRAF mutations although initially act mitogen-like 
manner, eventually, oncogene-induced senescence (OIS) 
ensues. PTEN depletion abrogates BRAFV600E-induced 
senescence in human fibroblasts and melanocytes and in 
murine BRAFV600E-driven nevi depletion of PTEN 
prompts tumor progression. Therefore the PI3K pathway 
activation serves as a rate-limiting event in melanomas that 
arise from nevi, acting by abrogating OIS (74).

The ES cell-expressed Ras (ERAS) proto-oncogene, 
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is a recently discovered member of the Ras family which 
encodes a protein of 227 amino acids sharing 43%, 
46%, and 47% identity with HRAS, NRAS, and KRAS, 
respectively (75). Overexpression of ERAS causes resistance 
to BRAF inhibition through hyperactivation of AKT (76) 
(Figure 1). PI3K/AKT pathway inhibits apoptosis by AKT-
mediated phosphorylation of the proapoptotic protein 
BAD at S136 (77). Serine 112 is another site of BAD 
phosphorylation regulated by MAPK signaling (78,79), 
and a full apoptotic response is only achieved when both 
BADS112 and BADS136 residues are dephosphorylated 
through the suppression of both AKT and MAPK  
pathways (80) (Figure 1).

Furthermore HGF signaling induces resistance to BRAF 
inhibition, because HGF is a known regulator of BAD (81).  
Perna et al. showed that ERAS-expressing melanoma cells 
have a higher threshold for the induction of apoptosis 
and are less sensitive to BRAF inhibitor treatment. ERAS 
confers resistance to BRAF inhibition by promoting the 
hyperphosphorylation of BADS112 and BADS136, thus 
counteracting the inhibition of the MAPK pathway and 
dephosphorylation of BADS112 alone (76). Combining an 
AKT inhibitor with a BRAF inhibitor could reverse this 
phenotype (76). Treatment of cells with the BAD-like BH3 
mimetic compound ABT-737 partially rescued the resistance 
phenotype-induced by HGF, supporting the role of BAD 
and the Bcl-2 family in this mechanism of resistance (76).  
Because HGF-dependent resistance operates in patients 
where stromal expression of HGF can be detected, 
regulation of the activity of BAD is relevant in determining 
the response of melanomas to BRAF inhibition. Noting 
that several components of the Bcl-2 family of proteins have 
been linked to the response of cells to ABT-263/ABT-737, 
like MCL-1, BAX, and BIM (82,83), a complex interplay 
between these proteins and BAD could mediate the overall 
resistance phenotype in response to HGF.

Three AKT kinase family members, AKT1/protein 
kinase B (PKB) α, AKT2/PKBβ, and AKT3/PKBγ have 
been identified in human cells sharing extensive structural 
similarity (84). However, AKT3 is the predominant isoform 
active in advanced stage melanomas and AKT3 pathway 
signaling occurs in almost 70% of melanomas functioning 
to promote tumorigenesis by deregulating apoptosis (85) 
(Figure 1). The AKT substrate PRAS40 (proline-rich AKT 
substrate of 40 kDa) (86) has been identified as an important 
substrate of the AKT3 kinase, which regulates the apoptotic 
sensitivity of melanoma cells, thereby promoting melanoma 
tumorigenesis (87). The majority of melanomas from 

patients with high levels of phosphorylated (active) AKT 
also have correspondingly higher levels of phosphorylated 
PRAS40 (pPRAS40) (85) (Figure 1). PRAS40 is an important 
downstream target of AKT3 in melanomas, whose 
phosphorylation leads to pathway signaling that deregulates 
apoptosis. Targeting PRAS40 or inhibiting upstream AKT3 
similarly increased melanoma cell apoptotic sensitivity, 
causing reduced anchorage-independent growth in culture 
and delayed tumor development in mice (87).

Phosphoinositide-dependent kinase 1 (PDK1), an 
immediate downstream effector of PI3K, is a master kinase 
able to phosphorylate more than 20 members of the AGC 
kinase family, which includes PKA, AKT, protein kinase C 
(PKC), p70S6k, and SGK (88). Serum- and glucocorticoid-
induced protein kinases 1, 2 and 3 (SGK1, SGK2, and 
SGK3) are the three isoforms of the SGK family of AGC 
kinases. SGKs exhibit similar substrate specificity to AKT, 
and both kinases influence the activity of proteins involved 
in cell growth, survival, and migration (89). SGKs have 
been identified as key mediators of PDK1 activity in PTEN 
wild type melanomas (90). PI3K inhibitor can synergize 
with PDK1 inhibitors in suppressing BRAFV600E PTEN 
wild type melanoma growth. PDK1 inhibitor-sensitive 
melanomas express low levels of pigmentation genes 
associated with microphthalmia-associated transcription 
factor (MITF) signaling while PDK1 inhibitor-resistant 
melanomas express inflammation-related genes, including 
IL6 and IL3 (90). In addition PDK1-deficient melanomas 
were found to exhibit  reduced ZEB1 and MMP3 
expression, pointing to the role of PDK1 in control of the 
EMT, and explaining the reduced metastasis observed in 
vivo and attenuated growth in 3D in culture. Inhibition of 
either PDK1 or SGK3 decreased the phosphorylation of 
4EBP1, pointing to possible role of these AGC kinases in 
the regulation of CAP-dependent translation (Figure 1). 
Interestingly CAP-dependent translation and specifically 
eIF4F, another component of this translation initiation 
complex, was recently linked with resistance to BRAF and 
MEK inhibitors in BRAF-mutant melanoma, colon, and 
thyroid cancer cells (91).

Pretreatment  overexpress ion of  ant iapoptot ic 
BCL2 family members, namely BCL2 and BCL2A1, 
has also been associated with resistance to BRAF 
inhibitors and may be an alternative explanation for 
the limited apoptosis associated with BRAF inhibitors 
(65,92). In resistant melanoma cell lines, vemurafenib 
or selumetinib either fail to suppress phosphorylated 
ERK (P-ERK) or resistance emerges through the 
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activity of mammalian target of rapamycin (mTOR), 
despite P-ERK suppression and BIM induction (93).  
This suggests that BIM regulation is MAPK-dependent, 
but independent of mTOR and BIM up-regulation is not 
always sufficient to promote apoptosis (93) (Figure 1). 
Combining vemurafenib with an mTOR or PI3K inhibitor 
improved cell killing in BRAF-mutant melanomas with 
ERK-independent resistance to MAPK inhibition (93).

Adaptive resistance

In contrast to acquired resistance, much less is known about 
the adaptive mechanisms that are rapidly switched on in 
the presence of RAF inhibitor and promote cell survival. 
The transduction of signals from activated RTKs has been 
termed “signalability” (94). This signalability is markedly 
suppressed in BRAFV600E melanomas, which have high 
levels of ERK-dependent feedback and markedly decreased 
sensitivity to extracellular ligands.

BRAF-driven tumors are relatively insensitive to secreted 
growth factors because of the inability of ligands to induce 
signaling (95). However, ERK inhibition reduces the ERK-
dependent feedback, growth factors can signal, and the 
antitumor effects of the inhibitor are attenuated. Thus, 
the signaling network is radically changed and reactivated 
as an adaptation to inhibition of ERK signaling (94,95). 
Acquired EGFR and platelet-derived growth factor receptor 
B (PDGFRB) expression has been found after resistance to 
BRAF and MEK inhibitors as a result of an adaptive response 
of the cancer cell population during drug selection (96).

In vitro, MAPK signaling recovers rapidly following 
BRAF inhibition, in part through the relief of feedback 
inhibition in the pathway and an increased sensitivity to 
growth factors such as EGF, neuregulin (NRG-1), HGF 
and fibroblasts growth factor (FGF) (95). In this context, 
reactivation of MAPK signaling following BRAF inhibition 
is important for therapeutic escape with increased levels 
of cell death and tumor regression being seen when BRAF 
and MEK are co-targeted (95,97). Initial preclinical 
models indicate a resetting of the ERK pathway (95) and 
up-regulation and enhanced NRG1 activation of ERBB3 
in BRAFV600 melanoma cells (98). In the presence of 
NRG1, ERBB3 hetero-dimerizes with ERBB2 to become 
active (Figure 1). Vemurafenib treatment relieves a negative 
feedback on ERBB3 transcription, resulting in an increase 
of ERBB3 at the membrane (Figure 1) (99). Enhanced 
ERBB3 signals in concert with ERBB2 leading to activation 
of the PI3K–AKT pathway (36,67,100). Treatment with 

the anti-ERBB3 monoclonal antibody huHER3-8 out-
competes NRG1, prevents the activation of ERBB3 and 
AKT signaling and enhances the efficacy of vemurafenib 
treatment (99).

Metabolism and ketones can be a potential 
Achilles’ heel for BRAF mutant melanoma

Oncogenic BRAF not only controls cell proliferation 
and survival but also is directly linked to metabolic 
reprogramming of melanoma cells. Slow-cycling tumor cell 
populations (such as JARID1B-positive melanoma cells) 
and tumor cells with an EMT-like phenotype contribute 
signifıcantly to tumor maintenance and growth and support 
adaptation and survival during a major stress situation as the 
sudden interruption of MAPK signaling (101). Different 
types of cancer, including melanoma, harbor populations of 
quiescent cells that are drug resistant and whose chromatin 
states can switch dynamically and reversibly (102). Such 
quiescent cells are characterized by high expression of the 
chromatin-remodeling factor JARID1A. The histone 3 
lysine 4 demethylase JARID1B/KDM5b, a close homologue 
of the chromatin-remodeling factor JARID1A, is a marker 
for a small subpopulation of slow-cycling cells which are 
essential for continuous tumor growth and repopulation 
of melanoma (103). In contrast to classic cancer stem cells, 
this slow-cycling phenotype could be acquired also by cells 
of the rapidly proliferating tumor bulk. Depending on 
the oxygen level, a dynamic interconversion between the 
rapidly proliferating JARID1B-low and the slow-cycling 
JARID1B-high phenotype has been observed. Slow-cycling 
JARID1B-high melanoma cells display multi-drug resistance 
irrespective of the agents used, suggesting a high intrinsic 
capacity for survival of this subpopulation (103,104). In 
JARID1B-high cells glycolysis is down-regulated as indicated 
by low hexokinase expression while a significant activation of 
the citrate cycle and oxidative phosphorylation occurs. The 
addition of inhibitors of the mitochondrial electron transport 
chain (phenformin, rotenone) or ATP synthase (oligomycin 
A, Bz-423) to vemurafenib significantly improved drug 
susceptibility and eliminated the intrinsically resistant slow-
cycling JARID1B-high subpopulation in vitro and in mouse 
xenografts (103,104).

A “rewiring” between metabolic and cell signaling 
pathways was reported by Kang and colleagues. Active 
BRAF up-regulates its synthetic lethal partner, 3-hydroxy-3-
methylglutaryl-CoA lyase (HMGCL), through an octamer 
transcription factor Oct-1 (105) (Figure 1). Subsequently 
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increased intracellular levels of HMGCL product, 
acetoacetate (AA), selectively enhance binding of BRAF 
V600E but not BRAF wild-type to MEK1 in V600E-positive 
cancer cells and promote activation of MEK-ERK signaling. 
Therefore this synthetic lethal interaction can be used to 
good effect in the clinic. Kang et al. showed that biopsy 
samples from patients with BRAFV600E melanomas have 
increased levels of HMGCL expression while knockdown of 
HMGCL compromises the growth of human BRAFV600E-
mutant melanomas in immunocompromised mice (105).

Ran signaling in melanoma

The GTPase Ran protein is one of the four key components 
(CRM1/Exportin 1, RAN/RAN-GTPase, RANGAP1 and 
RANBP1) of the nucleocytoplasmic transport machinery. 
In two BRAF mutant melanoma cell lines A375 and 526, 
Ran, Aurora Kinase A (AurkA) and TERT were found to be 
significantly overexpressed, while c-myc and PTEN were 
down-regulated (106). AurkA is one member of a serine/
threonine kinase family, which compromises three elements 
(Aurk A, B and C) that are essential components of the 
mitotic pathway (107). Overexpression of these kinases has 
been observed in several tumor types and is associated with 
advanced clinical stage and poor prognosis (108,109).

Caputo et al. found that Ran knockdown down-regulates 
AurkA in melanoma cells, suggesting that AurkA protein is a 
Ran downstream target (106). Additionally AurKA inhibition 
induced PTEN up-regulation and its action was independent 
of BRAF mutational status (Figure 1). For instance the 
SK23Mel BRAF wild type melanoma cell line was also 
sensitive to treatment with AurkA inhibitor suggesting the 
role of the Ran-AurkA pathway in melanoma without BRAF 
mutations. High Ran and AurkA gene expression was found 
in about 48% and 53%, respectively, of 113 tissue samples 
from metastatic melanoma patients (106). Therefore there 
are further possible options for personalized therapy in 
melanoma alongside treatments targeting BRAF.

KIT alterations in melanoma

Mutations and amplification of KIT are observed in 
3% of all melanomas, and are more common in disease 
arising from mucosal, acral or chronically sun-damaged 
surfaces. Interestingly, 20% to 30% of melanomas arising 
in mucosal, acral or chronically sun-damaged skin harbor 
a mutation or genomic amplification of KIT, a known 
oncogene with validated inhibitors, which is rarely 

aberrant in cutaneous melanoma (110). The mutations are 
in most cases substitution mutations mutually exclusive 
of BRAF and NRAS mutations and often affect the 
juxtamembrane or kinase domains of KIT. Activating 
KIT mutations lead to constitutive activation of KIT 
tyrosine kinase activity, stimulate the MAPK and PI3K–
AKT pathways and may predict response to tyrosine kinase 
inhibitors such as imatinib, nilotinib, or dasatinib (55,111)  
(Figure 1). Indeed, there is evidence that a ratio of the 
presence of KIT mutant to wild-type alleles within a tumor 
greater than one predicts improved response to targeted 
therapies (110), which suggests that amplification of wild-
type KIT is not predictive of a favorable response. The most 
common melanoma KIT mutation is L576P, which is found 
in approximately one-third of cases (112). There are case 
reports as well as clinical trials reporting the clinical testing 
of imatinib (110,113-116), dasatinib (117), sorafenib (118), 
and nilotinib (119). Furthermore, at least in gastrointestinal 
stromal tumors (GISTs), the acquisition of additional KIT 
mutations affecting the tyrosine kinase domains in exons 
13 and 17, is a common mechanism of resistance to KIT-
targeted drugs (120) but this was not the case in the phase 
II study of nilotinib in melanoma harboring KIT alterations 
following progression to imatinib (121). Rather, the limited 
data available suggests that, in melanoma, the development 
of secondary NRAS mutations (122) and activation of the 
mTOR pathway by alternative mechanisms may result in 
secondary resistance (123).

GNAQ and GNA11 mutations in uveal melanoma 
(UM)

UM, which accounts for about 5% of all melanomas, is a 
genetically and biologically distinct type of melanoma that 
arises from choroidal melanocytes (124). More than 80% 
of UMs contain a mutation in 1 of 2 G-protein subunits, 
GNAQ and GNA11, rarely seen in cutaneous melanoma 
(125-127) (Figure 1). GNAQ and GNA11 mutations in 
melanoma affect codons 209 (approximately 95%) or  
183 (5%) and result in complete or partial loss of GTPase 
activity, respectively, thereby leading to constitutive 
activation of downstream effector pathways (128,129). 
Mutant GNAQ and GNA11 directly activate PKC while 
MAPK pathway activation occurs as a consequence of PKC 
activation and can be partially or temporarily suppressed by 
PKC inhibitors, slowing tumor growth activate the MAPK 
pathway (126,127,130,131) (Figure 1).

Other melanoma gene mutations that offer therapeutic 
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insights include CDNK2A deletions, MITF amplification/
alteration resulting in dysregulation of “druggable” 
antiapoptotic proteins, and PTEN disruption leading to 
PI3K/AKT activation (132). Increased expression of MITF 
contributes to melanoma progression and resistance to 
BRAF pathway inhibition. Müller et al. showed that lack 
of MITF is associated with more severe resistance to a 
range of inhibitors, while its presence is required for robust 
drug responses. MITF levels inversely correlate with the 
expression of several activated RTKs, most frequently AXL. 
The MITF-low/AXL-high/drug-resistance phenotype is 
common among mutant BRAF and NRAS melanoma cell 
lines. AXL inhibition enhances melanoma cell elimination 
by BRAF or ERK inhibition (133).

The continuing discovery of recurrently mutated 
melanoma genes and the lack of identified driver mutations 
in the subtype without NRAS or BRAF mutation suggest 
that genetic understanding of this malignancy remains 
incomplete (134).

The main actors of the immune system in 
melanoma

Many years ago, the first published evidence, demonstrating 
the presence of a rich intratumoral lymphocytic infiltrate 
in cutaneous melanoma, suggested the existence of a host 
immune response against autologous tumor. Moreover, 
the authors demonstrated that, when TILs are stimulated 
with IL-2, they acquire clonal expansion and cytolytic 
activities against melanoma cells, presenting an innovative 
method for the generation of lymphocytes with specific 
antitumor competence, potentially useful in the adoptive 
immunotherapy of tumors (135). From that time, the key 
components of the innate and adaptive immunity, with their 
intricate network of cell-to-cell interactions through the 
secretion of chemokines, cytokines and growth factors, have 
progressively been identified and understood both in their 
physiological and pathological functions (136).

The innate immunity refers to the first nonspecific 
defense mechanisms, mainly mediated by macrophages, 
granulocytes and antigen-presenting cells (APC), and 
induced by the appearance of an unrecognized antigen in the 
body. Macrophages are a population of cells deriving from 
circulating monocytes. In melanoma lesions, the low tumor-
associated macrophage (TAM) to tumor ratio correlates 
with cancer aggressiveness and metastasis, whereas the high 
macrophage to tumor ratio is associated with antitumor 
response (137). However, the tumor itself can modulate 

macrophage polarization inducing the production and release 
of pro-tumor cytokines (macrophage dysfunction) (138).  
Myeloid-derived suppressor cells (MDSC) increase the 
expression of pro-inflammatory factors, inhibiting the 
activity of T and natural killer (NK) cells (139). In patients 
affected by metastatic melanoma, MDSC population is 
increased compared with healthy donors and patients with 
localized disease (140). The dendritic cells (DC) present 
a crucial role in processing and presenting the antigens. 
Despite the high proportion of DC within the sentinel 
lymph nodes of melanoma patients, DCs usually present 
phenotypic and functional defects that facilitate tumor 
progression and diffusion. It seems that the degree of DC 
maturation could affect immune response: mature DCs 
maintain antitumor activity whereas immature DCs are 
associated with tolerance (141-143). The NK is a population 
of innate immune cells mediating apoptosis of the target 
through the releasing of granules containing perforin 
and granzymes (144). The relevance of the function of 
NK cells in cancer immunity has been demonstrated in 
murine models, where the induction of NK activation via 
IL-15 could eradicate advanced tumors, independently 
from the presence of activated T lymphocytes (145).  
In melanoma lesions, similar to other immune cells, there are 
an increased number of NK cells that are functionally altered, 
resulting in a less cytotoxic effect against cancer (146,147).

Unlike innate immune responses, the adaptive immunity is 
antigen-specific and provides long-lasting protection thanks 
to the presence of an immunologic memory. Adaptive immune 
response is sustained by two different classes of white blood 
cells: B and T lymphocytes (these last including CD4+ and 
CD8+), mediating the antibody and the cell-mediated immune 
responses, respectively. A robust lymphocytic infiltration, 
enriched in CD4+/CD8+ and NK cells, was demonstrated 
to be strongly associated with improved clinical outcome in 
patients with cutaneous melanoma (148-151). Moreover, the 
existence of several melanoma-induced immunomodulation 
strategies has been widely validated, such as the reduction in 
peripheral and nodal lymphocytes, mediated by the induction 
of an imbalance between inhibitory and stimulatory immune 
factors (152,153).

Despite the fact that CD4+ lymphocytes have long been 
considered as helper cells, sustaining the activation and 
proliferation of CD8+ T and B cells, some recent preclinical 
evidence supports more relevant antitumor activity (154,155). 
In a melanoma mouse model, the adoptive transfer of 
tumor-reactive CD4+ lymphocytes into lymphopenic 
recipients induced T cells expansion and differentiation, 
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leading to the regression of large established tumors (156). 
However, different types of melanoma-associated antigens 
(such as Melan-1 and NY-ESO-1) have been related to 
different prognostic impact of CD4+ T cell responses in 
late-stage melanoma patients (157,158). In this regard, 
further studies are currently ongoing to clarify the role and 
potential therapeutic implications of CD4+ in melanoma. A 
peculiar subtype of CD4+, called regulatory T-cells (Tregs), 
plays an essential role in the immune homeostasis by 
modulating physiological and pathological processes (159).  
This subtype is characterized by the expression of the 
transcription factor forkhead box P3 (FOXP3), mediating 
Tregs’ suppressive functions (160). Much published evidence 
has demonstrated that functionally immunosuppressive Tregs 
are overexpressed both in peripheral blood of advanced 
melanoma patients and in tumor microenvironment of 
primary tumors, lymph nodes and metastatic lesions  
(161-164). Although the prognostic role of Tregs 
infiltration is still under investigation, several retrospective 
studies reported that the accumulation of Tregs in tumor 
microenvironment predicts local recurrence and reduced 
overall survival (165-168). The ratio between functional 
tumor-infiltrating effector lymphocytes and Tregs in 
particular seems to represent the most reliable variable 
correlated with favorable clinical outcome (169). The 
treatment with IL-2 increased the number of CD4+ FOXP3+ 
Tregs that remain elevated in progressing patients, but 
decrease in responding patients, suggesting that the balance 
between Tregs and effector lymphocytes may impact on 
clinical outcome and on response to treatment (170).

The tumor infiltrating cytotoxic CD8+ lymphocyte is a 
key component of the adaptive immune response against 
melanoma-associated antigens (such as Melan-A and 
MART-1) and represents a prognostic factor, predicting 
improved survival in advanced-stage melanoma patients (171). 
Much evidence is available demonstrating that, whereas 
the circulating CD8+ cells sustain a strong inflammatory 
response and cytotoxic activities, those that belong to 
the tumor microenvironment are functionally tolerant 
(172,173). The exhaustion profile of CD8+ cells, leading 
to their inability to proliferate and produce stimulatory 
cytokines (such as IL-2, IFN and TNF), is mediated by 
the up-regulation of inhibitory signaling pathways as those 
induced by CTLA-4 and PD-1 (174).

Similar  to what has  been observed with the T 
lymphocytes counterpart, an increased density of tumor-
infiltrating B cells, CD19+CD80+ in particular, correlates 
with a favorable disease outcome in patients with cutaneous 

melanoma (175,176). Moreover, also for B lymphocytes it 
has been demonstrated that the disturbed homeostasis of B 
cells, induced by an unbalanced tumor microenvironment, 
provides a mechanism supporting the cancer immune escape. 
In advanced melanoma patients, the B cell population is 
hyporesponsive to stimulation by CD40 and TLR9 and 
therefore unable to induce CD4+ T lymphocytes response. 
The degree of B cell dysfunction correlates with extent of 
loss of memory CD27+ B cells in peripheral blood (177).  
Moreover, the existence of pro-tumor B lymphocytes 
specifically polarized by pro-inflammatory cytokines in 
order to favor cancer growth and metastasis through the 
interaction with the adhesion molecule MUC18 has been 
validated in melanoma patients (178,179).

In addition to the different cell populations, some 
relevant pathways, closely interacting with the immune 
sys tem,  are  recognized as  cruc ia l  for  melanoma 
development and progression (180). The MAPK signaling 
pathway has already been described in depth and a 
further paragraph will explain the rationale supporting 
the combination strategy with immunotherapy. Several 
reports demonstrated that the constitutive activation of 
STAT3 in cancer cells induces an immunosuppressive 
reaction. STAT3-activated melanoma inhibits multiple 
suppressive cytokines such as IL-6, IL-10 and VEGF 
and concurrently induces the expansion and activation of 
MDSC, Tregs and activated T cells (181). Considering 
the wide range of functions involving STAT3, the 
identification of active STAT3 inhibitors may potentially 
allow to reverse immunosuppression acting on both cancer 
and immune cells. Several inhibitors targeting STAT3 but 
also the upstream molecules, such as JAK, are currently 
under investigation (180). Recently, a melanoma-cell-
intrinsic oncogenic pathway contributing to the lack of 
T cell infiltration has been identified and validated. The 
expression of WNT/β-catenin pathway has been related to 
the absence of TILs and to the resistance to anti-PD1 and 
anti-CTLA-4 monoclonal antibody therapy (182).

Immunomodulatory pathways

The precise regulation of the immunological synapses, 
a nanoscale connection between immune cells, allows 
the host to defend against a wide range of pathogens and 
damaged autologous cells, concurrently attenuating excessive 
systemic inflammation and preventing the development of 
autoimmunity processes (183). Unfortunately, these crucial 
processes provide alternative pathways by which tumor 
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can escape the immune response. To date, several immune 
receptor-ligand pairs, inducing a stimulatory or an inhibitory 
signaling, have been identified as potential targets for a 
pharmacological approach with monoclonal antibodies (184).

Unlike the widely investigated checkpoint inhibitors, to 
date only preliminary evidence is available for stimulatory 
immune receptors. CD137 is a member of the tumor 
necrosis factor (TNF) receptor family, expressed on the cell 
surface after lymphocyte activation, strongly supporting 
T cell activation and proliferation, cytokine release and 
cytolytic activity (185,186). Moreover, preclinical evidence 
demonstrated that agonistic CD137-specific antibodies 
may up-regulate CD137 expression on NK cells, enhancing 
cell degranulation and NK-mediated antibody-dependent 
cellular toxicity (ADCC) (187). Other members of the 
same TNF superfamily, such as CD40 and CD27, have 
been demonstrated to be able to stimulate different types of 
immune cells (APCs, NK and B cells) in order to enhance 
the immune response (188,189). Glucocorticoid-induced 
tumor necrosis factor receptor (GITR) family-related 
protein is a costimulatory molecule activating proliferation 
and effector functions of T lymphocytes, concurrently 
inhibiting Tregs (190). Unlike the previously described 
receptors, OX40 exerts its stimulatory activity by enhancing 
T cell proliferation and survival, instead of inducing T cell 
functional activation (191). Considering the impressive 
results already obtained and the great expectations deriving 
from immunotherapy against cancer, several monoclonal 
antibodies targeting these emerging costimulatory receptors 
are currently under investigation in early phase clinical 
trials (184).

To date, the most successful immunotherapy approach, 
first discovered and validated in melanoma and now 
widely investigated in several types of tumors, is immune 
checkpoint inhibition. The CTLA-4 represents the first 
checkpoint inhibitor to be identified and effectively 
targeted (192). CTLA-4 is expressed by functionally 
active T lymphocytes and Tregs and exerts its inhibitory 
activity through the binding with two ligands (B7-1 or 
CD80 and B7-2 or CD86) on APC (193) (Figure 2). 
Preclinical studies on mice demonstrated that the loss 
of CTLA-4 leads to a massive lymphoproliferation with 
a rapidly evolving fatal multi-organ tissue destruction 
(194,195). CTLA-4 down-modulates T cells function 
through the recruitment of two phosphatases (SHP2 
and PPA2), constitutively activating the T cell receptor 
(TCR)-specific kinases FYN, LCK and ZAP-70, resulting 
in decreased TCR signaling, and dephosphorylating 

AKT, a key molecule for T cells activation (able to induce 
mTOR and NF-κB signaling and IL-2 release). The 
convincing clinical efficacy observed inhibiting CTLA-4 
with specific monoclonal antibodies, such as ipilimumab 
(7,8) and tremelimumab (196), might be explained 
through the coexistence of different mechanisms: the 
unbalanced competitions for ligands between CTLA-
4 and its costimulatory antagonist CD28, the decreased 
sequestration of costimulatory factors and the partial 
depletion of Tregs in tumor microenvironment (197,198).

The other most investigated checkpoint inhibitor 
is programmed cell death protein 1 (PD-1), expressed 
on activated T cells, B cells, NK cells and Tregs (199). 
The binding of PD-1 with its ligands, PD-L1 (or B7-
H1, expressed on several cell types including cancer cells, 
lymphoid and myeloid cells and APCs) and PD-L2 (or 
B7-DC, expressed primarily on APCs), leads to T cell 
exhaustion (200) (Figure 2). PD-1 knockout mice show 
variable manifestations of autoimmunity, but these disease 
phenotypes occur later and less prominently than those 
reported for CTLA-4 knockout animals (201). Structurally, 
the PD-1 receptor presents tyrosine-based switch motif 
is able to recruit SHP1 and SHP2 phosphatases. Similar 
to CTLA-4, also PD-1 inhibits T cell activity in part 
by decreasing TCR signaling and in part blocking AKT 
activation, although early experiments demonstrated 
that these two checkpoint inhibitors do not have fully 
overlapping functions in immunity (202,203).

Although anti-CTLA-4 and anti-PD-1 antibodies are the 
most promising agents, other novel checkpoint molecules, 
for which antibody blockers are already under investigation 
in preclinical or clinical trials, are currently being 
studied (204). The lymphocyte activation gene 3 protein 
(LAG3), a CD4 homolog receptor, is expressed on Tregs, 
activated T cells, NK cells, B cells and plasmacytoid DC 
(205,206). The interaction between LAG3 and its ligands, 
major histocompatibility complex (MHC) class II (207)  
and the recently discovered galectin-3 (208), through 
the intracellular KIEELE domain, seems to modulate in 
different ways T cells function (209) (Figure 2). Unlike 
CTLA-4 and PD-1, LAG3 knockout mice do not develop 
autoimmunity diseases (210), however a prominent 
role of LAG3 emerged supporting the already initiated 
inflammatory processes through the enhanced of activated 
T cells and Tregs activity (211).

The T cell immunoglobulin and mucin domain-
containing 3 (TIM3) is a checkpoint glycoprotein harboring 
both immunoglobulin and mucin domains, expressed 
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on innate immune cells (such as DCs and monocytes), 
but also on helper and cytotoxic T lymphocytes (212). 
When TIM3 binds to galectin-9 (its mostly investigated 
ligand), the cytoplasmic adaptor protein Bat3 dissociates 
from the intracellular portion of the receptor, allowing 
TIM3 to down-regulate the activation and proliferation 
of lymphocytes (213,214) (Figure 2). Recent evidence 
demonstrated that TIM3 is usually co-expressed and 
interacts with CEACAM1 and that this binding is crucial 
for TIM3 regulatory effects (215). Preclinical evidence 
suggested that TIM3 and LAG3 may have similar effects in 
modulating T lymphocytes activity (212).

The NK activity is regulated by a series of complex 
interconnections among activating receptors, killer 
inhibitory receptors (KIRs) and ligands, different from 
a classical MHC I recognition. Interestingly, not all the 
interactions ligand/KIR are able to induce NK cells 
activation and KIRs, in this sense, act as immune checkpoint 
molecules. To date, specific antibodies selectively targeting 
KIR, therefore preventing their interaction with MHC 
I molecules and enhancing NK antitumor functions, are 
currently tested in early clinical trials (216).

The V-domain Ig-containing suppressor of T cell 
activation (VISTA) is a recently described inhibitor of T cell 
activation and function, homologous to PD-1 and mainly 
expressed on myeloid and granulocytes cells (217). A recent 
analysis showed that treatment with a VISTA monoclonal 
antibody is  able to enhance protective antitumor 
immunity through multiple mechanisms within the tumor 
microenvironment (increase in the number and activity of 
T cells and DC, decrease in the number and function of 
MDSC and Tregs) (218).

Some non-classical immune checkpoint molecules, not 
yet fully characterized from a functional point of view, 
have been identified. B7-H3 is a transmembrane protein, 
expressed on immune and non-immune cells, able to both 
up- and down-modulate T cells activation (219,220). T cell 
ITIM domain (TIGIT) down-regulates the proliferation 
of T cells, binding to the poliovirus receptor (PVR), that 
also binds to the T cell surface molecule CD226 (221). 
IDO (indoleamine 2,3-dioxygenase) pathway induces the 
catabolism of tryptophan, necessary for T cell survival and 
function, resulting in an exhausted T cell phenotype and in 
the immune tolerance (222).

Figure 2 Signaling pathways of main checkpoints molecules. Designed using the ingenuity pathway analysis (IPA) software (Available online: 
https://www.ingenuity.com/). APC, antigen-presenting cells; TCR, T cell receptor; TIM3, T cell immunoglobulin and mucin domain-
containing 3; LAG3, lymphocyte activation gene 3 protein; mTOR, major histocompatibility complex mammalian target of rapamycin.



Karachaliou et al. Molecular biology of melanoma

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2015;3(18):265www.atmjournal.org

Page 12 of 22

Biological rationale supporting combination 
therapy in melanoma patients

To date, multiple therapeutic strategies inducing and 
enhancing antitumor immunity have been developed and 
are currently employed in the clinic. High-dose IL-2, a 
type I cytokine activating cytotoxic T cells, was the first 
immunotherapy approved for metastatic melanoma (223), 
followed by interferon-α as an adjuvant therapy (224). 
The anti-CTLA-4 monoclonal antibody ipilimumab was 
the first treatment able to prolong survival in advanced 
melanoma patients and was approved in 2011 (7,8). 
More recently, PD-1 and PD-L1-blocking antibodies 
demonstrated impressive results in clinical studies with 
a manageable toxicity profile (225-228). Efforts are now 
focused on the validation of new agents targeting the 
immunomodulatory pathways (previously described) 
and on the implementation of the potential benefit 
deriving from the checkpoint blockade with a growing 
interest in combinatorial therapies. There is a strong 
biological rationale and a wide range of potential clinical 
applications for synergistic combinations of different 
immunotherapeutic agents between them, but also of 
immuno-oncology agents with targeted agents to improve 
the outcome of patients affected by melanoma (184).

The concomitant  inhibit ion of  more than one 
immunomodulatory pathways may implement the antitumor 
activity of a single agent because different checkpoints 
usually play non-redundant roles in the regulation of 
immunity (229). Impressive results, supporting the rationale 
of the combination of CTLA-4 and PD-1 antibodies, 
have been obtained in a randomized trial comparing 
nivolumab and ipilimumab with ipilimumab monotherapy 
as a first-line therapy in patients with advanced melanoma. 
Patients treated with the combination obtained a higher 
response rate and progression-free survival compared 
with those receiving ipilimumab monotherapy, without 
relevant adverse events (230). The rationale supporting the 
concomitant blockade of different checkpoints, in addition 
to CTLA-4 and PD-1, derives from the available evidence 
demonstrating that dysfunctional T cells can commonly co-
express multiple checkpoint inhibitors. This data has been 
extended from the models of chronic infections to those of 
different of human tumors, such as melanoma and ovarian 
cancer, where a significant fraction of antigen-specific CD8+ 
T cells co-express for example LAG3 and PD-1 (231,232). 
A synergistic immunosuppression mediated by the dual 
blockade with LAG3 and PD-1 is demonstrated in double-

knockout mice, in which most of the implanted tumors were 
rejected without any evidence of relevant autoimmunity 
adverse event (204). In addition, TIM3 is nearly universally 
co-expressed with PD-1 on TILs, inducing an exhausted 
profile of T cells, unable to proliferate and secrete pro-
inflammatory cytokines. TIM3 blocking antibodies 
potentially useful for a combination strategy are currently 
under investigation (204). Other early phase trials 
are currently ongoing with the combination of other 
checkpoint inhibitor molecules [targeting VISTA (218),  
KIR (233), B7-H3 (234), TIGIT (221) and IDO (204)] 
with anti-CTLA-4 and anti-PD-1 monoclonal antibodies. 
Therefore several early clinical trials are ongoing to 
investigate the combination of inhibitory and stimulatory 
agents (184,235).

Another biological rationale strategy in melanoma is 
represented by the combination of immune checkpoint 
inhibitors with BRAF or MEK inhibitors. In melanoma, 
early evidence demonstrated that the driver mutation 
BRAFV600E cou ld  a l low  an  e scape  to  immune 
response (181). Moreover, BRAF and MEK inhibitors 
exert, in addition to the direct inhibition of the MAPK 
pathway, several different concomitant effects on both 
melanoma and immune cells (236). Much evidence is 
available demonstrating that targeted therapy increases the 
expression of melanocyte differentiation antigens (such 
as MART-1, gp100, TRP-1 and TRP-2) (237) and MHC 
class I-II (238) on melanoma cells, conferring an enhanced 
reactivity to antigen-specific lymphocytes. The increased 
expression of several melanocyte differentiation antigens 
seems to be related to the release of the transcriptional 
repression of MITF, induced by the blockade of the 
MAPK pathway with BRAF inhibitors (239). Regarding 
immunomodulatory molecules, BRAF inhibition seems to 
enhance both PD-1 expression on T lymphocytes and PD-
L1 expression on melanoma cells, down-regulating the 
immune response after an initial period of activation (240).  
This represents a potential mechanism of resistance 
to BRAF inhibitors, alternative to the MAPK pathway 
reactivation (241). Moreover, BRAF inhibitors affect 
the tumor microenvironment reducing the secretion of 
cytokines (IL-6 and IL-10) and proangiogenic factors 
(VEGR) and implementing the expression of activated 
TILs, whose increase during anti-BRAF treatment has been 
associated with response (237,242). The effect of BRAF 
inhibitors on BRAF wild-type and non-neoplastic cells, 
such as T cells, is not yet completely clarified. A recent 
study demonstrated that RAF inhibitors could enhance 
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T cell activation in a concentration-dependent manner  
in vitro and in vivo, paradoxically activating ERK signaling 
via transactivation of RAF dimers. This activation requires 
the engagement of TCR that activates ERK pathway 
through RAS (243). Regarding MEK inhibitors, although 
only preliminary evidence is available, they seem to down-
regulate T lymphocyte proliferation, cytokine production, 
and antigen-specific expansion, without having an impact 
on CD4+ or CD8+ T cells viability (244). This observation 
suggests the hypothesis that a theoretical combination 
between immunotherapy and a MEK inhibitor may 
potentially have deleterious effect, abrogating the possibility 
of synergism (245). Nevertheless, recent data demonstrated 
that the immunomodulatory effects of trametinib on 
activated T cells are multifaceted and variable according 
to the context. Both dabrafenib and trametinib alone or in 
combination are able to increase the proportion of TILs; 
moreover trametinib increases CD4+ cells when used alone 
and also CD8+ cells, when administered in combination 
with an anti-PD-1 antibody (246). Another in vivo study 
supported the rationale and potential activity of the triple 
combination therapy of BRAF and MEK inhibitors with 
immunotherapy in BRAF mutant melanoma (247). Some 
data are available regarding the potential enhancement of 
NK and DC activity during BRAF inhibitor treatment (248);  
whereas the amount of MDSC declines in melanoma 
patients responding to these targeted agents (140).

Conclusions

Fundamental discoveries over the course of the past 
three decades have brought a renewed optimism for the 
treatment of patients with metastatic melanoma: the 
identification of oncogenic mutations, the elucidation of 
the molecular signaling resulting from these mutations, and 
major progress in understanding tumor immunology and 
immunoescape mechanisms. Clinical results with molecular 
targeted and immunotherapeutic agents have been so 
remarkable as to elicit from some the word “cure” in the 
same sentence as “cancer”.

Despite the impressive results obtained with the 
introduction of immunotherapy, the progressively deepening 
understanding of the molecular biology of melanoma might 
help to identify strategies to overcome resistance, to improve 
the proportion of patients responding to immunotherapeutic 
agents, to determine the optimal therapeutic sequence and to 
validate the synergistic combination approach, making this 
once incurable disease curable.
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