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Abstract

Melanoma is a relentless type of skin cancer which involves myriad signaling pathways which regulate many
cellular processes. This makes melanoma difficult to treat, especially when identified late. At present, therapeutics
include chemotherapy, surgical resection, biochemotherapy, immunotherapy, photodynamic and targeted
approaches. These interventions are usually administered as either a single-drug or in combination, based on
tumor location, stage, and patients' overall health condition. However, treatment efficacy generally decreases as
patients develop treatment resistance. Genetic profiling of melanocytes and the discovery of novel molecular
factors involved in the pathogenesis of melanoma have helped to identify new therapeutic targets. In this literature
review, we examine several newly approved therapies, and briefly describe several therapies being assessed for
melanoma. The goal is to provide a comprehensive overview of recent developments and to consider future

directions in the field of melanoma.
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Introduction

Melanoma 1is best described as a relentless,
aggressive, heterogeneous diseasel-2l. Unfortunately,
the global prevalence of melanoma is also rapidly
rising®4. The American Cancer Society estimated
that in 2021 in America alone there would be
approximately 106 110 new melanoma cases, with
7180 people dying as a result of disease progressionlsl.
With an overall mortality of approximately 20%,
melanoma is responsible for 80% of skin cancer-
related deaths worldwide, largely attributed to its
ability to evade treatment and metastasize to other
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organs(26l,  Melanoma is more common in
Caucasians!”), and occurs through pigment-producing
known as These

melanocytes are normally found in the inner ear, eye,

cell mutations, melanocytes.
leptomeninges, and skin®*!1 but can be found
elsewhere. Early diagnosis is key to the success of
interventions because once metastasizing, melanoma
quickly becomes adept at evading targeted
therapies!!24. In order to improve such dismal
outcomes, Food and Drug Administration (FDA) has
regularly assessed and approved a number of
interventions for this insidious disease (Fig. I). These
treatments include surgical resection, radiotherapy,
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chemotherapy, immunotherapy, photodynamic
therapy, or targeted therapies based on specific tumor
stages, genetic profiles and location. Yet, for
individuals at stages 1-II, the most common
treatment choice is surgical resection!*!5-16] and for
solitary ~ metastatic melanoma, metastasectomy
remains the primary intervention. Of course, for some
metastatic melanoma patients, chemotherapy is also
considered(*!7]. Radiation therapy is on the other hand,
seldom recommended for treating primary tumors, but
it can be beneficial as an adjuvant intervention for
those with brain, bone, or skin metastases!!8. The two
main limitations in melanoma therapy appear to be
adverse effects (AEs), which manifest as
gastrointestinal and cutaneous toxicities, and there is a
lack of tumor cell specificity!’l. A further limitation is
resistance to chemotherapy, targeted treatments,
immunotherapies, and intralesional therapies!!'7.
Genetic profiling has been adopted in order to address
these limitations, and has helped to identify key
molecules involved in the pathophysiology of
malignant melanocyte transformation(!®l. Here, we
describe what is known about cutaneous melanoma
pathogenesis and  discuss recently approved
interventions and other therapeutic advances in
melanoma biology.

Pathogenesis of cutaneous melanoma

Neoplastic transformation of neural crest-derived
melanocytes is believed to be responsible for
melanomal??), Among other things, Caucasians are
differentiated from intermittent or chronically solar-
exposed individuals but melanoma can appear
anywhere on the skin's surface. This suggests there is
an evolutionary component although the location of
melanoma also appears to be influenced by a patient's

Dhanyamraju PK et al. J Biomed Res, 2022, 36(2)

This may be the result of mutations in multiple genes
including B-Raf proto-oncogene (BRAF), neuro-
fibromin 1 (NFI), NRAS, phosphatase and tensin
homolog (PTEN), cyclin-dependent kinase inhibitor
2A (CDKN24), cyclin-dependent kinase 4 (CDK4),
telomerase reverse transcriptase (TERT), and tumor
protein p53 (7P53), which have been reported in
melanomal20-221, Mutations in these genes principally
affect two key pathways in melanoma, i.e., the
phosphoinositol-3-kinase (PI3K)/AKT pathway, and
the RAS/RAF/MEK/ERK signaling cascade, which is
a mitogen-activated protein kinase pathway. The
important ones are discussed herel20,

BRAF is a protooncogene that codes for
serine/threonine-protein kinase and plays a crucial role
in cell proliferation and growth. BRAF is also
involved in the RAS-RAF-MEK-ERK kinase
pathway!?! and according to reports, an active BRAF
mutation can be found in 40% to 60% of all melanoma
cases. In response to growth cues, BRAF normally
forms homo- or hetero-dimers with another RAF
kinasel2023]. Activating mutations in BRAF creates
self-sufficiency and constitutively active monomers
which support uncontrolled cell proliferation and
ultimately results in tumor development2. Among
the many mutations that occur in BRAF, the missense
mutation V600E, which causes valine to glutamic acid
conversion, is the most frequently found mutation and
counts for around ninety percent of all activating
mutations in BRAF25-26], The second most commonly
occurring mutation is V600K in which valine is
converted to lysine. Additionally, research has shown
that BRAF mutations such as V600E can be observed
in 68% of all benign nevi suggesting that BRAF
mutations may not play a role in melanoma
carcinogenesisi?’l. As nevi are generally stable after

age and sex. We also know, approximately 20% of all formation, some researchers believe that BRAF
melanomas in the neck and head area have a worse mutations have a role in the development of
prognosis compared to melanomas in other regions. melanocytic neoplasial2’l.  Recent research has
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Fig. 1 Timeline of Food and Drug Administration approved melanoma interventions.
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demonstrated that the initial stages of melanoma
development also known as the radial growth phase
has a low BRAF mutation rate of around 10%. This
supports the hypothesis that BRAF does not play a
role in the initiation of melanomal?8l. On the other
hand, 60% to 70% of vertical growth lesions and
melanomas which have metastasized carry BRAF
mutations, implicating these mutations in cancer
progression27-28]. Due to the high prevalence of BRAF
V600E mutations in melanoma patients, researchers
also consider it a prime target for anti-melanoma
therapeutics and a large number of drugs have been
developed targeting this mutationl20l,

NRAS activating mutations are the second most
common mutations and cause aberrant signaling
through the MAPK pathway in melanomal20l. In 15%
to 30% of melanoma patients, NRAS is mutated, and
the majority of these are missense mutations in codons
12, 13, or 6112929, The NRAS-active GTP-bound state
is therefore prolonged when these codons are mutated,
which abnormally sustains NRAS signaling across
both the PI3K and MAPK pathwaysB0-31. Importantly,
BRAF and NRAS mutations are thought to be
mutually exclusive; yet, co-mutations do occur on
occasion!20],

The tumor suppressor NF1 is altered in 10% to 15%
of melanoma patients, making it the third most
commonly mutated gene in melanomal32-33], The NF1
protein inhibits downstream RAS signaling by
converting the active RAS-guanosine triphosphate
(RAS-GTP) to the inactive RAS-guanosine
diphosphate (RAS-GDP) form[B4. As a result, NF1
loss-of-function causes NRAS hyperactivation and
enhances PI3K and MAPK pathway signaling32l. NF1
genomic perturbations are more common in
melanomas linked with continuous sun exposure and
are frequently associated with a large variety of other
genomic mutations, including that of NRAS and
BRAF[35—36]'

The receptor tyrosine kinase c-Kit has been
implicated in melanoma proliferation and survival that
is mediated via the RAS/RAF/MEK/ERK and the
PI3BK/AKT pathwaysi738l. The frequency of c-Kit
mutations is around 2% to 5% in acral melanomas
which are found on soles and palms!*). Chromosomal
duplications in the c-Kit gene have also been reported
in 2% of cutaneous melanoma cases and 23% of acral
melanomas®’). Increased production of the KIT
protein typically occurs due to point mutations and
gene duplications in the c-Kit gene, which affects
melanocyte proliferation, cell death, chemotaxis,
adhesion, as well as contribute to tumorigenesis(*l. As
a result, anti-melanoma therapies might be developed

using c-Kit as a targetl4!l.

The tumor suppressor gene P53 has been linked to a
wide range of human cancers, including lung, breast,
prostate, and colorectal cancersl#2-59. Cellular stress or
DNA damage activates the p53 protein, which in turn
causes cell deaths1. There is a large amount of
research done on p53 but in melanoma, the role of this
gene is not yet clearl2l. Immunohistochemistry studies
reveal a wide range of p53 mutations, with researchers
reporting expression rates of 11% to 85%!52l. The P53
gene locus does not appear to have mutations, and
wild-type p53 expression is retained, according to
sequence analyses!*2l. Melanoma cells do not usually
undergo apoptosis in response to chemotoxic drugs or
gamma radiation, despite the lack of p53 mutations,
suggesting that p53 may not be functioning
effectivelyl!l. Another theory is that other proteins
inactivate p53, preventing it from performing its
tumor-suppressive actionsl*!l.

The genes coding for p16™K4 and CDK4 have also
been found to play a role in familial melanoma
development(53l. There is a hereditary predisposition to
develop melanoma in the case of familial melanoma
and approximately 5% to 10% of melanoma patients
have a family member who has also been diagnosed
with the diseasel*55). An autosomal dominant mode
of inheritance has been observed for this
predisposition with a 53% penetrance rate by the
eighth decadels4. CDK4 and p16™K4 govern cell cycle
progression from G1 to S phase, together with other
D-type cyclins, CDK6, and pRb!56. CDK4 is a proto-
oncogene that promotes the passage from Gl to S
phase, enabling cell proliferation, when activated by
cyclin D1, whereas pl16!NK4a inhibits CDK4 function,
arresting cell proliferation!sl. According to studies, an
inactivated p16/N¥4 mutation on 9p21 can be detected
in between 25% to 60% of melanoma patients with a
family history of melanoma, although mutations in the
CDK4 gene have been discovered at a significantly
lower incidencel3-5457,  Given these molecular
alterations, inhibiting CDK4 would be a logical next
step in preventing further cell cycle progression and
limiting uncontrolled melanoma development!4!.

PTEN is a tumor suppressor gene that regulates the
cell cyclel?2l, Dysregulation of PTEN has been found
in 10% to 30% of cutaneous melanoma patients in the
vertical growth phase and metastasesi?2l. The most
common changes observed in PTEN are missense and
frameshift mutations, as well as chromosomal
deletions, however epigenetic mechanisms including
microRNAs have also been found to regulate PTEN
expression post-transcriptionally(s8l. PTEN mutations
and NRAS mutations are mutually exclusive;
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however, they commonly co-occur with BRAF gain-
of-function2?). The loss of PTEN is associated with
increased PI3K/AKT  pathway activation in
melanoma®™. Indeed, PTEN loss-of-function and
BRAF mutations together activate both the PI3K and
MAPK pathways, equating to NRAS activation
alone!®-¢0. PTEN deficiency is one of the mechanisms
behind acquired resistance in BRAF mutant melanoma
treated with BRAF inhibitors in the clinical contextls!l.

It is well-known that ultraviolet (UV) light radiation
from sunlight is an environmental factors responsible
for melanoma developmentl62-64. Sun exposure does
raise the risk of developing melanoma, which is linked
to the UV intensity and, in particular, the UV-B
spectruml®3], Additionally, it has been reported that
sun exposure patterns and timing have been linked to
an elevated risk of melanomal20l, When compared to a
chronic continuous pattern of sun exposure, which is
more typically linked to actinic keratosis and non-
melanoma skin malignancies, severe and intermittent
sun exposure is associated with a greater risk of
developing melanomal20.65], Moreover, a history of
sunburn during childhood or adolescence is linked to a
higher chance of getting melanoma, whereas people
who have had more than five incidents of severe
sunburn are at a 2-fold greater risk of developing
melanomal®s]. Individuals exposed to artificial sources
of UV-A have been shown to be at a greater risk of
melanoma development!20]. According to a number of
reports, patients with psoriasis who had UV-A
radiation phototherapy, as well as those who used
sunbeds, had an elevated risk of melanoma
development(66l. Several reports including meta-
analyses have shown a positive link between the use
of sunbeds and the risk of melanoma, particularly in
children, presenting a serious public health concern(67.,
Sunbed UV radiation has been designated as a human
carcinogenl®®], Other lifestyle related determinants,
such as tobacco/smoke addiction, have not been
directly linked to melanomal®.

Furthermore, host risk factors such as frequency of
congenital and acquired melanocytic nevi, genetic
predisposition, and family history all play a role in
melanoma development!’?l, Melanoma develops on a
pre-existing nevus in around 25% of cases. Not only
the total number of nevi but also their size and type
are linked to an increased risk of melanomal?!l. The
polymorphisms of the melanocortin 1 receptor gene
are responsible for the various human skin-color
phenotypes in terms of genetic vulnerabilityl2.
Individuals with traits such as light eyes, light
complexion, and red hair have poor pigmentation,
makes them more sensitive to UV radiationl’l
Melanomas have also been reported to occur in

families that are predisposed to certain types of
malignancies such as  melanoma-astrocytoma
syndrome and familial atypical multiple mole-
melanoma  syndrome. Familial retinoblastoma,
Xeroderma pigmentosum, Li-Fraumeni cancer
syndrome, and Lynch syndrome type Il are other
genetic disorders linked to an elevated risk of
melanomal20.73],

Surgery

The main treatment for melanoma is surgical
resection, where the lesion is removed along with
extra tissue to get rid of any cancerous cells present in
the arealsl. Surgical procedures vary depending on the
clinical and pathological characteristics of the tumor.
For in situ melanoma, excision includes safety
margins of 0.5 cm, tumors having a thickness of up to
2 mm, the excision safety margins is 1 ¢cm and for
tumors larger than 2 mm, the excision safety margin is
2 cmlsl. To improve overall survival, adjuvant
therapies, like immunotherapy and targeted therapy
are often administered!(!5!7,

Chemotherapy

For advanced melanoma, chemotherapy is the main
treatment  choice.  Various  chemotherapeutic
combinations have been assessed to see whether they
might improve clinical outcomes, but overall survival
(OS) has not improved!("!. One of the principal reasons
for drug resistance to chemotherapy in melanoma is
resistance to apoptosis!’sl. Chemotherapy still remains
crucial in the palliative care of advanced, refractory,
or relapsed melanomas despite supplementation by
additional options(74l.

Dacarbazine

Dacarbazine (DTIC) is an alkylating agent that has
been used as a standard treatment for metastatic
melanoma for more than thirty years. The mode of
action occurs through DNA damage which results in
cell growth arrest and cell death. Research has also
shown that a full response using DTIC can be
achieved in <5% of patients, with a 5-year OS rate of
2% to 6% of patients!’?l. Multiple clinical trials using
DTIC alone or together with several other chemo-
therapies, targeted therapies, and immunotherapies are
ongoing (for details refer to the ClinicalTrials.gov).
Treatment using DTIC is not without side effects, the
most common adverse events are nausea and
vomiting. It has also been reported that the use of
DTIC leads to suppression of blood cell production in
bone marrow leading to neutropenia and anemia.
Further, flu-like symptoms and diarrhea have also
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been reported in relation to treatment with DTICL77),
Temozolomide

Temozolomide (TMZ) is a lipophilic molecule
belonging to the imidazotetrazine class of DNA
alkylating agents and has been used for treating
various types of solid tumors including brain tumors
and advanced melanoma. TMZ is an oral prodrug
which is a derivative of the alkylating agent DTIC and
is prescribed as an active metabolitel7678], TMZ is a
stable molecule at acidic pH values but has been
shown to be labile above a pH of 7. A plasma half-life
of 1.8 hours has been reported at pH 7.4 for TMZ 79,
In comparison to DTIC, TMZ appears to produce less
improvement in median progression-free survival
(PFS), but no changes were observed in OS or
objective response rates!8. TMZ has a distinct
advantage over other medicaments used to treat
advanced melanoma, such as Cisplatin and DTIC,
because of molecular size and ability to pass the
blood-brain barrier while still exhibiting anti-tumor
activity. This is especially intriguing because
substantial penetration into the central nervous system
has been reported in advanced melanoma cases, which
usually results in death(8!],

Cisplatin

Cisplatin is one of the standard chemotherapeutic
drugs used to manage diverse cancers, including
advanced melanoma. It is a derivative of cis-
diamminedichloroplatinum( 1) (CDDP)#2. The mode
of action is via inducing DNA damage leading to
proliferative arrest or induction of mitochondrial
apoptotic pathway. Recent reports indicate that the
cytotoxic, as well as the cytostatic functions of CDDP,
involve both cytoplasmic and nuclear mechanisms
which promote oxidative stress eventually leading to
direct cytotoxic functions or indirectly, enhance DNA
damagels3-85],

5-Fluorouracil

5-Fluorouracil (5-FU) is another advocated
chemotherapeutic drug used in the treatment of
advanced melanoma. 5-FU targets the enzyme
thymidine monophosphate and thymidylate synthase
(TS). Inhibiting TS causes a thymidylate deficit,
unbalances the nucleotide pool, and impairs DNA
repair and replication. It is generally accepted that TS
inhibition results in cell-cycle arrest and therefore
DNA damagel86-87, Unfortunately, intra-tumoral TS
overexpression is extremely stimulated in melanoma
patients in response to 5-FU and other TS inhibitors,
limiting its usage!s2l.

Vinca alkaloids and taxanes

Apart from the use of alkylating agents to treat
melanoma, many other chemotherapeutic drugs have
also been tested for melanoma. For example, the vinca
alkaloids were the very first class of agents discovered
that targeted microtubules. These drugs prevent
tubulin polymerization, causing cell arrest in
metaphase subsequently leading to apoptosis. Several
members of this class, including Vinorelbinelss],
Vincristine!®], and Vinblastine, have been evaluated as
single agents. The response rates to these drugs appear
similar to those observed in DTIC and TMZ ranging
from 10 to 20 percent, with a PFS of 2 to 4 months
and no improvement in OS. Bone marrow suppre-
ssion, neuropathy, and gastrointestinal toxicity have
been more commonly observed AEs. Another class
of agents used in the treatment of melanoma are
taxanes. Taxanes stabilize microtubules and interfere
with their disassembly. Both Docetaxel and Paclitaxel
have been studied as single treatments in patients with
metastatic melanoma, and both have shown to have
limited activity, similar to that of Vinca alkaloids!s3.

Photodynamic therapy

Photodynamic therapy (PDT) is a method used for
metastatic melanoma patients in stages II/IV(1791, PDT
is a minimally invasive procedure which involves a
photosensitizer (PS) and light of a certain wavelength
to activate the PS[7. When the PS is excited, it
generates a reactive oxygen species (ROS)2 and
induces irreversible damage to tumor cells as well as
blood vessels associated with these tumors (Fig. 2).
Additionally, ROS activates antitumor and
inflammatory responses. A novel PS wused in
melanoma cell lines as well as mouse models is Acai
oil in nano emulsion. The results of this basic research
have demonstrated that this PS causes 85% melanoma
cell death by necrosis and late apoptosis, while
preserving normal cells®). A combination of
chemotherapy, e.g., DTIC and PDT, has also been
found to be an effective therapeutic at reducing
resistance in unpigmented and pigmented metastatic
melanomal®¥. A combination of novel immunosti-
mulatory therapies and PDT might be more effective
at eradicating initial tumors and micro metastases.
This intervention may also reduce melanoma
recurrences®!l but further PDT trials are ongoing
(NCT02685592) and we await findings.

Electrochemotherapy

Electrochemotherapy (ECT) is a method where
Cisplatin and Bleomycin are used along with high-
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Fig. 2 Activation of photosensitizer (PS) leads to production of reactive oxygen species (ROS), which damages tumor cells and
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intensity electrical pulses to facilitate the delivery of
drugs to the cells®5-9¢1. Furthermore, ECT is beneficial
in treating subcutaneous and cutaneous
melanomal®’-98l. An overall response rate of 85% was
reported in a review of the European Standard
Operating Procedures for Electrochemotherapy and no
major AEs were observed®sl. Another interesting
feature of ECT is that normally treated nodules do not
recur in the same location, presumably because the
procedure destroys the lymphatic stream®l. However,
evidence is sparse and there is a need for further
research before reaching any conclusion.

Immunotherapy

Melanoma is one cancer that responds reasonably
well to immune modulationl®l. Multiple factors have
been found to explain melanoma cell sensitivity to
immune system activation. These include high tumor
mutational burden owing to UV light exposure,
production of cancer-testis antigens, and mimicry of
melanocyte lineage proteins with pathogen-associated
antigens(65.100-101]  Tumor-infiltrating  lymphocytes
(TILs) play an important role in the generation of an
anti-tumor immune response, and a subset of TILs in
melanoma has shown cytolytic activity against
autologous tumors!192], Their presence is also linked to
a better prognosis and a lower likelihood of
metastasis!®). Multiple clinical studies using local or
systemic ~ immunomodulatory drugs such as
interleukin-2 (IL-2), interferon-alpha (IFN-q)103-1041,
adoptive cell transfer techniques(!®s], and cancer
vaccines!'06-107  have been conducted in recent
experiments®l. Despite some initial evidence of

activity, these trials have not found a long-term
benefit for patients with metastatic melanomal®,
Recent research has also found that immune
checkpoint inhibitors (ICIs) targeting cytotoxic T-
lymphocyte-associated antigen 4 (CTLA-4) and
programmed cell death protein 1 (PD-1) have
revolutionized the treatment of unresectable and
metastatic melanoma, as well as those at high risk of
recurrence following resection!!08-1091 Unfortunately,
ICI treatments are beset by issues such as primary and
secondary resistancel!!0],

The goal of combining immunotherapies is to
enhance responses and eliminate resistance, while
biomarker identification is critical for patient selection
optimization®. It was established for the first time in
the 19" century that the immune system and cancer
are associated, based on frequent observations of
tumors at chronic inflammatory sites and the presence
of immune cells in and around tumor tissues!!!'ll.
T-cells identify tumor-specific antigens during
antitumor  responses, then initiate activation,
proliferate and differentiate. This enables T-cells to
destroy cells expressing tumor-specific antigens.
Further, inhibitory and stimulatory signaling pathways
which restrict T-cell antitumoral responses and cancer
cells also escape T-cell detection because they
generally do not express B7 molecules!!'2. In a
number of cancers, complex interactions between the
tumor and immune system play a crucial role in
metastatic spread to different remote sites. As far as
we know, the main reason for cancer-related deaths is
metastasis, therefore, more precise prognostic markers
are needed!!!3],
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TILs are markers for lymph node metastasist!!l.
TILs can modulate host immune responses against
cancer cells and are linked to improved survival and
positive  outcome in  malignant melanoma
patients(!4-115], Immunotherapy appears to be a viable
treatment for individuals with advanced-stage
metastatic melanoma, based on these findings,
compared to the prior standard of care
therapies!!!4116-118]  The tumor microenvironment
(TME) along with various cellular effectors of
inflammation and mediators, determine the success
rate of immunotherapies!!'sl. Signal transduction
pathways are also implicated in tumor-related
inflammation and are now more understood.
Therefore, more target molecules have been identified
which might enhance early cancer diagnosis and
treatment(!15], Regardless of positive results, relapse of
cancers and differential success among various
cancers are not surprising. The success rate of ICIs
even in highly responsive cancers is only 50%!!19l.
Resistance to primary and acquired immunotherapy is
common and might be because of the lack of
recognition by T-cells. Furthermore, it may also
include diverse components of cancer immune cycle
(like M2 macrophages, myeloid-derived suppressor
cells (MDSCs), and regulatory T-cells (Tregs), and
interactions among numerous signaling molecules as
well as pathways that inhibit immune cell infiltration
or function within the TME(120-121], Better knowledge
of pathophysiology and a greater understanding of the
role of the immune system in tumor evolution has led
to the approval and development of various
immunotherapies. Patients with melanoma of
unknown primary site display higher survival rates
and outcomes in comparison to stage-matched
melanoma of known primary site due to higher
immunogenicity as reflected in the immunologically
mediated primary site regression122l,

Interleukin-2

IL-2 is a growth factor used for in-vitro T cell
propagation!!23], High-dose IL-2 has been shown to
exhibit anti-tumor activity and, was approved by the
FDA in 1998 for the treatment of metastatic
melanomal!?4, In a recent meta-analysis, evidence
suggests that the overall response rate for treatment
with IL-2 treatment was 19.7%, partial response was
12.5%, and the complete response was only
4% Intermediate and high dosages did not show
complete response differences, and therefore the
therapeutic dose should be reevaluated!(!2s]. Fibronectin
and serum vascular endothelial growth factor (VEGF)
have been identified as biomarkers of interest for IL-2
therapeutic response; hence patients need to be

assessed according to these biomarkers before
undergoing IL-2 based therapies('2¢l. Tachycardia,
hypotension, peripheral edema, cardiac arrhythmias,
and reversible multisystem organ failure are the
AEsl1271, Like interferons (IFNs), IL-2 is still under
investigation through clinical trials, in combination
with radiotherapy, chemotherapy, targeted therapies,
and immunotherapy (for details refer to the
ClinicalTrials.gov).

Peginterferon a-2b

In 2011, the FDA approved Peginterferon a-2b
(Peg-IFN) as adjuvant therapy for stage I
melanomal!28]. Peginterferon is an amalgamation of
IFN o-2b with a molecule of polyethylene glycol
(PEG). This molecule has been reported to allow the
compound to remain in the blood for longer, thereby
improving the therapeutic effect!'?l. Grade 1 liver
toxicity, skin rash, anemia, and neutropenia were the
most common AEs. However, the only observed grade
3/4 toxicities were hyponatremia and lymphopeniall.

Inhibition of Tregs

Tregs have been illustrated to suppress activated
effector T cells (Teffs) and inhibit antitumoral
immune responses!!27:130], Tregs appear in TME and
peripheral circulation in melanoma and are linked to
poor clinical outcomes!!3!l. The therapeutic strategy
involves Treg suppression and thereby enhances
antitumoral immunity. In 1999, Ontak was approved
by the FDA[32]) which is the fusion of diphtheria toxin
and IL-2 protein that selectively eradicates IL-2
receptor-expressing Tregs from the peripheral blood.
In a phase-1I trial of stage-IV melanoma patients, a
partial response of 16.7%, a mixed response of 15%,
and 5% stable disease were observed(!33l. On the other
hand, another report suggested that metastatic
melanoma patients administered with Ontak displayed
no disease regression, no elimination of regulatory T
cells, and no objective clinical responsel!34],

Blockade of cytotoxic T-lymphocyte-associated
antigen 4

CTLA-4 is a cell surface inhibitory checkpoint
receptor that blocks T-cell activation and leads to the
induction of immune tolerance. In 2011, the FDA
approved Ipilimumab, an anti-CTLA-4 antibody for
treating advanced melanomas(35-13¢l,  CTLA-4
antibodies block the inhibitory effect thereby
enhancing the production of pro-inflammatory
cytokines!'37! and increasing T-cell clonal expansion
and infiltration(!38], Multiple combination therapies
have been studied but no improvement over
Ipilimumab monotherapy has been demonstrated!!¥).
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In a combined therapy study, Peg-IFN was
administered along with Ipilimumab and showed a
40% overall response rate and 5.9 months of median
PFSU4l. Likewise, in phase IV clinical trial, advanced
melanoma patients were randomly administered
Ipilimumab only, or Ipilimumab combined with gp100
peptide vaccine, or vaccine only. Ipilimumab
monotherapy appeared to produce a superior response
rate with a median OS of 10.1 months. Ipilimumab
along with gpl100 had a median OS of 10 months.
These data suggest that Ipilimumab is useful because
of good OS rates compared to vaccine monotherapy
which had a median OS of 6.4 months!!4!l. The AEs
related to Ipilimumab include endocrinopathies,
autoimmune alterations such as colitis, dermatitis,
hepatitis, and very rarely neuritisl'2l. Intense
immunosuppressive drugs or corticosteroids may be
used to manage these AEsl¥. Currently, various
clinical trials are ongoing with Ipilimumab in
combination with immunotherapy, radiotherapy,
chemotherapy, and targeted therapies (for details refer
to the ClinicalTrials.gov). Tremelimumab is an
antibody against CTLA-4 and is undergoing clinical
trials as a monotherapy (NCT00378482) and in
combination with other immunotherapies
(NCT02535078/NCT02643303 and NCT01103635).

Programmed cell death protein 1/PD-1 ligand
blockade

The PD-1 receptor serves as a co-inhibitory
molecule for T-cells and suppresses activation of T-

cells via binding to PD-1 ligands: PD-L1 and PD-L2.
These ligands are expressed on antigen-presenting
cells (APCs), in myriad human tumors as well as cells
present in TME, in response to inflammatory stimuli.
A recent report suggested that soluble PD-1 levels in
the plasma can be utilized to predict prognosis and
clinical outcomes in advanced melanoma patients
receiving immunotherapy. As PD-1 is primarily
expressed on activated TILs, we can hypothesize that
low PD-1 levels in plasma indicate enrichment of
TILs in the TME. Whereas, high plasmatic levels of
this immune checkpoint may represent an

impoverishment by the TME of lymphocytic
infiltratel!43].  However, the utility of PD-L1
immunostaining for anti-PD-1 treatment as a

predictive biomarker remains unclear(!44. Nivolumab
a high-affinity anti-PD-1 monoclonal antibody was
approved by FDA in 2014 for the treatment of
metastatic melanoma patients(!45l. Nivolumab inhibits
the binding that occurs between PD-L1 and PD-L2 to
its receptor PD-1 (Fig. 3)14¢l, Blocking the interaction
between PD-1 and its ligands initiates immune
responses and activates an antitumor response which
regresses tumorl'¥’l. On the other hand, PD-LI-
negative individuals may benefit from anti-PD-1 or
anti-PD-L1 therapy. Indeed, objective responses in
PD-L1-negative individuals have been recorded
(typically between 11% to 20%)!4-1491, Nivolumab,
with a PFS of 6.9 months, seems to be highly effective
compared to Ipilimumab monotherapy which shows
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Fig. 3 Mechanism of action of PD-1/PD-L1. APC: antigen presenting cell; MHC: major histocompatibility complex; TCR: T-cell
receptor; PD-1: programmed cell death protein 1; PD-L1: programmed death ligand-1.
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2.9 months PFS or chemotherapy with 2.2 months
median PFSU47.  Ipilimumab and Nivolumab
combination therapy yielded an 11.5 months median
PFS in PD-L1 negative patients which is far superior
to monotherapies!147.150],

In 2015, Pembrolizumab was approved by the FDA
for the treatment of melanoma in advanced stages and
can be used as a standard treatment option for
Ipilimumab refractory melanomal!s!-153],  Pembroli-
zumab treatment led to the prolonged OS and PFS in
advanced melanoma patients with low toxicity than
Ipilimumabl’sll.  An important correlation was
observed in a clinical trial where melanoma patients
responding to Pembrolizumab treatment had an
increase in several T-cell-inflamed genes including
HLA-DRBI, HLA-DQAI, HLA-E, STATI, TIGIT,
CD84, CXCR6, CXCLY9, CCLS5, LAG3, PSMBIO0,
IDOI, CD27, CD276, CD274, NKG7, CMKLRI, and
PDCDILG2  compared to  non-responders(!>4],
Combining Peg-IFN with Pembrolizumab is clinically
active and well tolerated by advanced melanoma
patients where surgical removal is not possiblel!ssl.
Diarrhea, rash, fatigue, headaches, nausea, arthralgia
are the most frequent AEs related to this therapyl“l.
There are multiple ongoing clinical trials (7able 1)
using Pembrolizumab and Nivolumab as monotherapy
or in combination with radiotherapy, immunotherapy,
chemotherapy, and targeted therapies (for details refer
to the ClinicalTrials.gov). JS100 is another anti-PD-1
molecule that is being investigated in clinical trials as
a monotherapy (NCT03013101) and also in
combination with targeted therapies (NCT03086174).
Avelumab, Atezolizumab, Durvalumab (Fig. 3),
PDRO01, CK-301, and REGN2810 are some of the
other drugs that are being investigated as
monotherapies, or in combination with immuno-
therapy or targeted therapy.

Toll-like receptor agonists

Toll-like receptors (TLRs) are members of IL-1R
superfamily and are type- I membrane glycoproteins
capable of inducing local cytokine production like
IL-12 and IFN-0, which enhance local immune
responses!!3. Furthermore, TLRs increase antitumor
immunity(!57), Agonists of TLR are potent vaccine
adjuvants and can stimulate the immune system in
TME. Resiquimod is an agonist of TLR-7/8 and can
stimulate plasmacytoid dendritic cells (pDCs, TLR7)
as well as myeloid dendritic cells (mDCs, TLRS) in
patients with advanced-stage melanoma. Patients
receiving Resiquimod showed upregulation of IFN
and IFN-y at the site of vaccination, by activation of
mDC/pDC and improvement in antitumor response

with regression of in-transit melanoma metastases(!58l.
Clinical trials using TLR agonists in combination with
immunotherapies (NCT00960752 and NCT02320305)
and chemotherapy (NCT02650635) are ongoing.

Oncolytic virus therapy

The use of oncolytic viruses to treat melanoma was
allowed by the FDA in 2015; Talimogene
laherparepvec (T-VEC) is a type-1 genetically
modified herpes simplex virus!(150.159-160], This modified
non-pathogenic viral strain is specifically inserted into
metastatic melanoma nodules and, while it invades
both healthy and malignant cells, it replicates only in
melanoma cells. This contributes to tumor cell lysis
and the release of tumor-specific antigens!'*l. APCs
identify these released antigens, thereby triggering
melanoma-specific T-cell responses. In a phase I
clinical trial, T-VEC was administered to patients with
unresectable stage Il or refractory stage IV melanoma,
and an objective clinical response of 28% was
reported(!®]. This approach appears safe, with mild
AEs, including nausea, chills, pyrexia, fatigue, pain at
the injection site, and influenza-like illness!!s?l. T-VEC
alone or in conjunction with radiotherapy,
chemotherapy, targeted therapies, and
immunotherapies are still undergoing clinical trials
(for details refer to the ClinicalTrials.gov).
CAVATAK or Coxsackievirus (CVA21) is a late-
stage clinical oncolytic virus that has displayed lytic
activity against melanoma in both in-vitro and in-vivo
conditions!¢0-162l,. CAVATAK is being evaluated in
combination with Pembrolizumab in advanced
melanomas in clinical trials. Moreover, CAVATAK is
also being assessed in unresectable stage II-IV
melanoma in conjunction with Ipilimumabli6l. Other
oncolytic viruses show promising results and under
clinical trials are HF10 in conjunction with other
immunotherapies (NCT03259425, NCT02272955,
and NCT03153085) and monotherapy with GLONC1
prior to surgery (NCT002714374).

Adoptive T-cell therapy

In adoptive T-cell therapy (ACT), several
melanoma-specific T-cells are infused into patients,
but it is challenging and time-consuming to produce
such cells. The antitumoral effect of ACT is not
completely understood but may involve suppression
of regulatory T-cells, elimination of host tumor
immunosuppressive factors, and removal of cytokine
sinks!163], T-cells must be able to proliferate, complete
effector roles, and form long-lived T-cells, which are
essential for an effective immune responsel!®4l. n-vitro
studies have shown that more differentiated Teffs
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Table 1 Top 10 ongoing clinical trials for metastatic melanoma and advanced metastatic melanoma

No. Title Status Study results Conditions Interventions Locations

1 PET/CT whole-body Recruiting No results Metastatic melanoma Diagnostic test: value Hospital University ff Brest,
dynamic acquisition available of 4D body-to-whole Brest, Finistere, France
at FDG to metastatic dynamic acquisition
melanoma under in FDG
immunotherapy

2 IN10018 Recruiting No results Metastatic melanoma Drug: IN10018 Sylvester Comprehensive Cancer
monotherapy and available Drug: Cobimetinib Center, Miami, Florida, United
combination therapy States
for metastatic Massachusetts General Hospital,
melanoma Boston, Massachusetts, United

States

Dana-Farber Cancer Institute,
Boston, Massachusetts, United
States

Columbia University Medical
Center, New York, New York,
United States

MD Anderson, Houston, Texas,
United States

3 Safety of AV-MEL-1 Recruiting No results Metastatic melanoma Drug: AV-MEL-1 Hoag Hospital - Irvine, Irvine,
with anti-PD-1 available California, United States
therapy in metastatic Hoag Memorial Hospital
melanoma Presbyterian, Newport Beach,

California, United States

4 Ipilumumab and Recruiting No results Metastatic melanoma Radiation: Abramson Cancer Center,
Nivolumab with or available hypofractionated Philadelphia, Pennsylvania,
without radiation therapy United States
hypofractionated Drug: Nivolumab
radiotherapy in Drug: Ipilimumab
patients with
metastatic melanoma

5 TIL-ACT after NMA Active, not No results Metastatic melanoma Other: TIL CHUYV Oncology department,
Chemo with IL-2 and recruiting available Drug: Lausanne, Vaud, Switzerland
Nivo rescue in Cyclophosphamide
metastatic melanoma Drug: Fludarabine
(mMEL) Drug: Interleukin-2

Drug: Nivolumab

6 Combination therapy Recruiting No results Metastatic melanoma Drug: Nivolumab Center for Cancer Immune
with Nivolumab and available Biological: PD- Therapy, Dept. of
PD-L1/IDO peptide L1/IDO peptide Oncology/Hematology, Herlev,
vaccine to patients vaccine Denmark
with metastatic Herlev Hospital, Herlev,
melanoma Denmark

7 A study to evaluate  Active, not No results Metastatic melanoma Drug: RO6874281 Yale University, New Haven,
safety and therapeutic recruiting available Drug: Pembrolizumab Connecticut, United States
activity of University of lowa, Iowa City,
RO6874281 in Towa, United States
combination with Beth Israel Deaconess Med Ctr,
Pembrolizumab, in Boston, Massachusetts, United
participants with States
advanced or Dana Farber Cancer Institute,
metastatic melanoma Boston, Massachusetts, United

States

Melanoma Institute Australia,
North Sydney, New South Wales,
Australia

Peter Maccallum Cancer Institute;
Clinical Trial Unit, Melbourne.
Victoria, Australia

UZ Antwerpen, Edegem,
Belgium

and 16 more...

8 Phase [ Clinical trial Active, not No results Metastatic melanoma Drug: Tremelimumab Dana Farber Cancer Institute,
of Tremelimumab recruiting available Drug: MEDI3617 Boston, Massachusetts, United
plus MEDI3617 in States
patients with Beth Israel Deaconess Medical
unresectable stage Il Center Boston, Massachusetts,
or stage IV melanoma United States

9 Comparison of high-  Active, not No results Metastatic melanoma Other: radiation Providence Cancer Center
dose IL-2 and high-  recruiting available therapy and high-dose Portland, Oregon, United States
dose IL-2 with IL-2
radiation therapy in Drug: High-dose IL-2
patients with
metastatic melanoma

10 Cabozantinib and Recruiting No results Advanced metastatic Drug: Cabozantinib ~ University of lowa Hospitals and
Pembrolizumab for available melanoma Drug: Pembrolizumab Clinics, lowa City, lowa, United

advanced metastatic
melanoma

States

PD-1: programmed cell death protein 1; PD-LI: programmed death ligand-1; TIL-ACT: Tumor-Infiltrating Lymphocyte-Adoptive Cell Therapy; NMA: non-

myeloablative; IDO: Indoleamine 2,3-dioxygenase; IL-2: interleukin-2.
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have increased antitumoral properties, but in in-vivo
conditions, these T-cells are less effectivell®sl, T-cell
metabolism control may be a beneficial tool for
promoting T-cell memory formation rather than more
differentiated Teffs. This is because memory T-cells
exhibit a restricted uptake of glucose, and inhibiting
glycolytic metabolism contributes to the development
of memory precursor cells and thus improves
antitumor functions!!6¢), In metastatic melanoma, this
kind of immunotherapy seems to correlate with
durable and complete responses as well as partial
responses and sustained stabilization of diseasel!¢7l.
ACT led to stable complete regression in 24% of the
patients studied with metastatic melanoma, with a
median survival >3 years(!68],

Combination therapies are effective and studies
have shown that metastasectomy in patients with
progressive melanoma who undergo ACT therapy
displayed a PFS of 11 months and a 5-year OS of
57%!167. The AEs of this therapy include autoimmune
changes, like the destruction of normal melanocytes in
skin and eyes, and sometimes immunosuppression is
necessary to manage these AEs!['®]. Multiple clinical
trials with ACT in combination with radiotherapy,
immunotherapy, chemotherapy, and targeted therapies
are ongoing (for details refer to the ClinicalTrials.
gov). ACT with T-cells chimeric antigen receptors
(CAR) is a novel treatment method for solid tumors
like melanomal!”. CARs consist of an extracellular
domain, a single-chain antibody variable fragment that
identifies a specific antigen (protein, carbohydrate
antigens, or lipid), a transmembrane domain, and an
intracellular signaling domain that is often the T-cell
receptor CD3  chain that activates T-cells to destroy
tumor cellsl'71-172], In this approach, patients are
injected with pre-modified T-cells which are
stimulated and genetically modified with retroviral or
plasmid vectors to generate CAR-T cells for
treatment(!71-173]. It was recently demonstrated that
Cas-9 based gene manipulation can enhance the
efficacy of CAR-T cells!!’4. Target antigen selection
must have the maximum effect in tumor cells and the
minimal effect in normal cells as a criterionl!7%.175],
Despite few studies in melanomas, ganglioside GD2 is
an example of a molecule that is strongly expressed in
melanoma cells and can be targeted by CARsl!75-176],
In young adults and children with melanomas
(NCT02107963), a phase 1 study of T-cells
expressing an anti-GD2 CAR was performed, but no
definitive findings were observed. A phase I CAR-T
dose-escalation cell study in solid tumors, including
melanomas, against antigen VEGF receptor 2,
demonstrated one partial response (4%) in 24

patients!!73l. Nonetheless, CAR-T cells are also
subjected to inhibitory immune checkpoint signals of
the TME. Therefore, combined therapies of CAR-T
with CTLA-4 antibody or PD-1 antibody may
overcome the TME features!!7.175.177], Clinical trials
using CAR-T cells expressing cMET (NCT03060356)
and anti-CD70 CAR-T (NCT02830724) are
underway.

gp100 peptide vaccine

Glycoprotein gp100 is only expressed in the retina,
healthy epidermal cells, and melanoma cells; it is not
expressed in other healthy tissues!!’#-17. gp100 is
recognized by CTLs and stimulates their activity
thereby making it a treatment option. However, gp100
as a monotherapy has showed poor and unsatisfactory
performance in preclinical research therefore, it may
be used only as adjuvant therapy!'78l. The combination
therapy of IL-2 and the gpl00 peptide vaccine
demonstrated an overall improvement in PFS and a
complete clinical response of 5%!('25]. When compared
to IL-2 monotherapy, combination therapy showed a
longer median OS. Various clinical trials are
underway using gpl00 as a monotherapy
(NCT02889861 and NCTO01744171) or in
combination  with  different  immunotherapies
(NCTO01176474, NCT00470015, NCTO01176461,
NCT02535078, and NCT00960752).

Biochemotherapy

Biochemotherapy (BCT) is an approach where
chemotherapy and immunotherapy are combined to
enhance  clinical  benefits. = Many  modern
chemotherapies function in part by means of
mechanisms stimulating the immune system('8], One
of the routinely used BCT procedures involves the use
of Vinblastine, which targets microtubules!'®!l while
Cisplatin enhances DNA damagel'82) with [FN-a 2b or
IL-2 as the immunotherapy. In comparison to
chemotherapy alone, BCT resulted in a higher
response rate and overall improvement in the median
PFS. BCT, however, did not yield any improvement in
OS and was related to significant toxicity and risk of
brain metastases(!83.

Therapies against the tumor microenvironment

One of the factors playing a key role in melanoma
malignancy is TME. The TME is a complex network
of cells, paracrine factors, molecules that support
melanoma cells thereby, regulating their genesis,
development and resistance to various therapeutic
modalities. Considering the importance of the
melanoma TME, targeting its components has become
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a treatment strategy with potential. Among various
proteins in TME, the matrix metalloproteinases
(MMPs) have been found to promote tumor
progression by degrading surrounding tissues,
membrane receptors, and modulating growth factors,
as well as membrane receptors, inflammatory proteins,
and chemo-attractive proteins(!84. Multiple studies
have highlighted the role of MMPs in melanoma with
MMP deregulation being linked to tumor cells and
TME changes. Several MMP inhibitors have been
developed and are divided into synthetic and
endogenous inhibitors!!84. MMP activity is inhibited
by a variety of ways, the most frequent of which
includes binding molecules to the zinc atom of the
protein's catalytic domainl!84]. Rebimastat,
Tanomastat, Prinomastat!!s5], Cipemastat, Marimastat,
Doxycycline, 3-hydroxypyran-4-one, and Ro 28-2653
are some of the examples of synthetic MMP inhibitor
compounds(!84],

Endogenous MMP inhibitors include a2-macro-
globulin and tissue inhibitors of metalloproteinases
(TIMPs)(184.186. The serum protein o2-macroglobulin
binds to MMPs forming an inactive complex. In
groundbreaking research, Kancha et al investigated
protein levels for the o 2-macroglobulin receptor
(LRP/2-MR). They observed that their levels were
lower in invasive sub-clones derived from PC-3 and
DU-145 human prostatic cells, as well as the A2058
melanoma cell line, compared to non-invasive
ones!'#4. This supports the theory that LRP/2-MR
complex down-regulation might promote tumor cell
invasiveness. TIMP inhibitors inhibit MMPs by

binding to their catalytic site and blocking their
proteolytic action. TIMP molecules feature 12
cysteine residues which create six loops via disulfide
bonding, which is required for inhibitory effect
against MMPs!!84, The N-terminal site of TIMPs can
bind to the majority of MMPs whereas the C-terminal
site of TIMP-1 and TIMP-2 bind to the hemopexin
domain of pro-MMP-2  and  pro-MMP-9,
respectivelyl!®4. In this way MMP inhibitors can be
useful in the treatment of melanoma.

Targeted therapy

Almost 70% of cutaneous melanoma patients carry
mutations in genes associated with key signaling
pathways. These mutations are generally associated
with the proliferation of melanoma cells and
malignant phenotypel!$7l. The targeted therapy-based
approach utilizes antibodies or small molecule
inhibitors that alter these mutated proteins that are
crucial for the disease progression (Fig. 4).

Cyclin-dependent kinase inhibitors

CDK4 germline mutations are associated with 2%
of familial melanomal'®8. The oncogene CDK4 is
involved in modulation of cell proliferation and is
inhibited by pl16+189-1911 Apart from CDK4, cyclins,
and CDK6 (D1, D2, or D3) also control the Gl
checkpoint!!92l. Hyperactivation of cyclin D kinase,
mutations associated with CDK4, cyclin D
amplification or deletion of pl6™NK4a Jeads to an
increased risk of melanoma development!!3l.
Abemaciclib, Ribociclib, and Palbociclib are

Melanoma therapies
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Fig. 4 Food and Drug Administration approved melanoma therapies. CTLA-4: cytotoxic T-lymphocyte-associated antigen 4; PD-1:
programmed cell death protein 1; PD-L1: programmed death ligand-1; CDK: cyclin-dependent kinase; TLR: Toll-like receptor; BRAF:
serine/threonine-protein kinase B-raf; VEGF: vascular endothelial growth factor.
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inhibitors of CDK4/6, which selectively target tumors.
These drugs have also been found to cause fewer AEs
and improve effectiveness!’®). In Vemurafenib-
resistant melanoma models, where reactivation of the
MAPK pathway and high expression of cyclin D1
were observed, treatment with Abemaciclib led to
tumor growth regression!!*4. For an effective and
successful therapeutic outcome, the appropriate
selection of patients with CDK4 mutations seems to
be critical?!l, Several inhibitors of CDK4/6 are being
studied through clinical melanoma trials, including
Abemaciclib monotherapy (NCT02308020) or in
combination with immunotherapies (NCT02791334)
and with chemotherapy (NCT02857270), Ribociclib
in combination with targeted therapies (NCT01781572/
NCT02159066), SHR6390 monotherapy
(NCT02671513), Palbociclib monotherapy
(NCTO01037790) and in combination with targeted
therapies (NCT02202200).

ErbB4 inhibitor

ErbB4 belongs to ErbB family of receptor tyrosine
kinases. In melanoma, perturbations in ErbB4 have
been identified and are associated with enhanced
transformation ability and show increased Kkinase
activity. Therefore, inhibition of ErbB4 receptors
might be of therapeutic use in the treatment of
melanomas. It has been found that the knockdown of
ErbB4 in melanoma cells leads to reduced cell growth.
Also, the treatment of cells with Lapatinib (inhibitor
of ErbB) has proven to enhance the inhibitory
effectl!%s].

PI3K-AKT-mTOR pathway inhibitors

mTOR plays a key function in tumor progression
and development, and multiple inhibitors have been
developed to downregulate the mTOR pathwayt!1.19],
mTOR forms two protein complexes, mTOR
complex1l, which is activated by the PI3K/AKT
pathway, and mTOR complex 2[1%], In cutaneous
melanoma, hyperactivation of the mTOR pathway has
been found to be associated with BRAF mutations!!97l.
A study reported that combinations of PI-103 (PI3K
inhibitor) and Rapamycin (mTOR inhibitor) could
effectively induce autophagy as well as inhibit the
growth of melanoma cells when compared to single
drugs alone (Fig. 4)!'.1%8], In one study of PI3K-AKT
pathway inhibitors, there were enhanced apoptosis
rates when compared to BRAF inhibitors(!*l. There
are other PI3K pathway inhibitors are under clinical
investigation, such as BKM120 in conjunction with
other targeting therapies (NCT02159066),
INCBO050465 in conjunction immunotherapies and

other targeted therapies (NCT02646748),
GSK2636771 in conjunction with immunotherapies
(NCT03131908), and IPI-549 monotherapy compared
to the combination with  immunotherapies
(NCT002637531). MK2206, an inhibitor of AKT, is
also under clinical trial in conjunction with
chemotherapy (NCT01480154).

When mTOR inhibition is combined with MAPK
pathway inhibitors, an additive antitumor effect can be
obtained. BRAF vector-transfected cells displayed an
increased mTOR pathway activation, whereas BRAF-
mutant melanoma cells are sensitive to mTOR
inhibition2%], Furthermore, inhibition of mTOR or
AKT and combined inhibition of mTOR and PI3K
have been shown to be effective alternative
approaches at overcoming resistance to BRAF
inhibitors(201-202], In a clinical mTOR inhibitor trials,
namely Temsirolimus or Everolimus are used in
conjunction with a BRAF inhibitor (NCT01596140),
also in another trial ASN003, an inhibitor of BRAF
with enhanced selectivity against mTOR and PI3K
kinases (NCT02961283). Combining low-dose
inhibitors of mTOR with immunotherapy needs
clinical validation because inhibition of mTOR can
lead to immune activation or immune suppression
depending on the mode of administration, timing, and
dosel203],

c-Kit inhibitors

c-Kit mutations have been shown in different types
of melanoma. For example, 36% of acral lentiginous
melanoma, 28% of cutaneous melanoma, and 39% of
mucosal melanoma show c-Kit mutations[204-205],
Mutations in c-Kit leading to gene amplifications
cause constitutive ligand-independent activation of
receptor thereby leading to the upregulation of the
PI3K/AKT and MAPK pathway!206-207  Mutations
across several exons of K/T have been reported and
are linked with the development of drug resistancel208],
Imatinib was found to produce significant activity in
metastatic melanoma patients harboring aberrations in
c-Kit with a response rate of 30% and a median PFS
of 3 to 4 monthsi209-211]. Two Imatinib-based clinical
trials are ongoing, in combination with immuno-
therapies (NCT02812693) and with chemotherapy
(NCT00667953). Multi-kinase inhibitors such as
Nilotinib, Sunitilib, and Dasatinib (Fig. 4) have also
shown activity in melanoma patients having c-Kit
mutations. Clinical trials are ongoing with these
interventions, in conjunction with immunotherapies
(NCTO01876212) and chemotherapy (NCT01005472).
Thus far, the AEs reported are fatigue, fluid retention,
and myelosuppression(20¢],
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Vascular endothelial growth factor inhibitors

VEGF, VEGF receptor-1, -2, and -3 are highly
expressed in melanoma and they are associated with
poor prognosis, growth of tumor neovasculature, and
suppression of the immune system(!2213, VEGF-
promoted angiogenesis is critical for the progression
of cancer24l. Therefore, blockade of VEGF might be
an effective therapeutic approach for melanoma
therapy (Fig. 4). Bevacizumab is a monoclonal anti-
VEGF antibody capable of targeting as well as
neutralizing VEGF and inhibiting tumor growth(2!sl,
The combined therapy of TMZ and Bevacizumab was
used to treat patients with previously untreated
metastatic melanomas in a single-arm phase- Il
clinical trial2¢l. A 16% objective response rate, 52%
of overall disease control rate, 4.2 months of median
PFS, 9.6 months of OS, and an improvement in OS in
patients with BRAFV600E-mutated melanoma has
been observed. Bevacizumab was given in
combination with IFN-02b in another single-arm
phase-1I clinical trial. The median rate of progression-
free was 4.8 months, and the rate of OS was 17
months. These studies illustrate the potential of VEGF
as a therapeutic target but were unsuccessful in
validating this therapy for melanoma. Clinical trials
are underway, using Bevacizumab in combination
with  chemotherapy (NCT03175432) and with
immunotherapies (NCT00790010, NCT2158520,
NCT02681549, NCT01950390, and NCT03167177).

MEK inhibitors

Targeting signal-transducing modules downstream
of oncogenes is a credible strategy to overcome
resistance to BRAF inhibitors2!”). The downstream
target of BRAF is MEK. MEK inhibitors have been
found to enhance activity in melanoma with NRAS-
mutations218], In 2013, Trametinib (MEK1/2 inhibitor)
(Fig. 4) was approved as monotherapy for malignant
melanoma or unresectable melanoma with BRAF
mutations(206:219. The blockade of MEKI1/2 leads to
growth factor/s mediated inhibition of cell signaling
and a decrease in the proliferation of tumor cells.
Compared to chemotherapy alone, Trametinib-treated
metastatic melanoma patients encountered improved
PFS, OS, and clinical response rates(2!”]. Peripheral
edema, nausea, fatigue, diarrhea, and vomiting are
some of the most common AEs of MEK inhibitors!206],
Combining Dabrafenib (a BRAF mutant inhibitor)
with Trametinib has been found to produce a durable
objective response in a multicenter, open-label,
randomized study(?3l. This combination was approved
by the FDA in 2014 for the treatment of BRAF

harboring unresectable metastatic —melanomal220l,
Multiple clinical trials are ongoing with a combination
of Dabrafenib and Trametinib. Further, these two
drugs are also combined with immunotherapies,
radiotherapy, and other targeted therapies (for details
refer to the ClinicalTrials.gov). In 2015, a
combination of  Vemurafenib (BRAF-mutant
inhibitor) and Cobimetinib (MEK inhibitor) was
approved for treating melanomas with BRAF
mutations that cannot be removed surgically or show
metastization220-221], Nausea, chills, fatigue, pyrexia,
vomiting, and diarrhea are some of the AEs of MEK
and BRAF inhibitor combination therapy!20¢],

Conclusion

Understanding melanoma pathogenesis is a key
factor in developing new therapeutic modalities. The
analysis of oncogenic signaling pathways, as well as
the intricate interactions between various signaling
modules, will enable us to discover new therapeutic
targets. In turn, these will enable us to develop
effective treatments but each treatment encounters a
number of challenges. Describing the nuances
involved in each intervention or combination will help
us to improve outcomes and progress our knowledge
of unique mutations. One key factors is tolerability to
treatments that can inhibit tumor growth. Combining
interventions such as immunotherapy, chemotherapy,
and targeted therapies appears to be an effective
strategy to overcome these resistance. Yet, patient
sample heterogeneity and indeed tumor differentiation
correlate with different resistance mechanisms which
adversely affect outcomes. Recently, there has been an
increase in the number of approved immunotherapies.
Favorable results can be explained by the triggering
immune responses which initiate the T-cell repertoire.
T-cells are able to adapt to heterogenous tumors and
generate memory T-cells which can inhibit tumor
recurrence. Based on molecular characteristics and
individual differences between patients, as well as
responses to therapy, personalized approaches are
called for to improve outcomes. Further research is
crucial to understand the complicated oncogenic
signaling pathways and to delineate the role of TME
in melanoma treatments.
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