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abstract

Cutaneous melanoma remains the most lethal of the primary cutaneous neoplasms, and although the incidence
of primary melanoma continues to rise, the mortality from metastatic disease remains unchanged, in part
through advances in treatment. Major developments in immunomodulatory and targeted therapies have
provided robust improvements in response and survival trends that have transformed the clinical management
of patients with metastatic melanoma. Additional advances in immunologic and cancer cell biology have
contributed to further optimization in (1) risk stratification, (2) prognostication, (3) treatment, (4) toxicity
management, and (5) surveillance approaches for patients with an advanced melanoma diagnosis. In this
review, we provide a comprehensive overview of the historical and future advances regarding the translational
and clinical implications of advanced melanoma and share multidisciplinary recommendations to aid clinicians
in the navigation of current treatment approaches for a variety of patient cohorts.
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INTRODUCTION

Although the incidence of primary cutaneous mela-
noma has steadily increased for several decades and
remains the most lethal of the primary cutaneous
neoplasms, the 3-year overall survival (OS) rates have
remained relatively constant from 26.4% to as low as
4.7% across the subcategories of stage IV metastatic
disease from 2004 to 2009.1,2 As of 2018, the SEER
database estimated that the 5-year survival rate is
29.8% in those with stage IV disease at the time of
diagnosis in the United States.3 Noncutaneous forms
of melanoma, including mucosal and ocular subtypes,
classically portend an even worse prognosis.4 In 2021,
it is estimated that there will be 106,110 new cases of
invasive melanoma with 7,180 melanoma-related
deaths in the United States, and according to GLO-
BOCAN for 2020, there were 324,635 cases of mel-
anoma worldwide, representing 1.7% of all cancers
and 57,043 melanoma deaths or 0.6% of cancer-
related mortality.5

Once considered among the most refractory of can-
cers to traditional modes of therapy including che-
motherapy, radiation therapy, and the early days of
targeted therapy, the clinical and therapeutic ap-
proaches toward patients with melanoma have wit-
nessed dramatic improvements in cancer cell biology
and immunology over the past decade. Striking re-
sponses to novel targeted and immunotherapies, with
resultant improvements in both quality of life and OS,

have substantially altered our approach to patients
with metastatic melanoma. In this review, we will
provide oncologists with a navigational map to ap-
proach this powerful and growing armamentarium.

THE ROLE OF TARGET-SPECIFIC MOLECULAR TESTING

The v-raf murine sarcoma viral oncogene homolog B1
(BRAF) is a serine/threonine protein kinase that was
described in 1983 as an oncogene playing a critical
role in the RAS-RAF-MEK-ERK mitogen–activated
protein kinase (MAPK) cell signaling pathway, with
high frequencies of BRAF point mutations discovered
in melanoma and other human cancers.6,7 The acti-
vating BRAF mutations observed in 37%-53% of
patients with cutaneous malignant melanoma were
identified as a therapeutic target early on with sor-
afenib, the first small-molecule inhibitor believed to be
directed at BRAF, entering preliminary clinical trials in
2000. Three isoforms of RAF (A, B, and C) are now
recognized, of which sorafenib principally targets
CRAF. Therefore, randomized phase III studies with
sorafenib failed to show benefit in patients with met-
astatic melanoma harboring BRAF mutations.8,9 Fur-
ther investigation has appreciated the most common
BRAF mutation to occur at the 600th position, the
enzymatic pocket of the molecule, where it substitutes
a glutamic acid (E) for a valine (V). The first second-
generation BRAF inhibitor targeting BRAFV600E,
PLX4032 (vemurafenib), remarkably provided rapid
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and deep responses in patients with metastatic melanoma
and swiftly led to a foundational change in the therapeutic
approach toward the inhibition of mutated, activated BRAF
in metastatic melanoma.10 Although skin toxicity with in-
duction of keratoacanthomas was noted, it subsequently
became evident that this was related to unopposed CRAF
activation, which abates upon the addition of downstream
MEK inhibitors. Interestingly, the BRAFV600E mutation is
not a UV-driven mutation and is also seen in the molecular
profile of atypical benign nevi. Furthermore, although
BRAFV600E remains the most common mutation, repre-
senting about 40% of melanomas, other rarer mutations in
BRAF have also been identified. The current portfolio of
BRAF inhibitors (vemurafenib, dabrafenib, and encor-
afenib) all targets the BRAFV600E pocket and is most
active in tumors with this mutation. In tumors with rarer
activating mutations such as the substitution of lysine (K)
and aspartic acid (D) for valine, BRAF inhibitors exhibit
reduced activity, although still maintaining therapeutic
relevance.11

Immediately downstream of RAF in the MAPK pathway is
MEK, for which constitutively activated mutations have
been observed in approximately 8% of patients with cu-
taneous malignant melanoma.12 The first MEK inhibitor,
trametinib, exhibited an OS benefit in patients with BRAF-
mutant metastatic melanoma.13 The combination of BRAF
and MEK inhibition with dabrafenib and trametinib was
then observed to provide a progression-free survival (PFS)
benefit compared with dabrafenib monotherapy for pa-
tients with advanced melanoma harboring BRAF V600E or
V600K mutations, with additional observations to include
similar tolerance and lower rates of cutaneous eruptions
within the combination group likely by avoiding the
aforementioned paradoxical MAPK activation and resultant
dermatologic reactions with BRAF inhibitor monotherapy.14

There are currently three approved BRAF and MEK in-
hibitor combinations including dabrafenib plus trametinib,
vemurafenib plus cobimetinib, and encorafenib plus
binimetinib, all of which possess a comparable 18-month
PFS range of 30%-40% with their own unique side effect
profiles.15

Mutations of KIT, a proto-oncogene encoding a type III
transmembrane receptor tyrosine kinase (c-KIT) with
known expression during normal melanocyte development
and resultant induction of both MAPK and phosphoinosi-
tide 3-kinase/AKT pathways upon constitutive activation via
amplification or activating mutations, are commonly ob-
served in melanomas arising from mucosal (39%), acral
(36%), and chronically sun-damaged skin (28%).16 In-
terestingly, although only 5%-10% of KIT mutations are
generally observed in patients with all melanoma subtypes,
these mutations rarely occur in conjunction with BRAF or
NRAS mutations and are typically not observed in cuta-
neous melanomas arising in the absence of chronic sun
damage.17 KIT-targeted agents such as imatinib have been

shown to provide benefit to patients whose tumor harbors
KIT mutations, but not overexpression.18

Although the RAS oncogene, with its associated activating
mutations within Ras GTPase proteins and downstream
effects on MAPK and phosphoinositide 3-kinase/AKT
pathways, has been well-documented within a variety of
cancer types, the neuroblastoma ras viral oncogene ho-
molog (NRAS) remains the predominantly mutated isoform
in patients with melanoma with mutation rates of approx-
imately 13%-25%.19 Clinically, NRAS mutations appear to
bemost commonly associated with elderly (age. 55 years)
and chronically UV exposed patient cohorts and are related
to a more aggressive prognosis including higher rates of
visceral and CNSmetastatic involvement.19,20 Treatment for
patients with advanced melanoma harboring NRAS mu-
tations is well outlined in a recent review19 and remains
relatively controversial, as no clear targeted therapies are
yet to exhibit clinical benefit; prospective utilization of
downstream MEK inhibitors has failed to achieve OS
benefits.19,21 To date, patients with a variety of melanoma
subtypes harboring NRAS mutations appear to exhibit
equivalent and potentially enhanced OS rates compared
with NRAS wildtype cohorts after treatment with single-
agent and combination immune checkpoint inhibitor
(ICI) regimens, and further prospective efforts regarding
biomarker and targeted NRAS therapeutic options are
ongoing.19,22

Several additional genetic mutations in patients with mel-
anoma, which currently lack direct targeted therapeutic
agents, have been observed. Mutations in the NF1 gene
with resultant loss of negative regulatory mechanisms in
RAS-related MAPK pathways have exhibited high muta-
tional rates of 12%-18% in patients with melanoma (45%-
93% in desmoplastic clinicopathologic subtypes) and are
now postulated to be the third most commonly observed
driver mutation in these patients behind BRAF and NRAS,
respectively.23 Alternative mutations in the PTEN tumor
suppressor gene appear to be coexpressed in patients
harboring BRAF mutations and may enhance tumor cell
immune evasion via a variety of mechanisms independent
of MAPK pathways including downregulation of antitumoral
immune cells within the tumor microenvironment (TME)
and tertiary lymphoid structures, thus contributing to
suboptimal responses observed in subsets of patients re-
ceiving standard immune and targeted therapies.24 An-
other mutation of interest includes activating mutations of
Pleckstrin homology domain interacting protein, which
appears to promote metastatic transition in melanoma cells
and has gained attention for potential targeted therapeutics
given its unique molecular structure and predominance of
mutations preserved to patients who are BRAF wildtype.25 It
should be noted that this set of additional mutations are yet
to provide clinically significant therapeutic targets and
therefore are not routinely tested unless available in the
setting of a clinical trial.
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There are also several immunologic and genetic analytic
modalities proven to provide clinical utility in a variety of
solid tumor subtypes that have gained attention for patients
with melanoma. For example, a high tumor mutational
burden (TMB), although well established as a positive
predictive biomarker for immunotherapeutic response in
nonmelanoma solid tumor subtypes because of enhanced
immunogenic neoantigen presentation and subsequent
recognition by therapy-directed activated host T cells, is yet
to clearly exhibit convincing clinical utility in guiding de-
finitive treatment planning for patients with melanoma.
However, combining additional modalities with TMB ana-
lytics may provide clinical benefits and is therefore under
active investigation. For example, circulating tumor DNA
(ctDNA) has been introduced as a predictive biomarker for
patients with melanoma, postulating that persistent ele-
vations of ctDNA during early phases of standard immu-
nomodulating therapies exhibit a worse prognosis, with the
highest rates of disease progression observed in patients
harboring mutations in BRAF or NRAS.26 Encouraging
prospective observations of combining TMB and ctDNA in
patients with melanoma exhibited enhanced response and
survival rates in those with high TMB tumors who also
exhibited enhanced ctDNA clearance during early stages of
treatment, for which further investigation and validation are
anticipated.27 Additional immunologic modalities involving
quantitative expression of programmed death ligand 1 (PD-
L1), although beneficial in the prognosis and treatment for a
variety of various solid tumor types, have only exhibited
trends in OS benefits for patients with melanoma who
possess high PD-L1 expression and therefore are yet to
provide sufficient evidence of their clinical utility.28,29 Fi-
nally, tumor-infiltrating lymphocytes (TILs) provide a his-
tologic reflection of host immune response within the TME,
providing valuable prognostic and therapeutic insights into
a variety of tumor types including melanoma.30 However,
given the diverse pathologic subtypes of melanoma in
addition to largely heterogenous TIL populations that in-
clude therapeutically desired cytotoxic T cells and com-
binations of undesired immune-dampening regulatory
T cells (Tregs) and exhausted T-cell populations, a larger
investment in single-cell analyses to better categorize the
prognostic and therapeutic utility of TILs in patients with
melanoma will likely provide substantial advances in
treatment monitoring and future therapeutics.

THERAPEUTIC RECOMMENDATIONS FOR
METASTATIC MELANOMA

Prognostic Considerations

In 2018, the eighth edition of the American Joint Committee
on Cancer staging system for cutaneous melanoma out-
lined several revisions to aid in the clinical and prognostic
management of this patient population. This included the
incorporation of microsatellite, satellite, or in-transit me-
tastases within the eight T subcategories and defining four

separate distant metastatic (M) categories on the basis of
the site of involvement.31 These changes have aided in
further risk stratification and treatment planning, as met-
astatic involvement of viscera outside of the CNS, desig-
nated as M1c, and CNS-involved disease (M1d) are
associated with a poorer prognosis than those with distant
metastatic disease of the skin and soft tissue (M1a) and
lung (M1b), respectively. Lactate dehydrogenase (LDH)
was also included in each metastatic subgroup (designated
as 1 or 0 if elevated or not, respectively), given the strong
evidence of this biomarker to serve as a poor prognostic
factor in patients with melanoma regardless of prior
treatment or BRAF mutational status.32,33

Patient performance status (PS) measured through Eastern
Cooperative Oncology Group scoring systems, although not
directly affecting advanced melanoma American Joint
Committee on Cancer staging, has also shown that a poor
PS serves as an independent prognostic indicator given
significantly worse survival rates observed in those with an
Eastern Cooperative Oncology Group . 1 at time of
diagnosis.34,35 This is not to be confused with advanced
age, however, as dedicated studies have noted encour-
aging response rates and toxicity profiles of elderly patient
cohorts receiving standard melanoma therapies.36,37

Oligometastatic Disease

Talimogene laherparepvec. In 2015, talimogene laher-
parepvec (T-VEC) became the first oncolytic viral therapy to
be approved by the US Food and Drug Administration
(FDA) for the treatment of advanced (stage IIIB-IV) mela-
noma on the basis of the randomized phase III OPTiM
trial.38 However, such a treatment modality remains re-
served to those with locoregional (stage IIIB—IV [M1a])
disease, as the observed robust response rates remained
preserved to this subgroup compared with those with
pulmonary and visceral metastatic disease.39 Additional
combination therapies with T-VEC have been implemented
in more advanced disease and are discussed below.

Metastasectomy. Intriguing phase III observations by
Faries et al40 noted that although their primary intervention
of intralesional bacillus Calmette-Guerin with or without
allogenic whole-cell vaccines after complete resection
of # 5 distant metastases in patients with melanoma was
terminated early because of low probability of efficacy, the
5-year OS rates of approximately 40% in both patient arms
were appreciably higher than those in patients undergoing
now historical standard-of-care systemic therapies without
resection, thus supporting a long-term survival benefit in
select patients with metastatic melanoma amenable to
complete resection. Additional prospective and retro-
spective efforts have also observed long-term survival
benefits after complete resection of distant metastases in
a variety of gastrointestinal, hepatic, adrenal, and pulmo-
nary sites of involvement for carefully selected patients,
which include those with a favorable PS and extended
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disease-free interval.41 Finally, regardless of systemic
therapy, resection of these isolatedmetastases may provide
additional clinical benefit by alternating patient immune
profiles given the immunosuppressive milieu established
by melanoma tumor tissue.42 Further exploration regarding
the potential clinical benefits of surgical resection in the era
of now standard-of-care targeted agents and immuno-
therapies is anticipated.

Radiation modalities. Outside of palliative intent, the utility
of radiation therapy in the setting of advanced melanoma
has remained a debated topic of study. Stereotactic radi-
osurgery (SRS) for patients with intracranial metastatic
melanoma has exhibited expedited disease control and
additional survival benefits when used in multimodality
approaches that include surgery and systemic
therapies.43,44 The use of whole brain radiation in the ad-
juvant setting, however, exhibited no clinical improvement
in cognition or survival and therefore is not recom-
mended.45 In the setting of extracranial oligometastatic
disease, the use of SRS in patients unfit or otherwise in-
eligible for systemic options has provided durable rates of
local disease control, particularly in pulmonary lesions, and
thus is an appropriate therapeutic option in this subset of
patients.46 Furthermore, the potential systemic reactivation
of antitumor immunophenotypes after radiation therapy to
targeted lesions, also referred to as the abscopal effect, has
provided intriguing yet inconsistent data regarding the
synergistic improvements of combining radiation therapy
with immune-modulating therapies in patients with meta-
static melanoma, for which additional prospective data
remain desired.47

Advanced Metastatic Disease

Historic approaches. High-dose (HD) interleukin (IL)-2 has
been observed to enhance the expansion of an antitumoral
immunophenotype including natural killer (NK) cells, NK
T cells, antigen-activated CD-81 T cells, mast cells, and
dendritic cells.48 These findings coincided with favorable
response rates and the potential for complete responses
(CRs) in certain patients withmetastatic melanoma, leading
to its FDA approval within this patient population in 1998.49

This therapeutic modality has faced major shortcomings
and associated challenges in achieving a prolonged ther-
apeutic benefit given its short half-life with a relatively high
toxicity profile, including a potentially fatal vascular leak
syndrome, thus requiring inpatient management to ad-
minister. This regimen also exhibits eventual activation of
counter-regulatory immune pathways, such as immune-
dampening Tregs, with resultant therapeutic resistance.50

Although this modality may still provide clinical benefit in a
subset of patients as a later-line option, HD IL2 has been
largely replaced in the first-line setting given the afore-
mentioned challenges in addition to the enhanced re-
sponse rates of alternative immunologic treatments
outlined below.

Before IL-2–based approaches, treatment of metastatic
melanoma was mostly considered palliative with subopti-
mal partial response rates of 6%-15% observed through an
approved regimen of the alkylating agent dacarbazine.51

The oral alkylating agent, temozolomide, gained additional
attention for its oral route of administration, enhanced
patient-reported quality of life, and potential ability to cross
the blood-brain barrier, leading to enhanced responses for
patients with CNS involvement, but ultimately provided no
additional therapeutic benefits compared with those re-
ceiving dacarbazine.52 Subsequent attempts with combi-
national chemotherapy such as the Dartmouth regimen
(dacarbazine, cisplatin, carmustine, and tamoxifen)
exhibited enhanced toxicity without significant response or
survival benefits when compared with dacarbazine.53 Ad-
ditional efforts of combination chemotherapy included
cisplatin, vinblastine, and dacarbazine, which was also
unsuccessful in achieving clinically significant survival
benefits compared with the standard single-agent regi-
men.54 Finally, the combination of carboplatin and
paclitaxel, with or without vascular endothelial growth
factor (VEGF) inhibition by bevacizumab, exhibited
modest improvements in disease control but were also
associated with high rates of toxicity and unclear survival
benefits.55,56

These underwhelming observations led to the exploration of
combining these chemotherapeutic agents and cytokines
together, also referred to as biochemotherapy, which in-
cluded cisplatin, vinblastine, and dacarbazine with IL-2 and
interferon-alpha agents, among others. Although patients
undergoing biochemotherapy regimens exhibited encour-
aging response rates compared with chemotherapy mo-
dalities, these regimens failed to translate into a clear long-
term survival benefit.57 Given the suboptimal long-term
responses and insignificant survival benefits of these
agents, further exploration into alternative treatment op-
tions for this highly chemoresistant disease was strongly
warranted.

Immunotherapy. The initial observations of spontaneous
regression of melanoma and lymphocyte infiltration led
early investigators to posit that immunotherapy may serve a
benefit in cancer therapeutics. The first studies of intra-
lesional bacillus Calmette-Guerin or levamisole sparked
interest, but it was not until the introduction of recombinant
human cytokines, interferon-a2 and IL-2, that durable
responses were noted, albeit in very small percentages of
patients. The groundbreaking Nobel laureate winning ob-
servations of immune checkpoints (ICs) by Honjo (pro-
grammed cell death protein 1 [PD-1]) and Allison (cytotoxic
T-cell lymphocyte [CTLA]4) paved the way for developing
human-blocking antibodies. ICI entered clinical trials in-
cluding the first phase I efforts with anti-CTLA4, ipilimu-
mab, in 2007.58 Subsequent studies in other tumors led
to expanded phase II and ultimately phase III trials,
which uncovered a whole new profile of toxicities and
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immune-related adverse events (irAEs) that included oc-
casionally lethal results. The durable responses of these
therapeutic modalities were unprecedented, with their
associated irAEs continuing to remain an often unavoidable
burden to which extensive efforts in risk stratification, early
identification, and mitigation are ongoing.59-61

The anti-CTLA4 agent, ipilimumab, was the first single-
agent ICI approved by the FDA for the treatment of met-
astatic melanoma in March 2011 at a dose of 3 mg/kg once
every 21 days for four doses,62 with eventual approval in the
adjuvant setting at a dose of 10mg/kg once every 3 weeks for
four doses, then every 3 months for up to 3 years for ad-
vanced (stage III) disease in October 2015.63 However, anti-
CTLA4 monotherapy is not considered a standard of care in
the first-line setting given mature evidence of favorable PFS
observed with both anti–PD-1 monotherapy or combined
anti-CTLA4 and anti–PD-1 regimens.64,65 Further exploration
of anti-CTLA4 agents is warranted, given their (1) durable
dose responsiveness,66,67 (2) potential ability to shape the
immune contexture including enhanced depletion of tumor-
specific Tregs,68,69 (3) encouraging immune responses in
preliminary neoadjuvant studies,70 and (4) reduced toxicity
profiles in modified anti-CTLA4 antibodies.71

The phase III results of KEYNOTE-006 provided convincing
evidence for the anti–PD-1 agent, pembrolizumab, at a dose
of 10 mg/kg once every 2 weeks and once every 3 weeks, to
exhibit superior PFS and OS in comparison with ipilimumab
dosed at 3mg/kg once every 3weeks for four doses, for which
durable benefits continue to be observed after a recent 5-year
follow-up.72 The anti–PD-1 agent, nivolumab, gained FDA
approval in patients with advanced BRAF wild-type mela-
noma shortly after at a dose of 3mg/kg once every 2 weeks.73

The ICI combination of ipilimumab and nivolumab received
FDA approval for patients with BRAFV600 wild-type
unresectable or metastatic melanoma in October 2015,
with expanded approval regardless of BRAF mutational
status achieved less than one year later.74 This regimen of
nivolumab 1 mg/kg and ipilimumab 3 mg/kg once every
3 weeks for four cycles followed by maintenance nivolumab
at 3 mg/kg once every 2 weeks until disease progression,
toxicity, or withdrawal was largely founded on the robust
and durable responses observed in the CheckMate-067
trial, with most recent 6.5-year follow-up data continuing to
exhibit improved outcomes in OS, PFS, and overall re-
sponse rate (ORR) in patients treated with combination ICI
compared with ipilimumab monotherapy.65 This regimen
remains a standard of care in the frontline setting for pa-
tients with newly diagnosed metastatic melanoma who are
fit and eligible for combination ICI, with the greatest
suggested benefits observed in patients with (1) asymp-
tomatic CNS involvement,75,76 (2) harboring of BRAF
mutations, (3) advanced metastatic involvement, or (4)
high serum LDH.65,77 These robust responses also carry a
higher-risk irAE profile with a grade 3-4 irAE rate of 59%,
and therefore clinical discretion, including consideration of

ICI monotherapy or targeted treatment options, is strongly
advised in select patient cohorts including those at high risk
of ICI intolerance.65 It is also worth noting that all four
combination ICI doses may not be necessary to achieve op-
timal response and survival rates, as clinical benefits have
been observed in those with treatment intolerance78 and en-
couraging results fromongoing trials involving both shortened79

and inverted80 dosing regimens of this ICI combination appear
to exhibit improved safety profiles without inferior responses for
which long-term follow-up is eagerly awaited. Unfortunately,
patients with metastatic uveal melanoma have only achieved
modest 12-month OS improvements in the first-line setting
after treatment with the aforementioned standardized
ipilimumab and nivolumab dosing regimen on the basis of
retrospective and phase II data, for which (1) alternative
regimens, (2) long-term follow-up, (3) and phase III efforts in
this high-risk cohort of patients are anticipated.81-83

The concept of combination ICI with targeted therapeutic
agents is an enticing one given the potential benefits of
adding ICI-related durability to the enhanced response rates
achieved with targeted therapies. The first clinical trial in-
vestigating this treatment modality via a combination of anti-
CTLA4 ICI with BRAF inhibition suffered major setbacks and
early termination because of substantial liver toxicities, the
etiology of which was suspected to be related to the well-
established and previously mentioned paradoxical activation
in MAPK pathways.84 Subsequent efforts have uncovered
multiple synergistic immunophysiologic pathways in BRAF-
mutant mouse models when treated with anti–PD-1 ICI and
BRAF plus MEK inhibitor triple therapy combinations.84,85

There are currently several maturing phase II and III clinical
trials using these combinations for patients with BRAF-
mutant advanced melanoma including KEYNOTE-022
(pembrolizumab, dabrafenib, and trametinib), IMspire150
(atezolizumab, vemurafenib, and cobimetinib), and COMBI-i
(spartalizumab, dabrafenib, and trametinib).86 Although only
the IMspire150 trial met its primary end point of PFS for
which the survival curves first separated after 6-8 months, a
more matured analysis of the KEYNOTE-022 data exhibited
numerically encouraging improvements in response dura-
tion, PFS, andOS.87 Furthermore, a subgroup analysis by the
COMBI-i trial suggested that patients with higher serum LDH,
increased metastatic sites, bulky disease, and higher mu-
tational burden may represent a cohort with the greatest
clinical benefit to triple therapy.88 Although the IMspire150
observations led to FDA approval of combination of anti–PD-
1 (atezolizumab) with the BRAF plus MEK inhibitors
vemurafenib and cobimetinib for patients with BRAFV600
mutation–positive unresectable or metastatic melanoma in
July 2020, there remains little to no clinical scenarios where
triple therapy is clinically suggested in the first-line setting
given its higher toxicity profile, currently immature supportive
evidence, and lack of comparative studies with standard-of-
care sequential ICI followed by targeted therapy.89
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Modified TILs have also proven to provide encouraging
therapeutic benefits in addition to the prognostic insights
outlined above. Single doses of the cryopreserved autolo-
gous TIL, lifileucel (LN-144), have provided strong phase II
evidence of durable response rates in the high-risk cohort
of patients with melanoma who have progressed on mul-
tiple lines of therapeutic agents.90 Such adoptive cell
therapeutic approaches are very promising in re-
establishing the desired endogenous antitumor immuno-
phenotype for which additional phase III efforts are highly
anticipated with additional consideration for earlier ad-
ministration given potentially diminished responses in
patients previously exposed to anti–PD-1 agents.90

Indoleamine-2,3 dioxygenase 1 is involved in enzymatic
degradation of tryptophan, an amino acid that is crucial for
T-cell activity. This observation ultimately led to a phase I to
phase III effort with the small-molecule indoleamine-2,3
dioxygenase 1 inhibitor, epacadostat, in combination with
pembrolizumab in patients with metastatic melanoma,
which ultimately failed to exhibit a survival benefit.91

However, the lack of phase II efforts in these treatment
modalities and advancements in the metabolomic path-
ways of these molecules warrants additional translational
and clinical efforts.92

An exciting advancement in patients with metastatic uveal
melanoma includes the melanoma-associated antigen,
gp100. Phase III data have recently provided evidence that
the first-in-class bispecific fusion protein, tebentafusp,
targets melanoma-specific gp100 via specific T cell re-
ceptor portion with subsequent binding and activation of
T cells via CD3 portion to elicit antitumor immune re-
sponses and achieve significant OS benefits when com-
pared with standard-of-care ICI and chemotherapeutic
regimens.93 Further investigation and clinical imple-
mentation of this regimen are eagerly anticipated given the
suboptimal response to most standard-of-care options
within this high-risk patient cohort, the pathophysiology and
etiology of which are well described elsewhere.94,95

Targeted therapy. As outlined above, the therapeutic
combination of BRAF and MEK inhibitors has provided
rapid and deep responses that are now widely accepted
and used in the clinical setting as an acceptable standard of
care in patients with metastatic melanoma harboring BRAF
mutations, for which encouraging long-term durability
studies continue to mature. Clinical use of BRAF mono-
therapy is no longer standard practice given the PFS and
OS benefit of BRAF and MEK inhibitor combinations with
additional secondary benefits of reducing the aforemen-
tioned dermatologic toxicities observed with BRAF inhibitor
monotherapy.14 Trojaniello et al15 recently shared a com-
prehensive review including a summary of the most
updated follow-up of these combinations, which observed
comparable 5-year OS rates of 26%-32% and grade 3-4
toxicity rates of 54%-68% across the various approved
regimens (dabrafenib plus trametinib, vemurafenib plus

cobimetinib, and encorafenib plus binimetinib). Although
numerically longer OS trends have been noted with the
combination of encorafenib and binimetinib in side-by-side
analyses, no combination of these approved combinations
has proven clinical superiority, and treatment decisions
should be made on a case-by-case basis that accounts for
comorbidities, ease of use, and side effect profiles while
awaiting further supportive evidence including the utiliza-
tion of biomarkers.96

An additional targeted therapy clinically investigated in
patients with melanoma includes KIT mutations. Early
observations by Carvajal et al97 in 2011 showed that
treatment with imatinib mesylate led to significant response
rates in patients with metastatic melanoma harboring KIT
alterations, including two CRs in a pair of patients that
harbored a combination of the most common point mu-
tation of exon 11 (L576P) and a KIT amplification mutation.
It is further postulated that activating KIT mutations, spe-
cifically within exons 11 and 13, have the highest response
rates to imatinib compared with KIT amplification muta-
tions.98 Additional small-molecule inhibitors of c-KIT
exhibiting a range of mostly limited response rates in pa-
tients with KIT mutation harboring melanomas include
nilotinib, dasatinib, and sunitinib. Therapeutic approaches
therefore require further prospective studies including
more carefully defined patient cohorts, with current con-
siderations of imatinib versus clinical trials for patients with
acral or mucosal melanomas harboring activating KIT
mutations who progress on or are ineligible for ICI
therapy.98

Recommended clinical approaches. On the basis of the
evidence provided above, our institution implements a
frontline clinical approach to patients with advanced
melanoma, which is summarized in Figure 1. We continue
to encourage patients and physicians to first consider
participation in clinical trials as a means to allow ad-
vancement of therapeutic options. When considering
treatments for patients with high-risk advanced locore-
gional and metastatic disease, testing for molecular targets
should be performed when clinical decision forks are
reached. Currently, standard molecular testing includes
BRAF mutational analyses at the time of diagnosis. In the
infrequent clinical scenario of rapidly progressing meta-
static disease where initiation of targeted therapy may
provide lifesaving control and occasional cost consider-
ations of molecular testing, a prompt and reliable result of
BRAFV600E mutation status can be achieved via immu-
nohistochemical techniques. However, the clinician should
be alerted that current immunohistochemical testing only
identifies the V600E variant, and a more nuanced un-
derstanding of other BRAF mutational variants is worthy of
additional molecular testing given their less active but
clinically relevant activity to BRAF-targeted therapies.99-101

Additional molecular testing of CKIT mutations may also be
considered in rare cases within the small subset of patients
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who are BRAF wildtype and progress on or are ineligible for
ICI therapy.97

In patients with advanced melanoma harboring a BRAF
mutation without contraindications to ICI, we advise the
prioritization of combination immunotherapy over approved
targeted agents in the first-line setting. This approach has
been previously founded on currently available long-term
durable response and survival rates of ICI, even when
prematurely discontinued, in addition to retrospectively
observed improvements in patient outcomes and OS when
initially treated with ICI before exposure of targeted
agents.102-106 However, updates of two prospective studies
(SECOMBIT and DREAMseq) presented in late 2021 have
now further supported the use of combination ICI over
targeted therapies in the frontline setting for patients with
untreated, metastatic BRAFV600-mutated melanoma. The

SECOMBIT trial has observed that patients treated with ICI
combination (ipilimumab plus nivolumab) before BRAF
and MEK inhibition (encorafenib plus binimetinib) exhibi-
ted 3-year PFS (53% v 41%) and OS (62% v 54%) benefits
when compared with the reverse sequence of those regi-
mens, along with additional PFS (54%) and OS (60%)
benefits through a sandwich approach of BRAF and MEK
inhibition both before and after combination ICI.107 It is
worth noting that the SECOMBIT trial's phase II non-
comparative design was not powered to compare the arms
of (1) combination ICI until progression followed by dual
BRAF and MEK inhibition, (2) dual BRAF and MEK inhi-
bition until progression followed by combination ICI, and (3)
eight weeks of BRAF and MEK inhibition followed by
combination ICI and returning to BRAF and MEK inhibition
at disease progression, for which long-term follow-up is

No 

Diagnosis of advanced melanoma

(1) Complete staging with serum LDH
and full-body imaginga

(2) Send BRAF mutational testingb

Disease limited to localized or
oligometastatic involvement?

Yes 
Eligible for clinical trial?

Consider enrollment
into clinical trial

Wild-type Mutated 

Multi-disciplinary consideration of surgical
resection or stereotactic radiosurgery

combined with medical therapyc

Yes No 

BRAF-V600 mutation status

Combination of anti–PD-1 and
anti-CTLA4 checkpoint

inhibition.d Can consider anti–
PD-1 monotherapy on the basis of

clinical discretion 

Combination of anti–PD-1
and anti-CTLA4 checkpoint

inhibition.d Consider 
frontline therapy with 

targeted (BRAF and MEK)e

FIG 1. Recommended current clinical approach to patients with treatment-naive advanced metastatic melanoma. aInclude magnetic
resonance imaging of brain if clinically indicated. bAdditional molecular analyses including mutational status of RAS, CKIT, and NF1 as
well as expression of programmed death ligand 1 and quantification of tumor-infiltrating lymphocyte infiltration, tumor mutational
burden, and circulating tumor DNA are not currently used as the standard of care but likely to provide clinical utility in the future and
should be considered in appropriate experimental settings. cMedical therapies include talimogene laherparepvec for patients with
locoregional (stage IIIB-IV-M1a) disease and systemic therapy (most commonly combined anti–PD-1 and anti-CTLA4 checkpoint
inhibition) if visceral involvement. These treatments should not be delayed while undergoing consideration of additional interventions.
dCombination of anti–PD-1 and anti-CTLA4 ICI is encouraged as standard first-line systemic therapy regardless of BRAF mutational
status, with most enhanced benefits observed in patients with (1) CNS involvement, (2) elevated LDH, and/or (3) visceral metastatic
disease, which warrants an enhanced response rate. Can consider anti–PD-1 monotherapy for clinical and/or toxicity concerns from
combination ICI. eAppropriate to consider as frontline therapy with targeted (BRAF and MEK) inhibition in the subset of patients with
BRAFV600 mutation who require brisk response because of rapid and/or symptomatic disease progression. CTLA, cytotoxic T-cell
lymphocyte; ICI, immune checkpoint inhibitor; LDH, lactate dehydrogenase; PD-1, programmed cell death protein 1.
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ongoing. The DREAMseq study was designed to specifically
compare the sequence of initial combination ICI versus
targeted therapies in this cohort, which recently reported a
20% OS benefit at the 2-year mark in treatment-naive pa-
tients with BRAFV600-mutant metastatic melanoma if ini-
tially treated with combination ICI ipilimumab plus
nivolumab (72%OS; 95%CI, 62 to 81) compared with initial
treatment with BRAF and MEK inhibitors dabrafenib plus
trametinib (52% OS; 95% CI, 42 to 62).108 These studies
strongly support the use of dual ICI therapy as first-line
therapy in patients who possess tumors harboring BRAF
mutations and who are eligible for combination ICI regimens.

Consideration of ICI monotherapy is reserved for anti–PD-1
agents, pembrolizumab and nivolumab, which are approved
and reasonable options in certain scenarios such as patients
with advanced or metastatic melanoma who are ineligible for
clinical trials and deemed unfit for combination ICI therapies.
Although ICI monotherapies do not appear to provide as du-
rable of a response compared with combination ICI regimens,
prospective phase III data failed to exhibit a significant OS
benefit for combination ICI compared with nivolumab mono-
therapy and also noted PFS and OS benefits for both com-
bination ICI and nivolumabmonotherapy when compared with
ipilimumab.109 Similar response rates and toxicity profiles have
been observed with pembrolizumab as ICI monotherapy, and
therefore, both pembrolizumab and nivolumab are appropriate
options for anti–PD-1 monotherapy.110,111 Conversely, combi-
nation ICI appears to be of particular utility over anti–PD-1
monotherapy in those with (1) CNS involvement, (2) elevated
LDH, and/or (3) visceral involvement that warrants enhanced
response rates.75,112,113 A reasonable exception to consider
BRAF and MEK-targeted therapy in the frontline setting in-
volves patients harboring a BRAF mutation who may benefit
from a brisk response because of rapid and/or symptomatic
disease progression, with the timing of ICI in this cohort cur-
rently under investigation in the aforementioned SECOMBIT
trial.102,103,107 The recommended sequence of these agents
and the utility of ICI monotherapy remain major topics of in-
terest currently under prospective investigation (Clinical-
Trials.gov identifier: NCT02224781 and NCT02631447) with
further exploration of predictive biomarkers and patterns of
therapeutic resistance as additional fields of clinical necessity
in guiding the optimal management of this cohort.102,103

In regard to the duration of systemic therapy, encouraging
observations of continuous durable responses have been
observed after early discontinuation of single-agent and
combination ICI therapy and relatively low rates of disease
progression in those discontinuing targeted therapy.114,115

However, the most durable responses after treatment
discontinuation appear to be limited to patients who have
achieved a CR during their initial treatment, and therefore,
a much more extensive understanding of the clinical
characteristics and biomarkers associated with continuous
responses after the discontinuation of systemic therapies is
required before safely endorsing the discontinuation of

these life-prolonging agents.106,116,117 A recent example of
these advances includes the observation that levels of
ctDNA appear to remain undetectable in patients with
prolonged responses after discontinuation of treatment in
those who initially achieved a CR.118 We therefore currently
advise the continuation of ICI therapy in patients who are
responding but yet to achieve a CR and continuation of
targeted therapies for even responding patients who may
achieve a CR until disease progression or dose-limiting
toxicity, whereas more reliable methods in predictive risk
stratification and biomarker monitoring may eventually
permit discontinuation in select cohorts of patients. In ICI-
treated patients who achieve a CR, we recommend that
discontinuing therapy after 6-12months beyond the date of
CR may be considered on the basis of a shared decision-
making approach with the patient.117

Special considerations in CNS disease. Melanoma with
metastatic involvement of the CNS classically portends a
grim prognosis and remains a common exclusion criterion
in clinical trials including a majority of those listed above. In
the nonsurgical setting, targeted therapies with combina-
tion BRAF and MEK inhibition exhibited PFS and OS
benefits in patients with asymptomatic CNS involvement,
but these lesions also exhibited suboptimal durations of
response compared with their extracranial disease sites.119

Immunotherapies have more robust data supporting OS
benefits of ICI in CNS disease, with initial prospective data
providing durable OS benefits with ipilimumab in 2012
followed by enhanced benefits observed through combi-
nation of ipilimumab and nivolumab, which were particu-
larly notable within asymptomatic and/or steroid-
independent patient populations.75,120,121 Combination ICI
has exhibited an intracranial ORR of 56%, with 19% of
these patients achieving a CR.121 Targeted therapy com-
binations have exhibited similar intracranial ORR rates
ranging from 42% to 50%.122 Furthermore, as opposed to
targeted therapies mentioned above, ICI-treated patients
exhibited equivalent CNS response rates when compared
with their extracranial sites, which imparts additional
preference for an ICI-based approach in long-term thera-
peutic decision making. Furthermore, multimodality
techniques appear to provide the greatest survival benefits,
as retrospective evidence supports the combination of ICI in
conjunction with SRS therapy for which clinical trials in-
volving radiation combined with ICI (ClinicalTrials.gov
identifier: NCT03340129) and targeted therapies (Clin-
icalTrials.gov identifier: NCT02974803) are ongoing.123,124

NOVEL APPROACHES AND FUTURE
CLINICAL CONSIDERATIONS

Toll-Like Receptors

Toll-like receptor (TLR) therapies appear to promote
intratumoral antigen cross-presentation with resultant ac-
tivation and tumoral infiltration by adaptive immune cells
that ultimately enhances the antitumor immune response
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and sensitivity to ICI therapies.125 Intratumoral injections
with TLR9 agonists have provided encouraging preclinical
evidence of both local and systemic responses within
melanoma mouse models, with intriguing dose-responsive
patterns when exposed to more potent TLR9 agonists in
combination with modified anti-CTLA4 therapies that are
capable of enhanced depletion of tumor-specific Tregs.69

Although phase I/II efforts involving the intratumoral TLR9
agonist, tilsotolimod, combined with systemic ipilimumab
in patients with anti–PD-1-resistant advanced melanoma
exhibited sufficient tolerability to this regimen with an en-
couraging response to treated and distant lesions, their
phase III ILLUMINATE-301 trial recently shared that their
primary end point of ORR was not met.126 More recently,
phase I data from dose-escalated intratumoral virus-like
TLR9 agonist, vidutolimod (formerly CMP-001), in com-
bination with systemic anti–PD-1 therapy (pembrolizumab)
in patients with advanced melanoma on previous ICI
therapy have observed encouraging toxicity profiles with
durable responses in 25% of patients and enhanced ex-
pression of antitumoral immune profiles within distant
metastatic lesions.127 Given the therapeutic challenges of
patients with progressive melanoma despite standard ICI
therapy, these adjunctive agents may provide crucial type I
interferon immune responses associated with overcoming
immunologic resistance to PD-1 blockade within the
TME.127

Novel ICIs

In addition to the detrimental psychosocial implications of
stress in patients with cancer, the multifactorial etiologies
and dynamic biochemical pathways associated with the
physiologic state of stress have also been shown to promote
tumor growth and metastasis within multiple solid tumor
cell lines through induction of tumorigenic matrix metal-
loproteinases, VEGF, IL-8, and IL-6 via increased b--
adrenergic receptor signaling pathways modulated through
the sympathetic autonomic nervous system.128-130 In
melanoma cell lines, Yang et al131 showed that the VEGF,
IL-6, and IL-8 pathways associated with the neuroendo-
crine stress response were abrogated by the use of pro-
pranolol, a nonselective inhibitor of b-adrenergic receptor
signaling pathways. Synergistic antitumor activity of
standard-of-care anti–PD-1 treatment combined with
propranolol was then observed within melanoma mouse
models, ultimately leading to a phase I clinical trial, which
exhibited a very encouraging overall response rate of 78%
in the propranolol plus pembrolizumab arm with an im-
proved safety profile compared with those observed with
combination checkpoint inhibitors in the first-line
setting.64,72,132,133 Multicenter phase II efforts to further
validate these findings are ongoing (ClinicalTrials.gov
identifier: NCT03384836).

Lymphocyte-activation gene 3 (LAG-3) has recently gained
support as a targetable IC on the basis of its expression on
TILs with a distinct contribution to tumor-mediated T-cell

exhaustion. The phase III RELATIVITY-047 study (Clin-
icalTrials.gov identifier: NCT03470922) investigating a
novel immunotherapeutic combination with standard-of-
care anti–PD-1 (nivolumab) in addition to the anti–LAG-3
agent, relatlimab, in treatment-naive patients with ad-
vanced melanoma exhibited the improved PFS of
10.1 months compared with 4.6 months for those on
nivolumab monotherapy (P5 .0055) with a resultant HR of
0.75 (95%CI, 0.6 to 0.9).134 The grade 3-4 toxicity profile of
anti–PD-1 plus anti–LAG-3 combination therapy was
18.9% as compared with 9.7% receiving nivolumab
monotherapy. Although these data currently lack the ma-
turity of providing an interpretation in OS benefits and are
yet to be prospectively compared with standard-of-care
anti–PD-1 and anti-CTLA4 combination immunotherapy,
these encouraging observations support the potential utility
of this novel regimen especially in patients ineligible for
combination ICI.

V-domain immunoglobulin suppressor of T-cell activation
(VISTA), a negative regulator of T-cell function, is expressed
by T cells, myeloid cells, and tumor cells with common
associations of poorer prognostic factors in patients with
melanoma such as increased Breslow thickness and ad-
vanced stage.135 Furthermore, preclinical studies have
observed that combined blockade of both PD-1 and VISTA
appears to exhibit synergistic effects in the restoration of
T-cell activity and antitumor pathways in a variety of cancer
cell types for which a first-in-class oral dual anti–PD-1 and
anti-VISTA small-molecule ICI (CA-170) has been devel-
oped with a dose-escalation phase I clinical trial currently
ongoing (ClinicalTrials.gov identifier: NCT02812875).136

T-cell immunoglobulin and mucin domain 3 (Tim-3) is a
cell surface molecule expressed on CD41 T cells, cytotoxic
CD81 T cells, NK cells, dendritic cells, and a variety of
cancer-specific cells including melanoma with several li-
gands that appear to provide inhibitory responses in IC
pathways including diminished T-cell activation and im-
paired antitumor immunity.137 Several studies using
monoclonal antibodies against Tim-3 for a variety of cancer
types are ongoing with early observations of a phase II trial
for patients with advanced melanoma previously treated
with anti–PD-1 ICI exhibiting suboptimal response rates
after a combination of anti–Tim-3 antibody (MDB453) and
anti–PD-1 (spartalizumab) therapies, for which preliminary
results exhibited a 84.8% discontinuation rate because of
disease progression (60.6%) or cancer-related death
(12.1%).137 More extensive studies with longer-term follow-
up are therefore required to adequately investigate the
utility of this therapeutic modality.

The metabolomic changes associated with immune acti-
vation and inhibition, or immunometabolism, may provide a
variety of biomarkers toward the assessment of treatment
response and a potential target for a variety of cancer
therapeutics. In patients with melanoma, extracellular
adenosine signaling pathways involving an interplay of
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CD39 and CD73 have been observed to protect melanoma
cells through multiple dynamic changes within the TME
including enhancement of tumor cell escape through direct
antiproliferative effects on CD41 and CD81 T cells.138

Therapeutic modalities targeting these pathways, which
include small-molecule inhibition and humanized mono-
clonal antibodies directed toward the inhibition of CD73,
often in combination with ICI, are currently ongoing within
early phase and preclinical trials.139 In addition, combinations
of CD73 pathway inhibitors with BRAF and MEK inhibitors
appear to potentiate antitumor effects within melanoma
mouse models harboring BRAF mutations, warranting further
clinical exploration within this clinical cohort.140

Cytokines

A variety of cytokines provide paracrine and autocrine
impacts on the complex regulatory pathways associated
with the innate and adaptive immune system as it is related
to tumorigenesis and anticancer therapeutics, which has
therefore cultivated a vested interest in the prognostic and
therapeutic benefits of these molecules. One such cytokine
is IL-12, which although highly toxic when administered
systemically, has provided phase II evidence of local and
distant responses after intratumoral injection with plasmid
IL-12, tavokinogene telseplasmid, when administered in
combination with anti–PD-1 ICI for patients with ICI-
refractory advanced melanoma as per KEYNOTE-695.141

Given the encouraging response and toxicity profiles of this
combination, tavokinogene telseplasmid has now received
Orphan Drug and Fast-Track designation by the FDA, and
phase III efforts are underway (ClinicalTrials.gov identifier:
NCT02453594).

Another cytokine of interest is IL-7, which possesses
pleiotropic effects on both adaptive and innate immune
pathways with known regulatory effects on the proliferation
and survival of CD41 and CD81 T cells and preclinical
evidence with various IL-7 formulations that exhibit en-
hanced TME T-cell invasion, increased activation of den-
dritic cells within tumor-draining lymph nodes, and
enhanced efficacy of approved anticancer immunothera-
peutic agents.50,142 However, there remains no clear clin-
ical evidence to support the utilization of IL-7 therapies at
this time, as the only currently available study that involved
a group of 11 patients with metastatic melanoma exhibited
no objective response to recombinant IL-7.143

The cytokine IL-2 possesses a wealth of historical evidence
supporting its elaborate antitumor activity as outlined
above, and current clinical efforts invested in protein en-
gineering as a means to enhance the bioavailability, safety,
and efficacy of these pathways are ongoing.144 For ex-
ample, Bempegaldesleukin is a CD122-preferential agonist
of IL-2 found to enhance CD81 T-cell and NK cell infiltration
within the TME while simultaneously enhancing PD-1 ex-
pression of intratumoral lymphocytes and PD-L1 of tumor

cells. The PIVOT-02 phase II trial’s recent 29-month follow-
up results of combination of Bempegaldesleukin with
nivolumab in the first-line setting for patients with advanced
melanoma exhibited an ORR of 52.6%, with CR in 34.2%,
and a median PFS of 30.9 months while also providing
encouraging toxicity profiles (grade 3 to 4 irAEs occurring in
17.1% and 4.9% of patients, respectively) for which ad-
ditional efficacy data are to be explored upon completion of
their currently enrolling phase III efforts.145 A cytokine
functionally similar to IL-2 is IL-15, which shares CD81

T-cell and NK cell activation and promotion pathways, but
lacks the stimulatory signals to immune-dampening Tregs.
Low in vivo expression of IL-15’s activating proteins con-
tributed to an enhanced toxicity profile, given the HDs
required to reach a biologic response, and ultimately led to
the development of a novel superagonist fusion protein
complex (ALT-803), which is now under clinical investi-
gation as monotherapy (ClinicalTrials.gov identifier:
NCT01946789) and as a combination with anti–PD-1 ICI
(ClinicalTrials.gov identifier: NCT03228667).146,147

Transforming growth factor-b (TGF-b) signaling pathways
have been observed to promote cancer cell invasion and
metastatic spread via epithelial-mesenchymal transition
and thus are considered a major driver of cancer pro-
gression and malignant transformation.148 Despite en-
couraging preclinical data involving the blockade of these
pathways, four separate categories of anti–TGF-b therapies
have been unable to provide clear evidence of survival
benefits in the clinical setting, with additional concerns of
dose-limiting cardiovascular toxicity.149 Additional preclin-
ical efforts have suggested that TGF-b1 isoform–specific
blockade may enhance antitumor immune profiles,
allowing more effective responses to ICI while avoiding the
previously observed cardiovascular toxicities seen in non-
selective TGF-b blockade.150

Viral Oncolytics

Genetic modification of certain nonpathogenic viral species
transformed to express antitumorigenic factors, or oncolytic
viruses, is a therapeutic modality to target and kill specific
tumor cell types. One of the most successful modalities of
viral oncolytics to date for patients with melanoma includes
the aforementioned T-VEC therapy, which expresses
granulocyte-macrophage colony–stimulating factor (GM-
CSF) to induce complex immunomodulatory effects in-
cluding dendritic cell activation with subsequent en-
hancement of antitumor T-cell activation. Those treated
with T-VEC have exhibited repeated evidence of systemic
responses to uninjected lesions and provocative evidence
of enhanced systemic responses when combined with
systemic ICI.151,152 The clinical benefits of this approach
require further investigation, as the phase Ib/III KEYNOTE-
034 trial of combined T-VEC and pembrolizumab was re-
cently terminated because of futility.153 Through a related
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mechanism of action to T-VEC, ONCOS-102, an
adenovirus-based tumor-specific GM-CSF intratumoral
injection therapy, has recently received fast-track FDA
designation given its encouraging phase I evidence of
immune activation and potential systemic resensitization to
ICI for patients with anti–PD-1 refractory melanoma with an
ORR of 35% after receiving treatment with this agent in
combination with pembrolizumab.154 Additional encour-
aging phase I data in patients with anti-PD-1 refractory
melanoma include treatment with PVSRIPO, a live-
attenuated, type I poliovirus (Sabin) vaccine with a modi-
fied internal ribosomal entry site of human rhinovirus type
2, which appears to produce sustained type I/III interferon
inflammatory changes within the injected TME and sub-
sequent enhancement of response to anti–PD-1 ICI, for
which phase II efforts in the PD-1 refractory setting are
ongoing (ClinicalTrials.gov identifier: NCT04577807).155

Other oncolytic viral therapies in various stages of clinical
development for patients with melanoma, mostly in com-
bination with systemic ICI, include Coxsackievirus A21,
modified herpes simplex virus (RP1 and RP2), GM-CSF–
expressing poxvirus JX-594 (Pexa-Vec), and a chimeric
poxvirus (CF33-hNIS).156-159 Additional viral oncolytic
vectors that target and manipulate a variety of pathways in
the melanoma-specific TME are currently under investi-
gation in the preclinical setting.160,161 The clinical utility of
viral oncolytic therapies, both as single agent and com-
bined with systemic ICI, is yet to be adequately defined, and
therefore, the results of the studies outlined above are
highly anticipated.

Additional GM-CSF Modalities

The yeast-derived recombinant human GM-CSF, sar-
gramostim, has achieved orphan drug designation by the
FDA in February 2019 for patients with advanced mela-
noma given convincing evidence of its additive and syn-
ergistic antitumor immune responses in combination with
ICI.162 These findings have been most notable in the phase
II E1608 study, where patients randomly assigned to re-
ceive sargramostim (250 mg subcutaneously once daily for
14 days every 3 weeks) and high-dose ipilimumab (10mg/kg
once every 3 weeks) for four cycles followed by maintenance
ipilimumab and sargramostim exhibited a significant im-
provement in 1-year OS rates (68.9%) compared with those
receiving ipilimumab monotherapy (52.9%, P 5 .01).163

Interestingly, patients on combination of sargramostim
and ipilimumab also exhibited significant reductions in grade
3-5 irAEs compared with those on ipilimumab monotherapy
(44.9 v 58.3%; P 5 .04), suggesting that additional
mechanisms in toxicity reduction and improved treatment
tolerance may be achieved with the addition of GM-CSF to
ICI therapies.164 Additional efforts toward formal approval of
this regimen are ongoing, including a phase II/III trial with
GM-CSF combined with ipilimumab and nivolumab ICI as
frontline therapy for patients with advanced melanoma
(ClinicalTrials.gov identifier: NCT02339571).

Adoptive Cellular Therapies

Given the common therapeutic targets of activating T cells
through a variety of modalities outlined above, adoptive
cellular therapy (ACT) of TILs has introduced an attractive
modality of enhancing the endogenous antitumoral
immunophenotype with resultant clinical responses. These
approaches have now achieved promising clinical results
with the aforementioned Lifileucel in heavily pretreated
patients with metastatic melanoma.165 Additional ACT with
T-cell receptor gene transfer to human lymphocytes with
resultant binding to the cognate epitope of major histo-
compatibility complex molecules on target cells provided
reasonable response rates but with added risks of severe
toxicity profiles because of shared antigen expression and
therefore will benefit from investigation and development of
germline-specific antigens for future melanoma-specific
efforts through this modality.166,167 The use of chimeric an-
tigen receptors (CARs) in engineering T-cell specificity has
historically found success in B-cell malignancies, likely given
solid tumor’s immunosuppressive milieu expressed within the
TME, which has been observed clinically after a near complete
lack of response noted in a phase I effort with CAR-T–targeted
antigens to VEGF2 in patients with solid tumors including
melanoma.168 Further advances in alternative CAR-T targets
as well as lymphodepletion before ACT and combinations of
anti–PD-1 therapies with either TIL or CAR therapies are
anticipated to provide further advances in ACT as a successful
treatment modality in patients with solid tumors.167,168

Microbiome

The gastrointestinal tract microbiome has provided a fas-
cinating and evolving field of study in patients with cancer,
as growing evidence supports the hypothesis that specific
species and overall diversity of the gut microbiome are
capable of influencing antitumor immune responses
through innate and adaptive immune pathways andmay be
modified through diet and fecal microbiota transplants in
select patients as a means of improving their therapeutic
response.169 Furthermore, Routy et al170 observed that
patients with advanced cancer exhibited significantly re-
duced immunologic responses to immunotherapeutic PD-
1 blockade and reduced OS after receiving oral antibiotics,
suggesting that even transient dysbiosis may affect the
therapeutic efficacy of ICIs. Similar observations have noted
that patients with melanoma using over-the-counter pro-
biotics exhibit reduced gut biodiversity, which appears to
correlate with a reduced response to ICI.171 A favorable gut
microbiome in patients with melanoma, identified as highly
diverse with abundant Ruminococcaceae and Faecali-
bacterium species, was found to provide enhanced sys-
temic and antitumor immune responses mediated by
increased antigen presentation and improved effector
T-cell function within peripheral and TMEs and was re-
producible in mouse models receiving fecal microbiota
transplants stool collected from mice who exhibited a fa-
vorable response to their anti–PD-L1 regimen.172 Conversely,
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recent observations have noted a predominance of Bac-
teroides intestinalis species within the microbiota of patients
with melanoma who developed intestinal toxicities on
combination of anti-CTLA4 and anti–PD-1 ICI and further
postulated that the resultant GI upregulation of IL-1b in-
flammatory pathways may serve as a target for future mo-
dalities in irAE surveillance and treatment.173

Targeted Therapies

Additional targeted therapies directed toward various
MAPK pathways are a field of active exploration for patients
with advanced melanoma. Various novel tyrosine kinase
inhibitors are yet to gain the durable responses achieved
with the aforementioned BRAF and MEK inhibitors. The
targeted KIT inhibitor, imatinib, maintains minimal evi-
dence of durable responses in patients with melanoma
harboring KIT amplification mutations and is not consid-
ered the standard of care given high rates of progression
and potential resistance.97 Furthermore, agents targeting
VEGF have also failed to provide clinically significant re-
sponses as monotherapy in patients with melanoma, but
the phase II LEAP-004 trial using the VEGF tyrosine kinase
inhibitor, lenvatinib, in combination with anti–PD-1, pem-
brolizumab, for patients with advanced melanoma refrac-
tory to frontline ICI therapy has recently shared updated
follow-up results exhibiting clinically meaningful and
durable responses, for which ongoing exploration is nec-
essary.174 The second-generation VEGF inhibitor, axitinib,
has exhibited encouraging phase II data in the second-line
setting for patients with advanced melanoma, for which
multiple phase III studies including combinations with ICI are
ongoing (ClinicalTrials.gov identifier: NCT04493203).175

Additional details of novel targeted agents are highlighted
in great detail elsewhere.15,113

Antigen Modulation

Intriguing advances in cancer epigenetics in patients with
melanoma have presented the possibility to identify and
manipulate specific MAPK signaling pathways as a means

to prolong melanoma cell sensitivity to targeted thera-
pies.176 Such an approach appears to be in its infancy, and
therefore, additional therapeutic alternations investigated
through single-cell analyses and prospective clinical trials
are warranted.

Radiologic Adjuncts to Therapy

Enhanced radiologic approaches in patients with ad-
vanced melanoma may also provide clinical benefits in
interpreting treatment responses. For example, a pro-
spective study using dynamic 18F-fluorodeoxyglucose
positron emission tomography and computed tomography
imaging during early phases of systemic ICI in patients
with advanced melanoma provided clinical impacts on
PFS on the basis of several semiquantitative and quan-
titative parameters.177 Additional efforts in examining such
an approach may provide further insights into these PFS
trends with simultaneous improvements in monitoring
treatment responses and guiding therapeutic decisions
within this patient population.

In conclusion, this review provides a broad summary re-
garding the plethora of active and future therapeutic mo-
dalities involved in the management and treatment of
patients with metastatic melanoma. Although the land-
scape of this disease has dramatically improved over the
past several decades, limited targeted therapeutic options
and increasing rates of disease progression on currently
accepted standard-of-care regimens warrant continuous
diligence in this field. Prospective efforts are therefore
necessary to (1) further characterize the long-term re-
sponse rates and optimal sequencing of our current
therapeutic standards of care, (2) identify clinically sig-
nificant novel targeted therapeutic agents, (3) explore the
immunophenotypes associated with multiple biomarkers
as a means to predict and monitor the efficacy and tol-
erance of various therapeutic modalities, and (4) recognize
and ameliorate the pathways involved in therapeutic toxicity
and resistance.
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