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Abstract

Melanoma is a form of skin cancer with an increased ability to metastasis to organs such as
the brain and other visceral organs, contributing to its aggressiveness and seriousness. Mela-
noma’s prevalence around the globe rapidly continues to rise. Melanoma development is a
complex process often depicted as a step-wise process with the potential to end in metastatic
disease. Recent studies suggest that the process could be non-linear. Melanoma has many
risk factors including genetics, UV exposure, or exposure to carcinogens. Current treatments
for metastatic melanoma include surgery, chemotherapy, and immune checkpoint inhibitors
(ICls); however, each of these treatments comes with limitations, toxicities, and relatively poor
outcomes. There are various guidelines set by the American Joint Committee on Cancer guid-
ing surgical treatment options based on the site of metastasis. Surgical treatments cannot fully
treat widespread metastatic melanoma but can contribute to better patient outcomes overall.
Many chemotherapy options are ineffective against melanoma or come with extreme toxici-
ties; however, alkylating agents, platinum analogs, and microtubular toxins have shown some
effectiveness against metastatic melanoma. ICls are a relatively new treatment option and offer
a promising option for patients; however, ICls are subject to tumor resistance mechanisms and
are not effective for every metastatic melanoma patient. Due to the limitations of conventional
treatments, there is a need for newer and more effective treatment options for metastatic mel-
anoma. This review aims to highlight the current surgical, chemotherapy, and ICI treatments
for metastatic melanoma, as well as current clinical and preclinical investigations to discover
revolutionary options for patients.
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Introduction

Melanoma is a highly aggressive and deadly skin cancer that
results from aberrant growth and proliferation of melanocytes,
the melanin-producing cells of the epidermis [1,2]. Genetic
mutations are the driving force behind this uninhibited pro-
liferation and the subsequent development of melanoma [3].
Common somatic mutations include mutations in NRAS, BRAF,
GNAQ, c-KIT, and CDKN2A genes of a melanocyte [3]. Specific
mutational frequencies also contribute to the abnormal growth
of melanocytes [3].

The ability of melanoma to metastasize attributes to the high
rates of morbidity and mortality of melanoma [1]. Metastatic
melanoma cells share important antigens with endothelial
vasculatures, such as cell adhesion molecules, which contrib-
utes to its migration and invasion of distant sites [2]. Although
metastatic melanoma cells are highly antigenic, they are well
equipped to evade host defenses and stimulate angiogenesis
and lymphangiogenesis, leading to successful metastasis [2].
According to the Surveillance, Epidemiology, and End Results
(SEER) Program by the NIH, metastatic melanoma tumors sig-
nificantly impacts patient survival rates: patients diagnosed
with localized (stage 1) melanoma had a 5-year relative survival
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rate of 99.5% while patients diagnosed with distant (stage 4)
melanoma had a 31.9% relative survival rate [4].

Treatment options differ based on the stage of melanoma.
Primary melanoma is generally treated by wide excision surgical
removal, yielding a high survival rate [5]. Later stages of mela-
noma are related to metastasis and can be difficult to treat. The
development of new therapeutic approaches, such as immuno-
therapy, are designed to target specific mutations, and these
approaches are promising for metastatic melanoma treatment

(6].
Progression and routes of metastasis

The Clark model of melanoma development details a linear
progression based on clinical and histopathological evidence:
(1) Common acquired melanocytic nevus; (2) dysplastic me-
lanocytic nevus; (3) radial growth phase; (4) vertical growth
phase; (5) metastatic melanoma [7,8]. While this is the widely
accepted model of linear, stepwise melanoma progression, it
should be noted that newer models suggest metastases can de-
velop in earlier steps and travel to regional or distant sites [8,9].

The first step of melanoma progression is the appearance
of the common acquired melanocytic nevus (CMN). CMNs are
benign neoplasms due to the proliferation and aggregation of
melanocytes [8,9]. The development of these clonal, growth-
arrested melanocytes can be initiated by oncogenic mutations
in the MAPK pathway, most commonly via BRAF"®%%-activating
mutations [9,10]. CMNs are 2-6 mm, symmetric, uniform moles
that can develop at any time and can be found in the epidermis,
dermis, or both [5,10,11]. It is important to note that approxi-
mately 33% of melanomas are derived from CMNs, but a major-
ity of melanocytic nevi will not progress to melanoma [10].

The second step of melanoma progression involves atypical
or dysplastic melanocytic nevi. Common features among dys-
plastic nevi include uneven borders, large shapes, and multi-
colored characteristics [7,12]. Dysplastic nevi may also present
with enlarged nuclei, dense distribution along the basal layer,
and thickening of the epidermal layer [13]. Dysplastic nevi can
be graded as mild, moderate, and severe primarily depending
on nuclear size, but morphology, euchromatism, and nucleoli
prominence also contribute to grading [14,15]. According to
Reddy et al., mildly or moderately dysplastic nevi were less
likely to become malignant, while severely dysplastic nevi were
more likely to progress into malignance and excision could ben-
efit detection and prevention [15].

The third and fourth steps of Clark’s model are the Radial
Growth Phase (RGP) and the Vertical Growth Phase (VGP), re-
spectively. RGP of primary melanoma involves the formation of
a patch or plaque lesion via expansion along the radii of the
asymmetric dysplastic nevus [7,16]. During this step, cells may
invade the dermis or remain in situ, but a nodule does not form
[16]. Lesions identified during this step are linked to a higher
risk of melanoma and are therefore removed via surgical ex-
cision [7]. Conversely, VGP is associated with invasion into the
dermis and tumor formation as it grows down into the dermis
and becomes raised [7]. As opposed to the previous steps, a
nodule identified during VGP is often symmetrical and ho-
mogenous in color [7,16]. Histologically, VGP is often marked
by mitoses and a dominant expansile dermal nest composed
of neoplastic melanocytes [7,17]. It is important to note that
VGP signifies the point at which melanoma becomes capable
of metastatic events. Therefore, patients diagnosed at this

stage are at heightened risk for metastatic melanoma [17].
The fifth and final step in Clark’s model of melanoma progres-
sion is metastatic melanoma. Metastasis is a complex, multistep
process that allows melanoma metastases to travel to both re-
gional and distant sites of the body via the blood or lymph ves-
sels [7,9,18]. Regional metastases to the skin can be subclassi-
fied as satellite lesions if they are closer to the primary tumor
site, or in transit metastases if they are more distant [9]. Distant
metastatic sites include the skin, lung, brain, liver, bone, and
intestine [2,9]. It is worth noting that although metastatic mela-
noma is the final step, it will continue to progress and obtain
new mutations contributing to malignancy, drug resistance, and
increased metastatic disease if left untreated [7].

Melanoma Progression
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Figure 1: Summary of melanoma progression based on the Clark
Model of melanoma progression [7,8].
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Figure 2: Images a-b both represent melanoma while images c-d
both represent common acquired melanocytic nevi [19]. It is im-
portant to note that most databases lack images of melanoma at
any stage on non-white skin, an issue likely attributed to a lack of
inclusivity in melanoma research [20,21].
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Figure 3: Common sites of melanoma metastasis [9,22].
Epidemiology of melanoma

The worldwide incidence rate of melanoma has increased
rapidly over the past few decades [6,9,23]. According to the
SEER Program, an estimated 99,780 new cases were diagnosed
in the U.S. in 2022, accounting for 5.2% of all new cancer cases
[4]. Additionally, approximately 8,000 cancer deaths, or 1.3%
of all cancer deaths, in the U.S. resulted from metastatic mel-
anoma [4,24]. Although melanoma metastases can appear in
various sites, it seems to display tropism for specific organs in-
cluding the brain [2,9]. In a study of 26,430 patients with brain
metastases, patients with primary melanoma accounted for
28.2% of the brain metastases [25]. In newly diagnosed meta-
static melanoma, approximately one-third of patients are likely
to also present with brain metastases [25].

The genetic mutations that lead to the development of mela-
noma can be attributed to a mix of environmental exposure and
genetic susceptibility factors [8,23]. The most explicit modifi-
able link to melanoma is UV radiation exposure from the sun or
tanning beds [1,23,24]. UV radiation can cause damage to DNA
in melanocytes resulting in dysregulated growth and prolifera-
tion [23,26]. Additional environmental factors include repeated
X-ray exposure, scars from sunburn or disease, and occupational
exposure to carcinogens [1,26]. Another important risk factor
for development is a family history of melanoma due to similar
skin types, shared environmental factors, and genetic predispo-
sition [1,23,26].

The risk of melanoma also changes depending on age, race/
ethnicity, sex, and medical history. Although anyone of any
race or ethnicity can develop melanoma, the rates are high-
est among white patients [1]. Despite the higher incidence in
white patients, non-white patients were found to have reduced
survival rates [20,21], with the lowest rates in black patients
[20]. According to Dawes et.al, black patients had a significantly
lower survival rate for stage 1 and 3 melanoma when survival
was stratified by race and stage [20]. It is also important to note
that ethnic minorities are more likely to present with advanced
disease, thicker and deeper melanoma, and melanoma in ab-
normal locations [20,21]. These findings suggest a disparity in
melanoma diagnosis, treatment, and prevention in non-white
populations. According to the SEER program, there were more
new cases among white males and females than any other ra-
cial or ethnic group in the U.S [4]. The risk of melanoma also
increases with age. Melanoma is rarely found in young children
and adolescents, but the risk increases significantly as age in-

creases [1,23,27]. It is likely that longer exposure to UV radia-
tion and additional environmental factors contribute to the
higher incidence rate in the older population [27]. Individuals
with inherited conditions such as breast cancer and xeroder-
ma pigmentosum, previous history of cancer, and weakened
immune systems are at a higher risk of developing melanoma
[1,23].

Surgical
The rationale for surgical treatment

Surgical treatment for metastatic melanoma has had an
evolving role in treatment. Historically, surgical treatment op-
tions were limited and complete surgical resection was reserved
for patients who only had a few metastases to other sites [28].
For patients with widespread metastases, surgery was conven-
tionally not recommended and used mainly for palliation [29].
This idea was centered on the logic that multiple metastases
indicated undetectable micrometastases and circulating tumor
cells that would lead to the clinical disease shortly after resec-
tion, making surgical treatment inconsequential [29]. In short,
resection was deemed a local treatment for a systemic disease
[28]. However, this idea was investigated by many clinical tri-
als which demonstrated benefit in metastasectomy versus the
use of systemic treatment on its own, even before the intro-
duction of more effective systemic therapies [28]. One retro-
spective study published in 2012 investigated the benefit of
surgery alone, surgery followed by systemic therapy, systemic
therapy followed by surgery, and systemic therapy alone for pa-
tients with stage IV melanoma recurrence [30]. Their findings
suggested that more than half of the stage IV patients quali-
fied for resection and exhibited improved survival over patients
treated with systemic therapy alone, regardless of the location
and amount of metastases. The median overall survival (OS)
was 15.8 months for patients who underwent surgery at any
time during their treatment, compared to a 6.9-month median
OS for those receiving systemic therapy alone [30]. In a phase
1l clinical trial done by the Southwest Oncology Group in 2011,
patients with stage IV melanoma had prolonged OS with com-
plete resection versus systemic treatment alone for resectable
melanoma. In those patients, the median relapse-free survival
was only 5 months; however, subsequent resections were pos-
sible for isolated recurrences [31].

The clinical trials discussed above were done before the in-
troduction of effective immune checkpoint inhibitors and tar-
geted therapies which are increasingly being used as systemic
therapies [28]. However, despite the more recent use of effec-
tive systemic therapies that can be used in conjunction with sur-
gical resection, there is continued controversy over the part that
surgery plays in the treatment of metastatic melanoma. Current
National Comprehensive Cancer Network (NCCN) guidelines
present that metastatic melanoma is only considered resect-
able for limited metastatic disease, defined as involving few
distant sites, and recommends resection or systemic therapy
as the primary treatment [1]. The NCCN also states that wide-
spread melanoma is considered unresectable and not able to
fully be treated surgically; however, a surgical approach may be
incorporated. With the development and integration of more
effective systemic therapies, there continues to be an evolving
role between surgical and systemic treatment, even for patients
with widespread disease [28,29].

Our current understanding of metastatic disease challenges
the earlier idea of circulating tumor cells increasing the disease
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burden and limiting the benefit of surgical resection. Metastasis
is a complex process in which tumor cells must undergo various
mutations that allow these cells to not only penetrate the base-
ment membrane but also gain hematogenous access, evade the
immune system, and adhere and proliferate in the metastatic
site [29,32]. Only a small percent of these cancer cells will be
able to achieve all of these processes and generate an organ
site-specific metastatic deposit [29]. Therefore, it holds that
in a specific patient, various cell populations have and exhibit
biologic behavior and an irregular response to systemic treat-
ments, including immunotherapy and targeted therapies [29].
By resecting portions of the patient’s tumor we can decrease
the number of cell populations present, including those that
may be resistant to systemic treatments [29]. Therefore, it is
likely that the remaining cells will respond better to the sys-
temic treatments following surgical resection, jointly with the
patient’s immune system [29]. Even partial surgical resection
can decrease the immunosuppressive capabilities of tumor de-
posits [28,29]. This resection also allows for the patient’s im-
mune system to control the residual undetectable metastases
and circulating tumor cells [28]. After metastasectomy, there is
an increase in the patient's immune response to the melanoma
tumor cells, highlighting the importance of the immune system
in supporting survival after such metastasectomy [28,33].

Benefits of surgical resection

One of the main benefits of surgical resection in metastatic
melanoma is a reduction of the tumor burden which can limit
disease progression by disrupting the metastatic cascade and
limiting further spread to distant sites [29]. As discussed above,
surgical resection also decreases the population diversity of tu-
mor cells which decreases the development of resistance to im-
munotherapies and may assist in improving the tumor-induced
immunosuppression which can limit further disease progression
[29,33]. Another benefit is that adverse side effects of surgical
resection are generally much better tolerated than those from
systemic therapy [29,34]. This is especially true as surgical tech-
niques, anesthesia, and intensive care are improved, bettering
outcomes even in extensive surgical resection [34]. Recurrences
can also be subsequently treated through secondary resection
of metastases [35]. Further, there is increasing support for the
combination of surgical resection with systemic therapy; how-
ever, delay of metastasectomy can worsen tumor burden and
lead to the metastases becoming unresectable [29].

Site-specific surgical treatment

The American Joint Committee on Cancer (AJCC) divides
metastatic melanoma into four categories depending on the
metastasis site [36]. Patients who had distant metastases to
the subcutaneous tissue, skin, muscle or lymph nodes are clas-
sified as M1la disease. Patients with metastases to the lung
are classified as M1b disease. Patients with metastases to any
other visceral site, except the Central Nervous System (CNS),
are grouped into M1c disease. M1d disease includes patients
who have metastases to any part of the CNS, which includes the
brain, spinal cord, and leptomeninges [36]. Patients with M1a
disease will have the best survival, followed by those with M1b
disease, then M1c disease, and finally the worst prognosis is
for those with M1d disease [29]. With surgical resection many
factors must carefully be weighed including the serum lactate
dehydrogenase, the odds of achieving a complete resection,
disease-free interval, tumor doubling time, and response to
systemic treatment [28].

M1A DISEASE

/G M1B DISEASE

METASTATIC MIC DISEASE

MELANOMA

M1D DISEASE
Figure 4: AJCC Categories for Metastatic Melanoma [36].

M1a disease

Metastases to the soft tissues are among the most likely sites
of metastases and typically have improved survival rates com-
pared to other metastatic sites after surgical treatment [37].
The NCCN recommends wide excision for invasive cutaneous
melanoma with surgical margins greater than 1 cm to reduce
the risk of recurrence. In some studies analyzed by the NCCN,
narrower margins were associated with increased local and lo-
coregional recurrence but the results were not consistent across
studies [38]. If lymph nodes are involved, typically a complete
nodal basin dissection is recommended to aggressively treat
the cancer and extend survival [39]. However, surgical morbid-
ity with lymphadenectomy is a risk and it has been shown that
up to 12.5% of patients with axillary lymph node dissection and
32.1% of inguinal lymph node dissection have lymphedema fol-
lowing their procedure [40].

M1b disease

M1b disease is defined as a distant spread to the lungs and
is the most common site for visceral metastases [40]. For pa-
tients with pulmonary metastasis, resection has shown signifi-
cant benefit and is correlated with increased 5-year survival for
14-35% of patients with resectable disease [40,41]. Factors as-
sociated with the overall prognosis for pulmonary metastasis
include the number of metastases, time to pulmonary metasta-
ses, and completeness of resection [42].

Mic disease

Metastases to other visceral organs, excluding the CNS, are
included in M1c disease. This encompasses a wide range of
patients; however, similar to other metastatic sites, complete
metastasectomy is still associated with improved survival [28].
Patients have a wide range of presentations with M1c disease
including bowel obstruction, melena, hematochezia, abdominal
pain, or weight loss [28]. The most common site for metastasis
in M1c disease is gastrointestinal metastasis [40]. When com-
paring patients with M1c disease who underwent complete me-
tastasectomy versus those who only received systemic therapy,
the median OS was 15 months and 6.3 months, respectively
[30]. However, those results include patients with CNS metasta-
ses in line with older AJCC guidelines and should be interpreted
with caution. Nevertheless, complete metastasectomy is con-
sidered to improve median OS for patients with M1c disease.

M1d disease

Despite the worse prognosis, CNS metastases are unfor-
tunately common, especially in patients with existing metas-
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tases at other sites [37]. More than half of the patients with
metastatic disease at another site will develop CNS metastases,
particularly brain metastases [37]. The factors associated with
improved survival include solitary lesions, younger age, longer
disease-free survival from primary disease to CNS metastasis,
no extracranial disease, treatment with surgery and radiothera-
py, and good performance status [37].

In the case of CNS involvement, surgical and radiotherapy
treatment options include craniotomy or Stereotactic Radio-
surgery (SRS), with or without whole-brain radiation therapy
(WBRT) [43]. Surgical resection of brain metastases can increase
5-year survival rates in patients with M1d disease with some
studies showing an increase in survival rates from 7% to 16%
and an extended median OS from 7 to 12 months [43]. However,
the decision for surgery is complex due to risks and may only be
chosen for large symptomatic tumors due to the risk of hemor-
rhage [43]. SRS is also widely used and has similar results com-
pared to craniotomy followed by WBRT. This procedure allows
for targeted radiation to specific areas and generally works well
for brain metastases less than 3.5 cm [43]. However, WBRT has
not been shown to have superior efficacy due to melanoma’s
relative radioresistance and poses a risk for neurocognitive de-
cline. Despite not showing significant improval in OS, WBRT still
has a therapeutic indication for reducing the risk of recurrence
at the initial site and distant intracranial sites for patients with
multiple intracranial lesions or poor performance status [43].

One comparative study analyzed the variables related to
outcomes for patients with cerebral metastasis [44]. This study
identified 1137 patients with cerebral metastases who were
treated with surgery alone, radiotherapy alone, surgery and
postoperative radiotherapy, and palliative care. The patients
selected for surgery were based on the amount and sites of
metastasis, the presence of extracerebral metastases, and good
performance status. Patients who were not candidates for sur-
gery, generally had worse outcomes, with the median surviv-
al being 2.1 months for patients receiving palliative care only
and 3.4 months for those treated with only radiotherapy. They
found that the patients treated with surgery, regardless of the
presence of postoperative radiotherapy, had a statistically sig-
nificant improved survival than those who did not receive sur-
gery [44].

In another retrospective analysis, researchers studied the
impact of immunotherapy and targeted therapies with or with-
out surgery and radiotherapy for patients with brain metastases
[45]. They found that the median OS was improved when these
systemic therapies were combined with surgery and radiosur-
gery. For immunotherapy specifically, the median OS for immu-
notherapy with surgery/radiosurgery compared with immuno-
therapy alone was 25 months and 13 months respectively [45].

Chemotherapy

Chemotherapies for the treatment of metastatic melanoma
have long been considered to be ineffective due to the chemo-
resistant nature of the disease [46]. Despite this fact, cytotoxic
chemotherapy has represented the major available therapeutic
option for years before the introduction of targeted therapies
and immunotherapies [46]. However, even in the age of more
efficacious systemic therapies for stage IV melanoma, there
may still be a role for chemotherapies [46]. The major chemo-
therapeutic agents that exhibit some antitumor efficacy in this
type of cancer include alkylating agents, platinum analogs, and
microtubular toxins, which may be used either alone or in com-

bination [47]. These will be discussed as well as the use and
efficacy of a single-agent compared to polychemotherapy for
metastatic melanoma.

Single-agent chemotherapy

The most widely used single-agent therapies include dacar-
bazine, temozolomide, and fotemustine due to their lower tox-
icity risk and ease of administration [34]. Many more toxic che-
motherapeutics have not been shown to have increased survival
compared to the agents listed above. The primary therapeutic
used for the treatment of this disease is dacarbazine and until
its development in the mid-1970s, there were no therapeutic
agents that exhibited true efficacy against metastatic melanoma
[48]. Dacarbazine is an alkylating agent that induces damage to
DNA by adding a methyl group to the guanine base in the 06
position, which is thought to induce apoptosis [49]. It includes
the adverse effects of myelosuppression, fatigue, and mild nau-
sea and vomiting but most patients can maintain their quality
of life [49]. However, even single-agent dacarbazine has limited
efficacy and has been shown to only have an objective response
rate (ORR) of 15.3% in a pooled analysis of 23 randomized, con-
trolled trials[47]. In this study, those responses were often not
long-lasting with less than 2% of patients alive at the 6-year
mark [47]. However, despite limited efficacy it remains in use
today and until the introduction of targeted therapies, it consti-
tuted the standard of care treatment [50]. Many studies have
also analyzed the efficacy of dacarbazine’s orally administered
analog, temozolomide. Temozolomide not only has improved
oral bioavailability but also can penetrate the CNS which makes
it an enticing treatment for melanoma brain metastases [47].
Several phase Il randomized clinical trials have investigated the
median OS and ORR for patients treated with dacarbazine and
temozolomide. In these studies, no significant difference was
found between the two in median OS, progression-free survival,
or ORR [51,52]. Therefore, the decision between the two is typi-
cally based on the cost, route of administration, and the pres-
ence of metastases to the brain [47].

Other conventional single-agent chemotherapeutic options
include microtubular assembly inhibitors, such as vindesine,
vinblastine, and paclitaxel, which have been shown to have
moderate single-agent activity for treating metastatic melano-
ma [48]. Platinum analogs, such as cisplatin, and nitrosoureas,
such as carmustine and fotemustine, have also been used for
single-agent chemotherapy for metastatic melanoma. Cisplatin
and carboplatin have moderate activity and efficacy, while ni-
trosoureas have activity comparable to dacarbazine [47]. When
compared with dacarbazine in a phase Ill clinical trial involving
metastatic melanoma patients, fotemustine was associated
with higher ORR and improved survival, with the survival be-
ing 7.3 and 5.6 months respectively [53]. However, nitrosoureas
are thought to cause more adverse effects, including myelosup-
pression and alopecia [47].

Polychemotherapy

Different combinations of the therapies mentioned above
have been proposed to work synergistically with each other for
the treatment of metastatic melanoma. Several studies have
been done to investigate this idea and many have demonstrat-
ed slightly improved outcomes for patients, however, polyche-
motherapy regimens are also associated with higher toxicities
[47]. One regimen, known as the Dartmouth regimen, is a com-
bination of cisplatin, dacarbazine, carmustine, and tamoxifen
originally reported in a phase Ill randomized clinical trial to have
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an ORR of 55% [54]. However, despite this promising result,
when compared to single-agent dacarbazine, it did not trans-
late to significant improvement in survival for patients, and
myelosuppression, fatigue, nausea, and vomiting were higher
in those receiving the combination regimen [54]. Many of the
other combination regimens that have been investigated and
compared to single-agent dacarbazine have only shown some
improvement in tumor response rate but have not been associ-
ated with significantly prolonged survival [50,55]. These include
combinations such as cisplatin, vinblastine, and dacarbazine
(CVD) regimen, which was eventually used as a framework for
later biochemotherapy regimens combining IL-2 and interfer-
ons [47,56]. Other combinations include paclitaxel and carbo-
platin (PC) which showed some antitumor effect, especially as a
second-line treatment for patients who had previously received
chemotherapy [57]._

Chemotherapy for CNS metastasis

As mentioned above, there are limitations to cytotoxic che-
motherapy for melanoma metastases, particularly to the CNS.
The therapies that have shown the most benefit because of
their ability to cross the blood-brain barrier are fotemustine and
temozolomide [58]. In one phase Il trial fotemustine had a re-
sponse rate of 25% for patients with brain metastases; however,
a phase Il trial showed fotemustine to only have a response
rate of 5.9% when compared with dacarbazine. Temozolomide
performs similarly with one trial showing a response rate of 6%
for patients with brain metastases [58]. The risk of toxicity is the
biggest concern when combining cytotoxic chemotherapy with
other procedures used to treat brain metastases such as WBRT
and SRS [58]. Some studies have shown that the additive ben-
efit of those therapies is not significant and poses much higher
toxicity to the patients [58].

Future directions for chemotherapies

Despite the limitations of chemotherapies for metastatic
melanoma, there have been many hypotheses about the ben-
efit of combining cytotoxic chemotherapy with newer target-
ed therapies and immunotherapies in specific subgroups of
patients [46]. This may be indicated for patients with specific
genetic and molecular features or who have not responded
to targeted therapies or immune checkpoint inhibitors alone.
There are many exciting applications for cytotoxic therapies in
conjunction with newer treatment options that are currently
being studied and pose an interesting future for the treatment
of metastatic melanoma [46].

Immune checkpoint inhibitors

ICIs are a revolutionary immuno-oncology innovation that
ended a stalemate in developing new melanoma treatments
[59-61]. One crucial step in activating the immune system
against melanoma is the activation of T-cells [62]. Melanoma
cells have mechanisms of evading this immunosurveillance
and therefore suppressing an immune response [60,62]. T-cells
have two inhibitory molecules, cytotoxic T-lymphocyte anti-
gen-4 (CTLA-4) and programmed T-cell death 1 (PD-1) recep-
tor, that downregulate T-cell activation when they interact with
their ligand [62]. CTLA-4 competes with CD28 for B7 binding on
antigen-presenting cells (APCs) with increased affinity and in-
terrupts this co-stimulatory signal, leading to T-cell anergy [62].
Melanoma can upregulate CTLA-4 in T-cells, leading to a lack of
T-cell activation, which downregulates the response of the im-
mune system [62,63]. Additionally, melanoma cells can express

PD-L1 which can interact with PD-1 receptors on activated T-
cells and decrease T-cell function [59]. ICls interrupt these in-
hibitory signaling pathways and restore the antitumor action of
T-cells [60].

Anti-CTLA-4 antibodies

Ipilimumab, the first ICI to become FDA approved in 2011,
is @ human IgG1 monoclonal antibody that blocks the CTLA-4
receptor and allows for T-cell activation to eliminate melanoma
tumor cells [61,64,65]. Phase Il clinical trials (NCT00094653)
showed a significant increase in OS rates of patients with meta-
static melanoma that have tried previous treatments when giv-
en ipilimumab treatment [61]. Patients who received ipilimum-
ab alone had a median survival rate of 10.1 months, while the
control group, who received only a glycoprotein 100 (gp100)
peptide vaccine, had a median survival rate of 6.4 months [64].
Patients who received ipilimumab plus gp100 had a median OS
of 10.0 months, while the control group had a median survival
rate of 6.4 months [64]. There was no statistical difference re-
ported between the two groups treated with ipilimumab [64].
An additional clinical trial (NCT00324155) showed that the
treatment with ipilimumab and dacarbazine, a chemotherapy,
had improved outcomes in patients with untreated metastat-
ic melanoma when compared to treatment with dacarbazine
alone [61,66]. The OS of the patients receiving ipilimumab plus
dacarbazine was 11.2 months, while the OS of patients receiv-
ing dacarbazine plus placebo was 9.1 months [66]. Additionally,
patients receiving both ipilimumab and dacarbazine showed
higher survival rates at years 1 through 3 than the patients re-
ceiving dacarbazine plus placebo [66].

Anti-PD-1 antibodies

Pembrolizumab, the first FDA-approved PD-1 treatment of
metastatic melanoma, is a humanized IgG4-kappa monoclo-
nal antibody that interacts with the PD-1 receptor to decrease
immune response suppression [61,67]. A phase lll clinical trial
(NCT01866319) revealed that the estimated six-month progres-
sion-free-survival rate of patients who had advanced melanoma
treated with pembrolizumab every two weeks was 47.3%, while
patients treated with ipilimumab had an estimated six-month
progression-free-survival rate of 26.5% [68]. Additionally, this
trial showed a higher 12-month OS rate for patients treated
with pembrolizumab as compared to ipilimumab treatment
[65]. Another anti-PD-1 FDA-approved treatment is nivolumab,
which is a human IgG4 monoclonal antibody that also blocks
the interaction of the PD-1 receptor with its ligand [65]. In a
phase Il clinical trial (NCT01844505), patients treated with
nivolumab had an OS rate at five years of 44%, while patients
treated with ipilimumab had an OS rate at five years of 26%
[69]. Furthermore, clinical trials have shown that anti-PD-1 an-
tibodies have less toxic effects when compared to ipilimumab
[59]. Other anti-PD-1 antibody treatments that have been stud-
ied include atezolizumab, durvalumab, cemiplimab, avelumab,
and spartlizumab [70].

Anti-CTLA-4 and PD-1 combinations

ICl treatment combinations of anti-CTLA-4 and anti-PD-1 an-
tibodies have been investigated to treat metastatic melanoma.
In a phase lll clinical trial (NCT01844505), a combination treat-
ment of ipilimumab plus nivolumab has an OS rate at 5 years of
52%, whereas patients treated with only nivolumab had an OS
rate of 44% and patients treated with only ipilimumab had an
OS rate of 26% [69].
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Limitations

ICIs are a revolutionary discovery in the world of immuno-on-
cology; however, they do not come without limitations. Tumor
cells are able to develop resistance to ICls through mechanisms
of additive tumor mutations over time [61]. These mutations
may remove tumor-specific antigens, leading to the inability
of T-cells to activate, target, and damage tumor cells [61]. Pa-
tients have also been observed to have B2-microglobulin, an
important protein in MHC Class I, mutations in melanoma tu-
mor cells, tied to anti-PD-1 treatment failure [61]. Research has
also highlighted mutations in mechanisms that signal T-cells to
the site of the melanoma cells, leading to ICI resistance [61].
Besides resistance, ICls have only been shown effective for a
subset of cancer patients and are linked with a variety of ad-
verse immune-related events [61,71]. For patients receiving ipi-
limumab treatment, common adverse immune-related events
occur in the skin and gastrointestinal tract [61]. For patients re-
ceiving anti-PD-1 treatment, common adverse immune-related
events included fatigue, fever, chills, rash, diarrhea, endocrine
toxicities, hepatic toxicities, and pneumonitis [72]. Researchers
are working to describe various biomarkers of patients to de-
termine who may most benefit from treatment with ICls [61].

Novel immune checkpoint inhibitors
Anti-LAG-3 antibodies

CTLA-4 and PD-1 have been in the spotlight as the major tar-
gets of ICIs; however, there are other immune checkpoints of in-
terest. Lymphocyte activation gene-3 (LAG-3) can be present on
activated T-cells and bind to MHC Class Il with an increased af-
finity compared to CD4 [73]. This binding decreases T-cell signal
transduction, due to its association with CD3, leading to a down-
regulation of T-cell response and T-cell proliferation [73,74].
LAG-3 is upregulated in melanoma and is often co-expressed
with PD-1 [75]. Relatlimab is the first human IgG4 antibody that
can bind LAG-3 and restore the action of effector T-cells [76]. In
a double-blinded, phase lI-1lI clinical trial (NCT03470922), the
treatment of melanoma with relatlimab plus nivolumab had
a median progression-free survival of 10.1 months, and treat-
ment with only nivolumab had a median progression-free sur-
vival of 4.6 months, showing a clear increase in progression-free
survival with the addition of the LAG-3 inhibitor [76].

Anti-TIM-3 antibodies

T-cell immunoglobulin-3 (TIM-3) is a receptor expressed on
the surface of CD4+ Th1 cells, CD8+ T-cells, regulatory T-cells
(Tregs), and other innate immune cells [77]. TIM-3 binding by its
ligand, galectin-9, can decrease CD8+ T-cell activity and poten-
tially recruit immune suppression cells such as Tregs [74]. TIM-
3 expression has been shown to be increased in patients with
metastatic melanoma [77]. Additionally, in preclinical studies,
anti-TIM-3 treatments have been shown to be synergistic with
anti-PD-1 treatments for patients with advanced melanoma
[78]. BGB-A425 is a humanized IgG1-variant monoclonal anti-
body that can bind TIM-3, which is currently undergoing inves-
tigation in a phase I/1l clinical trial (NCT03744468) where they
hope to determine safety, recommended dose, and antitumor
effects of the treatment [79]. Patients receive the BGB-A425
treatment along with either an anti-PD-1 monoclonal antibody
or along with an anti-PD-1 monoclonal antibody and an anti-
LAG-3 monoclonal antibody [76].

Anti-TIGIT antibodies

T-cell immunoglobulin and ITIM domain (TIGIT) is an inhibi-
tory receptor in the CD28 family and is a marker of exhausted
CD8+ T-cells and Tregs in tumor microenvironments [74]. TIGIT
competes with CD226 and CD96 on T-cells for the ligands PVR
and PVRL2, similar to the pathway of CD28, CTLA-4, and B7 [74].
TIGIT interaction with PVR downregulates the action of T-cells
and causes upregulated IL-10 production, decreasing the im-
mune response of T-cells [74]. Research has shown that the PVR
ligand is upregulated in melanoma [81]. Tiragolumab is a human
IgG1-kappa anti-TIGIT monoclonal antibody that can block the
interaction of TIGIT with its ligand [82]. Genentech is leading
the development of tiragolumab, the most promising anti-TIGIT
antibody treatment, which is currently undergoing phase Il clin-
ical trial as an experimental treatment for anti-PD-1 antibody-
resistant metastatic melanoma (NCT05483400) [73,83,84].

Anti-B7-H3 antibodies

B7-H3 (CD276) is a cell surface molecule that is a part of the
B7 family that has a higher expression on APCs and malignant
tumors [85]. The receptor for B7-H3 is currently unknown, but
it has been shown to have immune and T-cell suppression activ-
ity, protecting against CD8+ T-cells [85,86]. Additional preclini-
cal studies revealed that inhibiting B7-H3 expression in meta-
static melanoma reduced the growth of the melanoma cells
and increased their sensitivity to chemotherapy and other tar-
get treatments [87]. Murine models have shown a synergistic
antitumor effect between anti-PD-1 and anti-B7-H3 monoclo-
nal antibodies [88]. Enoblituzumab is a humanized anti-B7-H3
monoclonal antibody and was well tolerated in a phase | clini-
cal trial (NCT02475213) where it was administered along with
pembrolizumab [85].

Anti-VISTA antibodies

VISTA is expressed on resting T-cells, is structurally similar to
PD-1, and can suppress T-cell response to cancer [70,89]. It is
usually expressed on hematopoietic cells; however, there have
been reports of VISTA’s expression in melanoma cell lines and
patient samples [70]. VISTA can interact with both V-set and Ig
domain-containing 3 (VSIG-3) and P-selectin glycoprotein ligand
1 (PSGL-1) [90]. VISTA has been shown to promote tumor onset
and upregulate the expression of PD-L1 on macrophages that
would infiltrate the tumor [91]. CI-8993 is a human IgG1-kappa
monoclonal antibody against the VISTA ligand that is presently
undergoing phase | clinical trial (NCT04475523) for patients
with advanced solid tumor malignancies [92].

Anti-CTLA

B} ——————CTLA4 TIGIT =——— PVR/PVRL2
PD-L1 —— pD-] Unknown ———— B7-H3
- T-cell .

MHC I = | AG-3 VISTA ———— VSIG-3
Galectin-9 =2 TIM-3 PSGL-1 ———=— VISTA

Figure 5: Overview of immune checkpoint inhibitors discussed in
this review. Text in red highlights the inhibitory antibody (Ab) of
each interaction.

Preclinical investigations
PD-1/PD-L1 small molecule inhibitors

Currently, FDA-approved PD-1 ICls are limited to monoclonal
antibodies [93]. However, monoclonal antibodies are expensive
to produce and have limitations such as the risk of immunoge-
nicity, bioavailability issues, and poor tissue or biological bar-
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rier penetration [93,94]. One way to circumvent these issues
is with the production of small molecules that can also block
the interaction between PD-1 and PD-L1 [93]. A handful of PD-1
modulating small molecules have been developed, but the
development of these molecules is in its inception and much
preclinical work still needs to be done [93]. CA-170 is an orally
available small molecule that has been shown to have activity
against PD-1 and VISTA signaling [95]. Preclinical research has
shown that CA-170 does not prevent the binding between PD-1
receptors and PD-L1, but leads to this ternary binding complex's
inactivation [95]. Preclinical models have also shown CA-170 to
have activity against tumor growth [95]. CA-170 did undergo
a phase | clinical trial (NCT02812875) which showed that the
molecule was generally safe and plasma levels proportional
to the dose [95,96]. Another small molecule, MAX-10181, is
an orally bioavailable PD-L1 inhibitor and studies have shown
it has similar efficacy to durvalumab, a PD-L1 antibody treat-
ment [94]. MAX-10181 is currently undergoing a phase | clini-
cal trial (NCT04122339) [94,97]. There have been other PD-1
and PD-L1 modulating small molecules disclosed from Harvard,
Aurigene, Augusta University, Bristol-Myers Squibb, Incyte, and
Polaris [93]. Recently, there was a study identifying N-{4-[(4-
chlorobenzyl)oxylbenzyl}N-(4-pyridinylmethyl)amine (CBPA) as
a new small molecule PD-L1 inhibitor [94]. Using primary tumor
models, this study showed CBPA’s ability to increase CD8+ T-cell
infiltration and cytokine secretion, highlighting its potential an-
titumor actions in melanoma treatment [94].

Photodynamic therapy

Photodynamic therapy (PDT) has been researched as a
unique cancer treatment and has been used as a treatment al-
ternative for patients with non-melanoma skin cancer [98,99].
PDT involves a light-sensitive, photosensitizer (PS) drug target-
ed to cancer cells that is then excited by a specific wavelength
of light [98,100]. In the presence of oxygen, the excited PS drug
will produce Reactive Oxygen Species (ROS), which encourages
oxidative stress to the cancer cells, with the hope this induces
apoptosis, autophagy, or necrosis [98,100]. Limitations of PDT
exist, such as toxic side effects, skin photosensitivity, and poor
tumor localization [100]. Preclinical researchers are working on
better options for drug delivery of these photodynamic treat-
ments, which may help overcome these limitations and make
PDT a more viable option for treating metastatic melanoma.
PDT is worthy of preclinical research as it has been shown to
encourage the regression of metastatic malignancies[99]. A re-
cent study discussed Chlorin e6 (Ce6) as a potential PDT that
has sufficient antitumor activity [99]. It has a short half-life,
which encourages quick clearance, limiting potential toxic side
effects [99]. The study utilized a mice model and melanoma
cells (B16F10), and Ce6-PDT showed significant tumor shrink-
age [99]. A limitation of PDT is the ability for the light to pen-
etrate deep into the tissues; however, there is current research
on how to circumvent this issue and increase tissue penetra-
tions using methods such as fiber optics, microendoscopy, and
upconverting nanoparticles [101].

Nanotechnology for drug delivery

For treatments like PDT and many other cancer treatments,
targeted delivery to tumors is crucial to maximize efficacy and
minimize unwanted, toxic side effects. A promising area of re-
search in the drug delivery space is the use of nanotechnology,
such as nanoparticles (NPs), to target treatments to their de-
sired locations. Current treatments for melanoma may have

poor bioavailability, low water solubility, or rapid clearance or
metabolism, limiting their effectiveness [102]. With targeted
drug delivery systems using nanotechnology, researchers would
potentially be able to circumvent these limitations of current
metastatic melanoma treatments [102]. NPs have two types
of targeting strategies: passive and active. Passive targeting in-
volves modulating NPs for better uptake, permeability, or re-
tention in the desired location [102]. Active targeting involves
modulating NPs to have specific recognition of tumor-specific
antigens using various proteins or antibodies [102]. Types of
NPs being studied as melanoma treatment drug delivery sys-
tems include liposomes, inorganic NPs, polymer NPs, and natu-
ral nanosystems, like exosomes, for example [102]. Using NPs
specifically with ICls offers a solution to overcome their various
limitations. There have been a handful of NP formulations using
polymers such as poly(ethylene glycol) (PEG), poly(D, L-lactide)
(PLA), and poly(lactic-co-glycolic acid) (PLGA) studied due to
their biocompatibility and ability to be degraded safely [70]. A
recent preclinical study highlighted a potential new NP delivery
system for targeting and treating melanoma, an L-Cysteine (L-
Cys)-coated superparamagnetic iron oxide NP (SPION) loaded
with doxorubicin, a chemotherapy [103]. This NP system had
good melanoma cell internalization using both human (A375)
and mouse (B16F10) model melanoma cell lines [103]. This
study did show apoptosis of melanoma cells treated with the
NP system; however, further in vivo animal studies will need to
be completed in order to determine the NPs in vivo targeting
ability [103].

Conclusion

Melanoma is a serious type of skin cancer that affects
100,000 Americans yearly and makes up 5% of all new cancer
cases per year [4]. Metastatic melanoma, in specific, accounts
for 1.3% of all cancer deaths yearly, highlighting its impact on
the health system [24]. Melanoma can metastasize to other
parts of the body and has a tropism for metastasizing to the
brain [2,9]. Due to recent and revolutionary innovations, there
are a variety of treatment options for melanoma, including
surgery, chemotherapy, radiotherapy, and ICls. Surgery cannot
treat widespread metastatic melanoma entirely; however, stud-
ies have shown that surgical resection improves patient out-
comes, regardless of the number of metastases or where they
are located in the body [28-30]. Many chemotherapies have
proved unsuccessful in the treatment of metastatic melanoma;
however, dacarbazine has shown antitumor efficacy and is the
primary chemotherapy used in treatment [46,48]. Researchers
are now exploring ways to use chemotherapies in conjunction
with newer treatment options, such as ICls, to offer more treat-
ment options for patients [46]. Classical ICls, like anti-CTLA-4
and anti-PD-1 antibodies, offer a subset of metastatic mela-
noma patients with innovative treatment options; however,
there is still work to be done to improve ICls for better patient
outcomes [61]. Novel ICls undergoing preclinical research and
early-phase clinical trials include anti-LAG-3, anti-TIM-3, anti-
TIGIT, anti-B7-H3, and anti-VISTA antibodies, with the hope that
new effective ICls can be discovered. The preclinical space has
exciting new research for possible alternatives and additions to
metastatic melanoma treatment, including small molecule in-
hibitors instead of monoclonal antibodies, photodynamic ther-
apy, and nanotechnology. In conclusion, there are limitations
to the current treatments available for metastatic melanoma;
however, the ongoing preclinical and clinical investigations offer
exciting innovations for the future.
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