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Simple Summary

Melanoma resistance to radiation therapy can be attributed to both intrinsic and acquired
resistance mechanisms, such as enhanced DNA repair, hypoxia, and cancer stem cell ac-
tivity, and is associated with treatment failure. Uncovering the molecular mechanisms of
melanoma radioresistance may provide a foundation for more efficient and personalized
melanoma therapies, reduce recurrence rates, and inspire further research into overcom-
ing resistance in other radioresistant cancers, ultimately benefiting the broader oncology
research community. This review primarily focuses on cutaneous melanoma, which repre-
sents the most common and extensively studied form of melanoma. Although the primary
emphasis is on cutaneous melanoma, uveal melanoma is mentioned in rare instances as an
example to illustrate specific concepts or phenomena, such as the unique characteristics of
radiotherapy in this distinct melanoma subtype.

Abstract

Melanoma is a highly aggressive skin cancer with survival rates varying significantly based
on stage and genomic characteristics. While localized melanoma has favorable outcomes,
metastatic melanoma is associated with poor prognosis and limited treatment options.
Radiotherapy (RT), one of the most commonly used cancer treatments, is less effective in
melanoma due to its intrinsic radioresistance. This review discusses the current knowledge
about the biological mechanisms contributing to melanoma radioresistance, including the
role of cancer stem cells (CSCs), DNA repair mechanisms, hypoxia, altered metabolism, and
melanin production. It also examines preclinical and clinical studies on novel therapeutic
approaches, such as targeting CSC pathways, inhibiting DNA repair, modulating hypoxia-
induced metabolic shifts, and combining RT with immunotherapies or targeted therapies.
Promising strategies, such as RT-induced immune responses and advanced RT techniques,
show the potential to overcome resistance. However, melanoma’s heterogeneity and the
limited clinical validation of these approaches remain significant challenges. Integrated
therapeutic strategies targeting the multifaceted mechanisms of melanoma radioresistance
are essential to improve treatment outcomes. Further clinical validation and personalized
approaches are needed to address the heterogeneity of melanoma and enhance the efficacy
of novel interventions.
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1. Introduction

Malignant melanoma is a type of skin cancer that starts in cells called melanocytes
and spreads locally, regionally, and distantly [1]. It remains a significant global health
issue, with increasing incidence rates. The global incidence is estimated at 2-3 cases per
100,000 people, with higher rates in certain regions like Australia and North America [2].
In Europe, melanoma incidence averages around 25 cases per 100,000, with Northern
European countries reporting the highest rates. The survival rates have improved due to
advancements in early detection and treatment, but discrepancies exist across different
countries. In Germany, the incidence of melanoma has been rising, with rates around
18.2 cases per 100,000. The mortality rate is approximately 2.3 deaths per 100,000. The
introduction of skin cancer screening has contributed to improved survival rates, although
challenges remain in managing the disease effectively [3].

The 5-year survival rate for patients with localized melanoma can be as high as 85—
95% [4]. Among different diagnostic parameters, Breslow thickness measures the depth of
the melanoma tumor from the surface of the skin to the deepest point of the tumor cells and
is used to determine the stage and prognosis of melanoma skin cancer [5]. For patients with
thicker melanomas (Breslow thickness >3 mm), the survival rate decreases significantly, to
approximately 50% for those with thicknesses between 1.51 and 3.00 mm [6,7].

Metastatic melanoma is characterized by its aggressive nature and ability to spread to
various organs. Key characteristics include the following: (1) hematogenous spread, when
melanoma cells disseminate through the bloodstream, leading to distant metastases [8];
(2) premetastatic niche formation, when tumor-derived extracellular vesicles and tumor
secretory factors (e.g., chemokines and cytokines) prepare distant organs for metastasis
by activating proinflammatory signaling [9,10]; and (3) variable clinical presentation with
diverse symptoms depending on the organs involved [11]. Affected organs for distant
metastases could include the lymph nodes [12], lungs [13], liver [14], brain [15], bone [16],
skin [17], and gastrointestinal tract [18]. The prognosis for metastatic melanoma is much
poorer, with a 5-year survival rate ranging from 5% to 19% depending on the location
and number of metastases [19]. The median survival time for patients with metastatic
melanoma is approximately 7.5 months, with some studies reporting a median overall
survival (OS) of 5.3 months for those with distant metastases [20]. Overall, early detection
and treatment significantly improve survival outcomes in malignant melanoma, while
metastatic melanoma remains a challenging condition with limited treatment options.

Traditionally, melanoma subtypes have been categorized based on their site of origin.
Malignant melanoma presents in the following four primary forms based on its origin:
cutaneous melanoma (CM), from non-glabrous skin; acral melanoma (AM), from the palms,
soles, and nail beds; mucosal melanoma (MM), the least common, from mucosal linings;
and uveal melanoma (UM), from the eye’s uveal tract [21].

Melanomas can be further classified into four genomic subtypes based on the presence
of specific driver mutations, namely B-Raf Proto-Oncogene (BRAF)-mutant, neuroblastoma
RAS viral oncogene homolog (NRAS)-mutant, neurofibromatosis type I (NF1)-loss, and
triple wild-type (TWT) [22]. Scientists sometimes distinguish the KIT Proto-Oncogene (KIT)
melanoma subtype, which is primarily associated with acral and mucosal melanomas and
is more prevalent in Asian populations. KIT mutations occur in approximately 10-20% of
these melanoma subtypes, with a notable incidence of 10.8% in a study of 502 cases. These
mutations are linked to shorter OS compared to patients without KIT alterations, indicating
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that KIT mutations serve as an adverse prognostic factor in melanoma [23,24]. Targeted
therapies, like imatinib, have shown some efficacy in patients with KIT mutations, but
responses can be limited and vary based on the specific mutation present [25,26]. Overall,
KIT mutations are a critical factor in the prognosis and treatment strategies for specific
melanoma subtypes.

Approximately 46—48% of metastatic melanoma cases harbor BRAF mutations, with a
single point mutation at codon 600 (V600E) being the most common (70-88%), followed
by V600K (10-20%) [27]. The median survival for BRAF-mutant patients not treated with
inhibitors is 5.7 months, compared to 8.5 months for BRAF wild-type patients. However,
those treated with BRAF inhibitors have significantly improved outcomes, with one-year
survival rates reaching 83% [28,29]. In patients with brain metastases, BRAF mutation
status is an independent prognostic factor, correlating with worse OS [30]. These findings
highlight the importance of understanding BRAF mutation status in determining treatment
strategies and prognostic outcomes in melanoma.

NRAS mutant melanoma accounts for approximately 15-20% of melanoma cases and
is characterized by a more aggressive clinical course compared to BRAF mutant melanoma.
NRAS mutant melanoma is associated with significantly worse progression-free survival
(PFS) compared to NRAS wild-type melanoma, with hazard ratios indicating a higher risk of
progression [31]. Although some studies show a trend towards shorter OS in NRAS mutant
patients, results are mixed, and further research is needed to clarify these outcomes [32,33].
While some studies suggest NRAS mutations may confer a better response to immune
checkpoint inhibitors (ICIs), others indicate no significant differences in overall response
rates or survival compared to NRAS wild-type [33,34]. All in all, NRAS mutant melanoma
presents unique challenges in treatment and prognosis, prompting a need for novel and
more effective therapies.

The NF1-loss melanoma subtype is characterized by distinct clinical and biological
features. Melanomas with NF1 mutations exhibit a higher mutational burden and a strong
UV mutation signature. Patients with NF1-mutant melanoma tend to be older at diagnosis
and predominantly male. This subtype is associated with significantly poorer survival
outcomes, including a 1.9-fold increased risk of death from melanoma and a 2.0-fold
increased risk of poor OS compared to other subtypes, even after adjusting for age and
gender [35]. NF1 loss is linked to RAS activation and dependence on the MEK pathway,
making these tumors potentially sensitive to MEK inhibitors, like trametinib. However,
NF1 loss can also lead to resistance to RAF inhibitors, complicating treatment options [36].
Additionally, individuals with NF1 loss have a higher incidence of melanoma, with earlier
diagnoses and thicker tumors, further emphasizing the need for cautious monitoring in
this population [37].

Lastly, the TWT melanoma subtype is characterized by the absence of mutations in
the three most common melanoma driver genes, namely BRAF, NRAS, and NF1. This
subtype is associated with a lower mutational burden compared to other melanoma types,
which can complicate treatment strategies, as TWT melanomas often do not respond well
to targeted therapies that are effective in BRAF or NRAS mutant melanomas. Survival
outcomes for TWT melanoma patients tend to be poorer compared to those with BRAF
mutations. TWT patients exhibit a higher mortality risk, particularly among males and
older individuals [38]. The prognosis for TWT melanoma can also be influenced by such
factors as tumor location and stage at diagnosis, with acral melanoma showing particularly
poor outcomes due to delayed diagnosis and the intrinsic characteristics of the tumor [39].

Melanoma can be treated using a combination of modalities, such as surgical resection,
chemotherapy, immunotherapy, RT, and targeted therapy. Treatment strategies may involve
single agents or combinations of therapies tailored to the individual patient’s health status,
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stage of disease, and tumor location [40]. The primary treatment for localized melanoma is
wide local excision, which aims to remove the tumor along with a margin of healthy tissue.
Surgery is often curative for early-stage melanomas [41]. While cytotoxic chemotherapy
has been historically used to treat cutaneous melanoma, its current clinical utility is limited
due to the advancement of more effective therapies, like ICIs and BRAF/MEK inhibitors.
Chemotherapy offers lower objective response rates compared to other supportive care
options, while often being associated with significant treatment-related toxicities that can
adversely impact patient quality of life (QoL) [42]. As mentioned above, agents like ICIs
(e.g., pembrolizumab, nivolumab) enhance the immune response against melanoma cells,
particularly in advanced stages [43].

Targeted therapy for melanoma has significantly advanced treatment options, par-
ticularly for patients with specific genetic mutations. Medications like vemurafenib and
dabrafenib target the BRAF (V600E) mutation and have shown improved OS in clini-
cal trials, and they are often used as first-line treatments for metastatic BRAF-mutant
melanoma [44]. MEK inhibitors (e.g., trametinib) are often used in combination with BRAF
inhibitors, as they enhance treatment efficacy and help delay resistance mechanisms [45].
Numerous research efforts are currently focused on developing targeted therapies for
melanomas driven by NRAS mutations, NF1 loss-of-function mutations, and other genetic
alterations that activate the MAP kinase pathway [46]. Despite the effectiveness of targeted
therapies, many patients develop resistance, requiring ongoing research into new treat-
ment strategies and combination therapies [47]. Overall, targeted therapies represent a
crucial component of personalized treatment for melanoma, particularly for genetically
defined subtypes.

This review delves into the critical role of RT in the management of melanoma patients,
emphasizing its evolving significance in treatment protocols. It provides a comprehensive
exploration of RT applications for melanoma patients, highlighting its potential to target
localized and metastatic disease. The review also examines the underlying mechanisms of
radiation resistance, including intrinsic factors such as DNA repair efficiency, hypoxia, and
tumor heterogeneity, as well as acquired resistance driven by adaptive cellular responses
and microenvironmental influences [48]. Furthermore, it discusses mechanisms of radiation
sensitivity, such as radiosensitization through targeted therapies and immune modula-
tion. Finally, the review outlines innovative strategies to overcome resistance, including
combination therapies with immune checkpoint inhibitors, DNA repair inhibitors, and
metabolic modulators. By addressing these aspects, the review underscores the importance
of integrating RT into multimodal treatment approaches for melanoma.

2. Radiotherapy

Radiotherapy (RT) is a treatment modality that uses high-energy radiation beams
to eliminate cancer cells. RT offers a targeted approach, focusing radiation on the tumor
site while minimizing damage to surrounding healthy tissues. Unlike local treatments,
like surgery, which physically removes the tumor, RT targets cancer cells throughout
the body or in close proximity to the tumor. There are two main types of RT, namely
external and internal beam radiation. External beam RT (EBRT) delivers radiation from
an external machine named a linear accelerator (LINAC) [49]. The most common form
of RT is photon beam therapy, which typically employs high-energy X-rays or gamma
rays to target cancer cells while sparing nearby healthy tissue [50]. Proton RT employs
proton particles, which deposit most of their energy at a specific depth (known as the Bragg
peak), minimizing damage to surrounding tissues [51]. FLASH RT is a specific technique
within EBRT characterized by the delivery of ultra-high dose rates of radiation (>40 Gy/s)
in milliseconds, reducing normal tissue toxicity while maintaining tumor control [52].
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Microbeam radiotherapy (MRT) is an emerging treatment modality for melanoma, utilizing
high-intensity, spatially fractionated X-ray beams. This technique delivers ultra-high doses
in narrow microbeams, sparing surrounding healthy tissue while effectively targeting
tumors. MRT has shown promise in overcoming melanoma radioresistance, attributed to its
ability to induce localized tumor ablation and enhance anti-tumor immune responses [53].
Brachytherapy is a form of internal RT where radiation sources, such as seeds, ribbons, or
capsules, are placed inside the body or near the tumor [54].

RT regimens can significantly influence therapeutic outcomes in melanoma, par-
ticularly when combined with systemic therapies. High-dose-per-fraction RT, such as
stereotactic body radiotherapy (SBRT) and hypofractionation, has been shown to enhance
local tumor control and systemic immune responses. For example, SBRT can induce im-
munogenic cell death, releasing tumor antigens and promoting T-cell activation, which
synergizes with immune checkpoint inhibitors (ICIs) to elicit systemic anti-tumor immunity,
including abscopal effects [55]. Additionally, RT can modulate the tumor microenvironment
by reducing hypoxia and enhancing immune infiltration, further improving the efficacy
of combination therapies [56]. These findings underscore the potential of optimized RT
regimens to overcome radioresistance and improve outcomes in melanoma.

RT is primarily utilized in specific, well-defined clinical scenarios, including cases of
medical inoperability and certain melanoma subtypes, such as lentiginous melanoma [57],
mucosal melanoma [58], uveal melanoma [59-61], and ocular melanoma [62]. Adjuvant RT
following lymphadenectomy in node-positive melanoma patients has been shown to reduce
local and regional recurrence rates [63,64]. However, its use remains controversial and
underutilized, primarily due to the absence of demonstrated improvements in OS. Palliative
radiotherapy (PRT) improves patient QoL by alleviating cancer-associated symptom:s,
such as painful bone metastasis, spinal cord compression, brain metastasis, or soft tissue
metastasis causing pain, bleeding, or obstruction [65].

RT exerts its curative effects primarily through the generation of reactive oxygen
species (ROS) and direct DNA damage. Ionizing radiation induces ROS via the radiolysis
of water, leading to oxidative stress that damages cellular components, particularly DNA.
This results in single- and double-strand DNA breaks (DSB), which overwhelm the repair
mechanisms. The RT-induced damage triggers different types of cell fates, including
apoptosis, mitotic catastrophe, ferroptosis, necrosis, autophagy, or senescence, leading to
cell death or inhibition of cell proliferation [66,67].

While RT has shown some benefit in managing melanoma, its effectiveness is often
limited by the inherent resistance of melanoma cells to radiation [68]. Cell culture studies
initially suggested that melanoma exhibits high intrinsic radioresistance, characterized by
a “shoulder” effect in cell survival curves [69-72]. This implies a high capacity for DNA
repair and a potential advantage to delivering higher radiation doses per fraction. The
clinical trials utilizing this approach with larger radiation doses supported these laboratory
findings [73-75]. Enhancing the sensitivity of melanoma cells to RT could significantly
expand its clinical applicability. Several factors contribute to melanoma radioresistance,
including the cancer stem cell populations, tumor microenvironment (TME), activation of
the DNA damage repair mechanisms, hypoxia, cellular metabolism, pigmentation, and
melanin production.

3. Cancer Stem Cells

Cancer stem cells (CSCs) are a subpopulation of cells within tumors that possess
unique properties, including self-renewal, differentiation, and resistance to therapies. In
melanoma, CSCs contribute to RT resistance and promote tumor recurrence after treat-
ment [76-78]. CSCs in melanoma are heterogeneous [79-84] and dynamically change
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as an evolutionary adaptation to environmental pressures, including hypoxia, immune
surveillance, and therapy. These pressures drive clonal selection and phenotypic plasticity,
enabling melanoma cells to survive, proliferate, and metastasize under stress [85-87]. Hy-
poxia in the tumor microenvironment activates hypoxia-inducible factors (HIFs), promoting
stem-like properties such as self-renewal, metabolic reprogramming, and resistance to apop-
tosis. Melanoma cells with these traits are selected for survival in oxygen-deprived regions
and enriched for CSC populations [88]. Immune surveillance exerts pressure on melanoma
cells to evade detection. CSCs achieve this by downregulating antigen presentation, ex-
pressing immune checkpoint molecules (e.g., PD-L1), and secreting immunosuppressive
factors, allowing them to escape immune attack and maintain their population [89]. More-
over, CSCs exhibit phenotypic plasticity, allowing non-CSCs to transition into CSCs under
stress [90]. This adaptability ensures the maintenance of CSC populations and tumor
heterogeneity, enabling melanoma to dynamically respond to environmental changes [91].

Melanoma CSCs can be identified by surface markers, such as cluster of differentiation
(CD) 133, CD20, CD271, aldehyde dehydrogenases (ALDHs), and ATP-binding cassette
sub-family B member 5 (ABCB5), which are associated with their tumorigenic potential
and resistance to treatment. However, the specificity of these markers for CSC populations
remains questionable [83,84,92,93]. A study by Quintana and co-workers demonstrated
that none of the 22 putative melanoma CSC markers enriched tumorigenic cells [84]. A
recent study by Speigl and co-authors analyzed putative CSC markers (ALDH1A1, ABCG2,
CD44v7/8, CD44v10, CD133, CD271, and Nestin) in melanoma and revealed widespread
expression across cell lines, early-passage strains, and patient tissues, suggesting lim-
ited specificity for CSCs. These proteins were also detected in non-malignant cells, such
as melanocytes and fibroblasts, limiting their potential as CSC-specific bi-omarkers and
therapeutic targets. Similar to the CSCs in many other tumor entities, melanoma CSC
populations can be enriched in vitro by propagation and passaging under sphere-forming
conditions [94]. It was also found that melanoma cancer cells with elevated autofluores-
cence exhibited characteristics of CSCs [95]. This autofluorescence resulted from riboflavin
(vitamin B2) accumulation in the ATP-dependent transporter ATP-binding cassette su-
perfamily G member 2 (ABCG2)-positive vesicles and can serve as a tool for isolating
CSCs from tumor tissue [96]. Marzagalli et al. demonstrated that vitamin E derivative
d-tocotrienol (3-TT) inhibited the autofluorescent population in A375 melanoma cells. The
authors showed that melanoma cell lines A375 and BLM share the expression of the stem
cell markers ABCB5 and CD44, but A375 cells uniquely expressed CD271 and exhibited
melanosphere formation, a hallmark of stemness, unlike BLM cells [82,96]. This study
confirmed the limitations of using single surface markers as specific indicators of CSC
function, as their expression is shown to be variable depending on the analyzed models
and experimental context.

The concepts of plasticity, heterogeneity, and transdifferentiation are particularly rele-
vant when discussing melanoma CSCs, and they contribute significantly to the challenges
in treating this aggressive cancer [83]. Melanoma is highly heterogeneous, with subpop-
ulations of cells expressing distinct markers like CD271 and CD133, whose role as CSC
identifiers remains questionable [97,98]. This heterogeneity arises from the neural crest
(NC) origin of melanoma cells. The embryonic origin of melanoma cells and, in partic-
ular, the NC-associated transcriptional factors, provide melanoma with differentiation
plasticity [99]. This is further influenced by the TME, genetic mutations, and epigenetic
changes. Functionally, this diversity allows melanoma stem cells to adapt to environmental
stresses, evade immune responses, and resist therapies, contributing to tumor progression
and relapse [77]. CD271* cells, for example, are associated with higher tumorigenicity and
metastatic potential [81,100]. Melanoma stem cells exhibit phenotypic plasticity, allowing
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them to switch between proliferative and invasive states in response to environmental
cues like hypoxia or nutrient deprivation. This plasticity contributes to drug resistance
and metastasis, as cells adapt to therapy by entering slow-cycling, drug-resistant states. It
is regulated by multiple signaling pathways, like WNT, AXL, microphthalmia-associated
transcription factor (MITF), and nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-«B), allowing cells to adapt to changing conditions, evade therapies, and promote
metastasis [98,101,102]. Melanoma stem cells exhibit transdifferentiation, which is defined
as their ability to differentiate into cell lineages other than their original melanocytic lineage.
This phenomenon is linked to their NC origin and inherent plasticity. Melanoma stem cells
can transdifferentiate into vascular and neural lineages, contributing to processes includ-
ing vasculogenic mimicry and tumor adaptability. Transdifferentiation is also observed
in melanoma cells reprogrammed to pluripotent states [76,97]. Melanoma cells can also
adopt endothelial-like properties, form vascular structures, or revert to a more aggressive
phenotype under specific microenvironmental cues. This transdifferentiation plays a role in
metastasis, therapy resistance, and tumor progression [103,104]. Melanoma vasculogenic
mimicry (VM) can be understood as an ecological adaptation within a multi-dimensional
spatiotemporal pathological ecosystem shaped by the interplay of external environmental
pressures and internal competitive dynamics [105]. External pressures, such as hypoxia
and nutrient deprivation, create a hostile microenvironment that forces melanoma cells
to adopt endothelial-like properties, enabling the formation of vascular-like networks
independent of traditional angiogenesis. These structures ensure tumor perfusion and
survival under nutrient deprivation and hypoxic stress. Concurrently, internal dynamics,
including cellular heterogeneity and metabolic demands, drive competition among tumor
cells, favoring those capable of VM as a survival strategy [106,107].

Melanoma CSCs often harbor mutations in such genes as BRAF and NRAS, which are
associated with resistance mechanisms, including the reactivation of mitogen-activated
protein kinases (MAPK) signaling pathways [108]. They frequently express drug efflux
pumps, which help them to expel therapeutic agents, including those used in RT, further
enhancing their survival [109]. Melanoma CSCs also exhibit a slow-cycling phenotype,
allowing these cells to evade the cytotoxic effects of conventional chemotherapy and RT,
which primarily target rapidly dividing cells [110].

Melanoma CSC resistance is often linked to specific molecular pathways, such as the
Hippo signaling pathway, which can sustain melanoma CSC survival and proliferation.
Fisher et al. found elevated levels of yes-associated protein 1 (YAP1), tafazzin (TAZ),
and TEA domain family member (TEAD) in BRAF inhibitor-resistant melanoma CSCs.
This upregulation enhances cell survival, promotes spheroid formation, and increases
Matrigel invasion and tumor formation [111]. Knowles and co-authors identified a rare
CD24*CD271" subpopulation within melanoma with heightened stem-like properties,
including lineage plasticity and self-renewal. This hybrid population exhibited enhanced
sphere formation, migration, and drug resistance compared to CD24* or CD271* subpopu-
lations alone. The authors hypothesized that certain microenvironmental conditions, such
as anti-cancer therapy or oxidative stress, can increase the functional demands for this
CD24*CD271" subpopulation, and therefore, melanoma CSCs can undergo phenotype
switching, allowing them to adapt to therapeutic pressures and maintain tumor growth
despite treatment [112].

CD44 and CD133 identify CSCs in melanoma but show varying expression levels
and clinical significance. For instance, CD44 and ALDH1A1 expressions are significantly
higher in melanoma than in other skin cancers, suggesting a unique role in melanoma
aggressiveness [113]. However, the role of CD44 and CD133 as melanoma CSC markers
remains controversial, with studies indicating that both CD133* and CD133~ subsets
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can initiate tumors [80,114]. CD44, a transmembrane glycoprotein, is involved in cell
adhesion, migration, and interaction with the extracellular matrix (ECM) through its bind-
ing to hyaluronic acid (HA) and inducing Id1/1d3 expression [115,116]. In melanoma,
CD44 contributes to tumor invasion, metastasis, and resistance to therapy by promoting
epithelial-to-mesenchymal transition (EMT) and enhancing cell survival under stress condi-
tions. Additionally, CD44 signaling influences the tumor microenvironment by modulating
immune evasion and angiogenesis. CD133, another transmembrane glycoprotein, is associ-
ated with stemness, self-renewal, and differentiation potential in melanoma cells. It is often
linked with enhanced tumorigenicity, metastatic capacity, and resistance to chemotherapy.
CD133" melanoma cells exhibit increased survival under stress conditions, such as hypoxia,
and are more likely to evade apoptosis, contributing to tumor progression and therapy
resistance. Functionally, CD133 is thought to interact with signaling pathways, like WNT,
Hedgehog, and Notch, which regulate stemness and plasticity [100,117]. It also activates
the PI3K/AKT pathway, reduces apoptosis, and induces chemoresistance [118,119].

ALDH isozymes play a significant role in CSCs and their response to RT. ALDH*
melanoma cells have been identified as more tumorigenic than their ALDH™ counterparts.
These cells exhibit characteristics of CSCs, including self-renewal and differentiation capa-
bilities. Silencing ALDH1A, a key isozyme, has been shown to induce apoptosis and reduce
tumorigenesis, suggesting that targeting ALDH could enhance treatment efficacy [120]. Di-
navahi et al. have developed a novel multi-isoform ALDH inhibitor, KS100, which showed
effectiveness in reducing melanoma tumor growth in preclinical models. This inhibitor
was designed to target multiple ALDH isoforms, potentially overcoming the limitations
of isoform-specific inhibitors [121]. Another approach involved using dendritic cell-based
vaccines targeting ALDH* CSC-like cells, which showed promise in reducing tumor recur-
rence and metastasis in melanoma models. The authors demonstrated that vaccination with
ALDHPM8h SCC7 cancer stem cell-loaded dendritic cells (CSC-DCs) significantly reduced
local tumor recurrence and prolonged survival in mice with established SCC7 tumors. This
therapeutic effect was further enhanced by the concomitant administration of anti-PD-L1,
an ICI. Moreover, in the D5 melanoma model, CSC-DC vaccination effectively inhibited
primary tumor growth, reduced spontaneous lung metastases, and improved survival in
mice [122].

Another putative CSC marker, the transmembrane transporter ABCB5, plays a sig-
nificant role in radiation resistance and chemoresistance in melanoma. ABCB5 mediates
melanoma therapy resistance through the efflux of chemotherapeutic drugs [123-125].
ABCBS is implicated in the survival of melanoma-initiating cells, which are often resis-
tant to therapies, including RT. Its expression is linked to a proinflammatory cytokine
signaling circuit that helps maintain slow-cycling, chemoresistant cells, thereby promot-
ing tumor growth and resistance to treatment [126]. ABCB5 induces metastasis through
NFkB pathway activation by inhibiting p65 ubiquitination to enhance p65 protein stabil-
ity [127]. Moreover, treatment, like temozolomide, can enrich ABCB5-expressing cells,
suggesting that conventional therapies may inadvertently select for more resistant tumor
cell populations [128]. Patients with ABCB5-positive tumors exhibited poorer OS rates
compared to those with a negative expression. This suggests that ABCB5 could serve
as a valuable prognostic factor in melanoma, helping to identify patients at higher risk
for aggressive disease [129]. In BRAF inhibitor-resistant melanoma cell lines, ABCB5 is
overexpressed, indicating its role in resistance mechanisms, although it may not be a
primary targetable contributor [130]. Circulating tumor cells (CTCs) enriched for ABCB5
exhibit distinct transcriptomic profiles, suggesting that ABCB5* CTCs may have an invasive
phenotype and play different roles in disease progression compared to other melanoma
subpopulations [131].
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Targeting CSC-specific pathways and markers may help overcome resistance and
improve treatment outcomes [132]. Understanding the role of CSCs in melanoma biology
is crucial for developing effective therapies against this malignancy. The PI3K/Akt/mTOR
signaling pathway is involved in cell survival and proliferation, plays a role in drug resis-
tance in CSCs, and is a potential target for cancer therapies. Research is focusing on the
role of CD133-dependent activation of the PI3K/mTOR pathway in melanoma stem-like
cells, which contributes to drug resistance and tumor recurrence. Combining PI3K-AKT-
mTOR inhibitors with other pathway inhibitors, such as MAPK/MEK/ERK inhibitors, is
being explored to address the compensatory pathway activation that often leads to resis-
tance [133]. Preclinical studies suggest that targeting ALDH1 could be an effective strategy
for treating metastatic melanoma. ALDHI inhibitors, such as diethylaminobenzaldehyde,
combined with chemotherapy (e.g., dacarbazine), significantly reduce tumor growth and
the number of residual tumorigenic cells in melanoma xenografts [134]. There have been
some promising clinical trials targeting CSCs in melanoma. CD20 in melanoma was first
reported to be enriched in CSCs [76]. One study involved the use of rituximab, an anti-
CD20 therapeutic antibody, in combination with dacarbazine, to target CD20* melanoma
cells. This approach led to lasting remission in a chemotherapy-refractory metastatic
melanoma patient, providing clinical evidence that targeting CSCs can produce regression
in melanoma [135]. Additionally, cytokine-induced killer (CIK) cells have demonstrated
effective activity against autologous metastatic melanoma, including cells with stemness
features. This immunotherapy approach showed intense tumor-killing activity, moving
clinical investigation closer to a new treatment for metastatic melanoma [136]. Ganglioside
GD2 has emerged as a potential marker of melanoma CSCs and a promising therapeutic
target. GD2 is a glycolipid expressed on the surface of melanoma cells, particularly those
with stem-like properties, and is associated with tumorigenicity, metastasis, and therapy
resistance. Its expression correlates with enhanced invasive potential and poor prognosis
in melanoma. Bispecific antibodies (bsAbs) targeting GD2 and immune effectors (e.g., T
cells) have shown preclinical efficacy by redirecting immune cells to GD2* melanoma cells,
enhancing tumor cell killing. This approach leverages the immune system to selectively
target CSCs and reduce tumor burden [137,138]. GD2-specific chimeric antigen receptor
T-cell therapy (CAR-T) cells have demonstrated potent anti-tumor activity in preclinical
melanoma models. These engineered T cells selectively recognize and kill GD2" melanoma
cells, including CSCs, while sparing normal tissues with low GD2 expression. GD2-CAR
therapy also shows promise in overcoming immune evasion and reducing metastasis [139].

Another study explored the use of Lunasin, a bioactive peptide, which showed sig-
nificant therapeutic activity against melanoma by specifically targeting melanoma CSCs.
Lunasin treatment reduced tumor growth in mouse xenografts and induced differentiation
in melanoma CSCs, suggesting its potential as a novel therapeutic option for advanced
melanoma [140]. Metabolic modulator phenformin has been investigated for its ability
to target the CSC compartment in melanoma. It significantly reduced cell viability and
growth in both CSC and non-CSC populations, suggesting its potential as an anti-cancer
therapy [141]. MicroRNAs (miRNAs) have also been explored as a target for melanoma,
with the results showing that miR-58 could suppress the stemness of melanoma stem-like
cells by targeting specific transcription factors, like Y-box binding protein 1 (YB-1). This
approach has shown promise in preclinical models [142]. The development of CAR-based
therapy for targeting melanoma CSC markers, such as CD133, ALDH1, and GD2, especially
the strategy for dual- and multitargeting of different tumor antigens by CARs [143], holds
significant promise for treating aggressive and therapy-resistant cancers. Strategies to
improve the efficacy of CAR-T therapy for melanoma include enhancing T-cell trafficking
to tumors by modifying chemokine receptors or using combination therapies to improve
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tumor infiltration. Overcoming the immunosuppressive TME is another critical focus,
achieved through the co-administration of ICIs or engineering CAR-T cells to resist sup-
pressive cues, like TGF-f3, hypoxia, and tumor acidification [144]. Incorporating safety
switches, such as suicide genes, helps mitigate toxicity and improve safety regarding poten-
tial off-target effects. Additionally, developing dual-targeting CARs that recognize multiple
melanoma-specific markers can enhance specificity and reduce the risk of tumor escape.
These approaches collectively aim to optimize CAR-T therapy for melanoma [145].

4. DNA Damage Repair Mechanisms

DSBs represent the most lethal form of damage induced by ionizing radiation. They
initiate a cascade of cellular DNA damage responses (DDRs), including the activation of
DNA damage detection and signaling pathways, induction of cell cycle arrest, and engage-
ment of DNA repair mechanisms [146]. A key characteristic of the cellular response to
DNA DSBs is the rapid accumulation and localization of various DNA repair and signaling
proteins near the damaged site. This process begins with the phosphorylation of histone
H2AX by ataxia telangiectasia-mutated (ATM) protein, leading to the formation of distinct
nuclear puncta known as radiation-induced foci (RIF) [147]. DNA repair inhibitors have
demonstrated efficacy in radiosensitizing melanoma, enhancing the therapeutic effects
of RT by impairing the ability of tumor cells to repair radiation-induced DNA damage.
The radiosensitization potential of the DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) inhibitor peposertib was assessed in patient-derived xenograft models of
melanoma brain metastases. The authors proposed peposertib as a radiosensitizer for
brain metastases and demonstrated a method for combining laboratory and drug behavior
data to create effective RT plans [148]. CC-115, a dual inhibitor of mTOR and DNA-PK,
enhanced radiosensitivity in melanoma by blocking DSB repair. This combination therapy
significantly reduced tumor cell survival and clonogenicity in melanoma models [149]. Tar-
geting poly ADP-ribose polymerase 1 (PARP-1), a key DNA repair enzyme, with inhibitors
like olaparib sensitizes melanoma cells to RT. Combining PARP inhibition with RT results
in synergistic effects, reducing tumor growth and delaying regrowth [150]. Another study
showed that MAPK inhibition led to a synthetic lethal interaction when combined with
PARP inhibitors, resulting in a significant reduction in melanoma cell growth in vitro and
in vivo [151]. Giunta and colleagues have demonstrated that BRAFV600 mutant cell lines,
even those with pre-existing or developed resistance to BRAF and MEK inhibitors, can
be effectively targeted by the combined use of the ataxia telangiectasia and Rad3-related
protein (ATR) inhibitor AZD-6738 and the PARP inhibitor olaparib [152]. Checkpoint
Kinase 1 (CHK1) mediates cell cycle arrest to allow DNA repair. CHK1 inhibitors, such as
prexasertib, abrogate this checkpoint, forcing melanoma cells to progress through the cell
cycle with unrepaired DNA. This leads to mitotic catastrophe and radiosensitization [153].
Histone deacetylase (HDAC) inhibitors such as sodium butyrate radiosensitize melanoma
cells by suppressing DNA repair activity. They reduce the expression of DNA repair pro-
teins, like Ku70 and DNA-PK, leading to persistent DNA damage and increased radiation
sensitivity [154]. The combination of ceralasertib (an ATR inhibitor) and durvalumab (an
anti-programmed death ligand 1 (PD-L1) ICI) demonstrated a tolerable safety profile in
patients with metastatic melanoma. This combination showed potential as a salvage ther-
apy for immunotherapy-resistant melanoma, offering a new option for patients who have
failed frontline immunotherapy [155]. A gene-profile signature associated with distant
metastasis and poor prognosis in malignant melanoma reveals overexpression of DNA
repair genes, particularly those involved in recovering stalled replication forks, in primary
tumors with poor outcomes. This suggests that genetic stability is crucial for melanoma
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metastatic progression, potentially explaining its resistance to therapies and offering new
drug discovery opportunities [156].

The protein p53 plays a role in the DNA repair process by halting the cell cycle. A
transcription factor p53, often referred to as the “guardian of the genome”, governs the
expression of genes critical to essential cellular functions, such as DNA repair, apoptosis, cell
cycle regulation, and differentiation [157]. p53 is mutated in the majority of human cancers;
however, in wild-type (WT) melanoma, p53 is found inactivated in approximately 90% of
cases, with around 10-20% carrying disabling point mutations [158-160]. Melanoma cells
often express small molecular weight variants of p53, such as p53p or A40p53, which can
alter the function of WT p53. These variants may contribute to the resistance of melanoma to
DNA-damaging chemotherapy by modulating p53-dependent transcription and apoptosis
pathways [161]. p53 variants can significantly affect the response of melanoma cells to
RT by altering the normal function of the p53 protein, which is crucial for DNA damage
response and apoptosis. In melanoma, even when p53 is intact, its activation in response
to DNA damage can be impaired, contributing to radioresistance. This impairment may
be due to defects in the pathways that activate p53, such as the phosphorylation state
of Ser-376, which is not regulated by DNA damage in some melanoma cell lines [162].
Furthermore, the presence of p53 mutations or variants can lead to an abnormal response
to radiation, as these variants may not effectively induce apoptosis or cell cycle arrest,
which are critical for the therapeutic effects of RT [163]. Understanding these mechanisms
is essential for developing strategies to overcome radioresistance in melanoma.

The Fanconi anemia (FA) pathway coordinates a complex process involving elements
of three key DNA repair pathways, namely homologous recombination (HR), nucleotide ex-
cision repair (NER), and mutagenic translesion synthesis (TLS). This mechanism is usually
activated in response to genotoxic stress, including ionizing radiation. Kao and co-authors
have demonstrated that FA DNA repair genes are transcriptionally upregulated in ma-
lignant melanoma compared to non-melanoma skin cancer (NMSC) [164]. This means
that the FA pathway could contribute to melanomagenesis and resistance to chemother-
apy and probably RT [165]. Consequently, FA genes represent promising targets for the
development of innovative melanoma therapies.

The resistance of melanoma cells to DNA-damaging agents is influenced by several
molecular mechanisms. One significant factor is the enhanced activity of HDACs, which
can lead to resistance against alkylating drugs, like temozolomide. Inhibition of class I
HDACSs has been shown to sensitize melanoma cells to these agents by suppressing DNA
DSB repair through HR, involving proteins like RAD51 and FANCD2 [166]. Moreover,
melanoma cells can exhibit enhanced photoproduct repair and post-replication recov-
ery, contributing to their resistance phenotype. This enhanced repair capability allows
melanoma cells to improve the management of DNA damage, thereby increasing their
resistance to chemotherapeutic agents [167]. The overexpression of mouse double minute
homolog (MDM) 2 and MDM4 has been identified as a factor that inhibits p53 function in
melanoma. Targeting these interactions to reactivate p53 is considered a viable therapeu-
tic strategy, especially in combination with other treatments, like kinase inhibitors [168].
Amplifications of MDM2 and MDM4, which are negative regulators of p53, are associated
with metastatic melanoma. Patients with these amplifications may benefit from MDM?2
and MDM4 inhibitors, especially if they have wild-type TP53 [169]. Furthermore, small
molecules, like MJ25, have been identified as potential p53 activators, showing cytotoxic
effects on melanoma cells by inhibiting thioredoxin reductase 1 (TrxR1) and enhancing
p53-dependent transactivation [170]. High expression levels of p21, a p53 target gene, are
associated with increased sensitivity to targeted therapies, such as BRAF inhibitors and
MDM2 inhibitors. This suggests that p21 expression could serve as a predictive biomarker
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for the efficacy of p53-activating therapies in melanoma [171]. These efforts highlight the
ongoing exploration of p53-targeted therapies in melanoma. There are ongoing clinical
trials targeting p53 variants in melanoma treatment. One promising approach involves the
use of MDM2 inhibitors such as navtemadlin, which aim to reactivate p53 in tumors with
WT p53. Navtemadlin has shown potential in arresting melanoma growth and enhancing
the effects of RT in preclinical models, and it is currently being tested in a phase II clinical
trial [172].

DNA repair mechanisms play a crucial role in melanoma resistance to treatments and
its development. The NER pathway is responsible for repairing UV-induced DNA damage.
While NER is generally intact in melanoma, the global genome repair (GGR) branch is
often reduced, leading to increased UV mutation loads [173]. Inhibition of DNA repair
could make melanoma cells more vulnerable to DNA-damaging therapies, like RT. To
inhibit DNA repair triggered by RT, Biau and colleagues developed an innovative class of
molecules called Dbait (DNA strand break bait). These molecules are composed of 32 base
pair deoxyribonucleotides that form an intramolecular DNA double helix, mimicking DNA
damage. The model was tested on cell lines and mouse xenografts, demonstrating that DT01
(a clinical form of Dbait) enhanced RT efficacy independently of RT doses. Mice treated
with a combination of DT01 and RT showed longer survival and improved tumor growth
control without observing additional toxicity [174]. Moreover, a first-in-human phase I
clinical trial was conducted to assess the safety, pharmacokinetics, and preliminary efficacy
of intratumoral and peritumoral injections of DT01 in combination with RT for patients
with unresectable melanoma skin metastases. It demonstrated that DT01 can be safely
administered in combination with RT in patients with skin metastases from melanoma [175].
In another study, a small DNA molecule—coDbait in combination with arylcarboxamide
derivatives (ICF01012) labeled with a B-emitting radionuclide iodine 131 (['3'1] ICF01012)—
was used to radiosensitize melanomas and increase targeted radionuclide therapy (TRT)
efficacy. Such a combination significantly enhanced [**'I]ICF01012 RT efficacy in human
melanoma cells, inhibiting tumor growth and improving the survival in the syngeneic
B16Bl6 model by disturbing DNA repair [176]. The MELRIV-1 trial (NCT03784625) is
the first-in-human study evaluating ['*'TJICF01012, a TRT, in patients with metastatic
melanoma. This study aims to determine the recommended dose of ['311]ICF01012 for
patients with pigmented metastatic melanoma [177].

5. Hypoxia and Altered Metabolism

In 1909, Gotwald Schwarz observed that reducing blood flow to irradiated skin de-
creased its radiation response. Subsequent research by Mottram, Crabtree, Cramer, and
others extensively investigated the relationship between oxygen levels and radiation ef-
fects [178,179]. Nowadays, we know that hypoxic tumors are more resistant to RT due
to a lower level of ROS causing DNA damage and due to the hypoxia-driven activation
of the pro-survival and DNA repair signaling pathways [180,181]. Hypoxia refers to a
condition where oxygen levels in tissues are below normal physiological levels, impairing
cellular function and metabolism. In quantitative terms, hypoxia is typically defined as a
partial pressure of oxygen (pO;) below 10 mmHg (compared to normal tissue pO; levels of
40-60 mmHg) or an oxygen concentration below 1-2% O, (compared to ~5% O, in normal
tissues) [181]. The epidermis naturally exists in a hypoxic state, with oxygen levels typically
below 5% and sometimes reaching as low as 0.2%, particularly in the basal layers. This
physiological hypoxia is a result of limited vascularization in the epidermis, as oxygen
primarily diffuses from the dermis, which contains blood vessels. Oxygen levels decrease
progressively from the dermis to the outermost layers of the epidermis. The basal layer,
where keratinocytes proliferate, experiences the lowest oxygen levels, often below 1% [182].
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Epidermal cells are adapted to low oxygen conditions. Hypoxia-inducible factors (HIFs) are
constitutively active in keratinocytes, regulating various processes such as cell proliferation,
differentiation, and barrier formation [88]. Melanoma cells, originating in the naturally
hypoxic epidermis, are pre-adapted to survive and thrive under low oxygen conditions,
which are further exacerbated in the tumor microenvironment. Therefore, physiological hy-
poxia is critical in the context of melanoma, as it influences tumor behavior and therapeutic
resistance [183].

Melanoma is often defined by regions of hypoxia/anoxia resulting from an imbalance
between oxygen consumption and delivery within the rapidly growing tumor mass [184].
The presence of hypoxia, namely measurement of oxygen tension pO,, is an independent
prognostic factor for poor outcomes across various cancer types, including melanoma [185].
Hypoxia modifiers have been explored to enhance the effectiveness of RT since the early
1960s [186]. Oxygen mimetics, such as nitroimidazole derivatives, have been explored as
hypoxia-targeting agents in melanoma treatment. These compounds mimic oxygen’s effects
by radiosensitizing hypoxic tumor cells, which are typically resistant to RT. Nitroimidazole-
based agents, like pimonidazole (PIMO) and etanidazole, selectively accumulate in hypoxic
regions and enhance the efficacy of radiation by increasing DNA damage in oxygen-
deprived melanoma cells. Additionally, these agents are being developed for dual pur-
poses, including hypoxia imaging and therapeutic radiosensitization, offering a promising
approach to overcoming hypoxia-induced therapy resistance in melanoma [187,188]. In
the early 1980s, the radiosensitizing properties of electron-affinic nitroimidazoles, includ-
ing metronidazole and misonidazole (Ro-07-0582), were evaluated in human malignant
melanoma xenografts grown in athymic nude mice. Both compounds were administered
intraperitoneally before irradiation with a 60Co therapy unit. The results showed that
misonidazole was more effective than metronidazole and may be a more efficient hypoxic
cell radiosensitizer for melanoma; thus, it could have potential value in human RT [189].
A subsequent study by Guichard and Malaise compared the radiosensitizing effects of
misonidazole and a nitroimidazole analog, SR-2508, on a human melanoma (Nall) model
that contained 85% hypoxic cells and was transplanted into nude mice. The results indi-
cated that the difference in the radiosensitization enhancement ratios (RERs) between the
two agents was related to the lack of potentially lethal damage (PLD) repair in tumors when
the sensitizer was present. This suggests that both agents effectively radiosensitize hypoxic
melanoma cells, but their mechanisms and efficacy may vary depending on their influence
on DNA repair processes [190]. Gamoussi and Guichard investigated the uptake and
radiosensitizing effects of PIMO and etanidazole (ETA) in vitro using two melanoma cell
lines, namely Nall+ (pigmented) and Nall— (amelanotic). PIMO uptake was consistently
higher than ETA in both cell lines and was slightly increased under hypoxic conditions
compared to normoxia. The radiosensitizing effect of ETA was consistent across cell lines
and growth phases. In contrast, the radiosensitizing effect of PIMO was cell line-dependent.
The uptake and radiosensitizing effects of PIMO are influenced by melanin content, making
this model useful for predicting the behavior of hypoxia-targeting agents in melanotic
melanomas in vivo [191].

Hypoxia-inducible factor 1 (HIF-1) is a transcription factor activated by hypoxia,
promoting radioresistance. Inhibiting HIF-1 can enhance the therapeutic effects of RT
by reducing hypoxia-induced resistance. HIF1 is activated by the cAMP pathway and
is a target of the MITFE, which is crucial for melanocyte differentiation and melanoma
progression. This activation leads to increased expression of vascular endothelial growth
factor (VEGF), promoting angiogenesis and contributing to melanoma progression [192].
HIF1 influences the metabolic pathways in melanoma, such as glycolysis, enhancing the
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survival and invasiveness of cancer cells. This metabolic shift can contribute to drug
resistance, making treatments less effective [144].

Targeting the hypoxic tumor microenvironment, which contributes to radioresistance,
has been actively investigated for potential melanoma treatment. Inhibiting HIF-1 can
enhance the therapeutic effects of RT by reducing hypoxia-induced resistance. For instance,
inhibiting HIF1 can disrupt the tumor’s metabolic adaptation, making it more susceptible to
cytotoxic therapies [193]. Acriflavine, a potent inhibitor of HIF-1¢, has been studied for its
ability to disturb glucose metabolism and suppress protective pathways in melanoma cells,
even under normoxic conditions. This suggests a potential clinical application for targeting
HIF-1x in melanoma, regardless of the tumor’s hypoxic status [194]. Research has shown
that hypoxia can induce a switch in melanoma cells from a receptor tyrosine kinase-like
orphan receptor 1 (ROR1)* to a more invasive ROR2* phenotype, which is associated
with resistance to BRAF inhibitors. Another way to target hypoxia pathways is to target
the Wnt5A /ROR?2 axis that could improve the efficacy of treatments like vemurafenib in
melanoma patients [195]. Targeting carbonic anhydrase XII (CAXII) has been shown to
impair melanoma cell migration and invasion under hypoxic conditions. This strategy;,
whether through direct inhibition or modulation of the Hedgehog pathway, presents a
potential novel therapeutic approach for melanoma treatment [196].

Hypoxia-activated prodrugs (HAP) are a promising approach for targeting hypoxic
regions in melanoma, which are often resistant to conventional therapies. These prodrugs
are selectively activated in low-oxygen environments, releasing cytotoxic agents that kill
hypoxic tumor cells while sparing normal tissues [197]. A study by Zhang and Stevens
investigated the effects of RT and the hypoxia-activated prodrug tirapazamine (SR-4233)
on three melanoma cell lines (MM576, MM96L, and murine B16-F10). The oxygen enhance-
ment ratios (OER) for single X-ray doses ranged between 2 and 3 for all cell lines, indicating
significant hypoxia-induced radioresistance. However, adding tirapazamine to hypoxic
cells before irradiation restored radiosensitivity to levels comparable to aerobic cells. This
way, tirapazamine had little impact on the radiosensitivity of aerobic cells, highlighting
its specificity for hypoxic conditions [198]. The combination of the hypoxia-activated pro-
drug TH-302 and sunitinib has been shown to enhance therapeutic effects in melanoma.
Sunitinib, an anti-angiogenic agent, increases tumor hypoxia by inhibiting blood vessel
formation. This hypoxic environment enhances the activation of TH-302, which selectively
targets hypoxic tumor cells. In melanoma models, short-term sunitinib treatment alone
failed to significantly prolong survival. However, when combined with TH-302, there was a
marked increase in survival compared to either treatment alone. TH-302 effectively reduced
tumor volume and targeted hypoxic compartments [199]. A phase I study evaluated the
combination of evofosfamide (a hypoxia-activated prodrug) and ipilimumab (a CTLA-4 ICI)
in advanced solid malignancies, including immunotherapy-resistant melanoma. Among
21 evaluable patients, 16.7% achieved partial responses, and 66.7% had stable disease. The
best responses were observed at a dose of 560 mg/m? evofosfamide. Improved T-cell
proliferation and intratumoral T-cell infiltration were noted in responders [200].

Cell metabolism plays a crucial role in the radiation resistance of melanoma. Melanoma
cells exhibit metabolic heterogeneity, allowing them to adapt and utilize various fuels
for survival and progression, which can affect the efficacy of therapies, including RT.
Key metabolic pathways, such as mitochondrial metabolism, are altered in melanoma
and contribute to resistance against therapies. Melanoma exhibits metabolic plasticity,
dynamically switching between glycolysis and oxidative phosphorylation (OXPHOS). This
metabolic flexibility allows melanoma cells to adapt to challenging conditions and develop
resistance to chemotherapy [201]. Changes in mitochondrial function can enhance cell
survival and confer resistance to radiation [202]. Additionally, the tumor microenvironment
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influences metabolic adaptations, leading to altered glycolysis and other pathways that
may promote tumorigenesis and resistance to treatment [203]. Recent research has revealed
distinct metabolites and pathways, such as those involved in the metabolism of glycine,
taurine, arginine, and alanine, that are altered in response to radiation. Exploring these
metabolic changes could offer valuable insights into strategies for overcoming radiation
resistance in melanoma [204]. Melanoma cells often shift from oxidative phosphorylation
to aerobic glycolysis, which supports rapid ATP production and cell proliferation. This
shift can enhance survival under stress conditions, including radiation [205].

Glutathione (GSH) and redox balance are critical factors influencing melanoma’s
resistance to RT. High levels of GSH in melanoma cells can neutralize ROS, thereby reducing
the effectiveness of RT [206]. Previous research has shown that ROS within the TME can
induce an invasive phenotype in tumor-associated macrophages (TAMs) isolated from
melanoma. Mechanistically, this effect may be attributed to the ROS-enhanced translocation
of peroxisome proliferator-activated receptor y (PPARy) via the MAPK/ERK signaling
pathway [207]. Targeting the GSH system or modulating redox balance may enhance the
sensitivity of melanoma cells to radiation. For instance, using buthionine sulfoximine
(BSO), an inhibitor of y-glutamylcysteine synthetase (yGCS), which consequently lowers
tissue GSH concentrations, increased apoptosis in melanoma cells, suggesting a potential
strategy to overcome resistance [208]. This evidence clearly demonstrates that ROS plays
a critical role in modulating the immune response within the TME of human melanoma,
beyond its well-established role in oxidative stress. Overall, targeting metabolic pathways
may enhance the effectiveness of RT therapy in melanoma treatment.

Radiosensitizers are emerging as valuable tools to enhance the efficacy of RT in
melanoma by increasing tumor radiosensitivity while minimizing damage to surrounding
healthy tissue. Key categories of melanoma radiosensitizers are presented in Table 1.

Table 1. Selected melanoma radiosensitizers.

Modulator/Agent Mechanism of Action Stage of Research References

Peposertib DNA-PKcs Preclinical [148]
CC-115 mTOR, DNA-PK Preclinical [149]

Olaparib PARP-1 Clinical [150-152]
AZD-6738 PARP-1 Preclinical [152]
Prexasertib CHK1 Preclinical [153]
Sodium butyrate HDAC Preclinical [154]
Ceralasertib ATR Clinical Phase I [155]
Durvalumab PD-L1 Clinical Phase II [155]
Navtemadlin MDM2/p53 Preclinical /Clinical Phase II [172]

DTO01 Dbait Preclinical/Clinical Phase I [174,175]

[131]ICF01012 coDbait Preclinical /Clinical Phase I [176,177]
Misonidazole Hypoxia Preclinical [189]
Etanidazole Hypoxia Preclinical [191]
Acriflavine HIF-1x Preclinical [194]
Tirapazamine Hypoxia Preclinical [198]
TH-302 Hypoxia Preclinical [199]
Evofosfamide Hypoxia Preclinical/Clinical Phase I [200]
Buthionine YGCS Preclinical [208]

sulfoximine
Type I IFN Inducers Immune Preclinical [209]
[212Pb]VMTO1 MCIR-targeted Preclinical [210]
radiopeptide

6. Activation of Anti-Tumor Immune Responses

RT induces DNA damage that not only reduces tumor burden but also enhances anti-
tumor immunity. This process involves the activation of pathways, such as NF-«B, and type
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Iinterferon (IFN) responses, leading to the release of proinflammatory cytokines and the
maturation of dendritic cells, which prime T-cell responses [211]. Melanoma is classified as
an immunologically “hot” tumor, characterized by high levels of tumor-infiltrating lympho-
cytes (TILs), elevated expression of immune checkpoint molecules (e.g., PD-1, CTLA-4), and
a high tumor mutational burden (TMB) [212]. These features make melanoma particularly
responsive to ICls, such as ipilimumab (anti-CTLA-4), nivolumab, and pembrolizumab
(both anti-PD-1) [213]. ICIs have demonstrated durable responses in melanoma. For ex-
ample, anti-PD-1 monotherapy achieves objective response rates (ORR) of ~40%, while
combination therapy with anti-CTLA-4 increases ORR to ~58%, with long-term survival
benefits [214]. Although ICIs have revolutionized melanoma treatment, many patients
may not benefit due to therapy resistance. This resistance can be classified as primary
(innate) or secondary (acquired). Innate ICI resistance in melanoma is associated with
specific tumor subtypes characterized by invasive and dedifferentiated gene expression
signatures. These tumors show reduced expression of melanocytic lineage markers (e.g.,
MITF) and increased expression of mesenchymal (e.g., AXL, ZEB1) and neural crest-like
genes (e.g., SOX10, NGFR). These subtypes are associated with a low T cell-inflamed
tumor microenvironment, characterized by reduced infiltration of CD8" T cells and in-
creased expression of immunosuppressive molecules, such as VEGF and TGF-f3, which
hinder immune activation [215,216]. Targeting inflamed (“hot”) and non-inflamed (“cold”)
melanomas presents distinct biological and clinical challenges due to differences in their
TME and immune profiles [217]. In the case of “hot” melanomas, resistance can develop due
to adaptive immune suppression, such as the upregulation of alternative checkpoints (e.g.,
TIM-3, LAG-3) or recruitment of immunosuppressive cells, like regulatory T cells (Tregs)
and myeloid-derived suppressor cells (MDSCs) [218]. “Cold” melanomas are resistant to
ICIs due to the absence of pre-existing immune activation. These tumors lack TILs and
exhibit poor antigen presentation, low neoantigen burden, and immunosuppressive TMEs
driven by factors like TGF-f3 and VEGEF. They are often associated with de-differentiated or
mesenchymal-like gene expression profiles. Overcoming this requires strategies to convert
“cold” tumors into “hot” ones [215,217].

The ongoing clinical trials highlight the efforts to optimize combination strategies
for overcoming resistance and improving outcomes in melanoma treatment. One trial
(NCT02843165) is investigating the combination of nivolumab and ipilimumab in patients
with advanced melanoma. The study focuses on the efficacy of dual immune checkpoint
blockade, aiming to improve PFS and OS compared to monotherapy. Early results suggest
that the combination therapy shows promise in overcoming resistance mechanisms and
enhancing anti-tumor immune responses.

The immune microenvironment plays a crucial role in the efficacy of RT. Certain factors,
like tumor-associated macrophages (TAM) and T-cell infiltration, can significantly influence
treatment outcomes, highlighting the importance of understanding these interactions for
optimizing therapeutic strategies [219]. Gellert et al. investigated the role of tumor-derived
IFNs in repolarizing TAMs in murine melanoma models and analyzed the impact of RT-
induced type I IFN on TAMs in human melanoma patients. Their study showed that
IFNf induces a proinflammatory M1-like phenotype in TAMs in mice and identified a
myeloid type I IFN-response signature linked to enhanced survival in melanoma patients
undergoing RT. These findings suggest that type I IFN-inducing therapies, including RT, can
effectively reprogram TAMs towards an anti-tumor phenotype, highlighting the potential
of combining RT with immunotherapy to enhance treatment outcomes in melanoma [209].

Several clinical trials and studies have explored the combination of conventional RT
and ICIs in melanoma. A systematic review and meta-analysis showed that combining
RT with ICIs improved the ORR to 35%, compared to 20.39% with ICIs alone. PFS at
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12 months was significantly better with the combination, although no clear OS advantage
was observed [220]. The DeCOG multicenter retrospective cohort study investigated the
impact of preceding RT on the outcomes of ICIs in metastatic melanoma. No significant
differences in best overall response (BOR), PFS, or OS were observed between patients with
and without preceding RT. In addition, in patients with brain metastases, preceding RT
did not significantly improve survival outcomes when combined with ICI therapy [221].
The CHEERS phase II randomized clinical trial evaluated the combination of stereotactic
body radiotherapy (SBRT) with ICIs in patients with advanced solid tumors, including
melanoma. While safe, adding SBRT to ICIs did not significantly improve PFS or OS,
highlighting the need for further research to optimize this combination [222].

Compared to conventional radio-immunotherapy, combining carbon ion RT (CIRT)
with anti-PD-1 therapy more effectively induced immunogenic cell death (ICD) hallmarks,
including calreticulin exposure, ATP release, and high mobility group box 1 (HMGB1)
release, and stimulated type I IFN responses. This combination significantly increased CD4*
and CD8* T-cell infiltration into tumors, leading to reduced tumor growth and prolonged
survival in melanoma-bearing mice. These findings demonstrate that CIRT enhances tumor
immunogenicity, amplifying the efficacy of subsequent anti-PD-1 immunotherapy [223].
Radiation stimulates dendritic cells, which are crucial for antigen presentation. This process
helps prime T cells against tumor antigens, leading to a more robust anti-tumor immune
response [66].

Li and colleagues demonstrated the synergistic anti-tumor effects of «-particle
radionuclide therapy («-TRT) combined with ICIs in preclinical melanoma models.
The melanocortin 1 receptor (MC1R)-targeted radiopeptide [*?Pb]JVMTO1 effectively
suppressed the growth of B16-F10 melanoma tumors. Notably, the combination of
[212Pb]VMTO1 with ICIs led to a robust anti-tumor response, with 43% of mice achieving
complete and durable tumor regression. This therapeutic synergy was dependent on T
cell-mediated immunity and compromised by fractionated [2'?Pb]JVMTO01 administration.
Mechanistically, [22Pb]VMTO1 induced immunogenic cell death, sensitizing melanoma
cells to ICI therapy and promoting the infiltration of CD3*, CD4*, and CD8" T lymphocytes
within the tumor microenvironment [210]. The first-in-human clinical trial evaluated the
safety and biodistribution of two novel MC1R-targeted imaging tracers ([*%*Pb]VMTO1
and [%¥Ga]VMTO02) in stage IV melanoma patients to support the development of MC1R-
targeted alpha-particle therapy. The study demonstrated tumor retention of tracers and
partial concordance between imaging and immunohistochemistry (IHC), suggesting that
IHC is a more sensitive method for detecting MC1R expression, with further testing needed
to refine imaging-based patient selection for therapy [224].

A study by Yu et al. demonstrated that melanoma liver metastases act as an immune
sink, trapping and eliminating circulating activated CD8* T cells in multiple mouse models.
In the liver, activated antigen-specific Fas*CD8" T cells are selectively induced to undergo
apoptosis by FasL*CD11b*F4/80" monocyte-derived macrophages. This phenomenon
contributes to a systemic immunosuppressive state, characterized by reduced peripheral
T-cell numbers and diminished tumor-infiltrating T-cell diversity and function in both
preclinical models and human patients with melanoma liver metastases. Importantly, liver-
directed RT effectively eliminates immunosuppressive hepatic macrophages in preclinical
models, enhancing hepatic T-cell survival and mitigating the detrimental effects of hepatic
T-cell siphoning [225]. These findings suggest that irradiation of liver metastases can
enhance the effectiveness of ICI therapies. This highlights the crucial role of timing and
the importance of considering liver-metastasis-directed radiotherapy (LRT) as a potential
strategy to improve ICI response [226]. A recent study by Jagodinsky and co-authors
investigated the temporal dynamics of IFN1 activation following both external beam
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radiation therapy (EBRT) and TRT across various tumor models, including melanoma.
The authors demonstrated that TRT effectively induces IFN1 activation comparable to
EBRT, highlighting its potential for synergistic combination with immunotherapies [227].
Localized RT can lead to systemic anti-tumor effects, known as the abscopal effect, where
non-irradiated tumors shrink due to immune activation. This immune-mediated effect is
crucial for the abscopal response, which can be augmented by combining radiation with
immunotherapeutic agents, like ICIs [228,229].

7. Pigmentation and Melanin Production

Melanoma pigmentation plays a significant role in radiation sensitivity and resistance.
Melanin, particularly eumelanin, provides radioprotection by acting as an antioxidant and
reducing DNA damage from UV radiation. A study by Meredith and Sarnan investigated
the electronic and optical properties of four monomers that serve as fundamental building
blocks of eumelanin. Using Density Functional Theory (DFT) and Time-Dependent DFT
(TDDFT) calculations, the authors determined key molecular properties, including electron
affinities, ionization energies, energy gaps, optical absorption spectra, and exciton binding
energies, and discussed their implications for the properties of a proposed tetrameric
protomolecule of eumelanin [230].

In contrast, pheomelanin, which is less stable, can generate a mutagenic environment
under UV exposure, potentially contributing to melanoma progression and resistance to
therapies, including RT [231]. Furthermore, radiation can stimulate melanocytes, leading
to increased melanin production and subsequent hyperpigmentation [232]. The MC1R
genotype influences the response of melanocytes to UV radiation. Variants associated with
red hair and fair skin reduce the protective effects of melanin, increasing sensitivity to
UV-induced damage. MC1R allelic variants often exhibit impaired cAMP signaling, leading
to a shift towards pheomelanin production and enhanced extracellular signal-regulated
kinase (ERK) pathway activation. This altered pigmentation profile, characterized by
increased pheomelanin content, may contribute to the increased melanoma risk associated
with these variants, suggesting that modulation of this pathway could improve treatment
outcomes [233].

Moreover, the degree of pigmentation in melanoma cells correlates with their ra-
diosensitivity; higher eumelanin content is associated with increased resistance to ra-
diation [234,235]. DOPAchrome tautomerase TRP-2, an enzyme crucial for eumelanin
synthesis, is significantly upregulated in radioresistant WM35 melanoma cells, likely due
to overexpression of the ERK/MAPK pathway [236]. Kinnaert and colleagues conducted a
study examining the relationship between cell pigmentation and radiosensitivity in two
human melanoma cell lines with differing melanin content (mixed and pheomelanotic).
Their findings revealed an inverse correlation between eumelanin levels and radiosensi-
tivity. Increased melanin levels, regardless of the inducing factor, promoted the growth of
irradiated cells. These findings suggest that eumelanin content may significantly influence
the radiosensitivity of melanoma cells, potentially contributing to the variability observed
in clinical responses to RT [235]. In another study, the authors showed that higher intracel-
lular eumelanin levels are inversely associated with DNA damage, even in the absence of
glutathione and cysteine, two essential intracellular radioprotective agents. These findings
suggest that enhancing eumelanin production, either through tyrosine supplementation
or by shifting melanin synthesis towards eumelanin, can compensate for the loss of these
crucial radioprotective molecules [237]. Normalizing tumor vasculature and reducing
hypoxia can enhance the effectiveness of RT, indicating that strategies to inhibit eumelano-
genesis might synergize with other therapeutic approaches to improve overall treatment
outcomes [238].
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In summary, enhanced DNA repair capabilities allow melanoma cells to efficiently
recover from radiation-induced damage, particularly through the overexpression of repair
genes associated with stalled replication forks. The TME plays a protective role by fostering
immune evasion, promoting angiogenesis, and shielding tumor cells from radiation ef-
fects. Pigmentation and melanin production further contribute by absorbing radiation and
scavenging reactive oxygen species, reducing DNA damage. Hypoxia within the tumor
amplifies radioresistance by reducing oxidative stress and stabilizing HIFs, which promote
survival pathways and reduce radiation efficacy. Altered tumor metabolism, including
increased glycolysis and oxidative stress adaptation, supports energy demands and resis-
tance mechanisms. Additionally, CSCs within melanoma exhibit intrinsic radioresistance
due to their quiescent nature, efficient DNA repair, and ability to repopulate the tumor
post-treatment. Together, these factors create a robust resistance network, complicating RT
effectiveness and necessitating targeted strategies to overcome these barriers (Figure 1).
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Figure 1. Factors contributing to radioresistance in melanoma. These include enhanced DNA repair
mechanisms (involving, e.g., PARP, ATM, ATR, and p53), the presence and characteristics of cancer
stem cells (CSCs) exhibiting plasticity, heterogeneity, and transdifferentiation (marked by surface
markers, such as CD271, CD133, ABCB5, and ALDH), hypoxia-induced resistance (mediated by
HIF1e), altered tumor metabolism (involving ROS and GSH), melanin production (with MC1R
signaling), and the complex tumor microenvironment (TME) where melanoma can be classified
as “hot” or “cold”, with tumor-associated macrophages (TAMs) contributing to RT resistance. The
interplay of these factors governs the overall resistance of melanoma cells to radiation therapy.
Created in https://BioRender.com.

8. Combination of Radiotherapy with Other Anti-Cancer Treatments

Combining RT with immunotherapy, such as ICls, has shown potential for improved
outcomes. Studies indicate that this combination can enhance T-cell infiltration and OS
in melanoma patients, suggesting a synergistic effect [239,240]. Specific biomarkers have
been identified that may predict the effectiveness of RT combined with immunotherapy
in melanoma. The combination of fibroblast activation protein (FAP)-targeted molecular
RT with immunotherapy has shown promising results in preclinical models, suggesting
that this approach can lead to tumor regression and increased apoptotic cell death, which
may also be influenced by specific immune cell populations [241]. Shi and colleagues
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applied a multi-omics approach and highlighted the role of RT-related genes, such as dual
specificity phosphatase 1 (DUSP1), C-X-C motif chemokine ligand 13 (CXCL13), SLAM
family member 7 (SLAMF?), and ecotropic viral integration site 2B (EVI2B). These genes
were shown to boost immune responses and enhance the effectiveness of immunotherapy
in melanoma patients, suggesting their potential as predictive biomarkers for treatment
success [56].

There are also ongoing clinical trials investigating the combination of RT and im-
munotherapy in melanoma. One phase I study evaluated the safety and immunologic ef-
fects of combining RT with nivolumab and ipilimumab in patients with stage IV melanoma.
The study concluded that RT combined with nivolumab and ipilimumab is safe and may
enhance immunologic effects, with ongoing randomized trials to assess efficacy [242]. The
NADINA trial (NCT04949113) is currently evaluating the efficacy of neoadjuvant systemic
therapy combining ipilimumab and nivolumab followed by surgery, compared to standard
adjuvant therapy. This phase III trial demonstrates that neoadjuvant treatment with ipili-
mumab and nivolumab is safe and results in improved event-free survival compared to
adjuvant nivolumab in patients with resectable macroscopic stage III melanoma [243]. A
retrospective study of 376 patients with melanoma brain metastases (MBMs) treated with
ipilimumab plus nivolumab (COMBO) demonstrated remarkable long-term survival in
treatment-naive, asymptomatic, steroid-free patients, with median overall survival (mOS)
not yet reached in this subgroup. The addition of stereotactic radiosurgery (SRS) to COMBO
significantly improved survival, while outcomes were poor in patients receiving COMBO
after progression on BRAF/MEK inhibitors [244]. The ReCIPE-M1 (NCT04581382) study
investigated the safety and feasibility of therapeutic plasma exchange (TPE) to improve
outcomes in metastatic melanoma patients progressing through PD-L1 immunotherapy.
By removing extracellular vesicles (ev) expressing PD-L1 and soluble (s) PD-L1, TPE is
hypothesized to restore anti-melanoma immunity, with primary endpoints focused on
safety and secondary endpoints evaluating sPD-L1 kinetics and clinical response [245].
Next, the authors presented a phase I clinical trial examining the combination of RT, TPE,
and ICI rechallenge in patients with ICI-refractory metastatic melanoma exhibiting high
PD-L1 levels. This study provides clinical evidence that combining limited SBRT, TPE,
and ICI rechallenge may reinstate responsiveness to immune checkpoint inhibitors [246].
Ongoing studies are examining the potential of RT to induce abscopal effects, where local-
ized treatment leads to systemic anti-tumor responses, particularly when combined with
immunotherapy [247,248].

A study by Bonnen et al. demonstrated the efficacy and safety of elective regional
RT (the use of RT to treat areas where cancer cells are likely to spread, even if there is
no evidence of cancer in those areas yet) for head and neck melanoma patients at high
risk of lymph node involvement. It provides a viable alternative to elective lymph node
dissection [249]. A study by Fogarty revealed that adjuvant radiation therapy (ART)
utilizing three-dimensional conformal radiotherapy (3DCRT) reduced in-field recurrence
by 50% in patients with macroscopic regional nodal melanoma. This approach is now being
evaluated in combination with targeted therapies and immunotherapy [250].

EBRT is increasingly utilized in the treatment of melanoma, particularly in combination
with other therapies. EBRT has been shown to activate a type 1 interferon (IFN1) response
in melanoma cells, which is crucial for enhancing the effectiveness of immunotherapies
such as ICI. This activation occurs within days post-radiation and can persist, suggesting a
potential synergistic effect when combined with immunotherapy [227]. Studies indicate
that combining EBRT with targeted radionuclide therapies (TRTs) can enhance tumor
uptake of therapeutic agents and improve treatment efficacy. For instance, EBRT combined
with TRT in melanoma models demonstrated significant tumor growth inhibition compared
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to monotherapies [251]. EBRT is often utilized in the treatment of cutaneous melanoma,
particularly in cases of metastatic disease. A study by Greene and co-authors indicated that
EBRT was used in 47% of cases with orbital metastasis from cutaneous melanoma, showing
varying degrees of tumor control depending on the treatment combination employed [252].
The integration of EBRT with immunotherapy and targeted therapies is a promising area of
research, aiming to overcome treatment resistance and improve patient outcomes [253].

An alternative strategy involves the use of stereotactic radiosurgery (SRS) to treat
brain metastases from melanoma, offering effective local tumor control and potential
survival advantages. Liew et al. performed a study involving 333 consecutive patients
with melanoma and showed that SRS achieved a local control rate of 73% and a median
survival of 22 months for those with solitary brain metastases and controlled extracranial
disease [254]. Another analysis indicated that SRS combined with immunotherapy, such as
ipilimumab, significantly improved survival rates compared to SRS alone, with a hazard
ratio of 0.74, suggesting a synergistic effect [255]. However, patients with melanoma brain
metastases generally have poorer outcomes, with a median survival of approximately
7.5 months post-SRS. Factors influencing survival include the number of brain metastases,
prior treatments, and the control of systemic disease [256]. Overall, SRS is a valuable
option for managing melanoma brain metastases, especially when combined with systemic
therapies, although careful patient selection is crucial for optimizing outcomes.

Boron neutron capture therapy (BNCT) is an innovative treatment approach for cu-
taneous melanoma that utilizes the selective accumulation of boron-10 in tumor cells,
followed by irradiation with thermal neutrons. This process generates high-energy alpha
particles that selectively destroy cancer cells while sparing surrounding healthy tissue [239].
Clinical studies have demonstrated the potential of BNCT in treating melanoma, particu-
larly in patients who have not responded to conventional therapies. For instance, the use of
boronophenylalanine (BPA) has shown promise in preclinical models, where it effectively
targeted melanoma cells, leading to significant tumor control [257]. A phase I/1I clinical
trial is assessing the safety and efficacy of BNCT for treating malignant melanoma. Initial
results from the first treated patient showed promising outcomes with manageable side
effects [258]. However, challenges remain regarding the optimal delivery of boron to tumor
sites and the precise measurement of boron concentration in tissues, which are critical for
maximizing treatment efficacy [259].

Proton beam therapy (PBT) is another advanced form of RT that uses protons to target
tumors, including cutaneous melanoma. While PBT is more commonly associated with non-
melanoma skin cancers, its application in melanoma is being explored. Ongoing studies are
investigating the optimal use of PBT in melanoma treatment, including its combination with
immunotherapy to enhance systemic responses [260]. One study examined the outcomes
of patients with head and neck cutaneous melanoma treated with PBT by utilizing data
from a multi-institutional registry. Findings indicate that PBT effectively controls local
disease in patients with locally advanced melanoma, predominantly in the adjuvant setting.
Three-year local regional failure-free survival (LRFS), PFS, and OS rates were 85.7%, 35.7%,
and 83.3%, respectively [261].

The single-center, first-in-human, phase I study IMPulse (NCT04986696) was initi-
ated to investigate the safety and efficacy of FLASH therapy in patients with metastatic
melanoma. Utilizing Mobetron® with high-dose-rate (HDR) functionality, the study em-
ployed a dose-escalation approach to evaluate single-dose FLASH therapy for skin metas-
tases that progressed despite systemic treatments. A study by Dong et al. combined
FLASH-RT with imiquimod (IMQ), a Toll-like receptor (TLR) agonist, delivered via a
radiopaque and radiation-responsive hydrogel. The combination therapy significantly
reduced tumor growth and improved survival in preclinical models with enhanced cy-
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tokine levels in the tumor microenvironment, indicating immune activation. The hydrogel
was radiopaque, allowing for monitoring via CT imaging, and no adverse effects were
reported [52]. Hypofractionated RT, particularly when used alongside anti-PD-1 therapy,
has demonstrated increased efficacy in advanced melanoma patients, leading to higher
rates of complete responses [262]. Studies have shown that combining RT with BRAF/MEK
inhibitors can lead to improved outcomes, especially in patients who have developed
resistance to these targeted therapies. One case report highlighted the successful treatment
of BRAF/MEK inhibitor-resistant melanoma using a combination of immunotherapy fol-
lowed by intensity-modulated radiotherapy (IMRT), which resulted in significant tumor
regression [263]. In BRAF-mutated melanoma, combining radiotherapy with BRAF in-
hibitors (e.g., vemurafenib) and p53 reactivation has been shown to enhance radiosensitivity,
potentially overcoming the inherent radioresistance of melanoma cells [264].

MRT using spatially fractionated high-dose microbeams has demonstrated significant
tumor control in preclinical melanoma models. For example, temporally fractionated MRT
with lower peak doses achieved complete remission in 50% of B16-F10 mouse melanomas,
preventing metastases and increasing survival [265]. MRT also shows potential to over-
come melanoma radioresistance by enhancing local and systemic anti-tumor immune
responses [53].

Palliative radiotherapy (PRT) is an important treatment option for patients with
cutaneous melanoma, particularly in advanced stages where curative treatments are no
longer effective. PRT for melanoma patients primarily alleviates several key symptoms
associated with the disease. A significant number of patients experience pain due to tumor
growth, particularly in cases with bone metastases. PRT can provide effective pain relief,
with studies showing that up to 67% of patients with bone metastases report good pain
management [266]. For patients with brain metastases, PRT can ameliorate neurological
deficits, with studies indicating that around 57% of patients experience improvements in
their neurological function [266]. PRT can also help manage ulceration and other skin-
related symptoms, contributing to better overall QoL [65]. PRT is effective in managing
bleeding from tumors, especially in cases where surgical options are limited. It can help
reduce or stop hemorrhaging, improving patient comfort [54].

In cases where patients have previously failed systemic therapies, such as anti-PD-1
monotherapy, combining PRT with these treatments has demonstrated promising results.
For instance, a study by Saiag et al. indicated that hypofractionated RT combined with anti-
PD-1 therapy led to high rates of complete response and improved OS compared to those
who did not receive RT [262]. The integration of PRT with immunotherapy represents a
valuable strategy in the management of melanoma, potentially leading to better therapeutic
outcomes [267,268].

Potential biomarkers can help predict which melanoma tumors are most likely to
benefit from combined RT and systemic strategies, such as ICIs or radiosensitizers. Ex-
emplary biomarkers include PD-L1 expression, TMB, and immune infiltration profiles.
High PD-L1 expression on melanoma cells or in the tumor microenvironment may predict
better responses to combined RT and ICIs, as RT can enhance PD-L1-mediated immune
activation [55]. High TMB is associated with increased neoantigen presentation, which may
enhance the efficacy of RT-ICI combinations by promoting immune recognition [269]. Tu-
mors with pre-existing immune infiltration (e.g., high CD8* T-cell density) are more likely
to benefit from RT-ICI combinations, as RT can further enhance immune activation [56].

Combining RT with other agents enhances therapeutic efficacy by targeting multiple
pathways, overcoming resistance, and improving immune responses (Table 2).
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Table 2. Selected recent clinical trials involving RT for melanoma.
Name Type of Trial Disease Radiotherapy Scheme  Systemic Treatment Patients Reference
Published Trials
A Prospective, Phase I Trial of
Nivolumab, Ipilimumab, and Phase I, . 30 Gy, 10 fractions Nivolumab, .
Radiotherapy in Patients with non-randomized Metastatic melanoma 27 Gy, 3 fractions ipilimumab 20 patients [242]
Advanced Melanoma
Targeted radionuclide
Phase I Study of [131] An open-label, therapy, escalating
ICF01012, a Targeted multicentric, Pigmented metastatic doses of a 36 patients [177]
Radionuclide Therapy dose-escalation phase melanoma radiolabeled p
(MELRIV-1) I trial compound
[13]ICF01012
An open-label, N
The CHEERS Phase 11 multicenter, Locally advanced or SBRT. 8 Gv. 3 fraction ICIII'IEIXII?ZIuI;abb’ 24 patient [222]
Randomized Clinical Trial randomized phase Il ~ metastatic melanoma , O Y, 2 Hactions pembIoAzHmab, patiehts
trial atezolizumab
Targeted Imaging of 203
Melanoma for Alpha-Particle Phase I Advanced melanoma [[68 (I;b]]\\/]li\/[/l,;rgzl 7 patients [224]
Radiotherapy (TIMAR1) a
Combined Immunotherapy in
Melanoma Patients with Brain (o Melanoma brain - Ipilimumab, .
Metastases: A Multicenter Not specified metastases Not specified nivolumab 376 patients [244]
International Study
Radiation Therapy, Plasma
Exchange, and
Immunotherapy Phase I Melanoma 40 Gy, 5 fractions Nivolumab, 18 patients [245,246]
(Pembrolizumab or Y pembrolizumab p !

Nivolumab) for the Treatment
of Melanoma
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Table 2. Cont.

Name Type of Trial Disease Radiotherapy Scheme  Systemic Treatment Patients Reference
Planned Trials (with unpublished results)
Stereotactic
. . . radiotherapy from 16
Antl_PD. 1 Brain Collabor.atlon . Melanoma brain to 22 Gy in 1 fraction Ipilimumab, . NCT03340129
+ Radiotherapy Extension Phase II, randomized . 218 patients
metastases or from 24 to 30 Gy, nivolumab Start 08/2019
(ABC-X Study) (ABC-X) .
hypofractionated for
larger lesions
Precision Radiation of Immune
Immune Checkpoint Therapy . . o PR . NCT04793737
Resistant Melanoma Phase II ni?f;fg;?;::ii:?; Not specified PD-1 inhibitor 27 patients Start 03,2021
Metastases (PROMMEL)
Irradiation of Melanoma in a Phase I, Skin metastases of 7 dose levels (22 Gy, . NCT04986696
Pulse (IMPulse) non-randomized melanoma 24 Gy, 26 Gy, 28 Gy, 30 None 46 patients Start 07/2021
Gy, 32 Gy, and 34 Gy)
Noc:lal Radjiation Therapy' fpr ‘ Sentinel ly‘rr.lph . Nivolumab, . NCT04594187
Sentinel Lymph Node Positive ~ Phase II, randomized node-positive 30 Gy, 5 fractions embrolizumab 168 patients Start 082021
Melanoma (MelPORT) melanoma p
PD-1 Inhibitors with or
without Radiation in Phase II, randomized =~ Advanced melanoma Not specified PD-1 inhibitor 92 patients NCT05498805
Start 08/2022
Advanced Melanoma
Stereotactic Ablative
Radiotherapy (XRT) and NCTO06767306
Immunotherapy for Phase II, randomized = Metastatic melanoma 48 Gy, 10 fractions Immunotherapy 129 patients Start 04,2025

Oligometastatic Extracranial
Melanoma (AXIOM)
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9. Future Perspectives

The number of papers pointing out the need for new therapeutic strategies for
melanoma patients has grown vastly during the last decade. Future perspectives of
melanoma radiation resistance research should focus on overcoming the intrinsic and
acquired resistance mechanisms through innovative strategies. From the biological point
of view, improved preclinical models, such as genetically engineered mouse models and
patient-derived models in humanized mice, are being developed to better predict clinical
responses to RT and other therapies [270,271]. Advanced in vitro models, such as 3D recon-
structed models, capillary network formation models, and organoids, are increasingly used
in melanoma research to better mimic the TME and improve translational relevance [271].
Advances in understanding the molecular mechanisms of melanoma, including mutations
in BRAF, NRAS, and c-KIT, are guiding the development of targeted therapies that may
complement RT.

Combining RT with immunotherapy, such as ICIs, is being explored to overcome
resistance and enhance treatment efficacy [272]. However, high tumor burden, hypoxic and
acidic tumor microenvironment, and stromal barriers can limit the effectiveness of both
radiation and immunotherapy. Overcoming these barriers remains a significant challenge.
Variability in patient responses to combined therapies complicates treatment optimization.
Reliable biomarkers to predict individual sensitivity and efficacy are still lacking.

Oncolytic virus (OV) therapy, either alone or in combination with RT, is showing po-
tential for reducing recurrence rates and improving outcomes in melanoma patients [273].
OVs exploit the altered antiviral pathways in melanoma cells, such as defective inter-
feron signaling, allowing the virus to replicate preferentially in tumor cells while sparing
normal cells. Melanoma cells often overexpress specific receptors that OVs can bind to,
e.g., ICAM-1 [274] and Nectin-1 [275], enhancing their ability to infect melanoma cells
selectively [276].

CTCs play a critical role in melanoma radioresistance and metastatic progression.
Recent studies highlight the “Anti-Warburg Effect” (AWE) in CTCs, where a metabolic shift
from glycolysis to oxidative phosphorylation occurs, potentially bridging primary tumors
and metastases. This metabolic adaptation may enhance CTC survival under therapeutic
stress, including radiation, and is significantly correlated with therapeutic response in
melanoma patients [277]. Although the current paper may not address CTC-mediated
radioresistance, future discussions could explore how targeting the AWE in CTCs might
improve therapeutic outcomes. This could include strategies to disrupt metabolic plasticity
or combine RT with metabolic inhibitors to prevent metastasis and overcome resistance.

Emerging data suggest that mRNA vaccines could enhance immune responses when
combined with RT, offering a novel therapeutic pathway [278]. These vaccines encode
tumor-specific antigens, enhancing the immune system’s ability to recognize and attack
melanoma cells. They can induce both humoral and cellular immune responses, and their
rapid production makes them adaptable for personalized therapies [279]. Radiation and
mRNA vaccines together increase the infiltration of CD8* T cells and cytokine production,
enhancing anti-tumor immunity [280]. RT can enhance the immunogenicity of tumors
by releasing tumor antigens, which mRNA vaccines can further exploit to stimulate a
robust immune response. This synergy may improve tumor control and reduce recurrence
rates [281]. A pilot study using mRNA-electroporated dendritic cells (TriMix-DC) encod-
ing melanoma antigens demonstrated safety and immunogenicity. While no objective
responses were observed with the vaccine alone, combining it with interferon-alpha-2b
showed partial responses and stable disease in some patients [282]. A phase I trial of
the ECI-006 vaccine (TriMix-based mRNA) in resected melanoma patients showed that
it was well-tolerated and immunogenic. Further studies are planned to combine it with
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anti-PD-1 therapy [283]. The KEYNOTE-942 phase II trial evaluated the mRNA-4157 vac-
cine combined with pembrolizumab in high-risk melanoma patients. The combination
significantly improved recurrence-free survival (RFS) and distant metastasis-free survival
(DMFS) compared to pembrolizumab alone. The risk of recurrence or death was reduced
by 44%, and the 18-month DMFS rate was 91.8% for the combination versus 76.8% for
monotherapy [284,285]. The combination of the mRNA vaccine approach with RT and
other treatment modalities warrants further investigation. Moreover, further preclinical
and clinical studies are needed to determine the optimal timing, dose, and fractionation of
RT when combined with other treatments, such as checkpoint inhibitors or mRNA vaccines,
to maximize synergy and minimize toxicity.

10. Conclusions

This review provides a comprehensive overview of the mechanisms driving melanoma
radioresistance, including enhanced DNA repair capabilities, the protective role of the TME,
and the influence of melanin production. These factors collectively contribute to the limited
efficacy of RT in melanoma treatment. However, the integration of novel therapeutic
strategies, such as ICIs, targeted radionuclide therapies, and DNA repair inhibitors, offers
promising avenues to overcome these challenges. Preclinical and clinical evidence suggest
that combining RT with systemic therapies, including BRAF/MEK inhibitors and ICIs, can
synergistically enhance anti-tumor immune responses and improve treatment outcomes.

Ongoing and planned clinical trials are actively addressing radioresistance in
melanoma by testing radiosensitizers and combined RT-immunotherapy strategies. For
example, studies are exploring the use of nanoparticle-based radiosensitizers to enhance
RT efficacy and synergize with ICIs to elicit systemic anti-tumor immunity, including ab-
scopal effects [286,287]. Additionally, trials combining RT with a dual checkpoint blockade
(e.g., anti-CTLA4 and anti-PD-1/PD-L1) have shown promise in overcoming resistance by
modulating the tumor microenvironment and reversing T-cell exhaustion [269].

Future research should focus on optimizing these combination strategies and explor-
ing advanced RT techniques, such as FLASH therapy and hypofractionated RT, to further
enhance therapeutic efficacy. Promising avenues include the integration of radiosensitiz-
ers, such as nanoparticle-based agents, to improve RT outcomes, and the combination
of RT with ICIs to exploit synergistic effects and induce systemic anti-tumor immunity.
Additionally, targeting hypoxia-induced resistance and metabolic vulnerabilities such as
glutathione pathways represents a promising direction for sensitizing melanoma cells to RT.
By addressing the multifaceted mechanisms of radioresistance and leveraging innovative
therapeutic approaches, progress can be made in improving survival and quality of life for
melanoma patients. This underscores the importance of continued translational research to
bridge the gap between mechanistic insights and clinical application.

All in all, cancer is increasingly recognized as a complex, adaptive system rather than
merely a collection of individual cells with altered molecular pathways. This perspective
emphasizes the dynamic interactions among cancer cells, their microenvironment, and
systemic factors, which collectively drive tumor progression, resistance, and metastasis.
Viewing resistance as a property of a complex system suggests that targeting single molecu-
lar pathways may be insufficient. Instead, adaptive, multi-targeted, and dynamic treatment
strategies are needed to disrupt the system’s resilience.
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Abbreviations

The following abbreviations are used in this manuscript:

o-TRT Alpha-particle radionuclide therapy

ABC ATP-binding cassette

ABCB5 ATP-binding cassette sub-family B member 5
ALDH Aldehyde dehydrogenase

AM Acral melanoma

ART Adjuvant radiation therapy

ATM Ataxia telangiectasia-mutated

ATP Adenosine triphosphate

BPA Boronophenylalanine

BRAF B-Raf Proto-oncogene

BNCT Boron neutron capture therapy
bsAbs Bispecific antibodies

cAMP Cyclic adenosine monophosphate
CAR-T Chimeric antigen receptor T cell
CD3* Cluster of differentiation 3 positive
CD4* Cluster of differentiation 4 positive
CD8* Cluster of differentiation 8 positive
CHK1 Checkpoint kinase 1

CIRT Carbon ion RT

CM Cutaneous melanoma

CSCs Cancer stem cells

CTCs Circulating tumor cells

CXCL13  C-X-C motif chemokine ligand 13
Dbait DNA strand break bait

DDRs DNA damage responses

DOPA Dihydroxyphenylalanine

DSBs DNA double-strand breaks

DTO01 Clinical form of Dbait

DUSP1 Dual specificity phosphatase 1
EBRT External beam radiation therapy
ECM Extracellular matrix

ERK Extracellular signal-regulated kinase
EVI2B Ecotropic viral integration Site 2B
FAP Fibroblast activation protein
FLASH Ultra-high-dose rate radiation therapy
HAP Hypoxia-activated prodrug
HDAC Histone deacetylase

HDR High-dose-rate

HIF-1 Hypoxia-inducible factor 1
HMGB1  High mobility group box 1

ICB Immune checkpoint blockade
ICF01012  Arylcarboxamide derivative labeled with iodine-131
ICIs Immune checkpoint inhibitors
IFN1 Type 1 interferon

IFENfP Interferon beta
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IMRT Intensity-modulated radiotherapy

IMQ Imiquimod

KIT KIT proto-oncogene

LINAC Linear accelerator

LRT Liver-metastasis-directed radiotherapy

LRFS Local regional failure-free survival

MCIR Melanocortin 1 receptor

MITF Microphthalmia-associated transcription factor
MM Mucosal melanoma

NF-«xB Nuclear factor kappa B

NF1 Neurofibromatosis type I

NRAS Neuroblastoma RAS viral oncogene homolog
OER Oxygen enhancement ratio

oS Opverall survival

p53 Protein p53

PBT Proton beam therapy

PD-1 Programmed cell death protein 1
PFS Progression-free survival

PIMO Pimonidazole

PO2 Oxygen tension

PRT Palliative radiotherapy

RER Radiosensitization enhancement ratio
RT Radiation therapy

SLAMF7 SLAM family member 7

TAMs Tumor-associated macrophages
TIL Tumor-infiltrating lymphocyte
TLR Toll-like receptor

TMB Tumor mutational burden
TRP-2 Tyrosinase-related protein 2

TRT Targeted radionuclide therapy
QoL Quality of life
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