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Simple Summary: The non-surgical treatment of cutaneous and/or subcutaneous melanoma lesions
involves a multitude of local treatments, including radiotherapy. This is often used when other local
methods fail, and there are currently no clear guidelines or evidence-based recommendations to
support its use in this setting. This review, collecting the retrospective and prospective experiences
on radiotherapy alone or in combination with other methods, aims to provide a scenario of the
possible advantages and disadvantages related to its use in the treatment of skin/subcutaneous
melanoma lesions.

Abstract: Malignant melanoma frequently develops cutaneous and/or subcutaneous metastases dur-
ing the course of the disease. These may present as non-nodal locoregional metastases (microsatellite,
satellite, or in-transit) included in stage III or as distant metastases in stage IV. Their presentation is
heterogeneous and associated with significant morbidity resulting from both disease-related func-
tional damage and treatment side effects. The standard treatment is surgical excision, whereas local
therapies or systemic therapies have a role when surgery is not indicated. Radiotherapy can be used
in the local management of ITM, subcutaneous relapses, or distant metastases to provide symptom
relief and prolong regional disease control. To increase the local response without increasing tox-
icity, the addition of hyperthermia and intralesional therapies to radiotherapy appear to be very
promising. Boron neutron capture therapy, based on nuclear neutron capture and boron isotope
fission reaction, could be an alternative to standard treatments, but its use in clinical practice is still
limited. The potential benefit of combining radiotherapy with targeted therapies and immunotherapy
has yet to be explored in this lesion setting. This review explores the role of radiotherapy in the
treatment of cutaneous and subcutaneous lesions, its impact on outcomes, and its association with
other treatment modalities.
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1. Introduction

Malignant melanoma is the most common tumor that develops cutaneous and/or
subcutaneous involvement during the course of the disease [1].

According to the eighth-edition AJCC melanoma staging system, cutaneous and/or
subcutaneous metastases are categorized as non-nodal locoregional metastases (microsatel-
lite, satellite, or in-transit) accounted for in the N category (N “c”) included in stage III or as
distant non-visceral metastases (M1a) in stage IV. A microsatellite is defined as microscopic
cutaneous and/or subcutaneous metastases that is not clinically identifiable and is found
adjacent or deep in a primary lesion. Clinically evident cutaneous and/or subcutaneous
metastases are defined as satellite metastases (SMs) when occurring within 2 cm of the pri-
mary melanoma and in-transit metastases (ITMs) when more than 2 cm from the primary
lesion in the region between the primary melanoma and the regional lymph node basin [2].

In patients with melanoma, the incidence of cutaneous metastases ranges from 2% to
20% and of ITMs ranges from 3.6 to 7.0% [1,3].
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The typical clinical presentation is a pigmented papule and /or nodule, which can often
progress in size and number, ulcerate, become infected, and bleed, leading to significant
morbidity and worsening of the patient’s quality of life [1].

Non-nodal locoregional metastases develop as a result of tumor cell invasion through
the lymph vessels between the primary tumor site and the drainage basin of the regional
lymph nodes. They occur more frequently in the lower limbs, due to the greater lymphatic
stasis due to gravity or following a lymphadenectomy, and a longer lymphatic network
that leads the cancer cells to accumulate more. Conversely, distant cutaneous metastasis
can spread both through multiple lymphatic basins, as occurs in primary trunk melanoma,
and through blood vessels [1,4].

Survival is similar between microsatellites, SMs, and ITMs, but may change based on
their association with different nodal involvement (five-year survival rates are 83%, 69%,
and 32% for stage I1IB, IIIC, and IIID, respectively) [2].

Distant cutaneous or subcutaneous metastases are a distinct entity from non-nodal
locoregional metastases, with a poor prognosis (five-year survival <30%) but better than
distant metastases from other primary tumors [5].

The different prognoses of the two types of cutaneous/subcutaneous metastases and
their heterogeneous presentation (number, site, size, and symptoms) should be taken into
account in their clinical management and in the choice of therapeutic options.

Surgical excision is generally considered first-line therapy when possible. Local
therapies (including electrochemotherapy (ECT), intralesional injection, isolated limb
infusion (ILI) or perfusion (ILP), carbon dioxide laser ablation, cryotherapy, radiotherapy
(RT), and topical therapy) or systemic immunotherapies and/or targeted therapies play a
role when surgery is not appropriate [4,6-8]

1.1. Radiotherapy Overview

Radiotherapy can be used in local management of ITM, subcutaneous recurrences, or
distant metastases when other local first-line treatments have failed or are not indicated.
The RT may provide symptom relief and prolonged regional disease control [7]. The choice
of dose and fractionation is based on the site, volume, and extent of the lesions, the patient’s
performance status, disease stage, and melanoma radiosensitivity [8,9].

The consideration that melanoma is radioresistant rose from the result of initial in vitro
studies that demonstrated a high cellular repair capacity at low doses, due to many intrinsic
factors, but also a greater sensitivity and therefore a better response to higher doses per
fraction [10-12].

In the 1980s, clinical radiobiological and observational studies of radiotherapy in
the treatment of recurrent and metastatic melanoma lesions (cutaneous included) with
different schedules corroborated the laboratory findings [13,14]. These studies showed
a significant relationship between dose per fraction and tumor response (59% complete
response (CR) for dose > 4 Gy versus 33% CR for dose < 4 Gy), and between tumor volume
and the response to RT (86% CR for cutaneous lesions < 1 cm in diameter versus CR < 30%
for lesions > 5 cm in diameter or larger) [15,16]. However, no difference in the response
rates between the number of fractions (frs) or the treatment time emerged in these studies
(65% CR with 9 Gy x 3 frs in 8 days versus 72% CR with 5 Gy x 8 frs in 26 days) [15,16].
The findings in these studies supporting a higher dose per fraction to treat melanoma was
questioned by the Phase III Radiation Therapy Oncology Group (RTOG) 83-05 trial. This
failed to demonstrate an advantage with large fractions in metastatic melanoma involving
any site other than the brain or abdomen (20 frs x 2.5 Gy daily 5 days/week similar to
4 frs x 8Gy at weekly intervals) [17].

The reasons for the disparity between the results of these studies could be the wide
range of doses and fractionation used, some of which were probably not optimal for achiev-
ing tumor control; the early death of many patients from metastatic disease, which did not
allow the effective local response of the tumor to be evaluated; or the different dose per
fraction response based on the type of tissue irradiated (e.g., lymph nodes or parenchyma).
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However, these studies supported the beneficial role of RT in the treatment of melanoma
lesions, especially with moderately high-dose and hypofractionated regimens [13-17].

It has now been proven that the radiosensitivity of melanoma could be improved with
high doses, a short total treatment time, radiosensitizers, tumor reoxygenation induced by
fractioned radiotherapy, and high linear energy transfer (LET) [18,19].

Furthermore, thanks to technical advances in planning (CT simulation) and delivery
(intensity modulated RT, volumetric modulated arc therapy, stereotactic radiosurgery,
hadron therapy), radiotherapy is increasingly able to accurately deliver high doses to the
target while sparing surrounding normal tissue, thus obtaining good local control and low
toxicity [7,20,21].

Imaging plays a central role in radiotherapy, from diagnosis to treatment planning and
monitoring. In recent years, thanks to the development of artificial intelligence software
and the use of big data, a very large number of features can be extracted from the images
and correlated with clinical results, such as the efficacy or toxicity of the treatment [22]. This
is what radiomics does: Using all this information from related images with other relevant
data (such as medical notes, pathology, biology, or genomics), it can create predictive
models and potentially be used to personalized radiation treatments. Radiomics is rapidly
evolving in the radiotherapy field and could have a big impact on daily practice, from
cancer diagnosis and staging, treatment simulation, treatment planning and delivery,
quality assurance, and predictions of outcomes and toxicity, through to follow-up after
treatment [22].

Most of the radiomics experiences in radiotherapy concern the treatment of lung and
head and neck cancer, whereas there are none in the treatment of melanoma [23].

Radiomics is not yet used in daily clinical practice because the quality of the published
studies is heterogeneous, and there are still many critical issues to be addressed to better
define the methods used, the quality criteria, and the way to validate and therefore monitor
the results of a predictive model [24].

In the treatment of cutaneous/subcutaneous lesions, radiotherapy has been used
in combination with hyperthermia (HT) and intralesional therapies (radiosensitizers or
cytostatic agents) to increase its efficacy.

1.2. Radiotherapy and Hyperthermia

Many uncontrolled studies of combined hyperthermia and RT have suggested a sig-
nificant advantage of the combination over radiation alone (local response rates between
50 and 80%) [25-31] (Table 1). The biological rationale for combining hyperthermia with ra-
diation is based on two different mechanisms: hyperthermic radio-sensitization and direct
hyperthermic cytotoxicity against radio-resistant cells [27]. The hyperthermia, indeed, may
cause an increased blood flow, which may result in an improvement in tissue oxygenation,
which then results in increased radiosensitivity. However, the most important mechanism
for the interaction of two modalities is the interference of HT with the cellular repair
of radiation-induced DNA damage [32,33]. The maximum thermal enhancement ratio
for radiation-induced cell kill is obtained when radiation and hyperthermia are applied
simultaneously, and can be enhanced by a factor of between 1.2 and 5 [33].

Generally, the most important prognostic factors for complete response to combined
treatment are radiotherapy dose, tumor size, and minimal thermal parameters (t43 min,
Tmin, or temperature exceeded by 90% of thermal sensors). The total number of hyperther-
mia fractions or the number of fractions per week appears to be irrelevant [34].
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Table 1. Studies of radiotherapy in combination with hyperthermia in melanoma lesion treatment.
Factors
No. of Pts/ RT . ..
Author/Year  No. of Lesions Treatment HT (Total Dose/Dose Fr/No. Results Affecting Toxicity of
LC/OS Response Rate HT + RT
Treated of Frs/Days) te
(Positively)
RT alone
CR: 35%
LC-2y: 28%
4200 iifr?r HT + RT Total radiation No ir;;rease
. 0
Overgaard RT alone within 24Gy/8Gy/3/8 CR: 62 /00 dose (227 Gy) acute/late
70/134 ; or LC-2y: 46% and S
(1995) RT + HT 30 min G IS 1 radiation
following 27Gy/9Gy/3/8 tumor volume reactions
5-year OS (<4 cm). . ro
RT 19% );or all pts Pain (6%)
38% for pts for whom all
known diseases were
controlled
24 Gy/8Gy/3/21
24 Gy/8 Gy/3/14 HT + RT
18 Gy/6 Gy/3/21 CR 50% in all pts .
43 °C within 18 Gy/6 Gy/3/14 CR 83% in pts treated with Size of dose per  Enhancement
Gonzalez RT alone (81) . fr (large) of acute skin
30 min 24 Gy/4Gy/6/21 RT 8 Gy per fr .
Gonzalez 24/49 RT + HT (38 1) . and reaction but
(1986) HT alone (31) following 25 Gy/5 Gy/6/21 RT alone tumor volume not
RT lfronday1,8,140rl,S8, CR 38% Isi ionifi
N HT alone (small sizes). significant
or No response
2 frs per week in 21 days
4290 Gy/3.3
Gy/13/twice per week
or Frs per week
30 min at 40 Gy/4 Gy/10/ (once per week Not
. ao twice per week Overall CR rate 75% HT + regimen) enhanced,
Kim RT alone 42.0-43.5°C
(1982) 38/100 RT + HT immediatel or RT and normal
. y 38.5Gy/5.5 Gy/7/once 46% RT alone (p < 0.01) tumor volume tissue
prior to RT 1
per week (more than morbidity
or 10 cm®)
39.6 Gy/6.6 Gy/6/once
per week
CR
49% for all lesions
70% for superficial lesions
18% for deep lesions None (42
(p <0.001) . o\
o . Mean RT dose 45 Gy £ 1 Size of dose per 33%)
45 °C (skin
o Gy (range, 13-80 fr (34 Gy), Erythema
<43 °C) for < CR o
. . g Gy)/median dose 40 o .. tumor volume (59, 47%)
Engin 126 (33 with RT alone 60 min Gy/d frin th 36% for superficial (<3 cm) Th 1
(1993) MM) RT + HT within L 6As Gy /16t deposits of MM -2 cm), Jerma
15-30 min range of 1.6-4.8 G_y/ 16 frs and ) blistering
(range, 5-54 fractions)/35 depth of lesions (25, 20%)
after RT d os . .
ays (range, 14-94 days) 16.1 +1.2 mo for (superficial) Ulceration
superficial lesions @
8.7 + 1.1 mo for deep
lesions
(p = 0.001)
420 riifr?r Rt alone
twice e’r CR: 23.9%
Emami 18/49 RT alone K (52 h Range 20-60 Gy/range PR: 34.3% Tumor volume B
(1988) (28 CM or SM) RT + HT wee 4-8Gy RT + HT (<3 cm)
apart), for CR: 59.2%
the duration PR: 12 '20/
of RT Tee
RT alone
CR: 30%
Tumors <3 cm: Thermal
CR: 40% B blistering
CR: 0% T&E (30%)
Perez 307+ RT alone 43 °C for 32 Gy/4 Gy/8 frs/over 4 CR:38% H&N Tumor volume No increase
(1991) RT + HT 60 min weeks RT + HT (<3 cm) in
CR: 32% acute/late
Tumors <3 cm: radiation
CR: 62% B reactions
CR: 67% T&E
CR:50% H&N

* The number of patients with MM lesions was not specified. RT: radiotherapy; HT: hyperthermia; N: number; pts: patients; LC: local
control; OS: overall survival; CR: complete response; PR: partial response; y: years; frs: fractions; fr: fraction; I: localizations; min: minutes;
MM: malignant melanoma; CM: cutaneous metastases; SM: subcutaneous metastases; mo: months; B: breast; T&E: trunk and extremities;
H&N: head and neck.
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The European Society for Hyperthermic Oncology (ESHO) conducted a multicenter
prospective phase III randomized trial of RT (3 frs of 8 Gy or 9 Gy in 8 days) with or
without adjuvant hyperthermia (43 °C for 60 min) in 70 patients with 134 metastatic or
recurrent melanoma lesions [27]. The study demonstrated significantly improved local
control (LC) by combination modalities (two-year LC rates: 46% RT + HT vs. 28% RT
alone; CR rate 62% RT + HT vs. 35% RT alone) and a clinically derived therapeutic thermal
enhancement ratio of approximately 2.0. Moreover, the higher response rate with a dose
of 27 Gy rather than 24 Gy and for small tumors (<4 cm) rather than larger tumors (>4
cm) confirmed that total radiation dose and tumor volume were important prognostic
factors. The addition of heat did not significantly increase acute or late radiation reactions.
However, because of difficulties with equipment, only 14% of the patients received the
prescribed protocol treatment and survival did not differ between the two groups. The
five-year overall survival rate was 19% for all patients in contrast to 38% for patients for
whom all known diseases were controlled. This underlines the importance of local control
in patients with a limited number of metastatic/recurrent melanoma lesions that should be
considered for curative therapy.

The correlation between tumor volume, RT dose, and response to treatment has also
emerged in other experiences.

A study on 126 patients with superficial tumors, including 33 with malignant melanoma
(MM), showed that the tumor response to RT + HT (mean external beam RT (EBRT) dose of
45 Gy with electrons or photons from 6 or 25 MV and HT to a tumor temperature of 45 °C
for 60 min) was better not only for superficial lesions than deep lesions (CR 70% < 3 cm vs.
18% >3 cm; p < 0.001), but also for a dose fraction of 3—4 Gy compared to < 3 Gy (CR 77%
vs. 55%; p = 0.05) [29].

For superficial deposits of MM, the CR rate was 36%, and was positively influenced
by the size of the dose per fraction > 3 Gy but not by the tumor depth. With an RT dose
range of 30-60 Gy, complete responding MM exhibited a mean time to recurrence of
15.0 £ 1.4 months. The response to thermoradiation therapy was dependent on the size of
the dose per fraction and on the depth of the lesion. Tumor depth affected not only local
control but also survival (16.1 £ 1.2 months for lesions < 3 cm depth vs. 8.7 & 1.1 months
for lesions > 3 cm deep; p < 0.001), and the difference in response rate based on the depth
of the lesion could not be attributed to any of the thermal parameters. In 126 fields treated
with RT + HT, the skin reaction was as follows: none in 42 (33%), erythema in 59 (47%),
and transient thermal blisters in 25 (20%). Ulceration occurred in 27 treatment fields but
may have been due to direct invasion of the skin by the tumor at the start of treatment.
The authors concluded that there was no apparent correlation between maximum tumor
temperature, MaxTskin, and skin reactions [29].

Radiation dose per fraction and tumor volume was demonstrated to be critically
important in tumor control also in Kim et al.’s experience [28] with 38 patients with
multiple recurrent malignant melanoma (subcutaneous lesions and regional lymph node
metastases). More than 100 lesions were treated with RT alone and HT + RT, either twice a
week or once a week, most with electron beams. The sequence of the combination therapy
was to heat the lesions for half an hour at 42.0-43.5 °C immediately prior to RT. The results
showed a higher overall tumor response rate following the combination of HT and RT than
that obtained with RT alone (70% vs. 46%; p < 0.01). However, in an analysis of tumor
response rate as a function of dose per fraction and tumor volume, hyperthermia did not
give any advantage in the treatment of smaller tumors (less than 10 cm?) treated with a
high RT dose fraction (>5 Gy), whereas in larger tumors (greater than 10 cm?) it increased
the tumor response and regression rate with both large and small RT dose fractions.

The authors therefore concluded that large melanomas responded better to com-
bination therapy probably due to the selective heating of the tumor and the favorable
conditions of the microenvironment of large tumors (chronic hypoxia, reduced pH, and
poor nutritional status). After the combined treatment there were no disproportionate
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skin or subcutaneous reactions, unlike with RT alone, probably thanks to the differential
temperatures induced by radiofrequency heating between normal tissues and tumors.

A non-randomized study of about 18 patients with recurrent primary or metastatic
malignant melanoma reported the results of the combined RT and HT treatment vs. RT
alone of 49 lesions, of which 28 were cutaneous or subcutaneous metastases. The analysis
on tumor response as a function of radiation dose per fraction revealed no statistical
differences in CR between doses > 4 Gy or < 4 Gy, probably due to a too-small number
of patients. However, the addition of hyperthermia to RT positively influenced complete
responses at a lower dose per fraction. In the analysis on tumor control as a function of
the average tumor dimension, the addition of hyperthermia to RT increased CR more in
lesions greater than 3 cm (68.7% vs. 18.5%; p = < 0.01) than in those less than 3 cm (51.4% vs.
27.5%; p = 0.0026). The study therefore concluded that HT added to RT resulted in higher
response rates for larger tumors and that when combined with low-dose-per-fraction RT, it
achieved a complete response similar to high-dose-per-fraction treatments [30].

Another old and small study analyzed 24 patients with 48 metastatic malignant
melanoma localizations (30 skin, eight subcutaneous, seven nodal, and three other sites)
treated with RT + HT (38), RT alone (8), and HT alone (3). Hyperthermia was administered
within 30 min following irradiation and RT schedules consisted of either one large fraction
(6-8 Gy) once a week in 14-21 days or two fractions (4-5 Gy) twice a week in 21 days with
5 MeV or 250 kV photons or electrons of different energies based on the tumor size. The
overall CR rate was 50% in the HT + RT group and 38% in RT alone. The lesions treated
with HT alone did not show any response to treatment. The CR appeared to occur more
frequently in small lesions, and in the group of patients treated with HT and RT 8 Gy per
fraction the CR rate was 83%. The authors, supporting the possible value of combined RT
and HT treatment of MM lesions, concluded that tumor response appeared to be related to
dose per fraction and metastasis diameter, but due to the study’s numerous biases they
could not provide reliable data. [26]

The correlation between tumor volume and response to treatment also emerged in
the Radiation Therapy Oncology Group (RTOG) phase III study comparing RT + HT
with RT alone in superficial measurable tumors (breast, trunk and extremities, head and
neck). The study demonstrated a better response rate with the addition of HT only for
lesions < 3 cm in diameter in the breast and trunk/extremities (CR 62% and 67%) without
enhancement of acute or late toxicities, probably due to the greater ease of heating smaller
lesions. Unfortunately, the number of patients with malignant melanoma lesions included
in the study was too small to warrant subgroup analysis [31].

1.3. Radiotherapy and Intralesional (IL) Therapies

In a phase II open-label study, 15 patients with clustered in-transit or recurrent dermal
and subcutaneous melanoma metastases (98 total target lesions) received intralesional
(IL) PV-10 (Rose Bengal 4,5,6,7-tetrachloro-2,4,5,7-tetraiodofluorescein disodium) followed
by hypofractionated radiotherapy (30 Gy in 6 frs at 2 frs/week over 3 weeks; photons or
electron beams) after previous loco-regional therapy [9]. The radiobiological rationales that
may explain the interaction of the two modalities are radiosensitization by PV-10, additive
cell kill or augmentation of the host local, and systemic antitumor immune response
(including abscopal effect) by regional radiotherapy. The overall response rate (ORR) of
patients was 86.6% (CR 33.3% + PR 53.3%) and the clinical benefit was 93.3% (CR 33.3%
+ PR 53.3% + stable disease 6.7%) in an intention-to-treat analysis. These results also
appeared favorable in comparison with those of other experiences with IL therapy alone:
IL PV-10 alone (ORR 51%; CR 26%), IL Bacille Calmette-Guérin (BCG) immunotherapy
alone (ORR 45%), and talimogene laherparepvec (T-VEC) alone (ORR 26.4%). The 12-, 24,
and 36-month melanoma-specific survival rates from the time of treatment were 77%, 54%,
and 40%, respectively. The toxicity, assessed according to the CTCAE V3.0. scale, was
grade 1 or 2 in all patients: pain at the injection site (87%), localized edema (73%), injection
site swelling (60%), blistering (20%), and erythema (20%). There was only one grade 3
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(pain at the injection site) and no grade 4, no treatment interruption, no treatment-related
phototoxicity, and no permanent lymphedema. The low toxicity rate and a CR of 74.6%
for target lesions < 10 mm support the combination of IL PV-10 and RT as safe and useful
especially in patients with multiple low-volume lesions included in an RT field.

Another small study examined the effect of intralesional beta-interferon (IFN-f3) in-
jections (3-5 million units per injection administered three times weekly) combined with
radiotherapy (40-50 Gy at 1.8 Gy fraction) in 20 patients with metastatic inoperable malig-
nant melanoma. After combined therapy, five patients showed partial remission (30%) and
12 patients complete remission (70%), with permanent regression of metastases. Notably,
several of these patients had relatively bulky disease, and the combined treatment saved
them from a potentially mutilating surgery and reduced pain [35].

An old study investigated the combination of IL BCG injections into metastatic
melanoma skin nodules with percutaneous RT in 19 patients. The combination approach
appeared to give some advantages over treatment with BCG alone, mostly in patients
with numerous small metastases and those with a small number of larger metastases.
However, the results of this study should be validated by other studies, because the timing
and dosage of both BCG and RT was not well defined and the number of patients was
limited [36]. Studies of radiotherapy in combination with intralesional therapies are show
in Table 2.

Table 2. Studies of radiotherapy in combination with intralesional melanoma lesion treatment.

No. of pts/ RT Results Factors Affecting
Author/Year No. of Lesions ~ Treatment  (Total Dose/Dose fr/No. of LC/OS Response Rate Toxicity
Treated frs/Days) (Positively)
ORR 86.6%
(CR 33.3%+ PR 53.3%) G1-G2:
Injection site pain (80%)
Clinical benefit 93.3% Injection site swelling
(CR 33.3% +PR 53.3% + SD (60%)
6.7%) Injection site blistering
(20%)
MSS (from the time of Injection site erythema
treatment) (20%)
12 mo 77% . Injection site
Foote (2017) 15/98 L PIY"I_}O * 30Gy/ g\SZé 6“{29%:/ week 24 mo 54% VOllzzlleOOri;lﬁf; ons ulceration/bleeding
36-mo 40% = (6.7%)
Peripheral lymphedema
Median MSS 30.6 mo from the (26.7%)
time of PV-10 treatment Cellulitis (6.7%)
Median MSS 41.7 mo G3: Injection site pain
from the date of the (6.7%)
primary melanoma diagnosis
G4-G5: 0%
MSM 46.7%
CR 70%
PR 30%
ILIFN-$3 40-50 Gy/1.8 Gy/5 days oS
Paul (2003) 20/ +RT Ve Pts with CR 4-93 mo i i
(average 18 mo)
Pts with PR 4-15 mo
(average 8 mo)
The total dose and groups:
fractionation scheme was 1. Numerous and small (5 pts)
. planned for each case CR: 100%
Pl(elsgrgzc)a * 19/- IL:?{%G individually and based on 2. Multiple and large (9 pts) Voﬁﬁgkﬁrlggins -
the degree and intensity of CR: 100%

inflammatory response at
the BCG injection sites.

3. Single or few, large (5 pts)
CR: 0%, PR: 20%, None: 80%

RT: radiotherapy; IL: intralesional; N: number; pts: patients; LC: local control; OS: overall survival; CR: complete response; PR: partial re-
sponse; SD: stable disease; y: years; frs: fractions; fr: fraction; mo: months; PV-10: Rose Bengal 4,5,6,7-tetrachloro-2,4,5,7-tetraiodofluorescein
disodium; BCG: Bacille Calmette—Guérin; IFN-f: beta-interferon; ORR: overall response rate; MSS: melanoma-specific survival; MSM:
melanoma-specific mortality; G: grade.
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1.4. Boron Neutron Capture Therapy (BNCT)

BNCT is a promising cancer treatment based on nuclear neutron capture and boron
isotope (10B) fission reaction. When intracellular 10B is irradiated with low-energy thermal
neutrons it can produce high LET « particles and lithium-7 isotope nuclei, which are lethal
to these cells. Since « particles have very short paths of 5-9 um (almost the size of a cell),
their destructive effects are limited to boron-containing cells. Consequently, the neoplastic
cells can be selectively destroyed without damaging the normal cells if they absorb more
10B than normal ones [37]. Theoretically, in this way, BNCT could reduce radiation-related
damage to normal tissue, improve patients’ quality of life, and be an alternative to standard
treatments. Unfortunately, there is no selective boron delivery agent for BNCT; the only
approved boron drugs are boronophenylalanine (BPA) and sodium borocaptate (BSH). On
the other hand, for many years the source of neutrons has been specially designed nuclear
reactors that have limited the use of BNCT in clinical practice. Recently, the fabrication of
accelerator-based neutron sources mounted in the hospital has allowed phase I/1I clinical
trials to be undertaken [37,38].

Although studies on BNCT have begun around the world, the number of melanoma
patients treated with BNCT remains limited.

A phase I/1I clinical trial was conducted in Argentina on seven patients with multiple
subcutaneous melanoma skin metastases on extremities that received an intravenous infu-
sion of BPA ~14 gr/m? followed by the exposition of the area to a mixed thermal-epithermal
neutron beam at a RA-6 reactor (maximum prescribed dose range of 16.5-24 Gy-Eq). Over-
all response was observed in 69.3% of the nodule valuables, with 30.7% of additional
no-changed tumors. No progression of disease was observed inside any treated areas. The
toxicity was acceptable, with ulceration in only three out of 10 evaluable areas (30% acute
toxicity grade 3), and was found to be related to skin dose and the anatomic area [39].

Another Japanese BNCT experience, with BPA and an epithermal neutron beam,
reported the results of eight patients with primary melanoma lesions (cT1-2NOMO) located
on the sole or face, who did not undergo surgery. The overall control rate (CR + partial
response (PR) without recurrence) was 88% (7/8 patients). Normal skin toxicity, scored
according to the Common Terminology Criteria for Adverse Events (CTCAE) v.4.0., was
edema, pigmentation, and erosion requiring no painkillers. No adverse events > Grade 2
occurred. The tumor control and low toxicity profile suggest BNCT could be a promising
treatment modality in the management of early-stage cutaneous melanoma when a wide
local excision is not feasible [40].

1.5. Brachytherapy (BT)

Skin brachytherapy (BT) (radionuclide or electronic) represents a standard-of-care
option for appropriately selected patients with keratinocyte carcinoma (previously non-
melanoma skin cancer) [41]. There is no evidence in the literature regarding the experience
of recurrent or metastatic melanoma treatment with BT. BT clinical application in malignant
melanoma (MM) is supported by case reports and small mono-institutional studies, and its
role remains undefined. [42-44]

Chadha et al. [42] used BT with temporary (iridium-192) and permanent (iodine-
125) implants in the adjuvant setting after surgical excision of primary melanoma in the
case of residual gross disease, microscopic residual disease, or clinically close margins
of resection. Implants were applied at various body sites, such as in the extremities (14),
intrathoracically (7), in the chest wall (2), intra-abdominally (2), gynecologically (6), and in
the head and neck (2). Only patients with extremity lesions reported a high local control
rate (93%), probably due to the site, which allowed for optimal surgical debulking and
effective application of BT.

In a small experience of only four cases of primary melanoma with a Breslow index
of at least 3 mm, due to the impossibility for the surgeon performing a small mutilating
gesture or due to a contraindication to general anesthesia, interstitial BT with iridium-192
was chosen as a modality of RT [43]. The median total dose administered within the lesion
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was 64 Gy (range 60-70 Gy), and the margins were a median of 2.45 cm in the area (range
of 2-3 cm) and 1.4 cm in depth (range of 1-2 cm). Excellent results in both the functional
and the morphological plan were observed, without local recurrence at a median follow-up
of four years. The choice of irradiation technique, BT rather than external radiotherapy in
this series, depended on multiple criteria, such as the location of the lesion, its size and
thickness, the patient’s age and distance from their home, possible co-morbidities, and the
experience of the radiation oncologist. The authors concluded that the radiotherapy can
be considered when surgical excision cannot be conservative and/or when the general
condition of the patient is incompatible with general anesthesia. In all cases, the choice of
treatment requires a confrontation with a multidisciplinary team.

High dose rate (HDR) surface-mold BT with iridium-192 was used to treat macroscopic
regional cutaneous nodular metastases from melanoma in six patients [44]. Five out of
six patients were treated with a dose of 30 Gy in five fractions (two frs/week) in a wide
field and with an additional 6 Gy boost to macroscopic nodules. The dose was prescribed
to a depth of 3-5 mm below the skin surface and the skin received approximately 35 Gy in
five fractions at 7 Gy per fraction. Another patient received 36 Gy in six fractions followed
by a 6 Gy boost to tumor nodules. There was a CR in all patients without in-field recurrence.
The Radiation Therapy Oncology Group (RTOG) early and late toxicity was grade 1/2 in
all patients except the one who received 36 Gy in 6 frs, who developed a small non-healing
ulcer (grade 4 late skin reaction). This experience supports HDR surface mold BT as a
valid treatment option for regional cutaneous nodular metastases located in the different
skin surfaces of the body. The limitation of this technique is the lesion thickness, which
must not be more than 7-10 mm, otherwise there is a risk of the lesion not being treating
adequately and needing an increase in the dose to the skin, with greater side effects.

1.6. Radiotherapy and Immunotherapy

The introduction of immune checkpoint inhibitors (ICIs) against CTLA-4 (ipilimumab)
and PD-1 (pembrolizumab and nivolumab) improved the prognosis of patients with
advanced melanoma, demonstrating greater efficacy than chemotherapy [45].

However, patients may developed primary or acquired resistance to ICI, which may
be partially overcome by tumor-targeted radiotherapy, which has multiple effects [46].

A large number of experimental data support the hypothesis that radiotherapy can
transform the tumor into an in situ vaccine [47,48].

Radiotherapy promotes the cross-presentation of tumor cell antigens to T cells by
inducing immunogenic cell death (ICD) [49]. ICD is defined by the production of molecular
signals associated with cellular stress that can activate anti-tumor cytotoxic T cells capable
of attacking the irradiated tumor as well as other metastatic sites outside the radiation field
(abscopal effect phenomenon) [50,51].

Preclinical and clinical experiences have demonstrated the effectiveness of the combi-
nation of radiotherapy and immunotherapy, even if further information is necessary on
the molecular and cellular circuits on the basis of which radiotherapy favors the elicita-
tion of the specific tumor immune responses to improve the clinical effectiveness of the
ICIs [51-53].

Many are still open issues, such as the correct radiation dose size and fractionation,
the different response based on biological heterogeneity between the different tissues
irradiated, the different tumor antigen expression, and the degree of immunosuppression
present in the tumor microenvironment [49,54].

The field of immuno-radiotherapy is constantly evolving, and it is hoped that in the
future it can also give results in the treatment of cutaneous and subcutaneous lesions
and ITM.
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1.7. Radiotherapy and Targeted Therapy

BRAF mutations are present in 40-60% of primary and metastatic melanomas (of
which on average 80% carry the BRAFV600E variant) and are important for cell proliferation
and resistance to apoptosis [7].

BRAF inhibitors (i) and MEK:i are the first-line treatment of BRAF V600-mutant locally
advanced /metastatic melanoma patients [45]

In vitro and in vivo experiences regarding the combination of BRAFi and RT suggest
a radiosensitizing effect (cell-cycle arrest in G1, DNA repair decrease, restored radiation-
induced apoptosis) that could improve tumor control but increase radiation-induced
toxicity of healthy tissue [20,21,55-57].

Case reports and clinical series have documented significant skin toxicities (severe
dermatitis, radionecrosis, and follicular cystic proliferation) that occurred, in the vast
majority of cases, only in the irradiated areas of patients treated with a combination of RT
and BRAFi, more so with vemurafenib than with dabrafenib [56,57].

Currently there is no clear indication of a correlation of the incidence or grade of
radiation-related adverse effects and the dose of BRAFj, nor the correct timing of their com-
bination. The common procedure to avoid or minimize radiation toxicities is intermittent
dosing of BRAFi before and after RT (BRAFi 3 days before and after fractionated RT and
1 day before and after SRT/SRS) [55,58]

To date, however, there is no evidence that BRAFi transient interruption, discontinua-
tion, or reduction in dosage might avoid the appearance of toxicities. On the contrary, an
interruption or reduction of BRAFi dose during radiotherapy can elevate the risk of tumor
progression [57].

Modern radiotherapy techniques such as stereotactic radiotherapy, with high ablative
radiation dose and low toxicity profile, has increasingly been used in the treatment of
melanoma metastases in association with BRAFi or BRAFi/MEKi [21].

Although the experiences in the literature of combining BRAFi and stereotactic ra-
diotherapy in the treatment of intracranial melanoma metastases have increased in recent
years, there are still few data on the treatment of extracranial metastases [21].

2. Conclusions

Cutaneous and subcutaneous melanoma lesions are a heterogeneous category due to
different clinical presentation, location, symptoms, and prognosis. In this setting, radiother-
apy plays a role when other local first-line treatments have failed or are not indicated and,
although treatment protocols are not well defined, it is used to provide symptom relief and
to prolong local tumor control. The choice of radiation dose, fractionation, and technique
is based on the site, volume, and extent of the lesions, the patient’s performance status, the
disease stage, and the technological availabilities.

The studies reported in this review demonstrate a close relationship between radiation
dose fraction size, lesion volume, and local tumor response. Although there is no ideal
fractionation, moderately high-dose and hypofractionated regimens appear to be more
effective, especially in the treatment of limited-volume lesions.

Numerous clinical experiences have shown that the addition of hyperthermia to
radiotherapy, increasing local control without increasing toxicity, could be an effective
treatment of cutaneous and subcutaneous melanoma lesions. However, these studies
are old and heterogeneous in terms of techniques, doses, patient selection, site of treated
lesions, and toxicity assessment, so it would be desirable to have prospective randomized
studies, with modern and standardized techniques. In addition, the combination of RT
and intralesional therapies seems to give encouraging results in terms of local control, but
experiences in this field are still limited.

BNCT appears to be a promising treatment modality in the management of cutaneous
melanoma, but the number of patients treated with this method is still limited.

There is now ample evidence that demonstrate how radiotherapy in combination with
immunotherapy can increase the tumor immune response and enhance the effectiveness of
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ICIs. For this reason, radiotherapy is increasingly acquiring a role not only in local control,
but also in the systemic control of the disease combined with immunotherapy.

The combination of radiotherapy with BRAFi and MEKi could improve tumor control
but increase radiation-induced toxicity of healthy tissue, especially in the skin.

Questions remain about the correct timing between the radiotherapy and immune-target
therapy, the dose size, the fractionation, and the potential side effects of the combination.

More studies are needed to identify optimal radiotherapy use in subcutaneous melanoma
therapy, either alone or in combination with other local and systemic therapies, in order to
relieve symptoms and also improve local control and survival.

In the treatment of cutaneous and subcutaneous melanoma lesions, since there are
many local therapies alternative to radiotherapy and patients are often undergoing systemic
therapy, treatment should be individualized after discussion with a multidisciplinary team
of experts.

In the future, thanks to predictive models of treatment response and toxicity based
on artificial intelligence algorithms (radiomics, genomics, proteomics, etc.) we will be
increasingly able to personalize treatments and thus increase the survival and quality of
life of our patients.

Author Contributions: Writing—original draft preparation, V.B. and P.M.; writing—review and
editing, V.B. and PM. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Savoia, P; Fava, P; Nardo, T.; Osella-Abate, S.; Quaglino, P; Bernengo, M.G. Skin metastases of malignant melanoma: A clinical
and prognostic survey. Melanoma Res. 2009, 19, 321-326. [CrossRef]

2. Gershenwald, J.E.; Scolyer, R.A.; Hess, K.R.; Sondak, VK.; Long, G.; Rossi, C.R.; Lazar, A J.; Faries, M.B.; Kirkwood, ].M.;
McArthur, G.; et al. Melanoma staging: Evidence-based changes in the American Joint Committee on Cancer eighth edition
cancer staging manual. CA A Cancer J. Clin. 2017, 67, 472-492. [CrossRef]

3. Read, R.L.; Haydu, L.; Saw, RPM.; Quinn, M.].; Shannon, K,; Spillane, A.].; Stretch, J.R.; Scolyer, R.A.; Thompson, ].F. In-transit
Melanoma Metastases: Incidence, Prognosis, and the Role of Lymphadenectomy. Ann. Surg. Oncol. 2014, 22, 475-481. [CrossRef]

4.  Tie, ENN,; Henderson, M.A.; Gyorki, D.E. Management of in-transit melanoma metastases: A review. ANZ ]. Surg. 2018, 89,
647-652. [CrossRef]

5. Pan, Y.; Haydon, A.M.; McLean, C.A.; McDonald, P.B.; Kelly, ].W. Prognosis associated with cutaneous melanoma metastases.
Australas. J. Dermatol. 2015, 56, 25-28. [CrossRef]

6.  Testori, A,; Ribero, S.; Bataille, V. Diagnosis and treatment of in-transit melanoma metastases. Eur. J. Surg. Oncol. (EJSO) 2017, 43,
544-560. [CrossRef]

7. Mahadevan, A.; Patel, V.L.; Dagoglu, N. Radiation Therapy in the Management of Malignant Melanoma. Oncology 2015, 29, 743.

8.  Testori, A.; Faries, M.B.; Thompson, ].; Pennacchioli, E.; Deroose, J.P.; Van Geel, A.N.; Verhoef, C.; Verrecchia, F; Soteldo, J. Local
and intralesional therapy of in-transit melanoma metastases. J. Surg. Oncol. 2011, 104, 391-396. [CrossRef]

9. Foote, M.; Read, T.; Thomas, J.; Wagels, M.; Burmeister, B.; Smithers, B.M. Results of a phase II, open-label, non-comparative
study of intralesional PV-10 followed by radiotherapy for the treatment of in-transit or metastatic melanoma. J. Surg. Oncol. 2017,
115, 891-897. [CrossRef]

10. Fertil, B.; Malaise, E. Intrinsic radiosensitivity of human cell lines is correlated with radioresponsiveness of human tumors:
Analysis of 101 published survival curves. Int. ]. Radiat. Oncol. 1985, 11, 1699-1707. [CrossRef]

11. Doss, L.L.; Memula, N. The radioresponsiveness of melanoma. Int. J. Radiat. Oncol. Biol. Phys. 1982, 8, 4-1131.

12.  Barranco, S.C.; Romsdahl, M.M.; Humphrey, R.M. The radiation response of human malignant melanoma cells grown in vitro.
Cancer Res. 1971, 31, 830-833.

13. Bentzen, S.; Overgaard, J.; Thames, H.; Hansen, P.; von der Maase, H.; Meder, J. Clinical radiobiology of malignant melanoma.
Radiother. Oncol. 1989, 16, 169-182. [CrossRef]

14. Overgaard, J. The role of radiotherapy in recurrent and metastatic malignant melanoma: A clinical radiobiological study. Int. |.
Radiat. Oncol. 1986, 12, 867-872. [CrossRef]

15. Overgaard, J.; von der Maase, H.; Overgaard, M. A randomized study comparing two high-dose per fraction radiation schedules
in recurrent or metastatic malignant melanoma. Int. J. Radiat. Oncol. Biol. Phys. 1985, 11, 1837-1839. [CrossRef]

16. Overgaard, J.; Hansen, P.V.; von der Maase, H. Some factors of importance in the radiation treatment of malignant melanoma.
Radiother. Oncol. 1986, 5, 183-192. [CrossRef]


http://doi.org/10.1097/CMR.0b013e32832ac775
http://doi.org/10.3322/caac.21409
http://doi.org/10.1245/s10434-014-4100-0
http://doi.org/10.1111/ans.14921
http://doi.org/10.1111/ajd.12293
http://doi.org/10.1016/j.ejso.2016.10.005
http://doi.org/10.1002/jso.22029
http://doi.org/10.1002/jso.24580
http://doi.org/10.1016/0360-3016(85)90223-8
http://doi.org/10.1016/0167-8140(89)90017-0
http://doi.org/10.1016/0360-3016(86)90378-0
http://doi.org/10.1016/0360-3016(85)90042-2
http://doi.org/10.1016/S0167-8140(86)80048-2

Cancers 2021, 13, 5859 12 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Sause, W.; Cooper, J.; Rush, S.; Ago, C.; Cosmatos, D.; Coughlin, C.; Janjan, N.; Lipsett, J. Fraction size in external beam radiation
therapy in the treatment of melanoma. Int. J. Radiat. Oncol. 1991, 20, 429-432. [CrossRef]

Suchowerska, N.; Ebert, M.A.; McKenzie, D.R.; Jackson, M. A review of in vitro experimental evidence for the effect of spatial
and temporal modulation of radiation dose on response. Acta Oncol. 2010, 49, 1344-1353. [CrossRef]

Aninditha, K.; Weber, K.; Brons, S.; Debus, J.; Hauswald, H. In vitro sensitivity of malignant melanoma cells lines to photon and
heavy ion radiation. Clin. Transl. Radiat. Oncol. 2019, 17, 51-56. [CrossRef]

Espenel, S.; Vallard, A.; Rancoule, C.; Garcia, M.-A.; Guy, ].-B.; Chargari, C.; Deutsch, E.; Magné, N. Melanoma: Last call for
radiotherapy. Crit. Rev. Oncol. 2016, 110, 13-19. [CrossRef]

Fort, M.; Guet, S.; Husheng, S.; Calitchi, E.; Belkacemi, Y. Role of radiation therapy in melanomas: Systematic review and best
practice in 2016. Crit. Rev. Oncol. 2016, 99, 362-375. [CrossRef]

Alexander, EI.; Osman, F. Radiation Oncology in the Era of Big Data and Machine Learning for Precision Medicine, 2019,
Arhtificial Intelligence-Applications in Medicine and Biology, Marco Antonio Aceves-Fernandez, IntechOpen. Available online:
https:/ /www.intechopen.com /chapters /66246 (accessed on 20 March 2019). [CrossRef]

Qiu, Q.-T;; Zhang, J.; Duan, J.-H.; Wu, 5.-Z.; Ding, J.-L.; Yin, Y. Development and validation of radiomics model built by
incorporating machine learning for identifying liver fibrosis and early-stage cirrhosis. Chin. Med. ]. 2020, 133, 2653-2659.
[CrossRef]

Bibault, J.-E.; Xing, L.; Giraud, P; El Ayachy, R.; Giraud, N.; Decazes, P.; Burgun, A. Radiomics: A primer for the radiation
oncologist. Cancer Radiother. 2020, 24, 403—410. [CrossRef]

Schmidt-Ullrich, R.K.; Johnson, C.R. Role of radiotherapy and hyperthermia in the management of malignant melanoma. Semin.
Surg. Oncol. 1996, 12, 15-407. [CrossRef]

Gonzalez Gonzalez, D.; van Dijk, ].D.; Blank, L.E.; Rumke, P. Combined treatment with radiation and hyperthermia in metastatic
malignant melanoma. Radiother. Oncol. 1986, 6, 105-113. [CrossRef]

Overgaard, J.; Gonzalez, D.; Hulshof, M.C.C.M.; Arcangeli, G.; Dahl, O.; Mella, O.; Bentzen, S.M. Randomised trial of hy-
perthermia as adjuvant to radiotherapy for recurrent or metastatic malignant melanoma. Lancet 1995, 345, 540-543. [CrossRef]
Kim, J.H.; Hahn, EZW.; Ahmed, S.A. Combination hyperthermia and radiation therapy for malignant melanoma. Cancer 1982, 50,
478-482. [CrossRef]

Engin, K.; Leeper, D.B.; Tupchong, L.; Waterman, FM.; Mansfield, C.M. Thermoradiation therapy for superficial malignant
tumors. Cancer 1993, 72, 287-296. [CrossRef]

Emami, B.; Perez, C.A.; Konefal, ].; Pilepich, M.V.; Leybovich, L.; Straube, W.; Vongerichten, D.; Hederman, M.A. Thermoradio-
therapy of malignant melanoma. Int. |. Hyperth. 1988, 4, 373-381. [CrossRef]

Perez, C.A,; Pajak, T.; Emami, B.; Hornback, N.B.; Tupchong, L.; Rubin, P. Randomized Phase III Study Comparing Irradiation
and Hyperthermia with Irradiation Alone in Superficial Measurable Tumors. Am. J. Clin. Oncol. 1991, 14, 133-141. [CrossRef]
Falk, M.H; Issels, R.D. Hyperthermia in oncology. Int. J. Hyperth. 2001, 17, 1-18. [CrossRef]

van der Zee, ]. Heating the patient: A promising approach? Ann. Oncol. 2002, 13, 1173-1184. [CrossRef]

Engin, K.; Leeper, D.B.; Tupchong, L.; Waterman, EM. Thermoradiotherapy in the management of superficial malignant tumors.
Clin. Cancer Res. 1995, 1, 139-145.

Paul, E.; Miiller, I; Renner, H.; Bodeker, R.-H.; Cochran, A.]J. Treatment of locoregional metastases of malignant melanomas with
radiotherapy and intralesional beta-interferon injection. Melanoma Res. 2003, 13. [CrossRef]

Plesnicar, S.; Rudolf, Z. Combined BCG and irradiation treatment of skin metastases originating from malignant melanoma.
Cancer 1982, 50, 1100-1106. [CrossRef]

Yong, Z.; Song, Z.; Zhou, Y.; Liu, T.; Zhang, Z.; Zhao, Y.; Chen, Y,; Jin, C.; Chen, X.; Lu, J.; et al. Boron neutron capture therapy for
malignant melanoma: First clinical case report in China. Chin. J. Cancer Res. 2016, 28, 634—640. [CrossRef]

Barth, R.F,; Mi, P.; Yang, W. Boron delivery agents for neutron capture therapy of cancer. Cancer Commun. 2018, 38, 1-15.
[CrossRef]

Menéndez, P; Roth, B.; Pereira, M.; Casal, M.; Gonzalez, S.; Feld, D.; Cruz, G.S.; Kessler, J.; Longhino, J.; Blaumann, H.; et al.
BNCT for skin melanoma in extremities: Updated Argentine clinical results. Appl. Radiat. Isot. 2009, 67, S50-S53. [CrossRef]
Hiratsuka, J.; Kamitani, N.; Tanaka, R.; Tokiya, R.; Yoden, E.; Sakurai, Y.; Suzuki, M. Long-term outcome of cutaneous melanoma
patients treated with boron neutron capture therapy (BNCT). J. Radiat. Res. 2020, 61, 945-951. [CrossRef]

Shah, C.; Ouhib, Z.; Kamrava, M.; Koyfman, S.A.; Campbell, S.R.; Bhatnagar, A.; Canavan, J.; Husain, Z.; Barker, C.A.;
Cohen, G.N,; et al. The American Brachytherapy society consensus statement for skin brachytherapy. Brachytherapy 2020, 19,
415-426. [CrossRef]

Chadha, M.; Hilaris, B.; Nori, D.; Shiu, M.H.; Anderson, L.L. Role of brachytherapy in malignant melanoma: A preliminary
report. J. Surg. Oncol. 1990, 43, 223-227. [CrossRef]

Mortier, L.; Mirabel, X.; Modiano, P.; Patenotre, P; Piette, F.; Lartigau, E. Traitement par curiethérapie interstitielle du mélanome
primitif cutané: 4 cas. Ann. Dermatol Venereol. 2006, 133, 153-156. [CrossRef]

Chaudhuri, A.; De-Groot, C.; Seel, M.; Jolly, M.; Cameron, T. Treatment of regional cutaneous nodular metastases from melanoma
using high-dose rate mould brachytherapy. J. Med. Imaging Radiat. Oncol. 2011, 55, 206-212. [CrossRef]

Schadendorf, D.; van Akkooi, A.; Berking, C.; Griewank, K.; Gutzmer, R.; Hauschild, A.; Stang, A.; Roesch, A.; Ugurel, S.
Melanoma. Lancet 2018, 392, 971-984. [CrossRef]


http://doi.org/10.1016/0360-3016(91)90053-7
http://doi.org/10.3109/0284186X.2010.489570
http://doi.org/10.1016/j.ctro.2019.06.002
http://doi.org/10.1016/j.critrevonc.2016.12.003
http://doi.org/10.1016/j.critrevonc.2016.01.016
https://www.intechopen.com/chapters/66246
http://doi.org/10.5772/intechopen.84629
http://doi.org/10.1097/CM9.0000000000001113
http://doi.org/10.1016/j.canrad.2020.01.011
http://doi.org/10.1002/(SICI)1098-2388(199611/12)12:6&lt;407::AID-SSU6&gt;3.0.CO;2-E
http://doi.org/10.1016/S0167-8140(86)80016-0
http://doi.org/10.1016/S0140-6736(95)90463-8
http://doi.org/10.1002/1097-0142(19820801)50:3&lt;478::AID-CNCR2820500316&gt;3.0.CO;2-6
http://doi.org/10.1002/1097-0142(19930701)72:1&lt;287::AID-CNCR2820720150&gt;3.0.CO;2-L
http://doi.org/10.3109/02656738809016491
http://doi.org/10.1097/00000421-199104000-00008
http://doi.org/10.1080/02656730150201552
http://doi.org/10.1093/annonc/mdf280
http://doi.org/10.1097/00008390-200312000-00011
http://doi.org/10.1002/1097-0142(19820915)50:6&lt;1100::AID-CNCR2820500613&gt;3.0.CO;2-6
http://doi.org/10.21147/j.issn.1000-9604.2016.06.10
http://doi.org/10.1186/s40880-018-0299-7
http://doi.org/10.1016/j.apradiso.2009.03.020
http://doi.org/10.1093/jrr/rraa068
http://doi.org/10.1016/j.brachy.2020.04.004
http://doi.org/10.1002/jso.2930430407
http://doi.org/10.1016/S0151-9638(06)70867-5
http://doi.org/10.1111/j.1754-9485.2011.02253.x
http://doi.org/10.1016/S0140-6736(18)31559-9

Cancers 2021, 13, 5859 13 of 13

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

Vanpouille-Box, C.; Formenti, S.C.; DeMaria, S. Toward Precision Radiotherapy for Use with Immune Checkpoint Blockers.
Clin. Cancer Res. 2017, 24, 259-265. [CrossRef]

Golden, E.B.; Marciscano, A.E.; Formenti, S.C. Radiation Therapy and the In Situ Vaccination Approach. Int. J. Radiat. Oncol.
2020, 108, 891-898. [CrossRef]

Formenti, 5.C.; Demaria, S. Radiation Therapy to Convert the Tumor Into an In Situ Vaccine. Int. ]. Radiat. Oncol. 2012, 84,
879-880. [CrossRef]

Pilones, K.A.; Vanpouille-Box, C.; Demaria, S. Combination of Radiotherapy and Immune Checkpoint Inhibitors. Semin. Radiat.
Oncol. 2015, 25, 28-33. [CrossRef]

Formenti, S.C.; Demaria, S. Systemic effects of local radiotherapy. Lancet Oncol. 2009, 10, 718-726. [CrossRef]

Demuaria, S.; Coleman, C.N.; Formenti, S.C. Radiotherapy: Changing the Game in Immunotherapy. Trends Cancer 2016, 2, 286—294.
[CrossRef]

Ahmed, K.A,; Kim, S.; Harrison, L.B. Novel Opportunities to Use Radiation Therapy with Immune Checkpoint Inhibitors for
Melanoma Management. Surg. Oncol. Clin. North. Am. 2017, 26, 515-529. [CrossRef]

Kang, J.; DeMaria, S.; Formenti, S. Current clinical trials testing the combination of immunotherapy with radiotherapy. J. Im-
munother. Cancer 2016, 4, 51. [CrossRef]

Fattore, L.; Ruggiero, C.E; Liguoro, D.; Mancini, R.; Ciliberto, G. Single cell analysis to dissect molecular heterogeneity and
disease evolution in metastatic melanoma. Cell Death Dis. 2019, 10, 827. [CrossRef]

Anker, CJ.; Grossmann, K.F; Atkins, M.B.; Suneja, G.; Tarhini, A.A.; Kirkwood, ].M. Avoiding Severe Toxicity From Combined
BRAF Inhibitor and Radiation Treatment: Consensus Guidelines from the Eastern Cooperative Oncology Group (ECOG). Int. |.
Radiat. Oncol. 2016, 95, 632-646. [CrossRef]

Hecht, M.; Zimmer, L.; Loquai, C.; Weishaupt, C.; Gutzmer, R.; Schuster, B.; Gleisner, S.; Schulze, B.; Goldinger, S.M.; Berking, C.;
et al. Radiosensitization by BRAF inhibitor therapy—mechanism and frequency of toxicity in melanoma patients. Ann. Oncol.
2015, 26, 1238-1244. [CrossRef]

Zahnreich, S.; Mayer, A.; Loquai, C.; Grabbe, S.; Schmidberger, H. Radiotherapy with BRAF inhibitor therapy for melanoma:
Progress and possibilities. Futur. Oncol. 2016, 12, 95-106. [CrossRef]

Hecht, M.; Meier, E; Zimmer, L.; Polat, B.; Loquai, C.; Weishaupt, C.; Forschner, A.; Gutzmer, R.; Utikal, J.; Goldinger, S.M.; et al.
Clinical outcome of concomitant vs interrupted BRAF inhibitor therapy during radiotherapy in melanoma patients. Br. J. Cancer
2018, 118, 785-792. [CrossRef]


http://doi.org/10.1158/1078-0432.CCR-16-0037
http://doi.org/10.1016/j.ijrobp.2020.08.023
http://doi.org/10.1016/j.ijrobp.2012.06.020
http://doi.org/10.1016/j.semradonc.2014.07.004
http://doi.org/10.1016/S1470-2045(09)70082-8
http://doi.org/10.1016/j.trecan.2016.05.002
http://doi.org/10.1016/j.soc.2017.01.007
http://doi.org/10.1186/s40425-016-0156-7
http://doi.org/10.1038/s41419-019-2048-5
http://doi.org/10.1016/j.ijrobp.2016.01.038
http://doi.org/10.1093/annonc/mdv139
http://doi.org/10.2217/fon.15.297
http://doi.org/10.1038/bjc.2017.489

	Introduction 
	Radiotherapy Overview 
	Radiotherapy and Hyperthermia 
	Radiotherapy and Intralesional (IL) Therapies 
	Boron Neutron Capture Therapy (BNCT) 
	Brachytherapy (BT) 
	Radiotherapy and Immunotherapy 
	Radiotherapy and Targeted Therapy 

	Conclusions 
	References

