
Citation: Wakamatsu, K.; Ito, A.;

Tamura, Y.; Hida, T.; Kamiya, T.;

Torigoe, T.; Honda, H.; Ito, S.;

Jimbow, K. Molecular Events in the

Melanogenesis Cascade as Novel

Melanoma-Targeted Small Molecules:

Principle and Development. Cancers

2022, 14, 5588. https://doi.org/

10.3390/cancers14225588

Academic Editor: Jason Roszik

Received: 25 October 2022

Accepted: 10 November 2022

Published: 14 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Review

Molecular Events in the Melanogenesis Cascade as Novel
Melanoma-Targeted Small Molecules: Principle
and Development
Kazumasa Wakamatsu 1,† , Akira Ito 2,†, Yasuaki Tamura 3, Tokimasa Hida 4 , Takafumi Kamiya 4,
Toshihiko Torigoe 3 , Hiroyuki Honda 5, Shosuke Ito 1 and Kowichi Jimbow 6,*

1 Institute for Melanin Chemistry, Fujita Health University, Toyoake 470-1192, Aichi, Japan
2 Department of Chemical Systems Engineering, School of Engineering, Nagoya University,

Nagoya 464-8603, Aichi, Japan
3 Department of Pathology, Sapporo Medical University School of Medicine, South 1 West 16, Chuo-ku,

Sapporo 060-8556, Hokkaido, Japan
4 Department of Dermatology, Sapporo Medical University School of Medicine,

Sapporo 060-8556, Hokkaido, Japan
5 Department of Biomolecular Engineering, School of Engineering, Nagoya University,

Nagoya 464-8603, Aichi, Japan
6 Institute of Dermatology & Cutaneous Sciences, 1-27 Odori West 17, Chuo-ku,

Sapporo 060-0042, Hokkaido, Japan
* Correspondence: jimbow@sapmed.ac.jp or jimbow@jimbow-hifuka.com; Tel.: +81-(0)11-887-8266;

Fax: +81-(0)11-618-1213
† These authors contributed equally to this work.

Simple Summary: Melanin biosynthesis can be a unique pathway to identify novel anti-melanoma
targeted molecules. In this approach, we specifically focused on the substrate of tyrosinase, which
is highly expressed in malignant melanoma. Among the various forms of melanogenesis substrate
synthesized, N-propionyl cysteaminylphenol was exploited to develop a melanoma-targeted chemo-
immunotherapy drug because of its selective incorporation into melanoma cells and production
of highly reactive molecules, which not only result in apoptotic cell death but also the generation
of heat shock proteins by reacting with tyrosinase. Moreover, the drug was attached to magnetite
nanoparticles in order to enable the heating of melanoma cells when they are exposed to an al-
ternating magnetic field, which causes non-apoptotic cell death and further heat-shock protein
generation (thermo-immunotherapy). Here, we review our synthesis of melanogenesis-based anti-
melanoma molecules and development of selective chemo-thermo-immuno-therapy by combining
these molecules with the magnetite-nanoparticles. We compare this strategy to other melanogenesis-
based chemotherapy and thermal medicine systems, and discuss targeted therapies with immune
checkpoint inhibitors for unresectable/metastatic melanoma.

Abstract: Malignant melanoma is one of the most malignant of all cancers. Melanoma occurs at
the epidermo–dermal interface of the skin and mucosa, where small vessels and lymphatics are
abundant. Consequently, from the onset of the disease, melanoma easily metastasizes to other organs
throughout the body via lymphatic and blood circulation. At present, the most effective treatment
method is surgical resection, and other attempted methods, such as chemotherapy, radiotherapy,
immunotherapy, targeted therapy, and gene therapy, have not yet produced sufficient results. Since
melanogenesis is a unique biochemical pathway that functions only in melanocytes and their neoplas-
tic counterparts, melanoma cells, the development of drugs that target melanogenesis is a promising
area of research. Melanin consists of small-molecule derivatives that are always synthesized by
melanoma cells. Amelanosis reflects the macroscopic visibility of color changes (hypomelanosis).
Under microscopy, melanin pigments and their precursors are present in amelanotic melanoma cells.
Tumors can be easily targeted by small molecules that chemically mimic melanogenic substrates. In
addition, small-molecule melanin metabolites are toxic to melanocytes and melanoma cells and can
kill them. This review describes our development of chemo-thermo-immunotherapy based on the
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synthesis of melanogenesis-based small-molecule derivatives and conjugation to magnetite nanopar-
ticles. We also introduce the other melanogenesis-related chemotherapy and thermal medicine
approaches and discuss currently introduced targeted therapies with immune checkpoint inhibitors
for unresectable/metastatic melanoma.

Keywords: antimelanoma targeted approach; melanogenesis metabolites; targeting with small
molecules; magnetite nanomedicine; chemo-thermo-immunotherapy

1. Introduction: Overall View of Melanogenesis Cascade to Develop Novel
Antimelanoma Approaches by Exploiting Melanogenesis-Based Small Molecules

Malignant melanoma possesses a unique metabolic pathway, the synthesis of melanin
pigments, which are formed by the conversion of tyrosine to dopaquinone in the pres-
ence of tyrosinase (EC 1.14.18.1). This process occurs in specific secretory granules:
melanosomes [1]. Different synthetic stages of melanin pigments have been exploited
to develop melanoma cell-specific chemotherapeutic agents [2]. Most previous attempts
have utilized dopa and related catechol compounds, which cause general cytotoxicity
through autoxidation [3].

Tyrosine analogues, which are tyrosinase substrates, are, however, excellent candidates
for melanoma-specific targeting therapy [4]. Melanogenesis, a biochemical process unique
to melanocytes; is highly expressed in malignant melanoma. A specific enzyme tyrosinase
catalyzes the oxidative conversion of L-tyrosine to melanin pigments in melanocytes and
malignant melanoma cells [5]. Harnessing melanogenesis to develop melanoma-specific
antitumor agents has been a challenging goal [6]. Tyrosinase can oxidize a variety of natural
and synthetic phenols to produce highly reactive and cytotoxic o-quinones [7,8]. Thus,
we designed synthetic molecules for the selective treatment of unresectable/metastatic
melanoma based on the melanocyte- and melanoma-cell-specific metabolic process melano-
genesis (Table 1) [9–30].

Table 1. Phenolic thioethers synthesized and evaluated for antimelanoma and depigmenting effects.

Compound Abbreviation Structure Synthesis Tyrosinase Substrate a In Vitro Cytotoxicity b In Vivo Antimelanoma Effect c In Vivo Depigmentation d

4-S-Cysteinylphenol 4SCP 1 [9] Yes [16] [9,21] Yes/No [9,10,16] Yes/No [16,28]
2-S-Cysteinylphenol 2SCP 2 [9] No [16] [9] No [16]

4-S-Cysteinylcatechol 4SCC 3 [9] Yes [16] [9,21] No [9,10] No [16]
3-S-Cysteinylcatechol 3SCC 4 [9] [9,21] No [10]

2-S-Cysteinylhydroquinone 2SCHQ 5 [10] No [16] [21] No [10] No [16,28]
4-S-Cysteaminylphenol 4SCAP 6 [10] Yes [16,17] [11,21,22] Yes [10,16,23–25] Yes [16,23,29]
2-S-Cysteaminylphenol 2SCAP 7 [10] Yes [16] No [10]

4-S-Homocysteaminylphenol 4SHCAP 8 [11] Yes [17] [11] Yes [29]
4-S-α-Methylcysteaminylphenol 4SMeCAP 9 [11] Yes [17] [11] Yes [29]

N,N-Dimethylcysteaminylphenol N,N-
DiMeCAP 10 [11] Yes [17] [11] Yes [29]

(R)- or (S)-4-S-α-Methylcysteaminylphenol R,S-4SMeCAP 11 [12] Yes [12] [12] Yes [26] Yes [26]
(R)- or (S)-4-S-α-Ethylcysteaminylphenol R,S-4SEtCAP 12 [12] Yes [12] [12] Yes [26] Yes [26]

4-S-Cysteaminylcatechol 4SCAC 13 [13] Yes [13] [13] Yes [13]
3-S-Cysteaminylcatechol 3SCAC 14 [13] No [13] [13] No [13]

2-S-Cysteiaminylhydroquinone 2SCAHQ 15 [13] No [13] [13] No [13]
N-Acetyl-4-S-cysteaminylphenol NAcCAP 16 [14] Yes [18] [19] Yes [24] Yes [29,30]

N-Propionyl-4-S-cysteaminylphenol NPrCAP 17 [15] Yes [15,18,20] [15,18,19] Yes [15,27] Yes [15,18]

a Yes = Substrate; No = Not substrate. b Due to diversity of cell lines and methods used, comparison of the results
is difficult. c Yes = Significant suppression of tumor volume, suppression of lung colony formation, or elongation
of life span. No = No or small non-significant effects. d Yes = Partial to complete depigmentation of plucked hair
after regrowth. No = No visible effects.
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Utilizing the cytotoxic reaction in the melanogenesis cascade, we synthesized sulfur-
containing phenolic amine derivatives of tyrosine to increase its affinity with the cell
membrane and to destroy selected melanoma cells. Our previous in vivo studies showed
the selective melanocyte-toxicity and anti-melanoma effects of new phenolic thioether
compounds, i.e., cysteinylphenol (CP), cysteaminylphenol (CAP), and related compounds,
that were synthesized by combining phenol or catechol with cysteine or cysteamine [10,23].
Phenolic compounds are known to be more selectively toxic to melanoma cells due to
the specific activation of phenols by tyrosinase and the systemic effect of catechols by
autoxidation [3]. Phenolic compounds are known to be more potent melanocyte-toxic
agents than catechols in the in vivo system. The phenolic compound 4-S-cysteaminylphenol
(4SCAP), an amine derivative of a sulfur homologue of tyrosine, was found to be selectively
incorporated into melanoma tissues by whole-body autoradiography [16,29]. Thus, it was
shown that 4SCAP has selective melanocyte toxicity and inhibits the growth of murine
melanoma tissue. Furthermore, it is known that 4SCAP is a substrate for mammalian
tyrosinase and is oxidized to form an o-quinone derivative [16].

Magnetic nanoparticles generate heat under an alternating magnetic field (AMF), and
magnetic hyperthermia is an effective method to induce tumor cell death. Recent studies
by many research groups have revealed that tumor immune mechanisms occur in vivo via
heat-shock proteins (HSPs). In hyperthermia, the expression of HSPs plays an important
role in the immune response [31–38]. Accumulating evidence from our group [39–42] in-
dicated that hyperthermia-induced HSP expression is involved in tumor immunity, and
hyperthermia with resultant immune induction (thermo-immunotherapy) may open a door
to cancer treatment [43]. These results suggest that magnetic hyperthermia is applicable to
the treatment of malignant melanoma. Taking advantage of the cell biological characteris-
tics that melanoma cells are vulnerable to heat shock and are most susceptible to immune
reactions, CAP can be immobilized on magnetite particles that generate cell-killing heat in
response to magnetic field irradiation, thereby creating a novel targeted therapeutic approach,
chemo-thermo-immunotherapy (CTI therapy).

To establish a specific melanoma-targeted treatment that has not been considered
in the conventional concept, sulfur-containing tyrosine derivatives such as 4SCAP can
be utilized to develop a nano-drug delivery system (DDS) and a melanoma-targeted sys-
temic therapy. We chemically modified tyrosine, a substrate of the melanogenic enzyme
tyrosinase, with thioether and synthesized a number of derivatives (Table 1) [9,10,15].
Among them is the N-propionyl derivative of 4SCAP, N-propionyl-4-S-CAP (NPrCAP),
which is a sulfur derivative of the low-molecular-weight amino acid tyrosine, and a sta-
ble drug that was completely harmless to the skin and other organs when applied to
animals intraperitonially, showing no systemic adverse effects except for the depigmen-
tation of body coat [15,18]. NPrCAP showed a high substrate affinity for tyrosinase and
exhibited melanoma-specific and irreversible cytotoxicity. This compound was found to
possess both cytostatic and cytocidal effects on melanoma in vivo and in vitro through
the o-quinone of NPrCAP [19,20]. We provided new evidence that CTI therapy can be
developed by combining NPrCAP with magnetic nanoparticles, exploiting the unique
melanogenesis cascade. For this purpose, we developed three nanoparticles: (1) NPrCAP
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encapsulated in magnetite cationic liposomes (NPrCAP/MCL) [44], (2) direct conjugation
of magnetite nanoparticles with NPrCAP (NPrCAP/M) [45–48], and (3) conjugation of
NPrCAP with magnetite nanoparticles via polyethylene glycol (NPrCAP/PEG/M). We
first prepared NPrCAP/MCL to test the combined effects of chemotherapy using NPrCAP
and magnetic hyperthermia on melanoma. An in vitro experiment showed that NPrCAP in
NPrCAP/MCL had a dose-dependent effect on B16 cell proliferation, and the combination
treatment of NPrCAP with magnetic hyperthermia was determined to have an additive
effect. Next, we prepared NPrCAP/M by the direct conjugation of magnetite nanopar-
ticles with NPrCAP for melanoma-specific DDS. Most of our animal experiments were
carried out by utilizing NPrCAP/M. We then synthesized NPrCAP/PEG/M with long
chains, expecting an increased cell binding for clinical human studies [46,48]. The detailed
differences between NPrCAP/M and NPrCAP/PEG/M are described in Section 3.2 (b).

Our in vivo animal studies indicated that these agents first enter the endosomal
system via receptors on the surface of the melanoma, then directly enter the metabolic
pathway of melanogenesis and accumulate in the pathway of intracellular melanogenesis.
We found that NPrCAP-conjugated magnetite nanoparticles selectively accumulate in
melanoma tissues in vivo when administered locally or systemically, as well as in in vitro
cultured cells. Specifically, when administered intraperitoneally, NPrCAP/M accumu-
lated in melanosomes, which contain the final products of melanogenesis and accumulate
intracellularly in melanoma [45] (Figure 1).
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Figure 1. Strategies for chemo-thermo-immunotherapy (CTI therapy) targeting melanogenesis by
conjugates of NPrCAP and magnetite nanoparticles upon AMF exposure.

The CTI approach has two basic strategies. One is the drug-delivery system and the
other is the generation of cytotoxic free radicals. Both are based on tyrosinase-mediated
melanogenesis. The NPrCAP/magnetite complex has two cytotoxic phases of the cell
destruction/death process. One is cell apoptosis resulting from oxidative stress exposure to
tyrosinase, and the other is cell necrosis resulting from heat shock due to exposure to alter-
nating magnetic field (AMF). N-propionyl-4-S-cysteaminyl-1,2-benzoquinone (NPrCAQ)
reacts rapidly with R-SH (cysteine, GSH and bovine serum albumin) through sulfhydryl
group to produce RS-N-propionyl-4-S-cysteaminylcatechol (NPrCAC). NPrCAQ and RS-
NPrCAC upon autoxidation produce reactive oxygen species (ROS) such as hydrogen
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peroxide and superoxide radical, eliciting apoptosis of melanoma cells to lead cell death.
Tyrosinase, which binds both AP (activator protein)-1 and -3, is transported to stage III
melanosomes from tubular regions of early recycling endosome.

We have developed a unique novel DDS for clinical trials because NPrCAP was the
most effective tyrosine derivative against melanoma preclinically and is an ideal drug as a
DDS [48]. It is a substrate of melanogenesis with a much lower Vmax value and a higher Km
value than tyrosine. It is selectively and irreversibly accumulated within the melanosomal
compartment in melanocytes and melanoma cells via a mechanism considered to be based
on a cell membrane receptor [46]. However, NPrCAP is insoluble in water. In order to
develop a water-soluble NPrCAP, we synthesized a complex with dextran, a polysaccharide
that induces extremely high solubility in water and low viscosity [48].

2. Advances in Anti-Melanoma Targeted Small Molecules and Mechanisms in
Relation to the Melanogenesis Cascade
2.1. Chemotherapeutic Approaches Using the Initial Step of Melanogenesis: Tyrosine, Dopa and
Their Analogues

There are two major categories of tyrosinase-interacting melanin precursors in the
initial step of melanin biosynthesis that were examined as potential sources when designing
antimelanoma agents. They were tyrosine (monohydroxy = phenolic) and dopa (L-dopa,
levodopa) (dihydroxy = catecholic) [2]. 5,6-Dihydroxyindole is another melanogenesis-
related group that has been explored for developing tyrosinase-mediated antimelanoma
agents [49]. It is, however, extremely reactive, producing reactive oxygen species (ROS),
and this reactivity has limited dihydroxyindoles’ role as antitumor agents.

(a) Tyrosine

The degree of melanin pigmentation of in vitro melanoma cells can be altered by
changing the concentration of tyrosine in the culture medium [50]. Raising the concen-
tration of tyrosine causes an increase in vitro melanoma cell growth. Tyrosine levels may
be elevated enough to cause toxicity to melanin-forming cells [51]. This technique has
proved to be a biologically useful method. A major obstacle to applying this approach
for melanoma therapy is, however, that tyrosine is one of the naturally occurring amino
acids and is extensively used in general protein synthesis. Rapidly growing melanocytes
incorporate only about 5% of exogenous tyrosine into melanin biosynthesis, with the re-
mainder entering protein synthesis. Therapeutic approaches to raise or lower levels of
tyrosine in vivo have, therefore, had limited success.

(b) L-Dopa/dopamine and related analogues

L-dopa is an amino acid, but it is not normally found in cellular proteins. L-dopa
may, therefore, be selectively incorporated into melanoma cells. Through the use of L-dopa
decarboxylase inhibitors, which limit the decarboxylation of L-dopa to dopamine, an en-
hanced incorporation of L-dopa into melanoma tissues was achieved in vivo [52]. L-dopa
was selectively cytotoxic to melanoma cells in vitro [53], and through the use of its more
water-soluble analog L-dopa methyl ester, in vivo antimelanoma activity was observed in
the experimental murine melanoma [54]. In this animal experiment, a hypercatecholamine-
type state was observed [54]. The animals became agitated and tremulous and usually
died within 1–2 h after administration. These acute toxic effects of L-dopa are probably
mediated by its conversion to dopamine by the enzyme, dopadecarboxylase. Furthermore,
the major metabolite of L-dopa, dopamine, was observed to be a highly potent inhibitor of
melanoma cells in vivo and in vitro [55]. Interestingly, however, four patients with exten-
sive melanoma metastases were treated by dopamine infusions at maximal tolerable levels
for from 48 to 120 h and labeling and scintillation indices of the tumors were measured.
A comparison of the pre- and post-infusion data showed a significant reduction in the %
labelling index, from 1.0~3.0 to 0.1~0.2, indicating a consistent 10-fold reduction. However,
persistent fatigue precluded further retreatment [56] (Table 2).
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Table 2. Effect of dopamine on tumors in patients with malignant melanoma. Modified from [56].

Patient no.
Duration of

Treatment (hrs) #
Plasma Level

(×10−5 M)

Tumor
(Percent Labeling Index)

Preinfusion Postinfusion

1 120 4.0 2.0 0.2
2 72 5.2 3.0 0.2
3 48 3.5 1.0 0.1
4 48 3.1 3.0 0.2

#: treated at the maximally tolerated dose of 2 µg/kg body weight per minute.

One of the L-dopa analogues, 6-hydroxydopa, was found to be highly potent in terms
of selective interaction with tyrosinase and toxicity for melanoma cells [49,57]. However, in
in vivo experiments, 6-hydroxydopa was found to exhibit unique neurotoxic properties
that resulted in the selective degeneration of adrenergic nerves [2].

Following those efforts by Wick’s group, Fujita et al. reported that 5-S-cysteinyldopa
(5SCD), a pheomelanin precursor, was selectively toxic to melanoma cells in vitro and
in vivo [58]. This study showed that 1 mM 5SCD exhibited a similar or an even higher de-
gree of growth inhibition to 6 mM L-dopa. In an extension of this study, Ito et al. synthesized
several new molecules that are structurally related to 5SCD and demonstrated melanoma
activity in vitro and in vivo [9]. However, the use of catecholic melanin precursors such as
L-dopa and 5SCD faced a drawback in that they tend to undergo autoxidation [59] leading
to the production of reactive oxygen species such as hydrogen peroxide [60], resulting in
non-selective cytotoxicity [4,9].

(c) Sulfur homologues of tyrosine and related compounds

The use of phenolic melanin precursors appeared more rational and promising for
the development of melanogenesis-based anti-melanoma agents because the oxidation of
phenolic compounds is only dependent on tyrosinase present in melanocytes and melanoma
cells. To examine this possibility, 4-S-cysteinylphenol (4SCP), a phenolic thioether, was
synthetized by heating phenol and cystine in hydrobromic acid, and its anti-melanoma
effects were evaluated [9] (Table 1). 4SCP is the sulfur homolog of L-tyrosine, the natural
melanin precursor, and was expected to be a good substrate for tyrosinase. In fact, 4SCP
was found to be as good a substrate for melanoma tyrosinase as L-tyrosine [16] and a good
inhibitor of L-tyrosine transport to melanoma cells, implying the efficient transportation
of 4SCP [61], and 3H-4SCP was specifically incorporated into cultured human melanoma
cells in vitro [62] and mouse melanoma tissues in vivo [16]. However, the antimelanoma
effects of 4SCP were found to be minimal [16,21], which led us to modify its structure to
the amine analog 4-S-cysteaminylphenol (4SCAP), in the hope that this modification would
lead to the more effective incorporation into melanoma cells and oxidation by tyrosinase
to elicit greater antimelanoma effects. 4SCAP was readily prepared by heating phenol
and cystamine in hydrobromic acid [10]. In fact, 4SCAP was found to cause a significant
inhibition of in vivo melanoma growth and marked depigmentation of black skin and hair
follicles, with the effects being much greater than those caused by 4SCP [10,23,25,28,29].
When hair follicles were plucked from adult black mice to stimulate new melanocyte
growth and activate tyrosinase synthesis, subsequent repeated intraperitoneal injection (ip)
administration of 4SCAP resulted in 100% new growth of white hair follicles at the site at
which black follicles were plucked [23]. 4SCAP also suppressed lung colony formation after
intravenous inoculation of B16 melanoma cells in mice [25,29]. These promising in vivo
results were paralleled by in vitro studies showing that 4SCAP was much more toxic to
cultured human melanoma cells than 4SCP [21] and more potent in inhibiting protein
synthesis [16].

However, there were certain drawbacks to further exploiting 4SCAP as an antime-
lanoma agent: the maximal tolerable dose was limited due to its low water solubility, low
LD50 value [24], and hypotensive effect [14]. 4SCAP acts as a substrate for a number of
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enzymes in addition to tyrosinase, including dopamine β-hydroxylase [14] and monoamine
oxidase [17], which catalyze production of the sulfoxide and aldehyde, respectively. As a
result, 4SCAP appeared to cause adverse effects when administrated systematically. Recent
progress in nanotechnology may overcome the limitations, such as low solubility and
adverse effects of compounds, and exploring the nanoformulation of 4SCAP is a possible
approach [63]. Alternatively, we took the approach of modifying 4SCAP by chemical
synthesis. 4SCAP homologues such as α-methyl-4SCAP, 4-S-homocysteaminylphenol, and
N,N-dimethyl-4SCAP were also prepared, and their depigmenting effects were examined
in vitro [11] and in vivo [29]. However, none were found to be superior to 4SCAP. Attempts
to lower the hypotensive effect of 4SCAP and increase the efficacy of tyrosinase-dependent
cytotoxicity were made using enantiomers of α-methyl-4SCAP and α-ethyl-4SCAP [12,26].
However, improvements were limited. Another attempt to increase the efficacy of 4SCAP as
an antimelanoma agent, using the catecholic derivative 4-S-cysteaminylcatechol (4SCAC),
had limited success due to systemic toxicity [13]. To overcome these difficulties, we
prepared N-acetyl-4SCAP (NAcCAP) by reacting 4-hydroxythiophenol with 2-methyl-2-
oxazoline using the method of Padgette et al. (1984) [14].

NAcCAP was found to act as a substrate for mushroom tyrosinase as well as 4SCAP,
and exhibit greater in vivo antimelanoma activity than 4SCAP, although at higher doses [24].
Importantly, NAcCAP showed marked water solubility [24] and a greater depigmenting
effect on follicular melanocytes than 4SCAP [29]. A single ip administration of NAcCAP
into newborn mice led to the development of silver hair follicles in the entire body. The
selective destruction of melanocytes was observed at 12 hr after a single ip injection. None
of the surrounding keratinocytes or fibroblasts showed such subcellular degeneration and
cell death [30]. 14C-NAcCAP was specifically taken up by melanotic melanoma cells, but
not by amelanotic melanoma cells [19].

These promising results that were achieved by protecting the amino group in 4SCAP
were elaborated further by replacing the N-acetyl group with an N-propionyl group. NPrCAP
was readily prepared by reacting 4-hydroxythiophenol with 2-ethyl-2-oxazoline [15]. NPrCAP
was expected to exhibit greater uptake into melanoma cells because of its greater lipophilicity
compared with NAcCAP. NPrCAP was found to have a greater Vmax value for tyrosinase
than tyrosine, 4SCAP, and NAcCAP had, and caused marked depigmentation of black hair
follicles in adult and newborn C57 mice, with biochemical and morphologic features indicative
of apoptosis [15,18]. The tyrosinase-mediated cytotoxicity of NPrCAP was further confirmed by
the finding of decreased viability of tyrosinase-transfected COS7 monkey-kidney cells expressing
high tyrosinase activity. NPrCAP, however, also transiently inhibited the proliferation of a
tyrosinase-negative albino melanocyte line, as well as COS7 cells [18]. It appears that the
major process of NPrCAP melanocyte-toxicity involves cytocidal apoptosis associated with
active tyrosinase. In addition, there is transient, non-tyrosinase-mediated cytostatic cytotoxicity.
Antimelanoma effects were also compared for NPrCAP and NAcCAP in B16 melanoma tumors;
the two compounds were comparable in terms of their growth-inhibitory effect, but NPrCAP
was considerably better than NAcCAP in increasing the lifespan of melanoma-bearing mice [15].
Taken together, NPrCAP appears to be the best antimelanoma agent among the sulfur-containing
tyrosine analogs (phenolic thioethers) developed to date.

A number of attempts to increase the efficacy of NAcCAP have been reported. Robins et al.
[64–68] synthesized various NAcCAP analogues with the intention of increasing the lipophilicity
of the compounds. A modest increase in antimelanoma activity against several melanoma cell
lines was observed, which was correlated with increased lipophilicity. However, those compounds
also exhibited tyrosinase-independent cytotoxicity against an amelanotic SK-Mel-24 melanoma
and an ovarian cell line. Of particular interest is a recent report showing a hybrid of 4SCAP
with triazene, a DNA-alkylating compound [69]. Those hybrids were found to be excellent
tyrosinase substrates. Some of those compounds were unexpectedly devoid of hepatotoxicity
while maintaining cytotoxic activity in melanoma cells. 4SCAP appears to be an important
component for the new strategy of developing anti-melanoma agents.
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2.2. Mechanism of Anti-Melanoma Action in Relation to the Melanogenesis Cascade

Here, we describe the possible mechanisms of anti-melanoma action of 4SCAP, NAc-
CAP/NPrCAP, and related phenols. Tyrosinase is certainly a trigger of anti-melanoma
effects of 4SCAP based on the results that (1) 2-S-cysteaminylphenol, an isomer of 4SCAP,
did not act as a substrate of tyrosinase and did not exhibit any anti-melanoma and de-
pigmenting effects [10], (2) the cytotoxicity of 4SCAP against various melanoma cell lines
depended on the degree of their pigmentation [22], and (3) 4SCAP exhibited cytotoxicity to
melanocytes in black mice but not in albino mice [23].

Tyrosinase is known to catalyze oxidation of various phenols to the corresponding
o-quinones [70]. o-Quinones are highly reactive molecules through binding with vari-
ous functional groups, especially sulfhydryl and amino groups [8,71]. The binding of
o-quinones with the cellular small sulfhydryl compounds cysteine and glutathione (GSH)
produces the cysteinyl- and glutathionyl-catechol derivatives. This process results in vari-
ous biochemical consequences in melanocytes and melanoma cells (Figure 2). One is the
production of pheomelanic pigments by the oxidation of cysteinyl-catechol conjugates,
similar to the production of natural pheomelanin from L-tyrosine. Pheomelanins are known
to exhibit potent pro-oxidant activities [72]. Another is the depletion of GSH in cells that
exhibit tyrosinase activity. Both of these biochemical events might lead to tyrosinase-
dependent cytotoxicity. GSH depletion was shown to play a key role in the depigmenting
and melanocytic action of NAcCAP: the co-administration of N-acetylcysteine, which
up-regulated GSH content, completely abolished the depigmenting potency of NAcCAP,
whereas buthionine sulfoximine, which depleted the tissue GSH content, enhanced the
depigmenting potency of NAcCAP [73]. The co-administration of buthionine sulfoximine
also significantly enhanced the antimelanoma effects of NAcCAP [74]. Additionally, o-
quinones are capable of binding with enzymes and other proteins through their cysteine
residues [75]. The binding of o-quinones to sulfhydryl enzymes essential for proliferation,
such as thymidylate synthase and DNA polymerase, leads to the inhibition of DNA syn-
thesis and cell growth [76]. Interestingly, upon tyrosinase oxidation, 4SCAP was found to
be five-fold more effective than 4SCP in binding to alcohol dehydrogenase, a sulfhydryl
enzyme [16,77].
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In addition to the cytotoxicity of o-quinone due to their reactivity with sulfhydryl
compounds, there is another possible mechanism for o-quinone cytotoxicity (Figure 2).
o-Quinones may undergo one-electron reduction with reducing agents such as NAD(P)H
and Fe2+ to produce semi-quinone radicals, which disproportionately form the catechol
and the o-quinone [78,79]. Catechols are converted back to o-quinones upon autoxidation,
concomitantly producing ROS such as superoxide radical, hydrogen peroxide, and hydroxyl
radical. o-Quinones may also undergo two-electron reduction, with reducing enzymes such
as NAD(P)H quinone dehydrogenase 1 (NQO1) or reducing compounds such as ascorbic
acid, to produce catechols. Thus, both catechols and o-quinones can be a source of ROS
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generation through redox cycling [78–80]. In addition, the reactions of o-quinones with
biological small thiols such as cysteine and GSH produce catechol derivatives that may
produce ROS (Figure 1). Interestingly, catechols with cysteine conjugation, such as 5SCD,
are more cytotoxic to melanocytes through the production of hydrogen peroxide than are
the parent catechols such as L-dopa [58,60].

Whether a catechol or its corresponding o-quinone structure is more cytotoxic depends
on the reactivity of the catechol: more reactive and, thus, cytotoxic catechols such as 6-
hydroxydopamine become less reactive when oxidized to the o-quinone structure [59]. On
the other hand, the sulfhydryl reactivity of o-quinone oxidation products contributes to the
cytotoxicity of dopamine and N-acetyldopamine [59]. In our case, which of the two mechanisms
prevails, the sulfhydryl reaction or the ROS production, is not known at present. A unique
feature of 4SCAP is that, upon tyrosinase-catalyzed oxidation, o-quinone derived from
4SCAP undergoes a facile cyclization through the amino group to form a reactive, cyclic
quinone, dihydro-1,4-benzothiazine-6,7-dione [81,82]. This cyclic quinone was found to be
highly cytotoxic to B16 melanoma cells in vitro and in vivo, much more so than 4SCAP [82].

Lastly, we examined how extensively ROS are involved in the tyrosinase-dependent
antimelanoma and depigmenting effects of 4SCAP and NAcCAP (or NPrCAP). The pro-
duction of ROS from the phenolic tyrosinase substrate NPrCAP in melanoma cells was
reported by [27]. This study showed that the growth suppression of pigmented melanoma
cells by NPrCAP was associated with an increase in intracellular ROS, activation of caspase
3, and DNA fragmentation. This study also showed that intratumoral administration of
NPrCAP suppressed the growth in not only primary B16F1 melanoma tumors but also
secondary, re-challenged tumors. The participation of CD8+ T cells was suggested for
the NPrCAP-mediated anti-B16 melanoma immunity. In a following study, the molec-
ular mechanisms of the NPrCAP cytotoxicity and immunogenicity were examined [20].
NPrCAP was shown to be oxidized by mushroom tyrosinase to the o-quinone N-propionyl-
4-S-cysteaminyl-1,2-benzoquinone (NPrCAQ). NPrCAQ rapidly reacted with biologically
relevant thiols, cysteine, GSH, and bovine serum albumin through the sulfhydryl group
(Figure 2). The production and excretion of NPrCAQ-protein adducts was confirmed in
B16F1 melanoma cells in vitro and in B16F1 melanoma-bearing mice in vivo. The protein
fraction was hydrolyzed by heating in 6 M HCl and the amino acid released from the
protein adduct, 5-S-cysteaminyl-3-S-cysteinylcatechol, was identified by HPLC. These
results suggest that tyrosinase in melanoma cells activate the phenolic NPrCAP, acting as a
prohapten, to the quinone-hapten NPrCAQ, which binds to melanosomal proteins to form
possible neo-antigens, thus triggering an immunological response.

3. Thermal Medicine for Selective Anti-Melanoma Therapy Utilizing Melanogenesis
Small Molecules

In recent years, two major melanogenesis-targeted anti-melanoma thermal medicine
approached have been introduced with some clinical trials in Japan.

3.1. Melanogenesis Molecule-Based Boron Neutron Thermal Medicine: Reaction of Thermal
Neutrons with Boron 10 Conjugated to Dopa Analogue Para-Boronophenylalanine Hydrochloride
(10B1-BPA)

Boron neutron thermal medicine is based on the nuclear reaction between boron-10
(10B1) and thermal neutrons. The successful treatment of melanoma with boron neutron
thermal medicine depends mainly upon melanogenesis molecule-based accumulation of
10B1 in the targeted tumor.

(a) Principle and pharmacokinetics of 10B1-BPA Thermal Neutron Capture therapy

The absorption of thermal neutrons, which are generated by an atomic reactor, from
the nonradioactive isotope boron-10 (10B1) results in the emission of α particles and lithium
atoms (10B(n,α)7Li reaction). The traveling range of the charged particles is measured to
be 10–14 µm from the point of the neutron-activated boron atom. This is approximately
equal to the diameter of a single melanoma cell. It was thus expected that, if 10B1 can be
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concentrated in melanoma cells, all the melanoma cells in a tumor can be destroyed without
seriously injuring the surrounding normal tissues. The melanogenesis substrate, dopa was
utilized for this purpose. It was expected that conjugating dopa with 10B1 would empower
a selective, biological, nonsurgical treatment of melanoma [83]. Four hybrid compounds
of 10B1 and dopa were synthesized, and 10B1-para-boronophenylalanine hydrochloride
(10B1-BPA) was found to be the most promising [84] (Table 3).

Table 3. Chemical structure and property of synthetic Boron compounds related to Dopa. Dopeba:
3,4-dihydroxyphenethylboric acid. Modified from [84].

Chemical Structure
(Customary Name)

Abbreviation MW
10B Percent

Natural
Abundance

92% 10B
Abundance
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When boron-labeled dopa was administrated, the boron uptake was found to be pro-
portional to the rate of melanin synthesis. The specific affinity and binding of 10B1-BPA for
melanoma was examined by density gradient fractionation of melanoma cells and subse-
quent isolation of the melanosome fraction. The subcellular fractionation of melanosomes
revealed a greater concentration of 10B1 than any other subcellular fractions [85]. In parallel
to measuring this chemical and physical 10B1 distribution in melanoma tissue, comparative
visualization was carried out in the whole body using α-track autoradiography. A high
concentration of 10B1 in melanoma was observed at 30 min after administration, showing
as a bright region in the α-track autoradiography [86].

(b) In vivo radiotherapeutic studies and preclinical experiments

The in vivo therapeutic effects of 10B1-BPA thermal neutron capture therapy tested
on experimental animal systems were found to have a previously unobserved melanoma-
killing effect [84,87]. A number of preclinical therapeutic experiments were carried out
using experimental animal models such as melanoma-bearing hamsters and pigs, and
human melanoma-bearing nude mice. In addition, the distribution of radiation energy to
which the whole body is exposed following a local exposure was assessed using a human
phantom [88]. These experiments showed the selective accumulation of 10B1-BPA by the
melanoma cells, causing the greatest amount of absorbed radiation energy to be limited to
the target tissue.

(c) Clinical trial of melanoma patients using 10B1-BPA thermal neutron capture therapy
(Boron Neutron Capture Therapy, BNCT)
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The first patient in a preliminary clinical trial was a 66-year-old male with an inop-
erable malignant melanoma lesion on the left occiput. At this stage, the patient suffered
from persistent double vision, nausea, and headaches. The irradiation was carried out
with a dosage of 1 × 1013 n/cm2 at the melanoma surface in the same position for 2 h and
19 min. Two months after a single application of BNCT, marked regression of the tumor
was observed with improvements in double vision, nausea, and headaches. Furthermore,
regression of the treated melanoma without any sign of regrowth was seen more than 9
months after application of the melanoma-targeted BNCT, strongly indicating a cure of the
treated lesion, and the symptoms of double vision, nausea, and headaches disappeared
completely [89]. Subsequently, 22 melanoma patients suffering from various stages of
malignant melanoma were treated with this 10B1-BPA BNCT [90,91] (Table 4).

Table 4. Clinical results of BNCTT for cutaneous melanoma using BPA.

Reference & No.
(Years of Study)

Number of
Patients Melanoma Stage BPA Dose

(mg/kg)
Administration

Methods

% Tumor
Response

(Case
Responded)

Fukuda [91]
(1987–2002) 22 II–IV 170–210 iv CR 68.2% (15/22)

PR 23.0% (5/22)
Busse [92]

(1994–1996) 4 III–IV 400 oral CR 25% (1/4)
PR 50% (2/4)

Menéndez [93]
(2003–2007) 7 IV 300 iv

CR + PR 69.3%
(overall Survival:
4 to 23 months)

Hiratsuka [94]
(2003–2014) 8 II 500 iv CR 75% (6/8)

PR 25% (2/8)

iv: intravenous administration; oral: oral administration. BNCTT (Boron Neutron Capture Thermal Therapy), BPA
(Boron phenylalanine), CR (Complete response), PR (Partial response). Modified from [90]. By courtesy of Dr. Fukuda.

Despite the remarkable achievements of melanoma-targeted BNCT, there appear to be
several limitations that may inhibit the development of this therapeutic system as a novel
melanoma therapy for humans. The limitations may include the clinical safety, therapeutic
efficacy, and specificity of 10B1-BPA BNCT. In addition, amelanotic melanoma exhibited
relatively lower 10B1-BPA accumulation than high-melanin-producing melanoma [95,96].
Another obstacle is the limited availability of irradiation facilities equipped with thermal
columns and a source of thermal neutrons.

3.2. Melanogenesis-Based Antimelanoma Thermal Medicine by Conjugation with Magnetite
Nanoparticles; Establishment of Melanoma Chemo-Thermo-Immunotherapy (CTI Therapy)

(a) Principle of magnetite hyperthermia for cancer nanomedicine

Recent progress in nanotechnology has led to the creation of novel cancer treatments.
Nanoparticles such as magnetic nanoparticles and gold nanoparticles can generate heat
upon irradiation with an alternating magnetic field (AMF; 100 kHz–400 kHz) for magnetic
hyperthermia and with a near-infrared laser (700 nm–900 nm) for photothermal therapy,
respectively (Figure 3). Nanoparticle-mediated thermotherapy enables the specific heating
of tumors where the nanoparticles are delivered by DDS. As compared with photothermal
therapy, magnetic hyperthermia using magnetic nanoparticles can be applied to relatively
deep tumors, owing to the excellent tissue permeability of magnetic fields. Among the
magnetic nanoparticles, magnetite (Fe3O4) nanoparticles (diameter 10–100 nm) are consid-
ered promising nano-heaters in the body due to their high stability and low toxicity [97].
For the DDS of magnetite nanoparticles, surface modifications of the nanoparticles with
polymers such as dextran [98] and PEG [99] have been constructed for in vivo experiments.
We focused on the melanoma targeting of NPrCAP and synthesized two types of NPrCAP-
conjugated magnetite nanoparticles, NPrCAP/M and NPrCAP/PEG/M, for animal and
human studies, respectively [45,48].
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Figure 3. Hyperthermia using nanoparticles. DDS: drug-delivery system, NIR: near-infrared laser,
AMF: alternating magnetic field.

(b) Conjugation of melanogenesis molecule NPrCAP with magnetite nanoparticles for
novel antimelanoma thermotherapy

Magnetite nanoparticles (for NPrCAP/M in animal studies) and dextran magnetite (for
NPrCAP/PEG/M in human studies) were coated with an aminosilane (Figure 4). NPrCAP
was bound on the surface of the aminosilane-coated magnetite nanoparticles to synthesize
NPrCAP/M. For NPrCAP/PEG/M synthesis, the aminosilane-coated dextran magnetite
was reacted with PEG-NPrCAP. NPrCAP/PEG/M are chemically stable and can be pro-
duced in large quantities for human studies. Both NPrCAP/M (in animal studies) and
NPrCAP/PEG/M (in human studies) employed to effect melanoma-targeted chemother-
apy (by the NPrCAP component), thermotherapy (by the magnetite nanoparticles), and
resultant immunotherapy, providing a basis for a novel CTI therapy [46].
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Transmission electron microscope observation [45,100] revealed the selective accumula-
tion of NPrCAP/M in melanoma cells by active transport through a still-unknown receptor
system (Figure 5) [62]. Specifically, NPrCAP/M nanoparticles were found to be incorpo-
rated into early- and late-stage melanosomes, to which tyrosinase is also transported from
the trans-Golgi network (TGN). Once NPrCAP/M is incorporated into melanosomes in
melanoma cells, it would be retained and accumulate, as few melanosomes are transferred
from melanoma cells. Thus, it is expected that heat generation from NPrCAP/magnetite
nanoparticles exposed to AMF will yield the selective disintegration of melanoma cells. [97].
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Figure 5. Transmission electron microscope observation. Electron microscopic observation of mag-
netite nanoparticles in the NPrCAP/M-treated melanoma cells after ip administration to a melanoma-
bearing mouse. NPrCAP/M nanoparticles were highly accumulated in the late-stage melanosomes.
M: mitochondrion, I–IV: stage of melanosome. Adapted from [45].

(c) Development of the chemo-thermo-immuno-therapy approach

The AMF exposure of B16F1 melanoma-bearing mice treated with NPrCAP/M yielded
the selective disintegration of melanoma tissues, as shown by hematoxylin-eosin [101]
(Figure 6) and Berlin blue staining [45]. Importantly, NPrCAP/M treatment with and
without AMF yielded almost identical degrees of the growth inhibition of primary trans-
plants (Figure 7a–c), indicating that NPrCAP/M alone had a significant chemotherapeutic
effect. However, a marked difference in melanoma growth between those two groups
appeared after the primary tumors were removed and the mice were re-challenged with
a second melanoma transplantation without further treatment. Magnetic hyperthermia
using NPrCAP/M resulted in the most significant growth inhibition of the re-challenge
melanoma (i.e., 30–50% complete rejection of re-challenge melanoma growth) and in-
creased the lifespan, indicating that magnetic hyperthermia using NPrCAP/M has a
thermo-immunotherapeutic effect (Figure 7a,b,d,e and Figure 8a,c) [102]. Further investiga-
tion showed that the thermo-immunotherapy against re-challenge B16F1 melanoma was
more effective at a temperature of 43 ◦C for 30 min, repeated once every other day three
times, than at 46 ◦C (Figure 8a–c).
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Figure 6. Antitumor effect by magnetic hyperthermia using NPrCAP/M. Pre-established subcuta-
neous B16-OVA tumors without treatment (a,b) or magnetic hyperthermia using NPrCAP/M (c,d)
were harvested and analyzed histologically using H&E-stained sections [101]. On Berlin blue staining,
brown–black pigments were found to be magnetite particles [27].

In 2003, Ito et al. reported that magnetic hyperthermia induces antitumor immunity
from the release of HSP70-peptide complexes during necrotic tumor cell death [103]. HSP70
production was then analyzed in primary melanoma tumors undergoing CTI therapy, and
CD4+ and CD8+ T cell infiltration was studied in re-challenge secondary tumors [102].
NPrCAP/M-mediated, AMF-induced hyperthermia at 43 ◦C for 30 min and at 46 ◦C for 15
or 30 min produced similar increases in HSP70 level (Figure 8a,d). Although thermotherapy
could induce HSP70 as abundantly at 46 ◦C for 15 min as at 43 ◦C for 30 min, the former
condition failed to suppress the re-challenge melanoma transplant as well as 43 ◦C ther-
motherapy (Figure 8b,c). This suggests that some immunological factors other than HSPs
may be partly responsible for the rejection of re-challenge melanomas. Hyperthermia at
43 ◦C for 1 h resulted in augmentation of MHC class I, associated with induced expression
of HSP70 [104]. Hyperthermia treatment of tumor cells enhances cross-priming, possibly
via the up-regulation of HSPs [43]. Thus, it may be postulated that, by inducing HSPs, mag-
netic hyperthermia using NPrCAP/M at 43 ◦C could be an effective therapeutic modality
for metastatic melanoma. It is further speculated that NPrCAP plays two important roles in
anti-melanoma approaches, i.e., the selective incorporation of nanoparticles into melanoma
cells and unique induction of chemo-thermo-immunotherapy effects on melanoma cells.

(d) Immunological effects of melanogenesis-targeted anti-melanoma molecules; orchestra-
tion of innate and adaptive immunity by CTI therapy
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and AMF exposure. After removal of the first transplant, all mice received the second re-challenge 
melanoma transplantation. White arrows, the site transplanted with melanoma at first transplanta-
tion; yellow arrows, the site transplanted with rechallenged melanoma at second transplantation. 
Tumor volume was measured at day 67 and representative photos are shown. ILS: Increased 
lifespan. CTI: Chemo-thermo-immuno-therapy. Adapted from [45]. (b) Treatment protocols for the 
4 groups of mice described in (a) and an untreated control group. After primary B16F1 melanoma 
transplantations on day 0, treatments with magnetite nanoparticles with/without NPrCAP and 
with/without AMF exposure were administered on days 6, 8, and 10, tumors were removed on day 
13, and second, re-challenge B16F1 melanomas were transplanted on day 53. (c) Daily increases in 
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volumes (mm3) of re-challenge melanomas two weeks after transplantation on day 53, after primary 
B16F1 transplantations, treatments, and removal of primary tumors, as described in (b). (e) Kaplan–
Meier survival curves of experimental mice up to 90 days after tumor re-challenge. Adapted from 
[45]. 

 

Figure 7. (a) Experimental operation processes with mice showing the growth inhibition of re-
challenged melanoma (second transplantation) after removal of NPrCAP/M-treated melanoma
(first transplantation) through immune processes. Control, non-treated; Gr. I, magnetite alone (no
NPrCAP, no heat); Gr. II: Magnetite alone without NPrCAP, but with 43 ◦C heat for 30 min by
AMF exposure; Gr. III: NPrCAP/M treatment, but no AMF exposure; Gr. IV: mouse with both
NPrCAP/M and AMF exposure. After removal of the first transplant, all mice received the second
re-challenge melanoma transplantation. White arrows, the site transplanted with melanoma at
first transplantation; yellow arrows, the site transplanted with rechallenged melanoma at second
transplantation. Tumor volume was measured at day 67 and representative photos are shown.
ILS: Increased lifespan. CTI: Chemo-thermo-immuno-therapy. Adapted from [45]. (b) Treatment
protocols for the 4 groups of mice described in (a) and an untreated control group. After primary
B16F1 melanoma transplantations on day 0, treatments with magnetite nanoparticles with/without
NPrCAP and with/without AMF exposure were administered on days 6, 8, and 10, tumors were
removed on day 13, and second, re-challenge B16F1 melanomas were transplanted on day 53. (c)
Daily increases in primary tumor volumes (mm3) after transplantation in control, Gr III, and Gr IV
mice. (d) Tumor volumes (mm3) of re-challenge melanomas two weeks after transplantation on day
53, after primary B16F1 transplantations, treatments, and removal of primary tumors, as described in
(b). (e) Kaplan–Meier survival curves of experimental mice up to 90 days after tumor re-challenge.
Adapted from [45].
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Figure 8. Schedule and conditions of magnetic hyperthermia using NPrCAP/M in treatment of
primary B16F1 melanoma-bearing mice and results for second, re-challenge tumor volumes and
survival of mice, as well as HSP expression in treated primary tumors. (a) Schedule and conditions
of NPrCAP/M administration and AMF exposure for Groups 1, 2, 3, and 4 of mice with primary
melanoma transplants. Control is the same as described in Figure 7a. (b) Tumor volumes on day
14 after re-challenge with B16F1 cells according to the protocol for primary tumor removal and
re-challenge described in Figure 7b. (c) Kaplan–Meier survival curves up to 60 days after re-challenge.
(d) Amounts of HSP70 in primary tumors 24 h after the first treatment of magnetic hyperthermia. ※

p < 0.05 versus control. Modified from [102].

As described above, we observed that the antitumor effect of NPrCAP/M with AMF expo-
sure was superior to that of NPrCAP/M alone [102,105]. The treatment of primary melanoma
with NPrCAP/M plus AMF exposure showed a significant growth inhibition for untreated
re-challenge melanoma and increased the lifespan and survival rate of the host animals, i.e.,
30–50% complete rejections of re-challenge melanoma growth (Figures 7e and 8c) whereas
NPrCAP/M alone yielded no complete rejections (Figure 7e), indicating that NPrCAP/M with
AMF exposure produces a strong immunotherapeutic effect. Since we had already shown that
heat-induced HSP70 plays an important role in the induction of melanoma-specific immunity,
we further investigated the role of HSPs in the induction of antitumor immunity by NPrCAP/M
with AMF exposure. HSPs are classified in families such as HSP40, HSP70, HSP90, HSP100,
and small HSPs and are uniquely upregulated by several kinds of stress such as heat, arsenite,
hypoxia, low glucose, etc. Therefore, we examined which HSPs were upregulated by our CTI
therapy in B16F1 and B16-OVA melanoma cells in culture [101]. We observed that HSP70,
HSP90, and ER-resident HSPs, including gp96, were upregulated. Then, we investigated which
HSP was most responsible for the induced tumor immunity by NPrCAP/M with AMF exposure.
A depletion assay using each anti-HSP antibody showed that, although HSP70, HSP90, and
gp96 were all shown to bind melanoma antigen peptides such as a TRP-2-derived peptide,
HSP70 was shown to be largely responsible for the anti-melanoma immunity. In our study,
HSP70 showed the highest upregulation among the HSPs in response to NPrCAP/M with
AMF exposure; newly generated HSP70 may have more chances to bind melanoma-associated
antigen peptides. Melanoma cells treated with NPrCAP/M plus AMF exposure underwent
necrotic cell death; then, HSP70, HSP90, and gp96 were released into the extracellular milieu
and were taken up by dendritic cells (DCs). These HSPs participated in the cross-presentation of
melanoma-associated antigen peptides (OVA peptide and TRP-2 peptide) by the DCs to specific
CD8+ T cells through chaperoning the peptides. CD91 serves as an HSP receptor expressed on
DCs for the cross-presentation of antigen peptides chaperoned by HSPs [106,107].
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In addition to the activation of melanoma-specific immune responses (adaptive immu-
nity) via production of HSP-peptide complexes mentioned above, HSPs are well-known to
act as danger signals that can activate innate immunity (Figure 9). HSP60, HSP70, HSP90,
and gp96 have been demonstrated to stimulate Toll-like receptor 4 (TLR4) to promote
production of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α, and IL-12 through
the NF-kB pathway [108,109]. Our production of hyperthermia using NPrCAP/M with
AMF exposure induced necrotic melanoma cell death, resulting in the passive release of
various types of HSPs into the extracellular milieu. As a result, released HSPs induced
the activation of innate immunity via binding to TLR4 or other HSP receptors expressed
on infiltrated antigen-presenting cells such as dendritic cells and macrophages. Thus,
CTI therapy orchestrated both innate and adaptive immunity, thereby eliciting strong
anti-melanoma immunity.
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Figure 9. CTI therapy orchestrates the innate and adaptive immunity via production and release of
HSP-peptide complex in melanoma cells.

The melanoma cells undergo necrotic cell death after CTI therapy. As a result, the
HSP-peptide complex, which is increased by heat stress, is released and taken up by antigen-
presenting cells such as dendritic cells (DCs). HSP can stimulate the innate immunity through
binding to Toll-like receptors (TLRs) and also activate the adaptive immunity via cross-presentation
of melanoma antigen peptides chaperoned by HSPs to specific CD8+ T cells.

Furthermore, since CTI therapy elicits systemic anti-melanoma immunity, it can be a
promising therapy for the prevention of recurrence and/or distant metastasis of melanoma.
To prove this, we examined whether CTI therapy of primary cutaneous B16 melanoma
can inhibit colonization in lungs by intravenously injected secondary, re-challenge B16
melanoma cells. We observed that the treatment of primary cutaneous B16 melanoma
with NPrCAP/M plus AMF exposure (CTI therapy) clearly inhibited lung metastasis
formation compared with treatment with NPrCAP/M alone. These results demonstrated
that CTI therapy induced systemic anti-melanoma immunity, and therefore prevented lung
metastasis and the recurrence of melanoma. Thus, CTI therapy against advanced melanoma
is a useful strategy, not only for the treatment of primary melanoma, but also for preventing the
recurrence and metastasis of melanoma.
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(e) Preliminary clinical trials for human melanoma patients

The results of preliminary clinical trials which were reported previously [46,48]. Ac-
cording to these reports, the trials were conducted with stage III and IV melanoma patients
(approved by Clinical Trial Research Protocol No. 18-67, Sapporo Medical University with
funding for research on Advanced Medical Technology from the Ministry of Health, Labor
and Welfare of Japan to KJ as the Principal Investigator, [Project No. H21-Nano-6]). The
study was carried out by utilizing NPrCAP/PEG/M, to improve dispersion stability for
administration. Four patients were evaluated and none showed any significant difficulties
after repeated treatment. In addition, one showed a complete response, and one had a
partial response, and both of these patients were able to carry out normal daily activities for
more than 32 months after CTI therapy. It is expected to carry out large-scale clinical trials
to evaluate the overall therapeutic effect and define the molecular interactions between the
chemotherapeutic and thermo-immunotherapeutic effects.

4. Anti-Melanoma Approach for Unresectable/Metastatic Melanoma Patients by
Currently Available Targeted Therapies and Immune Checkpoint Inhibitors

Until the first decade of the 21st century, treatment for unresectable/metastatic
melanoma had long been largely ineffective. The only chemotherapeutic drug shown
to have efficacy for melanoma is dacarbazine, but its overall response rate and 5-year
overall survival (OS) were about 10% and less than 10%, respectively [110]. There were
no combination chemotherapies that had superior efficacy to dacarbazine monotherapy.
However, since 2011, new types of therapies/drugs, i.e., immune checkpoint inhibitors
(ICI), BRAF inhibitors (BRAFi), and MEK inhibitors (MEKi), have entered the market and
revolutionized the therapeutic strategies for unresectable/metastatic melanoma. Moreover,
some of the drugs are used in an adjuvant setting and prolong recurrence-free survival
(RFS) and/or OS of patients with resected stage III melanoma. It was recently reported that
the ICI pembrolizumab significantly reduced the risk of disease recurrence or death versus
placebo as an adjuvant treatment in patients with stage IIB/C melanoma [111].

Neoplastic cells expand their population by escaping from the host immunosurveil-
lance. One of the mechanisms for escaping is the exploitation of immune checkpoints in
antigen presenting cells (APC) and T lymphocytes [112]. Immune checkpoints essentially
inhibit autoimmunity and exaggerate immune responses to protect the host tissues, but
they also inhibit cancer immunity by causing an exhaustion of anti-cancer immune cells
and thereby help the survival and proliferation of neoplastic cells. ICI are antibody drugs
that target the immune checkpoint molecules and reactivate cancer immunity. Ipilimumab
was approved by U.S. Food and Drug Administration in 2011 and nivolumab and pem-
brolizumab were approved in 2014. These drugs dramatically improved the treatment
of melanoma. On the other hand, ICI frequently cause immune-related adverse events
(irAE) [113].

4.1. Ipilimumab

Ipilimumab is an antibody drug that blocks cytotoxic T lymphocyte-associated 4
(CTLA-4; CD152). CTLA-4, a protein in the CD28 family of costimulatory molecules,
is a cell surface receptor expressed in T lymphocytes. A cytotoxic T lymphocyte (CTL)
becomes activated when CD28 on its surface binds to CD80/86 on the surface of an APC.
However, when CTLA-4 on a CTL binds to CD80/CD86 on an APC, it inhibits CTL
activity. Ipilimumab cancels the “brake” on an anti-neoplasm response by blocking CTLA-
4. Ipilimumab, for the first time, improved the OS of patients with untreated metastatic
melanoma in a setting of a combination therapy with dacarbazine. In a phase III trial
randomized to ipilimumab plus dacarbazine vs. dacarbazine alone, the median OS of
each arm was 11.2 vs. 9.1 months, respectively [114]. This was a monumental work of
immunotherapy; not only for melanoma, but for all cancer types. In addition, tail-of-
the-curve benefits were observed in patients treated with ipilimumab, which means that
some of the patients who responded experienced a long-term survival well beyond the
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median. The overall incidences of all-grade irAE and grades 3/4 irAE were 72 and 24%,
respectively [115]. Since it later became clear that PD-1 blockers are superior to ipilimumab
in terms of efficacy and safety, ipilimumab is now used in a combination therapy with
nivolumab or in a second line monotherapy.

4.2. Anti-PD-1 Antibodies: Nivolumab and Pembrolizumab

Programmed cell death-1 (PD-1; CD279) is expressed on the cell surface of activated
T lymphocytes. When PD-1 is bound by PD-L1 or PD-L2 expressed on the cell surface
of neoplastic cells or APC, the T lymphocytes become inactivated. Nivolumab and pem-
brolizumab block PD-1 and reactivate cancer immunity. In the 6.5-year outcome of the
CheckMate-067 study, patients with untreated, unresectable melanoma were randomly
assigned to nivolumab plus ipilimumab, nivolumab monotherapy, or ipilimumab monother-
apy [116]. Median OS was 72.1, 36.9 and 19.9 months, respectively. The 6.5-year OS rates
were 57%, 43% and 25%, respectively. As for pembrolizumab, the Keynote-001 study
showed 5-year survival outcomes of patients with previously treated or treatment-naive
advanced/metastatic melanoma [117]. The estimated 5-year OS rate was 34% among all
patients and 41% among treatment-naive patients; median OS was 23.8 and 38.6 months,
respectively. These studies showed a significantly improved OS with anti-PD-1 antibodies
compared with ipilimumab. The CheckMate-067 study also showed the efficacy and safety
of combination therapy with nivolumab and ipilimumab. The combination therapy showed
increased progression-free survival compared with nivolumab monotherapy, although the
OS difference did not reach statistical significance. The combination therapy is the most
effective treatment at present. However, the combination therapy showed a significantly
higher occurrence of irAE. The rate of grades 3/4 irAE were 59%, 23%, and 28% in the
nivolumab plus ipilimumab, nivolumab, and ipilimumab arm, respectively [118].

5. Summary and Conclusions

Despite advances in early detection, malignant melanoma still causes high cancer-
related mortality. In a subset of patients with metastatic melanoma, surgical resection is
not possible, and systemic therapies are needed. Fortunately, over the last decade, novel
systemic-targeted immunotherapeutics have been successfully introduced to improve
both the quality of life and survival of high-risk patients. However, there are still a
number of unsolved problems. There are still many patients who do not benefit from
the current immunotherapies, and there are no reliable biomarkers that can predict the
efficacy of immunotherapies. Furthermore, certain forms of cutaneous melanomas, such
as acral plantar type and non-cutaneous forms such as mucosal and uveal melanomas,
are frequently resistant to the current immunotherapies. These resistant melanomas are
immunologically “cold” tumors, which express few cancer-antigens and escape from host
surveillance for neoplasms. One of the potential approaches to augment the efficacy of
immunotherapies is disruption of melanoma cells to release neoantigens to host immunity
by a system such as our CTI therapy. In this context, many clinical trials of immunotherapies
in combination therapies have recently been carried out, including with small molecule
targeted drugs, cytotoxic chemotherapies, radiotherapies, and oncolytic viral therapies.

The development of melanogenesis-targeted drugs can, therefore, be a promising
research area, because melanin synthesis is a unique biochemical pathway operating only
in melanocytes and their neoplastic counterpart, melanoma cells. The key enzyme of this
pathway is tyrosinase, which is always retained in melanoma cells in vivo, even when the
whole tumor becomes non-pigmented and amelanotic. Melanin metabolites are always
composed of small molecules that are synthesized by melanoma cells. The tumor can be
easily targeted by small molecules that chemically mimic melanogenesis substrates. In
addition, small molecules of melanin metabolites are toxic to melanocytes and melanoma
cells and may kill them [119,120]. Products of the tyrosinase reaction (melanin intermediate
molecules) can thus exhibit useful selective cytotoxicity for melanoma cells, and provide a
rational basis for selective DDS, as well as targeted cytotoxicity.
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As a promising melanogenesis-targeted antimelanoma molecule, we demonstrated
that NPrCAP can be a useful tool for developing DDS, chemotherapy, and immunotherapy.
Based on that multifunctionality, we further combined NPrCAP with magnetic hyperther-
mia to develop CTI therapy. From the promising results, preliminary clinical trials for
human melanoma patients have started. While larger clinical studies must be conducted to
confirm the clinical outcomes, strategies to boost the immune response from CTI therapy are
needed to improve patient responses. Melanoma immunotherapies using immune check-
point blocking antibodies for the PD-1/PD-L1 axis and CTLA-4 axis have become a robust
strategy for improving clinical outcomes [121]. Preclinical studies examined combinatorial
immunotherapy with nanoparticle-mediated hyperthermia [122]. Recently, Chao et al.
combined magnetic hyperthermia with anti-CTLA4 antibody [123], and showed that the
administration of anti-CTLA4 antibody after thermal ablation by magnetic hyperthermia in-
duced systemic immunity to inhibit metastasis. These results suggest that the combination
of a T cell checkpoint blockade with CTI therapy is a promising potential approach. In addi-
tion, the microenvironment of poorly immunogenic tumors contains suppressive myeloid
stroma. Toll-like receptors (TLR) trigger innate immune activation, and TLR ligands have
the potential to reactivate the tumor microenvironment [124]. Combining a TLR agonist
with CTI therapy might induce effector T cells and increase tumor-infiltrating lymphocytes.
Novel immunological strategies such as these are needed to propel the regression of poorly
immunogenic advanced melanoma.
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Abbreviations

AMF Alternating magnetic field
AP Activator protein
APC Antigen presenting cells
APTES 3-Aminopropyltriethoxysilane
10B1 Boron-10
10B1-BPA 10B1-para-Boronophenylalanine hydrochloride
BNCTT Boron neutron capture thermal therapy
BRAFi Braf inhibitor
CAP Cysteaminylphenol
CP Cysteinylphenol
CTI therapy Chemo-thermo-immunotherapy
CTL Cytotoxic T lymphocytes
CTLA-4 Cytotoxic T lymphocyte-associated 4
DCs Dendric cells
Dopeba 3,4-dihydroxyphenethylboric acid
DDS Drug delivery system
GSH Glutathione
HSPs Heat shock proteins
ICI Immune checkpoint inhibitor
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ip Intraperitoneal injection
irAE Immune-related adverse events
iv intravenous infusion
M Magnetite nanoparticle
MCL Magnetite cationic liposome
MEKi MEK inhibitor
NAcCAP N-Acetyl-4SCAP
NPrCAP N-Propionyl-4-S-CAP
NPrCAQ N-Propionyl-4-S-cysteaminyl-1,2-benzoquinone
OS Overall survival
PD-1 Programmed cell death-1
PEG Polyethylene glycol
RFS Recurrence-free survival
ROS Reactive oxygen species
4SCAC 4-S-Cysteaminylcatechol
4SCAP 4-S-Cysteaminylphenol
5SCD 5-S-Cysteinyldopa
4SCP 4-S-Cysteinylphenol
TGN Trans-Golgi network
TLR Toll-like receptors

References
1. Jimbow, K.; Fitzpatrick, T.B.; Quevedo, W.C., Jr. Formation, chemical compositions and functions of melanin pigments in

mammals. Biol. Integument 1986, 2, 278–292. [CrossRef]
2. Wick, M. An experimental approach to the chemotherapy of melanoma. J. Investig. Dermatol. 1980, 74, 63–65. [CrossRef] [PubMed]
3. Graham, D.G.; Tiffany, S.M.; Vogel, F.S. The toxicity of melanin precursors. J. Investig. Dermatol. 1978, 70, 113–116. [CrossRef] [PubMed]
4. Jimbow, K.; Iwashina, T.; Alena, F.; Yamada, K.; Pankovich, J.; Umemura, T. Exploitation of pigment biosynthesis pathway as a

selective chemotherapeutic approach for malignant melanoma. J. Investig. Dermatol. 1993, 100, 231S–238S. [CrossRef]
5. Prota, G. Melanins and Melanogenesis; Academic Press: San Diego, CA, USA, 1992; pp. 1–290.
6. Prota, G.; d’Ischia, M.; Mascagna, D. Melanogenesis as a targeting strategy against metastatic melanoma: A reassessment.

Melanoma Res. 1994, 4, 351–358. [CrossRef] [PubMed]
7. Riley, P.A.; Cooksey, C.J.; Johnson, C.I.; Land, E.J.; Latter, A.M.; Ramsden, C.A. Melanogenesis-targeted anti-melanoma pro-drug

development: Effect of side chain variations on the cytotoxicity of tyrosinase-generated ortho-quinones in a model screening
system. Eur. J. Cancer 1997, 33, 135–143. [CrossRef]

8. Ito, S.; Sugumaran, M.; Wakamatsu, K. Chemical reactivities of ortho-quinones produced in living organisms: Fate of quinonoid
products formed by tyrosinase and phenoloxidase action on phenols and catechols. Int. J. Mol. Sci. 2020, 21, 6080. [CrossRef]

9. Ito, S.; Inoue, S.; Yamamoto, Y.; Fujita, K. Synthesis and antitumor activity of cysteinyl-3,4-dihydroxyphenylalanines and related
compounds. J. Med. Chem. 1981, 24, 673–677. [CrossRef]

10. Miura, S.; Ueda, T.; Jimbow, K.; Ito, S.; Fujita, K. Synthesis of cysteinylphenol, cysteaminylphenol and related compounds and
in vivo evaluation of anti-melanoma effect. Arch. Dermatol. Res. 1987, 279, 219–225. [CrossRef]

11. Inoue, S.; Ito, S.; Wakamatsu, K.; Jimbow, K.; Fujita, K. Mechanism of growth inhibition of melanoma cells by 4-S-
cysteaminylphenol and its analogues. Biochem. Pharmacol. 1990, 39, 1077–1083. [CrossRef]

12. Yukitake, J.; Otake, H.; Inoue, S.; Wakamatsu, K.; Olivares, C.; Solano, F.; Hasegawa, K.; Ito, S. Synthesis and selective in vitro
anti-melanoma effect of enantiomeric alpha-methyl- and alpha-ethyl-4-S-cysteaminylphenol. Melanoma Res. 2003, 13, 603–609.
[CrossRef] [PubMed]

13. Inoue, S.; Hasegawa, K.; Ito, S.; Ozeki, H.; Solano, F.; Jiménez-Cervantes, C.; Wakamatsu, K.; Fujita, K. Antimelanoma effect of
4-S-cysteaminylcatechol, an activated form of 4-S-cysteaminylphenol. Cancer Res. 1995, 55, 2603–2607. [PubMed]

14. Padgette, S.R.; Herman, H.H.; Han, J.H.; Pollock, S.H.; May, S.W. Antihypertensive activities of phenyl aminoethyl sulfides, a
class of synthetic substrates for dopamine hydroxylase. J. Med. Chem. 1984, 27, 1354–1357. [CrossRef] [PubMed]

15. Tandon, M.; Thomas, P.D.; Shokravi, M.; Singh, S.; Samra, S.; Chang, D.; Jimbow, K. Synthesis and antitumor effect of the melanogenesis-
based antimelanoma agent N-propionyl-4-S-cysteaminylphenol. Biochem. Pharmacol. 1998, 55, 2023–2029. [CrossRef]

16. Jimbow, K.; Miura, T.; Ito, S.; Ishikawa, K. Phenolic melanin precursors provide a rational approach to the design of antitumor
agents for melanoma. Pigment Cell Res. 1989, 2, 34–39. [CrossRef]

17. Pankovich, J.M.; Jimbow, K.; Ito, S. 4-S-cysteaminylphenol and its analogues as substrates for tyrosinase and monoamine oxidase.
Pigment Cell Res. 1990, 3, 146–149. [CrossRef]

18. Minamitsuji, Y.; Toyofuku, K.; Sugiyama, S.; Yamada, K.; Jimbow, K. Sulfur containing tyrosine analogs can cause selective
melanocytotoxocity involving tyrosinase-mediated apoptosis. J. Investig. Dermatol. Symp. Proc. 1999, 4, 130–136. [CrossRef]

http://doi.org/10.1007/978-3-662-00989-5_16
http://doi.org/10.1111/1523-1747.ep12519812
http://www.ncbi.nlm.nih.gov/pubmed/7351499
http://doi.org/10.1111/1523-1747.ep12541249
http://www.ncbi.nlm.nih.gov/pubmed/413870
http://doi.org/10.1038/jid.1993.82
http://doi.org/10.1097/00008390-199412000-00002
http://www.ncbi.nlm.nih.gov/pubmed/7703714
http://doi.org/10.1016/S0959-8049(96)00340-1
http://doi.org/10.3390/ijms21176080
http://doi.org/10.1021/jm00138a006
http://doi.org/10.1007/BF00417318
http://doi.org/10.1016/0006-2952(90)90287-U
http://doi.org/10.1097/00008390-200312000-00010
http://www.ncbi.nlm.nih.gov/pubmed/14646624
http://www.ncbi.nlm.nih.gov/pubmed/7780975
http://doi.org/10.1021/jm00376a024
http://www.ncbi.nlm.nih.gov/pubmed/6481771
http://doi.org/10.1016/S0006-2952(98)00090-2
http://doi.org/10.1111/j.1600-0749.1989.tb00155.x
http://doi.org/10.1111/j.1600-0749.1990.tb00279.x
http://doi.org/10.1038/sj.jidsp.5640196


Cancers 2022, 14, 5588 22 of 26

19. Thomas, P.D.; Kishi, H.; Cao, H.; Ota, M.; Yamashita, T.; Singh, S.; Jimbow, K. Selective incorporation and specific cytocidal effect
as the cellular basis for the antimelanoma action of sulphur containing tyrosine analogs. J. Investig. Dermatol. 1999, 113, 928–934.
[CrossRef]

20. Ito, S.; Nishigaki, A.; Ishii-Osai, Y.; Ojika, M.; Wakamatsu, K.; Yamashita, T.; Tamura, Y.; Ito, A.; Honda, H.; Nakayama, E.; et al.
Mechanism of putative neo-antigen formation from N-propionyl-4-S-cysteaminylphenol, a tyrosinase substrate, in melanoma
models. Biochem. Pharmacol. 2012, 84, 646–653. [CrossRef]

21. Yamada, I.; Seki, S.; Matsubara, O.; Ito, S.; Suzuki, S.; Kasuga, T. The cytotoxicity of cysteinylcatechols and related compounds to
human melanoma cells in vitro. J. Investig. Dermatol. 1987, 88, 538–540. [CrossRef]

22. Yamada, I.; Seki, S.; Ito, S.; Suzuki, S.; Matsubara, O.; Kasuga, T. The killing effect of 4-S-cysteaminylphenol, a newly synthesised
melanin precursor, on B16 melanoma cell lines. Br. J. Cancer 1991, 63, 187–190. [CrossRef] [PubMed]

23. Ito, Y.; Jimbow, K. Selective cytotoxicity of 4-S-cysteaminylphenol on follicular melanocytes of the black mouse: Rational basis for
its application to melanoma chemotherapy. Cancer Res. 1987, 47, 3278–3284. [PubMed]

24. Miura, T.; Jimbow, K.; Ito, S. The in vivo antimelanoma effect of 4-S-cysteaminylphenol and its N-acetyl derivative. Int. J. Cancer
1990, 46, 931–934. [CrossRef] [PubMed]

25. Kitagawa, M.; Nemoto, T.; Seki, S.; Ito, S.; Kasuga, T. In vivo antimelanoma effects of 4-S-cysteaminylphenol, a newly synthesized
therapeutic agent specific to melanoma. J. Cancer Res. Clin. Oncol. 1993, 119, 470–474. [CrossRef]

26. Yukitake, J.; Otake, H.; Inoue, S.; Wakamatsu, K.; Ito, S. Comparison of in vivo anti-melanoma effect of enantiomeric alpha-methyl-
and alpha-ethyl-4-S-cysteaminylphenol. Melanoma Res. 2004, 14, 116–120. [CrossRef]

27. Ishii-Osai, Y.; Yamashita, T.; Tamura, Y.; Sato, N.; Ito, A.; Honda, H.; Wakamatsu, K.; Ito, S.; Nakayama, E.; Okura, M.; et al.
N-propionyl-4-S-cysteaminylphenol induces apoptosis in B16F1 cells and mediates tumor-specific T-cell immune responses in a
mouse melanoma model. J. Dermatol. Sci. 2012, 67, 51–60. [CrossRef]

28. Ito, Y.; Jimbow, K.; Ito, S. Depigmentation of black guinea pig skin by topical application of cysteaminylphenol, cysteinylphenol,
and related compounds. J. Investig. Dermatol. 1987, 88, 77–82. [CrossRef]

29. Alena, F.; Jimbow, K.; Ito, S. Melanocytotoxicity and antimelanoma effects of phenolic amine compounds in mice in vivo. Cancer
Res. 1990, 50, 3743–3747. [PubMed]

30. Wong, M.; Jimbow, K. Selective cytotoxicity of N-acetyl-4-S-cysteaminylphenol on follicular melanocytes of black mice. Brit. J.
Dermatol. 1991, 124, 56–61. [CrossRef]

31. Konno, A.; Sato, N.; Yagihashi, A.; Torigoe, T.; Cho, J.M.; Torimoto, K.; Hara, I.; Wada, Y.; Okubo, M.; Takahashi, N. Heat- or
stress-inducible transformation-associated cell surface antigen on the activated H-ras oncogene-transfected rat fibroblast. Cancer
Res. 1989, 49, 6578–6582. [PubMed]

32. Ménoret, A.; Chandawarkar, R. Heat-shock protein-based anticancer immunotherapy: An idea whose time has come. Semin.
Oncol. 1998, 25, 654–660. [PubMed]

33. Srivastava, P.K.; Ménoret, A.; Basu, S.; Binder, R.J.; McQuade, K.L. Heat shock proteins come of age: Primitive functions acquire
new roles in an adaptive world. Immunity 1998, 8, 657–665. [CrossRef]

34. Tamura, Y.; Tsuboi, N.; Sato, N.; Kikuchi, K. 70 kDa heat shock cognate protein is a transformation-associated antigen and a
possible target for the host’s anti-tumor immunity. J. Immunol. 1993, 151, 5516–5524. [PubMed]

35. Tamura, Y.; Peng, P.; Liu, K.; Daou, M.; Srivastava, P.K. Immunotherapy of tumors with autologous tumor-derived heat shock
protein preparations. Science 1997, 278, 117–120. [CrossRef]

36. Mosser, D.D.; Caron, A.W.; Bourget, L.; Denis-Larose, C.; Massie, B. Role of the human heat shock protein hsp70 in protection
against stress-induced apoptosis. Mol. Cell. Biol. 1997, 17, 5317–5327. [CrossRef]

37. Tamura, Y.; Sato, N. Heat shock proteins: Chaperoning of innate and adaptive immunities. Jpn. J. Hyperthermic Oncol. 2003, 19,
131–139. [CrossRef]

38. Srivastava, P.K. Immunotherapy for human cancer using heat shock protein-peptide complexes. Curr. Oncol. Rep. 2005, 7, 104–108.
[CrossRef]

39. Takashima, S.; Sato, N.; Kishi, A.; Tamura, Y.; Hirai, I.; Torigoe, T.; Yagihashi, A.; Takahashi, S.; Sagae, S.; Kudo, R.; et al.
Involvement of peptide antigens in the cytotoxicity between 70-kDa heat shock cognate protein-like molecule and CD3+, CD4−,
CD8−, TCR-αβ- killer T cells. J. Immunol. 1996, 157, 3391–3395. [PubMed]

40. Yanase, M.; Shinkai, M.; Honda, H.; Wakabayashi, T.; Yoshida, J.; Kobayashi, T. Antitumor immunity induction by intracellular
hyperthermia using magnetite cationic liposomes. Jpn. J. Cancer Res. 1998, 89, 775–782. [CrossRef]

41. Ueda, G.; Tamura, Y.; Hirai, I.; Kamiguchi, K.; Ichimiya, S.; Torigoe, T.; Hiratsuka, H.; Sunakawa, H.; Sato, N. Tumor-derived heat
shock protein 70-pulsed dendritic cells elicit-tumor-specific cytotoxic T lymphocytes (CTLs) and tumor immunity. Cancer Sci.
2004, 95, 248–253. [CrossRef]

42. Ito, A.; Honda, H.; Kobayashi, T. Cancer immunotherapy based on intracellular hyperthermia using magnetite nanoparticles: A
novel concept of “heat-controlled necrosis” with heat shock protein expression. Cancer Immunol. Immunother. 2006, 55, 320–328.
[CrossRef] [PubMed]

43. Shi, H.; Cao, T.; Connolly, J.E.; Monnet, L.; Bennett, L.; Chapel, S.; Bagnis, C.; Mannoni, P.; Davoust, J.; Palucka, A.K.; et al.
Hyperthermia enhances CTL cross-priming. J. Immunol. 2006, 176, 2134–2141. [CrossRef]

http://doi.org/10.1046/j.1523-1747.1999.00781.x
http://doi.org/10.1016/j.bcp.2012.06.015
http://doi.org/10.1111/1523-1747.ep12470098
http://doi.org/10.1038/bjc.1991.46
http://www.ncbi.nlm.nih.gov/pubmed/1997095
http://www.ncbi.nlm.nih.gov/pubmed/3107807
http://doi.org/10.1002/ijc.2910460530
http://www.ncbi.nlm.nih.gov/pubmed/2121652
http://doi.org/10.1007/BF01215927
http://doi.org/10.1097/00008390-200404000-00006
http://doi.org/10.1016/j.jdermsci.2012.04.009
http://doi.org/10.1111/1523-1747.ep12465072
http://www.ncbi.nlm.nih.gov/pubmed/2340520
http://doi.org/10.1111/j.1365-2133.1991.tb03282.x
http://www.ncbi.nlm.nih.gov/pubmed/2555046
http://www.ncbi.nlm.nih.gov/pubmed/9865680
http://doi.org/10.1016/S1074-7613(00)80570-1
http://www.ncbi.nlm.nih.gov/pubmed/8228242
http://doi.org/10.1126/science.278.5335.117
http://doi.org/10.1128/MCB.17.9.5317
http://doi.org/10.3191/thermalmedicine.19.131
http://doi.org/10.1007/s11912-005-0035-8
http://www.ncbi.nlm.nih.gov/pubmed/8871636
http://doi.org/10.1111/j.1349-7006.1998.tb03283.x
http://doi.org/10.1111/j.1349-7006.2004.tb02211.x
http://doi.org/10.1007/s00262-005-0049-y
http://www.ncbi.nlm.nih.gov/pubmed/16133113
http://doi.org/10.4049/jimmunol.176.4.2134


Cancers 2022, 14, 5588 23 of 26

44. Ito, A.; Fujioka, M.; Yoshida, T.; Wakamatsu, K.; Ito, S.; Yamashita, T.; Jimbow, K.; Honda, H. 4-S-Cysteaminylphenol-loaded
magnetite cationic liposomes for combination therapy of hyperthermia with chemotherapy against malignant melanoma. Cancer
Sci. 2007, 98, 424–430. [CrossRef]

45. Jimbow, K.; Takada, T.; Osai, Y.; Thomas, P.D.; Sato, M.; Sato, A.; Kamiya, T.; Ono, I.; Tamura, Y.; Sato, N.; et al. Melanogenesis
exploitation and melanoma nanomedicine: Utilization of melanogenesis substrate, NPrCAP for exploiting melanoma-targeting
drug and its conjugation with magnetite nanoparticles for developing melanoma chemo-thermo-immunotherapy. Open Conf.
Proc. J. 2011, 2, 5–16. [CrossRef]

46. Jimbow, K.; Tamura, Y.; Yoneta, A.; Kamiya, T.; Ono, I.; Yamashita, T.; Ito, A.; Honda, H.; Wakamatsu, K.; Ito, S.; et al. Conjugation of
magnetic nanoparticles with melanogenesis substrate, NPrCAP provides melanoma targeted, in situ peptide vaccine immunotherapy
through HSP production by chemo-thermotherapy. J. Biomater. Nanobiotechnol. 2012, 3, 140–153. [CrossRef]

47. Mizote, Y.; Wakamatsu, K.; Ito, S.; Uenaka, A.; Ohue, Y.; Kurose, K.; Isobe, M.; Ito, A.; Tamura, Y.; Honda, H.; et al. TLR4 and
NLRP3 inflammasome activation in monocytes by N-propionyl cysteaminylphenol-maleimide-dextran (NPCMD). J. Dermatol.
Sci. 2014, 73, 209–215. [CrossRef] [PubMed]

48. Tamura, Y.; Ito, A.; Wakamatsu, K.; Kamiya, T.; Torigoe, T.; Honda, H.; Yamashita, T.; Uhara, H.; Ito, S.; Jimbow, K. Immunomodu-
lation of melanoma by chemo-thermo-immunotherapy using conjugates of melanogenesis substrate NPrCAP and magnetite
nanoparticles: A review. Int, J. Mol. Sci. 2022, 23, 6457. [CrossRef]

49. Pawelek, J.M.; Lerner, A.B. 5,6-Dihydroxyindole is a melanin precursor showing potent cytotoxicity. Nature 1978, 276, 626–628. [CrossRef]
50. Kreider, J.W.; Wade, D.R.; Rosenthal, M.; Densley, T. Maturation and differentiation of B16 melanoma cells induced by theophylline

treatment. J. Natl. Cancer Inst. 1975, 54, 1457–1467. [CrossRef]
51. Pawelek, J.; Wong, G.; Sansone, M.; Morowitz, J. Molecular biology of pigment cells. Molecular controls in mammalian

pigmentation. Yale J. Biol. Med. 1973, 46, 430–443. [PubMed]
52. Wick, M.M.; Kramer, R.A.; Gorman, M. Enhancement of L-dopa incorporation into melanoma by dopa decarboxylase inhibition.

J. Investig. Dermatol. 1978, 70, 358–360. [CrossRef] [PubMed]
53. Wick, M.M.; Frei, E., 3rd. Selective incorporation of L-3,4-dihydroxyphenylalanine by S-91 Cloudman melanoma in vitro. Cancer

Res. 1977, 37, 2123–2125. [PubMed]
54. Wick, M.M. L-Dopa methyl ester as a new antitumour agent. Nature 1977, 269, 512–513. [CrossRef] [PubMed]
55. Wick, M.M. Dopamine: A novel antitumor agent active against B-16 melanoma in vivo. J. Investig. Dermatol. 1978, 71, 163–164.

[CrossRef] [PubMed]
56. Wick, M.M. The chemotherapy of malignant melanoma. J. Investig. Dermatol. 1983, 80 (Suppl. S1), 61s–62s. [CrossRef]
57. Wick, M.M.; Byers, L.; Ratliff, J. Selective toxicity of 6-hydroxydopa for melanoma cells. J. Investig. Dermatol. 1977, 72, 67–69.

[CrossRef]
58. Fujita, K.; Ito, S.; Inoue, S.; Yamamoto, Y.; Takeuchi, J.; Shamoto, M.; Nagatsu, T. Selective toxicity of 5-S-cysteinyldopa, a melanin

precursor, to tumor cells in vitro and in vivo. Cancer Res. 1980, 40, 2543–2546. [PubMed]
59. Graham, D.G.; Tiffany, S.M.; Bell, W.R., Jr.; Gutknecht, W.F. Autoxidation versus covalent binding of quinones as the mechanism

of toxicity of dopamine, 6-hydroxydopamine, and related compounds toward C1300 neuroblastoma cells in vitro. Mol. Pharmacol.
1978, 14, 644–653. [PubMed]

60. Ito, S.; Inoue, S.; Fujita, K. The mechanism of toxicity of 5-S-cysteinyldopa to tumour cells. Hydrogen peroxide as a mediator of
cytotoxicity. Biochem. Pharmacol. 1983, 32, 2079–2081. [CrossRef]

61. Pankovich, J.M.; Jimbow, K. Tyrosine transport in a human melanoma cell line as a basis for selective transport of cytotoxic
analogues. Biochem. J. 1991, 280, 721–725. [CrossRef]

62. Nakamura, T.; Seki, S.; Matsubara, O.; Ito, S.; Kasuga, T. Specific incorporation of 4-S-cysteinylphenol into human melanoma cells.
J. Investig. Dermatol. 1988, 90, 725–728. [CrossRef] [PubMed]

63. Liu, W.-Y.; Lin, C.-C.; Hsieh, Y.-S.; Wu, Y.-T. Nanoformulation development to improve the biopharmaceutical properties of fisetin
using design of experiment approach. Molecules 2021, 26, 3031. [CrossRef] [PubMed]

64. Lant, N.J.; McKeown, P.; Kelland, L.R.; Rogers, P.M.; Robins, D.J. Synthesis and antimelanoma activity of analogues of N-acetyl-4-
S-cysteaminylphenol. Anticancer. Drug Des. 2000, 15, 295–302. [PubMed]

65. Lant, N.J.; McKeown, P.; Timoney, M.C.; Kelland, L.R.; Rogers, P.M.; Robins, D.J. Synthesis and anti-melanoma activity of
analogues of N-acetyl-4-S-cysteaminylphenol substituted with two methyl groups alpha to the nitrogen. Anticancer. Drug Des.
2001, 6, 49–55. [PubMed]

66. Pearson, V.C.; Ferguson, J.; Rogers, P.M.; Kelland, L.R.; Robins, D.J. Synthesis and antimelanoma activity of tertiary amide
analogues of N-acetyl-4-S-cysteaminylphenol. Oncol. Res. 2003, 13, 503–512. [CrossRef]

67. Ferguson, J.; Rogers, P.M.; Kelland, L.R.; Robins, D.J. Synthesis and antimelanoma activity of sterically congested tertiary amide
analogues of N-acetyl-4-S-cysteaminylphenol. Oncol. Res. 2005, 15, 87–94. [CrossRef] [PubMed]

68. Nicoll, K.; Robertson, J.; Lant, N.; Kelland, L.R.; Rogers, P.M.; Robins, D.J. Synthesis and antimelanoma activity of reversed amide
analogues of N-acetyl-4-S-cysteaminylphenol. Oncol. Res. 2006, 16, 97–106. [CrossRef]

69. Granada, M.; Mendes, E.; Perry, M.J.; Penetra, M.J.; Gaspar, M.M.; Pinho, J.O.; Serra, S.; António, C.T.; Francisco, A.P. Sulfur
Analogues of Tyrosine in the Development of Triazene Hybrid Compounds: A New Strategy against Melanoma. ACS Med. Chem.
Lett. 2021, 12, 1669–1677. [CrossRef]

http://doi.org/10.1111/j.1349-7006.2006.00382.x
http://doi.org/10.2174/2210289201102010005
http://doi.org/10.4236/jbnb.2012.32020
http://doi.org/10.1016/j.jdermsci.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24315204
http://doi.org/10.3390/ijms23126457
http://doi.org/10.1038/276627a0
http://doi.org/10.1093/jnci/54.6.1457
http://www.ncbi.nlm.nih.gov/pubmed/4360458
http://doi.org/10.1111/1523-1747.ep12543559
http://www.ncbi.nlm.nih.gov/pubmed/649984
http://www.ncbi.nlm.nih.gov/pubmed/861938
http://doi.org/10.1038/269512a0
http://www.ncbi.nlm.nih.gov/pubmed/909598
http://doi.org/10.1111/1523-1747.ep12546959.1
http://www.ncbi.nlm.nih.gov/pubmed/681787
http://doi.org/10.1038/jid.1983.16
http://doi.org/10.1111/1523-1747.ep12530286
http://www.ncbi.nlm.nih.gov/pubmed/6771000
http://www.ncbi.nlm.nih.gov/pubmed/567274
http://doi.org/10.1016/0006-2952(83)90429-X
http://doi.org/10.1042/bj2800721
http://doi.org/10.1111/1523-1747.ep12560926
http://www.ncbi.nlm.nih.gov/pubmed/3361142
http://doi.org/10.3390/molecules26103031
http://www.ncbi.nlm.nih.gov/pubmed/34069585
http://www.ncbi.nlm.nih.gov/pubmed/11200505
http://www.ncbi.nlm.nih.gov/pubmed/11762644
http://doi.org/10.3727/000000003108748027
http://doi.org/10.3727/096504005775082048
http://www.ncbi.nlm.nih.gov/pubmed/16119006
http://doi.org/10.3727/000000006783981206
http://doi.org/10.1021/acsmedchemlett.1c00252


Cancers 2022, 14, 5588 24 of 26

70. Ramsden, C.A.; Riley, P.A. Tyrosinase: The four oxidation states of the active site and their relevance to enzymatic activation,
oxidation and inactivation. Bioorg. Med. Chem. 2014, 22, 2388–2395. [CrossRef]

71. Tse, D.C.; McCreery, R.L.; Adams, R.N. Potential oxidative pathways of brain catecholamines. J. Med. Chem. 1976, 19, 37–40.
[CrossRef]

72. Tanaka, H.; Yamashita, Y.; Umezawa, K.; Hirobe, T.; Ito, S.; Wakamatsu, K. The pro-oxidant activity of pheomelanin is significantly
enhanced by UVA irradiation: Benzothiazole moieties are more reactive than benzothiazine moieties. Int. J. Mol. Sci. 2018, 19,
2889. [CrossRef] [PubMed]

73. Alena, F.; Dixon, W.; Thomas, P.; Jimbow, K. Glutathione plays a key role in the depigmenting and melanocytotoxic action of
N-acetyl-4-S-cysteaminylphenol in black and yellow hair follicles. J. Investig. Dermatol. 1995, 104, 792–797. [CrossRef] [PubMed]

74. Alena, F.; Iwashina, T.; Gili, A.; Jimbow, K. Selective in vivo accumulation of N-acetyl-4-S-cysteaminylphenol in B16F10 murine
melanoma and enhancement of its in vitro and in vivo antimelanoma effect by combination of buthionine sulfoximine. Cancer
Res. 1994, 54, 2661–2666. [PubMed]

75. Ito, S.; Kato, T.; Fujita, K. Covalent binding of catechols to proteins through the sulphydryl group. Biochem. Pharmacol. 1988, 37,
1707–1710. [CrossRef]

76. Prezioso, J.A.; Wang, N.; Bloomer, W.D. Thymidylate synthase as a target enzyme for the melanoma-specific toxicity of 4-S-
cysteaminylphenol and N-acetyl-4-S-cysteaminylphenol. Cancer Chemother. Pharmacol. 1992, 30, 394–400. [CrossRef]

77. Ito, S.; Kato, T.; Ishikawa, K.; Kasuga, T.; Jimbow, K. Mechanism of selective toxicity of 4-S-cysteinylphenol and 4-S-
cysteaminylphenol to melanocytes. Biochem. Pharmacol. 1987, 36, 2007–2011. [CrossRef]

78. Penning, T.M. Genotoxicity of ortho-quinones: Reactive oxygen species versus covalent modification. Toxicol. Res. 2017, 6, 740–754.
[CrossRef]

79. Dunsmore, L.; Navo, C.D.; Becher, J.; de Montes, E.G.; Guerreiro, A.; Hoyt, E.; Brown, L.; Zelenay, V.; Mikutis, S.; Copper, J.; et al.
Controlled masking and targeted release of redox-cycling ortho-quinones via a C-C bond-cleaving 1,6-elimination. Nat. Chem.
2022, 14, 754–765. [CrossRef]

80. Gutierrez, P.L. The metabolism of quinone-containing alkylating agents: Free radical production and measurement. Front. Biosci.
2000, 5, D629–D638. [CrossRef]

81. Mascagna, D.; Costantini, C.; d’Ischia, M.; Prota, G. Biomimetic oxidation of the antimelanoma agent 4-S-cysteaminylphenol
and related catechol thioethers: Isolation and reaction behaviour of novel dihydrobenzothiazinequinones. Tetrahedron 1994, 50,
8757–8764. [CrossRef]

82. Hasegawa, K.; Ito, S.; Inoue, S.; Wakamatsu, K.; Ozeki, H.; Ishiguro, I. Dihydro-1,4-benzothiazine-6,7-dione, the ultimate toxic
metabolite of 4-S-cysteaminylphenol and 4-S-cysteaminylcatechol. Biochem. Pharmacol. 1997, 53, 1435–1444. [CrossRef]

83. Mishima, Y.; Kondoh, H. Dual control of melanogenesis and melanoma growth: Overview molecular to clinical level and the
reverse. Pigment Cell Res. 2000, 13 (Suppl. S8), 10–22. [CrossRef] [PubMed]

84. Mishima, Y.; Ichihashi, M.; Tsuji, M.; Hatta, S.; Ueda, M.; Honda, C.; Suzuki, T. Treatment of malignant melanoma by selective
thermal neutron capture therapy using melanoma-seeking compound. J. Investig. Dermatol. 1989, 92 (Suppl. S5), 321S–325S.
[CrossRef] [PubMed]

85. Tsuji, M.; Ichihashi, M.; Mishima, Y. Selective affinity of 10B1-paraboronophenylalanine-HCl to malignant melanoma: Thermal
neutron capture therapy. Hihon Hifuka Gakkai Zasshi 1983, 93, 773–778. [PubMed]

86. Takagaki, M.; Mishima, Y.; Ichihashi, M.; Fukuda, H.; Matsuzawa, T. Imaging of Boron-10 distribution in tissue and its quantitative
analysis using α-track autoradiography. KURRI-TR 1985, 260, 69–72.

87. Tamauchi, H.; Tamaoki, N.; Ueda, M.; Mishima, Y. Therapeutic model in nude mice carrying transplanted human melanoma line:
Studies of selective thermal neutron capture therapy. KURRI-TR 1985, 260, 91–93.

88. Karashima, H.; Hiratsuka, J.; Mishima, Y. Clinical dosimetry using human phantom with skeletal bone for thermal neutron
capture therapy. KURRI-TR 1985, 260, 63–67.

89. Mishima, Y.; Ichihashi, M.; Hatta, S.; Honda, C.; Yamamura, K.; Nakagawa, T. New thermal neutron capture therapy for malignant
melanoma: Melanogenesis-seeking 10B molecule-melanoma cell interaction from in vitro to first clinical trial. Pigment Cell Res.
1989, 2, 226–234. [CrossRef]

90. Fukuda, H. Boron neutron capture therapy (BNCT) for cutaneous malignant melanoma using 10B-p-boronophenylalanine (BPA)
with special reference to the radiobiological basis and clinical results. Cells 2021, 10, 2881. [CrossRef]

91. Fukuda, H.; Hiratsuka, J.; Kobayashi, T.; Sakurai, Y.; Yoshino, K.; Karashima, H.; Turu, K.; Araki, K.; Mishima, Y.; Ichihashi, M.
Boron neutron capture therapy (BNCT) for malignant melanoma with special reference to absorbed doses to the normal skin and
tumor. Australas. Phys. Eng. Sci. Med. 2003, 26, 97–103. [CrossRef]

92. Busse, P.M.; Zamenhof, R.; Madoc-Jones, H.; Solares, G.; Kiger, S.; Reley, K.; Chung, C.; Roger, G.; Harling, O. Clinical follow-up
of patients with melanoma of the extremity treated in a phase I boron neutron capture therapy protocol. In Advances in Neutron
Capture Therapy; Larsson, B., Crawford, J., Weinreich, R., Eds.; Elsevier: Amsterdam, The Netherlands, 1997; Volume 1, pp. 60–64.
ISBN 0-444-82781-1.

93. Menéndez, P.R.; Roth, B.M.C.; Pereira, M.D.; Casal, M.R.; González, S.J.; Feld, D.B.; Santa Cruz, G.A.; Kessler, J.; Longhino, J.;
Blaumann, H.; et al. BNCT for skin melanoma in extremities: Updated Argentine clinical results. Appl. Radiat. Isot 2009, 67 (Suppl.
S7–S8), s50–s53. [CrossRef]

http://doi.org/10.1016/j.bmc.2014.02.048
http://doi.org/10.1021/jm00223a008
http://doi.org/10.3390/ijms19102889
http://www.ncbi.nlm.nih.gov/pubmed/30249034
http://doi.org/10.1111/1523-1747.ep12606994
http://www.ncbi.nlm.nih.gov/pubmed/7738358
http://www.ncbi.nlm.nih.gov/pubmed/8168094
http://doi.org/10.1016/0006-2952(88)90432-7
http://doi.org/10.1007/BF00689968
http://doi.org/10.1016/0006-2952(87)90501-6
http://doi.org/10.1039/C7TX00223H
http://doi.org/10.1038/s41557-022-00964-7
http://doi.org/10.2741/gutier
http://doi.org/10.1016/S0040-4020(01)85349-7
http://doi.org/10.1016/S0006-2952(97)00075-0
http://doi.org/10.1034/j.1600-0749.13.s8.6.x
http://www.ncbi.nlm.nih.gov/pubmed/11041353
http://doi.org/10.1038/jid.1989.91
http://www.ncbi.nlm.nih.gov/pubmed/2497193
http://www.ncbi.nlm.nih.gov/pubmed/6620640
http://doi.org/10.1111/j.1600-0749.1989.tb00196.x
http://doi.org/10.3390/cells10112881
http://doi.org/10.1007/BF03178777
http://doi.org/10.1016/j.apradiso.2009.03.020


Cancers 2022, 14, 5588 25 of 26

94. 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] [PubMed]

95. Yoshino, K.; Okamoto, M.; Kakihana, H.; Mori, Y.; Mishima, Y.; Ichihashi, M.; Tsuji, M.; Nakanishi, T. Study of melanoma seeking
agent 10B1-p-boronophenylalanine·HC1 by chemical determination of trace boron in biological materials. KURRI-TR 1985, 260,
233–245.

96. Tsuboi, T.; Kondoh, H.; Hiratsuka, J.; Mishima, Y. Enhanced melanogenesis induced by tyrosinase gene-transfer increases
boron-uptake and killing effect of boron neutron capture therapy for amelanotic melanoma. Pigment Cell Res. 1998, 11, 275–282.
[CrossRef] [PubMed]

97. Ito, A.; Shinkai, M.; Honda, H.; Kobayashi, T. Medical application of functionalized magnetic nanoparticles. J. Biosci. Bioeng. 2005,
100, 1–11. [CrossRef] [PubMed]

98. Reimer, P.; Balzer, T. Ferucarbotran (Resovist): A new clinically approved RES-specific contrast agent for contrast-enhanced MRI
of the liver: Properties, clinical development, and applications. Eur. Radiol. 2003, 13, 1266–1276. [CrossRef]

99. Castellanos-Rubio, I.; Rodrigo, I.; Olazagoitia-Garmendia, A.; Arriortua, O.; de Muro, I.G.; Garitaonandia, J.S.; Bilbao, J.R.; Fdez-
Gubieda, M.L.; Plazaola, F.; Orue, I.; et al. Highly reproducible hyperthermia response in water, agar, and cellular environment
by discretely PEGylated magnetite nanoparticles. ACS Appl. Mater. Interfaces. 2020, 12, 27917–27929. [CrossRef]

100. Chen, L.; Xu, Z.; Jiang, M.; Zhang, C.; Wang, X.; Xiang, L. Light-emitting diode 585 nm photomodulation inhibiting melanin
synthesis and inducing autophagy in human melanocytes. J. Dermatol Sci. 2018, 89, 11–18. [CrossRef]

101. Sato, A.; Tamura, Y.; Sato, N.; Yamashita, T.; Takada, T.; Sato, M.; Osai, Y.; Okura, M.; Ono, I.; Ito, A.; et al. Melanoma-targeted
chemo-thermo-immuno (CTI)-therapy using N-propionyl-4-S-cysteaminylphenol-magnetite nanoparticles elicits CTL response
via heat shock protein-peptide complex release. Cancer Sci. 2010, 101, 1939–1946. [CrossRef]

102. Takada, T.; Yamashita, T.; Sato, M.; Sato, A.; Ono, I.; Tamura, Y.; Sato, N.; Miyamoto, A.; Ito, A.; Honda, H.; et al. Growth inhibition
of re-challenge B16 melanoma transplant by conjugates of melanogenesis substrate and magnetite nanoparticles as the basis for
developing melanoma-targeted chemo-thermo-immunotherapy. J. Biomed. Biotechnol. 2009, 2009, 457936. [CrossRef]

103. Ito, A.; Shinkai, M.; Honda, H.; Yoshikawa, K.; Saga, S.; Wakabayashi, T.; Yoshida, J.; Kobayashi, T. Heat shock protein 70
expression induces antitumor immunity during intracellular hyperthermia using magnetite nanoparticles. Cancer Immunol.
Immunother. 2003, 52, 80–88. [CrossRef]

104. Ito, A.; Shinkai, M.; Hinda, H.; Wakabayashi, T.; Yoshida, J.; Kobayashi, T. Augmentation of MHC class I antigen presentation via
heat shock protein expression by hyperthermia. Cancer Immunol. Immunother. 2001, 50, 512–522. [CrossRef]

105. Sato, M.; Yamashita, T.; Ohkura, M.; Osai, Y.; Sato, A.; Takada, T.; Matsusaka, H.; Ono, I.; Tamura, Y.; Sato, N.; et al. N-propionyl-
cysteaminylphenol-magnetite conjugate (NPrCAP/M) is a nanoparticle for the targeted growth suppression of melanoma cells. J.
Investig. Dermatol. 2009, 129, 2233–2241. [CrossRef]

106. Basu, S.; Binder, R.J.; Ramalingam, T.; Srivastava, P.K. CD91 is a common receptor for heat shock proteins gp96, hsp90, hsp70, and
calreticulin. Immunity 2001, 14, 303–313. [CrossRef]

107. Binder, R.J.; Srivastava, P.K. Essential role of CD91 in re-presentation of gp96-chaperoned peptides. Proc. Natl. Acad. Sci. USA
2004, 101, 6128–6133. [CrossRef]

108. Basu, S.; Binder, R.J.; Suto, R.; Anderson, K.M.; Srivastava, P.K. Necrotic but not apoptotic cell death releases heat shock proteins,
which deliver a partial maturation signal to dendritic cells and activate the NF-kappa B pathway. Int. Immunol. 2000, 12,
1539–1546. [CrossRef]

109. Tamura, Y.; Yoneda, A.; Takei, N.; Sawada, K. Spatiotemporal regulation of Hsp90-ligand complex leads to immune activation.
Front. Immunol. 2016, 7, 201. [CrossRef]

110. Kato, J.; Uhara, H. Immunotherapy for advanced melanoma: Current situation in Japan. Jpn. J. Clin. Oncol. 2021, 51, 3–9.
[CrossRef]

111. Luke, J.J.; Rutkowski, P.; Queirolo, P.; Del Vecchio, M.; Mackiewicz, J.; Chiarion-Sileni, V.; de la Cruz Merino, L.; Khattak, M.A.;
Schadendorf, D.; Long, G.V.; et al. Pembrolizumab versus placebo as adjuvant therapy in completely resected stage IIB or IIC
melanoma (KEYNOTE-716): A randomised, double-blind, phase 3 trial. Lancet 2022, 399, 1718–1729. [CrossRef]

112. Schreiber, R.D.; Old, L.J.; Smyth, M.J. Cancer immunoediting: Integrating immunity’s roles in cancer suppression and promotion.
Science 2011, 331, 1565–1570. [CrossRef]

113. Basak, E.A.; Vermeer, N.S.; de Joode, K.; Hurkmans, D.P.; Velthuis, D.E.M.; Oomen-de Hoop, E.; Schreurs, M.W.J.; Bins, S.; Koolen,
S.L.W.; Debets, R.; et al. Associations between patient and disease characteristics and severe adverse events during immune
checkpoint inhibitor treatment: An observational study. Eur. J. Cancer 2022, 174, 113–120. [CrossRef] [PubMed]

114. Robert, C.; Thomas, L.; Bondarenko, I.; O’Day, S.; Weber, J.; Garbe, C.; Lebbe, C.; Baurain, J.-F.; Testori, A.; Grob, J.-J.; et al.
Ipilimumab plus dacarbazine for previously untreated metastatic melanoma. N. Engl. J. Med. 2011, 364, 2517–2526. [CrossRef]
[PubMed]

115. Bertrand, A.; Kostine, M.; Barnetche, T.; Truchetet, M.-E.; Schaeverbeke, T. Immune related adverse events associated with
anti-CTLA-4 antibodies: Systematic review and meta-analysis. BMC. Med. 2015, 13, 211. [CrossRef] [PubMed]

116. Wolchok, J.D.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.-J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. Long-term outcomes with Nivolumab plus Ipilimumab or Nivolumab alone versus Ipilimumab in patients
with advanced melanoma. J. Clin. Oncol. 2022, 40, 127–137. [CrossRef]

http://doi.org/10.1093/jrr/rraa068
http://www.ncbi.nlm.nih.gov/pubmed/32990318
http://doi.org/10.1111/j.1600-0749.1998.tb00736.x
http://www.ncbi.nlm.nih.gov/pubmed/9877098
http://doi.org/10.1263/jbb.100.1
http://www.ncbi.nlm.nih.gov/pubmed/16233845
http://doi.org/10.1007/s00330-002-1721-7
http://doi.org/10.1021/acsami.0c03222
http://doi.org/10.1016/j.jdermsci.2017.10.001
http://doi.org/10.1111/j.1349-7006.2010.01623.x
http://doi.org/10.1155/2009/457936
http://doi.org/10.1007/s00262-002-0335-x
http://doi.org/10.1007/s00262-001-0233-7
http://doi.org/10.1038/jid.2009.39
http://doi.org/10.1016/S1074-7613(01)00111-X
http://doi.org/10.1073/pnas.0308180101
http://doi.org/10.1093/intimm/12.11.1539
http://doi.org/10.3389/fimmu.2016.00201
http://doi.org/10.1093/jjco/hyaa188
http://doi.org/10.1016/S0140-6736(22)00562-1
http://doi.org/10.1126/science.1203486
http://doi.org/10.1016/j.ejca.2022.07.015
http://www.ncbi.nlm.nih.gov/pubmed/35988409
http://doi.org/10.1056/NEJMoa1104621
http://www.ncbi.nlm.nih.gov/pubmed/21639810
http://doi.org/10.1186/s12916-015-0455-8
http://www.ncbi.nlm.nih.gov/pubmed/26337719
http://doi.org/10.1200/JCO.21.02229


Cancers 2022, 14, 5588 26 of 26

117. Hamid, O.; Robert, C.; Daud, A.; Hodi, F.S.; Hwu, W.J.; Kefford, R.; Wolchok, J.D.; Hersey, P.; Joseph, R.; Weber, J.S.; et al. Five-year
survival outcomes for patients with advanced melanoma treated with pembrolizumab in KEYNOTE-001. Ann. Oncol. 2019, 30,
582–588. [CrossRef]

118. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.; Smylie, M.; Rutkowski,
P.; et al. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N. Engl. J. Med. 2015, 373, 23–34.
[CrossRef]

119. Jimbow, K.; Szabo, G.; Fitzpatrick, T.B. Ultrastructural investigation of autophagocytosis of melanosomes and programmed death
of melanocytes in White Leghorn feathers: A study of morphogenetic events leading to hypomelanosis. Dev. Biol. 1974, 36, 8–23.
[CrossRef]

120. Riley, P.A. Melanogenesis: A realistic target for antimelanoma therapy? Eur. J. Cancer 1991, 27, 1172–1177. [CrossRef]
121. Wei, S.C.; Duffy, C.R.; Allison, J.P. Fundamental mechanisms of immune checkpoint blockade therapy. Cancer Discov. 2018, 8,

1069–1086. [CrossRef]
122. Moy, A.J.; Tunnell, J.W. Combinatorial immunotherapy and nanoparticle mediated hyperthermia. Adv. Drug Deliv. Rev. 2017, 114,

175–183. [CrossRef]
123. Chao, Y.; Chen, G.; Liang, C.; Xu, J.; Dong, Z.; Han, X.; Wang, C.; Liu, Z. Iron nanoparticles for low-power local magnetic

hyperthermia in combination with immune checkpoint blockade for systemic antitumor therapy. Nano Lett. 2019, 19, 4287–4296.
[CrossRef] [PubMed]

124. Lu, H. TLR agonists for cancer immunotherapy: Tipping the balance between the immune stimulatory and inhibitory effects.
Front. Immunol. 2014, 5, 83. [CrossRef] [PubMed]

http://doi.org/10.1093/annonc/mdz011
http://doi.org/10.1056/NEJMoa1504030
http://doi.org/10.1016/0012-1606(74)90187-0
http://doi.org/10.1016/0277-5379(91)90319-9
http://doi.org/10.1158/2159-8290.CD-18-0367
http://doi.org/10.1016/j.addr.2017.06.008
http://doi.org/10.1021/acs.nanolett.9b00579
http://www.ncbi.nlm.nih.gov/pubmed/31132270
http://doi.org/10.3389/fimmu.2014.00083
http://www.ncbi.nlm.nih.gov/pubmed/24624132

	Introduction: Overall View of Melanogenesis Cascade to Develop Novel Antimelanoma Approaches by Exploiting Melanogenesis-Based Small Molecules 
	Advances in Anti-Melanoma Targeted Small Molecules and Mechanisms in Relation to the Melanogenesis Cascade 
	Chemotherapeutic Approaches Using the Initial Step of Melanogenesis: Tyrosine, Dopa and Their Analogues 
	Mechanism of Anti-Melanoma Action in Relation to the Melanogenesis Cascade 

	Thermal Medicine for Selective Anti-Melanoma Therapy Utilizing Melanogenesis Small Molecules 
	Melanogenesis Molecule-Based Boron Neutron Thermal Medicine: Reaction of Thermal Neutrons with Boron 10 Conjugated to Dopa Analogue Para-Boronophenylalanine Hydrochloride (10B1-BPA) 
	Melanogenesis-Based Antimelanoma Thermal Medicine by Conjugation with Magnetite Nanoparticles; Establishment of Melanoma Chemo-Thermo-Immunotherapy (CTI Therapy) 

	Anti-Melanoma Approach for Unresectable/Metastatic Melanoma Patients by Currently Available Targeted Therapies and Immune Checkpoint Inhibitors 
	Ipilimumab 
	Anti-PD-1 Antibodies: Nivolumab and Pembrolizumab 

	Summary and Conclusions 
	References

