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ABSTRACT

Our aim was to assess the long-term clinical outcome of boron neutron capture therapy (BNCT) using '°B-para-
boronophenylalanine (BPA) as the boron delivery agent for cutaneous melanoma. Eight patients (eight lesions) were
treated between October 2003 and April 2014. Their ages ranged from 48 to 86 years at the time of treatment. All
of the targets were primary lesions and they were located on the sole or face. No patient had evidence of regional
lymph node involvement, distant metastases or an active secondary cancer. The clinical stage was cT'1-2NOMO and
performance scores were <2. BNCT was carried out at the Kyoto University Research Reactor (KUR). The patients
were irradiated with an epithermal neutron beam between the curative tumor dose and the tolerable skin dose. Eight
patients were evaluated and six showed a complete response (CR), while two patients had a partial response (PR).
Of the two patients with a PR, one has remained a PR with brown spots persisting for 7.5 years following BNCT.
The tumor in the other patient recurred after 6 years at the site of persisting brown macula. The overall control rate
(CR + PRwithout recurrence) for the cohort was 88% (7/8). There have never been any adverse events > Grade 2 for
the long follow-up period. Our results suggest that BNCT may be a promising treatment modality in the management

of early stage cutaneous melanoma when wide local excision is not feasible.
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INTRODUCTION

Melanomas are malignant tumors arising from melanocytes, which are
pigmented cells. Melanoma that occurs on the skin, known as cuta-
neous melanoma, is the most common type. The recommended treat-
ment for cutaneous melanoma is wide surgical excision of the lesion
with or without lymph node dissection, reconstruction with a skin graft
or skin flap, and more recently, treatment with neoadjuvant chemoim-
munotherapy [ 1, 2]. Although wide surgical excision remains the stan-
dard procedure, it is a highly invasive procedure, especially in older
patients, and it may lead to a variety of functional, esthetic and psycho-
logical problems that result in a poor quality of life (QOL). Alternative
treatment modalities, such as topical chemotherapy, immunotherapy
and carbonion or proton radiotherapy have been administered for local
control when wide local excision is not feasible [3, 4].

In 1973, an experimental study of boron neutron capture ther-
apy (BNCT) for malignant melanoma was initiated by Mishima and
colleagues (Kobe University group). They first proposed employing

BNCT for melanomas utilizing the specific melanin synthesis activity
of melanoma cells. For this purpose, they first proposed employing
BNCT using '"B-chlorpromazine as a boron carrier [S]. Subsequently,
1°B-para-boronophenylalanine (BPA) was re-evaluated by the group
[6]. BPA is selectively absorbed by melanoma cells and exhibits a high
tumor to normal skin boron concentration ratio. After 15 years of
basic research, this group initiated the first clinical study in 1987 for
BNCT of cutaneous melanoma using BPA [7-13]. They also reported
the radiation dose and local response of melanoma cases treated with
BNCT between 1987 and 2001 [14]. Several groups [15-20] around
the world have initiated the BNCT procedure following its develop-
ment in the Japanese clinical study. Each group developed its own
protocol and primary end point, however, the number of melanoma
patients treated with BNCT has been too small. This is because surgical
excision is considered to be the most effective and curative therapy
for melanoma, which is known for having a high tolerance to irradia-

tion. For the above reasons, there has been no literature regarding the
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Table 1. Patient information and tumor characteristics

Patient No.  Age, years/gender WHO PS* Site of primary tumor and ~ Clinical stage Largest black macula (cm)
subtype of histology
1 72/M? 2 Sole ALM T1aNOMO 2.5
2 85/F 1 Sole ALM T2aNOMO 2.5
3 85/F 2 Sole ALM T2aNOMO 42
4 71/F 1 Sole ALM T1aNOMO 2.8
N 81/F 1 Sole ALM T1aNOMO S.5
6 48/F 1 Sole ALM T1aNOMO 5.5
7 86/F 1 Face LMM T1aNOMO 83
8 84/F 1 Face LMM T1aNOMO 3.5
M = male, F = female.
PPS = performance status.
long-term local response and survival of melanoma patients following BPA (1°B)
80mg/kg/hr iv (2hr) 40mg/kg/hr iv

BNCT. Using the research reactor, we initiated melanoma BNCT using
the newly administered schedule of BPA and an epithermal neutron
beam, beginning in 2003. We report the long-term clinical outcome
of eight patients with cutaneous melanomas treated by BNCT alone.
Although the patients in this study had received BNCT as an alternative
therapy and as a therapeutic application for specific cases, and not
as a prospective clinical trial, these results represent the first report
that describes the long-term outcome of cutaneous melanoma patients
treated with BNCT.

MATERIALS AND METHODS
Patients

Eight patients (eight lesions) with cutaneous melanoma were treated
with BNCT between October 2003 and April 2014. Patient infor-
mation and tumor characteristics are summarized in Table 1. Their
ages ranged from 48 to 86 years at the time of treatment. All of the
targets were primary lesions and they were located on the sole or
face. Their diagnoses were confirmed histologically. Six patients were
acral lentiginous melanoma (ALM) and two were lentigo maligna
melanoma (LMM). The tumors and pigment plaque were measured
by computed tomography (CT) scan, MRI, visual inspection or palpa-
tion immediately prior to BNCT. No patient had evidence of regional
lymph node involvement, distant metastases or an active secondary
cancer. The clinical stage was ¢T'1-2NOMO and performance scores
were <2. All patients had been referred to our institution to receive
BNCT as an alternative therapy and as a therapeutic application for
specific cases, because they had refused to consent to surgical exci-
sion or they were inoperable due to complications. Thus, BNCT was
first-line therapy for these patients. Patients gave informed consent
to undergo BNCT and approval for the study was obtained from the
Kawasaki Medical School and the Kyoto University Medical and Ethics
Committee.

BNCT
The BNCT protocol used in this study was based on the treatment
procedure developed by Mishima et al. [11, 14]. BNCT was carried
out at the Kyoto University Research Reactor (KUR) operating
at S MW of power using an epithermal neutron beam. For all patients, a
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Fig. 1. Patients were administered BPA-fructose complex
(BPA-F) at 80 mg/kg/h. intravenously (iv) for 2 h. After the
start of first administration of BPA, whole blood sampling was
performed at 1 and 2 h. Following blood sampling at 2 h,
neutron irradiation was started simultaneously with the start of
the second administration of BPA at 40 mg/kg/h. Neutron
irradiation was carried out during the last hour during infusion
of BPA-F. At the same time as finishing irradiation, continuous
infusion of BPA was ended.

10 mm thick plate, composed of human body equivalent material, was
placed over the area to be irradiated in order to increase the thermalized
neutron dose delivered to these superficial tumors. ’B-Enriched L-
BPA, purchased from Interpharma Praha (Prague, Czech Republic),
was used as the boron delivery agent. All patients were administered
with BPA—fructose complex (BPA-F), which is more soluble in water
than hydrochloride [8], at 80 mg/kg/h intravenously for 2 h. After
the start of first administration of BPA, whole blood sampling was
performedat 1 and 2 h, and '°B concentration was measured by prompt
gamma-ray analysis [21]. Following blood sampling at 2 h, neutron
irradiation was started simultaneously with the start of the second
administration of BPA at 40 mg/kg/h. Neutron irradiation was carried
out during the last hour during infusion of BPA-F. At the same time as
finishing irradiation, continuous infusion of BPA was ended (Fig. 1).

Venous blood was drawn just before neutron beam irradiation.
Fukuda et al. reported melanoma-to-blood and skin-to-blood boron
concentration ratios obtained from patients who underwent surgi-
cal operations or skin biopsies in 1999 [22]. We applied these val-
ues. Boron concentration in melanoma and normal skin were esti-
mated from the blood data and multiplied by factors of 3.0 and1.3,
respectively [22].



Table 2. RBE and CBE factors used for conversion of
physical dose (Gy) into photon-equivalent dose (Gy-eq)

BNCT dose components Tumor Skin
9B (n, or)"Li 3.8 2.8
“N (n,p)**C 3.0 3.0
Ganma-ray 1.0 1.0

Gold wires and small thermoluminescence detectors (TLD) of
magnesium ortho-silicate (Mg, SiO,) were used for the measurement
of neutron fluxand y -ray dose, respectively. These were attached to the
skin at the site of the radiation field for dosimetry. Lithium fluoride
(LiF) sheets (10 mm thick) were chosen as the collimator to shield
normal tissues from neutron irradiation. The radiation field included a
2-3 cm safety margin surrounding the visible lesions. We provided no
difference in the margin size between histological subtypes. All patients
received BNCT without anesthesia.

Dosimetry and absorbed dose calculation

BNCT consists of mixed radiation fields that differ in their linear
energy transfer (LET). The total radiation dose in Gy, delivered to any
tissue, can be expressed in Gy-equivalent (Gy-eq) units as the sum
of each of the high LET dose components multiplied by the relative
biological effectiveness (RBE), and more specifically, the compound
biological effectiveness (CBE) factors [23, 24]. All absorbed doses
were expressed in Gy-eq units using these factors.

RBE and CBE factors [24-26] used for converting the physical
dose (Gy) to Gy-eq used in the BNCT clinical trial in Japan are shown
in Table 2. The time for neutron irradiation ranged from 30 to 60 min,
depending on the blood boron levels, tumor depth and the limiting
dose to the nearest critical organ. In order to keep side effects at a
minimum, neutron doses were restricted to not exceed the maximum
tolerable dose of the surrounding normal tissue.

The minimum dose for melanoma control in a single treatment
was estimated to be 25 Gy-eq. The maximum tolerable doses to the
skin in a single treatment were estimated to be 15 Gy-eq. A radiation
dose that was less than the maximum tolerable dose and greater than
the curative dose was selected. The Monte Carlo software package,
Simulation Environment for Radiotherapy Applications (SERA), was
used for dose planning [27].

Evaluation of local response and survival
Tumor response was graded as follows: a complete response (CR) was
considered as complete disappearance and regression of pigmented
plaque and tumor by visual inspection, CT scan or MRI, while a partial
response (PR) was designated if >50% disappearance and regression
of plaque and tumor occurred. Initial tumor response was determined
as the maximum reaction within 1 year following BNCT. Complication
of normal skin and pain was graded according to the Common Termi-
nology Criteria for Adverse Events (CTCAE) v.4.0. We evaluated the
tumor response every 3 months in the first year, and thereafter every
6 months. Acute skin responses included those arising within the first
3 months after BNCT. Late responses were defined as those developing
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Fig. 2. Case 3. (a) The appearance of the right sole with
melanoma prior to BNCT (cT2aNOMO). (b) The tumor was
reduced and dry erosion of the surrounding normal skin
appeared a month after BNCT. (c) The skin reaction improved
3 months after BNCT. (d) Black macula disappeared
completely after 9 months. The patient was pain-free when
walking. This complete response continued for 5.5 years until
her death at the age of 90 years.

>3 months after the treatment. A survival analysis was made in January
2020. The survival time was calculated from the time of BNCT.

RESULTS
Local control and survival
All patients were followed for at least 5.6 years after BNCT or until
death. No patients had been lost prior to follow-up. All patients showed
similar responses in melanoma and normal skin after BNCT. All lesions
gradually regressed along with depigmentation within a year. Of the
eight patients, six showed CR. Fig. 2 shows the tumor response of
case 3 with CR. Fig2a shows the appearance of the right sole with
melanoma prior to BNCT (¢T2aNOMO). The tumor was reduced and
dry erosion of the surrounding normal skin appeared a month after
BNCT (Fig2b). The skin reaction improved 3 months after BNCT
(Fig 2c). Black macula disappeared completely after 9 months. The
patient was pain-free when walking. This complete response continued
for 5.5 years until her death at the age of 90 years (Fig2d). Two
out of eight patients exhibited PR. Of the two patients with a PR,
one patient (case S) has maintained PR status with persistence of
brown spots for 7.5 years following BNCT. Fig. 3 shows the tumor
response of case S. Fig 3a shows the appearance of the left sole with
melanoma prior to BNCT (cT1aNOMO). The lesion contained a mixed
black/brown macula. After BNCT, black macula in the lesion had
completely disappeared, however, brown spots persisted for 7.5 years
(Fig 3b). In this case, there may be a strong possibility of clinical CR.
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Fig. 3. Case 5. (a) The appearance of the left sole with
melanoma prior to BNCT (cT1aNOMO). The lesion contained
a mixed black/brown macula. (b) Black macula in the lesion
had completely disappeared; however, brown spots persisted
for along time period (7.5 years).

The other patient (case 7) had tumor relapse after 6 years at the site
of persisting brown macula. Fig 4 shows the tumor response of case 7.
She developed facial melanoma (¢cT1aNOMO). The lesion contained
a mixed black/brown macula (Fig 4a). Black macula in the lesion had
completely disappeared, however, brown spots persisted for along time
after BNCT (Fig 4 b). She exhibited tumor relapse after 6 years at the
site of persisting brown macula (Fig 4 c).

As shown in Figs 24, black macula in the lesion had completely
disappeared. On the other hand, brown macula and spots have per-
sisted for a long time period. There have been no local recurrences
in the radiation field during follow-up except in case 7. The overall
control rate (CR + PR without recurrence) for the cohort was 88%
(7/8). Three patients died of pneumonia or advanced age with no
localrecurrence, whereas the remaining five patients are alive with good
QOL and activities of daily living (ADL). The clinical outcome for each
patient is shown in Table 3.

Complications
Acute responses generally consisted of edema, pigmentation and
erosion and required no pain killer. All of these effects subsequently
improved within several months. Late responses, such as ulceration or
necrosis did not occur during the long follow-up period. There have
never been any adverse events >Grade 2 (Table 3).

DISCUSSION
In this study, we assessed the long-term clinical outcome of BNCT
for cutaneous melanoma. Of the eight, six patients showed CR and
two patients had PR in initial tumor response. There have been no
local recurrences in the radiation field during follow-up except for one
patient. The overall control rate (CR + PR without recurrence) for
the cohort was 88% (7/8). There have not been any early and late
complications that affected patient QOL or ADL. The clinical stage
of all patients was cT'1-2 NO, and six of them were T1aNO. In these
cases, surgical excision also led to good results. Although wide surgical
excision remains the standard procedure for cutaneous melanoma, it
is a highly invasive procedure, especially in older patients, and it may
lead to a variety of functional, esthetic and psychological problems
that result in a poor QOL. On the other hand, BNCT is based on a
nuclear reaction between the non-radioactive isotope '°B and thermal
neutrons, and the resulting '°B (n, o )’Li capture reaction can eradicate
cancer cells and spare surrounding normal cells. Theoretically, BNCT
is an ideal type of radiation therapy since it is biologically rather than
physically targeted and the structure and function of the normal tissues
are spared. To date, the efficacy and safety of cutaneous melanoma
BNCT has not been evaluated in a randomized clinical trial. The few
case reports available indicate that BNCT may be effective in the
treatment of cutaneous melanoma [15-20]. Although our patients
had received BNCT alone as an alternative therapy, these results are

Fig. 4. Case 7. (a) The appearance of the face with melanoma prior to BNCT (cT1aNOMO). The lesion contained a mixed
black/brown macula. (b) The appearance of the face 1 year after BNCT. Black macula in the lesion had completely disappeared;
however, brown spots persisted for a long time. This brown macula was evident for 6 years. (c) The appearance of the face 7 years
after BNCT. The patient exhibited tumor recurrence after a long-term (6-year) persistence of brown macula.



Table 3. Treatment administered and clinical outcome
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Patient Minimum tumor Maximum skin ~ Adverse Tumor  Locoregional Survival

No. dose (Gy-eq) dose (Gy-eq) reaction response control (years)

1 37 14 Grade2 CR 12.6 12.6 years (death due to pneumonitis)

2 25 14 Grade2 CR 6.9 6.9 years (death due to advanced age)

3 25 12 Grade2 CR S.5 5.5 years (death due to advanced age)

4 48 15 Gradel CR 8.2 8.2 years (alive with NED*)

S 50 13.5 Grade2 PR 7.5 7.5 years (alive with PR)

6 41 12 Grade2 CR 7.5 7.5 years (alive with NED)

7 33 8 Gradel PR 6.0 7.1 years (alive with recurrence in 6 years after NCT)
8 25 8 Gradel CR 5.6 5.6 years (alive with NED)

*NED = no evidence of disease.

the first to report on the long-term outcome of BNCT for cutaneous
melanoma.

Melanoma has been regarded as a radioresistant tumor, demon-
strating poor regression after photon radiotherapy. Even the use of
a high dose per fraction protocol may only improve local response
up to a CR rate of 20-30% [28]. Lately, several institutions have
reported clinical results using Cf-252 neutron brachytherapy [29]
or proton/carbon-ion radiotherapy [4] for cutaneous or mucosal
melanoma, which enables much higher radiation doses to be deliv-
ered to the target. Many authors have reported clinical results for
proton/carbon-ion radiotherapy for mucosal melanoma [30-32];
however, there has not been a large-scale clinical trial for cutaneous
melanoma. Umebayashi et al. [33] reported the preliminary results
of proton beam radiotherapy for cutaneous melanoma. Five primary
melanomas and three metastatic lymph nodes were irradiated using
a proton beam with a total dose of ~100 Gy, fractionated into single
doses of ~10 Gy. As a result, all of the macular lesions and a primary
melanoma tumor lesion disappeared completely, while no severe
radiation-related complications occurred. Comparing the results of
these retrospective studies is difficult because of the differences in
patient and tumor characteristics and in the follow-up period.

BNCT is similar to carbon-ion radiotherapy in that much higher
LET radiation doses can be delivered to the target volume; however,
BNCT has a significant advantage over carbon-ion radiotherapy.
BNCT can be administered to relatively large areas, thereby allowing a
wide margin, because BPA selectively accumulates in melanoma cells,
which are then killed by the B (n, &)’Li capture reaction without
significant damage to the surrounding normal tissue. BNCT can
deposit alarge dose gradient at the cellular level between the melanoma
and surrounding normal skin. In contrast, the dose of carbon-ion
radiotherapy, which has a Bragg peak, is uniformly delivered within
the target volume. This advantage of BNCT is particularly useful for
treating melanoma because histological involvement characteristically
extends beyond the grossly visible lesion. Thus, to add a large safety
margin to the visible area is an important factor to avoid local
recurrence both following surgery and radiotherapy.

Two of eight patients showed a PR. One patient has kept PR as per-
sistence of brown spots for 7.5 years after BNCT, the other developed
tumor regrowth after persistence of brown macula for 6 years. As is
clear from Figs 2—4, black macula in the lesion completely disappeared.

On the other hand, brown macula persisted for a long period. There

is specuation about three possible reasons for this phenomenon. First,
the boron concentration within the pheomelanin producing melanoma
(brown macula) is very low compared with that of eumelanin produc-
tion in melanoma (black macula). Melanocytic cells can produce two
types of pigment, pheomelanin or eumelanin. The pathway of melano-
genesis bifurcates into these two different pathways from dopaquinone,
and there are no melanin monomers in the pheomelanogenesis
pathway.

Yoshino, et al. demonstrated that enhanced eumelanogenesis
induces higher production of melanin monomers. Melanin monomers,
which are key intermediates for melanin polymer formation, play
a critical role in 'B-BPA accumulation, because BPA can form a
chemical complex with them [34]. The boron concentration in the
brown macula may be much lower than expected and the low boron
concentration is considered to cause the poor response of brown
macula.

Second, the difference in color between black and brown macula
is associated with the melanin synthesis activity of melanoma cells.
Thus, the black macula promotes higher melanogenesis compared
with the brown. Tsuboi et al. [35] reported enhanced melanogenesis
induced by tyrosinase gene-transfer, which may increase boron
uptake and the killing effect of BNCT for amelanotic melanoma.
They concluded that the melanin synthesis activity had a strong
influence on BPA uptake into melanoma cells. Third, the brown
macula consists of melanophages, which phagocytize melanin
granules that are released from melanoma cells killed by BNCT.
In other words, it is stain of the skin made by same mechanism
as tattoo and the phenomenon may be a histological regression of
melanoma.

Recent advances in immunotherapeutic approaches [2, 36, 37]
to treat metastatic melanoma combined with BNCT of the primary
tumor might represent a breakthrough in treating this malignancy,
which has a high propensity to metastasize. Targeting the programmed
cell-death-1 (PD-1) ligand with multiple anti-PD-1 monoclonal anti-
bodies has been evaluated in Phase III trials, and this treatment has
resulted in impressive clinical responses. Since BNCT spares normal
cells, and more specifically immune effector cells, it may complement
immunotherapeutic approaches to treat melanoma. Thus, local BNCT
combined with systemic immunotherapy are mutually complementary
and potentially synergistic, since BNCT spares immune effector cells at
the site of the tumor.
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CONCLUSIONS

Although patients in the present study had received BNCT as an alter-
native therapy and as a therapeutic application for specific cases and not
as a prospective clinical trial, these results are the first to describe the
long-term outcome of BNCT for cutaneous melanoma, which resulted
in excellent local tumor control. Our results suggest that BNCT may be
a promising treatment modality in the management of the early stage
of cutaneous melanoma when wide local excision is not feasible.
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