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Abstract

Immune checkpoint inhibitors (ICls) are effective against many advanced
malignancies. However, many patients are nonresponders to immunotherapy, and
overcoming this resistance to treatment is important. Boron neutron capture therapy
(BNCT) is a local chemoradiation therapy with the combination of boron drugs that
accumulate selectively in cancer and the neutron irradiation of the cancer site. Here,
we report the first boron neutron immunotherapy (B-NIT), combining BNCT and
ICl immunotherapy, which was performed on a radioresistant and immunotherapy-
resistant advanced-stage B16F10 melanoma mouse model. The BNCT group showed
localized tumor suppression, but the anti-PD-1 antibody immunotherapy group did
not show tumor suppression. Only the B-NIT group showed strong tumor growth
inhibition at both BNCT-treated and shielded distant sites. Intratumoral CD8+ T-cell
infiltration and serum high mobility group box 1 (HMGB1) levels were higher in the
B-NIT group. Analysis of CD8™ T cells in tumor-infiltrating lymphocytes (TILs) showed
that CD62L- CD44" effector memory T cells and CD69" early-activated T cells were
predominantly increased in the B-NIT group. Administration of CD8-depleting mAb
to the B-NIT group completely suppressed the augmented therapeutic effects. This
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stage cancers.
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1 | INTRODUCTION

Programmed cell death-1 (PD-1) was discovered by Ishida and
Honjo et al. in 1992 as a molecule that induces T-cell death.! These
discoveries ushered in a new era of cancer immunotherapy, a
strategy that induces tumor suppression by targeting the immune
evasion mechanisms of cancer cells, and led to the development
of anti-PD-1 antibodies as immune checkpoint inhibitors (ICls).?*
The success of ICl-based immunotherapy for advanced melanoma
resulted in the application of ICI for many advanced malignancies
in clinical practice.*> In the CheckMate 067 phase IlI trial of dual
ICI nivolumab (an anti-PD-1 antibody) and ipilimumab (an anti-
CTLA-4 antibody) for advanced malignant melanoma, the 5-year
survival rate for dual ICI immunotherapy was 52% compared with
40% for nivolumab alone and 20% for ipilimumab alone.® However,
while dual ICI immunotherapy with antibodies targeting CTLA-4
and PD-1 was very effective, the frequency of treatment-related
adverse events was high, and 139 of 313 patients in the dual ICI
immunotherapy group discontinued treatment.®"® A phase Il study
(ONO-4358) of nivolumab alone in advanced malignant melanoma
in Japan showed a 5-year survival rate of 26.1%, which was lower
than the results in CheckMate 067.° The most common types
of malignant melanoma in Japan and Asia are acral lentiginous
(29.2%) and mucosal (25.0%), while these types are less common
in Caucasians (3.0% and 6.9%, respectively). The 5-year survival
rate for the superficial extension type, which is more common in
Caucasians, was as high as 66.7%, while the rates for the acral len-
tiginous and mucosal types were 14.3% and 16.7%, respectively,
indicating that the prognosis of nivolumab monotherapy varies de-
pending on the type of melanoma.’ Therefore, combination ther-
apy with immunotherapy should be further explored to improve
the prognosis of many immunotherapy-resistant patients.

Boron neutron capture therapy (BNCT) uses a system consisting
of two components (boron and neutrons) to produce a therapeutic
effect against tumors.!® The boron isotope °B (3990 burns) is ex-
tremely rare in living tissue but is highly reactive with neutrons.'°
Furthermore, the range of particles produced by the alpha decay
with boron and neutrons is very short, and the reactive range is at
the cellular level. Clinical studies of BNCT were initiated in 1951,

indicated that B-NIT has a potent immune-induced abscopal effect, directly destroying
tumors with BNCT, inducing antigen-spreading effects, and protecting normal tissue.
B-NIT, immunotherapy combined with BNCT, is the first treatment to overcome
immunotherapy resistance in malignant melanoma. In the future, as its therapeutic
efficacy is demonstrated not only in melanoma but also in other immunotherapy-

resistant malignancies, B-NIT can become a new treatment candidate for advanced-

abscopal effect, advanced melanoma, boron neutron capture therapy, boron-neutron
immunotherapy, immune combination therapy

but the results of studies conducted over the subsequent 10years
were not satisfactory.!* The reasons were that the neutron field was
not safe and that no boron drugs were able to concentrate at high
amounts in cancer cells. In 1987, Mishima et al. achieved excellent
results in a clinical trial for BNCT for malignant melanoma using
4-borono-L-phenylalanine (BPA) as a drug that exhibited melanoma-
specific uptake. BPA was initially created as a phenylalanine-fused
boron drug for BNCT specific for melanoma, which has high melanin
biosynthesis in vivo.'? BPA was found to be taken up not only by mel-
anoma cells but also by cells of various malignancies with high amino
acid metabolism, leading to successful treatment with BPA-BNCT.®®
After multiple basic and clinical studies at the Kyoto University
Research Reactor Institute and other institutions, an accelerator
neutron source that could be installed in a hospital was successfully
developed, and in 2020, the world's first insurance-approved clinical
BNCT treatment for unresectable locally advanced or locally recur-
rent head and neck cancer was launched in Japan.**"Y”

In this study, the results showed that BNCT combination therapy

overcomes the nonresponse to ICl immunotherapy.

2 | MATERIALS AND METHODS
2.1 | Cellline and cell culture

The mouse melanoma cell line B16F10 (TKG0348) was obtained
from the Cell Resource Center, Tohoku University (Japan) and
cultured B16F10 cells were cultured in their protocol.

2.2 | Advanced melanoma mouse model

All animal use and care procedures were conducted by ARRIVE 2.0
guidelines. C57BL/6J mice (female, 6-8 weeks, 16-20g, Japan CLEA,
Inc.) were reared in plastic cages (Clare Japan Inc.) using a positive
pressure unidirectional airflow rearing rack (AP Anicon, Seiken
Corporation) under the following conditions: temperature 20-25°C,
humidity 40%-60%, ventilation in the cage at least 50 times/h,
light/dark cycle 12/12h, and lighting at 8:00AM. To establish the
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advanced melanoma model, mice were subjected to right hind leg
intradermal injection of B16F10 cells (3x 10° cells per mouse) and
left flank subcutaneous injection of B16F10 cells (5%10° cells per
mouse) (Approved# OKU-2021447).

2.3 | Inductively coupled plasma (ICP)
measurement of boron

One week after cell implantation, BPA at 500 mg/kg (Stella Pharma
Corporation) was intraperitoneally or subcutaneously administered.
The mice were euthanized 0.5, 1, 2, 3, 6, or 12h after BPA
administration, and tumors and organs were collected under general
anesthesia (n=4 mice/group). The samples were soaked in 70% nitric
acid at 90°C for 1h. After filtering the samples with a syringe filter
(0.5pm), the amount of boron in the samples was quantified using
ICP-MS (Agilent 7900 ICP-MS) at Okayama University Institute of
Plant Science and Resources.

2.4 | Mouse treatment methods

Mouse anti-PD-1 (250pug per mouse, Bio X Cell, # BE0146) was
intraperitoneally administered on day 4 or 7. On the following day,
mice were anesthetized (medetomidine 0.3 mg/kg+ midazolam
4mg/kg+betorphanol 5mg/kg), and 500mg/kg BPA was
subcutaneously injected. After 1 h, 5MW neutron irradiation was
performed for 12min. At day 10 and 13, mouse anti-PD1 (250 g
per mouse) was intraperitoneally administered. For depletion of
CD8* T cells, InVivoMAb anti-mouse CD8 mAb (200 ug per mouse,
Bio X Cell, # BEO117) was intraperitoneally administered on day 3,
5,9, and 13.

2.5 | Dose estimation for BNCT

The total BNCT dose consists of a nitrogen dose, hydrogen dose,

gamma ray dose, and boron dose.

2.6 | ELISA

Blood was collected with a heparin-treated syringe. Serum
HMGB1 was measured with a commercial ELISA kit following the

manufacturer's protocol (ARG81310, Arigo Biolaboratories).

2.7 | Immunohistochemistry

Tumor tissues were collected from mice and fixed with 4%
paraformaldehyde for 4h, followed by cryoprotection in 30%
sucrose for lday at 4°C. The frozen section was incubated with
mouse anti-CD8a (eBioscience, 4SM15), followed by incubation

with rat IgG-conjugated Alexa-Fluor 594 for 2h, Hoechst 33258
for 30 min. Immunohistochemistry was observed with an all-in-one
fluorescence microscope (BZ-X800, KEYENCE).

2.8 | LAT1 gene expression analysis

The cBioPortal for Cancer Genomics (http://cbioportal.org) and The
Cancer Genome Atlas (TCGA, https://www.cancer.gov/tcga) were
used to explore, visualize, and analyze multidimensional cancer

genomics data of LAT1 expression.

2.9 | Cell preparation and flow cytometry

Mouse disaggregated cells prepared from mouse tissue or tumor
were first stained with the Zombie Aqua™ Fixable Viability Kit
(BioLegend) to label dead cells, pretreated with Fc Block, and
incubated with fluorescence-labeled antibodies. The stained cells
were washed and then analyzed with an LSRFortessa™ X-20 (BD
Biosciences) and FlowJo Software (BD Biosciences). The detailed

method is shown in Figure S1.

2.10 | Neutron irradiation experiments in KURNS

Model mice were fixed in a mouse holder under trichloroanesthesia
(medetomidine 0.3mg/kg, midazolam 4mg/kg, butorphanol 5mg/
kg). Twelve mice were fixed circumferentially and irradiated in | Kyoto
University Institute for Integrated Radiation and Nuclear Science
(KURNS) (approved# KURNS-2021-39). Details are described in
Figures S2-S5.

2.11 | Statistical analysis

Statistical analysis was conducted using Student's t-test, one-way
analysis of variance (ANOVA), two-way ANOVA, and nonparametric
statistics (Mann-Whitney U test) with post hoc analysis. p -Values
less than 0.05 were considered statistically significant. All data
were analyzed using Microsoft Excel 2019 of Microsoft Office
Professional Plus 2019 and GraphPad Prism version 7.

3 | RESULTS
3.1 | Pharmacokinetics of BPA

BPA is a tumor-selective BNCT boron agent with reported high
uptake in melanoma with high melanin biosynthesis (Figure 1A)
and many malignancies with high amino acid transporter LAT-1
expression, particularly head and neck cancer and malignant brain
tumors (Figure 1B).
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FIGURE 1 Pharmacokinetics of 4-borono-L-phenylalanine (BPA) in an advanced-stage melanoma model. (A) BPA is a phenylalanine-
bound boron drug and a melanoma-targeted boron neutron capture therapy (BNCT) drug with high melanoma biosynthesis.(B) Comparison
of mMRNA SLC7A5 (LAT1) with TCGA. (C) Mouse model of advanced-stage melanoma with C57BL/6J/ and B16F10 cells transplanted
intramuscularly in the right thigh and subcutaneously in the left flank. (D, E) Boron concentration pharmacokinetics in a mouse model

of advanced-stage melanoma (subcutaneous [D] or intraperitoneal administration [E], BPA 500 mg/kg, n=4 at each time point). (F, G)
Tumor-to-normal tissue (T/N) ratio: Ratio of boron concentration in right thigh intramuscular tumor and normal tissue (muscle, skin, blood)
administered subcutaneously (F) or intraperitoneally (G).
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FIGURE 2 The antitumor results of boron neutron immunotherapy (B-NIT) in the advanced-stage melanoma model. (A) Schematic of the
time course of the B-NIT experiments. (B, C) Tumor volume of the right thigh intramuscular tumors at the neutron irradiation site (B) and
the left abdominal subcutaneous tumor at the shielded site (C) in the four groups. The tumor volume ratio was determined to tumor volume
at day 7 after cell transplantation. *p <0.05. (D, E) Serum HMGB1 concentration (ng/mL) on day 15 (D) and the final stage (E) after neutron
irradiation. *p <0.05. (F) Mouse body weight changes in the four groups over time (n=6/group). BNCT, boron neutron capture therapy.
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The LAT1 protein is one of the system L amino acid transporters
that transport essential amino acids such as phenylalanine with high
affinity and a target protein of the boron drug BPA. We compared
the expression of SLC7A5 (solute carrier family 7 member 5, which
encodes LAT1) across many cancer types using TCGA (Figure 1B).
The expression of SLC7A5 was higher in melanoma compared with
other cancers.

Pharmacokinetic (PK) evaluation of BPA was performed in a
mouse model of advanced-stage melanoma. To establish the model,
B16F10 melanoma cells were transplanted intramuscularly in the
right thigh and subcutaneously in the left flank. BPA (500 mg/kg) was
then administered intraperitoneally or subcutaneously (Figures 1C-
G). Subcutaneous administration of BPA resulted in approximately
50 ppm 1°B in the right intramuscular (IM) tumor and 12.7 ppm *°Bin
the left subctaneous (SC) tumor after 1h (Figures 1D,F); the tumor-
to-normal tissue boron concentration ratio (T/N ratio) was T/N
(skin) ratio=3.7, T/N (muscle) ratio=2.8, and T/N (blood) ratio=3.9
(Figures 1D,F). In the intraperitoneal group, approximately 30ppm
108 was found in the right tumor and 15.1 ppm °B in the left tumor,
with T/N ratios of T/N (skin) ratio=1.7, T/N (muscle) ratio=1.8 and
T/N (blood) ratio=2.9 (Figures 1E,G). Hence, we selected subcutane-
ous administration of BPA because of the high boron concentration
in the right lower extremity intramuscular tumor at the irradiation
site and the low boron concentration in the left abdominal subcuta-

neous tumor within the shielding site.

3.2 | Boron neutron immunotherapy (B-NIT)
treatment strategy for advanced melanoma
model mice

Next, BNCT with immunotherapy was administered to mice modeling
advanced-stage melanoma (Figure 2A). The mouse melanoma model
of B16F10 transplantation into C57BL/6 is being used as a model of
resistance to ICl in many papers.*®*’

At the neutron-irradiated site, tumor volume ratios on day 22
were 37.6 (control group), 46.4 (anti-PD-1 mAb group), 18.4 (BNCT
group), and 3.7 (B-NIT group) (Figure 2B). On the other hand, the
tumor volume ratio of the shielded remote site was 66.6 (control
group), 47.8 (anti-PD-1 mAb group), 24.7 (BNCT group), and 3.9 (B-
NIT group), and the immune effect was confirmed (Figure 2C).

As for blood high mobility group box 1 (HMGB1), a represen-

tative marker of damage-associated molecular patterns (DAMPs),

serum HMGB1 levels on day 12 were similar in the control (7.08 ng/
mL) and anti-PD-1 mAb groups (9.20ng/mL, p=0.0514), but not
in the BPA-BNCT group (17.19ng/mL, p<0.001) and B-NIT group
(21.95ng/mL, p<0.001). (Figure 2D). HMGB1 levels at the final
stage of analysis (days 22-27) remained elevated in the control
(3.46ng/mL) and anti-PD-1 mAb groups (4.26ng/mL, p=0.1046)
and in the BPA-BNCT (9.46ng/mL, p<0.001) and B-NIT (14.07 ng/
mL, p<0.001) were (Figure 2E). There was no significant difference
in body weight among the four groups during the observation period
(Figure 2F).

3.3 | Principle of BNCT, dose calculation, and
neutron irradiation system

Boron-neutron capture therapy is a therapy that utilizes alpha-
decay, a reaction between boron isotope °B and neutrons®°
(Figure 3A). A neutron irradiation system was constructed using
lithium fluoride (LiF) for neutron shielding (Figure 3B). Recently, the
neutron source has been changed from a reactor neutron source
to an accelerator neutron source that can be installed in hospitals.
The treatment dose for BNCT is described in detail in Figure 3C.
Right hind leg intramuscular tumors were included in the irradiation
field, and left flank subcutaneous tumors were at the shielding sites
(Figures 3B,D-F). Calculation of the radiological dose was 37.3 Gy-
Eq (right tumor), 6.9 Gy-Eq (muscle), and 9.9 Gy-Eq, (skin) (Figure 3E
and Figures S2-S5). The thermal neutron dose ratio to the irradi-
ated and the nonirradiated areas was 6.5:1 (Figure 3D). The thermal
neutron intensities at the proximal and distal parts of the neutron
source were 2.8x10%? and 2.2 x 10*? (n-cm™2), respectively, and the
ratio was 0.8 (Figure 3D). For the right proximal IM tumor, right distal
IM tumor, and left SC tumor, the boron doses were 39.49, 30.28,
and 1.39, the nitrogen doses were 1.14, 0.87, and 0.16 (Gy-Eq), the
hydrogen doses were 1.01, 0.77, and 014 (Gy-Eq), and the gamma
ray doses were 0.52, 0.56, and 0.33, respectively (Figure 3E, and
Figures S2-S5).

3.4 | Therapeutic effects of B-NIT

In the tumor tissue of the right thigh (irradiation site), a high den-
sity of CD8" T cells was identified in the BNCT and B-NIT on day
22 (Figure 4A). In the left tumor (shielded site), CD8" T cells were

FIGURE 3 Overview of therapeutic radiation dose of boron neutron immunotherapy (B-NIT) for the advanced-stage mouse melanoma
model. (A) Production of high-energy 7Li and *He by alpha decay between boron-10 nuclides and neutrons (top) and a schematic diagram of
boron neutron capture therapy (BNCT) for cancer therapy (bottom). (B) Experimental diagram of the neutron irradiation/shielding system
and neutron/gamma ray biomarker during irradiation of the mice. (C) The total biological dose for BNCT consists of the nitrogen dose,
hydrogen dose, gamma ray dose, and boron dose. (D) Average thermal neutron fluence at each mouse site after 5 MW, 12 min neutron
irradiation at KURRI (n/cm?, each n=6). (E) Mean total irradiation dose results for each tissue after BNCT (Gy-Eq, each n=6). (F) Boron
dose results, nitrogen dose results, hydrogen dose results, and gamma radiation dose results (Gy-Eq, each n=6) at three sites (left flank
subcutaneous tumor site, right lower limb proximal, and distal intramuscular tumor) by neutron irradiation. (D-F) Red bars indicate results
for neutron-irradiated areas; blue shaded bars indicate results for shielded areas.
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accumulated only in the B-NIT (Figure 4B). Flow cytometry analysis
of TILs in the right intramuscular tumors on day 12 revealed high
levels of TILs in the BPA-BNCT and B-NIT groups (control: 24.6%,
anti-PD-1 mAb: 25.3%, BPA-BNCT: 49.2%, B-NIT: 64.6%, Figure 4C).
Analysis of TILs in the left subcutaneous tumors showed high lev-
els of CD8™ T cells in the B-NIT group compared with other groups
(control: 14.4%, anti-PD-1 mAb: 14.1%, BPA-BNCT: 12.1%, B-NIT:
45.6%, Figure 4D). Immunostaining also showed strong intratumor
localization of CD8™ cells in the B-NIT group (Figure 4B). An increase
in splenic CD8* T cells was observed in both the BPA-BNCT and B-
NIT groups compared with the control, and the increase was more
pronounced in the B-NIT (control: 5.4%, anti-PD-1 mAb: 7.2%, BPA-
BNCT: 10.2%, B-NIT: 14.4%, Figure 4E). Representative flow cytom-

etry data of TILs in each tissue are shown in Figure 4F.

3.5 | CD8" effector memory T cells (TEMs) of TlLs
with B-NIT

First, we focused on memory T cells, an important component
of the tumor-adaptive immune system, and its subset of CD8"
TEMs. Evaluation of CD44% CD62L" TEMs revealed a high tumor
immunological effect induced by B-NIT in the right tumor area at the
irradiation site (Figures 5A,B, p<0.0001) and left tumor area at the
shielding site (Figures 5C,D, p <0.0001). There were increased levels
of TEMs at the irradiation site in the B-NIT (66.1%) compared with
the control (24.5%) (Figures 5B,E). There were also more TEMs at the
shielded site in the B-NIT compared with the control (control: 43.0%,
B-NIT: 82.7%) (Figure 5F). In all cases, the percentage of TEMs was
predominantly increased in the B-NIT compared with the control
(p<0.0001) (Figure 5G).

3.6 | Early-activated T cells of TILs

Flow cytometry data showed early-activated T cells (CD8* CD69") in
the BNCT-treated area and the shielded distant sites (Figures 6A,B).
In the right intramuscular tumor area, the percentage of early-
activating T cells was 59.9% in the control and 66.6% in the B-
NIT, with no significant difference (Figure 6A, p=0.0523). In the
left subcutaneous tumor area, the percentage of early-activating
T cells was 41.6% in the control and 64.6% in the B-NIT, with a
significant difference between the two (Figure 6B, p<0.0001). In
the comparison of the four groups, early-activating T cells were
predominantly elevated only in the shielded area in the B-NIT
(Figure 6C).

The results from the TIL analysis showed that TEMs were pre-
dominantly elevated at both BNCT-treated and distant sites; for
early-activating T cells, the elevation was predominant only at dis-

tant sites.

3.7 | The antitumor effect of B-NIT without
neutron irradiation

We next performed a COLD experiment without neutron irradiation
using the same model (Figures 7A,B). There was no tumor volume
difference among the four groups. There were also no differences
in CD45" CD8" T cells in the spleen (Figure 7C), body weight
(Figure 7D), or serum HMGB1 levels (Figure 7E). Thus, no tumor-
suppressive effect, including the abscopal effect, was observed in
the COLD experiment.

3.8 | TheCDS8? cellular immune effects of B-NIT

To confirm that the immunotherapeutic effect of CTL was an
antitumor effect of CD8" T cells, anti-CD8" mAb was administered
(Figure 8A). Both BNCT and B-NIT showed marked tumor suppression
in tumors at the BNCT direct treatment site with anti-CD8* mAb
administration (Figure 8B, p<0.01). However, the abscopal effect
was suppressed by anti-CD8% mAb administration (Figures 8C-E).
The treatment tumor doses were 27.1Gy in right and 1.8 Gy in left
(Figure S6). Flow cytometry results of representative cases showed
that the CD45" CD8" cells were almost 0% in tumors and spleen in
all (Figure 8G and Figure S7). Serum HMGB1 was markedly elevated
in the BNCT. But B-NIT with CD8+ antibody did not show any
effect on tumor shrinkage (Figure 8G). There were no significant

differences in body weight among the four groups (Figure 8H).

4 | DISCUSSION

This is the first paper to demonstrate the abscopal effect induced
by the combination of BNCT and ICI in an ICl-resistant melanoma
model. In a preclinical mouse model of advanced ICl-resistant
B16F10 melanoma, direct tumor destruction by BNCT with protec-
tion of normal tissue induced a distal bystander effect by activating
cellular immune activity by CD8" T cells under anti-PD-1 antibody
treatment through the spread of tumor antigen and sustained re-
lease of DAMPs (Figure 9A). Next, B-NIT is expected to show
therapeutic efficacy in clinical trials in advanced-stage melanoma

FIGURE 4 Results in four groups of CD8" immune cells in tumor and spleen. (A, B) Immunohistochemistry image of CD8% (red) and
nuclear staining (blue) of right thigh intramuscular tumors (A) and left flank subcutaneous tumors (B) on day 22 in the four groups (scale bars,
100pm). (C-E) Flow cytometry analysis of CD8* T cells in CD45™ cells in right-thigh intramuscular tumors (C), left-abdominal subcutaneous
tumors (D), and spleen (F) on day 15 (*p <0.05). (F) Representative flow cytometry results of CD8" T cells with CD45" cells in control group,
anti-PD-1 group, BPA-BNCT group and B-NIT group. B-NIT, boron neutron immunotherapy; BNCT, boron neutron capture therapy; BPA,

4-borono-L-phenylalanine.
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FIGURE 5 Analysis of tumor infiltrating lymphocytes of effector memory T cells (TEMs). (A-D) Flow cytometry analysis of effector
memory T cells (CD44% CD62L- CD8", TEMs) in the right-thigh intramuscular tumors (A, B) (p <0.0001) and in the left-flank subcutaneous
tumor areas (neutron-shielded area) (C, D) (p <0.0001). (E, F) Flow cytometry analysis of TEMs of four groups in the right intramuscular
tumor (E) and left-flank subcutaneous tumor (F) (p <0.0001). (G) Comparison of TEM results for both tumors between the control and B-NIT
group (p<0.0001). B-NIT, boron neutron immunotherapy; BNCT, boron neutron capture therapy; BPA, 4-borono-L-phenylalanine.

and to be applied to many advanced cancers that are ICI resistant. can facilitate BNCT for advanced cancers with lesions outside the
(Figure 9B). From the perspective of BNCT, it has been indicated neutron irradiation field. From an immunotherapy perspective, the
for locally advanced or locally recurrent malignancies, but B-NIT contribution of combination therapy to improving response rates is
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FIGURE 6 Analysis of tumor-infiltrating lymphocytes of early-activating T cells. (A, B) Flow cytometry analysis results of early-activating
T cells (CD8" CD69*) among the four groups. (A) Right-thigh intramuscular tumors, p=0.0523. (B) Left-flank subcutaneous tumor, p <0.0001
(C) Comparison of early-activating T cell results for both tumors between the control and B-NIT group (p <0.0001). B-NIT, boron neutron
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FIGURE 7 Results of treatment effects without neutron irradiation in four groups. (A, B) Tumor volume ratio results in four groups
(control group, anti-PD-1 mAb group, BPA group, and anti-PD-1 mAb + BPA group) without neutron irradiation (right intramuscular tumor (A)
and left lateral abdominal tumor (B), n=4 per group). (C) Flow cytometry analysis of CD8* T cells in CD45" cells in spleen on day 16 (n=3 per
group). (D) Mouse body weight changes in the four groups over time (n=4 per group). (E) Serum HMGB1 concentration (ng/mL) on day 16.
BPA, 4-borono-L-phenylalanine.

FIGURE 8 Therapeutic effects of boron neutron immunotherapy (B-NIT) with anti-CD8-depleting mAb administration. (A) Schematic of
B-NIT experiments with anti-CD8-depleting mAb (n=6 per group). (B, C) Tumor volume ratio results at the right neutron irradiation site (B)
and at the left shielded site (C) in six groups of four anti-CD8-depleting mAb groups (control, anti-PD-1 mAb, BPA-BNCT, B-NIT) and the two
no-anti-CD8 mAb groups (control, B-NIT). (D) Tumor volume graph of the right tumor at the neutron-irradiation site (**p <0.01) (E) Tumor
volume graph of the left tumor at the shielded site (**p <0.01). (F) Flow cytometry analysis of CD8* CD45™" cells in spleen on day 16 (n=4
per group). (G) Serum HMGB1 concentration (ng/mL) on day 16. (H) Mouse body weight (g) changes over time (n=6) (p=0.125).
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a very important finding for increasing the number of cured patients
and expanding indications in the future.

Since the advent of ICls, there have been a sharp increase in
the number of case reports of abscopal effects with radiotherapy
and IC1.2"2 Radiation therapy induces DNA damage in tumors,
activates stimulator of interferon gene (STING)-dependent path-
ways, increases tumor antigen expression, and induces activation
of dendritic cells and T cells through the release of DAMPs, with
effects on distant areas.?* There are various options for the in-
duction of the abscopal effect by radiotherapy, including the
dose, number of irradiation fractions, beam source, and timing of
treatment, and further optimization through future clinical trials is
expected.zs’27 In a previous study, there was no significant differ-
ence in PFS or OS in advanced mucosal melanoma patients treated

Boron-Neutron ImmunoTherapy

Cancer/
dlsappearance

o DAMPs (HMGB1)

@ Tumor antigen

with ICl with or without radiotherapy.28'29 Radiotherapy may also
reduce antitumor immune responses by activating Langerhans
cells and inducing regulatory T cells, and radiotherapy in cancer
treatment should be carefully considered.®® Next, the advantages
and disadvantages of B-NIT compared with ICl plus radiotherapy
are presented. The advantages of B-NIT are that BNCT reduces
the dose to normal skin and increases the tumor dose, so the
tumor microenvironment at the irradiated site is less affected; the
treatment is completed with a single BNCT; and the immunother-
apy schedule is not affected. The disadvantage is that facilities
with neutron sources are available only in limited regions, such
as Japan, limiting the number of facilities that can perform BNCT.
Therefore, there is no evidence from clinical trials on B-NIT, and
future clinical results are needed.
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In this study, we observed an increase in splenic T lymphocytes
after BNCT (Figure 4E), and an increase in TILs was confirmed at
both the neutron irradiation site and distant site (Figures 4C,D).
A high rate of TEMs and early-activating T cells with active antitumor
effects were also confirmed at distant sites (Figure 4). Elevations of
both TEMs and early-activating T cells in distant-site tumors sug-
gested that B-NIT induced an abscopal effect.

We also confirmed high blood levels of HMGB1, which is a typ-
ical DAMP, following BNCT (Figures 2D,E). This indicates that the
success of anticancer therapy and radiotherapy depends on innate
and adaptive immune responses.’! The strong cell-killing effect of
BNCT-induced DNA double-strand breaks is assumed to contribute
significantly to the induction of DAMPs.2%32 The potent immune-
inducing effect of all these B-NITs was evidenced by the results
showing complete tumor growth inhibition (especially the abscopal
effect at the shielding site) in 100% (6 out of 6 mice) of the B-NIT
group observed in this study (Figure S8). However, under the ad-
ministration of anti-CD8™" depleting antibody, serum HMGB1 was
elevated from the direct therapeutic effect of BNCT, but there was
no therapeutic effect on the distant site (Figure 8).

Importantly, the demonstration of an abscopal effect with BNCT
has established a new frontier in cancer treatment: combination
therapy with IC1.24?” The oncolytic viral inmunotherapy talimogene
laherparepvec (T-VEC) was approved in the United States in 2015
for local treatment of patients with recurrent postoperative mela-
noma, and the safety of T-VEC in combination with ICls (ipilimumab
and pembrolizumab) was reported.zg’29 At our institution, Okayama
University, the abscopal effect of another type of oncolytic virus
used in preclinical trials in combination with ICl has been studied in a
gastrointestinal surgery group.®® Tavokinogene telseplasmid (TAVO)
therapy, the direct injection of a plasmid encoding IL-12 into a tumor,
in combination with pembrolizumab is a novel therapy for patients
with advanced melanoma.3*

Previously, the synergistic effects of combination treatment
with immunotherapy and BNCT were reported.>>3¢ These papers
showed that the immunotherapeutic enhancing effects of BPA-
BNCT in combination with Bacillus Calmette-Guerin (BCG) ad-
ministration were also demonstrated in a colorectal cancer model.
However, what cellular immunity is at work, which tumor immune
mechanisms are activated, and what immunotherapy combination is
best remained to be addressed.®>® This is the first paper to demon-
strate the abscopal effect induced by the combination of BNCT and
ICl in an ICl-resistant melanoma model. It is also the first paper to
demonstrate CD8-mediated acquired immunity by BNCT. These re-
sults on B-NIT support the development of BNCT in new combina-
tion therapies for many malignancies that do not respond to ICl and

will revolutionize cancer treatment.
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Supporting Information section at the end of this article.
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