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ABSTRACT a OPEN ACCESS

Boron Neutron Capture Therapy is a type of radiation therapy that achieves selective cellular-level
destruction using boron-10 compounds and neutron beam. Neutron lIrradiation of boron-10 results in
the splitting of boron-11 to helium and lithium. The helium nucleus is a-ray that causes DNA double-
strand breaks inducing apoptosis of cancer cells. Efficacy of currently used boron reagents such as
boronophenylalanine suffers from shortcomings that include poor aqueous solubility and limited tumor
accumulation. Recently, novel boron reagents (boronotyrosine and dipeptides) with increased tumor
accumulation efficacy have been developed. Compared with currently used reagent, these new
reagents are highly soluble and can achieve 3-4 fold higher accumulation of boron-10 in the tumor.
This significantly increases BNCT efficacy resulting in the eradication of tumor in a mouse model. In
addition, mice after the BNCT treatment resist further transplantation of the tumor, suggesting the
activation of vaccine-like effect. Moreover, abscopal effect is observed by using mice with tumors
formed at two different locations (right leg and left shoulder). This review focuses on evaluating the
BNCT efficacy of novel boron reagents that induce systemic immune activation including vaccine effect
and abscopal effect.

Medical Research Archives | https://doi.org/10.18103/mra.2026.0354 1



https://doi.org/10.18103/mra.2026.0354
mailto:matsumoto.kotaro.5r@kyoto-u.ac.jp

THE EUROPEAN SOCIETY OF MEDICINE

AUTHOR AFFILIATIONS

' Kyoto University

2University of California, Los Angeles

Fuyuhiko Tamanoi

Email: tamanoi.fuyuhiko.2c@kyoto-u.ac.jp

fuyut@microbio.ucla.edu

Kotaro Matsumoto

Email: matsumoto.kotaro.5r@kyoto-u.ac.jp

Aoi Komatsu

Email: komatsu.aoi.6z@kyoto-u.ac.jp

DOI
https://doi.org/10.18103/mra.2026.0354

CITATION
Author, A.Z., Author, B.Y. et al., 2026. The Article Title. Medical Research Archives, [online] 14(7).
https://doi.org/10.18103/mra.2026.0354

COPYRIGHT

© 2026 European Society of Medicine. This is an open-access article distributed under the terms of the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
the original author and source are credited.

ISSN
2375-1924

Medical Research Archives | https://doi.org/10.18103/mra.2026.0354 2



https://doi.org/10.18103/mra.2026.0354
mailto:tamanoi.fuyuhiko.2c@kyoto-u.ac.jp
mailto:fuyut@microbio.ucla.edu
mailto:matsumoto.kotaro.5r@kyoto-u.ac.jp
mailto:komatsu.aoi.6z@kyoto-u.ac.jp
https://doi.org/10.18103/mra.2026.0354
https://doi.org/10.18103/mra.2026.0354

THE EUROPEAN SOCIETY OF MEDICINE

Introduction

Boron Neutron Capture Therapy (BNCT) is a unique binary cancer treatment modality that combines the
administration of a boron-10 containing compound with irradiation by a thermal neutron beam.™ This
therapy is based on the nuclear fission reaction after boron-10 is exposed to neutron; boron-10 changes to
boron-11 resulting in splitting into a high-linear energy transfer (LET) a-particle (*He) and a lithium-7 (’Li).
The a-particle has a short travel distance of approximately 5 to 9 pm—roughly the diameter of a single
mammalian cell—enabling the selective destruction of cancer cells while minimizing damage to adjacent

normal tissues.

The clinical significance of BNCT has expanded dramatically with the development of accelerator-based
BNCT'™ ™, which enables hospital-based treatments. The milestone was reached around 2020 in Japan with
the regulatory approval of an accelerator-based BNCT system for the treatment of unresectable, locally
advanced, or recurrent head and neck carcinoma. Despite these clinical successes, the therapeutic efficacy
of BNCT is hindered by the shortcomings of current boron reagents BPA and sodium borocaptate (BSH).
BPA, which is taken up into cancer cells by the L-type amino acid transporter 1 (LAT1)16,17, has
shortcomings  that include poor aqueous solubility, limited tumor accumulation (rarely exceeding 20-30
ppm), and rapid systemic clearance from cancer cells, while BSH is localized on cell membrane and uptake
into cancer cells is not efficient.

While radiation therapy is known to potentially remodel the tumor microenvironment via immunogenic cell
death and the release of damage-associated molecular patterns (DAMPs)'®"?, systemic immune responses
like the abscopal effect that is the regression of non-irradiated distant tumors? remain extremely rare events
in clinical settings. On the other hand, recently, some papers reported the possibility of systemic immune
activation including abscopal effect and vaccine-effect by BNCT. These studies hypothesize that achieving
a robust BNCT-induced immune effect requires significantly higher boron accumulation than current
standards that can be achieved by BPA.

The aim and scope of this review are to evaluate recent advancements in overcoming the boron delivery
bottlenecks and immunological limitations. Specifically, we focus on the development of novel, high-
solubility boron reagents, such as dipeptides and boronotyrosine (BTS) that could achieve 3-4 fold higher
tumor accumulation than standard BPA?'?2, This review analyzes how these next-generation reagents for
BNCT can cause tumor eradication and induce potent vaccine-like and abscopal effect responses by
immune activation. We also discuss the work that used synergistic potential of combining BNCT with
immune checkpoint inhibitors?. By integrating chemical innovations in drug delivery with the latest insights

from tumor immunology, this review outlines a path toward precision medicine in BNCT.

BORON NEUTRON CAPTURE THERAPY

Recently, BNCT has seen a revival."™ The principle of BNCT is described in Figure 1. It is postulated that
neutron exposure of boron-10 in cancer cells causes boron-11 to split into lithium and helium. The resulting
helium nuclei are a-ray that cause DNA double-strand breaks leading to apoptosis of cancer cells. Thus, it
was suggested that preferential accumulation of boron-10 in cancer cells could lead to cancer cell-specific
killing.

Soon after the discovery of neutron by Chadwick' in 1930, Locher proposed that neutron can be used for

cancer therapy?. In 1951, scientists at MIT and Brookhaven National Lab carried out the first BNCT clinical
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trial using neutrons generated by nuclear reactor® which marked an important milestone in the development
of BNCT. The next development of BNCT had to wait till 1960s when major advances were made with
neutron beam. Thermal neutrons with optimum energy level were obtained. The improved neutron beams

are safe and could be used for patients. In addition, improved boron compounds were developed.

In 2010, accelerator-based neutron beams have been developed enabling BNCT to be performed in
hospital settings.”'*'> Neutron is generated by the exposure of lithium or belilium targets by proton. The
small size enables the operation to be carried out in hospital settings. In Japan, Osaka Medical and
Pharmaceutical University, National Cancer Center, Southern Tohoku Hospital have these facilities and
clinical studies are ongoing.”'" Furthermore, BNCT treatment of head and neck cancer patients is now
covered by health insurance in Japan, further enhancing clinical BNCT activities. Various clinical trials of
BNCT are ongoing in countries including Japan, China, and Finland.?'*"
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Figure 1. Principle of BNCT. Boron-10 accumulated in the tumor is exposed to a neutron beam
causing splitting of boron-11. The resulting a-ray causes DNA damage induing cancer cell death.
The right panel shows the history of BNCT.

Encouraging results of BNCT clinical studies have been reported. Suzuki et al reported the results of clinical
trials carried out using nuclear reactor generated neutron beam between 2001 and 2007 with 62 patients
with unresectable advanced or recurrent head and neck cancers.® The overall response rate was 58% within
6 months after BNCT. The 1- and 2-year overall survival rates were 41.3% and 24.2%, respectively. The
results using an accelerator-based neutron source were even more impressive. Takeno et al reported the
results of 69 patients with head and neck cancers treated between June 2020 and May 2022." The objective

response rate was 80.5% and the overall survival rate was 75.4%.
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BORON REAGENTS

Two types of boron reagents are currently used for BNCT. One is sodium borocaptate (BSH) that is based
on boron cluster. BSH has the shortcoming that it tends to accumulate in the cell membrane. Another is
boronated phenylalanine (BPA) that is widely used in BNCT clinical trials. The structure of BPA is shown in
Figure 2. This amino acid analogue is taken up into cancer cells by the use of an amino acid transporter
LAT1.7%" LAT1 belongs to the superfamily of membrane transporter that is overexpressed in cancer cells,
head and neck tumor in particular.’" Investigation of the tumor accumulation of boron-10 showed a value
of 3 for T/C (Tumor vs control). Tumor accumulation of boron-10 was also visualized by PET experiments
using a fluorinated BPA, "®F-FBPA.%

One of the key issues in BNCT is to deliver boron-10 specifically and in sufficient amount to the tumor. With
respect to the amount of boron-10 accumulated in the tumor, studies showed that the value of 22 ppm
represents the amount of boron-10 in tumor that causes tumor growth inhibition."" However, this value is
the highest level of boron-10 accumulation that could be achieved with BPA. The reason that the level of
boron-10 tumor accumulation cannot exceed this maximum level is largely due to the poor solubility of
BPA. As described below, the highest concentration of BPA solution that can be achieved is around 40
mg/ml. Because there is a limit to the volume of BPA solution that can be administered, it is difficult to
achieve higher accumulation of boron-10. Increasing further will result in the formation of BPA crystals in

the urine. A key issue is to further increase the level of tumor accumulation of boron-10.

DEVELOPMENT OF A NEW GENERATION OF BORON REAGENTS WITH HIGH SOLUBILITY AND
INCREASED TUMOR ACCUMULATION

BPA BPA—BPA Ala—BPA BTS
OH
e HO’é o] HO. _OH
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Figure 2. New boron compounds with high solubility. Solubility of new boron
compounds BPA-BPA, Ala-BPA and BTS is compared with that of BPA.

As described above, BPA is difficult to dissolve and has low solubility. To solve this problem, BPA is
complexed with fructose at high alkali condition and then the pH is decreased to neutral pH before injection
into patients. Even with this, the highest solubility achieved is 40 mg/ml in aqueous solution. Recently, it

was shown that other amino acids or dipeptides could achieve higher solubility.?’?*? These compounds
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shown in Figure 2 have 3-4 fold higher solubility compared with BPA. For example, BPA has the solubility
of 30-45 mg/ml. In contrast, solubility of BPA-BPA, Ala-BPA and BTS are 90-110 mg/ml, 230 mg/ml and 120
mg/ml, respectively. BPA and dipeptides need to be dissolved together with fructose at a high pH value
and then the pH of the solution is decreased to a neutral value. On the other hand, BTS can be solubilized

without the use of fructose.??

Another important finding is that the use of new boron reagents enabled increased tumor accumulation of
boron-10 in xenograft mice. The new boron reagents were intravenously injected into the tail vein of CT26
xenografts. After 24 hours, the mice were sacrificed and the amount of boron-10 in the tumor as well as in
other organs including liver, heart, lung and spleen was examined.?' This showed approximately three to

four fold increase in boron-10 tumor accumulation (Figure 3A).
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Figure 3. A: Tumor accumulation of boron-10 after administering BPA-BPA or BPA into
mouse xenograft. B: Increased BNCT efficacy with dipeptide boron reagents. Controls
are no boron reagent (green) and no irradiation (red). Adapted from Figures 2 and 3 of
Torgov et al (ref.21).

INCREASED BNCT EFFICACY AND TUMOR ELIMINATION

Reflecting increased tumor accumulation of boron-10 by the new reagents, these reagents exhibit increased
BNCT efficacy. In a paper by Torgov et al?!, a dramatic tumor growth inhibition was observed in the CT26
xenograft mouse model with intravenous injection of boronated dipeptide (Figure 3). Tumor regression was
observed several days after the irradiation and no regrowth was observed even after 30 days. Note that this
experiment intentionally used brief neutron exposure (6 minutes) so that the effect of BPA is minimum. H&E
staining of tissue sections from the treated mice failed to detect any cancer cells and only scar tissues could

be seen.?
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VACCINE-LIKE IMMUNE MEMORY) EFFECT OBSERVED WITH THE NEW BORON REAGENTS
An interesting observation was reported in the paper by Torgov et al.?" In the experiment shown in Figure
4, CT26 cells were transplanted to mice on the right leg. After intravenous injection of boronated
dipeptides, neutron irradiation was carried out at the Kumatori Experimental Nuclear reactor. As expected,
tumor growth was inhibited and the right leg tumor disappeared in 14 days. At this point, a challenge
experiment was carried out on the left leg to see whether it is possible to establish a tumor. The results
shown in Figure 4B demonstrate that left leg tumor growth could not be established. These results suggest
that immune activation occurred that blocked tumor formation on the left leg.
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Figure 4. Rejection of subsequent implants. (A) Experimental scheme. CT26
tumor cells were transplanted onto the right of mice and BNCT was performed.
After tumor eradication, mice were challenged with a second CT26
transplantation on the left leg. Adapted from Fig. 5 of Torgov et al (ref.21).

INDUCTION OF ABSCOPAL EFFECT BY BNCT

Another type of immune activation experiment termed abscopal effect?®?? was carried out. The abscopal
effect was originally described by Mole? as a phenomen of inhibitory effect of radiotherapy at a site distant
from the area of irradiation. This phenomenon has been reported to occur in the treatment of various

malignancies but at an extremely low frequency.?026%’
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In the experiment reported by Torgov et al?', cancer cells were transplanted at two different locations on
the mice, one on the right leg and the other on the left shoulder. After 7 days, the right leg tumor was
irradiated with neutron beams after intravenous injection of boronated dipeptide, while the left shoulder
tumor was not subjected to neutron irradiation. Tumor growth was monitored. Figure 5 shows the results of
these experiments. The protocol used is shown on the top (A). The results shown in B clearly demonstrate

that the growth of tumor on the left shoulder is inhibited even though this tumor was not irradiated.
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Figure 5. Abscopal effect induced by BPA-BPA BNCT A: Scheme. CT26 cells were
transplanted onto the right hind leg and the left shoulder. BNCT was performed on
the right leg only and the growth of tumor on both sites was measured. B: Tumor
growth on the right leg (right figure) and the left shoulder (right figure). Adapted
from Figure 5 of Torgov et al (ref.21)

OTHER REPORTS OF BNCT-INDUCED IMMUNE ACTIVATION

Trivilin et al?® reported BNCT-induced immune activation in 2017. In this experiment, the authors used an
ectopic colon cancer rat model established on the right leg. The rats were injected with BPA and then
irradiated with a neutron beam. The authors noticed that, although they all responded to BPA-BNCT, there
was variability among different rats and that they can be grouped into highly sensitive (denoted as BNCT-
R for BNCT responders) and weakly sensitive groups (BNCT*). One week after the irradiation, fresh cancer

cells were transplanted onto the left leg and the growth of the tumors was evaluated. The growth of tumors
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on the left leg was significantly inhibited in the BNCT responders, while the tumor growth among the non-
responders was not inhibited. While the authors suggest that an abscopal effect was observed, these

experiments are similar to the immune activation that Torgov et al?' observed.

Fujimoto et al (2024)? used mouse melanoma model and examined immune activation by BPA-BNCT. In
particular, they aimed to observe abscopal effect. In this model, B16F10 cells were used to establish tumor
on the right thigh as well as on left abdomen. Growth of these tumors (right thigh intramuscular tumor and
left abdominal subcutaneous tumor) was investigated. BPA-BNCT was carried out on the right thigh tumor
(irradiated tumor) and the growth of tumor on the left abdominal site (shielded tumor) was observed. The
results showed that BPA-BNCT led to the inhibition of irradiated tumor. However, the effect on the
unirradiated (shielded tumor) was minimum. These results show that the abscopal effect was not observed
with BPA-BNCT in this model. The authors also report that robust abscopal effect could be seen when BPA-
BNCT was combined with immune checkpoint inhibitor anti-PD1.

What aspect of BNCT is critical for abscopal effect compared to other types of radiation therapy? Sun et al
suggest that BNCT preserves immune cells because of selective uptake of BPA into cancer cells.?” This is an
important observation and further follow-up studies are eagerly awaited.

Conclusion

A new generation of boron reagents enabled increased accumulation of boron-10 in the tumor compared
with BPA. While tumor accumulation of boron-10 reaches a maximum level of around 20 ppm with BPA, use
of new boron compounds enables one to accumulate 3-4 fold higher level of boron-10 in the tumor. With
BPA, tumor growth inhibition is observed. But, tumor eradication can be seen with the new boron
compounds. No immune activation events such as vaccine effect and abscopal effect were seen with BPA
alone. On the other hand, strong immune response was observed with the new boron compounds. Further
experiments are needed to investigate whether there is positive correlation between boron-10 tumor
accumulation and immune activation.

Conflict of Interest Statement:

The authors report no conflicts of interest pertaining to this work.

Funding Statement:

This study was supported by JSPS KAKENHI Grant Numbers JP24K10758 (to K. M.), JP20H00331
(to F. T.), and FY 2022 Kusunoki 125 of Kyoto University 125th Anniversary Fund (to K. M.).

Acknowledgements:
We would like to thank Art Raitano, Kendall Morrison and Michael Torgov for numerous discussions on

boron reagents and mouse BNCT experiments.

Medical Research Archives | https://doi.org/10.18103/mra.2026.0354 9



https://doi.org/10.18103/mra.2026.0354

THE EUROPEAN SOCIETY OF MEDICINE

References:

1. J. Chadwick. The existence of a neutron. Proc. A. 1932; 136 (830): 692-708.

2. G. Locher. Biological effects and therapeutic possibilities of neutrons. Am. J. Roentgenol. Radium Ther.
1936; 36: 1-13.

3. WH Sweet. The uses of nuclear disintegration in the diagnosis and treatment of brain tumor. N. Engl J
Med. 1951; 245(23): 875-878.

4. Y. Mishima, C. Honda, M. Ichihashi, H. Obara, J. Hiratsuka, H. Fukuda, H. Karashima, T. Kobayashi, K.
Kanda and K. Yoshino, Lancet, 1989, 2, 388-389.

5. MR Palmer, JT Goorley, WS Kiger e al. Treatment planning and dosimetry for the Harvard-MIT phase |
clinical trial of cranial neutron capture therapy. Int J Radiation Oncology Biol Phys. 2002; 53: 1361-1379.

6. M. Suzuki, | Kato, T. Aihara et al. Boron neutron capture therapy outcomes for advanced recurrent head
and neck cancer. Journal of Radiation Research. 2014, 55: 146-153

7. H. Hatanaka. A revised boron-neutron capture therapy for malignant brain tumors. J. Neurol., 1975, 209,
81-94.

8. WH Jin, Seldon C, Butkus M et al. A review of boron neutron capture therapy: Its history and current
challenges. Int. J. Particle Ther. 2022; DOI 0.14338/1PT-22-00002.1

9. L. Zhou, Y. Chen, M. Peng et al. Clinical application of boron neutron capture therapy for cancer
treatment: A systematic review. Prec Radiat Oncol 2025; 9:304-313

10. RF Barth, AH Soloway, RG Fairchild et al. Boron neutron capture therapy for cancer. Realities and
prospects. Cancer 1992; 70 (12): 2995-3007.

11. RF Barth, G Wu, M Vicente et al. Boron neutron capture therapy of cancer: where do we stand now?
Cancer Communications 2024; 44: 889-892.

12.T. Kutuk, E. Atak, M. Harrell et al. Boron neutron capture therapy for high-grade CNS tumors:
mechanisms, carriers, and clinical progress: A narrative review. Int J Mol Sci. 2026; 27: 2765

13. 1. Kato, K. Ono, Y. Sakurai et al. Effectiveness of BNCT for recurrent head and neck malignancies. Applied
Radiation and Isotopes 2004; 61: 1069-1073.

14.S. Takeno, Y. Yoshino, T. Aihara et al. Preliminary outcomes of boron neutron capture therapy for head
and neck cancers as a treatment covered by public health insurance system in Japan: Real-world
experiences over a 2-year period. Cancer Medicine. 2024; 13:e7250.

15.Li X, Liu Z, Liu K et al. Advances in clinical trials of boron neutron capture therapy. Research 2026
doi.org/10.34133/research.0988.

16.Y. Kanai, H. Segawa, K. Miyamoto et al. Expression cloning and characterization of a transporter for large
neutral amino acid activated by the heavy chain of 4F2 antigen (CD98). J. Biol Chem 273; 37: 23629-
23632.

17. A. Detta and G.S. Cruickshank. L-amino acid transporter-1 and boronophenylalanine-based boron
neutron capture therapy of human brain tumors. Cancer Res. 2009; 69: 2126-2132.

18.Z. Li, H. Cai, X.Cheng et al., Boron neutron capture therapy combined with immunotherapy: insights
from radiotherapy, BNCT-specific evidence, and future directions, Frontiers in Immunology. 2026. 17:
1687072.

19.R. Zhou, Z. You, L. Liu, Boron neutron capture therapy in the context of tumor heterogeneity: progress,
challenges, and future perspectives, Frontiers in Oncology 2025. 15: 1601013.

20. EB Golden, S. Demaria, PB Schiff et al. An abscopal response to radiation and ipilimumab in a patient

with metastatic non-small cell lung cancer. Cancer Immunol Res. 2013; 1: 365-372.

Medical Research Archives | https://doi.org/10.18103/mra.2026.0354 10



https://doi.org/10.18103/mra.2026.0354

21.

22.

23.

24.

25.

26.

27.

28.

29.

THE EUROPEAN SOCIETY OF MEDICINE

M. Torgov, A. Raitano, JC Quintana et al. L-boronophenylalanine (L-BPA) dipeptide prodrugs enhance
boron delivery to tumors, facilitate tumor eradication and induce tumor vaccine effect in mice following
neutron irradiation. ACS Pharmacol. Transl. Sci. 2026; 9: 888-301.

A. Raitano, T. Martin, C. Zhang et al. Boronotyrosine, a borylated amino acid mimetic with enhanced
solubility, tumor boron delivery, and retention for the re-emerging boron neutron capture therapy field.
J. Med Chem. 2023, 66: 13809-13820.

Fujimoto T, Yamasaki O, Kanehira N et al. Overcoming immunotherapy resistance and inducing abscopal
effects with boron neutron immunotherapy (B-NIT). Cancer Science, 2024; 115:3231-3247.

K. Ishiwata. 4-borono-2-18F-fluoro-L-phenylalanine PET for boron neutron capture therapy-oriented
diagnosis: overview of a quarter century of research. Annals of nuclear medicine. 2019; 33:223-236.

A Raitano, W. Kilby, Ka. Morrison et al. Exploratory rat toxicology and efficacy of the boron neutron
capture therapy drug boronotyrosine in a mouse model of head and neck cancer, International Journal
of Radiation Oncology Biology Physics, 2025; 123: 1395-1400.

RH. Mole. Whole body irradiation: radiobiology or medicine? Br. J. Radiol. 1953; 26: 234-241.

K. Okuma, H. Yamashita, Y. Niibe et al. Abscopal effect of radiation on lung metastases of hepatocellular
carcinoma: a case report. J. Med Case Rep.2011; 5: 111.

VA. Trivillin, ECC. Pozzi, LL. Colombo et al. Abscopal effect of boron neutron capture therapy (BNCT):
proof of principle in an experimental model of colon cancer. Radiat Environ Biophysic. 2017, 56, 365-
375.

Q. Sun, Y. Zhao, S. Qiao et al. Boron neutron capture therapy preserves immune cells and induces robust
anti-tumour immunity in preclinical mouse model. Nature Communications. 2026; 17: 1229.

Medical Research Archives | https://doi.org/10.18103/mra.2026.0354 11



https://doi.org/10.18103/mra.2026.0354

