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Background: Hypoxic microenvironments throughout tumors contribute to proliferation and

resistance to

chemoradiotherapy. Copper-64 diacetyl-bis(N*-methylthiosemicarbazone) (®*Cu-ATSM) is a first-in-class drug
enabling hypoxia-targeting radioligand therapy with (= particles and high-linear energy transfer Auger electrons,
originally employed for positron emission tomography imaging. We report the first-in-human study of ®*Cu-ATSM
therapy in patients with recurrent brain tumors.

Patients and methods: This phase | dose-escalation trial (STAR-64, jRCT2091220362) evaluated intravenous
54Cu-ATSM administered four times at 30, 60, 99, or 150 MBq/kg weekly in patients with recurrent malignant
brain tumors, using the 3 + 3 design. Primary objectives were to assess dose-limiting toxicities (DLTs) and
determine the maximum tolerated dose (MTD). Secondary objectives included efficacy, pharmacokinetics, and
organ dosimetry.

Results: Eighteen patients received °*Cu-ATSM: grade 3 glioma (anaplastic astrocytoma and anaplastic
oligodendroglioma) 27.8%, grade 4 glioma (glioblastoma) 50%, malignant meningioma 11.1%, and metastatic brain
tumors 11.1%. DLTs, consisting only of grade 3 lymphopenia, were observed in four patients: one at 60 MBq/kg,
one at 99 MBg/kg, and two at 150 MBq/kg. The MTD was established as 99 MBg/kg. Two patients had a
radiographic complete response by RECIST v1.1 with long-term survival: >45 months for a patient with anaplastic
oligodendroglioma (60 MBq/kg) and >23 months for a patient with glioblastoma (99 MBq/kg). The 1-year and
median overall survival (OS) were 76.6% and 29.4 months, respectively, in all 18 patients; 12 patients (66.7%) were
long-term survivors of >12 months. Among nine patients with glioblastoma, the 1-year and median OS were 64.8%
and 17.7 months, respectively, suggesting favorable preliminary outcomes compared with historical references.
Pharmacokinetic and dosimetry analyses revealed a clinically favorable distribution and organ radiation doses of
54Cu-ATSM, supporting the selected dosing regimen and schedule.

Conclusions: ®*Cu-ATSM therapy was well tolerated and demonstrated preliminary efficacy in patients with recurrent
malignant brain tumors, particularly glioblastoma, supporting further evaluation in an ongoing phase Ill study
(STEP-64, jRCT2031240090).
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INTRODUCTION

Malignant brain tumors, including glioblastoma, remain
highly lethal despite multimodal therapy comprising surgery,
radiotherapy, and chemotherapy, with approximately 23 800
new primary brain tumors diagnosed each year in the United
States.” Prognosis remains particularly poor; for example,
glioblastoma is associated with a 5-year overall survival (OS)
of only approximately 10% and a median survival of
approximately 15 months.”> Relapse is common, and
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GRAPHICAL ABSTRACT

H. Kurihara et al.

First-in-human phase | study of hypoxia-targeting 6#Cu-ATSM radioligand

therapy in patients with malignant brain tumors (STAR-64)
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effective therapies for recurrent malignant gliomas remain
limited, representing a significant clinical challenge.®*
Hypoxic microenvironments throughout tumors have been
reported to play critical roles in tumor proliferation,
aggressiveness, and resistance to chemoradiotherapy, lead-
ing to poor outcomes in malignant brain tumors.>®
Copper-64 diacetyl-bis(N*-methylthiosemicarbazone)
(®*Cu-ATSM) is a first-in-class hypoxia-targeting radio-
therapeutic agent for malignant tumors.”** Cu-ATSM
labeled with ©9/6%/62/64cy radioisotopes was originally
developed for positron emission tomography (PET) imaging
agents that can highly accumulate in tumor hypoxia char-
acterized by an overreducing status;’>"*> Cu-ATSM rapidly
diffuses into cells and tissues due to its small molecular size
and hydrophobic properties. Under the overreducing tumor
hypoxia, Cu (ll) in Cu-ATSM is reduced to Cu (I), which
dissociates from ATSM and becomes trapped within cancer
cells. Our previous clinical PET study demonstrated that
52Cu-ATSM showed high accumulation in glioma,**** with
uptake significantly greater in higher-grade gliomas than in
lower-grade gliomas and positively correlated with
expression of hypoxic marker HIF-1a..*® ®Cu with a physical
half-life of 12.7 h is a unique radionuclide suitable for in-
ternal radiotherapy and PET imaging, as it emits 0~ (0.574
MeV, 40%) and Auger electron (42.6%) for therapy, and 3
(0.653 MeV, 17.4%) for imaging.”***° Previous studies have
demonstrated that tumor cells incorporated ®*Cu into their
nucleus following ®*Cu-ATSM administration under hypoxia
and that high-linear energy transfer (LET) Auger electrons
together with 3~ particles, emitted from ®*Cu, induce DNA
double-strand breaks and cluster damage in ®*Cu-ATSM
treatment.®>**>” This is similar to high-LET carbon ion
irradiation that can overcome the low oxygen enhance-
ment ratio.’® A preclinical study using a human glioblas-
toma U87MG xenograft mouse model demonstrated that
administering 37 MBq of ®*Cu-ATSM weekly for 4 weeks
effectively inhibited tumor growth and significantly pro-
longed survival in the absence of serious toxicity."® In
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recent neuro-oncological research, targeted radioligand
therapy has been increasingly explored; adequate delivery
across the blood—brain barrier is a key determinant of
successful clinical development.***?° Cu-ATSM has been
reported to demonstrate the ability to cross the blood—
brain barrier.”* While § emitters such as *’’Lu and
9y and a-emitters such as **°Ac have been widely inves-
tigated in radiotherapeutics, no radioligand therapy has yet
reached the approval or late stages of clinical development
for malignant brain tumors.*® The hypoxia-selective reten-
tion mechanism of Cu-ATSM is dependent on copper redox
chemistry within the ATSM complex; therefore, the radio-
pharmaceutical properties of Cu-ATSM cannot be readily
reproduced by simple substitution with other radionu-
clides.>%*? Based on these findings, this first-in-human,
open-label, phase | dose-escalation trial (STAR-64,
jRCT2091220362) was conducted to evaluate the safety,
preliminary therapeutic efficacy, pharmacokinetics, and
organ radiation doses of ®*Cu-ATSM therapy in patients
with malignant brain tumors.

PATIENTS AND METHODS

Study design and eligibility criteria

This was a phase |, multicenter, investigator-initiated,
nonrandomized, open-label, single-arm, 3 4+ 3 dose-
escalation study evaluating ®*Cu-ATSM monotherapy in
patients with recurrent malignant brain tumors, conducted
at the National Cancer Center Hospital (Japan) and Kana-
gawa Cancer Center (Japan). The study was approved by
institutional review boards at each site and was conducted
in compliance with the Declaration of Helsinki and Good
Clinical Practice guidelines. Written informed consent was
obtained from all patients.

Patients were eligible if they had histologically diagnosed
glioma grade 3 or higher, primary central nervous system
malignant lymphoma (PCNSL), atypical or malignant me-
ningioma (grade 2 or 3) based on the most recent
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pathological diagnosis with the World Health Organization
(WHO) 2016 classification,”> or metastatic brain tumor
based on their clinical course or imaging studies. Patients
were required to have one of the following: (i) recurrence
of glioblastoma or grade 3 glioma after completion of
standard therapy; (ii) PCNSL recurrence after completion of
standard therapy consisting of at least one course of high-
dose methotrexate therapy and whole-brain irradiation; (iii)
in patients with metastatic brain tumors having completed
standard treatment for the primary lesion, with confirma-
tion of recurrence or aggravation after external irradiation
for brain metastases; or (iv) atypical and malignant me-
ningioma (grade 2 or 3) with confirmed recurrence or
exacerbation after one or more surgeries. Patients were
required to be aged between 20 and 75 years at the time of
registration with a Karnofsky performance status (KPS)
score of at least 60. Patients were required to have a
measurable lesion with a maximum diameter of 10 mm or
more on contrast-enhanced head MRI before registration.
Patients were required to have all the following on their
latest examination within 14 days before registration: (i)
neutrophil count >1500 /mm?, (i) platelet count >10 x
10*/mm?, (iii) hemoglobin >9.0 g/dL, (iv) alanine amino-
transferase <100 U/L, (v) aspartate aminotransferase <100
U/L, (vi) prothrombin time international normalized ratio
<1.5, (vii) creatinine <1.5 mg/dL, and (viii) urinary protein
qualitative (—) to (1+4). To exclude pseudoprogression at
study initiation, patients with prior radiotherapy were
required to be registered at least 90 days after the final
irradiation day, and eligibility required the presence of
recurrent/progressive disease after completion of standard
therapy.

Treatment with ®*Cu-ATSM and study endpoints

64Cu-ATSM was synthesized at the National Institute for
Quantum Science and Technology and the National Cancer
Center Hospital.>®> ®*Cu-ATSM was administered intrave-
nously weekly four times with four dose cohorts (level 1, 30
MBg/kg; level 2, 60 MBqg/kg; level 3, 99 MBq/kg; and level
4, 150 MBg/kg). One week constituted one course, and
treatment with ®*Cu-ATSM was continued for up to four
courses or until DLT occurred.

The primary endpoints of this phase 1 study were dose-
limiting toxicity (DLT) and the recommended dose for the
next trial. The secondary endpoints included the objective
response rate (ORR), progression-free survival (PFS), inci-
dence of adverse events (AEs), pharmacokinetics, and
dosimetry.

Statistical analysis

The primary endpoint was the proportion of DLT in the full
analysis set (FAS). The secondary endpoints included ORR,
PFS, OS, and organ radiation doses in FAS, and AE in the
safety analysis set (SAS). The 95% confidence intervals (Cls)
for DLT and ORR were estimated using the Clopper—
Pearson method. OS and PFS were estimated using the
Kaplan—Meier method. The 95% Cls for median OS and PFS
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Table 1. Patient characteristics

Characteristic Registered FAS

No. of patients 20 18

Age, years

Median 49.5 49.0
Interquartile range 42.5-56.5 41.0-56.0
Range 30-71 30-71
Mean 50.0 48.9

SD 11.9 11.7

Sex

Male 11 10 (55.6)
Female 9 8 (44.4)
KPS, %

100 1 (5.0) 1(5.6)
90 9 (45.0) 9 (50.0)
80 6 (30.0) 6 (33.3)
70 4 (20.0) 2 (11.1)
60 0 (0.0) 0 (0.0)
Histological classification

Anaplastic astrocytoma 4 (20.0) 4 (22.2)
Anaplastic oligodendroglioma 2 (10.0) 1 (5.6)
Glioblastoma 9 (45.0) 9 (50.0)
PCNSL 0 (0.0) 0 (0.0)
Atypical meningioma (WHO grade 2) 2 (10.0) 2 (11.1)
Malignant meningioma (WHO grade 3) 0 (0.0) 0 (0.0)
Metastatic brain tumor 3 (15.0) 2 (11.1)

Data in the FAS are presented as n (%).

FAS, full analysis set; KPS, Karnofsky performance status; PCNSL, primary central
nervous system lymphoma; SD, standard deviation; WHO, World Health
Organization.

were estimated using the Brookmeyer and Crowley
method, and those for 1-year OS and 6-month PFS were
estimated using Greenwood’s formula. All statistical ana-
lyses were performed using SAS version 9.4 (SAS Institute,
Cary, NC).

Supplementary materials and methods

Detailed methods on the synthesis of ®*Cu-ATSM, organ
radiation doses, and pharmacokinetics analysis, as well as
the protocol including study design, eligibility criteria, and
DLT criteria, are provided in Supplementary Materials S1
and S2, available at https://doi.org/10.1016/j.esmoop.
2026.108249, respectively.

RESULTS

Patients

Twenty patients were enrolled between November 2018
and January 2023. One patient withdrew before treatment
due to neurological deterioration. Of the remaining 19
patients in the SAS, 1 was deemed ineligible, resulting in 18
patients (FAS) who received ®*Cu-ATSM in dose exploration
[level 1, 30 MBqg/kg (n = 3); level 2, 60 MBg/kg (n = 6);
level 3, 99 MBg/kg (n = 6); and level 4, 150 MBqg/kg (n =
3)]. Baseline patient characteristics are shown in Table 1
and Supplementary Table S1, available at https://doi.org/
10.1016/j.esmoop.2026.108249. Overall, 55.6% of pa-
tients were male; the median age was 49.0 years (range 30-
71 years), and 11.1% of patients had a KPS of <70. The
most common tumor types were glioblastoma (9; 50.0%),
anaplastic astrocytoma (4; 22.2%), atypical meningioma
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Table 2. Adverse events in the SAS (N = 19)
CTCAE toxicity Grades 12 Grade 3 Grade 4 Total
Blood and lymphatic system disorders 4(21.1) 4 (21.1)
Anemia 4 (21.1) 4 (21.1)
Gastrointestinal disorders 4(21.1) 4 (21.1)
Epigastric pain 1(5.3) 1(5.3)
Constipation 1(5.3) 1(5.3)
Nausea 2 (10.5) 2 (10.5)
General disorders and administration site conditions 1(5.3) 1 (5.3)
Fever 1(5.3) 1 (5.3)
Infections and infestations 1(5.3) 1(5.3)
Sinusitis 1(5.3) 1(5.3)
Investigations 8 (42.1) 8 (42.1) 3 (15.8) 19 (100)
Alanine aminotransferase increased 2 (10.5) 2 (10.5)
Aspartate aminotransferase increased 1(5.3) 1 (5.3)
Blood albumin decreased 1(5.3) 1(5.3)
Creatine phosphokinase increased 2 (10.5) 2 (10.5)
Blood pressure increased 1(5.3) 1 (5.3)
Fibrin D-dimer increased 1(5.3) 1(5.3)
Lymphocyte count decreased 6 (31.6) 7 (36.8) 3 (15.8) 16 (84.2)
Neutrophil count decreased 9 (47.4) 1(5.3) 10 (52.6)
Platelet count decreased 11 (57.9) 11 (57.9)
Weight loss 1(5.3) 1 (5.3)
Weight gain 1(5.3) 1 (5.3)
White blood cells decreased 6 (31.6) 6 (31.6)
Metabolism and nutritional disorders 13 (68.4) 1(5.3) 14 (73.7)
Hypercalcemia 2 (10.5) 2 (10.5)
Hyperglycemia 6 (31.6) 6 (31.6)
Hyperkalemia 3 (15.8) 3 (15.8)
Hypernatremia 2 (10.5) 2 (10.5)
Hypoalbuminemia 7 (36.8) 7 (36.8)
Hypocalcemia 1(5.3) 1(5.3)
Hypoglycemia 1(5.3) 1(5.3)
Hypokalemia 1(5.3) 1(5.3)
Hyponatremia 3 (15.8) 1(5.3) 4 (21.1)
Hypoproteinemia 2 (10.5) 2 (10.5)
Loss of appetite 1(5.3) 1(5.3)
Musculoskeletal and connective tissue disorders 2 (10.5) 2 (10.5)
Back pain 1(5.3) 1(5.3)
Musculoskeletal pain 1(5.3) 1 (5.3)
Nervous system disorders 4(21.1) 2 (10.5) 6 (31.6)
Aphasia 1(5.3) 1(5.3)
Dysgeusia 1(5.3) 1(5.3)
Headache 1(5.3) 1(5.3)
Hemiplegia 2 (10.5) 2 (10.5)
Memory impairment 1(5.3) 1(5.3)
Seizures 1(5.3) 2 (10.5) 3 (15.8)
Psychiatric disorders 1(5.3) 1 (5.3)
Delirium 1(5.3) 1(5.3)
Renal and urinary disorders 2 (10.5) 2 (10.5)
Hematuria 1(5.3) 1(5.3)
Proteinuria 1(5.3) 1(5.3)
Respiratory, thoracic, and mediastinal disorders 1(5.3) 1 (5.3)
Hiccups 1(5.3) 1 (5.3)
Skin and subcutaneous tissue disorders 2 (10.5) 2 (10.5)
Papules 1(5.3) 1(5.3)
Pruritus 1(5.3) 1(5.3)

All data are presented as n (%).
CTCAE, Common Terminology Criteria for Adverse Events; SAS, safety analysis set.

(2; 11.1%), metastatic brain tumor (2; 11.1%), and
anaplastic oligodendroglioma (1; 5.6%) in the FAS.

Safety

Eighteen patients in the FAS were evaluated for DLTs
(Supplementary Table S2, available at https://doi.org/10.
1016/j.esmoop.2026.108249), and four patients (22.2%;
95% CI% 6.4%-47.6%) experienced grade 3 lymphopenia as

4 https://doi.org/10.1016/j.esmoop.2026.108249

DLT; 1 at 60 MBqg/kg, 1 at 99 MBqg/kg, and 2 at 150 MBq/kg.
The MTD and recommended dose for the next trial was
determined to be 99 MBg/kg. The incidence of AEs in the
SAS was 100% (19/19 patients; Table 2). No treatment-
related deaths occurred. Grade >3 lymphopenia was
observed in 52.6% (10/19), seizures in 10.5% (2/19), and
neutropenia and hyponatremia in 5.3% (1/19 each); the
seizures were unrelated to ®*Cu-ATSM.
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Figure 1. Efficacy outcomes of *Cu-ATSM therapy in the phase 1 study (STAR-64). (A) Waterfall plot depicting percentage change in target lesions (RECIST) in 18
patients. (B) Swimmer plot depicting 18 study participants. (C) Kaplan—Meier estimates of OS in the FAS and patients with glioblastoma; PFS in the FAS and patients

with glioblastoma (from top to bottom).

AA, anaplastic astrocytoma; AE, adverse event; AM, atypical meningioma; AO, anaplastic oligodendroglioma; CR, complete response; FAS, full analysis set; GBM,
glioblastoma; MBT, metastatic brain tumor; OS, overall survival; PD, progressive disease; PFS, progression-free survival; PR, partial response; SD, stable disease.

Antitumor effects and survival

All 18 patients in the FAS had measurable disease at
baseline, were assessed according to RECISTv1.1°* for
response, and were included in the waterfall plot depicted
in Figure 1A. Among the 18 patients, the best overall
response was CR in 2 patients, stable disease (SD) in 9

patients, and PD in 7 patients; the ORR was 11.1% (95% ClI
1.4%-34.7%). The swimmer plot in Figure 1B illustrates the
duration of study participation for each patient. Among the
18 patients, 12 patients (66.7%) were long-term survivors
>12 months, and 14 (77.8%) survived >6 months. For
patients with CR, one patient received 60 MBg/kg. This

Table 3. PFS and OS in FAS and in glioblastoma with historical comparisons

Japan®®
Bevacizumab

1-year OS 6-month PFS Median OS Median PFS
(95% Cl) (95% Cl) (95% Cl) (95% ClI)
This study (STAR-64)
FAS 76.60% 38.10% 29.4 months 3.8 months
(N = 18) (48.8%-90.6%) (16.6%-59.5%) (9.4-NE) (1.1-9.9)
No. of events - - 10 17
Glioblastoma 64.80% 44.40% 17.7 months 3.8 months
(N=9) (25.3%-87.2%) (13.6%-71.9%) (2.5-NE) (0.4-9.9)
No. of events - - 4 8
Historical references
Glioblastoma (EORTC-26101)%° 31.50% - 9.1 months 4.2 months
Lomustine + bevacizumab
Glioblastoma (J022506) 34.50% 33.90% 10.5 months 3.3 months

1-year OS, overall survival rate at 1 year; 6-month PFS, progression-free survival rate at 6 months; Cl, confidence interval; FAS, full analysis set; N/E, not evaluated; NE, not

estimable; OS, overall survival; PFS, progression-free survival.
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Figure 2. Pharmacokinetics and PET/CT imaging. (A) The rate for cumulative excretion and blood distribution of 5*Cu activity after ®*Cu-ATSM administration in
patients with brain tumors (left). Data were obtained at 1, 2, 18, 24, and 48 h after 54Cu-ATSM administration. Values are expressed as the % injected dose.
Radiometabolite analysis of **Cu-ATSM (right). Ratios of ®*Cu-ATSM in the radioactivity in plasma and urine are shown. Values are shown as means and SDs of nine
patients. (B) Representative WB PET/CT maximum intensity projection images obtained at 30 min, 1 h, 2 h, 18 h, 24 h, and 48 h after [®*Cu] Cu-ATSM administration
(left). Closed arrowhead indicates liver, open arrow indicates small intestine, closed arrow indicates large intestine, and open arrowhead indicates urinary bladder,
respectively. Time course for [*Cu] Cu-ATSM distribution in the observed organs (right). Values are expressed as the % injected dose accumulated in the WB, liver,
gastric, S, LI, brain, and remWB. The remWB was calculated by subtracting the sum of organs (liver, gastric, SI, LI, and brain) from WB. Values are shown as means of
the following: n = 1 for 30 min, 1 h, 2 h, n = 4 for 18 h, n = 6 for 24 h, and n = 5 for 48 h. (C) Representative PET/CT fusion images of a patient with glioblastoma
obtained at 18, 24, and 48 h after [**Cu] Cu-ATSM administration and gadolinium-enhanced MRI. Standard uptake value of [®*Cu] Cu-ATSM within the tumor was
3.27, 3.61, and 4.02 at 18, 24, and 48 h, respectively.

CT, computed tomography; LI, large intestine; PET, positron emission tomography; remWB, remainder of the body; SI, small intestine; SUVbw, standardized uptake
value body weight; WB, whole body.

patient was a 41-year-old man (KPS 90) with anaplastic (and censored). Another patient received 99 MBg/kg; this
oligodendroglioma (IDH, mutant; 1p/19q, codeleted; patient was a 49-year-old woman (KPS 90) with glioblas-
PTERT, not available; pMGMT, positive), previously treated toma (IDH, wild-type; 1p/19q, non-codeleted, pTERT,
with gross total resection and temozolomide-based ther- mutant; pMGMT, positive) previously treated with gross
apy. Serial MRI showed a CR, with survival of >45 months total resection, whole-brain radiotherapy, stereotactic
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radiotherapy, and temozolomide. This patient had a CR,
showing a survival of >23 months (and censored). All nine
patients with SD showed survival >5 months, and seven
patients showed survival >12 months. Kaplan—Meier
curves are shown in Figure 1C, and OS and PFS are sum-
marized in Table 3 for the FAS and for patients with glio-
blastoma. Among the 18 FAS patients, the 1-year OS was
76.60% (95% Cl 48.8%-90.6%), and the median OS was 29.4
months (95% Cl 9.4 months to NE); the 6-month PFS was
38.10% (95% Cl16.6%-59.5%), and median PFS was 3.8
months (95% ClI 1.1-9.9 months). Among the nine patients
with glioblastoma, the 1-year OS was 64.80% (95% CI
48.8%-90.6%), and the median OS was 17.7 months (95% ClI
9.4 months to NE); the 6-month PFS was 44.40% (95%
Cl13.6%-71.9%), and median PFS was 3.8 months (95% ClI
0.4-9.9 months), indicating that the OS and PFS.

Pharmacokinetics and PET imaging

Nine patients were included in the pharmacokinetic analysis.
Blood radioactivity concentrations following intravenous
administration of ®*Cu-ATSM (Supplementary Figure S1,
available at https://doi.org/10.1016/j.esmoop.2026.108249)
were fitted by the bi-exponential curve and shown in Figure 2A
as %ID. Supplementary Table S3 (available at https://doi.org/
10.1016/j.esmo0op.2026.108249) summarizes the pharmaco-
kinetic parameters of *Cu-ATSM. The half-life of ®*Cu-ATSM in
the distribution phase (t;/5(4)) was 2.75 £ 1.66 min, and that in
the elimination phase (ty/5(4) was 15.42 & 4.71 h. No dose-
dependent changes of pharmacokinetic parameters were
observed. Urinary and fecal excretion accounted for less than
5% (Figure 2A). Most of the radioactivity in plasma remained as
intact ®*Cu-ATSM, exceeding 90% up to 1 h and more than 80%
up to 24 h after the intravenous administration (Figure 2A).

Sixteen patients underwent a ®*Cu-ATSM PET/computed
tomography (CT) study. Representative whole-body PET/CT
images at 30 min, 1 h, 2 h, 18 h, 24 h, and 48 h after ®*Cu-
ATSM administration, and organ time activity curves are
shown in Figure 2B. The liver had the highest standardized
uptake value (SUV; 31.7 4 13.7) of all the organs in the body
at each time point. The large intestines had high accumu-
lation at 24 h and 48 h after injection (SUV: 13.2 + 10.2 and
10.2 + 4.1, respectively), suggesting that radioactivity was
excreted into the bile and feces. The radiation dosimetry of
64Cu-ATSM is estimated by the MIRD method®’ and sum-
marized in Supplementary Table S3, available at https://doi.
org/10.1016/j.esmoop.2026.108249. The estimated organ
doses of the liver and lower large intestines were 0.23 and
0.14 mSv/MBq, respectively. As a preliminary observation
beyond the study endpoints, PET/CT scans were performed
in patients with glioblastoma at 18, 24, and 48-h post-
administration. Representative images are shown in
Figure 2C. Notably, high accumulation of ®*Cu-ATSM was
observed within the brain tumors; the mean tumor SUV (3.2
4 1.1) was higher than that of normal brain tissue (1.4 +
0.1) at 48 h after administration across 19 patients.

Volume 11 m Issue 8 m 2026

DISCUSSION

This study represents the first-in-human phase | evaluation
of ®*Cu-ATSM for therapeutic purposes as a hypoxia-
targeting radioligand therapy. DLTs were limited to grade
3 lymphopenia; the MTD was established at 99 MBqg/kg
administered weekly for four times. Radiographic CRs were
observed in two patients. Among patients with glioblas-
toma, the 1-year OS rate was 64.8% and the median OS
was 17.7 months, suggesting favorable preliminary efficacy.
These findings highlight the potential of **Cu-ATSM as a
first-in-class hypoxia-targeting radioligand therapy for
recurrent malignant brain tumors. Primary brain tumors
remain a significant clinical challenge worldwide, with an
estimated 321 624 new cases annually,”® including high-
grade gliomas (grade 3 or 4) 22.9%, PCNSL 1.8%, and
grade 2/3 meningiomas 0.54%.%° Despite recent thera-
peutic advances, approximately 90% of glioblastomas
relapse within 2 years of diagnosis.>° Tumor hypoxia is a
key driver of disease progression and therapeutic resis-
tance. Hypoxic markers such as HIF-1a. are frequently
overexpressed, with reported positivity rates of approxi-
mately 72% in glioblastoma®" and 69.7% in metastatic brain
tumors.>” Given these observations, hypoxia-targeting
54Cu-ATSM therapy offers a rational approach to over-
come therapy resistance in malignant brain tumors.
Although various chemotherapeutic approaches have
been attempted worldwide for recurrent high-grade gli-
omas, no treatment has demonstrated sufficient efficacy to
be established as a standard of care. In the randomized
phase Ill EORTC 26101 trial in patients with progressive
glioblastoma, lomustine plus bevacizumab improved PFS
than lomustine alone (median PFS, 4.2 versus 1.5 months)
but did not improve OS (median, OS 9.1 versus 8.6
months).”> In a Japanese phase Il trial (J022506), 29 pa-
tients with recurrent glioblastoma showed a 6-month PFS
of 33.9% (median PFS 3.3 months) and a median OS of 10.5
months (1-year OS 34.5%).”° These results indicate that
bevacizumab provides a limited survival benefit in recur-
rent glioblastoma. In the present study, **Cu-ATSM therapy
achieved a 6-month PFS of 44.4% (median PFS, 3.8 months)
and a median OS of 17.7 months (1-year OS, 64.8%) in
patients with recurrent glioblastoma. These efficacy find-
ings are of interest in the context of recurrent glioblastoma,
for which limited efficacy has been reported with bev-
acizumab monotherapy or lomustine plus bevacizumab;
however, the current results remain exploratory and should
be interpreted with caution. Larger, controlled studies are
warranted to confirm these preliminary observations.
Intravenous administration of ®*Cu-ATSM was safe and
effective, with only minor toxicity limited to grade 3 lym-
phopenia. Pharmacokinetic analysis revealed a distribution
half-life of t1/5(4) 2.75 £ 1.66 min and an elimination half-
life of ty/ 15.42 £ 4.71 h across all dose cohorts.
Metabolite analysis demonstrated that most circulating
radioactivity remained as intact ®*Cu-ATSM during the
elimination phase in the plasma, supporting the feasibility
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of repeated weekly dosing. Given the 12.7-h half-life of
84Cu and that less than 10% of administered radioactivity
was excreted, clearance appears to be driven by physical
decay. Dosimetry analysis identified the liver and lower
large intestine as the most affected organs for radiation.
However, no severe hepatic or intestinal AEs were
observed in this phase | study. Collectively, these data
provide a solid rationale for dose selection and scheduling
in ongoing and future clinical trials. This phase 1 safety
study selected fractionated weekly dosing, which would be
beneficial for patients with recurrent brain tumors who
have very poor prognosis. From a clinical feasibility
perspective, the weekly administration schedule used in
this study may appear intensive; however, in the present
study, the treatment was feasible without major logistical
difficulties, leading to the potential future applicability of
this treatment in clinical practice. For the clinical role of
64Cu-ATSM, it may be most appropriate in the recurrent
setting after standard treatment for malignant brain tu-
mors, while its potential use in combination with other
therapies should be explored in future studies.

Given that ®*Cu-ATSM can penetrate the blood—brain
barrier,’>** this therapy represents a novel, minimally
invasive, and less toxic form of internal radiotherapy for
patients with recurrent malignant brain tumors. Previously,
Cu-ATSM labeled with ®*Y/¢2cy or %Cu had been used
exclusively for PET imaging in clinical studies, demon-
strating safety at diagnostic doses (up to 925 MBg/body>>).
This study provides the first clinical evidence of safety and
establishes the MTD (99 MBq/kg) for therapeutic admin-
istration, along with preliminary signals of efficacy for ®*Cu-
ATSM therapy. Given marked resistance of recurrent ma-
lignant brain tumors to standard chemoradiotherapy,
the cytocidal radiation emitted by ®*Cu—comprising both
B particles and high-LET Auger electrons—may help
overcome therapeutic resistance by directly damaging DNA
in hypoxic tumor cells. This mechanism underpins the po-
tential role of ®*Cu-ATSM as a rational last-line treatment
option for refractory malignant brain tumors.

This study has several limitations, including its small
sample size, the phase | design without a control arm, and
the heterogeneous tumor population. Therefore, the effi-
cacy outcomes should be regarded as exploratory and
require confirmation in larger prospective studies. More-
over, eligibility and histological categorization were based
on the 2016 WHO classification, which was the prevailing
standard when this trial began. Since then, the WHO clas-
sification of central nervous system tumors has been
updated (WHO CNS5, 2021),** incorporating integrated
molecular features (e.g. IDH mutation and 1p/19q codele-
tion). The available molecular features have been described
to Supplementary Table S1, available at https://doi.org/10.
1016/j.esmoop.2026.108249. Future studies using molec-
ularly integrated classification are expected to further
evaluate the relationship between these molecular fea-
tures and treatment outcomes. Furthermore, in this first-in-
human phase | study, dosimetry focused on normal organs
to ensure safety and determine DLT, in line with regulatory
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requirements. Tumor dosimetry was not included as a
prespecified endpoint and was challenging to estimate
reliably owing to the small cohort and heterogeneous tu-
mor types. In addition, PET imaging was performed after
therapeutic administration, and at variable time points
depending on patient discharge from radiation-controlled
rooms and clinical conditions. Therefore, tumor dosimetry
was not considered to be sufficiently robust for meaningful
analysis in the present study. Future studies with
pretherapeutic low-dose administration for diagnostic
imaging would be necessary to enable more reliable tumor
dosimetry and the evaluation of dose—response
relationships.

Conclusion

Collectively, these results demonstrate that ®*Cu-ATSM is
well tolerated and demonstrates encouraging efficacy in
recurrent malignant brain tumors, particularly glioblas-
toma. These findings support further clinical evaluation in
the ongoing phase Il study®> (STEP-64, jRCT2031240090)
and highlights its potential as a first-in-class hypoxia-tar-
geting radioligand therapy, offering a novel therapeutic
option for patients with these devastating and otherwise
treatment-refractory diseases.
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