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Editorial on the Research Topic

Targeted alpha particle therapy in oncology

Targeted radionuclide therapy (TRT), also known as molecular radiotherapy, targeted

radiotherapy, or radiotheranostics, is a rapidly developing area with important recent

breakthroughs (1–3). It aims to treat disseminated cancer, the main clinical challenge in

oncology (4, 5). TRT is based on personalized patient selection using molecular imaging to

verify the presence of a biologic target either on the cancer cell surface or in vascular and/or

stromal elements of metastases. The only approved alpha-emitting radiopharmaceutical is

Xofigo (223RaCl2, approved in 2013). The recent approval of beta-emitting 177Lu-PSMA-

617 (Pluctivo, approved in 2022) for the treatment of metastatic castration-resistant prostate

cancer (mCRPC) expressing prostate-specific membrane antigen (PSMA), and of 177Lu-

DOTATATE (Lutathera, approved by EMA in 2018) for therapy of somatostatin receptor

positive neuroendocrine tumors (NETs) will clearly shift TRT into the mainstream of

cancer treatment. Nevertheless, some patients either do not respond, or, following initially

good response, develop resistance to 177Lu-based therapies, in spite of sufficient expression

of target proteins on cancer cell surfaces (6, 7). Many preclinical and clinical trials

have demonstrated that alpha-particle-emitting radiopharmaceuticals, due to their physical

properties, high linear energy transfer, and short range in tissue relative to beta-emissions,

are emerging as a promising approach for cancer treatment (8–11); they can also directly kill

hypoxic or radio- and chemo-resistant cancer cells.

The goal of this Research Topic is to describe the development of novel alpha-emitting

radiopharmaceuticals for different cancers, recent preclinical, completed, and ongoing

clinical trials of targeted alpha-particle therapy (TAT) alone or in combination, dosimetry,

safety, challenges related to supply and availability of suitable alpha-emitting radionuclides,

as well as some future perspectives. This Research Topic includes 16 articles focusing on

original research (four articles), reviews on different aspects of TAT (9 articles), ongoing

clinical trials (one article), study protocols (one article), and hypotheses and theories (one

article). Key opinion leaders, medical doctors, and scientists fromAustralia, Belgium, France,

Germany, Poland, Norway, Singapore, Sweden, Switzerland, the United Kingdom, and the

United States have contributed to this Research Topic.
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Only a few radionuclides, namely, 225Ac, 211At, 212Bi,
212Pb/213Bi, 224Ra, 223Ra, and 227Th, are of interest for TAT. In this

Research Topic, the challenges and benefits of these radionuclides

are reviewed.

Bone-seeking 223RaCl2 is approved for patients with mCRPC

and dominant osteoblastic skeletal metastases. Attempts to

complex 223Ra to cancer cell–targeting moieties have been

unsuccessful. Some researchers and medical doctors speculate that
223RaCl2 will be less used after the approval of cancer cell–

targeting 177Lu-PSMA-617. In this Research Topic, O’Sullivan

et al., Sartor and Baghian, and Kostos et al. discuss the

potential of 223Ra and why it seems underutilized. Despite the

survival rate benefit of cancer cell–targeting 177Lu-PSMA-617,

responses for many patients with mCRPC are not long-term,

and almost all patients will subsequently develop progressive

disease. Sartor and Baghian reviewed the rapidly developing, most

promising radiopharmaceuticals, including 225Ac-, 212Pb-, and
227Th-labeled PSMA-binding ligands and their future. Tandem

therapies combining beta and alpha radiopharmaceuticals are

also presented. Kostos et al. present a protocol for the clinical

study of AlphaBet, combining a bone-specific alpha-emitter 223Ra

with the beta-emitter 177Lu-PSMA-I&T, for the eradication of

micrometastatic osseous disease, since the bone marrow is the

most common site of cancer progression. Micrometastases in the

skeleton likely receive an inadequate dose of radiation as the

emitted beta-particles from 177Lu travel an average distance of

0.7mm in soft tissue, well-beyond the diameter of micrometastases.

Bone-seeking 223RaCl2 can be used alone or in combination

with gemcitabine or denosumab for osteoblastic osteosarcoma

treatment, as described by Anderson et al.. Unfortunately, not all

areas of osteosarcoma lesions are osteoblastic. In such cases, TAT

with 225Ac or 227Th targeting IGF1R or Her-2 overexpressed in

osteosarcoma may become efficient treatment for osteosarcoma

(NCT03746431 and NCT04147819).

In TAT, radionuclides are delivered to cancer cells through

a wide variety of formulations such as radiolabeled antibodies,

peptides, or small molecules. A recent strategy incorporates
224Ra into CaCO3 microparticles (Radspherin

R©
), designed as a

treatment of the remaining peritoneal micrometastasis in ovarian

and colorectal cancer after complete cytroreductive surgery, as a

means to decrease 224Ra and its daughters’ redistribution from

the peritoneal cavity (12). The goal of the product is to generate

an alpha particle radiation field on the surfaces and liquid

volumes of the peritoneal cavity. Wouters et al. have shown the

therapeutic efficacy of 224Ra-CaCO3 in a mouse model of ovarian

cancer, and the possibility for safe sequential administration using

several chemotherapy regimens commonly employed in patients.

Larsen et al. report the first study on Radspherin for peritoneal

metastasis of colorectal cancer in 23 patients. Biodistribution

studies demonstrated that Radspherin was distributed peritoneally.

Dose-limiting toxicity was not reached. The safety issues of

Radspherin and the level of radiation exposure from the patients to

surrounding people were described by Grønningsæter et al.. It was

concluded that there was no need for any restrictions or precautions

due to external exposure.

The dosimetry and radiation risk–related aspects of 224Ra and
223Ra have been discussed by Lassmann and Eberlein.

A novel dual alpha technology with potentially

broad therapeutic applications (new generator and

radiopharmaceuticals), comprising 224Ra for targeting the

osteoblastic stroma of bone metastases and the chelated-

conjugate daughter 212Pb for selective binding to tumor cells,

has been proposed by Juzeniene et al. and Tornes et al. in this

Research Topic.

Shi et al. reviewed the strengths, weakness, and the present

and future of 225Ac-labeled somatostatin receptor agonists and

antagonists in preclinical and clinical applications for NETs.

Karlsson et al. summarized preclinical and clinical studies

on 227Th-conjugates for various cancer types. The authors also

discussed the feasibility of using 227Th-conjugates in combination

with other therapies. The potential of the combination of 227Th-

conjugates and PD-1 check-point inhibitors in preclinical models

was demonstrated by Berg-Larsen et al..

In a comprehensive review, Albertsson et al. discussed

completed and ongoing clinical trials of different 211At-conjugates.

Kunikowska et al. provide an overview of strategies for

the local treatment of primary and secondary glioblastomas

using 213Bi, 225Ac, and 211At. Antibodies targeting the

extracellular matrix protein tenascin and substance P

targeting the neurokinin type-1 receptor overexpressed

in glioblastomas were discussed as targeting moieties

for TAT.

It is crucial to select novel target molecules that are

expressed in various types of cancers, and preferentially develop

radiopharmaceuticals both for imaging and therapy, allowing a

theranostic approach. However, not all targets are suitable for

TAT; some are useful only for imaging. The biological effect

of TAT depends on the absorbed dose, which is related to

the “area under the curve”; the biological half-life at tumor

sites and normal tissues, matched with the physical half-life of

the given alpha emitter. Additionally, dosimetry calculations of

TAT are challenging, since alpha particles have short ranges

(<100µm) that may provide heterogeneous irradiation and

their daughters may have different pharmacokinetic profiles and

chemical properties.

TAT is one of the most rapidly growing fields in

the management of different types of cancer, and many

radiopharmaceuticals are already in clinical trials. Commercial

and business aspects of alpha radioligands have been discussed by

Ostuni and Taylor.

We hope that this Research Topic on TAT will stimulate more

research and clinical trials in this field.
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Intraperitoneal alpha therapy
with 224Ra-labeled
microparticles combined with
chemotherapy in an ovarian
cancer mouse model

Roxanne Wouters1,2*, Sara Westrøm2, Yani Berckmans1,

Matteo Riva1,3, Jolien Ceusters2, Tina B. Bønsdor�2,

Ignace Vergote4,5 and An Coosemans1

1Laboratory of Tumor Immunology and Immunotherapy, Department of Oncology, Leuven Cancer

Institute, KU Leuven, Leuven, Belgium, 2Oncoinvent AS, Oslo, Norway, 3Department of

Neurosurgery, Mont-Godinne Hospital, UCL Namur, Yvoir, Belgium, 4Division of Gynecological

Oncology, Department of Obstetrics and Gynecology, Leuven Cancer Institute, University Hospitals

Leuven, Leuven, Belgium, 5Department of Oncology, Gynecological Oncology, KU Leuven, Leuven,

Belgium

A novel alpha-therapy consisting of 224Ra-labeled calcium carbonate

microparticles (224Ra-CaCO3-MP) has been designed to treat micrometastatic

peritoneal disease via intraperitoneal (IP) administration. This preclinical

study aimed to evaluate its e�cacy and tolerability when given as a single

treatment or in combination with standard of care chemotherapy regimens,

in a syngeneic model of ovarian cancer in immune competent mice.

Female C57BL/6 mice bearing ID8-fLuc ovarian cancer were treated with
224Ra-CaCO3-MP 1 day after IP tumor cell inoculation. The activity dosages

of 224Ra ranged from 14 to 39 kBq/mouse. Additionally, 224Ra-CaCO3-MP

treatment was followed by either carboplatin (80 mg/kg)-pegylated liposomal

doxorubicin (PLD, 1.6 mg/kg) or carboplatin (60 mg/kg)-paclitaxel (10 mg/kg)

on day 14 post tumor cell inoculation. All treatments were administered

via IP injections. Readouts included survival, clinical signs, and body weight

development over time. There was a slight therapeutic benefit after single

treatment with 224Ra-CaCO3-MP compared to the vehicle control, with

median survival ratios (MSRs) ranging between 1.1 and 1.3. The sequential

administration of 224Ra-CaCO3-MP with either carboplatin-paclitaxel or

carboplatin-PLD indicated a synergistic e�ect on overall survival at certain
224Ra activities. Moreover, the combinations tested appeared well tolerated

in terms of weight assessment in the first 4 weeks after treatment. Overall,

this research supports the further evaluation of 224Ra-CaCO3-MP in patients

with ovarian cancer. However, the most optimal chemotherapy regimen

to combine with 224Ra-CaCO3-MP should be identified to fully exploit its

therapeutic potential.

KEYWORDS

ovarian cancer, alpha therapy, radium-224, chemotherapy, carboplatin, paclitaxel,

pegylated liposomal doxorubicin
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Introduction

Ovarian cancer is the eight leading cause of cancer related

deaths within the female population worldwide (1, 2). The

most dominant subtype is high-grade serous ovarian cancer

(HGSOC), which has an epithelial origin (3, 4). Due to

the absence of symptoms at earlier stages of the disease,

patients are often diagnosed at an advanced disease stage

(International Federation of Gynecology and Obstetrics (FIGO)

stage III and IV). In first line, the current standard of care of

advanced ovarian cancer consists of a cytoreductive debulking

surgery combined with platinum-based chemotherapy and

eventually bevacizumab and/or poly (ADP-ribose) polymerase

(PARP) inhibitors (5). The carboplatin-paclitaxel chemotherapy

combination is the preferred regimen in a first-line treatment

setting. However, the choice of chemotherapy at recurrence

depends on tumor characteristics and whether platinum is again

an option or not. At the time of recurrence, both platinum

and non-platinum agents such as paclitaxel, gemcitabine,

pegylated liposomal doxorubicin (PLD) and topotecan, as well

as targeted therapies such as PARP inhibitors and bevacizumab

can be used as single agents or in combination schedules

(6). Nevertheless, HGSOC patients who get diagnosed in an

advanced disease stage have a poor 5 year survival of only

20%-41% (7).

In most patients, recurrence of the disease involves the

presence of metastases confined to the peritoneal cavity. In

the ongoing search for more effective treatment strategies

to locally target this peritoneal disease, the rapidly evolving

research field of radionuclide therapy is of interest. Historically,

the main focus in the context of ovarian cancer was on

the investigation of β-particle emitters, with various success

rates. In the past, radiocolloids containing 32P or 198Au have

been used for IP treatment of patients with ovarian cancer

(8–11). However, its use was limited in time due to the

increased incidence of adverse effects, and replacement with

chemotherapy treatment was recommended (9). Additionally,

antibody guided 90Y has been explored in the context of

ovarian cancer, but it did not proceed from phase III clinical

trials (12, 13). Alternative types of radiotherapy options that

have been explored for ovarian cancer include proton beam

therapy and carbon ion therapy with successful outcomes

in two case reports of patients with recurrent ovarian

cancer (14, 15).

The use of α-particle emitters is assumed to have advantages

over the prior β-therapies. They are particularly of interest

for the treatment of micrometastatic cancer dissemination

in body cavities, one of the characteristics of peritoneal

carcinomatosis in patients with ovarian cancer (16). Alpha-

emitters are highly cytotoxic for the cancer cells residing in

the abdominal cavity, while sparing surrounding radiosensitive

organs because of their short penetration depth, thus limiting

toxicities compared to β-emitters. To date, Xofigo R© (223RaCl2)

remains the only α-emitting radiopharmaceutical approved

by the European Medicines Agency and the Food and Drug

Administration, and is currently used for the treatment of

skeletal metastases of castration-resistant prostate cancer

(17). However, α-emitters, such as 212Pb and 211At have

been investigated for ovarian cancer in phase I clinical

trials, where feasibility of this type of treatment was

confirmed without apparent signs of dose-limiting toxicities

(18, 19).

The α-emitter 224Ra, when adsorbed onto the

microparticle drug carrier CaCO3, has shown therapeutic

potential in immunodeficient ovarian cancer xenograft

mouse models, when administered as an IP treatment

(20, 21). Based on these promising data, the 224Ra-

CaCO3-MP are currently being assessed in phase I

clinical trials for both ovarian cancer (22) and colorectal

carcinoma (23), two cancer types characterized by the

presence of a widespread metastatic disease within the

peritoneal cavity.

The current paper focusses on the evaluation of
224Ra-CaCO3-MP in terms of its potential to treat

peritoneally disseminated ovarian cancer in an immune

competent mouse model. The aim was to examine

the tolerability and efficacy of combinations with

chemotherapy regimens commonly used in patients with

ovarian cancer.

Materials and methods

Ovarian cancer tumor model

The ID8-fLuc cell line was transduced with a lentiviral

vector (pCHMWS_CMV-fluc-I-PuroR) by the Laboratory of

Molecular Virology and Gene Therapy and Leuven Viral Vector

Core in our institute (KU Leuven, Belgium) (24). Female

C57BL/6 mice (Envigo, Horst, The Netherlands) of seven

to 9 weeks of age were inoculated IP with 5 x 106 ID8-

fLuc ovarian cancer cells on day 0 of the experiment, in the

lower right quadrant of the abdomen. All animal experiments

were approved by the ethical committee of the KU Leuven

(P123/2017) and followed the most recent ethical standards

(NIH guidelines for the Care and Use of Laboratory Animals

and EU Directive 2010/63/EU as amended by Regulation (EU)

2019/1010) and the ARRIVE (Animal Research: Reporting of In

Vivo Experiments) guidelines (25, 26). All mice in experiment

were monitored at least three times per week in terms of

body weight and clinical signs of disease, and drained from

ascites when mice reached 32 grams. When pre-defined humane

endpoints were reached [previously published (24)], mice were

euthanized by cervical dislocation.
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224Ra-CaCO3-MP preparation and
treatment in mice

Two product formulations of 224Ra-CaCO3-MP have

been used: 224Ra-CaCO3-MP-1 from the early-phase of

development and the optimized 224Ra-CaCO3-MP-2, developed

for clinical use in humans. The preparation of the 224Ra-

CaCO3-MP-1 product formulation is described as second

generation microparticles (27), whereas the preparation of the
224Ra-CaCO3-MP-2 formulation can be found in a separate

publication where they are described as layer-encapsulated

microparticles (28). In brief, CaCO3 microparticles were

prepared by a spontaneous precipitation method which yielded

particles with a mainly spherical geometry with a volume-

based median diameter of approximately 6µm when measured

by laser diffraction (Mastersizer 3000, Malvern Instruments

Ltd, Worcestershire, UK). For radiolabeling, 224RaCl2 solution

was added to a suspension of CaCO3 microparticles in

the presence of Ba2+ and SO2−
4 (0.004% and 0.6% (w/w)

relative to CaCO3 respectively) for the coprecipitation of
224Ra. After the radiolabeling process, the 224Ra-CaCO3-MP-

1 were dispersed to a concentration of approximately 12.5

mg/ml in 0.9% NaCl. To fulfill the requirements for the

clinical use of the radiopharmaceutical, it was necessary to

control the size of microparticles in suspension over time

and introduce a sterilization process. Hence, for the 224Ra-

CaCO3-MP-2, an additional layer of CaCO3 was precipitated

on the microparticles before they were dispersed to 25 mg/ml

in 0.9% NaCl and 2.4% (w/w) EDTMPA [ethylenediamine

tetra(methylenephosphonic acid)] and sterilized in an autoclave

at 121 ◦C for 20min. The 224Ra-CaCO3-MP-2 product was

diluted to a final concentration of 12.5 mg/ml with Plasmalyte

(Baxter, Deerfield, IL, USA) prior to treatment administration

in mice. Radium-224 labeled microparticles were administered

via an IP injection at a volume of 0.4ml on day 1 post tumor

cell inoculation at a mass dose of 5mg CaCO3 and an activity

dose ranging between 14 and 39 kBq/mouse 224Ra (805 and 2118

kBq/kg, respectively).

Chemotherapy preparation and
treatment in mice

Carboplatin and paclitaxel (Hospira, ONCO-TAIN, Pfizer,

New York, NY, USA) were dissolved in Dulbecco’s phosphate-

buffered saline (DPBS, Thermo Fisher Scientific, Waltham,

MA, USA) and administered IP at a dose of 60 or 80 mg/kg

and 10 mg/kg, respectively, calculated for an average body

weight of 20 g per mouse. Pegylated liposomal doxorubicin

(Caelyx/Doxil R©, Janssens Cilag International NV, Beerse,

Belgium) was administered IP at a dose of 1.6 mg/kg. All

chemotherapy doses used in this manuscript were determined

previously via in vivo dosage experiments for each of the

combination schedules in the ID8-fLucmousemodel for ovarian

cancer (unpublished results).

Experimental design

All 224Ra-CaCO3-MP treatments were administered on

day 1 post tumor cell inoculation (Figures 1A, 2A, 3A). This

time point was chosen to mimic minimal residual disease

after a cytoreductive debulking surgery in patients, a situation

highly relevant to target micro-metastatic disseminations in

the peritoneal cavity. Chemotherapy administration in all

experiments was performed at day 14 post tumor cell inoculation

(Figures 2A, 3A), tomimic the adjuvant chemotherapy initiation

in patients. All treatments were administered via IP injections.

For all injection time points, control mice received either

DPBS, 0.9% NaCl or Plasmalyte without additives as the

appropriate vehicle control solution for their respective

experimental treatment.

Data analysis

A statistical power analysis was performed to determine

sample sizes for all experiments. A power of at least 0.80

was reached with 6 to 10 mice per treatment group,

depending on the type of experiment. Survival curves

were compared using the log-rank (Mantel-Cox) test.

Adjustment for multiple comparisons was performed with

the Benjamini-Hochberg procedure (with Q = 5%). The

comparisons made for the different experiments can be found

in Supplementary Tables S1, S2. Median survival ratios (MSR)

were calculated as the median survival of the experimental

group divided by the median survival of the respective control

group and served as an additional measure for efficacy. A

linear mixed model was fitted to assess the effects of the
224Ra-CaCO3-MP on the weight changes of the mice in the

first 4 weeks after treatment administration, with data points

taken at 1 week intervals. An (adjusted) p < 0.05 was considered

significant. Synergy between chemotherapy treatment and
224Ra-CaCO3-MP was assessed using the Bliss analysis method

(29). For this, a Cox proportional-hazards model was fitted

to the survival data. Synergy is evaluated based on the hazard

ratios (HRs) of the interaction of groups treated with both

chemotherapy and 224Ra-CaCO3-MP and the monotherapy

treatment groups. Interaction values lower than 1 are considered

synergistic, with statistical significance defined by a p < 0.05

and by the confidence interval not including 1.

The HR in case of synergy (HRcombination) is calculated

by multiplying the HRs of both single treatment and the HR

of the interaction, and the HR in case of an additive effect
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FIGURE 1

Experimental set-up (A) with corresponding Kaplan-Meier curves (B,C) for survival of mice injected IP with vehicle control and
224Ra-CaCO3-MP-1 (5mg, 20 kBq) or 224Ra-CaCO3-MP-2 (5mg, 14 kBq) on day 1 post tumor cell inoculation.

FIGURE 2

Experimental set-up (A) with corresponding body weight evolution as a percentage of starting weight (B) and Kaplan-Meier curve for survival (C)

of mice injected IP with vehicle control, 224Ra-CaCO3-MP-2 (5mg, 27/34/39 kBq) on day 1 post tumor cell inoculation and/or carboplatin (60

mg/kg) and paclitaxel (10 mg/kg) on day 14 post tumor cell inoculation. Due to procedural complications during tumor cell inoculation

(injection in visceral peritoneum instead of peritoneal cavity), one animal allocated to the 224Ra-CaCO3-MP-2 27 kBq single treatment group

was excluded from all further data analysis.
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FIGURE 3

Experimental set-up (A) with corresponding body weight evolution as a percentage of starting weight (B) and Kaplan-Meier curve for survival (C)

of mice injected IP with vehicle control, 224Ra-CaCO3-MP-2 (5mg, 22 kBq) on day 1 post tumor cell inoculation and/or carboplatin (80 mg/kg)

and PLD (1.6 mg/kg) on day 14 post tumor cell inoculation.

(HRadditive) is calculated by multiplying only the HRs of the

single treatments.

The power analysis, Bliss analysis and linear mixed model

fitting were performed using R version 4.1.0 (R Foundation

for Statistical Computing, Vienna, Austria, https://www.R-

project.org/), all other statistical analyses were performed using

GraphPad Prism version 8.2.1 (GraphPad Software, San Diego,

CA, USA).

Results

Therapeutic potential of
224Ra-CaCO3-MP as an IP treatment in
the immune competent ID8-fLuc mouse
model for ovarian cancer

Two product formulations of 224Ra-CaCO3-MP were

evaluated in the immune competent ID8-fLuc mouse

model for ovarian cancer. Treatment with the early-phase

development product formulation 224Ra-CaCO3-MP-1 was

able to significantly prolong survival compared to vehicle

control mice (median survival of 97 and 77.5 days, respectively,

p = 0.0049) and cured 17% of the mice at an activity dose of

20 kBq/mouse with an average of 1,004 kBq/kg body weight

(Figure 1B). In a follow-up experiment with the 224Ra-CaCO3-

MP-2 formulation developed for clinical use, where control of

microparticle size over time was achieved and a sterilization

procedure was introduced [20], there was no effect on overall

survival at an activity dose of 14 kBq/mouse with an average

of 805 kBq/kg body weight (Figure 1C). Even though the

activity dose in this experiment was lower (14 compared to

20 kBq/mouse), higher activity doses that were used in the

combination studies discussed below (ranging between 22 and

39 kBq/mouse) had a similar outcome (Figures 2C, 3C). The

MSRs of all single treatments with 224Ra-CaCO3-MPs, were

higher than 1 in all investigated conditions (Table 1).

Therapeutic synergistic e�ect of
224Ra-CaCO3-MP combined with
chemotherapy

224Ra-CaCO3-MPs were combined with two different

chemotherapy regimens commonly used in clinical practice.

In these studies, our first readout included therapeutic efficacy

in terms of survival. In a first experiment we combined

the first-line chemotherapy regimen carboplatin-paclitaxel with

different activity doses of 224Ra-CaCO3-MP: 27, 34 and 39

kBq/mouse with an average of 1,466, 1,847 and 2,118 kBq/kg

body weight. None of the activity dose levels of 224Ra-CaCO3-

MP-2 in combination with carboplatin-paclitaxel were able

to significantly improve survival compared to mice treated

with carboplatin-paclitaxel alone (Figure 2C). No statistically

significant synergistic effects were observed for any of the
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TABLE 1 Median survival ratios (MSRs) for 224Ra-CaCO3-MP as a single treatment compared to vehicle control.

Treatment (dose) Median survival experimental group (days) Median survival vehicle control group (days) MSR

224Ra-CaCO3-MP-1 (5mg, 20 kBq) 97.0 77.5 1.3

224Ra-CaCO3-MP-2 (5mg, 14 kBq) 72.5 63.0 1.2

224Ra-CaCO3-MP-2 (5mg, 22 kBq) 78.0 71.0 1.1

224Ra-CaCO3-MP-2 (5mg, 27 kBq) 62.5 54.5 1.1

224Ra-CaCO3-MP-2 (5mg, 34 kBq) 71.0 54.5 1.3

224Ra-CaCO3-MP-2 (5mg, 39 kBq) 69.0 54.5 1.3

TABLE 2 Assessment of synergistic e�ect between 224Ra-CaCO3-MP-2 and carboplatin-paclitaxel or carboplatin-PLD.

224Ra-CaCO3-MP-2 (5mg, 27 kBq) with carboplatin (60 mg/kg)-paclitaxel (10 mg/kg)

Treatment Hazard ratio 95% CI p-value

Carboplatin-paclitaxel 0.0823 (0.0251–0.2691) < 0.001

224Ra-CaCO3-MP-2 0.9125 (0.3617–2.3020) 0.846

Carboplatin-paclitaxel and 224Ra- CaCO3-MP-2 0.6020 (0.1609–2.2523) 0.451

HRcombination 0.0452 na na

HRadditive 0.0751 na na

224Ra-CaCO3-MP-2 (5mg, 34 kBq) with carboplatin (60 mg/kg)-paclitaxel (10 mg/kg)

Carboplatin-paclitaxel 0.0645 (0.0200–0.2080) < 0.001

224Ra-CaCO3-MP-2 0.6153 (0.2444–1.5493) 0.303

Carboplatin-paclitaxel and 224Ra- CaCO3-MP-2 0.8600 (0.2339–3.1623) 0.820

HRcombination 0.0341 na na

HRadditive 0.0397 na na

224Ra-CaCO3-MP-2 (5mg, 39 kBq) with carboplatin (60 mg/kg)-paclitaxel (10 mg/kg)

Carboplatin-paclitaxel 0.1117 (0.0399–0.3132) < 0.001

224Ra-CaCO3-MP-2 1.0801 (0.4141–2.8174) 0.875

Carboplatin-paclitaxel and 224Ra- CaCO3-MP-2 0.5525 (0.1404–2.1745) 0.396

HRcombination 0.0667 na na

HRadditive 0.1206 na na

224Ra-CaCO3-MP-2 (5mg, 22 kBq) with carboplatin (80 mg/kg) -PLD (1.6 mg/kg)

Carboplatin-PLD 0.2421 (0.0944–0.6208) 0.0032

224Ra-CaCO3-MP-2 0.5262 (0.2086–1.3273) 0.1738

Carboplatin-PLD and 224Ra- CaCO3-MP-2 0.5023 (0.1221–2.0658) 0.3399

HRcombination 0.0640 na na

HRadditive 0.1274 na na

PLD, pegylated liposomal doxorubicin; CI, confidence interval; na, not applicable.

activity doses and the carboplatin-paclitaxel chemotherapy

regimen. However, there is a tendency toward synergism for

the highest activity dose level of 224Ra-CaCO3-MP-2 (39

kBq) when comparing the HRcombination (0.0667) with the

HRadditive (0.1206). An overview of all HRs can be found

in Table 2.

Subsequently, we assessed a combination with carboplatin-

PLD as an example of a second-line chemotherapy regimen.

Only one activity dose of 224Ra-CaCO3-MP was included:

22 kBq/mouse with an average of 1,300 kBq/kg body weight.

While 224Ra-CaCO3-MP-2 as a single treatment was not able

to prolong survival, the combination of 224Ra-CaCO3-MP-2

combined with the carboplatin-PLD resulted in a prolonged

survival compared to mice that received chemotherapy alone

(median survival of 114 and 94.5 days, respectively, padj
= 0.0102) (Figure 3C). However, the biologically observed

synergistic effect between carboplatin-PLD and 224Ra-CaCO3-

MP-2 treatment is not supported by a statistically significant

effect (p = 0.3399), although there is a tendency toward

synergism when comparing the HRcombination (0.0640) and the
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TABLE 3 Median survival ratios (MSRs) for 224Ra-CaCO3-MP combined with chemotherapy compared to chemotherapy as a single treatment.

Treatment (dose) Median survival

combination group (days)

Median survival chemotherapy

only group (days)

MSR

Carboplatin (60 mg/kg)-paclitaxel (10 mg/kg) and

224Ra-CaCO3-MP-2 (5mg, 27 kBq)

103 99.5 1.0

Carboplatin (60 mg/kg)-paclitaxel (10 mg/kg) and

224Ra-CaCO3-MP-2 (5mg, 34 kBq)

106 99.5 1.1

Carboplatin (60 mg/kg)-paclitaxel (10 mg/kg) and

224Ra-CaCO3-MP-2 (5mg, 39 kBq)

99.5 99.5 1.0

Carboplatin (80 mg/kg)-PLD (1.6 mg/kg) and

224Ra-CaCO3-MP-2 (5mg, 22 kBq)

113 94 1.2

PLD, pegylated liposomal doxorubicin.

TABLE 4 Overview of weight change assessment in mice that received 224Ra-CaCO3-MPs as a single treatment and in combination with both

carboplatin-paclitaxel and carboplatin-PLD chemotherapy regimens.

224Ra-CaCO3-MP-2 (5mg, 22 kBq) vs. vehicle control

Estimate SE 95% CI p-value

Intercept −0.7547 0.3625 [−1.465;−0.044] 0.041

Time 2.9845 0.3951 [2.210; 3.759] <0.001

Time*treatment 0.9329 0.5319 [−0.110; 1.975] 0.097

224Ra-CaCO3-MP-2 (5mg, 27/34/39 kBq) vs. vehicle control

Intercept −0.0792 0.2810 [−0.632; 0.473] 0.779

Time 2.5870 0.2699 [2.086; 3.102] <0.001

Time*treatment 27 kBq −0.1453 0.3904 [−0.890; 0.577] 0.712

34 kBq −0.7783 0.3800 [−1.501;−0.073] 0.047

39 kBq −1.5413 0.3800 [−2.262;−0.835] <0.001

224Ra-CaCO3-MP-2 (5mg, 22 kBq) with carboplatin (80 mg/kg)-PLD (1.6 mg/kg) vs. carboplatin-PLD

Intercept −0.1514 0.7267 [−1.576; 1.273] 0.836

Time 1.2681 0.4324 [0.421; 2.116] 0.006

Time*treatment 0.8688 0.5065 [−0.124; 1.862] 0.103

224Ra-CaCO3-MP-2 (5mg, 27/34/39 kBq) with carboplatin (60 mg/kg)-paclitaxel (10 mg/kg) vs. carboplatin-paclitaxel

Intercept 0.1806 0.2556 [−0.322; 0.683] 0.481

Time 1.5512 0.3093 [0.974; 2.133] <0.001

Time*treatment 27 kBq −0.3239 0.4323 [−1.133; 0.484] 0.458

34 kBq −0.2156 0.4323 [−1.027; 0.590] 0.621

39 kBq 0.0202 0.4323 [−0.792; 0.825] 0.963

224Ra-CaCO3-MP-2 (5mg, 22 kBq) vs. carboplatin (80 mg/kg)-PLD (1.6 mg/kg)

Intercept −0.3848 0.4784 [−1.322; 0.553] 0.424

Time 2.2147 0.3974 [1.436; 2.994] <0.001

Time*treatment 0.6465 0.5148 [−0.363; 1.656] 0.225

224Ra-CaCO3-MP-2 (5mg, 27/34/39 kBq) vs. carboplatin (60 mg/kg)-paclitaxel (10 mg/kg)

Intercept −0.1183 0.2762 [−0.665; 0.428] 0.670

Time 1.5848 0.2781 [1.049; 2.129] <0.001

Time*treatment 27 kBq 0.8301 0.3994 [0.046; 1.606] 0.045

34 kBq 0.2130 0.3887 [−0.543; 0.963] 0.587

39 kBq −0.5364 0.3887 [−1.287; 0.210] 0.176

Statistical analysis was performed by fitting a linear mixed model.

PLD, pegylated liposomal doxorubicin; SE, standard error; CI, confidence interval.
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HRadditive (0.1274). An overview of the different HRs can be

found in Table 2.

The MSRs were also determined for the combinations

of 224Ra-CaCO3-MP-2 with the two different chemotherapy

regimens, when compared to mice treated with chemotherapy

alone. All MSRs ranged between 1 and 1.2 (Table 3).

Combination of 224Ra-CaCO3-MPs with
standard of care chemotherapy regimens
is feasible in terms of tolerability

Changes in body weight over time was assessed as

a measure of tolerability. From the body weight curves

(Supplementary Figures S1, S2), there were no indications of

persistent treatment related effects. A transient loss in body

weight was observed in the days following both treatment with
224Ra-CaCO3-MP-2 and chemotherapy, with longest time to

recovery (approximately 1 week) for the carboplatin and PLD

regime. When body weight development over time was analyzed

by fitting a linear mixed model, a statistically significant delay

in body weight gain was found for the mice treated with the

highest activity doses of 34 and 39 kBq/mouse compared to

vehicle control mice (p = 0.047 and p < 0.001, respectively).

However, 224Ra-CaCO3-MP-2 treatment was not inferior to

chemotherapy treatment in terms of body weight development

over time. If anything, treatment with carboplatin-paclitaxel

resulted in a delayed weight progression compared to mice

that received 224Ra-CaCO3-MP-2 at a dose of 27 kBq/mouse

(p=0.045). More importantly, none of the groups receiving

a combination of chemotherapy with the 224Ra-CaCO3-MP-2

treatment presented with delayed weight progression compared

to mice that received chemotherapy alone, irrespective of the

chemotherapy regimen (Figures 2B, 3B, Table 4). In addition, no

apparent clinical signs of toxicity were observed in any of the

mice in the duration of the studies.

Discussion

In the search for more effective treatment strategies

for ovarian cancer, α-emitting radionuclide therapies are

emerging. The high energy deposition in combination with

limited penetration depth can be exploited to target residual

microscopic disease without affecting the surrounding

radiosensitive organs. These micrometastases remain present

within the peritoneal cavity after cytoreductive debulking

surgery and are often related to the high recurrence rate of the

disease. In this study, we specifically investigated the therapeutic

potential of a newly developed α-emitting radiopharmaceutical

which consists of 224Ra adsorbed onto CaCO3 microparticles,

and the safety to use this in combination with chemotherapy

regimens commonly used in clinical practice. We provide proof-

of-principle of the therapeutic potential of 224Ra-CaCO3-MPs

in a syngeneic model of ovarian cancer in immune competent

mice. Furthermore, the sequential administration of 224Ra-

CaCO3-MPs with two different standard of care chemotherapy

regimens indicated that a synergistic effect can be obtained,

however, the synergism was more pronounced with carboplatin-

PLD compared to carboplatin-paclitaxel. In general, the various

treatment combinations appeared well-tolerated in the mice.

The therapeutic potential of 224Ra-CaCO3-MPs in the

immune compromised ES-2 and SKOV3 mouse model for

ovarian cancer have previously been demonstrated. Different

product formulations of 224Ra-CaCO3-MPs were able to

prolong survival with MSRs ranging between 1.5 and 2.8 (20,

21, 28), while the MSRs observed in the current study ranged

between 1.1 and 1.3. An important factor that might negatively

influence the therapeutic efficacy in the immune competent ID8-

fLuc mouse model for ovarian cancer is the reaction of the

tumor immune microenvironment to the particle drug carrier

(CaCO3 microparticles). It has been shown that IP injections

of microparticle drug carriers, including but not limited to

CaCO3 microparticles, elicit an immune suppressive and tumor

promoting effect in the ID8-fLuc model, mediated by innate

immune suppressive cells such as myeloid-derived suppressor

cells and M2-like macrophages (30). Both cell types are known

to be involved in ovarian cancer development and progression

[recently reviewed (31)]. We believe that the slight survival

benefit in the ID8-fLuc model can be explained by the fact that

the immune-related tumor promoting mechanisms in response

to the CaCO3 microparticles partially counteract the therapeutic

effect of the 224Ra. In another syngeneic mouse model of

disseminated peritoneal disease, albeit of colorectal origin

(CT26.WT), treatment with the 224Ra-CaCO3-MPs was able

to significantly prolong survival (MSR of 1.8) (28), indicating

that the tumor-promoting mechanisms are not universal among

different disease models.

One novelty with the current study is the use of

the fully immune competent ID8-fLuc mouse model for

ovarian cancer. Previously published work on the 224Ra-

CaCO3-MPs in ovarian cancer models was performed in

immune compromised mouse models (ES-2 and SKOV3). Since

the strong immune suppressive tumor microenvironment in

patients with ovarian cancer is an important factor in the disease

progression (31), we provide additional proof of the therapeutic

potential of the 224Ra-CaCO3-MPs in a mouse model that

closely resembles this clinical situation. The study design

was aimed to mimic the clinically relevant standard of care

chemotherapy regimens, although, it should be noted that the IP

administration route of the different chemotherapeutics differs

from the standard administration route in patients with ovarian

cancer (intravenous administration).

However, we recognize that our study encounters some

limitations. With the current data, we are not able to provide

Frontiers inMedicine 08 frontiersin.org

1615

https://doi.org/10.3389/fmed.2022.995325
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Wouters et al. 10.3389/fmed.2022.995325

a mechanistic explanation as to why two chemotherapy

chemotherapy regimens result in a different outcome when

combined with 224Ra-CaCO3-MPs. Several mechanisms can be

responsible for creating synergistic or additive effects between

chemotherapy and radiation therapy. The mechanism of action

for the specific chemotherapeutic drug may radiosensitize

tumor cells to α-radiation to a varying degree. In addition, it

is known that different chemotherapy regimens have different

effects on the ovarian cancer immune microenvironment in

mice (32, 33). Hence, the immune response caused by the
224Ra-CaCO3-MPs and the chemotherapeutics may favor some

but not all combinations and dosages. A future characterization

of both the cytotoxic mechanisms and immunological responses

of the combined 224Ra-CaCO3-MPs and chemotherapy

treatment might therefore aid with identifying the most optimal

combination regimens.

In the past, other applications with α-particle emitters have

been evaluated for the treatment for ovarian cancer. Preclinical

evaluation of IP treatment with 211At-labeled monoclonal

antibodies showed a high therapeutic efficacy in treating

micrometastatic growth in the OVCAR-3 ovarian cancer mouse

model (34, 35). Additionally, the α-emitter 212Pb has been

evaluated as an IP treatment in the immunodeficient ES-2

and A2780cp20 mouse models for ovarian cancer showing a

therapeutic potential when labeled to a monoclonal antibody or

CaCO3 microparticles (36, 37). Additionally, 212Pb and 211At

colloids have also been investigated previously in a preclinical

setting for IP ovarian cancer dissemination, where they have

proven their therapeutic potential (38, 39). No immediate and/or

late signs of local radiation-induced toxicities were observed

in the phase I clinical evaluation of 211At- or 212Pb-labeled

antibody treatments in patients with ovarian cancer (18, 19,

40, 41). These results are as expected with the limited range of

tissue penetration of α-emitters, preventing irradiation of other

radiosensitive organs within the peritoneal cavity.

Furthermore, the combined effects of α-therapies and

chemotherapeutics on weight development in mice as a

measure for toxicity have been evaluated previously. Milenic

and colleagues reported a modest weight loss in mice

treated sequentially with 212Pb-trastuzumab and gemcitabine

compared to mice that received gemcitabine alone in a model

for colon carcinoma (LS-174T) (42), which is in contrast to

what we observed in our study. However, the same group

reported no difference in weight development betweenmice that

received paclitaxel and 213Bi-trastuzumab or paclitaxel alone in

the same tumor model (43), indicating a differential response

to combinations of different types and dosages of chemotherapy

and radionuclides. Both combination regimens described above

also produced synergistic therapeutic effects that could not be

reached by these therapeutics separately (42, 43).

We provide proof-of-principle for the therapeutic efficacy
224Ra-CaCO3-MPs in an immune competent mouse model

for ovarian cancer, both alone and in combination with

chemotherapy. Furthermore, the results indicate a safe

sequential administration with two different chemotherapy

regimens often used in clinical practice. The results support

further evaluation of 224Ra-CaCO3-MPs in patients with

ovarian cancer. However, further investigations remain to

identify the most optimal chemotherapy regimen to combine

with 224Ra-CaCO3-MPs and the sequence of therapies to fully

exploit a potential synergistic effect.
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Tumor growth inhibition and
immune system activation
following treatment with
thorium-227 conjugates and
PD-1 check-point inhibition in
the MC-38 murine model
Axel Berg-Larsen*, Anne Mobergslien, Ingrid Moen,
Gebregziabher Petros, Alexander Kristian,
Kristine Sponheim Gunvaldsen, Véronique Cruciani,
Katrine Wickstroem, Roger Malerbakken Bjerke,
Jenny Karlsson and Alan Cuthbertson*

Bayer AS, Oslo, Norway

Targeted thorium-227 conjugates comprise the combination of a monoclonal

antibody with specificity for a tumor cell antigen and a 3,2-HOPO chelator

enabling complexation of thorium-227 (Th-227). The radiolabeled conjugate

functions as an effective delivery system of alpha-particle radiation to the

surface of the tumor cell inducing difficult to repair complex DNA damage

and cell death. In addition, the mechanism of action of targeted alpha therapy

(TAT) appears to involve a significant component linked to stimulation of

the immune system. We report herein evidence of immune activation and

long-lasting immune protection of a TAT in a syngeneic model using the

MC-38 murine cell line. Firstly, MC-38 cells were irradiated ex vivo with the

thorium labeled antibody before subcutaneous implantation into mice. These

mice were then rechallenged with MC-38 cells contra-laterally. In the group

receiving irradiated cells, 9 out of 10 animals had no measurable tumor

growth compared to aggressive tumor growth in the control group. Secondly,

in an efficacy study, 500 kBq/kg of thorium labeled antibody alone or in

combination with PD-1 checkpoint inhibitor gave statistically significant tumor

growth inhibition compared to vehicle control. Animals with no measurable

tumors were once again rechallenged contra-laterally with MC-38 cells.

The re-growth of tumors was significantly delayed (approx. 60 days) in the

treatment group compared to age-matched controls (approx. 30 days) in

the monotherapy group. Interestingly, in the TAT/ PD-1 combination group

no re-growth was observed demonstrating the potential of combining a

TAT with checkpoint inhibition therapy. Finally, tumors were excised from

treated mice and analyzed by flow cytometry and immunohistochemistry
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(IHC). Analysis revealed significant infiltration of CD8+ T-cells and mature

dendritic cells compared to vehicle controls. Together these results indicated

that an ongoing immune response from treatment with alpha radiation could

be enhanced by check-point inhibition.

KEYWORDS

thorium, alpha-therapy, PD-1/L1, radiotherapy, immune activation, immune
checkpoint inhibitors, conjugate

Introduction

Targeted alpha therapy (TAT) is an emerging modality in the
field of anti-cancer therapy and is dependent on the targeted
delivery of alpha-particle emitting radionuclides to the tumor
tissue (1). Targeted thorium-227 conjugates (TTCs) represent
one such therapeutic approach comprising the combination of
an antibody, with specificity for a tumor cell antigen, conjugated
to a 3,2-HOPO chelator enabling complexation of Th-227 (2,
3). The resulting radiolabeled conjugate functions as an effective
delivery system of alpha radiation inducing double strand DNA
breaks and tumor cell death (4). In addition, due to the short
range of the alpha-particle track there is limited damage to the
surrounding healthy tissue (5).

The half-life of Th-227 (18.7 days) is compatible with the
blood half-life of antibodies in humans, a key factor which allows
for significant accumulation of the TTC in the tumor. Th-227
decay results in the generation of a total of five high-energy alpha
and two beta particles ending with the stable element lead-207
(Pb-207) (6). The first daughter of thorium-227 is radium-
223 (Ra-223), which also has a long decay half-life of 10.4
days. Radium-223 dichloride, the only TAT product currently
approved by the FDA, is a calcium mimetic which deposits at
the sites of abnormal re-modeling in bone metastases in patients
with mCRPC. Adjacent tumor cells are therefore destroyed
by crossfire of alpha particles (7). TTCs target the surface of
the tumor cell and are not dependent on internalization as
the path length of an alpha particle is between 2 and 10 cell
diameters, extending the breadth of tumor specific antigens
to non-internalizing targets. The high and localized energy
deposited by the alpha-particle induces difficult to repair DNA
double strand breaks in the target cell and TATs may therefore
effectively evade many of the pathways by which cancer cells
acquire resistance (8).

We have previously published TTCs with potential for the
treatment of acute myeloid leukemia, renal-, breast-, lung cancer
as well as mesothelioma and prostate cancer (9–14). We have
also demonstrated their efficacy in in vitro and in vivo models as
monotherapies as well as strong synergistic effects observed in
combination with inhibitors of DNA damage repair (9, 11, 12).
However, the influence TAT has on the immune system seems

also to make an important contribution to the mechanism of
action (15). The evaluation of synergies with immunotherapies
have not been exhaustively studied and still need to be better
understood (16).

The immune system plays a key role in inhibiting tumor
growth through a process often referred to as immunoediting
(17). Immune activation works in concert with selected anti-
cancer treatments through the induction of immunogenic cell
death further enhancing the therapeutic effect, the nature and
potency of which, is dependent on the mechanism of action and
tumor biology (18). This concept has been explored thoroughly
in mice and has also been shown to be transferable to the
human setting. The type and location of immune cell infiltrates
in the tumor determines the outcome of immunoediting and is
influenced both by the tumor environment and the choice of
therapy (19). Immune cells can either infiltrate the core of the
tumor or remain confined to the tumor margins and adjacent
lymphatic vessels. Notably, infiltration post therapy can often
be highly heterogeneous across specific tumor-types in a given
population as well as in the metastatic setting within individual
patients (20).

Depending on the type of immune response that is prevalent
in the tumor, different outcomes are expected. In particular,
the nature of the infiltrating T-lymphocytes (CD3+ T-cells) is
critical for a positive outcome. An immune response dominated
by TH1 helper T-cells and CD8+ cytotoxic T-cells is often
correlated with inhibition of tumor growth and complete tumor
regression both in mice and humans (21), while a response
dominated by T-regulatory cells (FOXP3+) is often neutral or
even negatively correlated with patient overall survival (22).
Likewise, the nature and type of the innate immune cells in the
tumor may have a profound role to play. A tumor with a large
macrophage population is correlated with poorer outcomes
than one where a large mature dendritic cell population is
present (23).

The success of check-point inhibitors has led to a greater
understanding of the nature of the immune response even
in advanced tumors (24). Programmed death-ligand 1 (PD-
L1) and its receptor PD-1 on immune cells have been the
most frequent targets of such therapy (25). PD-L1 is normally
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not expressed at high levels in tissue that is not immune-
privileged in some manner, but is upregulated in response
to certain inflammatory cytokines such as interferon-γ (IFN-
γ) (26). The PD-L1/PD-1 interaction deactivates T-cells and
prevents target cell killing, and this mechanism is used by
tumor cells to avoid immunoediting. As such, there is often a
latent immune response against even advanced cancers already
present at the tumor site, being suppressed by such check-
points as well as other immune system avoidance strategies
(27). By introducing check-point inhibitors it is possible to
reactivate the immune response and induce regression of
tumor growth, but it is still the case that only a minority
of patients respond to a significant degree. Check-point
inhibition can therefore be administered in combination
with other therapies to further enhance efficacy and patient
outcomes (28).

We describe herein the effect of a combination of TAT
and a check-point inhibitor in murine models of CRC utilizing
the tumor cell line MC-38 in an attempt to explore potential
synergies with TAT (29). The principle aim of this study was to
investigate if such an effect can be observed using a PD-L1 TTC
in combination with PD-1 targeted therapy.

Materials and methods

Preparation of thorium conjugated
antibodies

Conjugates were prepared as described in Hagemann
et al. (9), using a recombinant murine anti-PD-L1 antibody
based on the sequence of atezolizumab to make murine
IgG1 (Anti-PD-L1 mIgG1 Kappa, RG7446 chimera, PPB-
6390), produced in-house by Bayer AG (Wuppertal, Germany).
For isotype antibody conjugate, mouse isotype BAY 2862727
(SSB-Isotype-mIgG1Lambda) was used. HOPO-chelator-to-
antibody ratio was measured using SE-HPLC at 280 nm
(antibody) and 335 nm (HOPO). Briefly, the conjugates were
prepared by coupling an N-hydroxysuccinimide-activated 3,2-
hydroxypyridinone (HOPO) chelator covalently to the ε-amino
groups of the lysine residues. The chelator-to-antibody ratio
(CAR) for the prepared batch was 0.6. Radiolabeling with
thorium-227 was done in 30 mmol/L citrate, 70 mmol/L
NaCl, 0.5 mg/mL PABA, 2 mmol/L EDTA, pH 5.5 at room
temperature for 1 h.

Media and cell lines

As a target cell for TTC treatment we used the colon cell line
MC-38 (NMI) cultured in RPMI (Biowest) + 10%FBS (Hyclone)
1%P/S (Corning) + 1xMEM-NEAA (Gibco) + 1xNaPyr
(Gibco) + 0.5 µg/ml Blasticidin (Life Technologies). As a

control cell line, we used the skin cell line B16-F10 (ATCC)
cultured in DMEM/Ham’s F12 (Biochrom.) + 10% FBS
(HyClone) + 1% P/S (Corning).

Cell viability was measured using CellTiter Glo (# G924C,
Nerliens Meszansky) read of on an EndoSafe platereader after 6
days of TTC or control treatment.

In vivo procedures

The in vivo procedures described in this manuscript have all
been approved by the National Animal Research Authority and
were carried out in compliance with the European Convention
for the Protection of Vertebrates Used for Scientific Purposes.
Female C57BL/6JRj C57B/k (H-2b) aged 4, 5, or 16 weeks,
weighing 15–18 or 18–25 g, acquired from Janvier Labs,
France were used as host animals. 200.000 MC-38 cells were
inoculated subcutaneously (s.c.) in the right flank for efficacy
and distribution studies, 100.000 MC-38 or B16-F10 cells were
inoculated (s.c.) in the left flank for rechallenge experiments.

For distribution experiments, PD-L1-TTC or an untargeted
isotype Th-227 conjugate) was administered at 0.14 mg/kg
and 500 kBq/kg via the tail vein. Organs were harvested at
predefined timepoints, and the distribution was investigated
by measuring thorium-227 in selected organs by high purity
geranium detector detector (HPGe). Pre-treatment with
0.2 mg/animal anti-PD-L1 antibody was given to separate
groups by intraperitoneal (i.p.) injection the day before
TTC treatment. In the efficacy and rechallenge experiments,
animals were treated with PD-L1-TTC or isotype conjugate at
0.14 mg/kg and 500 kBq/kg, with or without 0.2 mg/animal
anti-PD-L1 or anti-PD-1 antibody pretreatment. Anti-PD-L1
was identical to non-conjugated PD-L1 as described above.
Anti-PD-1 antibody was supplied by BioXCell (RMP1-14). For
each rechallenge with MC-38 or B16-F10 cells, five age-matched
control animals received the same inoculation of cells.

When pre-inoculation irradiation with thorium-227 was
required, cells were exposed to 40 kBq/ml thorium-227 for 48 h.
Excess thorium-227 was removed by wash cycle and cells were
harvested and inoculated as described above.

Isolation of immune cells from mice
tumor and spleen

Tumors were cut into small pieces and dissociated using a
tumor dissociation kit (Miltenyi Biotec) with the gentleMACS
tumor dissociator according to manufactures protocol. CD45+
cells were isolated from the resulting cell suspension using
magnetic microbeads (Miltenyi Biotec) on a MACS separator
column (Miltenyi Biotec) mounted on a magnetic scaffold.

Spleens were mashed through a 70 µm nylon cell strainer
using a sterile plunger. The resulting spleenocytes were washed
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in PBS and then resuspended in 5X RCB lysis buffer (Milenyi
Biotec). Once erythrocytes were removed, the cells were strained
through a 40 µm nylon filter and washed in PBS three times in
succession for a final suspension of spleenocytes.

Cell toxicity assay

MC-38 cells were seeded in 384 wells plates and incubated
over night at 37◦C, 5% CO2. Next day, added 0.03% tween
to the PD-L1 TTCs and isotype Th-227 conjugate before they
were added to the cells, by using the D300e digital dispenser
with concentrations as indicated. The plates were normalized to
highest fluidic volume.

After 7 days incubation was 30 µl CellTiter-Glo added to
each well. Read-out was luminescence on Wallace Envision
Platereader.

γH2AX and DAMP measurement

MC-38 cells were seeded in six wells plates, 250,000 cells per
well in 5 ml medium. Next day, added the compounds; 2, 10, and
25 kBq/ml was used for the PD-L1-TTCs and 10 and 25 kBq/ml
for isotype Th-227 conjugate. After 48 and 72 h exposure the
cells were harvested, permeabilized and stained with yH2AX or
DAMPS markers as described below.

Flow cytometry

Cells were stained for flow cytometry using CD3, CD4,
and CD8 antibodies as well as dead cell marker for T-cells,
and CD86, CD64, and CD11c for dendritic cells and
macrophages. T-regulatory cells were fixed and stained using
the T reg detection kit Miltenyi Biotec) according to
manufacturer’s specification.

Antibodies used for flow were as follows: α-CD4 PE
(Miltenyi Biotec), α-CD8 Vivobright FITC (Miltenyi Biotec),
α-CD3 APC (MIltenyi Biotec), α-CD11c FITC (MiItenyi
Biotec), α-CD86-PE (Miltenyi Biotec), and α-CD64-APC
(Miltenyi Biotec).

Danger-Associated Molecular Patterns were analyzed
by staining targeted cells with anti-human Calreticulin
(CRT)-A647 (Bioss), anti-human HSP70-A647 (Bioss),
anti-human GRP94-A647 (Bioss), and anti-human HMGB1-
A647 (Bioss). yH2AX was analyzed by staining the cells
using anti-human yH2AX (Biolegend). All antibodies were
cross-reactive with mice.

To measure immunomarkers, the cells were stained with
APC anti-mouse IFNAR-1 (Biolegend), APC anti-mouse
CD252 (Biolegend), APC anti-mouse CD54 (Biolegend),
APC anti-mouse CD152 (Biolegend), APC anti-mouse
CD274 (Biolegend), APC anti-mouse CD137 (Biolegend),

APC anti-mouse CEACAM-1/CD66a (R&D), Alexa Fluor
647 anti-mouse B7-H2 (R&D) Alexa Fluor 647 anti-mouse
TRAILR1/TNFRSF10A (Novus), Alexa Fluor 647 anti-mouse
CD27 ligand/TNFSF7/CD70 (Novus).

All cells were analyzed on a Guava Easycyte 8HT
flow cytometer.

Immunohistochemistry

Immunostaining of tumor sections was performed on
3 µm-thick FFPE (formalin fixed paraffin embedded) sections.
Sections incubated in 60◦C for 30 min in a heating cabinet
before deparaffinization in xylene and then hydrated in graded
alcohol solutions. Target retrieval performed in a preheated
steamer for 25 min in Target Retrieval solution pH9, 10x (Dako).
Thereafter cooled on ice until temperature reached 50◦C.
Slides were placed in a humidifying chamber and incubated
with primary Ab for 60 min. Sections were stained with
primary Ab against PD-L1 (Nordic Biosite, 1:100 dilution), CD4
(AbCam, 1:1,000 dilution) and CD8 (AbCam, 1:2,000 dilution).
Slides then blocked with 3% peroxidase blocking solution,
H2O2 (Nordic Biosite), before incubation with Envision labeled
polymer anti Rabbit (Dako) for 30 min. Antibody-antigen
complex was visualized with DAB substrate system for 10 min
(Dako) followed by counterstaining with Hematoxilin (Sigma)
for 60 s. Slides were dehydrated in increasing alcohol-containing
solutions, ending in xylene, before mounting. Positive control
tissue added to all staining set-ups (sections of spleen and lymph
with a known expression of the target).

Statistical analysis

Performed as indicated in figure legends. Differences
between groups were considered statistical significant when
p< 0.05.

Results

In-vitro targeted thorium-227
conjugates treatment induces danger
associate molecular patterns
upregulation and immunogenic cell
death

To determine the effectiveness of the radiolabeled conjugate
we first measured the response of our target cells in vitro. PD-
L1 TTC was cytotoxic to MC-38 cells (Figure 1A), and DNA
damage measured by detecting γH2Ax levels by flowcytometry
(Figure 1B). In culture, a dose dependent increase in the
danger associate molecular patterns (DAMPS) calreticulin,
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FIGURE 1

(A) Cell viability of MC-38 treated for 7 days with indicated targeted thorium-227 conjugates (TTC) or cold conjugate. (B) MC-38 cells (%)
positive for yH2AX by flow cytometry staining after 7 days of treatment with indicated TTC or cold conjugate. (C) MC-38 cells (%) positive for
four common DAMPs by flow cytometry after 7 days of treatment with indicated TTC or cold conjugate. (D) MC-38 cells (%) positive for 10
additional DAMPs by flow cytometry after 7 days of treatment with indicated TTC or cold conjugate. Tukey’s multiple comparison test,
*p < 0.05, **p < 0.01, ***p < 0.001.

HSP70, GPR94, and HMBG1, expressed on the cell surface, was
observed (Figure 1C) indicating the potential for induction of
immunogenic cell death (ICD) by alpha radiation (30). This
effect was also significant for the isotype Th-227 conjugate. We
also observed a strong dose dependent expression of immune
marker ICAM-1 (CD54) and cytokine receptors IFNAR-1 and
CD137 (Figure 1D).

To investigate whether such an immune response could
induce immunity in vivo, we performed a study similar to Gorin
et al. (31) whereby we firstly irradiated MC-38 cells with thorium
conjugated antibodies in vitro 48 h prior to subcutaneous
implantation of the irradiated cells in mice. After 7 days mice
were challenged with living, non-irradiated cells (Figure 2A).

In the group initially receiving irradiated MC-38 cells, 9
out of 10 mice rejected the non-irradiated MC-38 tumor at
challenge (day 7), while growth was observed in all mice in the
age-matched control group (Figure 2A). The specificity for MC-
38 cells was evaluated by rechallenge of the immunized mice,
with either B16-F10 or MC-38 cells 90 days after the initial
cell inoculation (Figure 2B). Tumor growth was observed in 5
out of 5 mice rechallenged with B16-F10 cells, while the mice
rechallenged with MC-38 showed no tumor growth, indicating
that the immunization effect was specific for MC-38 cells.

Programmed death-ligand 1 targeted
thorium-227 conjugates monotherapy
and combination with anti-PD-1
check-point inhibition

Based on the initial results, we then explored whether the
PD-L1 TTC would be efficacious in vivo, inducing a similar
immunization effect following systemic administration.
A biodistribution study in the MC-38 model initially
demonstrated rapid blood PK (Figure 3A) for the PD-L1
TTC due to the rapid accumulation in the spleen with an
observed uptake of>50% ID/g after 24 h (Figure 3C).

As a result, tumor accumulation was low at around 5–8%
ID/g at 24 h, decreasing to 2–3% ID/g at the 168 h timepoint
(Figure 3B). The high splenic uptake was reduced by blocking
with a pre-dose of PD-L1 (i.p. 0.2 mg/kg) resulting in an
increased tumor uptake of the PD-L1 TTC to 20% ID/g at 168 h.

The high level of PD-L1 expression in both liver and spleen
was confirmed by IHC staining (Figures 3F,G) with significantly
less staining observed in the tumor (Figure 3E). As such,
pre-dosing of the check-point inhibitor appeared to prevent
excessive binding of the PD-L1 TTC in liver and spleen allowing
for improved delivery to the tumor.
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FIGURE 2

Ex vivo immunization with irradiated MC-38 cells. (A) Scheme detailing ex-vivo immunization using targeted thorium-227 conjugates (TTC)
irradiated MC-38 cells. In brief, mice were implanted with MC-38 cells pretreated with alpha radiation (n = 10), or with healthy MC-38 cells to
serve as control (n = 5). The mice were then challenged with a new MC-38 implantation after 7 days, and the mice that did not develop tumor
were rechallenged once again after 90 days using MC-38 or the unrelated B16-F10 cell line (n = 5). (B) Size of tumors at day of sacrifice in each
treatment group. 0 indicates no measurable tumor observed at sacrifice. Student’s T-test, *p < 0.05 and **p < 0.01.

An efficacy study was then performed with an anti-PD-
1 check point inhibitor alone or in combination with isotype
Th-277 conjugate or PD-L1 TTC. While no effect on tumor
growth was observed for the anti-PD-1 group alone, statistically
significant inhibition of tumor growth was observed for all
other treatment groups including the isotype Th-227 conjugate
dosed at 500 kBq/kg with no apparent synergy for either PD-
L1 TTC or isotype Th-227 conjugate with addition of the
check point inhibitor (Figure 4). On day 23 after treatment,
there were six mice with no measurable tumor, all treated with
TTC. Interestingly, two of these mice were treated with isotype
conjugate, 1 with isotype conjugate + anti-PD-1, 1 with PD-L1
TTC and 2 with PD-L1 TTC + anti-PD-1, showing no clear bias
between treatment groups.

Mice rechallenged after treatment with
combination therapy show no tumor
re-growth

To understand if efficacy was related to the induction of
an effective and specific immune response these animals were
further challenged with a second inoculation of MC-38 and B16-
F10 cells. The six responding mice were randomized into two
treatment groups (n= 3) along with a third age-matched control
group (n= 5). To allow for full immune recovery, the mice were
left until day 129 before rechallenge.

In the age-matched control group the tumors grew rapidly
over the first 30 days post implantation while in the TTC
monotherapy group the growth was significantly delayed out
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FIGURE 3

(A–D) Biodistribution of 500 kBq/kg isotype Th-227 conjugate or PD-L1-TTC in MC-38_EGFP mice without and with 0.2 mg anti-PD-L1
predosing before dosing. n = 3/group/timepoint. (E) PD-L1 expression in MC-38 tumor. (F) PD-L1 expression in C57BL/6 spleen. (G) PD-L1
expression in C57BL/6 liver. For blanks of IHC staining, see Supplementary Figure 4.

to 60 days. Surprisingly, mice from the combination group
showed no re-growth of MC-38 tumors (Figure 5A). To evaluate
the specificity of the response all treated mice (n = 6) were
inoculated with B16-F10 cells contralaterally 42 days after MC-
38 cell rechallenge and compared once again to a new age-
matched control group (n = 5). B16-F10 cells tumor growth
was observed in all mice (Figure 5B) including the anti-PD1
combination groups.

The tumors which had regrown in the TTC monotherapy
groups were excised and immunohistochemistry performed to
investigate the extent of T-cell infiltration (Figure 5C). Both
CD8+ and CD4+ T-cells were present in large numbers in the
MC-38 tumors but not in the B16-F10 tumors. Based on these
data, we wished to further investigate the infiltration of immune
cells into treated tumors in a new study.

Cytotoxic T-cells infiltrate the tumors
and contribute to cancer treatment

In this follow-up study all mice were pre-dosed with
anti-PD-L1 antibody prior to PD-L1 TTC monotherapy and
combination treatments. Tumors and spleens were isolated
from all mice and immune cells extracted. Flow cytometry
(Supplementary Figure 1) performed 6 days after treatment
revealed CD3+ T-cell infiltration in all tumors (Figure 6).

Over time we observed a change in the sub-population of
T-cells from day 6 to day 14. There was a reduction of CD4+
cells (Figure 6A) in the TTC-treated group in comparison
to the other groups, with a corresponding increase in CD8+
T-cells (Figure 6B). Identifying T-regulatory cells (Tregs) in
the tumors as FOXP3+ CD4+, we also observed that Tregs are
reduced significantly in PD-L1 TTC treated tumors, and slightly
reduced in other treatment groups outside of vehicle control
(Figure 6C). The ratio of Tregs to CD8+ cells (Figure 6D) was
also significantly increased in the TTC+PD-L1 treatment group,
indicating an ongoing cytotoxic immune response, correlating
with the shrinking tumor size (Figure 3).

Mature dendritic cells supporting
immune responses in targeted
thorium-227 conjugates treated
tumors

In addition to T-cells we also isolated dendritic cells and
macrophages from the tumors to investigate the innate immune
response to the TTC treatment. We found that mature DCs
(CD45+, CD11+, CD86+, and CD64-) were increased after 14
days in PD-L1 TTC treated tumors, but not in any other group
(Figure 7A). Macrophages (CD45+, CD64+, and CD11-) were
high after 6 days but decreased in all treatment groups after 14
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FIGURE 4

MC-38 tumor bearing mice were treated with vehicle,
500 kBq/kg isotype Th-227 conjugate, 500 kBq/kg PD-L1-TTC,
anti-PD-1 (10 mg/kg, 2× weekly) or a combination of 500
kBq/kg PD-L1-TTC and anti-PD-1 (10 mg/kg, 2× weekly). All
mice were pre-dosed with 0.2 mg of anti-PD-L1 prior to TTC
dosing. After 23 days all TTC treatment groups demonstrated
statistically significant tumor growth inhibition compared to the
vehicle control group, (n = 8) as analyzed by 2-way ANOVA with
Tukey’s post hoc test *=0.05, **=0.01, ****=0,0001.

days (Figure 7B). Together, these results indicate that dendritic
cells are driving the innate immune response in the tumors in
contrast to macrophages.

Discussion

The cytotoxic effect of radiotherapy in general is well
documented (32). However, it appears that direct cell death
inducing apoptosis and necrosis is only partially responsible for
the observed efficacy and that the immune response triggered
by the radiation also plays a role to a significant degree (33–35).
Radiation therefore functions as an immunological adjuvant,
triggering an immune response that overcomes the tumors
inherit acquired immune evasive state (36, 37). The combination
of check-point inhibitors and high dose radiation in some
indications has demonstrated synergy in several studies (38–
41). The immunogenicity of cells targeted by radiation therapy
varies from tumor to tumor depending on both type of radiation
and the cell lines inherit immunogenicity (31). In the current
study, we show that alpha radiation in combination with check-
point inhibition not only induces tumor regression but also
appears to lead to the increased infiltration of CD8+ T-cells
into tumors and the development of long-lasting immunity
against tumor cells.

Our initial goal was to show that TAT treatment alone could
induce a sufficient immune response to allow for long lasting

immunity, as has been previously published (15, 31). MC-38
is an immunogenic cell line that also expresses PD-L1 and as
such is a good target for both check-point inhibition and TAT
treatment (Figures 1A,B). The in vitro treatment with both
PD-L1 TTC and isotype Th-227 conjugate induced equivalent
amounts of cell death (Figure 1A) and upregulation of markers
of immunologic cell death including the DAMPs HMGB1, CRT
and HSPs (Figures 1C,D), known to have immunostimulatory
effects in tumors (42–45). Although there is no known antigen
for the isotype antibody expressed on the tumor cells, it appears
there is some non-specific binding to the MC-38 cell line,
indicating that the antibody is not a true negative control. It
is also of note that MC-38 cells do not express much PD-L1
in vitro (data not shown) but upregulate PD-L1 in vivo due to
the changing microenvironment (Figure 3). Thus the observed
in vitro effects are due to the damage induced by alpha particles
and not dependent on antibody specificity.

By irradiating target cells in vitro followed by inoculation
into immune competent mice, an immune response was
triggered that resulted in long lasting immunity against MC-38
cells (Figure 2A). Rechallenged with fresh MC-38 cells, tumor
growth was completely inhibited in 9 out of 10 animals in
the group of immune stimulated mice, but not in the age-
matched control mice or in mice inoculated with the B16-F10
cell line (Figure 2B). This demonstrated that some degree of
specific immune protection had been achieved comparable to
the previously published work of Gorin et al. (31).

Having demonstrated that we could induce immunity in
this manner, we then went on to explore the potential of
the TAT inducing immune responses directly in vivo. MC-
38 tumors express PD-L1 in vivo (Figure 3E), however, as
PD-L1 is also expressed in normal tissues such as spleen
and liver (Figures 3F,G) a PD-L1 pre-dose was required
to reduce non-target organ uptake and increase tumor
targeting (Figures 3C,D). Interestingly, the non-targeting
isotype antibody also displayed relatively high tumor uptake,
similar to PD-L1 TTC (Figure 3B), likely due to a combination
of non-specific binding (Figure 1), and a significantly enhanced
permeability and retention effect in this tumor model (46).
The high tumor uptake of both TTCs may also explain why
statistically significant tumor growth inhibition was achieved
for both PD-L1 TTC and isotype Th-227 conjugate as a
monotherapy and in combination with PD-1 check-point
inhibition (Figure 4). Anti-PD-1 alone had only a modest effect
in this tumor model (Figure 4). Alpha radiation treatment
appears therefore to induce an immune response through
immunogenic cell death, with enhanced efficacy in combination
with check-point inhibition. This has been previously reported
with other methods of irradiation in combination with check
point inhibition (47).

A common response to immune activation within a tumor
is the upregulation of checkpoint ligands including PD-L1
resulting in the loss of significant immune response (41, 48).
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FIGURE 5

(A) Growth curve for rechallenge with MC-38 cells after treatment as indicated, n = 5 in control groups, three in treatment groups. (B) Growth
curve for rechallenge with B16-F10 cells after treatment as indicated, n = 5 in control groups, three in treatment groups. (C) IHC slides from
MC-38 and B16-F10 tumors stained for CD4+ and CD8+ T-cells. Slides are from regrowing tumors of monotherapy treated mice. *Animals
previously treated with either PD-L1 TTC or isotype Th-227 conjugate.

Any increase in expression would be expected to increase the
radiation dose delivered to the tumor by the PD-L1 TTC
as more radionuclide is delivered to the target. Furthermore,
the addition of an anti-PD-1 antibody seemed to complement
alpha radiation treatment, likely due to the presence of PD-
1 expressing CD8+ T-cells in the tumors (Figure 6B). The
addition of anti-PD-1 would counteract increasing PD-L1 levels
and work by inducing T-cell activation even as more cells
express PD-L1. PD-1 is also known to be expressed at increasing
levels during persistent encounters with antigens, as is likely in
a tumor environment. The effect of the combination therapy
should increase over time, as the immune response continues,
and immune memory is generated. As immune memory is also
known to be modulated through the PD-1 pathway, the effect of
the combination therapy should also be persistent in rechallenge
experiments (49), as we indeed observed (Figure 5).

In order to investigate further the key components of
immune activation and protection, mice with no detectable
tumor from the combination and monotherapy groups
(Figure 4) were pooled and after 90 days rechallenged with
MC-38 cells. Interestingly, Figure 5 shows that the age-matched

control group all grew tumors of >100 mm2 in 30–40 days
while in the TTC monotherapy group regrowth was significantly
delayed with tumors >100 mm2 measured after 60 days.
Surprisingly there were no measurable tumors in the group
treated with the combination of TTC and PD-1. This was a
clear indication that the combination therapy had triggered
a stronger, more robust immune response leading to long
term protection. To further characterize the immune response,
tumors from the monotherapy group were excised on regrowth
(>200 mm2) and cells extracted for analysis and IHC. IHC
(Figure 5C) revealed the presence of infiltrating T-cells in the
TTC treated group but not in the age-matched control tumors.
This response was enough to delay tumor growth but not
enough to result in long term protection potentially due to the
development of tumor immune evasion or resistance (50, 51).

We postulated that the observed longer-term protection
of the anti-PD-1/TTC combination therapy reflected the
nature of the immune response. The combination group was
less susceptible to escaping immune surveillance, allowing
the development of a robust intra-tumoral memory effector
T-cell response (52) which eliminated the nascent tumor. The
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FIGURE 6

Lymphocytes (%) that are CD3+ in tumors, in each treatment group, n = 5/group. (A) CD3+ cells (%) that are CD4+ CD8- in tumors,
representing T-helper cells, n = 5/group. (B) CD3+ cells (%) that are CD8+ CD4-, representing cytotoxic T-cells, n = 5. (C) CD3+ cells (%) that
are CD4+ FOXP3+ CD25+ in tumors, representing T-regulatory cells, n = 5/group. (D) Ratio of CD8+ cells to T regulator cells in tumor, n = 5.
Student’s t-test *p < 0.05, **p < 0.01, ***p < 0.001.

specificity of the immune response was also confirmed by
inoculation of the mice with B16-F10 (Figure 5B). B16-F10
tumors grew in both control animals and animals with complete
tumor regression indicating that the immune response was
specific for MC-38 cells.

In addition to IHC, we extracted infiltrating immune cells
from TTC treated tumors. As expected, we found both CD4+
and CD8+ T-cells as well as Tregs (Figure 6) infiltrating the
tumors to varying degrees, depending on time and treatment.
In many tumor environments regulatory cells and CD4+ T-cells
would dominate the response and produce an immune tolerant

microenvironment (53). In addition, check point inhibition
alone has the potential to increase immune evasion through
proliferation of Tregs in the tumor when no additional
immune stimulation is present (54). However, the combination
of alpha therapy induced ICD and check-point inhibition
appeared to allow for an increase in active infiltrating CD8+
T-cells (Figure 6B), the alpha radiation promoting an immune
stimulatory environment that supports CD8+ T-cell activation
and the anti-PD-L1 breaking tolerance from PD-L1 expressed
on the tumor cells (55, 56). The result is a cytotoxic immune
response dominated by CD8+ cells over Tregs as expressed in
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FIGURE 7

(A) Mature DCs [CD11c+, CD86+, CD64- (%)] in tumors in each treatment group, n = 6/group. A significant increase is seen after 14 days in the
combination therapy group. (B) Macrophages [CD11c+, CD64+ (%)] in tumors in each treatment group, n = 6/group. Student’s t-test **p < 0.01.

the high ratio of CD8+ to Tregs in the tumor (Figure 6C). This
ratio has been linked to breaking Treg dependent resistance
in tumors (51), preventing metastasis (57) as well as better
prognosis for patients in ICI treatment (50, 58, 59). The increase
in CD8+/Treg ratio in the combination group seems to confirm
the previous findings and support the observations.

The presence of mature dendritic cells and macrophages
in the tumor microenvironment has a large effect on the
developing immune response and even the prognosis of tumor
growth and metastasis (60–62). The presence of large amounts
of mature dendritic cells is helpful for the immune response
(62), while macrophages, especially M2 macrophages, are often
immunosuppressive (61). In tumors treated with combination
therapy, we see an increase in mature dendritic cells over
time (Figure 7A), while we see a drop in macrophages in all
treatment groups (Figure 7B). This supports our T-cell data,
and the hypothesis of a developing immune response initially
dominated by infiltrating macrophages and immature DCs,
which over time shifts to mature DCs supporting CD8+ T-cells
as effector cells leading to tumor elimination.

In conclusion, the persistent immune effect we observed is
exemplified by the complete rejection of tumors implanted in
mice with complete tumor regression from previous treatment.
It is clear from the ex vivo immunization data (Figure 2) that
this effect is mainly from the radiation induced killing of the
target cells, but the presence of the check-point inhibitor also
plays a crucial role for the treatment to work optimally in vivo
(Figure 5). Intriguingly we observe a clear effect even in the
mice where complete tumor regression was achieved initially
but rechallenge with tumor resulted in new tumor growth.
The original combination of TTC and ICI appears to have

induced a more lasting immunity due to the nature of the initial
response they produced together with a strong cytotoxic T-cell
component being critical (63, 64). Although the conclusions
from this study are based on modest sample size, it appears
to provide promising evidence of immune stimulatory effects
of TAT in combination with check-point inhibitors. MC-38 is
already known to be an immunogenic cell line (15) shown to
respond to immune check point inhibition (65). Based on these
preclinical findings, combinations of TAT and ICI may be of
interest in treatment of cancers with high mutational load in a
similar manner. It remains to be seen if such combinations can
be used to make nonimmunogenic tumors respond to check-
point inhibition. In addition, these combinations may also have
clinical relevance in indications were check-point inhibition is
already approved by the FDA, such as melanoma and non-
small cell lung cancer, in patient populations that become
non-responsive to ICI.
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SUPPLEMENTARY FIGURE 1

Gating scheme for all cells. (A) Gating scheme for T-cells in tumor.
CD45+ cells from tumor were gated on FSC/SSC, then live vs. dead,
then CD3+. CD3+ T-cells were gated as CD4+. CD8+ or CD4+ FOXP3+
as shown. (B) Gating scheme for dendritic cells and macrophages in
tumor. CD45+ cells from tumor were gated on FSC/SSC, then live vs.
dead, then CD11c+. Macrophages were gated as CD64+, mDCs as
CD64- CD86. (C) Gating scheme for T-cells in spleen. CD45+ cells
spleen was gated on FSC/SSC, then live vs. dead, then CD3+. CD3+
T-cells were gated as CD4+. CD8+ or CD4+ as shown. (D) Gating
scheme for dendritic cells and macrophages in spleen. CD45+ cells
from spleen were gated on FSC/SSC, then live vs. dead, then CD11c+.
Macrophages were gated as CD64+, mDCs as CD64- CD86.

SUPPLEMENTARY FIGURE 2

(A) Lymphocytes (%) that are CD3+ in spleen, in each treatment group,
n = 5/group. (B) CD3+ cells (%) that are CD4+ CD8- in spleen,
n = 5/group. (C) CD3+ cells (%) that are CD8+ CD4- in spleen,
n = 5/group. (D) Ratio of CD8+ cells to CD4+ in spleen, n = 5/group.
Student’s t-test ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

SUPPLEMENTARY FIGURE 3

(A) Mature DCs [CD11c+, CD86+, CD64-(%)] in spleen, in each
treatment group, n = 5/group. (B) Macrophages [CD11c+, CD64+ (%)] in
spleens, in each treatment group, n = 5/group. Student’s t-test
∗p < 0.05.

SUPPLEMENTARY FIGURE 4

Blank IHC samples (A) Blank MC-38 tumor. (B) Blank C57BL/6 spleen.
(C) Blank C57BL/6 liver.

References

1. Targeted Alpha Therapy Working Group, Parker C, Lewington V, Shore N,
Kratochwil C, Levy M, et al. Targeted alpha therapy, an emerging class of cancer
agents: a review. JAMAOncol. (2018) 4:1765–72. doi: 10.1001/jamaoncol.2018.4044

2. Ramdahl T, Bonge-Hansen HT, Ryan OB, Larsen S, Herstad G, Sandberg M,
et al. An efficient chelator for complexation of thorium-227. Bioorg Med Chem Lett.
(2016) 26:4318–21. doi: 10.1016/j.bmcl.2016.07.034

3. Deblonde GJ-P, Lohrey TD, Booth CH, Carter KP, Parker BF, Larsen Å,
et al. Solution thermodynamics and kinetics of metal complexation with a
hydroxypyridinone chelator designed for thorium-227 targeted alpha therapy.
Inorg Chem. (2018) 57:14337–46. doi: 10.1021/acs.inorgchem.8b02430

4. Graf F, Fahrer J, Maus S, Morgenstern A, Bruchertseifer F, Venkatachalam
S, et al. DNA double strand breaks as predictor of efficacy of the alpha-particle
emitter ac-225 and the electron emitter lu-177 for somatostatin receptor targeted
radiotherapy. PLoS One. (2014) 9:e88239. doi: 10.1371/journal.pone.0088239

5. Dekempeneer Y, Keyaerts M, Krasniqi A, Puttemans J, Muyldermans S,
Lahoutte T, et al. Targeted alpha therapy using short-lived alpha-particles and
the promise of nanobodies as targeting vehicle. Expert Opin Biol Ther. (2016)
16:1035–47. doi: 10.1080/14712598.2016.1185412

6. Dahle J, Borrebæk J, Jonasdottir TJ, Hjelmerud AK, Melhus KB, Bruland
ØS, et al. Targeted cancer therapy with a novel low-dose rate A-emitting
radioimmunoconjugate. Blood. (2007) 110:2049–56. doi: 10.1182/blood-2007-01-
066803

7. Bruland ØS, Nilsson S, Fisher DR, Larsen RH. High-linear energy transfer
irradiation targeted to skeletal metastases by the A-emitter 223ra: adjuvant or
alternative to conventional modalities? Clin Cancer Res. (2006) 12:6250S–7S.

8. Hammer S, Hagemann UB, Zitzmann-Kolbe S, Larsen A, Ellingsen C,
Geraudie S, et al. Preclinical efficacy of a Psma-targeted thorium-227 conjugate
(Psma-Ttc), a targeted alpha therapy for prostate cancerpreclinical efficacy of Psma-
Ttc in prostate cancer. Clin Cancer Res. (2020) 26:1985–96. doi: 10.1158/1078-0432.
CCR-19-2268

9. Hagemann UB, Ellingsen C, Schuhmacher J, Kristian A, Mobergslien
A, Cruciani V, et al. Mesothelin-targeted thorium-227 conjugate (Msln-Ttc):
preclinical evaluation of a new targeted alpha therapy for mesothelin-positive
cancers. Clin Cancer Res. (2019) 25:4723–34. doi: 10.1158/1078-0432.ccr-18-3476

10. Wickstroem K, Hagemann UB, Kristian A, Ellingsen C, Sommer A, Ellinger-
Ziegelbauer H, et al. Preclinical combination studies of an Fgfr2 targeted thorium-
227 conjugate and the Atr inhibitor Bay 1895344. Int J Radiat Oncol Biol Phys.
(2019) 105:410–22. doi: 10.1016/j.ijrobp.2019.06.2508

11. Hagemann UB, Mihaylova D, Uran SR, Borrebaek J, Grant D, Bjerke RM,
et al. Targeted alpha therapy using a novel Cd70 targeted thorium-227 conjugate in
in vitro and in vivo models of renal cell carcinoma. Oncotarget. (2017) 8:56311–26.
doi: 10.18632/oncotarget.16910

12. Hagemann UB, Wickstroem K, Wang E, Shea AO, Sponheim K, Karlsson J,
et al. In vitro and in vivo efficacy of a novel Cd33-targeted thorium-227 conjugate

Frontiers in Medicine 12 frontiersin.org

3130

https://doi.org/10.3389/fmed.2022.1033303
https://www.frontiersin.org/articles/10.3389/fmed.2022.1033303/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2022.1033303/full#supplementary-material
https://doi.org/10.1001/jamaoncol.2018.4044
https://doi.org/10.1016/j.bmcl.2016.07.034
https://doi.org/10.1021/acs.inorgchem.8b02430
https://doi.org/10.1371/journal.pone.0088239
https://doi.org/10.1080/14712598.2016.1185412
https://doi.org/10.1182/blood-2007-01-066803
https://doi.org/10.1182/blood-2007-01-066803
https://doi.org/10.1158/1078-0432.CCR-19-2268
https://doi.org/10.1158/1078-0432.CCR-19-2268
https://doi.org/10.1158/1078-0432.ccr-18-3476
https://doi.org/10.1016/j.ijrobp.2019.06.2508
https://doi.org/10.18632/oncotarget.16910
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-09-1033303 November 9, 2022 Time: 15:33 # 13

Berg-Larsen et al. 10.3389/fmed.2022.1033303

for the treatment of acute myeloid leukemia. Mol Cancer Ther. (2016) 15:2422–31.
doi: 10.1158/1535-7163.mct-16-0251

13. Wickstroem K, Karlsson J, Ellingsen C, Cruciani V, Kristian A, Hagemann
UB, et al. Synergistic effect of a Her2 targeted thorium-227 conjugate in
combination with olaparib in a Brca2 deficient xenograft model. Pharmaceuticals.
(2019) 12:155. doi: 10.3390/ph12040155

14. Wickstroem K, Hagemann UB, Cruciani V, Wengner AM, Kristian A,
Ellingsen C, et al. Synergistic effect of a mesothelin-targeted (227)Th conjugate in
combination with DNA damage response inhibitors in ovarian cancer xenograft
models. J Nucl Med. (2019) 60:1293–300. doi: 10.2967/jnumed.118.223701

15. Lejeune P, Cruciani V, Berg-Larsen A, Schlicker A, Mobergslien A, Bartnitzky
L, et al. Immunostimulatory effects of targeted thorium-227 conjugates as single
agent and in combination with anti-Pd-L1 therapy. J Immunother Cancer. (2021)
9:e002387. doi: 10.1136/jitc-2021-002387

16. Ferrara TA, Hodge JW, Gulley JL. Combining radiation and immunotherapy
for synergistic antitumor therapy. Curr Opin Mol Therapeut. (2009) 11:37–42.

17. Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ. Natural innate and
adaptive immunity to cancer. Annu Rev Immunol. (2011) 29:235–71. doi: 10.1146/
annurev-immunol-031210-101324

18. Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic cell death in cancer
therapy. Annu Rev Immunol. (2013) 31:51–72. doi: 10.1146/annurev-immunol-
032712-100008

19. Garnett CT, Palena C, Chakraborty M, Tsang KY, Schlom J, Hodge JW.
Sublethal irradiation of human tumor cells modulates phenotype resulting in
enhanced killing by cytotoxic T lymphocytes. Cancer Res. (2004) 64:7985–94. doi:
10.1158/0008-5472.can-04-1525

20. Fridman WH, Pagès F, Sautès-Fridman C, Galon J. The immune contexture in
human tumours: impact on clinical outcome. Nat Rev Cancer. (2012) 12:298–306.
doi: 10.1038/nrc3245

21. Bindea G, Mlecnik B, Tosolini M, Kirilovsky A, Waldner M, Obenauf AC,
et al. Spatiotemporal dynamics of intratumoral immune cells reveal the immune
landscape in human cancer. Immunity. (2013) 39:782–95. doi: 10.1016/j.immuni.
2013.10.003

22. Preston CC, Maurer MJ, Oberg AL, Visscher DW, Kalli KR, Hartmann LC,
et al. The ratios of Cd8+ T cells to Cd4+Cd25+ Foxp3+ and Foxp3- T cells correlate
with poor clinical outcome in human serous ovarian cancer. PLoS One. (2013)
8:e80063. doi: 10.1371/journal.pone.0080063

23. Lewis CE, Pollard JW. Distinct role of macrophages in different tumor
microenvironments. Cancer Res. (2006) 66:605–12. doi: 10.1158/0008-5472.can-
05-4005

24. Pardoll DM. The blockade of immune checkpoints in cancer
immunotherapy. Nat Rev Cancer. (2012) 12:252–64. doi: 10.1038/nrc3239

25. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF,
et al. Safety, activity, and immune correlates of Anti-Pd-1 antibody in cancer. N
Engl J Med. (2012) 366:2443–54. doi: 10.1056/NEJMoa1200690

26. Castro F, Cardoso AP, Gonçalves RM, Serre K, Oliveira MJ. Interferon-
gamma at the crossroads of tumor immune surveillance or evasion. Front Immunol.
(2018) 9:847. doi: 10.3389/fimmu.2018.00847

27. Sun C, Mezzadra R, Schumacher TN. Regulation and function of the Pd-L1
checkpoint. Immunity. (2018) 48:434–52. doi: 10.1016/j.immuni.2018.03.014

28. Patel SA, Minn AJ. Combination cancer therapy with immune checkpoint
blockade: mechanisms and strategies. Immunity. (2018) 48:417–33. doi: 10.1016/j.
immuni.2018.03.007

29. Vatner RE, Cooper BT, Vanpouille-Box C, Demaria S, Formenti SC.
Combinations of immunotherapy and radiation in cancer therapy. Front Oncol.
(2014) 4:325. doi: 10.3389/fonc.2014.00325

30. Vénéreau E, Ceriotti C, Bianchi ME. Damps from cell death to new life. Front
Immunol. (2015) 6:422. doi: 10.3389/fimmu.2015.00422

31. Gorin J-B, Ménager J, Gouard S, Maurel C, Guilloux Y, Faivre-Chauvet A,
et al. Antitumor immunity induced after α irradiation.Neoplasia. (2014) 16:319–28.
doi: 10.1016/j.neo.2014.04.002

32. Sia J, Szmyd R, Hau E, Gee HE. Molecular mechanisms of radiation-induced
cancer cell death: a primer. Front Cell Dev Biol. (2020) 8:41. doi: 10.3389/fcell.2020.
00041

33. Formenti SC, Demaria S. Combining radiotherapy and cancer
immunotherapy: a paradigm shift. JNCI. (2013) 105:256–65. doi: 10.1093/
jnci/djs629

34. Gorin JB, Gouard S, Ménager J, Morgenstern A, Bruchertseifer F, Faivre-
Chauvet A, et al. Alpha particles induce autophagy in multiple myeloma cells. Front
Med. (2015) 2:74. doi: 10.3389/fmed.2015.00074

35. Barker HE, Paget JTE, Khan AA, Harrington KJ. The tumour
microenvironment after radiotherapy: mechanisms of resistance and recurrence.
Nat Rev Cancer. (2015) 15:409–25. doi: 10.1038/nrc3958

36. Chajon E, Castelli J, Marsiglia H, De Crevoisier R. The synergistic effect of
radiotherapy and immunotherapy: a promising but not simple partnership. Crit
Rev Oncol. (2017) 111:124–32. doi: 10.1016/j.critrevonc.2017.01.017

37. Gorin JB, Guilloux Y, Morgenstern A, Chérel M, Davodeau F, Gaschet J.
Using α radiation to boost cancer immunity? Oncoimmunology. (2014) 3:e954925.
doi: 10.4161/21624011.2014.954925

38. Deng L, Liang H, Burnette B, Beckett M, Darga T, Weichselbaum RR, et al.
Irradiation and anti–Pd-L1 treatment synergistically promote antitumor immunity
in mice. J Clin Investig. (2014) 124:687–95. doi: 10.1172/JCI67313

39. Dovedi SJ, Cheadle EJ, Popple AL, Poon E, Morrow M, Stewart R, et al.
Fractionated radiation therapy stimulates antitumor immunity mediated by both
resident and infiltrating polyclonal T-cell populations when combined with Pd-1
blockade. Clin Cancer Res. (2017) 23:5514–26. doi: 10.1158/1078-0432.ccr-16-1673

40. Gong J, Le TQ, Massarelli E, Hendifar AE, Tuli R. Radiation therapy and Pd-
1/Pd-L1 blockade: the clinical development of an evolving anticancer combination.
J ImmunoTher Cancer. (2018) 6:46. doi: 10.1186/s40425-018-0361-7

41. Twyman-Saint Victor C, Rech AJ, Maity A, Rengan R, Pauken KE, Stelekati
E, et al. Radiation and dual checkpoint blockade activate non-redundant immune
mechanisms in cancer. Nature. (2015) 520:373–7. doi: 10.1038/nature14292

42. Basu S, Binder RJ, Ramalingam T, Srivastava PK. Cd91 is a common receptor
for heat shock proteins Gp96, Hsp90, Hsp70, and Calreticulin. Immunity. (2001)
14:303–13. doi: 10.1016/S1074-7613(01)00111-X

43. Andersson U, Tracey KJ. Hmgb1 is a therapeutic target for sterile
inflammation and infection. Annu Rev Immunol. (2011) 29:139–62. doi: 10.1146/
annurev-immunol-030409-101323

44. Birmpilis AI, Paschalis A, Mourkakis A, Christodoulou P, Kostopoulos IV,
Antimissari E, et al. Immunogenic cell death, damps and prothymosin α as a
putative anticancer immune response biomarker. Cells. (2022) 11:1415. doi: 10.
3390/cells11091415

45. Kepp O, Galluzzi L, Martins I, Schlemmer F, Adjemian S, Michaud M,
et al. Molecular determinants of immunogenic cell death elicited by anticancer
chemotherapy. Cancer Metastasis Rev. (2011) 30:61–9. doi: 10.1007/s10555-011-
9273-4

46. Matsumura Y, Maeda HA. New concept for macromolecular therapeutics in
cancer chemotherapy: mechanism of tumoritropic accumulation of proteins and
the antitumor agent smancs. Cancer Res. (1986) 46(12 Pt 1):6387–92.

47. Yamamoto J, Takahashi Y, Minami K. High dose local photon irradiation
is crucial in anti-Ctla-4 antibody therapy to enhance the abscopal response in
a murine pancreatic carcinoma model. Cancers. (2022) 14:2087. doi: 10.3390/
cancers14092087

48. Alsaab HO, Sau S, Alzhrani R, Tatiparti K, Bhise K, Kashaw SK, et al. Pd-1
and Pd-L1 checkpoint signaling inhibition for cancer immunotherapy: mechanism,
combinations, and clinical outcome. Front Pharmacol. (2017) 8:561. doi: 10.3389/
fphar.2017.00561

49. Sharpe AH, Pauken KE. The diverse functions of the Pd1 inhibitory pathway.
Nat Rev Immunol. (2018) 18:153–67. doi: 10.1038/nri.2017.108

50. Shabaneh TB, Molodtsov AK, Steinberg SM, Zhang P, Torres GM, Mohamed
GA, et al. Oncogenic BRAFV600E governs regulatory T-cell recruitment during
melanoma tumorigenesis. Cancer Res. (2018) 78:5038–49. doi: 10.1158/0008-5472.
can-18-0365

51. Saleh R, Elkord E. Treg-mediated acquired resistance to immune checkpoint
inhibitors. Cancer Lett. (2019) 457:168–79. doi: 10.1016/j.canlet.2019.05.003

52. Ribas A, Shin DS, Zaretsky J, Frederiksen J, Cornish A, Avramis E, et al. Pd-
1 blockade expands intratumoral memory T cells. Cancer Immunol Res. (2016)
4:194–203. doi: 10.1158/2326-6066.cir-15-0210

53. Yang K. Regulation of treg cell metabolism and function in non-lymphoid
tissues. Front Immunol. (2022) 13:909705. doi: 10.3389/fimmu.2022.909705

54. Kamada T, Togashi Y, Tay C, Ha D, Sasaki A, Nakamura Y, et al. Pd-
1(+) regulatory T cells amplified by Pd-1 blockade promote hyperprogression of
cancer. Proc Natl Acad Sci USA. (2019) 116:9999–10008. doi: 10.1073/pnas.18220
01116

55. Lee Y, Auh SL, Wang Y, Burnette B, Wang Y, Meng Y, et al. Therapeutic effects
of ablative radiation on local tumor require Cd8+ T cells: changing strategies for
cancer treatment. Blood. (2009) 114:589–95. doi: 10.1182/blood-2009-02-206870

56. Garnett CT, Palena C, Chakarborty M, Tsang K-Y, Schlom J, Hodge JW.
Sublethal irradiation of human tumor cells modulates phenotype resulting in
enhanced killing by cytotoxic T lymphocytes. Cancer Res. (2004) 64:7985–94.

Frontiers in Medicine 13 frontiersin.org

3231

https://doi.org/10.3389/fmed.2022.1033303
https://doi.org/10.1158/1535-7163.mct-16-0251
https://doi.org/10.3390/ph12040155
https://doi.org/10.2967/jnumed.118.223701
https://doi.org/10.1136/jitc-2021-002387
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.1158/0008-5472.can-04-1525
https://doi.org/10.1158/0008-5472.can-04-1525
https://doi.org/10.1038/nrc3245
https://doi.org/10.1016/j.immuni.2013.10.003
https://doi.org/10.1016/j.immuni.2013.10.003
https://doi.org/10.1371/journal.pone.0080063
https://doi.org/10.1158/0008-5472.can-05-4005
https://doi.org/10.1158/0008-5472.can-05-4005
https://doi.org/10.1038/nrc3239
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.3389/fimmu.2018.00847
https://doi.org/10.1016/j.immuni.2018.03.014
https://doi.org/10.1016/j.immuni.2018.03.007
https://doi.org/10.1016/j.immuni.2018.03.007
https://doi.org/10.3389/fonc.2014.00325
https://doi.org/10.3389/fimmu.2015.00422
https://doi.org/10.1016/j.neo.2014.04.002
https://doi.org/10.3389/fcell.2020.00041
https://doi.org/10.3389/fcell.2020.00041
https://doi.org/10.1093/jnci/djs629
https://doi.org/10.1093/jnci/djs629
https://doi.org/10.3389/fmed.2015.00074
https://doi.org/10.1038/nrc3958
https://doi.org/10.1016/j.critrevonc.2017.01.017
https://doi.org/10.4161/21624011.2014.954925
https://doi.org/10.1172/JCI67313
https://doi.org/10.1158/1078-0432.ccr-16-1673
https://doi.org/10.1186/s40425-018-0361-7
https://doi.org/10.1038/nature14292
https://doi.org/10.1016/S1074-7613(01)00111-X
https://doi.org/10.1146/annurev-immunol-030409-101323
https://doi.org/10.1146/annurev-immunol-030409-101323
https://doi.org/10.3390/cells11091415
https://doi.org/10.3390/cells11091415
https://doi.org/10.1007/s10555-011-9273-4
https://doi.org/10.1007/s10555-011-9273-4
https://doi.org/10.3390/cancers14092087
https://doi.org/10.3390/cancers14092087
https://doi.org/10.3389/fphar.2017.00561
https://doi.org/10.3389/fphar.2017.00561
https://doi.org/10.1038/nri.2017.108
https://doi.org/10.1158/0008-5472.can-18-0365
https://doi.org/10.1158/0008-5472.can-18-0365
https://doi.org/10.1016/j.canlet.2019.05.003
https://doi.org/10.1158/2326-6066.cir-15-0210
https://doi.org/10.3389/fimmu.2022.909705
https://doi.org/10.1073/pnas.1822001116
https://doi.org/10.1073/pnas.1822001116
https://doi.org/10.1182/blood-2009-02-206870
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-09-1033303 November 9, 2022 Time: 15:33 # 14

Berg-Larsen et al. 10.3389/fmed.2022.1033303

57. Solis-Castillo LA, Garcia-Romo GS, Diaz-Rodriguez A, Reyes-Hernandez D,
Tellez-Rivera E, Rosales-Garcia VH, et al. Tumor-infiltrating regulatory T Cells,
Cd8/Treg ratio, and cancer stem cells are correlated with lymph node metastasis
in patients with early breast cancer. Breast Cancer. (2020) 27:837–49. doi: 10.1007/
s12282-020-01079-y

58. Takeuchi Y, Nishikawa H. Roles of regulatory T cells in cancer
immunity. Int Immunol. (2016) 28:401–9. doi: 10.1093/intimm/
dxw025

59. Farhood B, Najafi M, Mortezaee K. Cd8(+) cytotoxic T lymphocytes in cancer
immunotherapy: a review. J Cell Physiol. (2019) 234:8509–21. doi: 10.1002/jcp.
27782

60. Roberts EW, Broz ML, Binnewies M, Headley MB, Nelson AE, Wolf DM,
et al. Critical role for Cd103(+)/Cd141(+) dendritic cells bearing Ccr7 for tumor
antigen trafficking and priming of T cell immunity in melanoma. Cancer Cell.
(2016) 30:324–36. doi: 10.1016/j.ccell.2016.06.003

61. Li Z, Wang YJ, Zhou J, Umakoshi M, Goto A. The prognostic
role of M2 tumor-associated macrophages in non-small-cell lung cancer.

Histol Histopathol. (2022) [Online ahead of print]. doi: 10.14670/hh-
18-474.

62. Kim CW, Kim KD, Lee HK. The role of dendritic cells in tumor
microenvironments and their uses as therapeutic targets. BMB Rep. (2021) 54:31–
43. doi: 10.5483/BMBRep.2021.54.1.224

63. Pilones KA, Charpentier M, Garcia-Martinez E, Daviaud C, Kraynak J,
Aryankalayil J, et al. Radiotherapy cooperates with Il15 to induce antitumor
immune responses. Cancer Immunol Res. (2020) 12:2020. doi: 10.1158/2326-6066.
cir-19-0338

64. Newton JM, Hanoteau A, Liu H-C, Gaspero A, Parikh F, Gartrell-Corrado
RD, et al. Immune microenvironment modulation unmasks therapeutic benefit
of radiotherapy and checkpoint inhibition. J Immunother Cancer. (2019) 7:216.
doi: 10.1186/s40425-019-0698-6

65. Woo SR, Turnis ME, Goldberg MV, Bankoti J, Selby M, Nirschl CJ, et al.
Immune inhibitory molecules Lag-3 and Pd-1 synergistically regulate T-cell
function to promote tumoral immune escape. Cancer Res. (2012) 72:917–27. doi:
10.1158/0008-5472.can-11-1620

Frontiers in Medicine 14 frontiersin.org

3332

https://doi.org/10.3389/fmed.2022.1033303
https://doi.org/10.1007/s12282-020-01079-y
https://doi.org/10.1007/s12282-020-01079-y
https://doi.org/10.1093/intimm/dxw025
https://doi.org/10.1093/intimm/dxw025
https://doi.org/10.1002/jcp.27782
https://doi.org/10.1002/jcp.27782
https://doi.org/10.1016/j.ccell.2016.06.003
https://doi.org/10.14670/hh-18-474
https://doi.org/10.14670/hh-18-474
https://doi.org/10.5483/BMBRep.2021.54.1.224
https://doi.org/10.1158/2326-6066.cir-19-0338
https://doi.org/10.1158/2326-6066.cir-19-0338
https://doi.org/10.1186/s40425-019-0698-6
https://doi.org/10.1158/0008-5472.can-11-1620
https://doi.org/10.1158/0008-5472.can-11-1620
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-09-1030094 November 9, 2022 Time: 15:36 # 1

TYPE Review
PUBLISHED 15 November 2022
DOI 10.3389/fmed.2022.1030094

OPEN ACCESS

EDITED BY

Asta Juzeniene,
Oslo University Hospital, Norway

REVIEWED BY

Jacek Capala,
National Cancer Institute (NIH),
United States
Ivar Hompland,
Oslo University Hospital, Norway

*CORRESPONDENCE

Peter M. Anderson
andersp@ccf.org

SPECIALTY SECTION

This article was submitted to
Nuclear Medicine,
a section of the journal
Frontiers in Medicine

RECEIVED 28 August 2022
ACCEPTED 07 October 2022
PUBLISHED 15 November 2022

CITATION

Anderson PM, Subbiah V and
Trucco MM (2022) Current and future
targeted alpha particle therapies for
osteosarcoma: Radium-223,
actinium-225, and thorium-227.
Front. Med. 9:1030094.
doi: 10.3389/fmed.2022.1030094

COPYRIGHT

© 2022 Anderson, Subbiah and
Trucco. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Current and future targeted
alpha particle therapies for
osteosarcoma: Radium-223,
actinium-225, and thorium-227
Peter M. Anderson1*, Vivek Subbiah2,3 and Matteo M. Trucco1

1Department of Pediatric Hematology, Oncology and Bone Marrow Transplant, Cleveland Clinic
Children’s Hospital, Pediatric Institute, Cleveland Clinic, Cleveland, OH, United States,
2Investigational Cancer Therapeutics, Cancer Medicine, Clinical Center for Targeted Therapy,
The University of Texas MD Anderson Cancer Center, Houston, TX, United States, 3Division
of Pediatrics, The University of Texas MD Anderson Cancer Center, Houston, TX, United States

Osteosarcoma is a high-grade sarcoma characterized by osteoid formation,

nearly universal expression of IGF1R and with a subset expressing HER-2.

These qualities provide opportunities for the use of the alpha particle-

emitting isotopes to provide targeted radiation therapy via alpha particles

precisely to bone-forming tumors in addition to IFG1R or Her-2 expressing

metastases. This review will detail experience using the alpha emitter radium-

223 (223Ra, tradename Xofigo), that targets bone formation, in osteosarcoma,

specifically related to patient selection, use of gemcitabine for radio-

sensitization, and using denosumab to increasing the osteoblastic phenotype

of these cancers. A case of an inoperable left upper lobe vertebral-paraspinal-

mediastinal osteoblastic lesion treated successfully with 223Ra combined with

gemcitabine is described. Because not all areas of osteosarcoma lesions

are osteoblastic, but nearly all osteosarcoma cells overexpress IGF1R, and

some subsets expressing Her-2, the anti-IGF1R antibody FPI-1434 linked to

actinium-225 (225Ac) or the Her-2 antibody linked to thorium-227 (227Th)

may become other means to provide targeted alpha particle therapy against

osteosarcoma (NCT03746431 and NCT04147819).

KEYWORDS

osteosarcoma, osteoblastic metastases, bone metastases, lung metastases,
radiosensitization, denosumab, IGF1R antibody FPI-1434-225Ac

Biologic characteristics of osteosarcoma, a bone
forming cancer

Pathologic diagnosis of osteosarcoma requires the demonstration of bone formation
in the form of osteoid production (1). Despite accurate pathologic diagnosis, genomic
instability has resulted in osteosarcomas having heterogeneous molecular signatures,
with a relative paucity of actionable molecular targets. Many osteosarcoma tumors and
metastases harbor p53 mutations or other mechanisms (e.g., MDM2 amplification) that
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interfere with apoptosis after damage from standard
chemotherapy, newer agents such as tyrosine kinase inhibitors
(TKI) of vascular endothelial growth factor (VEGF) (2, 3),
and/or radiation therapy (4, 5).

Although osteosarcoma has long been considered relatively
radio-resistant (6), this assessment was in the pre-chemotherapy
era; radiotherapy has been shown to be more effective against
osteosarcoma when given in combination with chemotherapy
(5, 7–10) or using proton radiotherapy (11). Another approach
that is more biologically effective for bone metastases than
conventional low dose fractionated radiation to enhance
radiation effectiveness is stereotactic body radiotherapy (SBRT)
which delivers precise high dose fractions (12–17). The high
Linear Energy Transfer (LET) of alpha particles emitted by
223Ra, 225Ac, or 227Th causes hard to repair double strand
breaks, providing another way to potentially overcome the
intrinsic biologic resistance of osteosarcoma to radiotherapy
(18–20).

Current therapy of osteosarcoma

The importance of local control measures, especially
surgery was shown in a series by Jaffe (21). Current
osteosarcoma protocols use variations of the 3-drug
(Methotrexate Adriamycin, Platinum, MAP) or 5-drug
(MAP + Ifosfamide/etoposide, MAPIE) chemotherapy similar
to that reported by the Euramos-1 study (22, 23). The addition
of Mifamurtide may also improve outcomes (24–27). Metastatic
disease, age > 18 (28) and poor response to neoadjuvant
chemotherapy are associated with worse prognosis that to date
we have not been able to effectively overcome (29, 30).

Ifosfamide is clearly an active drug in osteosarcoma as
shown by its effectiveness against bone metastases and responses
in patients not responding to MAP (31). Ifosfamide/mesna
can be given with reduced toxicity and improved quality of
life when given as an outpatient (32–37). If surgery is not
possible or would have an unacceptable effect on the quality
of life after response to ifosfamide/mesna, then use of not only
radiotherapy with radio-sensitizers (10), but also alpha emitting
radiopharmaceuticals such as 223Ra can provide options for
local and systemic control (12, 17).

Alpha emitter radium-223 for
osteosarcoma

Osteoblastic phenotype is necessary
for bone-seeking radiopharmaceutical
targeting against osteosarcoma

An osteoblastic phenotype is often suspected when
calcified osteosarcoma metastases are seen on scans. However,

active bone formation for the metastases >1 cm should be
demonstrated using 99mTcMDP bone scan or 18FNa bone
PET-CT before contemplating use of 223Ra in osteosarcoma
(12, 17). Better images are obtained when planar images
are combined with CT (SPECT-CT). 18FNa bone PET-CT
has increased sensitivity toward osteoblastic metastases
and, because a standard uptake value can be obtained on
individual metastases, 18FNa bone PET-CT also provides a
semi-quantitative assessment of disease burden that can be
followed to measure the treatment response (38–46). Radiation
is excellent if delivered precisely to tumors avoiding normal
tissue. Thus, if there is avid 99mTc-MDP (47) and/or 18FNa
uptake in osteosarcoma metastases or a local recurrence, then
the patient is excellent candidate for the use of 223Ra to deliver
alpha particle radiation to osteoblastic osteosarcoma tumors
and minimal radiation to the surrounding normal tissues, be
it adjacent lung, spine, or limb salvage hardware from prior
surgeries. If little or no bone formation is seen on these imaging
modalities, then the patient is not a good candidate for 223Ra.

We have given 223Ra in osteosarcoma using the standard
dose and monthly infusion schedule of 1.49 microCi/kg
intravenously monthly (12) and at 50, 75, and 100 kBq/kg in a
dose escalation study (48). From the perspective of the patient,
getting 223Ra is relatively simple: there is a discussion of the
minimal radiation safety requirements (wash hands, flush toilet
2 × because unbound 223Ra comes out in the stool), and in
our Nuclear Medicine Departments getting 223Ra is similar to
getting a bone scan injection and takes approximately 10 min.
Our current practice is to use the standard 223Ra dose on
a Wednesday or Thursday to allow gemcitabine to be given
as a radio-sensitizer the following day. We also use 223Ra in
combination with other agents such as denosumab and local
control measures in an attempt to both improve the efficacy of
223Ra and also to treat areas of metastases that do not have 223Ra
deposition as illustrated in Figure 1.

Improving therapeutic index of
radium-223 in osteosarcoma

Denosumab
Denosumab is a fully humanized anti-RANKL antibody that

improves bone density. It is used to treat osteoporosis, reduce
skeletal complications of bone metastases, and treat giant cell
tumor of bone (49–53). We have made the observation that
some osteosarcomas increase the amount of bone formation
after denosumab. Thus, monthly denosumab injections during
223Ra therapy can increase the amount of 223Ra deposited in
osteoblastic metastases in osteosarcoma (12).

Gemcitabine
Gemcitabine is an excellent radio-sensitizer (10, 54–59).

The toxicity of gemcitabine is dependent on not only schedule
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FIGURE 1

Algorithm of treatment of metastatic, recurrent osteosarcoma with systemic agents, local control measures, and with alpha-emitters 223Ra or
Anti-IGF1R-Actinium-225. Note if unresectable, referral to a center with expertise in administration of alpha emitters in combination with
radiotherapy will be needed.

and dose, but also infusion duration. Shorter infusions (30
min) are associated with less hematologic toxicity than 90 min
infusions. Gemcitabine is given daily 5 × had unacceptable
mucosal toxicity. Weekly or day 1 and 8 of 3-week cycles
are better tolerated. Since gemcitabine must be taken up and
phosphorylated to act on the cancer cell, longer infusion
times are associated with more hematologic toxicity (60, 61).
Giving gemcitabine 600 mg/m2 intravenously (iv) once over
30 min 1 day after 223Ra is deposited in osteoblastic tumors
is a convenient monthly strategy that allows gemcitabine to
increase effects within osteoblastic metastases with minimal
hematologic toxicity.

Case report

The following case (Figure 2) illustrates the successful use
of 223Ra and gemcitabine (62). A 27-year-old patient presented
with a large osteosarcoma tumor involving T2-4 extending
into both the spinal canal and the left upper lobe. Because
of giant cell features, he was initially given denosumab, but
when molecular testing revealed FGFR mutation and pathology
was reviewed, the diagnosis of osteosarcoma was made. He
received 2 cycles of MAP chemotherapy and then because
of minimal response was switched to ifosfamide + etoposide.
Because the tumor was deemed unresectable, 50.4 Gy over 28
fractions with concurrent ifosfamide + etoposide was given
during cycles 5 and 6. He received 2 more cycles of ifosfamide
+ etoposide then had radiographic progression and clinical
worsening (weakness of both lower extremities, some tingling,

and need to use a cane). Cardiothoracic, orthopedic, and spine
surgeons reviewed his case at the sarcoma conference at the
Cleveland Clinic and also deemed the tumor to be unresectable
because of the combination of vertebral, spinal canal, and
mediastinal involvement. Bone scan with Spect-CT showed
avid 99mTc-MDP uptake and he was given 6 monthly cycles of
Denosumab, 223Ra, followed by gemcitabine. Cytopenias were
modest, no transfusions were needed. The patient experienced a
clinical response as characterized by increased strength in his
legs, no longer requiring a cane to ambulate and resolution
of paresthesia. Uptake of 18FDG as well and 99mTc-MDP was
decreased on repeat imaging. After the response to 223Ra
monthly 6 ×, he was given oral cyclophosphamide for 6 months
(Figure 2). He is now over 9 months off therapy without
evidence of recurrence. His activity level has increased and he
is able to skateboard (even able to do tricks such as a “treflip,”
insert top on Figure 2; Supplementary Video 1), rock climbs
often, and has gone skydiving six times.

Other chemotherapy agents worth
determining suitability in combination with
radium-223 in osteosarcoma

Local and systemic therapy is often needed before the
logistics of evaluating osteoblastic phenotype and obtaining
223Ra for osteosarcoma treatment can be solved. Some active
agents in the relapsed metastatic osteosarcoma setting are
illustrated in Figure 1 (ifosfamide, TKI, and doxorubicin
liposomes). Since many patients have had MAP initially without
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FIGURE 2

Top shows 99mTc-MDP screening bone scan with avid uptake indicating suitability for alpha particle therapy with the bone-seeking
radiopharmaceutical, 223RaCl2 (Xofigo). 223Ra (blue), then gemcitabine (green) next day + monthly denosumab 6 × monthly cycles resulted in
improvement, then resolution of symptoms of the unresectable mediastinal and vertebral body osteosarcoma. Currently, the patient is on no
therapy and enjoys active lifestyles, such as skateboarding, rock climbing, and skydiving (62).

ifosfamide, ifosfamide with or without etoposide is often
the 2nd line therapy of choice (31–34). When ifosfamide is
given with mesna as a continuous infusion, thrombocytopenia,
encephalopathy, and renal toxicity are seen less often (33–37,
63). We have also demonstrated that outpatient continuous
infusion of ifosfamide + mesna was associated with fewer
transfusions and episodes of fever and neutropenia (63).
If continuous infusion of ifosfamide + mesna is to be
used with 223Ra, we would recommend starting 1 day after
223Ra administration using a dose of 1 gm/m2/d × 1
week. Administration of PEG–GCSF after completion of the
ifosfamide infusion is also recommended. This regimen can be
repeated every 4 weeks to allow for the combination of the
cytotoxic effects when the bone-seeking radiopharmaceutical
is most active in bone-forming lesions and to allow for
hematologic recovery as 223Ra decays.

Tyrosine kinase inhibitors including regorafenib (2, 64) and
cabozantinib (3) have efficacy against osteosarcoma. Although
a dose adjustment of TKI is sometimes needed to limit skin or
GI toxicity, we have found the use of glutamine-disaccharide
(Healios) can be helpful in ameliorating GI side effects and
helping in eating and nutrition while on these agents (35).

Liposomal doxorubicin (tradenames Doxil or Caelyx) has
very low heart toxicity (65, 66). This preparation can be
given monthly and has modest hematologic toxicity and is
not associated with alopecia when given at 40 mg/m2. Thus

liposomal doxorubicin has high patient acceptance among
relapsed osteosarcoma patients. Cold packs on hands, feet, and
the use of glutamine + disaccharide (Healios) can be used
to limit hand/foot erythroderma and mucositis/esophagitis,
respectively (35). Liposomal doxorubicin is probably most
suitable in relapsed osteosarcoma patients who had an
initial excellent response to MAP chemotherapy. There
is also a clinical trial using liposomal doxorubicin in
combination with disulfiram to try to target slowly repopulating
cancer stem cells high in aldehyde dehydrogenase (67, 68)
(NCT05210374 M. Trucco, PI).

Use of local control measures including
stereotactic body radiotherapy before or in
combination with radium-223

As illustrated in Figure 1, surgery, cryoablation, and/or
radiation can provide local control of osteosarcoma metastases.
Location and number of metastases (“oligometastatic” is <10)
may determine whether to do surgery, cryoablation, or to
definitively treat with radiation (e.g., 3 Gy × 20 fractions RT or
SBRT 8 Gy × 5 fractions = 40 Gy) or whether palliative radiation
(e.g., 3 Gy × 10 fractions) is most appropriate. Reasons to use
local control include treatment or prevention of pain as well as
reduction of tumor burden, particularly where tumor growth
may cause complications (e.g., spine or sacral metastases,
and hilar or mediastinal metastases. Unfortunately, for the
most common pattern of end-stage metastases (numerous lung
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TABLE 1 Alpha emitters for osteosarcoma.

Radiopharmaceutical 223RaCl2 225Ac-anti-
IGF1R

227Th-Anti
Her2

Half-life of radio-metal 11.4 days 10 days 18.7 days

Alpha Particles emitted 4 4 5

Blood clearance Rapid (<1% at
24 h)

Antibody
clearance

Antibody
clearance

Radon daughter half-life 4 s no radon
daughter

4 s

Penetration of radioisotope 0.1 mm 0.1 mm 0.1 mm

Imaging with gamma camera Possible Not done Possible

Decays to stable isotope 207-Pb 209-Bi 207-Pb

metastases) neither whole lung radiation nor 223Ra will provide
effective doses. Clinical trials such as anti-IGF1R–Actinium 225
(NCT03746431) or Doxil + disulfiram (NCT05210374) would
be appropriate in these situations.

IGF-1R expression in osteosarcoma: An
opportunity for anti-IGF-1R
antibody-actinium-225 alpha particle
therapy

Sarcomas, particularly Ewing sarcoma and osteosarcoma
have overexpression of IGF1R (69). Although cold antibody
was only modestly effective in Ewing sarcoma and not in
osteosarcoma (69), chelation of the alpha emitter 225Ac can
arm the anti-IGF1R antibody to become a potent alpha emitter
(70, 71). Table 1 compares 223Ra, which targets areas of bone
turnover, with anti-IGF1R-Actinium-225. Currently, the clinical
trial NCT0374631 is open at MD Anderson Cancer Center, City
of Hope, Memorial Sloan Kettering, University of Minnesota,
Dana Farber Cancer Institute, University of Pennsylvania,
Juravinski/Hamilton Health, CHU-Montreal, Princess Margaret
(Toronto), and CHU Quebec. We expect patients <18 years
old to be able to be enrolled when the recommended phase 2
dose is achieved. Thus, the anti-IGF1R-Actinium-225 strategy
may be another way to treat osteosarcoma metastases that are
not osteoblastic and with alpha-particle radiation that effectively
acts at short distances in a powerful manner. Nevertheless,
the expression of IGF-1R in normal tissue and/or non-specific
binding of antibodies may limit the effectiveness of this
approach.

Her-2 expression in osteosarcoma: An
opportunity for targeted thorium
conjugates

Her-2 is expressed in a subset of osteosarcomas. Earlier
attempts to target this Her2 expression using trastuzumab

were unsuccessful. However, clinical trials using Her2-targeted
CAR T-cells suggest that Her2-targeted therapy could be
active in osteosarcoma (72). Moreover, better-designed novel
antibody drug conjugates like Trastuzumab-Deruxtecan (T-
DXd) is showing activity in low Her-2 expressing breast cancers,
are also being explored in osteosarcoma. HER2-thorium-227
targeted conjugate (TTC) has recently entered clinical trials in
Europe and the USA. “A First in Human Study of BAY2701439
to Look at Safety, How the Body Absorbs, Distributes, and
Excretes the Drug, and How Well the Drug Works in
Participants With Advanced Cancer Expressing the HER2
Protein” (NCT04147819) is a combination of the alpha-emitting
radionuclide thorium-227, an antibody targeting HER2, and a
chelator molecule that strongly attaches the thorium-227 to the
antibody. This technology harnesses the antibody’s ability to
target HER2 by using it to transport the alpha particle emitting
thorium-227 to the tumor. Both radium-223 and thorium-227
decay produce alpha particle radiation (Table 1) that causes
highly lethal double strand DNA damage in tumor cells, but
also useful emission for gamma scintigraphy (73). Although
the first in human trial is open for breast and gastric only,
the expansion part of the study will include patients with a
range of tumor indications with HER2 expression which occurs
on osteosarcoma. Only in the context of a clinical trial will
it be possible to determine whether benefits for the binding
to HER-2 on osteosarcoma outweigh potential toxicity from
expression on normal cells and/or non-specific binding of
the alpha emitter.

Summary and conclusion

Alpha emitters have some potent biological advantages that
may eventually prove useful for the treatment of osteosarcoma.
However, the rarity of this sarcoma and specific situations to
test efficacy in randomized clinical trials will be very difficult.
Perhaps the use of patients as their own controls with benefit
as improved quality of life and/or clinical course better than
expected—especially compared to historical controls (74) is
possibly the best we can do currently.
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AlphaBet: Combination of
Radium-223 and
[177Lu]Lu-PSMA-I&T in men with
metastatic castration-resistant
prostate cancer (clinical trial
protocol)

Louise Kostos1,2, James P. Buteau2,3,4, Theresa Yeung5,

Juliana Di Iulio5, Jing Xie5, Anthony Cardin2,3,6,

Kwang Y. Chin2,6, Brittany Emmerson3,4, Katie L. Owen2,7,

Belinda S. Parker2,7, Heidi Fettke2,8, Luc Furic2,8,

Arun A. Azad1,2*† and Michael S. Hofman2,3,4*†

1Department of Medical Oncology, Peter MacCallum Cancer Centre, Melbourne, VIC, Australia, 2Sir
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Imaging, Peter MacCallum Cancer Centre, Melbourne, VIC, Australia, 7Cancer Evolution and

Metastasis Program, Peter MacCallum Cancer Centre, Melbourne, VIC, Australia, 8Cancer Research

Division, Peter MacCallum Cancer Centre, Melbourne, VIC, Australia

Background: [177Lu]Lu-PSMA is a radioligand therapy used in metastatic

castration-resistant prostate cancer (mCRPC). Despite a survival benefit, the

responses for many patients receiving [177Lu]Lu-PSMA are not durable, and

all patients eventually develop progressive disease. The bone marrow is the

most common site of progression. Micrometastases in this area likely receive

an inadequate dose of radiation, as the emitted beta-particles from 177Lu

travel an average range of 0.7mm in soft tissue, well beyond the diameter

of micrometastases. Radium-223 (223Ra) is a calcium-mimetic and alpha-

emitting radionuclide approved for use in men with mCRPC with bone

metastases. The range of emitted alpha particles in soft tissue is much shorter

(≤100µm) with high linear energy transfer, likely more lethal for osseous

micrometastases. We anticipate that combining a bone-specific alpha-emitter

with [177Lu]Lu-PSMA will improve eradication of micrometastatic osseous

disease, and thereby lead to higher and longer responses.

Methods: This is a single-center, single-arm phase I/II trial evaluating the

combination of 223Ra and [177Lu]Lu-PSMA-I&T in men with mCRPC. Thirty-six

patients will receive 7.4 GBq of [177Lu]Lu-PSMA-I&T, concurrently with 223Ra

in escalating doses (28 kBq/kg – 55kBq/kg), both given intravenously every six

weeks for up to six cycles. Eligible patients will have at least two untreated bone

metastases visible on bone scintigraphy, and PSMA-positive disease on PSMA

PET scan. Patients must have adequate bone marrow and organ function and

be willing to undergo tumor biopsies. Patients with discordant disease visible
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on FDG PET scan (defined as FDG positive disease with minimal or no PSMA

expression and no uptake on bone scan) will be excluded. Other key exclusion

criteria include the presence of di�use marrow disease, prior treatment with
223Ra or [177Lu]Lu-PSMA, or more than one prior line of chemotherapy for

prostate cancer. The co-primary objectives of this study are to determine the

maximum tolerated dose of 223Ra when combined with [177Lu]Lu-PSMA-I&T

and the 50% PSA response rate.

Conclusion: The AlphaBet trial is a phase I/II study combining 223Ra with

[177Lu]Lu-PSMA-I&T in patients with mCRPC. We aim to enroll the first patient

in Q3 2022, and recruitment is anticipated to continue for 24 months.

Study registration: NCT05383079.

KEYWORDS

metastatic castration-resistant prostate cancer, alpha therapy, micrometastatic

disease, 177Lu-PSMA, radium-223, PSMA

Background

One of the recent practice changes for mCRPC, a

leading cause of cancer-related death worldwide (1), has

been the integration of [177Lu]Lu-PSMA into the post-taxane

and androgen receptor inhibitor (ARI) treatment paradigm.

[177Lu]Lu-PSMA is a form of radionuclide therapy whereby

the isotope lutetium-177 (177Lu) is attached to a prostate-

specific membrane antigen (PSMA) radioligand to enable

targeted delivery of radiation to prostate cancer cells via beta-

particle emission. The landmark TheraP trial compared the

use of [177Lu]Lu-PSMA-617 with cabazitaxel in patients with

mCRPC and found greater PSA responses (66 vs. 37% by

intention to treat), a reduction in pain scores, and fewer grade

3 or higher adverse events (AEs) in the [177Lu]Lu-PSMA-617

arm (2). [177Lu]Lu-PSMA-617 was proven to extend overall

survival (OS) as well as progression-free survival (PFS) in the

VISION trial, where it was compared to protocol-defined best

standard care alone (3). Both the TheraP and VISION trials

utilized [68Ga]Ga-PSMA-11 PET/CT for patient selection, with

TheraP requiring a higher intensity of uptake of SUVmax

greater than or equal to 20, compared to greater than liver

in VISION. TheraP additionally used 2-[18F]fluoro-2-deoxy-

D-glucose (FDG) PET/CT to identify sites of PSMA-negative

disease whereas VISION used contrast-enhanced CT alone.

Following publication of the VISION results, [177Lu]Lu-PSMA-

617 has been approved by the Food and Drug Administration

(FDA) for use in the post-taxane, post-ARI mCRPC setting.

Several forms of PSMA-directed therapy exist in addition

to PSMA-617, including the radioligand PSMA-I&T and

monoclonal antibody J591. Comparing PSMA-I&T and PSMA-

617, they are almost identical peptides with the main

difference being the chemical chelator that binds the radioactive

element and PSMA receptor binding structure. Dosimetry data

demonstrates comparable absorbed doses and retrospective

analyses suggest similar toxicities and clinical responses (4,

5). The European Association of Nuclear Medicine (EANM)

radionuclide therapy guidelines apply to both [177Lu]Lu-PSMA-

617 and [177Lu]Lu-PSMA-I&T (5).

Long-term follow-up of the 50 patients enrolled in the

LuPSMA trial (6), the first phase II trial evaluating [177Lu]Lu-

PSMA-617 in men with mCRPC, found that all patients

eventually developed PSA progression, even if they had an initial

complete or exceptional response on post-therapy SPECT/CT.

The majority of patients (56%) developed progressive bone

marrow disease (7). The inability to deliver lethal doses

of radiation to micrometastatic sites such as in the bone

marrow may be a contributing reason for the lack of durable

response for many patients. 177Lu releases relatively low linear

energy transfer (LET) (0.2 keV/µm) beta radiation, which

usually results in single-stranded DNA (ssDNA) breaks. Single

metastatic cells or small cell clusters may not receive adequate

radiation to result in cell death, owing to the lack of cross-fire

effect which normally occurs in macro-tumors where there are

abundant neighboring cells.

Alternative radionuclides with a higher LET may overcome

this by inducing cytotoxic double-stranded DNA (dsDNA)

breaks, leading to more robust treatment of micrometastatic

disease. Alpha-emitters are one such example, which generally

have a short path-length and high LET compared to beta-

emitters, making them ideal for treating micrometastases.

Usually only a few alpha particles through a cell nucleus are

sufficient to induce cell death, and due to the short path

length, bystander radiation is minimal. Examples of clinically

available alpha-emitters include bismuth-213 (213Bi), astatine-

221 (221At) and lead-212 (212Pb). Limitations of these alpha-

emitters, however, are the short half-life (t1/2, 7.2 h for 221At,

10.6 hours for 212Pb, and 45.6min for 213Bi), making treatment
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of cancer cells in solid tumors where deep penetration is required

or less accessible sites a challenge. To overcome this, several

other alpha-emitters were introduced to the clinic with longer

half-lives, including radium-223 (223Ra, t1/2 = 11.4 days) and

actinium-225 (225Ac, t1/2 = 10.0 days) (8). There are several

studies ongoing evaluating the combination of alpha-emitters

with a PSMA-based radioligand (NCT04597411, NCT05219500)

ormonoclonal antibody (NCT04886986). Preliminary data from

an 225Ac radionuclide compounded with J591 looks promising

in terms of safety and efficacy (9). Unfortunately, several

factors limit mass distribution of some targeted alpha therapies

including complex radiochemistry and production leading to

limited supply.
223Ra is a calcium-mimetic alpha-emitter, with targeted

activity against bone metastases. It has been studied extensively

in mCRPC and is FDA approved for use in patients with bone-

metastases and no visceral disease. Consequently, it is readily

available and delivered in a pre-formulated vial (unlike other

alpha-emitters). The short path length of <100µm and high

LET of 80 KeV/µm make 223Ra ideal for treating osseous

micrometastases. In a phase II dose-finding study of 223Ra,

patients received one of three differing doses of 223Ra−25

kBq/kg, 50 kBq/kg, and 80 kBq/kg. There was no difference in

hematological toxicity amongst the three cohorts, with a low

frequency of grade 2 or higher adverse events overall. The dose

of 50 kBq/kg was selected for future studies. In the practice-

changing phase III ALSYMPCA trial, 223Ra was delivered at

a dose of 50 kBq/kg intravenously every 4 weeks for up to 6

doses (10). Compared to placebo, treatment with 223Ra was

associated with an improvement in median OS (14.9 months

vs. 11.3 months, HR 0.70) (10). 223Ra was well tolerated with

fewer AEs compared to placebo and improved quality of life

(QoL) scores. For 223Ra, the incidence of grade 3 or higher

anemia, neutropaenia and thrombocytopaenia was 13, 3 and 6%,

respectively (vs. 13, 3 and 1% in the placebo arm). Pathologic

fractures occurred in 4% of patients receiving 223Ra compared

to 5% in the placebo arm.

A reassessment of the primary standardization of 223Ra

radioactivity measurement was initiated by the US National

Institute of Standards and Technology (NIST) in 2015 (11). A

discrepancy of approximately 10% between the initial published

NIST primary standardization (12) and this assessment was

identified, and as a result the recommended dose of 223Ra was

adjusted from 50 kBq/kg to 55 kBq/kg every 4 weeks (11).
223Ra has been studied in combination with a variety

of other anti-cancer therapies including chemotherapy, anti-

androgen therapy, immunotherapy, and PARP inhibitors for

the treatment of advanced prostate cancer (see Table 1). In the

pivotal studies evaluating 223Ra in combination with second-

generation anti-androgens, a significantly increased fracture

risk was an unexpected finding. In the phase III ERA-223

trial, patients with mCRPC received abiraterone acetate plus

prednisolone in combination with 223Ra, vs. abiraterone acetate

alone (13). OS did not differ significantly between groups, but

the combination arm was associated with increased fracture risk

(28.6 vs. 11.4%) leading to premature unblinding of the trial.

The EORTC 1333/PEACEIII trial evaluates the addition of 223Ra

to enzalutamide in mCRPC patients (14). On safety analysis,

it was noted that, similarly to the ERA-223 trial, the fracture

risk was significantly increased in the group who received

enzalutamide in combination with 223Ra, without concomitant

bone protective treatment. Following the results of the ERA-

223 study, however, the EORTC 1333 study was amended, and

bisphosphonate treatment was then mandated for all patients.

Following this, the fracture rate significantly decreased in both

arms of the study. Recruitment continues and efficacy outcomes

are awaited.

Similarly, 223Ra has been combined with docetaxel

chemotherapy (15). In a phase I trial, 20 patients were enrolled

and received up to 5 doses of 223Ra given every 6 weeks,

and docetaxel every 3 weeks. The starting dose of 223Ra was

27.5 kBq/kg and was then escalated to 55 kBq/kg if tolerated.

Docetaxel was given at a dose of 75 mg/m2 which is the standard

therapeutic dose, with a plan to reduce to 60 mg/m2 in the event

of a dose-limiting toxicity (DLT). Febrile neutropaenia was dose

limiting and therefore the recommended phase II dose (RP2D)

for the combination was 223Ra 55 kBq/kg every 6 weeks × 5

doses, plus docetaxel 60 mg/m2 every 3 weeks× 10 doses. In the

phase II study, which compared this combination to docetaxel

alone, the combination arm had more durable suppression

of PSA (median time to PSA progression, 6.6 vs. 4.8 months,

respectively) and alkaline phosphatase (ALP) (median time to

ALP progression 9 vs. 7 months).

Though 223Ra has not previously been combined with

[177Lu]Lu-PSMA, sequential alpha/beta-emitting therapy using
177Lu and 223Ra has previously been studied in both prospective

and retrospective analyses (16–18). Sartor et al. analyzed safety

data from patients who were administered [177Lu]Lu-PSMA

following treatment with 223Ra (19). Twenty-six patients from

a real-world patient registry (REASSURE study) were included

in this analysis. The median time between the two treatments

was 8 months (range 1–31). Five patients had Grade 3 or higher

haematologic AEs during or after treatment with [177Lu]Lu-

PSMA,most commonly anemia. Overall, though this was a small

patient sample, there were no apparent new safety signals.

Similarly, Baumgarten et al. explored the safety of

[177Lu]Lu-PSMA when given immediately after 223Ra in a

retrospective analysis. Twenty-nine patients were studied

who received [177Lu]Lu-PSMA within 5 weeks (±3 weeks)

of 223Ra injection. Grade 3-4 anemia necessitating a blood

transfusion was seen in 5 patients, 2 patients required a

dose-reduction and 7 patients discontinued treatment due to

significant cytopaenias. Following this analysis, the authors

concluded that treatment with [177Lu]Lu-PSMA within

12 weeks of 223Ra had an acceptable risk profile (20). The

retrospective WARMTH and RALU studies corroborated
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TABLE 1 Combination studies with 223Ra in patients with mCRPC.

Clinical trial

registration

number

Intervention Phase Primary outcome Results

Chemotherapy

NCT03737370 Radium-223 55 kBq/kg Q4W+ Docetaxel Q2W

(escalating doses)

I Incidence of DLTs NA, recruitment ongoing

NCT03574571 Radium-223 55 kBq/kg Q6W+ Docetaxel 60

mg/m2 Q3W X 10 vs. Docetaxel 75 mg/m2 Q3W

alone

III OS NA, recruitment ongoing

NCT01106352 Radium-223 50 kBq/kg Q6W+ Docetaxel 60

mg/m2 Q3W X 10 vs. Docetaxel 75 mg/m2 Q3W

alone

I/II Incidence of DLTs and AEs The RP2D for the combination was

radium-223 55 kBq/kg Q6W × 5 doses,

+ docetaxel 60 mg/m2 Q3W× 10 doses.

Median time to PSA progression

favored the combination (6.6 vs. 4.8m)

Immunotherapy

NCT03093428 Radium-223 55 kBq/kg Q4W+ Pembrolizumab

200mg Q3W vs. Radium-223 55 kBq/kg Q4W

alone

II Number of Participants with

Increased Immune Cell

Infiltration Across Arms

No difference between Arm A and B in

rPFS (6.7m vs. 5.7m) or OS (16.9 vs.

16.0m)

No evidence of increased CD4+ or

CD8+ T-cell infiltration in Arm A

NCT04109729 Radium-223 55 kBq/kg Q4W+ Nivolumab

480mg Q4W

I/II Safety, ctDNA reduction after 6

weeks of nivolumab treatment

NA, recruitment ongoing

NCT02814669 Radium-223 55 kBq/kg Q4W+ Atezolizumab

480mg Q2W

I Incidence of DLTs and AEs, ORR ORR 6.3%, Median rPFS 3.0m, Median

OS 16.3 m

No clear evidence of benefit with

increased toxicity in combination than

either drug alone

NCT04071236 Radium-223 Q4W x 6+ Peposertib+/- Avelumab

Q2W vs. Radium-223 Q4W x 6 alone

I/II Incidence of DLTs, rPFS NA, recruitment ongoing

NCT02463799 Radium-223 50 kBq/kg Q4W+ Sipuleucel-T

Q2W vs. Sipuleucel-T Q2W alone

II Immune responses to treatment

with Sipuleucel-T measured by

peripheral PA2024 T-cell

proliferation

Higher 50% PSA response rate (31 vs.

0%) and longer PFS (39 vs. 12w) and OS

(NR vs. 2.6 y) seen in combination arm

Anti-androgen therapy

NCT02199197 Radium-223 55 kBq/kg Q4W+ Enzalutamide

160mg daily vs. Enzalutamide alone

II Incidence of AEs, change in serum

N-telopeptides from baseline

No statistically significant difference in

OS, rPFS, PSA PFS

PSA PFS2 improved with combination

(18.7 vs. 8.4m)

NCT02194842 Radium-223 55 kBq/kg Q4W+ Enzalutamide

160mg daily vs. Enzalutamide alone

III rPFS NA, recruitment ongoing

NCT02043678

(ERA-223)

Radium-223 55 kBq/kg Q4W+ Abiraterone

Acetate 1000mg daily and Prednisolone vs.

Abiraterone alone

III Symptomatic skeletal event free

survival

No improvement in OS or median

symptomatic skeletal event-free survival

PARP inhibitors

NCT03317392 Radium-223 Q4W+ Olaparib I/II MTD of Radium-223 and

Olaparib, rPFS

NA, recruitment ongoing

NCT03076203 Radium-223 Q4W+ Niraparib I MTD The MTD of Niraparib was 100mg in

the chemo-exposed arm and 200mg in

the chemo-naïve arm
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FIGURE 1

Mechanism of action of [177Lu]Lu-PSMA-I&T and 223Ra on osseous metastases.

prior data and found that sequential therapy was feasible and

well-tolerated (21).

[177Lu]Lu-PSMA-I&T is currently being evaluated in

combination with 255Ac-J591, a PSMA-directed monoclonal

antibody radiolabelled with an alpha-emitter (NCT04886986).

[177Lu]Lu-PSMA-I&T has not previously been combined

with 223Ra. We hypothesize that the combination of [177Lu]Lu-

PSMA-I&T and 223Ra will deliver effective radiation to

sites of metastatic prostate cancer with an acceptable safety

profile (see Figure 1). We anticipate that this combination

will be synergistic and lead to higher and more durable

responses through more effective treatment of micrometastatic

marrow disease.

The physiologic bio-distribution of 223Ra and [177Lu]Lu-

PSMA-I&T is non-overlapping, further supporting our rationale

for combining these radionuclides. 223Ra and [177Lu]Lu-PSMA-

I&T have different methods of clearance (fecal and renal,

respectively). Bowel uptake by both tracers is a potential

overlapping toxicity, although the binding sites are different with

specific small bowel uptake with [177Lu]Lu-PSMA compared

to fecal excretion with 223Ra (22). It is possible, however,

that overlapping toxicities will occur with this combination,

with myeloid toxicity being of greatest concern. For [177Lu]Lu-

PSMA, the incidence of grade 3 or higher anemia, neutropaenia

and thrombocytopaenia is in the range of 8–13, 2.5–7, and

8–13%, respectively, based on pooled data from the LuPSMA

(6), TheraP (2) and VISION (3) trials. Given this, the

frequency of anemia and thrombocytopaenia in particular

may be higher when combined with 223Ra. Due to this, a

traditional 3+3 dose escalation model will be utilized initially,

as described below.

AlphaBet study design

The AlphaBet study is a single-center, single-arm, phase

I/II clinical trial evaluating the combination of 223Ra with

[177Lu]Lu-PSMA-I&T in men with mCRPC who have

progressed on a prior ARI. We aim to recruit approximately

thirty-six patients over the course of 24 months. The chosen

sample size was pragmatic, and sufficient to determine the

maximum tolerated dose (MTD). The dose of [177Lu]Lu-

PSMA-I&T will be fixed at 7.4 GBq every six weeks, whereas the

dose of 223Ra will be escalated in a two-step process in the first

phase of this trial (range 28 kBq/kg−55 kBq/kg every six weeks).

The study schema is demonstrated in Figure 2.

This investigator-initiated study is sponsored by the Peter

MacCallum Cancer Centre (PMCC), and ethics approval

has been obtained from the PMCC Human Research Ethics

Committee (HREC) in July 2022. This study was financially

supported by Bayer and the Peter MacCallum Cancer

Foundation, in addition to a Prostate Cancer Foundation (PCF)

grant. The funders had no input into the trial design. The trial is

registered at clinicaltrials.gov (NCT05383079).

The co-primary aims of the study are to determine the MTD

and RP2D of 223Ra when combined with [177Lu]Lu-PSMA-

I&T, as well as the 50% PSA response rate (PSA-RR) for all
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FIGURE 2

Study schema.

patients treated at the MTD. See Table 2 for secondary and

exploratory objectives.

Study population

Patients eligible for this study have mCRPC which has

progressed after prior treatment with an ARI. Patients must

have at least two untreated bone metastases visible on bone

scintigraphy, PSMA-avid disease (SUVmax ≥20), and no

discordant disease on FDG PET imaging (unless discordant

lesions have increased uptake on bone scintigraphy). The full

inclusion and exclusion criteria are detailed in Table 3.

Treatment

In the dose-escalation phase of this study, patients will

receive 7.4 GBq of [177Lu]Lu-PSMA-I&T in combination with

escalating doses of 223Ra, both given intravenously every

six weeks. The [177Lu]Lu-PSMA-I&T will be given on day

1 of a six-week cycle, and 223Ra administered after the
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TABLE 2 Secondary and exploratory objectives.

Secondary

objectives

• To evaluate the safety of 223Ra in combination with

[177Lu]Lu-PSMA-I&T in patients with mCRPC through

assessing the frequency and severity of AEs as per

Common Terminology Criteria for Adverse Events version

5.0 (CTCAE v 5.0).

• Radiographic PFS (rPFS).

• PSA-PFS.

• PFS.

• OS.

• Objective Response Rate (ORR).

• To evaluate changes in health-related quality of life

(HR-QoL) using FACT-P and pain using BPI-SF within 12

months of treatment commencement.

Exploratory

objectives

• Time to ALP response.

• Time to ALP progression.

• Associations between imaging (PSMA PET/CT, FDG

PET/CT, bone scan SPECT/CT, and post therapy SPECT-

CT) and baseline characteristics and outcomes.

• Dynamic changes in circulating tumor DNA (ctDNA)

fraction and utility of ctDNA genomic aberrations as a

predictive biomarker of response.

• Changes to circulating and tumor infiltrating immune

cells post therapy and their association with

clinical outcome.

[177Lu]Lu-PSMA-I&T between days 1–5. A maximum of six

cycles will be administered in total, in line with previous clinical

trials evaluating [177Lu]Lu-PSMA (2, 3). The total number of

cycles administered for each patient will be determined by the

treating investigators, and take into account PSA response, post-

treatment SPECT/CT imaging, and any toxicities experienced.

Treatment may be paused early in the setting of an exceptional

response (see below–Treatment Discontinuation). All patients

will receive concomitant bone protective therapy whilst on this

trial, either with denosumab or zoledronic acid, in addition

to ongoing androgen deprivation therapy (ADT). Patients will

receive ondansetron (or equivalent) on days 1–3 of each cycle

and additional antiemetics as required.

Dose escalation will employ a traditional 3 + 3 design

to assess the safety and MTD of 223Ra in combination with

[177Lu]Lu-PSMA-I&T. There are 2 planned dose levels of 223Ra

(Table 4) that will be evaluated in conjunction with 7.4 GBq

of [177Lu]Lu-PSMA-I&T.

In the dose expansion phase, up to 27 patients will be

treated at the determined MTD or maximum administered dose

(MAD), to provide further characterization of the safety and

efficacy of 223Ra and [177Lu]Lu-PSMA-I&T in combination.

It is possible with this treatment combination that delayed

or cumulative myeloid toxicity may occur. The RP2D will be

defined by all available safety data andmay be less than theMTD

or MAD depending on the type and severity of AEs that occur

during and after the first cycle.

Dose limiting toxicities

Hematological recovery following administration of 223Ra is

expected within 21–28 days, and the nadir following [177Lu]Lu-

PSMA is within 30 days. Therefore, we expect that any

hematological toxicities will be resolved or improving by the

end of the six-week cycle. This provides our justification for the

DLT assessment period being the first six-weeks (or first cycle)

of treatment.

Any of the following AEs will be considered a DLT if it

occurs within 6 weeks of Cycle 1 Day 1 and is considered related

to [177Lu]Lu-PSMA-I&T and/or 223Ra:

• Grade 4 neutropaenia lasting > 7 days.

◦ Granulocyte colony-stimulating factor (G-CSF) is

permitted only for use in the management of febrile

neutropaenia in this study.

• Grade 4 febrile neutropaenia of any duration.

• Grade ≥3 anemia lasting > 7 days, or necessitating

administration of a blood transfusion for a Hb <70g/L or

symptoms directly related to anemia.

• Grade 4 thrombocytopaenia lasting> 7 days, or necessitating

administration of a platelet transfusion.

• Any grade ≥ 3 non-hematological AE with the

following exceptions:

◦ Grade 3 tumor flare (local pain) that resolves to≤Grade 2

in ≤ 7 days.

◦ Grade 3 nausea, vomiting, or diarrhea that is optimally

treated and resolves to Grade≤ 2 in ≤ 5 days.

◦ Grade 3 fatigue.

• Any grade 3 or higher hematological AE resulting in an

inability to deliver the second cycle of treatment.

Treatment with [177Lu]Lu-PSMA-I&T should be withheld

during treatment-related Grade 3 or higher AEs (with the

exception of fatigue or lymphocytopaenia) and not restarted

until the AE has resolved to Grade 0–2 or baseline. 223Ra

is to be delayed in conjunction with [177Lu]Lu-PSMA-I&T,

otherwise the dose is to be omitted if required due to attributable

toxicity. Dose reductions to either [177Lu]Lu-PSMA-I&T (20%

reduction) or 223Ra (20–25% reduction) will be considered for

treatment-related AEs of grade 3 or higher, with the exception

of grade 2 xerostomia and dry eyes also warranting a dose

reduction to [177Lu]Lu-PSMA-I&T. Up to two dose reductions

of 223Ra and [177Lu]Lu-PSMA-I&T respectively are allowed.

No dose re-escalations for either drug is allowed in this trial. If

[177Lu]Lu-PSMA-I&T is discontinued due to toxicity, patients

can proceed with treatment with 223Ra alone.
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TABLE 3 Inclusion and exclusion criteria.

Inclusion criteria 1. Patient has provided written informed consent.

2. Male patients must be 18 years of age or older at the time of written informed consent.

3. Histologically or cytologically confirmed adenocarcinoma of the prostate OR unequivocal diagnosis of metastatic prostate cancer (i.e., involving

bone or pelvic lymph nodes or para-aortic lymph nodes) with an elevated serum prostate specific antigen (PSA).

4. Eastern Cooperative Oncology Group (ECOG) performance status of ≤ 2.

5. Patients must have progressed on a≥1 second-generation androgen receptor (AR)-targeted agent (e.g., enzalutamide, abiraterone, darolutamide,

or apalutamide).

6. Patients must have progressive disease for study entry defined as any one of the following:

• PSA progression: minimum of two rising PSA values from a baseline measurement with an interval of ≥ 1 week between each measurement.

• Soft tissue progression as per Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST 1.1) criteria.

• Bone progression: ≥ 2 new lesions on bone scan.

• Symptomatic progression e.g., bone pain.

7. At least 3 weeks since the completion of systemic therapy, surgery, or radiotherapy prior to registration.

8. Prior surgical orchiectomy or chemical castrationmaintained on luteinizing hormone-releasing hormone (LHRH) analog (agonist or antagonist).

9. Serum testosterone levels≤ 1.75nmol/L within 28 days prior to registration.

10. Significant PSMA avidity on PSMA PET/CT, defined as a minimum uptake of maximum standardized uptake value (SUVmax) of 20 at a site of

disease, and SUVmax ≥10 at sites of measurable disease ≥10mm (unless subject to factors explaining a lower uptake, e.g., respiratory motion,

reconstruction artifact).

11. The presence of≥ 2 bone metastases on bone scintigraphy, which have not been previously treated with radiotherapy.

12. No contraindication to treatment with a bone antiresorptive agent such as denosumab or zoledronic acid.

13. Patients must have adequate bone marrow, hepatic and renal function documented within 28 days prior to registration, defined as:

• Hemoglobin ≥ 90 g/L independent of transfusions (no red blood cell transfusion in last four weeks)

• Absolute neutrophil count (ANC) ≥ 1.5 x 109/L

• Platelets ≥ 150 x 109/L

• Total bilirubin ≤ 1.5 x upper limit of normal (ULN) except for patients with known Gilbert’s syndrome, where this applies for the

unconjugated bilirubin component

• Aspartate transaminase (AST) and alanine transaminase (ALT) ≤ 2.5 x ULN if there is no evidence of liver metastasis or ≤ 5 x ULN in the

presence of liver metastases

• Albumin ≥ 25 g/L

• Adequate renal function: patients must have a creatinine clearance estimated of≥ 40 mL/min using the Cockcroft Gault equation.

14. Sexually active patients are willing to use medically acceptable forms of barrier contraception.

15. Willing to undergo biopsies if disease is considered accessible and biopsy is feasible.

16. Willing and able to comply with all study requirements, including all treatments and the timing and nature of all required assessments.

Exclusion criteria 1. Superscan on whole body bone scan (WBBS) or diffuse marrow disease on PSMA PET.

2. Prior treatment with 223Ra or [177Lu]Lu-PSMA.

3. Has received more than one previous line of chemotherapy for the treatment of metastatic prostate cancer.

4. Site(s) of discordant FDG positive disease defined by minimal PSMA expression and no uptake on whole body bone scan ([WBBS] for bone

metastases).

5. Other malignancies (in addition to the prostate cancer being treated in this study) within the previous 2-years prior to registration other than

basal cell or squamous cell carcinomas of skin or other cancers that are unlikely to recur within 24 months.

6. Symptomatic brain metastases or leptomeningeal metastases.

7. Patients with symptomatic or impending cord compression unless appropriately treated beforehand and clinically stable for ≥ 4 weeks.

8. Concurrent illness, including severe infection that may jeopardize the ability of the patient to undergo the procedures outlined in this protocol

with reasonable safety.

Study assessments

Dosimetry

For all cycles, a post-treatment SPECT/CT will occur

on Day 2, approximately 24 h after administration of

[177Lu]Lu-PSMA-I&T. Additional SPECT/CT imaging

may occur at 4, 48 and 96 hours at the discretion

of the study investigators. The purpose of post-

treatment SPECT/CT imaging is to estimate tumor

radiation doses.
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TABLE 4 223Ra planned dose levels.

Dose level 223Ra

Dose level 1 28 kBq/kg

Dose level 2 55 kBq/kg

Patient reported outcomes

Patient Reported Outcomes (PROs) will be completed

immediately prior to Cycle 1 Day 1, at six and twelve weeks,

and then 12-weekly thereafter up to 48 weeks. For this study, the

Functional Assessment of Cancer Therapy for Prostate Cancer

(FACT-P) questionnaire will be used to describe health-related

QoL, and the Brief Pain Inventory–Short Form (BPI-SF) will be

used to assess pain.

Imaging

Patients will undergo a baseline CT chest/abdomen/pelvis

and WBBS with SPECT/CT, and have both scans repeated

every 12 weeks until radiographic progression, a new anti-

cancer treatment is commenced, or death. After each imaging

timepoint, a response assessment will be performed. RECIST1.1

will be used to assess soft tissue lesions seen on CT, and Prostate

Cancer Working Group 3 (PCWG3) criteria will be used to

evaluate bone lesions visible on bone scintigraphy. A repeat

PSMA PET and FDG PET scan will be performed prior to Cycle

3 Day 1 for exploratory analyses only.

PSA

PSA will be measured every 3 weeks during treatment, and

every 6 weeks from the day 21 safety visit for 48 weeks. PSA

response and progression are defined according to PCWG3

recommendations (23).

Translational blood samples

Blood samples will be taken at baseline, prior to Cycle 2,

Cycle 4 and on progression for the purposes of genomic analysis.

Biopsies

For patients considered to have a lesion that is safe to biopsy,

a radiologically guided biopsy will occur at baseline, after 2–4

weeks from Cycle 1 Day 1, and again on progression. Biopsies

will ideally be taken from the same site each time. These will be

matched with serum samples taken at the same timepoints and

will be used to analyse the immune response to radiotherapy.

Follow up

After completion or discontinuation of study treatment, a

21-day safety visit will be performed. Patients will then enter

the follow-up phase and continue clinical reviews and blood

tests every 6 weeks for 48 weeks, at which point the reviews will

then change to 12-weekly. Clinical reviews will continue until

unequivocal disease progression, commencement of a new anti-

cancer treatment, death, or until it has been 12 months after

the last patient has completed treatment (end of trial follow-up).

Additionally, PSA testing will continue until the criteria for PSA

progression has been met.

Treatment discontinuation

Reasons for study treatment discontinuation include

unequivocal disease progression, unacceptable toxicity,

withdrawal of consent by the patient, inter-current illness

preventing further treatment, the need to start a prohibited

therapy, and significant protocol non-compliance. For the

purposes of this study, unequivocal progression is defined as

radiographic progression (based on RECIST1.1 for soft tissue

lesions and PCWG3 for bone lesions) or clinical progression

(symptomatic progression and/or a need to start a new anti-

cancer therapy). PSA progression alone is not considered to be

unequivocal progression.

Of note, patients may also suspend treatment (both

[177Lu]Lu-PSMA-I&T and 223Ra) if they demonstrate an

marked reduction in uptake at all sites of disease on the

24-h post-treatment SPECT/CT scan (PSMA-uptake intensity

less than liver at all sites). On progression, patients can then

recommence study treatment provided they have received < six

cycles in total.

Development of biomarkers that predict
patient response

The translational research arm of AlphaBet proposes to

develop tumor and immune biomarkers to predict improved

patient survival following combination therapy with [177Lu]Lu-

PSMA and 223Ra.

Through pre-clinical work using single-cell transcriptomics

and ex-vivo profiling, Owen et al. established that proliferating

prostate cancer cells in the bone display dampened tumor

cell-inherent type I interferon signaling, which renders bone

metastases poorly immunogenic and treatment-resistant (24).

Additionally, tumor interferon status predicts intratumoural

and systemic immune reactivity, as well as radiotherapy and

Immune checkpoint inhibitor (ICI) responses (25–28). We

aim to measure the expression of interferon biomarkers in
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tumor cells pre- and post- [177Lu]Lu-PSMA-I&T and 223Ra,

along with markers of immunogenicity and infiltrating immune

cells. This could potentially uncover new strategies through

which to predict patient response and response durability.

Importantly, given that interferon signals mediate DNA damage

responses upon radiotherapy, such biomarkers may be readouts

of the likely benefit of [177Lu]Lu-PSMA-I&T and 223Ra before

treatment commences.

Using the peripheral blood samples, the baseline, on-

treatment, and progression ctDNA fractions will be analyzed

and correlated with baseline patient and disease characteristics

and treatment outcomes. Similarly, the genomic profile of each

patient, including how this evolves throughout the trial will be

analyzed. Potential biomarkers to predict for both response and

resistance to treatment will be interrogated.

Analysis plan

For the dose-escalation phase, the analysis will be focused

primarily on adverse events, particularly DLTs reported in the

DLT observation period. From this data, the MTD or MAD will

be decided. There are 2 analyses planned for the dose-expansion

phase of this study: safety analysis and final analysis. The final

analysis will be performed at the completion of the study, which

will be 12 months after the last patient has completed treatment,

assessing all endpoints including treatment efficacy.

Descriptive statistics of baseline characteristics of all patients

will be summarized overall and by trial phase. Continuous

variables will be described as mean, standard deviation,

interquartile range, median, minimum, and maximum, and

qualitative variables will be described as counts and percentages.

PSA-response rate and objective response rate will be described

as percentages with 95% confidence intervals using exact

methods. Survival outcomes will be described using Kaplan-

Meier methods.

Pain and health related-QoL will be analyzed using linear

mixed models (LMM) with time (as factor) included as a fixed

effect and patient included as a random effect. The area under

the curve (AUC) of relevant pain and QoL domains will be

calculated using appropriate linear contrast from the LMM.

Discussion

Given progression following [177Lu]Lu-PSMA-I&T is linked

in many cases to micro-metastatic osseous disease, the shorter

path length and high LET of 223Ra against bone disease provides

a rationale for combining it with [177Lu]Lu-PSMA-I&T. These

qualities, which are specific to alpha-emitters, result in a higher

chance of cell death due to inducing dsDNA breaks, rather

than a reliance on crossfire radiation from neighboring cells to

accumulate enough cytotoxic radiation.

Due to the potential for overlapping toxicities, particularly

myeloid, we opted to follow a traditional 3+3 escalation model

to ensure that safety could be monitored carefully. As discussed

above, we plan to dose-escalate the 223Ra and keep the dose

of [177Lu]Lu-PSMA-I&T fixed as per the VISION trial (3). We

have pre-specified only two dose levels for 223Ra (28 kBq/kg

and 55 kBq/kg) given that it is well-tolerated as monotherapy.

Reassuringly, a phase 2 randomized study comparing the

combination of 223Ra with docetaxel to docetaxel alone found

that the safety profile of the two groups were similar (15). In fact,

febrile neutropaenia occurred more frequently in the docetaxel

alone group (0% in the combination vs. 15% for docetaxel

monotherapy). Any potential fracture risk from 223Ra, which

has been observed only when combined with an ARI, will be

mitigated by concurrent use of a bone-antiresorptive agent.

In terms of eligibility criteria, a minimum number of

two bone lesions with increased uptake on bone scintigraphy

was chosen based on the inclusion criteria from prior trials

evaluating 223Ra (10). Patients with extensive bone metastases

or diffuse marrow disease, however, were excluded as these were

considered to be at increased risk of myeloid toxicity. This was

defined as having a “superscan” on bone scintigraphy, which

is an imaging appearance that occurs due to a high ratio of

bone to soft tissue tracer accumulation, thereby diminishing

renal and background soft tissue uptake. Diffuse marrow disease

seen on PET scan, determined by central Nuclear Medicine

review, was also excluded. This study will allow patients with

discordant bone lesions (PSMA-, FDG+ on PET imaging) as

defined in Table 3, as long as they have increased uptake on bone

scintigraphy. Outcomes from this cohort of patients specifically

will be analyzed as an exploratory endpoint.

The primary endpoint of the phase II portion of this study

is PSA-RR, with survival outcomes such as OS and PFS listed as

secondary endpoints. We chose this primary endpoint to enable

an early assessment of disease activity, with longer follow-up

required to evaluate the secondary survival outcomes. Predictive

markers of response are needed to assist with future patient

selection for this therapy. Similar to PSMA PET SUVmean ≥10

being a predictive imaging biomarker for response to [177Lu]Lu-

PSMA (29, 30), exploratory analyses from the ALSYMPCA study

suggest that a decline in total ALP level at 12 weeks after

initiation of 223Ra treatment correlates with improved survival

(31). This finding was corroborated in the REASSURE study (32)

and therefore time to ALP response and ALP progression will

also be exploratory biomarkers in our study.

With this novel combination, osseous micrometastatic

disease will hopefully receive robust treatment, though an

obvious limitation is that soft tissue micrometastases may

remain suboptimally treated. We chose to prioritize treatment

of bone lesions based on the knowledge that the bone marrow

is the most common site of disease progression following

[177Lu]Lu-PSMA therapy. Combining a PSMA radioligand with

alternative alpha-emitters that are not specific to bone may

overcome this limitation (eg., 225Ac or 212Pb), however this

is fraught with other challenges involving manufacture and

mass distribution. As previously discussed, several studies are
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ongoing evaluating different combinations of alpha-emitters and

PSMA-based radioligands (NCT04597411, NCT05219500).

In terms of the ideal radionuclide to combine with a PSMA

ligand, theoretically this would involve an isotope with high

LET and a half-life matched to that of the PSMA ligand, a

straightforward and reliable manufacturing process and limited

toxicity of daughter isotopes. Of the potential aforementioned

alpha-emitters (212Pb, 223Ra, 225Ac, 211At), all have a high LET

however 212Pb and 211At are the only isotopes with a half-

life similar to the PSMA ligand (10.6 and 7.2 h respectively).
225Ac and 211At are restricted by a complex production

process thereby limiting supply, with 211At in particular having

complex radiochemistry. 212Pb and 211At produce the least toxic

daughter isotopes. 212Pb can have reliable supply as production

is generator-based, so potentially this will emerge as the ideal

alpha-emitter to combine with a PSMA ligand. Currently there

are no studies evaluating this combination to our knowledge.

In conclusion, we hope that the AlphaBet study will be a

step forward in improving outcomes for patients with mCRPC

and bone metastases, and potentially inform the design of

subsequent later-phase randomized studies. In particular, the

exploratory translational data from tissue, blood and novel

imaging will lead to a deeper understanding of the reasons

and predictors for treatment response and resistance and the

immune response to radiotherapy.
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Osteosarcoma patients with overt metastases at primary diagnosis have

a 5-year survival rate of less than 20%. TP-3 is a murine IgG2b

monoclonal antibody with high affinity for an epitope residing on the p80

osteosarcoma cell surface membrane antigen. The tumor-associated antigen

p80 is overexpressed in osteosarcomas, and has very low normal tissue

expression. We propose a novel dual alpha targeting solution containing

two radionuclides from the same decay chain, including the bone-seeking
224Ra, and cancer cell-surface seeking 212Pb-TCMC-TP-3 for the treatment

of osteoblastic bone cancers, circulating cancer cells and micrometastases.

In this in vitro study, the cytotoxic effects of 212Pb-TCMC-TP-3 (single alpha

solution) and 224Ra/212Pb-TCMC-TP-3 (dual alpha solution) were investigated

in a multicellular spheroid model mimicking micrometastatic disease in

osteosarcoma. OHS spheroids with diameters of 253 ± 98 µm treated with

4.5, 2.7, and 3.3 kBq/ml of 212Pb-TCMC-TP-3 for 1, 4, and 24 h, respectively,

were disintegrated within 3 weeks. The 212Pb-TCMC-TP-3 induced a 7-

fold delay in spheroid doubling time compared to a 28-times higher dose

with the non-specific 212Pb-TCMC-rituximab. The 224Ra/212Pb-TCMC-TP-3

completely disintegrated spheroids with diameters of 218–476 µm within 3

and 2 weeks after 4 and 24 h incubation with 5 kBq/ml, respectively. Treatment

with 1 kBq/ml of 224Ra/212Pb-TCMC-TP-3 for 24 h caused an 11.4-fold

reduction in spheroid viability compared with unconjugated 224Ra/212Pb. The
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single and dual alpha solutions with TP-3 showed cytotoxicity in spheroids of

clinically relevant size, which warrant further testing of the dual alpha solution

using in vivo osteosarcoma models.

KEYWORDS

targeted alpha therapy, osteosarcoma, dual alpha therapy, radium-224, lead-212,
TP-3 antibody

Introduction

Osteosarcoma (OS) is the second most common bone
cancer after chondrosarcoma, and the most common bone
malignancy in adolescents and young adults (1, 2). The 5-year
survival rate is <20% for patients with metastatic OS at primary
diagnosis, and the median survival after multiple recurrences
is only 1 year (3–6). Few new treatment options have been
developed for metastatic OS during the past three decades,
underscoring the need for novel therapies.

Immunotherapy using monoclonal antibodies (mAbs)
specific for overexpressed cancer-related antigens is a
promising treatment strategy for micrometastases and
circulating tumor cells (7–10). Clinical trials have evaluated
the efficacy of mAbs in OS, including trastuzumab targeting
the human epidermal growth factor receptor 2 (HER2) (11),
glembatumumab targeting glycoprotein nonmetastatic B (12),
cixutumumab targeting insulin-like growth factor 1 (13, 14),
and pembrolizumab, nivolumab and camrelizumab targeting
PD-1 (15–19). Unfortunately, sufficient antitumor response was
not demonstrated for OS patients receiving these immune-based
therapies, possibly due to low expression of the tumor antigens
and internal resistance mechanisms (20, 21). The murine IgG2b
TP-3 mAb binds to an 80 kDa sarcoma-associated cell surface
membrane antigen (p80) on an alkaline phosphatase isoform
(22, 23). TP-3 is directly related to osteoblastic differentiation
and has previously shown to bind to the vast majority of OS
metastases in patients (23, 24). Moreover, an immunomagnetic
isolation procedure using the TP-3 mAb detected single OS
cells in bone marrow aspirates from OS patients that was
shown to have prognostic information (24, 25). Because of the
nonreactive activity of TP-3 on healthy human tissues, it is well
suited for targeted therapy (22, 23).

Osteosarcoma is clinically regarded as a radioresistant
cancer, and external beam radiotherapy is usually not effective
for OS (26–29). Unfortunately, the mechanisms of action related
to the radioresistance are not well investigated and remain
unresolved (30). Targeted therapies using mAbs labeled with
the beta emitting 188Re or 177Lu, and the alpha emitting 211At
or 213Bi have been studied for OS in vitro and in vivo (31–
38). However, beta particles have low linear energy transfer
(LET, ∼ 0.2 keV/µm), making them less effective for treating

radioresistant tumor cells (39). In contrast, alpha particles have
a high LET (∼ 100 keV/µm) and short range in tissue (50–
100 µm) compared to beta particles (0.5–12 mm), resulting in
high cytotoxic potency via DNA double stranded breaks (39).
Therefore, alpha particles should be preferred over beta particles
to overcome radiation resistance in OS.

The alpha emitting 223Ra (t1/2 ≈ 11.4 d) is a calcium-
mimetic radiopharmaceutical with naturally bone-seeking
properties (40, 41). Its accumulation in osteoblastic lesions
resulted in improved overall survival and approval for the
treatment of castration-resistant prostate cancer patients with
symptomatic bone metastases (42). Thus, 223Ra can also be
efficient for OS patients due to the osteoblastic phenotype of
this cancer (43–46). In 2021, a phase I escalation trial with 50,
75, and 100 kBq/kg of 223Ra was completed in 18 OS patients
with progressive, locally recurrent or metastatic disease (3). The
radiopharmaceutical was well tolerated and a recommended
phase II dose was set to 100 kBq/kg — a twice as high dose as
approved for prostate cancer, due to the high radiation tolerance
(3). Unfortunately, the majority of patients developed extra-
skeletal metastases (3). Since 223Ra cannot be stably chelated to
a targeting moiety, it must be combined with other agents that
can target extra-skeletal disease in these patient groups (45).

Similar to 223Ra, 224Ra (t1/2 ≈ 3.6 d) has the same bone-
seeking properties, four alpha emissions in the decay chain
and a relevant half-life for radiopharmaceutical production and
shipment (47). An important difference is that 224Ra decays
into 212Pb (t1/2 ≈ 10.6 h), which, compared to 211Pb (t1/2 ≈

36.1 min) in the 223Ra-series, has a convenient half-life for
conjugation to targeting molecules (47–49). Lead-212 is itself
a beta emitter, but serves as an in vivo generator of alpha
particles via its decay to 212Bi (t1/2 ≈ 60.6 min) and 212Po
(t1/2 ≈ 0.3 µs). With the bifunctional 1,4,7,10-tetraaza-1,4,7,10-
tetra(2-carbamoylmethyl)cyclododecane (TCMC) chelator for
212Pb, several radioconjugates have been produced and tested
in preclinical and clinical studies (49–61). The dual alpha
technology utilizes the osteoblastic stroma-seeking properties of
224Ra that can treat primary bone cancer or bone metastases,
while extra-skeletal and skeletal metastases can be targeted
by a cancer specific moiety labeled with 212Pb (47). In a
preclinical prostate cancer study employing this technology,
the biodistribution data showed high uptake of 224Ra in the
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femur and skull while a 212Pb-conjugate had high prostate
tumor uptake (62). The technology also showed promising
potential in a breast cancer study, where the 224Ra solution
with bone targeting 212Pb-EDTMP [ethylenediamine tetra
(methylenephosphonic acid)] prolonged survival and lowered
the incidence of bone metastases in mice (63).

Representative in vitro models are essential to mimic
tumor micrometastases. Three-dimensional (3D) multicellular
spheroids have been utilized in preclinical cancer therapy
studies since they exhibit physiologically relevant cell–cell
and cell–matrix interactions, heterogeneity and structural
complexity which better reflect cancer metastases that are found
in patients (64–68). The cell–cell interactions allow contribution
by the bystander and cross-fire effects to the cytotoxicity of
targeted radionuclide therapy to be considered. Spheroids have
a necrotic core surrounded by a viable rim of proliferating cells
(69), where steep gradients can exist for cellular oxygen levels,
proliferation, pH and glucose concentration (70, 71), leading
to development of cell subpopulations that may be resistant
to treatment, similar to tumor cells in vivo (72). Therefore,
spheroids are advantageous in vitro models because overcoming
these factors could not be considered in 2D monolayer models
(66, 70).

In this work, the cytotoxic effect of a single alpha solution
comprising 212Pb conjugated to the OS cell targeting mAb TP-
3 and a dual alpha solution containing 224Ra in equilibrium
with 212Pb-TCMC-TP-3 were evaluated using an in vitro 3D
multicellular spheroid model.

Materials and methods

Cell line

The human OS cell line OHS (established at the Norwegian
Radium Hospital) was used in this study (73). The OHS cell
line used in the present study was obtained from a repository at
the Norwegian Radium Hospital, Oslo University Hospital. The
cell line was cultured in RPMI 1640 medium (Sigma-Aldrich
Norway AS, Oslo) supplemented with 10% heat inactivated fetal
bovine serum (FBS, GE Healthcare Life Sciences, Chicago, IL),
100 units/ml penicillin and 100 µg/ml streptomycin (Sigma-
Aldrich) at 37◦C with 5% CO2.

Antibodies

The anti-p80 IgG2b murine mAb TP-3 was produced and
purified as described by Bruland et al. (22). TP-3 (PAK-732
batch), was used in all experiments (22, 25). The chimeric anti-
CD20 IgG1 mAb rituximab (RTX, MabThera, Roche, Basel)
and the humanized anti-HER2 IgG1 mAb trastuzumab (TRA,
Herceptin, Roche) were used as antigen negative controls.

Flow cytometry

The expression of p80 on OHS cells was verified by flow
cytometry using TP-3. The primary mAbs (TP-3 or RTX)
were added to 5 × 105 OHS cells in 100 µl flow buffer
[Dulbecco’s PBS with 0.5% bovine serum albumin (BSA) and
0.1% NaN3] at a concentration of 10 µg/ml and incubated
at 4◦C with gentle shaking for 60 min, followed by three
washes with 2 ml flow buffer. FITC-conjugated anti-mouse
IgG F(ab’)2 fragment (Thermo Fisher Scientific, Waltham, MA)
was used as a secondary Ab and added at a concentration
of 10 µg/ml, incubated at 4◦C with gentle shaking for
30 min in the dark and washed as in the previous step.
All wash steps were performed by centrifugation at 260 × g
for 5 min. Washed cell pellets were resuspended in 200 µl
flow buffer and analyzed by a Cytoflex S flow cytometer
(Beckman Coulter, Inc., Brea, CA) using the CytExpert
2.0 software (Beckman Coulter, Inc.) for data acquisition.
The FlowJo software (FlowJo, LLC, Ashland, OR) was used
for data analysis.

Preparation of radionuclides and
activity measurements

Radium-224 was extracted from a generator column
containing DIPEX R© actinidine resin (Eichrom Technologies,
Lisle, IL) with immobilized 228Th (Eckert & Ziegler,
Braunschweig) by elution with 1 M HCl. The details of
the 224Ra generator setup have previously been described
by Westrøm et al. and Stenberg et al. (62, 74). Lead-212
was produced and extracted from a 228Th generator, via
emanation of 220Rn in a simplified single-chamber generator
system, described by Li et al. (75). Lead-212 was extracted
from the flask using 0.1 M HCl, with a 228Th breakthrough
≤0.005%. The collector flask was replaced 2–3 days prior to
the experiments to prevent accumulation of 208Pb. A Capintec
CRC-25R radioisotope dose calibrator (Capintec Inc., Ramsey,
NJ) was used to quantify the 224Ra and 212Pb activities
(76).

A Hidex automatic gamma counter (Hidex Oy, Turku)
or Cobra gamma counter (Packard Instrument Company,
Downer Grove, IL) with the 50–120 keV counting window
was used to determine 212Pb activities. The counting window
mainly measures 212Pb activity (34.9% relative to the 224Ra
mother nuclide) with only small contribution from other
radionuclides (1.2% relative to 224Ra) in the 224Ra series (47,
62, 74, 77). All samples were measured at least 2 h after
212Pb extraction to ensure transient equilibrium with daughters.
The activity of 224Ra was determined by measurements
performed 4–5 days after the experiment, when 212Pb had
decayed and equilibrium between 224Ra and the newly formed
212Pb was reached.
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Radiolabeling of antibodies

The mAbs were conjugated to a TCMC chelator
(Macrocyclics Inc., Dallas, TX), to allow radiolabeling with
212Pb. The original buffer of the mAbs was first exchanged with
carbonate buffer (0.1 M NaHCO3 and 5 mM Na2CO3 in metal
free water) by washing the mAb solution through a centrifugal
concentrator (30 kDa, Amicon Ultra-15 Centrifugal Filter
Unit, Millipore, Sigma-Aldrich) three times at 1620 × g for
15–25 min. A TCMC solution in 5 mM HCl was added to the
Abs in a 5:1 molar ratio, and the mixture were allowed to react
for 2 h with gentle shaking (250 min−1) at room temperature.
Then, unconjugated TCMC was removed from TCMC-mAb
conjugates by exchanging the carbonate buffer to 0.9% NaCl by
washing the mAb solution through the centrifugal concentrator
as described above. The concentration of the mAbs was
quantified by Nanodrop (Nanodrop 1000 Spectrophotometer,
V3.8, Thermo Fisher Scientific), using the standard absorbance
value of IgG at 280 nm and 10 mm path length.

The mAbs were labeled with 212Pb using 224Ra or
212Pb solutions (pH adjusted to 5–6 by 0.5 M C2H7NO2

or C2H3NaO2) in equilibrium with daughters. TCMC-TP-3,
TCMC-RTX, or TCMC-TRA was added to a final concentration
of 0.1–1 mg/ml. The solutions were mixed on a Thermomixer
(Eppendorf, Hamburg) for 45 min at 37◦C and 450–750 rpm.
Radiochemical purity of the samples was determined by instant
thin layer chromatography (Tec-control, Biodex, Medical
Systems, Shirley, NY), and only products with purities ≥95%
were used in the experiments. The final solution consisting of
212Pb-TCMC-mAb is referred to as the “single alpha solution”
while 212Pb-labeled mAbs in the presence of 224Ra is called the
“dual alpha solution.”

Saturation binding studies

OHS cells were detached from a cell culture flask using
TrypLE Express (Sigma-Aldrich). Saturation binding studies of
212Pb-TCMC-TP-3 to OHS cells were performed by collecting
106 of the cells and incubating them as cell suspension in 0.2 ml
of PBS including 0.5% BSA (Sigma-Aldrich) with 6 different
concentrations (0.03–10 µg/ml) of the radioimmunoconjugate
(in duplicates) for 1 h at 37◦C and 150 min−1. Non-specific
binding was measured by pre-incubating cells with unlabeled
TP-3 (5–20 µg/ml) for 15 min before addition of 212Pb-TCMC-
TP-3. Activities were measured in a gamma counter before
(added activity) and after incubated cells were washed 3 times
with PBS containing 0.5% BSA (cell bound activity). Specific
cell bound activity was estimated as percentage of added activity
minus non-specific binding (activity on blocked cells). The
number of specifically bound ligands per cell was plotted against
ligand concentration and the equilibrium dissociation constant
(KD) and the number of specific binding sites (Bmax), were

determined by nonlinear regression (Sigmaplot version 14.5,
Systat Software, Inc., San Jose, CA, USA).

Spheroid formation and treatment

Multicellular tumor spheroids were generated using the
liquid-overlay technique (78, 79). Spheroids were formed by
seeding 500 OHS cells in 100 µl of culture medium per well
in a 96-well flat-bottom plate coated with 50 µl of 1.5%
agarose (weight/volume, Sigma-Aldrich) solution in PBS (Sigma
Aldrich). The plates were centrifuged at 470–1000 × g for
15 min, and maintained at 37◦C with 5% CO2.

For the single alpha solution studies, spheroids were treated
4–5 days after formation (day 0) with 0.3–100 kBq/ml of
212Pb-TCMC-TP-3 (specific activities of 7.3–15.4 MBq/mg) or
212Pb-TCMC-RTX (specific activities of 7.5–9.9 MBq/mg). For
the dual alpha solution studies, 0.3–10 kBq/ml of 224Ra/212Pb,
224Ra/212Pb-TCMC-TP-3 (specific activities of 2.3–9 MBq/mg),
or 224Ra/212Pb-TCMC-RTX/TRA (specific activities of 3.7–
9 MBq/mg) were added 3 or 14 days after spheroids were
formed. One experiment with TP-3 alone (0.25 µg per spheroid
2.1 µg/ml) was performed in OHS spheroids to investigate the
cytotoxicity of the mAb itself. The spheroids were incubated
with the mAb alone or with radioconjugates at 37◦C for 1, 4, or
24 h before they were carefully washed 6 times with medium and
further incubated for 3 weeks. Replacement of culture medium
was performed 2–3 times per week. The spheroid diameter
(d) was measured weekly using an inverted Axiovert 200M
microscope (Carl Zeiss AG, Jena, Germany). Volumes of each
spheroid were calculated using the formula V = 4

3 πr3, where
r = d/2. The spheroid volumes were normalized by dividing the
volumes at different activities by the volume at 0 kBq/ml at each
time point (activity vs. normalized volume), and by dividing the
volumes of the treated spheroids at each week by the volume
of spheroids at day 0 for each activity concentration (time vs.
normalized volume).

A CellTiter-Glo R©3D cell viability assay (Promega
Corporation, Madison, WI, USA), was performed 48 h, 72 h and
12 days after spheroids were administered with 224Ra/212Pb,
224Ra/212Pb-TCMC-TP-3 and 224Ra/212Pb-TCMC-TRA for
24 h according to the manufacture’s protocol.

Live and dead cells in the spheroids were determined by
a fluorescence-based staining assay using fluorescein diacetate
(FDA, 5 mg/ml, Sigma-Aldrich) and propidium iodide (PI,
2 mg/ml, Sigma-Aldrich), respectively. Fluorescent images of
spheroids were taken by an inverted Axiovert 200M microscope
(Carl Zeiss AG) and analyzed with the AxioVision Rel. 4.8
software (Carl Zeiss AG). The experiment was performed with
3–12 spheroids per treatment condition. The relative viability
was calculated by dividing the viability of the treated spheroid
by the viability of the control spheroid (0 kBq/ml) at different
activity concentrations.
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Complete growth inhibition of a spheroid was considered
when no live cells were detected in the spheroid, or when the
spheroid diameter was reduced or remained unchanged, or
when the spheroid was disintegrated/fell apart.

Statistical analyses

SigmaPlot 14.5 (Systat Software) was used for the statistical
analyses. Nonlinear regression with one-site saturation ligand
binding was used to estimate the number of specific binding
sites (Bmax) and the equilibrium dissociation constant (KD) for
212Pb-TCMC-TP-3 on the OHS cells:

B =
Bmax × [Ab]

KD + [Ab]

where B is the number of antigens per cell and [Ab] is the Ab
concentration. Exponential decay fitting was used to plot the
correlation between the radioactivity and spheroid volume.

The spheroid volumes and viabilities were analyzed
for significance using a one-way ANOVA with multiple
comparisons and a pairwise t-test, respectively, using SigmaPlot
14.5 (Systat Software). A p-value of < 0.05 was considered
statistically significant.

Results

Binding of TP-3

A high expression of p80 was confirmed by a well-defined
histogram shape of TP-3, which demonstrated binding to 99.7%
of the OHS cells with no overlap and clear separation from
the histograms representing the control samples (Figure 1A).
Negligible non-specific binding was detected (< 0.06%) as the
histogram of RTX was identical as the unstained cells and the
secondary Ab control.

The OHS cells showed an average of 2.7± 0.3× 105 binding
sites per cell (Bmax). The 212Pb-TCMC-TP-3 demonstrated
increased binding to OHS cells at 0.03–1 µg/ml after 1 h
with a KD of 0.49 ± 0.05 µg/ml (Figure 1B). Similar
levels of 212Pb-TCMC-TP-3 were bound to the OHS cells at
4 h (Supplementary Figure 1). From 1 to 10 µg/ml, the
percentage of specific bound 212Pb-TCMC-TP-3 was reduced
due to saturated binding sites (Figure 1C). Of total added
radioimmunoconjugate, 5.7–12.2% was internalized to the cells
after 1 h (Supplementary Figure 1).

Cytotoxicity of the 212Pb-TCMC-TP-3
single alpha solution

The spheroids had a diameter of 253± 98 µm and a volume
of 8.5 ± 0.5 × 106 µm3 at day 0 (treatment day). The majority

of OHS cells in these spheroids were viable at this time point
(Supplementary Figure 6). The volume of spheroids decreased
with increasing 212Pb-TCMC-TP-3 activity (Figure 2A and
Supplementary Figure 2). At 3 weeks, 1 and 4 h incubation with
2.7–9 kBq/ml of 212Pb-TCMC-TP-3 significantly inhibited the
spheroid growth and reduced the number of live cells compared
to the control (p < 0.005, Figures 2B,C, Supplementary
Figures 3, 4, and Supplementary Table 3). The doubling time
was 7-fold longer for the spheroids treated with 2.7 kBq/ml
of 212Pb-TCMC-TP-3 for 4 h compared to the control, while
6.3-fold longer than for the spheroids treated with 75 kBq/ml
of 212Pb-TCMC-RTX (Supplementary Table 1). After 3 weeks,
no live cells or spheroid growth were detected in the spheroids
treated with ≥ 2.7 kBq/ml of 212Pb-TCMC-TP-3 for 4 and 24 h
(Figure 2C and Supplementary Figures 4, 5). The non-specific
212Pb-TCMC-RTX was only able to completely inhibit spheroid
growth after 3 weeks when treated with the high activity dose of
72.8 kBq/ml for 24 h (Supplementary Figure 5).

Cytotoxicity of the
224Ra/212Pb-TCMC-TP-3 dual alpha
solution

The cytotoxicity of the dual alpha solutions was investigated
in small (diameter of 222 ± 14.0 µm and volume of
5.8± 1.0× 106 µm3 at day 0) and large (diameter of 474± 2 µm
and volume of 60 ± 5.0 × 106 µm3 at day 0) spheroids.
The majority of OHS cells in the small spheroids were viable,
while the large spheroids developed central necrosis with a
20–30 µm rim of viable cells (Supplementary Figure 6). All
spheroid volumes were reduced at increasing activities, and the
growth of spheroids treated for 4 or 24 h with ≥ 5 kBq/ml
of 224Ra/212Pb-TCMC-TP-3 was completely inhibited (Figure 3
and Supplementary Figure 7).

Over time, the volume of spheroids treated with
1 kBq/ml of 224Ra/212Pb or 224Ra/212Pb-TCMC-RTX for 4 h
increased, whereas this activity concentration of 224Ra/212Pb-
TCMC-TP3 inhibited spheroid growth (Supplementary
Figure 7). The doubling time of spheroids treated with
10 kBq/ml of 224Ra/212Pb-TCMC-TP-3 for 1 h was 101 days,
while it was 15 and 22 days for spheroids treated with
224Ra/212Pb and 224Ra/212Pb-TCMC-RTX, respectively
(Supplementary Table 2).

A viability assay was performed for spheroids treated with
the dual alpha solutions for 24 h. At 72 h, a significant reduction
in viability was seen in the spheroids treated with 5 kBq/ml
of 224Ra/212Pb-TCMC-TP-3 versus 224Ra/212Pb or 224Ra/212Pb-
TCMC-TRA (p < 0.05, Supplementary Table 4). Twelve days
after treatment, the relative viabilities of the spheroids treated
with 1 kBq/ml of the 224Ra/212Pb-TCMC-TP-3,224Ra/212Pb and
224Ra/212Pb-TCMC-TRA dual alpha solutions were 11.6 ± 2.7,
56.2± 6.6 and 47.2± 6, respectively (Figure 4A).
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FIGURE 1

p80 expression and specific binding of TP-3 to OHS human osteosarcoma cells. (A) A flow cytometry histogram that demonstrates the binding
of TP-3 to the p80 antigen (green curve), compared to the non-specific primary antibody rituximab (RTX; gray curve), OHS cells stained only
with the secondary antibody (blue curve) or unstained control cells (black curve). (B) Specific binding (antigens per cell) and (C) percentage
specific bound TP-3 (of total added) to OHS cells after 1 h incubation with 0.03–10 µg/ml of 212Pb-TCMC-TP-3.

Complete disintegration was observed for all spheroids
incubated for 24 h with 10 kBq/ml of any dual alpha solution.
However, only spheroids treated with the 224Ra/212Pb-TCMC-
TP-3 dual alpha solution were disintegrated 12 days after
incubation with 5 kBq/ml (Figure 4B), while the relative
viability of spheroids treated with 224Ra/212Pb and 224Ra/212Pb-
TCMC-TRA were 8.0 ± 3.4 and 7.4 ± 2.4 at this time point,
respectively.

Discussion

The treatment options for advanced OS after standard
regimen are limited due to chemotherapeutic resistance (80–
82). Micrometastases are found in the majority of patients
with advanced and/or recurrent OS (25, 83). Patients with
micrometastases in the bone marrow or peripheral blood, also
from other forms of cancer than OS, have shown statistically
poorer survival compared to patients without micrometastases
(25, 82, 84–88). The size of spheroids used in the present
study was chosen based on a previous study by Däster
et al. (89). In agreement with the study, the small spheroids
herein consisted almost entirely of viable cells, while the
large spheroids had a necrotic core surrounded by a rim of
viable cells (Supplementary Figure 6). The single and dual
alpha solutions containing TP-3 were able to disintegrate
spheroids with diameters ranging from 210 to 480 µm,
which is similar to the diameter of micrometastatic clusters
found in patients (250–750 µm) (65, 90, 91). As already
mentioned, TP-3 has previously shown the ability to detect
single micrometastatic cells in bone marrow aspirates from OS
patients, in which a strong correlation was detected between
the TP-3 bound OS cells and poor therapeutic response
following relapse (24, 25). In the present study, the TP-3 mAb
itself did not initiate any cytotoxicity on OHS multicellular

spheroids, which is in agreement with a previous study
(33).

In contrast, the cytotoxic effect was significantly improved
when spheroids were treated with ≥ 2.7 kBq/ml of the 212Pb-
TCMC-TP-3 radioimmunoconjugate (p < 0.005, Figure 2 and
Supplementary Table 3). The therapeutic efficacy of 211At-
TP-3 was extensively explored three decades ago and showed
promising potential for OS in vitro and in vivo, similar to a more
recent study evaluating a 213Bi radioimmunoconjugate (33–35,
38, 92). Unfortunately, challenges related to the production of
211At and the very short half-life of 213Bi limits the applicability
of these radionuclides in targeted therapy. TP-3 immunotoxins
have previously showed to be effective in clonogenic OS cells
in vitro, and in a subcutaneous as well as in a soft-tissue
sarcoma model in vivo (93–95). SCID mice xenografted with
OHS cells were treated with 1.0 mg/kg of a TP-3 immunotoxin
and 67 ± 19% of the mice were tumor-free at 150 days,
compared to the control mice which had a median survival of
19 days (94). Despite these encouraging data, immunogenicity
and nonspecific toxicity is known to limit the clinical success of
immunotoxins (96). Nevertheless, TP-3 seems highly promising
for targeted therapies because of the high expression levels
of p80 on the OS cell surface and the limited normal-tissue
distribution (22, 23).

An important advantage with the 3D spheroid model is
the possibility to observe the treatment response over an
extended period, and thereby observe the repopulation potential
of surviving cells. After 1 week, the volume of spheroids treated
with 2.7 kBq/ml of 212Pb-TCMC-TP-3 for 1 h looked similar
as spheroids treated with 4.5 and 9 kBq/ml (Figure 2B). Yet,
regrowth of the spheroids was seen from week 2. After 4 h
incubation with 2.7 kBq/ml of the 212Pb-TCMC-TP-3 single
alpha solution, spheroids were disintegrated and no viable
cells were observed at week 3 (Figure 2). This cytotoxic
effect is similar to a study investigating comparable activities
of 212Pb in 3D prostate cancer spheroids (52). A study by
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FIGURE 2

Cytotoxicity of single alpha solutions. The influence of 212Pb-TCMC-TP-3 or 212Pb-TCMC-rituximab (RTX) on OHS spheroid growth after 1 or
4 h treatment at (A) increasing 212Pb-activities and (B,C) over time. The normalized volume was calculated by dividing the volume of the treated
spheroid by the volume of untreated spheroids (0 kBq/ml) at each time point. (C) Microscope images (4×magnification, scale bar = 500 µm)
were taken from the day of treatment (day 0, 8.5 ± 0.5 × 106 µm3) to week 3. At the experimental end point (week 3), spheroids were stained
with fluorescein diacetate and propidium iodide to observe live and dead cells, respectively. All spheroid images were taken by an inverted
Axiovert 200M microscope (Carl Zeiss AG) and analyzed with the AxioVision Rel. 4.8 software (Carl Zeiss AG). Specific activities were
7.3–15.4 MBq/mg.

Ballangrud et al. investigated the therapeutic effect of a 213Bi
labeled mAb in multicellular prostate cancer spheroids with
a diameter of 200 µm, and showed that the penetration
time of the radioimmunoconjugate was around 3 h (97).
This supports the results observed herein, where a substantial
increased cytotoxic effect was seen in spheroids (diameter of

253 ± 98 µm) treated with 2.7 kBq/ml of 212Pb-TCMC-
TP-3 when the treatment duration increased from 1 to 4 h
(Figure 2). These results are also in agreement with Hjelstuen
et al. who demonstrated that 6 h was required for the 125I
labeled mAb to reach the inner center of an OHS spheroid with
a diameter of 400–450 µm (98). Nevertheless, because of the
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FIGURE 3

Cytotoxicity of dual alpha solutions. The influence of 1, 4, or 24 h incubation of 224Ra/212Pb and 224Ra/212Pb-TCMC-TP-3 on OHS spheroid
growth at increasing 224Ra/212Pb-activities. The normalized volume was calculated by dividing the volume of the treated spheroid by the
volume of untreated spheroids at each week. Spheroids were 5.8–60 × 106 µm3 at day 0. Specific activities were 2.3–9 MBq/mg.

FIGURE 4

Viability of OHS spheroids treated with dual alpha solutions. (A) Viability of spheroids 48 h, 72 h, and 12 days after 24 h incubation with
1–10 kBq/ml of 224Ra/212Pb, 224Ra/212Pb-TCMC-TP-3 (specific activity of 2.3 MBq/mg) or 224Ra/212Pb-TCMC-trastuzumab (TRA, specific activity
of 3.7 MBq/mg). The relative viability was calculated by dividing the viability of the treated spheroids by the viability of untreated spheroids
(0 kBq/ml) at each activity concentration. (B) At day 12, spheroids were stained with fluorescein diacetate and propidium iodide to observe live
and dead cells, respectively, before spheroids were imaged (4×magnification) using an inverted Axiovert 200M microscope (Carl Zeiss AG,
Jena, Germany), scale bar = 500 µm. All spheroids were analyzed with the AxioVision Rel. 4.8 software (Carl Zeiss AG). Spheroids were
60 ± 5.0 × 106 µm3 at day 0.
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short half-life of 213Bi (t1/2 ≈ 46 min), 76% of the decay in
Ballangrud’s study had already occurred by the time that the
radioimmunoconjugate reached the inner core of the spheroid
(97). This highlights the benefit of labeling a targeting molecule
with 212Pb, as it has a long enough half-life for the majority
of the deposited energy from the total decay to be emitted
within the spheroid. However, it is important to mention
that the OS tumor microenvironment is highly complex and
the penetration time will also depend on other factors such
as density and vascularity enabling diffusion of the targeting
complex (70).

The growth inhibition of spheroids observed 3 weeks after
4 h treatment with 2.7–4.5 kBq/ml of the 212Pb-TCMC-TP-3
single alpha solution (Figure 2 and Supplementary Figure 4)
and 5 kBq/ml of the 224Ra/212Pb-TCMC-TP-3 dual alpha
solution (Figure 3 and Supplementary Table 2) corresponds
to 13.5–22.5 MBq of 212Pb and 25 MBq of 224Ra per patient
(∼ 5 L blood). Subbiah et al. recommended an activity of
100 kBq/kg of 223RaCl2 for the phase II study in OS patients
(3). Assuming similar clinical dosing of 224Ra as for 223Ra
(taken the different half-lives into account), this would
translate into a clinically relevant dosage of 315 kBq/kg
of 224Ra. In equilibrium with daughters, the 212Pb-
immunoconjugate in the dual alpha solution would then
be given in a dosage of approximately 24 MBq per patient
(∼ 70 kg). This falls within the activity range of the 212Pb-
TCMC-TRA radioimmunoconjugate (13–47 MBq) that was
evaluated as safe for patients with HER2 overexpressing
intraperitoneal cancer (55). This suggests that 224Ra/212Pb-
TCMC-TP-3 induces cytotoxic effects at clinically relevant
activity doses, although activity conversions from mouse
to human also may be based on body surface area and
not only on radioactivity per gram of bodyweight or blood
(99).

Limitations of this study include the use of non-osteoblastic
OHS spheroids, leading to an insignificant improvement
in cytotoxicity from the naturally bone-seeking 224Ra itself.
Therefore, the dual alpha solution with TP-3 required similar
activities to disintegrate spheroids as the single alpha solution,
meaning that the antitumor effect of the multicellular spheroids
was likely linked to the delivery of the radiation emitted from
the specifically bound 212Pb-TCMC-TP-3. Preincubation of
OS cells in a calcifying medium can force the cells into an
osteoblastic-like state, which will enhance the similarity of a
true OS microenvironment such as observed in patients, and
thereby potentially initiate an effect of 224Ra (100). This should
be evaluated in future studies using multicellular spheroid
models of OS. Furthermore, following the protocol of Jacques
et al., establishing a murine model with bone sarcoma would
be the next step to fully explore the potential of the dual
alpha in vivo (101). Nonetheless, previous dual alpha studies
have verified that 224Ra accumulates in bone (62, 63). In
fact, in a preclinical breast cancer study, a 224RaCl2 solution

with the 212Pb-daughter chelated to the bone-seeking EDTMP
demonstrated similar therapeutic effect as a comparable in vivo
study with 223RaCl2, but with significantly fewer radium atoms
(47, 63, 102). A 224Ra solution without a chelating agent for
the lead-daughter, such as for the approved 223RaCl2, will
also have bone-seeking properties, but since 212Pb have a
half-life that allows trans-organ redistribution if let free in
physiological liquids like blood, saliva or lymphatic liquid,
the toxicity impact from 212Pb is important to consider
and will be minimized by the conjugation to TP-3 or
EDTMP. An experimental limitation in this study includes
adding activities from the single and dual alpha solutions
to spheroids of different size. Ideally, the single and dual
alpha experiments should be performed simultaneously with
similar spheroid size at day 0. This should be considered
in future studies.

Conclusion

This study demonstrated high cytotoxicity at clinically
relevant activities of the single and dual alpha solutions in
spheroids mimicking micrometastatic OS disease. These results
warrant further exploration in preclinical models to evaluate the
therapeutic efficacy and cytotoxicity of the 224Ra/212Pb-TCMC-
TP-3 dual alpha solution in an osteoblastic OS environment.
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Prostate specific membrane antigen (PSMA) represents a validated target for

prostate cancer therapeutics. The phase III VISION study with 177lutetium

(177Lu)-PSMA-617 represented a pivotal step forward and the FDA has

now approved this agent in advanced metastatic castrate-resistant prostate

cancer (mCRPC). A number of other PSMA targeted radiopharmaceuticals

are now under development. Some of these agents are targeted to PSMA via

monoclonal antibodies such as J591 and TLX591. Others are targeted to PSMA

via small molecules such as PSMA-617, PSMA I&T, MIP-1095, etc. In addition

to the use of various ligands, multiple isotopes are now in clinical trials. Beta

emitters in development include 177Lu, 131iodide (131I), and 67copper (67Cu).

Targeted alpha emitters potentially include 225actinium (225Ac), 227thorium

(227Th), and 212lead (212Pb). Phase III trials are underway with both 177Lu-

PSMA-617 and 177Lu-PSMA I&T in mCRPC. Single dose phase I trials are

complete with 225Ac-J591 but additional data are need to launch a phase III.

Data are promising with 225Ac-PSMA-617 but concerns remain over salivary

and renal toxicity. Tandem therapies are also considered combining both

beta and alpha-targeted therapy. Taken together the field of PSMA targeted

radiopharmaceuticals is rapidly developing. The targeted alpha therapies are

particularly promising and several developmental paths forward are being

considered in the near future.

KEYWORDS

PSMA, prostate cancer, actinium-225, alpha particles, targeted alpha therapy, clinical
trials
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Introduction

Prostate cancer is a common disease with a preponderance
of bone metastases when spread is apparent. As such, it has
long been targeted with bone-targeted radiopharmaceuticals
including the beta-emitters 32phosphorus, 89strontium,
153samarium lexidronam, and the alpha-emitter 223radium
(223Ra) (1–4). Palliative effects on bone pain have been
documented for each of these isotopes in various studies.
223Ra, which was the first alpha particle to be FDA approved,
after demonstrating overall survival improvements in a
randomized phase III study. This finding was catalytic for
interest and investment in the broad field of therapeutic
radiopharmaceuticals (4).

More recently prostate specific membrane antigen (PSMA)
targeted therapies have become more prominent. A small
background is justified to cover this space from a conceptual
perspective. All the PSMA targeted agents in therapeutic trials
to date can be readily classified in terms of small molecules or
antibodies. The small molecules typically have four components,
a PSMA binding moiety, a linker, a chelator, and an isotope
(5–7). All the antibodies in current development are targeted
to bind the extracellular domain of PSMA (at a different
site than the small molecules). All the antibodies also use a
chelator/isotope combination. Despite the fact that chelators
and linkers are key components of the targeted therapeutics, the
chemistry of those components are not covered in detail here as
that is beyond the scope of this manuscript.

The PSMA small molecules typically have a Glu-ureido
component that serves as the PSMA binding motif. The
linker is a key component that affects tumor targeting,
pharmacokinetics, and cellular uptake. Interestingly, various
linker/chelator moieties have quite distinct internalization ratios
(5–7). Thus the combination of linkers and chelators are critical
to the PSMA small molecules and must be carefully considered
in design considerations. Historically MIP-1095, PSMA-617,
and PSMA I&T are three key small molecules that have been
studied more than others (8–10). The most commonly studied
antibody has been J591 (11). A structurally modified J591
(TLX592) and another anti-PSMA monoclonal antibody have
recently entered the clinic as well (see NCT04726033 and
NCT03724747, respectively).

Prostate specific membrane antigen expression is a key
determinant of anti-tumor efficacy though debate continues
regarding optimal selection of patients (12). PSMA is expressed
in the vast majority of prostate cancer patients though
heterogeneity clearly exists. Upregulation of PSMA expression
in cancers is typical, relative to prostate tissue. In addition to
prostate cancer and prostate tissue, PSMA expression is also
encountered in neovasculature, proximal renal tubules, central
nervous system, salivary tissue, and in the duodenal/jejunal
brush border (13–15). Some data suggest that PSMA may
be upregulated by hormonal inhibition using agents such as
enzalutamide or abiraterone (16, 17). The clinical consequences

of this hormonally induced PSMA upregulation are unclear
at this time but potential synergy has been suggested
between PSMA targeted therapeutics and potent androgen
signaling inhibitors.

Prostate specific membrane antigen expression in the
tumors can be assessed by PSMA PET imaging which gives
quantitative uptake information, especially if software support
is used. Much information is now available on PSMA PET and
multiple reviews are published (18). The ratio between tumor
uptake and benign tissue uptake is critical information that can
be assessed and used to predict (to some degree) anti-tumor
efficacy. Though heterogeneity is a key hallmark of cancer,
and PSMA heterogeneous expression is well documented,
the use of radionuclides helps to overcome the problem of
heterogeneity by radiating both the cell to which it binds, and
also the surrounding tumor microenvironment. One of the
more commonly utilized isotopes 177Lutetium (177Lu), has a
maximum and mean path length of the beta particle of about 1.7
and 0.23 mm (respectively) in soft tissue (19). Thus, deposition
of the isotope on a PSMA expressing tumor cell can be expected
to provide radiation to surrounding tissues adjacent to the area
of isotopic deposition. Alpha particles have a much shorter
range and though estimates vary, typical alpha particles have a
path length of less than 100 microns (20). Given the mass of
alphas, relative to betas, the linear energy transfer, and the degree
of induced DNA damage of alpha particles, far exceed that of
the beta particles (21). Regardless, the penumbra of radiation
around the site of deposition is a key concept underlying the
mechanism of action for this class of therapeutic.

Phase III trials completed with
177Lu-PSMA targeted agents

The PSMA targeted beta emitter 177Lu-PSMA-617 was
tested in the PHASE III VISION trial (22). No other phase
III trials have been reported to date with PSMA targeted
radiopharmaceuticals. The VISION study demonstrated that the
PSMA targeted isotopic therapy prolonged survival in heavily
pretreated patients with metastatic castrate-resistant prostate
cancer (mCRPC) and this agent is now FDA approved for PSMA
PET positive men with progressive disease after prior treatments
with androgen deprivation therapy (ADT), newer androgen-
axis pathway inhibitors (ARPIs, i.e., abiraterone, enzalutamide,
darolutamide, and apalutamide) and at least one taxane-based
chemotherapy (typically docetaxel).

The phase III VISION trial selected patients by 68Ga-
PSMA PET scan criteria. All patients had to have a PSMA
PET positive (uptake > liver parenchyma) metastatic lesion. No
tumor lesion (≥1 cm) could be PSMA negative (uptake < liver)
in a visceral organ or a lytic bone lesion. No PSMA negative
tumor lesion could be ≥2.5 cm in a lymph node. The negative
selection criteria are important (23). Data from the VISION trial
demonstrated responses as measured by both PSA decreases and
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reduction in tumor size. Time to radiographic progression was
substantially improved as well. Interested readers are referred
to the original VISION manuscript for further reading on this
phase III trial (22).

It is important to understand what was not learned in the
VISION trial, as well as what was learned. The optimal dose for
177Lu-PSMA-617 is still not known. There is some belief that
dosing remains sub-optimal and formal phase I studies with
this agent have never demonstrated a dose limiting toxicity.
The optimal selection of patients is still not clear and imaging
as a predictive biomarker is far from perfect (24). The role
of the standard of care therapies is still not clear, but those
that received a combination of ARPIs such as enzalutamide
or abiraterone had a somewhat better survival as compared to
those that did not (22). There was no retreatment allowed in
the VISION study. Once treatment was stopped it could not be
restarted for relapse at a later date. No PSMA PET imaging was
used in VISION after therapy was started and the relationship
between PSMA PET changes after treatment initiation are not
ascertained. Clearly there is much more to learn about PSMA
targeted 177Lu therapies.

Phase III trials underway with
177Lu-PSMA targeted isotopic
therapy

Several immediate strategies are evident for 177Lu-PSMA-
617 and phase III trials are now ongoing with earlier stage
prostate cancer patients. In the patient with mCRPC 177Lu-
PSMA-617 is being tested in men with progression post-
ARPI without prior taxanes. This trial (PSMAFore) (see
NCT04689828) is currently in process and evaluates rPFS as the
primary endpoint. For men with metastatic castrate-sensitive
prostate cancer (mCSPC), 177Lu-PSMA-617 is being evaluated
in a phase III trial termed PSMAddition (NCT04720157).
This trial uses an ADT + ARPI ±

177Lu-PSMA-617 design
and incorporates an rPFS endpoint. Both PSMAfore and
PSMAddition utilize the same dose of 177Lu as that in
the VISION trial (7.4 GBq per dose q 6 weeks, up to a
maximum of 6 doses).

SPLASH (NCT04647526) sponsored by POINT Biopharma
and ECLIPSE (NCT05204927) sponsored by Curium are both
phase III trials and both use a design similar to PSMAfore. The
patient population is mCRPC patients with progression post-
ADT/ARPI. Patients are required to be PSMA PET positive and
rPFS is the primary endpoint. Both trials are currently accruing
patients. Both the SPLASH and ECLIPSE trials use an alternative
PSMA targeting agent, PSMA I&T (also termed 177Lu-PNT2002
by POINT Biopharma). Dosing in the SPLASH trial is lower
than for 177Lu-PSMA-617. In SPLASH the doses are 6.8 GBq
every 8 weeks up to a maximum of 4 doses. For ECLIPSE,
the dose of 7.4 GBq is given every 8 weeks for up to 4 doses.

177Lu-PSMA I&T on a per dose basis, may cause more renal
radiation as compared to 177Lu-PSMA-617 (25).

Given regulatory concerns, renal dose limitations of
23 Gy have generally been used in dose planning for the
radiopharmaceuticals, despite the fact that this dose limitation
was based on external beam studies and likely is not appropriate
to apply to systemic radiopharmaceuticals (26). Regardless,
legitimate issues regarding late renal toxicity exist, especially
regarding the use of alpha particles. Long term safety issues
are a concern for regulators and clinicians alike. Long term
survival is more of an issue for earlier stage patients than patients
with advanced disease who are progressing after multiple
lines of therapy.

Other prostate specific membrane
antigen targeted isotopes:
Antibodies, small molecules, and
albumin-binders

Isotopes can be targeted to PSMA via small molecules,
antibodies, and more. Most of the initial work has focused on
PSMA-617 and PSMA I&T but multiple other molecules are
under development. Each molecules has potential merits and
in the end, only careful clinical trials will distinguish those that
are best. Of note, antibodies bind to a distinct aspect of the
PSMA molecule as compared to small molecules which target
the PSMA “binding pocket.” One potential way to mitigate renal
issues with small molecules is to use albumin binding as a way
to diminish glomerular filtration.

The first PSMA targeting agent using in human trials was
MIP-1095 using 131I as the isotope (27). The initial trials
with 131I-MIP-1095 were clearly positive as measured by PSA
declines and even though more trials are in process, the lack
of planned phase III trials likely means that MIP-1095 will not
move forward as a practice-changing therapy.

An antibody to PSMA (J591) which has been studied
extensively in men with mCRPC using both beta and alpha
emitters. Phase II studies with 177Lu-J591 indicate that the
antibody is associated with some provocative long term survival
data (28) but these data were older and collected in an era
without many of the effective therapies commonly utilized
today. Data with 177Lu-J591 indicate that this agent has
significant marrow suppression especially thrombocytopenia
(28). The PSA response rate with 177Lu-J591 is relatively low
compared to small molecules and the data on radiographic
responses/progression are quite limited. Though overall survival
(OS) is the gold standard for activity of an agent, the
relatively sparse un-randomized data sets currently available
make conclusions about the activity of this agent somewhat
problematic. A phase III study (PROSTACT) of 177Lu-J591 is
planned in the mCRPC space post-ARPI but this trial has yet to
start accrual (NCT04876651).
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Various PSMA targeting agents are under investigation and
these are summarized in Table 1. A PSMA antibody is in phase
I trials with Bayer using 227Th as an isotope (NCT03724747).
227Th has half-life of 18.7 days and decays to 223Ra which in turn
has a half-life of 11.4 days. It is unlikely that cellular retention
will last as long as the half-lives of 227Th and the daughters.
No data are yet reported on NCT03724747 but the trial is no
longer accruing patients. Additional PSMA targeting antibodies
(TLX592) are in development. TLX592 is a modified J591 with
more rapid blood clearance as compared to J591. It is anticipated
this TLX592 will be developed with 225Ac. Current studies with
TLX592 are examining 64Cu based imaging (NCT04726033) to
better understand the distribution and binding of this antibody.
Future studies with alpha-emitters are planned with TLX592.
Once imaging studies are done, the antibody-isotope conjugate
can be readily adapted for therapy.

Small molecules in development include a 67Cu-PSMA
binding agent by Clarity Pharmaceuticals. This agent is being
developed as a theranostics pair with 64Cu as a PET imaging
agent (NCT04868604). Nucligen, a small Norwegian company,
is developing a 212Pb-PSMA binding molecule NG001. The
NG001 strategy may involve a dual approach using both 224Ra
and 212Pb (29). 224Ra will target bone similar to 223Ra. Human
trials are yet to be announced. The PSMA binding small
molecule “R2” has been in phase I trials using 177Lu as an isotope
but accrual was terminated (NCT03490838). No results have
been reported. PSMA targeting compounds binding 211At are
described (30) but are yet to be used in the clinic.

Noria developed a small molecule that binds albumin
as well as PSMA and this molecule, or a similar one, will
likely be developed by Bayer (31). Other albumin binding
PSMA targeted molecule are in development, some including
ibuprofen conjugated linkers (32). Albumin binding molecules
such as Evans Blue modified PSMA-617 (EB-PSMA-617) are
also under development (33) and slated for additional human
clinical trials (NCT04996602). Albumin binding may or may not
be effective in diminishing salivary and renal uptake but some
data indicate that tumor retention can be improved relative to
renal/salivary uptake (31, 34). The key elements will be the ratio
of binding to target and non-target tissues, the degree of isotopic
retention in the tumor, and the salivary/renal dosimetry. Human
therapeutic data are not yet reported for these agents.

Prostate specific membrane
antigen targeted alpha particles in
current clinical trials:
Monoclonals, small molecules,
and multiple isotopes

The phase III ALSYMPCA trial demonstrated an OS benefit
with 223Ra in bone predominate mCRPC (4) but there is only

one published prospective phase I alpha emitter trial using
PSMA targeting. There is no need to cover 223Ra here given
multiple reviews have been done, but the promise of targeted
alpha therapy in prostate cancer is large and deserves mention.

The PSMA targeted monoclonal antibody J591 conjugated
to 225Ac (225Ac-J591) has been tested in a small phase I
single dose escalation trial (NCT03276572) with no PSMA
PET selection criteria (35). No dose limiting toxicities (DLTs)
were observed in this trial. The maximum dose tested was
93 kBq/kg as a single dose. Patients as a whole were heavily
pretreated, including pretreatments with 177Lu-PSMA for
a number of patients. Thrombocytopenia and nausea was
somewhat problematic and some patients had excessive fatigue
but as stated, no DLTs were observed. PSA declines were seen
in the majority of patients. Followup was short and incomplete.
Radiographic progression-free survival was not reported. Future
studies are planned using more than one dose of 225Ac-J591
(NCT04506567). Clearly more work is needed before a phase
III can be launched. A Phase I/II Trial of pembrolizumab
and androgen-receptor pathway inhibitor with or without
225Ac-J591 is planned in mCRPC (NCT04946370). Additional
phase I/II trials are planned with 225Ac-J591 + 177Lu-PSMA
I&T (NCT04886986).

227Th-PSMA TTC monoclonal antibodies are also in formal
phase I trials now (NCT03724747) but the trial is no longer
accruing. As noted, the half-life of 227Th (an alpha emitter)
is likely too long for optimal dose delivery. 225Ac-PSMA-
617 is now in a formal phase I trial in South Africa and
Australia (NCT04597411). Phase I trials are eventually planned
with 225Ac-TLX592 and others. Clearly the activity of targeted
alphas are noteworthy. Optimal dose and schedules are not
yet established.

No formal phase I study has been reported for small
molecules such as PSMA-617 or PSMA I&T with an alpha
emitting payload. In an important study from Heidelberg with
PSMA-617 reporting on 14 total patients looking at dose
escalation (36), salivary gland toxicity (xerostomia) was reported
as being dose limiting however only 2 patients reported a
grade 2 xerostomia. Doses above 100 kBq/kg were deemed
unfeasible though a formal phase I assessment was not reported.
Extreme dry eyes were also reported in a single patient treated
at 200 kBq/kg. Myelosuppression and renal toxicity were not
problematic in the short term but there are potential concerns
in longer term followup. This experience from Heidelberg with
225Ac-PSMA-617 suggested that 100 kBq/kg every 8 weeks was
a tolerable and effective dose with 2−4 doses being typically
administered (36). There was no dose response noted in the
small group of patients being treated with 100−200 kBq/kg.
Some have endorsed the concept of decreasing the targeted
alpha dose over time given the tumor/normal tissue ratio
decreases with lower tumor burden.

Dose limiting toxicity can be controversial and assessed
in different ways by different investigators. The definitions
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TABLE 1 Synopsis of prostate specific membrane antigen (PSMA) targeted molecules in current development or consideration.

Sponsor Beta Alpha Prospective data published Beta trial Alpha trial NCT number

Monoclonal antibodies

J591 Cornell 177Lu I/II Multiple

J591 Cornell 225Ac I NCT03276572

TLX591 Telix 177Lu I NCT04786847

PSMA TTC Bayer 227Th I NCT03724747

Small molecules

MIP-1095 Lantheus 131I II NCT03939689

PSMA I&T POINT 177Lu III NCT04647526

PSMA I&T Curium 177Lu III NCT05204927

PSMA-617 Novartis 177Lu II/III III Multiple

PSMA-R2 Novartis 177Lu I NCT03490838

SAR-bis-PSMA Clarity 67Cu I NCT0486860

EB-PSMA-617 Peking Union 177Lu I NCT03403595

NG-001 Nucligen 212Pb Planned

PNT-2001 Point 225Ac Planned

PSMA-617 Novartis 225Ac I NCT04597411

PSMA I&T Excel diagnostics 225Ac I NCT05219500

of intolerable treatment also depend to some extent on the
underlying disease being treated and the physician’s experience
at handling toxic therapies. Asymptomatic men with good
prognosis are quite distinct from symptomatic men near death
from an aggressive underlying cancer and what is tolerable in
one setting may be deemed intolerable in another. Xerostomia,
dry eyes, nausea, and fatigue are areas where considerable
variation in tolerability may be encountered from patient to
patient and what is tolerable for one may not be tolerable
for another. Salivary gland toxicity resulting in xerostomia
is an area of special concern with small molecule PSMA-
binders (see below).

Dosimetry with alphas studies are problematic. There are
multiple assumptions regarding the relative biologic efficacy,
issues related to microdosimetry, flow rates in tubular spaces,
the exact range of the emitted alpha, and the potential diffusion
of daughters. Recoil from alpha emissions renders 225Ac
daughters free from the chelate and these “free” isotopes may
cause additional off-target damage in the patient. In the 225Ac
studies there is additional uncertainty regarding dosimetry
because an unknown percentage of 213Bi (half-life 45.59 mins)
likely leaves the targeted cell by diffusion and the ultimate
whereabouts of this radionuclide is potentially problematic.
Renal toxicity with 213Bi is a theoretical possibility (37). Tracing
certain isotopic daughters is feasible using selective assessments
of specific energies for photon emissions and novel strategies are
evolving in the field of alpha dosimetry (38–40).

Three meta-analyses have been reported using 225Ac-PSMA-
617 (41–43) and recent reviews with 225Ac-PSMA-617 have
been presented as well (44). Thus, an exhaustive review of the
literature is not warranted here. Suffice it to say that the PSMA

targeted alpha therapy data to date are impressive with regard
to PSA declines in heavily pre-treated patients including those
pre-treated with 177Lu-PSMA targeted therapies. The durability
of these responses are not yet clear.

225Ac-PSMA-617 has been used both in monotherapy and
in tandem therapy with 177Lu-PSMA-617. For monotherapy in
mCRPC chemotherapy naïve patients, individual doses were
reported in the 8 MBq range in South Africa, followed by
escalation or de-escalation depending on response to therapy
(45). In a large German monotherapy 225Ac-PSMA-617 study
from Heidelberg, the doses were initially 100 kBq/kg (46). In the
monotherapy series from India, men were treated with 225Ac-
PSMA-617 (100 kBq/kg) at 8 week intervals (47, 48). Four of the
larger reported experiences are described in Table 2. Cohorts
from all four trials exhibited widespread disease on PSMA
imaging with median PSA ranging from 57 to 222 ng/ml. The
majority of subjects in one of the series from India (47) were
ECOG performance status 3 thus these results are not broadly
representative of what might be expected in future prospective
trials. The majority of patients in the South African series (45)
were not pretreated with abiraterone/enzalutamide/taxanes.
Results from the South African series are impressive but these
data clearly represent patients with a better prognosis. Many of
the patients in these four trials had previously been treated with
radiopharmaceuticals including 177Lu-PSMA-617 as shown in
Table 2.

There is additional experience with 225Ac-PSMA I&T from
retrospective German series. One experience with PSMA I&T
used 6.0−8.5 MBq 225Ac-PSMA I&T in 14 patients for 1-5 cycles
every (q) 8 weeks in mCRPC patients (mostly pretreated with
177Lu-PSMA targeting agents) (49). Half the patients had a PSA
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decline ≥50%, 5/11 of the patients pretreated with 177Lu-PSMA
had a PSA decline of ≥50%. New onset grade I/II xerostomia
was noted in 5/14 and this concern is addressed below in
more detail A phase II with 225Ac-PSMA I&T q 8 weeks is
now underway (NCT05219500) using 100 kBq/kg for dose 1,
followed by dose de-escalation in responding patients (using
investigator discretion). A phase I using 177Lu-PSMA I&T in
combination with 225Ac-J591 is also planned (NCT 04886986).
A single case report has been reported with treatment consisting
of two cycles of 213Bi-PSMA-617 with a cumulative activity of
592 MBq (50).

Though formal phase 1 studies are not performed, several
investigative groups are planning to perform initial studies using
212Pb-based PSMA ligands. The shorter half-life and single
alpha emission is of interest.

Late renal toxicity concerns and
salivary concerns: Areas of special
interest

Xerostomia from salivary toxicity and bone marrow
suppression are issues that have received considerable attention
but the issue of late renal toxicity is a potential special concern
following targeted alpha therapy. Data from neuroendocrine
tumors indicate that late renal toxicity following treatment
with 225Ac-labeled small molecules (DOTATOC) can be a
problematic issue for some patients (51). The renal toxicity
rarely manifested in less than a year and could be delayed
2−4 years. This cautionary note is worthwhile to consider
and the short term issue surrounding alpha success needs to
be tempered with a concern over late effects that may be
deleterious. Those with a short term poor prognosis and those
with longer life expectancies are distinct and clearly the risk
of the underlying uncurable disease typically outweighs longer
term concerns. For those with better prognosis, the concerns
related to renal toxicity may be magnified.

Several strategies might be considered to overcome renal
toxicity issues and salivary toxicity issues (52). Such issues
include the use of larger molecules (such as antibodies)
which do not reach the renal tubule or penetrate the salivary
gland. In general the glomerulus filters molecules below the
30−50 kilodalton range. Interestingly the salivary binding
seen with small PSMA binding molecules is not seen with
antibodies. Thus, intact antibodies would not be expected to
enter the renal tubule via the glomerulus or the salivary glands.
Albumin-binding PSMA targeted molecules are postulated to
have diminished renal excretion and less salivary uptake and
several are in development as noted above. Renal dosimetry
considerations are of significant concern to regulatory bodies
such as the FDA. Salivary concerns have been raised by
investigators and patients alike.
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A potential issue with 225Ac is that multiple daughters are
anticipated after the initial decay and some of these daughters,
especially 213Bi have the potential to be excreted via the kidney.
Isotopes with a single alpha emission would be expected to
deliver radiation more specifically to the tumor. Thus isotopes
such as 212Pb, 149Tb, or 211At might be considered “more
targeted” than isotopes with multiple alpha emitting daughters
(like 225Ac).

Several small molecular moieties have been postulated to be
capable of selectively providing shielding isotopic damage. For
instance a series of “Tris-POC” molecules have been shown to be
capable of diminishing renal and salivary uptake of 177Lu-PSMA
without altering tumor uptake (53). Other shielding agents are
also in development. Mitigating concern about salivary and
renal toxicities are of special interest in the clinical development
of PSMA targeted alpha therapy.

Longer term issues with secondary cancers are also a
concern in those with longer life expectancies. Radiation is a
known carcinogen and the effects of radiation on subsequent
cancer development is well-demonstrated from many angles. In
the end there may be informed consents and accepted trade-offs
in risk when it comes to treating cancer patients with agents
known to harbor a carcinogenic risk. That said, many of the
chemotherapies commonly used in oncology have similar risks
and those therapies are part of the accepted armamentarium.

Combination therapies with alphas
and betas

Tandem data using combinations of alpha and beta emitters
have been reported from a number of sites in retrospective
studies. Given concerns with rate-limiting xerostomia and late
renal toxicities especially with small molecules, 225Ac-PSMA
agents at reduced doses could be of interest. Patients resistant
to 177Lu-PSMA 617 have been treated with a tandem approach
with provocative results. Several studies have been reported and
a complete review is not warranted herein. As an example, in a
study of 20 patients 6.9 GBq of 177LuPSMA-617 and 5.3 MBq of
225Ac-PSMA-617 were tested in the initial treatment cycle (54).
A total of 65% of patients had PSA decline >50%. Xerostomia
was reported as being more tolerable than the use of 225Ac-
PSMA-617 alone (given the lower dose of the alpha emitter).

Preclinical data indicate that monoclonal (J591) PSMA
binding may result in more sustained uptake of radiolabeled
PSMA small molecules (177Lu-PSMA-617), and more cell kill
(55). If true in the clinic, this would provide a strong rationale
for combining a monoclonal with a radiolabeled therapeutic
PSMA small molecule. The monoclonal antibody J591 chelated
to 225Ac (225Ac-J591) will soon be being tested in tandem
therapy with 177Lu-PSMA-I&T (NCT04886986).

Developmental strategies for
targeted alpha therapy

Prostate specific membrane antigen targeted alpha therapy
appears quite active in every prostate cancer setting tested thus
far. Debate ensues over the best patient to be treated, best
inclusion/exclusion selection criteria, best molecule, best dose,
best isotope, and best schedule. These debates are inevitable
in the context of multiple small non-comparative studies,
especially when financial conflicts of interest may be present.
What is clear is that this class of agent needs to be properly
tested in prospective trials with a regulatory focus. Selection of
patients is key.

Should targeted alphas go after beta failure, or before betas,
or in combination with betas? All studies are of interest but the
path to regulatory approval might be fastest in the post-177Lu-
PSMA space. What is the control group for a randomized trial?
A “standard of care” control arm is typical and understanding
the ethics and acceptability of the control group is a key
consideration. Can the control group be an FDA approved beta
emitter? That is reasonable given the degree of efficacy with
alpha emitters noted in early trials. Inclusion and exclusion
criteria can be debated, as can endpoints. Crossover designs
are also important to consider. Though tumor shrinkage has
been accepted as an endpoint in trials for accelerated approval,
typical therapeutic trials in advanced prostate cancer have
depended on overall survival in a controlled trial. Radiographic
progression free survival using strict criteria proposed by the
prostate cancer working group 3 is acceptable to the FDA (56).
In addition, objective radiographic responses are of significant
interest to the FDA. Definitions of radiographic progression free
survival depends on traditional scans including bone scans and
CT/MRI scans. PSMA-PET based endpoints and PSA declines
are not acceptable at this time. Without regulatory approvals
targeted alpha therapy will never reach the populations in
need.
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Peptide receptor radionuclide therapy (PRRT) has over the last two decades

emerged as a very promising approach to treat neuroendocrine tumors (NETs)

with rapidly expanding clinical applications. By chelating a radiometal to a

somatostatin receptor (SSTR) ligand, radiation can be delivered to cancer

cells with high precision. Unlike conventional external beam radiotherapy,

PRRT utilizes primarily β or α radiation derived from nuclear decay, which

causes damage to cancer cells in the immediate proximity by irreversible

direct or indirect ionization of the cells’ DNA, which induces apoptosis. In

addition, to avoid damage to surrounding normal cells, PRRT privileges the

use of radionuclides that have little penetrating and more energetic (and thus

more ionizing) radiations. To date, the most frequently radioisotopes are β−

emitters, particularly Yttrium-90 (90Y) and Lutetium-177 (177Lu), labeled SSTR

agonists. Current development of SSTR-targeting is triggering the shift from

using SSTR agonists to antagonists for PRRT. Furthermore, targeted α-particle

therapy (TAT), has attracted special attention for the treatment of tumors and

offers an improved therapeutic option for patients resistant to conventional

treatments or even beta-irradiation treatment. Due to its short range and

high linear energy transfer (LET), α-particles significantly damage the targeted

cancer cells while causing minimal cytotoxicity toward surrounding normal

tissue. Actinium-225 (225Ac) has been developed into potent targeting drug

constructs including somatostatin-receptor-based radiopharmaceuticals and

is in early clinical use against multiple neuroendocrine tumor types. In this

article, we give a review of preclinical and clinical applications of 225Ac-PRRT
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in NETs, discuss the strengths and challenges of 225Ac complexes being used

in PRRT; and envision the prospect of 225Ac-PRRT as a future alternative in the

treatment of NETs.

KEYWORDS

actinium-225, neuroendocrine tumor, peptide receptor radionuclide therapy (PRRT),
targeted α-particle therapy, SSTR, SSTR antagonist

Introduction

Neuroendocrine tumors (NETs) are well-differentiated, low
proliferating neuroendocrine neoplasms (NENs) (1), most
commonly arising from gastroenteropancreatic structures and
the lung, although NEN have been described in almost every
tissue. Accounting for only 0.5% of all malignancies, NETs are
considered rare (2), however, the incidence/prevalence has been
increasing in many epidemiological studies over the last decades
(with GEP NETs demonstrating the highest incidence rate with
3.56 cases per 100,000) (2–7). The WHO grading system relies
extensively on the proliferation rate to classify low proliferative
NETs (NET-G1) with good prognosis, intermediate grade (NET-
G2), and high grade (NET-G3) that show poor prognosis (8).

As a heterogeneous disease with very diverse
symptomatology, NETs require multidisciplinary treatment and
care, including medical control, surgery, chemotherapy, and
internal or external radiation therapy (9). The cornerstone of
therapy is still surgery with curative intent, whenever possible.
However, in the case of metastatic disease, total excision is
generally not possible due to the infiltration of other tissues
and/or blood vessels or the number of metastatic sites (10, 11).

Systemic chemotherapy provides only modest benefit in
rapidly proliferating tumors (grade 3) (12, 13). Therapeutic
options such as somatostatin analogs (SSAs) or interferon-α
may improve symptoms caused by hormonal excess or even
lengthen the time to disease progression by offering hormonal
and antiproliferative control over NETs, but rarely lead to
partial or complete tumor response (14, 15). External beam
radiotherapy (EBRT) unfortunately is not effective for the
treatment of metastasized and secondary cancer sites beyond the
treatment area (16, 17).

Theranostics, the concept of combining the inevitably
intertwined arts of diagnostics and therapy, is a treatment
option that has gained momentum over the last two and a
half decades. Peptide receptor imaging and peptide receptor
radionuclide therapy (PRRT) were the first successful examples
of the theranostic concept, for imaging and treating cancer.
PRRT has long been considered as a palliative treatment
for NETs, but is now attracting more and more attention as
a very effective symptomatic and well-tolerated treatment
prolonging progression-free (and possibly overall) survival.
As a complement to surgery, neoadjuvant therapy can
make previously difficult-to-operate tumors operable by

shrinking them, and as an adjuvant therapy, it may prevent
tumor re-growth after surgical manipulation and growth of
pre-existing micrometastases (18, 19).

Unlike chemotherapy and EBRT, PRRT targets disease at the
cellular level in the systemic treatment of non-resectable and
metastasized NETs (16). The overexpression of somatostatin
receptors (SSTRs) of various sub-types in about 80% of NETs
provides a continuously evolving way to diagnose and treat
NETs (18, 20). The working principle of PRRT is using a
therapeutic radionuclide chelated to a SSTR binding peptide
and as the compound binds to SSTR expressing tissue, DNA-
damaging radiation is delivered nearly exclusively to tumor
cells and its microenvironment while sparing the surrounding
healthy tissue. Somatostatin, the native peptide, is an obvious
example of SSTR-binding peptide (21). However, it is susceptible
to fast enzymatic degradation and is thus not suitable for in vivo
applications (22). Instead, synthetic peptides, including those
based on SSAs, have been developed with the intent to optimize
metabolic stability, tumor retention time, and affinity.

History of peptide receptor
radionuclide therapy

The first PRRT was performed in the early 1990s
(Figure 1). The Rotterdam group successfully developed [111In-
DTPA-D-Phe1]-octreotide (111In-pentetreotide) somatostatin
scintigraphy (Octreoscan), and subsequently examined its
imaging potential in more than 1,000 patients (23–25). Based on
high uptake of 111In-pentetreotide by tumors as demonstrated
by imaging, Krenning’s team successfully treated a patient
with metastatic glucagonoma using a high dose of 111In-
pentetreotide, which resulted in a decreased level of circulating
glucagon as well as decreased tumor size (26).

This early work set the stage for further development of
this exciting new field of radiomolecular precision medicine.
For example, guided by the experience with PRRT using 111In-
pentetreotide, the need for more suitable radionuclides was
identified because the properties of 111In (decay by electron
capture with a half-life of 2.8 days) do not provide good
tissue penetration which corresponds with a modest or no
tumor shrinkage. Improvement of PRRT has been made
tremendously since then due to the development and availability
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FIGURE 1

History of somatostatin-based peptide receptor radionuclide therapy (PRRT).

of novel peptides, chelators, and radionuclides in various
combinations (27).

Derivatizing [Tyr3]-octreotide (Figure 2), which has a
higher binding affinity for SSTR2 than the natural somatostatin
analog (SSA) octreotide, and combining it with the chelator
1,4,7,10-tetra-azacyclododecane-tetra-acetic acid (DOTA)
enabled stable radiolabeling with the high-energy beta
particle-emitter Yttrium-90 (90Y-DOTATOC).

This therapeutic moiety was first applied in a pilot
study for the treatment of three patients with abdominal
metastases of neuroendocrine carcinoma of unknown
localization (28, 29); and its therapeutic potential was
evaluated subsequently with larger SSTR-positive patient
numbers (30, 31). Treatment with 90Y-DOTATOC stopped
rapid tumor progression, decreased the tumor marker neuron-
specific enolase (NSE), and allowed disease stabilization
(28, 30, 31). DOTATOC has since become a popular
theranostics agent, demonstrating superior diagnostic
sensitivity compared to Octreoscan, and demonstrating
promising therapeutic value for treating SSTR-positive NETs
when labeled with β- emitters, particularly Yttrium-90 (90Y)
and Lutetium-177 (177Lu).

Another extensively studied SSA is DOTA-[Tyr3]-octreotate
(DOTATATE), where the alcohol Thr(ol) of the C-terminus of
DOTATOC is replaced by the natural amino acid Thr. This
somatostatin analog was developed in 1998 and was found to
show an even higher affinity to SSTR2 and a higher uptake in

pancreatic tumor cells compared to the previously described
SSAs (32).

The first clinical trial with 177Lu-DOTATATE started
in 2000 in Rotterdam, The Netherlands, and led to the
multinational phase three trial named NETTER-1 (33, 34). In
this randomized controlled trial, a significantly higher response
rate and extended progression-free survival were demonstrated
in patients with advanced progressive SSTR-positive midgut
NETs, compared to the double dose of long-acting repeatable
(LAR 60 mg) octreotide administrations (18, 27, 34, 35). In
January 2018, 177Lu-DOTATATE under the name of Lutathera
was approved by the Food and Drug Administration (FDA) for
the treatment of SSTR2-positive gastroenteropancreatic NETs
(GEP-NETs) in adults (36). The approval of Lutathera in Europe
was granted by the European Medicines Agency (EMA) already
in September 2017 (37).

Other well-known somatostatin SSAs include lanreotide and
vapreotide, but as these are not approved for PRRT of NETs,
possibly due to their affinity pattern to SSTR subtypes and mode
of action (38–40), they will not be discussed in this review.

Despite the success of [90Y]Y-DOTATOC and [177Lu]Lu-
DOTATATE in the treatment of NETs in terms of progression-
free survival, there were problems with 90Y concerning renal
toxicity and a low rate of complete remissions, suggesting an
improvement in PRRT efficacy is required (27, 41) with the main
aspects of (1) identification of prognostic and predictive factors;
(2) α-PRRT using 225Ac labeled ligands; and (3) shift from using
SSAs to somatostatin antagonists.
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FIGURE 2

Simplified illustration of somatostatin receptor agonists and antagonists. 1-Nal, naphthyl-alanine; Aph(Hor), 4-amino-L-hydroorotyl
-phenylalanine; D-Aph(Cbm), D-4-amino-carbamoyl-phenylalanine.

68Ga-labeled somatostatin
analogs for imaging (somatostatin
receptor-PET)

Even with the success of DOTATOC and DOTATATE,
clinicians need to take the individual variability in the therapy
response of patients with seemingly similar profiles into
account. 68Ga is a positron emitter that can be chelated
to DOTATOC or DOTATATE for PET/CT imaging before
therapy. SSTR-PET/CT with 68Ga-labeled DOTATATE
and/or DOTATOC showed very promising results (42).
All studies agreed on the important role of SSTR-PET
using 68Ga for NET imaging and therapy planning,
supporting the potent theranostic role of a radiolabeled
DOTA-peptide (43–48). As a result, 68Ga-DOTATOC was
approved by the FDA in 2019 as the first 68Ga-labeled
radiopharmaceutical for imaging of SSTR positive GEP-NET
using PET (49).

Choosing a radionuclide for
peptide receptor radionuclide
therapy

Table 1 lists the physical properties regarding the clinically
most frequently used radioisotopes in PRRT of NETs.

While 68Ga is useful for imaging purposes, all other
radionuclides in Table 1 are used both for therapy and for single-
photon emission computed tomography (SPECT) imaging.
Out of these, 90Y and 177Lu are the two favorable isotopes
due to their higher particle energies compared to 111In. 90Y
(t1/2 = 64.2 h) emits β−-particles with a maximum energy of
2.284 MeV, allowing penetration of soft tissue to a depth of
around 11 mm (50, 51). Because of its longer range compared
to 177Lu, 90Y-DOTATE/TOC is suggested to be more suitable
for bigger lesions, while 177Lu-DOTATATE might be preferred
for smaller lesions (52). It has been demonstrated that 90Y-
PRRT has a small potential of causing renal toxicity when
used without nephroprotection, especially in patients with
compromised renal function (53, 54). For 177Lu-DOTATATE or
177Lu-DOTATOC no significant renal damage occurred even in
long-term follow up studies. An increasing number of clinical
studies suggest that the combination of 90Y and 177Lu could be
better than either radionuclide alone for PRRT in NETs, with
an improved overall survival (55, 56). In parallel to β−-emitters,
radionuclides emitting α-particles recently are gaining special
interest for the treatment of NETs.

Why alpha in peptide receptor
radionuclide therapy

To date, most PRRTs rely on β-emitters, especially 90Y
and 177Lu, because of the availability of these radioisotopes
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TABLE 1 Physical properties of selected radioisotopes used in PRRT to treat NETs.

Radionuclide Decay Half-life/h Energy (max)/keV Tissue penetration
depth/mm

Application

111In EC, γ 67.2 245
19

0.5 Imaging

90Y β− , γ 64.2 2,284 11 Therapy
177Lu β− , γ 160.8 498 1.7 Imaging/therapy
68Ga β+ 1.13 1,920 Imaging

EC, electron capture.

FIGURE 3

Illustration of the tracks of α-particle, β-particle, and auger election radiation.

and the proven clinical effect. However, due to the relatively
large range of these radionuclides surrounding normal tissues
are also exposed to radioactivity. Furthermore, hypoxic cancer
tissue could be resistant to β-emitter treatment, causing
radiotherapeutic failure of β-PRRT (57, 58).

Targeted α-particle therapy (TAT) offers a therapeutic
option for patients resistant to β-irradiation treatments. An α-
particle is a helium-4 (4He) nucleus consisting of two protons
and two neutrons with an overall charge of +2 (59). Because of
the double-positive charge, α-particles deliver dense ionization
along a linear track, often described as high linear transfer
(LET), ranging from 50 to 230 keV/µm (Figure 3) (60).
This high LET renders higher target cell toxicity originating
from higher probability of DNA double strand breaks (DSB)
compared to β-particles with low LET (0.1–1.0 keV/µm) (61).
Moreover, the primary target of high-LET α-particle is DNA,

and a low number of particles can result in irreparable DSBs
and lack of oxygen effects on cytotoxicity (62–64). Thus, the
cytotoxicity of α-particle may be extremely effective and may
also be more dose independent than β-emissions with cell death
occurring from a single or a few α-particle traversals of the cell
nucleus (65, 66). On the other hand, the typical tissue range of α-
particles does not exceed 100 µm, which is significantly shorter
than that of β-particles (0.05–12 mm) (Figure 3) (16, 58). This
allows for selective ablation of the targeted tumor cells whilst
minimizing the damage to surrounding healthy tissues (67).

Why actinium-225

Considering the half-life, production, availability, and ability
to be stably incorporated into a suitable vector, only a handful
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α-radionuclides have potential for clinical use, including
actinium-225, bismuth-213, astatin-211, thorium-227, radium-
223, radium-224, lead-212, bismuth-212, and terbium-149
(Table 2) (57, 64, 68–75).

Among all medically relevant α-particles, the generator
derived radionuclide 225Ac (and its daughter radionuclide 213Bi)
are considered particularly promising. 225Ac was discovered
by Andre Debierne in 1899 and Friedrich Giesel in 1902
(76). As a pure α-emitter with a half-life of 9.9 days, the
decay of 225Ac produces seven radionuclide daughters in
the decay chain to stable 209Bi (Figure 4). From this decay
path, a single 225Ac decay yields a total of four α, three
β− disintegrations, and two γ emissions. As such, 225Ac is
classified as nanogenerator or in vivo generator (77). The
relatively long half-life, the multiple α-particle emissions in
the decay chain, and the rapid decay to stable 209Bi makes
225Ac a candidate of great potential for application in TAT (78).
Moreover, the isomeric γ emissions with energy suitable for
SPECT imaging grants 225Ac the theranostic possibility (68, 69).
Although the feasibility of using 225Ac for imaging is debatable
because the amount administered for therapy may not produce
enough gamma emission to be effectively detected by gamma
camera.

The initial focus for harnessing the therapeutic potential
of 225Ac was to identify a suitable chelating agent for
in vivo delivery of 225Ac to target cells (79, 80). DOTA
remains the gold standard for 225Ac labeling for all clinical
work. Examples include 225Ac-PSMA-617, 225Ac-DOTATOC,
225Ac-DOTATATE, and 225Ac-DOTA-HuM195 (81). The first-
in-human phase I dose escalation trial used 225Ac-DOTA-
HuM195, which not only demonstrated the safety of 225Ac
and its antileukemic activity, but also suggested that targeted
therapy with an in vivo α-particle nanogenerator is a feasible
approach in humans (82). With this proof of concept,
225Ac was then attached to PSMA-617 for prostate cancer
therapy (83–86) and also bound to SSA-based pharmaceuticals
for treating NETs.

Preclinical studies of
actinium-225-peptide receptor
radionuclide therapy

Several preclinical studies tested the efficacy of α-particle
emitting conjugates 225Ac-DOTATATE and 225Ac-DOTATOC
in xenografted NET models and tested their toxicity as well
as the biological effects of 225Ac. γH2AX was suggested
as early key parameter in predicting tumor response to α-
PRRT. The great reduction of growth and improved efficacy
compared with 177Lu-labeled SSAs suggested that 225Ac-
DOTATATE/DOTATOC has significant potential for improving
PRRT in NETs and for the clinical translation in NET.

Clinical application of
actinium-225-peptide receptor
radionuclide therapy

The first clinical study of 225Ac-PRRT in NET treatment was
started in 2011 as a collaboration between the Joint Research
Centre in Karlsruhe (Germany) and the University Hospital
Heidelberg to treat patients with progressive NETs using 225Ac-
DOTATOC. Based on 46 treatment cycles in 34 patients, the
maximum tolerable dose was determined to be 40 MBq. The
treatment was found to be safe with doses of 18.5 MBq every
2 months or 25 MBq every 4 months, and a cumulative activity
of 75 MBq in regard to delayed toxicity. Despite the treatment
response observed in several patients, further investigations
were found to be necessary to improve patient selection and
dosage regimens (87). Since then, clinical studies of 225Ac-PRRT
in different NETs focused on whole-body SPECT/CT imaging
possibility, efficacy and safety, therapeutic effect, as well as
comparison to β-PRRT, has burgeoned (Table 3).

Considering the minimal/acceptable side effects, and the
improved therapeutic efficacy and survival, one can conclude
that 225Ac-PRRT not only provides an alternative in the
treatment of β-radiation-refractory NETs, but also presents as
possible frontline in treatment of NETs and can potentially usher
a new era in radiopharmaceuticals even in tumors beyond NET.

Challenges of using actinium-225
in peptide receptor radionuclide
therapy

Production of actinium-225

Limited 225Ac supply poses the most important challenge
for widely implementing 225Ac-based PRRT. For more than
two decades, the radiochemical extraction from 229Th, which is
originated from the decay of the fissile isotope 233U (Figure 4),
has been the most utilized strategy for the production of 225Ac
and its daughter 213Bi (88, 89). Even today, 225Ac used in all
clinical and virtually all preclinical studies is still obtained from
the decay of 229Th. Worldwide, only three sources of 229Th are
available (81). The Directorate for Nuclear Safety and Security of
the Joint Research Centre (JRC) of the European Commission in
Karlsruhe, Germany, the first laboratory to prepare 225Ac/213Bi,
has produced approximately 13 GBq 225Ac annually since
the 1990s for their center and a wide network of clinical
collaborators (89, 90). The Oak Ridge National Laboratory
(ORNL), USA produces up to 33 GBq per year for extensive
application of treatment (91), while the Institute of Physics
and Power Engineering (IPPE) in Russia reported an estimated
production of 22 GBq annually (92) with no direct clinical
application reported yet to our knowledge. This amounts to a
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TABLE 2 Medically relevant α-emitters with their decay properties.

Parent Daughter t1/2 α -decay α -energy/MeV Emissions per decay Radiolabeling approach

225Ac 9.9 days 100% 5.94 4α, 3β− Chelation by DOTA or NETA
213Bi 46 min 2.2% 5.87 1α, 2β− Chelation by DTPA or DOTA

211At 7.2 h 42% 5.87 1α, 1EC Radioastatination
227Th 18.7 days 100% 6.14 5α, 2β− Chelation by DOTA

223Ra 11.4 days 100% 5.71 4α, 2β−

224Ra 3.6 days 100% 5.69 5α, 2β−

212Pb 10.6 h 6.09 1α, 2β− Chelation by TCMC
212Bi 1.0 h 36% 6.05 1α, 1β− Chelation by DTPA or DOTA

149Tb 4.1 h 17% 3.96 1α, β+

α-emitters that are considered not suitable for therapeutic use are not listed. EC, electron capture.

current global production of approximately 68 GBq per year.
At this level of supply, 225Ac-based treatments will continue
to only be available for some few 100 patients per year, which
obviously is insufficient to meet the growing demand of 225Ac
labeled compounds in hospitals worldwide (81, 93).

Consequently, multiple accelerator-based routes to scale
up 225Ac production have been investigated, including the
irradiation of 226Ra target using protons, deuterons or gamma-
rays and the spallation of natTh or natU targets with highly
energetic protons (Figure 5) (94). Among the routes described
so far, the spallation of natTh is currently the most frequently
used accelerator-based route. Even though the feasibility of
the process has been demonstrated in the USA (95, 96) and
Russia (97, 98), the implication of coproducing the long-lived
227Ac (t1/2 = 21.8 years) as impurity is a serious limitation in
terms of clinical translation and waste management (99). In
addition, issues with licensing and clinical safe handling need
to be resolved (81).

Medium-energy proton irradiation of 226Ra in a cyclotron
using the reaction 226Ra(p,2n)225Ac offers a number of
advantages over the natTh spallation, and is currently the most
promising method of large-scale and cost-effective production
of 225Ac. Chemical purification of the irradiated targets
generates 225Ac with high isotopic purity because there are
no other long-lived actinium isotopes, such as 227Ac, co-
produced (100). It is important to mention that the availability
of appropriate cyclotrons worldwide [energy range 15–25 MeV
(101)] makes the production of 225Ac feasible for basic
and applied research (94). The downsides of this approach
are related to the preparation and safe handling of targets
containing milligram of radioactive 226Ra and managing its
highly radiotoxic gaseous decay product 222Rn. Further research
on the practical implementation of this production route is
required to meet the high demand in the mid-term future (81).

The reaction 226Ra(d,3n)225Ac has been suggested as
an improved approach for producing 225Ac (102). Model
calculations are predicting an increased production yield
compared to the 226Ra(p,2n)225Ac reaction. However, deuteron
irradiation leads to an enhanced co-production of 226Ac via

the 226Ra(d,2n)226Ac reaction, resulting in an extended cooling
time necessary to allow for 226Ac decay. Moreover, limited
accelerators are available worldwide that can provide deuteron
beams of sufficient energy and the complicated handling of
226Ra and its decay product remains an issue (81).

Other production routes being studied involve
226Ra(n, γ)229Th(α)225Ac, 226Ra(γ,n)225Ra(β)225Ac, and
226Ra(n,2n)225Ra(β)225Ac. It is important to point out that the
main limitation of all these strategies is the handling of radium
target and the generation of long-lived co-products, such as
227Ac (t1/2 = 21.77 years) and 228Ac (t1/2 = 1.9 years). However,
preliminary results demonstrated by these above-mentioned
methods are promising (94, 100, 103–105). Unfortunately, but
understandably, these supply limitations bring about a high cost
that is considered unaffordable by many researchers.

Imaging

Clinical imaging using 225Ac also presents challenges.
Therefore, post-therapy imaging is usually not done after
225Ac administration for tracer localization. The use of two
photopeaks at 218 keV and 440 keV has long been suggested
for clinical imaging of α-particles (106), until recently, Rasheed
et al. focusing on gamma-ray spectrum for 225Ac showed an
additional third photopeak at 78 keV, with higher counting
density (107). Although imaging using the additional 78 keV
photopeak was suggested to yield higher counts, better images,
and more lesion delineations, the literature showing the
feasibility of using the three photopeaks is limited to only few
clinical case reports (108, 109).

Dosimetry

The short mean free path of 225Ac (110), as well as
the complexity and timing of 225Ac decay in relation to
its radiopharmaceutical stability, uptake and clearance makes
measurement of 225Ac activity very difficult. A number
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FIGURE 4

Decay chain of 225Ac. 225Ac decays to 209Bi with seven intermediate radionuclide progenies, including 221Fr, 217At, 213Bi, 209Tl, 217Ra, 213Po, and
209Pb. Among the decay chain 225Ac and 213Bi are medically relevant and intensively investigated.
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TABLE 3 Actinium-225-peptide receptor radionuclide therapy in NET treatment.

Peptide Tumor types Model Key findings Authors References

Pre-clinical

DOTATOC Pancreatic NET Xenograft Activity up to 20 kBq had no significant toxic
effect.
Effective accumulation in xenografted NETs
Reduced growth of NETs, and improved
therapeutic efficacy

Miederer et al. (117)

DOTATOC Pancreatic tumor cells In vitro 225Ac and 177Lu triggered-γH2AX-foci formation
is an early key parameter in predicting response to
internal radiotherapy.

Graf et al. (156)

DOTATATE Lung NET Xenograft 1st Preclinical study for 225Ac-DOTATATE;
Activity up to 111 kBq had no significant toxicity
Significantly decreased tumor volume, increased
tumor growth delay, and prolonged time to
experimental endpoint for animals bearing both
tumor types

Tafreshi et al. (157)

Peptide Tumor types Patient number Key findings Authors References

Clinical

DOTATOC NETs 34 patients Promising treatment efficacy in various patients
Suggesting comparative trials of α and β are
needed.

Kratochwil et al. (87)

DOTATOC NETs 10 patients The very first intra-arterial targeted alpha peptide
radionuclide therapy using 225Ac DOTATOC
225Ac DOTATOC PRRT was very well-tolerated
and effective.

Zhang et al. (158)

DOTATATE GEP-NET 32 patients First clinical experience on efficacy and safety
225Ac-DOTATATE TAT as a promising treatment
option for patients who are refractory to
177Lu-DOTATATE therapy

Ballal et al. (159)

DOTATATE Gastric NET Case report First whole-body and SPECT/CT images
demonstrating high tumor uptake of 225Ac
-DOTATATE.

Ocak et al. (160)

DOTATATE Rectal NET Case report Whole-body and SPECT/CT imaging results
encourage the use of 225Ac -DOTATATE as a
primary modality of treatment in advanced NET
with metastases.

Kamaleshwaran et al. (161)

DOTATOC Liver NET Case report 225Ac-PRRT in a β-radiation-refractory NET
patient was shown to be safe and effective.

Zhang et al. (162)

DOTATOC Thymus NET Case report No adverse effects observed after
225Ac-DOTATOC TAT in patients with metastatic
neuroendocrine tumors failing β-PRRT.

Zhang et al. (163)

DOTATATE Rectal NET Case report Using 225Ac-DOTATATE as first-line treatment
presents a novel strategy for metastatic NETs with
high skeletal disease burden.

Satapathy et al. (164)

DOTATATE NET-CUP Case report First case report demonstrating thyroid
dysfunction developed after 225Ac-DOTATATE
therapy in a patient with NET with unknown
primary.

Kavanal et al. (165)

DOTATATE Pancreatic NET Case report 225Ac-DOTATATE was well-tolerated at early stage
of treatment, and patient demonstrated excellent
response.

Budlewski et al. (166)

DOTATATE NET-CUP Case report First case who received actinium-225 first line with
almost complete response at a single dosage

Alan Selçuk et al. (167)

DOTATATE GEP-NET 91 225Ac-DOTATATE TAT showed improved overall
survival, even in patients refractory to prior
177Lu-DOTATATE treatment with transient and
acceptable adverse effects

Ballal et al. (168)
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FIGURE 5

Production routes of 225Ac.

of preclinical studies have estimated 225Ac activity using
measurements related to γ-emissions (111). However, a low
probability of γ-emission and overlapping Bremsstrahlung due
to β-emitters in the 225Ac decay chain preclude simultaneous
treatment and dosimetry measurement in a clinical setting (84).
Thus, current clinical TAT research relies greatly on indirect
approximation by extrapolating pre-existing 177Lu-labeled
pharmaceuticals (84, 112, 113). Preclinical studies focusing on
225Ac have used the standard approach described by the Medical
Internal Radiation Dose (MIRD) committee. Total dosimetry
was calculated from the summation of doses of 225Ac, 221Fr,
217At, 213Bi, and 213Po recorded in a biodistribution study (111).
Unfortunately, collection of biodistribution data for dosimetry
estimation is not possible for most α-emitters with therapeutic
potential. This makes a direct and accurate preclinical dosimetry
measurement for 225Ac to be extrapolated into and to guide
clinical trials, as well as standardizing α-dosimetry measurement
highly demanded in clinical application.

Chelator

Finding a chelator to accommodate 225Ac and its progenies
with sufficient stability was proven a great challenge given the
range of different periodic properties of the daughters of 225Ac.
The recoil effect associated with α-decay of 225Ac imparts an
energy that is thousands of times greater than the binding energy
of any chemical bond (75), resulting in an inevitable release of
the daughter nuclide from the chelate moiety. Subsequently, the
unbound α-emitting daughter nuclides are redistributed in vivo
causing substantial harm to normal tissue and reducing the
therapeutic effect. For example, the renal toxicity induced by
213Bi (in small animals) is considered a critical constraint to
clinical use of 225Ac (114). However, recent results indicated that
the release of free metals from DOTA may be not as evident as
expected shown by fractioned radio-HPLC (115).

Finding a new chelator is one of the strategies to improve
225Ac-TAT. McDevitt et al. presented a comparison of 225Ac
radiolabeling efficiency and in vitro stability of multiple
chelators including DTPA, DOTA, TETA, DOTPA, TETPA,
and DOTMP (116), and concluded that only DOTA and
DOTMP showed chelation of 225Ac after 2 h at 37◦C with
radiochemical yields of >99 and 78%, respectively. Further
in vitro serum stability testing showed that the 225Ac-DOTA
complex outperformed the rest with >90% of complexes still
intact after 10 days (104). Due to its outstanding stability, DOTA
remains the gold standard for 225Ac-radiolabeling for all clinical
research. However, DOTA has a decreased thermodynamic
stability when used with larger metal ions. Moreover, chelation
of 225Ac is a slow reaction demanding extensive heating and
high amount of ligand for an adequate yield (77, 116, 117).
Macropa, crown, and py4pa are new chelators with improved
radiochemical yield and specific activity, as well as achievable
labeling conditions. However, none of the new chelators was
investigated enough so far to confirm in vivo stability, and their
potential to translate into clinical application is yet to be assessed
(118–122).

Quality control of
actinium-225-radiopharmaceuticals

In addition to complicated handling, standardized quality
control of radiopharmaceuticals remains a problem in routine
clinical production. Because of the complicated decay chain
of Ac-225 (Figure 4), special methods must be used for both
measurements of the activities and for quality control by
radio-thin-layer chromatography (radio-TLC) and radio-high-
performance-liquid chromatography (radio-HPLC). Since alpha
emitters are difficult to detect directly, indirect measurements
are usually used for all measurements by detecting the daughters
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Fr-221 or Bi-213 (gamma emitters). Fr-221, with its short half-
life of 4.9 min, is nearly in radioactive equilibrium after 60–
120 min (123). In contrast, Bi-213, with a half-life of 45.6 min,
takes hours to reach equilibrium. Thus, measurements of Fr-221
are often used for a faster quality control and release within a
clinical environment. When separating free metals and labeled
compounds on a TLC plate, the plate is equilibrated for an hour
after development before being measured on a TLC scanner.
During this period, a constant amount of Fr-221 has formed for
both possible species, so comparison is possible, and a labeling
yield can be determined. Afterward, an additional distinction
must be made between the activity caused by the decay of Fr-221
and the activity of Bi-213. This can typically be differentiated
in a gamma spectrometer by splitting the plate. Fr-221 has a
line at 218 keV and Bi-213 at 440 keV (122, 124). However,
the measurement with radio-TLC is not a valid method to
determine the yield and purity of a radiopharmaceutical and
additional radio-HPLC methods are required. Two possibilities
are conceivable here. Direct detection of Ac-225 by liquid
scintillation detection is relatively easy to implement, but may
require large activities for injection, which is not always practical
and can be very expensive. Therefore, indirect detection of the
daughters can be used again by the fractionated collection of the
measured sample and subsequent analysis of their components
in a gamma spectrometer. In this way, the retention behavior of
the compounds on the column can be investigated even when
injecting small quantities, and possibly more precise statements
can be made about side- or decomposition-products (115).

Future of actinium-225-peptide
receptor radionuclide therapy

Combination with somatostatin
receptor antagonist

Today, the development of novel SSTR antagonists holds
promise for enhanced diagnostic accuracy and efficacy of
SSTR-mediated imaging and therapy. SSTR2-selective 111In-
DOTA-BASS (125) and SSTR3-selective ODN-8 (126, 127),
the first generation of radiolabeled SSTR antagonists all
recognized a larger number of binding sites and revealed an in
general twofold higher uptake level in vitro than their agonist
counterparts (128). Despite this, BASS labeled with 64Cu via
the chelator 4, 11-bis(carboxymethyl)-1,4,8,11-tetraazabicyclo
[6.6.2]hexadecane (CB-TE2A) (64Cu-CB-TE2A-BASS) showed
a compromised tumor uptake compared to the agonist 64Cu-
CB-TE2A-octreotate in SSTR2-positive AR42J xenografts (129).

This suboptimal tumor uptake triggered the second
generation of radiolabeled SSTR antagonists. In 2006, Ginj
et al. presented the idea that radiolabeled SSTR antagonists
may perform better than agonists despite the lack of
receptor-mediated internalization (127). Despite its lack of

internalization, SSTR antagonist demonstrated higher tumor
uptake with a higher tumor-to-normal ratio and longer tumor
retention time than that of agonist, possibly due to its capability
to bind larger variety of receptor conformations, than that of
SSTR agonists (130). The initial evidence that antagonists are
superior to agonists guided the design and development of more
potent SSTR2 antagonists with improved affinity (127, 131),
with some of the potential antagonists studied as radiotracers.
Among all the potential SSTR2 antagonists, LM3 and JR11
were the most interesting, having the highest hydrophilicity
and best affinity. These two were evaluated in a comprehensive
study, in combination with two chelators DOTA and NODAGA,
and multiple radiometals (132, 133). Interestingly, 68Ga-DOTA-
JR11 and -LM3, which have drastically lower affinities for SSTR2
(approximately 150-fold and 60-fold, respectively) than 68Ga-
DOTATATE, showed higher tumor uptake (132). Likewise, the
therapeutic counterpart 177Lu-DOTA-JR11 exhibited a higher
tumor uptake, a longer tumor retention time, and an improved
tumor-to-kidney ratio compared to 177Lu-DOTATATE (134),
and hence led to a delayed tumor growth and an extended
median survival period (135).

Lutetium-177-DOTA-JR11 was first compared in a pilot
study with 177Lu-DOTATATE. In the same four patients with
grade 1–3 metastatic NET, it showed a 1.7–10.6 times higher
tumor dose, and at the same time a 1.1–7.2 times higher
tumor-to-kidney and tumor-to-bone marrow ratio, compared
with 177Lu-DOTATATE (136, 137). A phase I study with 20
grade 1–3 patients reported a best overall response of 45%
(RECIST 1.1 criteria) and a median progression-free survival of
21 months (95% CI: 13.6-not reported). Unfortunately, grade
4 hematotoxicity was reported in 4 out of 7 patients after
two cycles of 177Lu-DOTA-JR11, resulting in the suspension
of this therapy protocol (138). The protocol was under
subsequent modification to limit cumulative absorbed bone
marrow dose. A phase I/II open-label study (Clinical trial
identification: EudraCT: 2015-002867-41; NCT02592707) is
currently ongoing to evaluate the safety and efficacy with
the adjusted treatment regimen. Hitherto, only one abstract
summarizing the promising efficacy and low toxicity is available.
In 20 patients with adequate follow-up, no grade 3/4 renal
toxicities and a 90% (95% CI: 68.3–98.8%) disease control rate
was reported (139).

In parallel to 177Lu-DOTA-JR11, 177Lu-DOTA-LM3 was
evaluated in 51 patients with metastatic neuroendocrine
neoplasm at the Theranostics Center for Molecular
Radiotherapy and Precision Oncology in Wiesbaden, Germany.
177Lu-DOTA-LM3 was reported to have a 3–5.1 times higher
absorbed doses and a 22 h longer whole-body effective half-life
than the agonist 177Lu-DOTATOC. All patients tolerated
therapy well without any serious acute adverse effects, in
particular, there was no nephrotoxicity observed (130).

Here we would like to showcase our recent therapeutic result
of PRRT using 225Ac-DOTA LM3 to demonstrate the exciting
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potential of 225Ac labeled SSTR antagonist in NET treatment
(Figure 6). A 40-year-old pancreatic-NET patient suffered from
bilobar liver metastases and extensive bone metastasis even
after multiple cycles of PRRT with 177Lu-DOTATATE, and
compromised therapeutic response after one cycle of 177Lu-
DOTA-LM3 treatment, was suggested for PRRT with 225Ac-
DOTA-LM3. This case with β-radiation refractory metastatic
NET demonstrated incredibly auspicious therapeutic response
after two cycles of 225Ac-DOTA-LM3, especially concerning
the bone metastases. With this successful case reported for the
first time, we would like to suggest that PRRT with 225Ac-
labeled SSRT antagonist can potentially be a game changer
in therapeutic nuclear medicine, and a promising cure for
metastasized tumor.

Moreover, the pharmacodynamics of SSTR antagonists
have been studied as the clinical interest for them is rapidly
growing. The antagonist showed faster association, but slower
dissociation, as well as longer cellular retention time compared
to the agonist. Moreover, antagonists recognize more binding
sites than agonists, providing more targeting opportunities
(140). Taking the proposed mechanism, preclinical and clinical

studies into consideration, it is obvious that using radiolabeled
SSTR antagonists, especially LM3 and JR11, may provide more
successful imaging and PRRT strategies for neuroendocrine
tumors, even those with relatively low SSTR expression (130,
137, 141) compared to agonists.

Cocktail approach

Most PRRTs using radiolabeled SSAs and antagonists has
until now depended substantially on the most prominently
expressed SSTR2 (142). However, NET expression of SSTR
subtypes is heterogeneous, and things are made even more
difficult by contradictory expression profiles due to different
detection methods (20, 143–153). Also, the downregulation
or loss of SSTR2 in advanced stages is inherently associated
with worse disease prognosis, compromised image sensitivity,
and suboptimal therapy with SSTR2-specific radiolabeled SSAs.
Using SSTR agonists and antagonists with affinity to more SSTR
subtypes is therefore a proposed method—a cocktail approach—
of great clinical interest (154). An impressive clinical case

FIGURE 6

A 40-year-old patient was diagnosed with poorly differentiated non-functioning pancreatic-NET with bilobar liver and extensive bone
metastases, Ki-67 index of 25% NEN-G3 without known mutations. The patients had previously undergone laparoscopic subtotal pancreatic
resection and splenectomy, CAPTEM chemotherapy, transarterial chemoembolization (TACE) of right liver lobe and resection of abdominal
lesion. In addition, the patient had previous ineffective treatment with Lanreotide, Everolimus, and Sunitinib. In total, the patient had received
eight cycles of PRRT, and had a very poor prognosis, extensive bone metastases, even after multiple cycles treatment with 177Lu-DOTATATE
(A,B, 68Ga-DOTATOC PET/CT before and after 177Lu-DOTATATE treatment). The 9th PRRT cycle was performed with 177Lu-DOTA-LM3 (B,C,
PET/CT imaging before and after 177Lu-DOTA-LM3 treatment), and the last two cycles with 225Ac DOTA-LM3 (C,D, PET/CT imaging before and
after 225Ac-DOTA-LM3 treatment), 10 MBq in March and 15 MBq in May 2022, respectively. The cumulative administered radio activities are
66.7 GBq of 177Lu and 25 MBq 225Ac. Restaging result in July 2022 showed excellent response to 225Ac-DOTA-LM3 treatment with partial
remission according to the THERCIST. As shown in the most recent PET/CT, there is dramatic improvement, especially concerning the previous
innumerable bone metastases in the spine, ribs, and pelvis. The primary tumor in the pancreas, and the liver and bone metastases further
decreased in size and number, and no new metastatic lesions were noted. The patient felt dramatically better in comparison to the previous
treatments. After the last PRRT, he only experienced mild alopecia and mild pain in the upper right abdomen over 1 week, and has been
physically active and gained 3 kg body weight over the past 2 months.
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showing the application of this cocktail approach, where six
tracers were given to a single patient with prostate cancer, was
reported at the 2016 SNMMI Highlights Lecture (155). Inspired
by the cocktail approach in treating prostate cancer, using SSTR
analogs and antagonists targeting various SSTR subtypes in
combination with 225Ac-PRRT is worth exploring.

Conclusion

Peptide receptor radionuclide therapy in NET patients has
come a long way since Krenning’s first treatments in the
1990s. Novel radionuclides are constantly being developed and
tested, in a race to find the perfect theranostic pair. Modified
chelators and new ligands including SSTR antagonists are
gaining more and more attention, the latter in particular as
they have been revealed to give great tumor uptake, retention
time and tumor-to-background ratio. 225Ac in particular is very
worth investigating.

The rise of the α-emitters as a compliment or replacement
to β-emitters is one of the most exciting recent developments.
The shorter range gives “precision” in precision medicine a new
meaning: Even less damage to surrounding healthy tissue and
even more powerful damage to tumor cells.

To this date, confirmed literature on PRRT using an α-
emitter with a SSTR antagonist has yet to be published, and
obviously, there are still many hurdles to overcome. Technical
ones, such as how to best combine chemical moieties into
a stable, pharmacokinetically feasible drug; economical ones,
such as how to best implement a global mass production of
radionuclides for research and clinical use; clinical ones, such
as how to set a dosage of the existing theranostic pairs that
minimizes toxicity whilst maximizing tumor uptake. Yet, to
have the recent promising clinical studies on 177Lu-DOTA-LM3
and -JR11 in mind at the same time as the potentials of TAT is
intriguing; hopefully a new and promising era for NET therapy
will see daylight in the foreseeable future.
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According to the 2021 World Health Organization Classification of Tumors

of the Central Nervous System, glioblastoma (GB) is a primary brain tumor

and presents with the worst prognosis. Due to its infiltrating characteristic,

molecular heterogeneity, and only partly preserved function of the blood-

brain barrier, the median overall survival time is short (9–15 months),

regardless of comprehensive treatment including surgery, radiotherapy, and

chemotherapy. Several novel treatment strategies are under investigation.

Unfortunately, none of them produced successful results; 90% of patients

have a recurrence of the disease within 6 months. Local administration

of the drug could be a promising approach to delivering treatment with

minimized side effects, due to the recurrence of 95% glioblastomas in a

margin of 2 cm at the primary site. Several ligand-receptor systems have

been evaluated, such as targeting tenascin, the extracellular matrix protein,

or radiolabeled somatostatin analogs, as it is overexpressed with the SSTR-

2 receptor system in around 80% of gliomas. Moreover, this study revealed

that the NK-1 receptor is overexpressed in GB, suggesting that substance P

(SP) may serve as a ligand. A variety of radioisotopes, beta- (131I, 90Y, or 177

Lu) and alpha emitters (213Bi, 225Ac, or 211At), with different physical properties

were tested for treatment. Alpha particles have many advantages over beta

radiation such as short range with higher linear energy transfer. According to

that characteristic, it is extremely dose delivered to the targeted cells, while

reducing harm to nearby healthy tissue. Additionally, the biological effect

of alpha radiation is independent of the cell cycle phase, cell oxygenation

and O-6-methylguanine-DNA methyltransferase (MGMT) gene promoter

methylation status. In this article, we summarize the experience with local

treatment of primary and secondary GBs with locally used radioisotopes such

as [213Bi]Bi-DOTA-SP or [225Ac]Ac-DOTA-SP.
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Introduction

The most aggressive primary brain tumor with the worst
prognosis is glioblastoma multiforme [called glioblastoma (GB)
since 2016], according to the World Health Organization
(WHO) Classification of Tumors of the Central Nervous System
(CNS). At the end of Louis et al. (1) WHO in the fifth edition
of CNS introduced significant changes to the tumor entities
and classification.

Currently, the diagnosis of GB requires the recognition of
genetic changes such as no mutation of isocitrate dehydrogenase
1 and 2 (IDH-wild type) and no mutation in histone 3 (H3-
wildtype), which makes it impossible to classify the entries
as not otherwise specified (NOS). In this article, based on
the classification used in the discussed studies, we use the
nomenclature from 2016.

Glioblastoma originates from the glial cells, which are the
supportive tissue in the brain. GB grows expeditiously, and
therefore, it infiltrates the surrounding healthy brain tissue.
Consequently, the entire tumor is nearly impossible to excise.
Moreover, a single tumor consists of different types of cells.
Hence, a drug targeted at specific cells may not work on
the other cells.

The survival rate in patients with GB is low, i.e.,
approximately 40% in the first-year post-diagnosis and 17%
in the following year (2, 3). The standard treatment includes
surgery, radiotherapy (RT), and chemotherapy with a median
overall survival time of only up to 9–15 months (2, 3).

Therefore, it is necessary to search for new drugs and
different forms of treatment. Distributing medicament to the
destined area is also challenging. The blood vessels in the
CNS are impenetrable to toxins and diseases from the blood.
This blood-brain barrier protects the brain and spinal cord.
Nonetheless, it also prevents many drugs from penetrating
into GB. In that scenario, the possibility of finding local
administration seems attractive.

To fulfill the concept of theragnostics, target and applied
isotopes should be defined.

Target

Several targeting vectors have been used during
glioma treatment.

Their mechanism of action is a criterion of their
classification:

– Targeted molecular therapies: BRAFV600 mutation,
EGFR, Exportin-1, EGFR mutations, mTOR, VEGF;
the angiogenesis and its mediators such as VEGF seem
to be particularly attractive targets.

– DNA-damaging agents, including RT and cytotoxic
chemotherapy. A significant direction in the

improvement of these methods increases their
influence on cancer cells, saving the healthy ones.
One of the innovative approaches is also targeting the
tumor-specific DNA repair mechanism.

Targeting tumor metabolism. The data show that the
regulators of GB metabolism can be used as prognostic,
diagnostic, and perhaps also therapeutic tools aimed at
facilitating the choice of glioblastoma treatment. Observations
from several studies indicate that tumor genotype and the brain’s
biochemical and cellular microenvironment shape the metabolic
reprogramming of glioblastoma cells, which also informs the
decisions about the choice of targeted treatment.

– Immunotherapies (EGFR peptide vaccinate, anti-
dendritic cell vaccinate, viral therapies, and nivolumab–
checkpoint inhibitor).

Transforming growth factor-β (TGF-β) is a key
molecule, which is responsible for glioblastoma-mediated
immunosuppression; programmed cell death protein 1 (PD-1)
is neutralizing antibodies to immune checkpoint molecules and
is now leading in the field of cancer immunotherapy.

In the previous studies, some of the targets were clinically
evaluated for targeting radionuclide therapy of glioma (4–8).

Zalutsky et al. (7) first evaluated the antibodies targeting
tenascin as a biologically active peptide that significantly
contributes to angiogenesis in glioblastoma. Tenascin activity in
stem cell niches and the central nervous system was highlighted.
A relationship has been demonstrated between the grade
of malignancy and the expression of tenascin C. Moreover,
tenascin may be one of the factors influencing the plasticity of
cancer cells, i.e., the mutual conversion of transformed non-
stem cells into cancer stem cells. In addition, tenascin may play
the role in cancer cell plasticity, i.e., in the reciprocal conversion
of transformed non-stem cells to cancer stem cells.

Thereafter, Merlo et al. and Schumacher et al. (4, 8) used the
overexpression of the SSTR-2 receptor system as an approach
for targeted treatment. In total, 80% of glioma tumors have been
shown to express SSTR-2, which is particularly often in grades
II and III and less often in grade IV (4). Human macrophages
are characterized by especially the expression and upregulation
of SSTR2, including tumor-associated macrophages (TAMs)
and/or microglia. These components account for up to
40% of GB cells. TAMs foster the growth of malignant
glioma by secreting proangiogenic factors, generation of a
local immunosuppressive microenvironment, and stimulating
invasion through the production of interleukin (IL)-10, TGF-
β, matrix metallopeptidase-9, and vascular endothelial growth
factor.

Substance P (SP), the main ligand of neurokinin type
1 receptor (NK-1) which is consistently overexpressed in
all gliomas irrespective of the degree of malignancy, was
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first applied by Kneifel et al. (5). NK-1 receptors were also
identified on the cells of tumor-infiltrating the intertumoral and
peritumoral vasculature (9). SP is an undecapeptide composed
of the amino acid chain Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-
Gly-Leu-Met, with an amidation at the C-terminus. The vector
has a low molecular weight of only 1.8 kDa, which is a sufficient
condition and distribution between tumors after local injection.
This characteristic allows for rapid diffusion in the brain
and renders radiolabeled SP analogs, which makes them very
promising candidates for the local treatment of glial tumors.

Isotopes

The energy, range of radiation, and type of emission are
critical in targeted radionuclide therapy. These parameters
play a crucial role in the radiobiological process in which the
final effect is the death of tumor cells. We could divide the
radioisotopes into two types, namely, β-emitting isotopes: 131I,
90Y, and 177Lu and α-emitting isotopes: 225Ac, 213Bi, and 211At.

In the first pilot study for glioma treatment, the β− emitters
including 90Y and 177Lu were used (the detailed physical
parameters are listed in Table 1) (5). The range of both is
millimeters (for 177Lu 3–4 mm, and for 90Y up to 10 mm), thus
taking into the consideration, “cross-fire effect” and the brain
as a critical organ–with tumors located near very sensitive areas
and responsible for physiological process structure–the range
appears to be too long. Another disadvantage of β− emitters
is that even in high-energy emitting conditions, they are not
powerful enough to induce the double-strand breaks of DNA,
but rather work by the indirect effects.

In contrast to that scenario, alpha-emitting radionuclides
have distinguishing features that may be useful in the targeted
therapy, like a relatively small range of impact (<100 µm) and
high linear energy transfer (LET ≈100 keV/µm). In human
tissue, those advantages led to providing therapeutic doses
to targeted cells while limiting the harm to the surrounding
non-cancerous tissue. Alpha radiation has a predominantly

TABLE 1 The detailed physical parameters of isotope use for local
glioblastoma treatment.

177Lu 90Y 213Bi 225Ac

Half-life 6.71 day 64.0 h 46 min 9.9 day

Radiation β−, γ (17%) β− α, β− α

Mean beta energy 133 keV 933 keV 435 keV

Range in water 0.25 mm 4.3 mm 1.45 mm

Maximum beta energy 497 keV 2,284 keV 1,422 KeV

Range in water 1.9 mm 11.8 mm 6.65 mm

Maximum alpha energy 8.4 MeV* 5.9 MeV

Range in water 85 µm* 47 µm

*Energy and range of alpha particle emitted by 213Po daughter nuclide.

direct effect on cell death because it induces double-strand
breaks of DNA, occurring along the trajectory of densely
ionizing particles, and it is largely independent of the cell
oxygenation status and the cell cycle phase (10–13). Of
the several alpha emitters suitable for use in anti-cancer
therapy, the pair of radionuclides derived from 225Ac to
213Bi generators have proven to be particularly promising.
The preferred chemical attributes of the trivalent metalions
Ac(III) and Bi(III) allow obtaining a solid connection to
biomolecules using the common DOTA chelate molecules
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid).

Clinical studies with targeted
radioisotope therapy for glioma

The main indications for local targeted treatment in glial
tumors are as follows:

• Critically located primary brain tumor.
• Recurrent primary brain tumor.
• Recurrent secondary brain tumor.

The first pilot study to provide the proof of principle
that there is a suitable and specific distribution of the
radiopharmaceutical to the tumor was performed on a group of
20 glioma patients with WHO grades II–IV. The patients had
a local intratumoral injection of radiolabeled SP (5). Initially,
most of the patients (18/20) were treated with the SP labeled
with beta emitters 90Y and 177Lu. Only in a subset of two patients
with critically located tumors, the alpha emitter 213Bi was used
to reduce the “crossfire effect.” Stable disease or improvement
in neurological conditions was observed in the majority of the
patients (13/20). The toxicity of treatment was limited only to
one patient with symptomatic radiogenic edema.

Another study focused on the usage of the intertumoral
injections of [90Y]Y-DOTAGA- SP as a neoadjuvant treatment
before the surgery in patients with GB. The majority of patients
(15/17) had stabilization or improvement in their functional
status. Neoadjuvant therapy of glioblastoma with locally injected
[90Y]Y-DOTAGA-SP is feasible and has low toxicity. Moreover,
it was helpful to achieve a prognostically significant degree of
resections (14).

To increase the delivery of energy and minimize
the “crossfire effect,” future works should be focused on
the alpha emitters.

The first pilot study of local injections of [213Bi]Bi-DOTA-
[Thi8,Met(O2)11]-substance P ([213Bi]Bi-DOTA-SP) was
performed in patients with critically localized gliomas (15).
Treatment was well tolerated by all patients, and the follow-
up MRI suggested radiation-induced necrosis and tumor
demarcation. Some of the patients underwent subsequent
resection, which confirmed necrosis in histopathological
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validation. Although the injection was done to critically locate
gliomas, no neurologic deficit was observed. The study found
that targeted local radiotherapy with [213Bi]Bi-DOTA-SP
may be an ingenious and beneficial treatment strategy for
malignant gliomas that are unfavorably located, as primarily
no surgical gliomas can be resected after the intertumoral
radioisotope treatment.

The study for recurrent glioma tumor grades II-IV with
[213Bi]Bi-DOTA-SP has been carried out at the Medical
University of Warsaw.

The analysis of 18 patients with the recurrence of primary
glioma grade IV treated with [213Bi]Bi-DOTA-SP after standard
treatment demonstrated favorable survival parameters: the PFS
was 3.7 months and OS was 8.5 months, measured from the start
of radioisotope treatment. The median overall survival from the
start of the primary diagnosis (OS-d) was 21.5 months and the
median survival from the diagnosis of the recurrence (OS-r) was
9 months (16).

Secondary glioblastoma has different genetic characteristics
compared to primary tumors and evolves out of the low grade or
anaplastic astrocytoma precursor lesions. This has implications
for the differences in clinical presentation and survival times.
In secondary glioblastoma (transformation from grade II/III to
grade IV), [213Bi]Bi-DOTA-SP treatment showed that median
PFS, OS-t, and OS-d was 13.6, 16.4, and 46.8 months,
consecutively (17). Better results were obtained in patients with
several [213Bi]Bi-DOTA-SP doses of injections, which may be
due to cumulatively a larger dose of treatment and/or finer
clinical condition at the start of the treatment.

The limited supply and high cost of large 225Ac/213Bi
generators required for targeted alpha therapy with 213Bi-SP

led to the investigations using SP labeled with the longer-lived
mother nuclide 225Ac requiring significantly lower activities.

The first dose escalation [225Ac]Ac-DOTA-SP treatment
study with three subgroups 10, 20, and 30 MBq administered
activity showed that therapy was well tolerated with only mild
and transient side effects (epileptic seizures, edema, and aphasia)
up to 30 MBq per cycle (18). Thrombocytopenia grade 3 was
observed only in one patient treated with 30 MBq. There
were no other grade 3 and 4 toxicities related to [225Ac]Ac-
DOTA-treatment in all groups. However, surprisingly, the
calculated survival parameters were comparable to [213Bi]Bi-
DOTA-SP with OS-d 35.0 and OS-r/c 13.2 months. From the
beginning of treatment with [225Ac]Ac-DOTA-SP, the median
PFS was 2.4 months, while OS-t was 9.0 months. No statistically
significant differences have been found between the investigated
dose escalation groups.

The assessment of factors influencing therapy with
[213Bi]Bi-DOTA-SP and [225Ac]Ac-DOTA-SP is still ongoing.

The 212Pb–another alpha emitter–is currently being used in
phase 1, a non-randomized, open-label, dose-escalation study of
212Pb-octreotate in adult subjects with neuroendocrine tumors
(NET) overexpressing somatostatin receptors (19). Preliminary
results presented during EANM, SNMMI, and ASCO congresses
in 2021 and 2022 showed a high percentage of overall response
rate (ORR), i.e., 83.3% per RECIST 1 (in five out of six subjects).

To our knowledge, currently, there are no other ongoing or
published studies on the use of 212Pb- in the management of
patients with glioma.

FIGURE 1

The idea of theranostic treatment of glioblastoma with local and intravenous injection of radiopharmaceutical.
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Future perspective

As the local radioisotope procedure should still be
considered experimental, the place of this procedure in the
treatment regimen needs to be analyzed. The following options
can be evaluated:

(a) The therapy can be used as a rescue treatment option in
relapsing patients.

(b) Potentially, therapy can be started right after the
relapse is diagnosed.

(c) The therapy might be used as an adjuvant therapy right
away after finishing the primary treatment.

(d) The therapy might be used as a neoadjuvant therapy
before the surgery.

Due to the negative features of glial tumors such as
diffuse and very rapid progression, new strategies should be
applied. Even local injection can give satisfactory results with
prolongation of survival parameters in comparison to standard
treatment. Probably, the most promising will be the finding
of the right target, which will allow intravenous delivery of
radioisotopes to every, even peripheral, part of the tumor
(Figure 1).
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M, et al. Prolonged survival in secondary glioblastoma following local injection
of targeted alpha therapy with 213Bi-substance P analogue. Eur J Nucl Med Mol
Imaging. (2018) 45:1636–44. doi: 10.1007/s00259-018-4015-2

18. Królicki L, Kunikowska J, Bruchertseifer F, Koziara H, Królicki B,
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Radium-223 dichloride (223Ra) is an α-emitter approved for the treatment

of metastatic castration-resistant prostate cancer (mCRPC) with bone

metastases, but without visceral involvement. Despite being a life-prolonging

therapy (LPT), 223Ra remains underutilized. A large body of real-world

evidence (RWE) for 223Ra has been published in the decade since the pivotal

phase 3 ALSYMPCA study, a period during which the treatment landscape has

continued to evolve. How to optimize 223Ra use, including how to integrate it

into the mCRPC management pathway amongst other current LPTs (i.e., with

respect to timing and concurrent, layered, or sequential use), is therefore of

considerable interest. RWE studies lack the conventional restraints of clinical

trials and can therefore help to build an understanding of how treatments may

be best used in routine practice. Here we review RWE studies investigating

the efficacy and safety of 223Ra in mCRPC [including in sequence with the
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recently approved 177-Lutetium conjugated to the ligand prostate-specific

membrane antigen (177Lu-PSMA)], as well as response marker development,

imaging techniques, and current clinical practice recommendations.

KEYWORDS

targeted alpha therapy, radium-223, Lutetium-177-PSMA, metastatic castration-
resistant prostate cancer, real-world practice

1 Introduction

The radionuclide radium-223 dichloride (223Ra) is a life-
prolonging therapy (LPT) in oncology (1), paving the way as
the first approved α-emitter. 223Ra is approved for the treatment
of metastatic castration-resistant prostate cancer (mCRPC)
with bone metastases, but without visceral involvement (2,
3), with metastatic prostate cancer being primarily a bone-
related disease (4), unlike other cancers. This approval was
based on improvements in overall survival (OS) vs. placebo
[14.9 vs. 11.3 months; hazard ratio (HR) 0.70; 95% confidence
interval (CI) 0.58–0.83, P < 0.001] in patients with mCRPC
(including those with low-volume lymph node metastases),
with or without prior chemotherapy, in the pivotal phase 3
ALSYMPCA study (5).

In addition to investigating efficacy and safety in a real-
world setting, the challenges of 223Ra being the first approved
α-emitter (e.g., accessibility and understanding of mechanism
of action and appropriate usage) also needed to be overcome,
with implementation (logistics) and physician and patient
education being key to its uptake in clinical practice. However,
223Ra remains underutilized for various reasons, including
lack of prostate-specific antigen (PSA) response, intravenous
administration issues and the continued use of back-to-back
androgen receptor pathway inhibitor (ARPI) regimens [despite
a lack of ARPI re-challenge efficacy and current guidelines (6–9)
recommending multiple lines of ARPIs are avoided] (10, 11).

Since ALSYMPCA completion, the treatment landscape has
evolved. Several currently approved LPTs, specifically the ARPIs
abiraterone (12, 13) enzalutamide (14, 15), apalutamide (16),
and darolutamide (17), the poly (adenosine diphosphate-ribose)
polymerase inhibitor olaparib (18, 19), the immunotherapy
sipuleucel-T (20), and 177-Lutetium conjugated to the ligand
prostate-specific membrane antigen (177Lu-PSMA-617)
(21), were unavailable outside of randomized clinical trials
(RCTs) during ALSYMPCA. Furthermore, although docetaxel
and cabazitaxel were approved in mCRPC at the time of
ALSYMPCA, their position in the treatment pathway has since
changed. Consequently, ensuring the appropriate choice of
patients and treatment sequence for 223Ra is key to maximizing
therapeutic benefit. There is thus a need for RCTs of 223Ra
regimens in the current mCRPC landscape, some of which are

currently underway [RADIANT (phase 4, 223Ra vs. ARPI),
PEACE III (phase 3, 223Ra plus enzalutamide vs. enzalutamide
alone) and DORA (phase 3, 223Ra plus docetaxel vs. docetaxel
alone)] (22–24), and for real-world evidence (RWE).

Unlike RCTs, RWE gathers data from non-interventional
studies, clinical registries and other sources reflecting routine
clinical practice, thus helping to refine a treatment’s therapeutic
index without conventional RCT constraints (25). RWE
studies can complement RCTs, especially for patients ineligible
for RCT inclusion and where Level 1 evidence is lacking.
Despite recommended treatment algorithms, variability exists in
individual treatment pathways, particularly with some mCRPC
therapeutic options moving to earlier disease stages and issues
around undertreatment (26, 27). Here we review RWE studies
(retrospective unless otherwise specified) investigating 223Ra in
mCRPC, with discussion focusing on studies with N > 100,
except where data are limited.

2 Efficacy

Real-world OS in patients treated with 223Ra was 8.2–
29 months (Supplementary Table 1), a range that encompasses
the median OS of 14.9 months reported in ALSYMPCA.
However, survival outcomes are influenced by patient selection
as well as therapy choice, and the studies included in this
review vary by patient characteristics, study designs, and
prior therapies.

2.1 Treatment completion

OS benefits were more notable (P < 0.01 where reported)
in patients who completed 5–6 vs. fewer cycles of 223Ra (28–34)
(Figure 1A). Factors associated with completion of 5–6 cycles
in some studies included certain patient/disease characteristics
(29, 33, 35, 36) [e.g., lower PSA or alkaline phosphatase (ALP)
(35) and absolute neutrophil count at least lower limit of normal
(36)] and earlier 223Ra use (29) (Figure 1B). Indeed, there was a
higher likelihood of completing all 6 cycles of 223Ra when it was
given prior- vs. post-chemotherapy (P < 0.001) (32). However,
223Ra position in the treatment sequence (i.e., line 1 vs. 2
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or≥ 3) had no impact on treatment completion in another study
(35). Moreover, there was also a greater likelihood of the mean
number of 223Ra cycles being higher when 223Ra was used as
combination therapy rather than monotherapy (P = 0.003) (32).

2.2 Treatment sequence

223Ra use earlier in the mCRPC treatment pathway may
improve survival outcomes, according to some studies (35, 37).
Median survival was greater in patients with one vs. two prior
therapies (14.7 vs. 11.2 months; P = 0.03) in one study (37), and
another demonstrated worse OS with 223Ra used as line ≥ 3
vs. line 1 (HR 3.267; P < 0.01) (35). However, other studies
found OS did not significantly differ by prior line of therapy (0
vs. ≥ 1 or across lines 0, 1, 2, 3, or 4) (38), and was generally
similar (14.3–14.7 months) when 223Ra was given immediately
after abiraterone as treatment line 2, 3, or ≥ 4 (39).

Similarly, a greater OS benefit was seen with 223Ra used
pre- vs. post-chemotherapy in one study (12.3 vs. 8.1 months;
P = 0.02), although prior enzalutamide or abiraterone plus
prednisolone treatment had no significant OS impact (40).
By contrast, another study found no significant OS difference
with 223Ra pre- vs. post chemotherapy (including when
patients receiving 223Ra in combination with enzalutamide or
abiraterone were excluded; the safety of these combinations
are discussed in section “3 Safety”) (32). Furthermore, prior
cabazitaxel use was not a predictor of OS in a prospective
registry analysis (41), and prior docetaxel use had no significant
impact on survival in another study (34).

3 Safety

In short- and long-term analyses of ALSYMPCA, 223Ra had
limited myelosuppressive effects and was well tolerated, without
major safety concerns (5, 42). RWE has similarly indicated
that 223Ra is safe and well tolerated in patients with mCRPC
(Supplementary Table 2), and importantly demonstrated a lack
of rare treatment-emergent adverse events (TEAEs), e.g., second
malignancies or cardiovascular events, which RCTs would be
underpowered to detect.

When 223Ra monotherapy was compared with standard-
of-care, the estimated 36-month fracture risk in the respective
groups was 19% vs. 10% (HR 1.61; 95% CI: 0.96–3.02)
(43). Regimens combining use of 223Ra and abiraterone (plus
prednisolone) or enzalutamide have been reported in real-world
studies (44–48). However, based on a significantly increased
risk of fractures when 223Ra was used in combination with
abiraterone plus prednisolone in the ERA 223 phase 3 RCT
(49), this combination is now contraindicated in the EU (2) and
is not recommended in the US (3). Of note, in the ERA 223
trial, the incidence of fractures was lower in patients who were

taking bone protecting agents (bisphosphonates or denosumab)
at baseline (15 and 7% in the 223Ra and placebo groups,
respectively) than in patients not taking bone protective agents
(37 and 15%, respectively) (49). Furthermore, an increased
fracture risk was also reported with 223Ra plus enzalutamide
vs. enzalutamide in the phase 3 PEACE III RCT, although
fracture risk was largely eliminated in each treatment group
with preventative use of bone protecting agents (denosumab and
zoledronic acid) (50). Increased fracture risk due to therapy-
induced bone loss has been seen for several systemic therapies
for prostate cancer, and fracture risk is increased in patients
with bone metastases (51). As such, the importance of regularly
evaluating bone health and the use of bone protective agents
in patients with prostate cancer has been highlighted in the
recommendations of a working group of European experts (51).

3.1 Treatment sequence

RWE suggests that 223Ra is generally well tolerated,
irrespective of prior chemotherapy status, although prior
chemotherapy may be associated with an increased likelihood
of hematological events (52, 53), possibly due to patients having
more advanced disease (e.g., bone marrow involvement) and/or
prior chemotherapy toxicities.

For example, in the first interim analysis of the REASSURE
study, prior chemotherapy status generally did not affect the
overall safety profile of 223Ra, with the incidence of drug-related
TEAEs being 41 and 36% with or without prior chemotherapy
(53). However, drug-related hematologic TEAEs were more
than twice as frequent in patients with than without prior
chemotherapy (21% vs. 9%) (53). Moreover, in a prospective
Japanese study, although there was no marked difference
between patients with or without prior chemotherapy with
regard to the incidence of drug-related TEAEs (29% vs. 25%),
including hematological TEAEs (18% vs. 17%), with 223Ra, the
incidence of both events was notably numerically greater in
patients who had received two lines of prior chemotherapy (36
and 24%) (52).

Furthermore, the CAPRI registry found a significant
(P ≤ 0.015) increase in the incidence of grade ≥ 2 anemia,
grade ≥ 2 thrombocytopenia and blood transfusions with later-
line use of 223Ra (line ≥ 3 vs. 2 vs. 1), although symptomatic
skeletal event (SSE) incidence was not impacted (35). Factors
associated with grade ≥ 2 hematological abnormalities include
low hemoglobin (Hb) and low platelet count at baseline (52).
Of note, 223Ra requires patient hematological evaluation before
every dose and caution (2)/close monitoring (3) is advised for
patients with evidence of compromised bone marrow reserve.

In an assessment of fracture risk by line of therapy,
the estimated adjusted 36-month fracture risk with 223Ra vs.
standard-of-care was 18% vs. 12% (HR 1.14; 95% CI, 0.50–2.15)
when first line and 16% vs. 9% (HR 1.86; 95% CI: 0.62–10.93)
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FIGURE 1

Completing more 223Ra cycles is associated with longer OS. (A) Median OS by 223Ra cycle number. (B) Factors associated with completing
more 223Ra cycles. ALP, alkaline phosphatase; BSI, bone scan index; ECOG PS, Eastern Cooperative Oncology Group performance status; Hb,
hemoglobin; LDH, lactate dehydrogenase; OS, overall survival; PSA, prostate-specific antigen.

when second line. Later treatment lines had too few fractures
for analysis (43).

4 223Ra therapy/177Lu-PSMA
treatment sequence and interval
duration

177Lu-PSMA targets prostate cancer via a different
mechanism to 223Ra. 177Lu-PSMA delivers β-particle radiation
to PSMA-expressing tumor cells. In the VISION RCT,
177Lu-PSMA-617 plus standard-of-care prolonged OS vs.
standard-of-care alone (15.3 vs. 11.3 months; HR for death
0.62; P < 0.001) (21). Among the 17.4% of patients who had
previously received 223Ra, 177Lu-PSMA-617 efficacy was not
adversely affected (54), although safety has not been reported
for these patients.

Although limited by small patient numbers, real-world
studies have demonstrated the clinical feasibility of giving 177Lu-
PSMA after 223Ra and indicate this treatment sequence has
an acceptable safety profile (55–58). In a post hoc analysis
of REASSURE, median OS from start of 177Lu-PSMA was
13.2 months in patients who had previously received 223Ra (56).
Moreover, in a large retrospective study, median OS was not
significantly different in patients who did vs. did not receive
prior 223Ra (10.8 vs. 11.3 months) (55). Furthermore, interim
analyses of the RALU study, which investigated 177Lu-PSMA use
in patients previously treated with 223Ra, found this approach to
be clinically feasible (median OS 12.6 months; 95% CI: 8.8–16.1)
and well tolerated (58).

Another consideration around treatment sequencing with
radionuclide therapies is the treatment interval. Early initiation
of 177Lu-PSMA within 8 weeks of 223Ra treatment (during
which disease progression had occurred) was effective and did
not reveal major safety concerns (57).

Thus, sequential treatment with 223Ra and 177Lu-PSMA is
feasible and can be factored into considerations around optimal
sequencing of the LPTs available for patients with mCRPC.
However, further studies are warranted.

5 Development of response
markers

Surrogate markers predicting treatment outcomes with
223Ra are needed to monitor and achieve optimal treatment
duration and to identify patient subpopulations who may benefit
most from 223Ra. Multiple RWE studies have investigated
potential markers of survival (Supplementary Table 3), with
this section focusing on multivariate analyses.

5.1 Laboratory parameters

Multivariate analyses have found various factors to
be associated with survival outcomes. Baseline Hb was
found to be prognostic of OS (59) and elevated baseline Hb
(≥ 120 g/L) was associated with increased OS (60), whereas
low baseline albumin (< 35 g/L) (61) and elevated PSA
(> 80 µg/L) (61) were associated with poor OS. Similarly,
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other factors prognostic of OS include baseline neutrophil-
to-lymphocyte ratio (28), baseline lactose dehydrogenase
(62) [with elevated lactose dehydrogenase associated with
shorter OS (41)] and higher baseline ALP (28) [with
ALP > 150 U/L associated with poor OS (61)]. Elevated
baseline ALP without a subsequent ALP decline of ≥ 10%
following the first 223Ra dose was also prognostic of
shorter OS (62).

5.2 Clinical parameters

A number of clinical parameters have been associated
with patient survival. In terms of patient demographics,
age was found to be a predictor of OS (28), with an age
of > 75 years being associated with reduced OS (63). Moreover,
in an analysis of US electronic heath records of mainly
Caucasian patients (73.5%), other race (Asian, Hispanic, Latino,
or other) was associated with improved survival (63). With
regard to disease characteristics, visceral metastases (63) and
prior SSEs (63) reduced OS, whereas bone-only metastases
were associated with longer OS (41). Eastern Cooperative
Oncology Group performance status (ECOG PS) was also
prognostic of OS (59, 62), with ECOG PS 2–3 (61) and
ECOG PS 2–4 (63) associated with worse OS and ECOG
PS 0–1 associated with increased OS (60). Another clinical
parameter prognostic of OS was number of prior systemic
therapies (62). Prior chemotherapy use reduced OS (63),
whereas no prior use of docetaxel increased OS (60). As
discussed in section “2.1 Treatment completion,” the number
of completed cycles of 223Ra (5–6 vs. 1–4) was also a predictor
of OS (28).

5.3 Composite markers

Several studies have reported composite prognostic scoring
methods aimed at identifying patients that may benefit most
from 223Ra therapy (59–61, 64). A composite score derived
from combining baseline Hb ≥ 120 g/L, total ALP ≤ 110
U/L and ECOG PS 0–1 identified patients with a low-,
intermediate- or high-risk of death (composite score 2, 3–4
and 5–6, respectively; median OS 23, 8, and 5 months) (60).
A similar 3-variable prognostic score combining baseline ECOG
PS, Hb < 12 g/dL and PSA ≥ 20 ng/mL was predictive of
OS in an initial cohort (64), with subsequent validation in a
larger cohort (59). In the larger cohort, patients in the low
(score 0), moderate (score 1–2), or high (score 3–4)-risk groups
had a median OS of 33, 16, and 8 months, respectively (59).
Likewise, a scoring system that combined albumin < 35 g/L,
ALP > 150 U/L, PSA > 80 µg/L, and ECOG PS 2–3 identified
three patient groups with different OS outcomes, namely good
(score 0–1; median OS 19.4 months), intermediate (score 2;

median OS 10.0 months) and poor (score 3–4; median OS
3.1 months) (61).

6 Imaging

An expert consensus developed at the European Association
of Nuclear Medicine Focus 1 meeting concluded that, for
patients with mCRPC who are candidates for 223Ra, bone
scintigraphy is the recommended pre-treatment imaging
method. Consensus was not reached as to which imaging
method should be used for monitoring treatment response,
although bone scintigraphy was favored by most (14/21)
panelists (65).

Automated bone scan index (BSI) is useful for assessing
skeletal metastases. Baseline BSI was associated with OS in
patients who received 223Ra in two studies (66, 67), with median
OS being 8.2 and 15.0 months in patients with BSIs of > 5
or ≤ 5, respectively (HR 2.65; 95% CI: 1.5–4.7; P = 0.001)
(67). However, only one of the two studies found a significant
association between on-treatment BSI and OS (66). A potential
limitation of this approach is the potential uptake of bone
scintigraphy agents into healing bone which could confound
results (66).

Radionuclide cancer therapies offer considerable potential
for personalized treatment as their physical properties enable
in vivo imaging of their uptake and retention (68). 223Ra
administration is via body weight-adjusted standard dosing
regimens, although patient-specific dosimetry and treatment
optimization may be possible via quantitative imaging with
223Ra (68). Although 223Ra imaging showed intra- and inter-
patient variability for 223Ra dose absorption in metastases, there
was a relationship between lesion-absorbed dose and treatment
response (69). 18F-fluoride, like 223Ra, localizes primarily to
areas of osteoblastic activity in bone and has potential as a
surrogate measure of the absorbed 223Ra dose (69). 18F-fluoride
uptake into bone metastases correlated significantly with that
of 223Ra, as well as the absorbed 223Ra dose and resultant
response (69).

Notably, PSMA-positron emission tomography (PET) has
been shown to be more sensitive than bone scintigraphy in
detecting bone metastases in patients with prostate cancer
(70). High PSMA expression on planar/single-photon emission
computed tomography (SPECT) or PET/CT scans following
standard therapies for mCRPC, including 223Ra, was associated
with worse OS than low PSMA expression (71).

7 Clinical practice
recommendations

223Ra is recommended for mCRPC in all major treatment
guidelines (6–9) and has the highest possible clinical benefit
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score for non-curative therapies in mCRPC in the ESMO-
Magnitude of Clinical Benefit Scale (indicating a substantial
magnitude of clinical benefit) (72). Expert recommendations
from 11 nuclear medicine centers across six European countries
provide additional insights on how to optimize 223Ra use (73).
These include guidance for center organization/preparation,
223Ra ordering, preparation and disposal, 223Ra treatment
delivery/administration, and patient referral/experience, and
highlight the importance of starting 223Ra treatment as soon
as possible in eligible patients (including those with early
symptoms of bone metastases) (73).

However, for 223Ra to meet the inherent complex
needs of patients, communication and coordination within
multidisciplinary teams (i.e., nuclear medicine, oncology, and
urology services) and centers is advised (73). Communication
between the nuclear medicine physician and other specialties
is important to maintain awareness for whom and when 223Ra
may be appropriate, and to inform of developments in prostate
cancer management (including nuclear medicine options) (73).
With regard to such developments, when the Advanced Prostate
Cancer Consensus Conference discussed questions relating to
223Ra and other therapies in 2021, consensus was reached that
using 223Ra after 177Lu-PSMA is safe (76% consensus), based
on outcomes from VISION, in which approximately 2.5% of
patients received 223Ra following 177Lu-PSMA therapy (74).
RWE supporting use of 223Ra followed by 177Lu-PSMA are
discussed in section “4 223Ra therapy/177Lu-PSMA treatment
sequence and interval duration.”

8 Discussion

For patients with mCRPC, it is important to offer as
many approved LPTs as possible. Real-world studies can
help healthcare professionals understand how best to utilize
currently available treatment options, such as 223Ra, and
are used by regulatory bodies in decision making (75–
78). Although there are well recognized limitations to these
studies, including confounding factors, various types of
bias (pertaining to selection, patient/caregiver recall, event
detection, and data misclassification) and missing data (limiting
statistical power), they can complement/supplement clinical
trial data and help to determine whether RCT evidence
is generalizable to patient populations in clinical practice
(79, 80).

The large body of RWE that has emerged for 223Ra in
recent years indicates that 223Ra is an effective and safe LPT
option in mCRPC, supporting RCT findings. Completing 5–
6 223Ra cycles was associated with better survival outcomes
across real-world studies, highlighting the value of being
able to identify patients most capable of completing therapy.
RWE indicates several potential markers that may help to
do this, although these are not yet validated in prospective

studies. A potential challenge in optimizing 223Ra use in
clinical practice is how to best integrate it into the mCRPC
treatment pathway. However, as current RWE has been
variable in this regard, there is a need to further evaluate
223Ra in the context of other treatments with respect to
timing and concurrent, layered, or sequential use, and the
effectiveness and safety of such treatment approaches. To
this end, several clinical trials (e.g., PEACE-III; AlphaBet;
COMRADE; Rad2Nivo; RADIANT; DORA) (22–24, 81–83)
and RWE studies (e.g., REASSURE; RaLu) (58, 84) continue to
explore 223Ra use in mCRPC.
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Comparing absorbed doses and
radiation risk of the α-emitting
bone-seekers [223Ra]RaCl2 and
[224Ra]RaCl2

Michael Lassmann* and Uta Eberlein

Department of Nuclear Medicine, University of Würzburg, Würzburg, Germany

[223Ra]RaCl2 and [224Ra]RaCl2 are bone seekers, emitting high LET, and

short range (<100µm) alpha-particles. Both radionuclides show similar decay

properties; the total alpha energies are comparable (223Ra: ≈28 MeV, 224Ra:

≈26 MeV). [224Ra]RaCl2 has been used from the mid-1940s until 1990 for

treating di�erent bone and joint diseases with activities of up to approximately

50 MBq [224Ra]RaCl2. In 2013 [223Ra]RaCl2 obtained marketing authorization

by the FDA and by the European Union for the treatment of metastatic prostate

cancer with an activity to administer of 0.055 MBq per kg body weight for

six cycles. For intravenous injections in humans a model calculation using the

biokinetic model of ICRP67 shows a ratio of organ absorbed dose coe�cients

(224Ra:223Ra) between 0.37 (liver) and 0.97 except for the kidneys (2.27) and

blood (1.57). For the red marrow as primary organ-at-risk, the ratio is 0.57.

The di�erences are mainly caused be the di�ering half-lives of the decay

products of both radium isotopes. Both radionuclides show comparable DNA

damage patterns in peripheral blood mononuclear cells after internal ex-

vivo irradiation. Data on the long-term radiation-associated side e�ects are

only available for treatment with [224Ra]RaCl2. Two epidemiological studies

followed two patient groups treated with [224Ra]RaCl2 for more than 25 years.

One of them was the “Spiess study”, a cohort of 899 juvenile patients who

received several injections of [224Ra]RaCl2 with a mean specific activity of

0.66 MBq/kg. Another patient group of ankylosing spondylitis patients was

treated with 10 repeated intravenous injections of [224Ra]RaCl2, 1 MBq each,

1 week apart. In total 1,471 of these patients were followed-up in the “Wick

study”. In both studies, an increased cancer mortality by leukemia and solid

cancers was observed. Similar considerations on long-term e�ects likely apply

to [223Ra]RaCl2 as well since the biokinetics are similar and the absorbed doses

in the same range. However, this increased risk will most likely not be observed

due to the much shorter life expectancy of prostate cancer patients treated

with [223Ra]RaCl2.
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Introduction

[223Ra]RaCl2 targets bone metastases with high LET and

short range (<100µm) alpha-particles. In 2013, Parker et al.

published the results of the phase III, double-blind, randomized,

international ALSYMPCA study which compared [223Ra]RaCl2

plus best standard of care (BSC) vs. placebo plus BSC in

castration resistant prostate cancer (CRPC) patients with bone

metastases (1). The authors concluded that the ALSYMPCA

study demonstrated significantly improved overall survival and

low toxicity, suggesting that [223Ra]RaCl2 may provide a new

standard of care for patients with CRPC and bone metastases.

The results of the ALSYMPCA trial were used to obtain

marketing authorization for [223Ra]RaCl2 (“XOFIGO” R©) in

Europe and North America in 2013.

[224Ra]RaCl2 has been used from the mid-1940s until 1990

for treating different bone and joint diseases, mainly in Germany

(2, 3). After World War II, [224Ra]RaCl2 was primarily used

for the treatment of children and juveniles suffering from bone

tuberculosis, and even for the therapy of Ankylosing Spondylitis

(AS) patients. The activities of [224Ra]RaCl2 administered at

that time were high (approximately 0.66 MBq/kg body weight,

corresponding to an activity of 50 MBq), with treatment

durations ranging from 1 month to 45 months (median: 4

months). In the “Spiess study” 899 patients who received

multiple injections of [224Ra]RaCl2 mainly between 1945 and

1955 for the treatment of tuberculosis, AS and some other

diseases had been followed (3).

In a second group of patients who were treated with repeated

intravenous injections of [224Ra]RaCl2 (excluding radiation

therapy with X-rays) between 1948 and 1975 an epidemiological

study on 1,471 ankylosing spondylitis patients was performed

(“Wick study”). The activity was administered as 10 intravenous

(IV) injections, 1 MBq each, one a week apart (mean: 0.17

MBq/kg, 10 MBq total). These patients have been followed

together with a control group of 1,324 AS patients treated

neither with radioactive drugs nor with X-rays (2).

[224Ra]RaCl2 has again been made available in Germany

between 2000 and 2005 for treating AS. During that period, the

German “Bundesinstitut für Arzneimittel und Medizinprodukte

(BfArM)” approved an intraveneous injection of [224Ra]RaCl2

with total activities of 10 MBq (10 injections per week, 1 MBq

each) for AS therapy (4).

[224Ra]RaCl2 has only been used in a small patient

cohort for the treatment of osteoblastic metastases (5).

Groth et al. describe the successful compassionate use

treatment of osteoblastic metastases in 10 patients using

12 MBq or 20/30 MBq [224Ra]RaCl2. Except these studies, no

further publications on patient treatment with [224Ra]RaCl2

are available.

The purpose of this work is to compare the dosimetry- and

radiation-risk related aspects of treatments with [223Ra]RaCl2

and [224Ra]RaCl2.

Radioactive decay and exposure

Decay chains

223Ra
223Ra is an alpha emitter (half-life = 11.43 d), which

decays through a cascade of short-lived alpha- and beta-emitting

progeny with the emission of about 20 MeV of energy per

starting atom and the first two daughters and about 28 MeV

through complete decay of the progeny to stable lead (Figure 1).

A listing of the decay chain, branching ratios, half-lives, energies

emitted by alpha-, beta, and gamma-transitions is provided e.g.,

by Schumann et al. (6). The data for the energy per transition in

this publication was taken from the MIRD tables by Eckerman

and Endo (7).

224Ra
224Ra is also an alpha emitter (half-life = 3.63 d) decaying

through a cascade of short-lived alpha- and beta-emitting

progeny with the emission of about 19 MeV of energy per

starting atom and the first two daughters and about 26 MeV

through complete decay of the progeny to stable lead (Figure 2).

More details on the decay chain and the energies emitted are

provided by Schumann et al. (6) and were also taken from the

Eckerman and Endo tables (7).

Biokinetics and dosimetry

[224Ra]RaCl2

In 2002, Lassmann et al. (8) analyzed the dosimetry after

the treatment of ankylosing spondylitis with [224Ra]RaCl2 by

using model calculations based on ICRP 67 (9). Details on the

model are provided in the publication by Lassmann et al. (8).

The highest absorbed dose coefficients were found for bone

endosteum (443 mGy/MBq), liver (14 mGy/MBq), and red bone

marrow (44 mGy/MBq) (8).

[223Ra]RaCl2

For [223Ra]RaCl2, Lassmann and Nosske (10) provided

a first comprehensive model-based dosimetric calculation of

organ doses after intravenous administration of [223Ra]RaCl2,

in analogy to the previous publication by Lassmann et al. for

[224Ra]RaCl2 (8). The highest absorbed dose coefficients were

also found for bone endosteum (760 mGy/MBq), liver (38

mGy/MBq), and red bone marrow (78 mGy/MBq) (10).

Several clinical studies measured the disappearance of

[223Ra]RaCl2 from the blood and the excretion pathways (11–

14). All studies showed a rapid blood clearance; the major

excretion pathway, however, is fecal excretion.
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FIGURE 1

Decay chain of 223Ra. Decay products with branching ratios < 1% are omitted. The decay data were taken from http://www.nucleide.org/

Laraweb/index.php.

FIGURE 2

Decay chain of 224Ra. Decay products with branching ratios < 1% are omitted. The decay data were taken from http://www.nucleide.org/

Laraweb/index.php.

Chittenden et al. reported a mean absorbed dose coefficient

to the bone surfaces of about 5 Gy/MBq and to the red bone

marrow of 0.4 Gy/MBq (12).

Yoshida et al. providedmean absorbed doses for six Japanese

patients (13). As a result, the authors observed mean absorbed

dose coefficients in osteogenic cells of 0.76 Gy/MBq and

0.09 Gy/MBq in the red bone marrow (13).

Pacilio et al. (15) reported, in an Italian multicenter trial in

which the dosimetry was based on quantitative imaging, that

the mean effective half-life [223Ra]RaCl2 in bone lesions is 8.2 d

and the absorbed dose after the first injection was 0.7Gy (range

0.2–1.9 Gy).

Another model-based dosimetry calculation was published

by Höllriegl et al. (16) who adopted the newest model of the

ICRP [ICRP 137, (17)]. For most organs, their results were in

the same range as those reported by Lassmann and Nosske (10),

except kidneys and endosteal cells. The absorbed dose coefficient

for the liver (alpha contribution) reported by Lassmann and

Nosske (10) is almost identical to that of Höllriegl et al. (16)

(36mGy/MBq vs. 34.4 mGy/MBq). However, Höllriegl et al. (16)

cited the value by Lassmann and Nosske (10) too low by a factor

of ten.

To compare the dosimetry data for both radionuclides the

absorbed dose coefficients were taken from the tables provided

by Lassmann et al. (8, 10). The data for blood were taken from

Schumann et al. (14) and Stephan et al. (18).

Comparison of absorbed doses to organs
or tissues

In Table 1, the ratios of the absorbed dose coefficients

([224Ra]RaCl2 vs. [223Ra]RaCl2) and, for a comparative

analysis, of the absorbed doses of two treatment scenarios (10

MBq [224Ra]RaCl2 vs. 25 MBq [223Ra]RaCl2, corresponding

to 6 cycles of 55 kBq/kg for a 75kg patient) are shown. A

direct comparison between the activities administered in the

study published by Groth et al. (5) (mean value of the high

activities of 25 MBq [224Ra]RaCl2) to a standard treatment

with [223Ra]RaCl2 (25 MBq [223Ra]RaCl2) is provided by

the direct comparison of the absorbed dose coefficients. The

activities for the two treatment scenarios were chosen to reflect

the [224Ra]RaCl2 administered activities in the “Wick Study”

and the activity administered for a standard treatment with

[223Ra]RaCl2 to a 75 kg patient.

For most organs or tissues all decay products contribute

almost equally to the absorbed doses in these organs (14, 16).

Experimental data on these effects, however, are sparse and are

taken from animal experiments (19). For the red marrow as

primary organ-at-risk, the ratio of the absorbed dose coefficients

is 0.57. The largest dissimilarities of the absorbed dose coefficient

ratios are observed for the kidneys (2.27), blood (1.67), and liver

(0.37). The higher values for the kidneys and blood could be

attributed to the accumulation of lead and its progeny due to

the longer half-life of 212Pb compared to 211Pb.

A comparison of the absorbed dose ratios assessed for

the two treatment scenarios shows that the absorbed doses

are always lower for [224Ra]RaCl2. For obtaining equal

absorbed doses to the red marrow, the administered activity for

[224Ra]RaCl2 can be chosen to be approximately 1.8-fold higher

than that for [223Ra]RaCl2.

This comparison does not include absorbed doses of

metastases which take up radium as the underlying ICRP

models do not consider this case as they were designed for

radiation protection purposes. Therefore, the absorbed doses to

organs/tissue could be much lower if a considerable amount of
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TABLE 1 Ratio of the absorbed organ dose coe�cients (mGy/MBq)

and the absorbed doses for typical administrations (10 MBq

[224Ra]RaCl2 in the “Spiess study”, 25 MBq [223Ra]RaCl2 for six cycles in

a patient of 75 kg).

Organ Ratio of absorbed
dose coe�cients:

[224Ra]RaCl2/
[223Ra]RaCl2

Ratio of Absorbed
doses: 10 MBq

[224Ra]RaCl2/
25 MBq [223Ra]RaCl2

Adrenals 0.73 0.29

Bladder wall 0.70 0.28

Bone endosteum 0.58 0.23

Brain 0.71 0.28

Breast 0.70 0.28

GI-tract

Esophagus 0.71 0.28

St wall 0.72 0.29

SI wall 0.78 0.31

ULI wall 0.46 0.18

LLI wall 0.57 0.23

Colon 0.54 0.22

Kidneys 2.27 0.91

Liver 0.37 0.15

Muscle 0.72 0.29

Ovaries 0.97 0.39

Pancreas 0.72 0.29

Red marrow 0.57 0.23

Respiratory tract

ET airways 0.67 0.27

Lungs 0.67 0.27

Skin 0.71 0.28

Spleen 0.88 0.35

Testes 0.87 0.35

Thymus 0.71 0.28

Thyroid 0.71 0.28

Blood 1.57 0.66

The data are taken from Lassmann and Nosske (10) and from Lassmann et al. (8) as the

unweighted sum over the alpha and beta radiation contributions for each organ. The data

for blood were taken from Schumann et al. (14) and Stephan et al. (18).

the injected activity is taken up by tumors as only a fraction of

the remaining activity will be available and taken up by other

organs or tissues.

External exposure

To further elucidate potential differences between 224Ra and
223Ra and their respected progenies regarding exposure of staff

or persons staying close to patients, the dose rate constants for

the ambient dose H∗ were compared. For the comparison, the

newest published values were used for 224Ra and 223Ra and the

respective progenies (20).

The values for both radionuclides and their decay

products are quite similar [45.17 µSv m2/(h GBq), 223Ra and

49.44 µSv m2/(h GBq), 224Ra]. The dose rate by a patient

after administration of 223Ra in 1m distance immediately

following administration is 0.05 µSv/(h MBq). This value is

in good agreement with the mean values measured by Dauer

et al. of 0.02 µSv/(h MBq) (21). Overall, the external exposure

of both radionuclides is low compared to other treatments

with radiopharmaceuticals.

Long-term radiation-related e�ects

Patient cohorts studying long-term
radiation-related e�ects of [224Ra]RaCl2

There are two patient cohorts that were followed for long-

term radiation-related effects after the use of [224Ra]RaCl2.

In several publications Nekolla et al. (3, 22, 23) followed the

health of 899 persons that were included in the “Spiess study“.

The mostly juvenile patients received, mainly between 1945

and 1955, multiple injections of [224Ra]RaCl2 (mean specific

activity: 0.66 MBq/kg, corresponding to an injection of 46 MBq

to a 70 kg patient) with the aim of treating tuberculosis (TB), AS

and some other diseases.

A second patient cohort included 1,471 AS patients

treated with repeated intravenous injections of 0.17 MBq/kg

[224Ra]RaCl2 between 1948 and 1975 (2). These patients have

been followed in the “Wick study” together with a control group

of 1,324 AS patients treated neither with radioactive drugs nor

with X-rays. The mean follow-up time was 26.3 years in the

exposed and 24.6 years in the control group.

Radiation-induced side-e�ects of
[223Ra]RaCl2 and [224Ra]RaCl2

In the study cohort of the “Spiess study”, Nekolla et al.

(22) and Nekolla et al. (3) observed shortly after [224Ra]RaCl2

injections an increase in bone tumor risk significantly greater

for younger ages at exposure. Most of the malignant bone

tumors were osteosarcomas and fibrous-histiocytic sarcomas.

During the two most recent decades of observation, a significant

excess of non-skeletal malignant diseases has also become

evident. Until the end of 2007, the total number of observed

malignant non-skeletal diseases was 270 compared to 192

expected cases (3).

For [224Ra]RaCl2 themost striking observation of the “Wick

study” (2) were the 21 cases of leukemia in the exposed group
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(vs. 6.8 cases expected, P < 0.001) compared to 12 cases of

leukemia in the control group (vs. 7.5 cases expected). This

increase in total leukemias was significant in direct comparison

between the exposed and control groups too (P < 0.05). Wick

et al. found, besides an increased standardized incidence ratio (=

ratio of the number of observed cases vs. the number of expected

cases) of leukemias, a significant increase for kidney and thyroid

cancer (2).

For [223Ra]RaCl2 only mild side and mostly transient

effects were observed (1). [223Ra]RaCl2 was well tolerated by

patients with skeletal metastases. Mild tomoderate and transient

hematological toxicity was observed at potentially therapeutic

doses. Platelets were less affected than neutrophils and white

blood cells; toxicity grade I was seen in 5 of the 31 patients (1).

Furthermore, only two cases of leukemia have been reported

until today (24).

Discussion

A major drawback for image-based dosimetry of

[223Ra]RaCl2 is the inherent difficulty to quantify post-

therapeutic gamma camera images, although photon emissions

suitable for gamma camera imaging are available at ∼82 keV,

∼154 keV, and ∼270 keV. Due to the low photon abundance,

the low activities administered to the patients, and the high

contribution of down-scatter of higher energy photons leading

to severe septal penetration causes large image quantification

uncertainties as reported by Hindorf et al. (25). Pacilio et al. (26)

and Yoshida et al. (13) provided quantitative results by planar

imaging, however, the accuracy of the respective quantification

process for in-vivo imaging is even more limited due to activity

overlay in this type of image. For 224Ra, data on imaging,

though theoretically possible with the 239–241 keV gamma rays

for 224Ra and 212Pb, and the 73–87 keV gamma rays of 212Pb

and 208Tl have not been published. A feasibility study on how

to quantify the decay product 212Pb by SPECT/CT imaging

was published by Kvassheim et al. (27). However, the direct

comparability of the results of this phantom study with activities

up to 8 MBq to patient studies with [224Ra]RaCl2 is limited. For

example, the [224Ra]RaCl2 activities administered in the patient

study of Groth et al. (5) (maximum 30 MBq over several cycles)

were at least one order of magnitude lower as compared to a

recent clinical study with 212Pb-DOTAMTATE (28) (188 MBq

per cycle for a 75 kg patient), thus hampering reliable image

quantification of [224Ra]RaCl2.

A major concern for the application of radium isotopes to

patients could be diffusion of the first daughter products 219Rn

(half-life: 4 s) or 220Rn (half-life: 56 s). This could lead either

to an increased diffusion of radon away from the binding site

leading to unwanted irradiation of other organs or tissues or

to increased emanation of radon, therefore reducing the energy

deposited in the tumor/lesion.

Lloyd et al. (29) studied the retention, distribution

and dosimetry of injected [224Ra]RaCl2 in six young adult

beagles which were killed 0.04 to 7 days after [224Ra]RaCl2

administration. Their results suggest that, for the beagles, a

fraction of roughly 0.08 of 220Rn or 216Po is produced in vivo

and escapes from the skeleton. Increased in-vivo emanation of
220Rn was not observed in a study by Klemm et al. (30) who

were looking for increased 220Rn exhalation in two AS patients

after therapy with [224Ra]RaCl2.

Why it might be more favorable to use [224Ra]RaCl2 as

compared to [223Ra]RaCl2 to treat solid tumors is shown in

two studies by Arazi et al. (31) and Arazi (32). Although a

different set-up - diffusing alpha-emitters radiation therapy

utilizing implantable sources carrying small activities of 224Ra -

the arguments are applicable also to the case of bone metastases

taking up 224Ra. The released atoms disperse inside the tumor by

diffusive and convective processes, creating, through their alpha

emissions, a high-dose region measuring several millimeter in

diameter about each source. If the decay point of 220Rn is

effectively the starting point for the migration of 212Pb which

may further distribute away from the source, the assessment by

Arazi et al. (31) and Arazi (32) demonstrates that the size of the

region subject to alpha particle irradiation may be expected to be

of the order of millimeters rather than a few dozen micrometers.

This might lead to a more homogeneous dose distribution in

the tumor as compared to 223Ra. Similar findings have been

reported by Napoli et al. in an experimental study with 224Ra-

labeled CaCO3 microparticles (33). These considerations are not

taken into account in any of the absorbed dose calculations until

today (8, 10, 16).

Data on the biological effects by [223Ra]RaCl2 or

[224Ra]RaCl2 are sparse. For
224Ra]RaCl2, only the publication

by Stephan et al. (18) showed radiation dose-related effects

on chromosomal aberrations in peripheral lymphocytes

after repeated treatments. The frequency of chromosomal

aberrations observed during the course of therapy was related

to the absorbed dose to the blood. They also observed, that the

frequency of dicentric chromosomes induced in vivo agreed well

with the corresponding value of dicentrics induced in vitro (18).

For [223Ra]RaCl2 Sciuto et al. showed high dose dependent

increase of the number of dicentrics and micronuclei during

the course of [223Ra]RaCl2 therapy. The authors found a linear

correlation between the absorbed dose to the blood and the

number of dicentrics after repeated treatments.

Our group could show in several publications in peripheral

blood mononuclear cells (PBMCs), by using the γ-H2AX assay

as a marker for DNA double strand breaks, that there is,

after internal ex vivo irradiation, a linear correlation between

the number of alpha tracks induced by [223Ra]RaCl2 and

[224Ra]RaCl2 revealing no difference between the radionuclides

at the same absorbed dose (6, 34). Furthermore the ex vivo

repair kinetics of the DNA damage in PBMCs is similar to the

repair rate when compared to beta irradiation (35). Schumann
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et al. also observed in vivo in 9 patients after treatment with

[223Ra]RaCl2 that the DNA damage is partly repaired (14).

Concerning long-term side effects, Priest et al. (36)

compared, in a reanalysis of the AS patient data of the Wick

study, the higher incidence of radiation-induced cancer with

the fact that the patient treatment resulted decreased pain and

increased mobility. Both of which are associated with decreased

mortality by non-cancer diseases and from all causes of death. In

their analysis they found no excess mortality in the group of AS

patients. According to the authors, “the study demonstrates the

need to consider all causes of death and longevity when assessing

health impacts following irradiation” (36).

With respect to long-term effects of treatment with

[223Ra]RaCl2, stochastic radiation-induced side-effects,

although observed for [224Ra]RaCl2, are less relevant in the

context of cancer treatment of prostate cancer as the median

survival time of patients after treatment is 14 months (1). This

is significantly less than 2 years considered to be the latent

period for induced leukemia or the 8 year average latent period

for induced bone cancer (23, 37, 38). Therefore, presently

the benefit of the treatment of prostate cancer patients with

[223Ra]RaCl2 outweighs the hypothetical risk associated with

this treatment.

Conclusions

When comparing the dosimetry data obtained by model-

based calculations on [223Ra]RaCl2 and [224Ra]RaCl2 or data

obtained by bio-dosimetric methods no major differences are

observed for most organs. For kidneys, liver and blood the

differences, most likely, can be explained by the differing half-

lives of the respective progenies. Due to the difficulties associated

with quantitative imaging of radium isotopes, absorbed doses

derived by imaging procedures are less reliable due to inherent

difficulties of image quantification. Furthermore, in vivo

diffusion by radium progeny particularly in tumors is not well

characterized and might need further experimental verification.

Data on long-term radiation-associated side effects are only

available for treatment with [224Ra]RaCl2. In several studies, an

increased cancer mortality by leukemia and solid cancers was

observed. Similar considerations likely apply to [223Ra]RaCl2

as the biokinetics and the absorbed doses are in the same

range, but this increased risk may not be observed due to the

much shorter life expectancy of prostate cancer patients treated

with [223Ra]RaCl2.
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Stig Palm3
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Gothenburg, Sweden, 3Department of Radiation Physics, Institute of Clinical Sciences, Sahlgrenska
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Astatine-211 (211At) has physical properties that make it one of the top

candidates for use as a radiation source for alpha particle-based radionuclide

therapy, also referred to as targeted alpha therapy (TAT). Here, we summarize

the main results of the completed clinical trials, further describe ongoing trials,

and discuss future prospects.

KEYWORDS

targeted alpha therapy, alpha particle, astatine-211, radionuclide, human, clinical trial

1. Introduction

Astatine was first synthesized at the University of California, Berkley in 1940 (1), and

the first report of its treatment on humans was published as early as 1954 (2). Because

astatine lacks stable or long-lived isotopes, it is named after the ancient Greek word

“astatos’ meaning “unstable’. Astatine is often referred to as “the rarest element on earth”

because only isotopes 214–219 can be found naturally in the earth’s crust in equilibrium

with uranium. It is estimated that there are only ∼0.07 grams present at any given time.

This makes availability an issue. However, substantial amounts of astatine-211 (211At)

can be produced in cyclotrons. The availability, chemistry, and logistics of handling this

rare element have been comprehensively addressed recently (3–6) and will be briefly

mentioned here.
211At has a 100% alpha emission with only one alpha particle emitted per decay,

which prevents unpredictable dose localization caused by the detachment of radioactive

daughters from the carrier vector. This is comparable to other alpha emitters such as

thorium-227 (227Th), radium-223 (223Ra), lead-212 (212Pb), bismuth-212 (212Bi), and

actinium-225 (225Ac), all of which have a long decay series and may suffer from recoil

problems. A half-life (t½) of 7.2 h is also another advantage, with <1% of radioactivity

remaining after 2 days, which may decrease normal tissue exposure, while still being long

enough to be shipped for up to 3 h to perform chemistry/radiopharmacy with enough

remaining activity to use for clinical treatment. This review summarizes the current

clinical experiences with 211At-based treatments, provides an update on ongoing trials,
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and provides perspectives on possible paths thatmay be explored

in the near future.

2. The past

2.1. Summary of the main findings from
completed clinical experiences with 211At

To the best of our knowledge, the first documented use

of 211At in humans was published in 1954, when Hamilton

et al. investigated its potential use in the treatment of thyroid

disorders (2). Thereafter, a case report was published in

1990 where a patient with an inoperable carcinoma of the

tongue received intra-arterially injected 211At-labeled human

serum albumin microspheres as a palliative measure (7). A

few conclusions can be drawn from these very early works

in humans treated with 211At, namely, it can accumulate

in the thyroid tissue, and alpha-emitting nuclides possess

enormous destructive capacity when locally retained. Two

published phase I trials used an intra-cavitary route of

administration, whereby systemic exposure was minimized and

no systemic toxicity could be detected (8, 9). Importantly,

both studies calculated locally high absorbed doses in the

treated volume that was beneficial to the patients. Signs of

this were also found in both studies, with some patients

surviving longer than expected, but with a clear risk of

biased inclusion. These findings should be explored in

correctly designed efficacy-seeking trials. Table 1 summarizes

human experiences and the completed clinical trials performed

so far.

2.1.1. Berkeley, California, USA 1954

Knowing that the halogen iodine can accumulate in thyroid

tissue, the same year that 211At was discovered in 1940, it was

investigated for potential accumulation in thyroid tissues in

guinea pigs. Due to other matters, research in this area was

halted for several years. In 1954 at the Crocker Laboratory

in Berkeley California, Hamilton et al. (2) investigated the

thyroid accumulation of 211At in 7 patients with various

thyroid disorders and one papillary adenocarcinoma with

cervical lymph node metastases. Here, 1.85 MBq 211At was

dissolved in 25mL water and given orally to the patients 13–

22 h prior to surgery to remove the thyroid gland. From this

small data set, it was concluded that the accumulation of
211At in the thyroid glands was relatively higher than that

observed in experiments using rats. Additionally, a correlation

was observed between 211At uptake and stable iodine in the

thyroid tissue. There was no discernible accumulation of 211At

in the cervical lymph node metastases present in the patient

with papillary adenocarcinoma. No toxicity or adverse events

were reported.

2.1.2. Dresden, East Germany 1990

In a case report by Doberenz et al. (7) at the Carl Gustav

Carus University Hospital in Dresden, East Germany, a patient

with an unresectable recurrent carcinoma of the tongue was

treated in 1988 with 200 MBq of 211At-labeled human serum

albumin microspheres that were 15–25µm in diameter. The

radio-conjugate was injected directly into the left lingual artery.

Although the tumor tissue supplied by the artery successfully

became necrotic within a few days, necrosis eventually spread to

the entire tongue. Locally, in the tumor, the dose was calculated

to be 302Gy, and by day 30, no viable tissue was left in

the tongue. At 4 and 20 h post injection, 81 and 64% of the

radioactivity was found in the tongue, respectively. The thyroid

gland was blocked for up-take. In the thyroid, <1 and 3% were

found at 4 and 20 h respectively. A slight depression was found

in thyroid hormone levels, but within normal range. Using

a relative biological effectiveness (RBE) of 7, the lungs were

calculated to receive 5.32 Sv. The patient died on day 43 of

apparent aspiration pneumonia. The autopsy revealed no signs

of pneumonitis in the lungs. Histological examination of the

thyroid gland showed atrophy and fibrosis.

2.1.3. Durham, North Carolina, USA, 2008

In 2008, Zalutsky et al. (9) reported the first completed

clinical trial using targeted alpha therapy with 211At at the

Duke University Medical Center. 211At was conjugated to

the chimeric (human/mouse) mAb, anti-tenascin, and ch81C6.

Tenascin is an extracellular matrix glycoprotein ubiquitously

expressed in high-grade gliomas, but not in normal brain

tissue. This clinical trial was initiated following a series of

well-performed and relevant preclinical investigations with

the construct 211At-ch81C6, demonstrating in vitro cytotoxic

effects (13), in vivo stability (14), tissue distribution after

i.v. (intravenous) and intrathecal administration in mice for

calculation of human radiation doses (15), and investigations

on long-term toxicity and the maximum tolerated activity in

mice (16). Considering that the t½ of 211At is 7.2 h, systemic

exposure and product degradation could be minimized by

choosing a local administration route. Therefore, 211At-ch81C6

was administered into a Rickham reservoir and its catheter was

placed in the surgically created resection cavity.

This phase I dose escalation study (NCT00003461) was

performed between April 1998 and June 2001 to study the

feasibility and safety of locally injected 211At-ch81C6 into the

resection cavity of recurrent brain cancer. This study followed as

a natural extension after promising results were obtained using

beta-particle-emitting constructs with murine-81C6 in similar

clinical situations (17, 18). It was argued that the advantages

of alpha particle vs. beta particle irradiation could prove to be

maximized in this clinical setting, i.e., the risk of small pockets

of remaining malignant cells with a low blood supply. Here, the

alpha particle has the advantages of a lower sensitivity to tumor
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TABLE 1 Completed clinical studies using 211At. (NTC number) is the ClinicalTrials.gov identifier.

Institution,
Reference

Clinical
situation

Nb.
Pts.

Study
Objective

TAT-agent Target Adminis-
tration

Act-
ivity

Toxicity/
e�ect

Duke University

Medical Center,

Durham, USA (9)

(NCT00003461)

Recurrent

surgically resected

glioblastoma

18 Feasibility and

safety

211At-ch81C6 tenascin Surgically

created

resection

cavity

71–347

MBq

MTD, Not

reached

Sahlgrenska

University Hospital,

Gothenburg, Sweden

(8, 10–12)

(NCT04461457)

Relapsed ovarian

cancer

12 Safety, Toxicity

Pharmacokinetics

211At-MX35

F(ab’)2

NaPi2b Intra

peritoneal

34–355

MBq

MTD, Not

reached

Carl Gustav Carus

University Hospital,

Dresden, East

Germany (7)

Recurrent

carcinoma of the

tongue

1 Palliation 211At-labeled

human serum

albumin

microspheres

(15–25µm)

Tumor

vasculature

Intra

arterially

(left lingual

artery)

200 MBq Tumor

necrosis/

tongue

necrosis

University of

California Berkeley

and San Francisco,

USA (2)

Thyroid gland

disorders

8 Tracer study 211At Na+/I−

symporter

(NIS)

Per oral in

25ml water

1.85 MBq Thyroid

uptake was

established

oxygenation and a higher RBE (relative biologic effect) owing

to its high linear energy transfer (LET) and shorter path length,

which would be beneficial and possibly less toxic.

Nineteen patients were enrolled, 18 of which (nine

female) were treated for recurrent brain cancer (glioblastoma

multiforme, n = 14; anaplastic oligodendroglioma, n = 3;

anaplastic astrocytoma, n = 1). One patient was excluded

because of subgaleal leakage seen in the postoperative flow study

with technetium-99 m-labeled albumin. This was performed to

verify the Rickham catheter patency, and to ensure that the

resection cavity was not communicating with the subarachnoid

space (i.e., intrathecal communication). Astatine is a halogen

that shares several chemical properties with iodine, whereby

uptake in tissues expressing the sodium/iodide symporter (NIS)

can be significantly blocked with an excess of iodine. Therefore,

all patients received blocking with daily administration of

potassium iodine and liothyronine sodium (from 48 h. before

initiation to 16 days after the therapy).

Activities of 211At ranged from 71 to 347 MBq and were

conjugated to 10mg ch81C6 and administered in <6mL. Four

activity levels were identified: 71–104 MBq (n = 5), 135–148

MBq (n = 7), 215–248 MBq (n = 5), and one patient received

347 MBq.

No dose-limiting toxicity was recorded, hence themaximum

tolerated dose (MTD) was not identified. Grade 2 headache

(n = 3), expressive aphasia (n = 1), hand numbness (n = 1),

and quadrant anopsia (n = 1) were all possibly attributable

to the treatment. All of these resolved within a few weeks,

except for the visual deficit. No correlation with administered

activity was found. Themost common adverse reaction recorded

during follow-up was seizures (two with grade 2, three with

grade 3 and one with grade 4), but all these occurred during

disease progression and therefore were not considered dose-

limiting. There was one case of aplastic anemia that occurred

5 weeks after a single dose of chemotherapy (lomustine)

was administered, due to recurrent disease 3 months after

treatment with 74 MBq 211At-ch81C6. Furthermore, one patient

developed a second malignancy, an undifferentiated anaplastic

small-cell neoplasm with neuroblastic features in the neck, 8

weeks after treatment with 215 MBq of 211At-ch81C6. None

of these events can be considered due to the treatment, but

it is important to keep in account while more experience

is gathered.

Serial gamma-camera imaging (of the very minute 77

to 92 keV polonium K X-rays emitted during 211At decay)

demonstrated limited catabolism and excellent stability. It was

calculated that 96.7% ± 3.6% of all decay occurred within the

resection cavity, and correspondingly, the total activity in the

blood pool was generally <0.5% ID (injected dose) at all time

points up to 24 h. It was concluded that this therapy was feasible

and could be delivered safely. Although there were few patients

and a risk of biased inclusion, the median overall survival rate

of 52 weeks for the glioblastoma patients treated was superior to

the literature data.

2.1.4. Gothenburg, Sweden, 2009

From February 2005 to March 2011, 12 patients with

recurrent ovarian cancer were treated with 211At-MX35-F(ab’)2,

at the Sahlgrenska University Hospital in Gothenburg Sweden,

as first reported by Anderson et al. (8) in 2009. MX35 is a

murine IgG mAb targeting the NaPi2b (SLC34A2) cell surface

glycoprotein, which is expressed in >90% of human epithelial

ovarian cancers.
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Radioimmunotherapy based on a beta-emitting

radionuclide (yttrium-90) has previously failed to show an

effect on overall survival (OS) in a phase 3 randomized trial

aimed at preventing local relapse in small-scale disease ovarian

carcinoma (19). As shown by biokinetic modeling (20), part

of the failure could be because beta-emitting therapy does not

reach a sufficiently high dose to eradicate single cells or small

cell clusters, which is believed to be the reason for relapse.

Numerous preclinical studies have demonstrated dramatic

effects using alpha-particle-emitting radionuclides to treat

small-scale diseases in mouse models with peritoneal growth

of ovarian cancer (21–23). Organ tolerance for the kidney and

peritoneal lining, as well as the RBE for bone marrow, were

separately investigated in mice using the radiation-sensitive

BALB/c strain (24–26).

The aim of this dose-escalation study (NCT04461457)

was to investigate the safety and pharmacokinetics of 211At-

MX35 F(ab’)2 using a 3+3 design. To mimic the gross

tumor-free adjuvant situation with an undisturbed peritoneal

lining, only patients with recurring epithelial ovarian cancer

treated with salvage chemotherapy to achieve complete or

good partial remission were included. A total of 12 patients

were treated with one intraperitoneal (i.p.) infusion of 211At-

MX35 F(ab’)2 in 1–2 L of Extraneal R© solution, which was

evacuated after 24 h. The treatment was well-tolerated and

escalated from 20 to 215 MBq L−1 without any dose-limiting

toxicities. The most frequent toxicities were low grade, related

to the catheter procedure, and generally resolved within a

few days; one grade 4 toxicity was due to perforation of

the small intestine after catheter insertion (10). No link was

found between registered toxicity and radiation exposure. Some

patients experience fatigue and nausea, which are known to

be frequent radiation-induced side effects. However, these

side effects could also be explained by the procedure due to

frequent around-the-clock blood sampling, imaging, and the

extended abdomen, making low-grade insomnia frequent. No

late toxicities were found for thyroid, renal, or bone marrow

function. One patient had a new malignancy 2.7 years after

treatment, which was later diagnosed as Lynch syndrome (10).

Pharmacokinetics with corresponding calculations of normal

tissue dose showed low doses (11), which corresponds well

with the absence of hematological and biochemical changes

(8, 10). By not using thyroid blocking agents in the lowest

activity cohort, the thyroid uptake of free 211At and estimation

of the effect of blocking could be performed (8). The following

patients received potassium perchlorate 200mg twice daily from

day−1 to day 2.

The absorbed doses for this treatment were calculated (11)

and amounted to >2 Sv for 200 MBq L−1. However, the term

effective dose should not be used for any radiotherapy as stated

by the International Commission on Radiological Protection

(ICRP) (27) and, for alpha-particle irradiation, a conservative

radiation weighting factor of 20 is applied, whereby the risk

might be overestimated. To circumvent the problem of an

unknown weighting factor, another epidemiologically based

approach was used (12). Here, organ-dose data from the same

phase I study were used together with published data on cancer

development following exposure to alpha-particle-containing

medication. Using this epidemiologically based method, the

risk of secondary cancers following i.p. therapy with 211At-

mAb was estimated. The resulting estimates varied from 0.11

to 1.84 excess cases per 100 treated (by the i.p. route with 200

MBq L−1 of 211At-mAb), depending on the use of various

assumptions made (e.g., age at treatment, low-LET equals high-

LET, or competing risk due to stage of disease) (12). Thus,

when developing an adjuvant treatment, in the absence of acute

toxicity, the presented excessive relative risk per Gray (ERR/Gy),

on an organ basis, should be valuable to incorporate in the

recommended phase 2 activity, and it may direct the focus of

optimization of the therapy to where dose reductions could be

most valuable.

3. The present

3.1. Summary of the ongoing clinical
trials with 211At

Seven ongoing clinical trials with 211At are summarized

in Table 2. Two of these have recently opened in Japan: at

Osaka University Hospital [211At] NaAt is being investigated in

patients with differentiated thyroid cancer, and at Fukushima

Medical University 211At-MABG (Meta-astatobenzylguanidine)

in patients with malignant pheochromocytoma. There are five

early phase clinical protocols with 211At-based radionuclide

therapy at the Fred Hutchinson Cancer Center in Seattle,

as posted on ClinicalTrials.gov (28). The common theme

of the Fred Hutchinson trials is to improve outcomes after

hematopoietic cell transplantation (HCT). Two approved

constructs are currently under investigation, anti-CD45 (211At-

BC8-B10) and anti-CD38 (211At-OKT10-B10). The rationale

for these clinical trials is logical and relates to the possible

ability of alpha particles to eradicate single cells and limit the

dose to surrounding healthy tissues. The underlying hypothesis

of these clinical trials is that the addition of highly directed

cytotoxicity of 211At to a reduced-intensity conditioning

regimen prior to HCT will reduce both late complications

and early toxicity, which are frequent following high-dose

systemic conditioning (29, 30). In addition to the 7 protocols

described here, in Philadelphia, USA, an investigator-initiated

dose-escalation trial with 211At-MABG in relapsed or primary

refractory neuroblastoma is planned, which is scheduled to use

the “rolling six phase I trial design” (31). Also, in Gothenburg,

Sweden, we are in the end stages of concluding the necessary

workup to continue i.p. treatments in ovarian cancer using a

new 211At-construct.
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TABLE 2 Ongoing and planned clinical trials with 211At. (NTC number) is the ClinicalTrials.gov identifier.

Institution,
reference

Clinical situation Planned
size

(nb Pts.)

Study
objective(s)

TAT-
agent/
Carrier

Target Primary
outcome

Fred Hutchinson Cancer

Center, Seattle, USA

(NCT04466475)

Multiple Myeloma 24 Feasibility and

safety

211At-OKT10-

B10

CD38 MTD

Fred Hutchinson Cancer

Center, Seattle, USA

(NCT04579523)

Multiple Myeloma 30 Dose escalation 211At-OKT10-

B10

CD38 MTD

Fred Hutchinson Cancer

Center, Seattle, USA

(NCT04083183)

HCT for non-malignant

disease

40 Dose escalation 211At- BC8-B10 CD45 Graft rejection

Fred Hutchinson Cancer

Center, Seattle, USA

(NCT03670966)

High-risk acute leukemia

or MDS

30 Dose-escalation 211At- BC8-B10 CD45 Toxicity

Fred Hutchinson Cancer

Center, Seattle, USA

(NCT03128034)

High-risk AML, ALL,

MDS or

Mixed-phenotype acute

leukemia

50 Dose-escalation 211At- BC8-B10 CD45 Toxicity, MTD

Osaka University Hospital,

Suita, Japan (NCT05275946)

Thyroid cancer 11 To establish

recommended

dose for Phase

II trial

[211At] NaAt NIS Treatment-

related adverse

events

Fukushima Medical

University, Japan

Malignant

pheochromocytoma

Up to 18 Dose escalation 211At-MABG Norepinephrine

transporter

Toxicity, MTD

HCT, Hematopoietic cell transplantation.

3.1.1. Seattle, USA anti-CD45

At the Fred Hutchinson Cancer Center in Seattle, translation

of preclinical findings with the anti-CD45 murine IgG1

monoclonal construct 211At-BC8-B10 has so far generated

three early-phase clinical protocols that are enrolling patients

(NCT03128034, NCT03670966, and NCT04083183). CD45 is

expressed at high levels on the surface of all nucleated

hematopoietic cells and is not internalized when bound

to BC8-B10. The preclinical workup could demonstrate

promising results using a canine transplantation model (32–34).

Additionally, the work and data needed to obtain current good

manufacturing practice (cGMP) for this radiopharmaceutical

have been published (30). The NCT03128034 trial aims to

evaluate escalating doses of 211At-labeled anti-CD45 mAb BC8

(211At-BC8-B10) followed by allogeneic HCT for high-risk

acute myeloid leukemia (AML), acute lymphocytic leukemia

(ALL), or myelodysplastic syndrome (MDS). It is similar in

size (n=40) and the outcome measures to the NCT03670966

phase I/II trial using the same construct (211At-BC8-B10)

followed by donor stem cell transplantation in the treatment

of patients with relapsed or refractory high-risk acute leukemia

or MDS, but differs in patient population, transplantation, and

conditioning regimen.

Preliminary results were presented for the first 20 patients in

the dose-escalation study with 211At-BC8-B10 (NCT03128034)

(35). Here, older or medically infirm adult patients with

refractory/relapsed leukemia or high-risk MDS received 211At-

BC8-B10 i.v. for 6–8 h one week before donor HCT. The

conditioning treatment included fludarabine and total body

irradiation (TBI) at 2–3Gy. TheMTDwas defined as the primary

endpoint toxicity (grade III or IV Bearman regimen-related

toxicity) within the first 100 days after transplantation. The

secondary endpoints include various measures of efficacy, and

50 patients can be enrolled. A single-patient dose escalation of
211At in increments at 1.85 MBq kg−1 ideal body weight was

used until encountering the first dose limiting toxicity (DLT)

at 20.35 MBq kg−1 (a bilirubin elevation), therefrom a stage 2

escalation commenced starting at 18.5 MBq kg−1 in cohorts of

4. The authors concluded that the preliminary efficacy data of

a 1-year overall survival of 43% and recurrence-free survival of

35% support further exploration of 211At-BC8-B10 in HCT for

patients with high-risk AML and MDS.

The NCT04083183 phase I/II trial “Total Body Irradiation

and Astatine-211-Labeled BC8-B10 Monoclonal Antibody for

the Treatment of Non-malignant Diseases” plans to enroll

40 patients to study the best dose of total body irradiation

with the 211At-BC8-B10 monoclonal antibody as reduced

intensity conditioning prior toHCT. This concept was addressed

in a canine model of transfusion-induced sensitization and

marrow graft rejection, demonstrating that the addition of
211At-anti-CD45 mAb to conditioning may overcome graft

rejection in non-malignant diseases treated with allogeneic
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transplantation (36, 37). In this clinical study,211At- BC8-

B10 will be administered prior to induction chemotherapy

(fludarabine cyclophosphamide and thymoglobulin) + TBI to

patients with non-malignant diseases undergoing HCT. The

primary endpoint is graft rejection, and secondary endpoints

include transplant relatedmortality, overall survival (OS), donor

chimerism, and the rate of acute and chronic graft vs. host

disease (GVHD). No results from this study have yet been

reported, but the two trials NCT03128034 and NCT04083183

have treated 43 patients as of July 2021 (38).

3.1.2. Seattle, USA, anti-CD38

The two trials using the murine IgG1 anti-CD38 mAb

OKT10 (NCT04466475 and NCT04579523) have similar

treatment settings to the anti-CD45 trials: that is, they are

aiming to treat small cell clusters or single cells, but anti-

CD38 targets the malignant cells. Thus, the treatment aim is

to achieve eradication of multiple myeloma minimal residual

disease (MRD). The CD38 antigen is a good target expressed on

malignant plasma cells, regardless of mutational status (39, 40).

Cell binding and cytotoxicity from in vitro studies, favorable

biodistribution, and in vivo data on efficacy using mouse models

of both bulky disease and low disease burdens have been

reported (41).

The NCT04466475 trial is active and recruiting. In this trial,

escalating doses of 211At-OKT10-B10 combined with melphalan

as conditioning prior to autologous HCT in patients with

multiple myeloma will be tested in 24 patients who have received

at least three prior lines of therapy. The primary endpoint,

MTD, is defined as a DLT probability of 25% of subjects. The

secondary endpoints are response rate, duration of response,

overall survival (OS), progression-free survival (PFS), and rates

of MRD using flowcytometry, next generation sequencing,

and functional imaging with positron emission tomography-

computed tomography (PET-CT).

In the NCT04579523 trial, escalating doses of 211At-OKT10-

B10 followed by HLA-matched or haploidentical donor HCT for

high-risk multiple myeloma will be investigated in 30 patients,

assigned to one of the two arms, differing in transplant and

conditioningmatters. The primary endpoint isMTD. It is posted

on ClinicalTrials.gov with the status of “Not yet recruiting” as of

October 2022.

3.1.3. Osaka, Japan, [211At] NaAt in thyroid
cancer

Iodine is taken up by the thyroid cells by the NIS and so is

astatine because of the chemical similarities, both being halogen

isotopes. Currently, patients with differentiated thyroid cancer

may be treated with radioactive iodine 131I. Research at Osaka

University could demonstrate improved radiochemical purity

and increased uptake of astatide in differentiated thyroid cancer

cells by adding 1% ascorbic acid to the 211At solution, thereby

stabilizing the oxidative state of 211At (42). Preclinical toxicity

analysis (43) and a formal extended single-dose toxicity study

were performed with the aim of initiating a clinical trial (44). In

addition, helpful accompanying guidelines focusing on radiation

safety have been published (45).

This investigator-initiated clinical trial (NCT05275946) in

patients with differentiated thyroid cancer using the targeted

alpha therapy drug TAH-1005 ([211At] NaAt) has opened for

inclusion this year and so far, includes three of the 11 planned

patients. This dose-escalation phase I study using a single i.v.

administration of TAH-1005 is performed in patients with

differentiated thyroid cancer (papillary and follicular cancer)

that lack response to standard treatment. The escalating starting

dose is 1.25 MBq kg−1, with an upper limit of 10 MBq kg−1.

Safety, pharmacokinetics, absorbed dose, and efficacy will be

evaluated to determine the recommended dose for a phase II

clinical trial.

3.1.4. Fukushima, Japan, 211At-MABG

In the mid-1990s, Meta- [211At] astatine-benzylguanidine

([211At] MABG) was shown to have superior effects to 131I-

MIBG in the treatment of xenografted human neuroblastoma

cells (46). Both of these constructs are false analogs of

norepinephrine and are taken up by cells that express

the norepinephrine transporter, which is also expressed

in pheochromocytoma.

At Fukushima Medical University Hospital, a dose

escalation phase I trial has started with 211At-MABG in patients

with malignant pheochromocytoma or paraganglioma. It is

based on preclinical studies, where [211At] MABG demonstrated

therapeutic effects in malignant pheochromocytoma (47), and

an investigation of acute toxicity further supported the

advancement to a clinical trial (48). Also, a handling guideline

for this 211At construct has been published (49). The study

will use the 3 + 3 study design, starting with i.v. 0.65 MBq

kg−1 and potentially escalate to 1.3 MBq kg−1 and 2.6 MBq

kg−1, depending on toxicity. The primary endpoints are safety,

to establish MTD, and to determine the recommended phase

II dose. The secondary endpoints include pharmacokinetics,

urinary radioactivity efflux rate, and measures of efficacy:

urinary catecholamine response rate, overall response rate, and

PFS. This study may enroll up to 18 patients.

4. The future

4.1. Clinical situations regarding the use
of 211At

A selection of preclinical studies where 211At has been

coupled to various vectors and their respective targets is
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TABLE 3 A selection of studies with various vectors that have been labeled with 211At. (IgG, immunoglobulin G).

Malignancy Target TAT-agent (Vector type) Ref.

Colon cancer Lewis Y BR96 (IgG) (50, 51)

Glioma VEGFR and

integrins

iRGD-C6-lys-C6-DA7R (heterodimeric peptide) (52)

Neurokinin

receptors 1–3

Substance P (peptide) (53)

LAT1 Phenylalanine (54)

Tenascin ch81C6 (IgG) (15)

Head and neck cancer CD44vs6 U36 (IgG) (55)

Leukemia CD20 Rituximab (IgG) (56)

CD45 30F11 (IgG) (34)

CD45 BC8 (IgG) (33)

CXCR4 Anti- CXCR4 (IgG) (57)

Lymphoma CD20 1F5 (IgG) (58)

CD33 Gemtuzumab (IgG) (56)

Lung, neuroendocrine SSTR2 Octreotide (59)

Melanoma Methylene blue (60)

Multiple myeloma CD38 OKT10 (IgG) (41)

CD138

(syndecan-1)

9E7.4 (IgG) (61)

Neuroblastoma PARP1 Parthanatine (1-(4-astatophenyl)-8,9-dihydro-2,7,9a-

triazabenzo[cd]azulen-6(7H)-one)

(62)

Neuroblastoma, Pheochromocytoma Norepinephrine

transporter

Meta-benzylguanidine (MABG) (46, 47)

Ovarian FRα MOv18 (IgG) (63)

Farletuzumab (IgG) (64)

NaPi2b MX35 (F(ab’)2) (65)

MX35 (IgG) (66)

Ovarian, gastric, breast cancer HER2 Trastuzumab (IgG) (67, 68)

2Rs15d (Nanobody) (69)

5F7 (single-domain antibody) (70)

Various HER2/CEA C6.5 & T84.66 (diabodies) (71)

Prostate PSMA (2S)-2-(3-(1-carboxy-5-(4-211At-astato-benzamido)

pentyl)ureido) pentanedioic acid

(72)

PSCA A11 (Minibody) (73)

GRPR Bombesin (74)

Thyroid / NIS expressing tumors NIS Astatide (75–77)

Various - Gold nanoparticles (78)

summarized in Table 3. A few of these 211At-conjugates have

been, or are currently being, tested in early clinical trials,

as discussed in Sections 2 and 3. Most of these constructs

are potential candidates for translation into clinical trials, and

other vectors will surely appear. It is difficult to predict the

clinical success using preclinical data. Many drug candidates

with high efficacy in small-animal models have failed in humans.

Therefore, rather than attempting to predict results, we show

possible situations and conditions where alpha-particles and

particularly 211At-based therapies can be of value.
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4.1.1. Personalized medicine

In recent years, the concept of precision medicine has

gained increased attention owing to the development of

specific drugs associated with defined genetic alterations in

several tumor types. Examples include EGFR, ALK, ROS1

and RET alterations in non-small cell lung cancer, rendering

tumors susceptible to tyrosine kinase inhibitors (79), or

high microsatellite instability/deficient mismatch repair (MSI-

H/dMMR) in gastrointestinal tumors, which is associated

with response to PD1 inhibition (80). This has led to an

overall belief in precision medicine as a general principle of

individual patient management. Precision medicine, sometimes

also called personalized medicine, primarily refers to the

use of a patient’s individual tumor information (e.g., genes

or proteins) to guide diagnostic, treatment, or follow-up

related decisions.

In radiotheranostics (81, 82), molecular imaging for

diagnosis and staging, primarily PET-CT and single-photon

emission computed tomography (SPECT), is combined with

targeted radionuclide therapy at a later time point. It can

use small molecules, peptides, or antibodies as carriers for

therapeutic radionuclides, characteristically those emitting

α-, β-, or auger-radiation. This radio-pharmacological

personalization includes somatostatin receptor positivity in

neuroendocrine tumors associated with the efficacy of 177Lu-

DOTATATE/DOTATOC or PSMA-positive prostate cancer

treated with the same radionuclide but with a different vector.

The individual approach is likely to play an important role in

the development of 211At associated treatment to increase the

risk-benefit ratio and expand the treatment strategy to further

tumor diagnosis or stages.

4.1.2. Adjuvant therapy

Following primary therapy for a malignancy, most often

surgery, small-scale disease may go undetected leading to

recurrence. The risk of relapse is dependent on the type of

malignancy and the disease stage at the time of treatment.

This risk can be lowered with adjuvant therapy such as

local post-operative external radiation therapy, pharmaceutical

therapy, or endocrine therapy. Various adjuvant therapies are

used for the most frequent malignancies, such as breast,

colorectal, and lung cancers. Although there is a clear effect

on survival, in the case of colon cancer, at most, about 30% of

patients with micrometastases are cured by the chemotherapy

given (83). Comparably low, or even lower, figures apply for

breast and other adjuvant therapies regarding the total efficacy

of adjuvant chemotherapy. Therefore, adjuvant therapy of

small-scale disease using alpha-emitting radionuclides directed

to malignant cells offers an appealing treatment approach

because of the high LET and short path length of the alpha

particles, which may prove more efficient than current standard

treatments and with limited toxicity.

4.1.3. Adjuvant therapy aimed on single cells

Targeted 211At might hold great promise as an adjuvant

therapy for eradicating single cells or micrometastases

remaining following primary therapies. In this setting, a much

higher fraction of the radiation energy emitted from 211At will

be deposited in the cancer cells compared to any other beta

emitter. Accordingly, the tumor-to-healthy tissue ratio favors
211At therapy. An even better ratio has been reached for some

loco-regional therapies. A good example is intraperitoneal
211At-radioimmunotherapy, where the calculated absorbed

dose to single tumor cells and micrometastases is >20Gy, while

the bone-marrow receives <0.05Gy (11). The low bone marrow

dose was partly due to the addition of an osmotic agent that

slows the transport of 211At-mAb from the peritoneal cavity

into the circulation (20).

4.1.4. Gross tumor treatment

Gross tumors, that is, macroscopic tumors, are commonly

defined as tumor masses that can be detected and measured

using imaging techniques, such as CT, MRI, or PET-CT.

Treatment can be used for both primary and relapsed diseases.

If relapse occurs at a different location from the primary site,

it is referred to as metastatic disease. Until recently, metastatic

disease had been considered an incurable situation for most

epithelial malignancies, but this might be changing with the use

of more molecular-based individual treatments. However, non-

curability does not mean that a treatment is in vain. The balance

between treatment-induced acute side effects and tumor effects

should preferably favor low-toxicity treatments. Therapy based

on 211At (short half-life, no serial alpha-daughters in the decay

chain) may offer such treatment options.

4.1.4.1. Fractionation

Diffusion and short t½ are arguments often used to suggest

that 211At-based therapy might have a limited potential for

success when aiming to treat larger tumor masses. Such

limitations might be overcome by introducing a fractionated

regime, which allows for lower cumulative bone marrow and

kidney doses. This was observed in a preclinical study (84),

where fractionated i.v.- radioimmunotherapy (RIT) completely

eradicated small solid tumors when the cumulative tumor dose

was >10Gy. Interestingly, small-scale alpha imaging in this

study revealed a markedly heterogeneous intratumoral dose-

rate distribution even at relatively late time points after the

injection. Pre-targeted regimens have been shown to strongly

improve intratumoral diffusion and distribution of short-lived

alpha-emitters at very short time points (85).

4.1.4.2. PRIT

In contrast to radioimmunotherapy (RIT), pre-targeted

radioimmunotherapy (PRIT) combines the ability of antibodies

to target specific antigens expressed on tumor cells with
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the pharmacokinetic profile of a radiolabeled small molecule

(effector molecule). This is used in a multistep delivery

system that allows a decrease in the circulation time of

radionuclides, which may reduce the dose delivered to healthy

tissues. Importantly, this will facilitate the use of short-

lived radionuclides that might otherwise be incompatible

with antibody-based vectors (86, 87). PRIT presents added

complexity in terms of dosing protocol optimization, pre-

targeting intervals, and drug manufacturing. At least two

products need to be developed, and perhaps a third, a

clearing agent, that is needed to remove or at least reduce

the unbound blood fraction from the circulation before

injecting the therapeutic effector (88). Over the years, several

approaches that rely on different in vivo ligation mechanisms

have emerged. The two most studied are the non-covalent

interactions of the streptavidin-biotin system and bispecific

antibodies that can bind both to the tumor antigen and

to a radiolabeled small molecule. Clinical investigations of

both strategies have confirmed the utility of the pre-targeting

approach in overcoming the high overall normal tissue radiation

doses of conventional RIT (89–93) and that significant tumor

doses can be achieved (87).

Other approaches include hybridization of complementary

oligonucleotides and the biorthogonal inverse electron demand

Diels-Alder (IEDDA) click reaction (87). Preclinical data have

shown excellent potential for the clinical translation of PRIT

based on the IEDDA approach (94), and clinical studies will

soon be attempted (90). Complementary oligonucleotides also

demonstrate high potential for application owing to some

modifications to the oligomer scaffolds to prevent their in

vivo degradation (86). Each approach has its own set of

advantages and disadvantages, the challenge with PRIT lies

in it being a multistep process that is difficult and costly to

develop. However, PRIT has demonstrated increased value in

permitting optimized reagent dosing, solving the challenge of

the relatively high radiation burden on healthy tissue that

has repeatedly been associated with the use of beta-emitting

radioimmunoconjugates in RIT. In alpha particle-based RIT,

the main benefit may lie in better tumor penetration and

accompanying higher tumor doses.

4.2. Anatomical considerations

4.2.1. Systemic treatment

Systemic treatment generally means that the drug reaches

the tumor through the blood. This route of radiation delivery

is needed if the malignancy initially spreads through the

bloodstream. Therefore, malignancies with a high risk of liver,

lung, or bone marrow metastasis are likely to be well-suited for

systemic delivery. Logistically, it is a good administration route

because of the ease of access; however, when the activity is at its

highest, all normal organs are exposed to unspecific irradiation

in proportion to the organ blood flow. This drawback is more

pronounced when radionuclides with shorter t½ values are used.

4.2.2. Intra cavitary treatment

The first two clinical studies used an intra cavitary treatment

situation (8, 9). By doing so, normal organ exposure can be

significantly reduced, which increases the therapeutic window.

This is the logical choice if the main clinical problem is local

regrowth or relapse.

4.2.2.1. Abdominal cavity – i.p. treatment

Ovarian cancer is an archetypical malignancy with a high

rate of intraperitoneally relapses, even after successful surgery

and chemotherapy. In fact, ∼70–80% of patients with epithelial

ovarian cancer will develop disease relapse (95). However,

in gastric, colorectal, and pancreatic cancers, i.p. directed

therapy can be useful to reduce local recurrences and associated

morbidity. High rates of peritoneal recurrence are for example

common following gastric cancer surgery, ranging from 35 to

60% (96). In colon cancer, the incidence of peritoneal metastases

during follow-up has been estimated to be 70–80% if positive

resection margins or peritoneal nodules are detected during

surgery (97, 98). Moreover, pancreatic cancer has a high risk

of eventually developing peritoneal metastases, with ∼10% in

first recurrences but up to 40–60% in advanced stages (99).

Thus, the clinical trial in ovarian cancer with 211At based

radioimmunotherapy (section 2.1.4) may be followed by trials

in other clinical malignancies using a similar treatment set-up.

4.2.2.2. Fluid evacuation

Preclinical studies of i.p.-RIT have shown that an improved

therapeutic window could be achieved with an accelerated

post-administration fluid evacuation and performing peritoneal

flushing (100, 101). Using this strategy, the normal tissue organ

uptakes was significantly decreased, while the tumor uptakes

was preserved (100). This corresponded to an increase in the

tumor-to-normal-tissue mean absorbed dose-rate ratio (TND)

for blood from 1.7 to 6. This concept was also evaluated in a

study using the short-lived alpha-emitter 213Bi, where the TND

for blood increased from 1.3 to 6 (101).

4.2.2.3. Spinal canal, ventricular system

-intrathecal treatment

Besides the intra cavitary treatment used in the first 211At

clinical trial (section 2.1.3), other central nervous system (CNS)-

located diseases such as neuroblastoma or leptomeningeal

metastases have been treated with radioimmunotherapy to

achieve better control of minimal residual disease. Intrathecal

targeted radiation was introduced at the Memorial Sloan-

Kettering Cancer Centre (MSKCC) in New York. Clinical

studies have so far involved electron-emitter 131I conjugated to

murine 3F8 (anti-GD2) or 8H9 (anti-B7H3) antibodies (102–

104). To this end, the MSKCC team has published several
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pharmacokinetic models of intrathecal RIT (105–108). They

also modeled alpha-emitter 225Ac and stated that “as new

novel radioisotopes and their microdosimetry become available,

further improvement in the pharmacokinetic modeling of

CNS-RIT modality should refine this emerging therapy to

fit the clinical context” (105). Indeed, recently presented

pharmacokinetic models and calculated microdosimetry for

intrathecal administered 211At-labeled 3F8 and 8H9 antibodies

are promising (109).

4.2.2.4. Other intra cavitary treatments

Local therapy is, as shown above, an attractive and feasible

treatment option. Therefore, in addition to the discussed

intraperitoneal and intrathecal body cavities, local treatment

may be envisioned in the pleural space following, for example,

surgery for mesothelioma, or in palliative care to reduce

malignant effusions in the abdomen or pleural cavity by using

an appropriate vector with successful stable 211At chemistry.

4.3. Modeling to enhance the therapeutic
window

Models of 211At-radioligand binding and retention to

cancer cells (110) combined with microdosimetry (111) and

biokinetic models (20) have generated proposals that may

optimize radionuclide therapies in the above-mentioned clinical

situations. Examples include the use of an osmotic agent in

intraperitoneal radioimmunotherapy, mainly to reduce bone

marrow absorbed doses (20). Another suggestion frommodeling

is to add a “cold,” i.e., non-radiolabeled, antibody as a post-

therapy boost aiming at increasing the absorbed dose to the core

of slightly larger microtumors (110).

4.4. Vectors and radiolabeling with 211At

4.4.1. The chemistry

Most alpha-emitting radionuclides are radiometals, for

which metal chelators can be used for radiolabeling targeting

vectors, whereas 211At is a radio-halogen. Generally, halogen

properties can be applied in astatine labeling chemistry, but

in contrast to iodine chemistry, they cannot be applied in

the direct labeling of proteins (112). It was found very early

on that both the chemistry and in vivo behavior of astatine

were different from those of iodine (113, 114), the closest

neighbor in the halogen group. Although astatine is a halogen,

it also has metallic properties. However, no efficient chelator

has been developed for astatine. The chemistry of astatine has

been difficult to fully elucidate, to which its low availability

has contributed negatively. However, with the increased interest

in its use in TAT, much effort has been made to understand

its properties in recent years (5). In principle, two main types

of bonds are used for astatine labeling: covalent bonds to

aromatic groups and binding to boron cages (115, 116). Several

different methods for covalent bonding of astatine have been

developed such as the use of boronic acid leaving groups and

iodonium salts; however, the most commonly used and well-

established method is electrophilic destannylation of an aryl

organo-tin group (5, 117). For the radiolabeling of proteins

and other vectors, the most common approach is the use of

an intermediate bifunctional reagent that includes an amino

directing group for conjugation to the vector, for example, an

aryl organo-tin group for labeling with 211At (118). The issue

of in vivo stability is strongly connected to the radiochemistry

methodologies used with astatine. A number of animal studies

using 211At have observed that uptake in normal organs, such as

the stomach, spleen, and lungs, was elevated. In most cases, this

is likely due to in vivo deastatination. Much effort has been put

into improving the radiolabeling methods for 211At (5).

4.4.2. Vectors

A wide range of vector types have been radiolabeled with
211At. Table 3 provides a non-comprehensive summary

of these examples. Antibodies have been one of the

main vectors for guiding 211At to the tumor site, and

basically all types of antibodies can be astatinated using the

intermediate reagents discussed above. However, although

alpha-radioimmunotherapy with 211At is well-suited for

local compartment applications such as intracavitary or

intraperitoneal treatments, general treatments using a systemic

administration route (generally i.v.) are limited by a slow

distribution to the tumor tissue and the clearance rate of

antibodies, resulting in slow accumulation in the tumor. To

circumvent the unfavorable pharmacokinetics of radiolabeled

antibodies, pre-targeting techniques (see above section on

PRIT) can be employed. In addition, pharmacokinetics can be

optimized utilizing smaller protein vectors, such as nanobodies

or minibodies, to better match the half-life of 211At. In addition,

small astatinated organic molecules, such as phenylalanine

and MABG (Table 3), display a significantly faster distribution

pattern than antibodies. With both these types of constructs,

one must take clearance through the kidneys into account to

avoid nephrotoxicity.

4.5. Treatment availability

4.5.1. Nuclide production

Astatine is one of the rarest elements on Earth; therefore,
211At must be artificially produced. The main production

route today is to irradiate a bismuth-209 target in a cyclotron

capable of producing a 28 MeV alpha beam. The alpha beam

transforms the target bismuth into 211At by the nuclear reaction
209Bi(α,2n)211At (119). Astatine-211 can also be produced by
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heavy-ion irradiation of bismuth using the nuclear reaction
209Bi(7Li,5n)211Rn and subsequently using211Rn as a generator

of 211At (3, 120). Isolation of astatine from the spallation

reaction is also possible. Comparing the production routes,
209Bi(α,2n)211At is the most straight forward and is likely to be

the main route to prevail (3, 4). Currently there are 13 cyclotron

facilities that produce 211At (3). However, several efforts have

been made to increase the capacity to meet the demand of
211At. Approximately 30 production sites are or will shortly

be available. Currently, three manufacturers are producing

medium-energy cyclotrons with the capacity of an alpha beam.

The Ion Beam Applications (IBA) in Belgium, has the multi-

particle machine Cyclone 30XP in stock. Sumitomo (Japan)

produce the MP-30 cyclotron. Although not yet on the market,

Ionetix (USA), is developing new mono-energetic machines for
211At production. In addition to cyclotron production, linac

production has also attracted attention (121). Linac machines

can apply a very high current to the target and potentially

produce high amounts of 211At. However, the main hurdles

to overcome with linac production are few facilities (i.e., beam

time) and targetry.

4.5.2. Logistics

The logistics of this type of treatment, utilizing a relatively

short-lived nuclide, concern several factors that carry different

importance depending on geographical location and national

nuclear medicine healthcare traditions. Various local logistical

concerns may include the produced nuclide itself, either as

a target or a purified fraction, the radiolabeled precursor,

the completely synthesized radiopharmaceutical, the patient

to be treated, or a combination of these. This creates a

complex system where no single solution fits all, as recently

reviewed (3, 4). Importantly, the clinical trial performed in

Gothenburg, Sweden, received the 211At from the cyclotron

at Rigshospitalet, in Copenhagen, Denmark, proving that a

production site can be situated up to approximately 3 h

away from the where the radiopharmacy and treatment

takes place (8). However, for routine clinical treatment with

an astatine-containing radiopharmaceutical, there is a need

for automatic recovery of the produced nuclide from the

solid target as well as the subsequent radiopharmaceutical

synthesis. Several research groups have identified this need,

and efforts have been made to automate nuclide recovery

with wet extraction (122), solid-phase extraction (123), and

dry distillation in combination with radiopharmaceutical

synthesis (124).

4.5.3. Collaborative initiatives

In Europe, the EU-funded project Network for Optimized

Astatine labeled Radiopharmaceuticals (NOAR) was started in

2020, supported by the funding organization of the European

Cooperation in Science and Technology (COST). NOAR has

addressed the specific question of the future logistics of astatine-

based radiopharmaceuticals in terms of production capacity,

recovery processes, and transnational movement of patients

to specific treatment nodes (125). In the United States, the

U.S. Department of Energy (DOE) has a specific isotope

program where the National Isotope Development Centre is

set out to “support the US Department of Energy Isotope

Program as the global leader in the production and distribution

of radioactive and enriched stable isotopes that are deemed

critical or are in short supply,” and where one of the

nuclides in focus is 211At (126). In Japan 211At based

research has been very efficacious, and two clinical trials have

been initiated within a short period of time. Part of this

success is due to the creation of a nationwide supply chain

from five 211At production facilities to more than 18 end-

user facilities.

4.6. Summary

Only two clinical trials have been performed to date, but

presently, seven different protocols are underway, and two more

may be starting within a short period. To date, all performed

and scheduled trials are small safety or dose-finding trials, and

none have a control population. Hopefully, larger effect-seeking

studies, preferably randomized studies, will likely start within

a few years once the recommended phase 2 dose has been

set. Collaborative initiatives that have started in Europe, Japan,

and the USA will facilitate and focus on ongoing research. If

joined, these collaborations could clearly aid in the launch of

international multicenter controlled clinical trials with 211At-

based radiopharmaceuticals.
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Targeted alpha therapy (TAT) is a promising approach for addressing unmet

needs in oncology. Inherent properties make α-emitting radionuclides

well suited to cancer therapy, including high linear energy transfer (LET),

penetration range of 2–10 cell layers, induction of complex double-stranded

DNA breaks, and immune-stimulatory effects. Several alpha radionuclides,

including radium-223 (223Ra), actinium-225 (225Ac), and thorium-227 (227Th),

have been investigated. Conjugation of tumor targeting modalities, such

as antibodies and small molecules, with a chelator moiety and subsequent

radiolabeling with α-emitters enables specific delivery of cytotoxic payloads

to different tumor types. 223Ra dichloride, approved for the treatment of

patients with metastatic castration-resistant prostate cancer (mCRPC) with

bone-metastatic disease and no visceral metastasis, is the only approved and

commercialized alpha therapy. However, 223Ra dichloride cannot currently be

complexed to targeting moieties. In contrast to 223Ra, 227Th may be readily

chelated, which allows radiolabeling of tumor targeting moieties to produce

targeted thorium conjugates (TTCs), facilitating delivery to a broad range of

tumors. TTCs have shown promise in pre-clinical studies across a range of

tumor-cell expressing antigens. A clinical study in hematological malignancy

targeting CD22 has demonstrated early signs of activity. Furthermore,

pre-clinical studies show additive or synergistic effects when TTCs are

combined with established anti-cancer therapies, for example androgen

receptor inhibitors (ARI), DNA damage response inhibitors such as poly (ADP)-

ribose polymerase inhibitors or ataxia telangiectasia and Rad3-related kinase

inhibitors, as well as immune checkpoint inhibitors.

KEYWORDS

alpha-particle emitter, DNA damage response, immune checkpoint inhibitors,
anti-androgen therapies, alpha emitter, targeted alpha therapy, targeted thorium
conjugates, thorium-227
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1. Introduction

Despite drug discovery advances, an unmet clinical need
for novel oncology treatment modalities persists. Targeted alpha
therapy (TAT) represents one such modality, as α-particles have
several properties of potential value in cancer therapy. These
include high linear energy transfer (LET), short penetration
range, and induction of complex double-stranded DNA breaks
(1). High LET means a low number of hits are needed to
induce cell death (1), while the short-path length of α-particles
(50–100 µm) is expected to minimize damage to surrounding
healthy tissue (1). Furthermore, complex double-stranded DNA
breaks induced by alpha-radiation are hard to repair, promoting
cell cycle arrest and cell death (1, 2). TATs may also promote
T-cell infiltration through induction of immunogenic cell death
(3–6), or have increased potency against tumor cells with
alterations in DNA damage repair genes (cytotoxic radiation-
induced DNA damage increases their susceptibility to apoptosis)
(7–9).

Selective tumor targeting by TATs can be achieved through
two primary mechanisms: inherent radionuclide properties
(1) and the ability to chelate the radionuclide to a tumor-
targeting molecule (e.g., a monoclonal antibody, peptide
or small molecule) (1). Over the last 20 years, several
α-particle-emitting radionuclides have been investigated as
TATs, including: actinium-225 (225Ac, half-life 9.9 days);
astatine-211 (211At, half-life 7.2 h); bismuth-213 (213Bi, half-
life 45.6 min); radium-223 (223Ra, half-life 11.4 days); and
thorium-227 (227Th, half-life 18.7 days) (1). Lead-212 (212Pb,
half-life 10.64 h) is a β-emitter; however, it generates the
daughter nuclides bismuth-212 (212Bi) and polonium-212
(212Po), which are short-lived α-particle emitters (10). 223Ra
dichloride was the first and is still the only approved TAT
(11, 12), and is approved for use in metastatic castration-
resistant prostate cancer (mCRPC) with bone metastases (13,
14). 223Ra dichloride acts as a calcium mimetic and is
preferentially taken up in osteoblastic bone metastases (15,
16); it cannot currently be complexed to targeting moieties,
although recent developments have shown promise (14, 17).
Most other TATs, like targeted thorium conjugates (TTCs)
or targeted actinium conjugates, use isotopes chelated to
various targeting moieties. This enables delivery to a wide
range of tumors (14), extending the clinical application
of radionuclides.

2. Targeted thorium conjugates
and their mode of action

227Th, the progenitor of 223Ra, can be used in TTCs,
comprised of the 227Th α-emitting radionuclide, a chelator
such as octadentate 3,2-hydroxypyridinone (3,2-HOPO), and
a tumor-targeting moiety (13, 14). TTCs enable selective
delivery of 227Th to tumors by targeting antigens expressed

in cancer tissues but absent or at low levels in normal
tissues (2). For a therapeutic window, TTC characteristics
must allow for efficient delivery, accumulation and retention in
tumors, while sparing nearby healthy tissue (14). Cytotoxicity
results from the induction of clustered double-stranded DNA
breaks, followed by subsequent G2/M phase cell cycle arrest
and apoptosis (14). Immunogenic cell death has also been
demonstrated, occurring via increased tumor infiltration by
CD8+ T cells (5, 14). The activity of TTCs is not reliant
on cellular internalization of 227Th, given the α-particle
path length of 20–100 µM (2–10 cell diameters) in tissue,
a property which may overcome heterogeneous antigen
expression (14).

The relatively long half-life of 227Th (18.7 days) compared
with other radionuclides in current use for TAT (1) highlights
the need to identify appropriate targeting moieties that
complement the properties of 227Th. For example, while
typically longer than that of small molecules, the half-lives
of antibodies used as therapeutic agents vary considerably
(6–32 days) (17–19), suggesting that some may not be suitable
for delivery of a radionuclide with a longer half-life. For TTCs,
while it may be preferable to select antibodies with comparable
half-lives to 227Th, data are not yet available as to whether this
would be necessary for therapeutic efficacy.

When the 227Th component of a TTC decays, recoil energy
releases the daughter radionuclide 223Ra from the chelator (14).
Whilst data on the safety and biodistribution of 223Ra released
from TTCs are not available, 223Ra is well tolerated when
it is used as a treatment (20) and it is rapidly cleared from
plasma into the small bowel and excreted (21). Furthermore,
the amount of 223Ra released from a TTC will be much smaller
than that of a therapeutic dose of 223Ra. Daughter radionuclides
of 227Th that lie downstream of 223Ra in the decay cascade
have very short half-lives (14) and have no clinical consequence,
as indicated by the good tolerability of 223Ra as a cancer
therapeutic (20).

3. TTCs in cancer

Pre-clinical and clinical studies of TTCs have included
several tumor types expressing a range of different cancer-
related antigens (Figure 1).

3.1. Hematological cancers

Initial Pre-clinical studies focusing on hematological
cancers, targeting CD22 or CD33 in lymphoma and acute
myeloid leukemia (AML), respectively, demonstrated promising
anti-tumor activity (14, 22). Furthermore, CD22-TTC (BAY
1862864) has been investigated in a Phase 1 study in
patients with CD22-positive relapsed/refractory B-cell non-
Hodgkin lymphoma (23). In this setting, CD22-TTC was

Frontiers in Medicine 02 frontiersin.org

132131

https://doi.org/10.3389/fmed.2022.1071086
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-09-1071086 January 16, 2023 Time: 17:24 # 3

Karlsson et al. 10.3389/fmed.2022.1071086

FIGURE 1

Timeline of TTC development. ARI, androgen receptor inhibitor; CD, cluster of differentiation; FGFR, fibroblast growth factor receptor; HER2,
human epidermal growth factor receptor-2; MSLN, mesothelin; PARP, poly (ADP)-ribose polymerase; PD-L1, programmed death-ligand 1; PDX,
patient-derived xenograft; PSMA, prostate-specific membrane antigen; TTC, targeted thorium conjugate; AML, acute myeloid leukemia; ATR,
ataxia telangiectasia and rad3-related protein; mCRPC, metastatic castration-resistant prostate cancer; ORR, overall response rate; TNBC,
triple-negative breast cancer; TEAE, treatment-emergent adverse event.

safe, with the most common grade ≥3 adverse events
being neutropenia, thrombocytopenia, and leukopenia (23).
Maximum 227Th blood concentrations increased proportionally
to the dose administered and stability of CD22-TTC in
the blood was demonstrated (23). The overall objective
response rate (ORR) was 24% (5/21 patients: 1 complete
and 4 partial responses), with the highest ORR seen in
patients with relapsed low-grade lymphomas [3/10 patients
(30%)] (23).

3.2. Renal cell cancer

CD27, part of the tumor necrosis factor receptor
superfamily, plays a vital role in T- and B-cell co-stimulation
(24). Physiological expression of CD70, the natural ligand of
CD27, is transient and restricted to activated immune cells
(24). However, CD70 dysregulation and overexpression has
been observed in several cancers (25–28), where it may play
a role in tumor progression and immunosuppression (29).
Therefore, CD70-TTCs have the potential to both eliminate
cancer cells and modulate immune responses. A CD70-TTC has
been shown to reduce cell viability in renal cancer cell lines and
significantly inhibit tumor growth in a renal cancer xenograft
model (25).

3.3. Breast cancer

Approximately 25–30% of breast cancers overexpress
human epidermal growth factor receptor-2 (HER2), which is
associated with more aggressive disease (30). Intrinsic and
acquired resistance to HER2-targeting antibodies or antibody
drug conjugates (ADC) necessitates development of novel
therapies (31, 32). A HER2-TTC, utilizing the HER2 antibody
trastuzumab (227Th-trastuzumab), showed significant dose-
dependent anti-tumor effects in HER2-expressing breast cancer
xenografts (33, 34). Moreover, when 227Th-trastuzumab was
compared with lutetium-177 (177Lu; a β-particle emitter)
complexed with trastuzumab, in a similar xenograft study,
each radionuclide conjugate had significant anti-tumor effects
and increased survival, although efficacy was higher with
227Th-trastuzumab than with 177Lu-trastuzumab. However,
177Lu-trastuzumab had a superior therapeutic index (34).
Additionally, clinically relevant concentrations of 227Th-
trastuzumab induced cytotoxic effects in HER2-expressing
breast cancer cell lines (35).

Initial HER2-targeted agents were ineffective against HER2-
low breast cancer (36). However, the ADC trastuzumab
deruxtecan recently demonstrated efficacy in this setting (37).
Notably, HER2-TTC has been shown to inhibit tumor growth in
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HER2-low colorectal cancer (CRC) xenografts (9), highlighting
its potential as an alternative treatment option for HER2-
low cancers. Furthermore, a Phase I trial of a HER2-TTC is
ongoing in advanced HER2-expressing cancers: HER2-high and
low expression in breast, gastric/gastroesophageal and other
tumors (38).

Fibroblast growth factor receptor 2 (FGFR2) is also a
promising target for TTCs, with amplifications in FGFR2
observed in a subset of triple-negative breast cancers (TNBCs)
(39–41). Elevated FGFR2 is associated with an aggressive
cancer phenotype and resistance to targeted therapy (39, 42),
making FGFR2-TTCs an attractive therapeutic option. Indeed,
in a human TNBC xenograft model, single-dose FGFR2-TTC
reduced tumor growth and was well tolerated (43).

3.4. Gastric cancer

HER2 is overexpressed in over 20% of all gastric cancers
and is a valid therapeutic target in this setting (44, 45). HER2-
TTC was associated with potent target-mediated cytotoxicity
in various cancer cell lines, including gastric cancer cell lines,
expressing different levels of HER2 (46).

FGFR2 is also a potential target for TTCs, with some gastric
cancers overexpressing the protein (47, 48). In gastric cancer
xenograft models, tumor growth was inhibited after a single dose
of FGFR2-TTC (48).

3.5. Colorectal cancer (CRC)

Next-generation sequencing identified FGFR2 aberrations
in a subset (1.4%) of patients with CRC (49) and FGFR2
expression has been seen in 2.9% of patients with CRC (50),
indicating some patients may benefit from therapeutic targeting
of this protein. In support of this, single-dose FGFR2-TTC
inhibited tumor growth in a xenograft model of CRC (48).

HER2-TTC has also been evaluated in CRC models in
combination with a poly (ADP)-ribose polymerase (PARP)
inhibitor, which is discussed later in this review (9).

3.6. Mesothelioma

Mesothelioma is a rare malignant growth of mesothelial
cells, occurring in lining layers of the viscera, e.g., pleura,
peritoneum and pericardium (51). Mesothelin (MSLN)
mediates cellular adhesion and is normally only expressed in
mesothelial cells; however, when dysregulated in cancer, MSLN
promotes proliferation, migration and invasion, making it an
attractive target for TTC-based therapy (52–55). MSLN-TTC
has shown potent cytotoxic effects in MSLN-positive cancer cell
lines (including mesothelioma) and, when used in single- or

multiple-dose regimens in cell line- and patient-derived
xenograft models, the conjugate had significant anti-tumor
activity and was well tolerated (56). Furthermore, MSLN-TTC
prolonged survival in a disseminated lung cancer model in
mice (56).

A first-in-human Phase I study of MSLN-TTC in patients
with advanced cancer (mesothelioma, as well as MSLN-
positive recurrent serous ovarian cancer and pancreatic
adenocarcinoma) was completed in the first half of 2022 (57);
results are being analyzed for future publication.

3.7. Ovarian cancer

Mesothelin-targeted thorium conjugate has been
investigated in MSLN-positive ovarian cancer models, with
significant anti-tumor activity seen when MSLN-TTC was
used in single-dose regimens in cell line-derived xenografts
and single- and multiple-dose regimens in patient-derived
xenografts (56). Data from the aforementioned first-in-human
study of MSLN-TTC in patients with advanced cancer,
including ovarian cancer, are awaited with interest.

Pre-clinical studies have also explored the potential
for HER2-TTCs in HER2-positive forms. 227Th-trastuzumab
demonstrated cytotoxic effects in HER2-expressing ovarian
cancer cell lines when used at clinically relevant concentrations
(35). Furthermore, in HER2-positive ovarian cancer xenograft
models, 227Th-trastuzumab delayed tumor growth and was
associated with survival benefit vs. unlabeled trastuzumab (58,
59) or 177Lu-trastuzumab (at the same absorbed radiation dose
to tumor) (59). Notably, fractionation of 227Th-trastuzumab
dosing in xenograft models reduced toxicity while retaining
efficacy, showing that administration schedule is an important
consideration for TTCs (60).

3.8. Prostate cancer

A TTC targeting prostate-specific membrane antigen
(PSMA) has been developed. In vitro, the antibody-based
PSMA-TTC was rapidly internalized in a target-dependent
manner, selectively reduced PSMA-expressing cell viability, and
induced double-stranded DNA breaks, cell cycle arrest (G2/M
phase), and apoptosis in prostate cancer cells (61). Consistent
with this, induction of DNA damage markers and apoptosis was
observed with PSMA-TTC in patient-derived xenografts in mice
(61). Further in vivo data showed PSMA-TTC was associated
with delayed tumor growth/tumor regression in PSMA-positive
patient- and cell line-derived xenograft models mimicking
different prostate cancer stages, including models resistant
to standard-of-care anti-androgens (including enzalutamide)
(61). This effect was seen with single as well as fractionated
dosing (61). In a mouse model replicating prostate cancer
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bone metastases, PSMA-TTC significantly reduced the growth
of tumors in the bone and was associated with changes in
tumor-induced bone morphology vs. controls (61).

A Phase I clinical study of PSMA-TTC, either alone or in
combination with the novel androgen receptor inhibitor (ARI)
darolutamide, in patients with mCRPC is currently ongoing;
the primary completion date was August 2022, the estimated
completion date is November 2023 (62).

4. TTCs in combination with other
cancer therapies

Due to the unique mode of action of TTCs, there is a strong
rationale for combining these with other cancer therapies, and
this has been investigated in several pre-clinical studies.

4.1. DNA repair pathway inhibitors

As TTCs induce complex double-stranded DNA breaks (1),
it is of interest to combine their use with PARP inhibitors,
as PARP-1 and PARP-2 are involved in DNA damage repair
(63, 64). BRCA mutations have been shown to sensitize cells
to PARP inhibition (65, 66), as BRCA proteins are crucial for
the repair of double-stranded DNA breaks (63). Indeed, in a
BRCA2-mutated prostate cancer xenograft model, PSMA-TTC
plus the PARP inhibitor olaparib showed more notable anti-
tumor activity than PSMA-TTC alone, while olaparib alone
showed no activity (67).

Additionally, HER2-TTC has been investigated in parental
and BRCA2 knockout HER2-expressing CRC cell lines and their
corresponding xenograft models (9). In cell viability assays, the
effect of HER2-TTC plus olaparib was synergistic in BRCA2
knockout cells vs. additive in parental cells (9). Similarly, when
combined with olaparib in BRCA2-deficient xenografts, low-
dose HER2-TTC resulted in similar tumor growth inhibition to
high-dose HER2-TTC alone, with the combination concluded
as being synergistic; by contrast, no synergistic effects were
seen with the combination in the parental xenograft model (9).
These findings support further evaluation of PARP inhibitors in
combination with TTCs.

Another protein involved in double-stranded DNA break
repair is DNA-dependent protein kinase (DNA-PK), which plays
a key role in non-homologous end joining (NHEJ) (68). Loss of
DNA-PK makes cells more susceptible to radiation, as NHEJ is
important for the repair of DNA double-strand breaks that are
induced by ionizing radiation (68). Combining PSMA-TTC with
a DNA-PK inhibitor resulted in synergistic anti-proliferative
effects in prostate cancer cells (69). The combination was
also more effective than PSMA-TCC monotherapy in prostate
tumor-bearing mice (69), indicating the clinical potential for
this combination.

FGFR2-TTC has been investigated in combination with
an inhibitor of the ataxia telangiectasia and rad3-related
protein (ATR), an enzyme involved in DNA damage response
(43, 70–72). In vitro, the combination of FGFR2-TTC plus
ATR inhibitor reduced cell viability and increased levels
of γH2A.X (an indicator of double-strand DNA breaks)
vs. FGFR2-TTC alone, while also reducing FGFR2-TTC-
mediated cell cycle arrest (43). In vivo, tumor growth
was significantly inhibited when the two agents were used
in combination at single-agent doses known to have no
effect (43). Data from ovarian cancer models studying
the MSLN-TTC plus ATR inhibitor combination support
these findings (7).

4.2. Immune checkpoint inhibitors

Immunostimulatory effects have been shown with
radiation, including external beam radiotherapy and α-particle
emitters, with the former showing anti-tumor effects when
combined with immune checkpoint inhibitors (4, 73–76).
These data provide rationale for combining a TTC with
an immune checkpoint inhibitor, such as programmed
death ligand-1 (PD-L1). MSLN-TTC demonstrated a robust
immunostimulatory effect in human cancer cell lines (5).
Moreover, in immunocompetent mice bearing implanted
murine tumors expressing human MSLN, tumor growth
was inhibited by MSLN-TTC and anti-PD-L1 individually,
with this benefit enhanced when these agents were used in
combination (5). Dendritic cell migration out of tumors and
CD8+ T-cell infiltration into tumors was observed when MSLN-
TTC was administered as monotherapy, with more extensive
T-cell infiltration seen when MSLN-TTC was combined with
anti-PD-L1 (5).

4.3. ARIs

Although ARIs are a common treatment option for
patients with prostate cancer, treatment resistance eventually
develops (77). This highlights the need for new therapeutic
approaches, such as novel combination treatments or new
agents with different mechanisms of action, to overcome this
therapeutic barrier.

The ARI darolutamide is approved for non-metastatic
CRPC in key markets (78, 79) and more recently for use in
combination with docetaxel for metastatic hormone-sensitive
prostate cancer in the United States (79). Darolutamide has been
shown to induce PSMA expression in prostate cancer cell lines
and xenografts (80, 81), providing a rationale for combining
the drug with a PSMA-TTC. In prostate cancer xenograft
models, darolutamide-mediated increase of PSMA expression
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facilitated tumor uptake of PSMA-TTC, and darolutamide
also impaired PSMA-TTC-mediated induction of DNA damage
repair genes (80). Furthermore, the combination of PSMA-
TTC plus darolutamide demonstrated synergistic inhibition
of tumor growth in xenograft models (80). The tumor
inhibitory activity of the combination was also more notable
than either agent alone in xenograft models that were
either resistant to the ARI enzalutamide (80) or hormone
independent (81). These results support clinical investigation of
this combination.

5. Discussion

227Th is one of a number of α-emitters suitable for chelation
and conjugation to tumor-targeting moieties and thus has the
potential to cover a broad tumor range. Indeed, pre-clinical
studies have shown anti-tumor activity of TTCs as monotherapy
across a broad range of tumor types, and TTCs targeting HER2,
PSMA, MSLN, and CD22 are under investigation in clinical
studies. Furthermore, there is a strong rationale and pre-clinical
evidence for combining TTCs with other targeted therapies,
supporting their clinical evaluation. However, no additional
TTC clinical trials are currently planned.

In addition to 227Th, various other α-emitters are being
explored as conjugates for the treatment of cancer. Those
considered to be the most suitable include 225Ac, 211At, 213Bi,
and 212Pb (the latter being a β-emitter that generates daughter
α-emitters) (1, 82), with the most clinical experience being
available for 225Ac and 213Bi (83–90).

The clinical potential of targeted radionuclide therapy is
further highlighted by the recent US approval of 177Lu-PSMA-
617 (a β-emitter conjugated to a small molecule PSMA ligand)
for the treatment of mCRPC (91–93). Moreover, promising
early clinical data has indicated that targeting PSMA with
225Ac via a small molecule (84, 94, 95) or an antibody (96)
has substantial potential in advanced prostate cancer, including
for patients who have received radiotherapeutics utilizing
177Lu (97), and suggests feasibility of using different targeted
radionuclides sequentially.

In summary, TATs represent an important therapeutic
development in oncology and offer promise for addressing
unmet medical needs for patients, such as resistance to
established therapies.
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Metastases are the primary cause of death among cancer patients and

efficacious new treatments are sorely needed. Targeted alpha-emitting

radiopharmaceuticals that are highly cytotoxic may fulfill this critical need.

The focus of this paper is to describe and explore a novel technology that

may improve the therapeutic effect of targeted alpha therapy by combining

two radionuclides from the same decay chain in the same solution. We

hypothesize that the dual targeting solution containing bone-seeking 224Ra

and cell-directed complexes of progeny 212Pb is a promising approach to

treat metastatic cancers with bone and soft tissue lesions as well as skeletal

metastases of mixed lytic/osteoblastic nature. A novel liquid 224Ra/212Pb-

generator for rapid preparation of a dual targeting solution is described.

Cancer cell targeting monoclonal antibodies, their fragments, synthetic

proteins or peptides can all be radiolabeled with 212Pb in the 224Ra-solution

in transient equilibrium with daughter nuclides. Thus, 224Ra targets stromal

elements in sclerotic bone metastases and 212Pb-chelated-conjugate targets

tumor cells of metastatic prostate cancer or osteosarcoma. The dual targeting

solution may also be explored to treat metastatic breast cancer or multiple

myeloma after manipulation of bone metastases to a more osteoblastic

phenotype by the use of bisphosphonates, denosumab, bortezomib or

hormone therapy prior to treatment. This may improve targeting of bone-

seeking 224Ra and render an augmented radiation dose deposited within

metastases. Our preliminary preclinical studies provide conceptual evidence

that the dual 224Ra-solution with bone or tumor-targeted delivery of 212Pb

has potential to inhibit cancer metastases without significant toxicity. In some
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settings, the use of a booster dose of purified 212Pb-conjugate alone could

be required to elevate the effect of this tumor cell directed component, if

needed, e.g., in a fractionated treatment regimen, where the dual targeting

solution will act as maintenance treatment.

KEYWORDS

cancer, lead-212, radiopharmaceutical, radium-224, radium-223, targeted
radionuclide therapy (TRT), targeted alpha particle therapy (TAT)

Introduction

Wide-spread (skeletal, lymph and/or visceral) metastases
are responsible for ∼70% of cancer mortality worldwide (1, 2).
Understanding and developing targeted therapies for metastatic
cancers remain a large unmet medical need. Therapeutic
nuclear medicine is emerging rapidly as an additional treatment
modality in oncology (3–5). Recently approved beta-emitting
177Lu-DOTATATE (Lutathera R©, 2018) targeting somatostatin-
2 receptors in patients with metastatic neuroendocrine tumors
and 177Lu-PSMA-617 (Pluvicto R©, 2022) targeting prostate-
specific membrane antigen (PSMA) in patients with metastatic
castration-resistant prostate cancer (mCRPC) will clearly shift
targeted radionuclide therapy (TRT) into the mainstream of
cancer treatment. Nevertheless, some patients either do not
respond or following initially good response develop resistance
to 177Lu-based therapies, despite sufficient expression of target
proteins (6, 7). These patients may, however, respond to targeted
alpha therapy (TAT) with 225Ac (6, 7). Both preclinical and
clinical studies have clearly demonstrated that alpha-emitting
radiopharmaceuticals are more efficient in tumor cell killing
and less damaging to the surrounding normal tissue than beta-
emitting radiopharmaceuticals (5, 8–11). Alpha particles deliver
a high amount of ionization over a short range (< 100 µm
in water/tissue, < 40 µm in bone), inducing more complex
double-strand DNA breaks that are harder to repair than single-
strand breaks induced by beta particles (10, 11). Alpha-emitting
radionuclides are particularly suited for the elimination of
single cells and cancer micrometastases (10). TRT with beta-
or alpha- emitting radionuclides improve the quality of life and
delay disease progression (12, 13), but they are most likely not
curative. Further improvements are warranted to enhance the
therapeutic benefit. Combining TRT with potentially synergistic
agents (chemotherapy, immune checkpoint inhibitors, PARP
inhibitors, etc.) or with other radiopharmaceuticals is being
evaluated in ongoing clinical trials (14–17). The focus of this
paper is to describe and explore a novel technology platform that
may improve the therapeutic effect of TRT by combining two
radionuclides from the same decay chain; one TAT component
targeting the stromal elements of osteoblastic skeletal metastases

and the other by selective cell-surface binding to cancer cells in
extraskeletal and skeletal metastases.

Dual targeting strategies: Alpha
and beta radiopharmaceuticals

It has been demonstrated that tandem therapy with beta-
emitting 177Lu-PSMA-617 and alpha-emitting 225Ac-PSMA-
617 is an effective treatment approach for mCRPC patients
(18–20). In addition, the combination of 177Lu-PSMA-I&T
and 225Ac-J591 for progressive mCRPC (33 patients) is being
evaluated in an ongoing phase I/II clinical study in the
United States (ClinicalTrials.gov Identifier: NCT04886986). It
has been hypothesized that additive radiation to PSMA-positive
cells should occur when administering the radiopharmaceuticals
concurrently since the monoclonal antibody (mAb) J591 and
the small molecule ligand PSMA-I&T have different PSMA
binding sites (21). Additionally, the team hypothesized that
225Ac-J591 could deliver antitumor activity without xerostomia
(21, 22), that is the most common side effect of PSMA-TAT
with small molecule ligands (13). However, at the present time,
the insufficient availability and radiopharmaceutical aspects of
225Ac limit the wide clinical applications of 225Ac (23–25).

The first, and so far, only approved alpha-emitting
radiopharmaceutical 223RaCl2 (Xofigo R©, 2013) is used to treat
mCRPC that has spread only to the bone (3, 26). Ra-223 binds
to osteoblastic stromal elements of bone metastases during
mineralization since 223Ra is a calcium mimetic that binds
to hydroxyapatite in the bone matrix in areas of high bone
turnover. Such osteoblastic bone metastases are predominant
in patients with mCRPC (27–29). The spatial distribution of
the hydroxyapatite within an osteoblastic tumor facilitates a
volume distribution of 223Ra (30). Due to the bone-seeking
characteristics of 223Ra, its clinical use is limited to patients
with osteoblastic bone (sclerotic, new bone deposition, or
formation) metastases (31). Biologically stable complex between
a bifunctional chelator with 223Ra and a tumor-targeting vector
(small molecule, peptide, mAb, or its fragment) is essential
to treat extraskeletal metastases (lymph nodes and visceral).
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Unfortunately, 223Ra, like other alkaline earth metals, does not
form stable complexes in vivo (32–34). A phase I/II study, the
AlphaBet trial, evaluating the combination of 177Lu-PSMA-I&T
and 223Ra to target PSMA-expressing cancer cells and bone
metastasis in 36 mCRPC patients has recently been started in
Australia (NCT05383079).

Dual targeting strategy: A cancer
cell-surface seeker targeted 227Th
and stromal bone-seeker 223Ra

Another radionuclide that attracts interest is 227Th
that can be linked to a variety of mAbs. These 227Th-
immunoconjugates have shown promising preclinical results
(30, 35, 36). Furthermore, 227Th acts as an in vivo generator
of bone-seeking 223Ra (Figure 1) that can be additionally
exploited to improve therapeutic effects in sclerotic bone
metastases (30, 37). Dual bone-targeting strategy by bone-
targeted 227Th and 223Ra was introduced in 2004 (38, 39).
Radium-223 produced from 227Th decay is a cation that can
easily penetrate into sclerotic metastasis. Henriksen et al.
suggested to use 227Th-polyphosphonate compounds, DOTMP
[1,4,7,10 tetraazacyclododecane N, N′, N′′, N′′ 1,4,7,10-
tetra(methylene) phosphonic acid] or DTMP [diethylene
triamine N, N′, N′′ penta(methylene) phosphonic acid] to
deliver alpha particle radiation to primary bone cancer or
skeletal metastases from solid cancers (38). They proposed
that the total radioactivity in bone should increase as 227Th
decays and 223Ra appears, if the 227Th–labeled bone-seeker
solution was free from 223Ra at the time of administration (38).
Washiyama et al. studied the biodistribution of bone-seeking
227Th-EDTMP (ethylenediamine-tetramethylenephosphonic
acid) and its daughter 223Ra in mice and found high uptake
of 227Th-EDTMP and long retention of 223Ra in bones (39).
They concluded that even if 223Ra escapes from the bone after
227Th decay, it redistributes to bone, as there are no physical
or biological differences between 223Ra injected intravenously
and that generated in vivo after 227Th injection (39). In 2008,
a dual targeting approach was introduced for the treatment of
soft tissue and bone metastases: 227Th-chelator-mAb targeting
cancer cell surface antigens and 223Ra targeting osteoblastic
stroma (30, 37). The main advantage of 227Th is high availability
from beta decay of 227Ac (36). The 18.7 day half-life of 227Th
is long enough for proper radiopharmaceutical preparation,
transportation and administration. However, a therapeutic
window allowing treatment with 227Th-conjugates with
acceptable toxicity may exist due to 223Ra ingrowth. A few
clinical trials evaluating 227Th-conjugates targeting CD22,
mesothelin, PSMA and human epidermal growth factor 2
(HER-2) are registered at clinicaltrials.gov (NCT02581878,
NCT03507452, NCT03724747, NCT04147819), but the results
are not yet available.

Dual targeting strategy: A
bone-seeker 224Ra and a cancer
cell-seeker targeted 212Pb in one
solution

Two radionuclides from the same decay chain, 224Ra and
212Pb, with its alpha emitting daughter 212Bi (Figure 1), are
attractive for cancer therapy due to availability and physical half-
lives. These radionuclides can be produced by the end user in
clinically relevant amounts from 228Th generators (40–42). The
1.9 year half-life of 228Th allows long-term use of the generator.
Similarly to 223Ra, the lack of suitable chelators has limited
224Ra to bone-targeting applications. Both radium isotopes
have similar chemical and decay properties, total energies,
and biodistribution (41, 43–45). Importantly, 224Ra was widely
used decades ago as a pain-relieving treatment of the chronic
inflammatory rheumatic disease ankylosing spondylitis (46–
49). Administration of total activities of 5.6–11.1 MBq 224Ra
(1 MBq of 224Ra chloride solution per weekly injection) to these
patients between 1945 and 1975 had neither negative impact
on the survival, nor increased significantly the overall rate of
second malignancies, as compared to the control population
after a mean follow-up time of 24 years (46). The incidence
rates of leukemias were 0.014 and 0.009 [hazard ratio 2.56
(95% confidence interval (CI) 0.89–7.54)] in in patients treated
and non-treated with 224Ra, respectively (46, 48, 50). Such
long-term follow up of a large non-cancer patient population
seems very relevant from a radiation safety perspective. The life
expectancies in patients with metastatic cancer are significantly
shorter.

The daughter nuclides of 224Ra, namely 220Rn (t1/2 ≈

56 s), 212Pb (t1/2 ≈ 10.6 h), and 212Bi (t1/2 ≈ 1 h), have
longer half-lives than those of 223Ra (Figure 1). Lead-212 is
suitable for radiolabeling of mAbs, peptides, or other targeting
vectors conjugated with appropriate bifunctional chelators.
Conjugates of 212Pb/212Bi have already been tested in clinical
trials for cancer treatment (51–53). Moreover, these daughter
nuclides can be conjugated to chelated targeting agents in the
radiopharmaceutical solution of 224Ra in equilibrium with
progeny (Figure 2), such as EDTMP for retention of progeny
in bone, or a cancer-specific ligand/mAb with a bifunctional
chelator TCMC (S-2-(4-isothiocyanatobenzyl)-1,4,7,10-
tetraaza-1,4,7,10-tetra(2-carbamoylmethyl)cyclododecane)
for cancer cell targeting (41, 54, 55). We hypothesize that
the resulting solution will have dual TAT properties: (1)
Unbound bone-seeking 224Ra will target metastatic cells on the
endosteal surface of bone as well as the stromal elements of
osteoblastic skeletal metastases killing these cells; and (2) tumor
cell-surface seeking 212Pb-TCMC-targeting agent that will kill
the circulating cancer cells and micrometastases by selective
binding and deposition of DNA breaking alpha radiation to the
cancer cells. The aim of the dual targeting approach is to direct
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FIGURE 1

The decay chains of 227Th and 228Th. The radium isotopes are chemically similar to calcium and are natural bone-seekers, and thus, will target
osteoblastic bone metastases. The progeny 212Pb in the 224Ra decay chain has a suitable half-life for chelation by a tumor-specific ligand/mAb
that targets cancer cells (41, 54, 55). The short half-life of progeny 211Pb in the 223Ra decay chain is not practical for conjugation to a targeting
ligand since the majority of the decay will occur before the ligand reaches the tumor sites. α, alpha particle; β, beta particle.

FIGURE 2

The 224Ra-liquid generator for preparation of dual alpha targeting solution. For details see references (41, 54, 55).

as much as possible of the ionizing radiation of the 224Ra decay
chain to the entire spectrum of metastases.

Dual targeting technology: The
224Ra/212Pb liquid generator

A 224Ra-liquid generator for the preparation of dual
targeting solution (Figure 2) was developed and patented by
Larsen (54). Targeting moieties can be rapidly (≤ 1 h) and
efficiently labeled with 212Pb in the 224Ra-solution in transient
equilibrium with progenies (41, 55). Additionally, up to 80% free
212Bi can also be conjugated (41). Similar binding and uptake
abilities of the 212Pb-labeled PSMA-targeting ligand NG001
in 224Ra-solution or in 212Pb-solution were observed in vitro

and in vivo (41, 56, 57). Biodistribution studies of 224Ra with
free 212Pb, 212Pb-NG001, and 212Pb-PSMA-617 were tested in
athymic nude mice with C4-2 xenografts (41). Importantly, a
high uptake of 224Ra in the femur and skull in all groups was
shown, demonstrating that 212Pb can be chelated to ligands
without compromising the bone-seeking properties of radium in
the radiopharmaceutical solution containing the radionuclides
(41).

Diffusion of 224Ra progenies and
“dose-smoothening effect”

As mentioned above, 224Ra has longer lived progenies,
220Rn and 212Pb, than the isotopes of the same elements in the
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223Ra series (Figure 1). Theoretically, these daughter nuclides,
especially noble gas 220Rn, will diffuse from the target, because
of differing physical half-lives and biological affinities. The first
220Rn progeny, 216Po, has a half-life of 148 ms and decays
within very close vicinity to the creation site (58). The mean
diffusion length of 216Po in water (soft tissue) is only around
4 µm (58). Lloyd et al. studied retention and distribution of
224Ra and its daughters in beagle dogs, and concluded that the
majority of 220Rn produced in bone by 224Ra decay stays in bone
(59). It has been demonstrated that 220Rn redistribution leads
to toxicity to non-targeted tissues only when extremely high
activities of 224Ra were given to patients or animals (47, 59–61).
Napoli et al. studied the diffusion and re-adsorption of 224Ra
progenies from 224Ra-labeled calcium carbonate microparticles
(61). These particles were chosen since radium’s calcium-
mimetic properties allow the adsorption of 224Ra onto their
surface. It has been demonstrated that 220Rn can escape from
the particles, however, it can diffuse from 224Ra-labeled calcium
carbonate microparticles only around 300–400 µm in water. It
was also documented that the microparticles have the ability
to re-adsorb almost all 212Pb generated in the liquid phase
from escaped 220Rn (61). If we assume that these particles
resemble bone or an osteoblastic bone metastasis, the obtained
results may explain the low leakage of 212Pb from bone into
systemic circulation, thereby reducing the risk of unwanted
radiation exposure of distant tissues. The diffusion of 220Rn up
to a few hundred micrometers can extend the effective range
of the shorter-range alpha particles from 224Ra itself and may
cause a “dose-smoothening” effect in the metastases. Ra-223 is
initially shown to be deposited on bone surface and with time
is incorporated into the volume of the bone (59). However,
areas with “uncalcifying” stroma containing cancer cells in
bone metastases (29) will most likely not be eradicated. This
contribution from 220Rn may overcome one major limitation of
the approved bone-seeking radiopharmaceutical Xofigo when it
comes to the short range (only up to 40 µm in bone) of alpha
particles in skeletal metastases.

Diffusing alpha-emitters radiation therapy (DaRT) is a novel
brachytherapy employing implantable 224Ra enriched seeds for
the treatment of solid tumors (58, 62, 63). The 224Ra progenies
are shown to diffuse 5–7 mm from the seed and are reported
as responsible for the therapeutic effect (63). The efficacy and
safety of DaRT have been found to be promising in preclinical
and clinical studies (62, 63). DaRT is now in clinical trials for
many different cancer types (Table 1).

As mentioned above three of the four alpha particles in
the decay chain of 224Ra will decay within a radius of about
400 µm from the 224Ra atom in tissues, while the 212Pb due
to the long half-life can potentially diffuse up to several mm
in tissues as indicated by the DART technology. If decay takes
place in the skeleton, association of 212Pb to hydroxyapatite may
considerably limit diffusion range.

Dual targeting alpha therapy and
cancers with bone metastases

Bone is the third most frequent site of cancer metastases and
the organ-system involved in multiple myeloma (64–66). Bone
metastases are especially common in prostate and breast cancer
(Table 2). These metastases frequently result in skeletal-related
events such as increased pain, hypercalcemia, bone fractures and
spinal cord compression, which cause considerable morbidity
and reduced quality of life (1, 66, 67). Bone metastases occur
as osteolytic lesions, characterized by destruction of normal
bone, or as osteoblastic metastases, characterized by formation
of new bone matrix (Table 2). The majority of patients with
advanced prostate cancer have osteoblastic bone metastases
(29). However, some of these patients may have a mixed
phenotype or even osteolytic lesions (29).

Dual targeting alpha therapy seems the most suitable
for prostate cancer and osteosarcoma since radium localizes
in osteoblastic active zones, including on skeletal surfaces
and in osteoblastic metastases (77, 78). For cancers without
extraskeletal metastases, 212Pb can be chelated to organic
phosphates, e.g., EDTMP, which are incorporated into the
bone matrix (79), whereas for cancers with extraskeletal
metastases, 212Pb can be chelated to small molecules or mAbs
targeting cancer cells.

Stromal manipulations: From
osteolytic to osteoblastic

The skeletal lesions in multiple myeloma, breast, renal, and
lung cancer patients are most commonly osteolytic (Table 2).
Additionally, patients with these cancers may have extraskeletal
metastases. A few clinical trials are registered to explore the
potential of 223Ra, mainly in combination with other drugs
(Table 3). However, bisphosphonates, denosumab, bortezomib,
and antihormonal therapies may alter the bone matrix of the
disease and lead to a more avid target for radium (80, 81).

TABLE 1 List of ongoing clinical trials with diffusing alpha-emitters
radiation therapy (DaRT).

Cancer Clinical study identifier

Squamous cell carcinoma
(SCC)

NCT03353077, NCT05065346, NCT05047094,
NCT04068155

Cutaneous, Mucosal,
Superficial Soft Tissue
Neoplasia

NCT03737734, NCT03886181, NCT03889899,
NCT04534127, NCT04540588

Prostate NCT04543903

Breast NCT03970967, NCT04906070

Pancreatic NCT04002479

Vulva NCT04761146
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TABLE 2 Incidence of bone metastases in advanced cancer.

Primary cancer Incidence of bone
metastases (%)

Dominant type of bone
metastases

Frequency of
skeletal-related events

(%)

References

Prostate 65–85 Osteoblastic 49 (64, 66, 68)

Breast 65–75 Mixed osteolytic/osteoblastic 64–68 (64, 66, 68)

Multiple myeloma 80–90 Osteolytic 51 (68–70)

Renal 20–40 Osteolytic 34 (64, 67, 68)

Lung (non-small cell) 30–60 Osteolytic 60 (64, 71, 72)

Lung (small cell) 34–50 Osteoblastic 9–63 (64, 66, 73, 74)

Neuroendocrine tumors 15–21 Mixed osteoblastic/osteolytic 26 (75)

Bone cancers (osteosarcoma) Bone cancer Osteoblastic 100% (76)

It is documented that the administration of bisphosphonates
alters the lytic/blastic ratio in bone lesions toward a more blastic
phenotype, and increase uptake of bone-seeking beta-emitting
radiopharmaceuticals, such as 89Sr and 153Sm-EDTMP (81).
Bortezomib and other proteasome inhibitors can also restore the
impaired osteoblast activity (81–83). Denosumab is a mAb that
binds the cytokine receptor activator of NFκB ligand (RANKL)
that is an essential factor initiating bone turnover (84). RANKL
inhibition blocks osteoclast maturation, function and survival,
thus reducing bone resorption (84). It has been demonstrated
that breast cancer patients after chronic bisphosphonate therapy
and multiple myeloma patients after bortezomib treatment
had increased 99Tm-labeled methylene diphosphonate (MTD)
uptake in osseous bone metastases (81).

Ra-223 has been used for breast cancer patients with bone-
dominant disease with osteoblastic and osteolytic lesions (85–
87). Coleman et al. have demonstrated that 223Ra targeted

TABLE 3 List of clinical trials with Xofigo alone or in combination with
other drugs in cancers with dominant osteolytic lesions.

Cancer Drugs Clinical study
identifier

Relapsed multiple
myeloma

Bortezomib,
dexamethasone

NCT02605356,
NCT02928029

Renal cell carcinoma Pazopanib,
sorafenib

NCT02406521

Cabozantinib
S-malate

NCT04071223

Breast – NCT01070485

Exemestane,
everolimus

NCT02258451

– NCT02258464

Denosumab NCT02366130

Paclitaxel NCT04090398

Lung Pembrolizumab NCT03996473

– NCT02283749

osteoblastic, but not osteolytic lesions, in breast cancer patients
with bone-dominant disease (85). The results are not surprising
because the balance between osteoblastic and osteolytic lesions
have not been taken into account (87). However, these studies
have demonstrated that 223Ra is safe (85–87), with the potential
to be combined with other therapies after pretreatment with
bisphosphonates and denosumab.

Suominen et al. investigated the effect of 223Ra, bortezomib
and their combination in the syngeneic 5TGM1 mouse multiple
myeloma model in vivo (82). The combination of bortezomib
and 223Ra improved the incorporation of 223Ra into multiple
myeloma bone lesions, decreased synergistically the area of
osteolytic lesions and decreased tumor burden and restored
body weights in mice (82).

Preclinical studies of dual
targeting alpha therapy

Dual targeting alpha therapy seems more suitable for breast
cancer patients than 223Ra alone because a 212Pb-conjugate
potentially can target breast cancer cells all over the body or
alternatively be made bone directed (i.e., dual bone targeting).
Preclinical results demonstrated that a single dose of dual
bone 224Ra-solution with EDTMP prolonged survival time and
lowered incidence of paralysis and bone metastases in nude mice
with breast cancer micrometastases (55). Epidermal growth-
factor receptor (EGFR) is overexpressed in 15–70% of breast
cancer (88, 89), and thus, is an attractive candidate for dual
targeting alpha therapy.

Example 1
To test the proof of concept of our dual targeting approach

the EGFR-targeting mAb cetuximab (CTX) and bone-targeting
EDTMP were chosen for our pilot studies (unpublished results).
The mAb or EDTMP were labeled with 212Pb in 224Ra
solutions in equilibrium with progenies (pH adjusted to 5–
6 by 0.5 M C2H7NO2 or C2H3NaO2). TCMC-mAb was
added to a final concentration of 0.1–1 mg/ml. The solutions
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were mixed on a Thermomixer (Eppendorf, Hamburg) for
30 min at 37◦C. Radiochemical purity of the samples was
determined by instant thin layer chromatography (Tec-control,
Biodex, Medical Systems, Shirley, NY), and only products with
purities ≥ 95% were used in the experiments.

The anti-cancer effects of 224Ra-solutions with TCMC-CTX
or EDTMP were investigated in 6 weeks old female athymic
Nude-Foxn1nu mice (bred at the Comparative Medicine
Department, Oslo University Hospital) with breast cancer
metastasis. MDA-MB-231-luciferase (Luc) expressing breast
cancer cells (2 × 105 cells/100 µl PBS per mouse) were injected
into the left ventricle of mouse heart (intracardiac injection).
Sodium chloride (0.9% NaCl, control), 300 kBq/kg 224Ra &
212Pb-EDTMP, or 300 kBq/kg 224Ra&212Pb-TCMC-CTX were
intravenously administered to mice 2 days after cell injection.
Tumor metastases were monitored by bioluminescence imaging
in an IVIS Spectrum in vivo imaging system (PerkinElmer,
Waltham, MA) 24, 31, and 38 days after intravenous injection
of compounds. Each mouse was injected intraperitoneally
with 0.2 ml D-luciferin (Biosynth AG, Staad, Switzerland)
dissolved in Dulbecco’s PBS (20 mg/ml) 10 min prior to
imaging. During imaging, mice were under gas anesthesia

(∼3.5% Sevoflurane in oxygen at 0.5 L/min; Baxter, IL,
USA). All bioluminescence data are displayed in radiance
(photons/s/cm2/str) under identical acquisition conditions.
Mice were euthanized by cervical dislocation when cachexia,
paraplegia or any signs of severe sickness or discomfort was
observed. The studies were approved by the Institutional
Committee on Research Animal Care (Department of
Comparative Medicine, Oslo University Hospital) and the
Norwegian Food Safety Authority (Brumunddal, Norway,
approval: FOTS ID 22197).

Dual targeting alpha therapy extended survival in EDTMP
and cetuximab group compared to the control [0.9% sodium
chloride (NaCl)] group, and lowered the incidence of bone
and extraskeletal metastases (Figure 3). The preliminary studies
provide conceptual and strong evidence that dual targeting
224Ra-solution with bone or tumor-targeted delivery of 212Pb
has potential to inhibit cancer metastases without significant
toxicity. Several molecular targets are being explored to target
HER2, estrogen receptor and progesterone receptor for nuclear
medicine imaging (90, 91), and they can be suitable for
dual targeting alpha therapy of breast cancer after stromal
manipulation.

FIGURE 3

The influence of dual targeting alpha solution on breast cancer metastases growth in mice. Tumor metastases were monitored by
bioluminescence imaging in the different therapy groups 24, 31, and 38 days after intravenous injection of 0.9% sodium chloride (NaCl, control),
300 kBq/kg 224Ra&212Pb-EDTMP, or 300 kBq/kg 224Ra&212Pb-TCMC-cetuximab (CTX). MDA-MB-231-Luc breast cancer cells (2 × 105

cells/mouse) were injected intracardially into athymic Nude-Foxn1nu mice 2 days before the treatment. The mice are positioned in the same
order at all-time points. The studies were approved by the Institutional Committee on Research Animal Care (Department of Comparative
Medicine, Oslo University Hospital) and the Norwegian Food Safety Authority (Brumunddal, Norway, approval: FOTS ID 22197).
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FIGURE 4

The influence of dual targeting alpha solution on prostate
cancer multicellular LNCaP spheroid growth after incubation for
4 h. (A) Growth of spheroids treated with 1 kBq/ml 224Ra&212Pb,
224Ra&212Pb-TCMC-cetuximab (CTX), and 224Ra&212Pb-TCMC-
rituximab (RTX, negative control) groups was measured for up to
35 days and is presented as volume (×106 µm3) ± SD. The
images of LNCaP spheroids were measured for up to 35 days.
(B) Representative microscope images (×4 magnification) were
taken at the predefined study end point of 35 days using a
bright-field microscope with AxioVision Rel. 4.8 software.
LNCaP spheroids were generated by cultivation of cells in liquid
overlay in 1.5% agarose-coated flat bottom 96-well plates (94).
Cell suspensions of 500 cells in 100 µL medium were added to
each well, followed by centrifugation of the plates at 470 × g for
15 min. After an initial incubation time of 3 days, spheroids with
diameter of ∼229 µm were formed.

Example 2
In prostate cancers, EGFR is weakly expressed in neoplastic

cells while it is highly expressed in metastatic lesions (92, 93).
The effectiveness of 224Ra-solution with 212Pb-TCMC-CTX
directed against EGFR-positive multicellular LNCaP spheroids,
an in vitro model for micrometastatic cancer, was investigated
(unpublished data).

Ra-224-solution with CTX effectively stopped the growth
of LNCaP spheroids relative to the equivalent dose of 224Ra-
solution alone or RTX (unpublished data, Figure 4).

Transferring dual targeting
solution into clinic

Several combination treatments with TAT have been
proposed (95–98). Their goal is to increase efficacy by using
therapies with different action mechanisms together with TAT
keeping toxic effects to a minimum. Dual targeting solution
may allow increasing therapeutic efficacy and reducing toxicities
of 224Ra and its progenies to normal organs. Transferring
dual targeting solution into clinic will be more complicated
due to the complexity of the product (224Ra, its progenies,
targeting agent, and chelator). A few therapy cycles of dual
targeting alpha therapy, similarly to single alpha therapies, will
be needed. In some cases, a booster dose of cancer cell-seeker
targeted 212Pb alone will be required. At the same time, the
non-toxic administered activity of 224Ra and/or 212Pb may be
chosen based on earlier or ongoing clinical studies. As was
mentioned earlier, 224Ra was used in the treatment of ankylosing
spondylitis, and long-term toxicity and carcinogenicity data
in humans exist (46–48). Additionally, the seeds with 224Ra
(Table 1) and bio-degradable calcium carbonate microparticles
with 224Ra (NCT03732768) are under clinical investigations
for cancer treatment. A few clinical trials investigating 212Pb-
conjugates are registered on Clinicaltrials.gov (Table 4). Phase I
studies of 212Pb-TCMC-trastuzumab and 212Pb-DOTAMTATE
demonstrated safety and feasibility in patients with HER-2
expressing malignancies (99) and somatostatin receptor (SSTR)
expressing neuroendocrine tumors (52).

Summary of dual targeting
technology

The dual targeting solutions taking advantage of both the
bone seeking 224Ra and cell directed complexes of 212Pb seems
a promising approach to treat metastatic cancers presenting

TABLE 4 List of clinical trials with 212Pb-conjugates.

Phase Disease Target 212Pb-conjugate Clinical study
identifier

1 Breast, peritoneal, ovarian, pancreatic
and stomach neoplasms

Human epidermal growth factor 2
receptor (HER-2)

TCMC-trastuzumab NCT01384253

1 Neuroendocrine tumor Somatostatin receptor (SSTR) DOTAMTATE NCT03466216

2 Neuroendocrine tumor Somatostatin receptor (SSTR) DOTAMTATE NCT05153772

1 Cutaneous melanoma, cervical,
prostate, breast and colon cancers

Gastrin-releasing peptide receptor
(GRPR)

DOTAM-GRPR1 NCT05283330
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with bone and soft tissue lesions and also of skeletal metastases
of mixed lytic/osteogenic nature. The radioactivity of the
solutions will probably be dictated by the tolerability to the
longer lived 224Ra. In this regard, the knowledge of long-term
and short-term toxicity of 224Ra in the previous mentioned
ankylosing spondylitis series may be important in determining
the suitable activity levels. In some settings the use of a booster
dose of purified 212Pb-radioligand alone could be a possible
tactic to elevate the effect of this component, if needed, e.g.,
in fractionated scheduled treatment regimen, where the dual
targeting solution then will act as maintenance treatment. It
could be a regulatory challenge to develop such a combined
product. Anyhow, some clinical data of the purified 212Pb-
ligand alone would be required.

Cell lines

The cell lines present in this study were obtained from
ATCC (LNCaP cell line) and Cell Biolabs Inc. (MDA-MB-231-
Luc cell line).
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Radioligand therapy (RLT) is gaining traction as a safe and effective targeted approach

for the treatment of many cancer types, reflected by a substantial and growing

commercial market (valued at $7.78 billion in 2021, with a projected value of $13.07

billion by 2030). Beta-emitting RLTs have a long history of clinical success dating back

to the approval of Zevalin and Bexxar in the early 2000s, later followed by Lutathera

and Pluvicto. Alpha radioligand therapeutics (ARTs) offer the potential for even

greater success. Driven by ground-breaking clinical results in early trials, improved

isotope availability, and better understanding of isotope and disease characteristics,

the global market for alpha emitters was estimated at $672.3 million for the year

2020, with projected growth to $5.2 billion by 2027. New company formations,

promising clinical trial data, and progression for many radioligand therapy products,

as well as an inflow of investor capital, are contributing to this expanding field. Future

growth will be fueled by further efficacy and safety data from ART clinical trials and

real-world results, but challenges remain. Radionuclide supply, manufacturing, and

distribution are key obstacles for growth of the field. New models of delivery are

needed, along with cross-disciplinary training of specialized practitioners, to ensure

patient access and avoid challenges faced by early RLT candidates such as Zevalin

and Bexxar. Understanding of the history of radiation medicine is critical to inform

what may be important to the success of ART–most past projections were inaccurate

and it is important to analyze the reasons for this. Practical considerations in how

radiation medicine is delivered and administered are important to understand in order

to inform future approaches.

KEYWORDS

ART, distributed manufacturing, capacity, logistics, isotopes

Introduction

Alpha radioligand therapeutics (ARTs) have been gaining increasing attention as a rapidly
advancing experimental modality that holds promise for delivering high doses of lethal
radioactivity specifically to cancer cells. The combination of the high energy and short tissue
range typical of alpha-emitting isotopes enables effective killing of the targeted tumor while
sparing the surrounding normal tissue. ARTs offer the potential to overcome resistance to beta-
emitting radioligand therapies, which have already entered the market, or chemotherapy drugs.
The promise of alpha has led to growth in new clinical trials and new company formations fueled
by risk-tolerant investors.

In this chapter, we explore the history of the targeted radioligand therapy commercial
landscape, including the approval and performance of key drug candidates that have shaped
the current and future directions of the field. We provide an overview of the current market and
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its potential, as well as challenges faced in therapeutic and isotope
availabilities and barriers for the delivery of ARTs at commercial scale.

Section 1: Historical context

The foundations of nuclear medicine and
targeted therapies

The origins of radiotherapy start with the discovery of X-rays as
the first radiative source by Wilhelm Conrad Röntgen in 1895, who
realized their ability to penetrate human flesh to allow photography of
higher-density substances such as bone. As diagnostics applications
flourished, the ability of X-rays to selectively kill rapidly dividing cells
did not go unnoticed. The clinical usefulness of radiation to treat
cancer was observed in 1896, when Grubbe used X-rays from an
improvised X-ray tube to treat patients with breast cancer and later
lymphoma (1, 2).

However, it was Marie Skłodowska Curie who laid the real
foundations for ART, and nuclear medicine in general, with the
discovery of polonium and radium in 1898. Later, in 1902, Marie
and Pierre Curie identified and purified radium-226 in the form
of radioactive mineral salts isolated from radioactive pitchblende in
their laboratory in Paris. In the following year, they shared the 1903
Nobel Prize in Chemistry with fellow scientist A. Henri Becquerel for
their ground-breaking investigations of radioactivity, following the
first observations that tumor-forming cells were destroyed faster than
healthy cells when exposed to alpha-emitting radium-226 (3).

Early in its development, X-ray based radiation medicine
struggled against its limits: directionality and localization, collateral
damage. Therefore, many cancer physicians instead turned
their attention to surgical techniques and other approaches (4).
Nevertheless, ongoing innovation in external beam radiation and
brachytherapy has been a hugely important development in cancer
treatment, discussed in detail below.

While the physics and applications of radiation were being
investigated, researchers remained intrigued by the concept of a
molecular “magic bullet”–a term coined by Paul Erlich–to selectively
deplete cancer cells while sparing healthy tissue. An array of
approaches to achieve this effect has since been deployed in oncology,
building on huge advances in cell and molecular biology over the
past 50 years. This culminated many years later with the exciting
possibility of being able to selectively direct a radioactive warhead
to a target highly expressed uniquely on a cancer cell to engender
selective cell killing.

Modern day applications

Great progress has been achieved through radiation-centric
approaches in the fields of diagnostics, nuclear medicine, and targeted
therapies. Millions of lives have been saved as a result of faster and
accurate diagnosis and treatment of injuries and diseases that would
not have been possible without nuclear medicine, with significantly
improved delivery of care. The medical X-ray market was estimated
to be worth $12.4 billion in 2020 (5), while the global radiology
market was valued at $26.6 billion in 2021 and is expected to reach
$43.0 billion by 2029 (6).

The targeted therapeutics market has also grown substantially,
valued at $67.7 billion in 2020 and projected to reach $87 billion
by 2030 (7), with multiple targeted agents now approved for
diseases such as cancer.

The use of nuclear medicine in oncology has also grown
significantly: approximately 50% of all cancer patients receive
radiation therapy during their course of illness, with two
modern day applications of radiotherapy–external beam
radiation therapy (EBRT) and brachytherapy–making up the
bulk (8). One analysis of the US Surveillance, Epidemiology,
and End Results (SEER) database estimated that 3.05 million
cancer survivors were treated with either brachytherapy or
EBRT in a single year, accounting for 29% of all cancer
survivors that year–with breast (40%) and prostate cancer
(23%) patients comprising the majority of radiation-treated
survivors (9).

External beam radiation therapy and
brachytherapy–Lessons learned

EBRT used to deliver high-energy X-ray or electron beams to a
patient’s tumor.

Modern-day EBRT has proven to be hugely successful for its
target indications. Men with high-risk localized prostate cancer
treated with EBRT have a cure rate of around 91% (10): 10-years
overall survival is above 80% (11), leading to commercial success (12).
The global radiation oncology market is valued at $6.8 billion in 2020:
EBRT dominated the field with a 79.3% revenue share in 2020, with
expectations that it will continue to expand to reach revenue of $11.6
billion by 2030 (13).

Brachytherapy comes in the form of seeds, ribbons or wires
placed within the body, in or near the tumor site. High-dose-rate
brachytherapy temporarily introduces iridium isotopes close to the
tumor site to deliver a higher dose of radiation over a shorter period
of time and overcomes limitations of early brachytherapy approaches
(14). Evidence-based medicine indicates that brachytherapy may be
superior to EBRT in terms of efficacy and safety in several patient
groups (15, 16). Survival rates are remarkable: 17-years survival of
97% in prostate cancer (17); 79.4% 3-years survival in cervical cancer
patients (18).

These results supported the global brachytherapy market
valuation of $788.5 million in 2020 with an expected compounded
annual growth rate (CAGR) of 7.1% from 2021 to 2028 (13).

Despite the evidence supporting brachytherapy as an effective
treatment modality for a wide range of malignancies, its use to treat
patients with localized prostate cancer in the US and Europe saw a
steady decline in recent years (19); the percentage of prostate cancer
patients receiving brachytherapy dropped from 17% in 2002 to 8% in
2010 (20, 21).

A significant reason for this decline is the development of more
technologically sophisticated treatments, including robot-assisted
surgery and proton therapy, as well as more advanced forms of non-
invasive EBRT such as IMRT and SBRT (20–26; Figure 1). Falling
rates of brachytherapy administration in the US in favor of EBRT
have also been attributed in part to financial considerations–a shift
partly facilitated by hospital reimbursement policies that favor newer
approaches. Brachytherapy is more labor- and cost-intensive for
hospitals–some studies have shown that the total cost and staff time
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FIGURE 1

Radiation modality by stage and diagnosis year for prostate cancer based on NCDB data for the period 2004–2016. Figure adapted with permission from
(23), ACS.

devoted to brachytherapy are double those of EBRT (27). In addition,
the reimbursement levels set for EBRT are nearly double those for
brachytherapy (22, 23).

The first targeted radio-immunotherapies

Although EBRT and brachytherapy remain two of the most
efficient tools for eliminating isolated and discrete cancer,
their application in treatment of more advanced and systemic
disease is limited. In parallel to their development, nuclear
medicine pioneers such as Saul Hertz experimented with the
therapeutic applications of metabolically targeted radionuclides,
such as iodine-131 in thyroid cancer. Further major advances
in this area occurred after the development of peptide receptor
radionuclide therapy (PRRT) in the late 1980s by Mark Kaminski,
Richard Wahl and colleagues at the University of Michigan
(28, 29). In this approach, an engineered peptide (or antibody)
aimed at a specific marker found in abundance on cancer
cells would carry a radioactive atom capable of delivering
a lethal dose of radiation to the tumor–creating a magic
bullet against cancer.

Further developments in antibody conjugate technologies
led to the launch of monocloncal antibody (mAb)-targeted
radiotherapeutics in the early 2000s. Zevalin (yttrium-90-labeled
anti-CD20 mAb) and its competitor Bexxar (iodine-131-labeled
anti-CD20 mAb) were the first pioneers to appear on the market
within this new class, approved for treatment-resistant slow-
growing lymphoma.

Zevalin

90Y-ibritumomab tiuxetan (later marketed as Zevalin) is a
radioactive drug product comprised of the beta-emitting isotope
yttrium-90 linked to the mAb ibritumomab in conjunction with the
chelator tiuxetan, and was designed to target the already validated
cancer protein marker CD20 (30).

Developed by IDEC Pharmaceuticals, now part of Biogen Idec,
90Y-ibritumomab tiuxetan was the first radioimmunotherapy drug
approved by the FDA to treat cancer. The drug had a superior
response rate in patients who did not respond to rituximab (marketed
as Rituxan by Genentech/Biogen Idec) (31–33).

90Y-ibritumomab tiuxetan was approved by the FDA (2002) and
EMA (2004) for treatment of patients with relapsed or refractory
low-grade, follicular non-Hodgkin’s lymphoma, including patients
who were refractory to rituximab, and as consolidation therapy
in follicular non-Hodgkin’s lymphoma in patients who achieved a
partial or complete response to first-line chemotherapy.

When Zevalin first came onto the market, Wall Street analysts
had projected that sales would reach $100 million in 2003 (34).
Merrill Lynch predicted it could eventually hit $500 million in sales,
equivalent to approximately 20,000 doses a year (34). Despite the
efficacy, better response rate compared to Rituxan, and an acceptable
safety profile, Zevalin failed to meet forecasts (Figure 2). The launch
was slow and it reached $15–30 million annually in the first decade,
before undergoing a steady decline in sales from 2013 (Biogen and
Spectrum financial reports). Issues cited with the slow uptake include
high price, complicated prescribing, administration and monitoring
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TABLE 1 Reasons cited for the commercial challenges of Zevalin and
Bexxar, highlighting market-driven forces that contributed to declining
sales and discontinuation of the drugs.

Zevalin Bexxar

Preference for familiar tools and processes amongst
physicians

X X

Complicated prescribing, administration, and
monitoring process

X X

Complicated referral/referral outside of doctors’ offices X X

Complex dosimetry requirements X X

Unclear data around long-term benefit/outcomes X X

Potential toxicities X X

High price/costs X X

Reimbursement challenges X X

Clinical trial strategy challenges/delays with FDA X

Manufacturing and supply-chain challenges X X

Public fears about radiation risks X X

Note that Zevalin is still marketed for use in Europe.

process, and preference for familiar tools and processes and non-
radioactive competitors amongst physicians (Table 1). The drug
was divested by Spectrum Pharmaceuticals but is currently marked
by Aurobindo Pharma Ltd., to treat non-Hodgkin’s lymphoma in
Europe, and by its subsidiary Acrotech Biopharma L.L.C. in the US
(35).

Bexxar

131I-tositumomab (later marketed as Bexxar) was a radio-
immunotherapeutic composed of the mAb tositumomab covalently
bound to the radioisotope iodine-131. The compound was also
targeted at the CD20 antigen and delivered a powerful local dose of
gamma and beta radiation.

The drug was developed in the late 1990s by Coulter
Pharmaceutical and acquired in 2000 by Corixa (36), who attracted
significant investment for the manufacturing and marketing of the
drug. Along with support from big pharma partner Glaxo Smith
Kline (GSK), 131I-tositumomab had promising clinical trial data–its
pivotal study enrolled 40 patients with non-Hodgkin’s lymphoma
with no treatment options following failed attempts with rituximab
and several rounds of chemotherapy. Sixty-three percent of patients
experienced significant tumor shrinkage with 131I-tositumomab and
the benefit lasted more than 2 years (median 25 months), with
29% percent of patients entering complete remission. These results
were supported by four additional single-arm studies in which
overall response rates ranged from 47 to 64% with median response
durations of 13–16 months (37).

The drug was granted orphan drug designation in 1994, and
fast-track designation was added in 1998. 131I-tositumomab was first
approved by the FDA and EMA in 2003 for patients refractory to
rituximab or that had relapsed following chemotherapy; in 2004, the
indication was expanded to include patients who had not been treated
with rituximab. Approval was delayed in the US, however, by a series
of FDA requests for information, and was granted 4 years after the
new drug application was filed in June 1999. During those 4 years, the

competing combination of Rituxan and chemotherapy established
itself as the standard of care in non-Hodgkin’s lymphoma.

Forecasts of Bexxar’s market potential were high on the basis
of an earlier US launch. In the year 2000, Data monitor estimated
that Bexxar sales would reach $350 million by 2005; in February
2001, ABN Amro Predicted launch in 2001 and sales of $25 million,
rising to $70 million in 2003. Bexxar sales failed to meet expectations
following the delay by the FDA. First-quarter 2004 sales were $1.3
million, rising to just $2.2 million in the second quarter of 2004 (36).

Corixa, despite having remarkable clinical trial data, struggled
to turn Bexxar into a commercial success, and was acquired by
GSK in 2005 for $300 million. Bexxar usage peaked in 2006,
and sales decreased by 30% annually thereafter. In 2012, only 75
patients received Bexxar (38). On 20 February 2014, GSK announced
that the manufacture of Bexxar would be voluntarily discontinued,
due a projected decline in sales and the availability of alternative
treatments. Issues cited more widely included clinical trial strategy
and issues with the FDA, complicated patient referral process, supply
chain issues, reimbursement, and emergence of non-radioactive
competitors. Safety concerns may also have contributed to the
drug’s dwindling use, following a 2011 trial suspension for a study
comparing the use of 131I-tositumomab and rituximab in addition
to chemotherapy among patients with newly diagnosed follicular
lymphoma, an indication for which Bexxar had not received approval.
Survival was worse in 131I-tositumomab arms of the study, and
although not statistically significant, the results highlighted potential
harms such as severe allergic reactions at the time of infusion and
cytopenia (38).

Market-driven challenges of Zevalin and
Bexxar

Zevalin and Bexxar, as first-in-class targeted radiotherapeutics,
shared some common commercial penetration issues (Table 1).
Both drugs faced competition from Genentech and Biogen Idec’s
blockbuster drug Rituxan, which was the leading treatment at
the time, and were considered expensive at around $25,000 per
treatment. However, as one dose is usually enough, the cost of
the drugs was actually similar to a full 4-months regimen of
chemotherapy and Rituxan.

The radioactivity of the treatments made some oncologists worry
that it might prevent them from giving other treatments later.
Prescribing the drugs also requires oncologists to coordinate care
with the hospitals that administer it–to get either drug, patients first
receive a low-radiation diagnostic dose, then imaging scans, then a
high-radiation therapeutic dose, which comes a week after the first
dose. Other more familiar and thoroughly tested drugs were also
preferred as first-line treatment, leading physicians to prescribe such
drugs even when Zevalin and Bexxar might have worked better.
Financial incentives were also at play–as Zevalin and Bexxar were
radioactive, they were administered in hospitals by nuclear medicine
experts following a referral by hematologists, who were likely to lose
revenue in some markets. As a result, referral rates were lower than
they could have been based on the product labels.

This led to the use of Zevalin and Bexxar as last resort treatments
only. In 2007, it was estimated that fewer than 10% of lymphoma
patients who were candidates for Zevalin and Bexxar ever received
the therapies (39). Despite the potential and clinical data of the two
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FIGURE 2

Annual revenue for Zevalin over the period 2002–2018, reflecting a steady decline and failure to meet forecasts. Source: Biogen and Spectrum financial
reports.

drugs, the positive sales forecasts, and non-Hodgkin’s lymphoma
being a common cancer in Europe and the US that accounts for
around 4% of all cases (40), the commercial challenges reflect the
market-driven forces and the lack of coordination among physicians
that can distort medical decisions.

The arrival of alpha

While beta-emitters Zevalin and Bexxar traversed along their
respective journeys, the development of targeted radionuclide
therapies using different alpha-emitters was also in progress. The first
alpha emitter to appear on the market was metabolically targeted,
analogous to 131I for thyroid cancer.

Xofigo

223Ra-dichloride (later marketed as Xofigo) was the first alpha-
emitter to enter the market. Once injected into the blood, its active
moiety radium-223 mimics calcium and selectively targets bone due
to natural tropism, with high specificity for areas of bone metastases.

First developed by Algeta and later by Bayer following a
$2.9 billion acquisition, 223Ra-dichloride was designed to treat
metastatic castration-resistant prostate cancer (mCRPC). In its
pivotal ALSYMPCA Phase III trial, the compound resulted in a 30%
reduction in the risk of death compared with placebo, and extended
patient lives by a median of 14 months compared to 11.2 months
(41, 42).

Use of 223Ra-dichloride was approved by the FDA in 2013
for mCRPC patients with symptomatic bone metastases. This was
more than 3 months ahead of schedule due to the FDA’s priority
review program, with the trial ending early due to the drug’s strong
performance–reasons cited included the drug’s precise targeting

and strong risk–benefit profile. Approval was also received from
the EMA in 2018.

Xofigo had very high commercial promise due to its high efficacy
and targeting specificity, and its potential to treat late-stage prostate
cancer patients with few other options. It was heralded as one of
Bayer’s “Big Five” crucial new drugs, and analysts estimated that
annual sales could peak at around $1.5 billion by 2020 (43). However,
although Xofigo fared significantly better than Zevalin and Bexxar,
with sales reaching $300–400 million annually at its peak (Figure 3),
it also faced challenges. Firstly, the prostate cancer market evolved
rapidly with many non-radioactive competitors. Secondly, in 2017,
safety concerns arose when the Phase III Era-223 clinical trial for
use of 223Ra-dichloride in combination with abiraterone acetate
(Johnson and Johnson’s Zytiga) in mCRPC patients pre-chemo was
terminated early. In the trial, the combination caused more fractures
and deaths than abiraterone acetate alone (44). The resulting negative
perceptions of the drug, the challenges to extend its use to earlier
stages of prostate cancer, and the difficulties in combining with other
emerging important prostate cancer medicines, made Xofigo subject
to the increasing competition provided by new therapies. Xofigo
may face additional commercial threats from the recently approved
targeted radioligand therapy Lu-177-PSMA-617 (Pluvicto), which
has the potential for utility in a broader population of metastatic
prostate cancer patients; unlike Xofigo, Lu-177-PSMA-617 use is not
restricted to patients with metastases predominantly in bone.

Following the failed trial and fast-changing nature of the prostate
cancer market, analyst sales estimates fell. Xofigo revenues were no
longer expected to breach $500 million in 2017, more than 4 years
from launch (43). In 2018, Xofigo suffered a double-digit sales
decline that continued for several years (Figure 3), exacerbated by
COVID-19 restrictions (45). Despite the challenges, Xofigo remains
an approved therapy for the treatment of prostate cancer and 223Ra-
chloride is undergoing further evaluation in several ongoing trials;
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FIGURE 3

Annual revenue for Xofigo over the period 2013–2021. Source: Bayer annual reports.

the commercial performance of Xofigo has far exceeded those of the
beta-emitters Zevalin and Bexxar (42).

Section 2: Present

Radioligand therapeutics come to life

Since the approvals of Zevalin, Bexxar and Xofigo, momentum
has continued in the field. Promising proof-of-concept signals
from small compassionate-use case series, investigator-led clinical
trials, and improvements in tumor-targeting technologies resulted
in more refined and optimized targeted RLTs. The next pivotal
step in the evolution of the field came in the form of two
major commercial transactions, Novartis’ acquisitions of Advanced
Accelerator Applications (AAA) and Endocyte in 2018.

Movement in the RLT field: Novartis
acquisitions of advanced accelerator
applications and endocyte

In January 2018, Novartis announced the completion of its
$3.9 billion ($41 per share) acquisition of radiopharmaceutical
specialist AAA and its RLT candidate 177Lu-DOTATATE (later
named Lutathera).

177Lu-DOTATATE, which combines the beta-emitting
radionuclide lutetium-177 with the somatostatin analogue
DOTATATE to target somatostatin receptors (SSTRs) on tumor
cells, was the first radiopharmaceutical on the market for PRRT
(46). The drug gained rapid approval for clinical use following
ground-breaking clinical data–in the NETTER-1 Phase III study
of 229 patients with inoperable SSTR-positive advanced midgut
neuroendocrine tumors, 177Lu-DOTATATE increased progression-
free survival (65% versus 11% survival at 20 months) and response

rate (18% versus 3%) compared with high-dose octreotide LAR
(Sandostatin LAR Depot) (46–48). These results led to authorization
by the EMA (2017) and the FDA (2018) for the treatment of SSTR-
positive gastroenteropancreatic neuroendocrine tumors. The drug
has also show potential in off-label use in other neuroendocrine
tumors (e.g., bronchial) in both the US and Europe.

In December of the same year, Novartis announced completion of
its $2.1 billion takeover of Endocyte and its lead asset 177Lu-PSMA-
617 (later named Pluvicto). 177Lu-PSMA-617 was a RLT candidate
in development against prostate-specific membrane antigen (PSMA)-
positive mCRPC. Upon completion of the Phase III VISION trial,
it was shown that 177Lu-PSMA-617 with standard of care reduced
risk of death by 38% compared to standard of care alone and
increased progression-free survival (8.7 months versus 3.4 months
in the control group) and overall survival (15.3 versus 11.3 months)
(49, 50). 177Lu-PSMA-617 became the first RLT to be approved
by the FDA and EMA for mCRPC, receiving authorization from
both agencies in 2022 alongside 68Ga gozetotid (Locametz)–a PSMA-
targeted positron emission tomography imaging tracer that is used to
identify patients suitable for treatment with the radioligand.

Novartis have initiated additional early stage development
programs for 177Lu-PSMA-617 in earlier lines of prostate cancer
therapy, with two other Phase III studies for mCRPC now ongoing.
If successful, these trials could significantly increase the patient pool
eligible for 177Lu-PSMA-617.

A commercial success story, so far

Following the ground-breaking clinical data and approvals in
US and Europe, and despite its indication for a rare cancer type,
Lutathera brought in sales of $445 million in 2020, reaching over
5,000 patients (Table 2). Sales rose to $475 million in 2021 and
continued to grow in all regions with approximately 450 centers now
actively treating patients globally. As Lutathera becomes accessible
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to more hospitals and clinics, the number of patients qualifying for
the treatment is projected to increase. Analysts predict peak sales of
Lutathera could exceed $800 million (Figure 4; 51).

Although too early to review longer-term revenue data for
Pluvicto, Novartis reported initial sales of $10 million for Q2 2022
(52). Evaluate Vantage recently projected Pluvicto’s 2026 sales of $851
million, while analysts at Jefferies have previously predicted that sales
could reach $600 million in the current indication, with additional
upside from further approvals (including the pre-chemotherapy
setting in mCRPC and treatment-naive metastatic hormone-sensitive
prostate cancer patients). The two additional trials in progress are
expected to drive a 2–3x increase in currently modeled sales if
successful, indicating the blockbuster potential of Pluvicto (Figure 5;
51).

In 2022, Novartis forecast annual sales up to or exceeding $1
billion for both Pluvicto and Lutathera, which together represent
a major opportunity for Novartis in nuclear medicine (53).
The company has also continued to increase its exposure to
radiopharmaceuticals–for example by participation in the Series A
financing of Aktis Oncology and the in-licensing of a other targeting
agents from SOFIE Biosciences.

Growth of new candidates and companies
for RLT

The acquisition of AAA and Endocyte by Novartis triggered
significant and growing interest and expectations for RLTs. The
subsequent approvals and early robust market uptakes of the
two lutetium-based drugs coupled with lofty future projections
suggest better market readiness for RLTs than at the time of
the launches of Zevalin and Bexxar two decades ago. This
commercial success has in turn sparked the interest of investors
and other large pharmaceutical companies looking to address unmet
needs in cancer.

Several developments facilitated further expansion of the RLT
concept for oncology. These included improved drug targeting;
the increased availability of 177Lu and growing investment in
production of alpha emitters; advances in new processes for efficient
manufacturing of RLTs and increasing production capacity; and
compelling clinical data. This progress transformed the dynamic,
fueling a new flow of investor capital into these technologies and
increasing mergers and acquisition (M&A) activity (28). As a result,
momentum has continued to build in the nuclear medicine field, with
the potential to elevate the profile of the entire sector. If the industry
is able to effectively manage historical challenges, there is significant
opportunity for a new and promising wave of RLTs to significantly
change oncology treatment paradigms–particularly if alpha emitters
are effectively utilized.

Market reception for public and private
companies

With this momentum, new company formation has grown since
2018, and pharma giants such as Bayer and Novartis continue to build
early stage pipelines that expand into other targets and radioisotopes–
with increasing focus on alpha-emitters.

Hard data and future potential attracted significant capital. For
instance, prior to the Novartis acquisition, after the disclosure of the
79% reduction in the risk of disease progression or death for patients
with SSRT-positive neuroendocrine tumors following treatment with
177Lu-DOTATATE in the NETTER-1 Phase III trial, AAA raised
more than $75 million in an oversubscribed IPO in 2015. Investors
again showed their support in October 2016, when AAA raised more
than $150 million in a follow-on offering (28).

Private companies have also experienced positive market
reception. Analysis indicates that at least 11 companies working in
the ART space have raised significant amounts of capital during
the period 2019–2022. We estimate the amount raised by those
companies totalling close to $1.2 billion, although this estimate is
not exhaustive given the private nature of some of this information.
Much of the focus of this new investment has been on targeted alpha
approaches as investors seek out opportunities with differentiated
clinical efficacy potential. Investment has also continued into
companies pursuing beta-based approaches which have a different
risk profile given the existence of two approved products and a more
established supply chain.

Current state of the market

Promising clinical trial data, the inflow of investor capital, and
M&A activity are contributing to an expanding radionucleotide field.

The overall global nuclear medicine market size expected to reach
$24.4 billion by 2030 at a CAGR of 13.0% from 2022 to 2030 (54).
Meanwhile, the global market for radioligand therapy is projected to
reach $13.07 billion by 2030 (55). This is a reflection of increased
public and private funding and clinical progression for many RLT
products between 2018 and 2022, as well as increasing cancer
prevalence. Other opportunities and drivers for further growth in
the RLT market include the aging population, increased awareness
and understanding of radiotherapy isotopes, product innovation
and development, and improvements to isotope production and
infrastructure for clinical use. Increasing use of radiopharmaceuticals
by physicians and rising per capita health care expenditure will also
boost the market’s growth.

Beta-emitting isotopes currently dominate research efforts, as
they have done since the inception of RLT (56). In September 2021, of
161 ongoing registered radionuclide therapy clinical trials, 133 were
focused on beta-emitters and 28 on alpha-emitters (57). This has been
driven mostly by the availability of isotopes such as lutetium and
the market is expected to evolve to reflect a shift to alpha emitter
therapeutics. The global market for alpha emitters was estimated at
$672.3 million for the year 2020, with projections of $5.2 billion by
2027, indicating a CAGR of 34.1% over the period 2020–2027 (58).
In comparison, beta emitters were projected to exhibit a CAGR of
only 13.7% (56).

Despite the advances in RLT and the positive outlook of
the projected commercial landscape, challenges in the commercial
penetration and uptake remain. Primarily, radionuclide supply,
manufacturing and distribution, in particular for alpha-emitting
radionuclides, are key obstacles for growth of the field. Effective
delivery of RLT requires carefully orchestrated manufacturing,
transport and preparation of radiopharmaceuticals, and necessitates
dedicated infrastructure and mechanisms for waste disposal. The
existing model for manufacturing, transporting and preparing
radioligand therapy is suitable for administering the therapy to a
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FIGURE 4

Lutathera sales and projected sales for the period 2018–2030. Source: (51).

TABLE 2 Lutathera revenue and estimated number of doses and treatments for the period 2018–2021.

Years Lutathera revenue ($
million)

ASP per dose ($) Implied number of
Lutathera doses

Implied number of treatments (4
doses per treatment)

2018 167 20,000 8,350 2,088

2019 441 20,000 22,050 5,513

2020 445 20,000 22,250 5,563

2021 475 20,000 23,750 5,938

Source: (93), Novartis annual report 2021.

FIGURE 5

Pluvicto sales projections. Projections include estimates for both pre- and post-taxane markets assuming ∼20% penetration in the US and ∼15%
elsewhere. If Pluvicto is approved for the pre-taxane market, it is estimated that this would lead to an additional ∼$2 billion on top of current projections
for the post-taxane market. Based on estimates from (51).
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limited number of people per week, and so there is a need to develop
different models for larger patient populations. These models of
delivery will need to account for differences in radiopharmaceuticals,
eligibility assessment techniques and number of treatment cycles (to
be explored further in Section “Exploring models for the delivery of
ART”) (59, 60).

Additional challenges include the failure by physicians
to adopt and rigorously evaluate this treatment modality,
which may be explained in part by the multidisciplinary
nature of the treatment and financial incentive challenges, as
experienced by Zevalin and Bexxar (59). Public perception
and fear of radioactivity, as well as the perceived complexity
of the treatment, may also be a difficulty, but one that can
be overcome with better communication of risk–benefit
profiles and increasing positive data around side effects
and effectiveness.

Section 3: The future is alpha

Radioligand therapy (RLT) is a growing market despite the
challenges faced. Assuming that the early ground-breaking results
obtained with ART continue to be borne out in rigorous clinical trials,
the growth of ART is also likely to accelerate over the use of EBRT.

Benefits of alpha

Alpha particles are helium nuclei that are emitted from the
nucleus of a radioactive atom. The amount of energy deposited per
path length traveled (linear energy transfer or LET) is approximately
1,500 times greater than beta particles, leading to substantially more
damage along the path of travel (59, 61, 62).

Depending on their emission energy, alpha particles can travel
50–100 µm in tissue. The combination of high energy and a short
tissue range ensures the deposition of a large amount of energy
within a short radius, leading to the effective killing of the targeted
tumor with sparing of the surrounding normal tissue. This occurs
due to direct DNA damage from alpha particle collisions with DNA,
leading to severe DNA double-strand breaks, which are difficult
to repair and trigger cell death. This is a key advantage of alpha-
emitters as double-strand breaks are harder for a cell to survive
than the single-stranded breaks induced by beta radiation (59,
61, 62).

Differences among alphas

For radionuclides to be used effectively over time,
commensurable with their half-life period, it is necessary to produce
and isolate them, perform synthesis with the targeting molecule, and
execute control of key parameters such as the absence of long-lived
and/or toxic daughters (63–67). Each of these requirements is
explored in more detail below.

Half-life
A shorter half-life means the radioisotopes must be isolated

closer to the time and site of treatment, whereas a longer half-life
means the radioisotope can be produced in a specialized, central

location and subsequently delivered to hospitals and clinics, provided
that the daughters can be stable in the complexes during delivery.
The 9.92-day half-life of actinium-225 (225Ac) is suitable from this
perspective, but the poses potential toxicity risks stemming from
mother radionuclide recoil caused by the energy from four successive
alpha emissions in its decay cascade. In addition, care must be taken
to ensure the quality of the product is not compromised by prolonged
storage periods, which can occur due to radiolysis from the targeting
ligand–these characteristics may limit the deployment of 225Ac
therapeutics. Lead-212 (212Pb), with a shorter but still manageable
half-life of 10.64 h, decays to bismuth-212 (212Bi) (T1/2 = 1 h) and
is used as a means to deliver 212Bi without being constrained by its
shorter half-life. This allows for delivery of up to 10 times more dose
per unit of administered activity and provides the possibility for the
synthesis of complex radiopharmaceuticals with minimum loss of
radioactivity during preparation (66).

Ability to complex
For a radiopharmaceutical to be used successfully, it must

manifest sufficient stability in vivo to retain its targeting properties,
and in the case of metal isotopes an appropriate chelator needs
to be identified that matches the physical properties of the isotope
to link the isotopes to targeting ligands (68, 69). With target in
mind, the half-life of the isotope should also be compatible with the
characteristics and half-life of the vector molecule (64, 65). Astatine-
211 (211At) (T1/2 = 7.2 h) and 212Pb (T1/2 = 10.64 h) exhibit
favorable characteristics in this regard, with half-lives that are suitable
to the kinetics of small peptides and small molecules that require
short periods to reach an optimal tumor-to-blood dose ratio, as
well as high decay efficiencies and stability to reduce toxicity (61,
64). Isotopes with longer half-lives are often complexed with long-
lived antibodies: while the targeting is adequate, the long circulation
times of antibodies may increase the risk of non-specific toxicity and
off-target effects, e.g., toxicity to the bone marrow.

Toxicity
Many isotopes emit alpha particles but some leave behind toxic

by-products or decay before they reach a cell. Issues arising when
using 225Ac for therapy, for example, as mentioned above, include
unwanted toxicity from recoiled daughter radionuclides without a
targeting ligand (70). Upon the emission of an alpha particle, the
radioactive daughter nuclides experience a recoil energy of about
100–200 keV, which is sufficient to allow the daughter nuclide to
break free from the targeting agent. Further, the different chemical
properties of the daughter radionuclide can make re-association
with the chelator unlikely. These “free,” untargeted daughter nuclides
could be a source of dose-limiting toxicity.

When these factors are taken into account, despite that many
different alpha-emitting radionuclides have been identified, only
a few have desirable characteristics that render them suitable for
clinical application (66, 67). Of the alpha-emitting radionuclides that
have been identified as suitable for therapeutic use, several candidates
have now been complexed to ligands such as PSMA inhibitors for
evaluation in preclinical and clinical studies for cancer such as
mCRPC (71). Following these early evaluations, four of the most
promising isotopes emerging within the ART field are 225Ac, 211At,
212Pb, and thorium-227 (227Th)–although 213Bi has been used with
positive results in select malignancies, we are not aware of large scale
commercial efforts with this isotope.
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Isotope availabilities

Medical isotope shortages are a concern globally due to limited
source material and challenging production processes. Although
many isotopes are produced in nature, extracting a significant
amount of purified material demands an accelerator or nuclear
reactor and the facilities and expertise to chemically separate out
the desired isotope from many others created during production.
Other strategies include generators, where a parent isotope decays to
the desired radionuclide that is then extracted, and cyclotrons that
accelerate and bombard a target using variety of particles, including
protons, alpha particles, lithium, and carbon ions.

For the four isotopes identified as most suitable for therapeutic
use, the availability and ease of production are therefore a key factor
to consider for their use. Below is a state-of-play for each, including
current and potential future availability and production methods.

Astatine-211
211At can be produced at reasonable yield and high radionucleic

purity using an alpha-particle beam to bombard natural and widely
available bismuth at ∼28 MeV via cyclotron irradiation. Despite
being a straightforward method of production, the number of
accelerators capable of a 28 MeV alpha-beam limits the availability
of 211At, and current quantities are inadequate for widespread
clinical use (72).

Lead-212
The main production route of 212Pb is through the use of

radium-224 (224Ra)-based generators from which 212Pb is obtained
by elution. This does not come without challenges–the generator
must be replaced after 1–2 weeks due to the short half-life of
224Ra–but it can produce high yields of 212Pb (> 90% of expected
activity per daily elution) and its daughter 212Bi at quantities
sufficient for preclinical and clinical use. The US Department
of Energy’s Oak Ridge National Laboratory (ORNL) currently
produces 212Pb using this approach, and some biotechnology
companies are also developing their own facilities and methods
to produce high-purity 212Pb (61). The short half-life of 212Pb
and the relatively long separation times of the methods above
reduced its applicability to date. However, several companies
such as ARTBIO recently started to innovate such production
processes and made significant process toward scaling up the
supply of 212Pb through sustainable methods (73). While the
specific production and purification methods of 212Pb are under
development, there is good availability of the potential parent
radionuclide 228Th, which provides good confidence in the ability
of these approaches to ultimately scale to accommodate commercial
therapeutic volumes.

Actinium-225
225Ac has limited availability as it can currently only be extracted

by separation from the natural decay of 229Th that is obtained
from waste stockpiles containing 233U (from past reactions for
nuclear energy or nuclear weapons purposes). At present, there are
two sources of 225Ac that have been used in clinical trials, held
at ORNL in the US and the Institute for Transuranium Elements
(ITU) in Karlsruhe, Germany. Additional sources are also available
at the Leypunsky Institute for Physics and Power Engineer (IPPE)
in the Russian Federation, South Africa’s iThemba Laboratory for

Accelerator Based Sciences and Canada’s TRI-University Meson
Facility (TRIUMF)” (74–77, 78, 79) Table 4 lists the overall available
capacities of current and future methods (75). Future production
methods in development for the production of 225Ac include neutron,
proton and deuteron irradiation of 226Ra targets, and high-energy
proton irradiation of 232Th targets. Large-scale production of 225Ac
by cyclotron proton irradiation of 226Ra has also shown promise
(75).

Thorium 227
227Th has been commercially available for many years as it can be

obtained in clinically meaningful quantities via beta-particle decay
of 227Ac (T1/2 = 21.8 years). Since it can be produced in virtually
unlimited amounts with current technology, 227Th has attracted
attention as a viable radionuclide for several forms of systemic
radionuclide therapy (80, 81). 227Th is currently available from
ORNL and the Pacific Northwest National Laboratory in the US, the
Rosatom State Nuclear Energy Corporation in Russia, and from the
pharmaceutical company Bayer (74).

Although production of most alpha-emitting isotopes remains
limited, many industry experts assume that capacity will increase
as clinical evidence supporting the benefits of ARTs grows over
time. In addition, technology development continues in the
public and private sectors (59). For example, Table 3 shows
current and anticipated production methods for therapeutic alpha-
emitter systems. Location of the different facilities will also be
important for the scale-up of isotope production for clinical
and commercial use, as ART is delivered as a just-in-time
therapy. For the widespread treatment of patients in the future,
facilities will be needed in each continent to ensure broad access.
Growing radioisotopes demand will require sustained efforts from
the health and energy sectors to ensure consistent supply and
delivery (particularly as there can be additional logistical difficulties
in post-production processing and distribution to hospitals)
(82).

The rush to 225Ac

225Ac has gained much attention as a promising isotope for use in
ART, due to its 9.92-day half-life; high LET; manageable chelation and
conjugation to targeting molecules such as antibodies and peptides;
four net alpha particles emitted per decay for high lethality to target
cells; and existing body of early clinical experience (83).

The efficacy of 225Ac was demonstrated in early first-in-human
patient studies for mCRPC–one of which was conducted under a
collaboration between the Joint Research Center in Karlsruhe and
University Hospital Heidelberg in 2016 (84). Two patients in highly
challenging clinical situations showed a positive response to 225Ac-
PSMA-617 therapy–both experienced a complete response with
prostate-specific antigen decline and no hematologic toxicity, with
manageable xerostomia as the only notable side effect (85). While the
clinical application of 225Ac-PSMA-617 was further developed with
the collaboration of JRC and hospitals in Heidelberg, Pretoria and
Munich, the remarkable potential of 225Ac also gained worldwide
interest due to its use in a growing number of studies for patients
with late mCRPC (86, 87). Consequently, an increasing number of
novel 225Ac-labeled compounds are currently under development.
We last counted 16 active clinical programs in clinicaltrials.gov
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TABLE 3 Overview of current and potential production methods for four key alpha-emitting isotopes.

Isotope Half-life Isotope availability Main production approach Current and potential production methods

Method Status

211At 7.21 h Very low Cyclotron 209Bi(α,2n)211At Production

232Th(p,x)211Rn Research

238U(p,x)211Rn Research

209Bi(7Li,5n)211Rn Research

209Bi(6Li,4n)211Rn Research

212Pb/212Bi 10.64/1 h Scaling Generator decay 224Ra/212Pb generator Production

225Ac 9.92 days Low–growing Generator decay 229Th/225Ac generator Production

226Ra(p,2n)225Ac Research

226Ra(γ,n)225Ra Potential

226Ra(n,2n)225Ra Potential

226Ra(d,3n)225Ac Potential

232Th(p,x)225Ac Research

227Th 18.7 days High Generator decay 227Ac decay Production

235U decay Production

Potential routes to increase production for each isotope include: 211At: explore production at existing and upcoming facilities and 221Rn generator routes; 212Pb/212Bi: increase production of 228Th;
225Ac: provide additional stock of 229Th, scale up spallation on 232Th production and new cyclotron methods; 227Th: produce 227Ac via neutron irradiation of 226Ra. Source: (74, 94, 95).

TABLE 4 Summary of current and potential future capacity for key 225Ac production facilities.

Production method Facility Capabilities Monthly 225Ac
production (GBq)

Current sources 226Th generator ORNL 0.704 g of 229Th 2.2

ITU 0.215 g of 229Th 1.1

IPPE 0.704 g of 229Th 2.2

Potential sources 232Th(p, x)225Ac TRIUMF 500 MeV, 120 µA 11266.5

BNL 200 MeV, 173 µA 2675.84

INR 160 MeV, 120 µA 1002.0

Arronax 70 MeV, 2 × 375 µA 462.1

LANL 100 MeV, 250 µA 444.0

iThemba LABS 66 MeV, 250 µA 127.7

Future sources 226Ra(p, 2n)225Ac 20 MeV, 500 µA cyclotron 3983.1

15 MeV, 500 µA cyclotron 1157.4

ISOL TRIUMF (existing) 0.37

TRIUMF (potential upgrades) 190.6

226Ra(γ, n)225Ra Medical linac 18 MeV, 26 µA 48.1

ALTO 50 MeV, 10 µA 55.5

226Ra(n, 2n)225Ra Fast breeder reactor ∼37

Current production levels are listed for current sources, while values for potential sources list estimates of maximum possible production at sample of existing and operational facilities that have
dedicated stations for large-scale medical isotope production. This list includes key facilities but is not exhaustive and does not include potential yet currently impractical methods that may be
established in the future. However, without knowing details of each institution’s target irradiation facilities, estimates have been based on maximal yield estimates with optimal site assumptions. As
a result, practical yields will be lower. For example, while TRIUMF could theoretically produce 11.2 TBq of 225Ac per month, 3 TBq of monthly 225Ac production is a more practical estimate given
the existing target station’s size and cooling capacity. Reproduced from (75).

and we estimate double that number in pre-clinical stage as many
companies do not publish their programs until start of clinical trials.

However, as noted above, 225Ac faces major production
challenges due to scarce availability of source material and the infancy
of alternative production methods. The total global annual 225Ac
production volume is approximately 66 GBq, which is inadequate for

current and future demand from researchers and for the development
of new agents (75; Figure 6). Estimates of current demand for 225Ac
are less than 185 GBq per year and it is estimated to grow by about
200–400 GBq per year for each 225Ac-based therapy that is approved
for clinical use. Should efforts to develop 213Bi-based therapies also
increase, 225Ac demand may be even higher (75).
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FIGURE 6

Projected 225Ac demand versus current 225Ac production via 229Th
production from 223U legacy waste and potential future production.
Current 225Ac production is estimated to be 55–65 GBq per year,
which is inadequate even for current demand from researchers.
Demand is projected to increase by 200–400 GBq per year for each
225Ac-based therapy that is approved for clinical use. Should efforts to
develop 213Bi-based therapies also increase, 225Ac demand may be
even higher, highlighting the importance of new production methods
to increase 225Ac supply to meet increasing demand. However, it
should be noted that estimates of both demand and future production
capacity vary widely.

Private and public efforts to increase 225Ac supply for medical
research and clinical use are ongoing. For example, in 2018, the
International Atomic Energy Agency convened a meeting to discuss
a global strategy to meet the rising demand for 225Ac. The resulting
report described potential production routes via multiple sources,
including proton cyclotrons, linear accelerators, and nuclear waste.
The US Department of Energy is also supporting many initiatives
to increase production quantities to meet market demand for
trials and experimental drugs and is currently leading the Tri-
Lab Research Effort to Provide Accelerator-Produced Actinium-225
for Radioimmunotherapy. Private companies such as TerraPower,
a leading nuclear innovation company founded by Bill Gates and
like-minded visionaries, are also contributing to efforts to increase
production. While others are working to ramp up production of
225Ac by using a linear accelerator or cyclotron, TerraPower has
been working since 2018 to increase the global supply of 225Ac
from 229Th decay, and hopes to harvest the equivalent of 200,000
to 600,000 doses a year (100 times the number of doses currently
available globally) from US Department of Energy 233U legacy
wastes (88).

A delay is expected before production capacity can meet demand.
Table 4 provides examples of current and potential sources of
225Ac production going forward. Although new production facilities
have been set up or are under construction through efforts such
as those of the US Department of Energy, new processes for
supply expansion have not been fully developed, have only been
demonstrated at small scale, or do not currently produce any
commercially available quantities. It appears that the shift and rush
to 225Ac has happened more quickly than with the beta emitter
177Lu: in that case, the supply has grown at a rate commensurate
with the demand without creating long-term major shortages
(89).

There is also significant concern in the sector that the rush to use
225Ac before full investigation of the stability of its chelated state and
how its long-half life may result in potential toxicity was premature.
In addition, the disconnect between supply and demand of 225Ac
is slowing down academic research and is driving academic and

industrial stakeholders to consider alternative isotopes such as 212Pb,
which has a more favorable decay profile.

Section 4: Delivery and optimization
of ART

Exploring models for the delivery of ART

There are a number of considerations when selecting an
appropriate isotope for use in ART. Once an isotope–molecule
combination has been matched to the target disease and its
clinical profile, logistics and supply chains must also be built to
match. Currently, it appears that several companies may have
chosen the isotope first, based on logistics, rather than the
approach proposed here. Developers face additional challenges in
this space as guidelines and protocols vary between countries, adding
complexity to an international delivery solution (82). The scale
at which models are implemented may vary, with certain benefits
and challenges associated with implementation at a localized or
centralized level.

Localized versus centralized models

A localized model, where manufacturing and administration
facilities are co-located, could be beneficial for many
reasons. Such a structure may reduce geographical access
challenges compared to a centralized model where people
are required to travel significant distances, or where isotope
choice is limited due to the need to transport therapeutic
doses over long distances, even across countries, for
treatment. In the early days of RLT, physicians experimented
locally in these ways.

A localized model may garner support by physicians as it could
provide facilities with their own generators and production stations,
improving treatment autonomy and the ease of referrals. Localized
models of delivery and care may also alleviate the challenges posed by
financial incentives and reimbursement that contributed to the issues
experienced by Zevalin and Bexxar.

The regulatory framework for such a model is not well-
developed for pharmaceuticals while there is significant experience
in radioactive diagnostics: current frameworks would have to be
adjusted while the purveyors of such models may also have to develop
processes with different requirements and features to enable such
models. Quality assurance and quality controls are fundamental parts
of the currently accepted GMP standards: manufacturers are expected
to adhere to such standards and ensure them in every country
where they supply therapies. Regulators such as FDA and EMA
routinely inspect manufacturers’ facilities and quality management
systems to ensure that patient safety is maintained in every batch
that is released in markets. A localized model creates challenges to
such approaches as each individual hospital could be considered a
manufacturing site, each with their own approaches and facilities out
of the management of the originator companies. Regulators may have
to inspect hundreds or thousands of individual sites, raising fears that
patients may receive therapeutic doses with varying characteristics
across different hospitals.
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In addition, several post-launch processes may become
increasingly difficult: data collection pertaining to real-world
use of the therapies; pharmacovigilance processes; product liability
assignments; and others. In spite of this, it is worth remembering
that distributed manufacturing models are routinely used in the
nuclear medicine industry for diagnostic radionuclides such as 68Ga
and 99mTc, which have even shorter half -lives than 212Pb and can
be produced with generators close to the point of use. It is therefore
likely that a regulatory framework can be achieved for an analogous
concept in the ART setting.

A centralized model fits within the existing regulatory framework,
enabling consistent quality controls across manufacturing sites of a
given manufacturer. Such facilities could offer advantages such as
improved manufacturing infrastructure for high-volume production,
streamlined influx of source material, more uniform rules for
developers and better regulatory and quality control. In a centralized
model, it should also be easier to assemble and train teams with the
relevant manufacturing expertise in this budding new area.

Centralized models do, however, create supply chain risk.
A manufacturing network with few facilities and low supply chain
redundancy may lead to radionuclide shortages and disrupt patient
treatment. For example, in May 2022, Novartis was forced to halt
production of both Lutathera and Pluvicto at facilities in Italy, the
US and Canada due to quality issues. Delivery of Lutathera was
suspended in the US and Canada as a result, and delivery of Pluvicto
was also suspended in the US. The disruption led to shortages in
Europe and Asia, but these areas were also supplied from another
facility in Zaragoza, Spain. Enrolment for clinical trials of Pluvicto
stopped globally, as did Lutathera’s clinical studies in the US and
Canada (90, 91).

A way forward: Distributed model

Looking to the future, a middle ground may be the best option
in the form of a distributed model, with a moderate number of
manufacturing facilities supported by an integrated supply network.
This may overcome challenges that prevent rapid scale up on a local
level, while addressing challenges such as long patient travel, isotope
transport times, supply chain security, and regulatory consistency.

In this model, although not every country (or state in the US)
may have its own production and manufacturing facility, multiple
sites could ensure that therapies are more accessible, reducing patient
travel and therapy transport times. Such a network may also be more
resilient to supply chain shocks, and render regulatory compliance
more manageable than in the localized model. A network of 10–15
sites per region may be sufficiently redundant for a resilient supply
chain and it should be manageable from a regulatory perspective.

Distributed networks are known to be far more stable and
productive than centralized alternatives, and the redundancy that
would be introduced will be essential for effective and stable
therapeutic supply in the future. Taking the internet as example,
network redundancy provides multiple paths for traffic, so that
data can keep flowing even in the event of a failure. Put simply,
more redundancy equals more reliability. The redundancy created
by distributed networks can be considered necessary complexity to
reduce the probability of failures that could impact the entire network
and, ultimately, patients’ lives.

Currently, the unexpected closing of one reactor or one
specialized laboratory could already lead to worldwide problems in

the supply of medical radionuclides and therapeutics. Other reactors
or manufacturing sites may not always absorb the increased demand.
This phenomenon was eminently on display during the productions
issues of Novartis described above (90, 92).

Conclusion and future outlook

Alpha radioligand therapeutics (ARTs) offer great promise for the
treatment of cancer that is reflected in high expectations for patient
impact and financial returns. It is encouraging to see this reflected
by the rapid growth of ART-focused companies and expanding
clinical pipelines within the field. Future growth will be fueled
by further efficacy and safety data from ART clinical trials and
real-world results–with expanded investigations of earlier stages of
cancer. Thorough investigations of the fundamentals of ART coupled
with combination therapies with other modalities, particularly
immunotherapeutics, provide fertile ground for academic and
industrial researchers alike. Sustained efforts to increase the
availability of isotopes by establishing more manufacturing facilities
and new methods of production are key to successful growth of the
field. Such advances will need to keep pace with each other to avoid
situations such as the current expected imbalance between supply
and demand of 225Ac. Cross-disciplinary training of specialized
practitioners to overcome the referral challenges to adoption will also
need to be supplemented with an adjustment of financial incentives
that puts patients first. New delivery models must also be developed
and implemented to provide equal and resilient patient access. This
innovation will require that regulatory frameworks evolve at the
speed of the rest of the field in order to balance the needs of
all stakeholders.
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Aim: Two ongoing phase I studies are investigating the use of radium-224 adsorbed 
to calcium carbonate micro particles (224Ra-CaCO3-MP) to treat peritoneal metastasis 
originating from colorectal or ovarian cancer. The aim of this work was to study the 
level of radiation exposure from the patients to workers at the hospital, carers and 
members of the public.

Method: Six patients from the phase 1 trial in patients with colorectal cancer were 
included in this study. Two days after cytoreductive surgery, they were injected with 
7 MBq of 224Ra-CaCO3-MP. At approximately 3, 24 and 120 h after injection, the patients 
underwent measurements with an ionization chamber and a scintillator-based iodide 
detector, and whole body gamma camera imaging. The patient was modelled as 
a planar source to calculate dose rate as a function of distance. Scenarios varying 
in duration and distance from the patient were created to estimate the potential 
effective doses from external exposure. Urine and blood samples were collected at 
approximately 3, 6, 24, 48 and 120 h after injection of 224Ra-CaCO3-MP, to estimate 
the activity concentration of 224Ra and 212Pb.

Results: The patients’ median effective whole-body half-life of 224Ra-CaCO3-MP 
ranged from 2.6 to 3.5 days, with a mean value of 3.0 days. In the scenarios with 
exposure at the hospital (first 8 days), sporadic patient contact resulted in a range 
of 3.9–6.8 μSv per patient, and daily contact resulted in 4.3–31.3 μSv depending on 
the scenario. After discharge from the hospital, at day 8, the highest effective dose 
was received by those with close daily contact; 18.7–83.0 μSv. The highest activity 
concentrations of 224Ra and 212Pb in urine and blood were found within 6 h, with 
maximum values of 70 Bq/g for 224Ra and 628 Bq/g for 212Pb.

Conclusion: The number of patients treated with 224Ra-CaCO3-MP that a single hospital 
worker - involved in extensive care - can receive per year, before effective doses of 
6 mSv from external exposure is exceeded, is in the order of 200–400. Members of 
the public and family members are expected to receive well below 0.25 mSv, and 
therefore, no restrictions to reduce external exposure should be required.
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1. Introduction

Peritoneal metastasis (PM) is most frequently caused by 
gastrointestinal and gynecological malignancies disseminating, and 
growing in serosa linings the abdominal cavity (1). The main treatment 
is cytoreductive surgery (CRS), often combined with hyperthermic 
intraperitoneal chemotherapy (HIPEC). Still there is a risk of recurrence 
of the disease.

Two ongoing phase I studies, RAD-18-001 (NCT03732768) and 
RAD-18-002 (NCT03732781), are investigating the use of radium-
224 (224Ra) adsorbed in calcium carbonate microparticles 
(224Ra-CaCO3-MP) to treat peritoneal metastasis originating from 
colorectal and ovarian cancer. Patients at the highest planned 
activity level receive an injection of approx. 7 MBq of 224Ra 
intraperitoneally through a catheter, 2 days after CRS. Patients with 
PM with origin from colorectal cancer included in the RAD-18-002 
trial also receive treatment with HIPEC after CRS.

The decay chain of 224Ra consists of radon-220 (220Rn), 
polonium-216 (216Po), lead-212 (212Pb), bismuth-212 (212Bi), 
polonium-212 (212Po, 64%), thallium-208 (208Tl, 36%) and stable 
lead-208 (208Pb; Figure 1; 2). 212Pb and 208Tl are the main photon 
emitters. 212Pb emits 77.4 keV x-ray photons (17.5%) and 239 keV 
γ-photons (43.6%), amongst others (2). The γ-photons of highest 
intensities with origin from 208Tl is 2,615 keV photons (99.8%) and 
583 keV photons (85.0%). However, as 212Bi is branched, and 36% 
decays to 208Tl, the overall intensities of these photons are lower. 
224Ra has a half-life (t1/2) of 3.6 days, while the daughters have shorter 
half-lives varying from

3·10−7 s to 10.6 h.
From the 1910’s, 224Ra has sporadically been used to treat ankylosing 

spondylitis (3), but to the best of the authors’ knowledge, no publications 
on the subject of radiation safety protection for 224Ra exist. Although not 
completely comparable, more research has been done in recent years on 
another isotope of radium; radium-223 (Ra223). Treatment fractions of 
55 kBq/kg radium-223-dichloride 223RaCl2 is used for treating bone 
metastases with origin from metastatic castration resistant prostate 
cancer. Two publications have concluded that the product could be given 
on an outpatient basis, without restrictions on normal interactions and 
that patients do not need to follow specific restrictions related to 
radiation safety, as long as they attain to a set of hygienic precautions 
related to bodily fluids (4, 15).

For the treatment of peritoneal metastases, 224Ra is thought to 
be  more suitable than 223Ra due to its shorter half-life, as it is 
expected that some of the injected radionuclide could be transported 
out of the peritoneal cavity (5). Hence, with a longer half-life more 
of the absorbed dose could potentially be  deposited outside the 
peritoneal cavity.

The Council of the European Union sets in its Council Directive 
2013/59/EURATOM effective dose limits for different categories of 
personnel, carers and the public (6). For example, the effective dose 
limit for occupational exposure is 20 mSv per year (the average over 
5 years may be considered), while the limit for the public is 1 mSv 
per year.

The aim of the current study was to estimate radiation doses to 
hospital workers, carers and the public from patients receiving 
224Ra-CaCO3-MP in a dosimetry cohort of six patients with 
peritoneal metastasis from colorectal cancer, undergoing 
measurements of external dose rates and radioactivity in urine and 
blood at several time points post treatment.

2. Methods

2.1. Patient population and 224Ra-CaCO3-MP 
treatment

Subjects with histologically confirmed colorectal carcinoma and 
peritoneal metastases eligible for CRS and HIPEC treatment were 
enrolled in a phase 1 trial to evaluate the dose, safety and tolerability of 
224Ra-CaCO3-MP. For the current study, six patients from an expansion 
cohort at Oslo University Hospital were included. 224Ra was extracted 
from a generator consisting of thorium-228, which has a half-life of 
1.9 years (7). 224Ra-CaCO3-MP was produced by Oncoinvent AS. A 
peritoneal catheter was inserted after surgery (day −2). 224Ra-CaCO3-MP, 
containing 0.7–1 g microparticles with nominally 7 MBq of 224Ra in 
equilibrium with daughters, was administered to the patients via the 
catheter at day 1 (Figure 2). Before injection, 224Ra-CaCO3-MP was 
diluted to 50 ml with Plasmalyte® (Baxter) isotonic solution. The 
suspension was injected intraperitoneally, and the injection was followed 
by a flushing with 200 ml of Plasmalyte®.

The study was approved by the Regional Committee for Medical and 
Health Research Ethics (REK). A written informed consent was given 
by all patients.

2.2. Dose rate measurements

Dose rate measurements were performed at day 1, 3 h after injection 
of 224Ra-CaCO3-MP, day 2 (24 h after injection) and day 6 (120 h after 
injection) with a hand held ionization chamber, a SmartION 2120S 
(Thermo Fisher Scientific, Waltham, Massachusetts, United States) with 
shielding cover. Dose rates were measured at a distance of 10 cm and 
20 cm from the upper abdomen of the patients. Based on these 
measurements, mono-exponential curve fits were made in Matlab 
R2020b (MathWorks, Natic, Massachusetts, United States) to extra- and 
interpolate the dose rate of a patient as a function of time. Additionally, 
the curves were used to calculate the minimum, maximum and mean 
dose rates at each day.

To calculate the dose rate at other distances, the radiation source 
was assumed to be a flat finite plane with a radius r (8). A distance 
dependent ratio, R, for finding the dose rate at a distance x2 is then 
given by
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(Equation 1)

2.3. Whole body measurements and 
effective half-life

Imaging was performed at day 1, day 2 and day 6 using a 
Siemens Symbia Intevo Bold gamma camera. A planar scan of 
100 cm was acquired starting from the base of the skull, using 
medium energy collimators and a 240 keV energy window, and a 5% 
upper and lower scatter window. Automatic body contouring was 
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used, and the scan had a 20 min acquisition time. Large regions of 
interest (ROIs) were drawn with margins around the patient on both 
the anterior and posterior images, using 3D Slicer version 4.8.1, 
revision 26,813 (The Slicer Community). The geometric mean 
of the counts found in the anterior and posterior ROIs were 
then calculated.

During the gamma camera imaging sessions, a measurement using 
a scintillator probe, RadEye SX with an FHZ 514A scintillation probe 
(Thermo Fisher Scientific, Waltham, Massachusetts, United States) was 

taken 50 cm from the upper abdomen, on the right side of the patient. 
Background measurements were also performed, and subtracted from 
the patient measurement to obtain the number of counts at each 
time point.

To estimate the whole body effective half-life of 224Ra-CaCO3-MP, 
three separate approaches were used. The gamma camera (the geometric 
means), SmartIon (the dose rates at 10 cm) and the RadEye (the number 
of counts). Separate mono-exponential curve fits and effective half-lives 
were calculated.

FIGURE 1

Overview of the 224Ra decay chain. Radiations with intensity <1% and photons with energy <70 keV are excluded. Data from the supplementary material of 
ICRP 107.
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2.4. Scenarios

The mean, minimum and maximum dose rate measurements were 
used to evaluate radiation doses received by workers at the hospital, 
members of the family and the public from external exposure. Different 
scenarios were created, based on various assumptions regarding distance 
from and time spent with a patient. The day of discharge from the 
hospital varied for scenario 4.b, ranging from day 4 to day 12 (i.e., 
6–14 days after surgery), with day 8 being the default for other scenarios.

	 1.	 Sporadic contact at the hospital: Assumes contact with patient on 
day 1, 2 and 6, with 10 min duration at 0.1 m and 15 min at 1 m. 
This could for instance reflect employees performing imaging or 
collecting patient samples, clinicians or nurses not involved in daily 
care, or employees involved in cleaning, transport of patients, etc. 
This scenario can also be relevant for family and friends visiting.

	 2.	 Daily contact at the hospital: Assumes daily contact with patient 
each day during day 1 to the day of discharge (day 8 as default). 
The subcategories a-c further divide the exposure according to 
the extent of daily contact. This may be relevant for employees at 
the hospital ward, involved in daily care, and possibly also visiting 
family members.

	 a.	 Low degree: 5 min at 0.1 m and 10 min at 0.5 m.
	 b.	 Moderate degree: 10 min at 0.1 m and 30 min at 0.5 m.
	 c.	 Extensive degree: 20 min at 0.1 m and 60 min at 0.5 m.

	 3.	 Sporadic contact after leaving the hospital: Separated in two 
scenarios, where the first assumes contact every third day, and 
the second one time encounters. The second may reflect 
prolonged transportation settings or similar occupations for 
members of the public.

	 a.	 Regular contact: 60 min of contact at 0.5 m every third day 
starting the day after discharge (day 9 as default).

	 b.	 Singular close contact: 3 h at 0.1 m at day 8.

	 4.	 Daily contact after leaving the hospital: Assumes frequent or 
prolonged contact starting at the day after discharge (day 9 as 
default). This may reflect family, or in some situations members 
of the public. The subcategories further divide the exposure 
according to the extent of contact.

	 a.	 Daily contact: 8 h at 1 m.
	 b.	 Close daily contact: 4 h at 0.1 m and 4 h at 1 m per day.

2.4.1. Effective dose estimation equation
To estimate the effective dose, H, in these scenarios, the following 

equation has been used

	
H H t R
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x x
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(Equation 2)

where Htd  is the dose rate of a given day (assumed constant each 
day for simplicity), td is the number of days since the injection of 
224Ra-CaCO3-MP included in the scenario, tx is the time (in hours) spent 
at a distance x from a patient, and Rx is a distance dependent ratio for 
the distance x. The function H td( )  is given by

	 0 e d
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where H0  is the dose rate measured at 10 cm on day 1 and λe is 
the effective decay constant. H0  and λe varies for mean, minimum or 
maximum measurements. The distance dependent ratio, Rx, is 
given by
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where x is the distance between the patient and the person in 
question. Equation 4 is found by using equation 1 and assuming a radius 
of 45 cm (r2 = 2025 cm2). The denominator of equation 1 thereby equals 
3.056 for x1 = 10 cm.

2.5. Fluid samples

Samples of fluids were collected approximately 3, 6, 24, 48 and 120 h 
after injection of 224Ra-CaCO3-MP. A minimum of 3 ml of urine and blood 
was collected, where the urine samples were collected from a urine 

FIGURE 2

An overview of the treatment and measurement schemes for patients treated with 224Ra-CaCO3-MP.
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collector bag. Each sample was measured at two different time points (time 
point 1 and 2) at least 48 h apart, with a Hidex Automatic Gamma Counter 
(Hidex, Turku, Finland), qualified for GxP analysis. The samples were 
weighted during analysis and consist of approximately 2.5 g for urine and 
blood, resulting in activity measurements given in Bq/g. The measurements 
at time point 1 were scheduled within 4 h of sampling from the patient, and 
time point 2 within 48–72 h after time point 1, when equilibrium between 
radium-224 and the progeny lead-212 has been established. The energy 
window was 60–110 keV with 10 min measurement time. Two measuring 
time points was used to estimate the amount of 224Ra.

The activity of 224Ra, ARa ts, , in fluids was estimated using
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(Equation 5)

where APb ts,  is the activity of 212Pb at sampling, APb tm, 2
is the 

activity of 212Pb at time point 2, (tm2-ts) is the time between sampling and 
measurement number 2, and λPb and λRa are the decay constants of 212Pb 
and 224Ra, respectively. The decay constant is λ = ln(2)/t1/2, where t1/2 is 
the physical half-life of the nuclide.

Bi-exponential curve fits were created for the measurements of 224Ra 
and 212Pb in blood and urine. Using the wash-out phase of the curves, 
the effective half-lives of 224Ra and 212Pb in urine and blood for this phase 
was calculated for each patient.

2.6. Hand exposure

Radiation doses to the hands of hospital workers receiving, 
preparing and injecting 7 MBq of 224Ra was measured at two occasions 

early in the study, using ring thermos-luminescence dosimeters (TLDs). 
Additionally, electronic personal dosimeters placed 5 cm from the glass 
containing 224Ra during vortexing, were used to record doses on 
three occasions.

3. Results

3.1. Patient group and protocol deviations

Of the six included patients, the median age was 61 years, and the 
average weight and height was 74 kg and 165 cm (Table 1).

The 6 h blood measurement was not attainable for patient 21-017, 
and the 48 h gamma camera scan was not collected for patient 21-024. 
The procedures scheduled for day 2 and 6 was for patient 21-021 
collected at day 3 and 7. However, the collection of fluid samples at 24 h 
after injection, was performed as planned.

3.2. Effective half-life

The effective half-life estimated from whole body planar acquisitions 
(WB), scintillator probe (RadEye) and ionisation chamber (SmartION) 
measurements are shown in Table 2. There was overall a fair agreement 
between the three measurement techniques. The effective half-life for 
the whole body planar acquisitions, the RadEye and SmartION 
measurements was estimated to 3.2 d, 3.0 d and 2.8 d, respectively. 
Anterior whole body measurements acquired at day 1, 2 and 6 are shown 
in Figure 3.

3.3. Dose rate measurements

The dose rate measurements of the individual patients, and their fitted 
curves, are shown in Figure  4. The mean, minimum and maximum 
measurements at 3, 24 and 120 h after injection are summarized in Table 3.

3.3.1. Estimated effective doses
The coefficients used in equation 2, for the estimations of effective 

dose, are shown in Table 4. The effective doses for different scenarios are 
shown in Table 5. While the patient was at the hospital, the highest 
effective doses were not surprisingly found for scenarios involving 
extensive daily contact, with an average effective dose of 22.7 μSv. The 
number of patients needed for a hospital worker to reach various effective 
doses were also calculated (Table 6), and, e.g., a moderate degree of daily 
contact would allow for approx. 350–700 patients per year before 6 mSv 
were reached. After leaving the hospital at day 8, close daily contact 
resulted in an average effective dose of 46.6 μSv, which would increase to 
125 μSv if the patient left the hospital 4 days earlier, and decrease to 
17.2 μSv if the patient left the hospital 4 days later. If someone would visit 
the hospital for all 4 days with extensive patient contact and have close 
daily contact after this, it would result in an average effective dose of 
148 μSv. Transport, for 3 h at day 8 (scenario 3b), resulted in 7.3 μSv.

3.4. Urine and blood samples

For urine, the highest measurements of 224Ra were commonly found 
at the first two time points, 3 h and 6 h, and ranged from approximately  

TABLE 1  Characteristics of the patients included in the study.

Patient 
number

Gender Age Weight 
[kg]

Height 
[cm]

Injected 
224Ra [MBq]

21-017 Female 68 65 158 7.23

21-020 Female 56 92 177 6.99

21-021 Male 66 82 178 7.07

21-023 Female 43 59 164 7.23

21-024 Female 28 67 164 7.38

21-025 Female 68 80 150 7.08

TABLE 2  Effective half-life for the six patients included in the study, based 
on measurements with whole body gamma camera (WB), scintillator 
counter (RadEye) and ionization chamber (SmartION).

teffective [d]

Patient 
number

WB Radeye Smartion

21-017 2.8 3.1 3.2

21-020 3.8 2.8 3.2

21-021 3.6 3.1 2.3

21-023 3.4 4.2 3.5

21-024 2.6 2.2 2.4

21-025 3.2 2.6 2.4
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30 to 70 Bq/g (Figure 5). For 212Pb, the peak values were usually found 
at the same time points, and ranged from 41 to 150 Bq/g, with one 
patient showing a higher value of over 600 Bq/g at 3 h. Urine samples 
showed an average (min-max) effective half-life during the wash-out 
phase of 0.7 d (0.3–1.3 d) for 224Ra. Due to high influx of 212Pb to urine, 

the effective half-life for the wash-out phase of the curve was 1.0 d in 
average (0.1–2.8 d).

Similarly for blood, the highest measurements of 224Ra was found at 
3 to 6 h, and ranged from 22 to 40 Bq/g. For 212Pb in blood, the highest 
measurements was found at 6 h and ranged from 114 to 234 Bq/g. The 
effective half-life for the wash-out phase in blood was 0.6 d (0.4–0.8 d) 
for 224Ra and 2.1 d (1.3–2.9 d) for 212Pb.

3.5. Hand exposure

The doses from the TLDs were found to be lower than the limit of 
registration for the detectors (0.1 mSv). From the electronic personal 
dosimeters, doses of 1.3 μSv (0.41–2.05 μSv) were measured for vortexing 
and preparing the product.

4. Discussion

In this study, dose rate measurements of patients treated with 
224Ra-CaCO3-MP gave an average dose rate of 13.1 μSvh−1 (10.6–16.8 
μSvh−1) at 10 cm, approximately 3 h after injection. Since both alpha and 
beta particles will primarily stop in the tissue, this is mainly due to 
photons. Of the scenarios created, the highest effective dose, with a 
mean value of 46.6 μSv, were found for carers having close daily contact 
with a patient that was discharged at day 8 from the hospital, or a value 
of 124.9 μSv if the patient was released day 4. The number of patients 
treated with 224Ra-CaCO3-MP that a hospital worker  - involved in 
extensive care - can receive per year, before effective doses of 1 mSv is 
exceeded, is in the order of 32–63, and is in the order of 639–1,257 
before effective doses of 20 mSv is reached.

The Council of the European Union states, in its Council Directive 
2013/59/EURATOM, an effective dose limit for occupational exposure 
in planned exposure situations of 20 mSv per year (6). This may for 
certain circumstances be  extended to 50 mSv as long as the yearly 
exposure averaged over a period of 5 years do not exceed 20 mSv. The 
directive also states that personnel who are liable to receive more than 
6 mSv per year should be  individually monitored. For pregnant 
personnel, the radiation dose should not exceed 1 mSv from the 
pregnancy is discovered. The limit for the public is 1 mSv per year (6). 
Beyond this, there are also some national differences in dose constraints 
for hospital workers, carers, and members of the public. The European 
Council Directive requires that “Member States shall ensure that dose 
constraints are established for the exposure of carers and comforters, 
where appropriate.” For example in Norway, this has been implemented 
as that close family members may receive an effective dose of 1 mSv 
(children), 3 mSv (adults under 60 years of age), and 15 mSv (older 
adults) per treatment (9). In addition to Table 5 showing the effective 
doses received from exposure from a single patient, Table 6 shows the 
number of patients treated with 224Ra-CaCO3-MP that can be handled 
by employees in various scenarios, and different limits are hence 
included. Adaptations to other scenarios and limits can be done using 
equation 2 and Table 4.

The estimated effective dose for different scenarios allows an 
assessment for hospital workers, carers, and the public. The scenarios for 
sporadic and daily contact at the hospital were based on our experience 
during the trials. Only scenarios 1 and 2, involving sporadic and daily 
contact, are relevant for hospitals workers. As the overall clinical status 
and needs for support of individual patients vary, the category of daily 

FIGURE 3

Anterior whole body images collected at day 1, 2 and 6.

FIGURE 4

Dose rate measurements at 10 cm with corresponding curve fits. Each 
patient is indicated by a different colour, dots showing measurements 
and lines the fitted curves.

TABLE 3  Mean, min, and max dose rate measurements at 10 and 20 cm for 
patients administered approx.

10 cm 20 cm

Day 1 Day 2 Day 6 Day 1 Day 2 Day 6

Mean 13.1 uSv/h 10.4 uSv/h 3.7 uSv/h 7.9 uSv/h 6.4 uSv/h 2.6 uSv/h

Min 10.6 uSv/h 8.0 uSv/h 2.3 uSv/h 6.5 uSv/h 4.8 uSv/h 0.8 uSv/h

Max 16.8 uSv/h 13.9 uSv/h 5.9 uSv/h 9.8 uSv/h 8.2 uSv/h 3.7 uSv/h

CoV 18% 22% 41% 16% 20% 43%

7 MBq 224Ra. Based on the values of the fitted curves at 3, 24 and 120 h after injection, shown 
in Figure 2 for measurements at 10 cm.

TABLE 4  Coefficients for use in equation 3 when estimating daily dose rate 
based on mean, min or max measurements.

Mean Min Max

Ḣ0 [μSvh−1] 13.8 11.0 17.3

λe [d−1] 0.249 0.3172 0.2163
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contact was divided into three subgroups, ranging from some degree of 
contact (2a) to extensive degree of contact (2c). Highly conservative 
scenarios, including such as occupancy at 10 cm distance and prolonged 
contact, were also included as the patients may be  in need of close 
clinical care. Table 6 show the number of patients that can be treated 
yearly in different scenarios before reaching dose limits of 0.25, 1, 6 and 
20 mSv. It has been estimated that between 40 and 45 patients with 
colorectal cancer is a realistic number of patients treated yearly with 
224Ra-CaCO3-MP at the Norwegian Radium Hospital. Hence, for most 
scenarios, the number of patients that can be treated before surpassing 
limits significantly outweighs the number of patients that are expected. 
Adding to this is that patient care of course is divided between several 
hospital workers, which will lower the individual exposure. However, 
with a limit of 1 mSv yearly, pregnant workers may theoretically surpass 
this limit if they were to single-handed treat more than 32 patients with 
need for extensive daily contact. Generally, in regard of the limits, it 
should be noted that all potential sources of exposure (numbers and 
types of other patients the employees are also treating) should 
be considered as a whole.

The patients undergo comprehensive surgery and can be expected 
to stay at the hospital for up to 2 weeks after surgery (day 12 after 
injection of 224Ra-CaCO3-MP). Day 12 was then investigated as a 
potentially time point of discharge, together with day 8 and day 4 Day 8 
was here primarily used as the time of departure from the hospital based 
on our experience in the trial so far. Those with daily contact and close 
daily contact after discharge (scenario 4a and 4b) received effective 
doses up to 14.6 μSv and 83 μSv, respectively. If daily visits to the hospital 
are included (scenario 2c), they may receive up to 45.9 μSv and 110 μSv. 
If patients were to be discharged earlier, it would increase the effective 
dose to carers, and members of the public. In a setting where the patient 
leaves the hospital at day 4, instead of at day 8, the effective dose to those 
with close daily contact would increase to a maximum effective dose of 
197 μSv, compared to 83.0 μSv for those discharged at day 8. This is still 
far below the dose limits, and do not generate any need for precautions.

In Norway, members of the public should not be exposed to more 
than 0.25 mSv from a single source of exposure (9). Members of the 
public may in contact with patients through several settings, and 
colleagues are typically often the most exposed. However, due to the 
strain the patients go through in relation to the treatment, they are not 
expected to go back to work for some time. If they were, the effective 
doses could be estimated through scenario 4a (daily contact) and would 

still be well below 0.25 mSv. Transportation, or other sporadic settings 
with contact, will only result in negligible contributions. E.g. after 3 h 
contact at 10 cm (scenario 3b), a member of the public will receive 
<4.6% of their yearly limit of 0.25 mSv. Even a continuous exposure at 
20 cm for 4 weeks after the patient leaves the hospital at day 8, which is 
not a realistic scenario even for family members, would only result in up 
to 0.28 mSv and it is therefore no need for any restrictions for patients 
regarding the public.

Different approaches can be  used to estimate the dose rate as a 
function of distance. A common method, the inverse square law, assumes 
a point source, which is not realistic for patients with activity distributed 
throughout the peritoneal cavity, as seen in Figure 3. Hence, it was assumed 
that a finite plane source would be  more appropriate in the case of 
224Ra-CaCO3-MP. The distance dependent ratio, R, was then given by 
equation 1. Although a source with a diameter of 90 cm will not truly 
represent the typical patient size, the agreement between the model and 
the measurements at 20 cm were very good, we  therefore chose this 
diameter to avoid an underestimation of the dose rate for larger distances. 
Ideally, measurements at increased distances should have been included as 
well, to validate the model further. However, in this study, it was challenging 
to measure dose rates at more then 10 and 20 cm from the patients, since 
dose rates at larger distances would approach the background level.

Except for the use of 223RaCl2 to treat bone metastasis with origin 
from castration resistant prostate cancer (10), radionuclide therapy 
using alpha emitters is still mostly in its research stage. A higher number 
of radiation safety studies have therefore been published for radionuclide 
therapies using beta-emitters or for diagnostic tracers. While other 
radionuclides have been studied for treating peritoneal metastasis with 
origin from ovarian cancer, such as 90Y-HMFG1 and 211At-MX35-F(ab’)2 
being two of the candidates (11, 12), we have not been able to find 
radiation protection publications related to these treatments. 
Stefanoyiannis et  al. (13) compared studies examining radiation 
exposure to caregivers from patients for different common radionuclide 
therapies. These included radiopharmaceuticals with iodine-131 (131I), 
yttrium-90 (90Y) and lutetium-177 (177Lu). The different studies varied 
in injected activity, number of patients, types of dosimeters used, disease 
treated and the duration of the study. For thyroid cancer (all studies used 
131I), activities ranging from 1,004–11,100 MBq was given, but did not 
result in effective doses to caregivers higher than 1.1 mSv. For B-cell 
lymphoma and neuroblastoma, activities up to 23,310 MBq of 131I were 
used, up to 7,400 MBq of 177Lu was used, and up to 1,200 MBq of 90Y was 

TABLE 5  Mean, min, and max effective doses received from one single patient for nine different scenarios.

Effective dose (μSv/patient)

Scenario Mean Min Max

Sporadic contact at hospital (1) 5.0 3.9 6.8

Some daily contact at hospital (2.a) 6.1 4.3 8.4

Moderate degree of daily contact at hospital (2.b) 12.2 8.6 16.8

Extensive daily contact at hospital (2.c) 22.7 15.9 31.3

Sporadic contact after hospital, regular (3.a) 0.7 0.4 1.3

Sporadic contact after hospital, singular (3.b) 7.3 3.6 11.4

Daily contact after hospital (4.a) 8.6 4.0 14.6

Close daily contact; discharged at day 12 (4.b) 17.2 5.3 34.9

Close daily contact; discharged at day 8 (4.b) 46.6 18.7 83.0

Close daily contact; discharged at day 4 (4.b) 124.9 66.7 197.2

When not otherwise indicated, hospital discharge was assumed day 8.
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used. This resulted in effective doses to caregivers of up to 3.81 mSv, with 
the mean effective dose being considerably lower. Although amounts of 
activity should not be directly compared in most circumstances, it is 
worth mentioning that in the case of 224Ra-CaCO3-MP, an activity of 
three or four orders of magnitude lower (7 MBq) is used. In summary, 
Stefanoyiannis et al. found that the doses was within the dose constraints 
of 5 mSv to home caregivers, recommended by the International 
Commission of Radiological Protection (ICRP) (13). They also 
highlighted the importance of giving specific instructions to caregivers, 
as the highest dose values were found when no instructions were given.

The standard activity dosage of 223RaCl2 is 55 MBq/kg body weight 
given intravenously in six administrations 4 weeks apart (14). In 
contrast, for 224Ra-CaCO3-MP, one administration of 7 MBq is given 
intraperitoneally. Dauer et al. published in 2014 a study on radiation 
safety considerations for 223RaCl2 (15). They reported a dose rate 
immediately after injection being 0.02 μSvh−1/MBq at 1 m distance from 
the patient, and concluded that 223RaCl2 could be given on an outpatient 
basis, without restrictions on normal interactions with friends, relations, 
or co-workers. The dose rates measured for 224Ra-CaCO3-MP was 
equivalent to 0.11 μSvh−1/MBq at 1 meter distance, at the day of 
administration, found by dividing the average measured dose rate by the 
injected activity. The difference between dose rates may be caused by 
highly different distribution between the radiotherapeuticals (primarily 
blood pool versus only peritoneal cavity), resulting in a higher amount 
of radioactivity closer to the dose rate meter for 224Ra-CaCO3-MP, and 
the different radiations emitted. Furthermore, the kinetics of 
224Ra-CaCO3-MP and 223RaCl2 may change the dose rates differently over 

time. While the majority of 224Ra-CaCO3-MP is expected trapped in the 
peritoneal cavity, some is transferred into the blood stream (Figure 5A). 
The two isotopes of radium is expected to chemically behave the same 
way and should follow the same biodistribution pathways after entering 
the blood stream (16). Differences lie in nuclear properties, like radiation 
energies and the physical half-life; which is 11.4 days for 223Ra and 
3.6 days for 224Ra. Dauer et al. (15) found that for 223RaCl2 up to 60% of 
the injected activity was bound in the skeleton within 4 h after injection. 
While this is probably somewhat less than the percentage of 
224Ra-CaCO3-MP remaining in the peritoneal cavity, the main factor 
contributing to different dose rates over time is most likely the different 
physical half-life of the two isotopes.

Findings reported by Serencsits et al. (4) support those of Dauer 
for 223RaCl2, but also stresses the importance of proper equipment for 
radiation protection and detection, as well as training of hospital 
workers to avoid contamination. They also conclude that patients do 
not need to follow specific restrictions related to radiation safety, as 
long as they attain to a set of hygienic precautions related to bodily 
fluids. An example of hygienic precautions would for instance be to 
flush twice after using the toilet. For both isotopes of radium, urine 
and fecal excretion are the two main excretion routes. Studies of 
223RaCl2 showed that the cumulative excretion of urine was about 2% 
48 h after injection, while the cumulative fecal excretion was 13% 
(1–25%) after 48 h and 64% (29–95%) after 72 h (17, 18). Dauer et al. 
(15) suggested that personnel involved in surgery, up to 2 m after 
injection of 223RaCl2, to take no extra precautions other than to 
be  aware to reduce contamination. For 224Ra-CaCO3-MP, 

TABLE 6  The number of patients that can be treated by a single individual before reaching 0.25, 1, 6 and 20 mSv, for the four different scenarios relevant for 
hospital workers.

Number of patients before reaching limit

0.25 mSv 1 mSv 6 mSv 20 mSv

Scenario Min Max Min Max Min Max Min Max

Sporadic contact at hospital (1) 65 37 259 148 1,551 886 5,170 2,952

Some daily contact at hospital (2.a) 58 30 234 119 1,403 714 4,675 2,379

Moderate degree of daily contact at hospital (2.b) 29 15 117 59 701 357 2,338 1,189

Extensive daily contact at hospital (2.c) 16 8 63 32 377 192 1,257 639

Patients are here assumed to leave the hospital at day 8.

A B

FIGURE 5

Activity concentration of 224Ra and 212Pb found in blood (A) and urine (B) for the six patients included. Dots indicate measurements that lies outside 1.5 of 
the interquartile range.
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measurements of 224Ra and 212Pb in urine (Figure 5) show amounts 
below 40 Bq/g of 224Ra in blood and 90 Bq/g in urine. Higher activity 
concentrations are found for 212Pb, with up to 250 Bq/g found in blood 
and 140 Bq/g in urine (measurement for one patient up to 700 Bq/g). 
Still, while these are low amounts, both patients, carers and hospital 
workers potentially involved in handling fluids should be informed 
and instructed in best practice.

Radon gas may potentially be emitted from the patient through 
exhalation or from excreted fluids (16). Yamamoto et al. (19) found 
in a study investigating the detection of alpha emitting daughters of 
223Ra, that the increase of alpha emitters in air were lower than the 
daily variation and therefore not an important source of radiation 
exposure. However, the gaseous daughter of 223Ra, 219Rn, has a half-life 
of 3.96 s, while 220Rn have half-life of 55.6 s. This may lead to a higher 
exposure from 220Rn. Since the amount 224Ra activity in urine was here 
found below the limit of what is considered radioactive (10 Bq/g) (6) 
already after 48 h, release from urine is most likely a minor issue. 
Exposure to radon gas is also relevant if re-surgery of the peritoneal 
cavity is required. While this has not been measured in this study, 
previous investigations of 224Ra in liquid volumes indicate that the 
mean diffusion length of 220Rn is limited to 300–400 μm, and hence 
only a small amount of 220Rn will have the potential to evaporate (20).

Radiation dose from photon contributions to hands is not 
considered an issue for 224Ra-CaCO3-MP, as the yearly dose limit to 
hands is set to 500 mSv (21). However, one should follow standard 
precautions for handling alpha-emitters to avoid contamination of 
the skin.

In summary, due to the low dose rates from the patients and low 
amount of activity found in blood and urine, no precautions related 
to external exposure should be  required for patients treated with 
224Ra-CaCO3-MP. The number of patients hospital workers can treat 
before exceeding an effective dose of for instance 6 mSv is 200–400 
for patients with the need for extensive care. This is considered a 
worst-case scenario and significantly outweighs realistic number 
of patients.
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Background: Peritoneal metastasis (PM) from colorectal cancer carries a 
dismal prognosis despite extensive cytoreductive surgery and hyperthermic 
intraperitoneal chemotherapy (CRS-HIPEC). With a median time to recurrence of 
11–12 months, there is a need for novel therapies. Radspherin® consists of the 
α-emitting radionuclide radium-224 (224Ra), which has a half-life of 3.6 days and is 
adsorbed to a suspension of biodegradable calcium carbonate microparticles that 
are designed to give short-range radiation to the serosal peritoneal surface linings, 
killing free-floating and/or tumor cell clusters that remain after CRS-HIPEC.

Methods: A first-in-human phase 1 study (EudraCT 2018–002803-33) was 
conducted at two specialized CRS-HIPEC centers. Radspherin® was administered 
intraperitoneally 2 days after CRS-HIPEC. Dose escalation at increasing activity dose 
levels of 1-2-4-7-MBq, a split-dose repeated injection, and expansion cohorts were 
used to evaluate the safety and tolerability of Radspherin®. The aim was to explore 
the recommended dose and biodistribution using gamma-camera imaging. The 
results from the planned safety interim analysis after the completion of the dose-
limiting toxicity (DLT) period of 30 days are presented.

Results: Twenty-three patients were enrolled: 14 in the dose escalation cohort, 
three in the repeated cohort, and six in the expansion cohort. Of the 23 enrolled 
patients, seven were men and 16 were women with a median age of 64 years 
(28–78). Twelve patients had synchronous PM stage IV and 11 patients had 
metachronous PM [primary stage II; (6) and stage III; (5)], with a disease-free 
interval of 15 months (3–30). The peritoneal cancer index was median 7 (3–19), 
operation time was 395 min (194–515), and hospital stay was 12 days (7–37). A 
total of 68 grade 2 adverse events were reported for 17 patients during the first 30 
days; most were considered related to CRS and/or HIPEC. Only six of the TEAEs 
were evaluated as related to Radspherin®. One TEAE, anastomotic leakage, was 
reported as grade 3. Accordion ≥3 grade events occurred in a total of four of the 
23 patients: reoperation due to anastomotic leaks (two) and drained abscesses 
(two). No DLT was documented at the 7 MBq dose level that was then defined as 
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the recommended dose. The biodistribution of Radspherin® showed a relatively 
even peritoneal distribution.

Conclusion: All dose levels of Radspherin® were well tolerated, and DLT was not 
reached. No deaths occurred, and no serious adverse events were considered 
related to Radspherin®.

Clinical Trial Registration: Clinicaltrials.gov, NCT 03732781.

KEYWORDS

metastatic colorectal cancer, peritoneal metastasis, cytoreductive surgery, 
hyperthermic intraperitoneal chemotherapy, 224Ra, alpha emitter, targeted alpha particle 
therapy

Introduction

Peritoneal metastasis from colorectal cancer (CRC) carries a 
worse prognosis than hepatic and lung metastases (1). Most patients 
with metastatic CRC (mCRC) cannot be cured, illustrated by a 5-year 
survival of 10–20% in study patients (2, 3), and with an even more 
grim prognosis in population-based registries reporting a median 
survival of 5–12 months and 5-year survival of 5–10% (4, 5). The 
incidence of peritoneal metastasis (PM) is approximately 4–10% at the 
time of diagnosis and 4–12% in patients with recurrence after primary 
curative resection (6–8).

In cases with limited peritoneal tumor load, improved and 
even long-term survival can be achieved by combining complete 
cytoreductive surgery (CRS) and hyperthermic intraperitoneal 
chemotherapy (HIPEC) as shown in a randomized controlled trial 
(9), case–control studies (10–12), meta-analysis (13), and several 
cohort studies (14, 15). Systemic chemotherapy alone has a limited 
effect on localized PM-CRC with a median survival of 
13–16 months (1, 16). CRS-HIPEC aims to remove all macroscopic 
tumors and achieve high intraperitoneal concentrations of 
hyperthermic cytotoxic drugs (17).

The outcome of CRS-HIPEC is, however, highly variable, and 
most patients will experience disease recurrence with a 5-year overall 
survival (OS) reported in about 40% of CRS-HIPEC cases (13, 15). 
However, the 5-year disease-free survival (DFS) is only 18% with a 
median time to relapse between 11 and 12 months. At the moment of 
recurrence, two-thirds of patients suffer either from peritoneal relapse 
or peritoneal relapse and distant metastases together (18).

If PM recurrence after CRS-HIPEC occurs, the prognosis is 
dismal. Hence, there is a definite unmet medical need for novel 
treatments against abdominal cancer dissemination and novel 
therapeutic strategies that may help preserve the surgical complete 
response after CRS-HIPEC.

Intraperitoneal (IP) therapy with α-emitters may be beneficial for 
patients with PM-CRC since hallmarks of the disease include 
dissemination within the abdominal cavity and residual 
micrometastases in a substantial number of patients. Preclinical studies 
have tested α-emitting radioimmunoconjugates as IP treatment of 
ovarian cancer, and 211At and 212Pb conjugated to antibodies are in 
clinical development (19–22). Preclinical and clinical data indicate that 
α-emitters are well tolerated without dose-limiting toxicity (23, 24).

Radspherin® is a novel treatment principle especially designed to 
give local radiation to the surface of the abdominal cavity based on 
biodegradable microparticles with 224Ra adsorbed to the particle. By 
injection into the peritoneal cavity, the particles are distributed and 
emit internal α-particle radiation to the tissue of the peritoneal lining 
and potentially kill remaining free cancer cells and small cell clusters 
and hopefully will prevent the further spread of disease.

In this study, we report our first experience from a phase 1 study 
in patients with PM-CRC to evaluate the safety and toxicity of 
Radspherin®, determine the recommended, and/or establish a 
recommended dose for Radspherin® as a single IP or two repeated 
doses following CRS-HIPEC.

Materials and methods

Approval

The study was approved by the National Ethics Committees in 
Norway and Sweden, the Norwegian Medicines Agency, and the 
Swedish Medical Products Agency. Data were registered in the 
Sponsors database (Viedoc eCRF).

Patients and surgical treatment

A first-in-human, phase 1 study (EudraCT 2018–002803-33) was 
conducted at two specialized CRS-HIPEC centers in Oslo, Norway, 
and Uppsala, Sweden. Twenty-three patients were included between 
11 May 2020 and 16 August 2021. Twenty-nine patients were screened. 
CRS was performed to remove all macroscopically visible tumors, 
involving peritonectomy procedures and organ resections as 
necessary. Peritoneal tumor distribution was classified using the 
peritoneal cancer index (PCI) (25), and the completeness of 
cytoreduction (CC) score (25) was used to evaluate residual tumor 
after CRS. All CC-0 cases were given HIPEC. All anastomoses were 
completed before the HIPEC procedure.

The synchronous PM was defined as a diagnosis at or within 
6 months of primary surgery, and disease-free interval (DFI) was the 
time from primary surgery to diagnosis of PM. Postoperative 
complications (30-day morbidity and mortality) were classified 
according to Accordion (26).
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Hyperthermic intraperitoneal 
chemotherapy

Hyperthermic intraperitoneal chemotherapy was administrated 
using a closed technique with an open abdomen in Norway (27), 
whereas the closed abdomen technique was used in Sweden (28). In 
Norway, the HIPEC regimen contained mitomycin, 35 mg/m2 
(maximum 70 mg), given in three fractions for 90 min (50% initially, 
25%/30 min, and 25%/60 min), whereas in Sweden, oxaliplatin 
460 mg/m2 or irinotecan 460 mg/m2 were both given in 30 min.

Catheter insertion
Following the CRS-HIPEC, an in-dwelling peritoneal Blake 

catheter was placed anteriorly in the upper abdominal cavity. The 
catheter was obliquely tunneled, clamped, and fixed to the abdominal 
wall to reduce the risk of leakage or displacement.

Study design and administration of Radspherin®
The dose escalation was performed as a 3 + 3 design (Figure 1), 

increasing dose levels starting at 1 MBq followed by 2, 4, and 7 MBq 
or until eventual dose-limiting toxicity (DLT) was observed. The 
repeated injection cohort included three subjects for the highest dose 
level that has been declared safe (explored as a split dose of two 
separate injections given 1 week apart). The study also involved an 
expansion cohort with six subjects at the highest safe activity dose safe. 
Radspherin® was injected in the abdominal cavity through a catheter 
2 days after CRS-HIPEC for patients to have stabilized after the 
complex surgery. Each subject was followed until disease progression 
in the abdominal cavity or for 12 months (18 months after the highest 
dose level) after the administration of Radspherin®. The results from 
the safety interim analysis after the completion of the pre-defined DLT 
period of 30 days are presented.

Dose-calibrated Radspherin® (up to 10 mL containing 0.7–1 g of 
particles) was prepared at the nuclear medicine department at the site 
and administered as a single bolus injection via a three-way Luer lock 
connected to the inserted peritoneal catheter. After the injection, the 
catheter was flushed with about 250 ml of isotonic solution, and in all 
instances, all drains were kept clamped for a minimum of 72 h, except 
in one patient where a laparotomy was performed after 65 h. The 

patient moved from side to side in the bed regularly for the first 2 h 
after installation. For repeated injections, the same in-dwelling 
peritoneal catheter was used and then removed 3–4 days later.

The peritoneal distribution of Radspherin® particles was 
examined by single-photon emission computed tomography/
computed tomography (SPECT/CT) gamma-camera imaging 
performed on days 1, 2, and 3 (Day 6 for the dosimetry cohort). The 
patients were followed closely during the hospital stay and later at 
pre-scheduled intervals to discover complications such as suspected 
unexpected serious adverse reactions (SUSARs), serious adverse 
effects (SAEs), and adverse effects (AEs). The EMA “Guideline on 
strategies to identify and mitigate risks for first-in-human and early 
clinical trials with investigational medicinal products” (EMEA/
CHMP/SWP/28367/07 Rev. 1) has been considered for the assessment 
of factors of risk.

Study objectives

The primary objectives of the study were to investigate the safety 
and toxicity of Radspherin® and to determine the recommended dose 
of Radspherin®, among the four suggested doses of 1, 2, 4, and 7 MBq 
following CRS and HIPEC (Figure 1).

The secondary objectives of the study were to establish a 
recommended dose of Radspherin® as a single IP injection or two 
repeated IP injections following CRS and HIPEC and to describe the 
biodistribution of Radspherin®.

Additional systemic chemotherapy

According to national guidelines, adjuvant chemotherapy was not 
routinely given. In the case of synchronous PM with locoregional 
lymph node metastasis, adjuvant chemotherapy was recommended 
after CRS-HIPEC/Radspherin®, otherwise not.

Data analysis

All data were recorded in the eCRF, and external study monitoring 
and source data verification were performed. The study was reviewed 
by an Independent Data Monitoring Committee. Categorical variables 
were described using frequencies/percentages, and continuous 
variables were described with median/range. Safety evaluations were 
based on the incidence, intensity, and type of AEs, and clinically 
significant changes in the subjects’ vital signs and clinical 
laboratory results.

Results

Twenty-nine patients were screened for the study (Figure  2). 
Totally, there were six screening failures due to the extent of metastasis 
(PCI > 20; 3), other previous malignant diseases (2), or peroperative 
bleeding (1) leading to exclusion from the study before the decision 
on giving Radspherin®. Accordingly, 23 patients were given 
Radspherin®. Of the 23 patients, 19 patients were treated at Oslo 
University Hospital and four at Uppsala Academic Hospital in 

FIGURE 1

Dose escalation aimed to define the recommended dose on 3 + 3 
subjects (12). Thereafter, a repeated injection cohort (3) and an 
expansion cohort were performed (6).
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Sweden. The study had a dose escalation cohort (14 pts.) with 
increasing doses from 1 MBq (4 pts.) to 2 MBq (3 pts.), 4 MBq (4 pts.), 
and 7 MBq (3 pts.), a repeated cohort (3 pts.) with 3.5 MBq given two 
times with 1-week interval, and an expansion cohort on highest dose 
level 7 MBq with additional six patients (Figure 1).

Table 1 summarizes the clinicopathological characteristics of the 
study cohort, which comprised 16 women (70%) and seven men 
(30%) with a median age of 64 years (28–78). Twelve patients were 
diagnosed with IUCC stage IV disease after primary surgery. 
Metachronous metastasis occurred after a disease-free interval (DFI) 
of median of 11 months (range 3–30). Approximately 43% had 
received chemotherapy at some point before CRS-HIPEC. Performance 
status was in most cases ECOG 0, while only one patient was in ECOG 
1. One patient in the 7 MBq cohort received neoadjuvant irradiation 
therapy. Lymph node metastasis was present in 15 patients (65%) of 
the primary cases.

The median PCI at the time of CRS-HIPEC was 7 (3–19; Table 2). 
The median duration of surgery was 374 min (266–508). The median 
peroperative bleeding was 300 mL (50–1,000 mL). In-hospital time was 
11 days (7–37). At Norwegian Radium Hospital, HIPEC is performed 
with mitomycin C, 35 mg/m2 up to 70 mg, median 63 mg (57–70), and 
given in a closed perfusion circuit with open abdomen; duration 
90 min; and intra-abdominal temperature median 42.0°C. In Uppsala, 
oxaliplatin 460 mg/m2 or irinotecan 460 mg/m2 was perfused for 
30 min. Accordingly, the total operation time was reduced by 60 min 

compared to the Norwegian site. The knife time is then median more 
than 4 h before HIPEC in this study with complex surgery for PM.

The highest dose escalation level 4, the 7 MBq dose, was selected 
as recommended dose, as no DLT was observed. The incidence of 
DLTs, TEAEs, and SAEs is summarized in Table 3. The actual amount 
of Radspherin® administered is shown in Table 4. All 23 patients were 
included in the safety population. A total of 68 TEAEs were reported 
for 17 patients (74%) during the first 30 days. Of these, 23 of grade 2 
before Radspherin® installation and 45 of grade 2 in the time period 
after Radspherin® installation (Days 1–30) were reported in 16 
patients. There was one grade 3 TEAE which was reported as SAE but 
unrelated to Radspherin®. The most frequently reported AEs were 
vomiting, pyrexia, nausea, and decreased appetite, and the majority 
were considered related to CRS and/or HIPEC. Only six of the TEAEs 
were evaluated as related to Radspherin® and laboratory test 
abnormalities [platelet count increased, blood alkaline phosphatase 
increased, hemoglobin decreased (n = 2), monocyte count increased, 
and hepatic enzyme abnormal]. All these TEAEs were resolved with 
no actions taken and no need for additional treatment.

Four SAEs within 30 days were reported for three patients, and all 
were considered unrelated to Radspherin®. These SAEs included one 
anastomotic leak (grade 3), which was reoperated on Day 2, two 
abdominal infections (grade 2) that required a drain on Day 10, and 
an anastomotic leak that required reoperation on Day 10 and a drain 
on Day 15 (see the section “Discussion”). During reoperations, 
abdominal fluid was drained before opening the abdomen, washed out 
with physiological saline solution liquid, and removed as irradiation 
waste. No patients in the repeat injection cohort had any SAE. No 
deaths or study discontinuations due to TEAEs or SAEs were reported 
during the 30 days.

Corresponding Accordion grade 3 events occurred in two of the 
23 patients (draining of abscesses) and Accordion grade 4 events in 
two (reoperation due to anastomotic leaks; Table 3). There were no 
deaths within 100 days. The biodistribution of Radspherin® showed a 
relatively even peritoneal distribution, and an example is shown in 
Figure 3.

Discussion

The CRS-HIPEC procedure is well known to be associated with 
postoperative complications (29), and significantly higher incidences 
of severe postoperative complications (i.e., fistulas and anastomotic 
leaks) have been observed in patients treated with HIPEC than in 
patients treated without HIPEC (30).

In the current study, there was no 30-day mortality. The incidence 
of severe postoperative complications (Accordion 3), the need for 
drainage or parenteral nutrition occurring in five of the 23 patients 
(22%), and the reoperation rate of 9% (two of 23 patients) were all as 
expected and suggest that the treatment with Radspherin® is well 
tolerated and safe. The first patient with anastomotic leakage in the 
study experienced an increase in white blood cells to 18.7 × 109/L and 
a moderate elevation of C-reactive protein (CRP) to 61 the day after 
surgery and the day before Radspherin® installation, followed by 
antibiotics the next day and reoperation with the verification of 
anastomotic leakage 2 days after Radspherin®. The other patient also 
experienced an increase in white blood cells to 16.7 × 109/L and a 
moderate CRP increase to 58 the day after surgery and received 

FIGURE 2

Consort flow diagram of the study patients (n = 23).
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Radspherin® the following day. Five days later, intravenous antibiotics 
were started due to an infection. Anastomotic leakage was diagnosed 
on Day 10, and a laparotomy with resection and stoma was performed. 
Both cases were considered caused by infection before Radspherin® 
and to be related to the CRS and HIPEC procedures.

In other larger patient series, postoperative mortality between 0.7 
and 7.7% has been reported (29, 31, 32) with reoperation rates 
varying between 4 and 20.8% (13). Oslo University Hospital has 
previously reported corresponding numbers of 0% (mortality), 15% 
(Accordion ≥3), and 8% (reoperation rate) (14) with CRS-HIPEC 
and without Radspherin®.

Norwegian Radium Hospital recently performed a dose-
escalating phase I  trial with intraperitoneal (IP) MOC31PE 
immunotoxin in PM-CRC after CRS-HIPEC (33) showing promising 
results for better control of PM. The hospital has used radium and 
α-emitters for the treatment of metastatic cancer with Xofigo®, a 223Ra 
radiopharmaceutical. Xofigo® was approved by the FDA and EMEA 
in 2013 for the treatment of symptomatic bone metastasis from 
prostate cancer.

Because of the short range and high linear energy transfer of 
α-particle emitters, there is a much higher relative biological 
effectiveness of the radiation from Radspherin® than from 
β-particle emitting radiopharmaceuticals previously used. Thereby, 
α-particle emitters are theoretically more efficient in treating 
micrometastases and killing chemotherapy-resistant tumor cells. 
The much shorter radiation range prevents the radiation of tissue 
in deeper regions of sensitive abdominal organs (i.e., small 
intestine), which was the prime reason for abandoning the 
β-particle emitting radiopharmaceuticals, giving a discrete surface 
irradiation of just the serosal lining of the peritoneal cavity.

This favorable safety profile in the current study is in line with 
documentation from other preclinical and clinical studies with other 
related alpha-emitting compounds administered intraperitoneally. Safety 
and effect of IP administration have been demonstrated in animal 
models both with colloids/particles and antibodies as carriers of a range 
of radionuclides: 211At polymers (34, 35), bismuth-213 (213Bi) antibodies 
(36), 211At antibodies (37, 38), 212Pb antibodies (21, 39, 40), thorium-227 
(227)Th antibodies (41), and actinium-225 (225Ac) antibodies (42).

TABLE 1  Clinicopathological characteristics after CRS-HIPEC (n = 23).

Dose escalation and expansion cohorts Repeat injection 
cohort

1 MBq 2 MBq 4 MBq 7 MBq 2 × 3.5 MBq Total

N = 4 N = 3 N = 4 N = 9 N = 3 N = 23

Age, years

 � Median 58.0 72.0 68.0 61.0 71.0 64.0

 � Min, Max 44, 71 69, 74 56, 78 28, 68 42, 78 28, 78

Sex, n (%)

 � Male 2 (50%) 0 1 (25%) 2 (22%) 2 (67%) 7 (30%)

 � Female 2 (50%) 3 (100%) 3 (75%) 7 (78%) 1 (33%) 16 (70%)

Stage, n (%)

 � Stage II 0 2 (67%) 1 (25%) 1 (11%) 2 (67%) 6 (26%)

 � Stage III 1 (25%) 1 (33%) 0 3 (33%) 0 5 (22%)

 � Stage IV 3 (75%) 0 3 (75%) 5 (56%) 1 (33%) 12 (52%)

 � Metachr mets 1 3 1 4 2 11

 � DFI

 � Median (mnt) 10 19 13 11 11 15

 � Min, Max 10 11,25 13 3,17 6,16 3,30

ECOG performance status

 � Grade 0 4 (100%) 3 (100%) 4 (100%) 8 (89%) 3 (100%) 22 (96%)

 � Grade 1 0 0 0 1 (11%) 0 1 (4%)

Prior chemotherapy, n (%)

 � Yes 2 (50%) 1 (33%) 1 (25%) 4 (44%) 2 (67%) 10 (43%)

 � No 2 (50%) 2 (67%) 3 (75%) 5 (56%) 1 (33%) 13 (57%)

 � LN + 3 (75%) 1 (33%) 3 (100%) 7 (78%) 1 (33%) 15(65%)

 � Median 2 0 3 1 ** 4

 � Min,Max 2,11 0,14 0,13 0,19 ** 1, 19

N, number of patients in the analysis set; n, number of patients meeting the criterion; Max, maximum; Min, minimum; DFI, disease-free interval from surgery for a metachronous primary 
tumor; LN+, number of lymph node metastases; **N1c.
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TABLE 4  Administered dose and compliance.

Dose escalation and expansion cohorts Repeat injection cohort

1 MBq 2 MBq 4 MBq 7 MBq 2 × 2.5 MBq

N = 4 N = 3 N = 4 N = 9 N = 3

Administered Dose, Radspherin® MBq

Median 1.01 2.05 3.92 7.15 7.06

Min, Max 0.98, 1.07 1.98, 2.09 3.74, 4.05 6.99, 7.36 7.05, 7.20

N, number of patients in the analysis set; Max, maximum; and Min, minimum.

TABLE 2  Characteristics after CRS-HIPEC (n = 23).

Dose escalation and expansion cohorts Repeat injection cohort

1 MBq 2 MBq 4 MBq 7 MBq 2 × 3.5 MBq Total

N = 4 N = 3 N = 4 N = 9 N = 3 N = 23

PCI

 � Median 10.5 7 11.5 8 6 7

 � Min Max 6,19 6,14 4,19 3,17 5,16 3,19

Blood loss (mL)

 � Median 550 500 250 300 200 300

 � Min,Max 200,1,000 100,500 50,500 50,500 75,300 50,1,000

Duration of surgery

 � Median 426 380 410 410 280 374

 � Min Max 374–485 372–480 330–500 301–508 266–288 266–508

HIPEC with Mitomycin C -

 � Median (mg) 70 61 64 62 - 63

 � Min,Max 70.70 60,63 59,70 57,70 - 57,70

HIPEC in Sweden*

 � Median (mg) - - Comment* - Comment* -

 � Min,Max - - - - - -

Hospital stay

 � Median 9.5 7 16 11 16 12

 � Min,Max 8,16 7,21 9,37 8,16 15,16 7,37

Accordion

 � Median 1.5 1 2.5 1 2 2

 � Min,Max 1,4 1,3 1,4 1,2 2,2 1,4

N, number of patients in the analysis set; Max, maximum; Min, minimum; PCI, peritoneal cancer index; and duration of surgery, knife time.*HIPEC in Sweden: Patient 4 MBq oxaliplatin 
620 mg/30 min. Patients repeat injection cohort; irinotecan 960 mg/90 min or oxaliplatin 920 or 760 mg/30 min.

TABLE 3  Number of treatment-emergent adverse events in the time period of 1–30 days.

Dose escalation and expansion cohorts Repeat injection 
cohort

1 MBq 2 MBq 4 MBq 7 MBq 2 × 2.5 MBq Total

N = 4 N = 3 N = 4 N = 9 N = 3 N = 23

E, n (%) E, n (%) E, n (%) E, n (%) E, n (%) E, n (%)

TEAE of CTCAE Grade 2 4, 2 (50%) 3, 1 (33%) 17, 4 (100%) 18, 8 (89%) 3, 1 (33%) 45, 16 (70%)

TEAE of CTCAE Grade ≥ 3 0, 0 0, 0 1, 1 (25%) 0, 0 0, 0 1, 1 (4%)

SAE 1, 1 (25%) 1, 1 (33%) 2, 1 (25%) 0, 0 0, 0 4, 3 (13%)

DLT 0, 0 0, 0 0, 0 0, 0 0, 0 0, 0

E, number of adverse events after the administration of Radspherin; N, number of patients in the analysis set; n, number of patients meeting the criterion; TEAE, treatment-emergent adverse 
event, SAE, serious adverse event; DLT, dose-limiting toxicity.

182181

https://doi.org/10.3389/fmed.2023.1070362
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Larsen et al.� 10.3389/fmed.2023.1070362

Frontiers in Medicine 07 frontiersin.org

All dose levels of Radspherin® were well tolerated with DLT 
not reached. No deaths occurred, and no SAEs were considered 
related to Radspherin®. The biodistribution of Radspherin® 
showed a good peritoneal distribution of the radiolabeled 
microparticles. Long-term safety, dosimetry, and first efficacy 
results of Radspherin® will be  reported after 18 months of the 
follow-up period.

Conclusion

All dose levels of Radspherin® were well tolerated with DLT 
not reached. No deaths occurred, and no SAEs were considered 
related to Radspherin®. The biodistribution of Radspherin® 
showed a good peritoneal distribution of the radiolabeled  
microparticles.
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FIGURE 3
224Ra-labeled microparticles for patient at 7 MBq were evenly distributed in the abdominal cavity both in the anterior and posterior images. In this 
subject, an area with a slightly higher activity was observed in the left upper region. No areas with low levels of activity were observed. At a late time 
point, uptake was observed in the distal large intestine (arrow).
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