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Abstract

Structural imaging remains an essential component of diagnosis, staging and response assessment 

in patients with cancer; however, as clinicians increasingly seek to noninvasively investigate 
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tumour phenotypes and evaluate functional and molecular responses to therapy, theranostics 

— the combination of diagnostic imaging with targeted therapy — is becoming more widely 

implemented. The field of radiotheranostics, which is the focus of this Review, combines 

molecular imaging (primarily PET and SPECT) with targeted radionuclide therapy, which involves 

the use of small molecules, peptides and/or antibodies as carriers for therapeutic radionuclides, 

typically those emitting α-, β- or auger-radiation. The exponential, global expansion of 

radiotheranostics in oncology stems from its potential to target and eliminate tumour cells with 

minimal adverse effects, owing to a mechanism of action that differs distinctly from that of most 

other systemic therapies. Currently, an enormous opportunity exists to expand the number of 

patients who can benefit from this technology, to address the urgent needs of many thousands 

of patients across the world. In this Review, we describe the clinical experience with established 

radiotheranostics as well as novel areas of research and various barriers to progress.

Radiotheranostics1,2 differs from the vast majority of other cancer therapies in its capacity 

for simultaneous imaging and therapy. This unique capacity can be exploited clinically 

in various ways, including by visually assessing the biodistribution of the targeted drug, 

selecting patients to receive targeted therapies (which can be described as ‘seeing what 

you treat’) and reducing the high risks of failure associated with drug development by 

visualizing and quantifying both the presence and engagement of the target, thus offering 

feedback on pharmacodynamics while also testing candidate radionuclides. In this Review, 

we describe the clinical successes achieved thus far with radiotheranostic approaches, 

including differences from other forms of therapy, the current challenges associated with 

the effective and widespread deployment of radiotheranostic agents, their future potential 

and emerging opportunities.

What is radiotheranostics?

The selection of patients for targeted therapies is usually based on clinical parameters (such 

as disease stage), often incorporating information from molecular biomarkers in tissue (such 

as PD-L1 (REF.3) or HER2 expression4). By contrast, and unlike preceding technologies, 

radiotheranostic approaches involve the administration of radiolabelled diagnostic forms of 

targeted compounds (using isotopes such as 99mTc, 18F and 68Ga), enabling expression of 

the therapeutic target to be visualized in vivo with a companion imaging method before 

switching to the radiolabelled therapeutic counterpart. Radiotheranostics can also enable 

visualization of tumour burden, thus allowing clinicians to ‘treat what you see’. Moreover, 

repeat imaging enables clinicians to assess the effects of therapy on target expression (FIG. 

1). Certain radiotheranostics involve radionuclides that, in addition to their therapeutic 

component (as emitters of either auger-, α- or β-radiation) (TABLES 1 and 2), can visualize 

the agent in real time (owing to emission of either γ or positron radiation) (FIG. 2). 

For example, the therapeutic effects of 177Lu-conjugated radiotheranostics are primarily 

mediated by the emission of β-radiation, while the γ-emissions can be used for imaging, 

including to confirm the successful localization of the agents and to quantify the radiation 

dose delivered to both the target lesions and normal organs5,6. The dosimetric potential of 

personalized radiotheranostics is an underexplored aspect that holds tremendous potential 

for further optimization of the therapeutic index by informing decisions on the balance 
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between the efficacy and toxicity of these therapies on an individual basis. Unlocking 

this potential and demonstrating the true utility of dosimetry, however, will require more 

prospective data from ongoing and future studies with larger groups of patients in clinically 

relevant settings. Data from prospective trials that demonstrate the utility of dosimetry over 

the standard approach are finally becoming available7. Efforts to simplify organ dosimetry 

approaches by involving fewer data points are also underway. In addition, opportunities 

to combine radiotheranostic approaches with other forms of radiotherapy, such as external-

beam radiotherapy (EBRT) in patients with prostate cancer, will also require dosimetry 

studies to optimize both dose delivery and therapeutic outcomes.

Radiotheranostic agents that specifically direct a lethal payload of α-, β- or to a lesser 

extent, auger-emitting radioisotopes8–10 — such as 223Ra, 177Lu or 111In — have proved 

very effective as anticancer treatments (TABLE 2). Importantly, radiotheranostic approaches 

address the common challenges posed by heterogeneous target expression in two important 

ways. First, the diagnostic aspect allows clinicians to evaluate the extent of heterogeneous 

target expression between different lesions before therapy. Second, the therapeutic aspect 

offers the potential for ‘crossfire’ radiation with cytotoxic bystander effects on the adjacent, 

target-negative tumour cells when radioisotopes with longer path length (such as those 

emitting β-radiation) are used. This effect, which is limited to high-energy β-particles 

(emitted by 90Y and 177Lu, among others), might offer a distinct advantage against tumours 

with microscopic variations in target expression, and an absence of this form of radiation 

might limit the efficacy of α-emitting and auger-emitting radioisotopes of short path length. 

As a result of this effective combination of diagnosis and therapy, the delineation of targets 

with limited or non-uniform expression does not necessarily limit their utility as targets 

for radionuclide therapy. Heterogeneous target expression is one of the main limitations 

of the effectiveness of traditional cancer therapies11; therefore, the ability to deposit lethal 

ionization below the required target saturation levels of even the lowest-availability antigens 

is a major advantage of radionuclide therapies12. Moreover, drug development, especially 

in the field of oncology, is associated with failure rates of around 90%, earning the 

transition from preclinical research to clinical implementation the moniker ‘the valley of 

death’13. Nevertheless, the development processes for targeted imaging agents enables early 

assessment of the biodistribution of both the intended target (across a range of patients and 

tumour sites) and the radioactively labelled ligand — ameliorating the risk of failure, as the 

development of a potential lead ligand could be quickly halted, adapted or accelerated on 

the basis of data from early biodistribution studies, thereby increasing the success rates of 

radionuclide therapies over those of conventional oncological therapies. The potential for 

conjugation of a radioisotope onto a ligand with established pharmacokinetic and targeting 

properties, as seen with 177Lu-PSMA-617, offers another method of minimizing the risk of 

failed clinical translation.

Established radiotheranostics

The long history of using radiotheranostics to target the same structure for both diagnostic 

imaging and radionuclide therapy dates back to the 1930s, when Hertz et al.14 first presented 

the concept, followed by the use of radioactive iodine in patients with hyperthyroidism14,15. 

The successful clinical application of radioactive iodine in a patient with thyroid cancer 
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was initially reported by Seidlin et al. in 1946 (REF.16). Diagnostic imaging and treatment 

of both benign (for example, Graves’ disease and goitre) and malignant (differentiated 

thyroid cancer) thyroid diseases is based on selective uptake via the sodium–iodine 

symporter, which is predominantly expressed in thyroid tissue. Accordingly, radioactivity 

— especially during treatment — is selectively deposited in tissues that express the 

sodium–iodine symporter, largely sparing other organs and tissues11. Despite these distant 

origins, radioactive iodine remains an important treatment for patients with either benign or 

malignant thyroid diseases (TABLE 1).

Anti-CD20 radioimmunotherapies

Several decades after the global expansion in the use of radioactive iodine, the completely 

new concept of radiotheranostics slowly found its way into the clinic. The beginning of 

the twenty-first century saw the rapid development of radioimmunotherapy for patients with 

lymphoma. Radioactively labelled mouse monoclonal antibodies targeting the CD20 antigen 

expressed on the surface of all B cells were explored using two separate approaches17 and, 

accordingly, provided a novel therapy for patients with B cell lymphomas. In 2002, the FDA 

approved 90Y-ibritumomab tiuxetan, the first radioimmunotherapy, for patients with relapsed 

and/or refractory, low-grade or follicular B cell non-Hodgkin lymphoma (NHL)18 (TABLE 

2). Another anti-CD20-binding mouse antibody, 131I-tositumomab, received FDA approval 

in 2003 for the treatment of patients with relapsed and/or refractory NHL19 (TABLE 

2). Regrettably, despite very good clinical performance and a limited toxicity profile in 

several clinical trials of conventional radioimmunotherapies plus high-dose myeloablative 

conditioning chemotherapy, both drugs were commercially unsuccessful, leading to the 

discontinuation of 131I-tositumomab in 2014 (REFS17,20–22) (TABLE 2). This commercial 

failure has been attributed to various factors, including physicians’ reluctance to refer 

patients owing to the availability of alternative non-radioactive therapies, the scarcity of 

plans for logistical co-operation between nuclear medicine and oncology clinics, educational 

issues and, in the USA, medical reimbursement concerns23. The market’s rejection of these 

two radioimmunotherapies temporarily caused a setback to the field and curtailed further 

investments in the development of other radiotheranostic agents.

223Ra-dichloride

The next major milestone was the publication of data from the ALSYMPCA trial, a 

prospective randomized phase III study, which demonstrated for the first time that 223Ra-

dichloride, delivered over several cycles, significantly prolongs both the median overall 

survival (OS) and time to skeletal complications of men with castration-resistant prostate 

cancer (CRPC) and bone metastases24. The reported median OS benefit of more than 

3 months and the corresponding hazard ratio (HR) of 0.70, both relative to placebo, 

were perceived as practice-changing, leading to FDA approval in 2013 (TABLE 2). 

Before the introduction of 223Ra-dichloride, bone-seeking radiopharmaceuticals used for 

the treatment of bone metastases were typically β-emitters, such as 89Sr-chloride and 
153Sm-ethylenediamine tetramethylene phosphonate (EDTMP). These agents were usually 

administered as a single infusion, leading to palliation of pain symptoms and an improved 

quality of life (QOL); nonetheless, concerns regarding the risks of haematological toxicities 

precluded repeat administration25–27. The success of 223Ra-dichloride led to a rapid decline 
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in the use of 89Sr-chloride and 153Sm-EDTMP in the USA, although both are still 

used clinically in many countries in which 223Ra-dichloride is not routinely available. 

The mechanism of action of 223Ra-dichloride differs from that of other radiotheranostic 

agents that directly target tumour cells: taking advantage of the similarity of radium 

to calcium, 223Ra predominantly localizes to areas of increased bone turnover, which 

is a characteristic feature of bone metastases, with the α-emitting 223Ra-dichloride 

then irradiating the surrounding cells, including tumour cells. Despite this apparent 

effectiveness, the widespread clinical use of 223Ra-dichloride had to be modified when 

a life cycle management phase III study (ERA 223) combining 223Ra-dichloride with 

the novel androgen-receptor signalling inhibitor (ARSI) abiraterone revealed an increased 

rate of symptomatic skeletal events, leading to premature unblinding28. 223Ra-dichloride is 

currently still considered to be a potent bone-metastasis-directed treatment, although this 

agent is now typically administered alongside bone-protective agents such as zoledronic acid 

and/or denosumab.

Somatostatin analogues

The next major step in the field of radiotheranostics began with the development of 

somatostatin-receptor-targeting agents for patients with neuroendocrine tumours (NETs). 

In parallel with development of the imaging agent 111In-pentetreotide, which was approved 

for clinical use by the FDA in 1994, the internalizing properties of somatostatin analogue 

peptides that specifically target somatostatin receptor 2 enable targeted delivery of 111In 

to NET cells29. This treatment was named peptide receptor radionuclide therapy (PRRT). 

Despite involving the administration of high levels of radioactivity (up to 18.5 GBq of 
111In per cycle and, cumulatively, 160 GBq), 111In-pentetreotide had only modest levels of 

efficacy (partial response rate of 8%, related to the lack of intercalation of the electrons 

in the DNA helix30,31), with high costs. This limited efficacy led to the progressive 

abandonment of auger-emitters in favour of β-emitters32,33 (initially 90Y and, more 

recently, 177Lu) linked to the targeting molecule by macrocyclic chelators, such as DOTA 

(instead of DTPA). Several non-controlled, retrospective studies and a few prospective 

trials initially demonstrated excellent responses (objective response rate (ORR) 18–60% for 
177Lu-DOTATATE with median progression-free survival (PFS) of 20–36 months) and mild 

to moderate toxicities (mainly involving the bone marrow and kidneys) in patients with 

NETs receiving these therapies34. Among the various ligands (DOTATOC, DOTATATE, 

DOTANOC), 177Lu-labelled compounds quickly gained widespread use owing to the high 

response rates and advantages over 90Y peptides including the possibility of γ-imaging and 

reduced toxicities. The year 2012 saw the launch of the prospective, randomized phase 

III NETTER-1 trial, which in 2017 revealed a significant improvement in PFS in patients 

with somatostatin-receptor-positive midgut carcinoid tumours who received four cycles of 
177Lu-DOTATATE, compared with non-reactive high-dose octreotide35. The corresponding 

HR of 0.21 reflected an almost five times greater risk of disease progression for patients 

who did not receive 177Lu-DOTATATE. Given the potential risks of haematological 

toxicities associated with radiotheranostics, in addition to the mild to moderate severity 

of most toxicities, QOL evaluations have provided additional evidence of the tolerability 

and efficacy of this therapeutic approach — which are important criteria for regulatory 

authorities. Indeed, the NETTER-1 trial demonstrated significantly improved health-related 
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QOL in patients receiving 177Lu-DOTATATE compared with the control group (including a 

mean time to deterioration of overall health status of 28.8 months versus 6.1 months)36. 

These ground-breaking results led to the FDA approval of 177Lu-DOTATATE and an 

improvement in the standard of care for patients with locally advanced and/or inoperable 

somatostatin-receptor-positive gastroenteropancreatic NETs (GEP-NETs) almost 25 years 

after the introduction of PRRT; they also attracted the attention of major pharmaceutical 

companies. Long-term follow-up data from NETTER-1 confirm the significant improvement 

in median PFS and the excellent tolerability seen at earlier time points37. Importantly, the 

FDA also approved 68Ga-DOTATATE (TABLE 2), a one-pot, simple kit-based preparation, 

for PET-based imaging of tumours in both adult and paediatric patients with somatostatin-

receptor-positive NETs. The radiotheranostic partnering of 68Ga-DOTATATE (USA) or 
68Ga-DOTATOC (DOTA-(D-Phe1, Tyr3)-octreotide) (EU) and 177Lu-DOTATATE has made 

the ‘treat what you see’ paradigm into a reality.

The design of the ALSYMPCA24 and NETTER-1 (REF.35) trials provides a model 

for the development of new radiotheranostic agents and for expanding the use of 

existing radionuclide therapies. Current phase III trials testing the efficacy of somatostatin-

based radiotheranostics in patients with GEP-NETs include COMPETE (NCT03049189), 

COMPOSE (NCT04919226) and NETTER-2 (NCT03972488), all of which are designed 

to expand the application of somatostatin-receptor-directed radiotheranostics to patients 

with more aggressive tumours. Additional studies are currently exploring the possibility 

of using 177Lu-DOTATATE for the treatment of other somatostatin-receptor-expressing 

tumours beyond NETs, such as small-cell lung cancer and meningioma (NCT05142696, 

NCT03971461).

PSMA-based agents

NETs are rare tumours that affect a limited number of patients, who often receive treatment 

at a few specialized centres, although the expansion of radiotheranostics to relatively 

common malignancies such as prostate, breast or lung cancer is transforming both the field 

and its perception. Accordingly, advocates of radiotheranostic approaches have responded 

quickly to the introduction of a highly specific peptide ligand capable of binding to the 

prostate-specific membrane antigen (PSMA)38, which is overexpressed in most prostate 

cancers. Initial reports on imaging39 and radionuclide therapy40 with PSMA-targeted 

radiotheranostics have resulted in the development of multiple PSMA binding ligands. The 

past few years have seen the FDA approval of two PSMA PET agents, 18F-DCFPyL and 
68Ga-PSMA-11 (TABLE 2) for patients with prostate cancer with suspected metastases who 

are candidates for initial definitive therapy and for those with suspected disease recurrence 

based on an elevated serum prostate-specific antigen (PSA) level. PSMA PET is now also 

included in clinical practice guidelines41, the 2022 NCCN guidelines42 for primary disease 

staging, for the detection and localization of disease recurrence or persistence in patients 

with sustained high serum PSA levels after radical prostatectomy or radiotherapy, for 

documenting disease progression, and in the selection of patients for application of 177Lu-

PSMA-617 as in the phase III VISION study. Data from this trial were published in 2021 

and indicate a statistically significant improvement in OS for patients with metastatic CRPC 

who received up to six cycles of 177Lu-PSMA-617 plus standard-of-care therapy (typically 
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ARSIs with or without GNrH agonists or glucocorticoids) compared with standard-of-care 

therapy43 (TABLE 2). In March 2022, the FDA approved 177Lu-PSMA-617 for men with 

PSMA-positive metastatic CRPC as determined by 68Ga-PSMA-11 PET imaging. Data 

from the VISION trial also indicate that 177Lu-PSMA-617 plus standard-of-care therapy 

delays the time to worsening of health-related QOL, the onset of pain and the time to 

first symptomatic skeletal event versus standard-of-care therapy alone43 (TABLE 2). The 

case for FDA and EMA approval of 177Lu-PSMA-617 in 2022 was supported by additional 

data from the TheraP trial, a randomized phase II study that compared the efficacy of 177Lu-

PSMA-617 with that of cabazitaxel in men with metastatic CRPC with disease progression 

on docetaxel (12-month PFS 19% versus 3%), thus indicating the superiority of 177Lu-

PSMA-617 over second-line chemotherapy44. Patient-reported outcomes (PROs) were also 

improved with 177Lu-PSMA-617 in the TheraP trial44. Prospective trials are increasingly 

incorporating PRO-based QOL assessments in an attempt to provide a more holistic 

evaluation of the effects of radiotheranostics. Building on data from the TheraP and VISION 

trials, several ongoing phase III trials are expected to provide data on the efficacy of PSMA-

based radiotheranostics earlier in the course of metastatic CRPC, including PSMAfore 

(NCT04689828) and PSMAddition (NCT04720157); on the performance of alternative 

peptide ligands, including in SPLASH (NCT04647526) and ECLIPSE (NCT05204927); 

and on antibody-based PSMA-targeted radiotheranostics in PROSTACT (NCT04876651). 

Other trials are exploring the efficacy of α-emitters such as 225Ac-PSMA (NCT05219500, 

NCT04597411). New additional diagnostic agents that could be combined with approved 

therapeutic agents are also currently in development, such as 64Cu-SAR-bisPSMA45, which 

contains two PSMA binding motifs, thus offering a ‘dual-targeting’ approach that can be 

adapted according to availability and logistics, and is currently being tested in the phase 

I PROPELLER study (NCT04839367). SAR-bisPSMA could potentially also be deployed 

with the therapeutic 67Cu isotope.

Other agents

Another important therapeutic concept fitting beneath the umbrella of radiotheranostics 

is the use of radioactive microspheres (small, injectable 25–32 μm diameter particles 

typically made from glass, resin or poly-lactic acid)46 for the delivery of selective intra-

arterial radiotherapy (SIRT), which is often referred to as transarterial radioembolization 

(TARE). Three distinct types of microsphere are currently available, including glass or 

resin microspheres bound to 90Y and a poly-lactic acid labelled with 166Ho (REF.47). All 

three types of microsphere can be used to treat patients with primary liver cancers or 

liver metastases, for example, from primary colorectal cancer, NETs or breast cancer47–49. 

Despite initially encouraging clinical results, data from a successful phase III study 

involving TARE were only reported in December 2021 (REF.48). The EPOCH study 

(NCT01483027) demonstrated a significant improvement in both median PFS (8.0 months 

versus 7.2 months; HR 0.69, 95% CI 0.54–0.88; P = 0.0013) and hepatic PFS (9.1 months 

versus 7.2 months; HR 0.59, 95% CI 0.46–0.77; P < 0.0001) in patients who received 

radioembolization with 90Y-glass microspheres plus chemotherapy compared with those 

who received chemotherapy only; however, median OS was not significantly different48. 

Personalized dosing seems to improve the response rates to this approach, although these 

promising phase II data need to be confirmed in a randomized phase III study7,50.
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Promises and challenges for radiotheranostics

Promises

Rapid growth and future demand.—Radiotheranostic applications are gaining 

prominence in both cancer imaging and cancer therapy51. This increase in interest largely 

relates to the advent of diagnostic and therapeutic compounds that have fundamentally 

changed the way we manage cancer. Some of these procedures are now widely available 

clinically, and others will likely soon follow. For example, although the NETTER-1 and 

VISION trials both used standard doses for therapy, the therapeutic index can potentially be 

improved by optimizing the amount of injected radioactivity, optimizing treatment regimens 

including their time intervals and the number of treatment cycles, and by personalizing 

treatment based on dosimetry and early imaging-based response assessments.

The number of new clinical trials exploring radiotheranostic approaches continues to 

increase substantially. This development is driven by several factors, including the growing 

availability of novel hybrid imaging technologies for better cancer detection and monitoring 

and the increasing application of nuclear medicine in oncology, including the approvals 

of several new radiotheranostic agents for cancer diagnosis and therapy. For example, 

according to estimates from an editorial published in September 2019, the number of 

US patients eligible each year for novel radiotheranostic agents52 includes 20,000 with 

NETs for diagnostic 68Ga-DOTATATE or 64Cu-DOTATATE PET imaging, and 7,500 for 
177Lu-DOTATATE therapy, as well as 160,000 patients with prostate cancer who are 

eligible for diagnostic PSMA imaging and 40,000 for therapy with 177Lu-PSMA. The 

accuracy of these estimates remains to be established, although these numbers suggest that 

radiotheranostic procedures are becoming a relevant option for an increasing number of 

patients. Additional factors driving the expansion of radiotheranostic applications include: 

first, the availability of data from several pivotal clinical trials that demonstrate the clinical 

benefits of novel diagnostic and therapeutic radiopharmaceuticals such as NETTER-1 

(REFS35,36), OSPREY53, 68Ga-PSMA-11 (REF.54), VISION43 and TheraP44; second, the 

2022 FDA approval of 177Lu-PSMA-617 for the treatment of metastatic prostate cancer; 

third, the adoption of new technologies for early cancer detection55–58 and the availability 

of better therapies that improve both the response rates and OS of patients with cancer59–62; 

fourth, the rising prevalence of cancer worldwide (19.3 million new cases were registered 

worldwide in 2020, and this number is expected to increase to 28.4 million in 2040, with 

the largest increase occurring in developing countries by 2040)63; fifth, the increasing global 

life expectancy60–62,64; and sixth, technological advances, such as expected improvements 

in small-molecule, peptide and antibody technologies, the identification of new targets 

and delivery mechanisms for radionuclide-based imaging and therapy (such as cell-surface 

molecules and targets located in the tumour microenvironment), and the emergence of 

novel light-based probes and combination therapies, such as those involving antibody–drug 

conjugates (ADCs).

Market valuation.—A general consensus exists that radiotheranostics has a promising 

future, although estimates of market value and predictions of growth vary. In part, this 

variation relates to how the market is defined: for example, narrowly as the market for 
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radiopharmaceuticals; more broadly as the market for nuclear medicine; or, as the overall 

theranostics market that also includes optical probes and in vitro testing and the range of 

radiopharmaceuticals considered relevant to theranostic approaches. Accordingly, estimated 

market valuations for 2021 range from $1.7 billion to ~$6.0 billion65–67, with estimated 

compound annual growth rates (CAGRs) ranging from 4.7–10.7% to as high as 19.6% 

between 2022 and 2029–2031 (FIG. 3). In an attempt to increase both efficiency and 

profitability, the radiopharmaceutical industry has seen several mergers and acquisitions 

over the past years. Nevertheless, start-up companies continue to enter this growing market 

in an attempt to address previously unmet needs, such as the poor prognoses of patients 

with certain cancers (despite considerable general progress with non-radiolabelled targeted 

therapies), and to develop novel methods of killing cancer cells using targeted radiation.

North America will remain the dominant region for radiotheranostic applications, with 

~45% of market value, followed by Europe (led by Germany, the UK and France) and the 

Asia Pacific region (led by China, Japan and India). Substantial growth is also expected both 

in South America and in parts of Asia over the coming decade. A substantial unmet need for 

radiotheranostics also exists in low and middle income countries (LMICs)51,65–67.

Assuming that the current promise of radiotheranostics holds up, justifying the continued 

large investments in research and development (R&D) and the clinical introduction of new 

agents that improve patient outcomes, the greatest improvements in outcomes are likely to 

be achieved in cancers with the highest incidence and mortality rates (such as lung cancer, 

with 235,760 new cases and 131,880 deaths in the USA in 2021) as well as in certain 

malignancies with a generally lower incidence that also have very high mortality rates, such 

as pancreatic, ovarian, small-cell lung and hepatobiliary cancers. However, the expansion of 

radiotheranostics also faces numerous challenges.

Challenges

Production, distribution and storage.—Both within and across countries, wide 

variations exist in the availability of medical cyclotrons, good manufacturing practice 

(GMP)-compliant production facilities (which can lead to substantial differences in costs 

between commercial suppliers and ‘in-house’ producers) for radiotheranostic agents, and 

dedicated theranostic treatment centres that meet the relevant radiation safety standards. 

Thus, reliable distribution networks capable of ensuring both the safe and timely delivery of 

these agents must be established to meet the rapid increase in demand. All radiotheranostic 

agents have a limited shelf-life, mainly owing to the radioactive half-lives of the 

radionuclides (TABLE 1). In contrast to conventional cancer therapies, both manufacturing 

(central versus local) and logistics (delivery, application and waste management) must 

be adjusted to compensate for the much shorter shelf-lives of radiotheranostic agents 

and the resulting limitations in the number of patients who can receive treatment per 

production cycle. However, as previously mentioned, such challenges have already been 

successfully addressed for radioiodine, 90Y radioembolization and even for relatively short-

lived diagnostic radioisotopes such as 18F and 68Ga. The limited global supply of rare 

earth radioisotopes, which are frequently used for radiotheranostic applications, also poses 

challenges.
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Workforce and equipment.—A Lancet Oncology Commission report in 2021 (REF.68) 

revealed a serious international shortage of physicians specializing in nuclear medicine 

and the use of the advanced imaging equipment (such as PET–CT or SPECT–CT) needed 

for therapy planning, dosimetry and response assessment. The current number of nuclear 

medicine physicians and treatment facilities might suffice in some western countries, 

although the commission noted significant shortages of both staff and equipment in many 

other countries across the globe, especially in LMICs.

Access to radiotheranostics.—To bring the benefits of radiotheranostics to patients 

worldwide and also overcome inequities in access to health care, these agents must be 

made accessible in all countries with appropriate nuclear medicine facilities. For example, 

an analysis by the Society of Nuclear Medicine and Molecular Imaging Global Initiative 

published in September 2020 (REF.69) showed that agents that were introduced clinically 

many years ago, such as 131I for the treatment of hyperthyroidism, were available in 94% of 

the 35 queried countries (including several LMICs), whereas other agents (which are used 

widely in routine clinical practice in the USA and parts of western Europe) such as 153Sm-

EDTMP were only used in 51% of countries. 177Lu-DOTATATE and 177Lu-PSMA were 

rarely available, likely reflecting the fact that several of these agents were only approved 

by the FDA in the past few years and have not been approved in many countries outside of 

Europe and the USA.

Training of expert personnel.—The size of the existing workforce and the number of 

sites capable of preparing and administering radiotheranostic agents in both the USA and 

many other countries is currently simply not sufficient to meet the growing demand — hence 

the need for training programmes (at all levels) and site upgrades and/or the establishment 

of truly multidisciplinary care centres capable of providing adequate medical physics and 

clinical and nursing care in the same location. A crucial need exists for a new generation 

of radiochemists and radiopharmacists to safely design, manufacture and produce diagnostic 

and therapeutic radiopharmaceuticals on an industrial scale.

Radionuclide-based therapies must be administered by properly trained physicians, 

generally nuclear medicine specialists, and in certain scenarios by radiologists with 

additional training in nuclear medicine. Historically, many nuclear medicine training 

programmes have placed less of an emphasis on therapeutics than on diagnostic procedures. 

This emphasis largely reflects the distribution of procedural volumes (roughly 90% 

diagnostic versus 10% therapeutic in many larger institutions) and, increasingly since 

2001, the widespread use of hybrid imaging techniques, necessitating additional training in 

structural imaging techniques. However, with the increasing availability of radiotheranostic 

agents, training programmes must now place a greater emphasis on the administration of 

radionuclide-based therapies with adequate training in the principles of internal medicine. 

Beyond technical expertise in the safe handling of these agents, along with expertise in 

dosimetry and radiation safety, this training also requires greater engagement with patient 

management, including a deep understanding of disease processes, pathology, pharmacology 

and treatment algorithms, to enable physicians to apply radiotheranostics in the overall 
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context of the patient’s disease management. Such training will probably require dedicated 

subspecialty or fellowship training pathways70–72.

Regulation.—Before marketing approval, national or international regulatory bodies (such 

as the FDA in the USA or EMA for the EU) must review the safety and efficacy of 

any proposed new drugs or imaging agents. Novel agents can be administered to patients 

before marketing approval under the auspices of a clinical trial; however, full regulatory 

approval generally forms the basis for the initiation of widespread clinical use and the 

initiation of reimbursement systems by both government agencies and private insurers. A 

lack of co-ordination of approval processes between various regulatory agencies can delay 

drug availability: for example, the FDA does not recognize the approval decisions of other 

national agencies or the EMA, and independent FDA review is required before marketing 

approval in the USA, sometimes leading to delays and/or additional administrative costs. 

These considerations might explain why 177Lu-DOTATATE received FDA approval in 

February 2018, approximately 4 months after EMA approval. Conversely, other national 

regulatory agencies might not necessarily make the same decisions as the FDA, owing to the 

application of different thresholds for clinical benefit and/or cost effectiveness73.

Clinical trials and the real world.—To date, the development of radionuclide therapies 

has been largely enabled by compassionate use provision available at academic centres and 

single-centre trials. However, robust data from multicentre trials are required for marketing 

approval of new drugs, including radiopharmaceuticals. These trials are generally conducted 

under very specific conditions (including in carefully selected patient populations with 

highly specific inclusion and exclusion criteria and timings of procedures); data from 

such trials might not always accurately reflect outcomes in ‘real-world’ conditions when 

these treatments are administered less selectively to patients with differing disease burdens, 

comorbidities, ages and/or ethnicities74–76. Interest in investigating how promising clinical 

trial data can be reproduced in the real world has therefore increased. The collection of 

real-world evidence (RWE) is one option, and this approach is increasingly being used by 

the FDA77. However, obtaining a statistically robust amount of RWE often takes several 

years, is associated with additional costs and remains far from perfect as a confirmatory 

tool78.

Managing the expectations of physicians and patients.—The VISION and TheraP 

trials have provided evidence to support the utility of 177Lu-PSMA-617 in patients with 

metastatic CRPC, providing a justification for approval, which was announced in March 

2022. However, comprehensive data on the utility of 177Lu-PSMA-617 in patients with 

early-stage prostate cancer, or in those with other malignancies, are still being generated. 

Moreover, the gap between the development of new radiotheranostic probes and their 

successful clinical translation and regulatory approval is growing. Nevertheless, anecdotally, 

patients are already enquiring about this therapy for non-approved conditions, reflecting 

sometimes unrealistic expectations, in part related to press releases and based on opinions 

expressed by various online media79.

Although unrealistic expectations must be tempered, unfounded fears must also be 

addressed. Referring physicians, patients, their families and the general public might harbour 

Bodei et al. Page 11

Nat Rev Clin Oncol. Author manuscript; available in PMC 2023 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



misgivings about the safe use of radiopharmaceuticals. Such ‘radiophobia’ is a real effect80, 

and it is for health-care providers, hospitals, treating physicians and patient support groups 

to fully educate the public on both the advantages and limitations of radiotheranostics.

Financial viability.—The development and clinical application of radiotheranostics is 

associated with high costs. The reimbursement processes for radiotheranostics are often 

complex and vary across different national health-care systems according to whether 

reimbursement is government funded or insurance based, the mechanisms by which 

reimbursement costs are calculated and the availability of radiotheranostics. Owing to these 

various aspects, reimbursement might not always fully cover the true costs of delivery of this 

therapy. This could introduce barriers to both access and availability, particularly in LMICs. 

The high costs of newly approved therapeutic radiopharmaceuticals mirrors that seen with 

other newly approved cancer drugs81, whose cost effectiveness and sometimes marginal 

benefits have been criticized73,76.

The high costs of novel radiotheranostic agents partly reflect the R&D costs of 

radiotheranostics. In 2019, the pharmaceutical industry overall spent $83 billion on R&D. 

This was ten times more than in the 1980s when adjusted for inflation, increasing from 

historic rates of around 12–15% to up to 25% of net revenues. A similar level of investment 

in R&D of around 15% can only be observed in certain other innovation-driven industries 

such as software development and the manufacture of semiconductors82. Novartis, the 

provider of 177Lu-DOTATATE and 177Lu-PSMA-617, spent US$8.98 billion (18.4% of net 

revenue) on R&D in 2020 (REF.83). Nevertheless, high R&D expenditure is at best only one 

contributing factor to high drug prices. Although pricing in the UK and other countries may 

be based on health technology assessments of the expected benefit and willingness to pay 

for such benefit, in the USA and in many other countries with multiple private insurance 

providers, the pricing of novel drugs is based on market considerations and closely linked 

to the price point of other drugs that are approved for the same or similar indications. Thus, 

drug pricing is somewhat arbitrary and not necessarily linked either to R&D costs or to 

the extent of clinical benefit. Moreover, owing to differences in the approach to medical 

reimbursement, market prices often vary substantially from country to country. In the USA, 

drug prices are currently not regulated or negotiated by government agencies, such as the 

Center for Medicare and Medicaid services (CMS), which contributes to higher health-care 

costs compared with those seen in many other countries84–86. The dominant positions of 

a few pharmaceutical companies are another factor that contributes to high prices. For 

example, Novartis, the manufacturer of 177Lu-DOTATATE and 177Lu-PSMA-617 currently 

dominates the market for theranostic agents, although this situation might change as other 

companies begin to develop alternative PSMA-targeted theranostics.

The high and rising costs of modern anticancer drugs and (now increasingly) 

radiopharmaceuticals poses considerable challenges to both health-care systems and patients 

worldwide. High drug prices are particularly problematic in the USA: US health-care 

spending currently accounts for 17.7% of gross domestic product (GDP) and has continued 

to increase (in 2019 by 4.6%, reaching US$11.6 trillion). During the next decade, national 

health-care expenditure is projected to increase by 5.4% annually, to 19.7%, a growth 

rate that is 1.1% faster than projected GDP growth87. Economically developed countries 
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generally tend to spend a larger proportion of GDP on health care; nonetheless, the 

trajectory of US health-care spending might not be sustainable and is beginning to constrain 

investment in other sectors of society, such as R&D investments by companies that provide 

employer-sponsored health insurance and investment into education and infrastructure by the 

federal government88. Although radiotheranostics is currently only a very small fraction of 

health-care expenditure, this situation could change rapidly with the advent of new agents 

marketed at similar prices to 177Lu-DOTATATE and 223Ra-dichloride. Despite these agents 

often becoming available at lower market prices in LMICs, their costs relative to GDP 

renders these agents essentially unaffordable in many of these countries. Thus, even when 

accounting for the fact that the market prices of most drugs and radiopharmaceuticals are 

generally lower outside the USA, costs are a major challenge to the worldwide89 adoption of 

radiotheranostics and will need to be addressed in the coming years.

Biological challenges.—Currently, therapeutic strategies involving radiotheranostics 

lead to objective responses in only 30–60% of patients. Moreover, median PFS is only 

in the region of 28–36 months for patients with indolent NETs5 and ~9 months for those 

with aggressive metastatic CRPCs43.

The reasons for the lack of consistent tumour control include suboptimal drug delivery 

owing to insufficient tumour perfusion, heterogeneous expression of receptors and/or target 

antigens on the tumour cell surface, and the type of radiation delivered. Most current 

radiopharmaceutical therapies use radionuclides that emit β-radiation, which confers the 

advantage of a greater radiation coverage area; however, β-emitters mainly induce single-

strand breaks in DNA, as opposed to α-emitters, which mainly induce double-strand 

DNA breaks90. A lack of retention of radiopharmaceuticals at the target site (owing to 

rapid dissociation of the targeted probe) might also limit efficacy. Finally, some tumours 

are inherently radioresistant or might acquire radioresistance following irradiation. This 

resistance arises from the diverse range of genomic alterations present in cancer cells and 

their microenvironment, which, under the selective pressures of toxic radiation, can become 

radioresistant via cellular senescence, hypoxia, metabolic alterations and/or an increased 

capacity for DNA damage repair91.

Tumour dedifferentiation, which is associated with the loss of specific cell-surface receptors 

or antigens, is an important aspect of radioresistance, particularly when applied to targeted 

radiotheranostics. Relevant examples of tumour dedifferentiation include the loss of 

sodium–iodine symporter expression in dedifferentiated thyroid cancer and of somatostatin 

receptor expression in high-grade NETs92,93. The relative paucity of specific targets for 

clinically aggressive cancers, which confer a particularly poor prognosis, is an additional 

challenge.

Balancing efficacy and toxicity.—Therapeutic efficacy requires the delivery of a certain 

target dose of radiation to tumour cells. This consideration is particularly relevant for 

β-emitters, which induce mainly single-strand breaks and scattered double-strand breaks, 

which can be less cytotoxic than α-radiation11,94. Unfortunately, improving efficacy by 

augmenting the amount of radiation administered also increases the risks of toxicity to 

nonmalignant tissues95. This trade-off between efficacy and toxicity is a crucial determinant 
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of the amount of radioactivity that can be safely administered and needs to be studied 

specifically for each therapeutic radiopharmaceutical.

Most contemporary therapeutic radiopharmaceuticals administered at predefined tolerated 

doses confer mild to moderate toxicities according to NCI criteria96. Such events are 

broadly characterized as either acute, subacute or chronic, but require better biological 

characterization. Transient subacute bone marrow compromise (transient anaemia and 

decreased white cell and platelet counts) is an adverse event that is common to many 

radiotheranostic agents97. Chronic adverse events are clinically most concerning and are 

typically permanent. Most of these events can be ascribed to two mechanisms: inflammation 

and/or fibrosis, resulting in reduced organ function; and radiation-induced clonal selection, 

leading to uninhibited proliferation94. Xerostomia, the chronic salivary gland toxicity 

resulting from exposure to high-dose radioiodine or PSMA-targeted radiotheranostic agents 

involving 177Lu, is an example of a chronic fibrotic adverse effect. This effect can 

lead to mild xerostomia in 8% of patients, and this risk increases to 89% with use 

of 225Ac-PSMA, becoming severe in 10% of patients treated with α-emitters92–94,98 

Another example is the chronic renal damage associated with 90Y-labelled PRRT, which 

occurs in 2.8% of patients94. Long-term bone marrow toxicities might also be seen in 

patients receiving radionuclide therapies, such as the rare but almost invariably fatal 

therapy-related myeloproliferative syndrome. The lifetime incidence of therapy-related 

myeloproliferative syndrome in patients with metastatic thyroid cancers or those with 

NETs who receive repeated high doses of radioiodine or 90Y-PRRT is around 1.5–2.3%97. 

Some of the established chronic adverse events (such as renal failure or salivary gland 

impairment) are dose dependent, while others (such as therapy-related myeloproliferative 

syndrome) are stochastic and have an indeterminate relationship with the extent of 

radiation exposure. By definition, a stochastic event is random and not directly related 

to the administered dose; however, the probability of such events increases at higher 

doses. The current interpretation is that these events have a very high threshold and are 

related to individual susceptibility97. Classical risk factors (such as previous treatment 

with myelotoxic chemotherapy or extensive bone marrow irradiation) and broad clinical 

characteristics (such as thrombocytopenia) explain only a minority of the adverse effects of 

radiotheranostics94.

Bone marrow.—Bone marrow is a crucial dose-limiting organ for most systemic therapies, 

such as radioiodine, radioligand therapy (such as 177Lu-DOTATATE or 177Lu-PSMA-617) 

and radioimmunotherapy. In the case of PRRT, cumulative doses of 177Lu-DOTATATE of 

around 30 GBq can be safely administered to most individuals, even in the absence of 

dosimetric assessments. Data on re-treatment, resulting in lifetime exposures of up to 60 

GBq of 177Lu or higher has been reported from a few individuals with very advanced-stage 

disease99,100, in whom concerns of possible myelodysplasia were tempered by the expected 

improvements in survival duration. Of note, clinical characteristics and prior treatments 

received are both only partially predictive of adverse events in a given individual. This lack 

of any notable correlation has led to the concept of individual, possibly genomics-based, 

susceptibility94.
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To address these safety issues, several strategies have been proposed101, such as the 

use of α-emitter theranostics (which seem to be effective even in patients with cancers 

that are refractory to 177Lu-PSMA-617 or 177Lu-DOTATATE102,103), development of 

innovative agents for current targets, targeting of alternative receptors and/or antigens, 

use of combination therapies and/or sensitization techniques, locoregional administration 

of therapy, use of free-radical scavenging therapies36,104–106 and individualization of 

therapy8,107,108. Further assessments regarding how variances in host genomic profiles 

influence a patient’s response to various cancer drugs might prove crucial for the 

development of novel individualized treatment strategies109.

Future developments

Most multicentre clinical trials of radiotheranostics involve patients with metastatic NETs 

or prostate cancer. However, an increasing number of novel targeted radiotheranostic agents 

are being explored in patients with a range of advanced-stage and/or metastatic cancer 

types (Supplementary Table 1). Radiotheranostic approaches have shown efficacy in many 

cancers, nonetheless, combination therapies hold the potential to further improve clinical 

outcomes and are currently being evaluated in clinical trials.

Combination therapies

Combination with established systemic therapies is an emerging, exciting approach 

with the potential to improve the outcomes of patients receiving radiotheranostic 

agents (FIG. 4). Approaches involving targeted radionuclides currently under 

evaluation, either in preclinical studies or in early-phase trials, include combinations 

with chemotherapy, radiosensitizers, EBRT and immunotherapies (NCT04343885, 

NCT04419402, NCT05146973, NCT03874884, NCT05109728, NCT03805594 and 

NCT03658447)110–125.

The antitumour activity of targeted radionuclide therapy is based on the induction 

of DNA damage, suggesting the potential for synergistic therapeutic effects through 

combination with conventional chemotherapies, including the antimetabolite capecitabine, 

the alkylating agent temozolamide or the topoisomerase inhibitor topotecan (NCT02358356, 

NCT02736500). Enhanced effects have been demonstrated in several preclinical models and 

have been explored in early-phase clinical trials of radiolabelled peptides and antibodies in 

patients across several cancers including NETs, colorectal cancer and neuroblastoma126–129. 

For example, the randomized phase II CONTROL NET study, in which patients with 

pancreatic or midgut NETs (pNETs and mNETs, respectively) received 177Lu-octreotate 

plus capecitabine and temozolamide versus 177Lu-octreotate monotherapy met the target 

landmark PFS in patients who received combination therapy (12-month PFS 76% for 

patients with pNETs, 15-month PFS 90% for patients with mNETs). Numerically greater 

ORRs were also observed in patients with either mNETs or pNETs who receiving 

combination therapy (ORR 31% versus 15% and 68% versus 33%, respectively), albeit 

with a greater incidence of grade 3 (mostly haematological) adverse events in patients with 

mNETs (at least one event in 75% versus 28%). Long-term follow-up will be required 

to determine any significant differences in PFS129. Further studies involving combination 
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therapies, such as a phase I study demonstrating that 177Lu-J591 plus docetaxel is feasible 

and safe in patients with metastatic CRPC130 and an ongoing phase II study comparing 
177Lu-PSMA-617 plus docetaxel against docetaxel in patients with newly diagnosed 

metastatic CPRC (NCT04343885), have either been completed or are currently ongoing.

Activation of the mTOR and PI3K signalling pathways has been shown to induce 

radioresistance. Therefore, mTOR inhibitors might have a role in enhancing responsiveness 

to radionuclide therapy. Data from preclinical studies provide contrasting results110,131,132; 

nonetheless, data from the single-arm, phase I NETTLE study demonstrate tolerability 

and clinical responses in patents with GEP-NETs who received 177Lu-DOTATATE and 

everolimus126,133.

DNA damage induced by radionuclide therapy might also be enhanced by combination 

therapy with agents that inhibit DNA repair. PARP proteins, for example, are involved 

in the repair of both single-strand and double-strand DNA breaks, and PARP inhibitors 

have been shown to sensitize various preclinical models to radionuclide therapy112,113. 

This approach is currently being investigated in academic clinical trials testing olaparib in 

combination with 177Lu-DOTATATE in patients with GEP-NETs (NCT04086485) and with 
177Lu-PSMA-617 in patients with metastatic CRPC (NCT03874884).

The DNA damage response (DDR) pathway also includes ataxia telangiectasia mutated 

(ATM), ataxia telangiectasia and Rad3-related (ATR) and DNA-dependent protein kinase 

catalytic subunit (DNA-PKcs); inhibitors of these proteins have therefore been explored 

as radiosensitizers114. Most clinical studies investigating combinations of these agents 

with radiotherapy have focused on EBRT, while combinations with radionuclide therapy 

have so far been explored mainly in preclinical models, with improvements in antitumour 

activity observed with each modality relative to monotherapy116,117. Similarly, inhibitors 

of other molecules that might modulate the function of DDR proteins (such as EGFR or 

HSP90) have been shown to enhance the efficacy of radiolabelled antibodies and peptides 

in preclinical models115. Synergy between radionuclide therapy and the DDR pathway is an 

important area of potential exploration in future clinical trials (for example, NCT04750954).

The ability of EBRT to enhance antitumour immunity has been established mechanistically, 

and clinical trials combining radiotherapy with immune-checkpoint inhibitors have provided 

some encouraging results118,119,134,135. In contrast to focal EBRT, radionuclide therapies are 

administered systemically and can therefore target more-widespread disease. Nonetheless, 

similar to EBRT, enhancement of therapeutic efficacy has been observed when these agents 

are combined with immune-checkpoint inhibitors in preclinical studies120,121. Clinical trials 

combining 177Lu-PSMA-617 with the anti-PD-1 antibody pembrolizumab in patients with 

metastatic CRPC are ongoing (NCT03658447, NCT03805594). This approach appears 

to be well tolerated, with response rates suggesting that radioligand therapy leads to 

improved antitumour immunity (ORR 44–78%)122,123. Radionuclide therapy might also 

have synergistic effects when combined with EBRT. An example of this effect is provided by 

the administration of the LAT-1-targeting radionuclide [131I]iodo-l-phenylalanine (131I-IPA) 

in a rat model of glioma124; this combination is currently being evaluated in IPAX-1, a phase 

I/II clinical trial involving patients with recurrent glioblastoma (NCT03849105).
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Combination therapy might also have a role in promoting the upregulation of the targets 

of radionuclide therapy. For example, in patients with radioiodine-refractory thyroid cancer, 

expression of the sodium–iodine symporter can be upregulated by treatment with MAP 

kinase inhibitors such as selumetinib, thereby restoring radioiodine avidity and therapeutic 

responsiveness62. Several multicentre trials are currently exploring the use of tyrosine 

kinase inhibitors that target MEK or BRAFV600E in patients with NRAS or BRAFV600E-

mutant radioiodine-refractory thyroid cancer (IRAS 183600, MERAIODE, NCT03244956). 

Conversely, in one study, blockade of the androgen receptor (AR) has been shown to 

upregulate PSMA expression in patients with CRPC, although downregulation of PSMA 

expression was also observed after androgen deprivation in patients with hormone-sensitive 

disease in the same study125. In addition to effects on PSMA expression, AR blockade 

has been demonstrated to delay the repair of DNA damage and sensitize cells to radiation, 

which further supports the rationale for its use in combination with 177Lu-PSMA-617. 

The efficacy of 177Lu-PSMA-617 plus enzalutamide versus enzalutamide alone is currently 

being investigated in patients with metastatic CRPC who have progressed on docetaxel 

but have not received prior novel anti-androgen therapy in the phase II Enza-P study 

(NCT04419402).

Novel targets and approaches

The development of radiotheranostics has focused principally on targeting emitters of either 

α- or β-radiation to the surfaces of tumour cells followed by intracellular trafficking 

and retention, resulting in DNA damage2. Novel and potentially clinically important 

radiotheranostic approaches are expanding the range of targets to include those present 

in the tumour microenvironment, such as blood vessels, cancer-associated fibroblasts 

(CAFs), the stromal matrix and immune cells136,137. The stromal cells located in the 

tumour microenvironment are generally more genetically stable than tumour cells, which 

might downregulate or entirely lose expression of certain targets; stromal cells might also 

contribute to the development of an immunosuppressive microenvironment and to drug 

resistance138. Prolyl endopeptidase FAP (FAP), expressed on CAFs, has emerged as a 

target of novel radiotheranostics that is broadly expressed by the fibroblasts present in 

most adenocarcinomas and is being evaluated in several clinical trials supported by both 

industry and academia (NCT04571086, NCT04621435, NCT04849247 and NCT04939610; 

Supplementary information)101,139,140. The current generation of FAP-targeted theranostic 

agents includes various ligands with biological half-lives that range from short (FAPI-46) to 

substantially longer (FAP-2286)139. Identifying the optimal combination of FAP ligand and 

radionuclide will be an important stage in the development of these agents that will likely 

depend on the intended clinical use, for example, diagnosis versus therapy, including use as 

monotherapy versus combination therapy.

Pairing α- and β-emitting radiotheranostic agents might provide another potentially fruitful 

approach, taking advantage of the different radiation path lengths and cell-kill mechanisms. 

In addition, damage to cells that are not directly targeted can arise from irradiation of nearby 

target-null cells (crossfire effects) or the release of biologically active factors (bystander 

effects), such as free radicals or immune system factors, resulting in cytotoxicity far away 

from the irradiated cells141. Finally, pretargeting approaches can potentially enhance the 
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uptake of radiolabelled proteins and peptides by tumour cells and thus reduce the risk of 

haematological toxicities142–145.

Conclusions

The careful deployment of radiotheranostics in patients with cancer has the potential to 

considerably improve treatment outcomes. However, several major challenges remain to 

be addressed. Generating evidence to enable a wider range of radiotheranostic agents to 

receive regulatory approval and rapidly reach the market is imperative. Moreover, strategies 

are needed to improve the availability of radiotheranostics globally. The current success of 

radiotheranostics will likely attract increasing interest from both academia and industry in 

identifying and developing novel targeted agents, which is expected to generate earlier and 

better methods of cancer detection, individualized treatments and improved outcomes for 

patients.
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Key points

• Radiotheranostics combines molecular imaging (primarily PET and SPECT) 

with targeted radionuclide therapy, typically with radionuclides that emit α-, 

β- or auger-radiation.

• The exponential, global expansion of radiotheranostics in oncology stems 

from the potential to target and eliminate tumour cells with minimal adverse 

effects owing to a mechanism of action that is distinctly different from that of 

most other systemic therapies.

• Approvals of new radiotheranostic agents such as 177Lu-DOTATATE and 
177Lu-PSMA-617 alongside the availability of companion diagnostic agents 

(such as 68Ga-DOTATATE and 68Ga-PSMA-11, respectively) have driven a 

resurgence of interest in the field that is driving numerous clinical trials 

testing novel radiotheranostics.

• Novel and potentially clinically important radiotheranostic approaches are 

expanding the range of targets to include those present in the tumour 

microenvironment, such as blood vessels, cancer-associated fibroblasts, the 

stromal matrix and immune cells.

• Although access to radiotheranostics is expanding, challenges such as lack 

of isotope availability, shortages of trained personnel, regulatory burdens and 

costs might all limit the extent of global dissemination.
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Fig. 1 |. Overview of the concept of radiotheranostics.
Radiopharmaceuticals are paired with targeted ligands to ‘see with precision’ and then ‘treat 

with targeting’.
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Fig. 2 |. Responses to approved theranostics, as demonstrated using their imaging counterpart.
a | Coronal PET 68Ga-DOTATATE maximum-intensity projection (MIP) depicting a patient 

with an atypical bronchial carcinoma, with disease progression on everolimus with extensive 

osseous (blue solid arrows) and hepatic (dashed arrows) metastases. b | After four cycles 

of 177Lu-DOTATATE, a marked reduction in both the number and extent of bone and 

liver lesions can be observed. c,d | Coronal PET 68Ga-PSMA-11 MIP (panel c) and fused 

axial PET–CT images (panel d) depicting a patient with Gleason grade 9 prostate cancer 

with extensive retroperitoneal and pelvic nodal metastases following radical prostatectomy, 

androgen-deprivation therapy and abiraterone. e | After five cycles of 177Lu-PSMA-617, the 

adenopathy is markedly decreased in size. f | Fused axial PET–CT images provide a more 

detailed view of the pelvic nodal metastases after 177Lu-PSMA, with several nodes that are 

visible in panel d no longer present in panel f. g,h | Anterior (panel g) and posterior (panel 

h) coronal PET 99mTc-MDP MIPs depicting a patient with de novo metastatic Gleason grade 

9 prostate cancer with metastatic lesions located in the spine, ribs, pelvis and femur. i,j | 
After six cycles of 223Ra-dichloride, a decreased intensity of uptake can be observed at all 

metastatic sites.
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Fig. 3 |. The predicted global nuclear medicine market 2013–2026.
This projected market growth likely reflects the availability of a greater number of agents, 

implementation at an increasing number of centres and projected increases in the numbers 

of patients with cancer globally. ©MEDraysintell Nuclear Medicine Report C Directory, 

Edition 2021. CRPC, castration-resistant prostate cancer; mCRPC, metastatic CRPC; NET, 

neuroendocrine tumour; PSMA, prostate-specific membrane antigen.
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Fig. 4 |. Therapeutic approaches involving radiotheranostics.
Therapeutic effects on cancer cells caused by DNA damage induced by either α-, β- or 

auger-emitting radionuclides can be enhanced via combination with drugs that either cause 

direct damage to DNA (such as chemotherapies) or inhibit DNA damage repair directly 

(such as PARP inhibitors) or through modulation of the associated signalling pathways 

(such as novel androgen-deprivation therapies). Radiotheranostics can also target the tumour 

microenvironment (such as cancer-associated fibroblasts (CAFs)) and kill stromal cells, 

which can indirectly lead to tumour regression. Bystander effects, owing to use of β-

emitters, on the DNA of cancer cells that do not express radiotheranostic target proteins 

can nonetheless lead to tumour cell death. Targeted radionuclide therapies might also 

induce antigen presentation following cancer cell death and, when combined with immune-

checkpoint inhibitors, lead to enhanced antitumour activity. DDR, DNA damage response.
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