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Abstract

Introduction.—The Prostate Cancer Foundation (PCF) convened a PCF PSMA Theranostics 

State of the Science Meeting on November 18, 2019, at Weill Cornell Medicine, New York, NY.

Methods.—The meeting was attended by 22 basic, translational, and clinical researchers 

from around the globe, with expertise in prostate-specific membrane antigen (PSMA) biology, 

development and use of PSMA theranostics agents, and clinical trials. The goal of this meeting 

was to discuss the current state of knowledge, the most important biological and clinical questions, 

and critical next steps for the clinical development of PSMA positron emission tomography (PET) 

imaging agents and PSMA-targeted radionuclide agents for patients with prostate cancer.

Results.—Several major topic areas were discussed including the biology of PSMA, the role 

of PSMA-targeted PET imaging in prostate cancer, the physics and performance of different 

PSMA-targeted PET imaging agents, the current state of clinical development of PSMA-targeted 

radionuclide therapy (RNT) agents, the role of dosimetry in PSMA RNT treatment planning, 

barriers and challenges in PSMA RNT clinical development, optimization of patient selection for 

PSMA RNT trials, and promising combination treatment approaches with PSMA RNT.

Discussion.—This article summarizes the presentations from the meeting for the purpose of 

globally disseminating this knowledge to advance the use of PSMA-targeted theranostic agents for 

imaging and treatment of patients with prostate cancer.
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Introduction

Prostate specific membrane antigen (PSMA) has emerged as one of the most promising 

theranostic targets for prostate cancer. Several PSMA-targeted small molecules and 

antibodies have been developed and are being tested as positron emission tomography (PET) 

imaging and radionuclide therapy (RNT) agents. PSMA-PET imaging agents, including 
68Ga-PSMA-11 and 18F-DCFPyL, have been demonstrated in numerous clinical trials 

to outperform current standard imaging for both specificity and sensitivity for detecting 

sites of prostate cancer. 68Ga-PSMA-11 is currently under FDA review for biochemical 

recurrence localization and initial staging of prostate cancer and 18F-DCFPyL will shortly 

be considered by the FDA likely for a similar indication with a response expected later 

in 2020–2021. PSMA-RNT agents have also demonstrated significant promise in phase 

2 trials and case reports of individual patients treated outside the US. The beta-emitting 

therapeutic agent 177Lu-PSMA-617 is now being tested in the international phase 3 VISION 

trial and the Australian randomized phase 2 TheraP trial. However, despite promising results 

and high interest from academic and pharmaceutical drug developers, many questions yet 

remain about how best to deploy these agents to maximize patient benefit along with the 

implications of PSMA-targeted theranostics.

In recognition of this highly promising class of theranostic agents, the Prostate Cancer 

Foundation (PCF) convened the PCF PSMA Theranostics State of the Science Meeting 

to discuss and outline the most urgent questions surrounding the biology and optimal 

clinical use of these agents. This meeting is a follow-up to a previous PCF PSMA-directed 

radionuclide scientific working group held in 2017 [1].

The meeting was held at Weill Cornell Medicine, New York, New York on November 

18, 2019. The meeting was attended by 22 basic, translational, and clinical researchers 

with expertise in PSMA biology and theranostics, from several academic institutions in 

the U.S. and Australia, the NIH/NCI and Bayer Pharmaceuticals. There were 13 speakers 

who discussed different aspects of PSMA biology in prostate cancer, PSMA-targeted PET 

imaging, and PSMA-targeted RNT.

This review provides a summary of the presentations from the meeting for the purposes of 

disseminating this knowledge and the critical next steps identified to the global community, 

in order to rapidly optimize the use of PSMA-targeted agents for the imaging and treatment 

of prostate cancer.

The Biology of PSMA

PSMA, also known as glutamate carboxypeptidase II (GCP-II) and folate hydrolase 1 

(FOLH1), is a cell surface transmembrane glycoprotein enzyme with several features that 
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qualify it as an excellent prostate cancer theranostic target. The extracellular domain makes 

up 95% of the PSMA protein providing an easily accessible target for both small molecule 

and antibody-based agents. PSMA does not appear to function as a cellular receptor, though 

it is hypothesized to function in signaling and it may have a role in cleaving glutamate 

from folate to activate molecular pathways [2]. PSMA is highly overexpressed on most 

prostate cancer cells, being consistently found on over 94% of prostate cancer samples 

across many independent immunohistochemistry studies. While there is PSMA expression 

on non-prostate tissues, mainly in kidney, duodenum, salivary and lacrimal glands and 

non-myelinated ganglia nerves [3], the high levels of PSMA overexpression in prostate 

cancer (up to 100–1000 fold) makes PSMA an excellent prostate cancer theranostic target.

PSMA-Targeted Agents

A number of PSMA-targeting small molecule and antibody agents have been developed and 

tested for imaging by single-photon emission computerized tomography (SPECT) and PET, 

and for RNT applications. Development of PSMA-targeted small molecules was accelerated 

by the discovery of urea-based ligands with the binding motif (glutamate-urea-lysine [Glu­

urea-Lys]) that bind to the extracellular domain of PSMA [4–6]. Most PSMA-targeting 

ligands currently under development are derivatives of these early urea-based compounds. 

PSMA-targeted small molecule ligands may be preferable to antibodies as PET imaging 

agents due to their rapid clearance kinetics resulting in a higher tumor to background ratio, 

ability to read images within 1–2 hours (as opposed to days with antibodies), as well 

as the ease and cost of manufacture of small molecule ligands relative to antibody-based 

approaches.

PSMA-targeted agents are also being investigated for use in MR imaging [7], chemical 

exchange saturation transfer (CEST) imaging [8], photoacoustic imaging [9], and optical 

imaging for surgical guidance [9].

PSMA PET Imaging in Prostate Cancer
111In-capromab pendetide (ProstaScint™) was an early strategy using a PSMA-directed 

radiolabeled antibody as a prostate cancer imaging agent [10]. While 111In-capromab 

pendetide could detect sites of disease, the images produced were substantially inferior 

to the current largely small molecule-based PSMA PET imaging technologies because 

capromab binds to an intracellular region of PSMA that was difficult to reach for 

circulating antibody (except where there were dead or dying cells) and planar/SPECT 

imaging lacks the resolution of current PET technology. Subsequent studies utilized anti­

PSMA antibodies and minibodies radiolabeled with the PET emitter 89Zr with substantially 

improved results. However, because of the long circulating times of antibody-based agents, 

injection and imaging cannot be performed on the same day, limiting practical use in clinical 

development as an imaging agent [11, 12]. Nonetheless, these studies, which included 

biopsy confirmation, provided strong rationale for developing PSMA-directed molecules 

targeting the external domain of PSMA, with a short half-life, and that can be conjugated 

with a positron-emitting radionuclide.

Miyahira et al. Page 4

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Since this time, 18F- and 68Ga-based PSMA-targeted PET imaging agents have made 

significant progress in clinical development. These tracers enable the detection of metastatic 

lesions as small as 2mm (a volume-based estimation of ~10–14 million cells) [13–15]. As a 

comparison, the circulating tumor DNA based cancer screening tests that are currently under 

development have a limit of detection estimated at 50 million tumor cells [16].

PSMA-directed PET imaging agents under development for prostate cancer imaging include 

unpatented free-for-use agents which are typically labeled with 68Ga (68Ga-PSMA-11 and 
68Ga-PSMA-I&T), and those under development by biopharma: 18F-based (18F-DCFPyL, 
18F-rhPSMA and 18F-PSMA-1007) and 68Ga-based (68Ga-THP-PSMA and TLX591-CDx). 

Of these, 68Ga-PSMA-11 and 18F-DCFPyL are furthest along, and will be the focus of 

discussion in this review.

PSMA PET imaging in prostate cancer has been widely investigated for many contexts 

of use including initial staging in high-risk patients and the detection and localization of 

disease in the setting of a biochemical recurrence (BCR), and has demonstrated superiority 

in multiple studies against other standard agents and modalities [17–19]. A team led by 

academic investigators from UCLA and UCSF have recently submitted data [17, 18] for 

an New Drug Application (NDA) to the U.S. Food and Drug Administration (FDA) for 
68Ga-PSMA-11 as a PET imaging agent for initial and subsequent management decisions 

in patients with prostate cancer. The phase 3 CONDOR trial (NCT03739684) evaluating 
18F-DCFPyL PET/CT in patients with suspected biochemical recurrence (BCR) of prostate 

cancer completed enrollment in August 2019 [20, 21]. Topline results and submission of an 

NDA to the FDA for 18F-DCFPyL are anticipated in 2020 and FDA approval is anticipated 

in 2021 [20]. In these settings, the improved sensitivity afforded by PSMA PET imaging 

for early detection of metastatic lesions may change treatment planning and could improve 

patient outcomes. PSMA PET imaging may also be useful for selecting candidates for active 

surveillance [22].

PSMA PET imaging is also being studied as a theranostic tool to guide treatment 

planning for patients with both oligometastatic non-castrate disease and metastatic CRPC. 

For example, in a recent study by Tran et al., the use of 18F-DCFPyL PET imaging 

to guide treatment with stereotactic ablative radiotherapy (SABR) to sites of spread in 

the oligometastatic setting significantly improved distant metastasis-free survival times 

compared to conventional imaging [23]. PSMA PET is also being used for the selection 

and therapeutic monitoring of patients for PSMA-targeted radionuclide therapy (discussed 

extensively in following sections) and other PSMA-targeted approaches. Other roles of 

PSMA PET in patients with advanced / metastatic castration-resistant disease remain to be 

defined.

Separately, and because PSMA is expressed on the tumor neovasculature of many non­

prostate solid tumors, applications outside of prostate cancer are also being explored [24–

29].
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Gallium vs Fluorine PSMA-PET: Differences in Physics and Production

The major differences between 18F- and 68Ga-based agents stem from the physical 

properties of the isotopes, including their half-lives, positron energies and the methods 

necessary for their production [17].

68Ga-PSMA-11 can be produced by any center with the capability and a facility able to 

perform Gallium-68 labelling. The short half-life (68 minutes) of Gallium-68 is beneficial 

for onsite facility production but reduces ability to distribute to satellite sites. 68Ga is 

obtained from germanium-68/gallium-68 radionuclide generators. Radiolabeling of the 

PSMA-ligand necessitates qualified staff and can be performed only in small batches, 

usually 2 doses at a time, up to 6 per day per generator. But due to the unpatented chemical 

structure of PSMA-11 (HBED-CC) [30], 68Ga-PSMA-11 has been widely used at academic 

centers internationally and data from over 10,000 patients has been published, despite a lack 

of industry support. Among other unpatented 68Ga-based agents that have been investigated 

(68Ga-PSMA-11, 68Ga-PSMA-I&T), PSMA-11 is the most widely used [30].

In contrast, 18F-based agents are more amenable to commercial development. 18F production 

requires a cyclotron and can be obtained in high quantity. Its longer half-life (110 minutes) 

enables central production and distribution to satellite sites. As an example, 18F-FDG is 

widely available. 18F-based agents being developed by biopharma include 18F-DCFPyL, 
18F-rhPSMA and 18F-PSMA-1007. An 18F-based agent may be more practical and more 

commonly used in some parts of the world for patients and health care providers due to 

the high production yields and because deliveries can parallel those for 18F-FDG PET, with 

ready-to-inject syringes provided for single patient use.

Ultimately, however, it is thought that the choice of PSMA-PET agents used in practice 

will be highly influenced by the IP and financial considerations surrounding the different 

PSMA-targeted ligands, as the performance of currently used ligands may be similar.

Gallium vs Fluorine PSMA-PET: Detection Performance

Diagnostic performance parameters for PSMA PET imaging agents have been reported in 

several clinical settings including the detection of pelvic lymph node metastases in patients 

with high risk prostate cancer and detection of recurrent prostate cancer sites in patients with 

BCR.

A prospective multicenter trial evaluated the performance of 68Ga-PSMA-11 in 635 patients 

with biochemically recurrent prostate cancer [18]. The sensitivity of 68Ga-PSMA-11 for 

detecting sites of recurrent prostate cancer increased with PSA levels: 38% in patients with 

PSA <0.5 ng/mL (N = 136), 57% in patients with PSA 0.5 −1.0 ng/ML (N = 79), 84% in 

patients with PSA 1.0 – 2.0 ng/mL (N = 89), 86% in patients with PSA 2.0 – 5.0 ng/mL (N 

= 158), and 97% in patients with PSA ≥5.0 ng/mL (N = 173) [18]. Overall, in this study, the 

positive predictive value for 68Ga-PSMA-11 in detecting sites of recurrent prostate cancer 

was 92% [18].
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Similar detection rates have been reported for 18F-DCFPyL in the BCR setting. A single site 

study at Johns Hopkins University in patients with biochemically recurrent prostate cancer 

reported sensitivity for 18F-DCFPyL ranging from 59.1% at PSA levels between 0.20 – 1.00 

ng/mL (N = 22) to 88.9% in patients with PSA > 1.00 ng/mL (N = 9). In a study at the 

NCI, the sensitivity of 18F-DCFPyL in 90 patients with BCR was 47.6% in patients with 

PSA 0.20 – 0.5 ng/mL, 50.0% in patients with PSA 0.5 – 1.0 ng/mL, 88.9% in patients with 

PSA 1.0 – 2.0 ng/mL, and 94.0% in patients with PSA >2.0 ng/mL [31]. On a per-patient 

basis, the positive predictive value in this study was 93.3% by histopathologic validation and 

96.2% by histology, imaging and/or clinical follow-up [31].

In patients with high risk prostate cancer, in a single site study at Johns Hopkins, 18F­

DCFPyL had a sensitivity of 71.4% and specificity of 88.9% for detecting sites of pelvic 

lymph node metastases (N = 25) [32]. In the OSPREY study, the sensitivity of 18F-DCFPyL 

in patients with high risk prostate cancer (cohort A, N = 268) was 40.3%. The lower 

sensitivity in OSPREY may be due to the inclusion of community practices in the trial and 

scans being read by clinicians who have less experience with PSMA PET.

Meta-analyses have also been conducted to evaluate detection rates of 68Ga-PSMA-11 (37 

articles including 4,790 patients, [33]) and pooled analysis of 18F-based agents (6 articles 

including 645 patients, [34]) in prostate cancer patients with BCR. At PSA levels > 2.0 

ng/mL, 18F-PSMA and 68Ga-PSMA-11 PET agents had a similar detection rates (92%, 95%, 

respectively) [33, 34]. However, at lower PSA levels, 18F-PSMA agents appear slightly but 

increasingly superior to 68Ga-PSMA-11 (detection rates of 73% vs. 59% for PSA levels 

between 0.5 – 1.0 ng/mL, respectively) [33, 34].

Several studies have compared 18F-PSMA and 68Ga-PSMA-11 in consecutive cases and/or 

head-to-head [35, 36]. A study in biochemically recurrent prostate cancer compared 

detection rates per-patient and per-lesion for 62 patients imaged with 18F-DCFPyL vs 

129 patients imaged with 68Ga-PSMA-11 [35]. At PSA levels between 0.5 – 3.5 ng/mL, 
18F-DCFPyL detected ~22% more lesions than 68Ga-PSMA-11 (88% vs 66%). However, 

outside of this range, detection rates for 18F-DCFPyL vs 68Ga-PSMA-11 were comparable 

(13% vs 11% at PSA levels < 0.5 ng/mL; 84% vs 91% at PSA levels >3.5 ng/mL) [35]. In 

this study, in 25 patients imaged with both scans, lesions were detected by both scans in 11 

of 25 (44%) of patients [35]. 18F-DCFPyL detected additional lesions in 4 of 25 patients 

(16%), but without resulting in patient upstaging [35].

Overall, the diagnostic performances of 68Ga-PSMA-11 and 18F-DCFPyL appear to be 

either similar, or slightly superior with 18F-DCFPyL [33–36]. The lower energy and positron 

range of 18F (Emax = 633 keV) compared with 68Ga (Emax = 1,899 keV) may result 

in improved spatial resolution and a cleaner image [17, 36, 37]. However, a meaningful 

difference will be hard to prove in a prospective head-to-head comparative trial and will 

require a large study.

18F-PSMA-1007 is a newer agent in development that differs by having predominantly 

hepatobiliary instead of urinary excretion. This enables improved imaging of recurrent 

lesions in the prostate bed compared with other PSMA-PET agents [38]. Urinary excretion 
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poses limits on PSMA PET imaging for detecting prostate bed recurrences, although this can 

be partially overcome with approaches including adjusting imaging scales, delayed imaging 

after forced diuresis, hyperhydration, or voiding of the bladder before imaging [39]. Studies 

have suggested that 18F-PSMA-1007 may perform equally or slightly better than 68Ga­

PSMA-11 at detecting lesions in patients with biochemically recurrent prostate cancer [40]. 

However, some suspected bone lesions found on 18F-PSMA-1007 were not corroborated on 

contrast enhanced MRI, suggesting false positive findings in bone may occur with this agent 

[41]. Additionally, in a matched-pair comparison study, 18F-PSMA-1007 detected an equal 

number of malignant lesions compared with 68Ga-PSMA-11, but five-times more lesions 

that were found to be benign [42].

PSMA PET vs Metabolic PET Imaging Agents for Prostate Cancer

Currently, there are two PET imaging agents approved for detection and localization 

of biochemically recurrent prostate cancer: the metabolic tracers 11C-Choline and 18F­

fluciclovine (18F-FACBC, Axumin). 18F-sodium fluoride (18F-NaF), which measures bone 

production, is also FDA approved, but its clinical use has been limited because it is generally 

not reimbursed. Despite significant impact on clinical management data from the National 

Oncologic PET Registry (NOPR) [43], the Centers for Medicare & Medicaid Services 

(CMS) has denied its coverage since 2018.

18F-fluciclovine is a metabolic PET imaging agent which measures amino acid uptake. It 

is an amino acid analog (l-leucine) that is taken up into cells via the LAT1 and ASCT2 

amino acid transporters, both of which have been shown to be upregulated in prostate 

cancer. Choline is an essential cell membrane phospholipid precursor, and 11C-choline is 

rapidly taken up in proliferating cells. 18F-fluciclovine was shown to have slightly better 

detection rates than 11C-Choline (37.1% vs. 33.7%) in biochemically recurrent prostate 

cancer patients (N=89, mean PSA 6.99 ± 17.5 ng/ml) [44]. 18F-fluciclovine became FDA 

approved as the new standard of care molecular imaging agent for patients with prostate 

cancer recurrence in 2016.

A number of studies have focused on comparing the sensitivity and specificity of PSMA 

PET imaging agents with these metabolic tracers. A study which directly compared 68Ga­

PSMA-11 vs. 18F-Fluromethylcholine PET/CT in 38 prostate cancer patients with BCR 

(mean PSA 1.74 ± 2.54 ng/mL) after curative treatment demonstrated a detection rate of 

recurrent lesions of 66% for 68Ga-PSMA-11 vs. 32% for 18F-Fluromethylcholine [45]. 

A study which compared 18F-PSMA-1007 vs. 18F-Flurocholine PET/CT in 40 prostate 

cancer patients with a biochemical recurrence (PSA < 0.2 ng/mL), demonstrated a detection 

rate of recurrent lesions of 60% for 18F-PSMA-1007 vs. 5% for 18F-Flurocholine [46]. 

Lesions detected by both agents in this study had a significantly higher standardized uptake 

value (SUV) for 18F-PSMA-1007 than 18F-Flurocholine [46]. These studies support PSMA­

PET imaging as superior to 18F-labelled choline derivatives in the biochemically recurrent 

prostate cancer setting.

A head-to-head comparison of 18F-fluciclovine vs. 68Ga-PSMA-11 PET/CT 

(NCT03515577) was performed in 50 patients with early biochemically recurrent prostate 
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cancer (PSA <2.0 ng/mL, median PSA 0.5 ng/mL) [17]. In this study, each scan was 

independently read by three blinded independent central readers (BICR). 68Ga-PSMA-11 

was found to be the superior imaging modality, with a detection rate of 56% vs. 26% for 
18F-fluciclovine [17] and in particular detected more lesions than 18F-fluciclovine in pelvic 

lymph nodes, extra-pelvic nodes, bone, other organs, and extra-pelvic lesions, while 18F­

fluciclovine detected more lesions than 68Ga-PSMA-11 only in the prostatic bed. SUVmax 

was also higher in the same lesions detected by 68Ga-PSMA-11 than 18F-fluciclovine in this 

study. These differences are likely mediated in part by the pharmacokinetics of the agents. 
18F-fluciclovine has a high background due to its uptake by metabolically active tissue such 

as muscle, but a low bladder activity at early imaging because renal excretion is delayed. 

Inter-reader agreement was higher for 68Ga-PSMA-11 than 18F-fluciclovine in this study, 

due to the higher target to background ratio of 68Ga-PSMA-11.

False Negatives and False Positives with PSMA PET Imaging

Despite the substantially improved sensitivity of PSMA PET, false negatives can still arise 

due to absent or insufficient expression levels or heterogeneity of expression of PSMA in the 

tumor, or tumors < 4mm that are below the level of resolution of PET technology. PSMA 

expression levels are lower in lower Gleason grade tumors. And with lower grade, more of 

the expression is on the luminal side of the glandular structures making it less accessible 

[47–52]. In addition, PSMA has been shown to be lost in very advanced, de-differentiated 

prostate cancer, such as neuroendocrine prostate cancer (NEPC) [47]. Thus, not all prostate 

cancers can be detected using PSMA PET.

PSMA PET imaging can also produce false positive findings in some patients. False positive 

findings on PSMA PET have been reported in patients with various disorders, including 

fibrous dysplasia, fractures, and schwannoma [53]. A common false positive is uptake in the 

cervical, celiac, and sacral ganglia [53, 54]. PSMA expression has also been observed in a 

variety of non-prostate solid tumors by PSMA PET imaging [55–60].

Imaging Discordance between PSMA PET and other PET Imaging 

Modalities

At the National Cancer Institute (NCI), patients with metastatic disease are routinely imaged 

with both 18F-PSMA PET and 18F-NaF PET. Imaging discordance, where one type of 

scan is positive and the other is not, or where the two scans have minimal overlap in 

the same lesion, have been observed [61, 62]. Biopsy of some of the lesions that were 18F­

PSMA-negative/18F-NaF-positive confirmed the presence of cancer in some cases [62]. This 

suggests that PSMA PET may underestimate bone disease in some patients, for example 

those under ADT with PSA levels <0.2 ng/mL [61]. This may be due to an insufficient 

“mass” of PSMA-positive cells in some lesions, or “burned out” lesions in other cases. 

However, PSMA-PET findings may better reflect actual prostate cancer whereas 18F-NaF 

PET depicts bone reaction to the tumor. 18F-NaF PET false-positivity is also observed in 

patients with benign bone degenerative conditions. Accordingly, it is not unexpected that 

some discordance is seen. For the majority of lesions, PSMA PET is equivalent or better 
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than 18F-NaF at detecting bone lesions in patients with castration resistant prostate cancer, 

particularly when the disease extends beyond sites of osteoblast activity [61].

Discordance has also been observed between PSMA PET and 18F-Fluorodeoxyglucose 

(FDG) PET imaging, particularly in very advanced mCRPC, when the cancer has become 

more heterogeneous and de-differentiated [63, 64]. Co-registered PSMA and FDG PET 

imaging for selecting mCRPC patients to receive PSMA-targeted radionuclide therapy 

was used in the Australian TheraP trial, allowing exclusion of patients with PSMA­

negative/FDG-positive lesions [63]. While FDG PET imaging is generally considered 

to be suboptimal in prostate cancer and thus not a standard imaging method, it can 

provide biological information such as detecting more aggressive and rapidly growing, 

de-differentiated disease that is poorly responsive to treatment including PSMA-RNT (if 

PSMA PET-negative) and associated with poorer outcomes [65–67].

PSMA RADS for PSMA PET Imaging Standardization

A structured and inclusive reporting schema, PSMA RADS, has been developed for 18F and 
68Ga-based PSMA PET imaging [68, 69]. A study which evaluated inter-observer reliability 

of four readers with different experience levels found a relatively high concordance rate 

for determining PSMA RADS scores from 18F-DCFPyL PET images [70]. This rate was 

considered to be better than what has been seen for PI-RADS inter-reader concordance 

rates [71]. Artificial intelligence algorithms are now being developed to analyze PSMA PET 

images and determine PSMA RADS scores.

Recent Developments in PSMA-PET Imaging

Recently, shortly after this meeting, high level evidence from the 300 patient multi-center 

phase 3 proPSMA trial directly comparing 68Ga-PSMA-11 to conventional imaging (CT 

and bone scanning) were published [19]. 68Ga-PSMA-11 had 27% greater accuracy than 

conventional imaging (92% vs 65%) for identifying regional nodal or distant metastases. 
68Ga-PSMA-11 had a higher patient management impact defined by change in treatment 

modality or treatment technique of 28% of patients compared to 15% of patients for 

conventional imaging. Average radiation exposure was 8 mSv 68Ga-PSMA-11 compared to 

19 mSv for conventional imaging. Furthermore, 68Ga-PSMA-11 had less equivocal findings 

(7% vs. 23%) and high reporter agreement (kappa 0.87 for nodal and 0.88 for distant 

metastases). The trial included a cross-over component to second-line imaging and this 

demonstrated similar high utility for 68Ga-PSMA-11 and little benefit from conventional 

imaging. The combined findings provide compelling data that 68Ga-PSMA-11 is a suitable 

replacement for conventional imaging.

Whether the use of new molecular imaging agents actually improve patient outcomes is a 

critical question. The STOMP trial, which tested metastasis-directed therapy vs. surveillance 

in patients with recurrent oligometastatic prostate cancer on choline PET has suggested 

an improvement in ADT-free survival with metastasis-directed therapy (p=0.11), but no 

clear overall survival or quality of life benefit [72]. It remains unknown whether change 

in management improves oncologic outcomes. PSMA PET is still limited by the spatial 
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resolution of PET and shows only the visible emerging part of the “iceberg” in many 

cases and thus still underestimates the disease burden [13, 15]. Randomized prospective 

trials powered for outcome are needed to formally address this question and some are 

ongoing (NCT03582774, NCT03525288, NCT01666808, NCT03762759), [73]. Yet, unlike 

any therapy, PET/CT has few if any side effects, minimal risks, and enables better patient 

selection and disease state identification. Its integration into routine clinical care would 

represent a major step towards individualized medicine: selecting the right treatment for the 

right patient.

Ultimately, PSMA PET imaging has been proven to be superior to all other current standard 

imaging modalities for prostate cancer, and wide-spread use will become possible following 

the anticipated FDA approval of 68Ga-PSMA-11 later in 2020 and 18F-DCFPyL shortly 

thereafter. However, multiple factors are likely to determine the use of PSMA PET vs 

metabolic PET imaging agents in community practice, including availability of the agent, 

the impact on patient outcomes, and reimbursement.

PSMA-Targeted Radionuclide Therapy

Prostate cancer is a radiosensitive cancer, and various forms of radiation treatment, including 

external beam radiotherapy and brachytherapy, are standard options for localized or locally 

recurrent disease. Stereotactic body radiation therapy (SBRT) is currently being tested as 

an option for delivering high dose radiation to tumor sites in patients with oligometastatic 

prostate cancer. Radium-223, an alpha particle-emitting calcium mimetic is an established 

treatment for metastatic prostate cancer that is localized to bone. Targeted radionuclide 

therapy (RNT) is now being explored as a new class of treatment agents in metastatic 

prostate cancer that enables delivery of radiation to bone, soft tissue and visceral tumor 

deposits.

Several PSMA-targeted RNT agents have been developed for the treatment of metastatic 

prostate cancer and are being tested in clinical trials or used to treat patients outside of 

clinical trials where permitted under compassionate use. These include PSMA-targeted 

small molecule ligands such as MIP-1095 [74], PSMA I&T, PSMA-617 [75], and anti­

PSMA antibodies such as J591, labeled with alpha or beta particle emitting isotopes. 

The beta-emitter 177Lu-PSMA-617 [63, 76–81] is furthest on in clinical testing with 

the randomized phase 3 (VISION, NCT03511664) and randomized phase 2 (TheraP, 

NCT03392428) trials now completed recruitment. Other PSMA-targeted RNT agents in 

clinical development include the alpha emitter 225Ac-PSMA-617, the J591 antibody labelled 

with Lutetium (177Lu-J591) or with Actinium (225Ac-J591), PSMA I&T labelled with 

Lutetium (177Lu-PSMA I&T) or with Actinium (225Ac-PSMA I&T), MIP-1095 labelled 

with Iodine-131, 177Lu-PSMA-R2, and a PSMA-targeting monoclonal antibody linked 

to the alpha-emitter thorium-227 (BAY 2315497; 227Th-PSMA-TTC). Results from trials 

testing several of these agents in mCRPC patients have been highly promising and are 

discussed in more detail in the following sections.

While highly promising, the studies discussed below collectively find that 50–75% of 

patients respond to single agent PSMA-targeted RNT, in either unselected mCRPC 
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populations, or in trials using PSMA PET alone or in combination with FDG PET to select 

patients. Other therapeutic strategies to improve response rates and duration of response 

may include the addition of other biomarkers for patient selection or rational therapeutic 

combinations. Trials are also seeking to define the optimal clinical states for use of PSMA 

RNT. These issues are discussed in more detail below.

Clinical Development of 177Lu-PSMA-617

Promising results for 177Lu-PSMA-617 have been reported from multiple early stage 

investigations, many of which were based on retrospective data derived from patients treated 

in national compassionate use programs that furnish radionuclide therapy outside of formal 

clinical trials, with no formal data recording or reporting obligations.

In a multicenter retrospective aggregation of German data from patients treated on a 

compassionate use program, the clinical outcomes of 145 patients were analyzed. In 

this series, ≥50% PSA declines were observed in 40% of the 99 patients with available 

repeat PSA values after one cycle and 45% after all cycles [77]. Although there was 

not a formal plan for enforcing follow-up toxicity assessments or a data management 

plan, at least preliminarily the hematologic toxicity appeared to be quite modest. Based 

on physician-reported toxicity from 145 patients and laboratory-based toxicity from 121 

patients, 8% of patients experienced grade 3–4 leukopenia, 2% experienced high grade 

thrombocytopenia, and 4% experienced some combination of these [77]. These data 

suggested that further prospective examination of this agent was warranted using robust 

clinical trials methodology.

An investigator-initiated bi-centric prospective single-arm phase 2 trial of 177Lu-PSMA-617 

RNT (RESIST-PC, NCT03042312) randomized patients with progressive mCRPC into 2 

treatment activities groups (6.0 or 7.4 GBq). Patients received up to 4 cycles of 177Lu­

PSMA-617 every 8±1 weeks. Overall, of 64 patients treated, 59% experienced any PSA 

decline, 38% experienced a >50% PSA decline, and 16% experienced a >90% PSA decline. 

There was no difference between the 6.0 GBq and 7.4 GBq treatment arms [82]. In the 

UCLA cohort of 43 patients after a median follow-up of 19.5 months, the median OS was 

14.8, 15.7 and 13.5 months in the whole cohort, the 6.0 GBq and 7.4 GBq treatment arms, 

respectively (p=0.68). Patients showing a PSA decline of ≥50% after 2 cycles and at any 

time had a longer OS: median 20.1 months vs. 13.6 (p=0.091) and 20.1 vs. 11.6 (p=0.002), 

respectively [83].

A prospective single-center phase 2 trial in Australia evaluated up to four cycles of 177Lu­

PSMA-617 in mCRPC patients who had failed conventional therapies and were selected to 

have high PSMA avidity on 68Ga-PSMA-11 PET scans and no PSMA negative metastases 

that were detectable on FDG PET imaging. In 50 patients treated on this trial, 22 (44%) had 

PSA responses ≥ 80% (8 of which are depicted in Figure 1), 32 (64%) had PSA responses 

≥ 50%, 37 (74%) had PSA responses ≥ 30%, and only two had no PSA response [63, 64]. 

Fifteen patients (30%) who had attained a response initially and subsequently developed 

disease progression were permitted to received further cycles of 177Lu-PSMA-617 therapy 

through a compassionate use program and 73% of these patients had PSA responses 
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≥ 50% [64]. However disease eventually recurred in all patients on this trial [63, 64]. 

Notable treatment-emergent adverse events (TEAEs) observed in this trial included 66% 

with grade 1–2 xerostomia and 10% with grade 1–2 renal injury. Grade 3 TEAEs included 

lymphocytopenia (32%), thrombocytopenia (8%), anemia (10%), neutropenia (6%), and 

fatigue (2%). The only grade 4 TEAEs observed were thrombocytopenia (2%). Treatment 

with 177Lu-PSMA-617 improved quality of life measures including pain severity and pain 

interference [64].

The higher response rates observed in the Australian trial compared with other trials/reports 

may reflect the stringent imaging selection criteria applied in this study that required 

patients to have highly PSMA avid disease without any FDG-positive/PSMA-negative 

lesions. Biopsy studies are being initiated at Peter MacCallum Cancer Center to investigate 

the biology and clinical impact of tumor heterogeneity based on PSMA and FDG PET 

imaging. The median OS of patients with PSMA-positive/FDG-positive (concordant) or 

PSMA-positive/FDG-negative lesions who were included on the trial (N = 50) was 

significantly better than patients who were excluded from the trial due to being either 

PSMA-low/negative or having any FDG-positive/PSMA-negative (discordant) lesions (N = 

16) (13.3 months vs. 2.5 months) [65]. Imaging and blood biomarkers from patients on this 

trial were evaluated to identify any with potential prognostic value. FDG volume and PSMA 

intensity were identified as most prognostic of overall survival, followed by LDH, ALP, and 

bone scan index [84].

Despite already progressing to testing in a phase 3 trial, the optimal activity dose 

and maximum tolerated dose (MTD) for 177Lu-PSMA-617 remains undefined, and a 

conventional phase 1 trial was not previously performed. To address this, a phase 1/2 trial 

was initiated at Weill Cornell Medicine to determine the MTD for 177Lu-PSMA-617 in 

mCRPC (NCT03042468), and to evaluate the possible benefits of a fractionated activity 

dose schedule [2 doses, 2 weeks apart]. This regimen, previously utilized with 177Lu-J591 

[85], is designed to avoid resistance due to repopulation by delivering a shorter but more 

intense dose, relative to dosing every 6–8 weeks. The dose escalation phase of the trial 

tested two activity doses given 2 weeks apart ranging from 7.4 GBq (200 mCi) to 22.2 GBq 

(600 mCi) per fractionated cycle (5 cohorts). No dose limiting toxicities were observed and 

MTD was not achieved [86]. The recommended phase 2 activity dose (RP2D) for the trial 

was chosen to be 22.2 GBq (600mCi) per single fractionated cycle and preliminary data 

from the partially completed combined phase 1/2 trial have been presented [87]. The most 

common adverse events observed were temporary and low grade pain flares (82%; 43.2% 

Grade 1, 38.6% grade 2) and xerostomia (61%; 56.8% Grade 1, 4.5% grade 2). No grade 

3 xerostomia events were observed. Rare grade 3 events observed were thrombocytopenia 

(2.3%) and anemia (6.8%). Other Grade 1–2 AEs observed included fatigue, AST elevation, 

and neutropenia. Overall the treatment was considered well tolerated. Of note, this trial was 

not restricted to patients with positive/high PSMA PET scans. The rationale for this was 

to determine whether some PSMA-negative/low patients may benefit. However, all patients 

treated had PSMA uptake in at least one lesion and 80% of the patients had a mean tumor 

PSMA SUVmax of >5x liver. In preliminary analyses of the first 44 patients treated, 82% of 

the patients had any PSA decline and 59% had a >50% PSA decline. Of 21 patients treated 

with the RP2D (600mCi), 67% had a >50% PSA decline.

Miyahira et al. Page 13

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT03042468


The Current Landscape of 177Lu-PSMA-617 Clinical Trials

Several ongoing randomized prospective trials were noted as important for delivering critical 

insights into the efficacy and optimal clinical space for PSMA RNT.

The randomized phase 2 TheraP trial (ClinicalTrials.gov Identifier: NCT03392428) 

conducted by the Australian and New Zealand Urogenital and Prostate Cancer Trials Group 

(ANZUP) is evaluating 177Lu-PSMA-617 vs. cabazitaxel in 200 mCRPC patients who had 

prior docetaxel. 91% of patients on the trial had prior abiraterone or enzalutamide. The trial 

completed enrollment in Q3 2019 and results were recently reported [88]. Patients on this 

trial were required to have positive 68Ga-PSMA-11 PET scans defined by SUVmax levels 

> 20 at a site of tumor and SUVmax > 10 at sites of measurable disease to be eligible. 

All patients also underwent 18F-FDG PET/CT and exhibited no PSMA PET-negative/FDG 

PET-positive lesions. 28% of patients were excluded following PSMA/FDG PET evaluation. 

The primary endpoint, the percentage of patients experiencing a PSA decline of 50% or 

more, occurred in 37% of patients randomized to cabazitaxel compared to 66% randomized 

to 177Lu-PSMA-617, representing a 29% absolute improvement.

Secondary endpoints in the TheraP trial include pain, PFS, objective tumor response 

rate, radiographic PFS (rPFS), OS, and safety. Preliminary analyses demonstrate a delay 

in PSA progression with 177Lu-PSMA-617 with a hazard ratio of 0.69. Further patient 

follow-up is ongoing to evaluate these secondary endpoints. Grade III-IV adverse events 

(AEs) occurred in 35% of 177Lu-PSMA-617-treated patients vs 54% of cabazitaxel-treated 

patients. Toxicities related to 177Lu-PSMA-617 were similar compared to phase II data. 

Although this investigator initiated Australian trial was not designed in liaison with the U.S. 

FDA, the results will provide important data that may contribute to regulatory approval. 

Overall, these early results suggest that in patients with progressive disease following 

docetaxel, 177Lu-PSMA-617 was more active than cabazitaxel, with relatively fewer grade 

III-IV adverse events and PSA responses favoring 177Lu-PSMA-617. These results are 

particularly relevant given the recent publication of data from the randomized phase 3 

CARD trial comparing cabazitaxel to an androgen-signaling-targeted inhibitor (abiraterone 

or enzalutamide) in patients who had previously been treated with docetaxel and the 

alternative androgen-signaling-targeted inhibitor [89]. The CARD trial demonstrated that 

cabazitaxel improved a number of clinical outcomes including OS and imaging-based PFS 

[89]. Thus, the TheraP trial will provide data comparing 177Lu-PSMA-617 to a relevant 

current standard-of-care.

The VISION study (ClinicalTrials.gov Identifier: NCT03511664) is an international phase 3, 

FDA registration trial that is testing 177Lu-PSMA-617 in patients with progressive mCRPC 

who have previously progressed on docetaxel and an anti-androgen therapy with PSMA 

PET-positive lesions. Patients are randomized (2:1) to receive 177Lu-PSMA-617 plus best 

supportive/best standard-of care vs. best supportive/best standard-of-care alone. Patients 

randomized to the investigational arm received the best standard of care plus 7.4 GBq 

(±10%) 177Lu-PSMA-617 administered once every 6 weeks (±1 week) for a maximum of 

6 cycles. There are two co-primary endpoints, OS and rPFS, only one of which needs to 

reach statistical significance for the trial to be considered positive. One interim analysis will 
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be performed for OS and rPFS when 457 rPFS events are reached. In order to have an 

OS endpoint, no crossover was allowed in this study. A key issue to the integrity of this 

study, is the selection and maintenance of proper best standard of care management. Whilst 

alternative androgen-signaling-targeted inhibitor therapy (e.g. enzalutamide in a patient who 

previously received abiraterone) was allowed, other established standards-of-care such as 

cabazitaxel were not allowable in this study. Another key issue in the design of this study 

was the lack of blinding, and thus patients knew whether or not they were receiving 177Lu­

PSMA-617, a potential source of patient and investigator bias. This is, however, the largest 

trial of 177Lu-PSMA-617 to date and it is anticipated will be adequately powered to address 

these limitations. The first results are expected in 2020.

If these trials are positive, the next challenge for the development of PSMA-RNT will be to 

develop evidence for its use as an earlier line of mCRPC treatment. The standard-of-care for 

first-line mCRPC is currently unclear, but will likely be docetaxel if patients have already 

progressed on ADT plus an AR-targeted therapy. Randomization against docetaxel may be 

challenging, as numerous phase 3 trials testing new agents vs. docetaxel in mCRPC have 

failed, while adding treatment to docetaxel would first require a demonstration of safety, 

delaying development. However, the radiolabeled antibody 177Lu-J591 has been combined 

with docetaxel in a pilot dose-escalation study, demonstrating safety of the combination and 

setting the stage for future combinations [90, 91]. As PSMA RNT is moved earlier in the 

disease history and patients have longer to live, trajectory issues of delayed toxicity such as 

renal toxicity and myelosuppression may become the most concerning TEAEs

Development of Anti-PSMA J591 Antibody-based Radionuclide Therapy

The anti-PSMA antibody, J591, predates the development of small molecules and was 

developed at Weill Cornell by Bander and colleagues. Various J591-based theranostic 

agents, conjugated to different isotopes, have been tested in prostate cancer clinical trials. 

Compared with small molecule PSMA-targeting agents, the far larger size of the J591 

antibody results in a much longer circulation time (days vs. hours) and reaches target mostly 

via vasculature as opposed to rapid diffusion to all tissues. These differences result in 

different imaging properties (optimal tumor imaging at 3–8 days vs. hours) [11, 12]. The 

dose-limiting toxicity for J591-RNT agents is off-tumor exposure to bone marrow [85, 92–

95]. In contrast, PSMA ligand-based RNT results in include on-target, off-tumor radiation 

exposure to salivary glands and the digestive tract and possible late renal toxicity [63–65, 82, 

84–87].

Beta particle emitting 90Y- and 177Lu-labeled J591 agents have demonstrated promise as 

theranostic agents in clinical studies [85, 92–97]. In SPECT imaging, 90Y- (using 111Indium 

imaging) and 177Lu-labeled J591 agents demonstrated accurate targeting in 89% of patients 

across unselected populations. Dose-responses in PSA declines and overall survival have 

been observed in patients treated with 177Lu-J591. In a phase 2 study testing single doses 

of 177Lu-J591, median OS was 21.8 months in patients who received a single dose of 

70 mCi/m2 compared to 11.9 months in patients who received a dose of 65 mCi/m2 

[95]. However higher activity doses also had a higher incidence of toxicity, including 

predictable, reversible myelosuppression. Dose fractionation enabled administration of 
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higher cumulative activity doses with less myelosuppression and also allowed for concurrent 

administration of docetaxel. In a phase 2 study that tested fractionated activity doses of 
177Lu-J591, improved PSA declines and overall survival were seen at higher fractionated 

activity doses, along with increased toxicity [85]. Median overall survival was 42.3 months 

in patients who received a cumulative fractionated dose of 90 mCi/m2, 19.6 months in 

patients who received a cumulative fractionated dose of 80 mCi/m2, and 14.6 months in 

patients who received a cumulative fractionated dose of 40–70 mCi/m2 [85].

The survival data from 177Lu-J591 studies should not be compared to the 177Lu­

PSMA-617 literature absent a head-to-head, randomized trial. There may be a role for 

J591-RNT agents in combination with small molecule PSMA-targeted agents due to 

non-overlapping toxicities. A trial testing 177Lu-PSMA-617 combined with 177Lu-J591 is 

ongoing (NCT03545165). Development of alpha-labeled J591 RNT is discussed in further 

detail below.

Optimizing Alpha-Emitting PSMA-Targeted Radionuclide Therapy

Early anecdotal reports of treatment with the alpha-emitting PSMA-targeted small molecule 
225Ac-PSMA-617 suggest significant efficacy but also severe xerostomia [80]. Alpha­

emitters have been shown to have anti-tumor effects in patients who have not responded 

to, or have progressed on treatment with 177Lu-PSMA-617 [80, 98, 99]. This suggests 

that one of the mechanisms of failure to beta-emitting PSMA-targeting RNT might be 

under-treatment. Indeed alpha-emitters have a higher linear energy transfer (LET) (~x 100) 

than beta-emitters and thus induce more DNA damage, DNA damage incidence being 

proportional to the absorbed radiation dose (40 double-strand breaks /cell/Gy, 1000 DNA 

base lesions/cell/Gy). Alpha particles emit a much higher energy (4–8 MeV for alpha vs 

0.1–3 MeV for beta) over a shorter range energy (14–42uM in tissue for alpha vs 0.6–

10mm in tissue for beta), effectively ~100 keV/um. This translates to a significantly greater 

capacity for tumor damage Strategies to develop targeting agents that can deliver potent 

alpha radiation to tumors, but with reduced toxicity include the use of antibody-based and 

albumin-binding PSMA-targeting agents, both which alter tissue distribution properties with 

the goal of reducing xerostomia and dry eye effects.

Antibody-based agents are larger and have different pharmacokinetics and biodistribution 

than small molecules, resulting in a different side effect profile. PET imaging with J591 has 

not demonstrated uptake in the salivary and lacrimal glands or kidneys, further suggesting 

xerostomia may be avoided with J591-based RNT [11, 12]. The PSMA-targeted J591 

antibody has also been shown to bind a different site of PSMA compared with the small 

molecule PSMA ligands (Bander et al, unpublished), suggesting co-targeting with the two 

agents could result in an additive radiation dose to tumor without added side effects. 

Based on these features, it is hypothesized that treatment with an alpha-labeled anti-PSMA 

antibody will have a differing toxicity profile than 225Ac-PSMA-617, including decreased or 

absent xerostomia and renal exposure.

A phase 1 trial testing 225Ac-J591 has been initiated at Weill Cornell Medicine [98, 100]. 

In the phase 1 dose escalation trial, 22 patients were treated at 7 dose levels. The treatment 
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was found to be well tolerated and the MTD was not reached. A single subject treated 

with 80 KBq/Kg had grade 4 anemia and thrombocytopenia, but 0 of 6 patients treated 

at the highest planned dose (93.3 KBq/Kg) had dose-limiting toxicities, so the RP2D for 

a single dose was declared to be that dose level [98, 100]. Promising anti-tumor activity 

was observed, including exceptional responses in patients who had previously progressed 

on 177Lu-PSMA-617 [98]. Of 22 patients treated, 14 (64%) experienced any PSA decline 

and 9 (41%) experienced > 50% PSA decline [100]. The trial recently began the multicenter 

expansion phase. This study will also lay the foundation for additional planned studies 

testing 225Ac-J591 + pembrolizumab and 225Ac-J591 + PSMA ligand-based RNT.

A phase I dose escalation study is also ongoing for a novel anti-PSMA antibody labeled 

with the alpha emitter 227Th (BAY 2315497; 227Th-PSMA-TTC). This international study 

is enrolling patients with progressive mCRPC following at least one potent AR pathway 

inhibitor and 1–2 lines of taxane chemotherapy; no prior PSMA-TRT or radium-223 is 

allowed [NCT03724747].

A novel small molecule PSMA inhibitor that includes in its structure an albumin-binding 

moiety to modulate pharmacokinetics is under development as an alpha-emitting PSMA 

RNT agent. The albumin-binding motif is hypothesized to increase the effective agent size 

and thus reduce the renal excretion and increase blood circulation time, with the goal of 

enabling a greater number of “passes” though tumor tissue while reducing uptake to normal 

tissues that express lower PSMA levels (salivary glands and kidneys). Albumin-binding 

motifs can be chemically modified [101], in order to select a motif with a significantly 

weaker (1,000-fold) affinity for albumin compared with affinity of the PSMA-ligand for 

PSMA. A series of albumin-binding PSMA-targeted RNT lead compounds, conjugated 

to either 177Lu or 225Ac, have been developed that have improved pharmacokinetics and 

efficacy in prostate xenograft models [102–104]. Clinical studies testing the most promising 

of these compounds (225Ac-RPS-074, [103]) in prostate cancer patients are planned in 2020.

Other PSMA-Targeted RNT Agents in Development

While the agents above were most highly discussed at this meeting, it is worth noting that 

promising efficacy has been observed with other beta emitting PSMA-targeted RNT agents 

under clinical development. For instance, among 100 patients treated with 177Lu-PSMA­

I&T, ≥50% PSA declines were observed in 38 patients (38%) [105]. A study testing a single 

dose of 131I-MIP-1095 (2.0–7.2 GBq) in 28 consecutive patients reported a 60.7% response 

rate (decline in PSA ≥ 50%) [74]. A phase 1/2 dose escalation study of 177Lu-PSMA-R2 in 

patients with PSMA+ mCRPC is also being completed [NCT03490838].

Other Strategies to Optimize PSMA-Targeted Radionuclide Therapy

Overall, these studies find that ~50–75% of patients with mCRPC exhibit responses to 

PSMA-targeted RNT agents. Response rates have been higher in mCRPC trials with more 

stringent selection, such as in the Australian 177Lu-PSMA-617 study which required that 

any FDG PET-positive lesions were also apparent on PSMA PET scans. Whether PSMA 

PET imaging is necessary for patient selection at all stages of prostate cancer remains 
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unclear, and may vary in clinical contexts. For instance, PSMA PET imaging may be more 

important in settings where PSMA expression loss has been seen, such as in NEPC. Studies 

have found that responses to 177Lu-PSMA-617 are more likely and deeper in patients with 

higher PSMA PET uptake [84] or when higher delivered radiation doses to tumor are evident 

on post-therapy SPECT/CT imaging [64], but even those with no PSMA uptake on imaging 

may occasionally respond [Tagawa et al., manuscript in review, [106]]. Studies in animal 

models in support of this have found that PSMA expression levels and the fraction of 

PSMA-positive cells (PSMA heterogeneity) in prostate tumors correlate with uptake and 

efficacy of PSMA RNT [107].

These studies also demonstrate that a subset of patients do not exhibit significant responses 

to 177Lu-PSMA-617, despite high uptake on PSMA PET scans. Furthermore, even in 

patients who initially exhibit deep PSA and radiographic responses to 177Lu-PSMA-617, 

disease eventually recurs in nearly all patients and in some patients responses may 

not be durable. Long term disease control vs. recurrence rates for patients who exhibit 

deep responses to treatment with 225Ac-PSMA-617 have yet to be reported. Mechanisms 

of pre-existing and acquired tumor resistance likely include insufficient radiation dose 

reaching tumors, heterogeneity in target expression, and biologic pathways leading to 

lack of radiation responsiveness (radioresistance). It is critical that future studies identify 

mechanisms of resistance to PSMA-RNT and develop strategies to overcome them.

Thus far, PSMA-targeted RNT have primarily been tested as single agents in either 

unselected mCRPC patients or have used PSMA PET alone or in combination with FDG 

PET to select patients. However, it is possible that combination treatments or the use of other 

biomarkers, such as homologous recombination deficiency (HRD), may improve selection of 

populations who may be more sensitive to RNT. Trials testing PSMA-RNT in combination 

with AR-targeted agents, PARP-inhibitors or checkpoint immunotherapy in patients with 

mCRPC are ongoing (See section on PSMA RNT combinations below).

Whether certain genomic alterations can be used as biomarkers to identify patients who 

are more or less likely to respond to PSMA-RNT is a major question under investigation 

[108]. An analysis of available germline (targeted) or/and somatic (targeted or whole exome) 

DNA testing results from patients treated with various PSMA-RNT agents at Weill Cornell 

Medicine (N = 53; 58% with 177Lu-PSMA-617, 31% with 177Lu-J591, 7% with 177Lu­

PSMA-617 + 177Lu-J591, 4% with 225Ac-J591) found that BRCA2 inactivating mutations, 

losses or deletions were associated with improvements in PSA response (HR = 0.26) and 

overall survival (HR = 0.09) [109]. AR amplifications or mutations and MYC amplifications 

were associated with shorter OS (HR = 7.26 for AR amp/mut; HR = 2.61 for MYC amp) 

[109].

Trials are also testing the role of PSMA RNT earlier in prostate cancer disease 

history, including as first-line therapy in newly diagnosed patients. For instance, the 

UpFrontPSMA trial (NCT04343885), led by the Peter MacCallum Cancer Centre, is 

testing 177Lu-PSMA-617 (2 cycles) + ADT followed by docetaxel vs. ADT + docetaxel 

in patients with newly diagnosed high volume metastatic prostate cancer. The LuTectomy 

trial (NCT04430192), also led by the Peter MacCallum Cancer Centre, is testing 177Lu­
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PSMA-617 (1–2 cycles) followed by prostatectomy + pelvic lymph node (LN) dissection 

in patients with high risk localized prostate cancer with positive lymph nodes (N1) and 

PSMA-positive scans.

Challenges Facing PSMA RNT Clinical Trials

A number of critical factors are necessary to fulfill demonstration of clinical benefit of 

a new treatment agent. These include active agents, willingness to perform clinical trials, 

equipoise, uniform eligibility criteria, and informative endpoints. For PSMA RNT, treatment 

effects of several agents have been shown (PSA changes), as discussed above, but important 

clinical endpoints – such as progression free survival, overall survival, improved quality of 

life, improved pain, or other measures of how patients feel, function, or survive, have not 

been prospectively demonstrated compared to other therapies.

In the U.S., the regulatory requirements for developing new drugs and the methods for 

demonstrating clinical benefit (or biomarkers of such) have been clearly outlined by the 

FDA. These requirements include substantial evidence of effectiveness and specifies that 

this evidence must be derived from adequate and well-controlled clinical investigations 

[110]. Clinical benefits that have supported drug approval state that the treatment must 

improve how patients feel, function, or survive, and that surrogate endpoints must be 

known to have significant associations with clinical benefit [111, 112]. The FDA has 

not allowed PSA changes to be considered as an indicator of clinical benefit in prostate 

cancer trials. On the other hand, standard imaging using cross-sectional imaging and bone 

scintigraphy has been associated with clinical benefit, and has received at least qualified 

regulatory recognition when using the Prostate Cancer Working Group 2 and 3 definitions 

of radiographic progression [113, 114]. These criteria correlate with overall survival in the 

range of 0.5–0.7, depending on the study and the statistical test of correlation being applied 

[110, 115]. Recent new treatments for prostate cancer have also been FDA-approved based 

on endpoints beyond overall survival and rPFS, including symptomatic skeletal event (SSE) 

prevention [116, 117], and metastasis free survival (MFS) [118, 119].

In the development of PSMA-RNT, data to date have revealed significant treatment effects 

using PSA and PSMA imaging, but the VISION trial (with two co-primary endpoints, 

OS and rPFS, only one of which needs to reach statistical significance for the trial to be 

considered positive) is the first clinical study to be adequately powered to demonstrate a 

clinical benefit, as described above.

While PSMA imaging has been a mainstay of demonstrating treatment effects of PSMA­

RNT trials, the use of PSMA imaging as a response indicator remains understudied, and to 

date unqualified as a biomarker of clinical benefit. Prospective studies to do so are planned 

or underway. These images however, have been widely promulgated as evidence of clinical 

benefit, which has the potential to prematurely assume clinical benefit, or conversely, 

prematurely terminate treatment. Until associations between PSMA imaging and clinical 

benefit are determined, these scans should be treated as exploratory.
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Overall, current challenges for PSMA-targeted RNT trials include incentivization of 

provisioning of drug off-study by some countries, availability of drug for patients 

randomized to arms not containing up-front drug; a loss of equipoise amongst patients 

fueled by investigators, sponsors, and institutions publicizing inaccurate portrayals of 

purported efficacy; no standardization on eligibility criteria across trials, and a poor 

understanding of how to use imaging in this context, as standard imaging is no longer 

used in many countries and novel imaging available in other countries is acted upon but has 

not been validated.

To enable success in the development of this new class of agents, it will be necessary to 

develop consensus between regulators, investigators, and sponsors on trial design, and to 

include uniform criteria for eligibility and informative endpoints. Validation of PSMA PET 

as an informative biomarker for patient selection and/or measurement of meaningful clinical 

responses including correlation with OS is critical.

Development of PSMA RNT using Radiotherapy vs. Drug Dosing Paradigms
177Lu-PSMA-617 has been conventionally delivered through multiple cycles given every 

6–8 weeks, with follow-up assessments at 4 week intervals [120]. PSMA PET/CT images 

are obtained at baseline and post-therapy imaging is typically performed after each cycle. 

Patients may progress between treatment intervals, and many do not receive the full number 

of cycles. The treatment schedule used in the VISION trial is 7.5 GBq 177Lu-PSMA-617 

administered every 6 weeks for up to 6 cycles. If this trial is successful this will likely 

became the de-facto standard. The TheraP trial [88] uses an identical schedule, but with a 

declining amount of administered radioactivity, commencing at 8.5 GBq and decreasing by 

0.5 GBq per cycle to 6 GBq for cycle 6. The total administered radioactivity across 6 cycles 

is very similar with these two regimens.

The dose of a drug given is typically determined by factors including body 

weight, excretion, pharmacodynamics, pharmacogenomics, normal organ tolerance, tumor 

sensitivity, and goals of the therapy. When used in combinations, maximum tolerated 

doses of each agent and overlapping toxicities, as well as target manipulation and tumor 

sensitization must be considered.

In contrast, radiation therapy doses are prescribed and determined using dosimetry, which is 

a calculated assessment of the dose of radiation absorbed by a particular tissue (discussed in 

detail below).

PSMA RNT is a novel treatment that in some contexts has been developed using 

radiotherapy paradigms, but in others has been treated as a drug. Both approaches have 

merits as well as disadvantages.

If RNT is treated as a drug (Table 1), dosimetry is not required, and instead a phase 1 

dose escalation study would be used to determine a maximum tolerated dose (MTD) and a 

recommended activity dose which all patients would receive (such as in the VISION trial, in 

which no dosimetry or post-treatment PSMA PET imaging was done). This approach would 
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enable acute toxicities to be observable and definable. However, some predictable delayed 

cumulative toxicities such as myelodysplasia and renal toxicities may be missed.

In the radiotherapy approach (Table 1), dosimetry would be used to define and deliver 

doses which have biologic efficacy but don’t exceed known maximum tolerated limits to 

critical organs. The advantage of this approach is to avoid delayed toxicities, such as renal 

toxicity. Use of dosimetry also defines tumor absorbed dose which enables dose-response 

relationships to be defined and optimization of treatment including defining thresholds 

that may define high likelihood of response of treatment failure. However, this model is 

theoretical for RNT agents as the approach is extrapolated from external-beam radiotherapy. 

The current lack of robust standardized and reproducible dosimetry methods for RNT 

precludes widespread clinical use. Further work and improvement are critically needed to 

see personalized RNT dosimetry in routine practice.

Individualized Dosimetry for PSMA RNT

Dosimetry is the measure of radiation doses that reach tumors vs. normal tissue (unit: Gray, 

Gy). Dosimetry is necessary for establishing safety and validating efficacy of systemically 

administered radionuclide therapies, can be used to optimize individualized activity, and 

may serve as a prognostic biomarker for treatment response or futility. Molecular imaging 

such as PET, planar gamma camera, or SPECT/CT is used to measure dosimetry following 

RNT administration.

In many institutions, patients treated with PSMA-RNT are imaged several (~5) times over 

a week-long period with 2-dimensional planar scanners and dosimetry is estimated using a 

schema developed by the Medical Internal Radiation Dose (MIRD) Committee [121]. This 

dosimetry method is time-consuming and reading of a single set of scans can take a trained 

medical physicist several hours.

An improved approach is voxel-based dosimetry, in which multi-time point (such as 4hr, 

24hr, 96hr) 3D quantitative SPECT/CT is performed (Figure 2). The multi-time point 

images are co-registered, and an algorithm is used to determine dose (in Gy) per voxel 

for selected tumor or normal regions according to the kinetics of dose washout over time 

[122]. Voxel-based methods are now emerging as a standard, owing to highly accurate 

quantitative SPECT/CT technologies becoming commercially available, that have cross­

calibration factors within 1%. Artificial intelligence algorithms are being developed to 

further automate dosimetry calculations, for instance auto-determination of the location of 

normal organs [123]. However, multi-time point dosimetry studies are not feasible for all 

patients. Dosimetry studies with 177Lu-PSMA-617 have found that a single image taken 

at 72 hours post-therapy administration can be used to estimate dosimetry with 5–10% 

accuracy, although anytime within 24–96 hours may be sufficient [124].

Importantly, dosimetry evaluation of the Australian phase 2 177Lu-PSMA-617 study 

demonstrated that the dose to tumor is strongly predictive of response to 177Lu-PSMA-617 

[125]. Although there were some patients who received high doses to tumor and did not have 

responses, there were very few patients who received low doses to tumor and responded. 
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10 of 11 patients who received on average less than 10 Gy to tumor did not have a PSA 

response, defined by decline in PSA of more than 50%. This suggests that dosimetry may 

be used as a futility measure, as patients who do not receive a sufficient dose to tumor after 

the first dose are unlikely to respond and could opt to discontinue treatment in favor of other 

options. In the same research, the SUVmean on 68Ga-PSMA PET/CT scans has also been 

shown to correlate with 177Lu-PSMA-617 dosimetry, though this may not be sufficient for 

dose planning.

Dosimetry may also provide useful information about likely toxicity and aid with dose 

optimization. The tumor has been found to act as a sink for PSMA RNT, as the dose to the 

parotid glands and other non-tumor organs diminishes with larger tumor uptake [125–127]. 

This indicates that it may be possible to give larger activity doses of PSMA-RNT to patients 

with greater tumor burden without increasing toxicity. Injected activity may also be adjusted 

for individual patients based on tumor volume and body weight. Whether the presence 

of a sensitizing genomic alteration may also be used to adjust dose activity is of interest 

and deserves further study. This type of individual optimization of administered amount of 

radioactivity may be logistically challenging, especially in the context of a phase 3 study 

which may be necessary to prove superiority. The added costs and complexity of delivering 

customized doses to each patient also need to be considered.

Lessons may be learned from other PET imaging agents being developed as theranostic 

tools to individualize administration of treatments. For instance, doses of traztuzumab may 

be determined based on 89Zr-traztuzumab PET scans [128] and doses of rituximab may 

be determined based on tumor volume on FDG PET [129]. Strategies are being tested 

to optimize 177Lu-DOTATATE based on serial imaging, though this may not be practical. 

Unfortunately, toxicities such as myelodysplasia, which occurs in ~5% of patients with 

neuroendocrine tumors treated with 177Lu-DOTATATE may not be predicted by dosimetry 

[130].

Assessing the Biological Effect of Therapeutic Radiation

In conventional radiation oncology approaches using external beam radiation therapy 

(EBRT), the biological effect of the radiation is determined by several factors aside from the 

total radiation dose to tumor (Gy). Radiation biologists have long been able to incorporate 

such factors into tumor control probability (TCP) models to enable accurate predictions of 

cell kill in vitro and useful tumor control prediction in vivo. Normal tissue calculations are 

typically more complicated and must take into context the structure of the tissue. Ideally 

such models could be extended to use in the clinic to calculate equivalent doses (usually in 

terms of equivalent dose in 2Gy per fraction EBRT) when confronted with tumor dosimetry 

from varied methods of therapeutic radiation administration and would be clinically useful 

in understanding dosimetry seen with agents such as 177Lu-PSMA. The term “isoeffect” 

distills variations of radiation treatment parameters such as total dose, fractionation regimen, 

and relative biological effectiveness (RBE) into a theoretical estimate of damage in tissue, 

thus enabling regimen comparison [131, 132].
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A key physical characteristic of isoeffect calculation is the linear energy transfer (LET) of 

the radiation. Alpha particles have a high LET, as they carry moderate mass and charge, 

can densely ionize and damage DNA, and are highly effective at producing double-stranded 

DNA breaks. Conversely, particles such as beta particles (electrons) which have a tiny mass 

and charge, and gamma rays (photons / X-rays) which have no mass and no charge, have 

low LET. Low LET radiation is sparsely ionizing, and is less effective at inducing dsDNA 

breaks, producing 20–50-fold more ssDNA than dsDNA breaks.

The relative proportions of ssDNA and dsDNA breaks are also central in predicting the 

interaction of total radiation dose and the individual radiation fraction size with EBRT. 

Smaller fractional doses create a higher proportion of ssDNA damage which is associated 

with high rates of DNA repair usually, while high fractional doses result in higher levels 

of the more lethal dsDNA damage. The ratio of ssDNA vs dsDNA damage is traditionally 

thought to be the basis of the α/β ratio (ratio of total dose to dose-per-fraction). In primary 

prostate cancer, the α/β ratio for a lethal dose is estimated at ~ 1.5 Gy which is considerably 

lower than most cancers (with α/β ratios of 6–10 Gy) [133, 134]. A lower α/β ratio implies 

that larger doses are needed to overwhelm sub-lethal damage repair and maximize the 

effectiveness of radiation.

A third parameter that impacts the isoeffect is dose homogeneity. Modern EBRT 

technologies can enable high levels of dose modulation, such as high doses to the prostate 

target, lower doses to the surrounding pelvic lymph node regions, while also respecting the 

tolerance doses of organs at risk. Radiation plans must take these issues into consideration 

to assure that isoeffective doses are being delivered to the various targeted sites. In 

brachytherapy, dose delivery is complicated and extremely heterogeneous, with different 

regions of the prostate gland receiving 90 to >200% of the target dose. For unsealed source 

therapy such as PSMA RNT, the extent and effect of homogeneity is difficult to quantify.

A further physical parameter that impacts the isoeffect is dose-rate. Dose rate is a function 

of radioactive decay of the given isotope. Dose rates need to be optimized such that rates at 

which dose is delivered overwhelms the rates at which the cancer cells can sufficiently repair 

DNA damage. Other biological features determining radiation response are described (such 

as hypoxia or BRCA1/2 mutation), but are yet to impact clinical practice.

Overall, RBE models incorporating LET, dose and fraction size to predict dose isoeffect 

for EBRT have been robust enough to accurately predict clinical outcomes of alternative 

fractionation schedules [135]. For brachytherapy, adding decay kinetics and homogeneity to 

the models has been used to develop clinical protocols with low-dose-rate brachytherapy. 

For unsealed sources such as PSMA RNT, more remains to be known about dose 

homogeneity in tissue, path length, and determining predictors of dose vs. administered 

activity, in order to develop an accurate RBE model. Developing an accurate model for 

predicting dose isoeffect with RNT will require either improved RBE models based on in 

vitro models, or alternatively may be determined using data from patients in RNT clinical 

trials.

Miyahira et al. Page 23

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PSMA RNT Rational Combinations

Despite the promising response rates seen in patients treated with 177Lu-PSMA-617, nearly 

all patients eventually experience disease progression, highlighting the need to improve 

this treatment strategy. Several combination treatment strategies to improve the efficacy 

of PSMA RNT are currently under investigation. Rational combinations should aim to 

improve efficacy by leveraging synergistic mechanisms of actions between the therapeutic 

agents while mitigating any possible overlapping toxicities. In the phase 2 Australian 
177Lu-PSMA-617 trial [63, 64], while most patients experienced only grade 1–2 AEs, a 

subset experienced Grade 3 events, particularly myelosuppression, which should be taken 

into account when considering possible combinations. Other sites of physiologic PSMA 

expression and consequent toxicity including kidney, small bowel and salivary gland are 

relevant when considering combinations. The timing of concomitant drug administration 

may also be important. Commencing a drug 24–48 hours after 177Lu-PSMA-617, when 

plasma clearance of radiation has occurred but tumor uptake remains high, may be a 

mechanism to maximize the therapeutic index of combination therapeutics. Identifying 

patient populations most likely to respond to certain combinations based on molecular and 

clinical characteristics should also be a critical component of any combination treatment 

strategy.

Several rational treatment combinations with 177Lu-PSMA-617 include AR-targeted agents, 

targeting DNA repair, and immune checkpoint inhibition [136]. Clinical studies evaluating 

these combinations are underway and discussed in more detail below.

Combining 177Lu-PSMA-617 with AR-Targeted Agents

Acute AR blockade has been shown to upregulate PSMA mRNA production and PSMA 

receptor density on the cell surface [137, 138]. In addition, AR pathway inhibitors may also 

lead to radiosensitization [139, 140]. These observations serve as rationale for combining 
177Lu-PSMA-617 with AR-targeted agents such as enzalutamide, apalutamide, abiraterone 

acetate, or darolutamide. In animal models, improved tumor control was observed with 
177Lu-PSMA-617 and enzalutamide combination treatment compared with either agent 

alone [137]. In the phase III VISION study in patients with late stage, heavily pre-treated 

mCRPC, 177Lu-PSMA-617 is being added to best standard of care. In most cases, the best 

standard of care utilized in the study is likely to be AR-targeted drugs. However, the effect 

of AR targeted agents appear to have dichotomous effects on PSMA expression in patients 

at different disease states [141]. In hormone-sensitive prostate cancer patients, treatment 

with AR-targeted agents has been observed to cause a decline in PSMA expression, while 

in patients with CRPC, AR-targeted agents caused an increase in PSMA expression [141]. 

These data suggest that careful consideration needs to be given to disease state when 

combining PSMA-targeted therapy with AR-targeted therapy.

ENZA-P (ANZUP 1901; NCT04419402) is a multicenter, 1:1 randomized, phase 2 trial 

that is testing enzalutamide + 177Lu-PSMA-617 vs. enzalutamide monotherapy in 160 

patients with mCRPC. Patients on this trial must have a rising serum PSA (PSA ≥ 10ng/

mL), no prior novel hormonal agents or chemotherapy (except for abiraterone acetate or 
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docetaxel in the hormone sensitive setting), sufficient PSMA expression on PSMA PET/CT 

(SUVmax > 15 of disease ≥ 10mm in size), and at least 3 risk factors for early treatment 

failure on enzalutamide alone based on data from the PREVAIL and PROPHECY trials 

[142, 143]. Patients randomized to the treatment arm will receive up to four doses of 

7.5GBq 177Lu-PSMA-617 in combination with 160mg enzalutamide daily. The primary 

endpoint is PSA PFS. Secondary endpoints include rPFS, PSA reduction of ≥50% from 

baseline, pain response, overall survival, health related quality of life, and frequency and 

severity of adverse events. The study includes multi-time point PSA PET and evaluation 

of biomarkers including circulating tumor cells (CTCs). Altogether, this study will annotate 

960 PET/CT scans across 160 patients providing useful insights into the longitudinal impact 

of enzalutamide on PSMA expression in the control arm in addition to evaluating response 

across both treatment arms.

While there is strong rationale supporting the combination of 177Lu-PSMA-617 with AR­

targeted agents, it will be crucial to understand long term safety and the impact of early use 

of 177Lu-PSMA-617 on the ability to administer subsequent lines of therapy in particular 

chemotherapy, define the optimal dose and schedule, optimal patient selection, patterns 

of relapse, and mechanisms of disease resistance. Given that AR-targeted agents can be 

highly effective and result in a rapid reduction in tumor volume and PSMA expression, 

questions remain on whether sequential treatment using 177Lu-PSMA-617 to first debulk 

tumors followed by ADT + AR-targeted therapy would be a more rational approach.

Combining 177Lu-PSMA-617 with Inhibitors of DNA Damage Repair

Targeting DNA repair is widely considered to be a synergistic approach with radiation 

therapy [144]. Radiation induces ssDNA breaks and dsDNA breaks through the generation 

of oxidative free radicals. Poly (ADP-ribose) polymerase (PARP) plays a central role 

in repairing radiotherapy-induced ssDNA breaks, minimizing potentially lethal radiation­

induced damage and conferring resistance [145]. Therefore, PARP inhibition is a rational 

therapeutic approach for radiosensitization with RNT. Treatment with single agent PARP­

inhibitors has been shown to be effective against mCRPC with BRCA1/2 alterations as 

well as in some other DNA repair genes in phase 2 and phase 3 trials [146–149]. Somatic 

alterations in DNA repair genes are present in 20–25% of mCRPC, and germline alterations 

are present in ~12% of patients with mCRPC [146, 150, 151]. These patients, particularly 

those with BRCA1/2 alterations, represent a subset who may benefit from treatment with 

single agent PARP inhibitors [147, 148].

Several preclinical studies have shown enhanced anti-tumor activity from the combination of 

PARP inhibitor and radiotherapy including RNT [Cullinane and Sandhu et al., unpublished, 

[144, 152]]. Combination treatment with PSMA-directed RNT and PARP-1 inhibitors has 

also been studied in LNCaP cells cultured as multicellular tumor spheroids [153]. It was 

observed that the PARP-1 inhibitor olaparib synergized with 131IMIP-1095 in delaying 

growth of LNCaP spheroids. Significantly, it has been shown that PARP inhibitors are 

especially effective in the enhancement of radiation kill at low doses such as observed in 

RNT [154]. These data suggest that PARP inhibitors may be appropriate for combination 

with targeted radiopharmaceuticals characterized by a low dose-rate radiation.
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It will be important to delineate the biological mechanisms underlying synergy between 
177Lu-PSMA-617 and PARP-inhibitors. Increasing evidence has suggested an interaction 

between tumor DNA damage and the immune system during the treatment of cancers, 

through pathways including cGAS/STING. The c-GAS/STING pathway is an innate 

immune signaling pathway that senses cytosolic pathogenic or self-DNA via the 

DNA sensor cGAS, which produces the second messenger cGAMP, which in turn 

activates STING signaling and subsequent production of type I interferons (IFNs) and 

pro-inflammatory cytokines. Recent studies suggest that a STING-dependent cytosolic 

DNA sensing pathway mediates the efficacy of PARP inhibitors, radiation therapy and 

chemotherapy [155–157].

Sandhu, Hofman and team have opened the phase 1 LuPARP trial (ClinicalTrials.gov 

Identifier: NCT03874884). The primary end point is to establish the maximum tolerated 

dose (MTD) and dose-limiting toxicities (DLTs) of 177Lu-PSMA-617 in combination with 

the PARP inhibitor olaparib in patients with mCRPC. Patients on this trial must have PSMA­

avid disease, and have progressed on a second generation AR-targeted agent. Secondary 

objectives include evaluating the safety and preliminary anti-tumor activity of 177Lu­

PSMA-617 in combination with olaparib. Paired biopsies and liquid biopsies (CTCs and 

circulating tumor DNA) will be collected from these patients to identify mechanisms and 

predictive biomarkers of response and resistance. In this trial, the administered radioactivity 

is 7.4 GBq of 177Lu-PSMA-617, and the dose of olaparib will be escalated from 50mg to 

300mg, in 6 increments. Patients will receive up to 6 cycles of 177Lu-PSMA-617, 6 weeks 

part, with olaparib administered for 14 days commencing 1 day after each administration of 
177Lu-PSMA-617.

Other agents known to alter DNA-damage responses that may have synergy with 177Lu­

PSMA-617 include inhibitors of DNA-PK, ATM, ATR, and RNA polymerase I inhibitors. 

Preclinical studies in animal tumor models have demonstrated synergy between the potent 

and selective DNA-PK inhibitor AZD7648 with radiation therapy or olaparib [158]. The 

ATM inhibitor AZD0156 has also been shown to potentiate both radiation and olaparib 

responses in preclinical xenograft tumor models [159]. The ATR inhibitor BAY 1895344 

has demonstrated some anti-tumor activity in a single agent phase 1 study in solid 

tumors [160]; this agent could be considered for combination with 177Lu-PSMA-617. The 

RNA polymerase I inhibitor CX-5461 has also demonstrated synergy with talazoparib in 

preclinical models of ovarian cancer [161] and prostate cancer [Sandhu et al., unpublished, 

[162]]. In vitro evaluation of CX-5461 and 177Lu-PSMA-617 is under way.

Combining 177Lu-PSMA-617 with Immune Checkpoint Inhibitors

Immune checkpoint inhibitors that enhance T cell effector function such as the anti-PD-1 

monoclonal antibodies (mAbs) (e.g., nivolumab, pembrolizumab) and anti-CTLA-4 mAbs 

have been designated breakthrough treatments for many cancers including melanoma, lung 

cancer and others because of the marked and durable responses and unprecedented survival 

benefit [163, 164]. However these agents have had limited activity in prostate cancer 

[[165–170], Sweeney et al., 2020 AACR Virtual Annual Meeting I], which has diminished 

enthusiasm for testing immunotherapy in this space.
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The low level of responses in prostate cancer patients are attributed to the relatively low 

level of neo-antigens and other immunogenic mutations seen in the majority of prostate 

tumors [171], resulting in lower levels of T cell recognition and tumor infiltration by 

immune cells, aka a “cold tumor”. Research has more recently focused on strategies and 

biomarkers to identify subsets of prostate cancer patients who are more likely to benefit 

from immune checkpoint therapy, namely those associated with a higher likelihood of 

greater neoantigen loads. Promising biomarkers include mismatch repair (MMR) gene 

defects or microsatellite instability-high (MSI-high) tumors, bi-allelic loss of CDK12, and 

alterations in other DNA damage repair gene defects such as BRCA1, BRCA2, or ATM 
[172–178]. Prior treatment, such as chemotherapy [179] may also impact the efficacy 

of immune checkpoint therapy in prostate cancer patients, possibly due to impacts on 

the tumor microenvironment. Studies are underway to define the biology of the tumor 

microenvironment during treatment with various prostate cancer treatments, and to identify 

strategies to turn “cold” prostate tumors “hot.”

Radiation therapy is one of the most promising treatment combinations with 

immunotherapy, as it can have a variety of immunomodulatory effects, based on dose and 

type of radiation delivered [180]. The abscopal effect, in which non-irradiated tumors have 

been observed to shrink in some patients following radiation therapy targeted to other tumor 

sites, is hypothesized to be mediated by the generation of systemic anti-tumor immune 

responses following radiation-induced immunogenic tumor cell death. Ongoing studies are 

seeking to determine the immunomodulatory effects of PSMA-RNT and optimal dose and 

scheduling for achieving the greatest synergy with checkpoint immunotherapy.

Immunotherapeutic agents that could potentially be combined with 177Lu-PSMA-617 

include anti-PD1/anti-PDL-1, anti-CTLA-4 + anti-PD-1, inhibitors of TGF-beta signaling, 

inhibitors of myeloid derived suppressor cells (MDSCs), amongst others. Treatment efficacy 

may also be enhanced by rational combinations of these different modalities.

The phase Ib/II PRINCE trial (NCT03658447) is testing the combination of pembrolizumab 

with 177Lu-PSMA-617 in mCRPC patients who have progressed on second generation 

anti-androgen treatment. Patients enrolled on this trial are required to have PSMA-PET and 

FDG-PET scan concordant disease using similar criteria to the TheraP trial. Patients will 

receive continual dosing with pembrolizumab for up to two years (35 cycles given every 3 

weeks) and up to 6 cycles of 177Lu-PSMA-617 (6 weeks apart). The primary objectives of 

this study are PSA response rates and to evaluate safety and tolerability of the treatment 

combination. Secondary objectives include OS, rPFS, PSA-PFS, objective response rates, 

duration of response, duration of disease control, time to treatment response, and changes in 

pain and health related quality of life measures. This study plans to enroll 37 patients across 

four sites overall.

Overall, immunotherapy may offer a rational combination approach with 177Lu-PSMA-617 

in prostate cancer, but remains unproven and responses may be affected by clinical 

characteristics, prior treatments, and somatic genomic alterations. Research is needed to 

better understand the prostate tumor microenvironment and develop novel combinations and 

biomarkers to select patients for monotherapy versus combination treatments.
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Lessons from Other Radiopharmaceuticals

Radium-223 is an alpha-particle emitting radionuclide treatment approved for CRPC 

patients with bone-only metastatic disease. Radium-223 was approved based on results 

from the phase III ALSYMPCA trial, which demonstrated a median overall survival benefit 

of 3.6 months for radium-223 (14.9 months) compared with placebo (11.3 months) [181]. 

Radium-223 also delayed the median time to the first symptomatic skeletal event by 5.8 

months [181].

A number of clinical trials have been conducted to test the efficacy of Radium-223 with 

other standard and experimental prostate cancer treatments, including AR-targeted therapy, 

immunotherapy, and chemotherapy.

Based on rationale that both radium-223 and AR-targeted agents (abiraterone acetate and 

enzalutamide) delay skeletal-related events and extend overall survival in mCRPC [181–

183], phase 3 trials were conducted to combine radium-223 with either of these agents. Of 

note, the ERA-223 trial (NCT02043678) found an increased number of skeletal fractures 

with the combination of abiraterone/prednisone + radium-223 vs abiraterone/prednisone 

+ placebo (23% vs. 10%), even in patients who used bone health agents (BHAs) [184], 

leading to regulatory warnings that this combination cannot be used. In contrast, the 

EORTC 1333/PEACE III trial (NCT02194842), which tested radium-223 in combination 

with enzalutamide, found that when BHA were mandated, risk of increased bone fractures 

with these agents alone or in combination were nearly abolished [185]. The risk of fracture 

may have been attributed to the physiologic distribution of radium-223 to bone cortex. In 

patients with high volume disease such as the ALSYMPCA trial, high uptake of radium-223 

to sites of osseous metastatic disease may limit uptake into normal bone cortex. This so­

called “sink effect” has been described with other radiopharmaceuticals [126]. This suggests 

extrapolating results of theranostic agents from patients with large tumor burdens to patients 

with small tumor burdens should be cautioned.

A phase I/II randomized trial which tested radium-223 + docetaxel versus docetaxel alone 

in bone metastatic CRPC patients demonstrated an improvement in median time to PSA 

progression (7 months vs. 5 months) [186]. This combination is now being tested in an 

open-labeled, randomized, phase III study in patients with mCRPC (NCT03574571). There 

may be similar opportunities to assess PSMA RNT in combination with docetaxel, owing to 

its properties as a radiosensitizer and single agent efficacy.

As discussed above, DNA damage caused by RNTs, particularly by targeted alpha therapies, 

suggest there is rationale to combine these agents with DNA damage repair inhibitors and 

immunotherapeutic agents. The combination of radium-223 plus olaparib vs. radium-223 

alone is currently being tested in a randomized phase II trial (NCT03317392).

Several trials are testing radium-223 in combination with immunotherapy agents, including 

sipuleucel-T and checkpoint inhibitors. A phase II trial testing the combination of 

radium-223 with the cellular immunotherapy vaccine sipuleucel-T (NCT02463799), found 

an improvement in clinical outcomes (radiographic/clinical PFS, PSA response (≥50% 

decline), and AlkPhos response (≥30% decline)) with the combination, with no safety 
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concerns noted [187]. Thus further study of this combination is warranted. Ongoing 

trials are also testing radium-223 in combination with pembrolizumab (NCT03093428) 

and nivolumab (NCT04109729). Results were recently reported from a phase 1b 

trial which tested the safety and tolerability of radium-223 plus atezolizumab in 

participants with metastatic CRPC and multiple bone metastases, visceral metastases and/or 

lymphadenopathy who have progressed after treatment with an androgen pathway inhibitor 

(NCT02814669). In 44 evaluable patients (out of 45 treated), the ratio of toxicity to 

anti-tumor effects were such that the investigators concluded that this regimen should 

not be pursued further [188]. As detailed above, there is interest in studying whether 

immunotherapy has synergistic effects with PSMA RNT.

The Need for Multidisciplinary Patient Management Teams

As the use of PET/CT imaging and radionuclide therapy in oncology becomes more 

widespread, it will become critical to consolidate multidisciplinary patient management 

teams that incorporate nuclear medicine specialists alongside medical oncologists, radiation 

oncologists, urologists, radiologists, pathologists, nursing, allied health, and others including 

researchers (Table 2, adapted from [189]). This expertise is required to interpret the 

increasing number of PSMA PET scans used in the evaluation of patients with metastatic 

prostate cancer. Furthermore, optimal selection of patients and application of radionuclide 

therapy requires specialists in nuclear medicine [190]. Multi-disciplinary teams enable 

cross-fertilization of ideas between team members which is vital for optimal management of 

patients. Other notable benefits include the development of successful concepts for clinical 

trials, and optimization of service quality and performance.

Conclusion

Overall, the PCF PSMA Theranostics State of the Science Meeting addressed the current 

state of understanding and most critical next steps surrounding the clinical development 

of PSMA theranostics for prostate cancer. These included the role and best use of PSMA 

PET imaging agents in patient management and differences in PSMA imaging agents, 

ongoing and planned clinical trials to optimize and position PSMA RNT therapy as single 

or combination agents, and the critical unknowns and barriers to successful use of these 

agents by the global clinical community. It remains critical to appropriately design trials that 

demonstrate efficacy based on survival or proven survival-associated endpoints, to maintain 

equipoise of clinical trials, and to develop standardized imaging and other biomarkers for 

patient selection for treatment. PSMA-targeted theranostics agents are a highly promising 

class of new agents that have significant potential to impact survival, but more research is 

needed to validate efficacy, extend disease control and improve outcomes. We hope that 

the knowledge shared at this meeting will help to focus studies on those most critical for 

advancing these agents and ultimately improve the lives of patients with prostate cancer.

Acknowledgements

We thank Bayer Healthcare for the generous unrestricted support of this meeting. We also acknowledge the meeting 
planning efforts of Carla Appling (PCF) and Cynthia Guzman (Weill Cornell Medicine).

Miyahira et al. Page 29

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT03093428
https://clinicaltrials.gov/ct2/show/NCT04109729
https://clinicaltrials.gov/ct2/show/NCT02814669


MSH is supported by a clinical fellowship award from the Peter MacCallum Foundation. He receives additional 
grant support from the Prostate Cancer Foundation, Movember, Australian Government (Medical Research Future 
Fund), Prostate Cancer Foundation of Australia, Victorian Cancer Agency and the U.S. Department of Defense.

MGP is supported by CA134675, CA184228 and CA13467.

STT is supported by the Prostate Cancer Foundation, Department of Defense, and National Institutes of Health.

This research was funded in part through the NIH/NCI Cancer Center Support Grant P30 CA008748.

References

1. Miyahira AK, et al., Meeting Report from the Prostate Cancer Foundation PSMA-Directed 
Radionuclide Scientific Working Group. Prostate, 2018.

2. Kaittanis C, et al., Prostate-specific membrane antigen cleavage of vitamin B9 stimulates oncogenic 
signaling through metabotropic glutamate receptors. J Exp Med, 2018. 215(1): p. 159–175. 
[PubMed: 29141866] 

3. Sokoloff RL, et al., A dual-monoclonal sandwich assay for prostate-specific membrane antigen: 
levels in tissues, seminal fluid and urine. Prostate, 2000. 43(2): p. 150–7. [PubMed: 10754531] 

4. Eiber M, et al., Prostate-Specific Membrane Antigen Ligands for Imaging and Therapy. Journal of 
Nuclear Medicine, 2017. 58(Supplement 2): p. 67S–76S. [PubMed: 28864615] 

5. Maurer T, et al., Current use of PSMA–PET in prostate cancer management. Nature Reviews 
Urology, 2016. 13(4): p. 226–235. [PubMed: 26902337] 

6. Kozikowski AP, et al., Design of remarkably simple, yet potent urea-based inhibitors of glutamate 
carboxypeptidase II (NAALADase). J Med Chem, 2001. 44(3): p. 298–301. [PubMed: 11462970] 

7. Banerjee SR, et al., Synthesis and Evaluation of Gd(III) -Based Magnetic Resonance Contrast 
Agents for Molecular Imaging of Prostate-Specific Membrane Antigen. Angew Chem Int Ed Engl, 
2015. 54(37): p. 10778–82. [PubMed: 26212031] 

8. Liu G, et al., A dextran-based probe for the targeted magnetic resonance imaging of tumours 
expressing prostate-specific membrane antigen. Nat Biomed Eng, 2017. 1: p. 977–982. [PubMed: 
29456877] 

9. Neuman BP, et al., Real-time, near-infrared fluorescence imaging with an optimized dye/light 
source/camera combination for surgical guidance of prostate cancer. Clin Cancer Res, 2015. 21(4): 
p. 771–80. [PubMed: 25501577] 

10. Wilkinson S and Chodak G, The role of 111indium-capromab pendetide imaging for assessing 
biochemical failure after radical prostatectomy. J Urol, 2004. 172(1): p. 133–6. [PubMed: 
15201753] 

11. Pandit-Taskar N, et al., A Phase I/II Study for Analytic Validation of 89Zr-J591 ImmunoPET as 
a Molecular Imaging Agent for Metastatic Prostate Cancer. Clin Cancer Res, 2015. 21(23): p. 
5277–85. [PubMed: 26175541] 

12. Pandit-Taskar N, et al., First-in-Human Imaging with 89Zr-Df-IAB2M Anti-PSMA Minibody 
in Patients with Metastatic Prostate Cancer: Pharmacokinetics, Biodistribution, Dosimetry, and 
Lesion Uptake. J Nucl Med, 2016. 57(12): p. 1858–1864. [PubMed: 27516450] 

13. Jilg CA, et al., Diagnostic Accuracy of Ga-68-HBED-CC-PSMA-Ligand-PET/CT before Salvage 
Lymph Node Dissection for Recurrent Prostate Cancer. Theranostics, 2017. 7(6): p. 1770–1780. 
[PubMed: 28529650] 

14. Rowe SP, et al., PSMA-Based Detection of Prostate Cancer Bone Lesions With (1)(8)F-DCFPyL 
PET/CT: A Sensitive Alternative to ((9)(9)m)Tc-MDP Bone Scan and Na(1)(8)F PET/CT?Clin 
Genitourin Cancer, 2016. 14(1): p. e115–8. [PubMed: 26603549] 

15. Jilg CA, et al., Detection Rate of 18F-choline-PET/CT and 68Ga-PSMA-HBED-CC-PET/CT 
for Prostate Cancer Lymph Node Metastases with Direct Link from PET to Histopathology: 
Dependence on the Size of Tumor Deposits in Lymph Nodes. Journal of Nuclear Medicine, 2019.

16. Bettegowda C, et al., Detection of circulating tumor DNA in early- and late-stage human 
malignancies. Sci Transl Med, 2014. 6(224): p. 224ra24.

Miyahira et al. Page 30

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Calais J, et al., (18)F-fluciclovine PET-CT and (68)Ga-PSMA-11 PET-CT in patients with early 
biochemical recurrence after prostatectomy: a prospective, single-centre, single-arm, comparative 
imaging trial. Lancet Oncol, 2019. 20(9): p. 1286–1294. [PubMed: 31375469] 

18. Fendler WP, et al., Assessment of 68Ga-PSMA-11 PET Accuracy in Localizing Recurrent Prostate 
Cancer: A Prospective Single-Arm Clinical Trial. JAMA Oncol, 2019. 5(6): p. 856–863. [PubMed: 
30920593] 

19. Hofman MS, et al., Prostate-specific membrane antigen PET-CT in patients with high-risk prostate 
cancer before curative-intent surgery or radiotherapy (proPSMA): a prospective, randomised, 
multicentre study. Lancet, 2020. 395(10231): p. 1208–1216. [PubMed: 32209449] 

20. Progenics Pharmaceuticals Announces Phase 3 CONDOR Trial of PyL™ in Prostate Cancer 
Achieved Primary Endpoint. 2019.

21. Morris MJ, et al., Impact of PSMA-targeted imaging with 18F-DCFPyL-PET/CT on clinical 
management of patients (pts) with biochemically recurrent (BCR) prostate cancer (PCa): Results 
from a phase III, prospective, multicenter study (CONDOR). Journal of Clinical Oncology, 2020. 
38(15_suppl): p. 5501–5501.

22. Sasikumar A, et al., Gallium 68-PSMA PET/CT for lesion characterization in suspected cases of 
prostate carcinoma. Nucl Med Commun, 2018. 39(11): p. 1013–1021. [PubMed: 30216228] 

23. Phillips R, et al., Outcomes of Observation vs Stereotactic Ablative Radiation for Oligometastatic 
Prostate Cancer: The ORIOLE Phase 2 Randomized Clinical Trial. JAMA Oncol, 2020.

24. Van de Wiele C, et al., PSMA-Targeting Positron Emission Agents for Imaging Solid Tumors 
Other Than Non-Prostate Carcinoma: A Systematic Review. Int J Mol Sci, 2019. 20(19).

25. de Galiza Barbosa F, et al., Nonprostatic diseases on PSMA PET imaging: a spectrum of benign 
and malignant findings. Cancer Imaging, 2020. 20(1): p. 23. [PubMed: 32169115] 

26. Salas Fragomeni RA, et al., Imaging of Non-Prostate Cancers Using PSMA-Targeted Radiotracers: 
Rationale, Current State of the Field, and a Call to Arms. Journal of Nuclear Medicine, 2018.

27. Backhaus P, et al., Targeting PSMA by radioligands in non-prostate disease-current status and 
future perspectives. Eur J Nucl Med Mol Imaging, 2018. 45(5): p. 860–877. [PubMed: 29335762] 

28. Siva S, et al., Expanding the role of small-molecule PSMA ligands beyond PET staging of prostate 
cancer. Nature Reviews Urology, 2020. 17(2): p. 107–118. [PubMed: 31937920] 

29. Sonni I, et al., PSMA Expression in the Neovasculature Associated With Rectal Adenocarcinoma: 
A Potential Stromal Target for Nuclear Theranostics. Clin Nucl Med, 2020. 45(7): p. e309–e310. 
[PubMed: 32404709] 

30. Eder M, et al., 68Ga-complex lipophilicity and the targeting property of a urea-based PSMA 
inhibitor for PET imaging. Bioconjug Chem, 2012. 23(4): p. 688–97. [PubMed: 22369515] 

31. Mena E, et al., (18)F-DCFPyL PET/CT Imaging in Patients with Biochemical Recurrence Prostate 
Cancer after Primary Local Therapy. J Nucl Med, 2019.

32. Gorin MA, et al., Prostate Specific Membrane Antigen Targeted (18)F-DCFPyL Positron Emission 
Tomography/Computerized Tomography for the Preoperative Staging of High Risk Prostate 
Cancer: Results of a Prospective, Phase II, Single Center Study. J Urol, 2018. 199(1): p. 126–132. 
[PubMed: 28736318] 

33. Perera M, et al., Gallium-68 Prostate-specific Membrane Antigen Positron Emission Tomography 
in Advanced Prostate Cancer-Updated Diagnostic Utility, Sensitivity, Specificity, and Distribution 
of Prostate-specific Membrane Antigen-avid Lesions: A Systematic Review and Meta-analysis. 
Eur Urol, 2019.

34. Treglia G, et al., Detection Rate of (18)F-Labeled PSMA PET/CT in Biochemical Recurrent 
Prostate Cancer: A Systematic Review and a Meta-Analysis. Cancers (Basel), 2019. 11(5).

35. Dietlein F, et al., PSA-Stratified Performance of (18)F- and (68)Ga-PSMA PET in Patients with 
Biochemical Recurrence of Prostate Cancer. J Nucl Med, 2017. 58(6): p. 947–952. [PubMed: 
27908968] 

36. Dietlein M, et al., Comparison of [(18)F]DCFPyL and [(68)Ga]Ga-PSMA-HBED-CC for PSMA­
PET Imaging in Patients with Relapsed Prostate Cancer. Mol Imaging Biol, 2015. 17(4): p. 575–
84. [PubMed: 26013479] 

37. Sanchez-Crespo A, Comparison of Gallium-68 and Fluorine-18 imaging characteristics in positron 
emission tomography. Appl Radiat Isot, 2013. 76: p. 55–62. [PubMed: 23063597] 

Miyahira et al. Page 31

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



38. Rahbar K, et al., Advantage of (18)F-PSMA-1007 over (68)Ga-PSMA-11 PET imaging for 
differentiation of local recurrence vs. urinary tracer excretion. Eur J Nucl Med Mol Imaging, 
2018. 45(6): p. 1076–1077. [PubMed: 29445927] 

39. Derlin T, et al., (68)Ga-PSMA I&T PET/CT for assessment of prostate cancer: evaluation of 
image quality after forced diuresis and delayed imaging. Eur Radiol, 2016. 26(12): p. 4345–4353. 
[PubMed: 27011373] 

40. Giesel FL, et al., Detection Efficacy of (18)F-PSMA-1007 PET/CT in 251 Patients with 
Biochemical Recurrence of Prostate Cancer After Radical Prostatectomy. J Nucl Med, 2019. 
60(3): p. 362–368. [PubMed: 30042163] 

41. Dietlein F, et al., Intraindividual comparison of (18)F-PSMA-1007 with renally excreted PSMA 
ligands for PSMA-PET imaging in patients with relapsed prostate cancer. J Nucl Med, 2019.

42. Rauscher I, et al., Matched-Pair Comparison of (68)Ga-PSMA-11 PET/CT and (18)F-PSMA-1007 
PET/CT: Frequency of Pitfalls and Detection Efficacy in Biochemical Recurrence After Radical 
Prostatectomy. J Nucl Med, 2020. 61(1): p. 51–57. [PubMed: 31253741] 

43. Hillner BE, et al., Impact of 18F-fluoride PET in patients with known prostate cancer: initial 
results from the National Oncologic PET Registry. J Nucl Med, 2014. 55(4): p. 574–81. [PubMed: 
24578240] 

44. Nanni C, et al., (18)F-FACBC (anti1-amino-3-(18)F-fluorocyclobutane-1-carboxylic acid) versus 
(11)C-choline PET/CT in prostate cancer relapse: results of a prospective trial. Eur J Nucl Med 
Mol Imaging, 2016. 43(9): p. 1601–10. [PubMed: 26960562] 

45. Morigi JJ, et al., Prospective Comparison of 18F-Fluoromethylcholine Versus 68Ga-PSMA 
PET/CT in Prostate Cancer Patients Who Have Rising PSA After Curative Treatment and 
Are Being Considered for Targeted Therapy. J Nucl Med, 2015. 56(8): p. 1185–90. [PubMed: 
26112024] 

46. Witkowska-Patena E, et al., Head-to-Head Comparison of 18F-Prostate-Specific Membrane 
Antigen-1007 and 18F-Fluorocholine PET/CT in Biochemically Relapsed Prostate Cancer. Clin 
Nucl Med, 2019.

47. Taylor BS, et al., Integrative genomic profiling of human prostate cancer. Cancer Cell, 2010. 18(1): 
p. 11–22. [PubMed: 20579941] 

48. Demirci E, et al., Can SUVmax values of Ga-68-PSMA PET/CT scan predict the clinically 
significant prostate cancer?Nucl Med Commun, 2019. 40(1): p. 86–91. [PubMed: 30395048] 

49. Koerber SA, et al., (68)Ga-PSMA-11 PET/CT in Newly Diagnosed Carcinoma of the Prostate: 
Correlation of Intraprostatic PSMA Uptake with Several Clinical Parameters. J Nucl Med, 2017. 
58(12): p. 1943–1948. [PubMed: 28619734] 

50. Lopci E, et al., (68)Ga-PSMA Positron Emission Tomography/Computerized Tomography 
for Primary Diagnosis of Prostate Cancer in Men with Contraindications to or Negative 
Multiparametric Magnetic Resonance Imaging: A Prospective Observational Study. J Urol, 2018. 
200(1): p. 95–103. [PubMed: 29409824] 

51. Domachevsky L, et al., Quantitative characterisation of clinically significant intra-prostatic cancer 
by prostate-specific membrane antigen (PSMA) expression and cell density on PSMA-11. Eur 
Radiol, 2018. 28(12): p. 5275–5283. [PubMed: 29846803] 

52. Uprimny C, et al., (68)Ga-PSMA-11 PET/CT in primary staging of prostate cancer: PSA and 
Gleason score predict the intensity of tracer accumulation in the primary tumour. Eur J Nucl Med 
Mol Imaging, 2017. 44(6): p. 941–949. [PubMed: 28138747] 

53. Sheikhbahaei S, et al., Prostate-Specific Membrane Antigen (PSMA)-Targeted PET Imaging of 
Prostate Cancer: An Update on Important Pitfalls. Semin Nucl Med, 2019. 49(4): p. 255–270. 
[PubMed: 31227049] 

54. Rischpler C, et al., (68)Ga-PSMA-HBED-CC Uptake in Cervical, Celiac, and Sacral Ganglia as 
an Important Pitfall in Prostate Cancer PET Imaging. J Nucl Med, 2018. 59(9): p. 1406–1411. 
[PubMed: 29371407] 

55. Milowsky MI, et al., Vascular targeted therapy with anti-prostate-specific membrane antigen 
monoclonal antibody J591 in advanced solid tumors. J Clin Oncol, 2007. 25(5): p. 540–7. 
[PubMed: 17290063] 

Miyahira et al. Page 32

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



56. Liu H, et al., Monoclonal antibodies to the extracellular domain of prostate-specific membrane 
antigen also react with tumor vascular endothelium. Cancer Res, 1997. 57(17): p. 3629–34. 
[PubMed: 9288760] 

57. Chang SS, et al., Prostate-specific membrane antigen is produced in tumor-associated 
neovasculature. Clin Cancer Res, 1999. 5(10): p. 2674–81. [PubMed: 10537328] 

58. Morris MJ, et al., Phase I Evaluation of J591 as a Vascular Targeting Agent in Progressive Solid 
Tumors. Clinical Cancer Research, 2007. 13(9): p. 2707–2713. [PubMed: 17473203] 

59. Silver DA, et al., Prostate-specific membrane antigen expression in normal and malignant human 
tissues. Clin Cancer Res, 1997. 3(1): p. 81–5. [PubMed: 9815541] 

60. Siva S, et al., Utility of (68) Ga prostate specific membrane antigen - positron emission 
tomography in diagnosis and response assessment of recurrent renal cell carcinoma. J Med 
Imaging Radiat Oncol, 2017. 61(3): p. 372–378. [PubMed: 28116853] 

61. Harmon SA, et al., A Prospective Comparison of (18)F-Sodium Fluoride PET/CT and PSMA­
Targeted (18)F-DCFBC PET/CT in Metastatic Prostate Cancer. J Nucl Med, 2018. 59(11): p. 
1665–1671. [PubMed: 29602821] 

62. Harmon SA, et al., A comparison of prostate cancer bone metastases on (18)F-Sodium Fluoride 
and Prostate Specific Membrane Antigen ((18)F-PSMA) PET/CT: Discordant uptake in the same 
lesion. Oncotarget, 2018. 9(102): p. 37676–37688. [PubMed: 30701023] 

63. Hofman MS, et al., [(177)Lu]-PSMA-617 radionuclide treatment in patients with metastatic 
castration-resistant prostate cancer (LuPSMA trial): a single-centre, single-arm, phase 2 study. 
Lancet Oncol, 2018. 19(6): p. 825–833. [PubMed: 29752180] 

64. Violet J, et al., Long term follow-up and outcomes of re-treatment in an expanded 50 patient 
single-center phase II prospective trial of Lutetium-177 ((177)Lu) PSMA-617 theranostics in 
metastatic castrate-resistant prostate cancer. J Nucl Med, 2019.

65. Thang SP, et al., Poor Outcomes for Patients with Metastatic Castration-resistant Prostate 
Cancer with Low Prostate-specific Membrane Antigen (PSMA) Expression Deemed Ineligible for 
(177)Lu-labelled PSMA Radioligand Therapy. Eur Urol Oncol, 2019. 2(6): p. 670–676. [PubMed: 
31412006] 

66. Jadvar H, Is There Use for FDG-PET in Prostate Cancer?Semin Nucl Med, 2016. 46(6): p. 502–
506. [PubMed: 27825430] 

67. Lavallée E, et al., Increased Prostate Cancer Glucose Metabolism Detected by (18)F­
fluorodeoxyglucose Positron Emission Tomography/Computed Tomography in Localised Gleason 
8–10 Prostate Cancers Identifies Very High-risk Patients for Early Recurrence and Resistance to 
Castration. Eur Urol Focus, 2019. 5(6): p. 998–1006. [PubMed: 29609897] 

68. Rowe SP, et al., PSMA-RADS Version 1.0: A Step Towards Standardizing the Interpretation and 
Reporting of PSMA-targeted PET Imaging Studies. Eur Urol, 2017.

69. Rowe SP, et al., Proposal for a Structured Reporting System for Prostate-Specific Membrane 
Antigen-Targeted PET Imaging: PSMA-RADS Version 1.0. J Nucl Med, 2018. 59(3): p. 479–485. 
[PubMed: 28887401] 

70. Werner RA, et al., Interobserver Agreement for the Standardized Reporting System PSMA-RADS 
1.0 on (18)F-DCFPyL PET/CT Imaging. J Nucl Med, 2018. 59(12): p. 1857–1864. [PubMed: 
30190304] 

71. Greer MD, et al., Accuracy and agreement of PIRADSv2 for prostate cancer mpMRI: A 
multireader study. J Magn Reson Imaging, 2017. 45(2): p. 579–585. [PubMed: 27391860] 

72. Ost P, et al., Surveillance or Metastasis-Directed Therapy for Oligometastatic Prostate Cancer 
Recurrence: A Prospective, Randomized, Multicenter Phase II Trial. J Clin Oncol, 2018. 36(5): p. 
446–453. [PubMed: 29240541] 

73. Calais J, et al., Randomized prospective phase III trial of (68)Ga-PSMA-11 PET/CT molecular 
imaging for prostate cancer salvage radiotherapy planning [PSMA-SRT]. BMC Cancer, 2019. 
19(1): p. 18. [PubMed: 30616601] 

74. Zechmann CM, et al., Radiation dosimetry and first therapy results with a (124)I/ (131)I-labeled 
small molecule (MIP-1095) targeting PSMA for prostate cancer therapy. Eur J Nucl Med Mol 
Imaging, 2014. 41(7): p. 1280–92. [PubMed: 24577951] 

Miyahira et al. Page 33

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



75. Benesova M, et al., Preclinical Evaluation of a Tailor-Made DOTA-Conjugated PSMA Inhibitor 
with Optimized Linker Moiety for Imaging and Endoradiotherapy of Prostate Cancer. J Nucl Med, 
2015. 56(6): p. 914–20. [PubMed: 25883127] 

76. Delker A, et al., Dosimetry for (177)Lu-DKFZ-PSMA-617: a new radiopharmaceutical for the 
treatment of metastatic prostate cancer. Eur J Nucl Med Mol Imaging, 2016. 43(1): p. 42–51. 
[PubMed: 26318602] 

77. Rahbar K, et al., German Multicenter Study Investigating 177Lu-PSMA-617 Radioligand Therapy 
in Advanced Prostate Cancer Patients. J Nucl Med, 2017. 58(1): p. 85–90. [PubMed: 27765862] 

78. Ahmadzadehfar H, et al., Therapeutic response and side effects of repeated radioligand therapy 
with 177Lu-PSMA-DKFZ-617 of castrate-resistant metastatic prostate cancer. Oncotarget, 2016. 
7(11): p. 12477–88. [PubMed: 26871285] 

79. Rahbar K, et al., Radioligand Therapy With 177Lu-PSMA-617 as A Novel Therapeutic Option 
in Patients With Metastatic Castration Resistant Prostate Cancer. Clin Nucl Med, 2016. 41(7): p. 
522–8. [PubMed: 27088387] 

80. Kratochwil C, et al., 225Ac-PSMA-617 for PSMA-Targeted alpha-Radiation Therapy of Metastatic 
Castration-Resistant Prostate Cancer. J Nucl Med, 2016. 57(12): p. 1941–1944. [PubMed: 
27390158] 

81. Fendler WP, et al., Preliminary experience with dosimetry, response and patient reported outcome 
after 177Lu-PSMA-617 therapy for metastatic castration-resistant prostate cancer. Oncotarget, 
2017. 8(2): p. 3581–3590. [PubMed: 27683041] 

82. Calais J, et al., RESIST-PC phase 2 trial: 177Lu-PSMA-617 radionuclide therapy for metastatic 
castrate-resistant prostate cancer. Journal of Clinical Oncology, 2019. 37(15_suppl): p. 5028–5028.

83. Calais J, et al., Overall survival after 177Lu-PSMA-617 molecular radiotherapy in patients with 
metastatic castrate-resistant prostate cancer: Post-hoc analysis of a prospective phase II trial. 
Journal of Clinical Oncology, 2020. 38(15_suppl): p. 5549–5549.

84. Ferdinandus J, et al., Prognostic biomarkers in men with metastatic castration-resistant prostate 
cancer receiving [177Lu]-PSMA-617. Eur J Nucl Med Mol Imaging, 2020.

85. Tagawa ST, et al., Phase 1/2 study of fractionated dose lutetium-177-labeled anti-prostate-specific 
membrane antigen monoclonal antibody J591 ((177) Lu-J591) for metastatic castration-resistant 
prostate cancer. Cancer, 2019. 125(15): p. 2561–2569. [PubMed: 31012963] 

86. Tagawa ST, et al., Phase I dose-escalation study of fractionated dose 177Lu-PSMA-617 for 
progressive metastatic castration resistant prostate cancer (mCRPC). Annals of Oncology, 2018. 
29: p. viii274.

87. Tagawa ST, et al., 849PD - Preliminary results of a phase I/II dose-escalation study of fractionated 
dose 177Lu-PSMA-617 for progressive metastatic castration resistant prostate cancer (mCRPC). 
Annals of Oncology, 2019. 30: p. v329–v330.

88. Hofman MS, et al., TheraP: A randomised phase II trial of 177Lu-PSMA-617 (LuPSMA) 
theranostic versus cabazitaxel in metastatic castration resistant prostate cancer (mCRPC) 
progressing after docetaxel: Initial results (ANZUP protocol 1603). Journal of Clinical Oncology, 
2020. 38(15_suppl): p. 5500–5500.

89. de Wit R, et al., Cabazitaxel versus Abiraterone or Enzalutamide in Metastatic Prostate Cancer. 
New England Journal of Medicine, 2019. 381(26): p. 2506–2518.

90. Tagawa ST, et al., Phase I trial of docetaxel/prednisone plus fractionated dose radiolabeled anti­
prostate-specific membrane antigen (PSMA) monoclonal antibody 177lu-J591 in patients with 
metastatic, castration-resistant prostate cancer (mCRPC). Journal of Clinical Oncology, 2014. 
32(15_suppl): p. 5064–5064.

91. Batra JS, et al., Phase I trial of docetaxel plus lutetium-177-labeled anti-prostate-specific 
membrane antigen monoclonal antibody J591 (177Lu-J591) for metastatic castration-resistant 
prostate cancer. Urol Oncol2020. In Press.

92. Bander NH, et al., Phase I trial of 177lutetium-labeled J591, a monoclonal antibody to prostate­
specific membrane antigen, in patients with androgen-independent prostate cancer. J Clin Oncol, 
2005. 23(21): p. 4591–601. [PubMed: 15837970] 

Miyahira et al. Page 34

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



93. Milowsky MI, et al., Phase I trial of yttrium-90-labeled anti-prostate-specific membrane antigen 
monoclonal antibody J591 for androgen-independent prostate cancer. J Clin Oncol, 2004. 22(13): 
p. 2522–31. [PubMed: 15173215] 

94. Tagawa ST, et al., Bone marrow recovery and subsequent chemotherapy following radiolabeled 
anti-prostate-specific membrane antigen monoclonal antibody j591 in men with metastatic 
castration-resistant prostate cancer. Front Oncol, 2013. 3: p. 214. [PubMed: 23986881] 

95. Tagawa ST, et al., Phase II study of Lutetium-177-labeled anti-prostate-specific membrane antigen 
monoclonal antibody J591 for metastatic castration-resistant prostate cancer. Clin Cancer Res, 
2013. 19(18): p. 5182–91. [PubMed: 23714732] 

96. Nanus DM, et al., Clinical use of monoclonal antibody HuJ591 therapy: targeting prostate specific 
membrane antigen. J Urol, 2003. 170(6 Pt 2): p. S84–8; discussion S88–9. [PubMed: 14610416] 

97. Vallabhajosula S, et al., Prediction of myelotoxicity based on bone marrow radiation-absorbed 
dose: radioimmunotherapy studies using 90Y- and 177Lu-labeled J591 antibodies specific for 
prostate-specific membrane antigen. J Nucl Med, 2005. 46(5): p. 850–8. [PubMed: 15872360] 

98. Tagawa ST, et al., Dose-escalation results of a phase I study of 225Ac-J591 for progressive 
metastatic castration resistant prostate cancer (mCRPC). Journal of Clinical Oncology, 2020. 
38(6_suppl): p. 114–114.

99. Kratochwil C, Haberkorn U, and Giesel FL, (225)Ac-PSMA-617 for Therapy of Prostate Cancer. 
Semin Nucl Med, 2020. 50(2): p. 133–140. [PubMed: 32172798] 

100. Tagawa ST, et al., Phase I dose-escalation study of PSMA-targeted alpha emitter 225Ac-J591 in 
men with metastatic castration-resistant prostate cancer (mCRPC). Journal of Clinical Oncology, 
2020. 38(15_suppl): p. 5560–5560.

101. Dumelin CE, et al., A portable albumin binder from a DNA-encoded chemical library. Angew 
Chem Int Ed Engl, 2008. 47(17): p. 3196–201. [PubMed: 18366035] 

102. Kelly JM, et al., Dual-Target Binding Ligands with Modulated Pharmacokinetics for 
Endoradiotherapy of Prostate Cancer. J Nucl Med, 2017. 58(9): p. 1442–1449. [PubMed: 
28450562] 

103. Kelly J, et al., Trifunctional PSMA-targeting constructs for prostate cancer with unprecedented 
localization to LNCaP tumors. Eur J Nucl Med Mol Imaging, 2018. 45(11): p. 1841–1851. 
[PubMed: 29623376] 

104. Kelly JM, et al., A Single Dose of (225)Ac-RPS-074 Induces a Complete Tumor Response in an 
LNCaP Xenograft Model. J Nucl Med, 2019. 60(5): p. 649–655. [PubMed: 30413660] 

105. Heck MM, et al., Treatment Outcome, Toxicity, and Predictive Factors for Radioligand Therapy 
with (177)Lu-PSMA-I&T in Metastatic Castration-resistant Prostate Cancer. Eur Urol, 2019. 
75(6): p. 920–926. [PubMed: 30473431] 

106. Vlachostergios PJ, et al., Association of noninvasive, radiographic measurement of prostate­
specific membrane antigen (PSMA) expression with response to PSMA-targeted radionuclide 
therapy (TRT). Journal of Clinical Oncology, 2019. 37(15_suppl): p. 5013–5013.

107. Current K, et al., Investigating PSMA-targeted radioligand therapy efficacy as a function of 
cellular PSMA levels and intra-tumoral PSMA heterogeneity. Clinical Cancer Research, 2020: p. 
clincanres.1485.2019.

108. Conteduca V, et al., Clinical and molecular analysis of patients treated with prostate-specific 
membrane antigen (PSMA)-targeted radionuclide therapy. Journal of Clinical Oncology, 2019. 
37(7_suppl): p. 272–272.

109. Vlachostergios PJ, et al., Abstract 4865: Prognostic value of BRCA2 and AR gene alterations 
in advanced prostate cancer patients treated with PSMA-targeted radionuclide therapies. Cancer 
Research, 2019. 79(13 Supplement): p. 4865–4865.

110. Morris MJ, et al., Radiographic progression-free survival as a response biomarker in metastatic 
castration-resistant prostate cancer: COU-AA-302 results. J Clin Oncol, 2015. 33(12): p. 1356–
63. [PubMed: 25624432] 

111. Katz R, FDA: evidentiary standards for drug development and approval. NeuroRx, 2004. 1(3): p. 
307–16. [PubMed: 15717032] 

112. Clinical Trial Endpoints for the Approval of Cancer Drugs and Biologics; Guidance 
for Industry, C.f.D.E.a.R.C. Oncology Center of Excellence, and Center for Biologics 

Miyahira et al. Page 35

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Evaluation and Research (CBER) at the U. S. Food and Drug Administration, Editor. 
2018: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/clinical-trial­
endpoints-approval-cancer-drugs-and-biologics.

113. Scher HI, et al., Design and end points of clinical trials for patients with progressive prostate 
cancer and castrate levels of testosterone: recommendations of the Prostate Cancer Clinical Trials 
Working Group. J Clin Oncol, 2008. 26(7): p. 1148–59. [PubMed: 18309951] 

114. Scher HI, et al., Trial Design and Objectives for Castration-Resistant Prostate Cancer: Updated 
Recommendations From the Prostate Cancer Clinical Trials Working Group 3. J Clin Oncol, 
2016. 34(12): p. 1402–18. [PubMed: 26903579] 

115. Rathkopf DE, et al., Radiographic Progression-Free Survival as a Clinically Meaningful End 
Point in Metastatic Castration-Resistant Prostate Cancer: The PREVAIL Randomized Clinical 
Trial. JAMA Oncol, 2018. 4(5): p. 694–701. [PubMed: 29522174] 

116. Saad F, et al., A randomized, placebo-controlled trial of zoledronic acid in patients with hormone­
refractory metastatic prostate carcinoma. J Natl Cancer Inst, 2002. 94(19): p. 1458–68. [PubMed: 
12359855] 

117. Fizazi K, et al., Denosumab versus zoledronic acid for treatment of bone metastases in men with 
castration-resistant prostate cancer: a randomised, double-blind study. Lancet, 2011. 377(9768): 
p. 813–22. [PubMed: 21353695] 

118. Fizazi K, et al., Darolutamide in Nonmetastatic, Castration-Resistant Prostate Cancer. N Engl J 
Med, 2019. 380(13): p. 1235–1246. [PubMed: 30763142] 

119. Smith MR, et al., Apalutamide Treatment and Metastasis-free Survival in Prostate Cancer. N Engl 
J Med, 2018. 378(15): p. 1408–1418. [PubMed: 29420164] 

120. Fendler WP, et al., (177)Lu-PSMA Radioligand Therapy for Prostate Cancer. J Nucl Med, 2017. 
58(8): p. 1196–1200. [PubMed: 28663195] 

121. Ljungberg M, et al., MIRD Pamphlet No. 26: Joint EANM/MIRD Guidelines for Quantitative 
177Lu SPECT Applied for Dosimetry of Radiopharmaceutical Therapy. Journal of Nuclear 
Medicine, 2016. 57(1): p. 151–162. [PubMed: 26471692] 

122. Jackson PA, et al., An automated voxelized dosimetry tool for radionuclide therapy based 
on serial quantitative SPECT/CT imaging. Med Phys, 2013. 40(11): p. 112503. [PubMed: 
24320462] 

123. Jackson P, et al., Deep Learning Renal Segmentation for Fully Automated Radiation Dose 
Estimation in Unsealed Source Therapy. Front Oncol, 2018. 8: p. 215. [PubMed: 29963496] 

124. Jackson PA, et al., Radiation Dosimetry in (177)Lu-PSMA-617 Therapy Using a Single Post­
treatment SPECT/CT: A Novel Methodology to Generate Time- and Tissue-specific Dose 
Factors. J Nucl Med, 2019.

125. Violet J, et al., Dosimetry of (177)Lu-PSMA-617 in Metastatic Castration-Resistant Prostate 
Cancer: Correlations Between Pretherapeutic Imaging and Whole-Body Tumor Dosimetry with 
Treatment Outcomes. J Nucl Med, 2019. 60(4): p. 517–523. [PubMed: 30291192] 

126. Beauregard JM, et al., The tumour sink effect on the biodistribution of 68Ga-DOTA-octreotate: 
implications for peptide receptor radionuclide therapy. Eur J Nucl Med Mol Imaging, 2012. 
39(1): p. 50–6. [PubMed: 21932117] 

127. Gaertner FC, et al., Uptake of PSMA-ligands in normal tissues is dependent on tumor load in 
patients with prostate cancer. Oncotarget, 2017. 8(33): p. 55094–55103. [PubMed: 28903405] 

128. Oude Munnink TH, et al., Trastuzumab pharmacokinetics influenced by extent human epidermal 
growth factor receptor 2-positive tumor load. J Clin Oncol, 2010. 28(21): p. e355–6; author reply 
e357. [PubMed: 20458048] 

129. Tout M, et al., Rituximab exposure is influenced by baseline metabolic tumor volume and predicts 
outcome of DLBCL patients: a Lymphoma Study Association report. Blood, 2017. 129(19): p. 
2616–2623. [PubMed: 28251914] 

130. Goncalves I, et al., Characteristics and outcomes of therapy-related myeloid neoplasms 
after peptide receptor radionuclide/chemoradionuclide therapy (PRRT/PRCRT) for metastatic 
neuroendocrine neoplasia: a single-institution series. Eur J Nucl Med Mol Imaging, 2019. 46(9): 
p. 1902–1910. [PubMed: 31187162] 

Miyahira et al. Page 36

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/clinical-trial-endpoints-approval-cancer-drugs-and-biologics
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/clinical-trial-endpoints-approval-cancer-drugs-and-biologics


131. Moulder JE and Seymour C, Radiation fractionation: the search for isoeffect relationships and 
mechanisms. International Journal of Radiation Biology, 2018. 94(8): p. 743–751. [PubMed: 
28967281] 

132. Annede P, et al., Radiobiology: Foundation and New Insights in Modeling Brachytherapy Effects. 
Seminars in Radiation Oncology, 2020. 30(1): p. 4–15. [PubMed: 31727299] 

133. Miralbell R, et al., Dose-fractionation sensitivity of prostate cancer deduced from radiotherapy 
outcomes of 5,969 patients in seven international institutional datasets: α/β = 1.4 (0.9–2.2) Gy. 
Int J Radiat Oncol Biol Phys, 2012. 82(1): p. e17–24. [PubMed: 21324610] 

134. Daşu A, Is the alpha/beta value for prostate tumours low enough to be safely used in clinical 
trials?Clin Oncol (R Coll Radiol), 2007. 19(5): p. 289–301. [PubMed: 17517328] 

135. Dearnaley D, et al., Conventional versus hypofractionated high-dose intensity-modulated 
radiotherapy for prostate cancer: preliminary safety results from the CHHiP randomised 
controlled trial. Lancet Oncol, 2012. 13(1): p. 43–54. [PubMed: 22169269] 

136. Ravi Kumar AS and Hofman MS, Mechanistic Insights for Optimizing PSMA Radioligand 
Therapy. Clin Cancer Res, 2020. 26(12): p. 2774–2776. [PubMed: 32253231] 

137. Luckerath K, et al., Preclinical evaluation of PSMA expression in response to androgen receptor 
blockade for theranostics in prostate cancer. EJNMMI Res, 2018. 8(1): p. 96. [PubMed: 
30374743] 

138. Bakht MK, et al., Influence of Androgen Deprivation Therapy on the Uptake of PSMA-Targeted 
Agents: Emerging Opportunities and Challenges. Nucl Med Mol Imaging, 2017. 51(3): p. 202–
211. [PubMed: 28878845] 

139. Goodwin JF, et al., A hormone-DNA repair circuit governs the response to genotoxic insult. 
Cancer Discov, 2013. 3(11): p. 1254–71. [PubMed: 24027197] 

140. Polkinghorn WR, et al., Androgen receptor signaling regulates DNA repair in prostate cancers. 
Cancer Discov, 2013. 3(11): p. 1245–53. [PubMed: 24027196] 

141. Emmett L, et al., Rapid Modulation of PSMA Expression by Androgen Deprivation: Serial 
(68)Ga-PSMA-11 PET in Men with Hormone-Sensitive and Castrate-Resistant Prostate Cancer 
Commencing Androgen Blockade. J Nucl Med, 2019. 60(7): p. 950–954. [PubMed: 30552200] 

142. Beer TM, et al., Enzalutamide in metastatic prostate cancer before chemotherapy. N Engl J Med, 
2014. 371(5): p. 424–33. [PubMed: 24881730] 

143. Armstrong AJ, et al., Prospective Multicenter Validation of Androgen Receptor Splice Variant 
7 and Hormone Therapy Resistance in High-Risk Castration-Resistant Prostate Cancer: The 
PROPHECY Study. J Clin Oncol, 2019. 37(13): p. 1120–1129. [PubMed: 30865549] 

144. Hastak K, et al., Poly (ADP-ribose) polymerase inhibitor, an effective radiosensitizer in lung and 
pancreatic cancers. Oncotarget, 2017. 8(16): p. 26344–26355. [PubMed: 28412751] 

145. Lord CJ and Ashworth A, The DNA damage response and cancer therapy. Nature, 2012. 
481(7381): p. 287–94. [PubMed: 22258607] 

146. Mateo J, et al., DNA-Repair Defects and Olaparib in Metastatic Prostate Cancer. N Engl J Med, 
2015. 373(18): p. 1697–708. [PubMed: 26510020] 

147. de Bono J, et al., Olaparib for Metastatic Castration-Resistant Prostate Cancer. New England 
Journal of Medicine, 2020.

148. Abida W, et al., 846PD - Preliminary results from the TRITON2 study of rucaparib in patients 
(pts) with DNA damage repair (DDR)-deficient metastatic castration-resistant prostate cancer 
(mCRPC): Updated analyses. Annals of Oncology, 2019. 30: p. v327–v328.

149. Mateo J, et al., Olaparib in patients with metastatic castration-resistant prostate cancer with DNA 
repair gene aberrations (TOPARP-B): a multicentre, open-label, randomised, phase 2 trial. Lancet 
Oncol, 2020. 21(1): p. 162–174. [PubMed: 31806540] 

150. Pritchard CC, et al., Inherited DNA-Repair Gene Mutations in Men with Metastatic Prostate 
Cancer. N Engl J Med, 2016. 375(5): p. 443–53. [PubMed: 27433846] 

151. Robinson D, et al., Integrative Clinical Genomics of Advanced Prostate Cancer. Cell, 2015. 
162(2): p. 454. [PubMed: 28843286] 

152. Nonnekens J, et al., Potentiation of Peptide Receptor Radionuclide Therapy by the PARP 
Inhibitor Olaparib. Theranostics, 2016. 6(11): p. 1821–32. [PubMed: 27570553] 

Miyahira et al. Page 37

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



153. Tesson M, et al., Preliminary evaluation of prostate-targeted radiotherapy using (131) I-MIP-1095 
in combination with radiosensitising chemotherapeutic drugs. J Pharm Pharmacol, 2016. 68(7): 
p. 912–21. [PubMed: 27139157] 

154. Chalmers AJ, Poly(ADP-ribose) polymerase-1 and ionizing radiation: sensor, signaller and 
therapeutic target. Clin Oncol (R Coll Radiol), 2004. 16(1): p. 29–39. [PubMed: 14768753] 

155. Deng L, et al., STING-Dependent Cytosolic DNA Sensing Promotes Radiation-Induced Type I 
Interferon-Dependent Antitumor Immunity in Immunogenic Tumors. Immunity, 2014. 41(5): p. 
843–852. [PubMed: 25517616] 

156. Li T, et al., Antitumor Activity of cGAMP via Stimulation of cGAS-cGAMP-STING-IRF3 
Mediated Innate Immune Response. Sci Rep, 2016. 6: p. 19049. [PubMed: 26754564] 

157. Sen T, et al., Targeting DNA Damage Response Promotes Antitumor Immunity through STING­
Mediated T-cell Activation in Small Cell Lung Cancer. Cancer Discov, 2019. 9(5): p. 646–661. 
[PubMed: 30777870] 

158. Fok JHL, et al., AZD7648 is a potent and selective DNA-PK inhibitor that enhances radiation, 
chemotherapy and olaparib activity. Nat Commun, 2019. 10(1): p. 5065. [PubMed: 31699977] 

159. Riches LC, et al., Pharmacology of the ATM Inhibitor AZD0156: Potentiation of Irradiation and 
Olaparib Responses Preclinically. Mol Cancer Ther, 2020. 19(1): p. 13–25. [PubMed: 31534013] 

160. Bono JSD, et al., First-in-human trial of the oral ataxia telangiectasia and Rad3-related (ATR) 
inhibitor BAY 1895344 in patients (pts) with advanced solid tumors. Journal of Clinical 
Oncology, 2019. 37(15_suppl): p. 3007–3007.

161. Sanij E, et al., CX-5461 activates the DNA damage response and demonstrates therapeutic 
efficacy in high-grade serous ovarian cancer. Nature Communications, 2020. 11(1): p. 2641.

162. Porter LH, et al., PARP inhibitor and CX-5461 combination therapy as a novel treatment strategy 
for castrate-resistant prostate cancer. Oncology Abstracts2019.

163. Robert C, et al., Nivolumab in previously untreated melanoma without BRAF mutation. N Engl J 
Med, 2015. 372(4): p. 320–30. [PubMed: 25399552] 

164. Herbst RS, et al., Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in 
cancer patients. Nature, 2014. 515(7528): p. 563–7. [PubMed: 25428504] 

165. Beer TM, et al., Randomized, Double-Blind, Phase III Trial of Ipilimumab Versus Placebo 
in Asymptomatic or Minimally Symptomatic Patients With Metastatic Chemotherapy-Naive 
Castration-Resistant Prostate Cancer. J Clin Oncol, 2017. 35(1): p. 40–47. [PubMed: 28034081] 

166. Kwon ED, et al., Ipilimumab versus placebo after radiotherapy in patients with metastatic 
castration-resistant prostate cancer that had progressed after docetaxel chemotherapy 
(CA184-043): a multicentre, randomised, double-blind, phase 3 trial. Lancet Oncol, 2014. 15(7): 
p. 700–12. [PubMed: 24831977] 

167. Topalian SL, et al., Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N 
Engl J Med, 2012. 366(26): p. 2443–54. [PubMed: 22658127] 

168. Ott PA, et al., T-Cell-Inflamed Gene-Expression Profile, Programmed Death Ligand 1 Expression, 
and Tumor Mutational Burden Predict Efficacy in Patients Treated With Pembrolizumab Across 
20 Cancers: KEYNOTE-028. J Clin Oncol, 2019. 37(4): p. 318–327. [PubMed: 30557521] 

169. Graff JN, et al., Early evidence of anti-PD-1 activity in enzalutamide-resistant prostate cancer. 
Oncotarget, 2016. 7(33): p. 52810–52817. [PubMed: 27429197] 

170. Graff JN, et al., Pembrolizumab (pembro) plus enzalutamide (enza) for enza-resistant metastatic 
castration-resistant prostate cancer (mCRPC): KEYNOTE-199 cohorts 4–5. Journal of Clinical 
Oncology, 2020. 38(6_suppl): p. 15–15.

171. Schumacher TN and Schreiber RD, Neoantigens in cancer immunotherapy. Science, 2015. 
348(6230): p. 69–74. [PubMed: 25838375] 

172. Wu YM, et al., Inactivation of CDK12 Delineates a Distinct Immunogenic Class of Advanced 
Prostate Cancer. Cell, 2018. 173(7): p. 1770–1782e14. [PubMed: 29906450] 

173. Schweizer MT, et al., Mismatch repair deficiency may be common in ductal adenocarcinoma of 
the prostate. Oncotarget, 2016. 7(50): p. 82504–82510. [PubMed: 27756888] 

174. Antonarakis ES, et al., CDK12-Altered Prostate Cancer: Clinical Features and Therapeutic 
Outcomes to Standard Systemic Therapies, Poly (ADP-Ribose) Polymerase Inhibitors, and PD-1 
Inhibitors. JCO Precision Oncology, 2020(4): p. 370–381. [PubMed: 32462107] 

Miyahira et al. Page 38

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



175. Nguyen B, et al., Pan-cancer Analysis of CDK12 Alterations Identifies a Subset of Prostate 
Cancers with Distinct Genomic and Clinical Characteristics. Eur Urol, 2020.

176. Schweizer MT, et al., CDK12-Mutated Prostate Cancer: Clinical Outcomes With Standard 
Therapies and Immune Checkpoint Blockade. JCO Precision Oncology, 2020(4): p. 382–392. 
[PubMed: 32671317] 

177. Antonarakis ES, et al., Pembrolizumab for Treatment-Refractory Metastatic Castration-Resistant 
Prostate Cancer: Multicohort, Open-Label Phase II KEYNOTE-199 Study. J Clin Oncol, 2020. 
38(5): p. 395–405. [PubMed: 31774688] 

178. Boudadi K, et al., Ipilimumab plus nivolumab and DNA-repair defects in AR-V7-expressing 
metastatic prostate cancer. Oncotarget, 2018. 9(47): p. 28561–28571. [PubMed: 29983880] 

179. Sharma P, et al., Initial results from a phase II study of nivolumab (NIVO) plus ipilimumab (IPI) 
for the treatment of metastatic castration-resistant prostate cancer (mCRPC; CheckMate 650). 
Journal of Clinical Oncology, 2019. 37(7_suppl): p. 142–142.

180. Kwilas AR, et al., In the field: exploiting the untapped potential of immunogenic modulation by 
radiation in combination with immunotherapy for the treatment of cancer. Front Oncol, 2012. 2: 
p. 104. [PubMed: 22973551] 

181. Sartor O, et al., Effect of radium-223 dichloride on symptomatic skeletal events in patients with 
castration-resistant prostate cancer and bone metastases: results from a phase 3, double-blind, 
randomised trial. Lancet Oncol, 2014. 15(7): p. 738–46. [PubMed: 24836273] 

182. Logothetis CJ, et al., Effect of abiraterone acetate and prednisone compared with placebo and 
prednisone on pain control and skeletal-related events in patients with metastatic castration­
resistant prostate cancer: exploratory analysis of data from the COU-AA-301 randomised trial. 
Lancet Oncol, 2012. 13(12): p. 1210–7. [PubMed: 23142059] 

183. Scher HI, et al., Increased survival with enzalutamide in prostate cancer after chemotherapy. N 
Engl J Med, 2012. 367(13): p. 1187–97. [PubMed: 22894553] 

184. Smith M, et al., Addition of radium-223 to abiraterone acetate and prednisone or prednisolone in 
patients with castration-resistant prostate cancer and bone metastases (ERA 223): a randomised, 
double-blind, placebo-controlled, phase 3 trial. Lancet Oncol, 2019. 20(3): p. 408–419. [PubMed: 
30738780] 

185. Tombal BF, et al., Decreased fracture rate by mandating bone-protecting agents in the EORTC 
1333/PEACE III trial comparing enzalutamide and Ra223 versus enzalutamide alone: An interim 
safety analysis. Journal of Clinical Oncology, 2019. 37(15_suppl): p. 5007–5007.

186. Morris MJ, et al., Updated results: A phase I/IIa randomized trial of radium-223 + docetaxel 
versus docetaxel in patients with castration-resistant prostate cancer and bone metastases. ASCO 
Meeting Abstracts, 2016. 34(15_suppl): p. 5075.

187. Marshall CH, et al., Randomized phase II study of sipuleucel-T (SipT) with or without 
radium-223 (Ra223) in men with asymptomatic bone-metastatic castrate-resistant prostate cancer 
(mCRPC). Journal of Clinical Oncology, 2020. 38(6_suppl): p. 130-130.

188. Morris MJ, et al., Safety and clinical activity of atezolizumab (atezo) + radium-223 dichloride 
(r-223) in 2L metastatic castration-resistant prostate cancer (mCRPC): Results from a phase Ib 
clinical trial. Journal of Clinical Oncology, 2020. 38(15_suppl): p. 5565–5565.

189. Murphy DG, et al., Going nuclear: it is time to embed the nuclear medicine physician in the 
prostate cancer multidisciplinary team. BJU Int, 2019.

190. Iravani A, et al., Lutetium-177 prostate-specific membrane antigen (PSMA) theranostics: 
practical nuances and intricacies. Prostate Cancer Prostatic Dis, 2020. 23(1): p. 38–52. [PubMed: 
31595044] 

Miyahira et al. Page 39

Prostate. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. PSMA PET images taken before and after treatment with 177Lu-PSMA-617 in 8 
patients with mCRPC who exhibited exceptional PSA responses.
This image was selected as the 2018 Society of Nuclear Medicine and Molecular Imaging 

(SNMMI) Image of the Year. Reprinted with author permission from [64].
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Figure 2. Voxel-based dosimetry Imaging.
Voxel-based Monte-Carlo dosimetry was determined using 3 time-point qSPECT/CT 

following 8GBq 177Lu-PSMA617.
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Table 1.

Models for development of PSMA RNT as a “drug” vs. as a “radiopharmaceutical.”

Radiotherapy Model Drug Model

• Use dosimetry to define dose to critical organs

• Don’t exceed known maximum tolerated limits to critical 
organs

• Don’t need dosimetry

• Use phase 1 dose escalation study to determine 
maximum tolerated dose (MTD)

• Disadvantage: limits theoretical, extrapolated from 
external-beam radiotherapy

• Disadvantage: predictable delayed cumulative 
toxicities (MDS / renal) will be missed

• Advantages: predict and avoid delayed toxicities, 
personalise and optimise administered activity

• Advantage: acute toxicities observable and definable
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Table 2.
The multidisciplinary prostate cancer patient management team.

Adapted from [189].

Medical Specialists Nursing and Allied Health Others

Urologist Specialist nurse Researchers

Medical oncologist Psychologist Administrative support

Radiation oncologist Dietician Clinical trial coordinators

Nuclear medicine physician Exercise physiologist Genetic counsellor

Radiologist Physiotherapist General practitioner

Pathologist Intimacy specialist Patient

Endocrinologist
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