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ABSTRACT 

Despite significant advances in prostate cancer therapeutic development over the last two decades, 

metastatic prostate cancer remains a lethal disease. Prostate-specific membrane antigen (PSMA), which 

is markedly overexpressed by prostate cancer cells, including at metastatic sites, but have low normal 

tissue expression, has emerged as an important theranostic target for these diseases.  Both beta-emitting 

and alpha-emitting PSMA-targeted radionuclide therapy (RNT) are in clinical development. Several of these 

agents have already shown promising activity, however, a subset of patients have primary resistant disease 

and secondary resistance invariably occurs. Further, the effect of these therapies on healthy organs limit 

their therapeutic window. Elucidating the biology of PSMA, characterising the pharmacokinetic and 

pharmacodynamic properties of PSMA-targeted RNT, as well as mechanisms radio-resistance will facilitate 

therapeutic approaches aimed at improving efficacy and safety. In this review, we provide an overview of 

existing PSMA-targeting RNT and an update on novel combinatorial approaches, such as those with PARP 

inhibitors and immunotherapy, currently under  investigation. 

 

NOTEWORTHY POINTS 

• Numerous PSMA-targeting radionuclides, which include alpha and beta emitters, are currently 

under clinical development. (page 4) 

• The 177Lu conjugated small molecule peptide, 177Lu-PSMA-617, is the most developed PSMA-

targeted RNT with phase 3 outcome data. (page 5) 

• Elucidating the biology of PSMA expression, regulation, and function, will facilitate the development 

of novel, sequential and combinatorial approaches aimed at improving response and safety. (page 

7)  



3 
 

INTRODUCTION 

Prostate cancer is one of the most common causes of male cancer mortality globally (1). Whilst localised 

disease is curable with surgery or radiotherapy, a third of patients present with or develop lethal metastatic 

disease, which is invariably fatal (2,3). Prostate specific membrane antigen (PSMA) has emerged as a 

promising theranostic target for prostate cancer and PSMA-targeted therapies are rapidly changing the 

therapeutic landscape. Clinical trials of PSMA-targeted therapies have demonstrated anti-tumor activity in 

patients with advanced disease, and clinical evaluation in earlier stages of disease and larger randomized 

studies is ongoing(4). To date, several clinical trials have shown that PSMA-targeting radionuclides (RNT) 

is tolerable and effective, however, a subset of patients have primary resistant disease, and secondary 

resistance is inevitable.  In this review, we provide an overview of existing PSMA-targeting RNT and an 

update on therapeutic strategies aimed at minimising toxicity and improving the efficacy of PSMA-targeting 

RNT both as monotherapy and in combination with other agents. 

 

Biology Of PSMA 

PSMA, also known as hydrolase 1 (FOLH1), is a cell-surface, transmembrane aminopeptidase. It consists 

of a large extracellular domain, a small transmembrane domain, and cytoplasmic tail (5). PSMA is 

overexpressed on most prostate cancer cells compared with normal prostatic epithelium, and further 

increased in metastatic and high Gleason score disease(6). However, some PSMA expression is also 

observed on proximal renal tubules, duodenum, salivary and lacrimal glands, and non-myelinated ganglia 

(7). On-target, off-tumor effects at these sites account for some of the treatment-related toxicities of PSMA-

targeted RNT.  

 

The function of PSMA on prostate cancer cells remains incompletely understood. PSMA has multiple 

established physiologic functions. In the duodenum, PSMA is involved in the processing and uptake of 

dietary folates; it cleaves gamma-linked glutamates from polyglutamated folates (known as folate hydrolase 

activity) (8). Prostate cancer cells also demonstrate increased glutamine utilisation, therefore, may in part 

depend on PSMA for nucleotide biosynthesis and metabolism, which in turn impacts cell proliferation and 

invasiveness (9).  

 

PSMA targeting radionuclide (RNT) 

PSMA-targeting tracers can be labelled with different radionuclides for diagnostic purposes or therapeutic 

purposes. These consist of a PSMA-binding domain, a linker and a chelator labelled with various 

radionuclides. The PSMA-targeting small molecules are divided into three types – urea-based, 

phosphorous-based and thiol-based – with the urea-based compounds preferentially used for its superior 

PSMA binding affinity (10). Changing the linker or chelator structure can influence PSMA binding efficacy 

and pharmacokinetics. In addition, adding an albumin binding domain, which effectively increases the 
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agent’s size, has been explored to increase circulation time within tumor vasculature and reduce healthy 

organ circulation time with the goal of reducing on-target, off-tumor associated toxicities (11).  Different 

approaches to modify components of PSMA-RNT have been extensively reviewed elsewhere (12).  

Upon accumulation of the PSMA-targeting tracer at the tumor site, radioactive decay of the alpha or beta-

emitting radionuclides induce DNA strand breaks and cause cell death. Alpha radiation reaches shorter 

range (40-100 m) compared with beta particles (50-12,000 m), but have significantly higher linear energy 

transfer of 5-9 MeV compared with linear energy transfer of 0.1-2.2 MeV of the beta particles (12). Alpha-

emitting radionuclides therefore lead to several ionizing events resulting in DNA double strand breaks 

(DSBs) in a short range(13). This results in more effective tumor kill which is largely independent of cell 

cycle or oxygenation and potentially has less off-target toxicity(14). However, these properties also mean 

that alpha emitting RNT are associated with greater on-target damage to healthy tissue including 

irreversible damage to lacrimal and salivary glands (15). The effectiveness of alpha particles was 

demonstrated by the bone-targeting alpha emitter, radium-223 chloride, which in a phase 3 randomised 

trial was shown to improve overall survival (OS) and delay time to first symptomatic skeletal event in patients 

with metastatic prostate cancer with bone metastases (16). Both PSMA-targeted alpha and beta-emitting 

RNT are now in clinical development (17-22). 

CLINICAL DEVELOPMENT OF PSMA-TARGETED RNT 

Clinical development of beta-emitting PSMA-targeting RNT 

The Lutetium-177 conjugated small molecule peptide, 177Lu-PSMA-617, is the furthest PSMA-targeted RNT 

currently in clinical development. 177Lu has favourable physical characteristics with a short-range  medium-

energy β particle for crossfire to surrounding tumor cells, relatively long half-life of 6.7 days  and low energy 

γ emission that enables RNT administration in an ambulatory setting as well as post treatment dosimetry. 

Promising antitumor activity and modest toxicity was first reported in retrospective case series (18). A meta-

analysis of 10 PSMA RNT trials in patients with metastatic castration-resistant prostate cancer (mCRPC) 

treated with prior enzalutamide and/or abiraterone showed a >50% PSA decline in 51% (123/238) of 

patients (23) (Table 1).  

 

A prospective phase 2 trial conducted in Australia evaluated up to four cycles of 177Lu-PSMA-617 (mean 

radioactivity was 7.5 GBq per cycle) delivered every 6 weeks in mCRPC patients who had progressed after 

most conventional therapies. Thirty-two (64%) of 50 patients achieved the primary endpoint of having PSA 

responses ≥ 50%. Importantly, treatment with 177Lu-PSMA-617 improved quality of life (17,24). Fifteen 

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

received further cycles of 177Lu-PSMA-617 therapy upon confirmation of the presence of adequate PSMA-

expressing metastatic deposit and adequate organ function prior to retreatment. Eleven (73%) of these 

patients had PSA responses ≥ 50%, although the duration of response with retreatment was shorter and 

disease recurrence eventually occurred in all patients (24). Expectedly, PSA decline of ≥ 50% predicted 
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improved OS. Given the OS on this study was 13.3 months, data on longer term effects of LuPSMA on 

marrow and renal function are required especially if this treatment is to be implemented in earlier stages of 

disease.  

 

The randomised phase II TheraP trial compared 177Lu-PSMA-617 (8.5 GBq decreasing by 0.5 GBq per 

cycle, for up to 6 cycles) versus cabazitaxel (20 mg/m2 every 3 weeks) in 200 mCRPC patients with PSMA-

positive scans who had prior treatment with docetaxel. Ninety-one percent also had prior treatment with an 

AR-targeted inhibitor(25). Patients were selected using PSMA and FDG-PET/CT requiring SUVmax ≥20 at 

a site of disease, SUVmax ≥10 at sites of measurable soft tissue metastasis and no site with FDG positive, 

PSMA negative disease. Notably, 28% of patients were ineligible based on these stringent imaging criteria 

(25,26). 177Lu-PSMA-617 led to a significant improvement in PSA responses ≥ 50% compared to 

cabazitaxel (66% vs. 37%). 177Lu-PSMA-617 had a higher rate of thrombocytopenia (Grade 1-2: 18% vs 

5%; Grade 3-4: 11% vs. 0%), xerostomia (Grade 1-2 only: 60% vs. 21%), and dry eyes (Grade 1-2: 30% 

vs. 4%), although the rate of grade 3-4 toxicity was higher with cabazitaxel (54% vs. 35%).  177Lu-PSMA-

617 delayed radiographic and PSA progression compared to Cabazitaxel (hazard ratio 0.63). At 12 months, 

19% had not progressed with 177Lu-PSMA-617 compared to 3% with cabazitaxel, although the median 

progression-free survival was similar at 5.1 months, with a greater benefit for 177Lu-PSMA-617 emerging 

after 6 months. The objective response rate defined by RECIST 1.1 was higher with 177Lu-PSMA-617 (49% 

vs. 24%). Patient-reported outcomes favoured 177Lu-PSMA-617 with significantly less diarrhoea, fatigue, 

hair loss, skin rash, sore hands/feet, dizziness, insomnia and urinary symptoms reported in the patients 

receiving 177Lu-PSMA-617 compared with those receiving cabazitaxel (25,26). 

 

The phase 3 VISION study (NCT03511664) randomized patients who had progressed on at least one novel 

anti-androgen therapy (NAAT) and one or two taxane(s) to receive 177Lu-PSMA-617 (7.4 GBq) (every 6 

weeks for up to 6 cycles) plus standard-of-care (SOC) or SOC alone (1:1 randomization). The study 

reported an improvement in its two alternate primary endpoints, OS (median: 11.3 to 15.3 months, hazard 

ratio: 0.62) and radiologic progression-free survival (median: 3.4 to 8.7 months; hazard ratio: 0.4), in the 

177Lu-PSMA-617 arm. Cabazitaxel and radium-223 were not permitted in the SOC arm and the study initially 

reported a high dropout rate from the control arm that was subsequently improved following site education. 

The side effect profile of 177Lu-PSMA-617 was as expected, with common serious side effects being bone 

marrow suppression (all grade: 47%; grade 3-5: 23%), common low-grade toxicities being xerostomia 

(grade 1-2 only: 39%), nausea and vomiting (all grade: 39%; grade 3-5: 1.5%), and five deaths (1%) on 

study(27). The study will likely see 177Lu-PSMA-617 become part of the mCRPC treatment paradigm, 

initially to be sequenced after chemotherapy and NAAT.  

 

Since a dose-escalation study was never performed for 177Lu-PSMA-617, a phase 1/2 study exploring the 

benefit of a fractionated (2 doses, 2 weeks apart), higher cumulative dose of 177Lu-PSMA-617 (3.75-11.1 
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GBq per fractionated dose) which enrolled 44 men is ongoing. Preliminary results show no dose-limiting 

toxicity and 61% had PSA decline >50% (28).177Lu-labeled DOTAGA-based PSMA ligand, PSMA-I&T, has 

demonstrated a similar biodistribution to 177Lu-PSMA-617 with comparable response and safety profile in a 

retrospective case series of 100 patients who had received prior NAAT and taxane chemotherapy and have 

PSMA-avid disease. PSA decline of ≥50% was achieved in 38 patients and median OS was 12.9 

months(29). Likewise, PSA response of ≥50% was associated with improved OS (median 16.7 vs 7.4 

months) (29). Prospective studies in earlier disease settings, including for the management of neoadjuvant 

disease, and as an earlier line of treatment for mCRPC and HSPC, are ongoing (NCT04297410, 

NCT04647526, NCT04689828, NCT04720157). 

 

PSMA-targeting alpha-emitting radionuclides 

The antitumor activity of alpha-emitting RNT was first demonstrated by Radium-223 dichloride, an alpha-

emitting RNT that binds areas of increased bone turnover, which showed an OS benefit and reduced time 

to first symptomatic skeletal event in patients with mCRPC involving bone (16).  Several alpha-emitting 

PSMA-targeted RNT, including an antibody-based RNT, 225Ac-J591, and the small molecules, 225Ac-PSMA-

617 and PSMA-targeted thorium-227 conjugate (BAY2315497) are in clinical development. The high 

energy, short range (<0.01mm) alpha emissions enables pinpoint tumor targeting which has advantages in 

patients with marrow infiltration due to limited crossfire effect on surrounding bone marrow reserve, 

however, also has limitations in the setting of heterogenous cellular PSMA expression within tumor deposits 

(30,31). 

 

Antibody-based RNT have different pharmacokinetics to small molecules, and have been shown to have 

less uptake in glandular tissue and kidneys but may also have less tumor uptake(32). In a phase 1 clinical 

trial, 22 men (55% had previously received 177Lu-PSMA) received a single dose of 225AC-J591 across 7 

dose levels (13.3-93.3 KBq/kg). To date, one patient receiving 80 KBq/kg had DLT’s with grade 4 

thrombocytopenia and anaemia in the context of prior treatment with 177Lu-PSMA. Thirty-five percent of 

patients to date have had PSA decline >50% and whilst PSMA uptake was not a selection criteria, the vast 

majority of patients had PSMA uptake with SUVmax greater than that seen in the liver (33). This trial has 

recently begun the phase 2a expansion.  

 

Retrospective case series of patients treated with 225Ac-PSMA-617, showed anti-tumor activity in 60-70%, 

including in some patients who had progressed on 177Lu-PSMA. Xerostomia and weight loss were clinically 

significant (34). A recent study evaluating 225Ac-PSMA-617 in 26 mCRPC patients who had progressed on 

abiraterone or enzalutamide, taxane-based chemotherapy, and 177Lu-PSMA and demonstrate PSMA-

ligand uptake on imaging, reported a PSA decline of ≥50% in 17/26 (65%) patients. Median OS of 7.7 

months. Grade 3/4 myelosuppression was seen in a 35%, grade 1/2 renal impairment in 19% and all 

patients had grade 1/2 xerostomia (35). The clinical context in which alpha-emitting RNT will be used, is 
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yet to be defined. Given the distinct physical properties between alpha-particle and beta-particle emitters, 

these therapies may have specific indications based on disease pattern and biology and should be 

compared prospectively. Moreover, given their distinct properties and emerging evidence of antitumor 

activity when alpha and beta-emitting PSMA-targeted therapies are given sequentially,  rational 

combination of these radioisotopes may serve a complementary role when delivered concurrently or 

sequentially.  

COMBINATION STRATEGIES WITH PSMA-TARGETING RNT 

Despite antitumor activity being observed in patients treated with PSMA-targeted RNT, all patients 

invariably develop recurrence or acquired resistance (see Figure 1). In the phase II TheraP trial where 

patients were selected on the basis of PSMA expression on PSMA PET and the absence of discordant 

FDG-PET avid disease, 17/99 (17%) of patients had primary resistance with no decline in PSA(25). 

Purported acquired resistance mechanisms include heterogeneity in or loss of PSMA expression or a failure 

to deliver a sustained lethal dose to the target. Potential strategies to improve PSMA-targeted therapies 

include combining PSMA-targeted therapies with agents that: i) upregulate PSMA expression, ii) increase 

tumor radio-sensitivity, iii) target different PSMA binding sites, iv) or utilize complementary antitumor 

effects(36). To this end, several potential combinations are currently being explored in ongoing clinical 

studies. These include the combination of PSMA-targeting RNT with AR-targeted agents, DNA repair 

inhibitors, immunotherapies, chemotherapy, or a combination of different PSMA-targeting RNT (Table 2).  

Combining androgen receptor blockade and RNT  

There are several mechanisms through which androgen receptor (AR) blockade may synergize with PSMA-

RNT. First, AR blockade has been reported to sensitize to radiotherapy by delaying DNA repair through 

temporal prolongation of repair factor complexes and halting the cell cycle (37). Second, AR blockade has 

been shown to modulate the expression of PSMA, although the exact effect of AR blockade on PSMA 

expression likely hinges on the state of castration. In a study of 20 paired, prostate tumor samples collected 

before and after castration, the expression of PSMA increased in 55% of post-treatment primary tissues 

and 100% of post-treatment metastatic specimens (38). A recent study indicated that AR blockade appear 

to have dichotomous effects on PSMA expression in patients at different disease states (39);  In patients 

with castration-sensitive prostate cancer (CSPC), a significant reduction in 68Ga-PSMA intensity occurred 

in 86% of men as early as nine days after starting androgen blockade, while in patients with CRPC, AR-

blockade caused an increase in PSMA expression (39). Third, treatment with enzalutamide, dutasteride, 

and rapamycin have all been shown to increase the uptake and internalization of 177Lu-PSMA in prostate 

cancer cell lines(40). These studies provide rationale for combining PSMA-targeted RNT and drugs that 

block AR signalling in the castration-resistant setting. They also highlight the need to carefully consider the 

differential impact of AR-blockade on PSMA at different disease stages when designing combinatorial 

approaches. 
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Given existing reported trials of PSMA-targeting RNT are conducted in the castration-resistant setting, the 

effect of hormone sensitivity and androgen deprivation on response to PSMA-targeting therapy is unclear. 

Enza-P (NCT04419402) is a phase II randomized control trial of the combination of enzalutamide and 177Lu-

PSMA versus enzalutamide alone in patients with mCRPC who have previously progressed on docetaxel 

in the setting of hormone sensitive disease but are naive to an androgen-signalling-targeted inhibitor. This 

trial is recruiting 160 mCRPC patients with risk factors that predict for early treatment failure with single 

agent enzalutamide. Patients will be randomised 1:1 to receive either concurrent enzalutamide with up to 

4  doses of 177Lu-PSMA or  enzalutamide alone. This study embeds multi-time point PSMA PET/CT and 

translational biomarkers to investigate the longitudinal effects of enzalutamide on PSMA receptor 

expression on PET scans and circulating tumor cells.  

 

PSMA RNT plus inhibitors of DNA damage repair and radioresistance mechanisms 

Since RNT cause cell damage through DNA strand breaks, the combination of PSMA-targeting RNT with 

inhibitors of DNA repair or DNA damaging agents are likely to be synergistic (41). RNT  induces both DNA 

single strand breaks (SSB) and DSB. Depending on the type of DNA damage incurred, different DNA 

damage sensing and repair mediators such as PARP, ATR and ATM, are triggered.  Specifically, poly-

[ADP-ribose]-polymerase 1 (PARP-1) and PARP-2 are involved in the detection and repair of SSB. DSB 

are either repaired by homologous recombination (key mediators include: BRCA1/2, PALB2, ATM, ATR, 

RAD51, CHEK2, MRE11, XRCC2/3) or error-prone non-homologous end-joining. PARP-1 inhibitors, such 

as olaparib, impair DNA SSB repair; this leads to replication fork arrest and conversion to DSB, which 

require homologous recombination for repair and continued replication(42). Suboptimal repair of DSB in 

the setting of defective homologous recombination in mCRPC tumors with germline (approximately 12%) 

or somatic DNA repair gene defects (approximately 20-25%), lead to vulnerability to PARP inhibition (43). 

Drugs targeting ATR have also shown activity in tumors with ATM loss in preclinical models, and are 

synergistic with PARP inhibition in these models(44).  Other likely targets that could sensitize RNT include 

ATM and DNA-PK inhibitors(45). As such, targeting the various mediators of these repair mechanisms in 

combination of PSMA-targeting RNT can impair repair of DNA strand breaks, mediate radiosensitization 

and improved cell death. Targeting other mechanisms of radioresistance, such as AKT activation, should 

also be considered(46). Since a key mechanism of radiotherapy induced cell death is apoptosis, pro- and 

anti-apoptotic pathways may also be targeted to overcome radioresistance.    As such,  potential synergy 

between PSMA-targeting RNT and drugs targeting potential radioresistance mechanisms warrant further 

evaluation. 

 

The first clinical evidence for combining agents which impair DNA repair and RNT comes from studies of 

Radium-223 dichloride, an alpha emitter. A retrospective analysis showed that the presence of defective 

DNR repair (somatic and/or germline) was associated with improved OS and prolonged reduction in alkaline 

phosphatase(47). Synergy between an ATR inhibitor and Radium-223 has also been demonstrated(48). A 
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phase 1 dose-escalation study is currently ongoing to evaluate the safety and antitumor activity of 177Lu-

PSMA-617 plus olaparib in mCRPC patients who have previously progressed on NAAT and docetaxel 

(NCT03874884). Other DNA repair inhibitors (e.g., targeting ATR kinase, DNA-PK, Pol 1) may also 

synergize with 177Lu-PSMA-617. Strategies to overcome mechanisms of radioresistance have also been 

explored. A non-randomised phase II study combined idronoxil, a synthetic flavonoid derivative with 

radiosensitising properties mediated through the inhibition of NADH oxidase 2 to induce apoptosis and cell 

cycle arrest, with 177Lu-PSMA-617 in mCRPC patients with PSMA-PET avid metastatic disease and no 

discordant FDG-avid disease. This study showed that 63% of patients had a PSA response of >50%. 

Twenty-eight percent of patients experienced anal inflammation attributable to the mode of delivery of 

idronoxil, and other side effects were as expected with 177Lu-PSMA-617(49). Whilst the aforementioned 

strategies appear overall tolerable when combined with PSMA-targeting RNT, whether they truly improve 

efficacy would require randomised clinical evaluation. 

 

Combining 177Lu-PSMA-617 with immune checkpoint inhibitors 

Whilst prostate cancer outcomes have not been significantly impacted by recent advances in cancer 

immunotherapy, there is substantial preclinical and clinical evidence that radiotherapy is 

immunostimulatory. 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 immune recognition at the irradiated site 

(50). Mechanistically, genomic instability in the context of DNA damage and suboptimal repair is associated 

with increased neoantigen formation, antigen presentation, immune recognition and immunogenic cell 

death (51). DNA damage and the release of cytosolic DNA also causes activation of the cGAS-STING, an 

innate immune signalling pathway, which results in the release of type 1 interferon and other pro-

inflammatory cytokines, thereby facilitating an adaptive immune response (52). Moreover, immunogenic 

cell death accompanied by the release of danger associated molecular patterns can induce further immune 

cell recruitment (53). Finally, in a mouse model, PD-L1 in the tumor microenvironment was upregulated 

following treatment with ionizing radiation(54). Specifically, alpha-emitters have been to elicit immunogenic 

response (55), although there is no published study directly comparing of the relative immunogenicity of 

different RNTs in prostate cancer. Taken together these findings suggest that PSMA-targeted RNT may 

have the potential to synergize with immune checkpoint inhibitors.    

 

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-androgens. Patients will 

receive continual dosing with pembrolizumab for up to two years (35 cycles given every 3 weeks) and up 

to 6 doses of 177Lu-PSMA-617 (6 weeks apart).  The co-primary objectives of this study are PSA response 

rate and safety and tolerability of the treatment combination.  This hypothesis is currently being evaluated 

in another phase 1 study in a similar patient population (NCT03805594). This trial embeds three different 
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sequences, a single cycle of 177Lu-PSMA-617 followed by pembrolizumab, both drugs given on the same 

day, and pembrolizumab 21 days prior to 177Lu-PSMA-617. First results report a median radiographic PFS 

of 6.5 months after and a PSA ≥ 50% response rate of 28% (ASCO 21). 

 

Combining RNT and chemotherapy 

Taxane chemotherapy can radiosensitize tumors to the effect of radiation by impairing DNA damage repair, 

improving tumor reoxygenation which in turn sensitizes cells to the effects of radiation and preventing 

accelerated repopulation during radiotherapy(56). Theoretically, chemotherapy can target areas of PSMA 

non-avid disease to prevent their outgrowth after selective killing of PSMA-expressing tumors by PSMA-

targeting RNT. However, the antiproliferative effect of chemotherapy may also reduce cellular sensitivity to 

radiation, although this is less likely to be an issue with alpha-emitting RNT(34).  

 

The UpFrontPSMA study (NCT04343885) is a phase II randomised study comparing 2 sequential doses of 

177Lu-PSMA delivered 6 weeks apart followed by 6 cycles of docetaxel versus docetaxel alone in patients 

with newly diagnosed high-volume metastatic CSPC (i.e. within 12 weeks of diagnosis, and within 4 weeks 

of commencing ADT) based on PSMA-PET scans. This study will shed light on the impact of castration 

sensitivity and 177Lu-PSMA-617  in addition to docetaxel standard-of-care. In this study, a PSMA PET/CT 

will be performed at baseline, within 4 weeks of commencing ADT, then at 12 weeks after commencing 

treatment. The study will enable evaluation of the effect of ADT on PSMA expression by comparing the 

PSMA PET/CT performed prior to ADT commencement and that performed at study entry. Separately, a 

phase 1 trial is evaluating the combination of standard docetaxel (75 mg/m2 every 3 weeks) administered 

with 2 fractionated doses of 177Lu-J591 (initial dose 20 mCi/m2 x2 up to max of 40 mCi/m2 x2) with cycle 3 

in patients with mCRPC. Among the 15 patients enrolled, 11 (73.3%) patients had PSA decline > 50% and 

no dose-limiting toxicity was seen, although three (20%) of patients experienced grade 4 neutropenia  and 

two patients experienced grade 4 thrombocytopenia (57). 

  

Combining different RNTs  

Since different PSMA-targeting antibodies and small molecules may have different extracellular PSMA 

binding sites, co-targeting with multiple agents could result in additive benefit (58). Additionally, given 

different PSMA-RNT have different biodistribution and different toxicity profiles, a combination of different 

agents at lower doses may improve their collective therapeutic window. 

 

In a retrospective analysis of “tandem” PSMA-targeting RNT combining a single lower dose of 225Ac-PSMA-

617 (median: 5.3 MBq) with 177Lu-PSMA-617 (median: 6.9 GBq) in 20 mCRPC patients with inadequate 

responses to 177Lu-PSMA-617, 13/20 (65%) patients had PSA decline > 50%. Xerostomia was generally 

mild (grade 1-2) although formal studies comparing this approach to RNT monotherapy is required (59). In 
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another retrospective case series, 15 patients with confirmed PSMA expression on PSMA PET received 

225Ac-PSMA-617 after disease progression on 177Lu-PSMA. Five had a PSA decline of > 50%. The 

treatment was poorly tolerated with five patients discontinuing treatment due to xerostomia, two patients 

developing grade 2 renal impairment, four patients developing grade 3-4 anaemia, and two patients 

developing grade 3 thrombocytopenia (60). Currently, there are no published results from prospective 

studies of a combination of different PSMA-targeting RNT.  

BIOMARKER SELECTION IN THE ERA OF COMBINATORIAL THERAPIES 

Evaluating intensity of PSMA expression across metastatic sites with PSMA PET offers the advantage of 

selecting patients most likely to respond to PSMA-targeting RNT.  Several studies select patients based on 

PSMA expression on PSMA PET and the absence of discordant FDG-PET avid disease(25,61). The 

relationship between PSMA uptake on imaging and immunohistochemical analysis is also of interest since 

imaging does not capture the heterogeneity of PSMA expression at a cellular level. For example, a study 

showed that the lack of PSMA protein expression on immunohistochemistry predicted for lack of avidity on 

PSMA PET although it is unclear whether a subset of patients who have PSMA-PET negative disease may 

have some level of PSMA expression at a cellular level (62). At the same time, given the heterogeneity of 

PSMA expression at different metastatic sites and discordance between primary and metastatic disease, it 

would be difficult to predict response based on PSMA immunohistochemistry using tissue from a single 

metastatic site (30,62). Moreover, PSMA expression evolves with treatments thereby limiting the utility of 

archival, diagnostic tumor samples for assessing PSMA expression. Finally, the clinical utility of patient 

selection based on PSMA expression in the setting of combination therapies with other efficacious systemic 

therapies is yet to be defined. 

 

Low-energy γ-rays radiation from 177Lu allows for post-treatment scintigraphic imaging that provides 

information including the presence of residual targetable disease, monitoring response and dosimetry 

ascertainment. Dosimetry analysis from our Phase II study established a mean “whole body” tumor dose 

of 14.7 Gy was associated with a PSA response of ≥ 50% at 12 weeks compared with doses of 10.4 Gy 

(p<0.01) as well as a strong correlation between the mean standardized uptake value (SUV) of  PSMA 

expression and ≥ 50% PSA reduction although the SUV threshold for optimal PSMA avidity remains to be 

defined (63).  

 

As expected, PSA response of ≥ 50% has been shown in several studies to associated with improved OS 

in a median range of 16.7 to 18 months compared with 7.4 to 8.7 months in patients with PSA declines of 

<50% (29). Beyond PSA response, FDG-positive molecular tumor volume and PSMA intensity (mean SUV) 

in patients receiving 177Lu-PSMA-617 were most prognostic of OS, followed by LDH, ALP, and bone scan 

index (64). Patients with FDG-positive PSMA-negative that were excluded from the Peter Mac phase 2 trial 

had a poor prognosis with a median OS 2.5 months(65).  
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Combinatorial therapies add further to the complexity. If treatments such as AR blockade can induce PSMA 

expression, then combinatorial studies may be effective in patients with PSMA-negative disease and on-

treatment evaluation of PSMA expression, for example, after AR inhibition alone, may dictate the sequential 

use of PSMA-targeted treatment. Additionally, it is unclear whether treatments such as the combination of 

DNA damage repair inhibitors and PSMA-targeting RNT are only effective in tumors with defective DNA 

repair or are more broadly synergistic.  Finally, the patient’s disease profile may also impact the modality 

chosen, with for example, a preference for treatments with less marrow toxicity in patients who have a 

heavy burden of bone disease. In summary, clinical, molecular and imaging biomarkers should form a part 

of future studies of PSMA-RNT combinations.  

CONCLUSION 

The field of PSMA-targeting RNT has seen rapid progress with promising antitumor activity being observed 

across a number of agents. However, strategies to achieve more durable response and better 

understanding of optimal patient selection and therapeutic resistance remain key ongoing challenges. 

Refinement of the PSMA-RNT molecules to achieve even better targeting is ongoing. Multiple biologically 

rational combinations, including the combination of PSMA-targeting RNT with immunotherapy, DNA 

damaging agents, AR-targeted therapy, and radiosensitisers, are at various stages of clinical development 

and will careful thought about patient selection and dose-schedules. The overall aim is that these 

combinations can be utilized in a biomarker-driven manner to overcome resistance, improve disease 

control, quality of life and OS in patients with lethal prostate cancers.  
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FIGURE 1: Examples of patterns of progression in men with mCRPC undergoing 177Lu-PSMA-617 

therapy. PSA over time and post-therapy quantitative SPECT/CT imaging after each cycle of treatment. 

A) Patient with relatively small volume disease with a complete response. At time of progression, some 

disease has low PSMA expression (arrow: left pelvis) with and response to further cycles is limited. B) 

Patient with PSMA-superscan and exceptional response to treatment. Disease eventually recurred (not 

shown) with diffuse marrow involvement and leucoerythroblastic phenotype. C) Rise in PSA after cycle #1 

but subsequent response cycles #2-4, with subsequent progressive PSMA-avid disease but limited 

response. D) Primary progression. After cycle #3 patient was switched to cabazitaxel with good response 

(not shown). 
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Table 1: Key Prospective Clinical Trials of PSMA-targeting radionuclides in prostate cancer 

 Trial ID (name) Setting Treatment Phase Primary endpoint Outcome 

Neoadjuvant NCT04430192 
(Lutectomy)(66) 
 

High-risk localized or 
locoregional advanced prostate 
cancer with high PSMA uptake  

177Lu-PSMA-617 
(1-2 cycles)  

Phase 1/2 
single arm 

Radiation absorbed dose 
in the prostate and 
involved lymph nodes  

Recruiting 

NCT04297410 

 

Locally advanced prostate 
cancer with PSMA uptake  

177Lu-PSMA-I&T Feasibility Surgical safety. Surgical 
histology. Post-operative 
PSA 

Recruiting 

Metastatic 
hormone 
sensitive 
prostate 
cancer 

NCT04443062 
(Bullseye) 

Oligo-metastatic hormone 
sensitive prostate cancer with 
high PSMA uptake  

177Lu-PSMA-I&T 
vs standard-of-
care (SOC) 

Phase 2 
randomise
d 

Disease progression at 6 
months 

Recruiting (SOC=deferred 
androgen deprivation therapy) 

NCT04343885  
(UpFrontPSMA)(67
) 

Newly diagnosed high-volume 
metastatic hormone-naive 
prostate cancer 
 

177Lu-PSMA-617 
followed by 
docetaxel vs. 
docetaxel 

Phase 2  
randomize
d 

Undetectable PSA rate at 
12 months 

Recruiting 
 

NCT04720157 
(PSMAddition) 

Metastatic hormone-sensitive 
prostate cancer 

177Lu-PSMA-617 
+ SOC vs. SOC 

Phase 3 rPFS Recruiting 
 

Metastatic 
castration-
resistant 
prostate 
cancer  

NCT03042468 
(68) 

mCRPC (n=44). Prior taxane 
chemotherapy and at least one 
line of prior NAAT 

177Lu-PSMA-617  
2 weeks apart 

Phase 1/2 
single arm 

DLT, MTD , R2PD No DLT at any pre-planned dose.  
RP2D: 22.2 GBq per cycle 

ANZCTR 
12615000912583 
Published  (17,61) 

mCRPC (n=50; 30 in initial; 20 
in expansion). At least one line 
of prior taxane chemotherapy. 

177Lu-PSMA-617  Phase 2 
single arm 

% patients with ≥50% 
PSA decline 
 

≥50% PSA decline: 64% 
  

NCT03392428 
(TheraP) 

mCRPC (n = 200) for whom 
cabazitaxel was considered the 
appropriate next line of 
treatment. Previous treatment 
with NAAT permitted.   

177Lu-PSMA-617 
vs. cabazitaxel  

Phase 2 
randomise
d 

% patients with ≥50% 
PSA decline 
 

PSA decrease ≥50% from 
baseline: 66% of vs. 37%, 
favouring 177Lu-PSMA-617, 
p<0.0001. 

NCT03511664 
(VISION) 

mCRPC (n=831). Prior taxane 
chemotherapy and NAAT 

177Lu-PSMA-617 
+ SOC vs. SOC 
(2:1) 

3 OS, rPFS OS: 15.3 vs. 11.3 months 
favouring 177Lu-PSMA-617; HR: 
0.62, p<0.001.  

NCT04689828 
(PSMAfore) 
 

mCRP (n=495). Prior NAAT,  177Lu-PSMA-617  
vs. abiraterone 
or enzalutamide 
(2:1)  

3 rPFS Recruiting  

NCT04647526 
(SPLASH) 

mCRPC with PSMA PET 
positive disease. Prior NAAT & 
chemotherapy, except for in the 
HSPC setting, is not permitted.   

177Lu-PSMA-I&T 
vs abiraterone 
or enzalutamide 
(2:1)  

3 rPFS Recruiting 

mCRPC = metastatic castration resistant prostate cancer; NAAT = novel antiandrogen; OS = overall survival; rPFS = radiologic progression-free survival; OS = overall survival; 

DLT = dose limiting toxicity; MTD = maximum tolerated dose; RP2D = recommended phase 2 dose 
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Table 2: Key PSMA-targeting RNT combination studies 

Combination strategy Trial ID (name) Setting Treatment Phase 

RNT plus immune 
checkpoint inhibitor 

NCT03805594  
 

mCRPC 
PSMA PET positive at at 
least 3 metastatic sites 
 
Prior treatment with NAAT 
Prior chemotherapy, 
except for in the HSPC 
setting, is not permitted.   

177Lu-PSMA-617 and 
pembrolizumab 

1 

NCT03658447 
(PRINCE) 
 

mCRPC 
Prior treatment with NAAT 
Prior docetaxel permitted 

177Lu-PSMA-617 and 
pembrolizumab 

1/2 

RNT plus 
radiosensitiser 

NCT03511664 
(LuPIN) 

mCRPC  
Prior treatment with taxane 
and NAAT  

177Lu-PSMA-617 and 
Idronoxil 
 

1/2 

RNT plus PARP 
inhibitor 

NCT03874884 
(LuPARP) 

mCRPC 
Prior treatment with NAAT 
and taxane chemotherapy 

177Lu-PSMA-617 plus 
Olaparib  

1 

RNT plus novel anti-
androgen therapy 

NCT04419402 
(ENZA-p) 

mCRPC with PSMA 
positive disease previously 
treated with abiraterone.  
 
Prior chemotherapy, 
except for in the HSPC 
setting, is not permitted.   
 

177Lu-PSMA-617 plus 
enzalutamide vs. 
enzalutamide 

2 

 

 



16 
 

REFERENCES 

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: 
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA 
Cancer J Clin. 2018;68:394-424. 

 
2. Sartor O, de Bono JS. Metastatic Prostate Cancer. N Engl J Med. 2018;378:1653-1654. 

 
3. Bandini M, Pompe RS, Marchioni M, et al. Improved cancer-specific free survival and overall 
free survival in contemporary metastatic prostate cancer patients: a population-based study. Int Urol 
Nephrol. 2018;50:71-78. 

 
4. Miyahira AK, Pienta KJ, Babich JW, et al. Meeting report from the Prostate Cancer 
Foundation PSMA theranostics state of the science meeting. Prostate. 2020;80:1273-1296. 

 
5. Meighan MA, Dickerson MT, Glinskii O, Glinsky VV, Wright GL, Jr., Deutscher SL. 
Recombinant glutamate carboxypeptidase II (prostate specific membrane antigen--PSMA)--cellular 
localization and bioactivity analyses. J Protein Chem. 2003;22:317-326. 

 
6. Wright GL, Haley C, Beckett ML, Schellhammer PF. Expression of prostate-specific membrane 
antigen in normal, benign, and malignant prostate tissues. Urologic Oncology: Seminars and Original 
Investigations. 1995;1:18-28. 

 
7. Rischpler C, Beck TI, Okamoto S, 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;59:1406-
1411. 

 
8. Pinto JT, Suffoletto BP, Berzin TM, et al. Prostate-specific membrane antigen: a novel folate 
hydrolase in human prostatic carcinoma cells. Clin Cancer Res. 1996;2:1445-1451. 

 
9. Ghosh A, Wang X, Klein E, Heston WDW. Novel Role of Prostate-Specific Membrane Antigen 
in Suppressing Prostate Cancer Invasiveness. Cancer Research. 2005;65:727-731. 

 
10. Kopka K, Benešová M, Bařinka C, Haberkorn U, Babich J. Glu-Ureido-Based Inhibitors of 
Prostate-Specific Membrane Antigen: Lessons Learned During the Development of a Novel Class of 
Low-Molecular-Weight Theranostic Radiotracers. J Nucl Med. 2017;58:17s-26s. 

 
11. Kelly JM, Amor-Coarasa A, Ponnala S, et al. A Single Dose of (225)Ac-RPS-074 Induces a 
Complete Tumor Response in an LNCaP Xenograft Model. J Nucl Med. 2019;60:649-655. 

 
12. Ruigrok EAM, van Weerden WM, Nonnekens J, de Jong M. The Future of PSMA-Targeted 
Radionuclide Therapy: An Overview of Recent Preclinical Research. Pharmaceutics. 2019;11. 

 



17 
 

13. Graf F, Fahrer J, Maus S, et al. DNA double strand breaks as predictor of efficacy of the 
alpha-particle emitter Ac-225 and the electron emitter Lu-177 for somatostatin receptor targeted 
radiotherapy. PLoS One. 2014;9:e88239. 

 
14. Morgenstern A, Apostolidis C, Kratochwil C, Sathekge M, Krolicki L, Bruchertseifer F. An 
Overview of Targeted Alpha Therapy with (225)Actinium and (213)Bismuth. Curr Radiopharm. 
2018;11:200-208. 

 
15. Kratochwil C, Bruchertseifer F, Rathke H, et al. Targeted α-Therapy of Metastatic Castration-
Resistant Prostate Cancer with (225)Ac-PSMA-617: Swimmer-Plot Analysis Suggests Efficacy 
Regarding Duration of Tumor Control. J Nucl Med. 2018;59:795-802. 

 
16. Parker C, Nilsson S, Heinrich D, et al. Alpha emitter radium-223 and survival in metastatic 
prostate cancer. N Engl J Med. 2013;369:213-223. 

 
17. Hofman MS, Violet J, Hicks RJ, 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;19:825-833. 

 
18. Rahbar K, Ahmadzadehfar H, Kratochwil C, et al. German Multicenter Study Investigating 
177Lu-PSMA-617 Radioligand Therapy in Advanced Prostate Cancer Patients. J Nucl Med. 
2017;58:85-90. 

 
19. Ahmadzadehfar H, Eppard E, Kürpig S, et al. Therapeutic response and side effects of 
repeated radioligand therapy with 177Lu-PSMA-DKFZ-617 of castrate-resistant metastatic prostate 
cancer. Oncotarget. 2016;7:12477-12488. 

 
20. Rahbar K, Bode A, Weckesser M, 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;41:522-528. 

 
21. Kratochwil C, Giesel FL, Stefanova M, et al. PSMA-Targeted Radionuclide Therapy of 
Metastatic Castration-Resistant Prostate Cancer with 177Lu-Labeled PSMA-617. J Nucl Med. 
2016;57:1170-1176. 

 
22. Fendler WP, Reinhardt S, Ilhan H, et al. Preliminary experience with dosimetry, response and 
patient reported outcome after 177Lu-PSMA-617 therapy for metastatic castration-resistant 
prostate cancer. Oncotarget. 2017;8:3581-3590. 

 
23. Calopedos RJS, Chalasani V, Asher R, Emmett L, Woo HH. Lutetium-177-labelled anti-
prostate-specific membrane antigen antibody and ligands for the treatment of metastatic castrate-
resistant prostate cancer: a systematic review and meta-analysis. Prostate Cancer Prostatic Dis. 
2017;20:352-360. 

 



18 
 

24. Violet J, Sandhu S, Iravani A, 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. 

 
25. Hofman MS, Emmett L, Violet J, et al. TheraP: a randomized phase 2 trial of 177Lu-PSMA-617 
theranostic treatment vs cabazitaxel in progressive metastatic castration-resistant prostate cancer 
(Clinical Trial Protocol ANZUP 1603). BJU International. 2019;124:5-13. 

 
26. Hofman MS, Emmett L, Sandhu SK, 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;38:5500-5500. 

 
27. Morris MJ, Bono JSD, Chi KN, et al. Phase III study of lutetium-177-PSMA-617 in patients with 
metastatic castration-resistant prostate cancer (VISION) 

Journal of Clinical Oncology. 2021;39:LBA4. 

 
28. Tagawa ST, Osborne JR, Hackett A, 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. Vol 30; 2020:329. 

 
29. Heck MM, Tauber R, Schwaiger S, 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;75:920-926. 

 
30. Paschalis A, Sheehan B, Riisnaes R, et al. Prostate-specific Membrane Antigen Heterogeneity 
and DNA Repair Defects in Prostate Cancer. European Urology. 2019;76:469-478. 

 
31. Dhiantravan N, Hofman MS, Ravi Kumar AS. Actinium-225 Prostate-specific Membrane 
Antigen Theranostics: Will alpha Beat beta? Eur Urol. 2021;79:351-352. 

 
32. Tagawa ST, Milowsky MI, Morris M, et al. Phase II Study of Lutetium-177–Labeled Anti-
Prostate-Specific Membrane Antigen Monoclonal Antibody J591 for Metastatic Castration-Resistant 
Prostate Cancer. Clinical Cancer Research. 2013;19:5182-5191. 

 
33. Tagawa ST, Osborne J, Niaz MJ, 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;38:114-114. 

 
34. Kratochwil C, Haberkorn U, Giesel FL. (225)Ac-PSMA-617 for Therapy of Prostate Cancer. 
Semin Nucl Med. 2020;50:133-140. 

 



19 
 

35. Feuerecker B, Tauber R, Knorr K, et al. Activity and Adverse Events of Actinium-225-PSMA-
617 in Advanced Metastatic Castration-resistant Prostate Cancer After Failure of Lutetium-177-
PSMA. Eur Urol. 2021;79:343-350. 

 
36. Ravi Kumar AS, Hofman MS. Mechanistic Insights for Optimizing PSMA Radioligand Therapy. 
Clin Cancer Res. 2020;26:2774-2776. 

 
37. Sekhar KR, Wang J, Freeman ML, Kirschner AN. Radiosensitization by enzalutamide for 
human prostate cancer is mediated through the DNA damage repair pathway. PLOS ONE. 
2019;14:e0214670. 

 
38. Wright GL, Jr., Mayer Grob B, Haley C, et al. Upregulation of prostate-specific membrane 
antigen after androgen-deprivation therapy. Urology. 1996;48:326-334. 

 
39. Emmett L, Yin C, Crumbaker M, 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;60:950-954. 

 
40. Kranzbühler B, Salemi S, Umbricht CA, et al. Pharmacological upregulation of prostate-
specific membrane antigen (PSMA) expression in prostate cancer cells. The Prostate. 2018;78:758-
765. 

 
41. Cullinane C, Waldeck K, Kirby L, et al. Enhancing the anti-tumour activity of 177Lu-DOTA-
octreotate radionuclide therapy in somatostatin receptor-2 expressing tumour models by targeting 
PARP. Scientific Reports. 2020;10:10196. 

 
42. Mateo J, Boysen G, Barbieri CE, et al. DNA Repair in Prostate Cancer: Biology and Clinical 
Implications. Eur Urol. 2017;71:417-425. 

 
43. Mateo J, Carreira S, Sandhu S, et al. DNA-Repair Defects and Olaparib in Metastatic Prostate 
Cancer. N Engl J Med. 2015;373:1697-1708. 

 
44. Neeb A, Herranz N, Arce-Gallego S, et al. Advanced Prostate Cancer with ATM Loss: PARP 
and ATR Inhibitors. European Urology. 2021;79:200-211. 

 
45. Fok JHL, Ramos-Montoya A, Vazquez-Chantada M, et al. AZD7648 is a potent and selective 
DNA-PK inhibitor that enhances radiation, chemotherapy and olaparib activity. Nat Commun. 
2019;10:5065. 

 
46. Bussink J, van der Kogel AJ, Kaanders JH. Activation of the PI3-K/AKT pathway and 
implications for radioresistance mechanisms in head and neck cancer. Lancet Oncol. 2008;9:288-296. 

 



20 
 

47. Doelen MJvd, Velho PI, Slootbeek PHJ, et al. Overall survival using radium-223 (Ra223) in 
metastatic castrate-resistant prostate cancer (mCRPC) patients with and without DNA damage repair 
(DDR) defects. Journal of Clinical Oncology. 2020;38:121-121. 

 
48. Wengner AM, Siemeister G, Luecking U, et al. Abstract 838: Synergistic <em>in vivo</em> 
activity of the ATR inhibitor BAY 1895344 in combination with the targeted alpha therapy radium-
223 dichloride in a preclinical tumor model mimicking bone metastatic castration-resistant prostate 
cancer (mCRPC). Cancer Research. 2018;78:838-838. 

 
49. Crumbaker M, Pathmanandavel S, Yam AO, et al. Phase I/II Trial of the Combination of 
<sup>177</sup>Lutetium Prostate specific Membrane Antigen 617 and Idronoxil (NOX66) in Men 
with End-stage Metastatic Castration-resistant Prostate Cancer (LuPIN). European Urology Oncology. 

 
50. Ngwa W, Irabor OC, Schoenfeld JD, Hesser J, Demaria S, Formenti SC. Using immunotherapy 
to boost the abscopal effect. Nature Reviews Cancer. 2018;18:313-322. 

 
51. Brown JS, Sundar R, Lopez J. Combining DNA damaging therapeutics with immunotherapy: 
more haste, less speed. Br J Cancer. 2018;118:312-324. 

 
52. Bakhoum SF, Ngo B, Laughney AM, et al. Chromosomal instability drives metastasis through 
a cytosolic DNA response. Nature. 2018;553:467-472. 

 
53. Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic Cell Death in Cancer Therapy. Annual 
Review of Immunology. 2013;31:51-72. 

 
54. Philippou Y, Sjoberg HT, Murphy E, et al. Impacts of combining anti-PD-L1 immunotherapy 
and radiotherapy on the tumour immune microenvironment in a murine prostate cancer model. 
British Journal of Cancer. 2020;123:1089-1100. 

 
55. Gorin JB, Guilloux Y, Morgenstern A, Chérel M, Davodeau F, Gaschet J. Using α radiation to 
boost cancer immunity? Oncoimmunology. 2014;3:e954925. 

 
56. Seiwert TY, Salama JK, Vokes EE. The concurrent chemoradiation paradigm—general 
principles. Nature Clinical Practice Oncology. 2007;4:86-100. 

 
57. Tagawa ST, Whang YE, Kaur G, 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;32:5064-5064. 

 
58. Smith-Jones PM, Vallabahajosula S, Goldsmith SJ, et al. In vitro characterization of 
radiolabeled monoclonal antibodies specific for the extracellular domain of prostate-specific 
membrane antigen. Cancer Res. 2000;60:5237-5243. 

 



21 
 

59. Khreish F, Ebert N, Ries M, et al. 225Ac-PSMA-617/177Lu-PSMA-617 tandem therapy of 
metastatic castration-resistant prostate cancer: pilot experience. European Journal of Nuclear 
Medicine and Molecular Imaging. 2020;47:721-728. 

 
60. Feuerecker B, Knorr K, Beheshti A, et al. Safety and Efficacy of Ac-225-PSMA-617 in mCRPC 
after Failure of Lu-177-PSMA. Journal of Medical Imaging and Radiation Sciences. 2019;50:S20-S21. 

 
61. Violet J, Sandhu S, Iravani A, 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. Journal of Nuclear Medicine. 
2019:jnumed.119.236414. 

 
62. Ferraro DA, Rüschoff JH, Muehlematter UJ, et al. Immunohistochemical PSMA expression 
patterns of primary prostate cancer tissue are associated with the detection rate of biochemical 
recurrence with <sup>68</sup>Ga-PSMA-11-PET. Theranostics. 2020;10:6082-6094. 

 
63. Violet J, Jackson P, Ferdinandus 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;60:517-523. 

 
64. Ferdinandus J, Violet J, Sandhu S, et al. Prognostic biomarkers in men with metastatic 
castration-resistant prostate cancer receiving [177Lu]-PSMA-617. Eur J Nucl Med Mol Imaging. 2020. 

 
65. Thang SP, Violet J, Sandhu S, 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;2:670-676. 

 
66. Dhiantravan N, Violet J, Eapen R, et al. Clinical Trial Protocol for LuTectomy: A Single-arm 
Study of the Dosimetry, Safety, and Potential Benefit of (177)Lu-PSMA-617 Prior to Prostatectomy. 
Eur Urol Focus. 2021;7:234-237. 

 
67. Dhiantravan N, Emmett L, Joshua AM, et al. UpFrontPSMA: a randomized phase 2 study of 
sequential (177) Lu-PSMA-617 and docetaxel vs docetaxel in metastatic hormone-naive prostate 
cancer (clinical trial protocol). BJU Int. 2021. 

 
68. Tagawa ST, Vallabhajosula S, Christos PJ, 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;125:2561-2569. 

 

 


