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Introduction

Metastatic prostate cancer is a major contributor to worldwide cancer mortality. Androgen 

deprivation therapy (ADT) is a cornerstone of therapy for castration-sensitive disease, now 

being combined with androgen receptor pathway inhibitors (ARPI) or docetaxel in the initial 

treatment of metastatic disease[1, 2]. Prostate cancer is considered castration-resistant when 

there is disease progression despite ADT and castrate levels of serum testosterone (under 

50 ng/dL)[2]. Treatment options for metastatic castration resistant prostate cancer (mCRPC) 

include ARPI, taxane chemotherapies, radium-223, sipuleucel-T immunotherapy, and PARP 

inhibitors for selected patients[3–7]. Despite significant advances, mCRPC is a progressive 

disease, and additional therapies are needed. Over the last decade, targeted radionuclide 

therapy (TRT) against prostate-specific membrane antigen (PSMA) has emerged as a 

promising investigational agent for mCRPC.

PSMA was first described in 1987, when the murine antibody 7E11-C5 was noted to 

react with the cell membranes of the LNCaP prostate cancer cell line[8]. PSMA received 

its name after it was found to be highly restricted to prostatic tissue, with only other 

expression in salivary glands, duodenal brush border, and proximal renal tubule[9]. In 

normal prostatic tissue, PSMA expression is generally present, but in PC, expression 

can be a thousand-fold higher[10]. Expression levels further increase with tumor grade, 

castration-resistance, blockade of AR signaling, and metastatic disease[11–14]. PSMA is a 

100 kD transmembrane enzyme that hydrolyzes folate and increases intracellular glutamate 

levels, which may directly contribute to cancer pathogenesis by activating the PI3K/Akt 

pathway[9].

PSMA TRT involves conjugating radionuclides to antibodies and small molecule-ligands 

directed against PSMA. The most common radionuclide utilized to date is Lutetium-177, 

a beta-emitter with a mean path-length of 0.7 mm and maximum of 1.8 mm[15]. 
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Gamma-ray emission allows for concurrent single photon emission computed tomography 

(SPECT). Actinium-225 has been the most common alpha-emitter utilized. Alpha-emitters 

are thousands of times more potent and can induce double-stranded DNA breaks more 

difficult to repair, but mean path-length is much shorter than beta-emitters (under 0.01 mm)

[15, 16].

Given the expanding investigation of PSMA TRT, this review will discuss the conjugates 

commonly used for PSMA TRT and associated patient outcomes, analyzing both prior 

studies (Table 1) and highlighting ongoing clinical trials.

Antibodies for TRT

7E11-C5—The earliest attempts at PSMA TRT involved the initial antibody found to 

have affinity for PSMA, 7E11, which specifically targets a 19 amino acid-long intracellular 

region of PSMA[9]. Following recognition that it binds to prostate cancer cell membranes, 

7E11 was subsequently developed for imaging and therapeutic purposes, becoming known 

as CYT-356 or capromab pendetide. For imaging, capromab pendetide labeled with the 

radionuclide indium-111 was administered, followed by whole body scintigraphy 2–4 days 

later[17]. Although granted FDA approval in 1996, 111In-capromab pendetide imaging 

(tradename ProstaScint) eventually fell out of favor due to high intra-observer variability 

and days-long delay between nucleotide administration and imaging[18]. Sensitivity for 

detection of metastatic disease has been reported as low as 10%. As capromab pendetide 

was being studied for imaging purposes, there were also attempts to utilize the antibody for 

TRT, by conjugating it to the beta-emitter Yttrium-90. Two pilot studies investigated 90Y­

capromab; both showed absence of radiographic or biochemical response, with significant 

hematological toxicity[19, 20]. The maximum tolerated dose was 9 mCi/m2[20]. The 

ineffectiveness of capromab TRT likely stems from the antibody’s recognition of an internal, 

but not external, domain of PSMA, rendering it unable to bind to viable cancer cells.

J591—The 151 kD J591 monoclonal antibody was developed in 1997 and shown to induce 

internalization of PSMA in prostate cancer cells following binding to an external domain[21, 

22]. It has been conjugated to radionuclides through the chelating agent DOTA. Following 

initial studies demonstrating safety and sensitive tumor targeting of J591 trace-labeled with 

Indium-111, TRT studies were initiated[23]. A phase I dose-escalation trial of 90Y-J591 

demonstrated safety and an early efficacy signal[24]. A separate phase I study tested 

escalating doses of 177Lu-J591, reporting a maximum tolerated dose of 70 mCi/m2[25]. 

A phase II single-dose trial then enrolled 47 patients with mCRPC in 3 cohorts, 15 dosed 

at 65 mCi/m2, 17 dosed at 70 mCi/m2, and then another group dosed at 70 mCi/m2 to 

confirm dose-response and biomarkers[26]. Baseline patient characteristics included median 

PSA 74.4 ng/mL, ECOG score 0–1, 8.4% with liver metastasis, 23.4% with pulmonary 

involvement, and 55.3% having received prior chemotherapy. Those receiving a higher dose 

had more frequent PSA declines and longer survival [Table 2]. Poorer PSMA uptake on 

177Lu or 111In PSMA SPECT was associated with a lower likelihood of PSA response. 

Toxicity included 46.8% with grade 4 thrombocytopenia, which lasted for a median of 7 

days, and 25.5% of patients with grade 4 neutropenia, with severity also related to dose 
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administered (grade 4 neutropenia 37.5% in 70 mCi/m2 vs 0% in 65 mCi/m2 cohort; grade 4 

thrombocytopenia 56.3% vs 27%).

The hypothesis that dose fractionation would be safer at comparable cumulative doses 

with potentially higher efficacy was subsequently explored in a phase I/II dose-escalation 

trial[27]. Forty nine patients were enrolled, initially in a phase I dose-escalation component 

followed by phase IIa dosing in the two dosing cohorts selected for exploration (80 and 

90 mCi/m2 total dose divided into two doses two weeks apart). In this study, patient 

characteristics included median PSA 44.9 ng/mL, 91.8% ECOG 0–1, 36.7% with prior 

chemotherapy, and 18.4% with ARPI. As demonstrated before, there appeared to be a 

dose-dependent response for PSA decline and overall survival, but also higher rates of 

myelosuppression [Table 2]. In addition, those with lower PSMA uptake on 177Lu SPECT 

had lower likelihood of significant PSA decline.

While it was initially thought that 177Lu-J591 radioimmunotherapy could not be combined 

concurrently with chemotherapy, as dose-fractionation proved to be less toxic for 

comparable cumulative doses, a phase I study tested the combination of docetaxel and 

fractionated-dose 177Lu-J591[28]. In this study of 15 patients with mCRPC, patients 

received standard docetaxel (75 mg/m2) in 21-day cycles, with cohorts of escalating 

fractionated doses of 177Lu-J591 during cycle 3 (highest planned total dose 80 mCi/m2). 

Cycle 4 of docetaxel was planned to be delayed by at least 3 weeks, with up to 3 additional 

weeks of delay allowed. This study demonstrated safety of the combination with early 

evidence of activity, with 73% achieving >50% PSA decline. Toxicities were comparable 

to prior 177Lu-J591 studies. Although 2-dose fractionation appears attractive alone or with 

docetaxel, a pilot study exploring “hyper-fractionated” 177Lu-J591 did not demonstrate 

favorable results[29]. In this study, low dose 177Lu-J591 (25 mCi/m2) was administered 

every two weeks until greater than grade 2 toxicity emerged. As designed, dosing was 

limited by myelosuppression (especially thrombocytopenia), but the regimen did not appear 

more favorable than 2-dose fractionation and is also less convenient for patients, so the 

regimen is not being further explored. Ongoing studies include a randomized trial of 177Lu- 

versus 111In-J591 in combination with ketoconazole for those with “non-metastatic” CRPC 

(NCT00859781) and a phase III study of 177Lu-rosapatumab (TLX591, aka 177Lu-J591) 

has been announced[30].

Clearly, myelosuppression is the dose-limiting toxicity of radioimmunotherapy in general. 

Reports of myelodysplasia (MDS) and acute myeloid leukemia (AML) have emerged 

following anti-CD20 radioimmunotherapy for lymphoma, though it is not clear that the 

rate of MDS/AML following RIT is any different than seen in a general population of 

patients with lymphoma who have received chemotherapy[31]. Therefore, there was an 

analysis of extended follow-up of 150 patients who received 177Lu-J591[32]. This study 

demonstrated that 97.3% had platelet count recovery to normal or grade 1 levels and 100% 

recovery of neutrophil counts. All patients otherwise eligible for chemotherapy (i.e. not 

having already received it and having adequate performance status) were able to receive 

subsequent chemotherapy unless they refused.

Sun et al. Page 3

Curr Oncol Rep. Author manuscript; available in PMC 2021 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT00859781


Alpha-emitters are significantly more potent, but have a shorter range than beta-emitters. 

In a first-in human phase I dose-escalation study, 225Ac-J591 was being studied as a 

single dose (NCT03276572)[33]. Preliminary results indicate that the highest planned dose, 

93.3 KBq/kg, was tolerated in the six patients enrolled in that cohort. Out of 22 patients, 

41% experienced over 50% PSA decline. One patient developed grade 4 anemia and 

thrombocytopenia at a lower dose. There were no cases of severe xerostomia and studies 

administering multiple or subsequent doses are underway (NCT04506567, NCT04576871).

PSMA-TTC—Along with 225Ac-J591, another alpha-emitter antibody conjugate under 

investigation is PSMA-TTC (BAY 2315497), which consists of the alpha-emitter 

thorium-227 conjugated to a monoclonal antibody directed against PSMA. Following in 

vitro and murine studies that demonstrated efficacy at doses ranging from 75 to 500 kBq/kg, 

PSMA-TTC has entered a phase I clinical trial (NCT03724747) for patients with progressive 

mCRPC[34].

Differences between antibodies and small molecules

Antibodies and small molecules have clear physical differences in molecular weight, which 

leads to differences in kinetics and biodistribution[35]. Briefly, antibodies are large with a 

long circulation time which may expose organs such as bone marrow to more radiation and 

are often cleared in liver. Small molecules are usually rapidly excreted via the urinary tract, 

but are able to penetrate into PSMA+, off-tumor sites such as renal tubules, salivary/lacrimal 

glands, and small intestine. Based upon these physical differences, it is not surprising 

that a retrospective review of prospective clinical trial data with PSMA-targeted 177Lu 

demonstrated more hematologic toxicity with antibody, while small molecule-based TRT 

was associated with more non-hematologic toxicities (particularly nausea and xerostomia)

[36].

Small molecule ligands for TRT

Imaging ligands—While PSMA-PET has been performed utilizing monoclonal 

antibodies, PSMA-PET utilizing small molecule delivery of a positron-emitting radionuclide 

is more convenient for patients with same-day imaging[37, 38]. The initially most 

studied tracer involves Gallium-68 conjugated to the urea-based small molecule PSMA-11 

(Figure 1)[38]. Since 68Ga-PSMA-11 PET was first described in 2012, it has become 

a highly effective imaging modality for defining both intra-prostatic and metastatic 

disease, particularly at low PSA levels (under 2 ng/mL)[39–41]. Numerous other imaging 

ligands have been developed, including the fluorine-conjugates DCFPyL, PSMA-1007, and 

PSMA-7[42–44]. There are ongoing trials comparing these agents.

131I-MIP-1095—An initial experience of TRT with beta-emitter iodine-131 conjugated 

to the small molecule MIP-1095 was described in 2014[45]. Like all of the initial reports 

of small molecule PSMA-TRT, a retrospective study described 28 patients with mCRPC 

who were treated with a single dose, averaging 4.8 GBq, and 60.7% had PSA decline over 

50%. The normal tissues with the highest absorbed doses were salivary glands (4.6 mSv/

MBq), liver (1.5 mSv/MBq), and kidneys (1.5 mSv/MBq). While hematologic toxicity was 

infrequent (2 patients with grade 3 thrombocytopenia, 1 patient with grade 3 leukopenia), 
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thrombocytopenia was sustained, lasting multiple months. In a subsequent study involving 

36 mCRPC patients, 70.6% experienced over 50% decline in PSA after the initial dose, 

mean 4.2 GBq; median biochemical progression-free survival was 116 days[46]. After PSA 

progression, patients received an additional dose, but declining efficacy and increasing 

toxicities were noted. With the second dose, 65.2% experienced any PSA decline. 13% 

developed grade 3 thrombocytopenia, compared to 5.9% of patients after the first dose. 

13% also developed grade 3 xerostomia, which was not observed after the first dose. 

131I-MIP-1095 TRT has been complicated by high levels of co-emitted gamma radiation, as 

well as difficulties producing and conjugating iodine-131. This drug is now in prospective 

studies (NCT03030885).

PSMA-617—The urea-based small molecule PSMA-617 was developed in Heidelberg, 

Germany and contains a DOTA chelator that allows for it to be conjugated to 

radionuclides[47]. PSMA-617 demonstrates high affinity for PSMA, with rapid clearance 

from plasma within one hour and clearance fully completed by 48 hours[48]. The organs 

that absorb the highest doses are the kidneys (mean 0.75 Gy/GBq) and parotid glands (1.28 

Gy/GBq); absorbed dose for marrow is 0.02 Gy/GBq. By comparison, for 177Lu-J591, 20% 

of infused 177Lu-J591 clears from plasma within three hours, and the remaining 80% has 

a half-life of 39 hours[23]. Absorbed doses in normal organs are highest in the liver (2.1 

Gy/GBq), spleen (1.97 Gy/GBq), and kidneys (1.41 Gy/GBq); for bone marrow, absorbed 

dose is 0.32 Gy/GBq.

In 2015, Ahmadzadehfar et al. reported a retrospective review of 10 patients with 

progressive mCRPC treated with 177Lu-PSMA-617, in which 50% experienced over 50% 

PSA decline[49]. These encouraging results led to the expansion of 177Lu-PSMA-617 

in clinical practice, and this therapy was offered to selected mCRPC patients on a 

compassionate use basis, without standardized treatment protocols or inclusion criteria, 

at multiple centers in Germany. A series of retrospective studies described these 

experiences[48, 50–53]. Rahbar et al. reported the largest group in 2017, involving 145 

patients across 12 centers in Germany[52]. 245 cycles, median dose 5.9 GBq, were 

administered in total in 8–12 week intervals. 45% of the 99 patients with available post­

treatment PSA had decline over 50%; 60% had any PSA decline. Reported adverse events 

included 3% with grade 3/4 leukopenia, 10% with grade 3/4 anemia, and 4% with grade 

3/4 thrombocytopenia. The proportion without post-treatment PSA or safety labs highlights 

issues with retrospective studies.

The first prospective study of 177Lu-PSMA-617 was reported by Hofman et al. in 2018[54]. 

Thirty patients were planned to receive four cycles of therapy in six-week intervals. Patients 

were excluded if SUVmax of their disease on 68Ga-PSMA-11 PET was not 1.5x of liver or 

if there were avid sites of disease on FDG PET that were not visualized on 68Ga-PSMA-11 

PET. Dose per cycle was individualized and dependent upon tumor burden, weight, and 

renal function; average dose was 7.5 GBq. Patient characteristics included: median PSA 

189.9 ng/mL, 87% with prior chemotherapy. 57% of patients had PSA decline over 50%, 

with 20% experiencing decline exceeding 96%. Biochemical progression-free and overall 

survival were 7.6 months and 13.5 months, respectively. High grade toxicities included 

13% with grade 3/4 thrombocytopenia, 13% with grade 3 anemia, and 7% with grade 3 

Sun et al. Page 5

Curr Oncol Rep. Author manuscript; available in PMC 2021 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT03030885


neutropenia. Common adverse events included 87% with grade 1 xerostomia and 50% with 

grade 1/2 nausea. In an expansion cohort of 50 patients, 64% experienced over 50% PSA 

decline, and 44% experienced over 80% PSA decline[55]. In both the initial and expansion 

cohort, there was a significant component of selection; in total, 16 of the 75 patients 

screened were excluded based on imaging criteria. A smaller prospective study involving 

14 patients was reported by Emmett et al[56]. Inclusion criteria and dosing regimen were 

similar. 71% experienced PSA decline, and 36% experienced over 50% decline. Mean 

overall survival was 50 weeks.

Several patient characteristics have correlated with outcome. Independent negative 

prognostic factors have not surprisingly included elevated alkaline phosphatase (ALP) level, 

liver metastases, use of opioid analgesia, and ECOG score over 1 (as previously reported as 

prognostic factors in patients with mCRPC not treated with PSMA-TRT)[51–53, 57–60]. As 

expected, patients with biochemical response have associated higher overall survival[55, 60].

In the majority of patients treated as part of compassionate-use protocols (representing 

the majority of published data), dosing of 177Lu-PSMA-617 has been attempted to be 

individualized based upon predicted dosimetry. It is hypothesized that personalized dosing 

may be the optimal strategy, though some have proposed that higher doses are warranted 

given the relatively low toxicity profile that has been observed and no study has shown 

improved or worsened outcomes with dosimetry-based doses vs empiric dosing[61]. Based 

upon the concepts of dose-response and dose intensity to minimize repopulation, several 

reports of higher or more frequent dosing have been published[62, 63]. The retrospective 

nature of these reports limits applicability. In the only dose-escalation study reported to date, 

NCT03042468 is an ongoing phase I/II study of fractionated dose 177Lu-PSMA-617, with 

a cumulative dose administered two weeks apart[64]. The phase I (dose-escalation) portion 

of the study has been reported, with no dose limiting toxicity at the highest planned dose of 

22.2 GBq administered as a single cycle of fractionated dosing (identical to 177Lu-J591). 

Preliminary results of 44 patients showed that 59.1% experienced >50% PSA decline. While 

in dosimetry studies of 177Lu-PSMA-617, a “sink-effect” has been described with larger, 

more PSMA positive tumors sequestering and absorbing radioactivity, this dose escalation 

study demonstrated better PSA response and progression-free and overall survival without 

differences in toxicity associated with higher doses administered and higher PSMA uptake 

on imaging[64, 65]. Aside from no dose-limiting toxicity, the most common low grade 

toxicities were pain flare (81.8%) and xerostomia (61.4%). RESIST-PC is another phase 

II trial investigating 177Lu-PSMA-617 with different dosing[66]. It aimed to compare 

outcomes in patients treated at either 6 or 7.4 GBq; four cycles were planned, in 8-week 

intervals. The study was stopped early due to sponsor withdrawal. Preliminary results seem 

consistent with other reports with post-treatment PSA decline (38% achieving PSA50) in a 

treatment-refractory patient population with mCRPC and overall good tolerance.

In the only prospective randomized trial reported to date, ANZUP investigators recently 

reported results of the TheraP study[67, 68]. In this study, men with mCRPC and prior 

docetaxel chemotherapy (with or without prior ARPI) are screened with dual PSMA- 

and FDG-PET/CT. Those with significant PSMA uptake and without discordant areas 

(i.e. FDG+ / PSMA-) are randomized to 177Lu-PSMA-617 (dosing at 8.5 GBq with the 
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first cycle and reduced by 0.5 GBq each following q6 week cycle) versus cabazitaxel 

chemotherapy. The primary endpoint of PSA response was met, with 66% versus 37% 

having >50% PSA decline. High grade adverse events were more common overall 

with cabazitaxel chemotherapy, but there was more all-grade xerostomia, dry eye, and 

thrombocytopenia with 177Lu-PSMA-617.

While TheraP utilized the primary endpoint of PSA decline, VISION is a phase III, multi­

institution trial enrolling 750 patients that compares standard of care plus 177Lu-PSMA-617 

against best standard of care alone, with the dual primary endpoints of radiographic 

progression-free and overall survival[69]. The study population includes patients with 

progressive mCRPC who have received prior treatment with both taxane chemotherapy and 

ARPI. Patients must also have PSMA-positive disease on imaging (no soft tissue metastases 

without PSMA uptake). 177Lu-PSMA-617 is to be administered at 7.4 GBq every six 

weeks for up to six cycles. Best standard of care excludes chemotherapy and radium-223. 

The trial completed enrollment in late 2019 with results awaited. Additional randomized 

studies in earlier disease states have been initiated or planned, including the UpfrontPSMA 

study enrolling patients with metastatic castration-sensitive disease, comparing outcomes in 

patients treated with two cycles of 177Lu-PSMA-617 followed by six cycles of docetaxel 

against those treated with docetaxel alone (NCT04343885).

The first clinical experience involving 225Ac-PSMA-617 was described in 2016, in a case 

report of a patient with widely metastatic disease who developed a complete response 

after cancer progression despite 177Lu-PSMA-617[70]. A subsequent retrospective report 

stated that doses above 100 kBq/kg resulted in severe xerostomia, while doses below 50 

kBq/kg were ineffective[16]. Dose absorbed in normal tissue was highest in the kidneys 

(0.74 SvRBE5/MBq) and salivary glands (2.33 SvRBE5/MBq); for marrow, dose absorbed 

was 0.05 SvRBE5/MBq. In the largest cohort to date, 40 patients received three cycles of 

therapy, 100 kBq/kg every two months[71]. 63% had over 50% decline in PSA; biochemical 

progression-free survival was median 7 months. While 31 patients completed the protocol, 

48% of patients experienced severe xerostomia, causing four patients to leave the study. 

More recently, 225Ac-PSMA-617 was explored in mCRPC patients naïve to chemotherapy 

and ARPI (and some naïve to ADT) in South Africa where these treatments are not 

available[72]. To mitigate xerostomia, a dose de-escalation protocol was utilized, such that 

patients who responded to the initial 8 MBq dose would have subsequent dose reductions to 

4–7 MBq. Median three cycles were administered. In this less-treated cohort, responses were 

significant; 14 out of 17 patients experienced over 90% decline in PSA. While all patients 

experienced xerostomia, none had grade 3+.

PSMA-I&T—The small molecule PSMA-I&T (imaging and therapy) was developed in 

Germany in 2015[73]. A peptide linker unit was added to a prior compound to increase 

its lipophilic interaction and affinity to PSMA; it was conjugated to 177Lu through 

DOTAGA. Compared to 177Lu-PSMA-617, 177Lu-PSMA-I&T has similar PSMA-affinity, 

pharmacokinetics, and dosimetry data[73, 74]. An initial retrospective report involving 22 

patients reported 56% had over 30% decline in PSA[75]. A larger report of 56 patients 

who received a total of 125 cycles, mean 5.76 GBq per cycle, found that 58.9% had over 

50% PSA decline and biochemical progression-free survival was 13.7 months[76]. The 
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organs with the highest absorbed doses were the kidney (0.8 mGy/MBq) and parotid gland 

(1.3 mGy/MBq). The largest PSMA-I&T cohort so far was described by Heck et al[77]. 

100 patients, selected based on PSMA expression on imaging, underwent 319 cycles in 

6 to 8-week intervals; mean dose was 7.4 GBq. 47% had over 30% PSA decline, and 

38% had over 50% decline. PSA progression-free and overall survival were 4.1 and 12.9 

months, respectively. 9% experienced grade 3+ anemia, 6% grade 3+ neutropenia, and 

4% grade 3+ thrombocytopenia. The patients included had advanced disease: median PSA 

165 ng/mL, 84% with prior chemotherapy, 35% with visceral metastases. As in the case 

of 177Lu-PSMA-617, liver metastases and elevated ALP are negative prognosticators for 

response to 177Lu-PSMA-I&T[74, 77]. Re-challenge therapy with 177Lu-PSMA-I&T has 

also been utilized[78]. In a cohort of eight patients, who initially received six cycles of 

therapy, two additional cycles were given following PSA progression. As in the case with 

177Lu-PSMA-617 re-challenge, responses were fewer and shorter. While all initially had 

over 50% PSA decline, only 37.5% experienced this with re-challenge. Initial biochemical 

progression-free survival was 12.4 months, compared to 3.3 months with re-challenge. 

177Lu-PSMA I&T (also known as PNT2002] is now moving forward in a planned phase III 

study[79].

Barber et al. compared outcomes after 177Lu-PSMA-I&T therapy in patients who were 

chemotherapy naïve against patients with prior chemotherapy[74]. Given their similar 

properties, PSMA-I&T and PSMA-617 were studied together to form a pool of 167 patients, 

83 pre-treated and 84 chemotherapy-naïve. Overall, patients who were chemotherapy naïve 

were earlier in the disease course; median PSA 33.6 vs. 196.3 ng/mL, 38% vs. 76% with 

prior ARPI. These patients also may have had less aggressive disease, as there was a trend 

of lower Gleason scores. Both groups received median three cycles of therapy, mean 6.3 

GBq/cycle. For the chemotherapy-naïve patients, radiographic progression-free and overall 

survival were 8.8 and 27.1 months, respectively; for the pre-treated patients, those respective 

values were 6 and 10.7 months. On multivariate analysis, prior chemotherapy did not 

predict either survival. As overall survival in the chemotherapy-naïve cohort exceeded that 

of mCRPC who received taxanes as first-line therapy, the authors suggested that PSMA TRT 

is a viable option in both the first-line and progressive mCRPC setting.

Challenges

In addition to logistical issues with needing to administer a drug which includes 

a radionuclide with finite half-life and safety issues to individuals other than the 

patient (mostly from gamma emission), there are other unknown issues surrounding the 

optimization of PSMA-TRT.

Those who promote “theranostics” are in favor of strict patient selection based upon pre­

treatment imaging. While “see and treat” approach makes logical sense, it is less clear that 

positive imaging is required for a response and some with intense imaging do not respond. 

The vast majority of retrospective and prospective publications have utilized various imaging 

thresholds of imaging positivity as a requirement of treatment. Most use some cutoff of 

PSMA SUVmax with relationship to liver uptake. Some as described above also utilize 

FDG-PET to select out those with discordant (FDG positive / PSMA negative) uptake[54]. 
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In addition, within those parameters (i.e. some positive imaging requirement for all treated), 

there is some mixed data that those with stronger pre-treatment PSMA imaging have a better 

outcome following PSMA-TRT[56, 61, 65, 80].

There are a small group of prospective studies that have utilized PSMA imaging as a 

biomarker rather than as entry criteria. All of the radiolabeled J591 studies in prostate cancer 

have not required any evidence of PSMA expression by imaging or immunohistochemistry, 

and this is also true for the dose-escalation studies of 177Lu-PSMA-617 and 225Ac-J591. 

As described above, there was a signal for lower PSMA expression as determined by 

imaging to be associated with a lower chance of PSA decline in the phase II study of 

single-dose 177Lu-J591 and the phase I/II studies of fractionated dose 177Lu-J591 and 

177Lu-PSMA-617[26, 27, 64]. In an analysis of 215 patients treated with PSMA-TRT, all 

with PSMA imaging at baseline that was not used for treatment eligibility, investigators 

confirmed that high PSMA uptake on baseline imaging (as well as higher doses of 

radionuclides administered) was associated with response (PSA50 27.5% vs 8.9% in patients 

classified as having high or low PSMA expression)[81]. However, imaging does not tell 

the whole story as there are a small number with negative imaging that might respond and 

not all those with high PSMA uptake who receive a high dose of radioactivity respond. It 

should be noted that nearly all analyses are relevant for single-agent PSMA-TRT. When 

co-administered with a drug (such as APRI) that might both change PSMA expression and 

increase radiosensitivity, these conclusions may not be valid.

In addition, optimal dosing has not been defined, both in terms of amount of radioactivity 

per administration and interval. Very few dose-escalation studies have been performed. 

In theory, individualized dosing based upon pre-treatment dosimetry might maximize anti­

tumor effect while minimizing toxicity. However, this is difficult to perform in prospective 

studies (in particular with alpha emitters). Intervals ranging from 2 – 14 weeks have been 

employed, none compared to each other. Using the concept of repopulation as a mechanism 

of resistance, more frequent dosing may have benefits, but this needs to be weighed against 

toxicity and a randomized study may be needed.

Anecdotally, re-treatment with the same radionuclide or with alternative radionuclide (for 

instance alpha after beta as described above) has shown efficacy and tolerability. In a 

retrospective study involving 30 patients re-treated with 177Lu-PSMA-617, the patients 

received three additional cycles after progression of disease, median six months after 

completing the initial therapy [82]. 40% experienced PSA50. PSA progression-free survival 

was short, 2.8 months, and median survival was 12 months from the start of re-challenge 

therapy. Toxicity was increased; compared to a 3% incidence of grade 3 anemia in the 

initial cycle, 26.7% of patients had grade 3 hematologic adverse events, including 10% 

with anemia and 13.3% with thrombocytopenia. In Hofman et al.’s prospective study, 15 of 

the 30 patients with biochemical progression continued to receive 177Lu-PSMA-617[55]. 

Re-challenge occurred for a median two cycles and 359 days from the initial start of therapy. 

73% had PSA decline over 50%, compared to 19% of patients who received chemotherapy 

after progression. Overall survival was 26.6 months from enrollment. Compared to their 

initial course, the patients’ biochemical progression-free survival was shorter, median 302 

days vs. 123 days. Of note, while hematologic toxicity was comparable, one patient 
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developed chronic kidney disease after 9 cycles, with GFR declining from 91 to 38 mL/

min. Renal toxicity has been extremely rare in all the studies to date. A safe threshold for 

radiation to the kidney has been estimated as 18 Gy, and with re-challenge therapy, this may 

be exceeded.

However, to date, prediction of acute toxicity has been difficult, as most organ dose limits 

from radiation are based upon external beam radiation which may not be the same as 

radionuclide therapy. In addition, no study has examined long-term toxicity well.

Conclusion and Future Directions

PSMA TRT is a promising investigational therapy for the management of mCRPC and many 

physicians anxiously await widespread availability. There are several ongoing and planned 

trials that seek to define its survival benefit and enhance efficacy while also studying 

different disease populations and combinations. Current and planned combinations include 

PSMA-TRT with ARPI, chemotherapy, PARP inhibitors, and immune checkpoint inhibitors. 

In addition, dual PSMA-TRT combinations are being utilized and studied[83]. In addition to 

predictive imaging factors described above, there may be genetic tumor or host predictors as 

well[84, 85].
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Figure 1. 
Biodistribution of 2 different positron emission tomography imaging agents showing 

different patterns of distribution for 68Ga-PSMA-11 (A) 1 hour after injection of radiotracer 

and Zirconium-89 labeled J591 antibody (B) 3 days after radiotracer injection.
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(Table 1)

Selected Prospective TRT Studies

Study Agent # of 
Patients

Median 
PSA 
(ng/mL)

Dose # of 
Planned 
Cycles

% Over 
50% PSA 
Decline

Overall 
Survival

Progression-
Free Survival

Tagawa 
(2013) [26]

177Lu-J591 47 74.4 65 or 70 
mCi/m2

1 10.6 17.6 
months

12 weeks

Tagawa 
(2019) [27]

177Lu-J591 49 44.9 20–45 
mCi/m2 × 2

1 16.3 23.6 
months

16.7 weeks

Tagawa 
(2020) [33]

225Ac-J591 22 147 13.3–93.3 
kBq/kg

1 41 Pending Pending

Violet 
(2020) [55]

177Lu-
PSMA-617

50 189.8 Median 7.4 
GBq

4 64 13.3 
months

6.9 months

Emmett 
(2019) [56]

177Lu-
PSMA-617

14 88 Mean 7.0 
GBq

4 36 50 weeks N/A

Tagawa 
(2019) [64]

177Lu-
PSMA-617

44 182.97 7.4–22.2 GBq 
x 2

1 61 16 months Pending

Calais 
(2019) [66]

177Lu-
PSMA-617

64 75 6.0 or 7.4 
GBq

4 38 Pending Pending

Hofman 
(2020) [67]

177Lu-
PSMA-617 or 
Cabazitaxel

200 N/A 6–8 GBq 6 66 Pending Pending
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Table 2:

Results of phase I/II studies of single-agent 177Lu-J591: Effect of dose activity administered

Single Dose26 Fractionated Dose27

Cumulative dose 65 mCi/m2 70 mCi/m2 40–70 mCi/m2 80 mCi/m2 90 mCi/m2

“n” 15 32 16 16 17

Any PSA decline 46.7% 65.6% 37.5% 50.0% 87.5%

≥30% PSA decline 13.3% 46.9% 12.5% 25.0% 58.8%

>50% PSA decline 6.7% 12.5% 6.3% 12.5% 29.4%

Median survival 11.9 mo 21.8 mo 14.6 mo 19.6 mo 42.3 mo

Platelets Gr 4 27.0% 56.3% 20.0% 43.8% 58.8%

Platelet transfusion 7.0% 41.0% 0.0% 31.3% 52.9%

Neutropenia Gr 4 0.0% 37.5% 0.0% 31.3% 29.4%

Febrile neutropenia 0.0% 2.1% 0.0% 0.0% 5.8%
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