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Castration-resistant prostate cancer (CRPC) is a therapy-resistant and lethal form of prostate cancer as well as a therapeutic challenge. Prostate-specific membrane antigen (PSMA) has been proved as a promising molecular target for optimizing the theranostics for CRPC patients. When combined with PSMA radiotracers, novel molecular imaging techniques such as positron emission tomography (PET) can provide more accurate and expedient identification of metastases when compared with conventional imaging techniques. Based on the PSMA-based PET scans, the accurate visualization of local and disseminative lesions may help in metastasis-directed therapy. Moreover, the combination of 68Ga-labeled PSMA-based PET imaging and radiotherapy using PSMA radioligand therapy (RLT) becomes a novel treatment option for CRPC patients. The existing studies have demonstrated this therapeutic strategy as an effective and well-tolerated therapy among CRPC patients. PSMA-based PET imaging can accurately detect CRPC lesions and describe their molecular features with quantitative parameters, which can be used to select the best choice of treatments, monitor the response, and predict the outcome of RLT. This review discussed the current and potential role of PSMA‐based imaging and RLT in the diagnosis, treatment, and prediction of prognosis of CRPC.
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INTRODUCTION
Prostate cancer (PCa) has 1.3 million new cases each year worldwide, making it the second most prevalent cancer among men (Sung et al., 2021). Since Huggins and Hodges discovered the hormone dependence of PCa in 1941, androgen deprivation therapy (ADT) has become the mainstay for treating PCa (Hansson et al., 2016). Most of the PCa tumors are initially sensitive to ADT but develop resistance ultimately and transform into castration-resistant prostate cancer (CRPC), which represents the lethal form of PCa (Shafi et al., 2013; He et al., 2020).
The diagnosis of CRPC depends on the occurrence of biochemical and/or radiological progression in a castration environment (castrate serum testosterone < 50 ng/dl or 1.7 nmol/l). At present, conventional imaging modalities (CIMs), such as magnetic resonance imaging (MRI), abdominopelvic computed tomography (CT), and whole-body bone scans (BS) are still recommended as the standard imaging techniques to evaluate radiological progression. However, CIMs may delay the diagnosis of CRPC due to the lack of accuracy in identifying metastases, therefore postponing the necessary therapy switch. More powerful imaging tools are needed to identify CRPC earlier and timely to trigger subsequent treatments.
Over the last decades, chemotherapeutic drugs, such as cabazitaxel and docetaxel, second-generation inhibitors of the androgen-receptor signaling, such as enzalutamide and abiraterone acetate, as well as radium-223 have improved the clinical benefits of patients with CRPC. However, as the disease progresses, these treatments eventually become useless. Furthermore, the lack of reliable markers to well predict the outcome of CRPC patients remains a challenge in the management of CRPC patients.
In the last two decades, PSMA (a 750–amino acid type II transmembrane glycoprotein) has been demonstrated as a potential diagnostic and therapeutic target for PCa (O'Keefe et al., 2018). It has several advantages when compared with the other molecular markers used in PCa. First, PSMA is highly expressed in PCa, bone metastasis, lymph node, and nearly all stages of the disease but has a low expression in normal prostatic tissues (Sweat et al., 1998). As reported, the PSMA expression in PCa can be elevated by 100–1,000 folds when compared with the benign prostatic tissues (Silver et al., 1997). Second, an increase in the pathologic stage, tumor grade, and biochemical recurrence can enhance PSMA expression. In particular, PSMA expression increases extremely when PCa tumors progress into a castration‐resistant stage (Paschalis et al., 2019). Third, the internalization of PSMA by tumor cells may help in targeted therapies (Nguyen et al., 2016).
Of late, in clinical practice, PET scans are usually combined with cross-sectional imagings like CT to form the positron emission CT (PET/CT). Therefore, PET/CT that combines the molecular advantages of PET and morphologic features of CT is superior to the CIMs for the diagnosis and monitoring of various cancer types including PCa. Moreover, when combined with PSMA radiotracers, PET/CT showed remarkable sensitivity and specificity in the field of PCa (Fendler et al., 2019a). Of late, the US Food and Drug Administration has approved 68Ga-PSMA-11 (Carlucci et al., 2021) and 18F-DCFPyL (Song et al., 2022) as novel PET imaging tracers for PCa. Given the superiority compared with CIMs, PMSA-based PET/CT is expected to optimize the diagnosis of CRPC.
Radioligand therapy (RLT), targeting the PSMA, showed desired antitumor effects by combining the therapeutic radionuclides with the PSMA ligands and delivering a high-radiation dose to the targeted tumor cells (Sgouros et al., 2020). Alpha- or beta-emitting radionuclides, such as Actinium-225 (225Ac) and Lutetium-177 (177Lu), respectively, can be used to label PSMA ligands. Figure 1 shows how radiolabeled ligands bind with PSMA on PCa cells and serve as imaging and radioligands therapeutic tools. Moreover, quantitative parameters derived from PSMA-based PET/CT alone or from the combination with 18-fluorodeoxyglucose (18F-FDG) PET/CT have been proven to be predictive of the outcome of patients before receiving RLT, thereby improving the selection of the best choice of management option and drug at an individual level.
[image: Figure 1]FIGURE 1 | PSMA as a transmembrane glycoprotein consists of three parts: intracellular, transmembrane, and extracellular domain. There is a ligand binding site in the extracellular domain where ligands bind with PSMA on prostate cancer cells. PSMA ligands (such as PSMA-11 and PSMA-617) can be labeled with radionuclides for imaging (such as 68Ga and 18F) and/or therapy (such as 177Lu and 225Ac). After radiolabeled PSMA ligands bind with the extracellular ligand binding site of PSMA, they would be internalized into prostate cancer cells, releasing different particles. Alpha(α) and beta(β) particles can cause DNA damage leading to cancer cell death and be used in PSMA RLT. Gamma (γ) particles can be detected using PET scans and be used in PET/CT imaging.
CRPC has always been a bottleneck for PCa, which calls for continuous exploration. Based on the current research, the emergence of PSMA-based PET scans and RLT has brought hope to tackle the problems in the diagnostic, therapeutic, and prognostic field of CRPC. This review aims to discuss the current role of PSMA‐based imaging and RLT in CRPC.
Diagnostic role of prostate-specific membrane antigen-based imaging in castration-resistant prostate cancer patients
The biochemical progression and/or radiological progression of PCa with castrated serum testosterone < 50 ng/dl or 1.7 nmol/l refer to as CRPC. CRPC can be divided into metastatic CRPC (mCRPC) and nonmetastatic CRPC (nmCRPC) according to the distant metastasis state based on the reports of CIMs. The biochemical progression is defined as three consecutive increases in the prostate-specific antigen (PSA), which results in a two-time 50% increase from the baseline PSA level, reaching > 2 ng/ml (Cornford et al., 2021) or PSA > 1 ng/ml (Scher et al., 2016). On the other hand, conventional cross-sectional imagings by either CT or MRI and BS are still recommended as standard staging tools to evaluate radiological progression in patients suspected of CRPC (Cornford et al., 2021).
Superiority of prostate-specific membrane antigen-based imaging over conventional imaging modalities
The conventional imaging techniques, such as CT and MRI, have a limited accuracy to detect metastatic PCa lesions in lymph nodes and bones. In a pooled analysis of 18 clinical studies, CT showed a limited sensitivity [42% (95% CI 26–56%)] for the detection of metastatic lymph nodes (Hovels et al., 2008). Due to the low specificity and sensitivity, conventional imaging techniques seem unable to provide an accurate overall tumor burden. In a different way, the PSMA-PET/CT has demonstrated an unprecedented accuracy in the initial staging or restaging when the biochemical relapse of PCa occurs after treatments with curative intent. A 27% greater accuracy of the PSMA-PET/CT was found in the Phase 3 clinical trial by Hofman et al. when compared with the conventional imaging techniques, which translated into modulations in the management (Hofman et al., 2020). At present, there is also solid evidence of the restaging efficacy of PSMA-PET/CT in men with CRPC (Pandit-Taskar et al., 2015; Pyka et al., 2016; Rowe et al., 2016). Figure 2 showed the imagings of a 56-year-old patient with an initial diagnosis as nmCRPC according to the results from CIMs, for whom PSMA-PET detected evidence of distant metastatic lesions on the left fifth rib.
[image: Figure 2]FIGURE 2 | Imaging of a 56-year-old patient with Gleason score 7 prostate cancer and rising PSA following laparoscopic prostatectomy. PSA was 1.51 ng/ml at the time of the PET scan. PSMA-PET maximum-intensity projection, axial slides, and axial fused PET/CT revealed metastasis bone lesion on the left fifth rib (where the red arrows pointed to) with a SUVmax of 5.1 (B,D,E). The lesion was not detected on the (A) Bone scan and (C) CT scan performed simultaneously.
In 2019, Frendler et al. employed the PSMA-based PET to evaluate tumor burden in 200 patients who were diagnosed as nmCRPC via CIMs. However, based on the reevaluation of PSMA-based PET scans, 55% showed evidence of distant metastases (M1 stage) leading to a stage migration from nmCRPC to mCRPC (Fendler et al., 2019b). Likewise, Weber et al. confirmed that the PSMA-based PET/CT had a higher detection rate when compared with that of CIMs among the 55 patients with early CRPC (serum PSA ≤ 3 ng/ml) (Weber et al., 2021). Fourquet et al. analyzed a total of 30 patients with an increase in their serum PSA levels after medical castration; as a result, the PSMA-based PET scans got positive findings in all the patients with a serum PSA level > 2 ng/ml (20/30) and in seven patients (7/30) with a PSA level < 2 ng/ml. In the end, the reevaluation of PET/CT affected the disease management in approximately 70% of the patients (Fourquet et al., 2020).
Potential clinical impacts on the management of castration-resistant prostate cancer after accurate diagnosis via prostate-specific membrane antigen-based imaging
At present, the shift from hormone-sensitive prostate cancer (HSPC) to CRPC is diagnosed based on the PSA progression and radiological progression evaluated by CIMs according to the Response Evaluation Criteria in Solid Tumors (RECIST 1.1) (Schwartz et al., 2016). In consideration of the limitations of PSA, such as unspecific fluctuations in the low detection range, and given the poor diagnostic capability of CIMs especially when PSA is examined at a low level, the current definition of CRPC seems outdated. It can be inferred that for the HSPC patients who are receiving the ADT, the addition of PSMA-PET/CT follow-up can reveal a castration resistance state earlier than PSA and CIMs and trigger a treatment change ahead of time, which provides a possibility to slow down the deterioration of the disease and improve the prognosis. Nevertheless, a new response evaluation criteria to assess radiological progression via PSMA-PET/CT calls for further research (Fanti et al., 2020).
The higher sensitivity of PSMA-based PET when compared with the CIMs caused the earlier detection of metastases among the PCa patients, leading to a stage transition from nmCRPC to mCRPC in almost half of the patients (Fendler et al., 2019b; Weber et al., 2021). After the SPARTAN trial results were published in 2018, apalutamide has become a possible treatment option for nmCRPC patients (Smith et al., 2018). Furthermore, two other antitumor agents, namely, darolutamide and enzalutamide, have been reported to enhance metastasis-free survival in nmCRPC patients (Hussain et al., 2018; Fizazi et al., 2019). When compared with chemotherapy, these agents have shown more promising results due to fewer toxicities. However, these studies may have not accurately detected the overall tumor burden due to the low specificity and sensitivity of the CIMs used in these studies. Therefore, more prospective studies are needed to evaluate the treatment options in the patients with “true” nmCRPC with no visible metastases using both the PSMA-based PET/CT and CIMs. Those patients, initially assessed as nmCRPC by using CIMs but restaged as mCRPC by using PSMA-based PET, in theory, are at high risk of early disease progression. Systemic therapies like docetaxel-based chemotherapy should not be delayed in such patients.
Prostate-specific membrane antigen-based PET/CT may also be useful to serve as a triage tool for castration-resistant prostate cancer patients
Certain treatment options can be excluded based on the PSMA-based PET/CT. For instance, the 223Ra-dichloride therapy is eligible only for patients with two or more bone metastases but without known visceral metastases based on cross-sectional imaging techniques, as reported in the ALSYMPCA trial (Parker et al., 2013). The use of PSMA-based PET as a staging tool for CRPC may detect more visceral metastases when compared with the CIMs. Therefore, these newly detected metastases may prohibit a considerable number of patients from receiving the 223Ra-dichloride treatment (Bräuer et al., 2017a). Furthermore, for the patients who are potential candidates for PSMA-RLT, PSMA-based PET scans should be used to exclude patients with low or no expression of PSMA (Ost, 2020; Calais and Czernin, 2021; Srinivas and Iagaru, 2021).
PSMA-based PET/CT might serve as a complementary or even independent biomarker of CRPC tumor load and might create new diagnostic criteria for CRPC. Further studies are required to elucidate the accuracy and clinical benefits of PSMA-based imaging in CRPC patients.
Therapeutic role of prostate-specific membrane antigen-based imaging and prostate-specific membrane antigen-radioligand therapy
Prostate-specific membrane antigen-guided metastasis-directed therapy in the oligometastatic castration-resistant prostate cancer patients
The term “oligometastatic disease” was proposed by Hellman and Weichselbaum in 1995, which represents an intermediate state between regionally confined and disseminated malignancies limited in the number (≤5) of metastatic (M1) sites (Rao et al., 2019). In theory, before the occurrence of widespread metastases, the tumor cells may have only restricted metastatic potential. In theory, an aggressive local therapy, such as radiation, before the occurrence of extensive metastases can delay the time for systemic therapies, thereby reducing their relevant toxicities and/or prolonging the progression-free survival (PFS) (Weichselbaum and Hellman, 2011). The accurate visualization of regional or disseminated metastases using PSMA-based PET/CT makes them potential candidates for metastasis-directed therapy (MDT), such as stereotactic body radiotherapy. MDT guided by PSMA-based imaging has shown promising results in patients with hormone-naïve oligometastatic recurrent PCa (Beauval et al., 2018; Kneebone et al., 2018; Ost et al., 2018; Siva et al., 2018). Therefore, the potential role of MDT guided by PSMA-based imaging for patients with oligometastatic CRPC has been focused on.
In 2016, Muldermanns et al. retrospectively reviewed a total of 66 oligometastatic PCa patients, including 50 CRPC patients, who underwent stereotactic body radiation therapy guided by PSMA-PET/CT. They observed a biochemical PFS among 54% of the patients (Muldermans et al., 2016). Guler et al. investigated the efficacy of 68Ga-PSMA-11-based PET/CT-guided radiotherapy for the treatment of 23 oligometastatic PCa patients, including nine mCRPC patients. A total of 83% of patients showed remission after a 7-month median follow-up (Guler et al., 2018). Likewise, Lohaus et al. reported longer responses to PSMA-guided local ablative radiotherapy among 15 patients with oligometastatic CRPC. The PSMA-guided local ablative radiotherapy for metastases could achieve a PSA response in most of the patients, thereby delaying the beginning of systemic therapy (Lohaus et al., 2019). In a retrospective clinical trial of 50 patients with oligometastatic PCa, including 15 CRPC, Kalinauskaite and others reported that PSMA-based PET-guided radiotherapy could achieve a high 2-year local control rate (96%) while showing fewer side effects (Kalinauskaite et al., 2020). These results are consistent with the hypothesis that the PSMA-PET/CT can identify the relevant metastases that cannot be effectively controlled by the ADT in the CRPC, indicating that the PSMA-guided MDT, such as radiation and ablation, might be used in oligometastatic CRPC (Muldermans et al., 2016; Guler et al., 2018; Lohaus et al., 2019; Kalinauskaite et al., 2020).
In the past, the intensification of systemic therapy was the standard treatment when PCa progressed into a castration-resistant state. Local radiotherapy was applied with a palliative intention to alleviate or prevent symptoms. The utilization of PSMA-based PET/CT as a staging tool for patients with CRPC may provide higher sensitivity and specificity and precisely localize the lesions when compared with conventional imaging techniques. It can be inferred that the improved accuracy of PSMA-based imaging resulted in a more precise and earlier localization of the oligometastatic lesions, thereby offering an opportunity for the MDT of the oligometastatic CRPC.
At present, the specific effects of PSMA on the therapeutic decision and radiotherapy planning remain unclear in the oligometastatic CRPC. In the reports mentioned above (Muldermans et al., 2016; Guler et al., 2018; Lohaus et al., 2019; Kalinauskaite et al., 2020), the patient backgrounds and radiotherapy regimens were heterogeneous, and follow-up periods were relatively short. Furthermore, the PSA response as the primary endpoint in the above-mentioned reports is not convincing enough because it is not always connected to the clinical PFS or overall survival (OS). Therefore, further prospective interventional trials are needed to compare the clinical benefits difference between PSMA-guided MDTs and systemic treatment for improving the OS and quality of life in oligometastatic CRPC patients.
Prostate-specific membrane antigen-radioligand therapy
PSMA-RLT has been demonstrated to be an effective and well-tolerated treatment for mCRPC. RLT involves the use of radiolabeled compounds or radioisotopes, which are either natural or designed to accumulate in the targeted cancer cells, delivering a certain amount of radiation to kill the tumor cells and minimize the damage to nearby normal tissues (Czerwi ´nska et al., 2020; Rahbar et al., 2018). The combined treatment of widespread bone and extra-skeletal metastases is now possible due to the systemic administration of tumor-targeted radiopharmaceuticals. This approach spares the normal tissues, avoiding negative impacts (Quast, 2006).
Novel radionuclides have been constantly developed and introduced as RLT in clinical practices for mCRPC treatment. The low‐molecule inhibitors of PSMA have been mostly utilized as radioligands in PSMA-RLT studies due to their lower hematotoxicity when compared with that of the monoclonal antibodies (de Bono et al., 2021). The low‐molecule PSMA ligands have the potential to be labeled with a wide variety of radioisotopes, including alpha and beta emitters. 177Lu, a beta emitter, and 225Ac, an alpha emitter, are the most commonly used radionuclides for PSMA-RLT (Sgouros et al., 2020). In general, the beta emitters have a lower LET (linear energy transfer, 0.2 keV/m) and a longer emission range (1.5–12 mm), making them more effective in treating medium-to-large tumors. By contrast, the shorter emission range (40–100 µm) and higher LET (80 keV/m) of alpha emitters make them a good candidate for the treatment of microscopic tumor cells (Kassis, 2008; Nelson et al., 2020).
Efficiency of beta emitters radioligand therapy
177Lu has promising physical properties, such as a long half-life of 6.7 days, a short-range medium-energy beta particle for the crossfire to neighboring tumors, and low energy gamma emission for the posttreatment dosimetry analysis (Enger et al., 2008). PSMA-617 is the most frequently used ligand in RLT and can combine with 177Lu, forming 177Lu-PSMA-617, which is the most clinically used agent in PSMA-RLT (Benešová et al., 2015).
In the last decades, several studies with small patient cohorts showed promising antitumor effects with acceptable toxicity among patients with mCRPC treated with 177Lu-PSMA-617 (Ahmadzadehfar et al., 2015; Ahmadzadehfar et al., 2016; Kratochwil et al., 2016a; Baum et al., 2016; Rahbar et al., 2016; Bräuer et al., 2017b; Fendler et al., 2017; Scarpa et al., 2017; Yadav et al., 2017). In a larger multicenter study cohort including 144 mCRPC patients, treated with 177Lu-PSMA-617, the investigators reported a decline in the PSA level among 60% of patients and a decline in the PSA levels ≥50% among 45% of patients with acceptable toxicity (Rahbar et al., 2017).
In the first prospective single-arm Phase 2 study (LuPSMA), 177Lu-PSMA-617 achieved a decline in the PSA levels ≥50% among 57% of the patients and pain relief, as well as the median PFS and OS of 7.6 and 13.5 months, among the mCRPC patients who had already progressed after conventional therapies (Hofman et al., 2018; Violet et al., 2020). The randomized multicenter Phase II trial TheraP assessed the value of 177Lu-PSMA-617 among 200 mCRPC patients, for whom cabazitaxel was considered the next appropriate treatment (de Wit et al., 2019; Hofman et al., 2021). When compared with the cabazitaxel group, the 177Lu-PSMA-617 treatment showed a greater PSA response rate (66 vs. 37%). The 177Lu-PSMA-617 also showed a more significant delay in the radiographic as well as PSA progression. However, the median PFS between the two groups was similar (Hofman et al., 2021). In addition, a Phase Ⅲ VISION trial reported that the standard of care plus 177Lu-PSMA-617 was more effective when compared with the standard of care alone in the patients with mCRPC who progressed after taxane and novel androgen axis therapies. The 177Lu-PSMA-617 arm displayed better PFS (8.7 months vs. 3.4 months) and OS (15.3 months vs. 11.3 months) after a median follow-up of 20.9 months (Sartor et al., 2021).
In addition, except for PSMA-617, 177Lu was combined with the PSMA imaging and therapeutic ligand (PSMA I&T), showing similar PSMA affinity, dosimetry, and pharmacokinetics to those of 177Lu-PSMA-617 (Weineisen et al., 2015). In the largest cohort of mCRPC patients who received 177Lu-PSMA I&T therapy (Heck et al., 2019), a decline in the PSA levels by over 50% was observed among 38% of patients, with a PFS and OS of 4.1 and 12.9 months, respectively. SPLASH (NCT04647526) study compared the effectiveness of 177Lu-PSMA-I&T to that of enzalutamide or abiraterone in mCRPC patients and the primary results are expected to be reported in 2023. There is no head‐to‐head study of 177Lu‐PSMA‐I&T and 177Lu‐PSMA‐617 at the moment. However, 177Lu-PSMA-617 is preferred over 177Lu-PSMA I&T in clinical practices, which might be due to its lower uptake by the kidney (Schuchardt et al., 2021).
Although the difference was not statistically significant, 177Lu‐PSMA-RLT had a longer OS when compared with that of the conventional third‐line therapies for the mCRPC patients in a recent systematic review (mean of 14 vs. 12 months, respectively, p = 0.32) (von Eyben et al., 2018). Several prospective studies on the mCRPC and metastasis hormone-sensitive prostate cancer (mHSPC) patients in earlier disease settings are in progress, including the neoadjuvant treatment in high risk primary cancers and an earlier line of treatment for mCRPC and mHSPC (NCT04443062, NCT04343885, NCT04720157, NCT04297410, NCT04647526, and NCT04689828), and their results are eagerly awaited.
Efficiency of alpha emitter radioligand therapy
177Lu is the most clinically used radiation source for RLT. However, not all the patients responded to 177Lu-labeled PSMA ligands, and the presence of diffuse bone marrow infiltration was still considered a health risk for the hematologically toxic effects despite the overall low toxicity of 177Lu (Delker et al., 2016). Because of their higher LET and shorter emission, the alpha emitters specifically target and kill the individual cancer cells more effectively while reducing the toxic hematological effects in patients with diffuse bone marrow infiltration (Kratochwil et al., 2014; Seidl, 2014).
Among the alpha‐emitting radioisotopes, 225Ac-PSMA-I&T and 225Ac-PSMA-617 are the most investigated radioisotopes and have been proven to be effective in treating mCRPC. Kratochwil et al. published the first case report of 225Ac-PSMA-617 therapy in two patients with diffuse bone marrow infiltration and resistance to 177Lu-PSMA-617. The PET/CT scan revealed that both the patients had a complete response, and their PSA levels dropped below the detectable levels (Kratochwil et al., 2016b). Subsequent trials confirmed the treatment efficacy and survival benefits of the alpha emitter RLT (Kratochwil et al., 2017; Kratochwil et al., 2018a; Sathekge et al., 2019).
Due to the difference in the micro-dosimetry throughout the cancer cells, the targeted alpha radiotherapy has the potential to eliminate the resistance to beta radiotherapy (Seidl, 2014). The patients, who had previously failed to respond to 177Lu-PSMA-RLT treatment could also get an advantage from 225Ac-PSMA-617 therapies. Yadav et al. conducted a prospective study, in which 225Ac-PSMA-617 was administered to treat mCRPC in a total of 28 male patients (15 of the patients had received prior 177Lu-PSMA-RLT); 78.6% of the patients showed a 50% decrease in the PSA levels by the end of the follow-up period (Yadav et al., 2020). Fuerecker et al. investigated the potential of 225Ac-PSMA-617 among the mCRPC patients, who progressed after a median of four treatment cycles of 177Lu-PSMA. A decrease in the PSA level was observed in 23 of the 26 patients, showing a PSA decline of over 50% in 17 patients (Feuerecker et al., 2021). Khreish and others hypothesized that among the patients, who showed no response to 177Lu-PSMA ligand alone, a tandem treatment, consisting of low-activity 225Ac-PSMA ligand and high-activity beta emitter ligand, could increase the effectiveness while decreasing the xerostomia severity. Further studies are needed to validate this hypothesis (Khreish et al., 2020).
Although these retrospective studies showed encouraging results, it is necessary to collect additional prospective data about alpha emitters radioligand RLT. Additional studies are needed to explore the intracellular localization, retention times, and stability of 225Ac-PSMA complexes destined for the radioligand therapy in cancer and normal tissues, especially in the renal tissues (Kratochwil et al., 2018b), because the excretion of 225Ac-PSMA-617 through the kidney might lead to nephrotoxicity (Ristau et al., 2014; Gallyamov et al., 2019). Furthermore, the lack of 225Ac availability is a primary obstacle that must be overcome for its use in clinical studies (Robertson et al., 2018).
Safety of prostate-specific membrane antigen-radioligand therapy
In terms of toxicity, PSMA-RLT has also shown encouraging results. A recent meta-analysis evaluated 36 reported studies and 2,346 patients who received either 177Lu or 225Ac-RLT and showed that no patients died of severe adverse effects (von Eyben et al., 2020). Less than 1% of the patients had hematologic adverse effects Grade 4 and severe nonhematologic adverse effects. Grade 3 toxicities including anemia, leukopenia, and thrombocytopenia were reported in a median of 10%, 3%, and 2% of the treated patients. In the prospective study of 43 patients with mCRPC treated with 177Lu‐PSMA‐617, Grade 3–4 thrombocytopenia was observed in approximately 27% of patients, among which, 13% could possibly be attributed to PSMA-RLT (Hofman et al., 2018; Violet et al., 2020). In the TheraP study Grade 3–4 adverse events were reported in 33% of the patients in the 177Lu-PSMA-617 group vs. 53% of the patients in the cabazitaxel group, implying that this novel therapeutic option was less toxic than chemotherapy (Hofman et al., 2021).
The studies of PSMA-RLT reported mild nausea, loss of appetite, and fatigue as the most common but usually transient nonhematologic adverse effects. Despite the physiological expression of PSMA in kidneys, the Grade 3 or 4 renal toxicity in 177Lu-RLT has not been reported yet. Xerostomia was also a common side effect in PSMA-RLT especially in alpha emitter RLT (75–78), stopping the 225Ac-RLT in 10–25% of the patients. Sialendoscopy with dilatation, steroid injection, saline irrigation, salivary gland cooling externally using ice packs, and intraparenchymal botulinum toxin injections were performed with limited success. Therefore, the reduction of salivary toxicity needs further investigations (Baum et al., 2018; Langbein et al., 2018; Rathke et al., 2019).
Limitation of prostate-specific membrane antigen-radioligand therapy
A potential response to the PSMA-RLT is predicated based on the elevated PSMA expression of tumor lesions. The interpatient and intrapatient heterogeneities of PSMA expression have been cited as a potential pitfall of PSMA-RLT and might limit its clinical application. PSMA expression might be downregulated by preferential therapy stress, which might result in a limited response to PSMA-RLT in some patients. The significant interpatient and intrapatient heterogeneities of PSMA expression have been noted in immunohistochemistry analysis of mCRPC lesions (Mannweiler et al., 2009). Preclinical studies also suggested that despite an overall increase in the PSMA expression during the progression of PCa from androgen sensitivity to androgen independence, some metastatic cell lines could lose PSMA expression (Laidler et al., 2005; Paschalis et al., 2019). Although most liver metastases express PSMA highly, a significant proportion of liver metastases may also lack PSMA expression (Damjanovic et al., 2019). The heterogeneity of PSMA expression may partly explain why some patients do not respond to PSMA-RLT.
Prostate-specific membrane antigen-targeted immunotherapy
PSMA has also been the hotspot of targeted immunotherapeutic approaches to mCRPC, such as bispecific T‐cell engager (BiTE). BiTE therapies generally involve a bispecific antibody with two binding sites which target the tumor-associated antigen on tumor cells, besides cluster of differentiation 3 (CD3) on T cells. In doing so, it induces T-cell activation, cytokine production, and T-cell–mediated lysis leading to targeted tumor cell death. PSMA is the perfect candidate antigen for BiTE therapies due to its advantages as described above (O’Keefe et al., 2018; Sweat et al., 1998; Silver et al., 1997; Paschalis et al., 2019; Nguyen et al., 2016). The first generation PSMA/CD3‐bispecific BiTE antibody AMG212 [MT112 (Micromet, Inc.)/BAY2010112 (Bayer AG)] has been found to potently suppress tumor growth in mouth models as well as in a Phase I study involving 47 mCRPC patients (Hummel et al., 2021). To overcome the short half-life of AMG212, the next-generation PSMA-targeted BiTE molecule, AMG 160, was developed and showed promising antitumor activity in mCRPC xenograft models (Deegen et al., 2021). Now, the clinical benefit of AMG 160 is being evaluated in an ongoing Phase I study in mCRPC patients (NCT03792841).
Prognostic role of prostate-specific membrane antigen-based imaging in patients receiving prostate-specific membrane antigen-radioligand therapy
Prostate-specific membrane antigen PET/CT
PSMA-RLT is an emerging treatment option for patients with mCRPC. The identification of patients at risk of poor prognosis is clinically important. Although widely used, the relative changes in conventional imaging and laboratory parameters (mainly serum PSA levels) might not be associated with treatment response or patient outcome. The PSMA-based PET/CT has been widely used to select patients for PSMA-RLT (65,95), and parameters derived from PET/CT scans have been demonstrated to be related to patients’ outcomes receiving PSMA-RLT (31–33).
Standardized uptake value (SUV) is a widely used quantifiable parameter in PET scans and partially reflects the tracer expression in vivo. SUV derived from PSMA-PET/CT could represent tumor PSMA expression and therefore be used to predict responses and clinical outcomes. Ferdinandus et al. examined the patients, who were recruited in the LuPSMA trial, to investigate if their baseline imaging had any predictive value. The average intensity of PSMA-avid tumor uptake was significantly correlated with the OS, using a threshold value of SUV of >3 (Ferdinandus et al., 2020). They previously reported that the tracer uptake in PSMA-PET/CT correlated with the PSA response after 12 weeks in the patients treated with PSMA-RLT (Violet et al., 2019). Vlachostergios and others used a five-point imaging score (IS), ranging from 0 to 4, which was assigned based on the comparison of PSMA uptake between tumors and the liver (Vlachostergios et al., 2021). Two experienced radiologists independently scored by comparing the liver SUVmean with averaged SUVmax of the five lesions with the highest uptake. They analyzed 215 mCRPC patients treated with beta-emitting radionuclides and confirmed that a high IS (defined as IS ≥ 2) was independently related to a ≥50% decrease in PSA, after accounting for the CALGB (Halabi) prognostic score (Halabi et al., 2014), dose administration, and the previous use of taxane (Vlachostergios et al., 2021).
Apart from routinely used parameters like SUV, radiomic methods are regarded as efficient, and reliable methods to extract a variety of quantitative features from imaging data. It has been proven to be useful to identify the curative effect and predict outcomes in cancers, such as breast carcinoma (Li et al., 2016). At present, radiomic methods are more frequently applied to CT and MRI than to PET imaging data. The existing reports on radiomic analysis of PSMA-PET imaging data focus mostly on PCa at an earlier stage (Zamboglou et al., 2019). Roll et al. reported the first radiomics analysis of pretherapeutic PSMA-PET scans prior to PSMA-RLT, showing that it may potentially offer predictive and prognostic parameters (Roll et al., 2021). The data on radiomic analysis of PSMA-PET in CRPC patients are still sparse.
A potential response to the PSMA-RLT is predicated based on the elevated PSMA expression. In general, the PSMA expression in PCa lesions increases with tumor dedifferentiation and castration resistance. However, dedifferentiated neuroendocrine PCa may be an exception in which PSMA expression can be low due to the suppression of the PSMA gene (Bakht et al., 2018). Therefore, due to significant interpatient and intrapatient heterogeneity of PSMA expression as described above (Laidler et al., 2005; Mannweiler et al., 2009; Damjanovic et al., 2019), pretreatment PSMA-PET/CT imaging is necessary prior to PSMA-RLT to verify the tumor PSMA expression.
Dual tracer FDG and prostate-specific membrane antigen- PET/CT
It has been demonstrated that the glucose metabolism of PCa correlated with the cell proliferative activity expressed by the Ki-67 index. This supported the assumption that PCa with higher glucose metabolism might progress rapidly with a poorer prognosis (Agus et al., 1998). Suman et al. reported that high FDG uptake (SUVmax > 15) was associated with a high Gleason score > 8, lack of response, and short PFS (Suman et al., 2019). Numerous clinical studies showed that the prognosis was inversely related to higher glucose metabolism in mCRPC patients (Bauckneht et al., 2021; Wibmer et al., 2021). Recent studies have focused on the combination of FDG and PSMA-PET/CT especially its prognostic value in patients receiving PSMA-RLT.
An assessment of 50 Lu-PSMA trial patients to use both the FDG and PSMA-PET revealed that the patients with limited levels of FDG uptake in disease had a longer OS (Ferdinandus et al., 2020). It was noteworthy that there was no correlation between the patient outcome and the amount of tumor burden as determined via PSMA-PET/CT imaging (Ferdinandus et al., 2020), suggesting that in the stage of advanced mCRPC, the FDG-defined tumor burden might have a greater impact on the patient’s prognosis than PSMA.
Khreish et al. initially described the use of FDG PET/CT in combination with PSMA-PET/CT to distinguish the various phenotypes of lesions (PSMA+/FDG±, FDG+/PSMA−) during ongoing 177Lu-PSMA-617-RLT. This retrospective study included 29 patients with mCRPC continuously receiving PSMA-RLT, who underwent both the PSMA and FDG PET/CT scans at the time of the disease progression. In the consolidated PET imaging, 17/29 patients had at least one mismatch metastasis (FDG+/PSMA−) and showed a significantly lower OS of 3.3 months from the time of PET imaging when compared with those without mismatch metastasis. The patients with a higher metabolic tumor volume (MTV, a parameter derived from FDG PET/CT representing tumor glucose metabolism level) had a significantly shorter OS than the patients with a lower MTV while analyzing the subgroup of the patients with mismatch findings (Khreish et al., 2021). Michalski et al. divided 54 mCRPC patients into two groups using dual tracer PET/CT imaging before RLT, including 18 patients with FDG+/PSMA− lesions and 36 patients without FDG+/PSMA− lesions. The patients having one or more FDG+/PSMA− lesions showed a considerably shorter OS (6.0 ± 0.5 months) than the other group (16.0 ± 2.4 months) (Michalski et al., 2021).
Hartrampf et al. tried to evaluate the potential prognostic value of newly found FDG+/PSMA− lesions during the PSMA-RLT. A total of 32 patients, having no FDG+/PSMA− before RLT, underwent the dual tracer PET/CT imaging after two or four cycles of PSMA-RLT. There were no significant differences in the OS among the patients with and without FDG+/PSMA− lesions after two cycles (p = 0.807) and four cycles (p = 0.442), which might be due to the small sample size. Therefore, the prognosis value of dynamic observation with dual tracer PET/CT is needed to be evaluated in a larger cohort (Hartrampf et al., 2021).
Dual tracer PET/CT of FDG and PSMA allow for the whole-body characterization of the PCa phenotype, which has been beneficial. First, they recognize the tumor sites, which are FDG-positive but PSMA-negative, indicating that they are not susceptible to PSMA-RLT. Second, the combination of FDG and PSMA tracers gives a whole-body scan rather than being limited to the osseous metastasis only. Third, they offer a unique estimation of tumor glycolysis, which is enhanced in the aggressive subtypes of the tumor. It was speculated that in the mCRPC, the tumor cells lose their PSMA expression and glucose reprogrammed with the disease progression, thereby making it more aggressive. Tumors with reduced PSMA uptake and high FDG uptake are aggressive disease sites, which cannot be successfully targeted by PSMA-RLT. From a theoretical perspective, the patients with PSMA-avidity and high FDG-avidity lesions might be more eligible for taxane-based chemotherapies rather than the PSMA-RLT. However, the patients, lacking such lesions, are likely to show a better response to PSMA-RLT and second-generation antiandrogens, which could be considered early in the course of the disease (Basu et al., 2020). How the dual tracer PET/CT can provide insights into the different PCa phenotypes and individualize the decision making in patients need further investigation.
CONCLUSION
PSMA-based PET/CT imagings have a higher sensitivity and specificity than conventional imaging techniques, which have the potential to redefine the nmCRPC and mCRPC. PSMA-based PET/CT may serve as a complementary or even independent biomarker of CRPC tumor load. Further studies are needed to elucidate the accuracy and clinical benefits of PSMA-based imagings in CRPC patients. Owing to the accurate location of CRPC lesions, the PSMA-PET can serve as a guide for MDT in patients with oligometastatic CRPC. The PSMA ligands labeled with various alpha or beta emitters radionuclides have a comparative or even better survival benefit than conventional third‐line therapies for mCRPC. However, there is a need to explore strategies to attain deeper and more durable responses. Nonradioactive approaches like BiTE therapies are also of emerging interest. In combination with other radiotracers, such as 18F-FDG the PSMA-based imaging can serve as a prognostic tool for mCRPC patients before receiving PSMA-RLT. Radiomic analyses of PSMA-PET scans in CRPC patients are also worthy of more exploration.
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