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Abstract: In recent years, the incidence of prostate cancer has been increasing globally. Early stage of the disease can obtain a better
clinical prognosis from surgery and endocrine therapy. The progression of advanced stage varies significantly between individuals,
with some patients developing metastatic castration-resistant prostate cancer after standardized treatment. Therefore, staging of
prostate cancer by accurate imaging is particularly important for the clinical management of patients. Simultaneously, the development
of targeted therapy is also urgent for the treatment of advanced prostate cancer. Prostate specific membrane antigen as a prostate
specific target has been widely used in the diagnosis and treatment of prostate cancer. This review summarizes the latest research
progress of targeted prostate specific membrane antigen in the diagnosis and treatment of prostate cancer in detail, analyzes their value
and challenges.
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Introduction

Prostate cancer (PCa) is the second most common malignancy in men worldwide and the most diagnosed cancer in
European countries.' The United States reported 268,490 new cases and 34,500 deaths in 2022.> Because of the long
course of PCa and the variation in clinical progress between individual patients,>* clinicians tend to view the diagnosis
and treatment of PCa as a lengthy process.’ If PCa is diagnosed at an early stage, the life expectancy of the patients can
be more than 10 years, up to 99%.° However, for some other patients, recurrent PCa after standard treatment may be
aggressive and may not respond to current standard treatment under certain circumstances. About 5% of patients with
PCa are clinically diagnosed with distant metastases, of which 15% are diagnosed with local regional metastasis.” If the
disease progresses to advanced PCa, the 5-year overall survival rate is only 30%.” Therefore, the selection of the most
appropriate diagnostic strategy for accurate staging of the disease has a crucial role in guiding the management of PCa
patients. Furthermore, the implementation of targeted therapeutic approaches for the management of recurrent PCa holds
significant significance.

Currently, prostate-specific antigen (PSA) is used as a preliminary screening indicator for PCa, and further testing will
be performed for patients with abnormal PSA values. In recent years, studies have confirmed that PSA screening is clear
in reducing the specific mortality of PCa.® Gleason score is used to determine the degree of aggressiveness of PCa by
pathological methods, and can predict the prognosis of PCa patients.’ The multi-parameter magnetic resonance imaging
(mpMRI) is recommended for local staging in moderate-high risk patients.'® Computed tomography (CT) and bone scan
(BS) for cross-sectional abdominal and pelvic imaging is recommended for the assessment of distant metastasis.'' As an
alternative to conventional PCa imaging, molecular imaging is increasingly used to guide treatment decisions in PCa
patients in recent years.'? Furthermore, the development of specific targeted therapies for PCa can benefit many patients
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with advanced PCa. As a diagnostic and therapeutic target for PCa, prostate specific membrane antigen (PSMA) has
gained considerable attention. It can be used for positron emitter labeling for positron emission tomography (PET)
imaging, as well as p and o emitter labeling for targeted radionuclide therapy.'® In addition, due to its specific expression
and internalization in PCa, PSMA can be used in tumor immunotherapy and carry drugs to kill tumors.

PSMA, also known as glutamate carboxypeptidase II, is a transmembrane protein composed of 750 amino acids,
which is a membrane protein on the cell surface.'*'> PSMA protein is divided into three parts, namely intracellular part,
transmembrane part and extracellular part.'®!” The extracellular portion makes up 95% of the PSMA protein and is the
target portion accessible to small molecule and antibody drugs for imaging and therapy. Cell surface PSMA receptor
binding proteins can migrate PSMA labeled radioisotopes into cells through internalization, which determines that PSMA
can be used as a target for radiodiagnosis and therapy.'® Moreover, studies have shown that the expression of PSMA is
increased in 85-100% PCa, especially in metastatic PCa. In cancerous tissues, PSMA expression is significantly
upregulated, facilitating tumor progression and metastasis.'” 2! PSMA is also low expressed in healthy prostate, small
intestine, central nervous system, proximal renal tubules, salivary glands, and lacrimal glands, it may be involved in
folate metabolism and cellular processes.’>*® The relatively specific expression of PSMA in PCa determines that it will
play a crucial role in the targeted diagnosis and treatment of PCa.

In recent years, numerous studies have shown that PSMA as a diagnostic and therapeutic target is changing the
management of PCa.>* % It was found that PSMA expression was strongly correlated with Gleason score and serum PSA
value.”® Furthermore, PSMA expression level was negatively correlated with androgen level. Therefore, the diagnosis
and treatment of targeted PSMA can be used in castration-resistant PCa (CRPC) with low androgen activity.” ' The use
of highly specific radio-labeled PSMA ligands for molecular imaging and targeted therapy is an important trend in PCa
diagnosis and treatment in recent years.'*'> Therapies based on targeted PSMA have evolved from antibodies and
nanoparticles to small molecules.>*>> Small molecule ligand targeting PSMA have been developed and made remarkable
progress, mainly 68 gallium (68Ga) and 18 fluorine (18F) labeled PSMA tracers for imaging,>**>, 177 lutetium (177Lu)
and 225 actinium (225Ac) labeled PSMA small molecules for treatment.’®>’ Researchers use PSMA to bind to
therapeutic drugs and rapidly internalize them to preferentially deliver radiopharmaceuticals, antibody-drug couplings,
and vaccines to tumors, thus achieving accurate diagnosis and treatment.** *° More recently, researchers have evaluated
the expression of PSMA in circulating tumor cells (CTCs) in order to apply PSMA targeting therapies to the diagnosis of
CTCs and to evaluate therapeutic efficacy.*'*** This review summarizes in detail the research progress of targeted PSMA
in the diagnosis and treatment of PCa, discusses its clinical application value, and provides the diagnosis and treatment of
PCa ideas for clinicians and researchers.

Materials and Methods

To obtain relevant studies on the use of targeted PSMA in the diagnosis and treatment of PCa, we conducted searches in
PubMed and Web of Science databases. Using the Boolean operator, we combine the terms PCa and PSMA. We
considered articles published in English between August 2016 and August 2023. The published articles included were
prospective and retrospective clinical studies, systematic reviews, and meta analyses, all of which reported the applica-
tion of targeted PSA in the diagnosis and treatment of PCa. A total of 328 articles were obtained through
a comprehensive search, PubMed and Web of Science. Then, the retrieved studies were screened, and reviews (218)
and some basic studies*® were excluded. Finally, 64 relevant studies were included in this review for analysis (Figure 1).

Application of PET Targeting PSMA in PCa Diagnosis

Studies have shown that routine imaging examinations such as CT and magnetic resonance imaging (MRI) to detect
lymph node metastasis are insufficient for newly diagnosed PCa. Radiolabeled PSMA PET is increasingly used in PCa
worldwide. The technique first uses the radioactive element labeled PSMA tracer injected into the patient, and then the
radioactive element labeled PSMA tracer specifically binds to the PSMA protein internalizes into the PCa cell. Finally,
PET imaging is used to achieve the purpose of molecular imaging (Figure 2). Currently, there are mainly 68Ga and 18F
labeled PSMA tracers. PET technology targeting PSMA has been successfully used in the diagnosis of primary PCa and
the staging of biochemical recurrent PCa. Moreover, researchers combined PSMA PET with MRI and CT respectively,
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Figure | The review flow diagram of selected studies.

which can achieve accurate location of the lesions and display the pathophysiological characteristics of the lesions in the
diagnosis of PCa, so as to conduct a good staging of PCa, and thus improve the accuracy of diagnosis. Researchers have
also conducted a large number of clinical studies on the diagnostic efficacy of these two tracers (Table 1). In addition, the
diagnostic efficacy of PSMA PET was compared with mpMRI and BS. The results of clinical studies indicate that
PSMA-PET has great potential in the diagnosis of PCa, and can effectively stage PCa patients and optimize treatment
strategies.

68Ga-PSMA PET/CT

PET with 68Ga-labeled PSMA (68Ga-PSMA) is an emerging imaging method, which has been widely used in the
diagnostic study of PCa due to its ability to locate the focus of PCa. Corfield et al’® systematically evaluated the
application value of 68Ga-PSMA PET in the primary diagnosis of high-risk PCa. 68Ga-PSMA PET was used in the
diagnosis of primary PCa. The ability of 68Ga-PSMA PET to detect malignant lesions was found to be evident in various
studies, most of which showed an improved detection rate of 68Ga-PSMA PET compared to conventional imaging
modalities (CIM).”>"* Similarly, Hu X et al** explored the feasibility of 68Ga-PSMA PET/CT in the diagnosis of
primary PCa through a systematic review and meta-analysis. A total of nine studies were included for analysis, 47
patients with primary PCa and 443 lesions underwent 68Ga-PSMA PET/CT scans. The results showed that the sensitivity
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Figure 2 The principle of PSMA PET imaging in PCa diagnosis is illustrated by Figdraw. The technique first uses the radioactive element labeled PSMA tracer injected into
the patient, and then the radioactive element labeled PSMA tracer specifically binds to the PSMA protein on the surface of the PCa cells and internalizes into the cell. Finally,
PET imaging is used to achieve the purpose of molecular imaging.

of 68Ga-PSMA PET/CT in the diagnosis of primary PCa was 67% to 97%. Compared with conventional imaging, 68Ga-
PSMA PET/CT has higher sensitivity and specificity in the diagnosis of primary PCa. In addition, Matushita CS et al®*
confirmed the accuracy of 68Ga-PSMA PET technology in PCa diagnosis through systematic review. The summary
sensitivity and specificity of diagnosis were 0.90 (0.86~0.93) and 0.90 (0.82~0.96), respectively. These results indicate
that 68Ga-PSMA PET has higher sensitivity and specificity in the diagnosis of PCa than conventional imaging.”* These
results indicate that 68 Ga-PSMA PET has greater diagnostic efficacy than conventional imaging in the diagnosis of PCa,
and therefore has great potential. Based on its advantages of high detection rate, 68Ga-PSMA PET/CT should be
popularized in the detection of primary PCa.

Recurrence of PCa after initial treatment is one of the major challenges facing urologists. Therefore, it is
urgent to develop an imaging technique for early detection of recurrent lesions. In recent years, the diagnostic
efficacy of 68Ga-PSMA PET for recurrent PCa has been extensively studied. Ceci et al>® evaluated the detection
rate of 68Ga-PSMA PET/CT for PCa recurrence sites through a prospective study. In this study, 24.7% of cases
were found to be limited to pelvic disease, and 28.9% of the cases had at least one distant lesion. This study
showed that 68Ga-PSMA PET/CT has good diagnostic value for PCa patients with treatment failure. Eissa et al®'
evaluated the role of 68Ga-PSMA PET/CT scanning in patients with recurrent PCa after radical treatment through
a systematic review of the literature. After biochemical recurrence (BCR) of PCa, the primary objective is to
locate the site of the recurrent lesion. The results of this study confirm that 68Ga-PSMA PET/CT also appears to
be effective in the detection of recurrence with PSA < 0.5 ng/mL, thus enabling early selection of the optimal
treatment strategy for some patients. Similarly, von Eyben et al>* evaluated the diagnostic value of 68Ga-PSMA
PET/CT for recurrent PCa through meta-analysis. The results showed that 68Ga-PSMA PET/CT has clinical
significance in detecting the recurrence site of PSA patients with PSA < 1.0 ng/mL after radical prostatectomy. At
present, the guidelines still do not recommend salvage lymph node dissection (SLND) for patients with BCR of
PCa due to the low accuracy of existing conventional imaging diagnosis. Kimura et al’’ studied the diagnostic
value of 68Ga-PSMA PET for lymph node metastasis of PCa confirmed by sLND pathology. The results showed
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Table | Studies on the Application of PET Targeting PSMA in the Diagnosis of PCa

Interventions Type of Study Objectives

Number of Studies

and/or Patients

Conclusion

References

I18F-PSMA PET/CT Prospective non- Researchers evaluated the utility of 18F-PSMA PET/CT in

randomized patients with metastatic PCa.

controlled study

BS and 68Ga-PSMA PET Retrospective This study compared the diagnostic efficacy of 68Ga-PSMA

cohort study PET and (99m)Tc BS for bone metastases in PCa.

mpMRI and 68Ga-PSMA PET Prospective non- This study compared the diagnostic efficacy of Multiparametric

randomized MRI and 68Ga-PSMA PET in detecting and locating tumors in
controlled study the prostate.

I8F-PSMA PET and 68Ga-PSMA PET Retrospective The purpose of this study was to evaluate diagnostic efficiency
of 18F-PSMA PET and 68Ga-PSMA PET

This study compared the value of 68Ga-PSMA PET/CT and

cohort study

68Ga-PSMA PET/CT and mpMRI Prospective non-

randomized mpMRI in staging of high-risk PCa.

controlled study

68Ga-PSMA PET/CT A systematic This study investigated the diagnostic value of 68Ga-PSMA

review PET/CT in bone metastasis of PCa.

68Ga-PSMA-PET A systematic This study systematically evaluated the application value of

review 68Ga-PSMA-PET in the primary staging of high-risk PCa

68Ga-PSMA PET/CT A systematic This study evaluated the role of 68Ga-PSMA PET/CT scanning

review in patients with recurrent PCa.

68Ga-PSMA PET/CT and PET/ MRI A systematic This study evaluated 68Ga-PSMA PET/CT or PET/ MRI for PCa

review and meta- staging, diagnostic test accuracy, and adverse reactions to

analysis restaging of PSA elevation after initial treatment.

68Ga-PSMA PET/CT Prospective non- This study evaluated the 68Ga-PSMA PET/CT detection rate

randomized for PCa recurrence sites.

controlled study

68Ga-PSMA PET Meta-analysis This study investigated the diagnostic value of 68Ga-PSMA

PET for initial staging and BCR of PCa.
This study evaluated the detection rate of |8F-PSMA PET/CT

I18F-PSMA PET/CT A Systematic

review and meta- in biochemical recurrent PCa.
analysis
68Ga-PSMA PET

Prospective A study was conducted to determine whether 68Ga-PSMA

multicenter non- PET could be used to treat recurrent pancreatic cancer.
randomized

controlled study
68Ga-PSMA PET

A systematic This study investigated the diagnostic value of 68Ga-PSMA

review and meta- PET for lymph node metastases in PCa.

analysis

18 patients

126 patients

20 patients

191 patients

36 patients

37 studies

12

studies /322 patients

37 studies

15 studies/ 1256 patients

332 patients

29 studies

6 studies /645 patients

635 patients

14 studies /462 patients

I18F-PSMA PET/CT can detect a large number of suspected PCa sites, many of

which are hidden in conventional imaging mode.

68Ga-PSMA PET is superior to BS in the detection of the affected bone area
and the determination of the overall bone involvement in PC patients.
68Ga-PSMA PET combined with multiparametric MRI can improve the local

staging of retropubic PCa patients undergoing radical resection.

The diagnostic efficiency of 18F-PSMA PET is not inferior to that of 68Ga-
PSMA PET, and has the advantage of |8F labeling.

Ga-PSMA PET/CT can be used for lymph node and metastatic staging of high-
risk PCa.

68Ga-PSMA PET/CT showed more lesions than bone scan, and its diagnostic
performance improved in the primary stage of PCa, but not in mCRPC.

The diagnosis of 68Ga-PSMA PET appears to be superior to conventional
imaging in the initial staging of PCa.

68Ga-PSMA PET/CT is also effective for recurrence localization with
extremely low PSA levels.

68Ga-PSMA PET/CT has clinical significance in detecting the recurrence site of

PSA in patients with PSA < 1.0 ng/mL after radical prostatectomy.

68Ga-PSMA-11 PET/CT has a good diagnostic value for PCa patients with BCR

after radical surgery.

68Ga-PSMA has good localization value in the initial stage and BCR of
metastatic PCa.
I18F-PSMA PET/CT has a good detection rate for biochemical recurrent PCa,

and the detection rate is correlated with PSA value.

68Ga-PSMA PET can identify the recurrence sites of more than half of the
patients with BCR of PCa, which can provide a basis for the change of

treatment plan.

In patients with BCR after radical treatment for PCa, PMAS-PET before salvage

lymph node dissection has high accuracy.

Rowe SP et al, 2016*

Pyka T et al, 2016*

Rhee H et al, 2016

Dietlein F et al,
2017%
Tulsyan S et al, 2017

Zacho HD et al,
2017

Corfield | et al,
2018%

Eissa A et al, 2018°'

Von Eyben FE et al,
2018%

Ceci F et al, 20197

Hope TA et al,

2019%*
Treglia G et al, 2019°°

Fendler WP et al,
2020

Kimura S et al,

2020%7
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Table 1 (Continued).

Interventions

Type of Study

Objectives

Number of Studies

and/or Patients

Conclusion

References

68Ga-PSMA PET/CT

68Ga-PSMA PET

I8F-PSMA PET/CT

68Ga-PSMA PET/CT

68Ga-PSMA PET

I18F-PSMA PET/CT

68Ga-PSMA PET

68Ga-PSMA PET/CT

68Ga-PSMA PET/CT

68Ga-PSMA PET/CT

I18F-PSMA PET/CT

PSMA-PET-TB

I18F-PSMA PET/CT

I18F-PSMA PET/CT

A diagnostic meta-
analysis

An expedited
systematic review
Prospective non-
randomized
controlled study
A diagnostic meta-

analysis

A systematic
review and meta-
analysis
Prospective,
multicenter cohort
study

Prospective and
retrospective
cross-sectional
studies

A meta-analysis

A meta-analysis

A systematic
review and meta-
analysis

A systematic
review and meta-
analysis

A systematic
review and meta-
analysis

A systematic
review and meta-
analysis

A systematic
review and meta-

analysis

This study evaluated the diagnostic value of 68Ga-PSMA PET/
CT in lymph node staging in patients.

This study investigated the preoperative value of 68Ga-PSMA
PET for primary lymph node staging.

This study evaluated the positive rate of 18F-PSMA PET/CT in
patients with BCR of PCa.

This study evaluated the accuracy of 68Ga-PSMA PET/CT in
preoperative lymph node staging in patients with moderate to
high risk PCa.

This study compared 68Ga-PSMA PET with MR in the

diagnosis of lymph node metastatic staging of PCa.

This study investigated the diagnostic value of 18F-PSMA PET/

CT in lymph node staging of primary PCa.

This study identified the accuracy of 68Ga-PSMA PET.

This study compared 68Ga-PSMA PET/CT with mpMRI for
preoperative pelvic lymph node staging in patients with PCa.
This study evaluated the value of 68Ga-PSMA-PET/CT and
BSin the diagnosis of PCa.

This study investigated the feasibility of 68Ga-PSMA PET/CT

imaging in the diagnosis of primary PCa.

This study evaluated the performance of 18 F-PSMA PET/CT

in patients with primary PCa.

This study evaluated the accuracy of SMA-PET-TB in

diagnosing csPCa.

This study systematically evaluated the detection rate of I8F-

PSMA-1007 PET/CT in PCa patients.

This study evaluated the diagnostic value of 18f- PSMA PET/
CT in primary or BCR PCa.

10 studies/ 701 patients

18 studies /969 patients

72 patients

Il studies /904 patients

13 studies/ 1597 patients

117 patients

35 studies / 3910 patients

9 studies/ 640 patients

4 studies/ 318 patients

9 studies/ 547 patients

12 studies/ 540 patients

5 studies/ 497 patients

15 studies/ 1022 patients

11 studies/ 799 patients

In patients with moderate to high-risk PCa, 8Ga-PSMA PET/CT has a high
diagnostic value for lymph node staging.

According to the pathological results, 68Ga-PSMA PET has high diagnostic
accuracy.

I18F-PSMA PET/CT has a high positive rate and affects the clinical treatment of

60% patients.

68Ga-PSMA PET/CT can be used for preoperative lymph node staging, and

patients without lymph node metastasis have a low misdiagnosis rate.

Ga-PSMA PET is more sensitive than MRI in detecting metastases in moderate
and high-risk PCa before treatment, and may be a more effective weapon for
predicting lymph node metastasis before radical surgery.

I8F-PSMA PET/CT showed high specificity but limited sensitivity in the

diagnosis of pelvic lymph node metastasis of primary PCa.

68Ga-PSMA PET has higher sensitivity and specificity than conventional imaging

in the diagnosis of PCa.

Compared with mpMRI, 68Ga-PSMA PET/CT showed a trend of higher
sensitivity and diagnostic accuracy.

68Ga-PSMA-PET/CT has higher diagnostic efficacy for bone metastasis of PCa,
which is worthy of clinical application.

Compared with conventional imaging, 68Ga-PSMA PET/CT has higher

sensitivity and specificity in the diagnosis of primary PCa.

I8F-PSMA PET/CT has excellent performance in detecting localized prostate

tumor lesions and regional lymph node metastases.

PSMA-PET-TB has good diagnostic accuracy for csPCa, and combined with MRI

can improve the diagnostic accuracy.

18F-PSMA-1007 PET/CT has high application value in PCa.

18F-PSMA PET/CT has high diagnostic value for primary and BCR PCa. As

serum PSA levels increase, diagnostic accuracy improves.

Peng L et al, 2020°®
Petersen L] et al,

2020%
Song H et al, 2020%°

Tu X et al, 2020°'

Wu H et al, 2020

Jansen BHE et al,

20214

Matushita CS et al,

20214

Wang X et al, 2021

Zhao R et al, 2021%°

Hu X et al, 2022%

Huang YT et al,

2022¢7

Kawada T et al,

2022

Liu X et al, 2022%°

Liu X et al, 20227°
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68Ga-PSMA PET/CT

68Ga-PSMA PET/CT

Prospective no
randomized
controlled study

A meta-analysis

This study investigated the application value of 68Ga-PSMA
PET/CT in N and M staging in patients with PCa.

This study compared the diagnostic efficacy of 68Ga-PSMA
PET/CT with (99m)Tc-MDP BS for bone metastases associated

with PCa.

81 patients

6 studies/ 546 patients

68Ga-PSMA PET/CT has high diagnostic efficacy in N and M stages of middle
and high risk PCa patients, and is superior to pelvic mpMRI in detecting local
regional lymph node metastasis.

68Ga-PSMA PET/CT was superior to (99m)Tc-MDP BS in the diagnosis of PCa

bone metastases.

Szigeti F et al, 20227

Joshi A et al, 20227
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that in patients with BCR of PCa after effective treatment, the diagnosis of PSMA-PET before sSLND surgery had
high accuracy, with high positive and negative predictive values. 68Ga-PSMA PET may benefit patients with
sLND, making it possible to precisely remove lesions or regional lymph nodes. The value of 68Ga-PSMA PET in
the diagnosis of recurrent PCa is that it can change the treatment of PCa patients. Fendler et al’® described the
influence of 68Ga-PSMA PET on the management of recurrent PCa. The study was a prospective multicentre trial
that reported treatment changes in patients after 68Ga-PSMA PET diagnosis. The results showed that 68Ga-PSMA
PET could identify the recurrence site of more than half of the patients with BCR of PCa, and translate into
changes in treatment plan.

Due to the diagnostic value of 68Ga-PSMA PET for different stages of PCa, it is also used for pathological staging of
PCa patients. Petersen et al’” confirmed that PSMA PET is a promising method for staging primary lymph nodes of PCa
through a systematic review. The included studies took the pathological results as reference, and finally confirmed that
PSMA PET has high diagnostic accuracy for primary lymph node staging. Peng et al’® evaluated the diagnostic value of
68Ga-PSMA PET/CT for lymph node staging in PCa patients through a meta-analysis of diagnostic tests. The diagnostic
sensitivity was 0.84 (95% CI 0.55~0.95) and specificity was 0.95 (95% CI 0.87~0.98). This study also reaffirmed the
overall diagnostic value of 68Ga-PSMA PET/CT for lymph node staging in patients with moderate and high-risk PCa.
Besides, Hope et al’* investigated the value of 68Ga-PSMA PET in the initial staging of PCa through a meta-analysis.
The results showed that the sensitivity and specificity of 68Ga-PSMA PET in the initial stage diagnosis of PCa were 0.74
(95% CI: 0.51~0.89) and 0.96 (95% CI: 0.85~0.99), respectively. The results of this study indicate that 68Ga-PSMA has
good localization value in the initial stage of metastatic PCa. Similarly, Tu et al®' evaluated the accuracy of 68Ga-PSMA
PET/CT for preoperative lymph node staging in patients with moderate and high risk PCa, using the pathological
examination results of pelvic lymph node dissection as the reference standard. The results indicate that 68Ga-PSMA
PET/CT can be used for preoperative lymph node staging, which can effectively reduce the misdiagnosis rate of patients
without lymph node metastasis.

In addition, recent studies have shown that PSMA-PET targeted biopsy (PSMA-PET-TB) is associated with the
detection of clinically significant PCa (csPCa). Kawada et al®® evaluated the accuracy of PSMA-PET-TB in the
diagnosis of csPCa. The combined sensitivity and specificity of PSMA-PET-TB for csPCa detection were 0.89 (95%
CI: 0.85~0.93) and 0.56 (95% CI: 0.29~0.80), respectively. The results of this study indicated that PSMA-PET-TB had
good diagnostic accuracy for csPCa, and it was found that PSMA-PET-TB combined with MRI could improve the
diagnostic accuracy. PSMA-PET has a good clinical application prospect in the detection of csPCa. More prospective
studies are needed to further explore the true clinical efficacy of SMA-PET-TB in order to promote clinical application.

| 8f-PSMA Pet/Ct

Currently, PET/CT using radioactive element labeled PSMA has been recommended to detect primary PCa. Compared
with other PSMA-targeting tracers, 18F-PSMA has been found to have lower urinary tract clearance and better image
resolution, which is more beneficial for the treatment of primary tumors.>>”> In order to more accurately evaluate the
detection performance of 18F-PSMA PET/CT in patients with primary PCa, Huang et al°” conducted a related systematic
review and meta-analysis. A total of 12 studies were included in the study, and results showed that the pooled detection
rate of 18F-PSMA was 94%, the positive predictive value of lymph node metastases in the test area was 0.94, and the
positive predictive value of localized prostate tumors was 0.84. This study demonstrated the superior performance of
18F-PSMA in detecting localized PCa lesions and regional lymph node metastases.

There have also been numerous studies on the application of 18F-PSMA PET/CT in the diagnosis of metastatic PCa.
The results show that it has clinical significance in the location of metastatic PCa. Rowe et al** evaluated the utility of
18F-PSMA PET/CT in patients with metastatic PCa. Eighteen patients with suspected recurrence or recurrence of PCa
underwent 18F-PSMA PET/CT imaging. This study compared the detection of suspected metastatic PCa foci with PET
and CIM. A total of 139 positive sites for metastatic 18F-PSMA uptake were detected in 8 patients, while only 45 lesions
were found in CIM. These results indicate that 18F-PSMA imaging agent can detect a large number of suspected PCa
sites, many of which are hidden or uncertain in CIM. Similarly, Jansen et al®® discussed the diagnostic value of 18F-
PSMA PET/CT in lymph node staging of primary PCa through a prospective, multicenter cohort study. The results
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showed that 18F-PSMA PET/CT had high specificity (94.4%) but limited sensitivity (41.2%) in the diagnosis of pelvic
lymph node metastasis of primary PCa. These studies provide strong evidence for the use of 18F-PSMA PET imaging
agents in the detection of metastatic PCa, and further support the importance of PET imaging targeting PSMA in PCa.

Furthermore, researchers evaluated the value of 18F-PSMA PET/CT in the diagnosis of biochemical recurrent
PCa in a number of clinical studies. Song et al°® evaluated the positive rate of 18F-PSMA PET/CT in patients with
BCR of PCa using a single-center prospective study. The overall positive rate of 18F-PSMA PET/CT was 85%,
which increased with the increase of PSA level. The study also found that 18F-PSMA PET detected more lesions
than conventional imaging. This study shows that 18F-PSMA PET/CT is a promising diagnostic tool. Liu et al®’
systematically evaluated the detection rate of 18F-PSMA PET/CT in PCa patients with different serum PSA levels.
The results showed that 18F-PSMA PET/CT had a 90% to 100% detection rate in newly diagnosed PCa patients and
a 47% to 100% PCa detection rate in BCR patients. This study confirmed that 18F-PSMA PET/CT has high
application value in PCa including primary tumor and BCR. In addition, systematic review studies have demon-
strated that the diagnostic accuracy of 18F-PSMA PET/CT improves with the increase of serum PSA level.>>7° All
these studies confirmed the diagnostic value of 18F-PSMA PET/CT in biochemical recurrent PCa, and found that
serum PSA level was a factor affecting the diagnostic efficiency.

There has also been a study comparing the diagnostic efficacy of 68Ga-PSMA PET to 18F-PSMA PET.
Dietlein et al*’ compared the sensitivity of PSA stratification to the diagnosis of PCa patients. In this study, 191
patients with BCR received 18F-PSMA PET (62 cases) or 68Ga-PSMA PET (129 cases) scan. This study
confirmed that the 18F-PSMA PET is not inferior to the 68Ga-PSMA PET and found that 18F-PSMA imaging
can even improve sensitivity to locate recurrent tumors in patients with moderately elevated PSA levels after
prostatectomy. This study suggests that 18F-PSMA PET may have a greater advantage in the diagnosis of PCa,
and more prospective randomized controlled studies are needed to confirm this.

Comparison of Diagnostic Performance of PSMA- PET and Multiparametric MRI
Imaging
The mpMRI has high sensitivity and specificity in the detection of PCa, and is currently the most widely used imaging
technology for tumor localization and cancer staging. mpMRI exerts a crucial role in risk stratification of patients, active
surveillance of low-risk patients, and eventual post-treatment recurrence monitoring.’® The diagnostic efficacy of mpMRI
was compared with that of 68Ga-PSMA PET. The results also showed that 68Ga-PSMA PET had a higher value for
medium and high risk PCa metastases and lymph node metastases. Tulsyan et al** conducted a prospective non-
randomized controlled study comparing the value of 68Ga-PSMA PET versus mpMRI for high-risk PCa staging. The
study involved 36 cases with high-risk PCa. Results demonstrate that 68Ga-PSMA PET/CT can be used to stage high-
risk PCa’s lymph nodes and metastatic sites. Wu et al®* compared the diagnostic efficacy of 68Ga-PSMA PET and
mpMRI for lymph node metastasis staging of PCa through systematic review and meta-analysis. The results showed that
the sensitivity of 68Ga-PSMA PET to detect metastasis was higher than that of MRI, and the specificity was slightly
different in moderate and high-risk PCa before treatment. This study also confirmed that 68Ga-PSMA PET is a more
effective predictor of lymph node metastasis before radical surgery. Subsequently, Wang et al®> compared the diagnostic
efficacy of 68Ga-PSMA PET/CT and mpMRI for preoperative pelvic lymph node staging in patients with PCa. This
study found that the 68Ga-PSMA PET/CT showed greater sensitivity and diagnostic accuracy in detecting pelvic lymph
node metastasis in PCa patients compared to mpMRI. Furthermore, Szigeti et al’' discussed the application value of
68Ga-PSMA PET/CT in N and M staging before radical prostatectomy and enlarged pelvic lymph node dissection for
PCa patients at high risk. The results showed that 68Ga-PSMA PET/CT had high diagnostic efficacy in N and M stages
of medium-high risk PCa patients, and was superior to pelvic mpMRI in detecting local regional lymph node metastasis.
The above studies once again confirmed the diagnostic value of 68Ga-PSMA PET in the staging of medium-high risk
PCa, which is conducive to further accurate radical treatment of PCa.

In addition, the investigators also found that PSMA PET combined with mpMRI had better diagnostic value in the
staging of PCa. Rhee et al*® compared the diagnostic efficiency of prostate mpMRI imaging and PSMA PET for
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localized PCa, and confirmed the diagnosis by using in vitro prostate histopathology to determine the true sensitivity and
specificity of these imaging modes. In the prospective clinical trial, 20 patients with localized PCa were enrolled and
scheduled for radical prostatectomy. All patients underwent mpMRI and PSMA PET examination before surgery, and
were directly compared with pathological sections. The results found that a significant proportion of cancers with both
imaging methods were likely to be missed or underestimated. PSMA PET combined with mpMRI (PSMA PET/MRI) is
helpful to optimize the staging of retropubic PCa patients undergoing radical resection. This study suggests that PSMA
PET/MRI may also be an excellent option in the diagnosis of PCa.

Comparison of Diagnostic Performance of PSMA-PET and Bone Scintigraphy
Currently, BS using (99m)TC-labeled methylene bisphosphate (99m)Tc-MDP remains the recommended imaging mode
for detecting bone metastasis in patients with PCa. These studies have confirmed that PSMA PET/CT is increasingly
recognized as an effective means of assessing disease severity in patients with PCa. Therefore, a large number of studies
have been conducted to compare the diagnostic capabilities of the two in PCa bone metastasis. The results show that
PSMA PET/CT is better than BS in the diagnosis of PCa bone metastasis, and has great value in the diagnosis of middle
and advanced PCa.

Pyka et al*> compared the diagnostic efficacy of 68Ga-PSMA PET and (99m)Tc BS in PCa bone metastasis through
a retrospective study. This study retrospectively analyzed the diagnostic value of BS and PSMA PET in 126 patients with
PCa. The cohort was divided into clinical subgroups: primary PCa, BCR PCa, and metastatic castration-resistant
PCa(mCRPC). The results of this study showed that 68Ga-PSMA PET was superior to BS in detecting the affected
bone area and determining the overall bone involvement. Zacho et al*’ discussed the diagnostic value of 68Ga-PSMA
PET/CT for bone metastasis of PCa through a systematic review. This study found that 68Ga-PSMA PET/CT has a broad
application prospect in the diagnosis of PCa. 68Ga-PSMA PET/CT showed more lesions than bone imaging, and the
diagnostic efficiency of mCRPC was improved compared with bone imaging. Researchers have also demonstrated the
ability of 68Ga-PSMA-PET/CT to detect malignant bone lesions through systematic analysis and whether this method is
superior to existing BS methods. Zhao et al®® evaluated the value of 68Ga-PSMA PET/CT and BS in the clinical
diagnosis of PCa from the perspective of evidence-based medicine. By comparing the diagnostic results of 68Ga-PSMA-
PET/CT with bone imaging, it has higher sensitivity and specificity than bone imaging, and has higher diagnostic efficacy
for bone metastasis of PCa, which is worthy of clinical application. In addition, Joshi et al’* conducted a meta-analysis to
compare the diagnostic efficacy of 68Ga-PSMA PET/CT and (99m)Tc BS for bone metastasis of PCa. The results
showed that the combined sensitivity and specificity of 68Ga-PSMA PET/CT were 98% and 97%, and that of (99m)Tc
BS were 83% and 68%, respectively. The results showed that the 68Ga-PSMA PET/CT was superior to (99m)Tc BS in
the diagnosis of PCa bone metastasis. These studies confirm the superior efficacy of PSMA PET/CT in the diagnosis of
bone metastasis in PCa. More prospective multi-center studies are needed to clarify its diagnostic performance and its
superiority over existing methods before 68Ga-PSMA PET/CT can be widely used in the clinic.

Application of Targeting PSMA Therapy in PCa Treatment

The progression of PCa varies significantly between individuals, with some patients developing mCRPC after standar-
dized treatment. Currently, the main treatments for mCRPC include endocrine therapy with abiraterone and Enzalutamide
and chemotherapy represented by docetaxel. However, the median survival improvement for mCRPC was not ideal. In
recent years, targeted therapy has brought hope to patients with middle and advanced tumors, and has achieved initial
efficacy. Due to the specific and stable expression of PSMA in advanced PCa tissues, PSMA has become the most
promising target for PCa. Therefore, researchers have attempted to apply PSMA targeted therapy (radioligand therapy,
immunotherapy, antibody-drug conjugate, etc) in the treatment of mCRPC and conducted a large number of studies
(Tables 2—4), and obtained preliminary efficacy. The results suggest that PSMA targeted therapy has great potential in the

treatment of advanced PCa.
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Table 2 Studies on the Application of RLT Targeting PSMA in the Treatment of PCa

177Lu-PSMA-617 RLT

177Lu- PSMA-617 RLT

177Lu-PSMA-617 RLT

177Lu-PSMA-617 RLT

177Lu-PSMA-617 RLT

177Lu-PSMA-617 RLT

177Lu-PSMA-617 RLT

177Lu-PSMA-617 RLT

177Lu-PSMA-617 RLT

177Lu-PSMA-617 RLT

177Lu-PSMA-617 RLT

177Lu-PSMA RLT

177Lu-PSMA-617 RLT

225Ac-PSMA RLT

225Ac-PSMA RLT

177Lu-PSMA-617 RLT

Systematic review

and meta-analysis
Prospective single-group
clinical trial

Prospective single-group
clinical trial

A meta-analysis

A systematic review

Multicenter prospective
randomized controlled
study

Prospective non-
randomized controlled
study

A systematic review and
meta-analysis
Retrospective single-
group clinical trial

A systematic review and
meta-analysis
Prospective non-
randomized controlled
study

A systematic review and
meta-analysis
Prospective randomized
controlled study

A systematic review and
meta-analysis
Prospective randomized
controlled study

A meta-analysis

This study evaluated 177 the efficacy of Lu-PSMA in mCRPC.

Lu-PSMA-617 was evaluated in this study for its efficacy and safety in the
treatment of mCRPC.

Patients with mCRPC were enrolled in this study in order to evaluate the
efficacy of 177Lu-PSMA-617 and its effect on quality of life.

This study examined the effect of 177Lu-PSMA-617 nuclide therapy on
patients with mCRPC.

This study investigated whether 177Lu-PSMA RLT had similar efficacy and
adverse effects to third-line treatment.

This study compared the therapeutic activity and safety of cabazitaxel

chemotherapy with 177Lu-PSMA-617 RLT in patients with mCRPC.

This study determined the outcomes of patients who were not treated with

177Lu-PSMA-617 RLT due to low PSMA expression.

The purpose of this study was to determine whether 177Lu-PSMA RLT was
effective and safe for the treatment of metastatic CRPC.

This study evaluated the clinical efficacy of 177Lu-PSMA-617 RLT in the
treatment of mCRPC.

This study evaluated the efficacy of mMCRPC patients receiving 177Lu-PSMA
-617 RLT.

This study evaluated the safety and efficacy of 177Lu PSA-617 combined

with idronoxil (NOX66) in the treatment of end-stage mCRPC patients.

This study evaluated the efficacy and toxicity of 177Lu-PSMA RLT in the
treatment of PCa

This study evaluated the efficacy of 177Lu-PSMA-617 RLT in the treatment
of mCRPC.

This study systematically evaluated the role of 225Ac-PSMA RLT in
mCRPC.

The objective was to evaluate the role of the 225Ac-PSMA RLT as a salvage
treatment option for mCRPC.

It was evaluated in this study whether 177Lu-PSMA-617 RLT was effective

and safe for the treatment of mCRPC.

10 studies/ 369
patients

31 patients

30 patients

10 studies/ 455

patients

12 studies/ 669
patients

200 patients

16 patients

17 studies/ 744
patients

30 patients

36 studies/ 2346
patients

32 patients

24 studies / 1192
patients

831 patients

10 studies/ 256
patients

40 patients

12 studies/ 508

patients

About two-thirds of the patients responded to treatment with 177Lu-PSMA-617.

177Lu-PSMA-617 was a safe and effective method for the treatment of mCRPC.

Radionuclide therapy with 177Lu-PSMA-617 has a high response rate, low toxicity, and reduced
pain in patients with mCRPC that has progressed after conventional treatment.

After one cycle of Lu-PSMA-617 RLT in mCRPC patients, PSA decreased in two-thirds of patients
and PSA decreased more than 50% in one-third of patients.

For mCRPC patients, 177Lu-PSMA-617 RLT showed better efficacy and fewer adverse reactions
than third-line treatment.

177Lu-PSMA-617 RLT offers a potential life-prolonging treatment option for patients with

mCRPC.

The 177Lu-PSMA-617 RLT may be an effective therapy for patients with advanced PCa that has

progressed after standard treatment.

177Lu-PSMA RLT is an effective treatment for mCRPC.

177Lu-PSMA-617 RLT appears to be an effective treatment method for patients with mCRPC
because it improves their quality of life by increasing health and relieving disease-related pain.
Patients treated with intensive regimen 177Lu-PSMA-617 RLT survived longer than those treated
with conventional regimen. PSA decreased by more than 50% in half of patients.

Lu PSMA-617 combined NOX66 is a safe and feasible therapeutic strategy.

177Lu-PSMA RLT had a relatively high PSA response rate and a relatively low rate of severe toxic
reaction in the treatment of PCa.

The addition of 177Lu-PSMA-617 RLT to standard treatment in mCRPC patients prolonged
radiologically progression-free survival and overall survival.

225Ac-PSMA RLT is an effective option for patients with mCRPC.

225Ac-PSMA-617 RLT showed good biochemical reaction in the treatment of mCRPC patients
and improved the survival rate of patients.

It is safe and effective to treat mCRPC with 177Lu-PSMA-617 RLT.

Interventions Type of Study Objectives Number of Results References
Studies and/or
Patients
177Lu-PSMA-617 RLT Retrospective study This study examined the value of 177Lu-PSMA-617 in the treatment of 30 patients 177Lu-PSMA-617 is a promising new treatment option for mCRPC. Kratochwil
mCRPC. Cetal, 20167

Calopedos RJS
etal, 20177°
Yadav MP et al,
20177
Hofman MS
et al, 2018%
Kim Y] et al,
2018°

Von Eyben FE
et al, 20183
Hofman MS
etal, 2019%

Thang SP et al,
2019%

Yadav MP et al,
2019%
Marinova

M et al, 2020%°
Von Eyben FE
et al, 2020%
Crumbaker

M et al, 2021%7

Sadaghiani MS
et al, 2021%
Sartor O et al,
202157
Satapathy S et al,
20217

Ballal S et al,
2021%'

Zhang H et al,
20217
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Table 2 (Continued).

Interventions

Type of Study

Objectives

Number of
Studies and/or

Patients

Results

References

225Ac-PSMA RLT

225Ac-PSMA-617 RLT

177Lu-PSMA-617 RLT

177Lu-PSMA RLT

177Lu-PSMA-617 RLT

A meta-analysis

A systematic review and
meta-analysis
Retrospective single-
group clinical trial

A systematic review and
meta-analysis
Prospective randomized

controlled study

This study evaluated the efficacy of 225Ac-PSMA RLT in patients with
mCRPC.

This study evaluated the efficacy and safety of 225 AC-PSMA-617 RLT in
patients with mCRPC.

This study investigated the safety and efficacy of 177Lu-PSMA-617 in
combination with NOX66.

This study evaluated the effectiveness of targeting |77Lu-PSMA RLT in the
treatment of CRPC.

This study compared the efficacy and safety of 177Lu-PSMA-617 RLT with

docetaxel in patients with mCRPC.

9 studies/ 263

patients

6 studies/ 201
patients

56 patients

69 studies/4157

patients

40 patients

After treatment with 225Ac-PSMA RLT in mCRPC patients, PSA decreased by more than 50% in
61% of patients and decreased in 84% of patients.

225Ac-PSMA-617 RLT is an effective and safe treatment option for mCRPC patients with
relatively low toxicity.

NOX66 combined with 177Lu-PSMA-617 RLT is a safe and feasible treatment strategy in patients
with mCRPC.

A higher proportion of patients with PSA decreased by 250% after treatment with 177Lu-PSMA
RLT compared to the control group.

177Lu-PSMA-617 RLT has been shown to be safe in the treatment of mCRPC and is not inferior

to docetaxel.

Lee DY et al,
2022%

Ma ] etal,
202277
Pathmanandavel
S et al, 20227
Sadaghiani MS
et al, 2022%°
Satapathy S et al,
2022%¢
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Table 3 Studies on the Application of Inmunotherapy Targeting PSMA in the Treatment of PCa

DCs targeted therapy loaded PSMA

CAR engineered NK-92 cells targeting
PSMA (PSMA-CAR-NK-92)

CAR-T cells co-expressing TGF-B/IL-7
inverted cytokine receptor (ICR) targeting
PSMA (TGF-B/IL-7-PSMA-CAR-T)

CAR-T cells co-expressing IL23 targeting
PSMA CAR-T cells (IL23-PSMA-CAR-T)

PSMA-CAR-T cells

PSMA-targeting TGFp-insensitive armored
CAR-T cells (PSMA- TGFB-CAR-T)

PSMA-CAR-T cells

A systematic
review and
meta-analysis
Basic
Research

Basic
Research

Basic
Research

Basic
Research
Prospective
single-group
clinical trial
Basic
Research

This study evaluated the efficacy of
DCs loaded PSMA targeted therapy in
mCRPC patients.

This study explored the potential
efficacy of PSMA-CAR-NK-92 for
PCa treatment.

This study investigated the lethal
activity of TGF-p/IL-7-PSMA-CAR-T
cells against PCa.

This study investigated the antitumor
activity of IL23-PSMA-CAR T cells in
PCa.

This study investigated the antitumor
activity of PSMA-CAR-T in PCa.

This study investigated the feasibility
and safety of PSMA-TGFB-CAR-T
cells in clinical application.

This study investigated whether
PSMA-CAR-T cells combined with
docetaxel were more effective in
treating PCa.

6 studies/153

patients

18 patients

regression.

This study did not prove that DCs loaded PSMA targeted
therapy had a significant therapeutic effect on mCRPC.
However, no significant adverse effects were observed.
PSMA-CAR-NK-92 cells significantly inhibited the growth
of cell tumors and improved the survival rate of PCa
mice.

TGF-B/IL-7-PSMA-CAR-T cells may serve as a novel PCa
treatment strategy and support the translation of this
enhanced approach in the clinical setting.

The efficacy of IL23-SMA-CAR-T cells in the treatment of
PCa was superior to that of SMA-CAR- T cells.

Local injection of PSMA-CAR-T cells can eradicate the
transplanted tumor in the xenograft model of PCa.
The clinical application of PSMA- TGFB-CAR T cells is
feasible and generally safe.

PSMA-CAR-T cells combined with docetaxel significantly
improved the antitumor effect of xenograft PCa models.

Interventions Type of Objectives Number of Results References
Study Studies and/
or Patients
BPX101 (PSMA Targeted Autoantigen Prospective The study investigated the safety and | |18 patients BPX101 has no dose-limiting toxicity. Sonpavde G et al,
Presenting Cell Vaccine) single-group activity of BPX101 in patients with Immunoupregulation and antitumor activity were 2017%7
clinical trial mCRPC observed through PSA reduction and objective tumor

Mohammadzadeh
M et al, 2018%

Montagner IM
et al, 20207

Weimin S et al,
2020'%°

Wang D et al,
2020

Alzubi | et al,
2020'%
Narayan V et al,
2022'%

Zhang X et al,
2022'%*
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Table 4 Studies on the Application of Other Treatment Methods Targeting PSMA in the Treatment of PCa

Interventions Type of Objectives Number of Results References
Study Studies and/
or Patients
Targeting PSMA Prospective | This study investigated the 42 patients BIND-014 treatment is effective and well | Autio KA
docetaxel single-group | safety and efficacy of BIND-014 tolerated in mCRPC patients who have | et al,
nanoparticles clinical trial | in the treatment of mCRPC. not received chemotherapy. 2018'%
(BIND-014)
PSMA ADC Prospective | This study evaluated the safety 52 patients PSMA ADC showed acceptable toxicity | Petrylak DP
single-group | and initial antitumor effects of in an extensively pretreated mCRPC et al,
clinical trial the PSMA ADC in patients with population. Antitumor activity was 2019'0¢
refractory PCa. observed at doses over and including
2.5 mg/kg.
PSMA ADC Prospective | This study investigated the 119 patients PSMA ADC showed certain tumor Petrylak DP
single-group | tumor killing activity of PSMA killing activity of PCa through PSA et al,
clinical trial ADC against PCa. reduction and TC reduction. 2020'%7
A humanized Prospective | This study evaluated the dose- 62 patients MLN2704 has limited activity in Milowsky Ml
monoclonal non- limiting toxicity and maximum metastatic castration-resistant PCa. et al,
antibody randomized | tolerated dose of MLN2704. 2016'%
targeting PSMA controlled
(MLN2704) study

Radioligand Therapy (RLT) Targeting PSMA

Progressive mCRPC is a highly fatal disease, and new effective therapeutic agents are urgently needed to improve patient
outcomes. PSMA is an excellent target for radionuclide therapy in mCRPC. In addition to having a high affinity with PCa
cells and a long retention period, vipivotide tetraxetan (PSMA-617) has low renal uptake, making it a good choice for
therapeutic applications. RLT is a tumor killing technique that targets cell membrane proteins. PSMA-617, labeled by
radioactive elements, specifically binds to PSMA, and the binding molecules enter the cell through internalization. The 8
particle treatment then kills PCa cells by acting on binding molecules that disrupt their DNA strands (Figure 3).
Preliminary clinical studies on the treatment of PCa based on this principle have achieved gratifying results (Table 2).

Labeling of PSMA ligands with lutetium-177Lu has shown promising therapeutic results. 177Lu-PSMA-617 is
a small radioactive labeled molecule that binds to PSMA with high affinity, thereby achieving B-particle therapy targeting
metastatic castration-resistant PCa. It has been determined that this approach is safe and effective by most published
studies to date.®77 #0-88092 Thege studies found that the treatment of 177Lu-PSMA-617 was achieved by lowering the
level of PSA in response to mCRPC. Sadaghiani et al®> systematically evaluated the effectiveness of RLT targeting
PSMA in CRPC. The results of the study found that a higher proportion of patients with PSA decreased by more than
50% after RLT treatment compared to the control group. A decrease in PSA after treatment with RLT or a greater than
50% decrease in PSA prolongs survival. Kim et al®*' studied mCRPC patients through a meta-analysis and found that
about two-thirds of PSA decreased and one-third of PSA decreased by more than 50% after the first cycle of Lu-PSMA
-617 RLT. Decreased PSA indicated prolonged survival after Lu-PSMA-617 RLT. Moreover, Thang et al** conducted
a prospective trial to determine outcomes in patients screened but not treated with 177Lu-PSMA-617 radioligand due to
low PSMA expression. The results of this study found that low PSMA expression was associated with poor prognosis
and low survival in mCRPC patients who progressed after conventional treatment. These studies suggest that 177Lu-
PSMA-617 RLT may be an effective therapy for patients with high PSMA expression in patients with advanced PCa that
has progressed after standard therapy.

Currently, the efficacy of 177Lu-PSMA-617 RLT in mCRPC patients compared with third-line treatment is con-
troversial. von Eyben et al® discussed whether 177Lu-PSMA RLT has similar efficacy and adverse reactions to third-line
treatment. The results of the study showed that 177Lu-PSMA-617 RLT had better efficacy and fewer adverse reactions in
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that binds to PSMA with high affinity.
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Figure 3 The principle of RLT treatment is shown in the figure by Figdraw. PSMA-617, labeled by radioactive elements, specifically binds to PSMA, and the binding molecules
enter the cell through internalization. The B particle treatment then kills PCa cells by acting on binding molecules that disrupt their DNA strands.

mCRPC patients than the third-line treatment (enzalutamide and carpacasel). Similarly, the researchers compared the
activity and safety of carbimazole chemotherapy with that of 177Lu-PSMA RLT. The results also found that 177Lu-
PSMA-617 RLT offers a potential life-prolonging treatment option for patients with mCRPC.** In addition, Satapathy
et al”® compared the efficacy and safety of 177Lu-PSMA-617 RLT and docetaxel in the treatment of mCRPC patients
through a prospective non-inferior trial. The results of the study found that 177Lu-PSMA-617 RLT was shown to be safe
and not inferior to docetaxel in the treatment of mCRPC, and it could be used earlier in the course of the disease, rather
than only for advanced end-stage disease.

Trials of 177Lu-PSMA-617 RLT in patients with mCRPC have shown favorable safety and efficacy, and the
investigators hypothesized that the combined strategy may be better for improved outcomes. Idronoxil (NOX66) is
a synthetic flavonoid derivative with radiosensitizing properties. Crumbaker et al®’” evaluated the safety and efficacy
of 177Lu-PSMA-617 RLT combined with NOX66 in the treatment of end-stage mCRPC patients. The results of the
study found NOX66 in combination with 177Lu-PSMA-617 RLT to be a safe and feasible treatment strategy in
mCRPC patients receiving third-line treatment. Similarly, Pathmanandavel et al®* reported the same results in
a Phase I/II clinical study combining 177Lu-PSMA-617 RLT and NOX66. Besides, the efficacy of 177Lu-PSMA
-617 RLT in addition to standard treatment for mCRPC was also discussed.®® The results of this study showed that
the addition of 177Lu-PSMA-617 RLT in addition to standard treatment extended radiologic progression-free
survival and overall survival in patients with advanced PSMA-positive mCRPC. These studies suggest that the
177Lu-PSMA-617 RLT combined with standard PCa therapy and radiosensitizers is a promising direction for the
treatment of mCRPC.

225Ac has high linear energy transfer and short path length, which can induce DNA double strands break. In recent
years, it has been found that 225AC-labeled PSMA ligand (225Ac-PSMA-617) targeting radionuclide therapy is another
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promising treatment mode for mCRPC, with good efficacy and safety.”®*> Ma et al*’ conducted a meta-analysis on the
efficacy and safety of 225Ac-PSMA-617 RLT in the treatment of mCRPC based on existing clinical evidence. The results
showed that 225Ac-PSMA-617 RLT is an effective and safe treatment option for mCRPC patients with relatively low
toxic effects. Similarly, Ballal et al’! investigated the role of 225AC-SMA —617 RLT as a salvage treatment for mCRPC.
The results show that 225Ac-PSMA-617 RLT has a favorable biochemical response in the treatment of mCRPC patients,
improves patient survival and reduces treatment-related toxicity, and is a promising treatment option. However, most of
the above studies are retrospective studies, and prospective randomized controlled studies are still needed in the future to
judge the efficacy and survival benefits compared with existing clinical therapies.

Immunotherapy Targeting PSMA
Adoptive immunotherapy is a promising strategy, especially for controlling advanced tumor stages by specifically
targeting the tumor through chimeric antigen receptor T cells (CAR-T) therapy. In recent years, CAR-T cells technology
has made great progress in the treatment of hematologic malignancies, and researchers are also trying to apply CAR-T
cells technology to the treatment of solid tumors. PSMA, as a membrane protein specifically expressed in PCa cells, has
been widely used in the study of CAR-T cells therapy. The single chain antibody variable region gene fragment (scFv) of
PSMA is combined with T cells by gene editing technique to construct PSMA-targeting CAR-T cells (PSMA-CAR-T).
PSMA-CAR-T cells can bind to PSMA on the surface of PCa cells to activate CAR-T cells. Activated CAR-T cells can
kill PCa by secreting cytokines such as perforin and granulozyme (Figure 4). Immunotherapy targeting PSMA for PCa
has been preliminarily studied and confirmed to have certain potential in the treatment of PCa (Table 3).

Alzubi et al'® designed a PSMA-CAR-T capable of recognizing one epitope in PSMA, and conducted related
preclinical studies on anti-PCa. The results of this study demonstrated that local injection of PSMA-CAR T cells
eradicated established human PCa xenografts in a preclinical mouse model. In addition, intravenous application of

T cell activation and proliferation
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Figure 4 The killing mechanism of PSMA-CAR T cells on PCa cells is shown in the figure by Figdraw. PSMA-CAR-T cells bind to PSMA on the surface of PCa cells to activate
CAR-T cells. Activated CAR-T cells can kill PCa by secreting cytokines such as perforin and granulozyme.
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PSMA-CAR-T cells in combination with low-dose docetaxel chemotherapy significantly inhibited tumor growth, while
docetaxel or CAR-T cells alone did not. This study suggests that PSMA is a viable target for the treatment of PCa by
CAR-T cell technology, but its killing efficacy needs to be optimized. With the development of four-generation CAR-T
cells technology, researchers have also attempted to enhance the tumor killing function of PSMA-CAR-T cells by co-
expressing IL-7, 1L23'°%'%" The tumor killing activity of optimized PSMA-CAR-T cells was significantly enhanced
in vitro and in vivo. Narayan et al'® reported the results of a Phase 1 clinical trial that PSMA-CAR-T cells treat TGF-p-
resistant CRPC (NCT03089203). The results confirmed that the CAR-T cells were feasible and safe in the treatment of
TGF-B-resistant CRPC. Furthermore, Zhang et al'®* explored whether the combined application of docetaxel and PSMA-
CAR-T cells could be more effective in the treatment of PCa. The results demonstrated the PSMA-CAR-T cells
combined with docetaxel significantly improved the antitumor effect of PCa in mice.

Recently, dendritic cells (DCs) have been used as vaccines in many malignancies to induce immunity against specific
tumor antigens. Sonpavde et al’’ investigated the safety and activity of DCs targeted therapy loaded with PSMA
(BPX101) in mCRPC patients through a Phase I clinical trial. Eighteen advanced mCRPC patients were enrolled in
the study who received three intradermal doses of BPX101. The results showed that BPX101 had no dose-limiting
toxicity, and showed robust tumor killing efficacy through PSA reduction and objective tumor regression. In addition,

Mohammadzadeh et al®®

evaluated the proportion of mCRPC patients receiving DCs targeted therapy loaded with PSMA
in a meta-analysis, and investigated possible adverse effects caused by this treatment mode. This study did not prove that
DCs had a significant therapeutic effect on mCRPC. However, no significant adverse effects were observed. Therefore,

DCs targeted therapy loaded with PSMA should be optimized to achieve better tumor killing efficacy.

Antibody-Drug Conjugates (ADCs) Targeting PSMA
PSMA has emerged as a pivotal target in the diagnosis and treatment of prostate cancer. ADCs targeting PSMA represent
a promising therapeutic strategy due to their ability to deliver cytotoxic agents directly to cancer cells, thereby
minimizing off-target effects.'” The mechanism of PSMA-targeted ADCs involves the utilization of monoclonal
antibodies that specifically bind to PSMA on the surface of prostate cancer cells. Once bound, the ADCs is internalized,
and the cytotoxic payload is released within the cancer cell, leading to cell death.''” This targeted approach enhances the
therapeutic index compared to conventional chemotherapy.

Researchers have also tried ADCs targeting PSMA in the treatment of PCa, and have shown some promise (Table 4).
In preclinical models of advanced PCa, PSMA ADCs show effective and selective antitumor activity. Petrylak et al'®®
evaluated the safety, pharmacokinetics and initial antitumor effects of ADCs targeting PSMA in patients with refractory
PCa. The results of this study found that the ADCs targeting PSMA showed acceptable toxicity in an extensively
pretreated mCRPC population. Antitumor activity was observed at doses over and including 2.5 mg/kg. The observed
antitumor activity supports further evaluation of this novel agent for the treatment of advanced metastatic PCa. In

addition, Petrylak et al'"’

evaluated the efficacy of the ADCs targeting PSMA in mCRPC patients who progressed after
abiraterone/enzalutamide treatment. The results of the study found that the ADCs targeting PSMA showed some activity
in PSA reduction, CTCs reduction, and radiological evaluation in treated mCRPC patients. These studies confirm the
efficacy of the ADCs targeting PSMA in the treatment of PCa, and more prospective randomized controlled studies are
needed to confirm the efficacy.

BIND-014 is docetaxel-encapsulating nanoparticle decorated with small-molecule PSMA targeting ligands. The
modified nanoparticle is enriched in the tumor microenvironment and can be internalized on binding to a PSMA-
expressing cell, enabling the preferential delivery of docetaxel to the tumor."'" Delivery of PSMA-targeted BIND-014 to
tumors showed significant therapeutic efficacy, and selective reduction of PSMA-positive CTCs after treatment, which is
of significance for disease monitoring in patients. Autio et al'®® investigated the safety and efficacy of PSMA targeted
BIND-014 in the treatment of mCRPC (NCT01812746). The results of this study suggest that BIND-014 therapy is
effective and well tolerated in mCRPC patients who have not received chemotherapy. Antitumor activity may correlate
with the level of PSMA expression on CTCs, suggesting that patients who might benefit from this treatment can be
identified before treatment begins. Besides, a study have attempted to apply MLN2704, a humanized monoclonal
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antibody targeting PSMA, to the treatment of PCa, but its activity in the treatment of mCRPC is limited.'”® More
prospective studies are needed to examine its antitumor activity in PCa.

However, challenges remain in the clinical application of PSMA-targeted ADCs. Resistance mechanisms, including
the downregulation of PSMA expression and alterations in internalization pathways, pose significant hurdles.
Furthermore, identifying the most appropriate patient populations and optimal treatment regimens continues to be an
area of active research. In summary, PSMA-targeted ADCs hold great promise in the treatment of prostate cancer, yet
ongoing studies are needed to fully understand their efficacy and address the challenges associated with their use.

Clinical Trials Related to PMSA Targeted Therapy

PSMA-targeted therapies have generated substantial interest and promising clinical results in recent years. As clinical
trials continue to explore innovative treatment strategies, it is expected that these approaches will lead to improved
outcomes for patients with prostate cancer, further solidifying the role of PSMA as a pivotal target in oncology. Among
these advances, both radioligand therapy (RLT) and CAR T-cell therapy have featured prominently (Table 5). Numerous

Table 5 Clinical Trials of Targeted PMSA Therapy Strategies for PCa Treatment

Identifying Patients | Clinical | Study Title Interventions First Status
code (n) stage Posted
NCTO05204927 | 439 Phase 3 | 77Lu-PSMA-I&T for Metastatic Drug: 177Lu-PSMA-I&T | 2022-01-24 Active, not
Castration-Resistant Prostate Cancer Drug: Abiraterone with recruiting
Prednisone or
Enzalutamide
NCT05521412 | 30 Phase EValuation of radlOLigand Treatment in Drug: [161 Tb] Tb 2022-08-30 Active, not
IPhase 2 | mEn With Metastatic Castration-resistant PSMA 1&T recruiting
Prostate Cancer With [161Tb] Tb-PSMA-
1&T
NCTO05150236 | 93 Phase 2 EVOLUTION: 177Lu-PSMA Therapy Versus | Drug: 177Lu-PSMA-617 | 2021-12-09 Active, not
177Lu-PSMA in Combination with Drug: Ipilimumab recruiting
Ipilimumab and Nivolumab for Men With Drug: Nivolumab
mCRPC
NCT03454750 | 43 Phase 2 Radiometabolic Therapy (RMT) With Drug: 177Lu-PSMA 2018-03-06 Active, not
177Lu PSMA 617 in Advanced Castration recruiting
Resistant Prostate Cancer (CRPC)
NCTO05555017 | 60 Phase 2 Tracer-Guided Surgery for Procedure: 2022-09-26 Recruiting
Recurrent Prostate Cancer PSMA-radioguided
surgery
Drug: ADT
NCT04429451 | 100 Phase PSMA-specific CAR-T Cell Therapy Biological: 2020-06-12 Recruiting
IPhase 2 4SCAR-PSMAT cells
NCT05893381 | 70 Phase 2 Lu-PSMA and Stereotactic Radiotherapy Drug: [177Lu] Lu-PSMA | 2023-06-07 Recruiting
Versus Radiotherapy Alone 1&T
for Prostate Cancer (LUST) Radiation: Stereotactic
Radiotherapy
NCT03658447 | 37 Phase | PRINCE (PSMA-lutetium Radionuclide Drug: Pembrolizumab 2018-09-05 Completed
Phase 2 Therapy and InmuNotherapy in Prostate Drug: 177Lu-PSMA
CancEr)
NCTO05383079 | 36 Phase Combination of Radium-223 and Lutetium- | Drug: Lutetium-177 2022-05-19 Recruiting
IPhase 2 | 177 PSMA-I&T in Men with Metastatic PSMA-1&T
Castration-Resistant Prostate Cancer Drug: Radium-223
(Continued)
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Table 5 (Continued).

Identifying Patients | Clinical | Study Title Interventions First Status
code (n) stage Posted
NCT04443062 | 58 Phase 2 Lutetium-177-PSMA-617 in Oligo- Drug: 177Lu-PSMA-617 | 2020-06-23 Recruiting

metastatic Hormone
Sensitive Prostate Cancer
NCTO06402331 | 60 Phase FPI-2265 (225Ac-PSMA-I&T) for Patients Drug: FPI-2265 2024-05-07 Recruiting
2Phase 3 | With PSMA-Positive Metastatic Castration-
Resistant Prostate Cancer (mCRPC)

NCT03828838 | 10 Phase Lutetium-177-PSMA-617 in Low Volume Drug: Lu-177 PSMA-617 | 2019-02-04 Completed
IPhase 2 | Metastatic Prostate Cancer
NCT06220188 | 20 Phase 2 PSMA-RLT in Biochemically Recurrent PCa | Drug: [177Lu] 2024-01-23 Recruiting
Lu-PSMA 1&T

Notes: All clinical trials were download at http://www.clinical trials.gov (access date: September 28, 2024).

studies have produced promising preliminary results, while many others remain ongoing and are expected to expand our
understanding of PSMA-targeted therapies.

One of the landmark studies in this domain is the VISION trial, a Phase 3 randomized study evaluating the efficacy of
radioligand therapy with [177Lu]Lu-PSMA-617 in patients with mCRPC. The trial reported substantial improvements in
overall survival and progression-free survival for patients receiving this treatment compared to standard care alone,
making it a cornerstone in our approach to managing advanced prostate cancer.''> Moreover, the TheraP trial has directly
compared [177Lu] Lu-PSMA-617 to cabazitaxel, establishing the radioligand’s superiority in reducing PSA levels and
improving quality of life in mCRPC patients.''® These outcomes underscore the potential of PSMA-targeted therapies to
alter the treatment landscape for advanced prostate cancer.

In addition to RLT, newer PSMA-targeted immunotherapies have been under evaluation. A notable example is the
Phase 1 trial involving PSMA-targeting CAR T-cells, which demonstrated effective targeting of PSMA-expressing cancer
cells, providing an innovative route of immunotherapy in advanced prostate cancer.'®® The results suggested these
engineered T-cells can overcome some of the challenges related to TGFp signaling in the tumor microenvironment,
which generally hampers the immune response. Clinical trials investigating combination therapies are also emerging. The
trial evaluating the efficacy of a single dose of [177Lu] Lu-PSMA-617 followed by maintenance pembrolizumab
demonstrated encouraging results in mCRPC patients, indicating potential synergistic effects between radioligand
therapy and checkpoint inhibitors.''

Furthermore, ongoing investigations are exploring the administration of [177Lu] Lu-PSMA-617 prior to radical
prostatectomy in high-risk localized prostate cancer cases, aiming to enhance surgical outcomes and reduce recurrence
rates. ''> Each of these studies reflects a nuanced understanding of how PSMA-targeted therapies can fit into various
stages of prostate cancer management. Challenges remain in the integration of these therapies into routine practice,
particularly regarding patient selection, the heterogeneity of PSMA expression, and the development of resistance
mechanisms. Additionally, there are ongoing discussions surrounding optimizing dosage protocols in PSMA therapy to
minimize adverse effects while maximizing therapeutic outcomes.

Discussion

This review summarized the research progress of the diagnosis and treatment of targeted PSMA in patients with PCa. It
was found that PCa patients could benefit from the application of targeted PSMA due to the specific expression of PSMA
on the surface of PCa cells. These results indicate that PET with radionuclide PSMA targeting radionuclide tracer has
a higher detection rate in primary and recurrent tumors, and a higher diagnostic efficacy in staging of medium-high risk
PCa patients compared with conventional imaging. In addition, PSMA-targeting RLT, immunotherapy, and ADC showed
good safety and efficacy in the treatment of mCRPC compared with third-line therapy. Therefore, with the gradual
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deepening of relevant research on the diagnosis and treatment technology of targeted PSMA, it is believed that it may
play a greater role in the diagnosis and treatment of PCa.

As we all know, mpMRI has high sensitivity and specificity in the detection of PCa, and is currently the most widely
used imaging technology for tumor localization and cancer staging.”® However, for the past few years, with the
development of molecular imaging technology and the strengthening of clinical demands for accurate diagnosis of
PCa, molecular imaging technology targeting PSMA has been widely used in the diagnosis of PCa, and has achieved
better imaging results. Numerous studies have shown that 68Ga-PSMA PET scan can be used in the staging of recurrent
or metastatic PCa because of its excellent diagnostic efficacy in primary, metastatic and metastatic lymph nodes.**>%%¢4
Second, the 18F-PSMA PET was found to be no worse than the 68Ga-PSMA PET in detecting localized prostate tumor
lesions and regional lymph node metastases.*” These findings suggest that PSMA-targeting molecular imaging has great
potential in the diagnostic staging of PCa.

In recent years, targeted therapy of PSMA has also made some achievements in mCRPC. Clinical studies have shown
that 177Lu-PSMA-617 and 225Ac-PSMA-617 RLT have good biochemical reactions in the treatment of mCRPC
patients, improve the survival rate of patients, reduce treatment-related toxicity, and are a promising salvage treatment
option.>7#1:849195 The study also compared the efficacy of 177Lu-PSMA-617 RLT with docetaxel in mCRPC. It was
found that 177Lu-PSMA-617 RLT was proven to be safe and not inferior to docetaxel. The study also suggests that
177Lu-PSMA-617 RLT may be used earlier in the course of the disease, rather than only for late end-stage disease.
Furthermore, the investigators found that 177Lu-PSMA-617 combined with standard PCa treatment and radiosensitizers
may lead to better outcomes in the treatment of mCRPC. Therefore, targeted PSMA RLT has great potential in the
treatment of PCa, especially mCRPC.

Immunotherapy of PCa is also the direction of researchers’ efforts. Several preclinical studies of PSMA-targeted
CAR-T cells technology in PCa have also confirmed the efficacy and safety in the treatment of PCa.'"*'® Current
clinical trials have initially confirmed the safety of PSMA-CAR-T in humans, and ongoing studies further confirm its
tumor killing efficacy. Meanwhile, in order to overcome the suppressive immune microenvironment of PCa, research-
ers are trying to modify the PSMA-CAR-T structure by gene editing technology to enhance its tumor killing
function.'®®!%" DCs targeted therapy with PSMA loading has also achieved initial efficacy, and its clinical safety
has been confirmed. However, studies on its efficacy have produced mixed results.””-*® Therefore, there is still a long
way to go before immunotherapy targeting PSMA can be widely used in PCa. In addition, it has been found that
PSMA ADC can deliver anti-tumor drugs to tumor tissues to achieve precise tumor killing, and can kill
CTCs.'%1°711 This technique has some potential for PCa treatment, but has been poorly studied. More clinical
studies are needed to confirm its efficacy.

Conclusions

In summary, the progression of PCa can not be accurately diagnosed by staging, resulting in the failure of accurate
management of PCa patients. Therefore, some patients progressed to mCRPC. Even if the treatment measures for
mCRPC are very timely and adequate, patients still cannot get a very good clinical prognosis. Targeted PSMA
diagnostics can accurately diagnose the clinical progression of PCa at the molecular level, thereby optimizing the
clinical management of the patients. In addition, targeted PSMA therapy also holds promise for the treatment of mCRPC.
It is believed that with the rapid development of targeted diagnosis and treatment technology, PCa will certainly benefit
from the diagnosis and treatment of targeted PSMA.
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