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ABSTRACT

One of the most common cancers to be identified in men globally, prostate cancer continues to be a significant source
of cancer-related morbidity and mortality, especially in advanced stages [1,2]. Due to its significant increase in prostate
cancer cells, particularly in high-grade, metastatic, and castration-resistant illness, while exhibiting little expression
in normal tissues, prostate-specific membrane antigen (PSMA) has become a very intriguing molecular target [5,6].
Positron emission tomography (PET) imaging based on PSMA has greatly enhanced disease detection, staging
precision, and patient selection for targeted therapy [8—11].

PSMA-targeted radioligand therapies, especially lutetium-177-labeled PSMA-617, have shown significant
improvements in progression-free and overall survival in patients with metastatic castration-resistant prostate cancer,
building on these diagnostic advancements. This has led to regulatory approvals and integration into clinical practice
[12—15]. The therapeutic landscape is further expanded by alpha-emitting radioligands like actinium-225-PSMA and
newly developed PSMA-directed immunotherapeutic strategies such antibody—drug conjugates, bispecific T-cell
engagers, and chimeric antigen receptor T-cell treatments [16—21]. Despite promising results, toxicity-related issues,
tumor heterogeneity, resistance mechanisms, and appropriate patient selection persist [18,22]. This review offers a
thorough summary of the biological justification for PSMA targeting, the available clinical data in favor of PSMA -
based imaging and therapeutic approaches, related drawbacks, and potential future directions for improving
customized and multimodal prostate cancer treatment approaches.

INTRODUCTION

One of the most prevalent malignancies in males, prostate cancer poses a serious threat to world health [1,2]. Advanced
and metastatic prostate cancer continues to be a major cause of cancer-related death, despite the fact that localized
illness is frequently linked to good long-term results [2, 3]. The increased prevalence in elderly populations and
improved detection technologies further contribute to the growing clinical burden [1].

Prostate cancer has a wide range of clinical behaviors, from aggressive disease with early metastases and treatment
resistance to indolent tumors appropriate for active surveillance [3,4]. Serum prostate-specific antigen testing, digital
rectal examination, and systematic biopsy are examples of traditional diagnostic techniques that have improved early
detection but are constrained by overdiagnosis and overtreatment, which have a detrimental effect on quality of life
[4]. Furthermore, especially in recurrent and advanced settings, prostate-specific antigen kinetics alone are inadequate
to appropriately reflect tumor load or disease progression [3,4].

Androgen restriction therapy remains the cornerstone of treatment for advanced prostate cancer; nonetheless, most
patients eventually progress to castration-resistant prostate cancer (CRPC) [3,4]. Durable responses in metastatic
CRPC are still rare, despite the availability of next-generation androgen receptor-targeted drugs, chemotherapy, and
bone-directed therapies [12,31-33]. This highlights the need for innovative diagnostic and treatment methods.
Prostate-specific membrane antigen is a type Il transmembrane glycoprotein expressed by the FOLH1 gene and
demonstrates glutamate carboxypeptidase activity [5,7]. Prostate cancer cells have a significant overexpression of
PSMA, with elevated expression seen in high-grade tumors, metastatic lesions, and castration-resistant illness [6,7].
Crucially, PSMA experiences ligand-mediated internalization, which promotes intracellular transport and retention of
therapeutic and diagnostic substances, improving therapeutic efficacy and imaging contrast [7]. Because of these
characteristics, PSMA is a perfect target for targeted treatment and molecular imaging. Because PSMA-targeted PET
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imaging allows for extremely sensitive detection of primary tumors, lymph node involvement, and distant metastases,
even at low levels of prostate-specific antigen, it has revolutionized the staging and restaging of prostate cancer [8—
11]. Furthermore, by directing treatment selection and identifying biochemical recurrence earlier than traditional
imaging modalities, PSMA PET imaging has shown a substantial influence on clinical decision-making [8,9,34).
PSMA-targeted radioligand treatments, which selectively administer lethal radiation to tumor cells while sparing
surrounding healthy tissues, have become a viable therapy option based on advancements in imaging [12—15]. PSMA-
directed immunotherapeutic approaches are being explored concurrently to improve antitumor effectiveness and
overcome resistance mechanisms [19-23].

The purpose of this review is to provide an overview of the biological underpinnings of PSMA targeting, current
clinical evidence that supports PSMA-based imaging and therapeutic approaches, related safety concerns and
limitations, and future directions in prostate cancer management that center on combination strategies and customized
treatment paradigms.

Fig No 1 PSMA — Targeted Therepies in Prostate Cancer (24)
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Methodology of Review

The databases PubMed, Scopus, and Google Scholar were thoroughly searched for this narrative review. Peer-
reviewed literature published in English up to 2024 were identified using keywords including “prostate cancer,”
“prostate-specific membrane antigen,” “PSMA PET,” “radioligand therapy,” “lutetium-177 PSMA,” and “PSMA
immunotherapy.” Clinical trials, systematic reviews, meta-analyses, and original research articles were all included;
conference abstracts, case reports, and non-peer-reviewed sources were not. A manual screening of the reference lists
of the chosen publications was done to find more pertinent research.

Biology of Prostate-Specific Membrane Antigen

PSMA is extensively expressed on the surface of prostate cancer cells and displays low expression in most normal
tissues, contributing to a favorabletumor-to-background ratio for imaging and therapy [5,6]. Its capacity to internalize
upon ligand binding greatly increases PSMA-targeted drugs' intracellular accumulation, enhancing therapeutic
efficacy and diagnostic sensitivity [7]. Tumor aggressiveness, metastatic potential, and resistance to androgen
deprivation therapy are all correlated with elevated PSMA expression [6, 7].

Table 1. Expression and Biological Characteristics of PSMA (25)

Feature Description

Gene name FOLHI

Protein type Type II transmembrane glycoprotein

Normal tissue expression Low (salivary glands, kidneys, small intestine)
Expression in prostate cancer | High, especially in high-grade and metastatic disease
Expression in mCRPC Very high

Internalization Rapid ligand-mediated internalization

Clinical relevance Ideal target for imaging and targeted therapy

PSMA-Based Imaging in Prostate Cancer

to traditional imaging modalities, PSMA PET imaging utilising radiotracers like gallium-68—PSMA-11 and fluorine-
18-labeled PSMA compounds has shown greater sensitivity and specificity [8,11]. PSMA PET imaging has been
demonstrated in clinical studies to increase staging accuracy, modify therapeutic choices, and facilitate early diagnosis
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of recurrent illness at low levels of prostate-specific antigen [8,9,25,35]. According to worldwide standards, PSMA
PET imaging should be included into clinical practice [3,10].

PSMA-Targeted Radioligand Therapy

Lutetium-177 PSMA-617

A beta-emitting radioligand treatment called lutetium-177-PSMA-617 targets tumour cells that express PSMA with
radiation. The VISION and TheraP studies indicated significant increases in progression-free survival, overall
survival, and prostate-specific antigen response rates in patients with metastatic castration-resistant prostate cancer
[12—14]. Its favourable effectiveness and controllable toxicity profile have been validated by subsequent real-world
and long-term follow-up investigations [15].

Table 2. Major Clinical Trials of ""Lu-PSMA-617 (26)

Trial name Year Patient population Key outcome

VISION 2021 mCRPC post-ADT & chemo | Improved OS & PFS

TheraP 2021 mCRPC Higher PSA response vs cabazitaxel
REAL-WORLD studies | 2022-2024 | mCRPC Confirmed safety & efficacy

Actinium-225 PSMA

Actinium-225 PSMA Actinium-225-labeled PSMA molecules are a new type of alpha-particle radioligand treatment
that has strong cytotoxic effects and high linear energy transfer. Patients with severe illness, particularly those who
are resistant to beta-emitting treatments, have shown encouraging results in early clinical trials [16,17]. Salivary gland
toxicity and other negative effects, however, continue to be significant constraints that call for more optimisation [18].

ACTINITUM-225
PSMA TARGETED ALPHA THERAPY

SELEQTIVE TUMOR
CELL DESTRUCTION

Fig No. 2 Actinium-225 PSMA (27)
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Figure No 3 Conceptual trend of prostate-specific antigen (PSA) decline following *""Lu-PSMA-617
radioligand therapy.
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Explanation of the Graph

The normal trend in prostate-specific antigen (PSA) levels following treatment with 'Lu-PSMA-617 radioligand
therapy is depicted graphically. Relative PSA readings gradually decrease with each treatment cycle, as the picture
illustrates. This decrease is a result of targeting PSMA-expressing prostate cancer cells effectively and delivering beta
radiation locally, which damages tumour cells and lessens the burden of the illness.(35)

Early therapeutic response is indicated by the PSA''s initial fall during the first treatment cycle, but persistent anticancer
activity is shown by a decline that persists over consecutive cycles. Major clinical trials assessing PSMA-based
radioligand treatment in

Patients with metastatic castration-resistant prostate cancer have consistently documented such PSA patterns. The
general trend shows that 'Lu-PSMA-617 has the ability to produce significant biochemical reactions with repeated
treatment, even if individual patient responses may differ.

It is crucial to remember that the graph does not depict specific patient data, but rather a conceptual overview based
on published clinical results. However, in PSMA-targeted radioligand therapy, it successfully illustrates the
therapeutic use of PSA as a surrogate measure for treatment response. (36,37)

PSMA-Directed Immunotherapeutic Approaches

Additionally, PSMA has been investigated as a target for immunotherapeutic approaches such as chimeric antigen
receptor T-cell treatments, antibody—drug conjugates, and bispecific T-cell engagers [19-21]. Although immune-
related toxicities, inconsistent responses, and limited durability continue to be obstacles, early-phase clinical studies
have shown anticancer efficacy [21-23].

Limitations and Safety Considerations

PSMA-targeted treatments are linked to a number of drawbacks, including haematologic toxicity, xerostomia, renal
radiation exposure, and heterogeneous PSMA expression across tumours, despite notable therapeutic advancements
[18,22]. Furthermore, research on resistance mechanisms and ideal patient selection standards is still continuing [24].
Long-term safety data are still being developed, especially for immunotherapeutic techniques and more recent alpha-
emitting radioligands. (38,39)

Table 3. Common Adverse Effects of PSMA-Targeted Therapies(32)

Organ system | Adverse effects
Hematologic Anemia, thrombocytopenia
Salivary glands | Xerostomia
Gastrointestinal | Nausea, vomiting

General Fatigue

Renal Mild nephrotoxicity (rare)

Future Directions

Future studies concentrate on improving PSMA-targeted treatments by combining them with immunotherapy,
chemotherapy, androgen receptor-targeted drugs, as well as DNA damage repair inhibitors [31,34]. It is anticipated
that developments in radiotracer development, dosimetry, and biomarker-driven patient selection would enhance
treatment results and customise the treatment of prostate cancer [10,11,37].

Table 4. Comparison of PSMA-Targeted Therapies( 33)

Therapy type | Example Radiation type | Key advantage Main limitation
B-emitter RLT | ""Lu-PSMA-617 | Beta Proven survival benefit | Myelosuppression
a-emitter RLT | >*Ac-PSMA Alpha High tumorkill Xerostomia
CAR-T therapy | PSMA CAR-T None Immune-mediated kill | Cytokine release
BiTEs PSMA-CD3 BiTE | None T-cell activation Immune toxicity

CONCLUSION

Prostate cancer treatment has greatly improved thanks to PSMA-targeted imaging and treatment approaches,
especially in advanced and castration-resistant stages. Emerging immunotherapeutic strategies and radioligand
treatments like lutetium-177-PSMA-617 provide intriguing paths to better patient outcomes. Continued research
focused at improving these tactics, resolving safety issues, and incorporating personalised therapy approaches is
required to fully realise the therapeutic potential of PSMA-targeted medicines in prostate cancer care.
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