
Frontiers in Oncology

OPEN ACCESS

EDITED BY

Antonio Maldonado,
Hospital Universitario Quirónsalud Madrid,
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Prostate-speci�c membrane antigen (PSMA) is a protein primarily overexpressed
on the surface of prostate cancer (PCa) cells, making it a key target for PSMA-
based theranostics, which combine diagnostic imaging and therapy. PSMA-
based molecular probes, conjugated tracers and isotopes, and multifunctional
imaging technologies have signi�cantly advanced the landscape of high-risk PCa
management, particularly during initial diagnosis and treatment planning. This
tool is especially crucial as the ratio of mortality to incidence of PCa in Asian
populations is higher, and the overall prognosis is signi�cantly worse compared
to Western countries. Furthermore, prostate-speci�c antigen (PSA) screening
using multiparametric magnetic resonance imaging (MRI) and pathological
examination shows that only a small percentage of men (below 30%) with PSA
levels between 4– 10 ng/ml in China, considered low risk, actually test positive for
PCa when biopsied. Therefore, PSMA ligand-based positron emission
tomography (PET) has been increasingly utilized for the accurate diagnosis,
clinical staging, dynamic monitoring, treatment guidance, and prognosis
evaluation of PCa. Moreover, PSMA-targeted radioligand therapy (RLT),
antibody-drug conjugate (ADC) therapy, cellular immunotherapy,
photodynamic therapy (PDT), and photothermal therapy (PTT), along with
PSMA radioguided surgery (PSMA-RGS) intervention, have shown substantial
advantages and promising potential. The �eld of PSMA ligands in PCa
management has seen remarkable advancements in recent years, impacting
both diagnostic and therapeutic approaches. This review discusses and
summarizes the recent research progress and application prospects of PSMA-
based theranostics in the clinical management of PCa in Asian populations.
KEYWORDS
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1 Introduction

Recent years have shown a continuous increase in the incidence
of prostate cancer (PCa), especially in Europe, North America, and
Oceania (1). An analysis of global trends in PCa indicates worsening
health disparities between more developed [higher Social
Development Index (SDI)] and less developed nations, with PCa
burden showing a substantial increase in the Slope Index of
Inequality (SII) from 329.90 in 1990 to 544.03 in 2021 (2).
Although the Concentration Index (CI) shows a reduction in the
concentration of PCa burden in SDI countries (from 0.44 in 1990 to
0.31 in 2021), the burden of PCa is more concentrated in these
countries compared to low SDI countries. This can be attributed to
healthcare access and screening facilities, and education about PCa.
Furthermore, age-standardized rates (ASR) for PCa increased
signi�cantly worldwide, and the incidence rate is expected to
increase notably in China between 2022 and 2046. With the
population aged �65 years expected to reach 1.6 billion, age may
become a primary determinant of PCa incidence in the future (3).
These �ndings align with the rapidly aging population in Asia,
which is expected to contribute to a continued rise in incidence and
prevalence of PCa among Asian men (4). Historically, the incidence
rate of PCa in Asian men has been observed to be lower compared to
Western countries; a study by Siegel et al. (5) showed that Black men
had a PCa incidence 1.3 times that of white men, and Asian men had
a PCa incidence 0.7 times that of White men. Moreover, Down et al.
(6) also came to a similar conclusion, and found that Black men had
the highest PCa incidence at 24.7% (95% CI 23.3%, 26.2%); Asian
men had the lowest at 13.4% (95% CI 12.2%, 14.7%); and the
incidence for White men was 19.8% (95% CI 19.4%, 20.2%).
However, the mortality-to-incidence ratio (MR/IR) of Asian men
is higher, the 5-year survival rate is lower, and patients present with
advanced-stage and metastatic disease (7). In 2011, a study showed
that the MR/IR in Asia ranged from 0.3 to 0.6, whereas it was 0.12 in
North America and 0.20 in Europe (8). The MR/IR (0.44) was
signi�cantly higher in Asian countries than in other places, except
for Africa, suggesting that PCa poses a particularly signi�cant health
threat to the Asian population. In a study conducted by Zhang et al.
(9), they discovered that PCa in Chinese and US populations
exhibits notable differences in clinicopathologic features. Chinese
patients tend to be older and harbor a higher proportion of poorly
differentiated tumors with more advanced grade groups (Groups 4
and 5 were observed in 25% of Chinese patients compared to
17.11% of the USA cohort). In many Asian countries, PCa is
frequently diagnosed at later stages, often after it has metastasized.
This stands in stark contrast to countries like the United States,
where a majority of PCa cases are diagnosed at an early, localized
stage. Studies from China, for instance, reveal that over 60% of PCa
patients are diagnosed at advanced stages, compared to the US,
where 70% are diagnosed early (7). Additionally, the age-
standardized 5-year overall survival rate for Chinese PCa patients
(69.2%) is signi�cantly lower than that observed in the United States
(97.4%). These issues may be a result of late-stage diagnosis, limited
access to prostate-speci�c antigen (PSA) screening, and less
sensitive tests for Asian men (4, 10).
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Furthermore, the PCa composition and characteristics in Asian
men are different from other regions. Findings from a tumor marker
analysis have identi�ed distinct genetic variants and different
frequencies of risk alleles for PCa in Asian men compared to
Western populations, with a higher proportion of high-risk cases
and different clinical and genomic characteristics (11). Studies
suggest that speci�c gene mutations and variations linked to PCa
are observed at different frequencies across racial groups (12). For
example, studies have indicated that PTEN loss and TMPRSS2-ERG
fusion are more prevalent in White and Black men than in Asian
men. TMPRSS2-ERG fusion was discovered to have a prevalence of
50% in White men, but lower frequencies were reported in Asian
populations (8-21%) (13). PTEN inactivation was reported in 70% of
White men, and only 34% in Chinese patients. Again, current clinical
tests cannot detect PCa patients with highly metastatic prostate
cancer (mPCa), which accounts for about 30% of all newly diagnosed
PCa in Central Asia (14). Consequently, advancements in diagnostic
and therapeutic technologies and continued research into novel
biomarkers are needed to offer promising avenues for improved
detection and management of PCa.

PSA screening is a widely used PCa diagnosis biomarker
currently recommended by international guidelines. Despite its
wide application, PSA has limitations, particularly in the gray zone
(4–10 ng/ml), with biopsy rates of 25% in China and 40% in
America. Even with PSA levels over 20 ng/ml, the positive biopsy
rate was reported as only 70% (10). Furthermore, in a landmark
randomized controlled trial that recruited 61,000 men,
approximately 76% of the biopsies performed for an elevated PSA
level were false positives, illustrating PSA screening’s low speci�city
(15). This limitation can lead to increased prostate biopsies, which
carry potential risks of infection ranging from 0.5% to 10.1% (16, 17).
These �ndings show that PSA is an organ-speci�c marker but not
disease-speci�c, and its elevation can be caused by factors other than
PCa, such as non-cancerous in�ammation and benign prostatic
hyperplasia (4). This is an issue particularly in Asian men, as there
is a higher rate of false positives in Asian populations compared to
Western populations (6). Furthermore, some studies suggest that
Asian men may have lower PSA levels overall, which could affect the
accuracy of standard PSA cutoffs (4). Asian men in the UK were
reported to have lower PSA levels at diagnosis compared to white
men (18). Liu et al. (19) also found that serum PSA values in Chinese
men older than 50 years were lower than those in other races,
making the optimal PSA cutoff for PCa detection in the Chinese
population unclear. Therefore, in PSA testing, it is necessary to fully
consider racial differences and develop targeted screening and
diagnostic strategies to improve outcomes and reduce overdiagnosis.

Prostate-speci�c membrane antigen (PSMA) is a type II
transmembrane glycoprotein (20) (Figure 1) commonly found to
be highly expressed in prostate tumor cells, and its levels are about
100–1000 times higher than in normal prostate tissues and other
tissues (21, 22). As the tumor cells proliferate, they utilize a greater
quantity of folate to sustain their growth. This is facilitated by the
folate hydrolase activity of PSMA (23). While PSMA can be found
on non-cancerous prostate tissue and other tissues, its high
expression and high speci�city for PCa cells make it a valuable
frontiersin.org
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biomarker for diagnosis, therapy, and monitoring treatment
response (24). PSMA can be targeted with radioactive tracers for
positron emission tomography/computed tomography (PET/CT)
imaging, as well as targeted therapy with radioactive isotopes. This
approach is known as theranostics, a tool that utilizes
radiopharmaceuticals to both image and treat cancer by targeting
PSMA (25). PSMA PET/CT demonstrates superior detection rates
for recurrences and small metastases even in patients with low levels
of PSA, such as Asian men (26). Given the unique molecular
genotypes of PCa in Asian men, PSMA theranostics could offer a
new direction for precise diagnosis and treatment. However, there is
currently a lack of clinical reporting on the Asian population, and
related explorations are urgently needed.
2 Mechanism of PSMA as a diagnostic
and therapeutic target

PSMA exhibits higher expression levels in PCa cells, and these
levels tend to increase with stage and grade of the tumor. This is
particularly prominent in advanced PCa, metastatic disease, and
when biochemical recurrence develops (BCR). This highly speci�c
membrane surface expression feature makes it an extremely valuable
diagnostic and therapeutic target (27). The structural distribution of
the PSMA membrane provides surface accessibility for the molecules
designed to interact with it, particularly the large extracellular
domains and de�ned binding. This feature also allows for the
development of diverse ligands, and high-af�nity and speci�city (28).

The core mechanism (Figure 2) of diagnosis and treatment
based on PSMA lies in the utilization of the speci�c binding ability
of the designed molecules that target PSMA (29). At the diagnostic
level, these designed molecules are conjugated with radioactive
tracers (such as a Ga-68, positron emitter), which attach to the
cancer cells, marking them for precise localization through PSMA
Frontiers in Oncology 03
PET imaging, thus achieving visual tracking of the primary lesion
and metastatic lesions (30, 31). At the therapeutic level, the
molecules are labeled with radioactive molecules, which could
include Lu-177 (a b-particle emitter) or Ac-255 (a a-particle
emitter). Once attached to PSMA, these radioactive molecules
decay and deliver radiation directly to the cancer cells [(PSMA-
targeted radioligand therapy (RLT)] (32). This action induces DNA
double-strand breaks, which trigger cancer cell death while
minimizing damage to surrounding healthy tissues (33).

The currently developed molecules that target PSMA include small
molecules (PSMA-617 and PSMA-I&T), monoclonal antibodies (J591
antibody and antibody-drug conjugates), and RNA aptamers (34, 35).
Through design optimization, these molecules can be speci�cally
designed to bind to the intracellular or extracellular domains of
PSMA (36). Table 1 provides a summary of the common clinical
applications of PSMA-targeted ligands and radioactive molecules.
With the advancements in clinical research, the development of
PSMA-based theranostics has seen a shift from targeting the
intracellular domain to targeting the extracellular domain, enabling
internalization into viable cancer cells. This targets the limitations of
earlier approaches that primarily targeted dying or necrotizing cells for
the intracellular domain (56). PSMA-based theranostics has
constructed a new diagnosis and treatment system integrating
precise diagnosis and targeted therapy, providing a new solution for
precise medical treatment of PCa, especially in the Asian population.
3 Application and value of PSMA
imaging for diagnosing PCa

Elevated PSA levels can be caused by conditions other than PCa,
such as benign prostatic hyperplasia (BPH) or prostatitis. This means a
high PSA doesn’t always indicate cancer, thus causing a challenge to
early and accurate diagnosis of PCa. Due to this low speci�city, PSA
FIGURE 1

Schematic illustration of the PSMA structure.
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testing can lead to unnecessary biopsies and treatments with potential
side effects (57). Furthermore, PSA is not a structural or morphological
feature, which means it cannot be directly used for PCa imaging (58).
Therefore, the imaging typically relies on techniques such as CT,
magnetic resonance imaging (MRI), and bone scans (BS), which can
also have limitations when identifying subtle lesions. As a membrane-
bound protein, PSMA can be targeted using radiolabeled molecules to
visualize PCa cells. This means that PSMA imaging can often detect
PCa that other imaging tests miss, particularly when PSA levels are low,
thus providing more precise information (59). PSMA-based imaging
tool, PSMA PET scan, utilizes a radioactive tracer that attaches to
PSMA, allowing the scan to pinpoint the anatomic locations of the cells
(60). It can also detect PCa metastasis to other parts of the body, as well
as detect if the cancer treatment was effective. The effectiveness of the
PSMA PET examination as a tool for the precise localization of tumor
cells has been con�rmed by studies showing a signi�cant correlation
between the level of PSMA uptake in the PSMA PET scan and the level
of PSMA express ion observed in the corresponding
pathological sections.

Based on the above background, PSMA-targeted molecular
imaging, particularly PSMA PET/CT, is reshaping the diagnostic
pattern of PCa with superb advantages. PSMA PET/CT is more
accurate and sensitive at identifying local, regional, and distant
metastatic disease (Figures 3, 4), and this advantage is particularly
signi�cant in the diagnosis of BCR (61). Its enhanced sensitivity and
speci�city, particularly at PSA levels below 1 ng/ml, allow for early
detection of recurrence and better guidance of treatment options (62).
It is worth noting that PSMA PET/CT imaging uses two common
types of PSMA tracers, namely Ga-68 and F-18. Between them, F-18
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has a longer half-life than Ga-68, enabling it to offer slightly better
spatial resolution (49). PSMA-based imaging can help in determining
the extent of PCa, including lymph node involvement and distant
metastases (63, 64). It is also highly sensitive in detecting BCR after
treatment. These advantages can lead to more informed treatment
decisions. Furthermore, and more importantly, it is less likely to
produce inconclusive results compared to conventional imaging, and
in some cases, may result in lower radiation exposure than the
combination of CT and BS (65).

Following imaging, location, and staging of PCa facilitated by
PSMA-based imaging, radioactive isotopes attached to a PSMA-
targeted molecule are then delivered to the cancer cells, where they
damage their DNA and lead to cell death. The PSMA-targeted
molecules ensure that the radiation is delivered directly to the
cancer cells, minimizing damage to the surrounding healthy tissues.
The most commonly studied and used radionuclide to date is Lu-
177. This radionuclide emits beta radiation, has a longer tissue
range, and is used to treat smaller tumors and metastases, such as
metastatic castration-resistant prostate cancer (mCRPC) (66). Ac-
225 is also commonly used. It is an alpha-emitter; this radionuclide
is more potent and has a higher therapeutic ef�cacy than Lu-177
due to its high linear energy transfer of the emitted alpha particles
(67). This means that it induces double-stranded DNA breaks that
are more dif�cult to repair. Both Lu-177 and Ac-225 hold
signi�cant promise for treating PCa in Asian men, particularly in
advanced stages. In a prospective single-arm clinical trial, the
application of 177Lu-PSMA-I&T RLT showed favorable responses
in East Asian patients with mCRPC (52). The patients tolerated the
treatment well and experienced tumor remission with signi�cant
FIGURE 2

The diagnostic and therapeutic mechanisms of PCa using PSMA.
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PSMA-617

68Ga

FDA approval, high accumulation in the urinary
tract, high renal uptake, good pharmacokinetics,
high targeted uptake ef�ciency

Diagnosis of primary lesions and lymph node
metastases in PCa.

177Lu Treatment of mCRPC.

225Ac
A complementary agent to 177Lu-PSMA-617 or
as part of its tandem therapeutic approaches.

111In
Detecting lymph node invasion during lymph
node dissection in radical prostatectomy.

PSMA-11 68Ga
FDA approval, high accumulation in the
urinary tract

Detecting clinical recurrence after BCR followin
radical prostatectomy, and making adjunctive
treatment decisions.

Evaluating the therapeutic effect of ADT in PCa
bone metastasis patients and detecting the stage
and recurrence of PCa.

Identi�cation of atypical metastasis of PCa (suc
as isolated parietal peritoneal metastasis).

Pi�ufolastat (DCFPyL) 18F
FDA approval, low hepatic uptake, high
accumulation in the urinary tract

Diagnosis of primary lesions and lymph node
metastases in PCa, particularly in patients
experiencing their �rst BCR.

Flotufolastat
(rhPSMA-7.3)

18F FDA approval, good pharmacokinetics
Diagnosis of PCa, particularly for detecting
recurrent PCa and monitoring salvage therapy.

rhPSMA-7 18F
Low accumulation in the urinary tract, low
targeted uptake ef�ciency

Diagnosis of both primary and mPCa, less
prevalent compared to 18F-DCFPyL and 68Ga-
PSMA-11.

PSMA-1007 18F
Low accumulation in the urinary tract, high
hepatic uptake

Diagnosis of PCa, including the detection of the
primary lesion and the metastatic lesions.

PSMA-I&T

177Lu

High accumulation in the urinary tract, high
renal uptake, high targeted uptake ef�ciency

Treatment of mCRPC.

68Ga
Assessing tumor load in primary lesions of
newly diagnosed prostate cancer, assisting in ris
strati�cation, and predicting metastasis.

PSMA-I&S 99mTc
SPECT probe, the detection level is higher than
PSMA-I&T and lower than PSMA-11

Preoperative SPECT/CT imaging and being
adopted for PSMA-RGS in robot-assisted
minimally invasive procedures.

ADT, androgen deprivation therapy; BCR, biochemical recurrence; PSMA, prostate-speci�c membrane antigen; FDA, Food and Drug Administration; PCa, prostate can
metastatic CRPC; RLT, radioligand therapy; SPECT, single-photon emission computed tomography; PSMA-RGS, prostate-speci�c membrane antigen radioguided surgery
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PSA decline. Furthermore, the development of PSMA-based
theranostics that speci�cally target bone metastases is also vital, as
Asian men can be diagnosed with late-stage PCa that may involve
metastasis (4). Ra-223 is a relatively new drug that functions as a
bone-seeking calcium mimetic. Its structure is similar to calcium,
allowing it to be taken up and incorporated into the bone matrix,
particularly in areas of high bone turnover, as present in bone
metastases. Ra-223 is an alpha emitter, which means it delivers
potent and localized alpha radiation that effectively kills cancer cells
while minimizing damage to healthy surrounding tissues (68).

Of course, in clinical applications, attention should also be paid to
the heterogeneity of PSMA imaging results. The performance and
application effects of different PSMA PET markers vary among
patients at different stages and classi�cations, and it is necessary to
optimize the selection in combination with individual characteristics
(69). However, PSMA imaging technology is evolving into an
essential core instrument for the diagnosis and management of
PCa, offering the dual bene�ts of accurate visualization and tailored
diagnosis, particularly providing a groundbreaking approach to the
diagnosis of advanced PCa in Asian men.

4 PSMA-targeted therapeutic
strategies and future perspectives of
PCa

During the progression of PCa, most cases will ultimately
advance to CRPC or mCRPC. As the �nal phase of PCa
Frontiers in Oncology 06
development, mCRPC is a signi�cant contributor to mortality.
Once the disease progresses to this phase, patients often have to
rely on cytotoxic chemotherapy to prolong survival, but the prognosis
is extremely poor. According to statistics, the 5-year overall survival
rate of PCa patients in China (69.2%) is signi�cantly lower than that
in the United States (97.4%) (13). In addition to lifestyle, weak
awareness of disease cognition, accessibility of screening programs
and genomic differences, the proportion of advanced and new-onset
metastases at diagnosis in Asian patients was signi�cantly higher than
that in the Western populations, making it dif�cult for traditional
treatment strategies to meet the clinical needs of Asian PCa patients
(7). Consequently, there is an urgent need for more effective new
therapies to overcome these drawbacks.

Although the PSMA-targeted RLT has opened up new avenues
for accurately targeting tumors by speci�cally recognizing the
highly expressed PSMA on the surface of PCa cells, it does face
certain limitations in clinical application. For example, the
physiological overexpression of PSMA in salivary gland tissues
leads to dose-limiting salivary gland injury during RLT (such as
177Lu-PSMA-617 and 225Ac-PSMA-617), which severely limits the
intensity of treatment (70, 71). RLT has dose-limiting toxicity (such
as myelosuppression), and some patients are unable to complete the
entire course of treatment due to hematological toxicity (72, 73).
Moreover, the absorption ef�ciency of radioactive drugs by tumors
varies greatly, potentially resulting in inconsistent therapeutic
outcomes (74). In light of this, a systematic organization of
innovative treatment strategies targeting PSMA, along with a
prospective exploration of future developmental directions, can
FIGURE 3

A 51-year-old male patient diagnosed with prostatic acinar adenocarcinoma (Gleason 4+4=8) by biopsy received an intravenous injection of 18F-
PSMA. (A) PET/CT scan was performed 50 minutes later. (B, C) Multiple nodular and mass-like abnormal radioactive concentration shadows were
observed in both lobes of the prostate (SUVmax 13.0). (D, E) The bilateral seminal vesicles were enlarged, especially the left side (SUVmax 3.0). They
showed increased radioactive uptake. Additionally, the posterior wall of the bladder exhibited thickening with an indistinct boundary with the
prostate, suggesting invasion. The patient subsequently underwent transurethral resection of bladder lesions, and the postoperative pathology was
consistent with the results of the prostate biopsy.
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assist in generating new concepts for enhancing the current targeted
treatment approaches for Asian PCa patients.
4.1 Antibody-drug conjugate therapy

ADC therapy is a cutting-edge technology in tumor-targeted
therapy. Similar to PSMA-targeted RLT, they both take advantage
of the high expression characteristic of PSMA on PCa cells (75), but
there are signi�cant differences between the two. ADC utilizes
monoclonal antibodies as targeted vectors, while RLT utilizes
small-molecule ligands (76). Additionally, ADC utilizes cytotoxic
chemotherapy drugs, which usually have a strong killing effect,
while RLT exerts therapeutic effects by releasing radiation with
radioactive isotopes (77). The monoclonal antibodies in ADC can
precisely recognize and bind to PSMA. Once bound to PSMA, the
ADC is internalized into the cancer cells through endocytosis.
Inside the cell, ADC undergoes a series of intracellular processing,
and their linkers break under the enzymatic cleavage or other
mechanisms, releasing cytotoxic drugs (75). These drugs can
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disrupt key cellular processes, such as hindering microtubule
polymerization, causing cell cycle arrest, and ultimately leading to
the death of cancer cells. Clinical research data strongly con�rm the
anti-tumor activity of ADCs targeting PSMA. In the Phase II
clinical trial of PSMA-MMAE, mCRPC patients treated with
abiraterone/enzalutamide (abi/enz) showed positive changes in
PSA levels, CTC status, and radiologic assessments (78). Among
the patient group that did not receive chemotherapy, PSMA-
MMAE also showed good potential (75). Up to 21% of the cases
had a reduction in PSM of �50%, and 53% of the cases had CTC
conversion. However, its overall response rate is still at a medium
level. The main reason lies in the heterogeneity of PSMA expression
on the surface of tumor cells, which makes it dif�cult for tumor cells
to effectively take up ADC drugs. Furthermore, safety issues (such
as neurotoxicity) (79) and treatment-related adverse events (80) are
also key factors hindering the wide application of targeted ADCs
for PSMA.

In the future, the development of PSMA-targeted ADCs
necessitates further comprehensive investigation focus on
improving therapeutic ef�cacy, reducing toxicity, and optimizing
FIGURE 4

A 65-year-old male patient diagnosed with prostatic acinar adenocarcinoma (Gleason 4+4=8) by biopsy received an intravenous injection of 18F-
PSMA. (A) PET/CT scan was performed 50 minutes later. (B, C) Multiple lymph nodes of varying sizes were observed in the left neck with increased
radioactive uptake to different degrees (SUVmax 3.3). (D, E) Enlarged lymph nodes with increased radioactive uptake were seen around the bilateral
iliac vessels (SUVmax 10.2). (F, G) Multiple vertebral bodies and some appendages of the spine, as well as the bones of the pelvis, showed signi�cant
bone destruction with increased radioactive uptake (SUVmax 6.7). It can be seen that the 18F-PSMA PET/CT scan comprehensively re�ects the
multiple metastatic burdens throughout the body of this PCa patient, providing a strong basis for clinical decision-making.
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