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Abstract

Prostate-specific membrane antigen (PSMA) is highly expressed in PCa, which gradually increases in high-grade tumors,
metastatic tumors, and tumors nonresponsive to androgen deprivation therapy. PSMA has been a topic of interest during the
past decade for both diagnostic and therapeutic targets. Radioligand therapy (RLT) utilizes the delivery of radioactive nuclides
to tumors and tumor-associated targets, and it has shown better efficacy with minimal toxicity compared to other systemic
cancer therapies. Nuclear medicine has faced a new turning point claiming theranosis as the core of academic identity, since
new RLTs have been introduced to clinics through the official new drug development processes for approval from the Food
and Drug Administration (FDA) or European Medical Agency. Recently, PSMA targeting RLT was approved by the US
FDA in March 2022. This review introduces PSMA RLT focusing on ongoing clinical trials to enhance our understanding
of nuclear medicine theranosis and strive for the development of new radiopharmaceuticals.
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Introduction
Clinical Significance of Prostate Cancer

Prostate cancer (PCa) is one of the most common male can-
cers and a common cause of cancer-related deaths in men
worldwide [1]. Curative intent treatment for PCa, including
radical prostatectomy (RP), external beam radiation therapy
(EBRT), and brachytherapy, is possible when the tumor is
localized within the prostate [2]. Even after successful cura-
tive treatment is completed, biochemical recurrence (BCR),
which is defined as the increase of serum prostate-specific
antigen (PSA) level, develops in 15-50% of patients within
5 years [3-5]. Androgen deprivation therapy (ADT) is
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considered the standard of care (SOC) when salvage surgery
or radiotherapy is not an option, but most patients eventually
fail to maintain suppression of PSA levels, which is known
as castration resistant PCa (CRPCa). Moreover, metastatic
CRPCa (mCRPCa) remains incurable and fatal, despite the
availability of multiple therapeutic options that delay disease
progression and prolong life [6].

Prostate-Specific Membrane Antigen

Prostate-specific membrane antigen (PSMA) is a type I,
750-amino acid transmembrane protein (100—120 kDa) that
is anchored in the cell membrane of prostate epithelial cells.
PSMA is highly expressed in primary epithelial tumor cells
and metastatic lymph nodes of PCa. PSMA expression par-
ticularly increases in high-grade tumors, metastatic tumors,
tumors nonresponsive to ADT, and tumors showing high
tumor neo-vasculatures [7-9]. High PSMA expression was
independently associated with reduced survival in patients
with mCRPCa [10], and it also has been reported to be an
independent biomarker of poor prognosis throughout the
course of PCa and across anatomical sites [11, 12]. Thus,
the possibility of using PSMA as a therapeutic target has
been a topic of interest during the past decade.
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In the Era of Radiopharmaceutical Therapy
Acquiring FDA or EMA Approval

Therapy using radioisotopes is often referred to by dif-
ferent names, such as radioisotope therapy and radioli-
gand therapy (RLT). Radiopharmaceutical therapy (RPT)
is a newly coined term to define a novel type of cancer
therapy that utilizes the delivery of radioactive nuclides
to tumors and tumor-associated targets. A long history of
RPT started with radioactive iodine, which was firstly used
for the treatment of metastatic thyroid cancer in 1941. It
was long before the establishment of the modern concept
of new investigational drug application (NDA) approved
by the US Food and Drug Administration (FDA) or Euro-
pean Medical Agency (EMA). Hence, clinical protocols of
radioiodine therapy were empirically determined without
elaborate steps, including dose escalation studies or deter-
mination of the maximal tolerated dose. Nuclear medi-
cine physicians might be unfamiliar with the concept of
NDA in the past. Currently, market authorization through
well-designed clinical trials is an essential requisite for the
introduction of a new drug in the clinical field.

Nuclear medicine has faced a new turning point, claiming
theranosis as the core of academic identity, since new RPTs
have been introduced in clinics one after another through the
official new drug development processes. !”’Lu-DOTA-TATE
(Lutathera®) for peptide receptor RLT (PRRT) acquired
approvals from both the FDA and EMA, followed by **’Ra
dichloride (Xofigo®), which has opened a new chapter in the
era of RPT for cancer. Recently, PSMA targeting RLT was
approved by the US FDA in March 2022. We are going to
review clinical trials using PSMA RLT to enhance our under-
standing of nuclear medicine theranosis and strive for the
development of new RPTs (Table 1).

PSMA-Directed Imaging
Current Status of PSMA Imaging

PSMA has a unique feature that forms a ligand—receptor
complex with a substrate. Based on this feature, small mol-
ecules mimicking the endogenous substrate for PSMA have
been developed for diagnosis and therapy after labeling with
radionuclides. The basic chemical structure of these PSMA
ligands incorporates glutamate-urea-glutamate or glutamate-
urea-lysine dimers, which are essential structural components
required for binding to the catalytic domain of PSMA [13].
PSMA was originally targeted by a monoclonal antibody
(Capromab Pendetide) and then labeled with "p (ProstaS-
cint®) for scintigraphy imaging. However, inherent limitations
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of antibodies, such as slow clearance from non-targeted tis-
sues, have hampered the use of antibodies in the clinical field.
Instead, urea-based small-molecule PSMA inhibitors have
been investigated as anti-PSMA-specific ligands. The first
small-molecule PSMA inhibitors for the imaging of PCa intro-
duced to the clinic were '*I-MIP-1072 and '*I-MIP-1095. In
addition, the widespread use of *™Tc and SPECT scanners
has led to the development of *™Tc-based PSMA radiophar-
maceuticals. However, a clinical breakthrough was achieved
with the development of ®*Ga-based PSMA radioligands that
have formed the mainstream in PSMA-directed imaging.

Among the recently developed PSMA ligands for PET
imaging, the most widely and actively investigated PSMA-
targeting imaging radiopharmaceuticals is ®3Ga-PSMA-11.
%8Ga-PSMA-11 has spread rapidly worldwide since its clini-
cal introduction in 2011 [14]. ®*Ga-PSMA-11 is the first
PSMA PET agent that received FDA approval for the visu-
alization of PSMA-positive lesions in patients with PCa in
2020. Although ®3Ga-PSMA PET agents have prevailed
in clinical studies, '"*F-PSMA PET is preferred over 8Ga-
PSMA PET for several reasons. The '®F-labeled agent pre-
sents with a higher image resolution than the Ga-labeled
agent because of its longer half-life and shorter positron
energy. Moreover, it is possible to produce '®F-labeled
agents on a large scale from low-energy cyclotrons and to
deliver '®F-labeled agents to local imaging centers from a
central facility. Because of the limited distribution of **Ga-
PSMA-11, the FDA granted approval to the University of
California, Los Angeles, and the University of California,
San Francisco. In contrast, '*F-DCFPyL was approved by
the FDA as the first commercially available PSMA PET
imaging agent in 2021.

BE_DCFPyL is indicated in patients with suspected
metastasis who are candidates for initial definitive therapy
or patients with suspected recurrence, based on two pivotal
randomized clinical trials [15, 16]. A phase II/IIl multicenter
trial (OSPREY study) demonstrated excellent performance
of ®F-DCFPyL PET/CT for detecting nodal metastases in
patients with high-risk PCa undergoing RP for determining
suspected recurrent/metastatic lesions observed on conven-
tional imaging [15]. Another prospective phase III study for
the assessment of 'SF-DCFPyL PET/CT in patients with
BCR (CONDOR study) showed a high correct localization
rate of 84.8-87.0%, which led to a change in intended man-
agement in 63.9% of evaluable patients [16].

Apart from PSMA PET agents that already acquired
market authorizations, various PSMA ligands radiolabeled
with positron emitters have been developed for PSMA-
directed imaging, such as ®*Ga-PSMA-617 [17], %®Ga-
PSMA I&T [18], **Cu-PSMA-I&T [19], '®F-PSMA-1007
[20], '8F-rhPSMA-7 [21], and '®F-Florastamin [22]. In addi-
tion to diagnostic accuracy, the focus of the development
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of PSMA imaging is the realization of theranosis. Not only
targeting the same cellular structures and biologic process,
but also similarities in the chemical structures of diagnostic
and therapeutic radiopharmaceuticals are essential for the
establishment of successful theranosis. In this regard, these
PSMA PET radioligands can be interchangeably labeled
with therapeutic radionuclides or at least share similar struc-
tures with therapeutic PSMA radioligands (Fig. 1).

Importance of PSMA Imaging in PSMA Radioligand
Therapy (RLT)

PSMA imaging is indispensable to PSMA RLT clinical tri-
als, since PSMA PET is required to decide the eligibility
of enrollment. It is crucial to determine the presence and
intensity of PSMA expression to ensure therapeutic efficacy
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in patients with PSMA avid diseases and to avoid futile ther-
apy in patients without PSMA-positive lesions. In addition,
PSMA PET is used to evaluate the therapeutic outcomes in
clinical trials using PSMA RLT.

Clinical trials using PSMA RLT followed the recom-
mendations of the Prostate Cancer Clinical Trials Working
Groups (PCWG), an international working group of clini-
cal and translational experts in PCa. As clinically relevant
endpoints of clinical trials for patients with PCa, post-ther-
apeutic changes in PSA and radiographic progression-free
survival (r) have been recommended by PCWG. A PSA
response was defined as > 50% reduction in PSA from base-
line to 12 weeks after the therapy or earlier for those who
discontinued therapy by PCWG?2 in 2008 [23]. Conven-
tional imaging, including bone scan, computed tomography
(CT), or whole-body magnetic resonance imaging, has been
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Fig. 1 Representative radioligands targeting prostate-specific mem-
brane antigen (PSMA). A PSMA-11 is the most widely and actively
investigated PSMA-targeting imaging radioligand, and % Ga-
PSMA-11 received Food and Drug Administration approval for the
visualization of PSMA-positive lesions in patients with prostate
cancer (PCa) in 2020. B PSMA-617 is the most widely and actively
investigated PSMA-targeting therapy radioligand, and many clini-
cal trials using '"”’Lu-PSMA-617 have been conducted for the treat-

ment of patients with PCa. C PSMA I&T can be radiolabeled with
both diagnostic and therapeutic radionuclides; thus, the name implies
imaging and therapy. D PSMA 1007 is used for PSMA-directed
imaging after '8F labeling, and it is considered advantageous in thera-
nostic applications because it shares similar structures with PSMA
617, a representative ligand for PSMA RLT. E Radiohybrid PSMA
ligand is a theranostic PSMA targeting ligand that can be inter-
changeably labeled with '8F and radiometals
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suggested as the standard imaging modality for PCa clinical
trials by PCWG3 in 2016 [24]. A multicenter retrospective
study reported that PSMA PET offers more accurate and
reproducible identification of PCWG3 CRPCa clinical trial
target populations than conventional imaging [25].

PSMA-Directed Therapy

The first PSMA-based RPT introduced in the clinical field
was 31T-labeled PSMA ligands [26, 27]; however, it was
replaced with !"’Lu-labeled PSMA ligands. Both '3'T and
"Ly primarily emit B-particles and share similar physi-
cal characteristics. '*'I has a long half-life of 8.02 days,
with a maximum f-particle range of 2.4 mm in soft tissues,
and '""Lu has a physical half-life of 6.7 days, with a maxi-
mum range of 2.1 mm in soft tissues. However, 317 is less
attractive from a radiation safety point of view owing to the
high-energy y-radiation. In contrast, !”’Lu only emits low-
energy y-rays that enable post-therapeutic scans for tumor
localization and dosimetry. Thus, ""Lu is favored to deliver
sufficient radioactivity to cancer cells while preserving the
surrounding normal tissues.

177Ly- PSMA-617 for patients with Metastatic
Castration-Resistant Prostate Cancer (mCRPCa)

7TLu- PSMA-617 is the most actively investigated PSMA
ligand for the treatment of PCa. PSMA-11 is the most widely
investigated PSMA ligand for PET imaging, but it is inap-
propriate for RLT because of its radiochemical characteris-
tics. Owing to the advantageous properties of RLT, many
clinical trials using '""Lu-PSMA-617 have shown promising
results in the treatment of PCa.

Early clinical trials have shown encouraging results in
patients with CRPCa, since the first patient was treated
with '""Lu-PSMA-617 in 2014. In a retrospective analysis,
68.2% of patients with mCRPCa experienced a decline in
PSA value in comparison to the baseline value at 8§ weeks
after the second cycle of RLT with 77 u- PSMA-617 [28].
7"Lu-PSMA-617 demonstrated favorable safety profiles and
high therapeutic efficacy, with an overall PSA response rate
of 45% in patients with mCRPCa in a retrospective multi-
center clinical trial [29]. In two uncontrolled prospective
phase II trials, patients with progressive mCRPCa after
taxane-based chemotherapy and novel androgen-axis drugs
(NAAD:Ss), such as abiraterone or enzalutamide, were treated
with four cycles of '""Lu-PSMA-617 at a 6-week interval,
and high response rates and low toxic effects were reported
with a PSA response in 36% of patients [30] and 57% of
patients [31], respectively. A literature review analyzing
early clinical trials reported that '"’Lu- PSMA-617 shows
low-grade toxicities and a significant treatment response in

@ Springer

patients with CPRCa, as the number of patients showing
PSA responses ranges from 30 to 70% [32].

Recently, several phase III clinical studies have published
important data on RLT with !”’Lu-PSMA-617. In a phase
III VISION study (NCT03511664), four cycles of !""Lu-
PSMA-617 at 6-week interval plus best SOC demonstrated
significant improvements in the overall survival (OS) and
rPFS, compared to SOC alone in patients with progressive
mCRPCa [33]. The differences in rPFS (median, 8.7 vs. 3.4
months) and in OS (median, 15.3 vs. 11.3 months) were both
statistically significant, and the PSA response was higher in
the '7’Lu-PSMA-617 group than in the control group (46.0%
vs. 7.1%).

177Lu- PSMA-617 to Earlier Treatment Lines

1) Metastatic Hormone-Sensitive Prostate Cancer Setting
The aforementioned clinical trials mainly investigated
the safety and efficacy of !"’Lu-PSMA-617 in patients
with mCRPCa with progressive disease despite taxane-
based chemotherapy and NAADs. Several clinical tri-
als are ongoing to establish RLT with !”’Lu-PSMA-617
as an earlier treatment line for PCa in various clinical
settings. First, the potential clinical usefulness of !”’Lu-
PSMA-617 is being investigated in mCRPCa pre-taxane
and metastatic hormone-sensitive PCa (mHSPCa) set-
tings. The PSMAddition trial (NCT04720157) is an
international prospective open-label, randomized phase
III trial that assesses the efficacy and safety of '7’Lu-
PSMA-617 plus SOC versus SOC alone in patients with
mHSPCa who were previously treated with an alternate
ADT and not exposed to a taxane-containing regimen
(taxane-naive). The PSMAfore trial NCT04689828) is
a multicenter, open-label, randomized phase III trial that
compares the therapeutic efficacy of !7"Lu-PSMA-617
on rPES with a change in ADT treatment in taxane-naive
patients with mCRPC who received one prior ADT. For
both phase I1I trials, six cycles of !”’Lu-PSMA-617 with
7.4 GBq of radioactivity will be provided at 6-week
interval in taxane-naive patients with mHSPCa.

ADT may alter PSMA expression and radiosensitivity
in PCa cells. Administration of ADT increased PSMA
expression in in vitro studies and animal models [34,
35]. Short-term ADT led to a heterogeneous increase in
PSMA uptake, as evaluated by ®*Ga-PSMA-11 PET in
nine men with treatment-naive PCa [36]. It is expected
that concurrent administration of !”’Lu-PSMA-617 and
NAADs would be synergistic in patients with mCRPCa.
In this regard, the ENZA-p trial (NCT04419402), an
open label, randomized, stratified, two-arm, multicenter
phase II clinical trial, is being conducted to determine
the safety and therapeutic efficacy of !”’Lu- PSMA-617
in combination with enzalutamide, compared with those
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of enzalutamide alone in patients with mCRPCa at high
risk of early progression to enzalutamide alone.
Low-Volume Metastatic Prostate Cancer

Metastasis-directed therapy (MDT) to prevent addi-
tional metastatic spread has been suggested as an alter-
native therapy in patients with BCR after curative intent
treatment of PCa, considering that most patients have
only a few metastatic lesions at the time of detecting
BCR [37]. A systematic review revealed that MDT is a
promising approach to improve survival in patients with
low-volume mHSPCa [38]. Asymptomatic patients with
low-volume mHSPCa are increasingly seeking alterna-
tive therapies to defer from ADT-related side effects
with a negative impact on quality of life (QoL) [39, 40].
However, many patients do not qualify for these treat-
ments due to prior interventions or inappropriate tumor
location despite the beneficial outcomes of MDT with
EBRT or targeted surgery for low-volume HSPCa. For
such patients, RLT with 7TLu-PSMA-617 could be a
beneficial therapeutic option. Moreover, !”’Lu-PSMA
seems to be highly effective in such clinical settings
because of the high tumor uptake of PSMA RLT in
small lesions, such as oligometastatic PCa, according
to a dosimetry study [41].

A prospective pilot study published promising results
for "’Lu-PSMA-617 RLT in men with low-volume
mHSPCa [42]. All patients showed altered PSA kinet-
ics, postponed the need for ADT, and maintained QoL
after two cycles of 7’Lu-PSMA-617 without overt
complications. In particular, there were no treatment-
related grade 3—4 adverse events. This study suggests
that '""Lu-PSMA is a feasible and safe treatment option
for patients with low-volume mHSPCa. A multicenter,
open-label, randomized controlled trial (BULLSEYE
trial) is being conducted to evaluate !”’Lu-PSMA-617
RLT as an effective treatment for low-volume HSPCa
(NCTO04443062). The BULLSEYE trial originally
planned to use 7T u-PSMA-1&T, and whether two
cycles of RLT can prolong the rPFS and postpone ADT
will be compared with the SOC [43]. Recently, the trial
amended two important aspects of the study protocol.
The radioligand replaced !"’Lu-PSMA-I&T to '"’Lu-
PSMA-617 and responding patients with residual dis-
ease on the interim PSMA PET after the first two cycles
are eligible to receive two additional cycles of !"Lu-
PSMA-617 [44].

Chemotherapy-Naive mCRPCa

Docetaxel has been the first-line therapeutic agent
for mCRPCa, but there are many potential challenges in
the treatment of mCRPCa, such as frequent administra-
tion and the multitude of associated adverse events and
resultant deterioration in QoL. Thus, there is a need for
alternative therapeutic options that are effective and safe

for such patients. In this regard, 7L u-PSMA-617 has
been investigated as a therapeutic option for chemother-
apy-naive patients with mCRPCa.

7"Lu-PSMA-617 was demonstrated to be safe and
non-inferior to chemotherapy in the treatment of mCR-
PCa in a randomized controlled phase II non-inferiority
trial [45]. The efficacy and safety of !7’Lu-PSMA-617
were compared with those of docetaxel in chemother-
apy-naive patients with mCRPCa. The !""Lu-PSMA-617
treated group showed better treatment outcomes and
better QoL than the docetaxel-treated group. Both the
PSA response rate (60% vs. 40%, p = 0.25) and rPFS
rate at 60 months (30% vs. 20%, p = 0.50) were high
in the '7"Lu-PSMA-617 group. Compared to the doc-
etaxel group, QoL outcomes improved significantly (p <
0.01), and treatment-emergent grade > 3 adverse events
occurred less frequently in the 7’Lu-PSMA-617-treated
group (30% vs. 50%, respectively, p = 0.20).

The immediate use of cabazitaxel in the patient with
mCRPCa who had received prior docetaxel and one
prior NAAD was suggested based on recent results
from a multicenter, randomized, open-label, clinical trial
[46]. Based on this result, a randomized, phase II study
(TheraP trial, NCT 03392428) was planned to evaluate
the PSA response rate and OS of '"Lu- PSMA-617 in
comparison to cabazitaxel alone in patients in the post-
docetaxel setting [47]. This trial randomized patients
into two groups: patients treated with !”’Lu- PSMA-
617 every 6 weeks for up to 6 cycles or patients treated
with cabazitaxel 20 mg/m? every 3 weeks for up to 10
cycles. The !""Lu- PSMA-617 group showed a better
PSA response than the cabazitaxel group (66% vs. 37%,
p < 0.0001), and the '""Lu- PSMA-617 group demon-
strated delayed disease progression by 31% compared
with cabazitaxel. As expected, grade > 3 adverse effects
were more common in the cabazitaxel group than in the
7"Lu- PSMA-617 group.

New Strategies for'’’Lu-PSMA-617

1) Combination with Immunotherapy

Immune checkpoint inhibitors (ICIs) have dramati-
cally changed the treatment landscape of cancer thera-
peutics. Programmed cell death 1 (PD-1) and its ligand
programmed death-ligand 1, known as the PD-1 axis,
play a major role in the negative regulation of T cell
activation. Thus, neutralizing the PD-1 axis using mAbs
reversed these effects and enhanced T cell cytotoxic-
ity toward tumor cells. Among ICIs, PD-1 blockade
has drawn attention in the clinical field because of its
broader clinical utility than anti-cytotoxic T lymphocyte
antigen 4 treatment. However, currently available ICIs
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are not beneficial in most patients with PCa and have
only limited success in patients with mCRPCa.

Combination strategies have been suggested to over-
come the limitations of ICIs in PCa. Immunotherapy-
based combination therapy is expected to efficiently
mobilize the immune system against cancer, considering
the complexity of immune activation and the physiologi-
cal homeostatic mechanisms controlling the immune
system. Ionizing irradiation not only causes direct tumor
cell death but also induces indirect tumor cell death,
which is related to the release of pro-inflammatory
cytokines, chemokines, tumor antigens, and other dan-
ger signals from irradiated cells. Thus, radiation may
promote a large amount of tumoral neoantigens that are
presented to the T lymphocytes, which makes radiation
carry the potential to initiate the adaptive and innate
immune responses, resulting in systemic antitumori-
genic effects inside and outside of the irradiation field
[48].

A phase Ib, single-arm trial is being conducted to
evaluate the therapeutic efficacy and safety of !7"Lu-
PSMA-617 in combination with pembrolizumab in
chemotherapy-naive patients with mCRPCa with pro-
gression on at least one prior NAADs (NCT03805594).
A single dose of ""Lu-PSMA-617 was administered
concomitantly with pembrolizumab to induce an
immunogenic priming effect to improve the outcomes
of pembrolizumab. In this study, !"’Lu-PSMA-617 fol-
lowed by pembrolizumab was well tolerated and led to
durable responses in a subset of mCRPC, suggesting a
possible immunogenic priming effect of RLT. Another
single-arm, open-label phase Ib/II study (PSMA-lute-
tium Radionuclide Therapy and ImmuNotherapy in
Prostate CancEr; PRINCE) is ongoing to examine the
safety, tolerability, and efficacy of the combination of
7TLu-PSMA-617 and pembrolizumab in patients with
mCRPCa (NCT03658447). The dosing schedule of this
study was designed to evaluate the therapeutic effect of
RLT therapy. Thus, '""Lu-PSMA-617 at 8.5 GBq every
6 weeks was administered with a 0.5 GBq reduction at
each cycle plus pembrolizumab 200 mg every 3 weeks.
According to an interim analysis of this study presented
in the European Society for Medical Oncology Congress
2021, ""Lu-PSMA-617 plus pembrolizumab showed a
PSA response in 73% of patients, and the rPFS rate at
week 24 was 65%.

Combination with Poly (ADP-Ribose) Polymerase
Inhibitor

The poly (ADP-ribose) polymerase (PARP) enzyme
family is involved in multiple DNA repair pathways;
thus, PARP inhibition has durable antitumor activity in
certain subsets of cancers presenting with DNA damage
repair (DDR) mechanism. PARP inhibitors have been
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investigated in patients with mCRPCa showing cer-
tain genetic aberrations, such as deleterious BRACA.
Olaparib is a PARP inhibitor approved for the treatment
of germline BRACA-mutated advanced ovarian cancer
and has been investigated for the treatment of mCRPCa.
Olaparib showed a significantly longer rPFS (median,
7.4 months vs. 3.6 months) and longer median OS (18.5
months vs.15.1 months) in a randomized phase III trial
(PROfound trial) comparing olaparib with NAADs in
patients with progressive mCRPCa [49].

Synergistic effects of PARP inhibition are utilized to
overcome the limitations of RLT with !"’Lu-PSMA in
patients with progressive mCRPCa. It is hypothesized
that the combination of PARP inhibitors with ionizing
radiation can increase the amount of DNA damage in
cells with altered DDR pathways, because ionizing
radiation generates reactive oxygen species (ROS). The
interference of the DDR pathway facilitates the dou-
ble-strand breaks evolving from single-strand breaks,
promoting the accumulation of DNA damage and sub-
sequent cell death, and PARP inhibitors confer cytotox-
icity in response to high ROS levels [50]. Moreover,
PARP inhibition modulates the inflammatory immune
microenvironment of tumors and it can trigger robust
local and systemic antitumor immunities. The therapeu-
tic effects of both PARP inhibition and radiation can be
maximized, considering that the effects of ionizing radi-
ation are observed not only in tumor cells but also in the
tumor microenvironment. In this regard, combination
therapy of RLT with PARP inhibitors has been provided
to seek synergistic effects in patients with progressive
mCRPCa. A phase I dose-escalation and dose-expansion
study was designed to evaluate the safety and tolera-
bility of olaparib in combination with '""Lu-PSMA in
patients with mCRPCa who had previously progressed
on NADDs and had not had prior exposure to platinums.
PARP inhibitors or !7’Lu-PSMA will be eligible for the
study (LuPARP trial, NCT03874884).

Combination with External Beam Radiation Therapy

The combination of RLT and EBRT has been inves-
tigated as an effective and safe tool to increase the
radiation delivered to tumor cells while simultaneously
saving adjacent normal cells from radiation toxicity. In
addition, systemic administration of RLT is expected
to improve the local control of EBRT by efficiently
eradicating locally invasive cells outside the high-dose
radiotherapy field and improving the overall outcome by
targeting potential distant metastases. The combination
of ""Lu-PSMA-617 and EBRT successfully decreased
the size of PSMA-positive cerebral metastases in two
patients with mCRPCa [51]. Thus, combination ther-
apy with RLT and EBRT might function as an effective
MDT to prevent additional metastatic spread.
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Stereotactic body radiotherapy (SBRT) is defined as
an EBRT that accurately delivers a high dose of radia-
tion to the target. SBRT presents a logical option for
MDT because accumulating evidence suggests that
local MDT could defer disease progression, delay the
need for systemic therapies, and spare their toxicities.
In this single-institute, open-label phase I study, safety,
and tolerability of !”’Lu-PSMA-617 and SBRT in men
with hormone-sensitive PCa were evaluated. This
study is the first clinical trial to test the combination
of "7"Lu-PSMA-617 and SBRT in patients with PCa
(NCT05079698). Researchers also aim to learn more
about how the treatment affects daily life and relieve the
symptoms of PCa.

4) As adjuvant or Neoadjuvant Therapy

Dosimetry studies have suggested that !’"Lu-
PSMA-617 has the potential to replace or augment
surgery or EBRT in the first line setting for the treat-
ment of PCa. An open-label, phase I/II non-randomized
clinical trial (LuTectomy trial, NCT04430192) investi-
gated dosimetry, safety, and potential benefits of !"’Lu-
PSMA-617 prior to prostatectomy [52]. Patients will
receive one or two cycles of '""Lu-PSMA followed by
surgery in men with high-risk localized or locoregional
advanced PCa undergoing RP and pelvic lymph node
dissection (PLND). The primary endpoint of the trial
was to determine the radiation absorbed dose in the pros-
tate and the involved lymph nodes. This research group
also explored the potential roles of '""Lu-PSMA-617
in metastatic PCa as adjuvant therapy. An open-label,
phase II randomized clinical trial (UpFrontPSMA trial,
NCT04343885) compared the effectiveness of !”"Lu-
PSMA-617 therapy followed by docetaxel chemotherapy
versus docetaxel chemotherapy alone (SOC) in patients
with high-volume metastatic hormone-naive PCa
(mHNPCa) [53]. Patients received two cycles of !"’Lu-
PSMA-617 at 6-week interval, followed by docetaxel
or docetaxel alone after randomization. The primary
endpoint was the proportion of patients with undetect-
able PSA (< 0.2 ng/L) at 12 months after the treatment
commencement.

New PSMA Ligands for RLT

1) "’Lu-EB-PSMA-617

EB-PSMA-617 is a small-molecule PSMA inhibitor
modified from PSMA-617 by adding Evans blue (EB)
moiety. !”’Lu-EB-PSMA-617 has significantly higher
tumor accumulation and longer intra-tumoral residence
time due to the albumin binding motif, which leads to
significantly higher absorbed doses in bone metasta-
sis compared to !7’Lu-PSMA-617. Preclinical studies
have demonstrated that a single, low dose of '"’Lu-
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EB-PSMA-617 caused a significant decrease in **Ga-
PSMA-617 uptake and a better therapeutic response
in an animal tumor model than '"Lu-PSMA-617 [54].
This first-in-human study demonstrated that !7’Lu-EB-
PSMA-617 has significantly higher tumor accumula-
tion than '7"Lu-PSMA-617 and that a single imaging
dose provides some therapeutic efficacy in patients
with mCRPCa [55]. This result suggests that '"’Lu-EB-
PSMA-617 therapy is more effective and may facili-
tate the reduction of dose or dosing frequency. Further
investigations with increased doses and frequencies of
administration are warranted. In this regard, an open-
label, randomized phase I, dose escalation study is being
conducted with doses of 1.11 GBq, 1.85 GBq, and 3.7
GBq of !""Lu-EB PSMAG617 in patients with CRPCa
(NCTO03780075).
"7Lu PSMA- 1&T

A small-molecule PSMA inhibitor PSMA-1&T was
named for imaging and therapy to be optimized for
theranostics, and it has a similar PSMA-affinity, dosim-
etry, and pharmacokinetic profile as '"’Lu-PSMA-617.
7TLu PSMA-I&T has been actively investigated next
to '77Lu PSMA-617. Although '""Lu PSMA-1&T
showed significantly higher kidney uptake than '""Lu
PSMA-617 in mice, human studies have demonstrated
almost identical kidney clearance kinetics of both !"’Lu
PSMA-I&T and '""Lu-PSMA-617 in men [56]. '""Lu
PSMA-I&T showed a PSA response rate of 80% and a
median OS of 13.7 months in patients with early-stage
mCRPCa [57]. A multicenter, open-label, phase III
trial (SPLASH, NCT04647526) evaluated the efficacy
of ""Lu-PSMA-I&T versus NAADs in delaying rPFS
in the second line setting after progression on the first
line NAAD:s in patients with mCRPC. In addition, !""Lu
PSMA-I&T was investigated as neoadjuvant therapy in
an open-label, single-arm clinical trial (NCT04297410)
to evaluate the safety and immediate oncological out-
comes of RLT therapy followed by RP with PLND in
patients with high-risk PCa.
"7Lu-PSMA-R2

7"Lu-PSMA-R2 is a urea-based small-molecule
PSMA inhibitor that has rapid and specific uptake in
animal tumor models, with rapid elimination through
the urinary system. An open-label, multicenter, phase
I/IT trial (PROter trial, NCT03490838) assessed
7"Lu-PSMA-R2 for the treatment of patients with
mCRPCa who received previous systemic treatment.
The study assessed the safety, tolerability, and radia-
tion dosimetry of the treatment and further evaluated its
effectiveness.
""Lu-labelled CTT-1403

77Lu-labelled CTT-1403 is an irreversible phos-
phoramidate-based PSMA inhibitor with an albumin-
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binding motif. Preclinical studies have demonstrated
that CTT-1403 increases tumor uptake and decreases
uptake in normal tissues by extending the circulation
time due to the albumin motif [58]. This agent is being
investigated in a first-in-human phase I dose-escalation
trial. Similar to the two urea-based agents described ear-
lier, CTT-1403 also incorporates a theranostic paradigm
using a companion diagnostic, CTT-1057, after labeling
with '8F for PET imaging.
5) Bl PSMA-1095

311 _.PSMA-1095 is one of the first agent based on
PSMA-targeted small-molecule inhibitor RLT against
PCa. Radioiodine PSMA ligands showed promising
results in patients with mCRPCa [26, 27]. After a sin-
gle cycle of *'I-MIP-1095, the PSA response rate was
60.7% in 28 patients with a median time to PSA pro-
gression of 126 days [26], and 70.6% of the 36 patients
with mCRPC presented with the PSA response, with a
median PSA progression of 116 days [27]. However,
only 65.2% of the patients experienced any PSA decline
with a significantly higher percentage of adverse effects
compared with !”’Lu-based RLT, grade 3 thrombocy-
topenia (13%) compared to 5.9% after the first dose of
iodinated RLT. A randomized, multicenter, controlled
phase II study (ARROW, NCT03939689) is currently
underway to evaluate the safety and efficacy of *'I-
MIP-1095 in combination with enzalutamide compared
to enzalutamide alone in patients with mCRPCa who
have progressed to abiraterone.

PSMA RLT in Korea

Two clinical trials using domestically developed PSMA
radioligands, 7Lu-FC705 (FutureChem, Seoul, Korea)
and '""Lu-DGUL (Cellbion, Seoul, Korea), are being con-
ducted in Korea as of January 2022. '7’Lu-FC705 (Ludo-
tadipep) adopted an albumin motif to extend residential
time in the circulation and simultaneously increase the
tumor uptake rapidly eliminated in normal organs [59].
A phase I clinical trial aimed to evaluate the safety and
efficacy of !"’Lu-FC705 in patients with mCRPCa, with
dose escalation (differentiated into five groups) applied
to determine the appropriate dose (NCT04509557).
7"Lu-DGUL (PSMA-DGUL) is a radioligand for PSMA-
directed therapy based on Glu-Urea-Lys (GUL) deriva-
tives [60]. ®®Ga-NGUL, a counterpart for PSMA imaging
radioligand to '7’Lu-DGUL, exhibited similar performance
in detecting PSMA-avid lesions, but showed lower uptake
in normal organs, compared with %3Ga-PSMA-11 [61].
In this regard, '""Lu-DGUL is expected to be safe and
effective for PSMA RLT (Figure 2). Currently, a phase I/II
clinical trial is ongoing to evaluate the safety, tolerability,
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absorbed dose, and antitumor activity of !”’Lu-DGUL in
patients with mCRPCa (KCT0006160).

Targeted Alpha Therapy for PSMA RLT

The radionuclides emitting alpha particles have desirable
characteristics for cancer therapy, and they are best suited for
the therapy of invasive tumor cells. The use of alpha-emis-
sion offers advantages over beta-emission due to the high
linear energy transfer (LET) and the limited range in tis-
sues [62]. The high LET effectively kills tumor cells through
DNA double-strand and DNA cluster breaks, and the lim-
ited range allows selective tumor cell killing while sparing
healthy tissues [63]. In the past few years, alpha-emitting
radionuclides have been expected to enhance therapeutic
effects by inducing more DNA double-strand breaks than
beta-emitting radionuclides. Several alpha emitters, such as
225 Ac and 2'’Bi, have been investigated as targeted alpha
therapy (TAT) for PSMA RLT.

225 pc-labeled PSMA

Ac-225 is an alpha emitter with a half-life of 9.92 days,
which is an appropriate half-life for clinical application of
RLT. TAT using **>Ac-PSMA-617 or *Ac-PSMA-I&T has
demonstrated significant benefits in patients with mCRPCa,
even those who were already heavily treated, including RLT
with "7Lu-PSMA-617 [64]. *Ac-PSMA-617 shows sub-
stantial antitumor effects, which were confirmed by a signifi-
cant PSA reduction and imaging responses in patients with
mCRPCa [64, 65]. In a study of patients who had progressed
on RLT with !""Lu-PSMA-617 under a compassionate use
program in Germany, >*>Ac-PSMA-617 showed a PSA
response in 65% of patients and rPFS and OS of 4.1 and 7.7
months, respectively [64]. A case study reported that **°Ac-
PSMA-617 achieved a complete molecular imaging response
on %8Ga-PSMA PET after just one cycle of therapy and a
near-complete PSA response after two cycles in a patient
with PSMA-avid cerebral metastases [66]. Considering that
the salivary glands and kidneys are dose-limiting organs for
7TLu-PSMA-617 by dosimetry studies, 22> Ac-PSMA-617
may enhance treatment efficacy and simultaneously reduce
toxicity [67]. ?°Ac-PSMA-I&T also showed promising
results in preclinical settings, and preliminary clinical stud-
ies showed antitumor effects, and the treatment was gener-
ally well-tolerated [68]. AcTION (NCT04597411) is a pro-
spective open-label, international phase I trial that evaluates
the safety of 2> Ac-PSMA-617 in patients with mCRPCa.
This study will hopefully help to address how best to mini-
mize xerostomia while still achieving an adequate response.
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Fig.2 Prostate-specific mem-
brane antigen (PSMA) radioli-
gand therapy in a patient with
prostate cancer. A For PSMA
radioligand therapy (RLT),
PSMA expression was evaluated
in a 69-year-old man with meta-
static castration resistant pros-
tate cancer using ® Ga-NGUL
positron emission tomography
(PET). The maximal intensity
image (MIP) of ® Ga-NGUL
PET showed intense PSMA
uptakes in multiple metastatic
tumors in the lymph nodes and
skull base (yellow arrows).

B Matching uptake of '7’Lu-
DGUL was confirmed in the
multiple metastatic tumors on
the anterior image of post-
therapeutic scintigraphy that
was acquired 4 h after 5.5 GBq
of """Lu-DGUL administration.
C After 2 cycles of PSMA RLT
using!”’Lu-DGUL, the MIP of
% Ga-NGUL PET demonstrated
decreased size and PSMA
expression of the metastatic
tumors (green arrows)

213Bi-PSMA-617

Bi-213 is a mixed alpha and beta emitter with a short half-
life of 45.6 min. Bi-213 has already been used for the
treatment of PCa after labeling mAb J591 (*'*Bi-PSMA-
mAB J591), which demonstrated promising therapeutic
efficacy in a preclinical setting. Recently, a single case
study reported the promising antitumor activity of >!3Bi-
PSMA-617, which was the first-in-human treatment con-
cept in a patient with progressive mCRPCa despite con-
ventional therapy [69]. Two cycles of 2!*Bi-PSMA-617
therapy showed a remarkable molecular imaging response
and a PSA response (decreased from 237 to 43 pg/L).
However, it is logistically challenging for therapeutic
use because of the relatively short half-life of >'°Bi and
the inferior therapeutic index of '*Bi compared to **°Ac-
PSMA-617 based on a dosimetry study [70].

b)

Future Perspectives of PSMA RLT
Limitations of PSMA RLT

PSMA RLT based on beta-emitting nuclides presents
excellent safety profiles in comparison with other treat-
ment modalities for PCa. PSMA RLT does not affect QoL,
in contrast to ADT or chemotherapy which is often related
to a marked reduction in QoL. Fatigue, dry mouth, and
nausea are the most common adverse events, which are
nearly all of grade 1 or 2. Grade > 3 adverse effects are
rare. A recent meta-analysis reported that only 1% of the
patients had grade 3/4 nausea and fatigue, only 2% of the
patients had xerostomia, and 8% of the patients had anemia
[71]. The low number of severe adverse effects among
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patients who received PSMA RLT may be the result of
effective targeting of the cells that express PSMA.

PSMA is highly expressed in prostate epithelial cells and
strongly upregulated in PCa cells, but it is also expressed in
other normal organs (e.g., salivary glands, duodenal mucosa,
and a subset of proximal renal tubular cells), on the contrary
its name implies [72]. Normal organs that express PSMA
related to off-target toxicities include the kidney, duodenum,
and parotid and submandibular salivary glands [73]. Based
on the biodistribution characteristics of PSMA, salivary
gland toxicity is considered the main hurdle for the delivery
of high-dose radioactivity. In cases of using alpha emitters
(PSMA TAT), all patients experienced xerostomia, which
led to treatment discontinuation in approximately a quar-
ter of patients [64]. The application of >>Ac-PSMA-617 is
unfortunately limited by severe xerostomia, which remains
a dose-limiting toxicity [67], despite that clinical trials have
been performed to find the best way to minimize xerostomia
while achieving an adequate response. In this regard, 2*3Ac-
PSMA-617 of 100 kBg/kg was considered the maximum tol-
erable dose due to xerostomia [67]. In addition, high-grade
hematological toxicities, including anemia (35%), leukope-
nia (27%), and thrombocytopenia (19%), were observed in
patients treated with PSMA TAT.

Various attempts have been investigated as a supplemen-
tary method to reduce off-target toxicities of PSMA RLT.
De-escalation approach reported a less severe degree of
xerostomia as 22>Ac-PSMA-617 was sequentially reduced
after the first cycle of the treatment with 8 MBq of *>Ac-
PSMA-617 [74]. Botulinum toxin injection into the salivary
glands via suppression of metabolism was successful, show-
ing a substantial decrease of off-target uptake in a first-in-
human study [75]. Blocking the salivary glands with the cold
form of PSMA ligands, such as as 2-PMPA [76], PSMA-
11 [77], also showed significant reductions in radioligand
uptake of the salivary glands and kidneys, but the trade-off
between safety and therapeutic efficacy of PSMA-targeting
agents seems inevitable. Monosodium glutamate showed
similar effects on PSMA radioligand uptake with cold com-
pounds [78]. In addition, oral administration of folic acid
reduced the absorbed dose to the salivary glands [79].

Enhancement of Therapeutic Effects of PSMA RLT

Although several radiopharmaceuticals targeting PSMA
introduced in this review have been successfully imple-
mented in clinics, there is still room for improvement in the
therapeutic efficacy of PSMA RLT using structural modi-
fications. Increasing the plasma protein binding of PSMA-
targeting ligands can be an effective strategy to decrease
the clearance rate while improving specific uptake [58]. In
this regard, recently developed PSMA RLT ligands, such as
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EB-PSMA-617, have been adopted with an albumin motif.
The attachment of albumin binders enables pharmaceuticals
to bind with serum proteins, which can improve the tumor
uptake of otherwise rapidly cleared molecules by expanding
their circulation time. Simultaneously, an increase in off-tar-
get uptake in normal tissues seems unavoidable because of
the extended circulation time. In addition, pharmacokinetic
modifications of PSMA inhibitors have been investigated
to accelerate excretion profiles with enhanced tumor-to-
background ratios and lower radiation doses to non-target
healthy tissues.

PSMA Targeting Radioimmunotherapy

Radioimmunotherapy was not addressed in this review, and
it is worth discussing the potential of PSMA-targeting mAbs
in the treatment of PCa. Unceasing efforts have been made
to overcome the inherent limitations of antibodies, and the
second-generation mAbs, such as J591, were developed to
target the extracellular domains of PSMA, aiming to avoid
the main burdens of intracellular targeting. Nevertheless,
despite the relatively good biodistribution and pharmacoki-
netic profiles of J591, [177Lu]Lu-huJ 591 showed significant
disease remission in only 8% of patients [80]. Next, third-
generation mAbs have also been developed, but they are also
not free from the inherent limitations of mAb, including long
circulation time and slow penetration characteristics, thereby
delivering an undesired dose of radiation to healthy tissues.
Based on bioengineering technology, PSMA-targeting
minibodies or diabodies, even smaller nanobodies derived
from huJ591, have been developed to reduce the circulation
time and fast accumulation or penetration in target tissues.
Although comprehensive efforts have shortened the circula-
tion times of PSMA-targeting antibodies, undesirable char-
acteristics, such as slow pharmacokinetic profiles, limit their
application in theranostic concepts.

Expansion of Clinical Application of PSMA RLT

PSMA expression was also discovered in malignancies
other than PCa (e.g., subtypes of transitional cell carci-
noma, renal cell carcinoma, colon carcinoma), and many
incidental tumors presenting with high PSMA expression
have been reported during PCa work-up using PSMA-
directed imaging [73]. This characteristic can pave the
way for the expansion of the clinical application of PSMA
RLT for the treatment of non-prostate origin tumors with
PSMA overexpression. However, clinical trials using
PSMA RLT have yet to design or include non-prostate-
origin malignancies. The “Treatment Investigational
New Drug” program is prepared for such patients, which
refers to permitting the use of investigational drugs or
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Fig. 3 Prostate-specific
membrane antigen (PSMA)
radioligand therapy in a patient
with non-prostate origin malig-
nancy. A PSMA expression was
evaluated in a 55-year-old man
with metastatic adenoid cystic
carcinoma of the left parotid
gland using ®® Ga PSMA-11
positron emission tomography
(PET). The maximal inten-
sity image of %% Ga PSMA-11
PET showed intense PSMA
uptake in multiple metastatic
tumors in the lungs, pleura,
liver, and bones. B Uptake of
""Lu-DGUL was confirmed in
the multiple metastatic tumors
on the anterior and posterior
images of scintigraphy that was
acquired 4 h after 5.5 GBq of
""Lu-DGUL administration

a)

non-marketing drugs to treat patients with life-threaten-
ing diseases in Korea. This program is equivalent to the
“Expanded Access Program” operated in the USA and the
“Compassionate Use” in Europe. Currently, both !”’Lu-
FC705 and '""Lu-DGUL can be applied for the “Treatment
Investigational New Drug” program, which is expected to
expand the clinical applications of PSMA RLT and pro-
vide opportunities to patients with high PSMA expressing
tumors. Based on the Treatment Investigational New Drug
Program, a patient with metastatic adenoid cystic carci-
noma received PSMA RLT therapy using '’’Lu-DGUL
(Fig. 3) in 2021.

Realization of Theranosis

PSMA-directed imaging and therapy are ultimately
aimed at the realization of theranosis. Most clinical trials
introduced in this review used imaging-based screening
criteria. It is possible to image the distribution of thera-
peutic targets via PSMA-directed imaging. It is also pos-
sible to provide a highly favorable patient population and
potentially exclude patients who may not have benefited
from the PSMA-directed therapy, which is considered a
precision medicine approach to RPT delivery. Accord-
ingly, there is a growing experience regarding theranostic

applications of PMSA PET in combination with PSMA
RLT as a realization of theranosis.

Conclusion

PSMA-directed imaging and therapy, known as PSMA
theranosis, represents a rapidly emerging strategy in the
management of PCa. PSMA RLT has emerged as a prom-
ising modality for improving the management of patients
with PCa. Although many challenges await PSMA RLT to
be incorporated into clinical practice despite enthusiasm
and scientific efforts, PSMA RLT is expected to become an
SOC for PCa. In this regard, nuclear medicine has faced a
golden opportunity to revive core academic identity. Thus,
it is essential to enhance our understanding of PSMA ther-
agnosis in relation to market authorization and develop-
ment trends of PSMA targeting radioligands.
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