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Abstract

Purpose Conventional systemic therapies are valuable options in prostate cancer (PCa); however, such treatments can
determine adverse events and toxicity. The observed improvement in overall survival, coupled with PSA reduction and a
favorable safety profile in the post-taxane castration-resistant PCa (CRPC) setting has prompted the consideration of PSMA-
based radioligand therapy (RLT) earlier in the treatment sequence. In this review, we will describe the literature and ongoing
clinical trials regarding the use of PSMA-based RLT in hormone-sensitive PCa (HSPC) including the neoadjuvant, de-novo/
synchronous metastatic, adjuvant, and early BCR settings.

Methods We performed a systematic literature search on the PubMed/MEDLINE/EMBASE and clinicaltrials.gov databases
for studies and protocols assessing the role of PSMA-based RLT in HSPC.

Results The literature search yielded 140 results. After screening titles and abstracts and applying inclusion and exclusion
criteria, we selected 25 papers showing the potentialities of earlier RLT in HSPC, with several ongoing trials.

Conclusion Early use of PSMA-based RLT holds significant potential in HSPC patients from the neoadjuvant to the BCR
setting. In these stages, the lower tumor burden, more frequent exclusive nodal involvement, and higher organ reserve may

improve treatment efficacy and allow for treatment combinations while maintaining a less toxic profile.
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Introduction

Prostate-specific membrane antigen (PSMA) is overex-
pressed in nearly 90% of prostate cancer (PCa), espe-
cially in later-stage metastatic castration disease (mCRPC)
[1-3].

In this scenario, radioligand therapy (RLT) with ['7"Lu]
Lu-PSMA offers an effective therapeutical option for
patients with high PSMA expression at positron emission
tomography (PET) [4]. RLT is the perfect representation
of the theranostics approach where a specific molecule
(i.e., PSMA ligand) is first bound with a diagnostic nuclide
(i.e., [*®Ga]Ga or ['®F] for PET) enabling the in-vivo and
non-invasive detection of a selected pathology (i.e., PCa).
If high expression/avidity is observed, the same/equivalent
molecule will be bound to a therapeutical nuclide (i.e., the
beta minus emitter [!”’Lu]Lu or the alpha emitter [*2Ac]
Ac) for effective treatment. With ['”’Lu]Lu it is further-
more possible to assess the biodistribution of the RLT
exploiting a minor emission quote of the already admin-
istered radiopharmaceutical (i.e., the ~10% of ['""Lu]
Lu y-emission), aligning with the principle “treat what
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you see” for macroscopic disease [5, 6], as represented
in Fig. 1.

In the first randomized phase II study, Hofman et al.
involved 200 mCRPC patients previously treated with
androgen-receptor pathway inhibitor (ARPI) and docetaxel.
Study participants were included in the case of [®Ga]Ga-
PSMA-11 PET-avid disease with maximum standardized
uptake value (SUV ) > 20 at one site and > 10 at any site,
without fluorodeoxyglucose (FDG)-positive/PSMA-nega-
tive localizations. Indeed, ['""Lu]Lu-PSMA-617 was sig-
nificantly superior in improving progression-free survival
(PFS) and reducing PSA than cabazitaxel, together with
fewer G3-4 adverse events [7]. Long-term follow-up dem-
onstrated improved quality of life (QoL) and confirmed the
reduced toxicity for RLT versus cabazitaxel; however, the
authors observed a similar improvement in terms of over-
all survival (OS) for ['"’Lu]Lu-PSMA-617 (19.1 m) and
cabazitaxel (19.6 m), describing the RLT as an “alternative
to cabazitaxel” [8]. In the phase III randomized trial Vision,
Sartor et al. included 831 mCRPC patients in progression
after 2 or more ARPI and 1 or 2 taxane lines, with [*®Ga]
Ga-PSMA-11 PET-positive lesion/s (uptake > liver) without
any measurable PSMA PET-negative localizations (lymph

[f8Ga]Ga-PSMA-11 PET/CT
before treatment

Fig. 1 Schematic representation of the theranostics concept through
a case example. The term “theranostics” is derived from the combi-
nation of “therapy” and “diagnosis”, summarizing the concept of
using a specific molecule (i.e., PSMA) to first identify areas of high
target expression with a diagnostic agent (e.g., [®*Ga]Ga or ['®F]),
and subsequently treat them with a therapeutical agent (e.g., ['""Lu]
Lu or [**Ac]Ac) for effective treatment. We present the case of an
80-year-old patient diagnosed with metastatic prostate adenocarci-
noma (ISUP 4, Gleason Score 4+4) in 1995 initially treated with RT
followed by hormone therapy. By 2016, the patient had become cas-
tration-resistant and underwent therapy with abiraterone, followed by
enzalutamide. Due to disease progression and refused chemotherapy,
he underwent RLT with [7"Lu]Lu-PSMA-617 in early 2017. Enroll-
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[58Ga]Ga-PSMA-11 PET/CT
after treatment

['7Lu]Lu-PSMA-617 SPECT/CT
24 h after the 1° RLT cycle

ment [%Ga]Ga-PSMA-11 PET/CT (la, maximum intensity projec-
tion - MIP; 1b, fused axial images) showed high PSMA expression
in the prostatic bed and lymph node metastases. The patient under-
went four cycles of ['""Lu]Lu-PSMA-617 RLT, with a cumulative
administered activity of 24.9 GBq. Post-treatment planar whole-body
images (1c, anterior acquisition) acquired 24 h post-injection after the
first RLT confirmed a high radiopharmaceutical concentration in the
lesions previously identified by [*Ga]Ga-PSMA-11 PSMA PET/CT
as further magnified by ['7’Lu]Lu-PSMA-617 SPECT/CT (1d, fused
axial images). The patient showed a progressive decline in PSA val-
ues (from 76.9 ng/ml to 0.8 ng/ml) and exhibited a partial response
to 4 RLT cycles at post-treatment [Ga]Ga-PSMA-11 PET/CT (le,
MIP; 1f, fused axial images)
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node with short axis >2.5 cm, solid-organ lesions/bone
lesions with soft-tissue component with short axis > 1.0 cm).
Indeed, they demonstrated the superior efficacy of [!"’Lu]
Lu-PSMA-617 plus standard of care (SoC: ARPI, ster-
oids, radiation therapy — RT) over the SoC alone in terms
of both PFS (8.7 vs. 3.4 m) and OS (15.3 vs. 11.3 m). In
the Vision trial, Sartor et al. reported a higher incidence
of G3 or higher-grade adverse events for the [!”'Lu]Lu-
PSMA-617+ SoC cohort (52 vs. 38%) compared to the SoC
cohort. However, despite this increase, the adverse events
did not significantly impact the QoL [9]. As a result, ['""Lu]
Lu-PSMA-617 RLT has received FDA/EMA approval and
is widely reimbursed in post-taxane advanced mCRPC [4];
also, ['""Lu]Lu-PSMA-617 RLT demonstrated early posi-
tive results (prolonged radiographic PFS - rPFS) in PSMA
PET-positive taxane-naive mCRPC patients in comparison
to ARPI-change, despite no OS improvement which can be
partially explained by a high portion of crossover patients
from the ARPI-change arm (134/234, 57%) [10].

In PCa patients, several effective systemic therapy options
are available prior to RLT: the best established are hormone-
and chemotherapy, but for selected patients also immune- or
targeted therapy might be an option. However, these treat-
ments can lead to substantial adverse events and toxicities.

Conventional (androgen-deprivation therapy — ADT) and
next-generation hormone therapy (ARPI) are approved (also
in combination) as adjuvant therapies [11] as well as more
advanced disease stages [12]. Nonetheless, both ADT and
ARPI can determine weight gain, sexual dysfunction, rash,
fatigue, cognitive impairment, and hypertension [13—15].

Chemotherapy with docetaxel represents a valuable treat-
ment option for patients with de-novo metastatic PCa, also in
association with ADT, as well as for more advanced stages
of the disease. In addition, cabazitaxel is approved for PCa
patients who have progressed after or during docetaxel-
based chemotherapy [12]. However, docetaxel and cabazi-
taxel can result in collateral effects such as neutropenia and
anemia [7, 16, 17].

Given these challenges, the literature provides initial evi-
dence supporting the earlier use of [!”’Lu]Lu-PSMA-617
RLT in selected patients who are either unfit for or have
refused hormone therapy/chemotherapy.

The rationale for the early use of PSMA-targeted RLT
lies partly in the mechanisms underlying PSMA expression.
Indeed, the gene encoding PSMA is the folate hydrolase 1
(FOLHI) which is androgen-repressed [18]; castration-resist-
ant prostate cancer is potentially more radioresistant than
HSPC due to persistent androgen receptor signaling, which
leads to the upregulation of AR-regulated DNA repair genes.
Consequently, AR inhibition—more pronounced in HSPC—
enhances PSMA expression, supporting the potential for early
application of PSMA-based RLT in PCa [19]. Beyond the
influence of signaling pathways, it is well-known that PSMA

expression becomes increasingly heterogeneous with disease
progression and treatment pressure, with 15-20% of mCRPC
completely losing PSMA expression [20].

Also, a recent survey study conducted across 95 theranos-
tic centers worldwide revealed that 51% of the centers were
already treating hormone-sensitive patients with [!”’Lu]Lu-
PSMA RLT in 2022 [21].

The aim of the present work is to systematically review
data on the early application of PSMA-based RLT in hor-
mone-sensitive PCa (HSPC) patients, covering the use of
this therapy from the neoadjuvant setting to biochemical
recurrence (BCR) and metastatic disease before the later
stage, also providing an overview of the main ongoing clini-
cal trials in this area.

Methods

This review was performed following the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement [22]. We performed a systematic lit-
erature search on the PubMed/MEDLINE and EMBASE
databases for studies and published protocols assessing the
role of PSMA-based RLT in HSPC. The search algorithm
included the following terms: (“PSMA” OR “Prostate-Spe-
cific Membrane Antigen”) AND (“HSPC” OR “hormone-
sensitive prostate cancer””) AND (“RLT” OR “radioligand
therapy”). The search was extended until October 1st, 2024,
including the clinicaltrials.gov database for ongoing studies.
We included original papers and case reports considering
the novelty scenario. The following exclusion criteria were
applied: (1) systematic review and metanalysis; (2) clinical
setting other than HSPC or mixed cohorts; (3) non-English
language; (4) preclinical studies; (5) editorials. Additionally,
references were screened to identify other relevant papers.
Five authors (RL, MB, AF, VL and GS) independently
screened titles and abstracts of papers obtained after the lit-
erature search and assessed their eligibility. In the case of
discrepancies between the authors, a second round of screen-
ing was performed, and any disagreement was solved by
majority voting. For each selected paper, we collected the
following information: (1) clinical setting; (2) study design
(prospective vs. retrospective); (3) number of included par-
ticipants/patients; (4) radiopharmaceutical(s) employed
including timing and dosage; (5) imaging modality (PET,
PET/CT, or PET/MRI); (6) study design and status (for
ongoing trials); (7) main endpoints and results.

Results
The literature search yielded 140 results. After screening

titles and abstracts and applying inclusion and exclusion
criteria, we selected 25 papers. The principal reasons for
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exclusion were as follows: the presence of a heterogeneous
cohorts/mCRPC scenario, and duplicate results. A flowchart
summarizing the selection process is shown in Fig. 2.

Neoadjuvant

In the neoadjuvant setting, Golan et al. assessed the safety
and early outcome of 2-3 cycles of 7.4 GBq of ['7"Lu]
Lu-PSMA-I&T at 2 weeks intervals before radical prosta-
tectomy (RPE, 4 weeks after the last RLT) in 14 high-risk
localized PCa with high PSMA uptake at [**Ga]Ga-PSMA-
[&T PET/computed tomography (CT). The authors reg-
istered a PSA median reduction of 17% and 34% after 2
and 3 ['""Lu]Lu-PSMA-I&T doses, respectively. They also
observed ISUP downgrading in three patients (23%), without
affecting continence recovery [23].

More recently, in the LuTectomy study, Eapen et al.
investigated the dosimetry, safety, and efficacy of neoadju-
vant ['7’Lu]Lu-PSMA-617 in 20 men with high-risk local-
ized PCa with high-tumor uptake at [*®Ga]Ga-PSMA-11
PET/CT before RPE. Study participants received one
(10/20) or two cycles (6 weeks interval) of 5 GBq of [M"7Lu]
Lu-PSMA-617, 6 weeks before RPE. After cycle one, the
median highest tumor radiation absorbed dose for all lesions
was 35.5 Gy (19.6 Gy to the prostate), and five study partici-
pants received radiation to lymph nodes. 9/20 (45%) patients
achieved > 50% PSA decline without any G3 or higher toxic-
ities. Interestingly, one patient had minimal residual disease

on final histology, and no patients achieved a complete path-
ological response [24].

The NEPI trial is a single-center (Germany) randomized
phase I/II study (not yet recruiting) that aims to explore neo-
adjuvant ['”’Lu]Lu-PSMA-617 with or without Ipilimumab
in 58 high-risk PCa candidates for RPE (tissue specimen
must be available), at maximum oligometastatic on PSMA
PET with prostatic SUV ,,, > 12 (M1 patients at CI will be
excluded). The study will start with a safety cohort assess-
ing ['7"Lu]Lu-PSMA-617 dose including 6 to 12 patients
(phase I); then, 46 study participants will be randomized
(1:1) to receive 2 cycles of 7.4 GBq [""Lu]Lu-PSMA-617
(at 6 weeks interval) with or without 4 cycles of concomitant
Ipilimumab 3 mg/kg every 3 weeks before RPE (day 1 RLT,
day 3 Ipilimumab); ADT will be applied to all patients dur-
ing the neoadjuvant treatment phase. The primary endpoints
will be the feasibility of performing prostatectomy on time
and the pathological complete response; the estimated study
completion is September 2028 (NCT06388369).

The randomized, recruiting, phase I/II Nautilius is a
single-center (US) trial evaluating 2 cycles of [!"’Lu]Lu-
rhPSMA-10.1 with and without Degarelix (ADT) in 36
high-risk, localized and locoregional (M1 on PSMA PET
are allowed) PSMA PET-positive (prostatic SUV . > 8)
PCa, candidate for RPE. Included participants must be MO
on CI and must have a minimum prostatic volume of 1.5 cm®
on MRI. The primary endpoints will be the safety, and the
RLT efficacy based on radiation dose to the tumor and PSA

Fig.2 Overview of the studies
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assessment; the estimated study completion is June 2026
(NCT06066437).

Finally, NCT06259123 is a single-center phase II trial
(Austria), recruiting 10 oligometastatic PCa planned for
RPE diagnosed by [*3Ga]Ga-PSMA-11 PET (M1a, and/or
MI1b with <5 bone metastases, and/or M1c with <3 lung
metastases). Study participants will receive two cycles of
neoadjuvant 5 GBq [!""Lu]Lu-PSMA-I&T at 6-week inter-
vals before RPE. The primary endpoints are safety and tol-
erability, with an estimated study completion date of June
2027.

These studies collectively aim to evaluate the efficacy,
safety, and feasibility of ['7’Lu]Lu-PSMA RLT in the neo-
adjuvant setting, potentially improving outcomes for patients
with high-risk prostate cancer.

De-novo/synchronous metastatic PCa

PSMA RLT may also find space in another challenging
scenario of patients with de-novo metastatic PCa ineligible
for SoC treatments as initially shown by Satapathy et al. in
a single patient [25], and then in a pilot study in 10 de-
novo/synchronous high-volume mHSPC (9/10 > 20 lesions,
mainly bone) ineligible for chemo/ARPI due to cardiometa-
bolic disorders or unwilling. Indeed, the authors observed
that a maximum of 6 cycles of ['""Lu]Lu-PSMA-617 plus
ADT reached undetectable PSA in 50% with a median rPFS
of 24 months, without any G3 or higher adverse events [26].

Further insights are anticipated from the UpFrontPSMA
study, which investigated the sequencing of ADT plus
2 cycles of 7.5 GBq of ['7"Lu]Lu-PSMA-617 followed 6
weeks later by docetaxel (75 mg/m2every 3 weeks iv for 6
cycles) versus ADT plus docetaxel (75 mg/m? every 3 weeks
iv for 6 cycles) in 122 study participants with de-novo high
volume metastatic hormone naive disease, where [**Ga]Ga-
PSMA-11 PET-expression prevailed over ['8F]FDG PET-
uptake. As primary endpoint, 25/61 (41%) patients in the
[""7Lu]Lu-PSMA-617 plus docetaxel group had undetect-
able PSA at 48 weeks compared with 10/61 (16%) patients
in the docetaxel alone group (OR 3.9, p=0.002), without
significantly different toxicities; furthermore, after a median
follow-up of 2.5 years, the reached PSA-based PFS was 30
months in the RLT arm versus 21 months in the docetaxel
alone arm (HR 0.6, p=0.04) [27].

Sathekge et al. described the use of P Ac]Ac-PSMA-617
in a retrospective cohort of 21 mHSPC (M1b and M1c)
patients who refused conventional treatments. They used a
de-escalating dosage approach with an initial administered
activity of 8 MBq reduced to 7, 6, or 4 MBq based on clini-
cal, biochemical, and imaging response ([**Ga]Ga-PSMA-11
PET/CT) after each cycle. After a median of 3 RLT cycles
(range 2-6) performed every 8 weeks, 20/21 patients (95%)
had any decline in PSA and 18/21 (86%) showed a PSA

decline of >50% (including 4 patients in whom PSA became
undetectable), in the absence of any G3 or higher adverse
events. A lower percentage decrease in PSA following treat-
ment was associated with increased mortality and shorter
progression-free survival [28].

Adjuvant

In the adjuvant scenario, the multicentric PROQURE dose-
escalation study aims to explore the combination of SoC
external beam radiation therapy (EBRT, 7 weeks), ADT (3
years) plus a single cycle of 3, 6 or 9 GBq of [!"’Lu]Lu-
PSMA-617 (2nd EBRT week) in 18 PSMA PET-positive
N1MO PCa. The main endpoints will be tolerability and
safety [29].

BCRHSPC

Tulipan et al. described the case of a 64-year-old patient
with International Society of Urological Pathology (ISUP)
grade 4 HSPC initially treated with RT and ADT, achiev-
ing a PSA nadir of 0.3 ng/ml. During the 2nd ARPI line
(apalutamide after bicalutamide), the patient complained of
muscle cramps, myalgia, and kidney failure, leading to the
discontinuation of apalutamide and the start of a watchful
waiting approach. At the time of BCR (PSA of 2.8 ng/ml),
the patient underwent a ['8FIPSMA-1007 PET/contrast-
enhanced CT (ceCT) indicative of two highly avid lumbar-
aortic lymph nodes (SUV_,, 28.5 and 8.8). The patient
refused chemotherapy and received a single cycle of 8.5
GBq of ['""Lu]Lu-PSMA-617, resulting in a BCR-FS at 22
months after RLT [30].

In another case, Demirkol et al. reported data from a
young ISUP 3 HSPC patient (56 years old) initially treated
with brachytherapy (PSA nadir 1.4 ng/ml). At the time of
BCR (PSA 4.4 ng/ml), a PSMA PET/magnetic resonance
imaging (MRI) demonstrated the presence of highly avid
local recurrence in the right prostatic lobe. However, due
to medical (previous major abdominal surgery for rectal
cancer), physical (obesity), and social factors (young and
recently married), the patient was considered ineligible for/
refused other treatments, thus receiving a single cycle of
5.8 GBq of ['""Lu]Lu-PSMA-I&T followed by a BCR-Free
Survival of 24 months [31].

In a pilot study, Prive et al. prospectively assessed 10
BCR participants after local therapy, considered with low-
tumor burden at [**Ga]Ga-PSMA-11 PET/ceCT (<10
positive lesions). All patients were treated with 2 cycles
of ['""Lu]Lu-PSMA-617 at 3.7 +3 or 6 GBq according to
dosimetry and eventual toxicity after the Ist cycle. Indeed,
each cycle included single-photon emission computed
tomography (SPECT)/CT at 1, 24, 48, 72, 168 h post-RLT
(3D dosimetry following MIRD scheme), along with blood
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sampling at 5, 30 min, 1, 2, 3, 24, 48, 72, 168 h post-RLT for
blood dosimetry. Regarding primary endpoints, at 6 months
follow-up (FU), the authors did not observe any G3 or higher
adverse events. Threshold radiation doses for organs at risk
(OAR) were reached, while all target lesions received ther-
apeutic radiation doses. Specifically, the salivary glands,
kidneys, and bone marrow received a median total organ
absorbed dose of 3.4 Gy [1.2-5.9], 4.3 Gy [3.1-6.1], and
0.15 Gy [0.1-0.2], respectively, compared to a median dose
of 12.7 Gy [4.6-48.7] to target lesions. Among secondary
endpoints, the authors described a PSA 50% reduction in
5/10 (1 undetectable), stability in 2/10, and 6/10 patients
were PSMA PET responders. The entire cohort postponed
the use of ADT while maintaining a good QoL [32].

The same patient population was analyzed in a dosi-
metric fashion by Peters et al., confirming that despite a
dosimetric uncertainty of ~25% in lesions <1 cm, the
absorbed dose and organ kinetics of ['7’Lu]Lu-PSMA-617
in low-tumor burden mHSPC were comparable to those in
high-volume mCRPC [33]. Interestingly, they observed
that the “sink effect” [34], briefly described as the potential
increased radiation dose in OAR especially in low-volume
disease, is negligible and does not increase in later treat-
ment cycles. Namely, the organ absorbed dose was similar
or lower following the II RLT cycle, and a total [!""Lu]Lu-
PSMA-617 activity of at least 38 GBq is safe. Specifically,
the mean organ absorbed dose resulted in 0.39 +0.17 Gy/
GBq to salivary glands, 0.49+0.11 Gy/GBq to kidneys,
0.09 +£0.01 Gy/GBq to the liver, and 0.017 +0.008 Gy/GBq
to the bone marrow. They also confirmed that soft tissue
lesions responded significantly better to RLT than bone, as
confirmed by volumetric and PSA change [33].

The same group from the Netherlands later published
a retrospective study including 20 BCR patients who had
undergone primary treatment and ADT but were ineligible
for/refused SoC conventional treatment due to unacceptable
side effects. Of these patients, 14/20 had oligometastatic/
low tumor burden disease (<5 mts on [**Ga]Ga-PSMA-11/
['®F]PSMA-1007 PET), while 6/20 had high-volume dis-
ease; lymph node and bone metastases were present in 20/20
and 6/20, respectively. 18/20 patients underwent 1-4 cycles
of [""Lu]Lu-PSMA-617, while 2/20 received 1—4 cycles of
["""Lu]Lu-PSMA-617/1&T plus at least 2 cycles of [?2°Ac]
Ac-PSMA-617/1&T (“tandem” patients). Considering a
median FU of 20 months, the authors reported a median PFS
of 12 m (10 m for ['""Lu]Lu-PSMA-617-only, 19 m mean
PFS for tandem patients) with only one relevant toxicity con-
sisting of G3 anemia and G4 thrombocytopenia in 1 tandem
patient treated with 4 cycles of ['”’Lu]Lu-PSMA-617/I1&T
plus 2 cycles of [*Ac]Ac-PSMA-I&T. Furthermore, there
were 17/20 PSA responding patients, with 7/20 PSA reduc-
tion>90%, including the two tandem patients [35].
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In another prospective pilot study, Grkovski et al.
included six oligometastatic (max 3 lesions) BCR PCa
after primary therapy, who underwent 2 cycles of [!""Lu]
Lu-PSMA-617 (7.5 GBq each) and stereotactic body RT
(SBRT) after 6 weeks (27 Gy in 3 fractions). In each patient,
[®8Ga]Ga-PSMA-11 or ['®FIDCFPyL PET/CT was per-
formed at baseline, interim (after RLT), and post SBRT,
while SPECT/CT was acquired at 3, 24, and 88 h after the
first RLT for dosimetric analysis. As primary endpoints, the
authors did not observe any relevant toxicity within at least
4 weeks after both cycles, and RLT contribution to the mean
and maximum biologically effective dose (BED) was 34 and
40%, respectively [36].

BCR HSPC recruiting/ongoing studies
Single arm

The role of RLT in early BCR PCa after RPE or RT is being
evaluated in a single-centre/arm study from Vienna Univer-
sity. Indeed, the NCT06220188 is a phase II study recruiting
20 participants with PSMA PET-negative radio-morpholog-
ical local recurrence (distant metastases are allowed; cNO,
cM0/1) with PSA doubling time (PSA ) <12 months and
Eastern Cooperative Oncology Group Performance Status
(ECOG PS) 1-2. Study participants will receive 2 cycles
of ['""Lu]Lu-PSMA-I&T at 6-week intervals (3 +6 GBq).
Primary endpoints are PSA response >50% (PSA50) and
toxicity.

Furthermore, the ProstACT TARGET is a single-arm,
phase II study exploring the radiolabeled PSMA-targeting
antibody TLX591 (['""Lu]Lu-DOTA-rosopatamab) in com-
bination with EBRT in BCR oligometastatic HSPC after
definitive treatment (ISUP > 3 at histopathology). Overall,
the study aims to enrol 50 participants across multiple clini-
cal sites in Australia who will receive 2 cycles of 2.8 GBq
of ['""Lu]Lu-DOTA-TLX591, given 14 days apart. Inclusion
criteria are the absence of prostatic-bed recurrence and the
presence of <5 PSMA PET-positive pelvic lymph nodes.
Specifically, participants must have at least one pelvic nodal
lesion >5 mm in the greatest dimension with an SUV .. >
9 in enlarged nodes and an SUV . > 3 in nodes <5 mm.
The primary outcome measure will be the PSA-FS, defined
as the time from enrolment to PSA level increase of >25%
(NCT05146973).

Also, a phase I study will assess the safety (primary end-
point), feasibility and best dose of consolidative [""Lu]Lu-
rhPSMA-10.1 after hPSMA-7.3 (flotufolastat) PET-guided
EBRT (no M1 patients) in 10 BCR patients after-prostatec-
tomy. As secondary endpoints, patients will also undergo
serial SPECT/CT and blood sample collection assessing the
circulating tumor cell and dosimetry (NCT06105918).
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Combination/comparison with SoC

PSMAddition is an ongoing multicentric, international (19
countries) phase III study comparing (1:1) SoC (ADT and
ARPI) plus 6 cycles of 7.4 GBq of ['""Lu]Lu-PSMA-617 vs.
SoC in untreated/minimally treated mHSPC with positive
[¥Ga]Ga-PSMA-11 PET/CT. The study aims to enrol 1,126
participants, who will be stratified based on several factors,
including disease volume, age, and previous or planned
treatment of the primary tumor. Crossover is allowed, and
the primary endpoint is rPFS, with OS as a key secondary
endpoint [37].

Another study of association with SoC is the phase II
BULLSEYE by Prive et al., which is a prospective study
recruiting 58 BCR oligometastatic HSPC after primary treat-
ment with <5 bone/lymph node lesions at ['*F]PSMA-1007
PET/CT and whole-body MRI (wbMRI) with a PSA <
6 m. Study participants will be randomized (1:1) to receive
either 2 cycles of 7.4 GBq of ['7"Lu]Lu-PSMA-617 every
6 weeks (plus 2 more cycles in still PSMA-avid patients at
interim ['®F]PSMA-1007 PET/CT) or the SoC represented
by watchful wait until the initiation of ADT. Crossover to
the RLT group is allowed at the end of treatment in case of
clinical progression or a 100% increase in PSA from base-
line. The primary endpoint is rPFS based on conventional
criteria [38].

Combination/comparison with RT

POPSTAR 11 is an Australian phase II study recruiting 92
BCR oligometastatic PCa with positive [**Ga]Ga-PSMA-11
or ['®F]DCFPyL PET after primary treatment. Study par-
ticipants will be included if they have a maximum of 5
nodal/bone lesions with PSMA RADS 4-5 (low/absent
PSMA uptake is allowed) with at least 1 lesion with PSMA
SUV ..« twice that of liver uptake. Over 24 months, study
participants will be randomized (1:1) to receive either SBRT
(1-3 fractions to all sites) plus 2 cycles of ['”’Lu]Lu-PSMA-
617/1&T or SBRT (1-3 fractions to all sites), considering
PSA-FS as the primary endpoint (NCT05560659).

PSMA-DC is another ambitious multicentric phase III
study recruiting 450 BCR oligometastatic HSPC with posi-
tive [**Ga]Ga-PSMA-11 or ['®FIDCFPyL PET after primary
treatment. Unlike POPSTAR 11, patients must have negative
conventional imaging (CI, namely CT and bone scan - BS)
for M1 disease (CI can be positive only for local recurrence)
with at least 1 PSMA PET-positive CI-negative distant
metastases without liver/brain involvement. Study partici-
pants will be then randomized (1:1) to SBRT plus 4 cycles
of 7.4 GBq ['""Lu]Lu-PSMA-617 versus SBRT alone. The
primary endpoint will be the metastases-FS (RECIST1.1),
while the secondary key endpoint will be the time to ADT
(NCT05939414).

The LUNAR study is an ongoing monocentric study from
UCLA enrolling 100 oligorecurrent HSPC. Study partici-
pants may have a maximum of 5 asymptomatic lesions out-
side the prostate/prostatic bed with increased radiotracer
uptake on [%Ga]Ga-PSMA-11 PET/CT, with the smallest
diameter > 1 cm on CT or MRI or increased uptake on BS.
Participants will be randomized (1:1) according to several
factors towards 2 cycles of 6.8 GBq ['”’Lu]Lu-PSMA-1&T
plus dose-adapted SBRT (based on post-RLT PSMA PET)
versus SBRT to all PSMA-positive sites. The primary end-
point will be the composite PFS (PSMA PET, PSA, therapy
change, death), while secondary endpoints also foresee a
radiomics analysis [39].

A more complex published protocol regards the ongoing
study ROADSTER, which will include (phase I n=12, phase
II n=30) biopsy-confirmed intraprostatic recurrent PCa after
RT with PSMA PET/MRI SUV ., >3 in the absence of any
extraprostatic disease. Study participants will be randomized
(1:1) to 1 cycle of 6.8 GBq of ['""Lu]Lu-PSMA-I&T plus 1
high-dose-rate (HDR) brachytherapy with boost (transrec-
tal ultrasound- and PSMA PET/MRI-guided) versus 2 HDR
brachytherapy with boost. After treatment, all patients will
receive a re-biopsy of the prostate for a translational study,
and the primary endpoints will be safety and feasibility [40].

In Table 1 we resumed the main characteristics of the
above-mentioned ongoing clinical trials using RLT in
BCR HSPC. Figure 3 summarizes ongoing trials regarding
PSMA-based RLT in HSPC treatment scenarios.

Discussion

Following the FDA and EMA approval in 2022, PSMA RLT
has been rapidly integrated into PCa management guidelines
and is increasingly adopted worldwide [4]. While other mol-
ecules are still under evaluation for PCa theranostics [41,
42], PSMA RLT is already indicated for mCRPC patients
exhibiting one or more metastatic lesions that show high
PSMA PET expression (above half of the parotid uptake).
Eligible patients must have progressed on ARPI and taxane,
and must not have relevant PSMA PET-negative metastases
or active/lytic bone lesions [4].

The observed improvement in OS, coupled with a PSA
reduction and a favorable safety profile in the post-taxane
CRPC setting has prompted the consideration of [!"’Lu]Lu-
PSMA RLT earlier in the treatment sequence, in both pre-
taxane CRPC and HSPC settings. Upcoming results from
the SPLASH [43], ECLIPSE trials (NCT05204927) and
long-term results from the ENZAP study [44] are anticipated
to further validate the efficacy of this treatment in CRPC
patients before docetaxel or cabazitaxel therapy.

ADT, ARPI and chemotherapy may determine toxici-
ties and adverse events: therefore, patients’ comorbidities,
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PSMA-based RLT active trials in hormone-sensitive prostate cancer

First line therapy for de-novo and synchronous mHSPC
- SoC (ADT + ARPI) + 6 cycles of ['77Lu]Lu-PSMA-617
(PSMAddition trial [37])

st line

-
3

- ["7Lu]Lu-PSMA-617 + Ipilimumab (NEPI
trial, NCT06066437)
- ["Lu]Lu-PSMA-I&T (NCT06259123)

HSPC

Adjuvant for NIM0 HSPC
- SoC EBRT + ADT + ['""Lu]Lu-PSMA-617 (1 cycle at
2nd EBRT week) (PROQURE trial [29])

First line therapy for BCR after RPE/RT
(NOMO HSPC)
- 1 cycles of ['"7Lu]Lu-PSMA-I&T + 1 HDR
brachytherapy (ROADSTER trial [40])

o
S

First line therapy * SoC for BCR after RPE/RT
(oligometastatic HSPC)
- 2 cycle of ["7Lu]Lu-PSMA-I&T (NCT06220188)

First line therapy + RT for BCR after RPE/RT (oligometastatic HSPC)
- SBRT + 2 cycles of ['77Lu]Lu-PSMA-617/-I&T (POPSTAR |l trial, NCT05560659)
- SBRT + 4 cycles of ['77Lu]Lu-PSMA-617 (PSMA-DC trial, NCT05939414)
- 2 cycles of ['77Lu]Lu-PSMA-I&T + SBRT (LUNAR trial [39])
- 2 cycle of ['"7Lu]Lu-PSMA-TLX591 + EBRT (ProstACT TARGET trial, NCT05146973)
- EBRT + escalating dose of ['"7Lu]Lu-rhPSMA-10.1 (NCT06105918)

- SoC + 2 cycles (+ 2 more if necessary) of
['77Lu]Lu-PSMA-617 (BULLSEYE trial [38])

Fig.3 Main ongoing trials regarding PSMA-based RLT in HSPC

enhanced PSMA-imaging sensitivity [18] and PSMA-based
RLT effectiveness [44].

Given the favourable safety profile of ['7’Lu]Lu-PSMA
RLT and the ability to repeatedly assess PSMA expression
via SPECT and PET, this treatment could theoretically be
applied in the HSPC space and, if necessary, repeated when
the disease becomes castration-resistant. Initial data have
confirmed the efficacy and safety of extended/rechallenge
[""7Lu]Lu-PSMA RLT in mCRPC [49], though more data
are needed (NCT06288113).

Alpha radiation [52] has a shorter penetration range in
human tissue (< 0.1 mm versus up to 2 mm for beta minus)
and higher energy (4-9 MeV versus up to 2.3 MeV for beta
minus), primarily inducing DNA double-strand breaks
as opposed to the mainly single-strand breaks caused by
beta minus radiation [5, 53, 54]. Based on this, combin-
ing PSMA ligand with beta- (e.g., ['”’Lu]Lu-PSMA) and
alpha-emitting (e.g., [**>Ac]Ac-PSMA) may improve
treatment efficacy compared to using only beta-emitting
agents [52]. However, although evidence is still limited,
this combination may also result in higher toxicities [35]
than the use of de-escalating [*2>Ac]Ac-PSMA-alone
dosage [28]. Early-phase HSPC, where patients usually
have better organ reserve, may therefore be more suit-
able for testing this combination than the later phases of
the disease (NCT06229366). Further promising nuclides
are under evaluation, such as [2'?Pb]Pb-PSMA which is
an alpha emitter enabling post-injection biodistribution
imaging [55], and ['®'Tb]Tb-PSMA a beta minus nuclide
(with higher energy than ['"’Lu]Lu) able to co-emit Auger
particles and conversion electrons theoretically resulting

@ Springer

in disseminated higher tumor-absorbed doses [56]; how-
ever, until now published data and listed ongoing trials are
limited to the CRPC stage of disease.

An interesting and more studied approach is the combi-
nation of PSMA RLT with RT, where RLT can treat even
micrometastasis, also acting as radiosensitiser [57], while
RT is more effective towards assessable lesions [58]. This
combination allows therapeutic absorbed dose intensifica-
tion while limiting OAR exposure [36].

Even in the neoadjuvant setting, waiting for ongoing trial
results, preliminary data demonstrated that RLT followed
by RPE is safe, leads to substantial radiation doses to the
primary tumors (median 35 Gy) and lymph nodes and does
not compromise surgical safety [23, 24].

Before reflecting on how to potentially integrate PSMA-
RLT early into existing treatment protocols, we must wait/
demonstrate clinically meaningful results/improvements
compared to the SoC. A factor that must be considered is the
disease heterogeneity which determines different survival
and response to RLT [59]. Indeed, therapeutical combination
with PSMA-based RLT can be more appropriate/effective in
case of disease heterogeneity; the choice on how to select the
best concomitant agent is far from being demonstrated, how-
ever, it can, at least, partially rely on disease burden (low- or
high-volume), stage (HSPC or CRPC), patients characteris-
tics and, of course, availability. Further consideration could
be done regarding the optimal RLT timing, number of cycles
and dosage; finally, there will certainly be room also for
alpha-emitters [52-56]), association with immunotherapy
[NCT06388369, 60] and new molecules [NCT05146973,
NCT06066437]. With the potential for increased efficacy,
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the use of combination therapies will need to be balanced
against possibly increased safety issues.

Despite the actual paucity of data, the main ongoing/
recruiting trials indicate a growing interest in earlier RLT
applications, reflecting a natural shift in the theranostics
paradigm. Indeed, PSMA RLT has the potential to deliver an
early cytotoxic payload to disseminated PSMA-expressing
microscopic disease below the resolution of modern scan-
ners, potentially reducing rates of systemic progression,
which is the most frequent pattern of relapse in this setting.
RLT may also induce an immunogenic effect by changing
and stimulating the tumor microenvironment, enhancing
tumor cell recognition by the immune system. This could
effectively provide a patient-specific tumor vaccine, improv-
ing the systemic response and potential survival, moving
beyond the concept of “treat what you see”, towards “treat
what you see but also what you do not see”.

Conclusion

Clinically, PSMA RLT is an effective option for PSMA PET-
positive mCRPC patients who have progressed on ARPI
and taxane treatments, representing a potential alternative
before the actual indication in highly selected patients unfit
to conventional therapies. Indeed, emerging data suggest
that PSMA RLT holds significant potential in PCa patients
with earlier disease, from the neoadjuvant to the BCR set-
ting. In these stages, the lower tumor burden, more frequent
exclusive nodal involvement, and higher organ reserve may
improve treatment efficacy and allow for treatment combina-
tions (e.g., with RT, target therapies or by adding alpha- to
beta-emitting radiopharmaceuticals) while maintaining a
less toxic profile.

Author contributions Study conception and design were performed by
Riccardo Laudicella. Material preparation, data collection and analysis
were performed by Riccardo Laudicella, Matteo Bauckneht, Andrea
Farolfi, Virginia Liberini and Giulia Santo. The first draft of the manu-
script was written by Riccardo Laudicella and all authors commented
on previous versions of the manuscript. All authors read and approved
the final manuscript.

Funding Open access funding provided by University of Zurich. The
authors declare that no funds, grants, or other support were received

during the preparation of this manuscript.

Data availability This is a literature review and therefore no datasets
were generated.

Declarations

Consent to publish Informed consent for the publication of images was
received from the participant who appeared in the manuscript.

Ethical approval This is a literature review and therefore no ethical
approval is required.

Competing interests The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Riischoff JH, Ferraro DA, Muehlematter UJ, Laudicella R, Her-
manns T, Rodewald AK, et al. What’s behind 68Ga-PSMA-11
uptake in primary prostate cancer PET? Investigation of histo-
pathological parameters and immunohistochemical PSMA expres-
sion patterns. Eur J Nucl Med Mol Imaging. 2021;48:4042-53.
https://doi.org/10.1007/s00259-021-05501-1.

2. Laudicella R, Riischoff JH, Ferraro DA, Brada MD, Hausmann
D, Mebert I, et al. Infiltrative growth pattern of prostate cancer
is associated with lower uptake on PSMA PET and reduced dif-
fusion restriction on mpMRI. Eur J Nucl Med Mol Imaging.
2022;49:3917-28. https://doi.org/10.1007/s00259-022-05787-9.

3. LaudicellaR, La Torre F, Davi V, Croce L, Arico D, Leonardi G,
et al. Prostate Cancer biochemical recurrence resulted negative
on [*®*Ga]Ga-PSMA-11 but positive on ['®F]Fluoromethylcholine
PET/CT. Tomography. 2022;8:2471-4. https://doi.org/10.3390/
tomography8050205.

4. Kratochwil C, Fendler WP, Eiber M, Hofman MS, Emmett
L, Calais J, et al. Joint EANM/SNMMI procedure guide-
line for the use of '"’Lu-labeled PSMA-targeted radioligand-
therapy (!”’Lu-PSMA-RLT). Eur J Nucl Med Mol Imaging.
2023;50:2830-45. https://doi.org/10.1007/s00259-023-06255-8.

5. Bauckneht M, Ciccarese C, Laudicella R, Mosillo C, D’Amico F,
Anghelone A, et al. Theranostics revolution in prostate cancer:
basics, clinical applications, open issues and future perspectives.
Cancer Treat Rev. 2024;124:102698. https://doi.org/10.1016/j.
ctrv.2024.102698.

6. Laudicella R, Minutoli F, Russo S, Siracusa M, Bambaci M,
Pagano B, et al. mCRPC progression of disease after ['”’Lu]Lu-
PSMA-617 detected on ['*F]Choline: a case of PCa heterogeneity.
Urol Case Rep. 2024;54:102750. https://doi.org/10.1016/j.eucr.
2024.102750.

7. Hofman MS, Emmett L, Sandhu S, Iravani A, Joshua AM, Goh
JC, et al. ['"Lu]Lu-PSMA-617 versus cabazitaxel in patients
with metastatic castration-resistant prostate cancer (TheraP): a
randomised, open-label, phase 2 trial. Lancet. 2021;397:797-804.
https://doi.org/10.1016/S0140-6736(21)00237-3.

8. Hofman MS, Emmett L, Sandhu S, Iravani A, Buteau JP, Joshua
AM, et al. Overall survival with ['"’Lu]Lu-PSMA-617 versus
cabazitaxel in metastatic castration-resistant prostate cancer
(TheraP): secondary outcomes of a randomised, open-label, phase

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00259-021-05501-1
https://doi.org/10.1007/s00259-022-05787-9
https://doi.org/10.3390/tomography8050205
https://doi.org/10.3390/tomography8050205
https://doi.org/10.1007/s00259-023-06255-8
https://doi.org/10.1016/j.ctrv.2024.102698
https://doi.org/10.1016/j.ctrv.2024.102698
https://doi.org/10.1016/j.eucr.2024.102750
https://doi.org/10.1016/j.eucr.2024.102750
https://doi.org/10.1016/S0140-6736(21)00237-3

2734

European Journal of Nuclear Medicine and Molecular Imaging (2025) 52:2723-2735

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

2 trial. Lancet Oncol. 2024;25:99-107. https://doi.org/10.1016/
S1470-2045(23)00529-6.

Sartor O, de Bono J, Chi KN, Fizazi K, Herrmann K, Rahbar K,
et al. Lutetium-177-PSMA-617 for metastatic castration-resistant
prostate Cancer. N Engl J Med. 2021;385:1091-103. https://doi.
org/10.1056/NEJMo0a2107322.

Morris MJ, Castellano D, Herrmann K, de Bono JS, Shore ND,
Chi KN, et al. '""Lu-PSMA-617 versus a change of androgen
receptor pathway inhibitor therapy for taxane-naive patients
with progressive metastatic castration-resistant prostate cancer
(PSMAfore): a phase 3, randomised, controlled trial. Lancet.
2024;404:1227-39. https://doi.org/10.1016/S0140-6736(24)
01653-2.

Cornford P, van den Bergh RCN, Briers E, Van den Broeck T,
Brunckhorst O, Darraugh J, et al. EAU-EANM-ESTRO-ESUR-
ISUP-SIOG guidelines on prostate Cancer-2024 update. Part I:
screening, diagnosis, and local treatment with curative intent. Eur
Urol. 2024;86:148-63. https://doi.org/10.1016/j.eururo.2024.03.
027.

Tilki D, van den Bergh RCN, Briers E, Van den Broeck T,
Brunckhorst O, Darraugh J, et al. EAU-EANM-ESTRO-ESUR-
ISUP-SIOG guidelines on prostate Cancer. Part 11-2024 update:
treatment of relapsing and metastatic prostate Cancer. Eur Urol.
2024:86:164-82. https://doi.org/10.1016/j.eururo.2024.04.010.
Agarwal N, McQuarrie K, Bjartell A, Chowdhury S, Pereira de
Santana Gomes AJ, Chung BH, et al. Health-related quality of life
after apalutamide treatment in patients with metastatic castration-
sensitive prostate cancer (TITAN): a randomised, placebo-con-
trolled, phase 3 study. Lancet Oncol. 2019;20:1518-30. https://
doi.org/10.1016/S1470-2045(19)30620-5.

Freedland SJ, de Almeida Luz M, De Giorgi U, Gleave M, Gotto
GT, Pieczonka CM, et al. Improved outcomes with Enzaluta-
mide in biochemically recurrent prostate Cancer. N Engl J Med.
2023;389:1453-65. https://doi.org/10.1056/NEJMo0a2303974.
Bauckneht M, Fornarini G, Di Raimondo T, Pardini M, Donegani
MI, Banna GL, et al. Brain metabolic correlates of the Off-Target
effects of Enzalutamide on the Central Nervous System of patients
with advanced prostate Cancer. J Nucl Med. 2024;65:1327.
https://doi.org/10.2967/jnumed.124.267526.

de Wit R, de Bono J, Sternberg CN, Fizazi K, Tombal B, Wiilf-
ing C, et al. Cabazitaxel versus Abiraterone or Enzalutamide in
metastatic prostate Cancer. N Engl J Med. 2019;381:2506-18.
https://doi.org/10.1056/NEJMoal911206.

Smith MR, Hussain M, Saad F, Fizazi K, Sternberg CN, Crawford
ED, et al. Darolutamide and Survival in Metastatic, hormone-sen-
sitive prostate Cancer. N Engl J Med. 2022;386:1132-42. https://
doi.org/10.1056/NEJMoa2119115.

Vaz S, Hadaschik B, Gabriel M, Herrmann K, Eiber M, Costa D.
Influence of androgen deprivation therapy on PSMA expression
and PSMA-ligand PET imaging of prostate cancer patients. Eur J
Nucl Med Mol Imaging. 2020;47:9-15. https://doi.org/10.1007/
500259-019-04529-8.

Luo H, Liu Y, Li Y, Zhang C, Yu B, Shao C. Androgen receptor
splicing variant 7 (ARv7) promotes DNA damage response in
prostate cancer cells. FASEB J. 2022;36:€22495. https://doi.org/
10.1096/15.202200190R.

Bakht MK, Yamada Y, Ku SY, Venkadakrishnan VB, Korsen JA,
Kalidindi TM, et al. Landscape of prostate-specific membrane
antigen heterogeneity and regulation in AR-positive and AR-
negative metastatic prostate cancer. Nat Cancer. 2023;4:699-715.
https://doi.org/10.1038/543018-023-00539-6.

Farolfi A, Armstrong WR, Djaileb L, Gafita A, Hotta M, Allen-
Auerbach M, et al. Differences and Common Ground in '"’Lu-
PSMA Radioligand Therapy practice patterns: International
Survey of 95 Theranostic centers. J Nucl Med. 2024;65:438-45.
https://doi.org/10.2967/jnumed.123.266391.

Springer

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

- Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC,
Mulrow CD, et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. BMJ. 2021;372:n71.
https://doi.org/10.1136/bmj.n71.

Golan S, Frumer M, Zohar Y, Rosenbaum E, Yakimov M, Kedar
D, et al. Neoadjuvant !”’Lu-PSMA-I&T Radionuclide Treatment
in patients with high-risk prostate Cancer before radical prostatec-
tomy: a single-arm phase 1 trial. Eur Urol Oncol. 2023;6:151-9.
https://doi.org/10.1016/j.eu0.2022.09.002.

Eapen RS, Buteau JP, Jackson P, Mitchell C, Oon SF, Alghazo O,
et al. Administering ['7’Lu]Lu-PSMA-617 prior to radical prosta-
tectomy in men with high-risk localised prostate Cancer (LuTe-
ctomy): a Single-centre, Single-arm, phase 1/2 study. Eur Urol.
2024;85:217-26. https://doi.org/10.1016/j.eururo.2023.08.026.
Satapathy S, Das N, Sood A, Singh SK, Goyal S, Madan R, et al.
Short-course !"’Lu-PSMA-617 Radioligand Therapy in High-vol-
ume metastatic hormone-sensitive prostate Cancer: time to take
the Leap? Eur Urol. 2021;80:390-2. https://doi.org/10.1016/j.
eururo.2021.06.012.

Satapathy S, Yadav MP, Ballal S, Sahoo RK, Bal C. Promising
therapeutic activity of 177 Lu-PSMA-617 in Synchronous High-
volume metastatic hormone-sensitive prostate Cancer: a pilot
experience. Clin Nucl Med. 2024;49:131-7. https://doi.org/10.
1097/RLU.0000000000005000.

Azad AA, Bressel M, Tan H, Voskoboynik M, Suder A, Weick-
hardt AJ, et al. Sequential ['7’Lu]Lu-PSMA-617 and docetaxel
versus docetaxel in patients with metastatic hormone-sensitive
prostate cancer (UpFrontPSMA): a multicentre, open-label, ran-
domised, phase 2 study. Lancet. 2024;25:1267-76. https://doi.org/
10.1016/S1470-2045(24)00440-6.

Sathekge M, Bruchertseifer F, Vorster M, Lawal 10, Mokoala K,
Reed J, et al. 2> Ac-PSMA-617 radioligand therapy of de novo
metastatic hormone-sensitive prostate carcinoma (mHSPC):
preliminary clinical findings. Eur J Nucl Med Mol Imaging.
2023;50(7):2210-8. https://doi.org/10.1007/s00259-023-06165-9.
van der Sar ECA, Braat AJAT, van der Voort-van Zyp JRN, van
der Veen BS, van Leeuwen PJ, de Vries-Huizing DMV, et al. Tol-
erability of concurrent external beam radiotherapy and ['7’Lu]
Lu-PSMA-617 for node-positive prostate cancer in treatment
naive patients, phase I study (PROQURE-I trial). BMC Cancer.
2023;23:268. https://doi.org/10.1186/s12885-023-10725-5.
Tulipan A, Kratochwil C, Lilleby J, Lilleby W. A case of severe
side effects to androgen receptor inhibitor and consequently
switch to radioligand therapy in early castration resistant prostate
cancer. Urol Case Rep. 2024;54:102752. https://doi.org/10.1016/].
eucr.2024.102752.

Demirkol MO, Kiremit MC, Acar O, Falay O, Ucar B, Esen T.
Local salvage treatment of Post-brachytherapy recurrent pros-
tate Cancer via Theranostic Application of PSMA-labeled Lute-
tium-177. Clin Genitourin Cancer. 2018;16:99-102. https://doi.
org/10.1016/j.clge.2017.09.005.

Privé BM, Peters SMB, Muselaers CHJ, van Oort IM, Janssen
MIR, Sedelaar JPM, et al. Lutetium-177-PSMA-617 in low-vol-
ume hormone-sensitive metastatic prostate Cancer: a prospective
pilot study. Clin Cancer Res. 2021;27:3595-601. https://doi.org/
10.1158/1078-0432.CCR-20-4298.

Peters SMB, Privé BM, de Bakker M, de Lange F, Jentzen W,
Eek A, et al. Intra-therapeutic dosimetry of ['7’Lu]Lu-PSMA-617
in low-volume hormone-sensitive metastatic prostate cancer
patients and correlation with treatment outcome. Eur J Nucl
Med Mol Imaging. 2022;49:460-9. https://doi.org/10.1007/
$00259-021-05471-4.

Tuncel M, Telli T, Tuncali MC, Karabulut E. Predictive factors of
tumor sink effect: insights from '”’Lu-Prostate-specific membrane
antigen therapy. Ann Nucl Med. 2021;35:529-39. https://doi.org/
10.1007/s12149-021-01593-9.


https://doi.org/10.1016/S1470-2045(23)00529-6
https://doi.org/10.1016/S1470-2045(23)00529-6
https://doi.org/10.1056/NEJMoa2107322
https://doi.org/10.1056/NEJMoa2107322
https://doi.org/10.1016/S0140-6736(24)01653-2
https://doi.org/10.1016/S0140-6736(24)01653-2
https://doi.org/10.1016/j.eururo.2024.03.027
https://doi.org/10.1016/j.eururo.2024.03.027
https://doi.org/10.1016/j.eururo.2024.04.010
https://doi.org/10.1016/S1470-2045(19)30620-5
https://doi.org/10.1016/S1470-2045(19)30620-5
https://doi.org/10.1056/NEJMoa2303974
https://doi.org/10.2967/jnumed.124.267526
https://doi.org/10.1056/NEJMoa1911206
https://doi.org/10.1056/NEJMoa2119115
https://doi.org/10.1056/NEJMoa2119115
https://doi.org/10.1007/s00259-019-04529-8
https://doi.org/10.1007/s00259-019-04529-8
https://doi.org/10.1096/fj.202200190R
https://doi.org/10.1096/fj.202200190R
https://doi.org/10.1038/s43018-023-00539-6
https://doi.org/10.2967/jnumed.123.266391
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1016/j.euo.2022.09.002
https://doi.org/10.1016/j.eururo.2023.08.026
https://doi.org/10.1016/j.eururo.2021.06.012
https://doi.org/10.1016/j.eururo.2021.06.012
https://doi.org/10.1097/RLU.0000000000005000
https://doi.org/10.1097/RLU.0000000000005000
https://doi.org/10.1016/S1470-2045(24)00440-6
https://doi.org/10.1016/S1470-2045(24)00440-6
https://doi.org/10.1007/s00259-023-06165-9
https://doi.org/10.1186/s12885-023-10725-5
https://doi.org/10.1016/j.eucr.2024.102752
https://doi.org/10.1016/j.eucr.2024.102752
https://doi.org/10.1016/j.clgc.2017.09.005
https://doi.org/10.1016/j.clgc.2017.09.005
https://doi.org/10.1158/1078-0432.CCR-20-4298
https://doi.org/10.1158/1078-0432.CCR-20-4298
https://doi.org/10.1007/s00259-021-05471-4
https://doi.org/10.1007/s00259-021-05471-4
https://doi.org/10.1007/s12149-021-01593-9
https://doi.org/10.1007/s12149-021-01593-9

European Journal of Nuclear Medicine and Molecular Imaging (2025) 52:2723-2735

2735

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Banda A, Privé BM, Allach Y, Uijen MJM, Peters SMB, Loeff
CC, et al. PSMA-RLT in patients with metastatic hormone-
sensitive prostate Cancer: a retrospective study. Cancers (Basel).
2022;15:297. https://doi.org/10.3390/cancers15010297.
Grkovski M, O’Donoghue JA, Imber BS, Andl G, Tu C, Lafon-
taine D, et al. Lesion dosimetry for ['”’Lu]Lu-PSMA-617 Radi-
opharmaceutical Therapy combined with stereotactic body
radiotherapy in patients with oligometastatic castration-sensitive
prostate Cancer. J Nucl Med. 2023;64:1779-87. https://doi.org/
10.2967/jnumed.123.265763.

Tagawa ST, Sartor AO, Saad F, Reid AH, Sakharova OV, Feng
FY, et al. PSMAddition: a phase 3 trial to compare treatment with
17"Lu-PSMA-617 plus standard of care (SoC) and SoC alone in
patients with metastatic hormone-sensitive prostate cancer. JCO.
2023;41:TPS5116-5116. https://doi.org/10.1200/JC0O.2023.41.
16_suppl. TPS5116.

Privé BM, Janssen MJR, van Oort IM, Muselaers CHJ, Jonker
MA, van Gemert WA, et al. Update to a randomized controlled
trial of lutetium-177-PSMA in Oligo-metastatic hormone-sensi-
tive prostate cancer: the BULLSEYE trial. Trials. 2021;22:768.
https://doi.org/10.1186/s13063-021-05733-4.

Ma TM, Czernin J, Felix C, Alano R, Wilhalme H, Valle L, et al.
LUNAR: a randomized phase 2 study of !”7 Lutetium-PSMA
neoadjuvant to ablative radiotherapy for oligorecurrent prostate
Cancer (clinical trial protocol). BJU Int. 2023;132:65-74. https://
doi.org/10.1111/bju.15988.

Mendez LC, Dhar A, Laidley D, Moussa M, Gomez JA, Chin
J, et al. The use of Lutetium-177 PSMA radioligand therapy
with high dose rate brachytherapy for locally recurrent prostate
cancer after previous definitive radiation therapy: a randomized,
single-institution, phase I/II study (ROADSTER). BMC Cancer.
2023;23:362. https://doi.org/10.1186/s12885-023-10851-0.
Baratto L, Jadvar H, Iagaru A. Prostate Cancer Theranostics Tar-
geting gastrin-releasing peptide receptors. Mol Imaging Biol.
2018;20:501-9. https://doi.org/10.1007/s11307-017-1151-1.
Laudicella R, Spataro A, Croce L, Giacoppo G, Romano D, Davi
V, et al. Preliminary findings of the role of FAPi in prostate Can-
cer theranostics. Diagnostics (Basel). 2023;13:1175. https://doi.
org/10.3390/diagnostics13061175.

Chi KN, Metser U, Czernin J, Calais J, Prasad V, Eiber M,
et al. Study evaluating metastatic castrate resistant prostate
cancer (mCRPC) treatment using 77Lu-PNT2002 PSMA ther-
apy after second-line hormonal treatment (SPLASH). JCO.
2021;39:TPS5087-5087. https://doi.org/10.1200/JC0O.2021.39.
15_suppl. TPS5087.

Emmett L, Subramaniam S, Crumbaker M, Nguyen A, Joshua
AM, Weickhardt A, et al. ['""Lu]Lu-PSMA-617 plus enzalutamide
in patients with metastatic castration-resistant prostate cancer
(ENZA-p): an open-label, multicentre, randomised, phase 2 trial.
Lancet Oncol. 2024;25:563-71. https://doi.org/10.1016/S1470-
2045(24)00135-9.

Paschalis A, Sheehan B, Riisnaes R, Rodrigues DN, Gurel B,
Bertan C, et al. Prostate-specific membrane Antigen Hetero-
geneity and DNA repair defects in prostate Cancer. Eur Urol.
2019;76:469-78. https://doi.org/10.1016/j.eururo.2019.06.030.
Rupp NJ, Freiberger SN, Ferraro DA, Laudicella R, Heimer J,
Muehlematter UJ, et al. Immunohistochemical ERG positivity is
associated with decreased PSMA expression and lower visibility
in corresponding [**Ga]Ga-PSMA-11 PET scans of primary pros-
tate cancer. Eur J Nucl Med Mol Imaging. 2024. https://doi.org/
10.1007/500259-024-06856-x.

Kaittanis C, Andreou C, Hieronymus H, Mao N, Foss CA, Eiber
M, et al. Prostate-specific membrane antigen cleavage of vitamin
B9 stimulates oncogenic signaling through metabotropic gluta-
mate receptors. J Exp Med. 2018;215:159-75. https://doi.org/10.
1084/jem.20171052.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Liickerath K, Wei L, Fendler WP, Evans-Axelsson S, Stuparu
AD, Slavik R, et al. Preclinical evaluation of PSMA expression
in response to androgen receptor blockade for theranostics in pros-
tate cancer. EINMMI Res. 2018;8:96. https://doi.org/10.1186/
s13550-018-0451-z.

Kranzbiihler B, Salemi S, Umbricht CA, Miiller C, Burger IA, Sul-
ser T, Eberli D. Pharmacological upregulation of prostate-specific
membrane antigen (PSMA) expression in prostate cancer cells.
Prostate. 2018;78:758-65. https://doi.org/10.1002/pros.23522.
Fendler WP, Eiber M, Beheshti M, Bomanji J, Calais J, Ceci F,
et al. PSMA PET/CT: joint EANM procedure guideline/SNMMI
procedure standard for prostate cancer imaging 2.0. Eur J Nucl
Med Mol Imaging. 2023;50:1466-86. https://doi.org/10.1007/
500259-022-06089-w.

Seifert R, Telli T, Lapa C, Desaulniers M, Hekimsoy T, Weber
WA, et al. Safety and Efficacy of Extended Therapy with
['"7Lu]Lu-PSMA: a German Multicenter Study. J Nucl Med.
2024;65:909-16. https://doi.org/10.2967/jnumed.123.267321.
Kratochwil C, Bruchertseifer F, Rathke H, Bronzel M, Apostolidis
C, Weichert W, et al. Targeted a-Therapy of metastatic castration-
resistant prostate Cancer with 2’ Ac-PSMA-617: Dosimetry Esti-
mate and Empiric Dose Finding. J Nucl Med. 2017;58:1624-31.
https://doi.org/10.2967/jnumed.117.191395.

Rathke H, Winter E, Bruchertseifer F, Rohrich M, Giesel FL,
Haberkorn U, et al. Deescalated 2> Ac-PSMA-617 Versus
7TLu/*» Ac-PSMA-617 cocktail therapy: a single-center retro-
spective analysis of 233 patients. ] Nucl Med. 2024;65:1057-63.
https://doi.org/10.2967/jnumed.123.267206.

Sathekge MM, Lawal 10, Bal C, Bruchertseifer F, Ballal S,
Cardaci G, et al. Actinium-225-PSMA radioligand therapy of
metastatic castration-resistant prostate cancer (WARMTH act): a
multicentre, retrospective study. Lancet Oncol. 2024;25:175-83.
https://doi.org/10.1016/S1470-2045(23)00638-1.

Griffiths MR, Pattison DA, Latter M, Kuan K, Taylor S, Tieu W,
et al. First-in-human 2!?Pb-PSMA-Targeted a-Therapy SPECT/
CT Imaging in a patient with metastatic castration-resistant pros-
tate Cancer. J Nucl Med. 2024;65:664. https://doi.org/10.2967/
jnumed.123.267189.

Al-Ibraheem A, Scott AM. '®'Tbunleashedeashed: a Promis-
ing New Player itheranosticsostiprostateocancerCancer. Nucl
Med Mol Imaging. 2023;57:168-71. https://doi.org/10.1007/
$13139-023-00804-7.

Eapen RS, Williams SG, Macdonald S, Keam SP, Lawrents-
chuk N, Au L, et al. Neoadjuvant lutetium PSMA, the TIME and
immune response in high-risk localized prostate cancer. Nat Rev
Urol. 2024. https://doi.org/10.1038/s41585-024-00913-8.
Fiorentino A, Laudicella R, Ciurlia E, Annunziata S, Lancellotta
V, Mapelli P, et al. Positron emission tomography with computed
tomography imaging (PET/CT) for the radiotherapy planning defi-
nition of the biological target volume: PART 2. Crit Rev Oncol
Hematol. 2019;139:117-24. https://doi.org/10.1016/j.critrevonc.
2019.03.008.

Pouliot F, Saad F, Rousseau E, Richard PO, Zamanian A, Probst
S, et al. Intrapatient Intermetastatic Heterogeneity determined by
Triple-Tracer PET imaging in mCRPC patients and correlation to
Survival: the 3TMPO cohort study. J Nucl Med. 2024;65:1710-7.
https://doi.org/10.2967/jnumed.124.268020.

Aggarwal R, Starzinski S, de Kouchkovsky I, Koshkin V, Bose
R, Chou J, et al. Single-dose 177 u-PSMA-617 followed by main-
tenance pembrolizumab in patients with metastatic castration-
resistant prostate cancer: an open-label, dose-expansion, phase
1 trial. Lancet Oncol. 2023;24:1266-76. https://doi.org/10.1016/
S1470-2045(23)00451-5.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3390/cancers15010297
https://doi.org/10.2967/jnumed.123.265763
https://doi.org/10.2967/jnumed.123.265763
https://doi.org/10.1200/JCO.2023.41.16_suppl.TPS5116
https://doi.org/10.1200/JCO.2023.41.16_suppl.TPS5116
https://doi.org/10.1186/s13063-021-05733-4
https://doi.org/10.1111/bju.15988
https://doi.org/10.1111/bju.15988
https://doi.org/10.1186/s12885-023-10851-0
https://doi.org/10.1007/s11307-017-1151-1
https://doi.org/10.3390/diagnostics13061175
https://doi.org/10.3390/diagnostics13061175
https://doi.org/10.1200/JCO.2021.39.15_suppl.TPS5087
https://doi.org/10.1200/JCO.2021.39.15_suppl.TPS5087
https://doi.org/10.1016/S1470-2045(24)00135-9
https://doi.org/10.1016/S1470-2045(24)00135-9
https://doi.org/10.1016/j.eururo.2019.06.030
https://doi.org/10.1007/s00259-024-06856-x
https://doi.org/10.1007/s00259-024-06856-x
https://doi.org/10.1084/jem.20171052
https://doi.org/10.1084/jem.20171052
https://doi.org/10.1186/s13550-018-0451-z
https://doi.org/10.1186/s13550-018-0451-z
https://doi.org/10.1002/pros.23522
https://doi.org/10.1007/s00259-022-06089-w
https://doi.org/10.1007/s00259-022-06089-w
https://doi.org/10.2967/jnumed.123.267321
https://doi.org/10.2967/jnumed.117.191395
https://doi.org/10.2967/jnumed.123.267206
https://doi.org/10.1016/S1470-2045(23)00638-1
https://doi.org/10.2967/jnumed.123.267189
https://doi.org/10.2967/jnumed.123.267189
https://doi.org/10.1007/s13139-023-00804-7
https://doi.org/10.1007/s13139-023-00804-7
https://doi.org/10.1038/s41585-024-00913-8
https://doi.org/10.1016/j.critrevonc.2019.03.008
https://doi.org/10.1016/j.critrevonc.2019.03.008
https://doi.org/10.2967/jnumed.124.268020
https://doi.org/10.1016/S1470-2045(23)00451-5
https://doi.org/10.1016/S1470-2045(23)00451-5

	The role of PSMA-based radioligand therapy in hormone-sensitive prostate cancer
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods

	Results
	Neoadjuvant
	De-novosynchronous metastatic PCa
	Adjuvant
	BCR HSPC
	BCR HSPC recruitingongoing studies
	Single arm
	Combinationcomparison with SoC
	Combinationcomparison with RT


	Discussion
	Conclusion
	References


