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ABSTRACT

In the last years, theranostics has expanded the therapeutic options available for prostate cancer patients. In this review, we explore this dynamic field and its
potential to revolutionize precision medicine for prostate cancer. We delve into the foundational principles, clinical applications, and emerging opportunities,
emphasizing the potential synergy between radioligand therapy and other systemic treatments. Additionally, we address the ongoing challenges, including opti-
mizing patient selection, assessing treatment responses, and determining the role of theranostics within the broader landscape of prostate cancer treatment.

Introduction

In the last decade, the therapeutic algorithm of metastatic castration-
resistant prostate cancer (mCRPC) has been revolutionized with the
advent of various therapeutic strategies that significantly improved
patients’ outcomes. Systemic options that have demonstrated a survival
benefit in this setting include chemotherapy (e.g., docetaxel and cab-
azitaxel), androgen receptor-signaling inhibitors (ARSI; e.g., enzaluta-
mide and abiraterone acetate), and Poly (ADP-ribose) polymerase
(PARP) inhibitors (e.g., olaparib, rucaparib, and talazoparib), either
alone or combined with an ARSi, in a selected cohort of tumors
harboring HRR, mainly BRCA1/2 alterations) [1]. In metastatic prostate
cancer patients, the treatment’s sequence is mainly based on clinical
criteria and fundamental assumptions: i) chemotherapy with docetaxel
is preferable for symptomatic patients [2,3]; ii) in case of visceral me-
tastases, the choice should favor chemotherapy (enzalutamide could be
considered an alternative option) [2,4-7]; iii) the sequence of two ARSIs
does not provide a survival benefit. The CARD study demonstrated the
superiority of cabazitaxel over an ARSI in patients already treated with
docetaxel and one ARSI [8]; iv) in the subgroup of patients (around 10
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%) with BRCA1/2 mutations, PARP inhibitors prolong survival (even
when compared to chemotherapy) [9,10].

Despite significant advances, mCRPC remains a lethal disease with a
median survival of approximately 30 months. These patients are often
frail due to advanced age and previous therapies. Therefore, offering
effective treatments with an acceptable toxicity profile remains a clin-
ical need. Recently, a novel therapeutic strategy - theranostics - has
consistently implemented the armamentarium of mCRPC patients.
Theranostics represents a novelty due to its unprecedented mechanism
of action, combining diagnostic imaging, molecular selection, and
personalized targeted treatment. It also constitutes a revolution in terms
of the safety profile, logistics, dosimetry, and organizational/accessi-
bility implications. [*2°Ra]Radium-dichloride and Prostate-Specific
Membrane Antigen labeled with 177Lutetium ([177Lu]Lu—PSMA) are
already available for mCRPC [11,12]. However, exciting future horizons
are opening up to evaluate new combinations, other radioisotopes, and
novel potential therapeutic targets.

The present review aims to introduce the basic principles of thera-
nostics, together with a summary of the current clinical evidence, open
issues, and future perspectives on its application in mCRPC.
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Basics on theranostics

Although theranostics has been known in nuclear medicine for de-
cades due to the use of radioiodine for differentiated thyroid cancer,
only in the last years, with radioligands and instrumentation techno-
logical development, this term has become widely used.

Theranostics refers to integrating diagnostic and therapeutic radio-
pharmaceuticals directed at the same molecular targets [13,14]. In other
words, the same molecule can be labelled first with a diagnostic radio-
pharmaceutical (i.e., gamma or beta + emitter) to precisely demon-
strate/assess the presence of a certain disease (cancer cell-expressing
target), and then to a therapeutical radiopharmaceutical (i.e., - or a
emitter) treating what we have seen also obtaining simultaneous bio-
distribution imaging. This integration provides the unique opportunity
to optimise patient selection, offering therapeutic radioligands only to
the one expressing the molecular targets.

Radioligands are biologically relevant molecules labelled with ra-
dioisotopes. The choice of molecule depends on the specific information
we want to obtain: labelled substances behave exactly like unlabelled
ones, particularly concerning metabolic behaviour.

For diagnostic purposes, the spatiotemporal distribution of the cho-
sen molecule needs to be tracked due to the external emitted radiation.
Thus, the energy of decay products must quickly exit the patient’s body
and be detectable, minimising its biological interaction with healthy
tissues. The radioisotopes used for this purpose usually decay by emit-
ting two types of products: (i) gamma radiations (y emission) or (ii)
positrons (p + emission). Diagnostic y-emitting radionuclides decay by
emitting photons used in “conventional nuclear medicine” using gamma
cameras (scintigraphy), with bidimensional-planar or tomographic im-
aging (single-photon emission tomography, SPET). The most widely
used y-emitting radionuclide is Technetium-99 m ([99mTc]Tc), which is
implied for many diagnostic purposes, including bone scans. Differently,
total or partial p + emitting radionuclides are used to perform Positron
Emission Tomography (PET) imaging. Once emitted, positrons imme-
diately annihilate upon encountering surrounding cells, producing a
pair of high-energy gamma photons detected by the PET scanner.

B- radiation

a radiation

Cancer Treatment Reviews 124 (2024) 102698

Gallium-68 [®®Ga]Ga and Fluorine-18 ['8F] are the most widely implied
B + emitting radionuclides for clinical purposes.

For therapeutic purposes, radioisotopes should deposit high energy
within a much more limited range in tissue, from a fraction of a
micrometre to a few millimetres at most to spare healthy tissues. This
energy deposition within a restricted distance from the emission point
should induce radiation damage in the surrounding cells, producing cell
damage or death. Radionuclides fitting therapeutic needs include f-
emitting, « emitting, and Auger electrons-emitting.

B- particles are high-energy, high-speed electrons. Thus, - emitting
radioisotopes, including [7’Lu]Lu, have longer path lengths (maximum
penetration around 12 mm) and lower linear energy transfer (LET),
which makes them effective against medium to large tumour lesions
[15], providing homogeneous radiation dose distribution on the target.
On the other hand, the long particle path length can also provide a
higher irradiation of the surrounding healthy tissues [16].

By contrast, « particles, including [?**Ra]Ra and Actinium-225
([225Ac]Ac), are helium nuclei, whose mass is 2000 times higher than
the mass of p- particles (almost the same difference existing between a
bowling ball and a ping pong ball) [17]. When emitted, they release
enormous amounts of energy over a very short distance (around 0.1
mm). Consequently, a emitters radionuclides have a moderate path
length and high LET. When compared to p- particles, one-cell surface
decay of a particles has shown the same degree of cell killing as
approximately 1000-cell surface decays of p- particles [18]. Due to these
physical properties, o decay provides the ideal characteristics for
selectively damaging target tissues, sparing as much as surrounding
normal organs and healthy tissues [17]. Smaller lesions, such as
micrometastatic sites, may thus be more effectively treated with a than
B- irradiation. Fig. 1 visually represents the comparison between - and o
irradiation from the radiobiological point of view.

Notably, some therapeutic radioisotopes (i.e., ["7Lu]Lu) can emit
even a fraction of gamma rays with favourable energy for scintigraphic
detection, allowing post-treatment biodistribution images. These images
can be used for dosimetry, calculating the dose delivered to tumour le-
sions and organs at risk by the therapeutic radioligand. Furthermore,

Fig. 1. Major radiobiological differences between f- and « irradiation of cancer lesions. §- irradiation consists of the emission of a single electron with a long
radiation range (0.2-12 mm) and low linear energy transfer (LET, 2 KeV/um). From the radiobiological point of view this results in a higher number of cells receiving
low energy damage. The major types of DNA damage induced by p- irradiation are represented by single-stranded breaks. By contrast, « irradiation consists in the
emission of helium nuclei, composed of two protons and two neutrons. Due to the higher mass, o particles provide higher LET (100 KeV/um) in a shorter range
(50-80 pm). « particle DNA damage consists of double-stranded DNA breaks. Created with BioRender.com.
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post-treatment biodistribution images allow prompt simultaneous
monitoring of the treatment effects (exploiting the gamma emissions of
the therapeutic radiopharmaceutical already injected), providing a dy-
namic assessment of the outcomes, and achieving enhanced clinical
results. For this reason, theranostics not only lead clinicians to treat
what they see but also allow them to see what they are treating. Fig. 2
illustrates a compelling example of how post-treatment images are a
powerful tool for monitoring the therapeutic effect.

Psma-based theranostics for prostate cancer

PSMA is a type II transmembrane glycoprotein composed of a small
intracellular and transmembrane portion, and a relatively ample extra-
cellular domain consisting of 750 amino acids. It is usually located
within the cytoplasm in normal prostate cells, being relatively unavai-
lable for binding. By contrast, it is usually overexpressed in cancer cells
as its encoding gene (FOLH1) is situated on the short arm of chromo-
some 11, a region that is not generally deleted in prostate cancer [19].
PSMA is not specific to the prostate gland as it is physiologically
expressed by normal cells in several organs [20]. However, it can be
promoted as a target for imaging and treatment because of the over-
expression by tumours with potentially low impact on healthy tissues.

PSMA expression is increased in the presence of aggressive features,
including high Prostate-Specific Antigen (PSA) levels, fast PSA-
increasing kinetics, high International Society of Urological Pathology
(ISUP) grade, and hormone resistance status [21,22]. Thus, clinically
relevant, and highly aggressive prostate cancer can be efficiently tar-
geted by PSMA-based theranostics. For this reason, the largest evidence
supporting its therapeutic use is currently focused on the castration-
resistant phase of the disease (mCRPC). This aspect represents a singu-
larity for the PSMA theranostic model, as other clinically available
theranostics compounds are currently directed to well-differentiated
diseases (i.e., in neuroendocrine tumours) [23].

Notably, the relationship between PSMA expression and tumour
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aggressiveness is not perfectly linear [24], as in a few cases of prostate
cancer, PSMA expression can be reduced with the resulting low/absent
avidity of PSMA-targeted radiopharmaceuticals [25-27], with conse-
quent poor responses to PSMA-directed therapies [28]. Several studies
documented increased [18F]F—Fluorodeoxyglucose ([18F]FDG) avidity
by advanced mCRPC low-expressing PSMA lesions, thus supporting the
combined use of PSMA and ['®F]FDG PET imaging in the selection
process of PCa patients for PSMA-based radioligand therapy [29,30].

In recent years, both the intracellular and extracellular domains have
been used to target PSMA with monoclonal antibodies, minibodies and
small molecules. Due to the larger size of monoclonal antibodies, their
use implies slow bloodstream kinetics [31], which results in prolonged
diagnostic imaging duration and poor-quality images [31]. For these
reasons, PSMA-targeted small molecule ligands have been mainly
developed over the last few years. However, the potential therapeutic
advantages of PSMA-directed antibodies are still under debate, partic-
ularly regarding the possibility of reducing xerostomia and dry eye ef-
fects due to the divergent biodistribution compared to small molecules
[31].

Clinical evidence of theranostics in mCRPC

Bone scintigraphy based on osteoblastic reaction and targeted
radionuclide therapy with the a-particle calcium-mimetic agent, [?*®Ra]
Ra, form a theranostic model for imaging and treatment of osseous
metastatic disease. [223Ra] Ra selectively targets areas of increased bone
turnover such as bone metastases; it is incorporated into the newly
aberrantly formed bone matrix, and emits high-energy a particles with
short path-inducing double-stranded DNA breaks with cytotoxic effects
[11]. [223Ra] Ra demonstrated a survival advantage over the best stan-
dard of care (SOC) in the ALSYMPCA (ALpharadin in SYMptomatic
Prostate Cancer patients) trial [32]. This study enrolled 921 mCRPC
patients with symptomatic disease, at least two bone metastases iden-
tified with skeletal scintigraphy, no known visceral metastases, and

4t cycle

31 cycle

Radioligand therapy with ['7’Lu]Lu-PSMA-617 (7.4GBq x cycle)

Fig. 2. Emblematic example of treatment monitoring through 24 h SPECT/CT in a patient receiving ['7’Lu] Lu-PSMA-617. 72-year-old patient with heavily
treated prostate cancer. He underwent primary treatment with radical prostatectomy (pT3a, pNO, R + ) followed by radiotherapy. Then, he started ARSI (bicalu-
tamide), receiving focal radiotherapy on lumbar spine (L3 to L5). Then he switched to ARSI (enzalutamide) in association with Denosumab and ADT (LH-releasing
hormone therapy), followed by a switch to Docetaxel. Afterwards, he received 4 cycles of 7.4 GBq ['””Lu]Lu-PSMA-617 (total dose 29.4 GBq) with a good response as
demonstrated in this biodistribution post-dose scintigraphic imaging acquired 24 h post radioligand therapy administration (lower panels), further confirmed and

magnified by SPECT/CT images on a D3 mainly osteoblastic lesion (upper panels).
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prior chemotherapy with docetaxel (patients unsuitable for/who refused
chemotherapy were also included). Patients were randomized 2:1 to
receive [22°Ra]Ra (50 kBq per kilogram of body weight intravenously
every 4 weeks for 6 administrations) or a matching placebo. The study
met its primary endpoint, showing a prolonged median overall survival
(0S) (HR: 0.70, 95 %CI: 0.55-0.88; p = 0.002). Of note, this benefit was
maintained regardless of prior docetaxel use (previous docetaxel ther-
apy: HR: 0.70, 95 %CL: 0.56-0.88; p = 0.002; no previous docetaxel use:
HR: 0.69, 95 %CI: 0.52-0.92; p = 0.01) [32]. Furthermore, [**>Ra]Ra
was associated with a greater percentage of patients with an improve-
ment in quality of life (measured through the EQ-5D and FACT-P scores)
[10,28]. To date, there are no studies that have compared [?**Ra]Ra
with other available therapeutic options. However, some trials have
been conducted to test the combination of [223Ra] Ra with other systemic
treatments in mCRPC. One of them, the ERA-223 study [33] showed that
the combination between [223Ra] Ra and abiraterone acetate + predni-
sone/prednisolone could negatively impact the clinical outcome and
increase the risk of fractures. As a consequence, in 2018, a formal
warning promoted by the European Medicines Agency (EMA) concerned
not only the combination of [?*®Ra]Ra with ARSI but also restricted its
use as monotherapy to mCRPC patients with more than six osteoblastic
lesions at bone scan previously treated with at least two systemic ther-
apies or ineligible for any other systemic treatment [34]. This moved
[?*Ra]Ra treatment to the later stages of mCRPC, with a measurable
negative impact on survival outcomes in real-world studies [35].

Differently from the “osteotropic” [223Ra] Ra, [177Lu] Lu-PSMA-617 is
an “oncotropic” agent with significant antitumor activity in mCRPC
patients, being responsible for tumor objective response, decrease in
PSA levels, and remarkable pain reduction [36]. This was further
confirmed by the demonstration of radiological Progression Free Sur-
vival (rPFS) and OS advantage of [177Lu] Lu-PSMA-617 compared to the
SOC (ARSI, steroids, radiotherapy) in PSMA-positive mCRPC men in the
VISION pivotal phase III trial [12]. Patients with mCRPC (n = 831) who
progressed to at least one ARSI and one or two taxane regimens (i.e.
docetaxel and/or cabazitaxel) and who had PSMA-positive [6SGa]Ga-
PSMA-11 PET/CT, were randomly assigned (2:1 ratio) to receive [77Lu]
Lu-PSMA-617 (7.4 GBq every 6 weeks for four cycles) combined with
SOC versus SOC. It is important to underline that protocol-allowed SOC
did not include cabazitaxel, other systemic radioisotopes (i.e. [**°Ra]
Ra), and investigational drugs. Notably, patients were defined PSMA-
positive in case of tumor uptake greater than that of the liver in any
disease sites; patients were excluded in case of negative PSMA PET/CT
(namely, PSMA uptake equal or lower than that of the liver for visceral
metastases with a short axis > 1 cm, or lymph nodes with short axis >
2.5 cm, or lytic bone metastases with a soft tissue component > 1 cm).
No ['8FIFDG PET/CT imaging was required. The study included patients
treated with one (55-60 %) or two taxane lines (about 40 %) and pa-
tients who received abiraterone and/or enzalutamide (about 90 %).
After a median follow-up of 20.9 months, the addition of [7Lu]Lu-
PSMA-617 to SOC demonstrated a statistically significant prolongation
of imaging-based PFS (HR: 0.40; 95CI%: 0.29-0.57; p < 0.001) and OS
(mOS 15.3 vs. 11.3 months; HR: 0.62, 95 %CI: 0.52-0.74, p < 0.001)
compared to SOC alone. Fatigue, dry mouth (given to the expression of
PSMA in normal salivary glands) and nausea were the most frequent
adverse events related to [177Lu] Lu-PSMA-617 therapy; the incidence of
grade > 3 toxicities was 52.7 % in the experimental arm versus 38 % in
the control arm. This higher rate of serious adverse events was however
counterbalanced by a prolonged median time to symptomatic skeletal
events with ['”’Lu]Lu-PSMA-617 (11.5 vs. 6.8 months; HR: 0.50, 95 %CI
0.40-0.62, p < 0.001), and an extended time to worsening of health-
related quality of life and pain [12].

According to these results, [177Lu] Lu-PSMA-617 represents a feasible
option for pretreated mCRPC patients with PSMA-positive disease.
However, the VISION study had several limitations concerning patients
selection and the trial design. Indeed, although patients treated with
cabazitaxel were included, most were cabazitaxel-naive. For these
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patients, the systemic therapy received in the control arm, consisting of
supportive care or ARSI post-ARSI, could not be considered the most
effective standard in this setting. Another prospective study — TheraP —
evaluated the activity of [177Lu] Lu-PSMA-617 compared to a more
effective comparator. In this phase II trial 200 mCRPC patients, who
progressed to prior docetaxel therapy and ARSI, were randomised to
receive [V77Lu]Lu-PSMA-617 (6-8.5 GBq every 6 weeks for six cycles) or
chemotherapy with cabazitaxel (20 mg/m2 every 3 weeks for ten cycles)
[37]. Only patients with high PSMA-expression at [68Ga]Ga—PSMA—11
PET/CT, having at least one metastatic site with a maximum standard-
ized uptake value (SUVpax) > 20 and all other measurable sites with a
SUVmax > 10 were included. Mismatched disease on [*®FIFDG compared
to PSMA PET imaging represented an exclusion criterion. The study met
the primary endpoint, with a significant difference in PSA response
favouring ["7Lu]Lu-PSMA-617 compared to cabazitaxel (66 % vs. 37 %
in the intention to treat population). Moreover, [177Lu]Lu-PSMA-617
showed significant improvements in RECIST response rate (49 % vs. 24
%) and radiological/biochemical PFS than chemotherapy (HR: 0.63, CI
95 % 0.46-0.86; p = 0.0028) [37]. The final results, presented at the
American Society of Clinical Oncology (ASCO) congress in 2022,
revealed no significant difference in OS (HR: 0.92, CI 95 % 0.70-1.4, p
= ns) after a median follow-up of 36 months [38]. However, a sub-
stantial post-protocol cross-over could have affected the lack of a sur-
vival advantage. Moreover, the study was not powered for OS. As
expected, [177Lu]Lu-PSMA-617's toxicity profile radically differed from
that of cabazitaxel. Fatigue, nausea, dry mouth, and dry eyes were the
common adverse events reported in the experimental groups. However,
the PSMA-targeted treatment was well tolerated with a low proportion
of grade 3-4 toxicities (33 % vs. 55 %) and less treatment discontinua-
tion (1 % vs. 8 %), compared to chemotherapy. Notably, the extent of
bone marrow invasion was not assessed in patients enrolled in the
investigational arm. Therefore, it is not possible to determine whether
grade 3-4 toxicity was related to the drug or the specific burden of the
disease.

Altogether, these results support [17’Lu]Lu-PSMA-617 as a new
therapeutic strategy in third-line setting for mCRPC patients. However,
some issues remain to be stated such as the optimal therapeutic sequence
in post-docetaxel setting for patients fit for cabazitaxel and the ideal
treatment sequence in the subset of patients carrying BRCA1/2 gene
mutation and therefore eligible for PARP inhibitors. At the European
Society of Medical Oncology (ESMO) Congress 2023, the results from
the PSMAfore study have been presented: PSMAfore is a phase III,
multicenter, open-label trial randomizing 450 mCRPC patients, taxanes-
naive and not candidate for a PARP-inhibitor, previously treated with an
ARSI (either abiraterone or enzalutamide) to receive [177Lu]Lu-PSMA-
617 (7.4 GBq every 6 weeks up to 6 cycles) or a change of the ARSI
(enzalutamide or abiraterone) [39]. The primary outcome was rPFES as
per PCWG3/RECIST v1.1 criteria (which we could argue as a modest
endpoint in this disease setting); secondary endpoints included OS, 50 %
or higher reduction of PSA (PSA50), and time to first skeletal event. Of
note, crossover to [Y77Lu]Lu-PSMA-617 was allowed in case of radio-
graphic progression of patients recruited in the control arm (84.3 % of
them; it would be interesting to understand why the 15.7 % of patients
did not receive ['7’Lu]Lu-PSMA-617 after disease progression, perhaps
due to deterioration of their clinical conditions). Indeed, the control arm
can be considered as an “insubstantial” treatment strategy (almost
comparable to placebo), given the demonstrated benefit absence from
the sequence ARSI to another ARSI, and the demonstrated superiority of
chemotherapy over the ARSI re-challenge [8,40,41]. At the primary
analysis (median follow-up of 7.3 months, n = 467), the primary
endpoint of rPFS was met (HR: 0.41, 95 %CI 0.29-0.56), which was
similar to the second interim analysis (HR: 0.43, 95 %CI 0.33-0.54),
therefore demonstrating that [M7Lu]Lu-PSMA-617 was superior to the
“ARSI-change” in terms of reducing the risk of disease progression.
Moreover, [177Lu]Lu-PSMA-617 was associated with a higher objective
response rate (50.7 % vs. 14.9 %), a greater PSA50 (57.6 % vs. 20.4 %), a
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longer time to symptomatic skeletal events (HR: 0.35, 95 %CI
0.22-0.57). No advantage was observed in the pre-specified crossover-
adjusted OS analysis (HR: 0.80, 95 %CI 0.48-1.33). The lack of OS
benefit (in the metastatic phase of the disease where all the other
therapeutic agents demonstrated to significantly prolong OS) together
with the weak control arm, and the unavailability of the rate of patients
who received chemotherapy in subsequent lines in both treatment arms,
raise concerns regarding ['”’Lu]Lu-PSMA-617 placement in the mCRPC
treatment algorithm, being a potential option in those inegible for tax-
anes chemotherapy.

To better address the best timing for [}”7Lu]Lu-PSMA-617 within the
treatment algorithm of prostate cancer patients, several phase III clinical
trials are currently ongoing (Table 1).

Open issues related to patients’ selection

Candidates for [}”’Lu]Lu-PSMA-617 are typically screened with a
PSMA PET, as SUVp.x correlates significantly with tumor PSMA
expression measured by immunohistochemistry [42]. Higher PSMA
expression results in higher deposition of ['”’Lu]Lu-PSMA-617 and
consequently higher levels of DNA damage in mouse models, which
ultimately explains the efficacy of radioligand therapy [43,44]. Thus,
baseline PSMA PET is crucial for selecting candidates for the targeted
treatment. However, the inter-patients and inter-tumor heterogeneity of
PSMA expression [28], together with the lack of a unique and validated
imaging threshold that defines PSMA PET positivity, represent unsolved
points that could affect the efficacy of radioligand therapy. The current
European Association of Nuclear Medicine (EANM) procedural guide-
lines recommend excluding patients with lesions with diameter > 1 cm
showing tumor uptake < 0.5-fold of the parotid glands (which approx-
imately equals < 1.0-fold liver-uptake of [*®Ga]Ga-PSMA-11 that have
been used in the VISION trial [11]) [30]. However, the available clinical
trials which used different definitions of positivity [12,37,38], makes
patients’ selection criteria still a matter of debate. Some considerations
must be addressed: the screen failure rate was about 13 % in the VISION
[12] compared to 32 % in the TheraP [37], highlighting the more
restrictive selection of the latter study. Several data suggested that the
degree of baseline PSMA uptake could correlate with response to [177Lu]
Lu-PSMA-617. In the VISION trial, SUVean provided a consistent sta-
tistically significant association with improved response across all end-
points assessed [45]. Likewise, a post-hoc analysis of the TheraP showed
that the odds of PSA response to [177Lu] Lu-PSMA-617 versus cabazitaxel
was significantly higher for men with SUVeqn > 10 [46]. The possible
co-existence of a neuroendocrine de-differentiation, has to be consid-
ered when facing PSMA-negative tumors, and maybe in these (rare)
cases ['®FIFDG PET could add something [47]. ['8F]FDG PET is not
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routinely used, but it could be helpful to identify patients who could
benefit less from [177Lu] Lu-PSMA-617 therapy, as in the Thera-P [36]
and LuPSMA trials [48]. Nevertheless, the discrepancy between [*8F]
FDG and PSMA PET is pretty low, with less than 5 % of patients
with FDG/PSMA mismatch not detected using only PSMA PET (VISION-
trial criteria) [49].

Several studies investigated the potential role of baseline clinical
characteristics as potential predictors of treatment efficacy to be used in
the selection process. Visceral metastasis is the only variable negatively
associated with all clinical outcomes (OS, clinical PFS, PSA response)
[50]. Moreover, increased lactate dehydrogenase level was found to be
an independent predictor of short OS [50]. Further analyses went into
more detail to evaluate whether combining baseline clinical and imag-
ing features could predict treatment efficacy [51]. A study combined
baseline PSMA PET-derived and clinical parameters in order to develop
nomograms for selecting mCRPC candidates for [177Lu]Lu-PSMA-617
therapy [52]. Gafita et al. analysed data from 270 mCRPC patients
treated with [V7"Lu]Lu-PSMA-617 in clinical trials or compassionate
access programs, with OS and PSA-PFS representing the endpoints of
interest [52]. At multivariate analysis, time since diagnosis of prostate
cancer, chemotherapy status, baseline haemoglobin concentration, bone
involvement, liver metastasis, number of PSMA-positive metastatic le-
sions, and tumor SUVp,ean wWere predictors selected in the OS model.
Using the calculated optimal cut-off for both risk scores, patients could
be divided into a high-risk group and a low-risk group. Patients classi-
fied as low-risk showed favourable OS (24.9 months vs. 7.4 months, p <
0.0001) and PSA-PFS (6.6 vs. 2.5 months, p = 0.022) when compared
with those in the high-risk group [52]. Furthermore, this analysis
identified the bone disease as a negative factor of response to [Y7Lu]Lu-
PSMA-617 [52], in accordance with what has been reported by others
[53].

Prospective validation of these biomarkers could help in the future in
the selection of patients more likely to benefit from ['77Lu]Lu-PSMA-
617 treatment with the final goal of a tailored clinical decision-making
process. In line with previous experiences with [223Ra] Ra [54], a uni-
form and validated composite score that integrates different information
from diverse morphological-biochemical-clinical-metabolic features of
the disease might standardize patients’ selection to more tailored ther-
apy and improve patients’ outcomes.

Open issues related to treatment response assessment

Another important point that deserves consideration is evaluating
tumor response to treatment. The VISION trial had as alternate primary
endpoints OS and rPFS determined by CT or MRI and bone scans. PSA
response was included in the secondary endpoints. Only one PSMA PET

Table 1
Ongoing phase III prostate cancer trials involving PSMA-directed radioligand therapy.
NCT number Study Title Disease setting Intervention Comparator Primary
arm outcome
NCT04720157PSMAddition  An International Prospective Open-label, Randomized, Phase =~ mHSPC [Y77Lu]Lu-PSMA- ADT + ARPI rPFS
11T Study Comparing 177Lu-PSMA-617 in Combination With 617 + ADT + ARPI
SoC, Versus SoC Alone, in Adult Male Patients With mHSPC
(PSMAddition)
NCT04647526SPLASH Study Evaluating mCRPC Treatment Using PSMA [Lu-177]- mCRPC previously treated [Y77Lu]Lu- ADT + ARPI rPFS
PNT2002 Therapy After Second-line Hormonal Treatment with PNT2002 + ADT
(SPLASH) second-line ARPI
NCT05204927ECLIPSE 177Lu-PSMA-I&T for Metastatic Castration-Resistant Prostate ~ mCRPC previously treated ['77Lu]Lu-PSMA- ADT + ARPI rPFS
Cancer withARPI, without prior 1&T + ADT
taxane therapy
NCT04876651PROSTACT 177Lu-DOTA-rosopatamab With Best Standard of Care (SoC) mCRPC previously treated [Y77Lu]Lu-TLX591 ADT + SoC rPFS

for the Second Line of Treatment for Metastatic Castrate-
resistant Prostate Cancer, Which Expresses PSMA
(PROSTACT)

with ARPI -+ ADT + SoC

Abbreviation: ADT: androgen deprivation therapy; ARPIL: androgen receptor pathway inhibitors; mCRPC: metastatic castration-resistant prostate cancer; mHSPC:
metastatic hormonal sensitive prostate cancer; rPFS: radiographic progression-free survival; SoC: standard of care.
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was required for trial entry, and only morphological imaging and bone
scan were repeated at restaging [11]. The TheraP study restricted the
primary endpoint to PSA50 [36]. The radiographic progression was
evaluated using CT and bone scanning according to RECIST v1.1 and
PCWGS3 criteria [37]. Once again, no PSMA PET was required to define
progression or response [37].

To notice, since molecular alterations usually precede morphological
ones, a higher percentage of progression could be diagnosed earlier by
molecular than by morphological criteria. Although not yet validated in
the context of clinical trials, several methods have been proposed to
assess responses with PSMA PET imaging [55]. The PSMA PET Pro-
gression (PPP) criteria have been proposed based on the PCWG3 criteria
[56]. PPP suggests that, for progressive disease, two new lesions are
sufficient. Unlike bone scans, confirmatory scans are typically not
required due to the rarity of the flare phenomenon in PSMA PET. Pro-
gression may also be considered when discordant behaviour is observed
in other lesions. Another approach combines PSMA PET and PSA mea-
surements, based on the RECIP 1.0 study [57]. This study examined 124
patients before and after 12 weeks of radioligand therapy. It concluded
that PSMA volume was the most accurate measure and that a combi-
nation of PSA and PSMA volume assessment was the best predictor for
OS. The response was defined as a PSA decrease of at least 50 % or
RECIP-PR/RECIP-CR, while progression was defined as a PSA increase of
at least 25 % or RECIP-PD [57].

In agreement with previous data showing the correlation between
tumor-absorbed dose and treatment response in neuroendocrine tumors
patients who underwent radioligand therapy [58,59], it has been sug-
gested that tumor-absorbed doses of ['7Lu]Lu-PSMA-617 (despite the
technical difficulties related to its determination) may be a relevant
predictor of disease response as well. Indeed, a good correlation was
documented between functional and morphological changes on PSMA
PET and the visual uptake in ["7Lu]Lu-PSMA-617 at the whole body
scans acquired at 24-hour post-infusion (using planar scintigraphy or
Single-Photon Emission computed Tomography/CT, SPECT/CT)
[60,61]. In a prospective cohort of 30 mCRPC patients, the mean tumor
dose of [Y7Lu]Lu-PSMA-617 correlated with PSA50 [62]. Moreover, 7
% of the patients enrolled in the TheraP trial suspended the treatment
because of protocol-defined exceptional PSMA response to therapy
evaluated by 24 h SPECT/CT [37]. 24 h SPECT/CT is acquired per
protocol in nearly all the main studies, and it represents a rapid and
adequate evaluation instrument, without any further administration,
using only the gamma emission from the already injected lutetium.

PSA reduction is also important to evaluate tumour response. [Y77Lu]
Lu-PSMA-617 therapy was associated with a PSA50 in nearly 50 % pa-
tients in the main randomized prospective trials (around 2/3 in the
experimental arm of the TheraP versus 1/3 of patients treated with
cabazitaxel [37]; 46 % in the VISION study versus 7 % among patients
who received standard of care [11]), confirmed by the meta-analysis of
Von Eyben and colleagues [63]. PSA trend during ["7Lu]Lu-PSMA-617
therapy has also been investigated. A retrospective analysis of 124 pa-
tients treated with ['7”Lu]Lu-PSMA-617 showed that an early decrease
in PSA levels higher than or equal to 30 % after 6 weeks from the start of
treatment was associated with longer OS compared to that of patients
with PSA increase or stability [64]. The association between early
biochemical response and patient outcomes was then confirmed by
another small analysis conducted in 27 mCRPC patients; a reduction in
PSA > 30 % 4 weeks after starting [177Lu] Lu-PSMA-617 correlated with
persistence of biochemical response at 16 weeks and longer OS [65].
Moreover, sustained PSA50 for over 24 weeks was reported to correlate
with radiological response [66], and ultimately could represent a
prognostic marker associated with longer OS [63,67]. Of interest, PSA
value may help to evaluate morphological or unclear imaging results in
case of mixed/discordant response, acting as a precursor of a radiolog-
ical/metabolic disease progression. To notice, 2-7 % of patients in the
TheraP trial showed partial response by molecular and morphological
criteria despite PSA progression and resulted in tumor progression in the
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subsequent disease assessments [37,68]. Notably, the opposite phe-
nomenon may also occur, with PSA reduction in the presence of imaging
progression [69].

In summary, a comprehensive assessment of a patient’s response to
treatment might be achieved by combining various measures, including
clinical status, quality of life assessments, PSA values, CT, and MRI.
Serial PSA measurements and a 24-hour post-therapy SPECT/CT scan
can accurately monitor radioligand therapy. Additionally, PSMA PET/
CT may serve as a valuable tool for evaluating treatment response,
although its validation in clinical trials is still necessary.

Future perspectives

Given the results of the prospective trials previously seen, [}7”Lu]Lu-
PSMA-617 is currently being evaluated in different therapeutic sce-
narios, but also in different disease settings such as patients with oli-
gometastatic or metastatic hormonal sensitive prostate cancer (mHSPC).
Additionally, other small molecule inhibitors of radiolabelled PSMA,
such as ['7/Lu]Lu-PSMA-I&T or PSMA ligands labelled with other ra-
dioisotopes are also under investigation. Table 1 summarises the
currently active and recruiting phase III prostate cancer trials involving
PSMA-directed radioligand therapy, while Table 2 depicts the main
recruiting phase I/II trials.

In the setting of mHSPC, PSMAddition (NCT04720157) is an open-
label, phase III clinical trial randomizing more than 1000 patients to
determine the efficacy of ["”7Lu]Lu-PSMA-617 in combination with
androgen deprivation therapy (ADT) + ARSI versus ADT + ARSI alone.
The primary outcome of the study is rPFS. UpFrontPSMA
(NCT04343885) is a phase II trial in patients with newly diagnosed
metastatic prostate cancer randomized to receive [177Lu] Lu-PSMA-617
(7.5 GBq every 6 weeks for two cycles) followed by six cycles of doce-
taxel compared to six cycles of docetaxel. The primary endpoint will be
the proportion of patients with undetectable PSA 1 year after starting
therapy.

In patients with taxane-naive mCRPC, two phase III trials are un-
derway with ['7’Lu]Lu-PSMA-I&T against ARSI: SPLASH and ECLIPSE.
SPLASH trial (NCT04647526) involves two parts: a lead-in treatment
phase to evaluate safety and dosimetry of [177Lu]Lu—PSMA—I&T, suc-
cessfully completed [70], and a randomisation phase to either [M71Lu]
Lu-PSMA-I&T or ARSI. ECLIPSE trial (NCT05204927) is randomizing
400 patients in a 2:1 ratio to either up to four doses of [7Lu]Lu-PSMA-
I&T or ARSLI. For both studies, the primary endpoint is rPFS. The control
arm with ARSI in patients already treated with ARSI could represent the
main limitation of these studies, likewise in the PSMAfore trial [39]. On
the contrary, NCT04663997 is a phase II trial randomizing patients with
mCRPC who have previously received ARSI to receive [7Lu]Lu-PSMA-
617 or docetaxel, with PFS as the primary endpoint.

Many studies are ongoing to evaluate combined therapy with [}77Lu]
Lu-PSMA-617 to enhance anti-tumor activity by exploiting a potential
synergistic effect of different agents with diverse mechanisms of action.
Pre-clinical data support a cross-talk in the castration-resistant but not in
the castration-sensitive phase of disease between the androgen receptor
and PSMA receptor pathways. In particular, treatment with enzaluta-
mide could lead to an up-regulation of PSMA receptors in mCRPC [71].
The interim data from the phase 2 ENZA-p study [72] presented at the
2023 ESMO Conference involved mCRPC patients in the first line of
treatment, who have not received chemotherapy in the castration-
resistant disease phase, with positive PSMA PET screening (considered
in the case of SUVhax > 15 at one site and > 10 at all measurable sites),
and at high risk of early failure with enzalutamide (defined in case of at
least 2 poor risk factors among LDH > ULN, ALP > ULN, albumin < 35
g/L, de novo metastatic tumor, < 3 years from initial diagnosis, > 5 bone
metastases, visceral metastases, PSA doubling time < 84 days, previous
treatment with abiraterone, pain requiring opioids). Patients (n = 162)
were randomized to enzalutamide monotherapy or the combination of
enzalutamide + [7’Lu]Lu-PSMA-617 (7.5 GBq for 2 up to 4 doses as
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Table 2
Ongoing phase I/1I prostate cancer trials involving PSMA-directed radioligand therapy.
NCT number Study Title Disease setting Clinicaltrial Intervention Comparatorarm Primary
phase outcomemeasure
NCT04343885 In Men With Metastatic Prostate Cancer, What mHSPC I ['77Lu]Lu-PSMA- ADT + Undetectable PSA rate
is the Safety and Benefit of Lutetium-177 617 + ADT + Docetaxel at 12 months
PSMA Radionuclide Treatment in Addition to Docetaxel
Chemotherapy (UpFrontPSMA)
NCT04443062  Lutetium-177-PSMA-617 in Oligo-metastatic Oligometastatic I [*”7Lu]Lu-PSMA- No intervention Fraction of pts that
Hormone Sensitive Prostate Cancer (Bullseye) = mHSPC 617 have PD within 6
months / time to PD
NCT05146973  External Beam Therapy With Theranostic Biochemically I [Y”7Lu]Lu-TLX591, / PSA PFS
Radioligand Therapy for Oligometastatic recurrent + EBRT
Prostate Cancer (ProstACT TARGET) oligometastatic
prostatecancer
NCT04419402  ENZA-p: A randomized phase II trial using mCRPC il [*”7Lu]Lu-PSMA- ADT + PSA PFS
PSMA as a therapeutic agent and prognostic 617 + ADT + Enzalutamide
indicator in men with metastatic castration- Enzalutamide
resistant prostate cancer treated with
enzalutamide (ANZUP 1901).
NCT04663997  '77LuPSMA-617 vs Docetaxel in Metastatic mCRPC previously il [*”7Lu]Lu-PSMA- ADT + PFS
Castration Resistant and PSMA-Positive treated withARPI 617 + ADT Docetaxel
Prostate Cancer
NCT05113537  Abemaciclib Before 77Lu-PSMA-617 for the mCRPC previously 711 Abemaciclib, ['"7Lu]  / DLT
Treatment of Metastatic Castrate Resistant treated withARPI Lu-PSMA-617 MTD
Prostate Cancer (UPLIFT) RP2D
Change in SUVax
NCT05340374  Cabazitaxel in Combination With 7’Lu- mCRPC previously 1/11 Cabazitaxel + / DLT
PSMA-617 in Metastatic Castration-resistant treated withdocetaxel [*”7Lu]Lu-PSMA- MTDRP2D
Prostate Cancer (LuCAB) and ARPI 617
NCT03454750  Radiometabolic Therapy (RMT) With ”’Lu mCRPC i ['77Lu]Lu-PSMA- / DCR, safety
PSMA 617 in Advanced Castration Resistant 617
Prostate Cancer (CRPC) (LU-PSMA)
NCT03874884  '77Lu-PSMA-617 Therapy and mCRPC previously I [*"7Lu]Lu-PSMA + / DLT
Olaparib in Patients With treated withARPI Olaparib MTDRP2D
MetastaticCastration Resistant ProstateCancer
(LuPARP)
NCT05150236  EVOLUTION: 177Lu-PSMA mCRPC previously il [}”7Lu]Lu-PSMA- [*”7Lu]Lu- PSA PFS
Therapy Versus '”’Lu-PSMA in treated withARPI 617 + ipilimumab +  PSMA-617
Combination With Ipilimumab andNivolumab nivolumab
for Men With mCRPC
(ANZUP2001)
NCT03658447  PRINCE (PSMA-lutetium Radionuclide mCRPC previously /1 [}”7Lu]Lu-PSMA- / PSA response
Therapy and ImmuNotherapyin Prostate treated withARPI 617 + rateSafety/Tolerability
CancEr) (PRINCE) Pembrolizumab
NCT03805594  '77Lu-PSMA-617 and Pembrolizumab mCRPC previously I [*”7Lu]Lu-PSMA- / RP2DORR
in Treating Patients With treated withARPI 617 +
Metastatic Castration-ResistantProstate Pembrolizumab
Cancer
NCT05383079  Combination of Radium-223 and mCRPC previously /1 [?*°RalRa + [Y7Lu]  / DLT
Lutetium-177 PSMA-I&T in Men treated withARPI Lu PSMA-I&T MTD
With Metastatic Castration-ResistantProstate RP2DPSA response rate
Cancer (AlphaBet)
NCT04786847  '77Lu-DOTA-TLX591 Safety, Biodistribution mCRPC previously I ['77Lu]Lu-DOTA- / Treatment-related
and Dosimetry Study (ProstACTSelect) treated withARPI TLX591 adverse events
NCT05496959  !77-Lutetium-PSMA Before Stereotactic Body =~ Oligorecurrent 1 [}”7Lu]Lu-PSMA- SBRT PSMA-PET/CT-based
Radiotherapy for the Treatment of prostate cancer 1&T beforeSBRT PFS
Oligorecurrent Prostate Cancer, The LUNAR
Study (LUNAR)
NCT05219500  Targeted Alpha Therapy With 225Actinium- mCRPC previously il [*?Ac]Ac-PSMA- / Efficacy and safety

PSMA-I&T of Castration-resISTant Prostate
Cancer (TATCIST). (TATCIST)

treated withARPI

1&T

Abbreviation: ADT: androgen deprivation therapy; ARPI: androgen receptor pathway inhibitors; DCR, disease control rate; DLTs, dose-limiting toxicities; EBRT:
external beam radiation therapy; mCRPC: metastatic castration resistant prostate cancer; mHSPC: metastatic hormonal sensitive prostate cancer; MTD, maximum
tolerated dose; ORR, objective response rate; PD: progressive disease; PFS: progression-free survival; PSA, prostate-specific antigen; pts: patients; RP2D: recommended
phase II dose; SBRT, stereotactic body radiation therapy.

adaptive dosing based on the response at 24 h SPECT/CT) [73]. The
study met its primary endpoint, showing a median PSA-PFS of 13
months with the combination therapy compared to 7.8 months with
enzalutamide monotherapy (HR: 0.43, 95 %CI 0.29-0.63, p = 0.00001).
Further, enzalutamide + [177Lu]Lu—PSMA—617 was associated with a
higher PSA response rate (PSA50 93 % vs. 68 %, and PSA90 78 % vs. 37
%, p < 0.001). The combination was well tolerated, with a rate of severe
adverse events reported in 33 % compared to 35 % in the control arm

[73]. ENZA-p is the first randomized study that combined an ARSI with
[Y77Lu]Lu-PSMA-617, and the first study to use an adapted dose of
["7Lu]Lu-PSMA-617 based on response, aiming to avoid toxicity in
responder patients. The study demonstrated an interesting action of this
intended as a biochemical response (questionable
endpoint in first-line mCRPC). The issue remains open whether the ac-
tivity demonstrated by this combination would translate into prolon-
gation of patient OS. However, there is a planned follow-up of PFS and

combination,
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OS of the study until July 2024. In the future, it will be intriguing to
explore whether combining [177Lu]Lu—PSMA—617 with another ARSI
could prove effective in patients who have progressed on an ARSI

Another potential treatment strategy under evaluation involves the
combination of [}”’Lu]Lu-PSMA-617 and PARP inhibitors, exploiting a
synergistic effect between these two therapeutic agents on DNA damage.
B- irradiation delivered by [Y7Lu]Lu-PSMA-617 to PSMA-expressing
cancer sites, primarily causes single-strand DNA breaks, typically
repaired by PARP-dependent pathways [74]. Blocking PARP could
convert DNA single-strand breaks into lethal double-strand breaks
through replication fork collapse. Indeed, enhanced anti-tumour activity
was demonstrated in the LuPARP trial, which hypothesised an increased
DNA damage due to the radiosensitization effect of olaparib [75].
LuPARP (NCT03874884) is a phase I trial involving 48 patients with
mCRPC, pre-treated with a prior ARSI and docetaxel, and with high
PSMA expression (defined as PSMA SUVax > 15 at any site, SUVyax >
10 at other sites, no [*8F]FDG discordance). This study followed a 3 + 3
dose escalation design: [177Lu] Lu-PSMA-617 was administered at a dose
of 7.4 GBq 6 weekly for 6 cycles, while olaparib was concurrently
administered at a dose of 50 to 300 mg twice daily on days 2 to 15, —4 to
14, or —4 to 18 of each 6-week cycle. The primary endpoints were
maximum tolerated dose (MTD), dose-limiting toxicities (DLT), and the
recommended phase II dose (RP2D). Secondary endpoints included ef-
ficacy outcomes: rPFS, PSA-response rate, PSA-PFS, ORR, OS, and
safety. The combination of ["7Lu]Lu-PSMA-617 and olaparib was well
tolerated, with no DLTs reported across the dose levels, and no grade 4
adverse events. In the overall population, the PSA50 and PSA90
response rates were 66 % and 44 %, respectively; PSA response rates
were even better at higher olaparib dose levels. The ORR by RECIST v1.1
criteria was 78 %. Dose-expansion phase is currently underway and the
recommended phase II dose is 7.4 Gb of ["7Lu]Lu-PSMA-617 in
conjunction with olaparib 300 mg twice daily on days —4 to 18 of each
6-weekly cycle.

Finally, several clinical trials are now in progress to evaluate the
combination of [177Lu]Lu-PSMA-617 and immune checkpoint in-
hibitors. The assumption is that [7Lu]Lu-PSMA-617 could stimulate
the tumor microenvironment immunogenicity to enhance immune
checkpoint inhibitors. Namely, the EVOLUTION trial (NCT05150236)
aims to determine the activity and safety of ipilimumab and nivolumab
in combination with ['”7Lu]Lu-PSMA-617 in mCRPC patients. Further-
more, the NCT03805594 is a phase Ib/II trial enrolling chemotherapy-
naive mCRPC patients with progression on at least one prior androgen
signalling inhibitor; the phase Ib trial showed that the combination of
[V”7Lu]Lu-PSMA-617 and pembrolizumab was well tolerated and leads
to durable responses in a subset of mCRPC patients [76]. The phase II
study is currently ongoing.

Conclusions

In conclusion, the evolution of theranostics is poised to transform the
landscape of precision medicine in prostate cancer. However, many
open issues still need to be addressed, including the optimization of
patient selection and treatment response assessment, the identification
of the correct place in the treatment landscape, as well as the evaluation
of potential synergy with other systemic treatments. The journey toward
personalized and effective care for prostate cancer patients is just
beginning, and the possibilities are boundless.
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