THERAPEUTIC ADVANCES in

Review

The current status of prostate cancer
treatment and PSMA theranostics

Motohide Uemura“"=’, Tadashi Watabe, Seiji Hoshi, Ryo Tanji, Kei Yaginuma
and Yoshiyuki Kojima

Abstract: In the treatment of cancer, understanding the disease status, or accurate staging,
is extremely important, and various imaging techniques are used. Computed tomography
(CT), magnetic resonance imaging, and scintigrams are commonly used for solid tumors,
and advances in these technologies have improved the accuracy of diagnosis. In the clinical
practice of prostate cancer, CT and bone scans have been considered especially important
for detecting metastases. Nowadays, CT and bone scans are called conventional methods
because positron emission tomography (PET), especially prostate-specific membrane antigen
(PSMAJ/PET, is extremely sensitive in detecting metastases. Advances in functional imaging,
such as PET, are advancing the diagnosis of cancer by allowing information to be added to
the morphological diagnosis. Furthermore, PSMA is known to be upregulated depending on
the malignancy of the prostate cancer grade and resistance to therapy. Therefore, it is often
highly expressed in castration-resistant prostate cancer (CRPC] with poor prognosis, and

its therapeutic application has been attempted for around two decades. PSMA theranostics
refers to a type of cancer treatment that combines both diagnosis and therapy using a PSMA.
The theranostic approach uses a radioactive substance attached to a molecule that targets
PSMA protein on cancer cells. This molecule is injected into the patient’s bloodstream and
can be used for both imaging the cancer cells with a PET scan (PSMA PET imaging) and
delivering radiation directly to the cancer cells (PSMA-targeted radioligand therapy), with
the aim of minimizing damage to healthy tissue. Recently, in an international phase Ill trial,
the impact of "77Lu-PSMA-617 therapy was studied in patients with advanced PSMA-positive
metastatic CRPC who had previously been treated with specific inhibitors and regimens. The
trial revealed that '77Lu-PSMA-617 significantly extended both progression-free survival and
overall survival compared to standard care alone. Although there was a higher incidence

of grade 3 or above adverse events with "77Lu-PSMA-617, it did not negatively impact the
patients” quality of life. PSMA theranostics is currently being studied and used primarily

for the treatment of prostate cancer, but it has the potential to be applied to other types of
cancers as well.
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Introduction
Prostate cancer is the most frequently diagnosed

For patients with localized disease, robot-assisted
radical prostatectomy has become the mainstay of Seiji Hoshi

malignant disease in Japan and the sixth leading
cause of cancer deathinmenin 2019.! According
to Japanese cancer statistics, it is estimated
that 94,748 new cases of prostate cancer and
12,759 prostate cancer-specific deaths occur
each year.!

surgical treatment in recent years in Japanese
practice. Radiation therapies for curative pur-
poses, such as intensity-modulated radiation
therapy and particle therapy, including proton
beam therapy and heavy ion therapy, are approved
and covered by medical insurance in Japan.
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However, 10-15% of patients have advanced dis-
ease at the time of initial diagnosis, and for these
patients such curative therapies are not indi-
cated.? Metastases may also occur in patients who
have received prior curative treatment and subse-
quently relapse. These metastatic patients are ini-
tially treated with androgen deprivation therapy,
but invariably develop advanced disease, a condi-
tion known as castration-resistant prostate cancer
(CRPC).

Docetaxel is the only drug that has first shown
efficacy and prolonged survival in CRPC patients.>
Recently, the novel androgen receptor-targeting
agents, abiraterone acetate and enzalutamide, and
the novel taxane-based chemotherapeutic agent,
cabazitaxel, have been effective for such patients
with CRPC and were approved in 2014.48 In
addition, the alpha-ray emitter radium-223
dichloride was also approved in 2016 for patients
with bone metastatic CRPC.? These agents are
rapidly being adopted in clinical practice in Japan
for the treatment of CRPC because of their prom-
ising antitumor efficacy and manageable safety
profiles, as demonstrated in their respective global
phase III clinical trials.*°

Metastatic CRPC remains fatal despite recent
advances. Prostate-specific membrane antigen
(PSMA) has been the subject of extensive investi-
gation in the past two decades as a promising
molecular target for prostate cancer.!? Also known
as folate hydrolase I or glutamate carboxypepti-
dase II, PSMA is a type II, 750 amino acid trans-
membrane protein. In benign prostatic cells, it is
localized to the cytoplasmic and apical side of the
prostate epithelium. As malignant transformation
occurs, PSMA is transferred from the cytoplasm
to the luminal surface of the prostatic ducts, where
it presents a large extracellular domain to ligands.
The biological function of PSMA remains unclear,
but it is hypothesized to act as a transporter
because PSMA ligands are internalized through
endocytosis. PSMA ligand internalization theo-
retically enables specificity of synthetic PSMA
radioligands for malignant prostatic tissue.!!
Furthermore, research suggests a 100- to 1000-
fold increase in PSMA expression in prostatic
adenocarcinoma compared to benign prostatic tis-
sue.1213 Although there is a growing number of
studies indicating that PSMA expression is subject
to inter- and intra-patient heterogeneity, PSMA
expression generally increases with tumor dedif-
ferentiation and later-stage metastatic CRPC

(mCRPC).!* Due to these properties, PSMA has
become an appealing target for novel diagnostic
and therapeutic — thus ‘theranostic’ — approaches
to prostate cancer. Substantial evidence supports
the high sensitivity of PSMA-targeted imaging for
prostate cancer lesions, and there is growing evi-
dence for the therapeutic efficacy of PSMA radio-
ligand therapy for mCRPC. In this review, we
present a broad overview of the current status of
PSMA theranostics, including current evidence,
potential clinical impact, and active areas of
research.

Clinical significance and research
implications

Prostate cancer diagnosis

With the advent of prostate-specific antigen
(PSA) screening, a significant proportion of
patients are diagnosed at an early stage that is
confined to the organ. However, reflecting the
heterogeneous nature of the disease, some
patients present or progress to high-risk, pro-
gressive, or metastatic disease.!5

When prostate cancer is suspected, tissue biopsy
remains the standard of care for diagnosis.
However, improved risk stratification, advances
in magnetic resonance and functional imaging,
and the advent of biomarkers have made identifi-
cation and characterization of the disease increas-
ingly accurate.

Multiple management options

Currently, multiple management options exist for
men diagnosed with prostate cancer. Active surveil-
lance (the serial monitoring of disease progression)
is considered safe and is the preferred approach for
men with less aggressive prostate cancer, particu-
larly those with PSA levels below 10ng/mL and
Gleason score 3 + 3 tumors.!% Surgery and radia-
tion remain curative treatments for localized dis-
ease but have serious side effects, including dysuria
and sexual dysfunction, that may adversely affect
quality of life. For metastatic disease, chemother-
apy with androgen deprivation therapy as initial
treatment appears to prolong survival compared to
androgen deprivation therapy alone.!” New hormo-
nal therapies and bone-directed agents have proven
effective in men with metastatic prostate cancer
who have developed resistance to traditional hor-
monal therapy.
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Accurate diagnosis and staging

Accurate diagnosis and staging combined with
effective therapeutic options are essential for
treating these patients. Patients who develop PSA
recurrence after curative treatment benefit from
the early initiation of salvage therapy. In addition,
identifying and locating disease sites in patients
with low-volume or oligometastatic disease can
indicate alternative avenues of treatment.!8 Thus,
there is a profound need to develop sensitive tech-
niques for disease detection and monitoring.
Conventional imaging modalities, such as com-
puted tomography (CT) and bone scans, are usu-
ally performed to determine the extent of the
lesion, but these have significant limitations,
especially when PSA values are low. For this rea-
son, positron emission tomography (PET) with
choline or fluorodeoxyglucose-based tracers has
gained attention for staging advanced disease.
However, these tracers also have limitations in
the setting of early metastatic disease and bio-
chemical recurrence.

The role of PET imaging in staging prostate

cancer

EAU-EANM-ESTRO-ESUR-SIOG Guidelines
on Prostate Cancer!® discuss the use of imaging
techniques for detecting lymph node (LLN) inva-
sion in patients with prostate cancer. Abdominal
CT and magnetic resonance imaging (MRI) are
commonly used but have low sensitivity.2° Choline
PET/CT has a sensitivity of 62% for pelvic LN
metastases.2! PSMA PET/CT has a higher sensi-
tivity of 75% and a specificity of 99% for nodal
staging on a per-node analysis.?? In a study of
newly diagnosed prostate cancer patients with neg-
ative bone scans, PSMA PET/CT had a per-
patient sensitivity of 41.5% and specificity of 91 %,
resulting in a treatment change for 12.6% of
patients.?> Compared to mpMRI, PSMA PET/CT
has a higher sensitivity of 0.65 and a comparable
specificity of 0.94 for preoperative nodal staging in
intermediate- and high-risk prostate cancer.2*

Prostate cancer bone metastases are most com-
monly evaluated using bone scintigraphy, which
has a combined sensitivity and specificity of 79%
and 82%, respectively.?> However, diffusion-
weighted whole-body and axial MRI are more
sensitive in detecting bone metastases.2® Whole-
body MRI is also more sensitive and specific than
combined bone scan, targeted radiography, and
abdominopelvic CT.2” Ga-PSMA PET has high
sensitivity (33-92%) and good specificity

(82-100%) for detecting metastases, with
increased detection rates compared to conven-
tional imaging.?8 This study recruited men with
biopsy-proven prostate cancer and high-risk fea-
tures at 10 hospitals in Australia. The patients
were randomly assigned to either conventional
imaging or PSMA PET-CT. The primary out-
come was the accuracy of the first-line imaging
for identifying pelvic nodal or distant metastatic
disease. The results showed that PSMA PET-CT
had a 27% greater accuracy than conventional
imaging. PSMA PET-CT also had a higher sensi-
tivity and specificity. First-line conventional
imaging conferred management change less fre-
quently and had more equivocal findings than
PSMA PET-CT. Radiation exposure was higher
for conventional imaging than for PSMA
PET-CT. The study concluded that PSMA
PET-CT is a suitable replacement for conven-
tional imaging, providing superior accuracy in
identifying prostate cancer metastases. However,
the clinical benefit of detecting metastases at an
earlier time point and the ideal management of
patients diagnosed as metastatic by these more
sensitive tests remain unclear. Results from rand-
omized controlled trials evaluating the manage-
ment and outcome of patients with (and without)
metastases detected by more sensitive imaging are
needed to make evidence-based decisions.

Multiparametric MR/

With recent improvements in accuracy, MRI is
currently regarded as the most objective and reli-
able imaging test for the local staging of prostate
cancer. In the United States, MRI has been used
to localize prostate cancer since the late 1980s.
Yet, its accuracy was limited because the mar-
ginal region of the normal prostate shows high
signal on T2-weighted images, whereas prostate
cancer shows a slightly lower signal.

In the late 1990s, diffusion-weighted MRI was
used for the head, but in the 2000s, it became
clinically applicable to the pelvic region as well. In
prostate MRI, in addition to conventional mor-
phological information based on T2-weighted
images, diffusion-weighted images provide func-
tional information on the diffusion of water mol-
ecules, which is the basis for the current standard
prostate MRI imaging method, multiparametric
(mp) MRI, which combines dynamic MRI with
T2-weighted images. Today, mpMRI is highly
favored over other conventional methods due to
its superior ability for detecting and locally
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staging cancer (especially in the presence or
absence of extracapsular invasion and seminal
vesicle invasion), identifying LN metastasis, and
enabling accurate grading.?° Recently, MRI-
transrectal ultrasound fusion image-guided pros-
tate biopsy has also been performed in some
centers.

Although mpMRI is highly recommended today,
it has limitations in terms of cancer localization,
and clinical staging [clinical tumor, node, and
metastasis (TNM)] and pathological TNM do
not always coincide.?%30

Preoperative diagnosis of cancer localization and
clinical staging greatly influences the indication
for surgery, the extent of surgical resection, the
preservation of nerves involved in urinary symp-
toms and erection, and the extent of LN dissec-
tion. In addition, more accurate imaging is desired
because it is closely related to cancer control,
such as positive margins and recurrence, and to
the patient’s quality of life, such as urinary incon-
tinence and erectile dysfunction.

PET/MRI for initial staging

Gallium-68 (°8Ga) and fluorine-18 (18F) PSMA
PET/CT has emerged as a promising diagnostic
and staging tool for advanced primary and recur-
rent prostate cancer. Integrated PET/MRI proved
to have greater diagnostic value in locating pros-
tate cancer than mpMRI or PET imaging alone.3!

A meta-analysis of the efficacy of PET/MRI for
local diagnosis of prostate cancer was conducted
using 23 articles, with pooled data on 2104
patients. Initial staging was the primary indica-
tion for PET/MRI. The most commonly used
tracer was a radiolabeled PSMA. For primary
lesions, the pooled sensitivity in the patient-based
analysis was 94.9%. At restaging, the pooled
detection rate was 80.9% and was 80.9% for radi-
olabeled PSMA over choline (81.8% and 77.3%,
respectively).32

There are few prospective studies comparing
mpMRI and 98Ga-PSMA-11 PET/MRI in pros-
tate cancer diagnosis. Fukushima Medical
University is conducting a specified clinical trial
to diagnose local progression by PET/MRI using
PSMA ligand (Prospective intra-individual com-
parison of multiparametric (mp) MRI wversus
%8gallium (Ga) PSMA-11 PET/MRI in a blinded
read to evaluate diagnostic accuracy in patients

with prostate cancer — RESTORATION study,
jRCT's02222002133; Figure 1).

Local recurrence after local therapy

When the cancer is confined to the prostate alone,
robotic prostatectomy and radiation therapy may
be used as local therapy. When surgery is per-
formed as local therapy for localized prostate can-
cer, the tumor marker PSA drops below sensitivity.
However, with follow-up, PSA recurrence, a
gradual increase in PSA, may occur. CT and
bone scan are performed to search for metastases,
but if no metastases are found, local recurrence is
considered present and salvage radiation therapy
is administered to the prostatic bed. In retrospec-
tive studies, %Ga-PSMA-11 PET imaging
improves detection of biochemically recurrent
prostate cancer compared with conventional
imaging.3* A total of 635 men were enrolled in the
study, with a median age of 69years (range,
44-95 years).

68Ga-PSMA-11 PET detected localized prostate
cancer recurrence in 475 of 635 patients (75%),
38% for <0.5ng/mL (n=136), 57% for 0.5 to
<1.0ng/mL (n=79), 84% for 1.0 to <2.0ng/
mL (»=89), 86% for 2.0 to <5.0ng/mL
(n=158), and 97% for =5.0ng/mL (n=173,
$»<<0.001). Inter-reader reproducibility was
fairly high (Fleiss k, 0.65-0.78). In this situa-
tion, PSMA/PET is widely considered to be the
best imaging option.

PSMA PET/CT at PSA failure after radical
prostatectomy

Concerning the loco-regional recurrence, it should
be stressed that ¥Ga-PSMA PET has some limita-
tions for the detection of pelvic recurrence due to
the nonspecific tracer accumulation in bladder.
Some reported that a study performed to evaluate
the impact of forced diuresis and late-phase imag-
ing on the accuracy and reader confidence in
restaging prostate cancer using [*Ga]Ga-PSMA-11
PET/CT.? In all, 100 patients were included, and
PET readers with varying levels of experience rated
the images according to E-PSMA guidelines.3¢ The
study found that forced diuresis and late-phase
imaging increased reader confidence and interob-
server agreement for nodal restaging but only sig-
nificantly improved diagnostic accuracy for certain
scenarios. SUVmax kinetics were identified as a
potential independent predictor of prostate cancer
recurrence. The study does not support the
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Figure 1. MRI of the prostate: T1-weighted imaging with PET fusion (a), T2-weighted imaging (b), and
T1-weighted imaging with PET fusion on whole body (c).

PSA: 0.19 ng/mL 6 months aftér salvage RT PSA<0.01 ng/n

Figure 2. Case study from a clinical trial at Osaka University Hospital (UMIN Clinical Trials Registry
UMIN000037697).

systematic use of forced diuresis and late-phase Clinical Trials Registry UMIN00003769737).
imaging but suggests it may be beneficial in spe- 18F-labeled PSMA ligand, ['8F]PSMA-1007, has
cific situations. the benefit of a higher synthetic yield and minimal

excretion in the urine. We manufactured the
Figure 2 shows a published case study from a 18F-PSMA-1007 diagnostic on campus and were
clinical trial at Osaka University Hospital (UMIN conducting a physician-initiated clinical study to
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administer it to prostate cancer patients.>® The
patient had PSA recurrence after radical prostatec-
tomy and a PSA of 0.19 at the time of PET. The
recurrence could not be detected by CT on the
prostatic bed. However, PSMA PET was able to
identify the region containing the tumor, and sal-
vage radiation therapy was administered to that
area. Six months after irradiation, PSA had
decreased below the sensitivity of the assay, and
the PSMA signal by PSMA PET had disap-
peared.?® Without PET, more accurate irradiation
could not have been performed. Until now, pre-
dicting whether the disease will remain localized
or become metastatic is based on the PSA value
and its doubling time. If no metastases are evident
by CT and bone scans, salvage radiation therapy
is again performed with the aim of curing the dis-
ease. Although this approach is often successful,
in many cases, PSA may be elevated even after sal-
vage radiation therapy, suggesting that the original
rise in PSA was caused not by a local recurrence
but a metastasis that could not be diagnosed by
conventional imaging. With PSMA PET imaging,
metastases and local recurrences can now be more
clearly delineated. These advances obviate the
need to explain to patients that they are assumed
to have a local recurrence because there are no
metastases or local recurrence images. Abnormal
uptake was detected in 92.9% (26/28) of the
patients with biochemical recurrence (BCR). The
detection rates were 66.7% for 0.1 to <0.5ng/mL,
85.7% or 0.5 to <1.0ng/mL, and 100% for more
than 1.0ng/mL. High detection rate was observed
in [18F]PSMA-1007.

PSMA PET/CT for biochemical failure

after radiation therapy

PMSA PET/CT is an effective response for PSA
failure after radiation therapy for localized pros-
tate cancer. Another case study illustrates PSA
failure after 1251 seed treatment. For this patient,
no recurrent lesions were found upon CT, MR,
and bone scan. However, PSMA PET revealed
local recurrence with high uptake. Biopsy
revealed recurrence, and salvage radiation ther-
apy was performed. After radiation therapy, PSA
decreased dramatically. In this instance, PSMA
PET was essential for finding the appropriate
treatment for this patient (data not shown). The
efficacy of salvage radiation therapy has been
confirmed for local recurrence after non-I-seed
treatment for localized prostate cancer.

Metastatic prostate cancer and treatment

Prostate cancer may have metastases at the time
of diagnosis, or the cancer may recur and metas-
tasize after local therapy. In this situation, sys-
temic therapy is applied. Androgen deprivation
therapy with or without androgen receptor path-
way inhibitors and anticancer drugs are used.
Androgen deprivation therapy for prostate cancer
is known to be highly effective, but it can lead to
disease progression. This condition is called
CRPC and has a very poor prognosis. Recently, a
number of novel agents have been developed for
CRPC patients, but they have not yet demon-
strated sufficient improvement in prognosis, and
targeted PSMA therapy is expected to be a novel
treatment for CRPC patients.

CRPC and treatment

With androgen deprivation therapy, the devel-
opment of CRPC is only a matter of time.
CRPC is thought to progress through two over-
lapping mechanisms: an androgen receptor
(AR)-independent mechanism and an
AR-dependent mechanism. Docetaxel has been
the only drug to show efficacy and prolonged
survival in patients with CRPC.3 Several new
options for systemic therapy for CRPC patients
include the androgen receptor-axis targeted
(ARAT) compounds, abiraterone acetate and
enzalutamide,* %8 and the novel taxane-based
chemotherapeutic agent cabazitaxel.”

In addition, the alpha-ray emitting agent
radium-223 dichloride was approved in 2016 for
patients with bone metastatic CRPC.°® These
agents are rapidly being adopted as CRPC treat-
ment in clinical practice in Japan because they
show promising antitumor efficacy and manage-
able safety profiles, as demonstrated in their
respective global phase III clinical trials.
Treatment options for CRPC have expanded.
Currently, there is still debate regarding the opti-
mal timing and sequence of administering ARAT
agents and docetaxel, and currently there is no
clear-cut consensus on the best approach.

Theranostics-targeting PSMA

Two new therapies wusing radionuclides,
223Ra-dichloride and radioligand therapy (RLT)-
targeting PSMA, have been approved in the last
decade for CRPC. The combined use of diagnosis
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and therapy in a unique approach is called thera-
nostics for response prediction and assessment in
patients receiving these therapies.*® The theranos-
tic approach involves using a radioactive substance
that is linked to a PSMA-targeting molecule, which
can then be injected into the patient’s bloodstream.
The molecule travels through the body and attaches
to the PSMA protein on the cancer cells, allowing
them to be imaged using a PET scan. This diagnos-
tic aspect is referred to as PSMA PET imaging.

In addition to providing information about the
location and extent of the cancer, the radioactive
substance that is attached to the PSMA mole-
cule can also deliver radiation directly to the
cancer cells. This is referred to as PSMA-
targeted RL'T, which aims to kill the cancer cells
while minimizing damage to healthy tissue. In
this way, PSMA allows clinicians to evaluate the
likely therapeutic effect from diagnostic imag-
ing. This is the concept of theranostics. PSMA
theranostics is currently being studied and used
primarily for the treatment of prostate cancer,
but it has the potential to be applied to other
types of cancers as well.

How do radiolabeled ligands bind PSMA on
prostate cancer cells and serve as imaging and
therapeutic tools?

PSMA is a transmembrane glycoprotein with three
domains: intracellular, transmembrane, and extra-
cellular domain. There is a ligand binding site in
the extracellular domain where ligands bind PSMA
on prostate cancer cells. PSMA ligands can be
labeled with radionuclides for imaging and /or ther-
apy. PSMA inhibitors are a class of drugs that tar-
get PSMA, which is a cell surface protein that is
overexpressed in prostate cancer cells. PSMA
inhibitors work by binding to the extracellular
domain of PSMA, which is the portion of the pro-
tein that is located on the outside of the cell mem-
brane. The extracellular domain of PSMA contains
several binding sites that are targeted by PSMA
inhibitors. One of the most important binding sites
is the active site, which is where PSMA cleaves the
amino acid glutamate from small peptides. PSMA
inhibitors bind to this active site and block the
enzymatic activity of PSMA, which can help to
slow or stop the growth of prostate cancer cells.

In addition to the active site, there are other bind-
ing sites on the extracellular domain of PSMA

that are targeted by different PSMA inhibitors.
Some inhibitors bind to the folate binding site,
which is involved in the uptake of folate by cells.
Other inhibitors bind to the zinc binding site,
which is important for the stability of PSMA and
its enzymatic activity.

Overall, the mechanisms by which PSMA inhibi-
tors bind to the extracellular domain of PSMA
vary depending on the specific inhibitor and the
binding site targeted. However, by blocking these
binding sites, PSMA inhibitors can help to slow or
stop the growth of prostate cancer cells, making
them a promising class of drugs for the treatment
of prostate cancer.

After radiolabeled PSMA ligands bind the extra-
cellular ligand binding site, they are internalized
into prostate cancer cells, releasing different par-
ticles. Gamma particles can be detected using
PET scans for use in PET/CT imaging. Alpha
and beta particles can cause DNA damage lead-
ing to cancer cell death and thus may be used in
PSMA RLT (Figure 3). Beta particles have a
lower mass and charge compared to alpha parti-
cles and can travel farther in tissue. This allows
them to penetrate deeper into the body and tar-
get tumors located at a greater distance from the
radiation source. However, beta particles have a
lower linear energy transfer (LET), meaning
they deposit less energy per unit length of tissue.
As a result, beta radiation is less effective at kill-
ing cancer cells that are tightly packed together,
or that are not actively dividing. Beta-emitting
radionuclides are often used in systemic radio-
nuclide therapy, where the radionuclide is
administered intravenously and distributed
throughout the body.

In contrast, alpha particles have a higher mass
and charge, and a shorter range in tissue. This
makes them less suitable for treating tumors
located deep within the body, but highly effec-
tive for treating small, localized tumors. Alpha
radiation has a higher LET, allowing it to
deposit more energy per unit length of tissue,
resulting in more damage to cancer cells. Alpha-
emitting radionuclides are often used in targeted
alpha therapy (TAT), where the radionuclide is
bound to a molecule that specifically targets
cancer cells. This allows for highly targeted
delivery of the radiation, minimizing damage to
surrounding healthy tissue.4!
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Figure 3. Mechanism of action of PSMA theranostics.

The applications of dual tracer PET/CT with
18F-FDG and PSMA ligands for patients’

selection before RLT

8Ga-PSMA PET/CT is commonly used for
imaging in prostate cancers, but there have been
few studies comparing its diagnostic efficiency to
IBE-FDG PET/CT and evaluating whether a het-
erogeneous metabolic phenotype exists in patients
with CRPC.42:43 In a retrospective analysis of 56
CRPC patients who underwent both 8Ga-PSMA
and 18F-FDG PET/CT, it was found that
although %Ga-PSMA PET/CT had a higher
detection rate and number of positive lesions,
there were still patients with °®Ga-PSMA-negative
and 8F-FDG-positive lesions. Patients with high
Gleason scores and PSA levels were more likely to
have these lesions, and they may benefit from
additional 18F-FDG PET/CT.#

Consensus for PSMA imaging

Evidence regarding the value of PSMA PET/CT
in terms of long-term outcomes and effects on
clinical decision-making is not robust. During the
panel discussion on the use of PSMA PET/CT, it
was confirmed that such a novel approach should
only be used if a change in clinical management is

My ZAc  for therapy

PSMA/CT

A =
= o = 3

DNA damage

Cell death el

expected from the results, as already emphasized
in the EAU guidelines.*>*° For most statements,
use of the words ‘in the majority of patients’
rather than ‘every’ or ‘any’ was preferred simply
because it is very unlikely that any statement
could apply to all patients affected by prostate
cancer. This was the reason for the rephrasing of
many statements. Significant concerns were
raised regarding the management of patients with
positive PSMA PET/CT and negative conven-
tional imaging results, especially at initial staging,
as it remains unclear if use of results from a more
sensitive imaging tool to modify treatment has a
demonstrable impact on meaningful outcomes,
including survival. European Society for Medical
Oncology guidelines suggest that patients with
localized prostate cancer according to conven-
tional imaging should not be denied radical local
treatment solely because metastatic lesions are
identified via novel imaging techniques.
Nonetheless, there was a clear agreement on the
use of PSMA PET/CT in staging all high-risk
patients and selected patients with unfavorable
intermediate-risk disease. As already stated in the
EAU guidelines, the panel strongly endorsed the
use of PSMA PET/CT in patients with BCR.
Their results showed a consensus regarding the
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uncertainty of using PSMA PET/CT in patients
with nonmetastatic CRPC (nmCRPC), which
may be because of several factors, including
patient heterogeneity, lack of long-term data
regarding the benefit of metastasis directed ther-
apy in CRPC (as a result of detecting distant
lesions via PSMA PET/CT), and a lack of data on
appropriate sequencing of treatment. The APCCC
2022 panel* discussed how to manage patients
with metastatic hormone-sensitive prostate cancer
(mHSPC) who have low volume on conventional
imaging but high volume on next-generation
imaging as PSMA PET becomes more commonly
used for staging and re-staging. However, it should
be noted that none of the trials for mHSPC have
utilized next-generation imaging, and the current
evidence is based on the number and presence of
metastases seen on conventional imaging. Finally,
there was a consensus against the systematic use
of PSMA PET/CT to evaluate disease progression
in patients with confirmed metastatic CRPC
(mCRPC) based on a lack of data, possible lack of
cost-effectiveness, and limited PSMA PET/CT
availability in some countries.

177l u-PSMA ligand therapy

Several recently published prospective and retro-
spective studies have shown that 177 Lu-PSMA-617
and 1""Lu-PSMA-I&T therapy significantly
reduced PSA and prolonged radiologic progres-
sion-free survival (rPFS) and overall survival (OS).
In a phase II trial (LuPSMA study?’), patients with
metastatic CRPC whose disease had progressed
after standard therapy, including taxane-based
chemotherapy and second-generation antiandro-
gens, were recruited. Patients underwent screening
for PSMA and FDG-PET/CT to confirm high
PSMA expression. Eligible patients were required
to have progressive disease defined by the presence
of new pain in lesions evident on imaging or radio-
graphs. Eligible patients received intravenous
[}77-Lu]-PSMA-617 for up to four cycles at 6-week
intervals. Primary end points were PSA response
(=50% PSA reduction from baseline) and
Common Terminology Criteria for Adverse Events
toxicity. Other primary end points were imaging
response (measured by bone scan, CT, PSMA,
and FDG PET/CT) and quality of life. Fifty-seven
percent of patients achieved a PSA reduction of
50% or greater. There were no treatment-related
deaths. The most common toxic effects associated
with ""Lu-PSMA-617 were grade 1 dry mouth
(87% of patients), grade 1 and 2 transient nausea

(50%), and G1-2 fatigue (50%). Grade 3 or 4
thrombocytopenia, possibly attributable to
[Y""Lu]-PSMA-617, occurred in 13% patients.
Objective responses in nodal or visceral disease
were reported in 82% with measurable disease.
Clinically meaningful improvements in pain
severity and interference scores were documented
at all time points. 37% experienced an improve-
ment of 10 or more points in their global health
score by the second cycle of treatment.

The multicenter, phase II trial compared the effi-
cacy and safety of 1"7Lu-PSMA-617, a radiola-
beled small molecule targeting PSMA (TheraP),
with cabazitaxel in treating mCRPC. The study
took place in 11 Australian centers and involved
men with mCRPC who were considered suitable
for cabazitaxel.#® Participants underwent PET
scans to confirm PSMA-positive disease and
were then randomly assigned to receive either
1"TLu-PSMA-617 or cabazitaxel. The primary
end point was a reduction in PSA levels by at
least 50%. Out of 291 screened men, 200 were
eligible, and almost all of them received the study
treatment. PSA responses were more common in
the 177Lu-PSMA-617 group than in the cabazi-
taxel group, with 65 versus 37 responses (66%
versus 37% by intention to treat). In addition,
grade 3—4 adverse events were less common in
the ""Lu-PSMA-617 group (33% wersus 53%).
The study concluded that 177Lu-PSMA-617 led
to a higher PSA response and fewer severe
adverse events than cabazitaxel, marking it as a
new effective class of therapy and a potential
alternative for mCRPC treatment.

In Japan, a newer open-label, multicenter, single-
arm phase II clinical trial (NCT05114746) has
begun enrollment in January 2022. The study will
evaluate the efficacy, tolerability, safety, pharma-
cokinetics, and dosing of 1"7Lu-PSMA-617.4°

The FDA-granted breakthrough therapy designa-
tion of "7 Lu-PSMA-617 for mCRPC is detailed in
the recent results of the Phase III VISION trial
(NCT03511664).5° The VISION trial prospec-
tively randomized 831 mCRPC patients with
advanced disease to receive either 17" Lu-PSMA-617
with protocol-accepted best standard of care
(BSOC) or BSOC alone as defined by the
investigators.

The study reported a nearly 40% reduction in risk
of death when '""Lu-PSMA-617 was added to
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standard therapy compared to standard therapy
alone. Median OS was improved by 4months
compared to standard therapy alone (15.3 wersus
11.3months). RLT also improved median rPFS
by 5.3 months (8.7 versus 3.4months) and reduced
the risk of progression or death by 60% (HR,
0.40). Additional end points included safety,
patient-reported health-related quality of life
(HRQoL), and pain.5! Analyses were conducted
to assess the time to the first occurrence of
HRQolL/pain worsening, disease progression, or
death. The analysis of HRQoL included 581 out
of the 831 randomized patients, with 385 in the
"TLu-PSMA-617 arm and 196 in the control arm.
The HRQoL and pain time-to-worsening analyses
showed better outcomes in the ""Lu-PSMA-617
arm, despite a higher incidence of severe adverse
events compared to standard care alone. No new
or unexpected safety concerns were observed. The
addition of 1""Lu-PSMA-617 to standard care was
generally well tolerated and delayed the worsening
of HRQoL and pain compared to standard care
alone in patients with advanced mCRPC. These
results led the FDA to approve lutetium PSMA
for the treatment of adult patients with PSMA-
positive mCRPC who have been treated with AR
pathway inhibitors and taxanes.

Further studies utilizing lutetium are underway,
including trials for PSMA-I&T, which uses a dif-
ferent ligand than PSMA-617. In addition, an
open-label randomized phase III clinical trial
(NCT05204927)>2 comparing the safety and effi-
cacy of 1""Lu-PSMA-I&T wversus hormonal ther-
apy (abiraterone plus prednisone or enzalutamide)
in mCRPC patients began enrollment in February
2022. The primary outcome measure to be inves-
tigated is rPFS.

225Ac-PSMA-617 for PSMA-targeted
alpha-radiation therapy

PSMA-based radioligand therapy (RLT) with the
therapeutic radionuclide 77Lu has been used in
European countries since 2015 for compassionate
use in patients with mCRPC.53:5¢ Since then, sev-
eral studies have reported positive results with
"L u-PSMA-RLT.55:5% However, up to 30-40%
of patients were found to be refractory to
"L u-PSMA-RLT during clinical trials, with
hemotoxicity limiting dose expansion.4’” In
PSMA-based RLT, alpha-particle emitters with
high energy transfer rates and short pathlengths

have received significant attention as alternatives
to beta-ray emitters.>”

225Ac has become the first-line alpha-particle emit-
ter in recent experimental PSMA-based RLT for
the management of mCRPC patients.>$- However,
given the limited availability of 22°Ac and the unsys-
tematized clinical setting of these exploratory stud-
ies, there is no strong evidence to guide physicians
in the management of mCRPC patients using
alpha-particle emitting in experimental PSMA-
based RLT for the management of mCRPC patie
nts.>8-%6 A current phase II study (company-initi-
ated clinical trial) is ongoing in the United States.57

Emerging data on switching non-responders from
17Lu to 225Ac-PSMA have shown surprising and
excellent results even in cases refractory to beta
therapy.®® They suggest that the combination of
225Ac and !""Lu-labeled PSMA ligands in
TANDEM therapy is feasible, safe, and effective
and may even be synergistic.

One report detailed the results of a retrospective
study of Actinium-225-PSMA-617 in advanced
metastatic CRPC after failure of Lutetium-177-
PSMA as follows.

Ac-225-PSMA-617 was administered for 61
cycles (median number of cycles 2, median
activity 9 MBq) for 26 mCRPC cases that had
progressed after 177Lu-PSMA administration. A
50% reduction in PSA was achieved in 17/26
patients. Median PSA-PFS, cPFS, and OS peri-
ods were 3.5, 4.1, and 7.7 months, respectively.
Liver metastases were associated with PSA-PFS
(median 1.9 versus 4.0 months, p=0.02), cPFS
(median 1.8 wersus 5.2 months, p=0.001), and
OS (median 4.3 versus 10.4months, p=0.01).38

Hematologic grade 3/4 toxicities were anemia
(35%), leukopenia (27%), and thrombocytopenia
(19%).

Grade 1/2 xerostomia was also present in all patients.
Two and six patients discontinued treatment due to
hematologic toxicity and xerostomia, respectively.
At the conclusion of the study, 225Ac-PSMA-617
showed measurable antitumor effects after
17T u-PSMA was discontinued. Grade 3/4 hemato-
logic side effects were observed in up to one-third of
patients, and a significant number of patients had
xerostomia leading to treatment interruption.>8
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PSMA treatment with astatine is also being
developed for alpha therapy in prostate cancer
Astatine 211 has physical properties that make it a
good candidate as a source for alpha-particle radio-
nuclide therapy (targeted alpha therapy: TAT).
2lIAt is a 100% alpha emitter with only one alpha
particle emitted per decay, which prevents unpre-
dictable dose localization due to detachment of the
radioactive daughter from the carrier vector. This is
comparable with other alpha-emitting nuclides
such as 227Th, 223Ra, 212Pb, 212Bj, and 2%25Ac, but
these molecules have longer decay series and recoil
problems. With a half-life (t'2) of 7.2 h, the residual
radioactivity of 2!1At after 2days is less than 1%,
potentially reducing normal tissue exposure, while
the length of transport is another advantage.®®-72
To date, RLT using astatine has been studied in a
variety of carcinomas and with a variety of probes.
Studies on glioblastoma,’ ovarian cancer,’#77 and
cancer of the tongue’® have already been completed
and published. Studies on multiple myeloma,”%-80
leukemia,®1-82 thyroid cancer,838% and malignant
pheochromocytoma® are currently underway
around the world, and trials for thyroid cancer and
malignant pheochromocytoma have been initiated
in Japan.83

Fukushima Medical University also developed a
novel labeling method based on the substitution
reaction of 2!1At for dihydroxyboryl groups.66-67
Furthermore, Osaka University Hospital devel-
oped a newly designed precursor based on the
structure of [18F]-PSMA-1007,3° which is consid-
ered suitable for 211At labeling. In this study, we
evaluated the properties of the new 2!11At-labeled
PSMA compound ([?!!At]PSMAS5) and its thera-
peutic efficacy in a mouse xenograft model of
prostate cancer and compared it with closely
related new derivatives, [2!!At]PSMA1 and
[211At]PSMAG6.86

PSMA-directed imaging and radioguided

surgery with single-photon emission CT

PSMA is a valuable target for prostate cancer diag-
nosis and therapy. PSMA inhibitors labeled with
radionuclides emitting positrons or gamma-pho-
tons can be used for imaging with PET/CT or sin-
gle photon emission computed tomography
(SPECT).87 There are different approaches for
obtaining PSMA ligands labeled with gamma-
emitting nuclides and discussions for the applica-
tions of PSMA SPECT imaging in various clinical
settings, as well as its potential use in radioguided
surgery (RGS). Intraoperative PSMA-targeted

radioguidance has been proven valuable for detect-
ing prostate cancer lesions during open surgery,
and the rapid growth of robot-assisted, minimally
invasive surgery has led to an increased need for
robot-compliant PSMA-RGS. Some study evalu-
ated the feasibility of using a miniaturized gamma
probe called DROP-IN to carry out robot-assisted
PSMA-RGS in men with recurrent prostate can-
cer.8® The study found that using the DROP-IN
probe, 90% of PSMA-avid lesions could be
resected robotically, with a sensitivity of 86% and
a specificity of 100%. The procedure was techni-
cally feasible and effective for detecting nodal or
local PSMA-avid prostate cancer recurrences.

Preliminary results of PSMA-targeted RGS are
promising, but larger studies are needed to vali-
date this surgical approach. PSMA-targeted
SPECT/CT has potential as a cost-effective alter-
native to PSMA PET/CT, and future research
will investigate novel SPECT technologies or
algorithms for this purpose.

Consensus for PSMA ligand therapy

The EANM FOCUSI meeting in 20198° which
was held in Valencia, Spain, stated that among
the therapeutic radiopharmaceuticals available
for patients with metastatic CRPC, radium-223 is
preferred. Furthermore, patients with metastatic
CRPC should only be considered for therapy
with PSMA radiopharmaceuticals within appro-
priate clinical trials. Recently, the EAU and
EANM collaborated to produce consensus state-
ments as interim guidance on PSMA PET/CT
imaging in patients suitable for [77Lu]Lu-PSMA
therapy in August 2021.°°© The panel members
reached a consensus on the usefulness of dosi-
metric evaluation performed wia SPECT/CT,
although it is not strictly required for patient
selection before or during therapy. They agreed
against performing PSMA PET/CT after every
course of therapy and [8F]FDG PET/CT after
the completion of treatment. There was uncer-
tainty about the role of additional PSMA PET/
CT at the end of planned therapy. There was a
minor discrepancy between statements 33 and 7
regarding the use of PSMA PET/CT to evaluate
the response to [!77Lu]Lu-PSMA therapy. There
was a strong agreement regarding the need to fol-
low procedural guidelines for [!77Lu]Lu-PSMA
therapy.

Another consensus panel, APCCC 2022,% was
held, and a panel of experts voted with a strong
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consensus (92%) to recommend performing a
baseline PSMA PET even if it is not required for
the selection of 177Lu-PSMA therapy. However,
74% of the same panel recommended that the
threshold of uptake for selecting treatment with
1" u-PSMA therapy be based on VISION crite-
ria, while 24% recommended using TheraP crite-
ria, and 2% said that PSMA PET is not necessary
for treatment selection. There was no consensus
for any of these options, with 17 abstentions.

The present and future direction

In the early days of drug development for CRPC,
docetaxel was the only drug available to prolong
prognosis, so ARAT was designed to compare
post-docetaxel outcomes with those of placebo.
Subsequently, trials were conducted to prove effi-
cacy in CRPC prior to chemotherapy, resulting in
the worldwide use of ARAT agents with and
without chemotherapy. In addition, several
ARATSs have been approved for use before CRPC,
that is, in hormone-sensitive prostate cancer.®1-94

In PSMA RLT, different PSMA ligands and dif-
ferent radioligands are being developed. Although
it is still being developed as a treatment for CRPC,
which has a poor prognosis, now that chemother-
apeutic and ARAT agents have been established,
RLT is being tested to prove its usefulness in
many post-treatment CRPC patients.

In addition, as with ARAT drug development, tri-
als are underway to confirm the utility of PSMA
RLT for CRPC prior to the use of chemothera-
peutic agents and ARAT agents.®> This is also
being tested for usefulness in hormone-sensitive
prostate cancer as well,° and a future is antici-
pated in which it will be necessary to discuss when
PSMA RLT should be used in what is still a com-
plex sequential treatment.%7-100

Conclusion

In the treatment of prostate cancer, accurate diagno-
sis is essential for superior treatment. In this regard,
theranostics is an excellent drug delivery system to
deliver drugs to patients who express them, and
could be a very important diagnostic and therapeutic
tool in the treatment of metastatic prostate cancer
and CRPC, which have a poor prognosis. The issue
with PSMA theranostics is that it is currently not
widely available and accessible to all patients due to

various reasons such as limited production of the
radiotracers, high cost, and regulatory barriers. This
has resulted in unequal access to this promising
treatment option for patients with prostate cancer.
With the advent of ARATS, the treating physician
already has many options, but the right drug for the
right patient has not yet been established, and the
availability of RLTs may further complicate the
treatment regimen, but we believe we have a revolu-
tionary tool in our hands.
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