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Abstract
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This thesis is based on five original articles that investigated the theranostics of prostate cancer
by gastrin-releasing peptide receptor (GRPR) and prostate-specific membrane antigen (PSMA)
targeting. GRPR and PSMA are two extensively evaluated prostate cancer cell markers due to
their overexpression in the majority of prostate cancer samples. Theranostic targeting of GRPR
and PSMA is an attractive strategy to improve the management of prostate cancer patients.

Papers I and II focused on the dual targeting of GRPR and PSMA. The effect of linker
modification on the affinity for GRPR and PSMA and the pharmacokinetic profile was
evaluated. In Paper III, the effect of the GRPR antagonist RM26 conjugation to an albumin-
binding domain on the pharmacokinetic profile and its potential use in therapy was investigated.
Paper IV focused on developing a GRPR antagonist that was suitable for single-photon emission
computed tomography (SPECT) using technetium-99m. In Paper V, the GRPR antagonist
developed in Paper IV was translated into a phase I clinical trial to assess safety and dosimetry.

Modifying the linkers in GRPR and PSMA heterodimers can largely impact the affinity for
both targets. This modification influenced the in vivo targeting specificity and biodistribution,
with ["*I]I-BO530 in Paper I and ['"'In]In-BQ7812 in Paper II outperforming other analogues.
Our findings in Paper III indicated that the conjugation of an albumin-binding domain to
RM26 increased the blood concentration of the radiotracer. This increase led to elevated and
stable tumour uptake of ['"'In]In-DOTA-ABD-RM26 after several days of injection. However,
[""In]In-DOTA-ABD-RM26 was also increasingly taken up by various healthy organs. The
GRPR antagonist [*"Tc]Tc-maSSS-PEG,-RM26, studied in Paper IV, showed high specificity
and affinity for GRPR. This resulted in elevated GRPR-mediated uptake. Additionally, maSSS-
PEG,-RM26 could be radiolabelled via a straightforward radiolabelling protocol. Clinical
evaluation of [*"Tc]Tc-maSSS-PEG,-RM26 in prostate and breast cancer patients (Paper V)
demonstrated the safety and tolerability of the radiotracer, with favourable dosimetry and no
side effects.

In conclusion, this thesis evaluated different tools for the theranostic targeting of GRPR and
PSMA. The findings warrant further investigation to optimise the reported radiotracers.
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Introduction

Prostate Cancer

Prostate cancer is the second most commonly diagnosed cancer in men, re-
sulting in more than 1.4 million new cases and over 370,000 deaths in 2020 '.
Several factors increase the risk of developing prostate cancer. These risk fac-
tors include age, with the risk of developing prostate cancer increasing with
age, and family history, with men having a family member previously diag-
nosed with prostate cancer being at twofold higher risk of developing the dis-
ease. One more major risk factor is race, with African Americans being at
higher risk of developing prostate cancer. Lifestyle choices may also contrib-
ute to developing prostate cancer.

A man with an elevated risk of developing prostate cancer is recommended
to take periodic blood tests for early detection. If prostate cancer is suspected,
the person undergoes several tests that can include physical examination and
biopsy of the prostate. Imaging is then necessary to determine the extent of
the disease and provide the best possible treatment regimen.

There are several treatment options to manage prostate cancer patients
based on the Gleason score of the malignant tissue and the stage of the disease.
The age and health status of the patient are also taken into consideration when
choosing the optimal treatment. Watchful waiting, active surveillance, radical
prostatectomy, hormonal therapy, brachytherapy, chemotherapy, immuno-
therapy, palliative treatment, external beam radiation therapy and radionuclide
therapy are the major treatment options available for prostate cancer patients.
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Anatomy of the Prostate

The human prostate has the shape of an inverted cone, with its base situated
by the urinary bladder and its apex contacting the penile urethra. It is located
inferior to the urinary bladder, superior to the perineal membrane, and anterior
to the rectum?. The prostate can be divided into an anterior lobe, a median
lobe, lateral lobes, and a posterior lobe.

In the previous century, John E. McNeal established the widely accepted
histological zone division of the prostate gland (Figure 1), in which it can be
divided into a peripheral zone, which constitutes approximately 70% of the
gland; a transition zone, which surrounds part of the urethra; and a central
zone, which makes up the base of the prostate gland®>. The prostate also in-
cludes anterior fibromuscular stroma and is surrounded by a fibrous layer
called a capsule.

Urinary Bladder Urina(y Bladder

vesicle

Central zone
Transition zone

Peripheral zone

Anterior fibromuscular
stroma

Coronal Plane Sagittal Plane

Figure 1. Schematic illustration of the human prostate gland.

Progression to Malignancy

Among the different benign lesions of the prostate, prostatic intraepithelial
neoplasia (PIN) is considered a precursor for prostate cancer®. PIN is a con-
fined neoplastic proliferation of epithelial cells of the prostate, and it can be
divided into low- and high-grade PIN, with the latter being highly associated
with invasive disease’®. PIN can develop into localised prostate cancer, which
can progress to advanced prostate cancer with local invasion and then to met-
astatic prostate cancer (Figure 2).

The most common site of prostate cancer metastases is bone (84.4% of pa-
tients with metastatic prostate cancer), followed by distant lymph nodes
(10.6%), liver (10.2%), and thorax (9.1%), and to a lower extent, metastases
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can be found in the brain, digestive system, retroperitoneum, kidneys, and ad-
renal glands’. In the 1990s, the term oligometastatic cancer was proposed as
an intermediate cancer stage that is characterised by a low number of metas-
tases and may be approached with curative intent'’.

Adenocarcinoma
(Localised)

Normal epithelium

@ g <— Metastatic prostate Adenocarcinoma
cancer (Locally advanced)

Figure 2. Progression of prostate cancer and main sites of metastases. Adapted from
Wang et al., 2018, Genetics and biology of prostate cancer, under CC BY-NC 4.0,
(https://doi.org/10.1101/gad.315739.118).

Prostate cancer is a heterogeneous disease and is often multifocal and multi-
zonal''. The majority of prostate cancers (>70%) originate in the posterior re-
gion of the peripheral zone. Approximately 10-20% of prostate cancers arise
from the transition zone, and a small percentage arise from the central
zone'>"*. While prostate cancer originates primarily in the peripheral zone,
benign prostatic hyperplasia arises from the transition zone'*'>. The location
of prostate cancer origin may be of substantial value. For example, a study
suggested that peripheral zone prostate cancers may lead to worse clinical out-
comes than prostate cancers originating in the transition zone'®.

The vast majority of prostate cancers are adenocarcinomas, which include
two subtypes: acinar adenocarcinoma, which constitutes the majority of pros-
tate cancer types, and ductal adenocarcinoma, which tends to spread more
quickly than acinar adenocarcinoma. Other types of prostate cancers include
squamous cell carcinoma, transitional cell carcinoma, neuroendocrine carci-
noma and sarcomas'’.
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Diagnosis of Prostate Cancer

Patients with prostate cancer are usually asymptomatic during the early stages
of the disease. Patients with localised or locally advanced prostate cancer may
experience urinary obstruction, haematuria, and haematochezia, among other
symptoms. In metastatic prostate cancer, pelvic or lumbar pain may become
the main symptom in addition to lethargy and weight loss. A patient with pros-
tate cancer usually presents with an elevated prostate-specific antigen (PSA)
level in blood. Detection of high PSA levels is often followed by a digital
rectal examination (DRE). If the prostate gland feels suspicious during the
DRE, the patient will then undergo ultrasound-guided biopsy, before or after
multiparametric magnetic resonance imaging (mpMRI), to assess the state of
the prostate gland and confirm malignancy. Depending on the tumour stage,
PSA value, and Gleason score, the patient can undergo other imaging methods
such as positron emission tomography (PET), single-photon emission com-
puted tomography (SPECT) and bone scans for further assessment and decid-
ing on the optimal treatment plan'®,

Prostate-Specific Antigen Screening

PSA is a glycoprotein produced by the epithelium of the prostate and released
into the circulation. Serum PSA exists in free and complexed forms, and their
concentrations in blood can be estimated using a simple, commercially avail-
able test. Prostate cancer is associated with a decreased free PSA and an in-
creased total PSA. Therefore, PSA screening is widely used for the early de-
tection of prostate cancer to achieve a better therapeutic outcome. A high total
PSA value will prompt referral to a urologist for further evaluation.

The feasibility and availability of PSA blood tests allow for guidance on
when prostate biopsies are necessary. These tests also serve as an important
tool to monitor the response to treatment and diagnose recurrent prostate can-
cer'’. However, there are several limitations to PSA blood tests, such as poor
sensitivity and specificity. Moreover, many prostate cancer patients have low
total PSA values, as some prostate cancer types do not elevate the PSA levels
in blood. Additionally, PSA levels in the blood can increase under many con-
ditions that include, but are not limited to, increasing age and several nonma-
lignant prostatic conditions, such as prostatitis and benign prostatic hyper-
plasia. Despite the limitations, PSA screening is recommended for high-risk
groups, as the benefits outweigh the limitations. There is an ongoing criticism
against PSA screening indicating that it can result in unnecessary overdiagno-
sis and overtreatment™.
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Digital Rectal Examination and Biopsy

A patient with elevated blood PSA levels undergoes a DRE. Since the majority
of prostate cancers begin in the peripheral zone (the majority of the posterior
area of the prostate), it is possible for the urologist to detect a palpable nodule
that may be prostate cancer. A suspicious DRE will prompt a referral for an
mpMRI and needle biopsy to further evaluate the prostate. Transrectal ultra-
sound-guided biopsy (TRUS-Bx) and transperineal ultrasound-guided biopsy
(TPUS-Bx) are commonly used biopsy procedures, during which multiple tis-
sue samples of the prostate are acquired to increase the likelihood of detecting
malignant tissue. Histochemical and immunohistochemical assays are used to
study the morphological characteristics of the acquired tissue and detect the
presence of specific proteins that may aid in the planning for treatment.

There are several disadvantages to TRUS-BX, including increased rates of
serious infection after the procedure and severe rectal bleeding. Several stud-
ies have compared TRUS-Bx and TPUS-Bx in terms of cancer detection rate
(CDR) and the complications arising from the procedures. One study found
no significant difference in CDR between the two methods. However, TRUS-
Bx led to a significantly higher percentage of major complications, such as
sepsis and rectal bleeding, than TPUS-Bx (4.3% vs. 0.6%, respectively,
P<0.05), while the duration of TPUS-Bx was longer and the procedure was
more painful than TRUS-Bx*'. Another study demonstrated that TPUS-Bx
was more effective with regard to CDR in the anterior zones of the prostate
than TRUS-Bx*%. Overall, TPUS-Bx has an acceptable CDR and is recom-
mended as a safer alternative to TRUS-Bx***. The sensitivity of TRUS-Bx
and TPUS-Bx remain low, and the procedures are invasive with the risk of
severe complications. Additionally, metastatic prostate cancer cannot be con-
firmed by biopsies. Therefore, other imaging modalities, discussed later in this
text, aid in the diagnosis and staging of prostate cancer.

The obtained biopsy tissues are studied and graded via the widely used
Gleason grading system to confirm malignancy and categorise the patients.

Gleason Grading System

Donald F. Gleason developed and refined the Gleason grading system to de-
scribe the histologic appearance of prostate cancer. The system uses a scale of
1 to 5, with Gleason pattern 1 describing well-differentiated prostate cancer,
and pattern 5, the highest grade, describes poorly differentiated prostate can-
cer”. One Gleason grade is assigned to the most predominant pattern (primary
grade), and another Gleason grade is assigned to the second most predominant
pattern (secondary grade). Therefore, a Gleason grade can theoretically range
from 2 to 10. However, due to several limitations, the Gleason grading system
has been revised with grades starting from a 3 + 3 Gleason score, and a newer
grading classification was designed to more accurately reflect the biology of
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prostate cancer’®. Higher Gleason scores of prostate cancers are associated
with worse clinical outcomes®’. Table A1l (in the Appendix) illustrates a re-
cently revised grading system classifying patients into 5 grade groups, offer-
ing several advantages over the original Gleason classification. For example,
it offers a more refined classification system, as it is documented that a
Gleason score of 4 + 3 has a significantly worse prognosis than a Gleason
score of 3 + 4 %,

Imaging of Prostate Cancer

Multiparametric MRI combines anatomic sequences with at least two func-
tional sequences. The use of mpMRI before biopsies may result in preventing
a large percentage of primary biopsies®’. The prostate imaging reporting and
data system (PI-RADS) is a reporting tool designed to standardise prostate
MRI image acquisition techniques and interpretation, with a general aim to
decrease the number of unnecessary biopsies. Several versions of PI-RADS
were developed for optimization®. An elevated PI-RADS score (which ranges
between 1-5) was found to be strongly correlated with a higher CDR*'.

The combination of mpMRI and TRUS-Bx provides more information than
biopsy of suspicious tissue alone. More cases of clinically significant prostate
cancer are detected by the combination of MRI and TRUS-BX than by TRUS-
Bx alone**, with a large number of patients receiving a different treatment
regimen based on the findings*.

Computed tomography (CT) can be used for the detection of nodal and dis-
tant metastases, but it is not the primary imaging modality for prostate cancer
due to its lack of molecular information and inferior soft-tissue contrast™.
MRI can also be used to assess nodal, bone marrow, soft tissue and visceral
metastases. However, MRI sensitivity can be inferior to that of radionuclide-
based imaging methods for the detection of prostate cancer metastases’. Ra-
dionuclide-based imaging modalities include SPECT and PET, which are dis-
cussed on the next page.

Staging of Prostate Cancer

Accurate and precise staging of prostate cancer is important to provide the
best management option to prolong the survival of patients. The Whitmore-
Jewett staging system is a prostate cancer staging system that was introduced
and modified in the previous century and used the ABCD stage system®’®.
However, due to several limitations in the Whitmore-Jewett staging system,
the TNM (tumour-lymph node-metastasis) staging system is the most com-
monly used system for staging prostate cancer, offering a better stratification
of newly diagnosed patients. The TNM system provides information on the
size and extent of the primary tumour, the invasion of nearby lymph nodes
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and whether the cancer has metastasised, as shown in Table A2 in the Appen-
diX39'40.

Radionuclide-Based Molecular Imaging of Prostate Cancer

Molecular imaging is defined as the “visualisation, characterisation, and
measurement of biological processes at the molecular and cellular levels in
humans and other living systems” *!, and molecular imaging relies on the use
of agents to “visualise, characterise, and measure biological processes in liv-
ing systems” *'. There are several methods that implement the concept of mo-
lecular imaging, and the methods that are elaborated on this thesis are SPECT
and PET.

Radionuclide-based molecular imaging utilises the photons that are emitted
during the decay of a radionuclide or that result from an annihilation reaction
after an emitted positron collides with an electron. The emitted photons are
detected by scanners and registered. Radiotracers are often intravenously in-
jected either in the form of radionuclides that are taken up by a specific organ
of the body or in the form of radiolabelled ligands (Figure 3A) that follow a
particular biological function or bind to a specific cell marker. Based on the
detected radiation, an image is generated illustrating the distribution of the
radiotracer. For accurate image interpretation, SPECT and PET images are
often combined with images generated using other imaging methods, typically
CT and MRI, to provide anatomical context for the nuclear imaging data.

At a predetermined time-point after injecting the radiotracer, SPECT or
PET imaging (Figure 3B and 3C) is performed to detect where the radiotracer
has accumulated. SPECT relies on single-photon detection and uses physical
collimators to reject photons outside a small angular range. PET, on the other
hand, does not require physical collimators. Instead, it relies on the simulta-
neous detection of two annihilation photons resulting from a positron decay
event. Therefore, PET exhibits higher sensitivity than SPECT**.

Recent advances in SPECT have improved its resolution. This, in addition
to the wider availability of SPECT scanners (approximately 27,180 SPECT
scanners vs. approximately 5,672 PET scanners worldwide by the first quarter
of 2023 **), warrants the continuous development of SPECT-suitable radio-
tracers to provide wide outreach to patients.

Both PET and SPECT are commonly used in the imaging of prostate can-
cer. PET and SPECT radiotracers can be used to target different processes,
such as tumour metabolism and proliferation, prostate cancer cell receptors,
such as the gastrin-releasing peptide receptor (GRPR), or antigens, such as the
prostate-specific membrane antigen (PSMA). Bone scans to detect bone me-
tastases are also a common application of PET and SPECT radiotracers*.
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Radiotracers Used in Prostate Cancer Imaging

The Warburg effect first highlighted the increased glucose uptake by tumour
cells. Years later, the glucose analogue ['*F]-fluorodeoxyglucose (['*F]FDG)
was developed and is widely used for imaging the increased rate of glucose
uptake in cancer patients**°. Different clinical trials have assessed the use of
["*F]FDG in the imaging of prostate cancer, and the general conclusion was
that ["*F]FDG has low sensitivity for detecting true positive prostate tu-
mours*’. However, in certain groups of patients with more aggressive prostate
tumours, it may have some utility*®.

One of the established characteristics of cancer is the elevation of choline
uptake®. Consequently, choline was radiolabelled with carbon-11 and fluo-
rine-18 and evaluated for imaging prostate cancer. [''C]Choline demonstrated
higher sensitivity than ["*F]FDG in detecting prostate tumours®’. However,
[''C]choline and ['®F]choline have limited use in primary tumour detection
and staging due to their low sensitivities and specificities®'. Other notable ra-
diotracers that were evaluated for imaging prostate cancer include [''C]methi-
onine, ["®*F]fluciclovine, [''Clacetate, ['*FJFMISO, ["*F]FSPG, and
["*F]FDHT.

Individuals with high-risk prostate cancer are recommended to undergo
bone scans to detect any bone metastases, as bone is the most common site of
prostate cancer metastasis. The most notable and commonly used example is
[*’Tc]Tc-methylene-diphosphonate  ([**"Tc]Tc-MDP)  whole-body bone
scintigraphy, which is widely available, affordable, and has excellent sensitiv-
ity’”. After injection, [’ Tc]Tc-MDP is chemisorbed onto the hydroxyapatite
crystals and accumulates where bone metastases are present™. ['*F]NaF is a
PET radiotracer that was developed several decades ago for imaging bone me-
tastases and regained use with the spread of PET scanners. A clinical trial
showed that ['"®F]NaF had higher sensitivity for detecting bone metastases than
[*™Tc]Te-MDP*,

The theranostic method of targeting prostate cancer cell receptors and an-
tigens with the right radiopharmaceutical has advantages. This approach in-
volves the use of an imaging radiopharmaceutical that detects positive expres-
sion of a receptor or antigen on the tumour cells. Thereafter, a therapeutic
radiopharmaceutical can be used to target the same receptor or antigen and
irradiate and kill the tumour cells. Two of the most prominent prostate cancer
cell markers are PSMA and GRPR, and both targets will be discussed in more
detail in the subsequent sections of this thesis.
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Management of Prostate Cancer

There are several options available for managing patients with prostate cancer.
The most suitable treatment option is selected based on the stage of the dis-
ease, which can be localised, locally advanced, or metastatic prostate cancer.
In addition to the stage, several other factors are taken into consideration to
ensure that the patient receives the best possible therapeutic option while
maintaining a good quality of life. The patient’s age, medical condition, and
personal preference can majorly influence the choice of treatment. Therefore,
the treatment regimen is tailored to each patient.

Localised Prostate Cancer

Localised prostate cancer is defined as cancer that is confined within the pros-
tate, without metastases or invasion of seminal vesicles. For localised prostate
cancer patients of an advanced age or with comorbidities, watchful waiting
may be the recommended approach for management. Watchful waiting is the
least aggressive management option, during which the patient is monitored for
the development of symptoms without frequent testing. Active surveillance is
another option that can be recommended for men with low-grade localised
prostate tumours. It involves regular retesting, with the patients routinely un-
dergoing PSA blood tests, DREs, biopsies, and/or MRI scans to monitor the
status of the tumour to decide if a therapeutic intervention with curative intent
is necessary””.

Curative intervention of localised prostate cancer is recommended, espe-
cially for individuals with intermediate- and high-risk prostate cancer, to pre-
vent the disease from metastasising and avoid aggressive treatment options.
Radical prostatectomy is offered for healthy men with long life expectancies.
However, it is associated with a risk of complications such as urinary inconti-
nence and impotence, which majorly affect the quality of life, and patients
may opt for an alternative choice of treatment.

Brachytherapy is a treatment option in which low- or high-radiation-dose
seeds are implanted to irradiate the tumour. lodine-125 (t¥2 = 59.4 d), palla-
dium-103 (t2=17.0 d), and caesium-131 (t'2 = 9.7 d) are examples of radio-
isotopes used in low-dose brachytherapy, while iridium-192 (t%2 = 73.8 d) is
the most commonly used radioisotope in high-dose brachytherapy™. Another
available treatment option is cryotherapy, which involves cryoablation of tu-
mours by using low temperatures (usually below -40 °C) to kill malignant
cells”’. Another thermoablative treatment option is high-intensity focused ul-
trasound. It involves focusing ultrasound waves at the targeted prostate tu-
mour, and the accumulation of ultrasound waves result in an elevated temper-
ature, which leads to cellular damage™. External beam radiation therapy
(EBRT) is also a commonly used treatment option for localised prostate can-
cer. It entails the delivery of fractionated radiation doses to destroy malignant
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cells’®. EBRT can be categorised into photon and proton therapy, with the lat-
ter having the advantage of sparing more healthy tissue, utilising the charac-
teristic Bragg peak®. Patients with intermediate- or high-risk localised tu-
mours can also be offered hormone therapy as a neoadjuvant or an adjuvant
treatment to control the disease.

Overall, patients with localised prostate cancer have a favourable prognosis
with 5-year survival rates exceeding 99%, and the survival rates are not sig-
nificantly different between patients undergoing active surveillance, radical
prostatectomy, or EBRT. However, lower incidences of progression and me-
tastases are more closely associated with patients undergoing radical prosta-
tectomy and EBRT than with patients undergoing active surveillance®'. It has
also been shown that men with long life expectancies suffering from localised
prostate cancer had long-standing benefits from radical prostatectomy com-
pared with watchful waiting, gaining an additional 2.9 years of life on aver-
age®.

Locally Advanced Prostate Cancer

The term locally advanced prostate cancer is used to describe cancer that has
spread beyond the prostate to nearby regions without distant metastases. Mul-
timodal treatment is recommended for locally advanced prostate cancer, with
the main options for treatment being radical prostatectomy, hormone therapy
such as androgen deprivation therapy (ADT), and EBRT. Clinical trials have
demonstrated that patients receiving combination therapy have improved
overall survival compared with that of patients receiving a single treatment
option® % The duration of ADT in combination therapy impacts survival, and
compared with short-term ADT, long-term ADT results in longer overall sur-
vival®.

Metastatic Prostate Cancer

Approximately 5% of prostate cancer patients have distant metastasis®’. ADT
is the first-line treatment for metastatic prostate cancer since the prostate gland
depends on androgens for development and growth. ADT includes gonadotro-
pin-releasing hormone agonists and antagonists and bilateral orchiectomy,
with the goal of achieving castration levels of testosterone. The majority of
patients on ADT still have progressive cancer, and the disease is then termed
metastatic castration-resistant prostate cancer (mCRPC). The first signal of
castration resistance is often the rise of serum PSA levels, which are typically
androgen-responsive. The expression of androgen receptors (ARs) is upregu-
lated in samples of CRPC patients undergoing ADT, and therefore, newer
classes of drugs can be used for effective treatment. Potent AR antagonists
can effectively block AR, and examples of AR antagonists are enzalutamide,
apalutamide, and darolutamide. The use of enzalutamide after chemotherapy
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improved the median overall survival versus placebo after chemotherapy in
patients with mCRPC®. Apalutamide and darolutamide improved the survival
of patients with metastatic castration-sensitive prostate cancer®’’. Abi-
raterone is another drug that can be effective at this stage by inhibiting the
synthesis of androgens’"’, and the use of abiraterone was shown to improve
the median overall survival”.

Chemotherapy plays an important role in the treatment of mCRPC, with
docetaxel and cabazitaxel being the most commonly used chemotherapeutic
agents that improve the median overall survival of patients with mCRPC’*",
Immunotherapy is another option for managing patients with mCRPC, with
Sipuleucel-T being the most prominent example, as it was found to improve
the median overall survival™.

The use of radiopharmaceuticals in managing patients with mCRPC is an
emerging approach with promising results. The Food and Drug Administra-
tion (FDA) recently approved ['/'Lu]Lu-PSMA-617 for the treatment of
mCRPC. This treatment approach relies on the detection of PSMA-expressing
tumours using PSMA-targeting radiotracers such as [**Ga]Ga-PSMA-11 or
["*F]PSMA-1007. Subsequently, the beta-emitter PSMA-targeting ['”’Lu]Lu-
PSMA-617 can be used for targeting and irradiating these PSMA-expressing
tumours. The use of ['""Lu]Lu-PSMA-617 was shown to prolong overall sur-
vival and imaging-based progression-free survival when added to standard
care compared with standard care alone’’.

Bone is the most common site of prostate cancer metastases, and bone me-
tastases lead to increased mortality rates. Therefore, there is a necessity to im-
prove bone health and alleviate pain resulting from bone metastases. Deno-
sumab is an antibody that increases bone mineral density, and its use delays
the initial skeletal-related events’®. The alpha-emitter radium-223 is a bone-
seeking radionuclide that prolongs the time to the initial skeletal-related events
and the median overall survival”.

Many patients with mCRPC have a poor prognosis, and the 5-year survival
rate of prostate cancer patients with distant metastases is low compared with
that of patients with localised or locally advanced prostate cancers™. Despite
the advances made in providing alternative treatment options, much work is
still needed to further prolong the overall survival and improve the quality of
life for these patients. One successful and very promising approach is the
theranostic targeting of PSMA.
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Prostate-Specific Membrane Antigen

Prostate-specific membrane antigen (PSMA, also known as glutamate carbox-
ypeptidase 11, folate hydrolase 1, N-acetylated a-linked acidic dipeptidase, or
N-acetyl-L-aspartyl-L-glutamate peptidase) was first discovered in the pros-
tate in the 1980s through the murine monoclonal antibody 7E11-C5.3 ®.
PSMA is a type Il transmembrane protein made of 750 amino acids (707 ex-
tracellular, 24 transmembrane, and 19 intracellular amino acids®®) that is
mainly expressed in the prostate and the proximal renal tubules. It has lower
expression in the salivary glands, brain, and small intestine, among other tis-
sues®™ ™. In the healthy prostate, PSMA is expressed in the luminal epithelial
cells. It is also expressed in PIN, hyperplastic and malignant prostate cells®.
PSM’ is a spliced variant of PSMA that has higher expression in the normal
prostate than that of PSMA, whereas PSMA expression levels increase as the
cells progress to the malignant state®”®® and continues to increase as the dis-
ease progresses. PSMA is also highly expressed in the vast majority of pros-
tate cancer samples® ', Additionally, PSMA is expressed in the endothelial
cells of the neovasculature of tumours but not in the vasculature of normal
tissues’>. PSMA has an internalisation signal that enables the internalisation
of ligands™, and it has been found that antibodies that bind to PSMA increase
the rate of PSMA internalisation®.

['"'In]In-Capromab pendetide (also known as ProstaScint®) is based on
7E11-C5.3 and was the first FDA-approved radiopharmaceutical for the mo-
lecular imaging of prostate cancer. It targets an intracellular epitope of
PSMA?’ and therefore effectively binds only to damaged cells. This selective
binding resulted in poor performance of ProstaScint® in the imaging of pros-
tate cancer, and its production was discontinued in 2018, with several new
PSMA-targeting radiotracers outperforming ProstaScint® in clinical set-
tings”. Another notable monoclonal antibody is J591, which was developed
in the late 1990s and targets the extracellular domain of PSMA, thus enabling
the targeting of viable prostate cancer cells’’. J591 can be used for SPECT and
PET imaging and is currently under evaluation for radionuclide therapy”®'%.
In addition to these antibodies, several small molecules were developed to tar-
get PSMA with high affinity and specificity. Examples of these molecules are
highlighted in the following paragraphs, and the chemical structures of several
of them are shown in Figure 4 on Pages 30 and 31.

One of the identified functions of PSMA in the brain is that it hydrolyses
N-acetyl-L-aspartyl-L-glutamate (NAAG) into N-acetyl-aspartate and gluta-
mate. Therefore, it was hypothesised that the inhibition of PSMA may be ef-
fective in achieving neuroprotection by preventing glutamate excitotoxicity
through decreasing the levels of glutamate and increasing the levels of NAAG.
In the early 1990s, several PSMA inhibitors were subsequently developed
based mainly on NAAG or glutamate derivatives, but they were weak inhibi-
tors and lacked specificity'®"'%%.
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More research was needed to further evaluate PSMA and the design of its
inhibitors. It was established that a template for a potent inhibitor should uti-
lise both the C-terminal glutamate recognition site and the divalent zinc atoms
at the active site of PSMA. One of the most potent and selective PSMA inhib-
itors was then developed in the mid-1990s and termed 2-PMPA (2-(phospho-
nomethyl)pentanedioic acid)'®, which is the most notable example of phos-
phonate-based PSMA inhibitors. Despite the high potency of 2-PMPA, it was
too hydrophilic to reach the brain, and it also had poor oral bioavailability.
Several thiol-based PSMA inhibitors were developed and evaluated; an exam-
ple is 2-(3-mercaptopropyl)pentanedioic acid (2-MPPA), which showed se-
lectivity for PSMA but relatively low potency'*.

Another class of PSMA inhibitors is urea-based inhibitors, which mimic
NAAG in their design and have two amino acids that are joined by urea link-
age. The design utilises the aspartate and glutamate binding sites, while urea
acts as the zinc-binding group. Urea-based low molecular weight PSMA in-
hibitors were first developed in the early 2000s, showing high affinity to the
extracellular domain of PSMA'®. Kozikowski et al. developed inhibitors
based on 2-[3-(1,3-dicarboxypropyl)ureido]pentanedioic acid (DUPA)'®,
which serves as the basis of many PSMA urea-based inhibitors available to-
day'®. Some of the first urea-based PSMA inhibitors that were radiolabelled
to evaluate their potential use in PET and SPECT imaging include
[''CIDCMC and ['*I]DCIT'"!%, Both radiotracers showed specific PSMA
uptake in prostate cancer xenografts.

Structural modifications in the linkers of urea-based inhibitors aimed to
benefit from the spacious accessory hydrophobic pocket and the arene-binding
site within the entrance funnel to the active binding site of PSMA'**'%  in
order to modify the pharmacokinetics to improve the detection of prostate tu-
mours. These structural modifications resulted in numerous PSMA-targeting
radiotracers with favourable binding properties and pharmacokinetics. Nota-
ble examples will be mentioned in the subsequent paragraphs.

Several urea-based radiotracers were developed for radiohalogenation''’,
with ['*IJMIP-1072 and ['*1]MIP-1095 standing out as prominent PSMA-
targeting radiotracers. Preclinical studies demonstrated the ability of radioio-
dinated urea-based small compounds to bind specifically to PSMA in vitro
and in vivo. Both ['*I]MIP-1072 and ['*I]MIP-1095 were internalised in
LNCaP cells (PSMA™), and ['*I]MIP-1095 had higher LNCaP tumour uptake
than ['I]MIP-1072 with 29.1 % 15.1% of injected activity per gram (%IA/g)
at 24 h postinjection (p.i)''". Clinical evaluation of ['*I]MIP-1072 and
['*IIMIP-1095 indicated that the radiotracers were able to identify PSMA-
expressing lesions in the prostate gland and distant metastases at early time
points, and they also had favourable pharmacokinetic profiles''?. MIP-1095
was then radiolabelled with iodine-124 and iodine-131 to assess its safety and
estimate the dosimetry for PET imaging and therapy, respectively''.
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['TIMIP-1095 was evaluated for repeated treatment of prostate cancer pa-
tients. However, administration of second or third doses resulted in more fre-
quent and intense adverse events, in addition to being less effective than the
first dose''*.

Other urea-based PSMA inhibitors were designed to be radiolabelled with
technetium-99m for SPECT imaging, showing high affinity for PSMA in vitro
and in vivo. They can also chelate rhenium-188 if therapy is applicable''>!'®.
[*™Tc]Tc-MIP-1404 (also known as trofolastat) is an example of such radio-
tracers. In a clinical study, it identified more bone metastases than standard
bone scans''’. Another example is [**"Tc]Tc-PSMA-1&S, which contains an
amino acid-based chelator formed of mercaptoacetyl tri-serine for radiolabel-
ling with technetium-99m''®. [*"Tc¢]Tc-PSMA-I&S identified PSMA-ex-
pressing lesions and demonstrated favourable dosimetry''®'?°.

In recent years, PET-PSMA has become the major player in the imaging of
prostate cancer patients, with several radiotracers gaining wide recognition,
including ["*F]DCFBC, ["*F]DCFPyL, ["*F]JPSMA-1007, [**Ga]Ga-PSMA-
11, [**Ga]Ga-PSMA-I&T, and [**Ga]Ga-PSMA-617.

["*F]DCFBC utilises the favourable characteristics of fluorine-18 to iden-
tify PSMA-expressing prostate tumours during PET imaging. It localised in
PSMA-expressing tumour xenografts in mice'?', and in a clinical trial, it de-
tected more clinically significant high-grade malignant prostate tumours than
MRI, although the sensitivity of MRI for detecting primary prostate tumours
was higher'?. ["*F]DCFPyL (also known as piflufolastat, or PYLARIFY™) is
a commercially available, FDA-approved radiotracer for PSMA-expressing
prostate tumour imaging. PET/CT imaging using ["*F]DCFPyL could detect
more lesions than conventional imaging methods'*. This radiotracer is also
useful in men with biochemically recurrent prostate cancer, as it can lead to a
change in the treatment strategy of patients'**.

[®*Ga]Ga-PSMA-11 (also known as gallium-68 gozetotide, LOCAMETZ",
or Illuccix®) is another FDA-approved PSMA-targeting radiotracer. It is argu-
ably the most commonly used radiotracer in clinical settings today for PSMA-
expressing prostate cancer imaging. [**Ga]Ga-PSMA-11 was first reported in
2012, showing favourable characteristics in preclinical studies'**. Early clini-
cal studies showed that [**Ga]Ga-PSMA-11 was superior to ["*F]JFECH in de-
tecting prostate tumours'*®. [**Ga]Ga-PSMA-11 was shown to have a high
CDR that significantly increased with high PSA levels'?’. It was also superior
to the standard imaging routine in preoperative lymph node staging'®.

One of the most successful PSMA-targeting radiotracers is PSMA-617.
The DOTA chelator in the structure of PSMA-617 allows radiolabelling with
gallium-68 for PET imaging and lutetium-177 or actinium-225 for therapy.
The only PSMA-targeting radiotherapeutic tracer that has received FDA ap-
proval to date is ['""Lu]Lu-PSMA-617 (also known as lutetium-177 vipivotide
tetraxetan, or Pluvicto™). PSMA-617 was first reported in 2015. Preclinical
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evaluation of PSMA-617 showed feasible labelling with gallium-68 and lute-
tium-177. The affinity of PSMA-617 for PSMA was reported to be higher than
that of PSMA-11, and it also demonstrated favourable biodistribution with
higher tumour uptake at 24 h p.i in tumour-bearing mice'*’. Administration of
['""Lu]Lu-PSMA-617 in humans is safe and generally tolerable'*’. ['”’Lu]Lu-
PSMA-617 also leads to favourable therapeutic outcomes in many patients
with PSMA-expressing mCRPC”’. Labelling of PSMA-617 with the alpha-
emitter actinium-225 shows great potential in therapy; however, this therapeu-
tic approach is still experimental, and the effects of using actinium-225 are yet
to be fully uncovered. ['"*F]PSMA-1007 was developed based on the structure
of PSMA-617 to be its diagnostic pair'*"'*?. [*F]JPSMA-1007 showed lower
urinary bladder accumulation than [**Ga]Ga-PSMA-11, a favourable charac-
teristic for better detection of primary prostate tumours'*’. However, com-
pared with imaging with [®*Ga]Ga-PSMA-11, imaging with ['"*F]PSMA-1007
may lead to more false-positive readings'**.

PSMA inhibitors classes other than urea-based inhibitors have also been
evaluated in early phase clinical trials, showing promising results. A notable
example is the phosphoramidate-based PSMA inhibitor ["*F]JCTT1057, which
demonstrated favourable dosimetry and pharmacokinetic profiles'*”. Never-
theless, urea-based PSMA inhibitors comprise the majority of PSMA-target-
ing radiotracers today.

Despite the success of PSMA-targeting radiotracers, they do not cover the
entirety of prostate cancers'*®. Additionally, PSMA expression is lower in the
early stages of prostate cancer and is suppressed in advanced and aggressive
neuroendocrine prostate cancers'>”'*®,

Some pitfalls may arise from the use of PSMA-targeting radiotracers. For
example, [®*Ga]Ga-PSMA-11 demonstrated high CDR even in patients with
low levels of serum PSA, but elevated uptake of [**Ga]Ga-PSMA-11 was doc-
umented in the cervical, celiac, and sacral ganglia. This elevated uptake may
be misinterpreted for lymph node metastases, which may lead to incorrect
staging and selection of treatment options'*”'*. Another pitfall may be present
in patients with Paget disease, as several reports have associated elevated up-
take of PSMA-targeting radiotracers, such as [®*Ga]Ga-PSMA-11 and
['"*F]DCFPyL, with Paget disease rather than bone metastases. This may also
lead to misinterpretation and incorrect management'*"'*?. Treatment with
['"Lu]Lu-PSMA-617 is associated with several adverse events, one of which
is xerostomia, as a result of the elevated uptake in the salivary glands.

Moreover, many PSMA -expressing prostate tumours were shown to be re-
sistant to ['""Lu]Lu-PSMA-617 therapy, which may be attributed to the char-
acteristics of lutetium-177. The use of other radionuclides, such as terbium-
161, lead-212, or actinium-225, may deliver higher doses to PSMA-express-
ing tumours'+'%,
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The aforementioned examples of PSMA-targeting pitfalls necessitate the
targeting of other antigens or receptors that are overexpressed in prostate can-
cer to further improve diagnostic efficacy and subsequent therapeutic options.
One such target is the gastrin-releasing peptide receptor.
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Chemical Structures of Tracers Targeting PSMA

2-PMPA 2-MPPA DCMC
DCIT DCFBC DCFPyL
MIP-1072 MIP-1404 MIP-1095
PSMA-I&S
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Figure 4. The chemical structures of several PSMA-targeting tracers.
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Gastrin-Releasing Peptide Receptor

Gastrin-releasing peptide receptor (GRPR, also known as bombesin type 2 re-
ceptor) is a 384-amino-acid seven-transmembrane G-protein coupled receptor
that was first identified in the late 1980s'*"'*. The identification of GRPR was
preceded by the isolation of [Leu'*Jbombesin (BBN), which is a tetradecapep-
tide isolated in the early 1970s from the European frog Bombina bombina'®.
Early evaluation of bombesin indicated a smooth muscle stimulation effect in
addition to increased release of gastrin; however, the mechanism of action was
not uncovered at the time'**'*'. A few years later, the gastrin-releasing peptide
(GRP) was isolated from the porcine stomach and was found to be a 27 amino
acid peptide that shares the same seven C-terminal amino acids, which regu-
late biological activity, with BBN'>>"'%_ Subsequent studies helped in identi-
fying the target for GRP, GRPR, to which it binds with high affinity'*"'*¢157,
GRPR regulates several functions, such as gastric acid secretion, gastrointes-
tinal motility, pancreatic secretion, and itch transmission'>* ¢,

The expression of GRPR in normal human tissues is the highest in the pan-
creas, while low GRPR expression is found in the stomach, brain, and adrenal
cortex'®?. The normal prostate lacks GRPR expression, and most hyperplastic
prostate cells also lack GRPR'®. Interestingly, GRPR expression has been
documented in various malignancies, including prostate, breast, colon, uter-
ine, and ovarian cancer'®'%. GRPR is overexpressed in the majority of pri-
mary prostate tumours (63-100%) and high-grade PIN'®'7*!'"! "ags well as in
85.7% of lymph node and 52.9% of bone metastases'’>. The expression of
GRPR is androgen-dependent'” and is higher in PIN and early-stage prostate
cancer than in the late stages. Additionally, the expression is higher in well-
differentiated than in poorly differentiated malignant tumours, as it was found
to be inversely correlated with the Gleason score'®!'"*!”> These findings pro-
pose GRPR as an attractive target for early-stage and oligometastatic prostate
cancer.

Most GRPR-targeting radiotracers are based on the structure of BBN
(pGlu'-GIn*-Arg*-Leu*-Gly’-Asn®-GIn’-Trp®-Ala’-Val'’-Gly''-His'*-Leu'*-
Met'*-NH,), with conjugations designed on the N-terminus, as the sequence
on the C-terminus is crucial for binding site recognition. The chemical struc-
tures of some of the GRPR-targeting tracers are shown in Figure 5 on Pages
36 and 37. Some of the early developed radiotracers comprised the whole
structure of BBN with few modifications in some amino acids. The general
hypothesis was that GRPR activation by agonists would lead to high internal-
isation and the retention of radioactivity after lysosomal degradation, resulting
in high tumour uptake'’®. Notable examples of such GRPR-agonistic radio-
tracers are ['''In]In-DOTA-[Pro', Tyr*]BBN and [''In]In-DTPA-[Pro’,
Tyr*]BBN, which showed elevated GRPR-specific uptake'””'"8. However, the
use of larger peptides may result in lower serum stability as they become more
prone to the action of different proteases. It has been demonstrated that the
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use of truncated peptides can significantly improve metabolic stability and
simultaneously improve affinity to the targeted receptor'””. Many truncated
BBN analogues with agonistic functions have been developed and evaluated
in preclinical and clinical studies. Remarkable examples of these radiotracers
include [*™Tc]Tc-RP527, which was evaluated in a clinical study on patients
with breast and prostate cancer. [**"Tc]Tc-RP527 was able to identify GRPR-
expressing tumours in both groups without causing adverse events'*’. Another
example is ['""Lu]Lu-AMBA, which showed high affinity for GRPR with high
retention in PC-3 cells (GRPR"), which effectively resulted in favourable ther-
apeutic outcomes in tumour-bearing mice'®'. [®*Ga]Ga-AMBA also showed
better visualisation of prostate and breast cancer xenografts in nude mice than
["*F]JFCH and ["*F]FDG, respectively'**'®3. Clinical evaluation of [**Ga]Ga-
AMBA showed that the radiotracer could identify GRPR-expressing lesions
and that it caused minor adverse events, such as tachycardia and abdominal
discomfort'®*. However, the evaluation of ['"’Lu]Lu-AMBA in a phase I clin-
ical trial on mCRPC patients was associated with severe adverse effects linked
to the activation of GRPR, which ultimately resulted in the discontinuation of
the trial'*>-'¢,

As mentioned earlier, the activation of GRPR regulates multiple functions.
Additionally, it was demonstrated that GRPR activation stimulates tumour
proliferation and growth'®”'® and that GRPR antagonists inhibit tumour
growth'™'* Despite the general consensus that GRPR agonists are highly
retained in tumour cells after internalisation, it has been recently demonstrated
that GRPR antagonists have a similar, if not better, performance in vivo, as
they retain high affinity for GRPR'"'2, Therefore, the use of antagonistic
GRPR-targeting radiotracers can be beneficial, as they have a favourable phar-
macokinetic profile and can visualise GRPR-expressing tumours while evad-
ing the undesirable effects related to GRPR activation.

There are several classes of BBN-based GRPR antagonists that aim to im-
prove stability while maintaining high potency; an example is the desMet'*
analogues. One such analogue is [D-Phe®|BBN(6-13)-ethylamide, which was
first reported in the early 1990s and was shown to be highly potent'®. One of
the first radiotracers to be developed based on this class of GRPR antagonists
is [*™Tc]Tc-DB1, which showed favourable pharmacokinetics and elevated
tumour-to-nontumour ratios in a preclinical evaluation'”*. Another example of
this class is [*®Ga]Ga-SB3, which was developed to mimic [*™Tc¢]Tc-DB1 but
with a DOTA chelator incorporated. [**Ga]Ga-SB3 could visualise GRPR-ex-
pressing tumours in breast and prostate cancer patients and was well toler-
ated'”>'”°. However, a study showed that SB3, radiolabelled with indium-111,
is prone to degradation by neprilysin, which is one of the major proteases. This
degradation may affect tumour uptake, as lower levels of the intact radiotracer
are available in circulation'®’. In later years, [**"Tc]Tc-DB1 was further mod-
ified to prolong the retention in GRPR-expressing tumours by replacing Gly'!
with Sar'! (N-methylated Gly, the radiotracer is named [**"Tc]Tc-DB15). This

33



substitution was found to increase resistance to the proteolytic activity of
neprilysin. [*"Tc]Tc-DB15 was translated into an early-phase clinical trial
and showed high safety and tolerability while visualising GRPR-expressing
tumours'*®.

Another class of GRPR antagonists was based on modification of the amino
acids at positions 13 and 14 of BBN. For example, an analogue based on Ac-
GRP(20-25) or Ac-[His"|BBN(7-12) with Leu'® and Met'* on the C-terminus
of BBN being replaced by NH-CH[CH,-CH(CH3).]» demonstrated high affin-
ity for GRPR'”. Employing the C-terminal sequence of this analogue while
modifying the N-terminal structure provided the basis of the GRPR-targeting
moiety ([D-Phe®]BBN(6-12)) of the notable radiotracer [**Ga]Ga-NeoB
(NeoB is also known as NeoBOMBI1). It visualised GRPR-expressing tumour
xenografts, and repeated cycles of its theranostic pair ['"'Lu]Lu-NeoB were
tolerable in a preclinical study?***’'. Clinical evaluation of [**Ga]Ga-NeoB in-
dicated safety and tolerability, and GRPR-expressing tumours were clearly
visualised®”. Both [**Ga]Ga-NeoB and ['"’Lu]Lu-NeoB are undergoing fur-
ther clinical evaluation.

The substitution of Asn®, Leu'?, and Met'* in BBN(6-14)-NH, with D-Phe®,
Sta'® (Sta: 35,45-4-amino-3-hydroxy-6-methyl-heptanoic acid), and Leu' re-
sulted in the highly potent GRPR antagonist IMV594 (D-Phe-GlIn-Trp-Ala-
Val-Gly-His-Sta-Leu-NH, >, also referred to as RM26). IMV594 serves as
the basis of many of the antagonistic GRPR-targeting radiotracers available
today. Our group has extensively worked on using IMV594 in the develop-
ment of radiotracers for imaging GRPR-expressing tumours. Linking IMV 594
to a suitable chelator via a polyethylene glycol (PEG) linker resulted in wide
selection of antagonistic GRPR-targeting radiotracers with high affinity and
favourable pharmacokinetics?**2%. A notable example is [**Ga]Ga-NOTA-
PEG,-RM26, which showed promising characteristics in preclinical studies®"’.
More recently, our group translated [*Ga]Ga-NOTA-PEG,-RM26 into an
early-phase clinical trial and it showed great promise. The data from this study
are yet to be published. [**Ga]Ga-NOTA-PEG;-RM26 was evaluated in clini-
cal trials and was deemed safe and well tolerated. Additionally, [**Ga]Ga-
NOTA-PEG3-RM26 performed better than an agonistic GRPR-targeting radi-
otracer in detecting primary prostate tumours and lymph node metastases, and
it had favourable dosimetry®®.

One of the early radiotracers based on JIMV594 is ['''In]In-RM1, which
demonstrated favourable pharmacokinetics and elevated tumour uptake in
mice. In a direct comparison with the GRPR agonist [''In]In-AMBA, the ra-
diolabelled GRPR antagonist RM1 was superior in terms of tumour uptake,
and clearly visualised tumours'®>. Modifying the linker between the chelator
and JIMV594 in RM1 resulted in one of the most evaluated GRPR-targeting
radiotracers to date, RM2 2. The incorporation of a positively charged 4-
amino-1-carboxymethyl piperidine linker in RM2 resulted in an improved af-
finity in comparison with RM1. [®*Ga]Ga-RM2 (also known as BAY 86-7548)
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and ['"'In]In-RM2 demonstrated favourable pharmacokinetics and clear visu-
alisation of GRPR-expressing xenografts during PET/CT and SPECT/CT im-
aging®®. The first clinical study of [®*Ga]Ga-RM2 was performed on prostate
cancer patients, and the results showed high sensitivity, specificity, and accu-
racy for detecting primary prostate cancer (88%, 81%, and 83%, respec-
tively)?'®. More clinical evaluations of [®*Ga]Ga-RM2 in prostate and breast
cancer patients supported [**Ga]Ga-RM2 as a promising GRPR-targeting ra-
diotracer”’'?'*. Additionally, [**Ga]Ga-RM2 outperformed ["*F]FDG in the
imaging of oestrogen-positive breast cancer®'. Its theranostic pair, ['"'Lu]Lu-
RM2 (also known as BAY 1017858), was evaluated in an early phase clinical
trial showing great promise?'®.

Other notable antagonistic GRPR-targeting radiotracers include [**Ga]Ga-
ProBOMBI, which demonstrated favourable pharmacokinetics and dosimetry
in a preclinical study?"’.

Research on targeting GRPR for the management of prostate cancer is ex-
panding with great potential, but there is still more to learn. A limitation to
targeting GRPR is, similar to PSMA, not all prostate tumours overexpress
GRPR. In fact, a larger percentage of prostate cancer samples are GRPR-neg-
ative. The absence of GRPR expression may result in other targeted radiotrac-
ers effectively competing with GRPR-targeting radiotracers. However, given
the high expression of GRPR in PIN and in the majority of primary prostate
tumours, GRPR-targeted therapy may play a major role in the future of pros-
tate cancer management either alone or as a complement to other types of tar-

geted therapy, such as PSMA-targeted radionuclide therapy.
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Chemical Structures of Tracers Targeting GRPR

[Leu'*]Bombesin

RP527

AMBA

DBI

SB3

DBIS5
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Figure 5. The chemical structures of several GRPR-targeting tracers.
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Dual Targeting of GRPR and PSMA in Prostate Cancer

Thus far, research has shown that targeting GRPR is promising for detecting
the early stages of prostate cancer. One specific potential application for
GRPR targeting is the management of oligometastatic prostate cancer. There
is compelling evidence that GRPR is overexpressed in the early stages of the
disease and in the majority of lymph node and bone metastases, which com-
prise the main sites for prostate cancer metastases. In contrast, PSMA target-
ing is more extensively evaluated as a result of its overexpression in most
prostate cancers, especially in mCRPC. The role of GRPR targeting in prostate
cancer can be seen as complementary to PSMA targeting.

A number of studies have compared PSMA- and GRPR-targeting radio-
tracers in prostate cancer patients’'® %2, The majority of findings suggest that
PSMA -targeting radiotracers are superior in identifying prostate cancer. This
finding is supported by PSMA-expressing lesions that were missed by GRPR-
targeting radiotracers due to the lack of GRPR expression or the lower stand-
ardised uptake values (SUVs) for GRPR-targeting radiotracers than for
PSMA -targeting radiotracers. Conversely, the findings also point to PSMA-
negative lesions that were detected by GRPR-targeting radiotracers and con-
firmed by immunohistochemical analysis as true malignancies, especially in
the earlier stages of prostate cancer. Additionally, in some early-stage prostate
cancers, GRPR-targeting radiotracers may show higher uptake than radiotrac-
ers targeting PSMA. These findings support the need for GRPR-targeted ther-
apy but may also cause a radiation burden to patients if two different radio-
tracers are needed to visualise lesions that overexpress PSMA and lesions that
overexpress GRPR within the same patient.

A possible strategy to overcome this issue is to target both PSMA and
GRPR with a single radiotracer. An ideal heterodimer that targets PSMA and
GRPR with high specificity and affinity may improve the sensitivity of de-
tecting prostate cancer. It may also cover the different stages of the disease,
given the PSMA and GRPR expression patterns in prostate cancer. It is also
not difficult to imagine that a theranostic pair may further improve the thera-
peutic outcome achieved by the existing treatment options.

Several PSMA- and GRPR-targeting radiotracers have been developed and
reported in recent years. The design of such radiotracers mainly comprises a
urea-based PSMA-targeting moiety and a BBN-based GRPR-targeting moiety
that are linked together to a chelator for labelling with a suitable radionuclide.
Many research groups, including ours, have investigated this attractive con-
cept by evaluating and reporting a number of heterodimers. The first hetero-
dimers were reported in 2014 and demonstrated high specificity and affinity
for both PSMA and GRPR. Despite the suboptimal pharmacokinetics of these
heterodimers, they established the dual-targeting concept®****. In the follow-
ing years, more heterodimers were developed and evaluated, strengthening the
hypothesis of dual targeting of GRPR and PSMA?* 2%, One heterodimer was
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also evaluated in an early-phase clinical trial and demonstrated favourable do-
simetry”%’.

Our group has evaluated this promising approach, and two papers in this
thesis discuss the results of novel PSMA- and GRPR-targeting radiolabelled
heterodimers.

Selection of a Suitable Radionuclide

Choosing a radionuclide depends on whether the tracer is used for SPECT or
PET imaging or for radionuclide therapy. For imaging, the radionuclide of
choice should have a half-life that covers the biological half-life of the tracer
and the intended time of imaging, as well as long enough to allow for produc-
tion and quality control after radiolabelling. Not all molecules can withstand
harsh radiolabelling conditions. Therefore, the selected radionuclide/radio-
labelling chemistry should suit the properties of the molecule to be radio-
labelled.

Ideally, the branching fraction of the emitted gamma or positron should be
as high as possible (pure emitters), allowing for sensitive detection by SPECT
or PET, while needing less scanning time and lower injected radioactivity.
The energies of the gammas emitted by SPECT-suitable radionuclides should
be high enough to penetrate through the tissue and reach the scanner but not
too high to cause ‘noise’ in the resulting image after interaction with surround-
ing matter. In the case of PET-suitable radionuclides (positron emitters), the
lower the energy is, the better, as the positron will then travel a shorter distance
before annihilation.

Technetium-99m (t, = 6 h), iodine-123 (t,, = 13 h) and indium-111 (t, =
2.8 d) are three examples of radionuclides suitable for SPECT imaging. Car-
bon-11 (t, = 20 min), gallium-68 (t,= 68 min), fluorine-18 (t,, = 110 min),
zirconium-89 (t,, = 3.3 d), and iodine-124 (t, = 4.2 d) are examples of radio-
nuclides suitable for PET imaging.

The optimal radionuclide should also be cost-effective. For a radionuclide
to be cost-effective, there must be an abundance of the parent nuclide and fea-
sible production of the desired radionuclide in high quantities to allow for
management of multiple patients with a single production.

The selection of a therapeutic radionuclide depends on the short range and
the high linear energy transfer of the emitted particles, for example, p~ or
particles. These features will cause DNA damage and death of the targeted
cells while sparing healthy tissues. A relatively long half-life of the radionu-
clide, along with favourable pharmacokinetics of the radiotracer, would max-
imise the therapeutic effect and lower the number of treatment cycles. Exam-
ples of therapeutic radionuclides include yttrium-90 (ty, = 2.7 d), lutetium-177
(t, = 6.6 d), iodine-131 (tx = 8 d), actinium-225 (t,, = 9.9 d), and radium-223
(t.=11.44d).
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Selection of a Suitable Chelator and Linker

Most radionuclides need a moiety that they can bind to radiolabel a tracer. For
example, radiometals require chelators, which chelate them and at the same
time conjugate them to a ligand that targets a specific protein. An additional
advantage is that radiometal-chelator complexes can be highly retained intra-
cellularly after internalisation of the radiotracer. There is a wide selection of
chelators that are compatible with the different properties of radionuclides and
form stable complexes to minimise the presence of free radionuclides, which
is undesirable as they can reduce the imaging contrast (tumour-to-nontumour
ratios) or lead to false-positive findings. The net charge of the radionuclide-
chelator complex and its position in the molecule have been shown to influ-
ence the pharmacokinetics of radiotracers, and therefore, careful selection of
a suitable chelator is necessary to achieve a better-performing radiotracer”’.
Moreover, the moiety for radiolabelling can influence the residualising prop-
erties of radiohalogens. For example, the use of N-succinimidyl 4-guanidi-
nomethyl-3-['**IJiodobenzoate significantly improved the retention of iodine-
125 compared with that with the use of nonresidualising moieties®".

Apart from connecting the targeting moiety to the radionuclide, the func-
tion of linkers or spacers extends to modulating the affinity, lipophilicity, and
pharmacokinetic profiles of the radiotracers. The use of linkers in BBN ana-
logues radiolabelled with indium-111 resulted in a dramatic increase in affin-
ity for GRPR compared with that of the BBN analogue without a linker to the
chelator™?. Several studies have shown that the use of PEG linkers in many
radiotracers improves the affinity and tumour uptake while decreasing renal
uptake? 235,

Selection of a Suitable Targeting Ligand

An optimal ligand should have, among other properties, high specificity and
affinity for the target, that is, to enable high tumour uptake while injecting low
amounts of the ligand>*.

The selection of ligand in a radiotracer also depends on the intended pur-
pose of use. For example, diagnostic radiotracers ideally should undergo rapid
clearance from the body while being highly retained at the target. This allows
for early imaging. Similar properties are also desirable for therapeutic radio-
tracers to deliver high doses to malignant tumours while simultaneously min-
imising the exposure of healthy tissues to radiation”’. In comparison with an-
tibodies and large proteins, low-molecular-weight ligands exhibit rapid clear-
ance from blood and nontarget tissues and better tumour penetration®****. Ad-
ditionally, they are cheaper and easier to produce, can withstand harsh
labelling conditions, and exhibit little to no immunogenicity.
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Therefore, the majority of the radiotracers used for targeting PSMA and
GRPR comprise small molecules or peptides of rather low molecular weight
as their ligand for targeting.

Strategies to Improve Tumour Uptake and
Pharmacokinetics

There are several strategies that can be employed to enhance tumour uptake
for better diagnostic and therapeutic outcomes. Other strategies focus on pro-
tecting healthy organs from toxicity caused by elevated uptake of radioactiv-
ity. A number of these strategies will be highlighted in the following sections.

Binding to Serum Albumin

Human serum albumin (HSA, 66.5 kDa) is the most abundant protein in hu-
man plasma and has a half-life of approximately 19 days. Therefore, designing
radiotracers that bind to albumin can improve and prolong the uptake in the
targeted tumours as a result of the increased blood concentration. This concept
has been utilised for decades, and increased tumour uptake and enhanced phar-
macokinetic profiles has been shown with albumin-binding tracers®*’. A num-
ber of studies have evaluated the incorporation of albumin-binding moieties
in PSMA-targeting radiotracers. For example, the incorporation of moicties
such as 4-(p-iodophenyl)butyric acid, Evans blue, and ibuprofen in the struc-
ture of ['”’Lu]Lu-PSMA-617 resulted in significantly increased tumour uptake
and ultimately a higher area under the curve (AUC) for tumour activity uptake.
This increased uptake resulted in an improved response to treatment in tu-
mour-bearing mice**' **. Radiotracers that bind to albumin may influence the
treatment regimen by injecting lower activities and/or subjecting the patients
to fewer treatment cycles while potentially achieving the same therapeutic
outcome as that of ['”’Lu]Lu-PSMA-617 without an albumin-binding moiety.

Reduction of Undesirable Accumulation of Radioactivity

An ideal pharmacokinetic profile of a radiotracer would reflect a high tumour
uptake and low activity in other tissues. However, this is not always the case,
and many radiotracers are highly taken up by excretory organs, such as the
kidneys. Additionally, it is common that the expression of the targeted protein
is found in healthy tissues. The accumulation of radioactivity in healthy tis-
sues may give rise to tolerable adverse events or, in some cases, severe tox-
icity.

Radionuclide therapy of PSMA-expressing mCRPC often causes xerosto-
mia as a result of radioactivity accumulation in the salivary glands. Different
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strategies to reduce PSMA-targeting radiotracer uptake in salivary glands are
currently under investigation. One strategy aims to cause vasoconstriction by
external cooling to reduce uptake; however, the effect of external cooling was
found to be mild and insufficient***.

Botulinum toxin A can be injected into the salivary glands of patients with
neurologic disorders to control sialorrhea”**. In the case of PSMA-targeting
radiotracers, the use of botulinum toxin A was found to significantly reduce
[®*Ga]Ga-PSMA-11 uptake to a large extent*"’.

A common complication of radionuclide therapy is nephrotoxicity. The re-
nal uptake of PSMA-targeting radiotracers is mediated by the kidneys being
the main excretory organ and by endogenous PSMA expression in the proxi-
mal tubules of kidneys. The renal uptake of PSMA-targeting radiotracers can
be reduced in tumour-bearing mice by using excess amounts of unlabelled
PSMA inhibitors such as 2-PMPA or PSMA-11. Optimising the dose and time
of administration of unlabelled PSMA inhibitors is essential to avoid the re-
duction of radiotracer uptake in PSMA-expressing tumours®***%,

Other strategies that can be employed for nephroprotection and for improv-
ing pharmacokinetics include the coinjection of positively charged amino ac-
ids, the use of cleavable linkers, and pretargeting.

The anionic nature of megalin in the kidneys enhances the transport of cat-
ionic proteins®. Therefore, positively charged amino acids such as lysine and
arginine can significantly decrease the renal uptake of radiotracers, as they
compete with the radiotracers for the anionic binding sites>'.

The use of cleavable linkers that are cleaved specifically by brush border
enzymes in the proximal tubule cell membrane may result in radiometabolites
that are rapidly excreted into urine®”.

Another promising strategy to improve pharmacokinetics and minimise
background radioactivity is pretargeting. In this approach, an unlabelled mol-
ecule is administered to bind to the targeted protein. After a period of time that
allows the distribution, binding, and clearance of the unlabelled molecule from
blood, the radiotracer, which is designed to have rapid clearance, is injected
to bind to the unlabelled molecule which is bound to the targeted protein. This
approach was shown to minimise radioactivity uptake in healthy tissues for
protein-based agents, such as affibody molecules and monoclonal antibod-

135253’254.
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Aims of this Thesis

The general aim of this thesis was to develop and evaluate novel radiotracers
for targeting PSMA and GRPR in prostate cancer to improve its diagnosis and

therapy.

The specific aims of the studies were to:

Evaluate dual targeting of PSMA and GRPR using heterodimers that
can be radioiodinated for SPECT and PET imaging and for therapy
(Paper I).

Improve the affinity towards PSMA in PSMA- and GRPR-targeting
heterodimers by modifying the linkers (Paper II).

Investigate the effect of conjugating an albumin-binding domain to
the GRPR antagonist RM26 on targeting GRPR-expressing prostate
cancer (Paper III).

Evaluate SPECT-suitable GRPR antagonists based on RM26 for im-
aging of GRPR-expressing malignant tumours in a preclinical study
(Paper IV) and translate the best performing radiotracer into a phase
I clinical trial to assess its safety and tolerability in prostate and breast
cancer patients (Paper V).
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Paper |

Synthesis and Preclinical Evaluation of Radio-lodinated
GRPR/PSMA Bispecific Heterodimers for the
Theranostics Application in Prostate Cancer

Background and Aim

The targeting of PSMA has been established for theranostic approaches in
prostate cancer, with several FDA-approved radiopharmaceuticals being used,
such as [*®*Ga]Ga-PSMA-11, ["*F]DCFPyL, and ['""Lu]Lu-PSMA-617 >, The
targeting of GRPR for the management of prostate cancer is being extensively
evaluated in preclinical and early-phase clinical studies, and it is showing
great promise. Recently, a few radiometal-based heterodimers have been eval-
uated for dual targeting of GRPR and PSMA, and they have shown great po-
tential*>**,

The aim of this study was to develop a dual-targeting heterodimer to cover
a wide spectrum of prostate cancers by targeting both GRPR and PSMA. The
use of radioiodine would permit SPECT (iodine-123) and PET (iodine-124)
imaging, as well as therapy (iodine-131), without changing the structure of the
heterodimer.

Three heterodimers (Figure 6) were developed to target GRPR by using the
GRPR antagonist RM26 and to target PSMA by using the PSMA inhibitor
PSMA-617. The three heterodimers differed in the linkers between the
PSMA -targeting moiety and the rest of the structure to modify lipophilicity.
We aimed to characterise all three heterodimers in vitro, evaluate their in vivo
targeting specificity, and select the best-performing heterodimer for further
evaluation in vivo.

Results and Discussion

The heterodimers BO530, BO535, and BO536 were radiolabelled with iodine-
125 with good radiochemical purities (RCPs). Purification using solid-phase
extraction cartridges resulted in over 95% purity. The radiolabelled heterodi-
mers were highly stable when incubated with human serum at 37 °C. The oc-
tanol-water distribution coefficient (logD) values showed that the most hydro-
philic heterodimer among the three was ['*’I]I-BO530, the heterodimer with
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the hydrophilic linker, while the least hydrophilic heterodimer was ['*I]I-
BO535, the heterodimer with the hydrophobic linker.

BO530

BOS535

BO536

Figure 6. The chemical structures of the heterodimers BO530, BO535, and BO536.

The in vitro binding assays (Figure 7) demonstrated a significant reduction in
heterodimer uptake upon blocking GRPR in PC-3 cells (GRPR"), upon block-
ing PSMA in LNCaP cells (PSMA"), and after blocking GRPR, PSMA, or
both targets in PC-3 PIP cells (PSMA", GRPR"), thus demonstrating that all
three radioiodinated heterodimers bound to GRPR and PSMA with high spec-
ificity.

There was a high retention of radioactivity in PC-3 PIP cells (Figure 8A)
from the three heterodimers after 24 h of incubation. To test the role of ligand-
target interactions in retention, ['*’1]I-BO530 was further evaluated in PC-3
and LNCaP cells (Figure 8B), and the results showed a decrease of approxi-
mately 86% in cell-associated radioactivity in PC-3 cells (GRPR") and a de-
crease of approximately 40% in LNCaP cells (PSMA") after 24 h of incuba-
tion. This finding indicated that the high cellular retention may be regulated
by interacting with PSMA rather than GRPR.
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Figure 7. The results of the in vitro GRPR and PSMA binding of (A) ['*I]I-BO530,
(B) ['"*I]I-BO535, and (C) ['*’I]I-BO536 in PC-3 PIP (PSMA*, GRPR") cells. The
data are presented as the mean values, and the error bars represent the standard devi-
ation. * Indicates a statistically significant difference with a P value less than 0.05.

The half-maximal inhibitory concentration (ICso) values (Figures 8C and 8D)
to GRPR for BO530, BO535, and BO536 were 13 + 3 nM, 20 + 2 nM, and 6
+ 2 nM, respectively. The ICso values to PSMA were 98 £ 13 nM, 100 + 10
nM, and 80 £ 7 nM for BO530, BO535, and BO536, respectively. These re-
sults indicated that the affinity of the heterodimers for GRPR was higher than
that for PSMA, and BO536 was more potent for both GRPR and PSMA than
BO530 and BO535.

To further evaluate and select the best-performing heterodimer among the
three, the targeting specificity was tested in Balb/c nu/nu mice bearing either
PC-3 (GRPR") or LNCaP (PSMA") tumours (Figure 9). The results from the
GRPR-targeting groups showed that pancreatic uptake (due to endogenous
expression of GRPR) significantly decreased for all three heterodimers upon
blocking GRPR. However, a significant reduction in PC-3 tumour uptake was
only demonstrated for ['*’I]I-BO530. The results from the PSMA-targeting
groups showed a significant reduction in kidney uptake (due to PSMA expres-
sion in proximal tubules of kidneys) upon blocking of PSMA for all three het-
erodimers, while a significant reduction in LNCaP tumours was only evident
for ['**I]I-BO530 and ['*1]I-BO536.
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Figure 8. In vitro assays showing (A) the cellular retention of activity of the radio-
labelled heterodimers in PC-3 PIP (PSMA™, GRPR") cells, (B) the cellular retention
of activity of ['*51]I-BO530 in PC-3 (GRPR") and LNCaP (PSMA") cells, and the ICso
of the three heterodimers for (C) PSMA and (D) GRPR. The error bars represent the
standard deviation.
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Figure 9. The in vivo targeting specificity study in Balb/c nu/nu mice bearing (A)
LNCaP (PSMA™) and (B) PC-3 (GRPR") tumours at 1 h p.i. The data are presented as
the mean values, and the error bars represent the standard deviation. ™ indicates no
statistically significant difference, and * indicates a statistically significant difference
with a P value less than 0.05.
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Given the previous findings, the heterodimer ['*’I]I-BO530 was selected for
further evaluation in vivo. The biodistribution over time in Balb/c nu/nu mice
bearing PC-3 PIP (PSMA", GRPR") tumours was studied, and the results are
shown in Figure 10. At 1 h p.i, elevated uptake in various organs was ob-
served, with the highest uptake being in the kidneys, and the tumour uptake
was also high. The uptake in the kidneys and tumour further increased at 3 h
p.i due to the initially elevated concentration in blood. At 24 h p.i, the uptake
in most organs nearly diminished, while the uptake in the kidney decreased
fivefold. Tumour uptake remained high, exceeding the uptake in all other tis-
sues. At the last studied time point, 72 h p.i, the uptake in tumours only de-
creased twofold. Rough estimation of the AUC showed a 10-fold higher dose
in the kidneys than in the tumour. Therefore, more work needs to be done to
lower the kidney uptake. The data indicated that imaging at early time points
may not be feasible, as the tumour-to-nontumour ratios were not high. The
microSPECT/CT images, shown in Figure 11, corroborated the biodistribu-
tion profile, with the greatest contrast being at 72 h p.i.
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Figure 10. The biodistribution of ['*I]JI-BO530 in Balb/c nu/nu mice bearing PC-3
PIP (PSMA™, GRPR") tumours. The data are presented as the mean values, and the
error bars represent the standard deviation.
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Figure 11. MicroSPECT/CT images of ['**I]I-BO530 in Balb/c nu/nu mice bearing
PC-3 PIP (PSMA", GRPR") tumours. The white arrows point to the tumours.

Conclusion

This study reported the synthesis and preclinical evaluation of a promising
GRPR and PSMA dual-targeting radioiodinated heterodimer. ['*I]I-BO530
showed high in vitro and in vivo specificity for GRPR and PSMA, with ele-
vated and well-retained uptake in tumours. Further work on ['*I]I-BO530 is
needed to reduce renal uptake and achieve an optimal pharmacokinetic profile
for imaging.
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Paper 11

Heterodimeric Radiotracer Targeting PSMA and GRPR
for Imaging of Prostate Cancer—Optimization of the
Affinity towards PSMA by Linker Modification in
Murine Model

Background and Aim

In Paper I, we reported the development and preclinical evaluation of three
radioiodinated heterodimers for dual targeting of PSMA and GRPR in vitro
and in vivo. Our group also previously developed and reported the preclinical
evaluation of another heterodimer, NOTA-DUPA-RM26 (BQ7800), that is
suitable for labelling with radiometals®”. The heterodimer BQ7800 was radi-
olabelled with indium-111 and had rapid blood clearance and low kidney up-
take. The affinity of ['''In]In-BQ7800 for GRPR was high; however, it had
low affinity for PSMA, which resulted in rapid clearance from PC-3 PIP tu-
mours.

The aim of this paper was to synthesise, radiolabel, and characterise three
heterodimers (BQ7810, BQ7812, and BQ7813) based on BQ7800, with mod-
ifications in the linker between the PSMA-targeting moiety and the rest of the
structure to improve the affinity for PSMA and at the same time evaluate the
effect of a shorter PEG linker between the GRPR-targeting moiety and the rest
of the structure on the properties of the heterodimers. The chemical structures
are shown in Figure 12.

Results and Discussion

The three heterodimers were radiolabelled with indium-111 with high RCPs
(>99%). The labelling stability was high, with minimal release of activity after
incubation with excess EDTA. ['"'In]In-BQ7812 and ['"'In]In-BQ7813 bound
to GRPR and PSMA with high specificity, which was reflected by the signif-
icant reduction in radioactivity uptake after blocking GRPR in PC-3 (GRPR")
cells, PSMA in LNCaP (PSMA") cells, and both GRPR and PSMA in PC-3
PIP (PSMA", GRPR") cells. In the case of ['!'In]In-BQ7810, however, block-
ing of PSMA in LNCaP cells showed a tendency for decreased radioactivity,
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but the difference was not statistically significant. This finding indicated an
early sign of poor PSMA affinity for ['''In]In-BQ7810. Nevertheless, this het-
erodimer bound to GRPR with high specificity, as reflected by the significant
reduction in radioactivity uptake in PC-3 cells after GRPR saturation.
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Figure 12. The chemical structures of the reference heterodimer BQ7800 and the de-
veloped derivatives BQ7810, BQ7812, and BQ7813.
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The internalisation of all three radiolabelled heterodimers was slow, and the
octanol-water distribution coefficient indicated that ['''In]In-BQ7813 was the
most hydrophilic, while ['''In]In-BQ7812 was the most lipophilic of the three
heterodimers, which corresponded to the structural modifications.

The ICso values indicated that all three heterodimers had high affinity for
GRPR, in agreement with the reference heterodimer "' In-BQ7800. However,
the values showed that only "In-BQ7812 had improved affinity for PSMA in
comparison with the reference heterodimer (102 + 80 nM for "™In-BQ7812 vs.
921 + 363 nM for "'In-BQ7800). These results demonstrated that the incor-
poration of a phenylalanine along with the use of a shorter PEG linker was
responsible for the overall improved affinity for PSMA.

The aforementioned findings led to the selection of ['''In]In-BQ7812 for
further evaluation in vivo. It was evaluated in Balb/c nu/nu mice bearing PC-
3 PIP tumours, showing significantly decreased ['''In]In-BQ7812 tumour up-
take upon blocking GRPR and PSMA, as seen in Figure 13. Additionally, pan-
creatic uptake was significantly reduced upon blocking GRPR. There was a
strong tendency for decreased renal uptake, although the difference between
PSMA-blocked and nonblocked groups was not statistically significant.
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Figure 13. The in vivo targeting specificity of ['!'In]In-BQ7812 in Balb/c nu/nu mice
bearing PC-3 PIP (PSMA*, GRPR") tumours at 1 h p.i. The data are presented as the
mean values, and the error bars represent the standard deviation. * Indicates a statisti-
cally significant difference with a P value less than 0.05.

The biodistribution of ['''In]In-BQ7812 over time in mice bearing PC-3 PIP
tumours (Figure 14) indicated elevated kidney uptake at 1 h p.i that was fol-
lowed by tumour uptake. At 3 h p.i, the radioactivity uptake nearly diminished
in all tissues except for the kidney, liver, and tumour. The radioactivity uptake
in all tissues continued to clear at the last studied time point. The tumour-to-
nontumour ratios were the highest at 3 h p.i, and the microSPECT/CT images
(Figure 15) were in agreement with the pharmacokinetic profile.
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Figure 14. The biodistribution of ['!'In]In-BQ7812 in Balb/c nu/nu mice bearing PC-
3 PIP (PSMA", GRPR") tumours. The data are presented as the mean values, and the
error bars represent the standard deviation.
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Figure 15. MicroSPECT/CT images of ['''In]In-BQ7812 in Balb/c nu/nu mice bear-
ing PC-3 PIP (PSMA™, GRPR") tumours. The white arrows point to the tumours.

The comparison between the biodistribution of ['''In]In-BQ7812 and the ref-
erence heterodimer ['''In]In-BQ7800 in mice bearing PC-3 PIP tumours at 1
h p.i (Figure 16) indicated significantly higher kidney and tumour uptake for
['"'In]In-BQ7812 than for ['''In]In-BQ7800 due to the dramatic improvement
in affinity for PSMA. Additionally, the liver uptake was significantly higher
for ['"'In]In-BQ7812 as a result of the increased lipophilicity due to the incor-
porated phenylalanine and the shorter PEG linker.
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Figure 16. Comparison between the biodistribution of [!''In]In-BQ7812 and
['"'In]In-BQ7800 in Balb/c nu/nu mice bearing PC-3 PIP (PSMA*, GRPR") tumours
at 1 h p.i. The data are presented as the mean values, and the error bars represent the
standard deviation. * Indicates a statistically significant difference with a P value less
than 0.05.

Conclusion

In this study, we reported the preclinical evaluation of a promising PSMA and
GRPR dual-targeting heterodimer that was based on the previously reported
heterodimer BQ7800. A few structural modifications led to a significant im-
provement in affinity for PSMA, which ultimately resulted in a significantly
higher tumour uptake. More work is necessary to further improve the pharma-
cokinetic profile for the heterodimer to be considered for theranostic applica-
tions.
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Paper 111

Preclinical Evaluation of the GRPR-Targeting
Antagonist RM26 Conjugated to the Albumin-Binding
Domain for GRPR-Targeting Therapy of Cancer

Background and Aim

Targeting GRPR may be useful in the treatment of early stages of prostate
cancer and in patients with oligometastatic disease. In recent years, a phase |
clinical trial was conducted to evaluate the safety and dosimetry of the GRPR
antagonist ['’Lu]Lu-RM2 for potential future use in radionuclide-based treat-
ment of GRPR-expressing prostate cancer. Treatment using ['""Lu]Lu-RM2
was shown to be safe and well tolerated. It also clears rapidly from blood, and
therefore, multiple cycles may be needed to deliver effective doses to tumours.

One strategy to increase drug efficacy is the incorporation of moieties that
bind to albumin, which in turn increases the blood concentration and may re-
sult in higher tumour uptake over a longer time. This may reduce the number
of cycles needed to deliver the appropriate therapeutic doses to tumours while
decreasing the resulting adverse events. The albumin-binding domain
ABDO035 has femtomolar affinity for HSA*®. Its conjugation to proteins led
to increases in in vivo half-life and tumour uptake®’, the constructs were also
safe and nonimmunogenic, and their use in humans did not cause adverse ef-
fects™®,

The aims of this study were to conjugate the GRPR antagonist RM26 to the
albumin-binding domain ABDO035 and to evaluate the conjugate in vitro and
in vivo to assess the possibility of using it in the treatment of GRPR-express-
ing prostate cancer.

Results and Discussion

DOTA-ABD-RM26 was radiolabelled with indium-111 with good RCP (63 +
3%). The purity was over 99% after purification on a size-exclusion column.
The binding of ['''In]In-DOTA-ABD-RM26 to GRPR was significantly re-
duced upon blocking GRPR using DOTA-ABD-RM26 in the presence or ab-
sence of HSA. The internalisation of ['''In]In-DOTA-ABD-RM26 in PC-3
cells was low after 24 h of incubation. The ICso (Figure 17) of "In-DOTA-
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ABD-RM26 was 30 = 3 nM and increased to 49 £ 5 nM in the presence of
HSA, while it was 4.5 £ 0.7 nM for " In-DOTA-RM26. This indicated that
while its binding to GRPR was preserved, the conjugation of RM26 to
ABDO035 led to a lower affinity for GRPR.

— Nat L DOTA-ABD-RM26 + HSA
— Nty _DOTA-ABD-RM26
— "aYL_DOTA-RM26
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Figure 17. The ICso data of ™In-DOTA-RM26, "™In-DOTA-ABD-RM26, and "In-
DOTA-ABD-RM26 in the presence of HSA in PC-3 (GRPR") cells. The error bars
represent the standard deviation.

In vivo, the GRPR-targeting specificity of ['''In]In-DOTA-ABD-RM26 was
evaluated in Balb/c nu/nu mice bearing PC-3 tumour xenografts. Despite the
compromised affinity of ['''In]In-DOTA-ABD-RM26 for GRPR, blocking
GRPR resulted in a significant reduction in its uptake in tumours. The biodis-
tribution of ['''In]In-DOTA-ABD-RM26 and ['''In]In-DOTA-RM26 in PC-3
tumour-bearing mice, shown in Figure 18, demonstrated higher ['''In]In-
DOTA-ABD-RM26 uptake in blood and many organs. However, the PC-3
tumour and pancreatic (GRPR") uptake of both radiotracers were similar.
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Figure 18. Comparison between the biodistribution of ['''In]In-DOTA-ABD-RM26
and ['"'In]In-DOTA-RM26 in Balb/c nu/nu mice bearing PC-3 (GRPR") tumours at
1 h p.i. The data are presented as the mean values, and the error bars represent the
standard deviation. A statistically insignificant difference in radioactivity uptake was
only evident for the pancreas and tumour.

The biodistribution of ['''In]In-DOTA-ABD-RM26, shown in Figure 19, at 1
h p.i showed a high concentration of radioactivity in blood (32 + 4% [A/g).
This was accompanied by elevated uptake of radioactivity in the kidneys (35
+ 6% IA/g), while uptake in the PC-3 tumours was 7 + 2% [A/g. The uptake
of radioactivity in the blood decreased by more than 3-fold at 24 h p.i, while
the uptake in the tumour increased to 11 + 2% [A/g. At 144 h p.i, the uptake
in blood continued to decrease, the uptake in kidneys decreased 2-fold, and
the tumour uptake remained stable (10 + 1% [A/g). However, the uptake of
radioactivity in most other organs was also stable with little difference from
the uptake at 24 h p.i.
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Figure 19. The biodistribution of ['!'In]In-DOTA-ABD-RM26 in Balb/c nu/nu mice
bearing PC-3 (GRPR") tumours. The data are presented as the mean values, and the
error bars represent the standard deviation.
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The conjugation of the GRPR antagonist RM26 to ABDO035 ultimately re-
sulted in stable tumour uptake even after 6 d p.i as a result of the high radio-
activity concentration in blood. Moreover, the conjugate preserved the GRPR
targeting feature, despite the lowered affinity from the parental GRPR antag-
onist RM26. However, elevated kidney uptake that exceeded the tumour up-
take was evident in the biodistribution at all studied time points. This is unu-
sual because it has been demonstrated previously that the conjugation of
ABDO035 to small proteins led to a dramatic decrease in renal reabsorption and
because RM26 was shown to exhibit low renal reabsorption. An explanation
of the high renal reabsorption at late time points can be corrupted affinity of
the conjugate to albumin, which directs the dissociated fraction to renal clear-
ance. There was evidence of radiolabel instability in vivo, reflected by ele-
vated uptake in several organs, such as the liver and bone, even after 6 d p.i.

Conclusion

In this proof-of-principle study, the conjugation of ABD035 to RM26 resulted
in elevated activity concentration in blood, which in turn resulted in high and
stable uptake in GRPR-expressing tumours after 6 d of injection. Despite this,
the elevated uptake in other organs, most notably the kidney and bone, abol-
ishes the potential use of ['''In]In-DOTA-ABD-RM26 in radionuclide ther-
apy. Structural modifications are needed to improve the biodistribution profile
for radionuclide therapy. One potential use of the conjugate can be to deliver
cytotoxic drugs to GRPR-expressing tumours.
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Paper IV

Preclinical Evaluation of ®™Tc-Labeled GRPR
Antagonists maSSS/SES-PEG,-RM26 for Imaging of
Prostate Cancer

Background and Aim

The availability of PET scanners is increasing worldwide as a result of their
increased resolution compared with that of SPECT scanners. However,
SPECT scanners are more widely available worldwide than PET scanners
(over four times the number of PET scanners)®. Several advances have been
made in SPECT technology, such as cadmium-zinc-telluride detectors, result-
ing in much improved sensitivity and spatial resolution®”.

The overexpression of GRPR is found in the majority of primary prostate
cancer samples and lymph node and bone metastases, in addition to elevated
expression in several other malignancies.

Among the SPECT-suitable radionuclides is technetium-99m, which is the
most commonly used radionuclide in diagnostic nuclear medicine owing to its
favourable properties and feasibility of production. It has been previously
demonstrated that the use of peptide-based chelators, such as mercaptoacetyl-
tri-glycine or tri-serine, enables the radiolabelling of agents with technetium-
99m while preserving affinity''®**°. The use of such chelators allows for the
formulation of single-vial kits for single-step radiolabelling using freshly
eluted pertechnetate (*"TcO4) **', which in turn simplifies clinical translation
and use. Previous studies showed that the use of serine instead of glycine in
chelators resulted in reduced release of technetium-99m in vivo, which was
reflected by the lower radioactivity uptake in the stomach and salivary
gland®®.

In this study, we aimed to develop two GRPR antagonists based on RM26
that contain peptide-amino-acid-based chelators for radiolabelling with tech-
netium-99m. The two antagonists maSSS-PEG,-RM26 and maSES-PEG:-
RM26 (Figure 20) were radiolabelled with freshly eluted *"TcO,, character-
ised in vitro and in vivo, and directly compared, with the main aim of provid-
ing a radiotracer with a straightforward radiolabelling protocol for the clinical
imaging of GRPR-expressing prostate tumours using the widely available
SPECT scanners.
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Figure 20. The chemical structures of maSSS-PEG2-RM26 and maSES-PEG2-RM26.

Results and Discussion

The GRPR antagonists maSSS-PEG,-RM26 and maSES-PEG,;-RM26 were
radiolabelled with technetium-99m with high RCPs, and the radiolabel stabil-
ity was high with minimal release of technetium-99m under cysteine chal-
lenge. The octanol-water distribution coefficient indicated that [**™Tc]Tc-
maSSS-PEG,-RM26 had higher lipophilicity than [*™Tc¢]Tc-maSES-PEG.-
RM26 due to the incorporation of glutamic acid in the latter. This result was
also reflected by the significantly lower hepatic uptake of [**™Tc]Tc-maSES-
PEG,-RM26 (1.1 + 0.3% IA/g vs. 3 £+ 1% IA/g for [*"Tc]Tc-maSSS-PEG;-
RM26 at 3 h p.i, P<0.05, n = 4). Both radiotracers bound to GRPR in PC-3
cells with high specificity, which was also evident in NMRI mice when block-
ing GRPR led to significantly lower pancreatic (GRPR") uptake of both radi-
otracers. The internalisation rate was slow for the radiotracers, and the overall
internalised fractions after 24 h of incubation were low. The affinity measure-
ments indicated that while both radiotracers had high affinity for GRPR,
[*"Tc]Tc-maSSS-PEG,-RM26 demonstrated higher affinity than [**"Tc]Tec-
maSES-PEG,-RM26. While the use of glutamic acid in [*™Tc]Tc-maSES-
PEG2-RM26 increased the hydrophilicity, it resulted in lower affinity to
GRPR, which led to a significantly lower GRPR-expressing tumour uptake in
vivo (2.9 £ 0.7% 1A/g vs. 7 + 2% 1A/g for [*Tc]Tc-maSSS-PEG,-RM26 at
3 hp.i, P<0.05, n = 4) (the biodistribution is shown in Figure 21), the tumour-
to-nontumour ratios were higher for [**"Tc]Tc-maSSS-PEG,-RM26 than for
[*™Tc]Tc-maSES-PEG,-RM26. These findings led to the selection of
[*™Tc]Tc-maSSS-PEG,-RM26 for further evaluation in vivo.
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Figure 21. Comparison between the biodistribution of [*™T¢]Tc-maSSS-PEG:-
RM26 and [*"Tc]Tc-maSES-PEG:-RM26 in Balb/c nu/nu mice bearing PC-3
(GRPR") tumours at 3 h p.i. The data are presented as the mean values, and the error
bars represent the standard deviation. * Indicates a statistically significant difference
with a P value less than 0.05. The values of GIT represent the mean % IA values only.

The in vivo GRPR-targeting specificity of [**"Tc]Tc-maSSS-PEG,-RM26 in
PC-3 tumour-bearing Balb/c nu/nu mice (Figure 22) showed significantly
lower tumour and pancreatic uptake in the GRPR-blocked groups than in the

nonblocked groups.
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Figure 22. In vivo targeting specificity for [*"Tc]Tc-maSSS-PEG2-RM26 in Balb/c
nu/nu mice bearing PC-3 (GRPR") tumours at 30 min p.i. * Indicates a statistically
significant difference with a P value less than 0.05.
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The biodistribution of [*™Tc]Tc-maSSS-PEG,-RM26 over time in PC-3 tu-
mour-bearing Balb/c nu/nu mice showed decreased uptake in all studied tis-
sues at 6 h p.i compared with 3 h p.i. Despite this observation, the tumour-to-
nontumour ratios were higher at 3 h p.i as a result of the 2-fold higher radio-
activity uptake in the tumour at 3 h p.i than at 6 h p.i. Thus, imaging of GRPR-
expressing tumours using [*™Tc]Tc-maSSS-PEG,-RM26 is more suitable
within a few hours after injection. The microSPECT/CT images (Figure 23)
indicated clear visualisation of GRPR-expressing tumours using [**™Tc]Tc-
maSSS-PEG,-RM26. The elevated hepatobiliary uptake may be an advantage,
as the urinary bladder, which is anatomically in close proximity to the prostate,
may have low radioactivity uptake. Additionally, hepatobiliary excretion in
humans is slower than that in rodents, which may favour the use of [**"Tc]Tc-
maSSS-PEG:-RM26 in the imaging of early-stage GRPR-expressing prostate
cancer. The dosimetry estimations, performed using OLINDA, predicted gen-
erally low absorbed doses to healthy tissues, and the effective dose was 3.49
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Figure 23. MicroSPECT/CT images of [*™Tc]Tc-maSSS-PEG2-RM26 in Balb/c
nu/nu mice bearing PC-3 (GRPR") tumours. The white arrows point to the tumours.

Conclusion

In conclusion, Paper IV presents the preclinical evaluation of a promising
GRPR antagonist that can be radiolabelled with SPECT-suitable technetium-
99m via a simple radiolabelling procedure. The radiotracer is able to visualise
GRPR-expressing tumours at early time points. A phase I clinical trial, pre-
sented in Paper V, was conducted based mainly on the findings in Paper IV.
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Paper V

Phase I Trial of [**™T¢]Tc-maSSS-PEG,-RM26, a
Bombesin Analogue Antagonistic to Gastrin-Releasing
Peptide Receptors (GRPRs) for SPECT Imaging of
GRPR Expression in Malignant Tumors

Background and Aim

The targeting of PSMA for detecting prostate cancer has been established in
recent years. Two of the most routinely used PSMA-targeting radiotracers are
the FDA-approved [**Ga]Ga-PSMA-11 and ["*F]DCFPyL. They have optimal
sensitivity and specificity in detecting prostate cancer. However, their sensi-
tivity in detecting lymph node metastases is limited******. Therefore, different
molecular targets, such as GRPR, may be more useful in the detection of early-
stage prostate cancers.

GRPR is overexpressed in the majority of primary prostate cancers, as well
as in the majority of lymph node and bone metastases. In breast cancer, GRPR
overexpression is hormone-driven, with most oestrogen receptor-positive
breast cancers overexpressing GRPR, while approximately 12% of oestrogen
receptor-negative and 7.8% of triple-negative breast cancers overexpress
GRPR*®.

In paper 1V, we conducted a preclinical evaluation of the GRPR antagonist
[*"Tc]Tc-maSSS-PEG,-RM26 and demonstrated that it binds to GRPR with
high affinity and could visualise GRPR-expressing tumours. A kit formulation
can be utilised for one-vial single-step labelling of maSSS-PEG,-RM26 using
freshly eluted pertechnetate (*’"TcOy), taking advantage of the amino-acid-
based chelator (maSSS) incorporated in the structure for this purpose. Thus,
this study provides a simple and rapid procedure for radiolabelling maSSS-
PEG,-RM26 for use in clinical settings.

Our aim in this paper was to evaluate [*"Tc]Tc-maSSS-PEG,-RM26 in a
phase I clinical study, with the main objectives of evaluating the safety and
tolerability of the radiotracer, studying the biodistribution profile in males and
females, estimating the dosimetry, and evaluating the targeting of GRPR-ex-
pressing tumours.
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Results and Discussion

The six prostate cancer patients and seven breast cancer patients recruited for
this study were injected with 40 pg of [*™Tc]Tc-maSSS-PEG,-RM26
(RCP>98%). There were no reported adverse effects, indicating that
[*™Tc]Tc-maSSS-PEG>-RM26 is well tolerated and safe at the injected doses.
Additionally, the adverse events related to the use of GRPR agonists were
averted, as injecting higher doses of our GRPR antagonist than the GRPR ag-
onist doses reported to cause adverse events did not lead to any of these
events®®. After injection, the biodistribution profile of [*™Tc]Tc-maSSS-
PEG2-RM26 in male and female patients indicated rapid clearance of the un-
bound radiotracer from the blood and rapid whole-body elimination. This
rapid clearance helps in improving the contrast between the uptake in tumours
and background for better detection and visualisation of the target.
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Figure 24. Anterior (left) and posterior (right) images of two patients with (a) prostate
cancer and (b) breast cancer at 2, 4, 6, and 24 h after intravenous injection of
[*"Tc]Tc-maSSS-PEG2>-RM26.

The close proximity of the prostate to the urinary bladder may impact the vis-
ualisation of primary prostatic tumours and regional metastases by radiotrac-
ers that are predominantly excreted in urine, resulting in high activity in the
urinary bladder shortly after injection. [*™Tc]Tc-maSSS-PEG,-RM26 was
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designed to favour hepatobiliary excretion instead of renal excretion to pre-
vent elevated uptake in the urinary bladder. The biodistribution shows ele-
vated hepatobiliary excretion, which is in concordance with the preclinical
evaluation of the radiotracer. The images in Figure 24 show the biodistribution
of [™Tc]Tc-maSSS-PEG,-RM26 over time in prostate cancer and breast can-
cer patients, indicating more efficient radioactivity passage through the gas-
trointestinal tract in male patients. Despite this, high enterohepatic uptake may
impact the visualisation of GRPR-expressing lesions in the lower abdomen,
and while liver metastases may prevail in later stages of prostate cancer and
in approximately 10% of patients with metastatic disease, approximately 50-
70% of metastatic breast cancer patients have liver metastases®’.

At 2 h after injection, it was possible to clearly visualise primary tumours
and metastases with elevated [ Tc¢]Tc-maSSS-PEG,-RM26 uptake. In pros-
tate cancer patients, [*"™Tc]Tc-maSSS-PEG,-RM26 uptake in tumours was
identified in four out of six patients. In the seven breast cancer patients, uptake
of the radiotracer in primary tumours was identified in all patients. The median
sizes of the visualised prostate and breast tumours were 3.22 cm® (2.9-16.1)
and 13.6 cm® (1.6-73.9), respectively. High uptake was additionally detected
in the axillary lymph nodes in four breast cancer patients, and the median le-
sion size was 3.72 cm’® (1.1-7.8). After 2 h of injecting [*™Tc]Tc-maSSS-
PEG,-RM26, the median activity accumulation (SUVmax) in prostate tu-
mours was 1.18 (0.78-1.67), in breast cancer was 0.87 (0.43—1.75), and in
breast cancer lymph node metastases was 1.8 (0.58—1.8). The median tumour-
to-nontumour value for prostate tumours was 6.85 (4.2—10.9), for breast tu-
mours was 7.8 (2.2-35), and for breast cancer lymph node metastases was 9.2
(6-16.3). The values in all lesions decreased over time. In two of the breast
cancer patients, there was no prior evidence of regional metastases. However,
the SPECT/CT images showed accumulation of [*™Tc]Tc-maSSS-PEG;-
RM26 in the lymph nodes. Morphological examination during surgery de-
tected lymph node metastases, resulting in expanding the surgery to a standard
axillary lymphadenectomy. This finding also resulted in restaging one of the
patients from NO to N3 and the other from NO to N1.

At the two-hour p.i time point, all tumours and metastases with elevated
[*"Tc]Tc-maSSS-PEG,-RM26 uptake were clearly visualised. Representa-
tive images of prostate and breast tumours are provided in Figures 25 and 26.
The results of the immunohistochemical staining indicated positive GRPR ex-
pression in 60% of the prostate tumour samples (three out of five samples) and
in 71.4% of the breast cancer samples (five out of seven samples). Positive
GRPR expression was confirmed in 50% of the samples from breast cancer
lymph node metastases (two out of four patients). The highest contrast in the
visualised primary prostate tumours was in the patient with the highest PSA
value and largest tumour. While all primary tumours in the breast cancer pa-
tients were clearly visualised by [*™Tc]Tc-maSSS-PEG,-RM26, it cannot be
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confirmed that the lymph nodes investigated by immunohistochemical analy-
sis were detected by [*"Tc]Tc-maSSS-PEG,-RM26 imaging due to the design
of the phase I study, which was not designed to determine the sensitivity and
specificity.

E L ?ﬁ\&-:..’}—.‘ e

Figure 25. Two hours after IV of [*™T¢]Tc-maSSS-PEG2-RM26 (a) CT and (b) fused
SPECT/CT images of a patient with adenocarcinoma of the prostate. The yellow ar-
row (b) points at a focus of increased [*™T¢]Tc-maSSS-PEG2-RM26 uptake visual-
ised in the prostate (SUVmax = 1.21), and the upper setting of the scale window was
adjusted for better visualisation (24% of the maximum number). Immunohistochemi-
cal analysis (¢) of tumour sample showing moderate (2+) GRPR expression in adeno-
carcinoma cells (black arrow), magnification 40x.

Figure 26. Two hours after IV of [**"Tc]Tc-maSSS-PEG2-RM26 (a, d) CT and (b, e)
fused SPECT/CT images of a patient with invasive breast carcinoma. The yellow ar-
row (b) points at a focus of increased [*™T¢]Tc-maSSS-PEG2-RM26 uptake visual-
ised in the right breast (SUVmax = 1.75). The white arrow (e) points at an enlarged
right axillary node (up to 1.3 ¢cm) with elevated [*™T¢]Tc-maSSS-PEG2-RM26 up-
take (SUVmax = 1.8), and the upper setting of the scale window was adjusted for
better visualisation (24% of the maximum number). Immunohistochemical analysis
(¢) of primary breast tumour and (f) of lymph node metastasis showing light (1+) and
moderate (2+) GRPR expression, respectively, magnification 40x.

The evaluation of the absorbed doses showed significantly higher absorbed
doses in the pancreas and liver of female patients than in the pancreas and liver
of male patients. The same pattern was evident for the gallbladder wall. The
effective doses for male patients were 0.0053 = 0.0007 mSv/MBq and for fe-
male patients were 0.008 + 0.003 mSv/MBq, with the radionuclide-associated
dose per patient per study being 3—6 mSv.
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Conclusion

The administration of the peptide-based GRPR antagonist [**"Tc]Tc-maSSS-
PEG:-RM26 was deemed safe in male and female patients. The injections re-
sulted in low absorbed doses to healthy tissues, with the effective doses being
within the same range as for other radiotracers of the same category.
SPECT/CT imaging using [**"Tc]Tc-maSSS-PEG,-RM26 visualised tumours
of the prostate and breast, in addition to detecting breast cancer lymph node
metastases. Future clinical studies are needed to assess the sensitivity and
specificity of [*"Tc]Tc-maSSS-PEG,-RM26 in detecting GRPR-expressing
tumours.
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Concluding Remarks

Many men are expected to be diagnosed with prostate cancer during their life-
time. Over the past decades, advances in prostate cancer research have led to
a much-improved clinical outcome with diverse options for diagnosis and
treatment. Despite the efforts and achievements, more research is needed to
further improve the detection rates of the existing diagnostic methods, and
there is a need to improve the available treatment options, especially for ad-
vanced and aggressive types of prostate cancer.

Targeting PSMA and GRPR shows great promise in improving the existing
diagnostic and therapeutic tools, as they are expressed at varying levels during
the different stages of prostate cancer.

Papers I-1I investigated the dual targeting of PSMA and GRPR by hetero-
dimers that can be labelled with radioiodine or radiometals. We evaluated the
effect of linker modification on the pharmacokinetic profile.

e The findings of Paper I indicated that a more hydrophilic linker
between PSMA-617 and RM26 resulted in a heterodimer, ['*°I]I-
BO530, that retained high specificity for PSMA and GRPR. The
heterodimer also showed elevated and well-retained tumour uptake
3dp.i.

e Paper II showed that the incorporation of a phenylalanine and the
use of a shorter linker in the structure of ['''In]In-BQ7800 resulted
in a highly PSMA- and GRPR-specific heterodimer, ['''In]In-
BQ7812. The structural modifications also resulted in a much-im-
proved affinity for PSMA.

Targeting GRPR for therapeutic purposes may be useful in the management
of patients with early-stage or oligometastatic prostate cancer. In Paper III, we
investigated the effect of conjugating an albumin-binding domain to the
GRPR antagonist RM26 on tumour uptake and the overall pharmacokinetic
profile from a therapeutic perspective.

e Paper III showed that the conjugation of ABD035 to RM26,
['"'In]In-DOTA-ABD-RM26, increased the concentration of radi-
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oactivity in the blood, which resulted in improved and stable tu-
mour uptake over several days p.i. However, elevated uptake in
normal tissues abolishes the use of the conjugate in radionuclide
therapy, but perhaps it may be useful in delivering cytotoxic drugs
to GRPR-expressing malignant tumours.

The availability of SPECT scanners extends to more countries around the
world than PET scanners. This increased SPECT scanner availability necessi-
tates the continuous development of SPECT-suitable radiotracers for targeting
prostate cancer cell markers, such as GRPR. The use of amino acid-based che-
lators and the use of a kit formulation enabled one-vial single-step radiolabel-
ling of molecules with freshly eluted generator-produced *™TcOy, which is
feasible for use in clinical settings.

e Paper IV reported the preclinical evaluation of the GRPR antago-
nist [*"Tc]Tc-maSSS-PEG,-RM26, which possessed high speci-
ficity and affinity for GRPR. Additionally, it had low renal excre-
tion, which may benefit imaging of primary prostate tumours as
they are in close proximity to the urinary bladder.

e Paper V reported the clinical translation of [*"Tc]Tc-maSSS-
PEG:-RM26. Injections of the radiolabelled GRPR antagonist in
prostate and breast cancer patients were safe and well tolerated.
The dosimetry estimations were in agreement with radiotracers of
the same category. [**"Tc]Tc-maSSS-PEG,-RM26 could also vis-
ualise GRPR-expressing primary tumours in addition to some
lymph node metastases that were not detected using conventional
imaging methods.

The findings in this thesis explored different theranostic approaches for the
management of prostate cancer through the targeting of two of the most prom-
inent and investigated prostate cancer cell markers: PSMA and GRPR. Our
findings warrant the continuation of work to further improve the tools availa-
ble for diagnosing and treating prostate cancer patients.
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Ongoing and Future Studies

The dual targeting of PSMA and GRPR is an attractive approach to build on
the existing success of PSMA targeting and the great potential of GRPR tar-
geting. We are continuing to develop more heterodimers with improved tu-
mour uptake and, equally important, reduced kidney uptake. We are develop-
ing heterodimers that can be labelled with radiometals such as gallium-68 for
PET imaging and lutetium-177 for therapy. The clinical translation of one of
the reported heterodimers is to be performed to assess its safety and tolerabil-
ity in prostate cancer patients and to assess its performance in detecting pri-
mary prostate tumours and metastases.

Targeting GRPR with therapeutic intent is still in the early stages with
much to be uncovered and learned. We designed modifications to the structure
of DOTA-ABD-RM26 with the aim of improving the pharmacokinetic profile
and stability. However, there was little success with these modifications, and
a future approach is to use an albumin-binding moiety of lower molecular
weight in proportion to the size of RM26.

The metabolic stability of peptides is essential to allow for a higher level
of binding to the targeted protein on malignant tumour cells. Our group inves-
tigated amino acid modifications in the sequence of RM26, conferring high
resistance to the action of neprilysin, although the results are not yet published
at the time of writing this thesis.

The translation of [*"Tc]Tc-maSSS-PEG,-RM26 into a clinical trial pro-
vided insight into the clinical needs and how to design preclinical studies to
meet this demand. We are currently working on derivatives of [*™Tc]Tc-
maSSS-PEG»-RM26 to slightly improve the hydrophilicity and visualisation
of GRPR-expressing breast and prostate primary tumours and metastases.
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Appendix

Table A1: ISUP grade group classification system

Grade Group 1 Gleason Score < 6
Grade Group 2 Gleason Score 7 (3 +4)
Grade Group 3 Gleason Score 7 (4 + 3)
Grade Group 4 Gleason Score 8
Grade Group 5 Gleason Score 9-10
Table A2: TNM clinical classification of prostate cancer
T Primary Tumour
TX Tumour cannot be assessed
TO No evidence of primary tumour
T1 Impalpable and invisible tumour by imaging (clinically inap-
parent)
Tla Incidental histological finding (< 5% of resected tissue)
Tlb Incidental histological finding (> 5% of resected tissue)
Tlc Identified by needle biopsy
T2 Tumour confined within the prostate
T2a Involves Y of one lobe or less
T2b Involves > of one lobe but not both lobes
T2¢ Involves both lobes
T3 Tumour extends through the prostatic capsule
T3a Extracapsular extension including microscopic bladder neck in-
volvement
T3b Tumour invades the seminal vesicle(s)
T4 Tumour is fixed or invades adjacent structures other than sem-
inal vesicles
N Regional Lymph Nodes
NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastasis
N1 Regional lymph node metastasis
M Distant Metastasis
MO No distant metastasis
M1 Distant metastasis
Mla Nonregional lymph node(s)
MIlb Bone(s)
Milc Other site(s)
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