Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 274

Prostate cancer theranostics using
GRPR antagonist RM26
BOGDAN MITRAN

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2019

ISSN 1651-6192
ISBN 978-91-513-0695-7
urn:nbn:se:uu:diva-389563

Dissertation presented at Uppsala University to be publicly examined in Rudbecksalen,
Rudbecklaboratoriet, Dag Hammarskjölds väg 20, Uppsala, Saturday, 14 September 2019 at
10:00 for the degree of Doctor of Philosophy (Faculty of Pharmacy). The examination will
be conducted in English. Faculty examiner: Professor Tony Lahoutte (Nuclear Medicine,
UZ Brussel; Clinical Trial Center, UZ Brussel; In vivo Cellular and Molecular Imaging Lab,
VUB).
Abstract
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The malignant transformation of cells is often associated with an alteration of their molecular
phenotype, resulting in overexpression of several cell surface proteins. Gastrin-releasing peptide
receptor (GRPR) and prostate-specific membrane antigen (PSMA) are examples of such proteins that are expressed at a high density in prostate cancer. GRPR is primarily expressed in
earlier stages of prostate cancer and tends to decrease with disease progression. This expression
pattern indicates that GRPR could be a promising target for imaging and treatment of oligometastatic prostate cancer, an early step in prostate cancer progression characterized by limited metastatic spread. In contrast, the expression of PSMA increases with cancer progression and is
significantly upregulated as tumors dedifferentiate into higher grade, in androgen-insensitive
and metastatic lesions.
This thesis is based on five original articles (papers I-V) and focuses on the preclinical development of radiotracers for imaging and treatment of prostate cancer. The work can be divided
into three distinct parts: (1) the development and optimization of GRPR-antagonist RM26 for
high contrast PET and SPECT imaging of oligometastatic prostate cancer (papers I-III), (2)
the preclinical evaluation of 177Lu-labeled RM26 as a potential candidate for peptide receptor
radionuclide therapy (PRRT) in GRPR-expressing tumors, alone or in combination with antiHER2 antibody trastuzumab (paper IV), and (3) the development of a bispecific heterodimer
targeting both PSMA and GRPR in prostate cancer (paper V).
We have demonstrated that the in vitro and in vivo properties of GRPR antagonist RM26
are strongly influenced by the choice of chelator-radionuclide complex and that long-lived
radionuclides are desirable for high-contrast imaging. Furthermore, our data indicate that
55
Co-NOTA-PEG2-RM26 has remarkable potential for next-day high-contrast PET imaging
of GRPR-expressing tumors. Experimental PRRT using 177Lu-DOTAGA-PEG2-RM26 resulted
in a pronounced inhibition of tumor growth and a significantly longer median survival.
Interestingly, survival was further improved when trastuzumab was co-injected with 177LuDOTAGA-PEG2-RM26. These data indicate that blocking HER2 with trastuzumab decreased
the repairing ability of irradiated cells. Finally, we developed a heterodimer (NOTA-DUPARM26) for imaging GRPR and PSMA expression in prostate cancer shortly after administration.
In conclusion, we have successfully developed and preclinically evaluated radioconjugates
for GRPR-directed theranostics in oligometastatic prostate cancer using the bombesin
antagonistic analog RM26.
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Introduction

Prostate cancer
Prostate cancer is the second most commonly occurring cancer in men, with
an estimated 1.3 million incident cases diagnosed worldwide in 20181. In general, prostate cancer is a slow-growing disease, and the majority of men with
low-grade prostate cancer (Gleason grades of 3 or less) do not require immediate treatment but are closely monitored for progression of the cancer (active
surveillance). In contrast to low-grade prostate cancer, which is most often
asymptomatic and rarely poses a health threat, high-grade prostate cancer
(Gleason grades of 4 or 5) tends to be more aggressive and disseminates
throughout the body, leading to poor patient outcomes.

Management and treatment of prostate cancer
Traditionally, newly diagnosed prostate cancer cases have been stratified into
low, intermediate, and high risk. However, significant progress has been made
in recent years to account for heterogeneity among these groups and to identify
more individualized treatment options. Selecting the treatment for prostate
cancer patients heavily depends on the stage and grade of the cancer but can
vary based on general health, age and preferences.

Localized prostate cancer
In localized prostate cancer, there is no extension of the tumor beyond the
capsule of the prostate (Figure 1A). Treatment for localized prostate cancer
starts with the challenging task of identifying the subset of men with aggressive localized forms of the disease while sparing the remaining patients the
potential side effects of treatment. In general, men diagnosed with localized
prostate cancer have 3 primary options: watchful waiting (active surveillance,
expectant management), surgery (radical prostatectomy), and radiation therapy (external beam radiation therapy or brachytherapy). Both surgery and radiation therapy are considered to be curative treatments for localized prostate
cancer. Other treatment options include hormonal therapy and cryoablation2.
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Locally advanced prostate cancer
In the locally advanced form of the disease, the cancer has grown through the
prostate capsule, spreading to nearby organs outside the prostate but not to
distant sites (Figure 1B). Treatment options for locally advanced prostate cancer include radiation therapy, hormonal therapy, and surgery.

Figure 1. A schematic overview of (A) Localized prostate cancer, (B) Locally advanced prostate cancer, and (C) Metastatic prostate cancer.
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Metastatic prostate cancer
Currently, metastatic prostate cancer (Figure 1C) is not curable, and available
treatments are aimed at stopping or at least slowing disease progression. Androgen deprivation therapy (ADT) continues to be the first-line treatment for
men with the metastatic form of the disease, since prostate cancer growth is
driven by hormones. Surgical castration (orchiectomy) is associated with
lower risks of adverse effects compared to medical castration but is infrequently used today due to a perceived risk of psychological distress3. Medical
castration via gonadotropin-releasing hormone agonists has a high initial response rate of up to 80 % and is effective in improving both disease prognosis
and symptoms4. However, tumors typically develop resistance against ADT
within three years, at which point the cancer enters a castration-resistant phase
manifested by increased proliferation and invasion capacity5. Despite castration resistance, ADT can be continued using new generation antiandrogens.
These drugs target various steps of the androgen production pathway and include abiraterone acetate, which inhibits androgen biosynthesis, or enzalutamide, which interferes with androgen receptors. These therapies were shown to
slow disease progression and improve survival6,7.
Treatment of castration-resistant metastatic prostate cancer also often involves the use of chemotherapy drugs such as anthracyclines (mitoxantrone)
and taxanes (cabaxitaxel, docetaxel) aimed at improving overall survival and
quality of life8,9,10,11. Due to its distinct tropism for bone, an additional therapeutic focus in prostate cancer is on bone metastases. Treatments with the human monoclonal antibody denosumab or 223Ra-dichloride were shown to delay the first skeletal-related events and prolong the median overall survival12.
Recent years have also been marked by significant progress in the use of
prostate-specific membrane antigen (PSMA)-targeted radionuclide therapy.
The most reported PSMA tracers are labeled with β-emitting radionuclides,
such as 177Lu13,14, although the use of α-emitters, such as 225Ac, has demonstrated promising responses in a number of preliminary studies15.
Although the cure for metastatic prostate cancer is still elusive, the therapeutic landscape has broadened considerably over the past years. This is due
to a better understanding of the underlying genomic complexity of prostate
cancer and the mechanisms driving its progression from primary tumor to metastatic disease. Consequently, new drugs are under development, and existing
therapies are used more effectively at earlier stages of the disease and to larger
benefit. In recent efforts, several therapeutic approaches have been evaluated
for the treatment of the oligometastatic state hypothesized by Hellman and
Weichselbaum16.
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Oligometastatic prostate cancer
In 1995, Hellman and Weichselbaum defined the oligometastatic status as an
intermediate state in cancer progression characterized by limited metastatic
spread. Their assertion was that the process of cancer metastasis is a continuous stepwise evolution from locally confined cancer to widespread metastatic
disease17. Further research into micro-RNAs indicated that oligometastatic
cancer is a distinct disease entity compared to polymetastatic disease18. Consequently, this subset of metastases, limited in number and location, may be
susceptible to more radical (local and/or regional) therapies designed to influence the rate of cancer progression and potentially even cure patients. This
paradigm shift has had tremendous clinical implications. Evidence suggests
that as much as 75 % of patients with recurrence after primary therapy have
three or fewer involved metastatic sites19,20,21. However, this reliance on the
number and location of metastasis for case definition and subsequent patient
stratification requires highly sensitive and specific diagnostic modalities.

Prostate cancer screening and diagnosis
The current diagnosis of prostate cancer is largely based on measurements of
prostate-specific antigen (PSA), digital rectal examination, biopsies and histologic examination. Measurements of PSA detect the level of this well-characterized protein, which is normally present in small quantities in the serum
of healthy men but is upregulated due to prostate cancer. Since its clinical
introduction, the PSA test has revolutionized prostate cancer diagnosis, allowing for earlier detection of small tumors that otherwise would have remained
unrecognized. However, this test has limited diagnostic specificity, poor sensitivity in detecting extraprostatic disease, poor correlation with disease volume and is inevitably associated with overdiagnosis and overtreatment22.
When a high PSA level is detected, the standard workup to reach the initial
diagnosis includes a digital transrectal examination followed by prostate biopsy.
The analysis of biopsy samples commonly consists of morphologic characterization using histochemistry staining techniques. These techniques provide information regarding tumor invasiveness, infiltration into surrounding
tissues, tumor growth and necrosis. Another routinely used method is immunohistochemistry, a semiquantitative method that utilizes antibodies for the
detection of specific antigens in tissue sections. Using specific tumor markers,
immunohistochemistry can be used to differentiate between benign or malignant tumors, for staging and grading of tumors, and for identifying the cell
type and origin of metastasis in connection with primary tumors. Additionally,
molecular pathological methods, such as fluorescent, silver, or chromogenic
in situ hybridization, provide important information regarding molecular
18

changes occurring in cancer. Transrectal ultrasound (TRUS) is generally used
for biopsy guidance. However, TRUS is unreliable for differentiating between
prostate cancer and a hyperplastic prostate, which often results in nonrepresentative biopsy samplings. The standard TRUS-guided biopsies are invasive,
have sampling errors of up to 40 %, and can lead to severe complications23.
Moreover, these diagnostic modalities cannot differentiate between local, regional, and distant forms of disease, which is a prerequisite for the staging of
prostate cancer.

Staging of prostate cancer
The stage of the disease describes the growth and spread of cancer. The most
widely used staging system for prostate cancer is currently the TNM system,
where the T category measures the size and extent of the tumor, the N category
measures whether the cancer has spread to the lymph nodes, and the M category indicates whether the cancer has metastasized. In addition to the TNM
system, PSA levels and histological grading are also taken into account when
staging prostate cancer.

Imaging of prostate cancer
The major limitations of biopsy-based methods place imaging in a unique position where it can significantly contribute at every phase of this heterogeneous disease. First, it can improve the initial diagnosis and staging by providing
a noninvasive assessment of lymph node involvement and other metastases.
This allows classification of patients into different prognostic subgroups depending on the metastatic spread, such as the previously described oligometastatic prostate cancer. Second, imaging can provide important information regarding disease progression and response to therapy24. Although imaging predominantly has had a confirmatory role in prostate cancer, remarkable technological advances within recent decades have enabled the mainstream use of
imaging modalities in the clinical management of prostate cancer.

Conventional imaging methods
Ultrasound (US) is the most commonly used imaging modality in prostate
cancer. It is widely available, inexpensive and provides real-time images. The
major limitation of US is its poor tissue contrast, which translates into poor
accuracy. Emerging areas in the field of sonography aimed at circumventing
the shortcomings of standard grayscale US imaging include color and power
Doppler US25, contrast-enhanced US26 and shear wave elastography27.
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Computed tomography (CT) is a superior imaging modality compared to
US, but it is not sufficiently accurate at detecting in situ prostate cancer due
to its poor soft tissue contrast. However, CT scans are routinely acquired to
visualize potential bony landmarks before the onset of radiation therapy or to
detect enlarged lymph nodes, visceral cancer deposits and osseous metastases
in advanced stages of the disease28.
The use of magnetic resonance imaging (MRI) for prostate cancer detection
has largely followed a multiparametric approach. Multiparametric MRI
(mpMRI) is the combination of at least two functional MRI sequences for the
identification of different biological characteristics of the tumor. MpMRI has
demonstrated higher sensitivity for the detection of prostate cancer (93 %, 95
% confidence interval (CI) 88–96 %) compared to TRUS biopsies (48 %, 42–
55 %; p<0.0001), although it had less specificity29.
Unfortunately, despite their routine use in the local staging of suspect
lymph nodes, CT and MRI perform equally poorly in the detection of lymph
node metastases. In both imaging modalities, the assessment of nodal involvement rests solely on whether the investigated lymph nodes are enlarged. Generally, a threshold of 1 cm in the short-axis nodal diameter for oval nodes and
0.8 cm for round nodes are recommended criteria for the diagnosis of lymph
node metastases. Although both CT and MRI have high specificity for lymph
nodes with a diameter ≥ 1.5 cm, sensitivity and specificity decrease dramatically for lymph nodes with a diameter < 1 cm30. Therefore, CT and MRI will
most likely misrepresent the true status of lymph node metastases. Since local
lymph nodes and bone are the most common metastatic sites in prostate cancer31, early assessment of their involvement is of paramount importance in the
choice of therapeutic strategy.

Radionuclide molecular imaging
With its ability to noninvasively trace almost any pathophysiological pathway,
radionuclide molecular imaging has the potential to revolutionize the management of prostate cancer. Radionuclide molecular imaging is based on the detection of ionizing radiation emitted by an administered radiopharmaceutical,
using a detector or an array of detectors located outside of the body. Commonly, radiopharmaceuticals consist of a radioisotope attached to a molecule
that determines its localization. However, some radionuclides (223Ra, 89Sr, 131I)
do not require the use of carrier molecules due to their favorable chemical
properties.
Radionuclide-based imaging modalities used in medicine are commonly
separated into single-photon emission computed tomography (SPECT) and
positron-emission tomography (PET).
The detection technique of SPECT is based on the same concept as a conventional gamma camera (scintigraphy) and relies on the detection of gamma
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quanta or high energy X-rays emitted by radionuclides (Figure 2A). However,
in contrast to gamma cameras, SPECT provides a qualitative 3D image of the
activity distribution. The most widely used SPECT radionuclides are 99mTc
(t½ ≈ 6 h), 123I (t½ ≈ 13 h), and 111In (t½ ≈ 2.8 d) (Table 1).
PET is based on the detection of annihilation photons, which are produced
when the emitted positrons interact with nearby electrons (Figure 2B). Radionuclides used in PET imaging usually have a short half-life: 11C (t½ ≈ 20 min),
13
N (t½ ≈ 10 min), 15O (t½ ≈ 2 min), 18F (t½ ≈ 110 min), 68Ga (t½ ≈ 68 min)
(Table 1). Due to the nature of positron annihilation, in which two photons are
emitted simultaneously, physical collimators are not required in PET, resulting in a much higher sensitivity compared to SPECT. This has important implications, such as an improved image resolution and the possibility of performing shorter scans with a lower radiation dose given to the patient. PET
also has better quantification accuracy compared to SPECT. However, as most
PET radionuclides are cyclotron produced, PET scanners typically require a
nearby cyclotron, which substantially increases the costs of this imaging modality.
On the other hand, SPECT scanners are more available, more widely used
and significantly cheaper compared to PET. SPECT radiotracers are also
cheaper and more abundant compared to PET tracers. The longer half-life of
SPECT tracers allows for imaging at later time points when better contrast can
be achieved. Moreover, due to the multiple-energy windows that can be measured using SPECT, an area of increasing interest in recent years is simultaneous dual-tracer imaging.
Perhaps one of the most important avenues in the field of imaging is the
combination of radionuclide-based techniques with conventional imaging modalities. Using these hybrid imaging combinations, such as the well-established PET/CT and SPECT/CT systems, clinicians can obtain the anatomic
context required for interpreting the functional PET or SPECT study (plus the
data necessary for attenuation correction). Other multimodality imaging systems have been introduced in recent years with promising results, such as the
combination of PET (or SPECT) with MRI.
Currently, numerous radiotracers are under evaluation for prostate cancer
imaging, either targeting osteoblastic activity in bone metastasis, increased
cell metabolism, or prostate cancer–specific membrane proteins and receptors.

21

Table 1. Commonly used radionuclides for PET and SPECT.

Radio- Usage
nuclide

Half-life

Gamma-ray Maximum
Mean range
energy (MeV) positron
of particle
energy (MeV) in tissue
(mm)

11

C
N
15
O
18
F
68
Ga
89
Zr
124
I

PET

20.3 min

-

0.97

1.1

13

PET

10 min

-

1.2

1.5

PET

2 min

-

1.7

2.5

PET

109.7 min

-

0.63

0.6

PET

68 min

-

1.9

2.9

PET

3.2 d

-

0.89

1

PET

4.2 d

0.60 (61 %)*

2.1

3.4

99m

SPECT

6.0 h

0.141

-

-

111

SPECT

2.8 d

0.172 and 0.245

-

-

SPECT

13.2 h

0.159

-

-

SPECT

8d

0.364

-

-

Tc
In
123
I
131
I

* Main gamma emission close to PET energy window (abundance).
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Figure 2. A schematic overview of (A) a Gamma camera / SPECT, (B) a PET camera
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Imaging of the bone matrix
Bone scintigraphy using 99mTc methylene diphosphonate (99mTc-MDP) is the
gold standard imaging modality used to detect bone metastases in prostate
cancer. This radiopharmaceutical is physiologically absorbed at the site of osteoblastic activity. In bone metastasis, there is a predominant upregulation of
osteoblasts, leading to the formation of characteristic sclerotic lesions. This
allows bone scintigraphy to have a greater sensitivity compared to X-ray, although it frequently requires additional imaging modalities for characterization. Limitations of this imaging agent include its ability to solely detect bone
metastases, lack of specificity, and inability to detect bone marrow lesions or
lesions with insufficient osteoblastic activity32. Detection of bone metastases
is also performed using 18F-sodium fluoride (Na18F) for PET.

Imaging of metabolism or proliferation
Cancer cells show significant differences compared to normal cells in terms
of uptake and use of nutrients. These differences can be imaged using radiolabeled analogs of glucose, choline, acetate, or amino acids.
A recognized hallmark of malignancy is augmented glucose metabolism.
The glucose analog 18F-fluorodeoxyglucose (18F-FDG), an imaging probe that
assesses the metabolic status of tumors, is the most commonly used PET radiotracer in clinical practice. However, in slow-growing prostate cancer, 18FFDG is not as efficient as in other tumors due to its low metabolic activity,
multifocal nature and high activity uptake in the bladder33. Consequently, PET
imaging using 18F-FDG has a limited role in the primary diagnosis and staging
of prostate cancer, especially in early, low volume forms of the disease.
Choline is an essential nutrient used in the synthesis of cell membranes
during cell proliferation. The uptake of 11C- or 18F-labeled choline by cancer
cells is primarily due to increased phospholipid synthesis and overexpression
of choline kinase induced by malignancy34. Choline-based tracers have
demonstrated the potential to detect prostate cancer in the early biochemical
recurrence stage, where conventional modalities are less useful35. However,
choline uptake is not specific to prostate cancer cells, and tracer accumulation
in inflammatory processes, benign tumors, or benign prostate hyperplasia can
lead to false positive results. Depending on lesion localization, the sensitivity
of choline-based imaging in prostate cancer can be as low as 45-65 %36.
Another metabolic tracer, 11C-acetate, has shown promising results in the
diagnosis of recurrent37 or metastatic prostate cancer38. As the only carbon
source for fatty acid and cholesterol synthesis, 11C-acetate accumulates in cancer cells due to the increased requirement for cell membrane lipids. However,
11
C-acetate uptake is not specific to prostate cancer cells, and this radiotracer
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cannot differentiate between cancer, hyperplasia or even normal prostate tissue39.
Amino acid transport is also upregulated in cancer cells due to increased
protein synthesis. Consequently, a variety of amino acid-based radiotracers
have been evaluated for prostate cancer imaging, either based on naturally occurring amino acids such as L-11C-methionine40 and L-1-11C-5-hydroxytryptophan41 or synthetic amino acids such as 18F-fluciclovine42.
Despite reports of improved diagnostic performance compared to conventional imaging, the diagnostic potential of metabolic radiotracers in prostate
cancer is limited by their lack of specificity.

Imaging of receptors and membrane proteins
Cell surface receptors that are overexpressed by tumor cells, in comparison to
normal tissues, have emerged as important targets in cancer research over the
past decades.

Androgen receptor
Androgens have been found to play a major role in the carcinogenesis of prostate cancer. The effects of androgens are exerted via androgen receptors (AR),
which are cytoplasmic molecules that translocate into the nucleus upon binding their ligands. Upregulation of AR has been reported in all stages of prostate cancer, and as previously mentioned, androgen deprivation therapy has a
very high initial response rate in metastatic prostate cancer. However, virtually all patients will relapse to a castration-resistant state. Recent evidence
supports the idea that upregulation of AR drives this transition towards castration resistance43. Therefore, imaging of AR status can be useful in therapy
planning. Several ligands have been developed to assess the AR status on a
whole-body scale, such as 18F-16β-fluoro-5α-dihydrotestosterone (18FFDHT). In a study of 20 patients with metastatic prostate cancer, 18F-FDHT
had a sensitivity of 63 %44. In a different study on castration-resistant prostate
cancer, 90 % of the lesions were detected by 18F-FDHT. The authors remarked
that quantification of AR status by 18F-FDHT may have potential as a prognostic biomarker in castration-resistant prostate cancer45. It should be noted
that binding of 18F-FDHT is affected by physiologic testosterone levels, ongoing antiandrogenic treatments and AR mutations that occur during prostate
cancer progression44,46.
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Prostate-specific membrane antigen
PSMA (also known as glutamate carboxypeptidase II or GCPII) is a transmembrane glycoprotein that catalyzes the hydrolysis of N-acetylaspartylglutamate to glutamate and N-acetylaspartate. PSMA is primarily expressed in
five normal tissues: prostate epithelium, proximal tubules in the kidneys, small
intestine, celiac ganglia and salivary glands. Although PSMA is overexpressed in all prostate cancers, its expression appears to be inversely related
to androgen levels, increasing in later stages of the disease47.
The first specific PSMA-targeting probe was the 111In-labeled monoclonal
antibody capromab pendetide (Prostascint). This FDA-approved antibody
binds to the intracellular domain of PSMA, which greatly limits its sensitivity48. Since then, several PSMA-targeting agents have been developed, such
as monoclonal antibodies targeting the extracellular PSMA domain49 and considerably smaller peptide-based targeting probes.
The first clinical breakthrough in the PET imaging of PSMA expression
was achieved in 2011 with the introduction of 68Ga-PSMA-1150. This lowmolecular-weight PSMA ligand has been investigated in all stages of prostate
cancer, demonstrating great clinical utility for both initial diagnosis and restaging of patients with biochemical recurrence. Other PSMA ligands include
68
Ga-PSMA-617, 68Ga-PSMA I&T, 18F-DCFPyL, 124I-MIP-1095, and 18FPSMA-100751,52,53,54.
Interestingly, despite its name, PSMA expression is not limited to prostate
cancer and has been found on the neovasculature of many other solid tumors,
such as thyroid, breast, colon, or renal cell carcinomas55,56,57,58. In addition to
its natural expression in normal tissues, PSMA is also expressed in some benign proliferative tissues, such as granulation tissue from heart valves, keloids,
pleura, and endometrium59,60. In recent years, several reports have described
high PSMA-mediated uptake of radiotracers in a variety of nonprostatic benign and malignant lesions61. Uptake of a radiotracer by these nonprostatic
lesions could erroneously be interpreted as lymph node or distant metastasis,
resulting in false positive findings.
As PSMA-based targeting agents are extensively evaluated in clinical settings, it is increasingly evident that these agents have a remarkable potential
for the diagnosis and treatment of prostate cancer. However, considering the
complexity of mechanisms driving prostate cancer development, it is unlikely
that PSMA targeting agents will be suitable for all clinical situations. In this
regard, the relatively low PSMA overexpression in the early stages of the disease and the documented PSMA expression in celiac ganglia62, which can easily be misinterpreted as metastatic lymph nodes, may indicate the necessity of
complementary molecular targets for oligometastatic prostate cancer. One
such target is gastrin-releasing peptide receptor (GRPR).

26

Gastrin-releasing peptide receptor
GRPR (also known as bombesin receptor subtype 2, BB2R) is a 384 amino
acid G-protein coupled receptor whose endogenous ligand is gastrin-releasing
peptide. This G-protein coupled receptor is characterized by seven transmembrane domains that cluster to form the ligand binding pocket. GRPR is a member of the mammalian bombesin receptor family, which also includes neuromedin B receptor (NMBR, BB1R), orphan bombesin receptor subtype 3
(BRS-3, BB3R), and bombesin receptor subtype 4 (BB4R). The first three receptors are present in mammalian cells, while BB4R is only found in amphibians. GRPR has a variety of physiologic functions, such as the release of gastrointestinal hormones, stimulation of smooth muscle contraction, and exocrine secretion in the pancreas, stomach, and colon. Furthermore, GRPR activation stimulates cell growth and proliferation63. In humans, GRPR is highly
expressed in the pancreas, although lower levels have also been detected in
the stomach, brain and adrenal glands.
Interestingly, aberrant GRPR expression has been found in several human
tumors, such as prostate, breast (in 62 % of cancers), colon (76–100 %), smallcell and non-small-cell lung carcinomas, gliomas, meningiomas, pancreatic
cancer (10–75 %), head and neck squamous cell carcinomas (100 %), renal
cancers (38 %), intestinal carcinoids (75 %), and neuroblastomas64,65.
In prostate cancer, GRPR overexpression was observed in primary prostate
cancer (63–100 %), lymph node metastases (86 %), and bone metastases (53
%)66,67. In contrast, GRPR has very limited expression in normal prostate tissues and benign prostate hyperplasia. The expression level of GRPR varies
depending on the stage of disease and is higher in lower-grade cancer and
smaller-sized tumors. The expression density declines in more advanced
stages of prostate cancer, suggesting that GRPR may be a biomarker for early
prostate carcinogenesis events66,68,69. Additionally, receptor expression appears to be influenced by androgen status, increasing with the administration
of androgens and decreasing with castration70. The correlation between GRPR
overexpression and tumor grade or stage is not yet clear. Nagasaki et al. reported a positive correlation with Gleason score71, while Beer et al. showed a
significant inverse correlation with Gleason score, PSA concentration, and tumor size69.
The high overexpression in the early stages of the disease makes GRPR an
attractive target for imaging and therapies directed against the oligometastatic
state of prostate cancer.
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Peptides for imaging and therapy
The identification and design of high-affinity binders for receptors and membrane proteins that are dysregulated in tumor cells is an area of intense research. Multiple ligands have been developed over the past decades for diagnostic imaging and receptor-targeted therapy, such as antibodies, scaffold proteins, polysaccharides, peptides and small molecules. A desirable targeting
probe is expected to have high binding affinity and specificity to the target,
good stability in vivo, suitable pharmacokinetics, and low immunogenicity
and toxicity.
As intrinsic signaling molecules for many physiological functions, peptides
have been designed by nature to have attractive attributes for imaging and
therapy. Compared to macromolecules, such as antibodies and proteins, peptides have several advantages. Their low molecular weight (generally approximately 1.5 kDa) implies low production costs, quick automated synthesis, fast
clearance from the blood and nontarget tissues, fast tumor penetration, low
toxicity and immunogenicity, ease of modification and well-established bioconjugation and radiolabeling strategies. Compared to small molecules, peptides have superior selectivity and specificity, generally have higher binding
affinity, well-defined mechanisms of action, minimal risk of drug-drug interaction and are more easily modified without drastically changing their binding
properties or biodistribution. However, peptides are often metabolically unstable due to extensive proteolysis in the blood, liver or kidneys72. Another
issue related to radiolabeled peptides is their high uptake and retention in the
kidneys, which is a concern for radionuclide therapy due to nephrotoxicity.
Consequently, synthetic strategies have been developed to address these challenges, and structural modification approaches are in place to improve their
metabolic stability, receptor selectivity and pharmacokinetics. Moreover, nephrotoxicity can be managed by structural modifications of the targeting probe
aimed at reducing kidney uptake and/or by infusion of Gelofusine or mixtures
of amino acids, such as lysine and arginine. These modifications will be further discussed in the section titled “Improving the pharmacokinetics of radiopeptides”.
Over the last two decades, many radiolabeled peptides have been evaluated
for tumor targeting, driven particularly by the success of somatostatin analogs.
The somatostatin agonist 111In-DTPA0-octreotide was the first registered radiopeptide, becoming the gold standard for the diagnosis and staging of somatostatin receptor-positive lesions such as neuroendocrine tumors, small-cell
lung cancer and breast cancer73. Other representative peptides evaluated for
radionuclide molecular imaging include bombesin and neuropeptide-Y analogs for prostate or breast cancers, Arg-Gly-Asp peptide for visualization of
neoangiogenesis, vasoactive intestinal peptide for imaging of brain and neuroendocrine tumors, and Exendin-4 for imaging of insulinoma74. Bombesin
analogs are the main focus of this thesis.
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Bombesin and bombesin-based peptide ligands
Bombesin (BN), a linear amidated tetradecapeptide, was initially isolated
from the skin of the European frog Bombina bombina in 1970. Three distinct
naturally occurring BN agonists were later identified with different potencies
for GRPR ([Leu13]BN, [Phe13]BN and [Ser3,Arg10,Phe13]BN or [SAP]BN)75.
Among them, [Leu13]BN has the highest affinity towards GRPR and the highest homology with gastrin-releasing peptide (GRP), the endogenous ligand of
GRPR (Table 2). [Leu13]BN shares the seven amino acids in the C-terminus
of GRP, which govern the agonistic activity of the peptide. Hence, BN binding
to GRPR triggers diverse physiologic effects in the CNS, GI tract, and lungs.
In the CNS, it regulates central homeostatic mechanisms such as blood sugar,
cardiac function, appetite and gastric acidity. In the GI tract, it stimulates the
secretion of hormones and the release of pancreatic exocrine enzymes. In the
lungs, BN stimulates lung cell growth76.
Many synthetic analogs of BN have been developed over the past decades
with the aim of achieving higher metabolic stability, improved selectivity and
binding affinity towards GRPR63. Previously investigated BN analogs can be
categorized into two different groups based on their structure. The first group
consists of truncated analogs with only the C-terminal portion of the peptide
retained (usually BN[7-14]). This C-terminal sequence is essential for receptor recognition and biologic function. Consequently, these shorter peptides retain binding specificity and affinity towards GRPR and can be chemically synthesized with lower costs and time. Moreover, the removal of N-terminal
amino acid residues was shown to increase in vivo stability and the biological
half-life, resulting in higher accumulation in GRPR-expressing tumors77. The
second group of BN analogs are the ones synthesized at full length. In these
analogs, amino acid residues have selectively been replaced to improve the
sensitivity and specificity of GRPR targeting.
BN analogs can be further classified into agonistic and antagonistic derivatives. The agonistic BN derivatives trigger internalization into the cell upon
binding to GRPR, while the antagonistic analogs do not exhibit this feature
and are largely confined to cell membrane receptors.
Table 2. Amino acid residue sequence of GRP and the three distinct, naturally occurring BN agonists.

GRP
[Leu13]BN
[Phe13]BN
[SAP]BN

VPLPAGGGTVLTKMYPRGNHWAVGHLM-NH2
EQRLGNQWAVGHLM-NH2
EQRLGNQWAVGHFM-NH2
EQSLGNQWARGHFM-NH2
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Bombesin analogs: agonists vs. antagonists
Historically, radiolabeled agonists have been the ligands of choice for tracer
development in nuclear medicine. The premise behind this approach was that
residualizing metals accumulate with higher efficiency in tumor cells when
internalization is rapid. The binding of an agonistic ligand to its receptor typically causes rapid internalization of the receptor-ligand complex, followed by
translocation into the lysosomal compartment and subsequent lysosomal degradation. Following proteolytic degradation in lysosomes, bulky and hydrophilic (e.g., charged) radiocatabolites are retained inside the cells before elimination by relatively slow externalization. Radiometal–chelator complexes
generally demonstrate this behavior and are commonly referred to as “residualizing” labels. Following this logic, peptides radiolabeled with residualizing
radiometals will lead to a high accumulation of activity in targeted tissue,
which is a prerequisite for optimal imaging and therapy. In contrast, antagonists do not trigger internalization upon binding and were initially considered
to be inferior for tumor targeting.
A major milestone in radiolabeled peptide development came with the important observation that high-affinity somatostatin receptor antagonists perform equally well or even better in terms of in vivo tumor uptake than the
corresponding agonists78. This also led to a paradigm shift in bombesin analog
development towards high-affinity antagonists, which were found to have superior tumor-targeting and pharmacokinetic properties compared to agonists79. Although the exact mode of action of GRPR-targeting antagonists has
not yet been fully elucidated, it was hypothesized that the superior tumor uptake is due to the ability of antagonists to recognize more native receptors than
agonists. For somatostatin receptor type 3, a 75-fold greater number of receptors was recognized by antagonists compared to agonists78. These findings are
consistent with the predictions of a G protein-coupled receptors model in
which agonists only bind to receptors associated with the G protein, whereas
antagonists are able to additionally recognize uncoupled receptors80. A similar
phenomenon was observed for the GRPR antagonist [111In]-RM1, which
showed a 3-fold higher Bmax compared to the potent GRPR agonist [111In]AMBA81. In addition to their superior tumor-targeting and pharmacokinetic
properties, bombesin-based antagonists should prevent the short-term adverse
effects associated with the use of GRPR agonists, including nausea, hot
flashes, sweating, abdominal cramps, and diarrhea. Moreover, agonists of the
bombesin family were shown to have mitogenic properties82. Downregulation
of GRPR signaling by using GRPR antagonists would be highly desirable and
has been shown to have indirect effects upon other intracellular signaling pathways with clinical importance in cancer therapy, such as the inhibition of
VEGF-dependent tumor angiogenesis and EGF-dependent tumor growth83.
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Extensive structure-function studies of BN analogs have been performed
and multiple strategies have been developed for BN receptor antagonist design. Typical strategies include manipulation of the amide function at the Cterminus84, chemical modification of a specific peptide bond within the peptide chain85, or manipulation of the amino acid residues at the C-terminus86.
Several promising BN antagonistic analogs have been developed using these
strategies.
By manipulating the C-terminal amide function, a potent GRPR antagonist
(D-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-NHEt) was obtained87. This analog
was coupled to different chelators, such as DOTA, leading to the new radiopharmaceutical 68Ga-DOTA-Sarabesin3, which exhibited encouraging results
in the first clinical study88.
Other additional classes of GRPR antagonists include the methyl ester
ARBA05 (DOTA-4-amino-1-carboxymethyl-piperidine-DPhe-Gln-Trp-AlaVal-Gly-His-Leu-OCH3) and the pseudopeptide RM7 (DOTA-4-amino-1-carboxymethyl-piperidine-DPhe-Gln-Trp-Ala-Val-Gly-His-Leuψ(CHOH-CH2)(CH2)2-CH3)89.
The statine-based JMV594 (DPhe-Gln-Trp-Ala-Val-Gly-His-Sta-LeuNH2) was originally developed by Llinares et al. and was found to have a
strong affinity for GRPR. This led to its subsequent use for the synthesis of
various tracers for imaging and therapy of prostate cancer90. JMV594-based
radiotracers were developed by adding different spacers and chelating moieties to the peptide sequence, such as glycine-4-aminobenzoyl and DOTA81,
PEG4 with DOTA, NODAGA, CB-TE2A, and N491, 4-amino-1-carboxymethyl-piperidine and DOTA92, PEG2, PEG3, PEG4, and PEG6 with NOTA93,94,
(βAla)2 with DOTA and NODA-MPAA95, H-4-amino-1-carboxymethyl-piperidine with NOTA or NODAGA96, or PEG2 and PEG3 with MeCOSar97.
The GRPR antagonist JMV594 (also known as RM26) has been used as the
GRPR targeting ligand in this thesis. It will be further referred to as RM26
throughout the thesis.
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Improving the pharmacokinetics of radiopeptides
BN-based radiotracers hold great promise for the detection of prostate cancer
at initial diagnosis and for the evaluation of oligometastatic disease and biochemical recurrence. However, molecular imaging of oligometastatic prostate
cancer is challenging, and very high sensitivity and specificity are required for
the imaging of small metastases. The ideal BN-based radiotracer should have
high binding affinity to GRPR, specific uptake and long retention in GRPRexpressing tumors, low uptake and rapid clearance from nontargeted tissues,
including excretory organs, and high stability and integrity in vivo. Towards
this goal, the following four distinct components of radiopeptides can be optimized: the targeting ligand, the spacer, the chelating moiety, and the radiometal (Figure 3).

Figure 3. Radiotracer structure

Influence of peptide structure
Peptide sequences can be engineered to improve serum stability and binding
affinity. Common strategies in peptide optimization include alanine scanning
for identifying the key residues for library selection, incorporation of unnatural or D-amino acids, altering the amide backbone, or cyclization of the peptide98.
In the case of the bombesin antagonist RM26, several modifications were
performed to the original truncated [Leu13]BN[7-14] sequence to improve the
stability and binding affinity towards GRPR. The substitution of Asn12 with
D-Phe resulted in an antagonistic analog that interacts only with the bombesin
receptor99. Llinares et al. showed that the presence of a hydroxyl group in position 13 (a statyl residue) is important for the interaction with GRPR, having
a positive effect on binding affinity90. Additionally, the readily oxidized Met14
was replaced by a Leu14 residue100 (Figure 4).
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Figure 4. Amino acid sequence of [Leu13]BN and RM26.

Influence of spacers
The use of a spacer is necessary since direct coupling of the chelating moiety
to the N-terminal of truncated BN ligands decreases receptor binding affinity101. Incorporation of a spacer should prevent the radiometal-chelator complex from interfering with the binding site of the ligand by introducing some
distance between the two. Hoffman et al. reported that the absence of a spacer
between the chelator DOTA and BN analog BN[7–14] resulted in a 100-fold
reduced binding affinity towards GRPR compared to the same construct containing an 8-carbon aliphatic spacer102. The authors also remarked that the
length and composition of the spacers could be manipulated to improve targeting and biodistribution. In the same study, an increase in the hydrophobicity of the linker resulted in a significantly higher liver uptake102. Hydrophobic
molecules tend to be eliminated via hepatobiliary excretion, resulting in undesirable background noise in the abdominal area. Therefore, a more hydrophilic
spacer can be used to increase the overall hydrophilicity of the radiopeptide.
A significant impact of polar spacers on the biodistribution profile was previously reported for several bombesin analogs103,104. Schweinsberg et al. reported that, by introducing a hydrophilic carbohydrate into the spacer sequence of 99mTc-labeled BN analogs, the accumulation of activity in the liver
was significantly reduced105. Moreover, some spacers, such as the hydrophilic
polyethylene glycol (PEG), were shown to reduce immunogenicity and rapid
enzymatic degradation of the proteins106.

Influence of chelator-radionuclide complex
Chelators are required in order to be able to label targeting probes with radiometals. The chelator will form a complex with the metal atom/ion through
dative bonds. The formation of radionuclide-chelator complexes is a reversible process, and the complex stability is measured using the dissociation constant KD. Kinetic inertness also plays an important role; more inert chelates
will form complexes that have slower dissociation and association rates. As a
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result, these complexes are generally more stable in vivo, but the labeling procedure often requires harsher conditions. The in vivo stability of the radionuclide-chelator complex is very important since naturally existing chelators in
the blood, such as transferrin or metal binding enzymes, exist in considerably
higher concentrations compared to the radiolabeled peptide. If the radionuclide-chelator complex is not stable, the radiometal will dissociate from the
chelator and bind to these naturally existing chelators in the blood instead.
This will increase background radiation during imaging and reduce the signalto-noise ratio.
Acyclic and cyclic polyaminopolycarboxylate chelators have been extensively used as chelators for labeling peptides with radiometals. Although both
acyclic and cyclic chelators form thermodynamically stable complexes with
trivalent and bivalent radiometals, they differ in their kinetic inertness. Due to
their conformation, macrocyclic chelators (e.g., NOTA, NODAGA, DOTA
and DOTAGA) (Figure 5) are more kinetically inert and less prone to dissociation in vivo compared to acyclic chelators.

Figure 5. Schematic overview of macrocyclic chelators NOTA, NODAGA, DOTA and
DOTAGA. The chelators are shown conjugated to a peptide via one of the carboxyl
groups.

In addition to their primary role in stably complexing with radiometals, chelators may also serve as pharmacokinetic modifiers. This is particularly true
for small ligands such as radiopeptides, where small structural modifications
can significantly affect targeting properties and biodistribution profiles. The
choice of chelators has been widely investigated for somatostatin analogs. For
example, Reubi et al. showed that coupling of DOTA to the antagonistic somatostatin analog Cpa-D-Cys-Asn-Phe-Phe-DTrp-Lys-Thr-Phe-Thr-Cys2Nal-NH2 converted it to a full agonist107. Lin et al. showed that an increase
in the number of carboxylates on a triazacyclononane-based chelator resulted
in a decrease in receptor binding affinity and internalization of 68Ga-labeled
[Tyr3]octreotide conjugates and thereby an unfavorable biodistribution profile108. Chelators were also shown to have a pronounced effect on the binding

34

affinity of bombesin analogs. The presence of a positive charge at the N-terminus of the GRPR antagonist natGa-NOTA-MJ9 was shown to improve binding affinity, whereas the negatively charged natCu-NODAGA-MJ9 had a 10fold lower affinity96. These data suggest that it is possible to improve imaging
contrast by selecting an optimal chelator for a particular nuclide.

Coinjection of phosphoramidon and/or amino acids
One of the major limitations in the use of radiopeptides for imaging and radiotherapy is their proteolytic instability. After intravenous injection into living
organisms, radiopeptide integrity is challenged immediately upon entry into
the circulation by proteolytic enzymes. The delivery of intact radiopeptides to
the receptor target is essential for their successful application as theranostic
probes. Therefore, strategies aimed at improving the stability of radiopeptides
in circulation and during transit through major organs are highly important.
As previously mentioned, several approaches are in place to improve the stability of radiopeptides, such as structural modifications of peptide sequences
or the use of linking groups such as PEG spacers. An additional approach involves coinjection of enzyme inhibitors. One of the key proteolytic enzymes
is neutral endopeptidase (NEP)109. NEP is abundantly expressed in vasculature
walls, major organs, and tissues and was found to be responsible for the catalytic inactivation of many neuropeptides, including somatostatin-, gastrin-,
and bombesin-like peptides110. Coinjection of phosphoramidon (PA), an NEP
inhibitor, together with radiopeptides was shown to improve stability in circulation, resulting in a remarkable amplification of radiopeptide uptake in a
variety of tumor xenografts due to decreased degradation of the radiopeptide110.
High uptake and retention in the kidneys are also major constraints in the
use of radiopeptides for peptide receptor radionuclide therapy (PRRT). The
risk of nephrotoxicity urged the development of strategies to reduce the absorbed radiation dose in kidneys. Reduced kidney uptake would allow for a
higher tumor absorbed dose without harmful effects on the kidneys. Promising
strategies include coinfusion with positively charged amino acids lysine and
arginine, which prevents renal reabsorption of radiopeptides111. This approach
is commonly used in clinics during somatostatin analog-based PRRT and was
shown to reduce renal uptake of activity by approximately 40 %112. However,
for bombesin analogs, coinfusion of lysine was inefficient in reducing kidney
uptake, indicating a different kidney uptake mechanism113. Another promising
approach is the use of Gelofusine, a plasma expander, which was shown to
reduce the retention of 111In-DTPA-octreotide114. For bombesin analogs, this
strategy was effective in reducing kidney uptake, although to a lesser extent
than for somatostatin analogs113. An additional strategy for reducing kidney
uptake involves the coinjection of fragments of the megalin ligand albumin115.
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Peptide receptor radionuclide therapy (PRRT)
PRRT is a targeted therapeutic strategy that uses radiolabeled peptides that
recognize specific cellular receptors. The overexpression of targeted receptors
in tumors allows the accumulation of cytotoxic radiolabeled compounds directly in the tumor. The systemic administration of activity allows for targeting of disease that has spread throughout the body, while limiting radiation
exposure to healthy tissues, an advantage over external beam radiotherapy or
brachytherapy. Additionally, another advantage of using ionizing radiation
over other therapies is the ability to hit tumor cells that do not express the
targeted receptor due to the crossfire effect. This is especially important in
prostate cancer due to its highly heterogeneous nature.
The attractiveness of peptides as targeting vectors was previously discussed. Briefly, peptides are characterized by high specificity and high binding affinity towards the receptors of interest, and their small size facilitates
rapid penetration in target tissue and rapid clearance from blood and normal
tissues, which generally leads to high target-to-background ratios. The first
major limitation of peptides for the purpose of PRRT is their susceptibility to
degradation before reaching the target. This may result in insufficient accumulation of activity in radioresistant solid tumors and high whole-body irradiation. The second major limitation is their high kidney uptake and retention,
which is a concern because of the potential renal damage.
An important factor in increasing the therapeutic efficacy of PRRT resides
in the selection of the appropriate radionuclide. This is based on a number of
considerations. First, the type of emission should depend on the size of the
tumor to be treated. An α-particle has high linear energy transfer (LET) but
very low tissue penetration and would be suitable for the treatment of smaller
tumor burdens, such as micrometastases. Moreover, α-emitting radionuclides
generally have a more challenging chelation and linking chemistry, especially
multiple decay pathway radionuclides. Promising α-emitting radionuclides for
PRRT include 225Ac (t½=10 d) and 213Bi (t½=46 min).
The use of β-particle-emitting radionuclides is more common, dominating
the field of targeted radionuclide therapy. This is due to the longer range of
these particles through tissues that offsets the heterogeneous expression of the
molecular target and the possibility of using widely available macrocyclic bifunctional chelators. Commonly used β-particle-emitting radionuclides include 177Lu (t½=6.7 d) and 90Y (t½=2.67 d). Actively investigated β-particleemitting radionuclides also include 67Cu (t½=2.6 d), 47Sc (t½=3.4 d), and 161Tb
(t½=6.9 d).
Other types of emissions that can be used for radionuclide therapy include
Auger and Coster-Kronig electrons. The physical half-life of the radionuclides
is also highly important and should be matched with the in vivo pharmacoki-
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netics of the radiopeptide. Moreover, achieving high specific activity (SA) radionuclidic preparations is essential, and the presence of imageable γ-photons
is highly desirable.
The successful introduction of somatostatin analogs for PPRT in neuroendocrine tumors116 has paved the way for bombesin analogs targeting GRPRs.

Previous investigations
We previously evaluated the GRPR antagonist RM26 conjugated to the chelator NOTA via a diethylene glycol (PEG2) spacer (NOTA-PEG2-RM26).
This construct was initially labeled with 68Ga, 111In and Al18F, showing favorable pharmacokinetic properties93,117. The high affinity towards GRPR indicated that no further modifications of the peptide sequence were required117.
Nevertheless, as previously mentioned in this thesis, several other parameters
could be employed to improve the targeting and biodistribution properties of
radiopeptides. Such parameters include the overall and local distribution of
charge and lipophilic patches and can be tuned by modifications to the spacers,
chelating moieties and radionuclides.
In an attempt to improve the biodistribution profile for possible clinical use,
we have recently explored the effect of PEG spacer length. For this purpose,
a series of analogs have been synthesized with different PEG spacer lengths
(NOTA-PEGn-RM26, n = 2, 3, 4, 6). The rationale was that the increase in
PEG length might significantly reduce the hepatic uptake and/or hepatobiliary
excretion of the radiotracers. However, the effects of the length of the PEG
spacers as hydrophilicity modifiers were shown to be minor94.
Chelators are also potent pharmacokinetic modifiers. The choice of chelator may have a significant influence on the overall and local charge, lipophilicity and preferred conformation of the radiopeptide. They can influence specific interactions (e.g., affinity, internalization rate and specificity) and offtarget interactions (e.g., binding to blood proteins and interaction with scavenger receptors in excretory organs). Consequently, biodistribution and targeting properties may be substantially affected, as has been shown for a number of short peptides.
In the first part of this thesis, we evaluated the effect of macrocyclic chelators on the biodistribution of 68Ga- and 111In-labeled X-PEG2-RM26
(X=NOTA, NODAGA, DOTA, DOTAGA) (Figure 6).
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Figure 6. Schematic overview of the structures of four different chelators: NOTA,
NODAGA, DOTA and DOTAGA, coupled to peptide RM26 via a PEG2 spacer.
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Specific aims of this thesis

•

•

•

To optimize the potent bombesin antagonist RM26 for high contrast
PET and SPECT imaging of GRPR expression in prostate cancer by:
-Studying the effect of different macrocyclic chelators on the
targeting properties and biodistribution of RM26 and identifying the most suitable chelator for 68Ga- (PET) and 111In(SPECT) labeling (Papers I and II) (Figure 6).
-Evaluating the potential of 55Co-labeled RM26 for next-day
PET imaging of GRPR expression (Paper III).
To explore the potential of 177Lu-labeled PEG2-RM26 for GRPR-targeted PRRT in prostate cancer and to investigate the effect of cotreatment with anti-HER2 antibody trastuzumab on therapeutic outcome
(Paper IV).
To develop a bispecific heterodimer targeting both PSMA and GRPR
in prostate cancer (Paper V).

39

Paper I

The effect of macrocyclic chelators on the targeting properties of the 68Ga-labeled gastrin-releasing peptide receptor antagonist PEG2-RM26
Background and aim
Evaluating the nodal status and staging of lymph nodes is essential for the
prognosis and treatment of prostate cancer patients. Conventional imaging
modalities, such as US, CT and MRI, rely on size criteria and often fail to
differentiate between benign and malignant lymph nodes. Molecular imaging
of GRPR expression using BN analogs can provide unprecedented opportunities in the detection and localization of lymph node metastases. However, the
highest possible contrast is required to visualize the smallest possible metastases. Many structure-related parameters control the sensitivity and general
behavior of radiopharmaceuticals in a biological system. Such parameters include modifications of the peptide sequence, linker or chelating moieties.
In an attempt to optimize the biodistribution profile for possible clinical
use, different chelating agents have been explored. One major requirement for
a chelator is the absence of in vivo radionuclide release. Therefore, the macrocyclic chelators NOTA, NODAGA, DOTA and DOTAGA were used due
to their kinetic inertness (i.e., their very slow dissociation rate) when complexing with metals118. It is important to consider that chelators may modify not
only the overall charge but also the local charge, the lipophilicity and the preferred conformation of a radiopeptide. Therefore, they can influence both specific and off-target interactions. For example, it has been reported that the increased number of carboxyl groups on triaza chelators influenced the receptor
binding affinity and internalization of 68Ga-labeled [Tyr3]octreotide108.
NODAGA-conjugated somatostatin analogs showed favorable biodistribution
in comparison with conjugates containing other macrocyclic chelators119.
Clear differences in the targeting properties of arginylglycylaspartic acid
(RGD) peptides were observed upon labeling with 111In using acyclic and
macrocyclic chelators120 and after labeling with 68Ga and 64Cu using macrocyclic chelators121.
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We hypothesized in this study that the use of different macrocyclic chelators
(NOTA, NODAGA, DOTA and DOTAGA) for labeling PEG2-RM26 with
68
Ga could modify the biodistribution of labeled conjugates and that a comparative study would enable the selection of a conjugate with optimal imaging
properties.
Results and discussion
The use of different macrocyclic chelators for labeling RM26 with 68Ga had a
significant influence on the targeting properties of the radioconjugates. The
binding affinity of the tracers was correlated with the overall charge of the
radionuclide-chelator complexes. The charges of the chelator complexes with
gallium when chelators were conjugated to the peptide were +1 for NOTA, 0
for NODAGA and DOTA and -1 for DOTAGA. The positive charge at the Nterminus of natGa-NOTA-PEG2-RM26 resulted in the lowest IC50 value, corresponding to the highest affinity (2.3 ± 0.2 nM). A lower binding affinity was
observed for the neutral NODAGA and DOTA complexes (3.0 ± 0.3, 2.9 ±
0.3 nM, respectively). Finally, negatively charged natGa-DOTAGA-PEG2RM26 had the highest IC50 value (10.0 ± 0.6 nM) (Figure 7). These findings
are in good agreement with previously published data that indicate that BN
analogs with positive charges at their N-termini exhibit higher affinities for
GRPR, while negative charges decrease the affinity91,96,117.

Figure 7. Inhibition of 125I-Tyr4-BBN binding to PC-3 cells with natGa-X-PEG2-RM26
(X = NOTA, NODAGA, DOTA and DOTAGA). Data are presented as the mean value
of three dishes ± SD.
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The internalization by PC-3 cells was low for NOTA-, NODAGA- and
DOTAGA-conjugated peptides, with less than 15 % internalized activity after
4 h incubation. The internalization rate of 68Ga-DOTA-PEG2-RM26 was twice
as high as for the other conjugates.
The biodistribution of the conjugates was significantly influenced by the
nature of the chelating moiety. 68Ga-NOTA-PEG2-RM26 had a lower activity
uptake in normal organs (lung, muscle and bone) compared to the other conjugates (Figure 8A). The better affinity of the NOTA-containing construct was
reflected in a higher tumor uptake (5.40 ± 1.04 %ID/g at 2 h p.i.) and resulted
in the best tumor-to-nontumor ratios among the tested analogs (Figure 8B).
The pancreatic uptake at 1 h p.i. correlated well with the tumor uptake in this
study. The positive charge at the N-terminus of the 68Ga-NOTA analog was
also associated with a low uptake of activity in the kidneys in comparison with
the other studied constructs. However, liver uptake was independent of local
charge.

Figure 8. (A) Biodistribution of 68Ga-X-PEG2-RM26 (X = NOTA, NODAGA, DOTA
and DOTAGA) in PC-3–xenografted BALB/c nu/nu mice at 2 h p.i. Data are presented
as the mean percentage of the injected dose per gram of tissue (%ID/g) ± SD, n=4.
(B) Tumor-to-organ ratios at 2 h p.i.

In conclusion, this study clearly demonstrated that the in vitro and in vivo
properties of 68Ga-labeled BN antagonist RM26 are strongly influenced
by the chelator moiety. The N-terminal positive charge of 68Ga-NOTAPEG2-RM26 was correlated with a low activity uptake in the kidneys and
a high affinity to GRPR. 68Ga-NOTA-PEG2-RM26 provided the best tumor-to-organ ratios and was the preferable candidate for further development of an agent for same day imaging of GRPR-expressing tumors using
PET.
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Paper II

Selection of the optimal chelator improves the contrast of
GRPR imaging using bombesin analog RM26
Background and aim
Previous findings demonstrated that the use of different macrocyclic chelators
for labeling RM26 with 68Ga had a pronounced effect on the biodistribution
profile, appreciably altering the blood clearance rate, tumor uptake and kidney
retention of activity.
Considering that SPECT is much more available and widely used than PET,
accounting for over 75 % of all nuclear imaging procedures, the development
of SPECT tracers remains relevant. Therefore, the current study aimed to identify an optimal construct for SPECT imaging of GRPR expression. Different
radionuclides can also impact the behavior of radiopharmaceuticals, and the
influence of radionuclides is intimately connected to the chelator moiety. Factors such as chelator denticity, the coordination number of the metal ion, radionuclide-chelator complex geometry, oxidation state of the metal ion, and the
rate of complex formation and dissociation need to be considered in the design
of a radioactive probe122. Consequently, a secondary goal of the study was to
further explore this multitude of factors that can dramatically influence the
pharmacokinetics of targeting vectors.
For this purpose, 111In has several advantages. First, the longer half-life (2.8
d) permits long experiments that are required for accurate determination of
affinity, cellular processing and following the biodistribution profile of the
conjugates at later time points. Second, 111In has an identical oxidation state
(+III) as the previously studied 68Ga but is different in size, having a larger
ionic radius (0.92 Å) compared to that of gallium (0.65 Å). The coordination
numbers of these metals are also different (6 for 68Ga and 8 for 111In).
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Results and discussion
All analogs (X-PEG2-RM26; X=NOTA, NODAGA, DOTA and DOTAGA)
were successfully radiolabeled with 111In, with yields exceeding 97 % and retained binding specificity to GRPR. The constructs were stable under EDTA
challenge. Cellular processing was characterized by rapid binding and slow
internalization for all compounds.
As previously observed for the 68Ga-labeled analogs, the net charge of the
radionuclide-chelator complex influenced the binding affinity. The presence
of a positive charge at the N-terminus had a positive effect on binding affinity
in the case of 111In-NOTA-PEG2-RM26 (2.6±0.1 nM), while a negative charge
(111In-DOTAGA-PEG2-RM26) resulted in a lower affinity (4.8±0.5 nM) (Figure 9). The kinetic binding studies showed KD values in the picomolar range
that followed the same pattern as the IC50 data, confirming the favorable influence of an N-terminal positive charge on the binding affinity of the peptides.

Figure 9. Inhibition of 125I-Tyr4-BBN binding to PC-3 cells with natIn-X-PEG2-RM26
(X = NOTA, NODAGA, DOTA and DOTAGA). Data are presented as the mean value
of three dishes ± SD.

The geometry of the radionuclide-chelator complex appeared to have an even
more pronounced effect on the biodistribution profile, accounting for the 4 h
p.i. superiority of the tetraza chelators for 111In-labeled radioconjugates. 111InNOTA-PEG2-RM26, with a positively charged complex, showed the highest
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initial uptake and the slowest clearance of activity from the liver (Figure 10).
At the later time point of 24 h, tumor-associated activity dropped by 40 % for
the DOTAGA conjugate and by 60 % for the DOTA conjugate compared to
the 25-30 % decrease observed for the NOTA- and NODAGA-containing variants (Figure 10).

Figure 10. Biodistribution of 111In-X-PEG2-RM26 (X = NOTA, NODAGA, DOTA and
DOTAGA) in PC-3–xenografted BALB/c nu/nu mice at (A) 4 h and (C) 24 h p.i. Tumor-to-organ ratios of 111In-X-PEG2-RM26 (X = NOTA, NODAGA, DOTA and DOTAGA) in PC-3–xenografted BALB/c nu/nu mice at (B) 4 and (D) 24 h p.i.

SPECT/CT images confirmed the capacity of all radioprobes to clearly visualize GRPR expression (Figure 11). The higher uptake of NOTA and
NODAGA at 4 h p.i. in GRPR-positive organs in the abdomen was clearly
visualized. The significantly higher tumor-to-kidney ratios obtained at 4 h p.i.
for the DOTA analog resulted in superior images, where only tumor uptake
was visualized. At 24 h p.i., signals from tumors in all studied conjugates were
dominant, while traces of activity accumulation were visible in the kidneys.
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Figure 11. SPECT coronal MIP images showing tracer distribution in PC-3–xenografted BALB/c nu/nu mice. The animals used for SPECT camera imaging were injected with 45 pmol of 111In-X-PEG2-RM26, (X=NOTA, NODAGA, DOTA and DOTAGA) (300 kBq) and euthanized at (A) 4 h and (B) 24 h p.i. K – kidneys, L – liver, GI
– gastrointestinal tract, T – tumor.

In conclusion, despite the significant differences in tumor-to-nontumor ratios,
all conjugates provided high contrast SPECT images of GRPR-expressing tumors at 24 h p.i. This is due to efficient clearance of activity from normal
organs together with a significantly slower release from the tumors. Nonetheless, taking into account the requirement of a high tumor-to-nontumor ratio
for clear detection of small lesions, we should note that the NODAGA conjugate demonstrated a superior biodistribution profile at the later time point of
24 h p.i., with the highest contrast to blood and anatomically relevant organs
for prostate cancer, such as muscle and bones.
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Paper III

High contrast PET imaging of GRPR expression in prostate cancer using cobalt-labeled bombesin antagonist
RM26
Background and aim
An interesting finding from our previous study was that tumor-to-background
ratios of 111In-labeled PEG2-RM26 increased significantly over time up to 24
h after injection due to the long retention in tumors in combination with the
fast clearance from the blood and GRPR-expressing organs. These data indicate that a long-lived PET radionuclide may provide superior imaging contrast
compared to the previously evaluated short-lived 68Ga (t½= 68 min).
In a recent head-to-head evaluation of 55Co- and 68Ga-labeled GRPR agonist NOTA-AMBA, 55Co-labeled analogs provided superior imaging contrast
compared to their 68Ga-labeled counterpart because of the possibility of performing imaging at 24 h p.i. However, in this study, both 68Ga- and 55/57Colabeled NOTA-AMBA had prolonged retention in GRPR-expressing tissues,
typical for agonists123. This issue might be solved by the use of a high-affinity
GRPR antagonist.
For next-day imaging, a positron-emitting radiometal with a half-life of 1020 h would be optimal. Possible PET radionuclides for such purposes include
64
Cu (t½ = 12.7 h), 86Y (t½ = 14.7 h), and 55Co (t½ = 17.5 h). Among them,
55
Co (76 % +) has a higher positron abundance compared to 64Cu and a better
ratio between annihilation photons and coemitted gammas compared to 86Y,
providing better image quality124. The 17.5 h half-life of 55Co not only allows
for delayed imaging investigations but also enables shipment to stand-alone
PET scanners.
The goal of this study was to evaluate the tumor targeting properties of the
GRPR antagonist NOTA-PEG2-RM26 labeled with 55Co.
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Results and discussion
Co was evaluated as a surrogate for 55Co in vitro and in vivo. Labeling of
NOTA-PEG2-RM26 with radiocobalt was successful, with yields exceeding
99 % for 57Co and 98 % for 55Co. 57Co-NOTA-PEG2-RM26 demonstrated high
stability and retained binding specificity to GRPR. Interestingly, a very low
internalized fraction was observed for 57Co-NOTA-PEG2-RM26, reaching
only 12 % of cell-associated activity after 24 h incubation (Figure 12). Although a low internalized fraction is expected from antagonists, the internalization was threefold lower compared to the same radioconjugate labeled with
111
In (Paper II) and might reflect lower residualizing properties of cobaltNOTA-containing radiocatabolites.
57

Figure 12. Binding and internalization of 57Co-NOTA-PEG2-RM26 at 37ºC by PC-3
cells. Data are normalized to the maximum cell-bound activity and presented as the
average value from 3 cell dishes ± SD.

The IC50 values of the peptide loaded with cobalt were two-fold higher compared to the indium-loaded counterpart (5.5 ± 0.4 nM vs 2.5 ± 0.1 nM) (Figure
13). These findings are in good agreement with the previous results (Papers I
and II), confirming the substantial influence of the N-terminus charge on binding affinity. Real-time measurements of 57Co-NOTA-PEG2-RM26 binding affinity to GRPR-expressing PC-3 cells revealed KD values in the low picomolar
range (22 ± 10 pM).
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Figure 13. Inhibition of 125I-Tyr4-BBN binding to PC-3 cells with natCo-NOTA-PEG2RM26 and natIn-NOTA-PEG2-RM26. Data are presented as the mean values of three
dishes ± SD.

In vivo, 55/57Co-labeled peptide was characterized by a very favorable biodistribution with a very fast clearance from the blood and normal organs and
good retention in tumors. This resulted in remarkably high tumor-to-organ ratios at 3 h p.i. (Figure 14A). The tumor-to-blood ratio for 55/57Co-NOTAPEG2-RM26 at the 3 h time point was 2-fold higher than the 111In counterpart
and 4-fold higher compared to 68Ga-labeled analogs. Moreover, exceptionally
high tumor-to-blood, tumor-to-pancreas, tumor-to-stomach, and tumor-tokidney ratios were achieved at the later time point of 24 h p.i., indicating a
significant potential of 55Co-NOTA-PEG2-RM26 for high contrast PET imaging of GRPR-expressing tumors (Figure 14B).
The favorable biodistribution of cobalt-labeled NOTA-PEG2-RM26 translated into high contrast preclinical PET/CT (using 55Co) and SPECT/CT (using 57Co) images of PC-3 xenografts (Figure 15).
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Figure 14. (A) Biodistribution of 57Co-NOTA- PEG2-RM26 in male NOD-SCID mice
bearing PC-3 xenografts at 3 and 24 h p.i. (total injected mass of 16.8 ± 3.6 pmol).
(B) Tumor-to-organ ratios of 57Co-NOTA-PEG2-RM26 in NOD-SCID mice with subcutaneous PC-3 xenografts. Data are presented as the average value and standard
deviation for three mice.

Figure 15. Coronal MIP preclinical (A) PET/CT and (B) SPECT/CT showing tracer
distribution in PC-3–xenografted mice. (A) The animals used for PET/CT scans were
injected with 180 pmol of 55Co-NOTA-PEG2-RM26 (approx. 3 MBq) and scanned at
3 h and 24 h p.i. (B) The animals used for SPECT/CT scans were injected with 45
pmol of 57Co-NOTA-PEG2-RM26 (300 kBq) and scanned at 3 h and 24 h p.i. K –
kidneys, UB – urinary bladder, T – tumor.

In conclusion, we have developed a peptide-based targeting agent labeled
with 55Co (55Co-NOTA-PEG2-RM26) for next-day high contrast PET imaging of GRPR expressing tumors. Additionally, we have demonstrated that
long lived 57Co can be used as a surrogate for 55Co in preclinical studies.
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Paper IV

Trastuzumab cotreatment improves survival of mice with
PC-3 prostate cancer xenografts treated with the GRPR
antagonist 177Lu-DOTAGA-PEG2-RM26
Background and aim
Previously, we observed that an optimal chelator-radionuclide pair resulted in
exceptionally high tumor-to-organ ratios for the GRPR antagonist X-PEG2RM26 (X= NOTA, NODAGA, DOTA, DOTAGA). This discovery indicates
that the radiotracer can be exploited for PRRT against GRPR using a therapeutic radiometal such as 177Lu. The potential of GRPR-targeted PRRT for
treating disseminated prostate cancer was previously described in the Introduction. Considering the significant impact of chelating moieties observed in
previous studies, a systematic search for the most suitable chelator for 177Lu
was expected to help optimize the final radioligand profile and would be desirable prior to the therapy study.
In addition to the great potential of GRPR-targeted PRRT, the opportunity
to improve the therapeutic index via combination therapies, for example by
concomitantly applied regimens suppressing radioresistance, cannot be disregarded.
The epidermal growth factor (EGF) family plays important roles in regulating cell proliferation, survival and differentiation, acting through ErbB or
HER receptors, including EGFR (HER1 or ErB-1), HER2/neu (ErbB-2),
HER3 (ErbB-3) and HER4 (ErbB-4). Most notably, HER-2/neu was shown to
be overexpressed and to have an important role in the development of castration-resistant prostate cancer125,126. In a recent study, Andersson et al. showed
that HER-2/neu expression in androgen-independent prostate cancer PC-3
cells increased significantly after external irradiation, leading to resistance to
therapy127. The subsequent postirradiation treatment with the anti-HER-2/neu
monoclonal antibody trastuzumab resulted in a 2-fold decrease in PC-3 cell
survival. These in vitro results indicate that the inhibition of this pro-survival
signaling pathway could amplify the tumor response.
The aim of this study was to determine the effect of treatment with 177Lulabeled PEG2-RM26 alone or in combination with the anti-HER2 antibody
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trastuzumab in a murine model. Prior to the study, we investigated the influence of chelators on the in vitro and in vivo properties of 177Lu-labeled PEG2RM26 to identify the most suitable construct for therapy. Additionally, the
influence of coadministration of phosphoramidon and gelofusine was studied
in vivo prior to therapy.
Results and discussion
All conjugates were successfully labeled with 177Lu with high yields at a molar
activity of 1.5 MBq/nmol. The pronounced release of 177Lu observed for 177LuNOTA-PEG2-RM26 indicated poor radiometal-chelate complex stability for
this analog. For therapy, DOTAGA-PEG2-RM26 was labeled with 177Lu with
labeling yields exceeding 99.5 % at a maximum molar activity of 450
MBq/nmol. The radiopeptides retained binding specificity to GRPR, and their
cellular processing was characterized by low levels of internalized activity.
The binding kinetics studies revealed subnanomolar KD values for all analogs.
Due to poor stability, NOTA-PEG2-RM26 was excluded from further in vivo
evaluation.
An in vivo metabolic stability assay revealed a significant increase in intact
peptide for 177Lu-labeled NODAGA, DOTA, and DOTAGA analogs upon
coinjection of phosphoramidon. The best overall stability to endopeptidases
was observed for 177Lu-DOTAGA-PEG2-RM26.
The comparative biodistribution study of 177Lu-X-PEG2-RM26 (X=
NODAGA, DOTA, DOTAGA) in PC-3–xenografted mice revealed a significantly higher tumor uptake for DOTA and DOTAGA-containing conjugates
(10±2 %ID/g) compared to the NODAGA conjugate (6.9±0.9 %ID/g), exceeding the uptake in all normal organs, including excretory organs (Figure
16A,B). The superior biodistribution profile and higher stability prompted the
choice of 177Lu-DOTAGA-PEG2-RM26 for therapy.

52

Figure 16. (A, B) Biodistribution of 177Lu-X-PEG2-RM26 (X =NODAGA, DOTA and
DOTAGA) in PC-3–xenografted BALB/c nu/nu mice at 1 h and 24 h p.i., respectively
(50 pmol, 88 kBq /animal; mouse weight 15±1 g; tumor weight 0.7±0.2 g) (C) Influence of coadministration of PA on the biodistribution of 177Lu-DOTAGA-PEG2-RM26
in PC-3–xenografted BALB/c nu/nu mice at 1 h p.i. (mouse weight 16±2 g; tumor
weight 0.17±0.05 g). (D) Tumor-to-normal-tissue ratios at 1 h p.i.

Coinjection of PA increased the activity uptake of 177Lu-DOTAGA-PEG2RM26 in tumors from 12±3 to 19±2 %ID/g at 1 h p.i. (Figure 16C, D).
A pronounced blocking effect was observed in tumors and in GRPR-expressing organs with the increase in injected peptide dose at 1 h p.i. Activity
uptake in tumors decreased from 19±2 %ID/g for 50 pmol to 6±1 %ID/g for
750 pmol. Autoradiography indicated that tumor penetration was insufficient
for the 50 pmol injected dose, but the activity distribution was homogeneous
after injection of 100-250 pmol (Figure 17).
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Figure 17. (A) Comparative biodistribution of different injected peptide doses (80 kBq
in 50, 100, 250, 500 and 750 pmol/animal) of 177Lu-DOTAGA-PEG2-RM26 in BALB/c
nu/nu in mice bearing PC-3 tumors at 1 h p.i. (mouse weight 17±2 g; tumor weight
0.19±0.06 g). (B) Tumor-to-normal-tissue ratios at 1 h p.i. (50, 100, 250, 500 and 750
pmol/animal). (C) Ex-vivo GRPR autoradiography of tumor slices of mice bearing
PC-3 tumors after the injection of 177Lu-DOTAGA-PEG2-RM26 (80 kBq in 50, 100,
250, 500 and 750 pmol) at 1 h p.i. (D) Uptake of activity in tumor and kidneys as a
function of injected peptide dose.

Biodistribution of 177Lu-DOTAGA-PEG2-RM26 over time showed a rapid activity washout from all tested tissues except for kidneys and tumors (Figure
18). The estimated absorbed radiation dose per treatment cycle (200 pmol/60
MBq) was ~11 Gy to the tumor and ~5 Gy to the kidneys.
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Figure 18. (A) Biodistribution of 177Lu-DOTAGA-PEG2-RM26 (80 kBq, 100 pmol/animal) over time (0.5, 1, 2, 4, 24, 48 and 90 h p.i.) in PC-3-xenografted BALB/c nu/nu
mice. (B) Tumor-to-normal-tissue ratios at 0.5, 1, 2, 4, 24, 48 and 90 h p.i. (mouse
weight 17±2 g; tumor weight 0.2±0.1 g). (C) Ex-vivo GRPR autoradiography of tumor
slices of mice bearing PC-3 tumors after the injection of 177Lu-DOTAGA-PEG2-RM26
(100 pmol) at 1, 4 and 24 h p.i. (D) Uptake of activity in tumor and kidneys up to 90
h p.i.

Prior to therapy, HER2 expression in tumors was visualized by PET/CT imaging using the anti-HER2 affibody molecule 68Ga-ABY025 (Figure 19).
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Figure 19. PET/CT imaging of HER2 expression in PC-3–xenografted mice at 2 h p.i.
The mice were injected with 1 µg (0.2 MBq), left mouse, or a blocking dose (300 µg,
0.2 MBq), right mouse, of 68Ga-labeled anti-HER2 affibody ABY025. Both SPECT/CT
and PET/CT images are presented as MIP on the RGB color scale. K – kidneys, UB
– urinary bladder, T – tumor.

For therapy, mice were treated with intravenous injections (6 cycles) of (A)
PBS, (B) DOTAGA-PEG2-RM26, (C) 177Lu-DOTAGA-PEG2-RM26, (D)
trastuzumab, or (E) 177Lu-DOTAGA-PEG2-RM26 in combination with
trastuzumab.
177
Lu-DOTAGA-PEG2-RM26 demonstrated significant potential in delaying prostate cancer growth in mice. A decrease in tumor volume was observed
after 3 therapy cycles in the groups treated with radiolabeled peptide. Due to
the inhibition of tumor growth, median survival was also significantly longer
in these groups (C 66 d, E >70 d) compared to control groups (A 42 d, B 46
d, D 44 d). Importantly, the increased survival was not associated with any
detected side effects.
The most interesting finding of this study was the significant improvement
of overall survival in the group treated with radiolabeled peptide plus
trastuzumab (p = 0.0302 for groups C vs E) (Figure 20A, B). Although it is
difficult to pinpoint the particular mechanism that is involved in this radiosensitizing effect, we could speculate that blocking HER2 with trastuzumab decreased the repairing ability of irradiated cells.
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SPECT/CT scans acquired during treatment revealed a high initial uptake
in tumors and a pronounced decrease by the end of treatment (Figure 20C).

Figure 20. (A, B) The results of the in vivo therapy study in mice treated with: PBS
(black line); nonlabeled peptide (DOTAGA-PEG2-RM26, 200 pmol) (teal line); 177LuDOTAGA-PEG2-RM26 (60 MBq/200 pmol) (red line); trastuzumab (5 mg/kg) (purple
line); and 177Lu-DOTAGA-PEG2-RM26 (60 MBq/200 pmol) in combination with
trastuzumab (5 mg/kg) (green line). (C) SPECT/CT scans of 177Lu-DOTAGA-PEG2RM26 treated mice (red and green line) at 3 h p.i. K – kidneys, UB – urinary bladder,
T – tumor, P – pancreas.

Immunohistochemical examination revealed intensive staining after treatment
in the group treated with 177Lu-labeled peptide alone (Group C). No HER2
expression was detected in the group treated with 177Lu-labeled peptide and
trastuzumab (Group E) (Figure 21).
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Figure 21. Immunohistochemical staining of HER2 expression in 4 µm sections of
paraffinized tissue samples of PC-3 xenografts. Samples were taken 1 week after therapy (left column) and at the end point (right column).

In conclusion, we have developed and characterized a promising GRPR-targeting radioligand, 177Lu-DOTAGA-PEG2-RM26, and demonstrated its therapeutic efficacy in vivo in prostate cancer xenografts. Moreover, this study
presents the first in vivo proof-of-principle that the effects of anti-GRPR radiotherapy can be amplified by coadministration of anti-HER2 treatment,
leading to prolonged survival.
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Paper V

Bispecific GRPR-antagonistic anti-PSMA/GRPR heterodimer for PET and SPECT diagnostic imaging of prostate cancer
Background and aim
PSMA and GRPR are cell-surface proteins that are overexpressed in prostate
cancer, emerging as attractive targets for molecular imaging using radiolabeled peptides. PSMA is overexpressed in 95 % of all prostate cancers, while
GRPR upregulation has been documented in 84 % of all human prostate tumors66. PSMA upregulation occurs as androgen-independent, metastatic disease progresses. The expression profile of GRPR seems to be contrary to that
of PSMA with enhanced expression in earlier stages of the disease. Considering the high degree of heterogeneity among prostate tumors128, it is unlikely
that PSMA- or GRPR-targeting agents alone will be ideal in all clinical situations. Lack of PSMA or GRPR expression in highly heterogeneous lesions
may result in the failure to notice these lesions using either PSMA- or GRPRtargeting agents alone and can lead to false-negative findings. This could have
a significant impact on the choice of therapeutic strategies. A direct comparison of PSMA- and GRPR-targeting imaging agents in prostate cancer patients
(n=7) demonstrated that both agents accumulate similarly in the identified lesions (with few exceptions when only one of the agents had high uptake), and
the authors concluded that some patients should benefit from imaging with
both agents129. Thus, targeting both PSMA and GRPR with a heterodimeric
molecule may have a high clinical impact in the diagnostic imaging and therapy of prostate cancer.
The aim of this study was to develop a GRPR-PSMA bispecific heterodimer for SPECT and PET imaging of PSMA and GRPR expression in prostate
cancer.
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Results and discussion
We designed and synthesized a short peptide derivative that could bind to
prostate cancer-relevant cell surface molecular targets, PSMA and GRPR. For
PSMA targeting, we chose the Glu-Ureido-based PSMA inhibitor DUPA (2[3-(1,3-dicarboxypropyl)ureido] pentanedioic acid), and for GRPR targeting,
the previously evaluated bombesin-based antagonist RM26 (Figure 22).

Figure 22. Schematic overview of the structure of the bispecific heterodimer NOTADUPA-RM26 targeting both PSMA and GRPR.

DUPA derivatives with lipophilic linkers should have better binding affinity
to PSMA because they optimally fit the active site and entry tunnel of
PSMA130,131. For this reason, we introduced the lipophilic (CH2)7 linker to the
PSMA-targeting moiety and the previously evaluated hydrophilic PEG6 linker
to the GRPR-targeting moiety94. For labeling function, we chose NOTA,
which provides stable complexes with several radiometals suitable for PET
(68Ga (t½= 1 h), 66Ga (t½= 9.5 h), 18F via AlF chemistry (t½= 2 h), 61Cu (t½=
3.4 h), 64Cu (t½= 12,7 h), 55Co (t½= 17.5 h)) and for SPECT (111In (t½= 67 h))
imaging.
NOTA-DUPA-RM26 was successfully labeled with 111In for SPECT and
68
Ga for PET with radiochemical yields exceeding 99 % for 111In and 98 % for
68
Ga. The heterodimer demonstrated high label stability. The binding specificity of 111In- and 68Ga-labeled NOTA-DUPA-RM26 was tested on PSMAand GRPR-positive PC3pip cells. When binding of radiolabeled conjugates
was simultaneously challenged with PSMA-617 and RM26, the cell-associated activity was significantly lower than for the nontreated cells and for cells
preincubated with individual nonlabeled binders (Figure 23A).
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Cellular activity uptake was rapid but was not accompanied by internalization. The IC50 values for natIn-NOTA-DUPA-RM26 were 4±1 nM towards
GRPR and 824±230 nM towards PSMA (Figure 23B). The measured binding
affinity was 10-fold lower compared to the corresponding anti-GRPR monomer and 5-fold lower compared to the anti-PSMA monomer. The observed
decrease in binding capacity could be explained by steric hindrance caused by
dimerization.

Figure 23. (A) Inhibition of 111In-PSMA-617 binding to PC3pip cells with natIn-NOTADUPA-RM26 and natIn-NOTA-PSMA (GRPR was blocked with a 1 mM solution of
RM26 in all samples); (B) Inhibition of 111In-DOTA-PEG2-RM26 binding to PC3pip
cells with natIn-NOTA-DUPA-RM26 and natIn-NOTA-PEG6-RM26 (PSMA was
blocked with 2 mM PSMA-11 in all samples). Data are presented as the mean ± standard deviation.
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In vivo binding specificity tests in PC3pip-xenografted mice 1 h p.i. of 111InNOTA-DUPA-RM26 demonstrated partially blockable tumor uptake when
coinjected with an excess amount of either PSMA- or GRPR-targeting agents.
A pronounced blocking effect was observed for 111In- and 68Ga-labeled heterodimers when coinjected simultaneously with an excess amount of PSMAand GRPR-targeting agents 1 h p.i. (Figure 24).

Figure 24. In vivo binding specificity of (A) 111In-NOTA-DUPA-RM26 (50 pmol) and
(B) 68Ga-NOTA-DUPA-RM26 (50 pmol) tested in PC3pip-xenografted BALB/c nu/nu
mice 1 h p.i. For blocking, mice were coinjected with 1.5 nmol nonlabeled PSMA-617,
1.5 nmol nonlabeled RM26, or both. Activity uptake in tissues is calculated as the
percent of injected dose per tissue weight (%ID/g). Data are presented as the average
± standard deviation.

Biodistribution was studied 1, 3 and 24 h p.i. for 111In-NOTA-DUPA-RM26
and 1 and 3 h p.i. for 68Ga-NOTA-DUPA-RM26, revealing a fast clearance of
activity from the blood and normal organs via renal excretion. Tumor uptake
exceeded the uptake in all normal organs, including excretory organs for both
111
In- and 68Ga-labeled heterodimers 1 h p.i. (Figure 25A). The biodistribution
of 68Ga-NOTA-DUPA-RM26 was characterized by a significantly lower tumor uptake (8±2 %ID/g) compared to 111In-NOTA-DUPA-RM26 (12±2
%ID/g), but a two-fold higher uptake in the liver 1 h p.i. The faster clearance
of activity from normal tissues compared to tumors led to an overall increase
in tumor-to-organ ratios for both 111In- and 68Ga-labeled heterodimers 3 h p.i.
However, the modest affinity towards PSMA translated into an appreciable
drop in tumor activity at 24 h p.i. (Figure 25B), indicating that this radiotracer
is suitable for imaging shortly after administration (1-3 h p.i.). Paradoxically,
the low affinity towards PSMA might improve the imaging properties of this
agent, contributing to low specific renal uptake. However, this phenomenon
requires further investigation.
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Figure 25. (A) Biodistribution of 111In-NOTA-DUPA-RM26 and 68Ga-NOTA-DUPARM26 in PC3pip-xenografted BALB/c nu/nu mice at 1, 3, and 24 h p.i. for the 111Inlabeled analog and 1 and 3 h p.i. for the 68Ga-labeled analog. (B) Tumor-to-organ
ratios of 111In-NOTA-DUPA-RM26 at 1, 3, and 24 h p.i. and 68Ga-NOTA-DUPARM26 at 1 and 3 h p.i.

MicroPET/CT and microSPECT/CT scans acquired 1 h p.i. successfully visualized the tumors and confirmed the in vivo specificity results (Figure 26).
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Figure 26. microPET/CT (A) and microSPECT/CT (B) MIP images of PC3pip-xenografted mice (PSMA positive/GRPR positive) after iv injection of 68Ga-NOTA-DUPARM26 (100 pmol, 1.8 MBq) and 111In-NOTA-DUPA-RM26 (100 pmol, 1.8 MBq).
Blocked animals were coinjected with PSMA-617 to block PSMA and with RM26 to
block GRPR.

In conclusion, the new anti-GRPR/PSMA heterodimer NOTA-DUPA-RM26
labeled with galium-68 (for PET) and indium-111 (for SPECT) is a suitable
candidate for imaging of GRPR and PSMA expression in prostate cancer
shortly after administration. Further investigations of the molecular design
with regard to the structure-properties relationship for the heterodimer are required to optimize its composition.

64

Concluding remarks

Prostate cancer is one of the most heterogeneous malignant tumors, both histologically and clinically. Correct staging of prostate cancer is crucial for patient management and is an urgent, unmet clinical need. Importantly, identifying patients with a limited number of metastases (oligometastatic state) may
allow for specific therapeutic approaches with improved outcomes. The high
expression levels of GRPR in the early stages of prostate cancer indicate that
this receptor could be a promising target for imaging and treatment of oligometastatic prostate cancer.
Papers I-III describe the optimization of the radiolabeled GRPR antagonist RM26 for high contrast PET and SPECT imaging of GRPR expression in
prostate cancer. The use of different radionuclide-chelator complexes may
have a pronounced effect on the pharmacokinetics of radiotracers. Therefore,
in papers I and II, we assessed the influence of the chelating moiety on the
biodistribution of 68Ga-labeled (for PET) and 111In-labeled (for SPECT) XPEG2-RM26 (X=NOTA, NODAGA, DOTA, DOTAGA).
The main observation from this part of the project was that different chelators had an appreciable influence on the biodistribution and targeting
properties of GRPR antagonist RM26. 68Ga-NOTA-PEG2-RM26 was the
preferable candidate for PET imaging shortly after injection, and 111InNODAGA-PEG2-RM26 provided the best contrast for next-day imaging
using SPECT. These results also indicated that a long-lived radionuclide
is desirable for high contrast imaging.
To test the hypothesis that a long-lived PET label would provide higher
contrast imaging compared to short-lived 68Ga (t½= 68 min), NOTA-PEG2RM26 was labeled with 55Co (t½= 17.5 h) (Paper III).
The biodistribution of radiocobalt-labeled NOTA-PEG2-RM26 was characterized by a significantly faster clearance of activity from the blood and
normal organs compared to the previously evaluated 68Ga- and 111In-labeled analogs. This translated into remarkably high tumor-to-organ ratios
with tumor-to-blood ratios of approximately 200 (3 h p.i.) and 1000 (24 h
p.i.). Additionally, we have demonstrated that long lived 57Co can be used
as a surrogate for 55Co in preclinical studies.
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Paper IV describes the preclinical evaluation of 177Lu-labeled PEG2-RM26
for PRRT in prostate cancer. Additionally, we hypothesized that cotreatment
with anti-HER2 antibody trastuzumab may improve the therapeutic outcome.
The most suitable construct was identified prior to therapy from a series of
four conjugates in the form 177Lu-X-PEG2-RM26 (X=NOTA, NODAGA,
DOTA, DOTAGA).
The main conclusions from this study were:
• 177Lu-DOTAGA-PEG2-RM26 demonstrated significant potential
in delaying prostate cancer growth in mice.
• The effects of anti-GRPR radiotherapy can be amplified by coadministration of anti-HER2 treatment, leading to prolonged survival.
Finally, since it is unlikely that GRPR- or PSMA-targeting agents will be
suitable for all clinical situations, in Paper V we describe the development
and initial preclinical evaluation of a heterodimer capable of targeting both
GRPR and PSMA.
The new anti-GRPR/PSMA heterodimer NOTA-DUPA-RM26 was a suitable candidate for imaging of GRPR and PSMA expression in prostate
cancer shortly after administration. Further investigations are required to
optimize the properties of this imaging agent.
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Ongoing and future studies

The findings of this thesis lead to several new starting points for future investigations in the imaging and therapy of prostate cancer. For imaging, we have
demonstrated the remarkable potential of 55Co-NOTA-PEG2-RM26 (paper
III). The long half-life of 55Co (t½ = 17.5 h) allowed for next-day PET imaging
when better contrast could be achieved. These promising results raise the
question of whether the imaging properties of this conjugate can be further
improved. Changes in chelating moieties are likely to provide this opportunity
since we have previously observed that the structure and physical properties
of the radionuclide-chelator complex can have a large impact on the biodistribution and targeting properties of radiopeptides (papers I and II). A study evaluating the influence of macrocyclic chelators for 55Co-labeled RM26 would
be of interest.
Previous results have also indicated that a long-lived radionuclide would
enable high contrast, next-day imaging of GRPR expression. Other than 55Co,
other promising long-lived radionuclides for PET imaging include 64Cu (t½ =
12.7 h), 86Y (t½ = 14.7 h), and 44Sc (t½ = 3.97 h). Copper-64 has a half-life of
12.7 h and has decay characteristics that allow for PET imaging (β+, 0.653
MeV, 17.8 %). The coordination chemistry of copper is suitable for chelators
NOTA and NODAGA. Therefore, a study comparing the in vitro and in vivo
characteristics of 64Cu-X-PEG2-RM26 (X = NOTA and NODAGA) with
55
Co-X-PEG2-RM26 would be desirable.
The development of imaging agents capable of simultaneously visualizing
PSMA and GRPR could improve diagnostic accuracy for prostate cancer patients. We recently synthesized an anti-GRPR/PSMA heterodimer, NOTADUPA-RM26, labeled with 111In (for SPECT) and 68Ga (for PET) (paper V).
The heterodimer successfully imaged both receptors shortly after injection.
However, further optimization is required to improve its characteristics, particularly the binding affinity towards PSMA. The significant decrease in binding affinity compared to corresponding monomers indicates that the length
and composition of linkers should be optimized, particularly towards the
PSMA-binding region. The use of triazacyclononane‑phosphinic acid chelators (TRAP) for complexing with radiometals and as a linking block between
the PSMA- and GRPR-binding regions may also have a significant impact on
the properties of this radiotracer.
For therapy, PRRT using 177Lu-DOTAGA-PEG2-RM26 demonstrated
significant potential in delaying prostate cancer growth in mice and resulted
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in increased survival with no observed toxicity (paper IV). A strategy that can
be explored to further improve the effectiveness of GRPR-targeted PRRT is
the use of α-emitting radionuclides. As previously mentioned in the Introduction, α-particles have a very high LET; hence, the molecular damage per unit
length is significantly higher compared to β-particles. Possible α-emitting radionuclides for PRRT include 213Bi (t½ = 45 min) and 225Ac (t½ = 10 d). 213Bi
can be produced from a 225Ac/213Bi generator, although its short half-life
would require an on-site radiopharmacy. We previously observed that 177Lulabeled DOTAGA-PEG2-RM26 had a fast accumulation of activity in tumors
peaking at 1 h p.i. Therefore, it is likely that the short half-life of 213Bi will be
sufficient to be incorporated into tumors after intravenous administration, although it is not ideal. The use of the longer-lived 225Ac may be more desirable,
although the recoil effect after the high-energy α emission may result in the
loss of the radiopeptide bond. Posttherapeutic imaging of 225Ac is possible using gamma emissions of the daughter nuclides 213Bi and 221Fr.
Finally, the encouraging preclinical findings indicate a clear diagnostic and
therapeutic potential of the radiotracers studied in this thesis. Therefore, a clinical study using 55Co-NOTA-PEG2-RM26 for PET imaging of GRPR expression in prostate and breast cancer will be conducted in collaboration with
Odense University Hospital.
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