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Chapter 1

Worldwide, prostate cancer is one of the most common causes of cancer in males and a common
cause of morbidity and death1. Most new patients present with local or locally advanced disease and
these patients can be treated with curative intent2. Non-curative anti-androgen therapy is offered to
patients with extensive locally advanced or disseminated disease3. As different treatment modalities
are available in prostate cancer management, it is imperative to appropriately stage and treat each
patient accordingly in order to avoid under- or over-treatment on one hand or unnecessary toxicity
or morbidity of ineffective treatment on the other hand.
Suspicion on the presence of prostate cancer is raised by an elevated blood level of prostatespecific antigen (PSA) or an abnormal digital rectal examination (DRE) of the prostate and prostate
biopsies have to be performed to establish a diagnosis. Although prostate biopsies provide
histological diagnosis of intra-prostatic disease, information on possible local tumor extension
(capsular penetration or seminal vesicle invasion) or presence of distant metastases is not provided.
Determination of locally advanced disease is difficult and prediction of local tumor stage is mostly
done by using nomograms based on a combination of PSA, DRE and results of prostate biopsies4,5.
In many centers throughout the world dedicated radiologists are able to use magnetic resonance
imaging (MRI) of the prostate for local staging, although understaging is still a big issue2.
Based on nomograms or clinical suspicion, patients at risk for metastases are subjected to 99mTcmethylene-diphosphonate bone scintigraphy or MRI of the axial skeleton for detection of bone
involvement, while lymph node disease can be ascertained by MRI of the pelvis, choline positron
emission tomography (PET) combined with computed tomography (CT) or pelvic lymph node
dissection (PLND)2,3.
After treatment with curative intent, between 27% and 53% of patients develop a recurrence
either local or distant3. Often only an elevated serum prostate specific antigen (PSA) level gives rise
to further assessment for recurrent prostate cancer. Early determination of the location of recurrence
often proves a clinical challenge and many modalities are used for detection of recurrence, e.g.
biopsy of the prostatic fossa, PET/CT, MRI, CT, bone scintigraphy or ProstaScint3,6.
For evaIuation of response to hormonal or chemotherapeutic treatment, the serum level of PSA
is mostly relied on. In metastatic or castration-resistant disease however, it is often not representative
of tumor burden. It is essential to be able to distinguish responders from non-responders during
chemotherapy. Treatment can then be tailored to the individual patient, thus avoiding toxicity of
ineffective treatment, maintaining quality of life and achieving optimal anti-tumour effects. At
present, no imaging modality is sufficient for the follow-up or evaluation of systemic treatment of
prostate cancer3.
As conventional morphological imaging modalities like CT or MRI rely on size criteria for
detection of suspect lesions on one hand but are limited by resolution issues on the other hand,
small intraprostatic lesions, minor extraprostatic extension or micrometastases are often missed,
resulting in significant understaging. The addition of spectroscopy, diffusion weighted imaging and
lymphography to MRI or the addition of PET to CT or MRI has greatly enhanced imaging as these
10
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techniques do not depend on size criteria per se, but their accuracy is still not perfect. PLND, on
the other hand, is an excellent way of finding small lymph node metastases, especially when the
extended dissection is performed, but delivers significant morbidity.
Nuclear imaging techniques like single photon emission computed tomography (SPECT)
and PET have emerged as promising diagnostic tools in oncology. In prostate cancer, mostly
PET combined with either CT or MRI, is investigated for defining local tumor stage, detection of
metastases or recurrence and also for treatment evaluation in metastasized disease7. However,
radiopharmaceuticals like 11C/18F-choline, 11C-acetate or 18F-sodiumfluoride that are currently used
in prostate cancer are not cancer specific and appear to have drawbacks with regard to sensitivity,
due to limited sensitivity for small lesions and low uptake at low PSA levels, while specificity is also
limited due to uptake in inflamed, benign and degenerative tissue7-9.
Therefore, crucial for accurate new radionuclide imaging techniques is the development of
radiopharmaceuticals that can be targeted to specific tumor-associated antigens which are (over)
expressed in prostate cancer but sparse in normal tissues.
An example of targeted imaging is the FDA-approved ProstaScint, in which the monoclonal
antibody 111In-capromab pendetide is directed to the prostate-specific membrane antigen (PSMA)
for SPECT imaging of prostate cancer10. However, compared to antibodies, peptides show superiority
in clearance kinetics, immunogenicity, ease of manufacturing and radiolabeling. Due to their
low molecular weight, peptides easily diffuse into target tissues and clear rapidly from the blood
pool, resulting in high tumor-to-non-tumor ratios with SPECT or PET imaging. The most successful
example, [111In-DTPA0]-octreotide (Octreoscan) was introduced in the late 1980s and became the
gold standard for diagnosis and staging of somatostatin receptor subtype 2 and 5 expressing
neuroendocrine tumors11,12. Because prostate cancer expresses somatostatin receptor subtype 1
and 4 to some extent and expresses the remaining subtypes in very low density, the only two FDAapproved radiopeptide tracers Octreoscan (affinity for subtype 2 and 5) and Neotect (affinity for
subtype 2, 3 and 5) are unsuitable for imaging of prostate cancer13,14.
In prostate cancer imaging with peptides, the gastrin-releasing peptide receptor (GRPR) appears
to be particularly appealing since it is overexpressed in prostate cancer among several other
types of cancer15-18. Importantly, although GRPR is distributed throughout the human body, the
expression is relatively low, except for pancreas19-22. Presence of GRPR in primary prostate cancer
is well determined, however there is very limited documentation on GRPR expression in prostate
cancer metastases or recurrence15,16.
The amphibian GRPR ligand bombesin (BN) has shown to be significantly more stable than its
mammalian counterpart, and a series of different BN analogues with different pharmacokinetic
properties have been constructed that were labeled with a variety of radionuclides (i.e. 99mTc, 111In,
Cu,

64

F)23. Although these radiolabeled BN analogues have been extensively investigated for

18

imaging of GRPR positive prostate tumors in preclinical studies, clinical research in prostate cancer
patients is limited to only a few compounds24-27.
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AIM OF THE THESIS
Radiolabeled BN analogues could become valuable tools in prostate cancer staging or restaging. The
aim of the thesis is to develop two new BN-like radiopharmaceuticals, 99mTc-HYNIC(tricine/TPPTS)Aca-Bombesin(7-14) and the homodimer 111In-DOTA-[Aca-BN(7−14)]2, from bench to bedside and
explore the feasibility of these new tracers for molecular imaging of prostate cancer in a preclinical
and clinical setting. Additionally, GRPR expression in metastasized and recurrent prostate cancer
is documented as there is limited knowledge on this subject and it could have influence on the
application of GRPR targeted imaging in different stages of the disease.
OUTLINE OF THE THESIS
First, chapter 2 shows an overview of available literature on nuclear imaging of prostate cancer
with GRPR targeted BN-like radiopharmaceuticals both in a preclinical and in a clinical setting.
In chapter 3 in vitro cell experiments with the human prostate cancer cell line PC-3 and in vivo
experiments with athymic mice bearing PC-3 xenografted tumors are described using the new BNlike radiopharmaceutical 99mTc-HYNIC(tricine/TPPTS)-Aca-Bombesin(7-14). Chapter 4 and chapter 5
report on the presence of GRPR in ex vivo metastasized and recurrent prostate cancer specimens. In
chapter 6 the feasibility of 99mTc-HYNIC(tricine/TPPTS)-Aca-Bombesin(7-14) for molecular imaging
with SPECT/CT is investigated in human prostate cancer patients. In chapter 7 the new 111In-labeled
BN homodimer

In-DOTA-[Aca-BN(7−14)]2 is investigated for GRPR-targeted imaging of athymic

111

mice bearing PC-3 xenografted tumors. A summary of the results of the studies described in this
thesis with conclusions and directions of further research are given in chapter 8 and chapter 9.
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ABSTRACT
Prostate cancer is one of the most common causes of cancer in men. Evaluating the different stages
of prostate cancer with conventional imaging techniques still proves difficult. Nuclear imaging
might provide a technique that is able to evaluate prostate cancer, but clinical application has been
limited due to lack of accuracy of current radiopharmaceuticals.
The development of radiopharmaceuticals that can be targeted to specific antigens,
overexpressed in prostate cancer, but sparse in normal tissue, is crucial. Peptides are of particular
interest because of their favourable characteristics leading to increased attention for nuclear
imaging of the gastrin-releasing peptide receptor (GRPR) with radiolabeled bombesin-like peptides.
Several derivatives of bombesin and its truncated form have been prepared for imaging with single
photon emission computed tomography (SPECT) or positron emission tomography (PET), thereby
delivering potent candidates for further clinical evaluation.
This article provides an overview of the development and preclinical evaluation of radiolabeled
bombesin analogues for in vivo targeting of GRPR in prostate cancer. The effect of the radionuclide,
chelator, spacer and unnatural amino acids on affinity, metabolic stability and image quality are
discussed, as well as agonistic or antagonistic properties. Potent candidates are proposed based
on these selection criteria: (I) high affinity for GRPR, with rapid and specific tumor uptake (II) high
hydrophilicity resulting in the preferred renal-urinary mode of excretion and low hepatobiliary
excretion, (III) high stability, but relatively rapid clearance from blood. Also, a summary is
made of clinical studies that report on the detection of prostate cancer with GRPR targeted
radiopharmaceuticals.
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INTRODUCTION
Worldwide, prostate cancer is one of the most common causes of cancer in men and a common
cause of morbidity and death1,2. Approximately 15% of newly diagnosed patients will present with
metastases and 30-50% of patients, treated for local disease, will eventually recur or progress,
meaning that during the course of the disease more than half of all prostate cancer patients will face
metastases, predominantly in the skeleton3-5. Although hormonal treatment of metastases is initially
successful with response rates of more than 90%, hormone refractory disease will develop after a
median of 18-24 months6. Hormone refractory prostate cancer has proven to be largely resistant
to conventional chemotherapy. Currently, the only approved chemotherapy for prostate cancer is
docetaxel combined with prednisone, offering only a modest survival benefit7-9. Therefore, new, and
preferably molecularly targeted, therapies are urgently needed.
In order to determine the most optimal treatment of prostate cancer, a non-invasive, in vivo
method is needed that allows for accurate assessment of the disease stage at primary diagnosis,
follow-up and recurrence. It is equally essential to be able to distinguish responders from nonresponders during chemotherapy. Treatment can then be tailored to the individual patient, thus
avoiding toxicity of ineffective treatment, maintaining quality of life and achieving optimal antitumor effects.
In prostate cancer staging and restaging, anatomical imaging techniques are restricted by
limited accuracy, specificity and reproducibility in determining tumor size. In addition, for the major
site of metastases in prostate cancer (the skeleton) no current anatomical technique is defined to
measure response to treatment. This information will more likely be obtained at a functional rather
than an anatomical level.
Positron emission tomography (PET) and single photon emission computed tomography
(SPECT) allow the non-invasive assessment of metabolic processes in normal and diseased tissue.
However, their use is limited due to lack of specificity of current radiotracers like 11C-methionine,
C-acetate, 11C/18F-choline, 18F-fluorodeoxyglucose, 18F-fluoride or

11

In capromab pendetide10-16.
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The development of radiopharmaceuticals that can be targeted to specific antigens, which are
overexpressed in prostate cancer and sparse in normal tissue, is crucial for accurate nuclear imaging.
Peptides and their receptors are of particular interest because peptides have many favourable
characteristics including fast clearance, rapid tissue penetration and low antigenicity. There has been
an exponential growth in the development of radiolabeled peptides for diagnostic and therapeutic
applications in the last decades17,18. The automated means of synthesizing these compounds in
large quantities and the simplified methods of purifying, characterizing, and optimizing them have
kindled attention to peptides as targeting molecules19,20. These new techniques have accelerated
the commercial development of radiolabeled peptides, providing additional radiopharmaceuticals
for the nuclear medicine community.
The discovery of Bombesin (BN), an amphibian neuropeptide consisting of 14 amino acids
(pyroglutamicacid-glutamine-arginine-leucine-glycine-asparagine-glutamine-tryptophan-
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alanine-valine-glycine-histidine-leucine-methionine-NH2) was first reported in 197021. The search
for its mammalian counterpart revealed a peptide consisting of 27 amino acids, which appeared
to stimulate the release of gastrin and was therefore named the gastrin-releasing peptide. The
gastrin-releasing peptide and BN share an identical C-terminal region, consisting of seven amino
acids, necessary for receptor binding22. In mammals, gastrin-releasing peptide binds to the gastrinreleasing peptide receptor (GRPR), a glycosylated, 7-transmembrane G-protein coupled receptor,
which, upon binding, gives rise to a complex cascade of intracellular reactions23-26. GRPR is normally
found in non-neuroendocrine tissues of the breast and pancreas and in neuroendocrine cells of
the brain, gastrointestinal tract, lung and prostate27-32. Besides the release of gastrin, the gastrinreleasing peptide and BN-like peptides also produce a wide range of other biological responses in
peripheral tissues as well as in the central nervous system, for instance secretion from endocrine
and exocrine glands, maintenance of circadian rhythms, regulation of satiety and smooth muscle
contractions21,25. It has been shown that the gastrin-releasing peptide and other BN-like peptides
can also function as growth stimulators in various cancer cells types both in vitro and in vivo33-36.
In addition to GRPR, two other BN-receptor subtypes have been identified in mammals; the
BN-receptor subtype 3 and the neuromedin-B-receptor37,38. A fourth BN-receptor subtype has
only been found in amphibians39,40. Of these receptor subtypes, GRPR seems most important as
it is overexpressed in prostate cancer, but also in several other types of cancer, like breast, lung,
pancreatic, ovarian, renal and gastrointestinal cancer41-50. Interestingly, since neuroendocrine cells
are sparse in normal prostate, GRPR expression in benign prostatic tissue ranges from low to nondetectable41,44, making GRPR an attractive specific target in prostate cancer.
Besides the preclinical51-54 and clinical55-59 use and evaluation of radiolabeled BN-like peptides for
nuclear imaging of various types of cancer, several BN analogues have also been used as antagonists
or carriers to deliver drugs, radionuclides and toxins specifically to GRPR positive cancers in order
to inhibit tumor growth, induce tumor regression or cause cell death60-68. A requirement for GRPR
targeted therapy is that the cancer cell sufficiently expresses the receptor to allow delivery and
effect of the analogue.
Therefore, GRPR targeted nuclear imaging could be useful for tumor staging and evaluation of
tumor response to therapy. Another indication could be the assessment of GRPR density in tumors
for the application of GRPR targeted treatment.
GENERAL ASPECTS OF DESIGN AND SYNTHESIS OF BOMBESIN ANALOGUES
In this paragraph several aspects on design and synthesis of bombesin analogues are being
discussed. More specific details on the issues of radiolabeling, receptor binding properties,
metabolism, and pharmacokinetics are dealt with throughout the following paragraph entitled:
Preclinical evaluation of GRPR targeted radiopharmaceuticals for imaging purposes.
Radiolabeling aspects: BN derivatives have been labeled for SPECT with

Tc,

99m

Lu, 67Ga and

177

In and for PET with Cu, Ga and F (Table 1). So, radiopharmaceuticals within a large range

111
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64

68
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Table 1: Half-lives, advantages and disadvantages of radionuclides mentioned in this article
Radionuclide

Half-life

Tc

6.01 hours

In

2.80 days

Lu

6.65 days

Ga

3.27 days

Cu

12.7 hours

F

110 min

Y

14.7 hours

Ga

68 min

99m

111

177

67

64

18

86

68

Advantages
Labelling efficiency,
good availability
Labelling efficiency,
good availability
Suitable for imaging and
therapy
Can be used for
validation of 68Ga
labelled peptides
Labelling efficiency, ideal
half-life
Neutral peptides, high
resolution, is obtained in
very high quantities
Diagnostic version for 90Y
Labelling efficiency,
good availability

Disadvantages
Positively charged peptides
Positively charged peptides
Positively charged peptides

2

Positively charged peptides
Limited availability, positively charged
peptides
Complex radiolabelling
Very limited availability
High β+ energy, loss of resolution in animal
PET, positively charged peptides, short
half-life

of radioactive half-lives are available. The radioactive half-life should fit the biological half-life of
the radiopharmaceutical and the rate of the physiological process that is being studied. Another
aspect to consider is the positron energy of the PET-radionuclide. This energy should be as low as
possible, since after decay the positron travels a certain distance through the tissue until it has lost
its energy followed by annihilation with an electron. The longer the travelled distance, the lower
the spatial resolution of the PET-measurement. In this respect 18F (β+ 0.6 MeV) and 64Cu (β+ 0.7 MeV)
are quite favourable, whereas 68Ga (β+ 1.9 MeV) has a relatively low resolution, especially relevant
with small animal PET-imaging. Radiolabeling procedures are performed with small quantities
of peptide in the range of 10-1000 μg. The radiopharmaceuticals are always purified by reversed
HPLC using gradient elution with a mixture of water and acetonitrile. In many cases trifluoroacetic
acid is added. Radiolabeled BNs are therefore separated from their non-radioactive precursor
and have high specific activities. For

Tc, several types of chelators are used. In many cases the

99m

tricarbonyl method (Isolink) is being used as a versatile labeling method. For 99mTc–BN derivatives
usually no specific activities are reported. 111In and 64Cu labeled BN derivatives are prepared using
established chelation methods with NOTA, DOTA or DTPA (NOTA = 1,4,7-triazacyclononane1,4,7-triacetic acid, DOTA = 1,4,7,10-tetraazacyclododecane-N,N’,N’ ’,N’ ‘ ‘-tetraacetic acid, DTPA =
diethylenetriaminepentaacetic acid). Radiometal labeled BN derivatives yield positively charged
peptides, which affect the biodistribution and clearance. Therefore, the recent development of 18FBN derivatives as neutral peptides is interesting.
Agonist versus antagonist: By far, most BN derivatives are agonists. Agonists are internalized into
the cell after binding to the receptor. For this reason, many groups have assumed that uptake of
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agonists is higher than uptake of antagonists because radioactivity is trapped in the cell. However,
recent articles reported a direct comparison between an agonist and an antagonist69,70. Uptake of
the antagonist was much higher because of strong binding to the receptor. It is very likely that
internalization is only one possible mechanism of accumulation.
Metabolic stability: The amino acid sequence has been varied to increase metabolic stability.
Amino acids 7 to14 are responsible for binding to the receptor. Especially the amino acids on
position 13 and 14 (leucine (Leu) and methionine (Met), respectively) have been replaced by the
unnatural amino acids cyclohexylalanine (CyHAla) and norleucine (Nle). Lysine (Lys) has been
placed on position 3 in several cases to enable attachment of the radiolabel with reactive esters.
Besides the full length of 14 amino acids, truncated forms (amino acids 6 to 14 or 7 to 14) have been
radiolabeled.
Other pharmacokinetic properties: Spacer, chelator and radiometal all have effect on the in
vitro affinity of the BN derivative. Compared to the naked peptide, effects can be either positive
or negative. Obviously, pharmacokinetics are also affected. The hydrophilic or lipophilic character
and charge govern excretion through the hepatobiliary or the renal-urinary tract. For imaging of
prostate cancer it is beneficial that background uptake in the abdominal region is as low as possible.
More hydrophilic BN derivatives are therefore preferred, because these show low uptake in the
hepatobiliary tract.
Despite the large diversity of published BN derivatives, their preclinical evaluation procedure
shows a high degree of similarity. The radiopharmaceuticals are mostly evaluated using the
human PC-3 prostate cancer cell line. In vitro data obtained are IC50, Ki or Kd values, internalization/
externalization rates and plasma stability (IC50 = half maximal inhibitory concentration of a
substance, Ki = inhibition constant, Kd = dissociation constant). For determination of in vitro
affinity, competition studies against the gold standard,

I-[Tyr4]BN(1-14) (Tyr = tyrosine), are
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usually performed. Amongst the various reports, the IC50-values differ largely because of different
experimental conditions. Even similar compounds display different IC50 values between reports. To
our opinion, comparison of IC50 values is only useful between radiopharmaceuticals in one report. In
vivo data are mainly derived from biodistribution studies. A minority of the studies include imaging
studies.
PRECLINICAL EVALUATION OF GRPR TARGETED RADIOPHARMACEUTICALS FOR IMAGING
PURPOSES
This part of the review will focus on the preclinical evaluation of GRPR targeted radiopharmaceuticals
in in vitro cell experiments or in vivo in athymic mice xenografted with tumors grown from
immortalized human prostate cancer cell lines like CWR22, DU-145, 22Rv1, but mostly PC-3. Several
BN analogues have been radiolabeled with a variety of radioactive metals for detection of GPRR
expressing neoplasms. In general, most of these studies have utilized γ emitting radiometals for
their potential as SPECT imaging agents. Developing BN analogues with positron emitting particles
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could further enhance detection due to higher resolution of current PET scanners.
This chapter will be divided in two main paragraphs; radiolabeled BN analogues for PET imaging
and radiolabeled BN analogues for imaging with SPECT or scintigraphy.
Bombesin analogues suitable for imaging with SPECT and scintigraphy
Tc labeled bombesin analogues

99m

Because of its wide availability, ideal physical properties and efficient labeling chemistry,

Tc is

99m

the most frequently used radioisotope in nuclear medicine. Based on the experience with

Tc,

99m

most preclinical research on radiolabeled BN has been done with this radionuclide. A large variety
in chelators, spacers and non-natural amino acids has been investigated.
Derivatives of truncated BN(7-14)
Garcia-Garayoa et al. and La Bella et al. used truncated BN(7-14), coupled it to the N(alpha)-histidinyl
acetate ((NαHis)Ac) chelator and labeled it with

Tc(CO)3. To overcome the rapid degradation

99m

of natural BN and the inherent lipophilicity of most
modifications of

Tc labeled peptide conjugates, some

99m

Tc(CO)3-(N His)Ac-BN(7-14) were introduced. The effect of different spacers

99m

α

between BN(7-14) and (NαHis)Ac, and the effect of replacing amino acids in the BN molecule by
non-natural amino acids was investigated71-73. Despite these modifications, the in vitro affinity of the
“original” radiolabeled BN(7-14) was highest (Table 2).
Leu13 was replaced by CyHAla and/or Met14 by Nle with or without the insertion of different
spacers (βAla-βAla, 3,6-dioxa-8-amino-octanoic acid and Lys(sha)-βAla-βAla, βAla = βAlanine,
sha = shikimic acid), which led to markedly slower degradation in human plasma and PC-3 cell
cultures, while binding affinity in vitro remained similar to 99mTc(CO)3-(NαHis)Ac-BN(7-14). However,
despite high affinities and rapid in vitro internalization in PC-3 cells, the in vivo uptake of all but two
radioconjugates in the PC-3 tumor in athymic mice was somewhat disappointing with an uptake
less than 1% of the injected dose per gram (%ID/g) at 1.5h post-injection (p.i.) (Table 2)71-73. These
radioconjugates also had relatively high renal and hepatic uptake, resulting in low tumor-to-liver
(T/L) and tumor-to-kidney (T/K) ratios (Table 2).
Two radioconjugates, BBS-37 and BBS-42 displayed a tumor uptake of 1.86 and 3.1 %ID/g,
respectively71. The higher tumor uptake of BBS-42 can be explained by increased resistance to
degradation in blood, because of two non-natural amino acids, which led to a prolonged time to
bind to GRPR at the PC-3 cell membrane. Uptake of BBS-42 in the subcutaneous tumor resulted
in excellent delineation of the tumor with SPECT71. However, biodistribution and SPECT showed
significant accumulation of radioactivity in the abdominal region, caused by hepatobiliary clearance
and high intestinal uptake, which could hinder imaging of the abdominal region in patients.
La Bella et al. also synthesized

Tc(CO)3-PADA-5-Ava-BN(7-14) (PADA = 2-picolylamine-N,N-

99m

diacetic acid, 5-Ava = 5-amino-valeric acid)74. The tumor uptake was similar to 99mTc(CO)3-(NαHis)AcBN(7-14), but because of higher liver and kidney uptake and comparable clearance from the blood
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0.86Re
Nd
19.9 (Ki)

99m

Tc(CO)3-DTMA-βAla-BN(7-14)

Tc(H20)(CO)3-DPR-SSS-BN(7-14)
99m
Tc(P(CH2OH) 3)(CO)3-DPR-SSS-BN(7-14)

[DTPA1,Lys3(99mTcO-Hx-DADT),Tyr4]BN(1-14)

[DTPA1,Lys3(99mTcO-Pm-DADT),Tyr4]BN(1-14)

Lane et al.76

Smith et al.77

Lin et al.79

Lin et al.80

99m

TcO2-N4-Bzdig-[d-Phe6,Leu-NHEt13,des-Met14]BN(6-14) (99mTc-Demobesin 1)

TcO2-N4-[Pro1,Tyr4]BN(1-14) (99mTc-Demobesin 3)
TcO2-N4-[Pro1,Tyr4,Nle14]BN(1-14) (99mTc-Demobesin 4)
99m
TcO2-N4-Bzdig-BN(7-14) (99mTc-Demobesin 5)
99m
TcO2-N4-Bzdig-[Nle14]BN(7-14) (99mTc-Demobesin 6)

Nock et al.83

Nock et al.84

TcO2-N4-Bzdig-[d-Phe6,Leu-NHEt13,des-Met14]BN(6-14) (99mTc-Demobesin 1)
TcO2-N4-[Pro1,Tyr4,Nle14]BN(1-14) (99mTc-Demobesin 4)

TcO2-N4-Bzdig-[d-Phe6,Leu-NHEt13,des-Met14]BN(6-14) (99mTc-Demobesin 1)
In-DOTA-PEG4-[d-Tyr6,βAla11,Thi13,Nle14]BN(6-14) ( 111In-Z-070)

In-DOTA-8-Aoc-BN(7-14)

Maina et al.70

Hoffman et al.87

99m

111

111

99m

99m

Cescato et al.69

99m

99m

Tc-EDDA/HYNIC-[Lys3]BN(1-14)

99m

Ferro-Flores et al.81

99m

0.6

0.35a
3.87

2.1a
0.8a

0.15a
0.15a
0.08a
0.60a

0.06a

Nd

4.1 (Ki)

0.29a

1.9a
0.2a

0.7a

Tc(CO)3-pyrazolyl-βAla-BN(7-14)
99m
Tc(CO)3-pyrazolyl-SSS-BN(7-14)
99m
Tc(CO)3-pyrazolyl-GGG-BN(7-14)

2.1a

Tc(CO)3-PADA-5-Ava-BN(7-14)

99m

99m

0.186a (Kd)
0.084a (Kd)
0.392a (Kd)
0.513a (Kd)
0.036a (Kd)
0.181a (Kd)
0.022a (Kd)

14.2a
15.7a
5.1a
8.9a

1.9a
5.1a

Alves et al.75

Tc(CO)3-(NαHis)Ac-BN(7-14) (BBS-II)
99m
Tc(CO)3-(NαHis)Ac-[CyHAla13]BN(7-14) (BBS-IV)
99m
Tc(CO)3-(NαHis)Ac-[Nle14]BN(7-14) (BBS-IX)
99m
Tc(CO)3-(NαHis)Ac-[CyHAla13,Nle14]BN(7-14) (BBS-XXX)
99m
Tc(CO)3-(NαHis)Ac-βAla-βAla-BN(7-14) (BBS-37)
99m
Tc(CO)3-(NαHis)Ac-βAla-βAla-[CyHAla13,Nle14]BN(7-14) (BBS-38)
99m
Tc(CO)3-(NαHis)Ac-Lys(sha)-βAla-βAla-[CyHAla13,Nle14]BN(7-14) (BBS-42)

99m

99m

99m

Tc(CO)3-(NαHis)Ac-[Nle14]BN(7-14) (BBS-IX)
Tc(CO)3-(NαHis)Ac-[CyHAla13,Nle14]BN(7-14) (BBS-XXX)
99m
Tc(CO)3-(NαHis)Ac-βAla-βAla-[CyHAla13,Nle14]BN(7-14) (BBS-38)
99m
Tc(CO)3-(NαHis)Ac-3,6-dioxa-8-Aoc-[CyHAla13,Nle14]BN(7-14) (BBS-39)

99m

4.3a

IC50

La Bella et al.74

Garcia-Garayoa et al.71

Tc(CO)3-(NαHis)Ac-BN(7-14) (BBS-II)
Tc(CO)3-(NαHis)Ac-[CyHAla13]BN(7-14) (BBS-IV)

Garcia-Garayoa et al.72

99m

Tc(CO)3-(NαHis)Ac-BN(7-14)

99m

Analogue

La Bella et al.73

Reference
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1.34

5.92
0.95

9.62
1.26

1.1*
2.5*
7.3*
7.3*

8.3*

0.172h

0.93

1.73

3.97
1.43

5.38

1.43
2.12
5.76

4.481.5h

1.1*1.5h
3.6*1.5h
3.7*1.5h
2.7*1.5h
0.78*1.5h
2.2*1.5h
0.49*1.5h

3.81.5h
1.81.5h
2.361.5h
3.931.5h

1.21.5h
3.71.5h

0.631.5h

5.66

8.10
9.37

8.08
12.84

17*
20*
8.7*
3.3*

8.3*

4.702h

15.3

8.54

8.02
4.23

3.05

3.13
2.66
7.86

1.071.5h

1.3*1.5h
2.1*1.5h
4.9*1.5h
0.24*1.5h
1.9*1.5h
0.83*1.5h
2.1*1.5h

1.71.5h
0.41.5h
0.791.5h
0.7131.5h

1.41.5h
2.21.5h

0.981.5h

18.80

82.30
43.04

104.39
38.90

41*
40*
71*
35*

79.5

1.292h

7.71

12.8

23.3
15.7

8.20

11.2
16.0
7.54

8.451.5h

2.2*1.5h
3.3*1.5h
0.83*1.5h
1.9*1.5h
11*1.5h
7.2*1.5h
19*1.5h

0.91.5h
1.31.5h
6.161.5h
1.731.5h

2.31.5h
3.31.5h

1.771.5h

3.63

13.45
4.67

24.61
9.37

9.0*
11*
4.3*
1.9*

16.2

0.302h

Nd

Nd

3.68
2.68

0.98

1.08
1.76
1.76

0.591.5h

0.49*1.5h
0.49*1.5h
0.64*1.5h
0.39*1.5h
1.86*1.5h
0.98*1.5h
3.1*1.5h

0.71.5h
0.31.5h
0.801.5h
0.871.5h

0.61.5h
0.61.5h

0.321.5h

2.7

2.3
4.9

2.6
7.4

8.2*
4.3*
0.59*
0.26*

2.0

1.82h

Nd

Nd

0.93
1.9

0.18

0.76
0.83
0.31

0.131.5h

0.51.5h
0.21.5h
0.21.5h
0.21.5h
2.71.5h
0.41.5h
5.61.5h

0.21.5h
0.21.5h
0.331.5h
0.221.5h

0.51.5h
0.21.5h

0.511.5h

T/L

Tumor

T/N ratios
Pancreas

Liver

Kidney

Uptake values

0.64

1.7
0.50

3.0
0.73

0.53*
0.52*
0.50*
0.57*

2.0

0.062h

Nd

Nd

0.46
0.63

0.32

0.35
0.66
0.22

0.551.5h

0.41.5h
0.41.5h
0.41.5h
0.61.5h
11.5h
0.91.5h
1.31.5h

0.41.5h
0.751.5h
1.01.5h
1.21.5h

0.41.5h
0.31.5h

0.331.5h

T/K

T/B

6.1

11
6.0

18
6.7

7.7*
7.8*
9.4*
6.6*

13

3.82h

Nd

Nd

1.3
10

1.3

1.2
5.0
1.4

2.61.5h

1.11.5h
1.51.5h
1.21.5h
4.01.5h
111.5h
4.31.5h
9.51.5h

1.21.5h
1.51.5h
2.21.5h
5.81.5h

11.5h
0.71.5h

2.71.5h

T/M

45

27
8.3

103
30

18*
42*
39*
27*

68

6.02h

Nd

Nd

10
6.5

6.1

6.4
16
0.59

7.41.5h

6.11.5h
5.71.5h
5.81.5h
111.5h
191.5h
151.5h
201.5h

121.5h

Nd
Nd
Nd
Nd
131.5h

8.01.5h
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In-DTPA-[Pro1,Tyr4]BN(1-14) (111In-Compound 1)
In-DTPA-[ACMpip5,Tha6,βAla11,Tha13,Nle14]BN(1-14) (111In-Compound 3)

Lu-DOTA-glycyl-4-aminobenzoyl-BN(7-14) (177Lu-AMBA)
Lu-DOTA-8-Aoc-BN(7-14)

177

177

2.5
3.1

6.1
6.6

0.3

Nd
Nd

0.25
0.26

0.214h
0.64

0.30

0.0824h
0.2234h

2.95
1.57

4.674h
6.27

4.70

4.7504h
1.0724h

17.78
6.44

39.04h
65.3

38.5

8.4864h
15.0104h

6.35
2.84

7.464h
14.8

4.22

0.6514h
0.8384h

2.2
1.8

25
11

14
6.8

2014h
31

11

0.90
1.74h
2.4

14

284h
184h

0.144h
0.784h

364h
23

7.94h
3.84h

71
19

1474h
62

23

164h
494h

IC50 (in nM) determined in vitro in PC-3 cells using 125I-[Tyr4]BN(1-14) as the universal ligand, Ki and Kd values are given when IC50 was not reported; uptake values (in %ID/g) and T/N
ratios are determined in several organs and PC-3 tumor at 1h p.i. unless stated otherwise; a = IC50 determined with non-metallated analogue; Re = Re used as metal instead of Tc; Nd
= not determined; 1.5h, 2h and 4h = uptake values or T/N ratios determined 1.5h, 2h or 4h p.i.; * = estimated from graph; formulas of analogues had to be adapted on some instances
in order to create uniformity.

Lantry et al.‑

Lu-DOTA-PEG4-BN(7-14) (177Lu-DOTA-PESIN)
67
Ga-DOTA-PEG4-BN(7-14) (67Ga-DOTA-PESIN)

Lu-DOTA-8-Aoc-BN(7-14)

177

177

Zhang et al.89

111

111

Smith et al.90

De Visser et al.88
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pool and uptake in muscle, tumor-to-normal-tissue (T/N) ratios were not better than the 99mTc(CO)3(NαHis)Ac-labeled BN analogues71-74.
Alves et al. used different spacers at the X-position in 99mTc(CO)3-pyrazolyl-X-BN(7-14) (X= βAla,
serylserylserine (SSS) or glycylglycylglycine (GGG)) and investigated in vitro and in vivo the effect of
these different spacers75. In vitro experiments in PC-3 cells revealed rapid uptake in all cases, with
the lowest IC50 for the GGG-spaced conjugate. Externalization studies showed that 90% of the cellassociated activity remained internalized even at 90 minutes p.i. for the βAla containing conjugate,
which was higher than the ≈50% internalization of the SSS and GGG containing conjugates, possibly
reflecting inability of functional intracellular/lysosomal proteases in PC-3 cells to degrade the βAlalinker, thereby increasing retention of 99mTc. In contrast to the in vitro results, the in vivo distribution
of all tracers showed low tumor uptake, with accumulation of 99mTc(CO)3-pyrazolyl-βAla-BN(7-14) in
tumor being lowest (Table 2). Overall, T/N ratios were comparable to, or worse than the analogues
investigated by Garcia Garayoa et al. and La Bella et al.
Lane et al. replaced the pyrazolyl chelator by 2-(N,N’-Bis(tert-butoxycarbonyl)diethylenetriamine)
acetic acid (DTMA), and used different spacers; glycylserylglycine (GSG), GGG, SSS and βAla76.
Because the βAla containing radioconjugate demonstrated the highest uptake in vitro and highest
uptake in the GRPR rich pancreas23,32, in normal mice in vivo, it was also examined in tumor bearing
athymic mice. Here, the tumor uptake was less than 1 %ID/g uptake in tumor. The tridentate DTMA
ligand provided stable labeling of the 99mTc(CO)3 metal centercore, meaning that high liver uptake
and rapid hepatobiliary clearance, resulting in low availability for tumor uptake, is due to lipophilicity
of 99mTc(CO)3-DTMA-βAla-BN(7-14)76.
The bidentate chelator 2,3-diaminopropionic acid (DPR) was used by Smith et al. for labeling SSSBN(7-14) with 99mTc, hereby forming 99mTc(H2O)(CO)3-DPR-SSS-BN(7-14)77. The SSS spacer increased
hydrophilicity, resulting in rapid renal excretion. Addition of P(CH2OH)3 during preparation of the
compounds served to stabilize the metal centre by displacing the H20 or Cl- ligand, while also increasing
the hydrophilicity of the radioconjugate 99mTc(P(CH2OH)3)(CO)3-DPR-SSS-BN(7-14). Biodistribution of
both compounds showed a decreased liver uptake for the more hydrophilic 99mTc(P(CH2OH)3)(CO)3DPR-SSS-BN(7-14) (Table 2). Faster clearance from blood, faster urinary excretion and comparable
uptake in muscle resulted in more attractive T/N ratios for 99mTc(P(CH2OH)3)(CO)3-DPR-SSS-BN(7-14),
despite lower tumor uptake77. Still, tumor uptake seems to be too low when compared to uptake in
liver, kidney and intestine to be a serious candidate for clinical imaging.
Derivatives of full-length bombesin (1-14)
Full length BN has also been radiolabeled with 99mTc. Compared to truncated BN(7-14), the larger, fulllength peptide has slower pharmacokinetics, but offers different labeling methods by attachment
of functional groups to amino acids 1 to 6. In many cases, conjugation to Lys3 or Tyr4 has been
performed.
The diaminedithiol (DADT) chelator, coupled to [Lys3]BN(1-14) and labeled with 99mTc, originally
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developed by Baidoo et al., appeared to be highly lipophilic, resulting in high excretion through
liver and intestine of the DADT variants78. Lin et al. used the same conjugates, but replaced
pyroglutamic acid (Glp) at position 1 with DTPA, as a build-in pharmacokinetic modifier to
increase hydrophilicity79,80. The assumption was that the four carboxylic groups of DTPA would be
negatively charged at physiologic pH, counteracting the inherent lipophilicity of

Tc-DADT and

99m

hereby directing excretion of the highly charged radioconjugates through the urinary system in
order to lower hepatobiliary excretion and abdominal background activity. DTPA strongly reduced
radioactivity excreted through the hepatobiliary system and strongly increased renal excretion
(Table 2). Only preliminary scintigraphic imaging of PC-3 tumor bearing mice with both tracers was
performed, which gave high target-to-non-target ratios, suggesting potential for clinical imaging79;80.
In order to decrease uptake in liver and intestine, Ferro-Flores et al. developed a 99mTc labeling
method by coupling the hydrazinonicotinamide (HYNIC) chelator to [Lys3]BN(1-14) and using
ethylenediamine-N,N’-diacetic acid (EDDA) as coligand81. Although incubation in human serum and
cysteine solution showed high stability and in vitro assays in PC-3 cells showed rapid internalization,
in vivo biodistribution displayed the lowest tumor uptake reported in this review (Table 2). High
renal excretion and very low uptake in liver and intestine is probably caused by the hydrophilic
EDDA/HYNIC chelator81.
Another class of BN-like peptides contained an open chain tetraamine chelator for stable
Tc binding. Of these radiolabeled peptides,

99m

Tc-Demobesin 1, an GRPR antagonist82, was

99m

the first to be reported by Nock et al. for use in prostate cancer imaging in athymic mice83.
Demobesin 1 ([d-Phe6,Leu-NHEt13,des-Met14]BN(6-14)) is a truncated BN molecule, substituted with
d-phenylalanine (d-Phe) and Leucine-NH-ethyl-ester (Leu-NHEt at position 6 and 13 and with Met14
removed (des-Met). It was shown that the addition of an ethyl group to the amide strongly increased
the affinity for GRPR82. The tetraamine

TcO2-N4 binding unit was attached to d-Phe6 through a

99m

benzylaminodiglycolic acid (Bzdig) spacer.
Nock et al. reported in a second article the synthesis of four other BN-like peptides; Demobesin
3 to 6 (Table 2)84. Demobesin 3 and 4 consisted of the full-length BN, both substituted with Tyr
at position 4 and proline (Pro) at position 1 to allow for the binding with the tetraamine chelator.
Further insertion of Nle14 in Demobesin 4 was intended to produce a more oxidation-resistant
analogue. Demobesin 5 and 6 consisted of the truncated BN molecule, coupled to the tetraamine
chelator through a Bzdig-linker. Also here, the effect of Nle14 in Demobesin 6 was investigated.
In vitro, all 99mTc-Demobesins showed high affinity for GRPR. High internalization of Demobesin
3 to 6 (reaching a plateau of 75% of activity internalized after 30 minutes of incubation)84 contrasts
the low internalization ability of Demobesin 1 (10-25% internalization)69,83, as can be expected from
an antagonist. All tracers displayed high stability in murine plasma (90% of tracer intact within the
first 10 minutes) with minimal binding to plasma proteins and rapid degradation in liver and kidney
homogenates (<5% intact after 5 minutes). Analysis of urine, collected 30 min p.i. in mice, revealed
complete degradation of the original peptides, but no free 99mTcO4-, indicating high in vivo stability
25
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of the tetraamine chelator.
The biodistribution of

Tc-Demobesin 183 and

99m

uptake values in various organs (Table 2).

Tc-Demobesin 3 to 684 revealed different

99m

Tc-Demobesin 1 displayed the highest specific

99m

tumor uptake compared to all radiolabeled BN-like peptides reported up to date, which was
confirmed by Maina et al. in 200570 and Cescato et al. in 200869 (Table 2).

Tc-Demobesin 1 also

99m

highly accumulated in pancreas, but activity declined rapidly to an almost undetectable value at
24h p.i., most probably as a result of the excessive enzymatic activity in this organ. Although liver
and kidney uptake at 1h p.i. appeared to be similar, the originally lipophilic alkylamidated peptide
moiety of 99mTc-Demobesin 1 is considerably imparted by the hydrophilic monocationic polar metal
chelate complex, resulting in predominant clearance from the body via the kidneys (≈70% of the
administered activity is collected in the urine within the first 30 minutes). Intestinal uptake (7.5 %ID/g
at 30 min p.i.) was substantially reduced to 2.3 %ID/g in the presence of unlabeled BN, strongly
suggesting that intestinal accumulation of

Tc-Demobesin 1 is mediated via GRPR binding and

99m

not due to hepatobiliary excretion of the radioligand. Investigations of human and murine intestinal
tissue revealed presence of GRPR, further supporting this finding85,86.
Demobesin 3 and 4, with the full-length BN molecule, also displayed high uptake in tumor and
pancreas, while the truncated BN(7-14) analogues Demobesin 5 and 6 accumulated much lower in
tumor, but high in pancreas. The substitution of Met14 by Nle14 in Demobesin 4 and 6 caused slightly
lower affinity for GRPR in vitro, when compared to Demobesin 3 and 5. Strangely, in vivo, it resulted
in higher tumor uptake of 99mTc-Demobesin 4, but lower uptake of 99mTc-Demobesin 6 (Table 2).
Demobesin 3 and 4 showed much lower hepatic uptake and excretion, when compared to
Demobesin 1, 5 and 6, while renal-urinary excretion was much higher. The favourable excretion
pattern of Demobesin 3 and 4 may be due to several facts: (I) the presence of the positively charged
arginine3 (Arg) in the full-length BN molecule, (II) presence of Tyr4, which becomes soluble when
the –OH group gets deprotonated, (III) presence of polar Pro1, (IV) lack of the Bzdig-linker with the
lipophilic benzyl-group.
The excellent tumor-to-background ratios of Demobesin 1 and 3 resulted in clear tumor
delineation and visualization of renal excretion with gamma camera imaging, making both
radiotracers promising tools for clinical evaluation of prostate cancer83,84.

In labeled bombesin analogues

111

The same group also compared

Tc-Demobesin 1 to

99m

In-DOTA-PEG4-[d-Tyr6,βAla11,Thi13,Nle14]

111

BN(6-14) ( In-Z-070) (Thi = β-(2-thienyl)-alanine, PEG = polyethylene glycol)70. Biodistribution
111

confirmed the superiority of Demobesin 1 for targeting PC-3 tumor in athymic mice. Uptake in
liver was lower for 111In-Z-070, when compared to 99mTc-Demobesin 1 (Table 2), but was much lower
than the 64Cu-DOTA-chelates (Table 3) and comparable to 86Y,
analogues, suggesting low transchelation of the

26

Ga and

67/68

In-DOTA-complex.

111

Lu-DOTA-coupled BN

177
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Another

In-DOTA coupled BN analogue was investigated by Hoffman et al.87. The effect of

111

different spacers (βAla, 5-Ava, 8-Aoc, 11-Aun or no spacer, containing 3, 5, 8, 11 and 0 carbon atoms,
respectively, 8-Aoc = 8-amino-octanoic acid, 11-Aun = 11-amino-undecanoic acid) at the X-position
in In/111In-DOTA-X-BN(7-14) on in vitro GRPR affinity and in vivo biodistribution in athymic mice was
determined. Analogues containing βAla, 5-Ava or 8-Aoc displayed low IC50 values in competitive
binding assays in vitro in PC-3 cells. Biodistribution in normal healthy mice revealed high renalurinary excretion of all radiotracers, being highest for the analogue containing no spacer (97.0%
of administered activity excreted 1h p.i.) and decreasing with spacer length (the 11-Aun containing
analogue was excreted 53.3% at 1h p.i.). Pancreatic uptake increased with spacer length from 0.20
%ID/g for the analogue with no spacer to a maximum of 26.97 %ID/g for the analogue with the
8-Aoc spacer. Receptor blocking with an excess of unlabeled BN confirmed specificity as uptake in
pancreas was reduced by ≈98%. Biodistribution of 111In-DOTA-8-Aoc-BN(7-14) in PC-3 tumor bearing
SCID mice demonstrated rapid accumulation of the tracer in the tumor (7.59 %ID/g at 15 min p.i.
and 3.63 %ID/g at 1 h p.i.)87. Despite high tumor-to-blood (T/B) and tumor-to-muscle (T/M) ratios
combined with high renal-urinary clearance and relatively low hepatic uptake, the asessment of
intra-abdominal structures might be hindered by accumulation of activity in intestine (which was
always higher than, or comparable to, uptake in tumor).
De Visser et al. synthesized several

In labeled, DTPA-BN-like peptides (Compounds 1-6) and

111

determined receptor affinity and internalization properties88.

In-DTPA-[ACMpip5,Tha6,βAla11,Tha

111

,Nle14]BN(1-14) (ACMpip = 4-amino-carboxymethyl-piperidine, Tha = β-(2-thienyl)-alanine) (111In-

13

Compound 3) displayed the lowest IC50 and was compared to 111In-DTPA-[Pro1,Tyr4]BN(1-14) (111InCompound 1) for determining the difference in serum stability in vitro and biodistribution in vivo.
The percentages of intact peptide after 4h of incubation in human serum were 67% and 74% for
the 111In-Compound 1 and the 111In-Compound 3, respectively88. Uptake of 111In-Compound 3 in the
PC-3 tumor of athymic mice at 4h p.i. was 1.3 fold higher when compared with 111In-Compound 1.
However, uptake in colon, caecum, small intestine, liver and pancreas was 2-3 times higher, so that
T/N ratios of 111In-Compound 3 where not better than those of 111In-Compound 1 (Table 2).
Lu labeled bombesin analogues

177

Radiolanthanides, like

Lu, are considered to have very good nuclear properties for use in

177

radiotherapeutic applications, but can also be used for imaging purposes. Imaging is however always
performed to monitor the radiotherapeutic application of the
The GRPR targeting properties of

Lu labeled radiopharmaceutical.

177

Lu labeled bombesin analogues will be reviewed in this

177

paragraph, accompanied by available therapeutic results. The attachment of the lanthanide to a
biomolecule requires a multidentate chelator, such as DOTA or DTPA, capable of stabilizing the
radiolanthanide against in vivo transchelation to serum proteins. Zhang et al. designed DOTA-PEG4BN(7-14) (DOTA-PESIN) and although the uptake of

Lu-DOTA-PESIN in tumor was ≈50% of the

177

uptake of Ga-DOTA-PESIN, scintigraphic imaging 4h after injection of 177Lu-DOTA-PESIN showed
67
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clear tumor, pancreas and kidney uptake89. Imaging after 24, 48 and 72h showed fast clearance from
normal tissue, including pancreas and kidney, while the tumor retained high activity. Biodistribution
revealed high T/N ratios, indicating that 177Lu-DOTA-PESIN could be and excellent tool in receptortargeted radionuclide therapy in prostate cancer89.
Smith et al. investigated the GRPR affinity and biodistribution of 177Lu-DOTA-8-Aoc-BN(7-14)90. In
vitro analysis revealed high affinity and specificity for GRPR, high internalization and slow efflux. In
vivo biodistribution in tumor bearing mice showed that the 177Lu-conjugate was cleared efficiently
(mainly via the renal-urinary pathway) from the bloodstream. Tumor uptake of
Aoc-BN(7-14) was comparable to

Lu-DOTA-8-

177

In-DOTA-8-Aoc-BN(7-14) (Table 2)87. Excision and subsequent

111

counting of femur bone tissue indicated no dissociation of free 177Lu from the metallated conjugate.
Intestinal uptake and hepatobiliary excretion of the 177Lu-conjugate was slightly lower at 1, 4 and
24h p.i. when compared to the

In-conjugate, but much lower than the relatively instable 64Cu-

111

DOTA-8-Aoc-BN(7-14)91,92, suggesting low dissociation and transchelation of 177Lu and 111In due to
high stability of the 177Lu-DOTA and 111In-DOTA-complex.
Biodistribution of

Lu-DOTA-glycyl-4-aminobenzoyl-BN(7-14) (177Lu-AMBA) in athymic mice

177

was compared to 177Lu-DOTA-8-Aoc-BN(7-14) by Lantry et al.93. The route of excretion was primary
renal for both analogues. Accumulation in tumor was higher at 1h p.i. for 177Lu-AMBA (Table 2) and
was retained at a higher level at 24h p.i. Besides biodistribution, the therapeutic efficacy of 177LuAMBA was also investigated. When compared to controls that received no treatment, treatment
with a single dose of

Lu-AMBA significantly increased survival of tumor-bearing mice and

177

decreased PC-3 tumor growth rate. Treatment with a second dose after 14 days improved survival,
and decreased growth rate, even more. Interestingly, mice were not visibly affected by the high
pancreatic uptake of 177Lu-AMBA up to 120 days after treatment.
Bombesin analogues suitable for imaging with PET
Cu labeled bombesin analogues

64

Research on PET-radionuclide labeled BN derivatives has been started relatively late compared to
SPECT analogues. So far, most work has been published with the use of the radioisotope 64Cu and
DOTA as chelator. To date, a drawback of 64Cu is its limited availability.
Rogers et al. were the first to report GRPR targeted microPET imaging of athymic mice bearing
subcutaneous human prostate cancer xenografts92. The in vitro experiments with 64Cu-DOTA-8-AocBN(7-14) in PC-3 cells showed rapid internalization and high specificity for GRPR. At 2h p.i., 64CuDOTA-8-Aoc-BN(7-14) displayed an uptake in the PC-3 tumor of 5.5+/-0.6%ID/g, which is the highest
PC-3 tumor uptake of 64Cu labeled BN (Table 3). Uptake in liver, kidney, pancreas and intestine was
also high, resulting in a rather low T/N ratio. Although an excess of unlabeled BN could block uptake
in tumor and pancreas, the uptake in liver could not be blocked, which is probably caused by
presence of metabolites and transchelating of 64Cu to albumin and superoxide dismutase94,95.
Ex vivo measurements of GRPR density in tumor and pancreas revealed a 14-fold greater GRPR
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Cu-DOTA-GGG-BN(7-14)
64
Cu-DOTA-GSG-BN(7-14)
64
Cu-DOTA-GSS-BN(7-14)

Cu-CB-TE2A-8-Aoc-BN(7-14)
Cu-DOTA-8-Aoc-BN(7-14)

Cu-DOTA-[Lys3]BN(1-14)
64
Cu-DOTA-Aca-BN(7-14)

Yang et al. [99]

F-FB-NH-Glu-BN(7-14)-c(RGDyK) (18F-BN-RGD)
F-FB-[Lys3]BN(1-14)

18

18

32.0
Nd

5.3
48.7

6.6

Nd
Nd

2.2a
18.4a

2.2a

3.1a

0.48
1.44

50.0a
81.8a
31.7a

6.1 (Kd)

IC50

1.3*m
4.0*m

0.8*
4.9*

0.64b

1.329
0.170

4.9*m
13.2*1.5hm

4.18

1.58

2.15
9.56

7.737
2.078
4.918

13.3*2h

3.4*m
9.1*m

15.5*
8.2*

6.27b

6.148
8.309

5.7*m
3.1*1.5hm

3.5*

3.79

5.26
8.46

5.353
2.872
5.481

6.2*2h

Nd
Nd

3.0*
5.6*

65.3b

4.387
14.456

Nd
Nd

7.83

27*

17.66
13.81

10.053
10.891
12.282

13.42h

3.57m
0.44m

5.94
0.43

14.8b

0.793
2.646

3.5*m
2.6*1.5hm

3.97

3.58

2.65
3.48

4.577
2.810
3.751

5.52h

2.7*m
0.11*m

7.1*
0.09*

23b

0.60
16

0.71*m
0.20*1.5hm

0.95

2.3

1.2
0.36

0.59
1.4
0.76

0.41*2h

T/L

Tumor

T/N ratios
Pancreas

Liver

Kidney

Uptake values
T/B
4.22h
5.7
7.0
4.8
5.2
2.9
12
13
Nd
Nd
6.2
12
31b
8.3*
1.9*
Nd
Nd

T/K
0.89*2h
0.86
0.98
0.68
0.50
0.41
0.94
1.1*
0.61*m
0.84*1.5hm
0.13
0.32
2.4b
0.38*
0.05*
1.1*m
0.05*m

4.8*m
3.6*m

14*
2.5*

62b

2.7
30

5.8*m
2.0*1.5hm

Cnd

Nd

10
5.4

8.5
9.7
11

7.9*2h

T/M

IC50 (in nM) determined in vitro in PC-3 cells using 125I-[Tyr4]BN(1-14) as the universal ligand, Kd value is given when IC50 was not reported; uptake values (in %ID/g) and T/N ratios are
determined in several organs and PC-3 tumor at 1h p.i. unless stated otherwise; a = IC50 determined with non-metallated analogue; b =67Ga used instead of 68Ga; Nd = not determined;
1.5h and 2h = uptake values or T/N ratios determined at 1.5h or 2h p.i.; * = estimated from graph; Cnd = could not be determined from graph; m = acquired by calculating the average
radioactivity accumulation in ROIs drawn in microPET images; formulas of analogues had to be adapted on some instances in order to create uniformity.

Li et al. [104]

F-FB-[Lys3]BN(1-14)
18
F-FB-Aca-BN(7-14)

18

67/68

Zhang et al. [89]

Ga-DOTA-PEG4-BN(7-14) (67/68Ga-DOTA-PESIN)

Cu-DOTA-[Pro1,Tyr4]BN(1-14) (64Cu-MP2346)
Y-DOTA-[Pro1,Tyr4]BN(1-14) (86Y-MP2346)

86

64

Zhang et al. [103]

Biddlecombe et al. [100]

Cu-DOTA-[Lys3]BN(1-14)

64

Cu-NOTA-8-Aoc-BN(7-14)

64

Chen et al. [98]

64

Prasanphanich et al. [97]

64

64

Garrison et al. [91]

64

Parry et al. [96]

Cu-DOTA-8-Aoc-BN(7-14)

64

Analogue

Rogers et al. [92]

Reference

Table 3: Bombesin analogues suitable for imaging with PET
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expression in the tumor. In contrast, biodistribution showed that the tumor uptake of 64Cu-DOTA8-Aoc-BN(7-14) was about 2.5-fold less than uptake in pancreas (Table 3). In vivo determination of
blood flow in these mice revealed a significantly lower blood flow to the tumor, when compared to
kidney, liver, small intestine, but especially pancreas. The blood flow was 2.6-fold higher in pancreas,
explaining the 2.5-fold less uptake of 64Cu-DOTA-8-Aoc-BN(7-14) in tumor compared to pancreas92.
Parry et al. investigated the effect of different amino acid spacers at the X-position in 64Cu-DOTAX-BN(7-14)96. The spacers consisted of three amino acid combinations of nonpolar glycine (G), polar
serine (S), or negatively charged glutamic acid. In vitro assays in PC-3 cells showed poor binding and
internalization of the glutamic acid-containing spacers. Analogues with G and S displayed excellent
binding and were selected for biodistribution and microPET imaging in tumor bearing mice. One
hour p.i. 64Cu-DOTA-GGG-BN(7-14) showed highest tumor uptake, but also scored highest in liver
and kidney uptake (Table 3). 64Cu-DOTA-GSG-BN(7-14) did best in T/N ratios after 1h. 64Cu-DOTAGSS-BN(7-14) had the highest ratios 24h p.i. due to long retention of 64Cu in the tumor (≈57% of
activity remaining in tumor compared to activity at 1h p.i.) and relatively rapid washout of 64Cu in
normal tissue96. Although adding S to the linker to decrease lipophilicity and lower uptake in liver, it
also lowered uptake in tumor while abdominal activity remained, resulting in relatively unchanged
T/N ratios.
Other chelators are necessary to prevent transchelation of 64Cu. For that reason Prasanphanich et
al.97 and Garrison et al.91 both tried a different chelator linked to 8-Aoc-BN(7-14); NOTA and CB-TE2A
(CB-TE2A = 1,4,8,11-tetraazabicyclo[6.6.2]hexadecane-4,11-diacetic acid), respectively. MicroPET
imaging and in vivo studies of 64Cu-NOTA-8-Aoc-BN(7-14) in tumor-bearing PC-3 mouse models
indicated high affinity for GRPR. Minimal accumulation of radioactivity in liver tissue suggests high
in vivo stability with little or no in vivo dissociation of 64Cu from the NOTA chelator97.
The CB-TE2A and the DOTA chelator (coupled to 8-Aoc-BN(7-14) were compared in vivo91. Both
showed rapid tumor uptake at 15 minutes p.i. with values of 6.95+/-2.27 and 4.95+/-0.91 %ID/g. T/N
ratios were mostly much higher for the 64Cu-CB-TE2A radioconjugate, with the highest ratios 4h p.i.
Imaging at this time point may be hindered, however, by extensively increased activity in the large
intestine. Significant clearance (98.6% of the injected dose after 24h) was demonstrated for the 64CuCB-TE2A-8-AOC-BBN(7-14) radioconjugate. In contrast, only 67.8% of the activity was excreted using
the 64Cu-DOTA-8-AOC-BBN(7-14) after 24h. The low liver uptake of CB-TE2A supports the hypothesis
that the CB-TE2A conjugate substantially stabilizes the 64Cu radionuclide in vivo, with little or no in
vivo dissociation of 64Cu2+ from the CB-TE2A chelating system91.
[Lys3]BN(1-14) was conjugated with DOTA and labeled with

Cu by Chen et al.98. Tissue

64

biodistribution, microPET, and whole-body autoradiographic imaging of the radiotracer were
investigated in androgen independent PC-3 and androgen dependent CWR22 prostate cancer
tumor models. Radiotracer uptake was higher in the PC-3 tumor (5.62 +/- 0.08 %ID/g at 30 min p.i.)
than in the CWR22 tumor (1.75 +/- 0.05 %ID/g at 30 min p.i.). Coinjection of 10mg/kg BN strongly
reduced uptake in the pancreas and PC-3 tumor indicating specific binding of 64Cu-DOTA-[Lys3]
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BN(1-14) to GRPR. Binding of the radioconjugate to the CWR22 tumor appeared to be non-specific.
Fast blood clearance and low binding of metabolites to plasma proteins combined with rapid renal
excretion of 64Cu-DOTA-[Lys3]BN(1-14), probably caused by the addition of the positively charged
lysine group, resulted in a high T/B ratio (Table 2)98.
It is unclear whether the C-terminal truncated form of BN or the full-length BN is more suitable
for GRPR targeting in vivo. To investigate this, Yang et al. developed 64Cu-DOTA-Aca-BN(7-14) (Aca =
ε-Amino-caproic acid) and compared it to 64Cu-DOTA-[Lys3]BN(1-14)99. Full-length BN showed higher
GRPR affinity in vitro and better metabolic stability, better tumor contrast and absolute tumor activity
in vivo. The DOTA-coupled, truncated BN displayed high liver and intestinal uptake. So although the
lipophilic linker Aca had to be added in order to conjugate the DOTA chelate to the BN-fragment,
it can be reasonably assumed that the full-length could improve GRPR detection. Despite better
imaging characteristics for 64Cu-DOTA-[Lys3]BN(1-14), clinical application of this tracer could still
be hampered due to background accumulation in intestine and rapid clearance via bladder with
difficult appraisal of the abdominal region99.
Biddlecombe et al. designed DOTA-[Pro1,Tyr4]BN (MP2346) for labeling with

Cu and

64

Y .

86 100

Both conjugates were studied in vitro for cellular internalization by PC-3 cells. Y-MP2346 initially
86

internalized slower than the 64Cu-conjugate, but after 20h of incubation, nearly a 3-fold higher level
of internalization was noted for 86Y-MP2346. In vivo tissue biodistribution in athymic PC-3 tumor
bearing mice demonstrated higher tumor uptake of 86Y-MP2346, when compared to 64Cu-MP2346
(Table 3). Furthermore, 86Y had higher T/N ratios at all time points, which resulted in superior
Y-PET images100. Differences in tumor and pancreas uptake have to be attributed to differences

86

in the physical and chemical properties of 64Cu and 86Y, since both radionuclides are conjugated
to the MP2346-molecule. The difference in renal uptake and excretion is probably due to the
higher positive charge of 86Y-MP2346. Higher liver uptake of 64Cu-MP2346 is most likely caused by
transchelation of 64Cu.
Ga labeled bombesin analogues

68

Zhang et al. designed DOTA-PEG4-BN(7-14) and labeled it with the ß+ emitter 68Ga89. Although being
a γ emitter, 67Ga was used instead of 68Ga for in vitro cell experiments and in vivo biodistribution,
showing high affinity and specificity for GRPR leading to high tumor and pancreas uptake (Table
2). Low uptake in liver and fast urinary clearance of the conjugate from the circulation and GRPR
negative tissues (except kidney) resulted in high T/N ratios. 68Ga was used for microPET imaging,
which revealed excellent imaging characteristics (despite high β+ energy) with accumulation
predominantly in PC-3 tumor, pancreas and kidney. Despite low hepatic uptake, intestinal activity
was relatively high89.
F labeled bombesin analogues

18

In recent years radiochemistry has been developed to prepare

F labeled peptides101,102. The

18
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advantage of

F is that a small prosthetic group can be covalently attached with minor loss

18

or change of the biological properties of the peptide. Its physical half-life of 110 min opens the
possibility for distribution to PET-facilities without a cyclotron, whereas it is sufficient short to do
repeated scans within a few days. Both [Lys3]BN(1-14) and Aca-BN(7-14) were conjugated to 18F and
showed rapid in vitro internalization into PC-3 cells, but also a rapid washout, which is very different
from radiometal labeled BN103. The rapid efflux is probably due to the lipophilic nature of both the
intact tracer and the radioactive metabolized peptide fractions, resulting in relatively easy migration
through the lipid membrane of the cells, whereas prolonged retention of radiometal labeled BN is
most likely due to the lack of cell permeability of charged radiometals or radiometal-chelates.
Dynamic microPET images of athymic mice bearing PC-3 tumors showed rapid blood clearance
of both tracers, with 18F-FB-[Lys3]BN(1-14) (FB = 4-Fluorobenzoyl) excreted predominantly through
the kidney and the more lipophilic 18F-FB-Aca-BN(7-14) excreted both renally and hepatobiliary. PC-3
tumor uptake and T/N ratios of 18F-FB-[Lys3]BN(1-14) were much higher at all time points examined
(Table 3). In an orthotopic PC-3 tumor model, 18F-FB-[Lys3]BN(1-14) was able to visualize the tumor
between 10 and 30 minutes, after which a significant amount of urinary bladder activity interfered
with tumor delineation103.
In an attempt to increase tumor uptake and to reduce the T/N ratios, the Stanford group
also synthesized a dual-receptor-targeting heterodimer consisting of a GRPR targeting part and
an integrin targeting part104. Integrin αvβ3 is a key player in angiogenesis of most solid tumors,
necessary for formation, survival and maturation of new blood vessels105-107 and can be targeted
by synthetic peptides containing the arginine-glycine-aspartate (RGD) sequence motif. The cell
uptake of this newly developed

F radioconjugate

18

F-FB-NH-Glu-BN(7-14)-c(RGDyK) (Glu =

18

glutamic acid, c(RGDyK) = cyclic RGD-Tyr-Lys) ( F-BN-RGD) was rapid, reaching its plateau at 30
18

minutes, but internalization was slightly lower when compared to 18F-FB-[Lys3]BN(1-14). 18F-BN-RGD
had significantly higher tumor uptake and higher T/N ratios compared with 18F-FB-[Lys3]BN(1-14)
(Table 3), resulting in significantly higher imaging quality. To indicate the synergistic, dual-receptortargeting capability, the PC-3 tumor uptake of

F-BN-RGD was inhibited only partially in the

18

presence of an excess amount of unlabeled BN(7-14) or c(RGDyK), but was blocked completely in
the presence of both104.
Strangely, in vivo PC-3 tumor uptake of 18F-BN-RGD was much higher than 18F-FB-[Lys3]BN(1-14),
while in vitro in PC-3 cells, the latter was in advantage, albeit slightly. The reason can not be found
in a lack of metabolic stability, since Li et al. determined that the metabolic stability of 18F-BN-RGD
was comparable to that of 18F-FB-[Lys3]BN(1-14)103,104. Furthermore, the difference in tumor uptake
of 18F-FB-[Lys3]BN(1-14) in both articles reporting the production of this substance is striking. Li et
al. reported a tumor uptake of 0.44 %ID/g 1h p.i.104, which is a lot smaller than the tumor uptake
reported by Zhang et al.103(Table 3) . When taking into account that the tumor uptake value reported
by Li et al. was acquired by calculating the average radioactivity accumulation in regions of interest
(ROIs) drawn in microPET images, it is still about six times smaller than the microPET-ROI acquired
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tumor uptake value reported by Zhang et al. (2.61 %ID/g p.i., data not shown in Table 3)103.
It is known that there is a discrepancy between biodistribution data and microPET-ROI acquired
data. This has also been observed for other radioconjugates96,98,108. The reason can probably be found
in the amount of tracer administered for microPET imaging, which is about an order of magnitude
higher than that for biodistribution, causing partial self-inhibition of receptor-specific uptake in the
tumor.
CLINICAL IMAGING STUDIES WITH GRPR TARGETED RADIOPHARMACEUTICALS

2

Safety and biodistribution
Only few authors have reported on safety and efficacy of application of radiolabeled BN analogues for
the visualization of prostate cancer in humans. In the reports by Van de Wiele et al. using 99mTc-RP527,
a BN fragment, no short-term adverse or subjective effects were noted in any of the subjects109,110. All
vital signs remained stable throughout the experiment and no meaningful changes were observed
in any of the clinical laboratory assays performed on blood and urine specimens obtained up to 48h
after administration of the radioligand. Biodistribution data showed low uptake in liver, lung and
myocardium. Rapid clearance from the circulation (<20% of the injected dose remained in the blood
20 minutes after injection) was effected predominantly through the renal-urinary tract110.
In a study by De Vincentis et al. no short-term adverse effects were noted of

Tc-BN1 (99mTc

99m

labeled full-length BN where Glp1 was replaced by cysteine and a 6-amino-n-hexanoic-acid spacer
was inserted between cysteine and the 2nd amino acid) in prostate cancer patients. In four of 14
subjects an increase in heart rate, less than 15% of baseline value, was observed, without subjective
perception of any symptoms111. Scopinaro et al. studied uptake kinetics of 99mTc-BN1 in prostatic hot
spots, which showed a characteristic upslope time activity curve reaching 90% of the maximumactivity-plateau at three minutes p.i. Urinary activity was hardly present at that time and was
maximal at 17 min p.i., hereby not hindering detection of tumors in the pelvic region112.
Tumor detection and characterization
Ten patients with clinical suspicion of prostate cancer were studied by Scopinaro et al.112. Histology
of prostate biopsies confirmed that 99mTc-BN1 SPECT was true negative in two patients with benign
prostatic adenomas and true positive in eight patients with prostate cancer (average Gleason
score 7.5 and average prostate-specific-antigen 16.31). Dynamic planar scans showed hot spots in
the prostate bed 1 min after injection of

Tc-BN1, before arrival of radioactivity in the bladder.

99m

The rapid prostate cancer uptake curves were similar to uptake of

Tc-BN1 described in breast

99m

cancer , indicating rapid binding of 99mTc-BN1 to GRPR in vivo in humans. 99mTc-BN1 SPECT and
56

conventional bone scintigraphy both did not identify bone lesions, but lymph node invasion was
found with SPECT in three patients and were all confirmed at surgery112.
De Vincentis et al. studied 14 patients with clinical suspicion of prostate cancer and showed that
Tc-BN SPECT was true positive in all 12 patients with histology confirmed prostate cancer and

99m
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that it provided normal findings in two subjects with benign prostatic adenomas111. In four patients
with prostate cancer there was also focal pelvic uptake, indicating lymph-node metastases, which
was confirmed after pathologic evaluation in all four subjects. In patients without pelvic uptake,
no lymph node metastases found with histology. In one patient multiple bone metastases were
detected with bone scintigraphy, but only one of the bone lesions was visualized with

Tc-BN1

99m

SPECT .
111

Van de Wiele et al. studied

Tc-RP527 in four patients with bone-metastasized androgen

99m

independent prostate cancer. In one patient there was specific uptake of 99mTc-RP527, but only in
less than half (14/33) of bone lesions found with bone scintigraphy109.
As mentioned before, primary prostate cancer tissue expresses GRPR in most cases and often
in high density41,44,45,47,49, while normal prostate tissue mostly displays a low to non-existent level of
GRPR expression41,44. This supports the findings of Scopinaro and De Vincentis in detecting 100% of
the primary prostate cancer subjects on nuclear imaging and, also very important, the absence of
uptake in patients without prostate cancer111,112. However, expression of GPRR in bone metastases of
prostate cancer could be very different from expression in primary prostate cancer as is demonstrated
by the fact that one bone lesion was detected but multiple metastases in 1 patient were missed with
Tc-BN1 SPECT111. Also,

99m

Tc-RP527 scintigraphy failed to detect bone lesions in 3 of 4 patients

99m

and missed half of the lesions in one patient109. Markwalder et al. examined GRPR expression in 7
androgen independent bone metastases of prostate cancer and found GRPR expression in only 4
of 7 bone lesions, in a highly variable range44. Examination of primary prostate cancer revealed low
GRPR levels in poorly differentiated prostate cancer, which suggests that undifferentiated prostate
cancer may not express GRPR. It is unclear whether this conclusion is valid for androgen independent
bone metastases. Also, an effect of androgen deprivation therapy could have influenced tumor
detection as castration reduced GRPR density by 11-36% in androgen dependent prostate cancer
xenograft models113. On the other hand Jiborn et al. reported neuroendocrine differentiation with
appearance of neurosecretory granules rich in various peptides, in approximately 40% of patients
with androgen independent prostate cancer during androgen withdrawal114. This could allow for
treatment schemes with a GRPR antagonist for which patient selection and treatment evaluation
could theoretically be performed by means of GRPR targeted nuclear imaging.
Combining all available clinical data, both the primary tumor and lymph node metastases could
be visualized clearly in all cases. However, in patients with known bone metastases only two out
of five cases were detected by GRPR based imaging. Moreover, less than half of the numbers of
metastases found with bone scintigraphy were also identified using GRPR targeted imaging. At
present, the numbers are too limited to allow conclusions with regard to the usability of BN-like
peptides in the diagnosis of (bone) metastases in prostate cancer. A heterogenous GRPR distribution
has been described more often in tumors with a lower number of GRPR, reflecting possibly the
presence of poorly differentiated tumor regions. Markwalder et al. even observed a heterogenous
34
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distribution of GRPR in cases with histologically homogenous tumor areas44. Another explication
for the observed GRPR heterogeneity is the presence of different tumor clones. This last remark
could be true, for Van de Wiele et al. stated that the uptake of 99mTc-RP527 in one patient with bone
metastases of prostate cancer appeared to be variable between different metastases109.
At present there are no clinical data available on the use and efficacy of GRP targeted imaging in
combination with PET in patients with prostate cancer
CONCLUSION
Nuclear imaging of BN receptors has gained increasing attention during the last decade. Several
derivatives of BN and its truncated form have been prepared for SPECT and later also for PET.
Amongst the bulk of different conjugates, potent candidates for further clinical evaluation have
been developed, thereby having the choice of both PET and SPECT radionuclides with a wide range
of radioactive half-lives. Clinical data so far are quite limited, but based on several criteria from
preclinical studies we propose some potent candidates for future clinical imaging applications. These
criteria are: (I) high affinity for GRPR, with rapid and specific tumor uptake (II) high hydrophilicity
resulting in the preferred renal-urinary mode of excretion and low hepatobiliary excretion, (III) high
stability, but relatively rapid clearance from blood.
For a qualitative assessment of all tracers, T/N ratios were compared. Most important values are
T/B and T/M ratios. For the assessment of the prostate and lymph nodes in the abdomen, tumorto-small-intestine or tumor-to-colon ratios would be most useful. However, these data are sparsely
reported and are replaced, in our qualitative assessment, by the T/L ratio as a representative for
abdominal background. Ideally, the T/K ratio should be very low, hinting high renal uptake and
excretion. Based on these assumptions, potent BN conjugates in the PET and SPECT group were
selected.
Among SPECT tracers,

Tc-Demobesin 169,70,83,

99m

showed the best overall T/N ratios. Although

Lu-Amba93 and

177

Ga/177Lu-DOTA-PESIN89

67

In-Compound 3 showed the best T/N ratios among

111

88

111In labeled SPECT tracers, the absolute tumor uptake was rather low, which will result in poor
image quality. In this respect, imaging with 111In-DOTA-8-Aoc-BN(7-14)87 or 111In-Z07070 could prove
to be superior because of higher tumor uptake, despite slightly inferior T/N ratios. Among PET
tracers, the best overall scores were displayed by 86Y-DOTA-[Pro1,Tyr4]BN(1-14)100, 68Ga-DOTA-PESIN93,
Cu-NOTA-8-Aoc-BN(7-14)97 and 18F-FB-[Lys3]BN(1-14)103. However, in a direct comparison between

64

F-FB-[Lys3]BN(1-14) and the heterodimer 18F-FB-NH-Glu-BN(7-14)-c(RGDyK)104, the latter showed

18

better imaging characteristics and has to be mentioned as a promising tool for prostate cancer
imaging in this respect.
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ABSTRACT
Introduction: The peptide bombesin (BN) and derivates thereof show high binding affinity for the
gastrin-releasing peptide receptor (GRPR), which is highly expressed in primary and metastasized
prostate cancer. We have synthesized a new BN-based radiopharmaceutical

Technetium-

99m

HYNIC(tricine/TPPTS)-Aca-BN(7-14) (99mTc-HABN) and evaluated its GRPR targeting properties in
vitro and in a xenograft tumor model for human prostate cancer in athymic mice.
Methods:

Tc-HABN was synthesized and its lipophilicity and stability were investigated. The IC50,

99m

internalization and efflux properties were determined in vitro using the GRPR expressing human
prostate cancer cell line PC-3. 99mTc-HABN biodistribution and microSPECT imaging were performed
in PC-3 tumor-bearing athymic mice.
Results: 99mTc-HABN was prepared with high labeling yield (>90%), high radiochemical purity (>95%)
and a specific activity of ~19.8 MBq/nmol. The partition coefficient log D value was
-1.60±0.06.

Tc-HABN proved to be stable in human serum for 6 hours. The IC50 of HYNIC-Aca-

99m

BN(7-14) was 12.81±0.14 nM. Incubation of PC-3 cells with 99mTc-HABN demonstrated rapid cellular
internalization and a long intracellular retention time. When mice were injected with

Tc-HABN

99m

the activity was predominantly cleared via the kidneys. Uptake in the tumor was 2.24±0.64 %ID/g
after 30 minutes, with a steady decrease during the 4 hours study period. In vivo experiments with
a blocking agent showed GRPR mediated uptake. 99mTc-HABN microSPECT imaging resulted in clear
delineation of the tumor.
Conclusion:

Tc-HABN is a novel BN-based radiopharmaceutical that proved to be suitable for

99m

targeted imaging of prostate cancer with microSPECT using the human prostate cancer cell line
PC-3 in a xenograft mouse model.
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INTRODUCTION
Worldwide, prostate cancer is one of the most common causes of cancer in men and a common cause
of morbidity and death1, 2. As current conventional diagnostic techniques are not sensitive enough
to accurately detect early, advanced or recurrent prostate cancer, new diagnostic modalities have
to be developed3-5. Radionuclide imaging with SPECT or PET (single photon emission computed
tomography and positron emission tomography, respectively) may provide a sensitive technique for
reliable diagnosis and/or staging of prostate cancer. However, current radiopharmaceuticals appear
to have drawbacks with regard to sensitivity or specificity in prostate cancer assessment6-8. Crucial
for accurate new radionuclide imaging techniques is the development of radiopharmaceuticals that
can be targeted to tumor-associated specific antigens, which are overexpressed in prostate cancer
and sparse in normal tissue.
In this respect the gastrin-releasing peptide receptor (GRPR) appears to be particularly
appealing since it is overexpressed in a variety of human malignancies including primary and
metastatic prostate cancer9-12. Importantly, GRPR expression in normal tissue is relatively low13-16.
The natural ligand for GRPR in mammals is the gastrin-releasing peptide (GRP). GRP is not suitable
for modification into a radiopharmaceutical since it has poor in vivo stability. The amphibian
counterpart of GRP, the 14 amino acid peptide bombesin (BN), appeared to be more suitable. GRP
and BN share an identical 7-amino acid long C-terminal region that is needed for binding to GRPR. A
series of BN analogues have been constructed that were labeled with a variety of radionuclides (i.e.
Tc, 111In, 64Cu, 18F)17. Several groups have used either the full length BN molecule, BN(1-14), or the

99m

truncated peptide BN(7-14), with or without amino acid substitutions, spacer insertion and different
radionuclide-chelator complexes in order to achieve increased affinity for GRPR, higher metabolic
stability, improved biodistribution properties or manipulation of the mode of excretion.
Although radiolabeled BN derivatives have been extensively investigated for diagnosis and
treatment of GRPR positive prostate tumors in preclinical studies17-19, clinical research in prostate
cancer patients is limited to only a few compounds20-24. For that reason, in this study we investigated
the efficacy of a novel BN-based radiopharmaceutical in a human prostate cancer xenograft mouse
model as a prelude to clinical evaluation.

Figure 1: 99mTc-HYNIC(tricine/TPPTS)-Aca-BN(7-14) Note: coordination of the ternary ligand complex to
according to Surfraz et al.53

Tc

99m
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Therefore, we synthesized a novel radiopharmaceutical composed of the truncated BN peptide
BN(7-14) which was conjugated to the bifunctional coupling agent 6-hydrazinonicotinic acid
(HYNIC) linked by ε-Amino-caproic acid (Aca) that was used as a spacer. With the co-ligands tricine
and trisodium triphenylphosphine-3,3’,3’’-trisulfonate (TPPTS), the HYNIC/tricine/TPPTS complex
was used for 99mTc labeling and to form 99mTc-HYNIC(tricine/TPPTS)-Aca-BN(7-14) (99mTc-HABN, figure
1). The ternary ligand system was chosen because of its high labeling efficiency (rapid and high
yield radiolabeling), high stability, relatively easy use and hydrophilicity 25. The HYNIC(tricine/TPPTS)
complex has been successfully used for radiolabeling peptides and receptor antagonists26-31.
The main objective of the current study is to preclinically evaluate the suitability of the novel
radiopharmaceutical 99mTc-HABN as a targeted imaging agent of prostate cancer using the human
prostate cancer cell line PC-3 in a xenograft mouse model.
EXPERIMENTAL SECTION
Chemicals
Tricine (N-(Tri(hydroxymethyl)methyl)glycine) and Aca-BN(1-14) were purchased from Sigma/
Aldrich (St. Louis, Missouri, USA), TPPTS was purchased from Alfa Aesar (Karlsruhe, Germany).
Both were used without further purification. The peptide conjugate Aca-BN(7-14) was acquired as
described previously32. HYNIC-Aca-BN(7-14) was synthesized as described below. Na99mTcO4 was
produced according to standard procedures using the 99Mo/99mTc generator in our department.
I-Tyr4-BN was obtained from Perkin-Elmer Life and Analytical Sciences (Waltham, Massachusetts,
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USA).
Equipment
Analytical as well as semi-preparative reversed-phase high-performance liquid chromatography
(RP-HPLC) was performed on a HITACHI L-2130 HPLC system (Hitachi High Technologies America Inc.,
Pleasanton, California, USA) equipped with a Bicron Frisk-Tech area monitor. Isolation of radiolabeled
peptides was performed using a Phenomenex reversed-phase Luna C18 column (10 mm × 250 mm,
5 μm) (Torrance, California, USA). The flow was set at 2.5 ml/min using a gradient system starting
from 90% solvent A (0.01 M phosphate buffer, pH=6.0) and 10% solvent B (acetonitrile) (5 minutes)
and ramped to 45% solvent A and 55% solvent B at 35 minutes. The analytic HPLC was performed
using the same gradient system but with a reversed-phase Grace Smart RP-C18 column (Lokeren,
Belgium) (4.6 mm × 250 mm, 5 μm) and a flow of 1 ml/min.
Synthesis of HYNIC-Aca-Bombesin(7-14)
HYNIC-Boc 16.7 mg (47.5 µmol) (Boc = tert-butyloxycarbonyl) and BN(7-14) 50 mg (47.5 µmol)
were dissolved in 0.3 ml of N,N-dimethylformamide. 30 µL of N,N-diisopropylethylamine was then
added and the mixture was vortexed for 1 minute. The reaction was complete after 2 hours and
no degradation products of HYNIC-Aca-BN(7-14) were found in the final product. 40 µL of acetic
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acid was added to quench the reaction. The crude product was subjected to HPLC purification.
The desired fraction was collected and lyophilized. Anhydrous trifluoroacetic acid (2 ml) was then
added to remove the protecting Boc group. After 20 minutes, the trifluoroacetic acid solution was
blown dry. The crude HYNIC-Aca-BN(7-14) was purified by HPLC and lyophilized. Product identity
was confirmed by MALDI-TOF MS (matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry): m/z 1188.29 for [MH]+ (C55H81N17O11S) calculated molecular weight: 1187.60.
Pure product was stored in a -20 °C freezer.
Radiochemistry
Twenty μL of the HYNIC-Aca-BN(7-14) solution (1 mg/ml in H2O), 100 μL of tricine solution (100 mg/
ml in 25 mM succinate buffer, pH 5.0), 10 μL of SnCl2 solution (3.0 mg/ml in 0.1 N HCl) and 100 μL of
Na99mTcO4 (370 MBq) in saline were added to a 1.5 ml Eppendorf vial. The reaction mixture was kept
at 95 °C for 5 minutes. 100 μL of the TPPTS solution (50 mg/ml in 25 mM succinate buffer, pH 5.0)
was added to the reaction mixture. The Eppendorf vial containing the reaction mixture was sealed
and heated at 95 °C for 20 minutes. After cooling to room temperature, the mixture was purified by
semi-preparative HPLC. The product was then passed through a Sep-Pak C-18 cartridge. The SepPak C-18 cartridge was activated with ethanol (10 ml) and was washed with water (10 ml) before
use. After the product was loaded, the Sep-Pak C-18 cartridge was washed with saline (10 ml). The
radiotracer was eluted with 70% ethanol (0.4 ml) for in vitro and in vivo experiments. A sample of the
resulting solution was analyzed by radio-HPLC.
Partition Coefficient
The partition coefficient was determined using the method described previously 29. The tracer was
dissolved in a mixture of 0.5 ml n-octanol and 0.5 ml 25 mM phosphate buffer (pH 7.4) and well
mixed. Then the mixture was centrifuged at 3000 rpm for 5 minutes. 100 μL samples were obtained
from n-octanol and aqueous layers and were counted in a γ-counter (Compugamma CS1282, LKBWallac, Turku, Finland). The log D value is reported as an average of three different measurements.
In Vitro Stability
Tc-HABN was dissolved in 1 ml saline or cysteine solution (1 mg/ml), incubated at room

99m

temperature and analyzed by RP-HPLC at 1, 2, 4, 6, and 24 hours post incubation.
The study of metabolic stability was performed in human serum. Human serum from healthy
donors was incubated at 37 °C with 99mTc-HABN for different time periods (1, 2, 4, 6, 24 hours). After
incubation, a sample of 250 μL was precipitated with 750 μL acetonitrile/ethanol (Vacetonitrile/Vethanol
=1:1) and then centrifuged (3 minutes at 3000 rpm), the supernatants were passed through a filter
and afterwards analyzed by RP-HPLC. Results were plotted as the radiochemical purity (RCP) at
different time-points.
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Dose Preparation for Animal Studies
Doses for animal studies were prepared by dissolving the Sep-Pak C18 cartridge purified radiotracer
in saline to give a concentration of 5.6 MBq/ml (~0.56 MBq/mouse, ethanol concentration ~0.1%)
for the biodistribution study and 300 MBq/ml (~60MBq/mouse, ethanol concentration ~10%) for
the imaging study.
Cell Culture
The GRPR positive PC-3 human prostate cancer cell line (ATCC, Manassas, Virginia, USA) was
cultured in RPMI 1640 (Lonza, Verviers, France) supplemented with 10% fetal calf serum (Thermo
Fisher Scientific Inc., Logan, Utah, USA) at 37 °C in a humidified 5% CO2 atmosphere.
In Vitro Competitive Receptor Binding Assay
The in vitro GRPR binding affinities of Aca-BN(7-14) and HYNIC-Aca-BN(7-14) were compared to BN(114) and assessed via a competitive displacement assay with 125I-Tyr4-BN(1-14) as the GRPR specific
radioligand. Experiments were performed at 37 °C with PC-3 human prostate cancer cells according
to a method previously described 33. The 50% inhibitory concentration (IC50) values were calculated
by fitting the data with nonlinear regression using GraphPad Prism 5.0 (GraphPad Software, San
Diego, California, USA). Experiments were performed with triplicate samples. IC50 values are reported
as an average of these samples plus the standard deviation (SD).
Internalization Studies
One day prior to the assay, PC-3 cells were seeded in 6-well plates. The 6-well plates were then
incubated with 99mTc-HABN (0.0037 MBq/well) for 2 hours at 4 °C. To remove unbound radioactivity,
the cells were washed twice afterwards with ice-cold PBS and were then incubated in the prewarmed culture medium at 37 °C for 0, 5, 15, 30, 45, 60, 90 and 120 minutes in triplicate to allow for
internalization.
To remove cell-surface bound 99mTc-HABN, the cells were washed twice for 3 minutes with acid
(50 mM glycine−HCl/100 mM NaCl, pH 2.8). Next, the cells were lysed by incubation with 1 M NaOH
at 37 °C and the resulting lysate in each well was aspirated to determine the internalized radioactivity
in a γ-counter (Compugamma CS1282, LKB-Wallac, Turku, Finland). Results are expressed as the
percentage of total radioactivity (internalized activity / (surface-bound activity + internalized
activity)), (mean±SD).
Efflux Studies
One day prior to the assay, PC-3 cells were seeded in 6-well plates. The 6-well plates were then
incubated with

Tc-HABN (0.0037 MBq/well) for 1 hour at 37 °C to allow for internalization. To

99m

remove unbound radioactivity, the cells were washed twice afterwards with cold (0 °C) PBS and
were then incubated using pre-warmed culture medium (37 °C) for 0, 15, 30, 45, 60, 90, 120, and 240
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minutes in triplicate to allow for externalization. To remove cell-surface bound 99mTc-HABN, the cells
were washed twice for 3 minutes with acid (50 mM glycine−HCl/100 mM NaCl, pH 2.8). Next, the cells
were lysed by incubation with 1 M NaOH at 37 °C, and the resulting lysate in each well was aspirated
to determine the remaining radioactivity in a γ-counter (Compugamma CS1282, LKB-Wallac, Turku,
Finland). Results are expressed as the percentage of maximum intracellular radioactivity (remaining
activity at specific time-point / activity at time-point 0), (mean±SD).
Animal Model
The xenograft tumor model for human prostate cancer in athymic mice was generated by
subcutaneous injection of 2 × 106 PC-3 cells (suspended in 0.1 ml sterile saline) in the right front
flank of male athymic mice (Harlan, Zeist, The Netherlands). During the injection, animals were
anesthetized with a gas composed of ~3.5% isoflurane in an air/oxygen mixture. The mice were
used for biodistribution experiments and microSPECT imaging when the tumor volume reached a
mean diameter of ~0.8-1.0 cm (3-4 weeks after inoculation).
All animal experiments were performed in accordance with the regulations of Dutch law on
animal welfare and the institutional ethics committee for animal procedures approved the protocol.
Biodistribution Experiments
Twelve PC-3 tumor-bearing mice were randomly divided into three groups of four animals.
Isoflurane inhalation was used as method of anesthesia. 99mTc-HABN (~0.56 MBq/mouse) dissolved
in 0.1 ml saline was injected intravenously via the penis vein. At time points 0.5, 1, and 4 hours postinjection (p.i.), the mice were anesthetized again and sacrificed by cervical dislocation. Immediately
after sacrifice, blood samples were withdrawn from the retro orbital sinus using capillary tubes
and organs of interest (heart, liver, spleen, lung, kidney, pancreas, small intestine, large intestine,
stomach, bone, muscle and tumor) were collected and wet weighed. Radioactivity was determined
in a γ-counter (Compugamma CS1282, LKB-Wallac, Turku, Finland).
To determine specificity of the in vivo uptake of 99mTc-HABN, a fourth group of 4 mice received an
intravenous injection of 300 μg of unlabeled HYNIC-Aca-BN(7-14) (in 0.2 ml saline) as blocking agent
30 minutes prior to injection of 99mTc-HABN (~0.56 MBq/mouse in 0.1 ml). The mice were sacrificed
1 hour after injection of the radiotracer. Blood and organs were collected, weighed and counted as
described above.
Organ and tissue uptake was calculated as a percentage of the injected dose per gram of
tissue mass (%ID/g). Biodistribution data is reported as an average plus the SD based on the results
from four animals at each time point. Significant blocking was calculated with the student’s t-test.
P-values are considered significant when p≤0.05. Tumor-to-normal-tissue (T/NT) ratios are reported
as an average at each time point (without the blocking group).
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MicroSPECT Imaging
The imaging study was performed in seven PC-3 tumor-bearing mice, of which four were used for
Tc-HABN imaging and three were used for the blocking experiment. Each PC-3 tumor-bearing

99m

mouse was penis vein injected with 99mTc-HABN (~60 MBq/mouse) in 0.2 ml saline using isoflurane
anesthesia. Animals were placed prone on a three-head γ-camera (MILabs, U-SPECT-II, Utrecht,
the Netherlands) equipped with a multi-pinhole high-resolution collimator (diameter 0.6 mm,
resolution about 0.4 mm). Immediately after injection of the radiotracer, dynamic data was acquired
for 1 hour (6 frames, 10 minutes per frame). The mice were sacrificed 4 hours after injection of the
radiotracer, placed prone in the U-SPECT-II and a static scan was performed for 1 hour. The imaging
data was stored digitally in list mode.
For the blocking experiment, excess cold HYNIC-Aca-BN(7-14) (300 µg dissolved in 0.2 ml saline)
was administered intravenously via the penis vein in three mice 30 minutes prior to administration
of 99mTc-HABN(~60 MBq/mouse). Data was acquired using the same procedure as described above.
Images were reconstructed by using U-SPECT-Rec v 1.34i3 (MILabs, Utrecht, the Netherlands)
with a pixel-based ordered-subsets expectation maximum (POSEM) algorithm. Final images were 1
mm slices, made with Amide 0.9.1 (open source software).
Radioactivity accumulation in tumor was quantified with the use of Amide 0.9.1 by drawing
regions of interest (ROI) around the tumor on U-SPECT images of PC-3 tumor bearing mice at 10,
20, 30, 40, 50, 60, and 240 minutes post injection of 99mTc-HABN, pre-injected with or without excess
blocking agent. ROI values were corrected for the injected dose (final ROI = ROI calculated with
Amide software divided by the injected dose) and expressed as mean±SD. Significant blocking was
calculated with the student’s t-test.
RESULTS
Synthesis, Radiolabeling, Partition Coefficient and In Vitro Stability
Within 30 minutes 99mTc-HABN (figure 1) was prepared at 95 °C with high labeling yield (>90%) and
radiochemical purity after purification (>95%). The specific activity was ~19.8 MBq/nmol. 99mTc-HABN
was analyzed using a reversed phase HPLC method. The HPLC retention time was 21.5 minutes for
Tc-HABN and 19.5 minutes for HYNIC-Aca-BN(7-14).

99m

The partition coefficient was determined in a mixture of n-octanol and phosphate buffer
(pH=7.4). The log D value was -1.60±0.06. The in vitro stability of

Tc-HABN was tested both in
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saline, human serum and in the presence of excess cysteine (1.0 mg/ml, pH=7.4) (figure 2). 99mTcHABN was stable in the presence of excess cysteine and human serum for at least 6 hours. The RCP
of 99mTc-HABN in serum slowly decreased to 77% after 24 hours.
In vitro Competitive Receptor Binding Assay
Using 125I-Tyr4-BN(1-14) as the GRPR specific radioligand, the binding affinities of Aca-BN(7-14) and
HYNIC-Aca-BN(7-14) for GRPR were compared to BN(1-14), set as the standard, via a competitive
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Figure 2: In vitro stability of 99mTc-HYNIC(tricine/
TPPTS)-Aca-BN(7-14). Results are plotted as the RCP at
different time points.

Figure 3: Displacement curve of 125I-Tyr4-BN(1-14)
binding to GRPR on PC-3 cells. Log[M] = Log of
increasing concentration (Mol/l) of Aca-BN(7-14),
BN(1-14) and HYNIC-Aca-BN(7-14).

displacement assay. Results are plotted in sigmoid curves for the displacement of 125I-Tyr4-BN(1-14)
as a function of increasing concentrations of Aca-BN(7-14), BN(1-14) and HYNIC-Aca-BN(7-14) (figure
3). The IC50 values were found to be 3.27±0.28, 3.48±0.17 and 12.81±1.34 nM for Aca-BN(7-14), BN(114) and HYNIC-Aca-BN(7-14), respectiInternalization and Efflux Studies:
The internalization study depicted in figure 4A showed rapid internalization of 99mTc-HABN into
PC-3 cells within 5-15 minutes. Internalization reached a plateau of ~84% after 30 minutes, which
remained steady for the duration of the experiment (120 minutes).
Figure 4B shows the efflux kinetics of 99mTc-HABN. Moderate efflux in the first 60 minutes was
demonstrated with only one third of the activity externalized by the PC-3 cells. After 90 minutes a
relatively stable situation was created with just over 50% of the internalized radioactivity remaining
in the cells for the remainder of the experiment. The t1/2-efllux of 99mTc-HABN PC-3 cells was 38±5
minutes.

Figure 4: (A) 99mTc-HYNIC(tricine/TPPTS)-Aca-BN(7-14) internalization experiment. Results are expressed as
the percentage of total radioactivity (internalized activity/(surface-bound activity plus internalized activity))
(mean±SD). (B) 99mTc-HYNIC(tricine/TPPTS)-Aca-BN(7-14) efflux experiment. Results are expressed as the
percentage of maximum intracellular radioactivity (remaining activity at specific time-point divided by activity
at time-point 0) (mean±SD).
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Biodistribution Experiments
Biodistribution of 99mTc-HABN was evaluated in athymic mice bearing PC-3 tumors. Results of the
biodistribution, the blocking experiment and T/NT ratios are shown in table 1.
Uptake in PC-3 tumor and the GRPR rich mouse pancreas34 was highest (2.24±0.64 and 17.3±1.69
%ID/g, respectively) at 30 minutes p.i., with a steady decrease over the 4 hours study period. Uptake
in the tumor and pancreas was reduced significantly after injection of the blocking agent, indicating
specific GRPR targeting of

Tc-HABN. Uptake in other GRPR expressing organs (stomach and

99m

intestine) was also significantly reduced in the study of GRPR blockade.
While hepatic uptake was modest, uptake in the kidneys was high and radioactivity was rapidly
cleared from the blood via the preferred renal-urinary route. When an excess of cold HYNIC-AcaBN(7-14) was injected prior to 99mTc-HABN injection non-specific uptake in the kidneys was increased
further, probably as a result of an increased level of circulating unbound 99mTc-HABN.
Low uptake of radioactivity in bone and muscle, combined with the rapid clearance from the
blood pool, resulted in high T/NT ratios, increasing over time.
Table 1: Biodistribution of and tumor-to-normal-tissue ratios of
injection in PC-3 prostate tumor bearing athymic mice
Organ

Blood
Heart
Liver
Spleen
Lung
Kidney
Small intestine
Large intestine
Stomach
Bone
Muscle
Pancreas
PC-3 Tumor

30 minutes

1 hour

Tc-HABN after intravenous

99m

4 hours

%ID/g

T/NT

%ID/g

T/NT

%ID/g

T/NT

1 hour +
blocking
%ID/g

1.06 ± 0.17
0.35 ± 0.08
1.33 ± 0.20
0.48 ± 0.08
1.30 ± 0.16
7.09 ± 4.40
6.78 ± 2.24
3.54 ± 1.00
2.22 ± 0.31
0.55 ± 0.46
0.48 ± 0.35
17.3 ± 1.69
2.24 ± 0.64

2.12
6.44
1.76
4.64
1.77
0.71
0.36
0.67
1.05
5.54
5.86
0.13
1.00

0.45 ± 0.19
0.17 ± 0.07
0.60 ± 0.11
0.57 ± 0.54
0.52 ± 0.18
6.39 ± 0.83
4.10 ± 1.60
2.80 ± 0.71
1.39 ± 0.38
0.25 ± 0.11
0.12 ± 0.04
8.92 ± 1.74
1.51 ± 0.38

3.66
9.56
2.52
4.11
3.11
0.24
0.43
0.55
1.11
7.62
13.92
0.17
1.00

0.06 ± 0.01
0.04 ± 0.01
0.13 ± 0.03
0.16 ± 0.08
0.08 ± 0.02
4.00 ± 0.68
1.30 ± 0.79
2.43 ± 0.73
0.44 ± 0.15
0.06 ± 0.02
0.02 ± 0.01
5.02 ± 0.94
0.67 ± 0.26

12.69
18.71
5.19
5.10
8.27
0.16
0.65
0.31
1.65
10.67
40.19
0.13
1.00

0.50 ± 0.12
0.18 ± 0.04
0.55 ± 0.16
0.19 ± 0.04
0.60 ± 0.19
9.57 ± 5.97
1.84 ± 0.94*
0.42 ± 0.12*
0.38 ± 0.12*
0.14 ± 0.05
0.13 ± 0.04
0.34 ± 0.11*
0.47 ± 0.14*

Values are expressed as %ID/g, mean±standard error of the mean/standard deviation (n=4 at each time point) or
as T/NT ratios. Blocking was achieved by pre-injection of 300 μg of unlabeled HYNIC-Aca-BN(7-14), * = statistical
significant difference (p<0.05).

MicroSPECT Imaging
Figure 5 shows the coronal microSPECT images (sections) acquired with the high resolution
U-SPECT-II after injection of ~60 MBq

Tc-HABN with and without the blocking agent in PC-3

99m

tumor bearing mice. The tumor could already be seen 10 minutes after injection of 99mTc-HABN and
tumor-to-background contrast increased over the first hour (figure 5A) resulting in excellent tumor
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delineation after 4 hours (figure 5B). Noteworthy, the outer rim of the tumor displayed high uptake
of activity while the central part of the tumor shows reduced binding.
Prominent uptake was also seen in the pancreas (not shown) and both kidneys in all time frames.
In addition, clearance via the urinary bladder was evident. Pre-injection of an excess of the blocking
agent reduced uptake in the tumor and other GRPR positive organs considerably, while the kidneys
remained visible (figure 5C and D).

3

Figure 5: Coronal microSPECT images (sections) at a ten minute interval during the first hour after injection
of 99mTc-HABN without blocking agent (figure 5A) and with blocking agent (figure 5C). Static coronal, sagittal
and axial images (sections) 4 hours after injection of 99mTc-HABN without blocking agent (figure 5B) and with
blocking agent (figure 5D). Arrows indicate the tumor.

Figure 6 shows the radioactivity accumulation quantification in the tumor from the 99mTc-HABN
U-SPECT images with and without blocking agent. Tumor uptake diminished over time as was
determined before in the biodistribution study. Uptake was significantly higher without the preadministration of the blocking agent at all time-points, except at 20 and 40 minutes p.i.
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Figure 6: The radioactivity accumulation quantification in tumor from the microSPECT images of PC-3 tumor
bearing mice at 10, 20, 30, 40, 50, 60, and 240 min post injection of 99mTc-HABN, pre-injected with or without
excess blocking agent. The ROI values were corrected for the injected dose and expressed as mean±SD. * =
statistical significant difference (p<0.05), ** = statistical significant difference (p<0.01).

DISCUSSION
Current conventional diagnostic techniques are not sensitive enough to accurately detect early
advanced or recurrent prostate cancer. Therefore, better diagnostic modalities are urgently needed.
We developed a novel BN-based radiopharmaceutical, designated 99mTc-HABN, and investigated its
potency for the in vitro and in vivo binding to prostate cancer expressed GRPR.
For widespread use of a tracer in clinical practice, a radio-isotope with a relatively long halflife, high labeling efficiency and good availability is mandatory. We therefore utilized the popular
γ-emitting isotope 99mTc17. The HYNIC/tricine/TPPTS complex was used because of its high labeling
efficiency (rapid and high yield radiolabeling), high solution stability and relatively easy use25. It was
also chosen because of its hydrophilic character leading to the preferred excretion route via the
renal-urinary system26, 29, 35, 36. Shi et al. demonstrated excellent results with HYNIC coupled β-AlanineBN(7-14)

29

in vitro in PC-3 prostate cancer cells and in vivo in a colon cancer mouse model. By

changing β-Alanine to Aca we sought to improve GRPR targeting properties and pharmacokinetics
both in vitro and in vivo in a prostate cancer model.
Tc-HABN was synthesized with high radiochemical yield and purity. In addition, 99mTc-HABN

99m

proved highly stable in saline, cysteine solution and human serum. In vitro experiments revealed
that although the addition of HYNIC to Aca-BN(7-14) reduces the binding affinity for GRPR, the
IC50-value of HYNIC-Aca-BN(7-14) is still in the nanomolar range (12.8±0.14 nM) and therefore
very similar to IC50-values reported for other BN derivatives with HYNIC, DOTA or (NaHis)Ac as
chelator29,37-43. Internalization into PC-3 cells occurred rapidly, while long retention was seen in the
efflux experiments with more than 50% of the internalized radioactivity remaining after 4 hours.
Because primary prostate cancer is located in the pelvis and lymph node metastases are situated
mainly in the pelvis and abdomen, rapid renal-urinary clearance is generally preferred over hepato-
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enteric clearance in order to limit pelvico-abdominal background activity as much as possible and
thus to achieve good imaging contrast.
In clinical practice, urinary activity in the bladder can be evacuated by micturition prior to the
scan or if needed, by bladder drainage. Determination of the partition coefficient of

Tc-HABN

99m

demonstrated a hydrophilic compound, which should govern excretion through the kidneys rather
than via the liver. This was confirmed by the in vivo determination of the biodistribution of 99mTcHABN in athymic mice bearing human prostate cancer tumors as uptake in liver was only 1.33±0.20
%ID/g after 30 minutes, while uptake in the kidneys was high after 30 minutes (7.09±4.40 %ID/g)
and remained high for 4 hours p.i. Pre-injection with the blocking agent did not reduce kidney
uptake or excretion of 99mTc-HABN.
Furthermore, in vivo biodistribution experiments also showed rapid tumor uptake, being the
highest at 30 minutes p.i. (2.24±0.64 %ID/g) and decreasing slowly over the evaluated period of 4
hour. Uptake in tumor is even higher before 30 minutes p.i. as could be seen in the experimental
part where radioactivity accumulation in the tumor was quantified from the U-SPECT images of
Tc-HABN. High tumor-to-background ratios were obtained due to low uptake of radioactivity in

99m

bone and muscle on one hand and the rapid clearance from the blood pool on the other hand.
Generally, T/NT ratios increased over time because of the long retention time of the radiotracer in
tumor, confirming the in vitro results of the efflux experiment. As was expected, high uptake was
detected in the GRPR rich mouse pancreas34, but was reduced significantly (p<0.0001) when the
blocking agent HYNIC-Aca-BN(7-14) was injected prior to injection of 99mTc-HABN. Uptake in tumor,
stomach, and intestine was also significantly reduced in the study of GRPR blockade, indicating that
uptake was also GRPR mediated.
At first glance the tumor uptake appears rather low when compared to the best performing BN
analogues reported in literature. However, when the best performing BN analogues Demobesin-1
(reported %ID/g ranging from 13.45 to 24.6140,44, 45), DOTA-PESIN (14.8%ID/g41) and AMBA (6.35%ID/
g39) were compared under the same circumstances in a study by Schroeder et al., uptake by PC-3
xenografts 1 hour p.i. was considerably lower and not statistically significant different from each
other (3.0, 2.3 and 2.7%ID/g, respectively)46. Furthermore, the results of Schroeder et al. are not
so different from the results reported by other authors or our results17. Schroeder stated that the
variation in radionuclides, amounts of peptide, mouse strain (species, sex, weight), PC-3 cells used
(passage number, culture conditions), tumor size and vascularisation of the tumor may all be factors
that determine uptake of radioactivity in tumor resulting in variable outcomes46.
As can be appreciated from our microSPECT images there is high uptake of activity in the outer
tumor regions resulting in a “hot rim” around a central area with lower uptake. As several authors
have shown before, the central part of a xenograft tumor is often necrotic or pre-necrotic with
reduced viable cell density, especially in larger tumors, which can result in lower central uptake of
a radiotracer46-48. When measuring total tumor uptake of a radiotracer, the central necrosis, reduced
central cell viability and reduced vascularisation or diffusion will result in an underestimation of
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the actual tumor cell uptake. Even with standardization of the different variables mentioned by
Schroeder et al., because of these many variables influencing the outcome of the experiments, a
comparison between individual radiopharmaceuticals tested in separate studies is in fact rather
difficult.
Absolute tumor uptake is an important factor, but for good image contrast high T/NT ratios are
also imperative. Rapid internalization observed in vitro (70-80% within 5-15 minutes) is reflected
in rapid tumor uptake in mice, which can be appreciated from the microSPECT images as activity
is already appearing in the first timeframe after 10 minutes. However, because uptake in other
organs is also rapid in combination with high circulating levels of activity in the blood, the tumorto-background contrast after 10 minutes is rather low. Still, the tumor is clearly visualized after 10
minutes and even better after 20 minutes or more. While internalization was quick, PC-3 cell efflux
was slow both in vitro and in vivo, with persistent retention of activity in the tumor resulting in
increasing T/NT ratios and clear delineation of the tumor over time up to 4 hours p.i.
Multiple BN-like radiopharmaceuticals with many different designs have shown to be highly
specific for GRPR and sensitive for prostate cancer. So far, studies on antagonists that have been
recently published have mostly shown higher or at least similar tumor uptake and T/NT ratios when
compared to agonist compounds42, 49-52. However, in the previously mentioned study by Schroeder
et al. multiple BN-agonists were compared to an antagonist and although the latter showed the
highest uptake in tumor, this was not significant46. Despite these contrasting results, it will be
interesting to see how these preclinical studies will translate into clinical studies as there may be
large interspecies differences between mice and men with respect to GRPR imaging. For example,
in humans, differences in metabolism, excretion, non-target GRPR expression, prostate tumor
characteristics, vascularization or anatomy may account for uptake differences. Also, background
interference from bladder or intestinal tissues may or may not hinder detection of (extra)prostatic
cancer foci or lymph node metastases.
For clinical imaging purposes, small tumors pose a diagnostic dilemma as they cannot be
detected by conventional imaging techniques like CT or MRI, because these techniques have a
limited resolution and depend on morphology (size and shape criteria) for making a diagnosis.
SPECT and PET can be superior techniques as they may be able to differentiate between benign or
malignant tissue based on differences in metabolism and contrast (e.g. T/NT ratios), rather than on
morphology.
In conclusion 99mTc-HABN is a novel BN-based radiopharmaceutical that proved to be suitable for
targeted imaging of prostate cancer using microSPECT in a human derived PC-3 xenograft model.
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ABSTRACT
Objective: Cell membrane antigens like the gastrin-releasing peptide receptor (GRPR), the prostate
stem cell antigen (PSCA) and the prostate-specific membrane antigen (PSMA), expressed in
prostate cancer, are attractive targets for new therapeutic and diagnostic applications. Therefore,
we investigated in this study whether these antigens are expressed in metastasized prostate cancer.
Methods: Formalin-fixed, paraffin-embedded specimens of 15 patients with uni- or bilateral lymph
node metastases of prostate cancer (totaling 21 cases) and 17 patient-cases of bone metastases
were processed for immunohistochemistry with anti-GRPR, anti-PSCA and anti-PSMA antibodies.
A pathologist blinded to clinical and pathological data scored the immunoreactivity for these
antibodies on a 4 point scale (0 = no staining; 1+ = weak staining; 2+ = moderate staining; 3+ =
strong staining) and documented the distribution pattern.
Results: GRPR staining in lymph node metastases was seen in 85.7% of cases (18 of 21 cases), PSCA
in 95.2% (20/21) and PSMA in 100% (21/21). GRPR in bone metastases was seen in 52.9% of cases
(9/17), PSCA in 94.1% (16/17) and PSMA in 100% (17/17).
Conclusion: We have shown for the first time that GRPR is expressed in the vast majority of lymph
node metastases and in 52.9% of bone metastases of prostate cancer. PSCA and PSMA are both
highly expressed in lymph node and bone metastases. Although PSCA and PSMA are mostly
expressed in prostate cancer metastases, GRPR offers an interesting alternative target as it can be
targeted relatively easy with peptide-based (radio)pharmaceuticals.
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INTRODUCTION
Worldwide, prostate cancer is one the most common causes of cancer in males and a common
cause of morbidity and death1,2. Although early stage prostate cancer can be cured, treatment of
metastasized disease is only palliative, making it important for new therapeutic applications to be
devised3-6. Another gap in prostate cancer management is that current diagnostic techniques are
not sensitive enough to accurately detect advanced or recurrent prostate cancer, so new diagnostic
modalities have to be developed7,8. Nuclear imaging might improve detection of prostate cancer,
but the lack of accuracy of current radiotracers limit clinical application9-15.
Antigens (over)expressed in prostate cancer, but absent or sparse in normal tissue, can be used
for antigen-targeted therapeutic of diagnostic applications. Preclinical and clinical studies where
new antibody-based or peptide-based substances are tested for antigen targeted imaging or
treatment of prostate cancer have shown promising results (16-19 and reviewed in20-23).
Frequently proposed target-antigens as candidates for new therapeutic and diagnostic
applications are the prostate stem cell antigen (PSCA) and the prostate-specific membrane
antigen (PSMA). Both are cell membrane-bound proteins, predominantly found in benign prostatic
epithelium, but minimally found in extraprostatic normal tissue24-31. PSCA and PSMA are expressed
in nearly all prostate intraepithelial neoplasias, primary prostate malignancies and prostate cancer
metastases25-30,32-35. Expression of either antigen is positively correlated with Gleason grade, tumor
stage and biochemical recurrence26,27,29,36. Knowledge about expression of PSMA in prostate cancer
metastases is well established, but data on PSCA expression in lymph node metastases is limited.
A technique emerging in cancer management is targeting of specific peptide receptors
(over)expressed on cancer cells. These receptors can be targeted by using peptide-based (radio)
pharmaceuticals. In prostate cancer, one such receptor is the gastrin-releasing peptide receptor
(GRPR), a glycosylated 7-transmembrane G-protein coupled receptor. GRPR is normally found in
non-neuroendocrine tissues of the breast and pancreas and in neuroendocrine cells of the brain,
gastrointestinal tract, lung and prostate37-42. Upon binding with the gastrin-releasing peptide or
a bombesin-like peptide, the receptor effects a wide range of biological responses43,44. Although
it is known that GRPR is overexpressed in prostate cancer and several other types of cancer, like
breast, lung, pancreatic, ovarian, renal and gastrointestinal cancer45-54, knowledge about expression
in prostate cancer metastases is limited to one study where a small series of androgen independent
bone metastases was investigated48.
In order to investigate the potency of GRPR, PSCA and PSMA as possible candidates
for new therapeutic and/or diagnostic applications in metastasized prostate cancer we
studied their expression in lymph node and bone metastases of prostate cancer by means of
immunohistochemistry and documented the distribution pattern.
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MATERIALS AND METHODS
Materials
Lymph node tissue
A retrospective search in our archives between 2005 and 2007 showed that 15 male patients were
found to have uni- or bilateral lymph node metastases of prostate cancer, leading to 21 cases of
metastatic lymph node tissue. In all patients lymph node tissue was obtained via a bilateral pelvic
lymph node dissection, as part of routine prostate cancer staging.
Bone tissue
For samples of prostate cancer metastases in bone, a retrospective search in our archives revealed 17
patients to have (histologically proven) metastatic prostate cancer to bone. Bone metastatic tissue
was obtained either by biopsy or by resection as part of orthopedic surgery. Also, the hormonal
treatment status was documented; i.e. currently under hormonal treatment, hormone naïve or
hormone refractory.
Immunohistochemistry
Formalin-fixed, paraffin-embedded blocks of lymph node tissue and formalin-fixed, demineralized
(hydrochloric acid and formic acid), paraffin-embedded blocks of bone tissue were cut into 4-µmthick sections and mounted on Starfrost microscope slides. Hematoxylin and eosin stained sections
were graded by an experienced urological pathologist (MCvdH), based on the criteria of the Gleason
grading system55. Remaining sections were processed for immunohistochemistry.
PSMA
After deparaffinization, antigen retrieval was performed by heating microwave (700W) for 15
minutes in a 10 mM citrate buffer at pH 6.0. Endogenous peroxidase was blocked with 0.3% hydrogen
peroxide in PBS for 30 minutes. Slides were than incubated with the primary anti-human-PSMA
mouse monoclonal antibody YPSMA-1 (Abcam plc., Cambridge, UK) diluted at 1:800 in 1% bovine
serum albumin/PBS (1%BSA/PBS) for 1 hour at room temperature. The secondary step consisted of
incubation with rabbit anti-mouse antibody conjugated to polymer-horseradish peroxidase (DAKO,
Glostrup, Denmark), diluted at 1:100 in 1%BSA/PBS with 1% AB serum. For the tertiary step goat
anti-rabbit antibody conjugated to polymer-horseradish peroxidase (DAKO, Glostrup, Denmark)
was used, diluted at 1:100 in 1%BSA/PBS with 1% AB serum. Both the secondary and tertiary step
required incubation for 30 min at room temperature. Next, the slides were immersed for 10 minutes
in a solution of 0.05% 3,3’-diaminobenzidine (Sigma-Aldrich, St.Louis, MO, USA) and 0.03% hydrogen
peroxide in PBS for visualization of the signal as brown staining. After washing with demineralized
water, the slides were slightly counterstained with hematoxylin.
PSCA
The same staining protocol was used as for PSMA, except for the dilution factor of the primary anti-
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human-PSCA rabbit polyclonal antibody ab64919 (Abcam plc., Cambridge, UK), which was 1:15.
Also, for the secondary and tertiary step different antibodies were used; goat anti-rabbit antibody
and rabbit anti-goat antibody, respectively, both conjugated to polymer-horseradish peroxidase
(DAKO, Glostrup, Denmark).
GRPR
For GRPR a slightly modified staining protocol was used and therefore only the differences are
described here. Microwave antigen retrieval was performed for 20 minutes, with a cool down
period of 20 minutes afterwards. Endogenous peroxidase was blocked for 15 minutes. Slides were
than incubated with the primary anti-human-GRPR rabbit polyclonal antibody sc-32903 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) diluted at 1:10 in 1% bovine serum albumin/Tris-buffered
saline (1%BSA/TBS). Only a secondary step with goat anti-rabbit antibody conjugated to polymerhorseradish peroxidase (DAKO, Glostrup, Denmark) was applied, diluted at 1:100 in 1%BSA/TBS with
1% AB serum.

4

Assessment of staining patterns
For each antibody, a pathologist (MCvdH) blinded to clinical and pathological data, scored the
staining intensity (0 = no staining; 1+ = weak staining; 2+ = moderate staining; 3+ = strong staining)
of tumor areas for all the specimens. Specimens in which one or more tumor areas with different
staining intensities were present were scored for the most prevalent intensity. Specimens with focal
uptake amidst negative cancer tissue scored 1+. Also, different patterns of immunoreactivity were
observed and documented.
RESULTS
Antibody staining in lymph node tissue
15 patients with uni- or bilateral lymph node metastases were examined, leading to a total of 21 cases
to be processed for immunohistochemistry. In table 1 and 3 the results of the immunohistochemical
staining of the three different antibodies in lymph node metastases of prostate cancer are presented.
Overall, staining for GRPR was seen in 85.7% of cases (18 of 21), PSCA in 95.2% (20 of 21) and PSMA in
100% (21 of 21). In 2 of 6 patients with bilateral lymph node metastases, a different staining intensity
was observed, which was most striking in one patient (number 7, table 1) where lymph node tissue
from the left side displayed GRPR staining, while metastatic lymph node tissue from the right side
did not stain at all.
Antibody staining in bone tissue
17 patient-cases with bone metastases were examined. The results are displayed in table 2 and
3. Overall, staining for PSCA was seen in 94.1% of cases (16 of 17) and PSMA in 100% (17 of 17).
Although staining for GRPR was observed in 15 of 17 cases (88.2%), staining was either very weak or
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Table 1: Staining intensities of the antibodies in lymph node metastases
Patient No.

Side

Gleason

GRPR

PSCA

PSMA

1
2
3
4
5
6

Left
Left
Left
Right
Left
Left
Right
Left
Right
Right
Left
Left
Left
Right
Left
Right
Left
Right
Right
Left
Right

8
9
10
9
8
9
9
9
9
8
8
8
10
9
9
9
7
8
8
8
8

+
++
++
+
+
+
+
+
+
+
+
+
+
++
+
+
+
+

++
+
++
+
++
+
+
+
+
+++
++
+
+
++
++
+
++
+
+
+

+++
+++
+
+++
+++
+++
+++
++
++
+++
++
+++
+
+
+
+
+++
+++
+++
+++
+++

GRPR

PSCA

PSMA

+
+
+
+
+
+
+
+
+

++
++
++
++
++
++
+
+
++
++
+
++
+
++
++
++

+++
+++
+++
++
+++
+++
+
+++
+++
+++
+++
+
+
+++
+++
+
+++

7
8
9
10
11
12
13
14
15

Table 2: Staining intensities of the antibodies in bone metastases
Case No.

Horm

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

R
N
R
R
R
N
N
N
R
N
R
R
N
H
H
N
N

Gleason
10
8
9
9
9
9
9
8
9
8
10
9
9
9
7
9
9

Horm = hormonal status; H = hormonal treatment; N = no hormonal treatment; R = hormone refractory
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Table 3: Immunohistochemical staining intensity frequency, number and (%)
GRPR

PSCA

Lymph Node
Negative
1+

Bone

PSMA

Lymph Node

Bone

Bone

(14.3)

8

(47.1)

1

(4.8)

1

(5.9)

0

(0)

0

(0)

15

(71.4)

9

(52.9)

12

(57.1)

4

(23.5)

5

(23.8)

4

(23.5)

2+

3

(14.3)

0

(0)

7

(33.3)

12

3+

0

(0)

0

(0)

1

(4.8)

0

(85.7)

9

(52.9)

20

(95.2)

16

Overall +

Lymph Node

3

18

3

(14.3)

1

(5.9)

(0)

(70.6)

13

(61.9)

12

(70.6)

(94.1)

21

(100)

17

(100)

difficult to distinguish from the background in 6 of these 15 cases (case 3, 5, 7-9 and 12) and were
therefore considered negative. This meant that only 9 of 17 cases (52.9%) stained for GRPR.
Staining patterns
GRPR
GRPR staining in lymph node metastatic tissue was mainly cytoplasmic, but often strongest at
the luminal side of prostate cancer cells (figure 1B). A heterogeneous staining pattern was mostly
observed with tumor areas staining in a focal pattern of different intensities amidst negative or
diffuse staining tumor areas. An interesting pattern could be observed when edges of several
tumor islands stained moderate, while the fields itself stained weak (figure 1A). Staining of GRPR in
bone metastatic lesions was also cytoplasmic and often diffuse (figure 1C). Moderate staining was
observed focally or at the luminal side of cells.
PSCA
In lymph node metastatic tissue, PSCA stained cytoplasmic and diffuse (figure 1D). Staining for PSCA
in bone metastatic tissue revealed a comparable pattern, sometimes with stronger staining lumina
(figure 1E).
PSMA
In lymph node specimens, membranes (in particular the luminal side) of prostate cancer cells stained
stronger than the cytoplasm of tumor cells (figure 1F). Staining was mostly diffuse, except for some
cases where strong fields and adjacent weak or moderate staining fields coexisted in the same slide.
In bone specimens, staining was also mostly diffuse with strongest staining at the luminal side of
the cell membrane (figure 1G).
In all tissue specimens aspecific or background staining of normal tissue was largely absent for
all antibodies (see figures 1A-G).
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Figure 1: antibody staining in lymph node and bone metastatic tissues. GRPR staining in lymph node (A
and B) and in bone (C), PSCA staining in lymph node (D) and in bone (E), PSMA staining in lymph node (F)
and in bone (G). GRPR, PSCA and PMSA antibodies stain brown, counterstained with hematoxylin. (A) Abundant
localization of tumor islands in lymph node tissue with moderate GPRR staining (brown) at the edges of the
tumor islands and weak staining within the islands, no lymphoid tissue present, 50x magnification. (B) Detail of
strong GRPR staining at the luminal side of prostate cancer cells (arrow) in a lymph node, 400x magnification.
(C) Trabecular bone (*) surrounding an island of metastatic prostate cancer cells (brown staining for GRPR), 400x
magnification. (D) Cytoplasmic brown staining for PSCA in prostate cancer cells, normal lymphoid tissue in lower
left and upper left quadrant, 200x magnification. (E) Abundant localization of prostate cancer cells (cytoplasmic
brown staining for PSCA) next to trabecular bone (*), 200x magnification. (F) Brown staining for PSMA in
prostate cancer cells, luminal sides stain strongest (arrows), normal lymphoid tissue lower right quadrant,
200x magnification. (G) Brown staining for PSMA in prostate cancer cells amidst of haematopoietic cells (#) and
trabecular bone (*), 400x magnification.
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DISCUSSION
As specific targets on prostate cancer cells could help direct new (radio)pharmaceuticals to tumor
sites for antigen targeted therapeutic or diagnostic applications, we investigated the potency of
GRPR, PSCA and PSMA as possible candidates by studying their expression in lymph node and bone
metastases of prostate cancer by means of immunohistochemistry. Also, the distribution pattern
was documented. Our results demonstrated that GRPR is expressed in the vast majority of lymph
node metastases of prostate cancer, but in only 52.9% of bone metastases. Our results also indicated
high expression of PSCA and PSMA in lymph node and bone metastases of prostate cancer.
In addition, this study showed that GRPR, PSCA and PSMA antibodies exhibit different staining
patterns in lymph node and bone metastases of prostate cancer and that staining of normal tissue
was largely absent.
Data on expression of GRPR in metastatic prostate cancer is very limited and to our knowledge
we are the first to report the expression of GRPR in lymph node metastases of prostate cancer.
Although GRPR is found in 63-100% of primary prostate cancer specimens48,49,53,54, this is not a
guarantee for high expression of GRPR in metastatic lesions. In colon cancer 68% of primary tumors
stained positive for GRPR in contrast to only 6% (2 of 30 cases) of lymph node metastases46, while
lymph node metastases of breast cancer expressed GRPR in all 33 cases47. In our series, consisting
of 15 patients with uni- or bilateral lymph node metastases of prostate cancer (21 specimens), we
found expression of GRPR in 85.7%. Different staining intensities between tumor areas within the
same specimen were observed and in one patient with bilateral lymph node metastases there was
only unilateral staining for GRPR. These data suggest heterogeneity in GRPR distribution. Another
group also found heterogeneous distribution of GRPR in histologically homogenous tumor areas,
albeit in primary prostate cancer48. Heterogeneous GRPR expression in different tumor sites may
reflect the difference in clonal origin of metastatic lesions, which may, in turn, lead to different levels
of receptor expression within or between metastases.
Contrary to the finding that GRPR is expressed in the vast majority of lymph node metastases of
prostate cancer, expression of GRPR in bone metastases was observed in 9 of 17 cases (52.9%). This
percentage is similar to the results of Markwalder et al. who performed autoradiography on bone
metastases in androgen-independent prostate cancer and showed GRPR binding in 4 of 7 cases
(57.1%)48. Furthermore, we found expression of GRPR in both hormone refractory and hormone
naïve cases, although we observed a tendency of hormone naïve tissue to express GRPR more often
(5 cases positive for GRPR versus 3 negative), while hormone refractory tissue expressed GRPR in 2
cases (versus 5 cases without GRPR expression). This is in agreement with a study by De Visser et al.
who showed relatively low expression of GRPR in androgen-independent human prostate cancer
xenograft tumors when compared to androgen-dependent tumors56. However, to establish firm
knowledge about GRPR expression in bone metastases, larger series are needed with quantification
of GRPR density and correlation to Gleason score and hormonal status.
Although our results on PSCA expression in 94.1% of bone metastases of prostate cancer are
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in agreement with prior studies (expression in 87-100% of cases)26,34, in lymph node metastases
we found PSCA to be expressed in 95.2%, a higher percentage than the 67% reported before34.
This difference may be due to sample size as Lam et al. examined only 6 specimens of lymph node
metastases, or it may be due to a higher sensitivity of our anti-PSCA antibody. Interestingly, Lam et
al. also found a higher PSCA staining intensity in bone metastases when compared to lymph node
metastases in matched cases34. As we had no matched samples, we could not make this comparison.
In an ideal situation we would have investigated matched specimens, but due to the strategy in
prostate cancer staging and treatment in our hospital, matched samples are only rarely available.
Findings of this study on expression of PSMA in 100% of both lymph node and bone metastases
of prostate cancer are in accordance with results of other authors, who found expression of PSMA in
91-100% and 44-100% of cases, respectively25,30,33,57,58. Strikingly, our results showed that the staining
intensity for the PSMA antibody was 3+ in 61.9% of lymph node metastases and in 70.6% of bone
metastases, while staining for GRPR was 2+ at maximum and PSCA scored 3+ only once. With this
data one might get the impression that PSMA is expressed in a higher density than GRPR or PSCA.
Though strong staining suggests a higher antigen density than weak staining, it is impossible to
make this comparison between these antibodies. First, the GRPR antibody is amplified with only a
secondary antibody, while for amplification of the PSCA antibody and the PSMA antibody a tertiary
antibody was added. Second, the GRPR and PSCA antibodies might have a lower sensitivity for their
respective antigens when compared to the antibody for PSMA. These two factors can contribute
to staining at a lower intensity, while antigen densities could actually be equal or even higher. A
quantification of antigen-densities has to be performed to be able to make a comparison between
antigens.
Although there is no standardized method for scoring staining patterns, scoring staining
intensity on a scale from 0-3 is mostly used. However, when specimens had one or more tumor areas
with different staining intensities, this method was insufficient, so we scored for the most prevalent
one. Moreover, specimens with large non-staining tumor areas, but with some areas exhibiting focal
uptake ranging from 1+ to 3+, were scored as 1+. This scoring method can be questioned, but it also
has its advantages. First, since we did not stain the entire lymph node or bone lesion, it is possible
that tumor areas which expressed the antigen were only partially present in the slide, while antigennegative tumor areas were abundant in that slide. Scoring slides as negative when >50% of tumor
areas showed no staining could give a wrong impression of antigen presence in metastatic tissue.
Second, even if only a small portion of cells expresses a certain antigen, it might be enough to be
able to image that tumor lesion. Sensitive nuclear imaging techniques, like PET or SPECT, can deliver
excellent tumor-to-normal-tissue contrast when only a few cells bind the radiopharmaceutical,
thereby still able to discriminate between metastasized or organ-confined disease.
In addition to the application in nuclear imaging, targeting of antigens also holds great
promise for antibody or peptide based treatment of prostate cancer. It is therefore interesting to
see expression of GRPR, PSCA and PSMA in prostate cancer metastases, while these antigens are
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sparse or absent in surrounding tissues. Compared to the expression of PSCA or PSMA in lymph
node and bone metastases of prostate cancer, GRPR is expressed in fewer cases. Nevertheless, GRPR
offers an interesting target as it can be targeted by its natural ligand the gastrin-releasing peptide or
another bombesin-like peptide. The natural ligands of PSCA and PSMA are unknown, meaning that
specific targeting of these antigens must be performed with antibody-based substances. Compared
to antibodies, peptides have many advantages like faster clearance, faster tissue penetration and
lower antigenicity. In addition, peptides can be synthesized relatively easy in large quantities and
the simplified methods of purifying, characterizing, and optimizing them has led to an exponential
growth in the development of radiolabeled peptides for diagnostic and therapeutic applications in
the last decades59-61. It is therefore not surprising to see that the field of GRPR targeted treatment
and nuclear imaging is rapidly growing. Clinical and preclinical studies where bombesin-like
radiopharmaceuticals have been examined for their GRPR targeting properties have shown
promising results (reviewed in20,21).
As mentioned before, a drawback may be the low expression of GRPR in bone metastases as
shown by Markwalder et al. and this study. Nevertheless, GRPR targeted imaging might select
patients with GRPR expressing bone metastases for GRPR targeted treatment. As GRPR is highly
expressed in prostate cancer lymph node metastases it might serve as an excellent target for
receptor imaging with nuclear techniques. High GRPR expression in lymph node lesions may also
offer options for therapeutic or palliative GRPR targeted cytotoxic or radionuclide treatment in
patients with lymph node metastases only, or as adjuvant therapy to local radiotherapy in high-risk
patients.
In conclusion, in this study we have determined the expression of GRPR, PSCA and PSMA in
lymph node and bone metastases of prostate cancer. To our knowledge, we have shown for the
first time that GRPR is expressed in the vast majority of lymph node metastases of prostate cancer
and in 52.9% of bone metastases. PSCA and PSMA are both highly expressed in lymph node and
bone metastases of prostate cancer. Although PSMA and PSCA are mostly expressed in prostate
cancer metastases, GRPR offers an interesting alternative target for new diagnostic or therapeutic
applications as it can be targeted relatively easy with peptide-based (radio)pharmaceuticals.
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ABSTRACT
In this retrospective pilot study, the expression of the prostate-specific membrane antigen
(PSMA), the epithelial cell adhesion molecule (EpCAM), the vascular endothelial growth factor
(VEGF) and the gastrin-releasing peptide receptor (GRPR) in locally recurrent prostate cancer after
brachytherapy or external beam radiotherapy (EBRT) was investigated, and their adequacy for
targeted imaging was analyzed. Prostate cancer specimens were collected of 17 patients who
underwent salvage prostatectomy because of locally recurrent prostate cancer after brachytherapy
or EBRT. Immunohistochemistry was performed. A pathologist scored the immunoreactivity in
prostate cancer and stroma. Staining for PSMA was seen in 100% (17/17), EpCAM in 82.3% (14/17),
VEGF in 82.3% (14/17) and GRPR in 100% (17/17) of prostate cancer specimens. Staining for PSMA,
EpCAM and VEGF was seen in 0% (0/17) and for GRPR in 100% (17/17) of the specimens’ stromal
compartments. In 11.8% (2/17) of cases, the GRPR staining intensity of prostate cancer was higher
than stroma, while in 88.2% (15/17), the staining was equal. Based on the absence of stromal
staining, PSMA, EpCAM and VEGF show high tumor distinctiveness. Therefore, PSMA, EpCAM and
VEGF can be used as targets for the bioimaging of recurrent prostate cancer after EBRT to exclude
metastatic disease and/or to plan local salvage therapy.
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INTRODUCTION
Prostate cancer is the most commonly diagnosed cancer among men, and its incidence rates remain
as the highest in many regions of the world1. About 18% of patients with localized disease develop
a prostate-specific antigen (PSA) recurrence within five years after brachytherapy and external beam
radiotherapy (EBRT) with doses higher than 72 Gy. This is in contrast to 49% of patients who were
treated with doses less than 72 Gy2. At present, there is no imaging modality that can accurately
discriminate between locally and distant recurrent prostate cancer after treatment with curative
intent. Selecting patients for salvage cryotherapy of the prostate or salvage prostatectomy by
excluding distant metastases proves a diagnostic challenge.
New diagnostic techniques are needed to improve the imaging of recurrent prostate cancer.
Furthermore, although early-stage and locally recurrent prostate cancer can be cured, treatment of
metastasized disease is currently only palliative, making it important for new therapeutic applications
to be devised3.
Significant expression of certain antigens in prostate cancer as compared to normal tissue could
be used for antigen-targeted imaging or therapy. Numerous pre-clinical and clinical trials focused
on this topic have already shown promising results4-8.
Among the antigens used for diagnostic applications, the prostate-specific membrane antigen
(PSMA) was demonstrated to be a useful target9-13. PSMA is a Type II integral membrane glycoprotein,
which is overexpressed in prostate cancer in comparison to benign prostate tissue11,14,15. Next to
expression in prostate, PSMA was found to be expressed in the neovasculature of solid tumors
in comparison to normal vasculature16,17. The biological role of PSMA is not completely
understood10,18,19.
Ross et al. demonstrated a significant correlation between PSMA expression in prostate cancer
and the Gleason score, pathological stage and biochemical recurrence11. Indium-111 capromab
pendetide (ProstaScint®) is a radiolabeled antibody directed against PSMA. Correlation of scan results
with pathological specimens suggests that ProstaScint is able to detect soft tissue metastases20-23.
However, for routine use in clinical practice, the sensitivity of ProstaScint is not high enough, because
the antibody targets the intracellular epitope of PSMA, thereby probably targeting only damaged
or necrotic/apoptotic cells. Furthermore, the role of ProstaScint in the diagnosis of recurrent disease
has to be elucidated24.
Another antigen that can be used as an imaging target is the epithelial cell adhesion molecule
(EpCAM). EpCAM is a transmembrane glycoprotein, which is highly expressed in rapidly proliferating
tumors of epithelial origin25-27. This protein is found to be strongly expressed in several carcinomas28-31.
In normal epithelium, there is a lower expression of EpCAM32. EpCAM mediates epithelial-specific
intercellular cell-adhesion. Next, it is suggested that EpCAM is involved in cell migration, signaling,
proliferation and differentiation33. The expression of EpCAM is inversely related to prognosis in several
carcinomas33. For prostate cancer, this relation is controversial32,34.
Signal protein vascular endothelial growth factor (VEGF) and its receptors are involved in
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(tumor-related) angiogenesis35,36. VEGF is overexpressed in a variety of tumors, including gliomas,
breast, renal cell and hepatocellular cancer37. VEGF is a potential target, as its expression has also
been demonstrated in prostate cancer38,39. The expression of VEGF in normal prostate, benign
prostate hyperplasia and prostate cancer in relation to tumor grade is inconsistent in the current
literature7,40-49. As for EpCAM, the prognostic value of VEGF expression is controversial50-53.
The gastrin-releasing peptide receptor (GRPR) can be a promising imaging target. GRPR is a
glycosylated seven-transmembrane G-protein coupled receptor, which is expressed in numerous
cancers, such as those of the lung, colon and prostate54-59. GRPR seems to be overexpressed in
prostate cancer in comparison to sparse expression in normal prostate tissue60-62. Binding of GRPR
stimulates the growth of prostate cancer cells in vitro and in vivo63,64. A significant inverse correlation
was found between GRPR expression and an increasing Gleason score60.
Currently, there is no knowledge about the expression of PSMA, EpCAM, VEGF and GRPR in locally
recurrent prostate cancer after brachytherapy or external beam radiotherapy. Therefore, the aim of
this pilot study was to investigate the expression of these antigens using immunohistochemistry
and to analyze their potency for new diagnostic applications in locally recurrent prostate cancer.
RESULTS
In Table 1, the results of the immunohistochemical staining of different antibodies in prostate cancer
specimens are presented.
Overall, staining for PSMA was seen in 100% (17/17), EpCAM in 82.3% (14/17), VEGF in 82.3%
(14/17) and GRPR in 100% (17/17) of prostate cancer specimens. Staining for PSMA, EpCAM and
VEGF was seen in 0% (0/17) and for GRPR in 100% (17/17) of the specimens’ stromal compartments.
Immunohistochemical staining intensity frequency, number and percent are shown in Table 2.
In 11.8% (2/17) of cases, the GRPR staining intensity of prostate cancer was higher than that of
stroma. In 88.2% (15/17) of cases, the GRPR staining intensity of prostate cancer was equal to the
staining intensity of stroma. Tumor distinctiveness is shown in Table 3.
Staining Pattern
PSMA staining in prostate cancer specimens was membranous and cytoplasmic (Figure 1).
Six cases with focal uptake amidst negative cancer tissue were observed (Patient No. 2–4, 6, 8, 13)
(Figure 1). For PSMA, there was minimal staining of prostatic intraepithelial neoplasia (PIN) and
normal prostate epithelium. EpCAM stained cytoplasm and at the basal membrane (Figure 2). VEGF
and GRPR staining in prostate cancer tissue was cytoplasmic and diffuse (Figures 3 and 4). Staining of
striated muscle was observed for GRPR.
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Table 1. Gleason sum scores, therapy characteristics and staining intensities of the antibodies in the salvage
prostatectomy specimens.
Patient
No.

Radiotherapy
(Dose in Gy)

Hormonal
Interval
Stage Gleason PSMA EpCAM VEGF GRPR
Status Prior
between
to Salvage
Radiotherapy
Prostatectomy and Salvage
Prostatectomy
(Months)

1

EBRT
(Dose unknown)

LHRH + AA

51

pT3b

7

++

+

++

+++

2

Brachytherapy
(HDR)

None

45

pT2c

8

+

++

++

+++

3

EBRT (70)

LHRH + AA

58

pT3b

8

+

-

+

+++

4

EBRT (70)

None

24

pT3a

7

+

+

-

++

5

EBRT
(Dose unknown)

None

80

pT2c

7

++

+

-

+

6

Brachytherapy
(LDR)

None

47

pT2c

cnd

+

+

-

+++

7

EBRT (70)

LHRH + AA

120

pT3a

7

+++

-

+

+

8

EBRT (66)

None

31

pT3b

8

+

-

+

+

9

EBRT (66)

None

78

pT4

7

+++

+++

+

+++

10

EBRT (66)

None

48

pT3b

8

+++

++

++

+++

11

EBRT
(Dose unknown)

Unknown

63

pT3b

7

+++

+++

+++

++

12

Brachytherapy
(LDR)

None

41

pT4

7

+++

+++

+

++

13

EBRT (70)

None

49

pT3a

8

+

++

++

++

14

EBRT (68)

LHRH

58

pT3a

6

+++

+++

++

+++

15

Brachytherapy
(LDR)

AA

88

pT3b

8

+++

++

++

+++

16

EBRT (68)

None

13

pT3b

6

+

++

+

++

17

EBRT (70)

LHRH

34

pT3b

10

+++

++

+

++

cnd, could not be determined; EBRT, external beam radiotherapy; HDR, high dose rate; LDR, low dose rate; LHRH,
luteinizing-hormone-releasing hormone agonist; AA, androgen receptor antagonist.
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Table 2. Immunohistochemical staining intensity of prostate cancer and stroma.
Staining
Intensity

PSMA
Prostate
Cancer

PSMA
Stroma

EpCAM
Prostate
Cancer

EpCAM
Stroma

VEGF
Prostate
Cancer

0

0 (0%)

1+

7 (41.2%)

-

4 (23.5%)

-

7 (41.2%)

2+

2 (11.8%)

-

6 (35.3%)

-

6 (35.3%)

-

6 (35.3%)

8 (47.0%)

3+

8 (47.0%)

-

4 (23.5%)

-

1 (5.8%)

-

8 (47.0%)

6 (35.3%)

Overall+

17/17

0/17

14/17

0/17

14/17

0/17

(100%)

(0%)

(82.3%)

(0%)

(82.3%)

(0%)

17 (100%) 3 (17.7%) 17 (100%) 3 (17.7%)

VEGF
Stroma

GRPR
Prostate
Cancer

GRPR
Stroma

17 (100%)

0 (0%)

0 (0%)

-

3 (17.7%)

3 (17.7%)

17/17 (100%)17/17 (100%)

Table 3. Tumor distinctiveness.
Tumor
distinctiveness

PSMA

EpCAM

VEGF

GRPR

0

-

3 (17.7%)

3 (17.7%)

15 (88.2%)

1

7 (41.2%)

4 (23.5%)

7 (41.2%)

2 (11.8%)

2

2 (11.8%)

6 (35.3%)

6 (35.3%)

-

3

8 (47.0%)

4 (23.5%)

1 (5.8%)

-

Tumor distinctiveness = staining intensity tumor − staining intensity stroma.

Figure 1. PSMA staining in prostate cancer tissue. (A) Membranous and cytoplasmic brown staining for PSMA
in prostate cancer cells, 400× magnification; (B) focal brown staining for PSMA in prostate cancer cells (arrows)
amidst negative cancer tissue (*), 200× magnification.
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Figure 2. EpCAM staining in prostate cancer tissue. Strong brown cytoplasmic staining for EpCAM in prostate
cancer cells (arrows), 400× magnification.

5

Figure 3. VEGF staining in prostate cancer tissue. Strong brown cytoplasmic staining for VEGF in prostate cancer
cells, 200× magnification.
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Figure 4. GRPR staining in prostate cancer tissue. (A) Strong brown cytoplasmic staining for GRPR in prostate
cancer cells and weak background staining of prostate stromal cells; (B) equal staining intensity of prostate
cancer and stroma, 200× magnification.

DISCUSSION
This study has shown that PSMA, EpCAM, VEGF and GRPR are expressed in locally recurrent prostate
cancer after brachytherapy and external beam radiotherapy. Staining for PSMA and GRPR was
observed in all prostate cancer specimens (17/17), while EpCAM and VEGF staining was observed
in 82.3% (14/17) of cases (Tables 1 and 2). Staining for PSMA, EpCAM and VEGF was absent (0/17)
in specimens’ stromal compartments, while GRPR staining in stroma was observed in 100% (17/17)
of cases. In 88.2% (15/17) of cases, the GRPR staining intensity of prostate cancer was equal to
the staining intensity of stroma. Staining of striated muscle was observed for GRPR, which is in
agreement with the findings of other groups60-62.
The high expression of PSMA, EpCAM, VEGF and GRPR in locally recurrent prostate cancer after
ionizing therapy could have several reasons, which will be postulated next. First, high expression
of either antigen is correlated with a tendency for recurrence. This holds true for PSMA, as its
expression in primary prostate cancer is positively correlated with factors, like a high Gleason grade,
a higher tumor stage and, most important in this case, biochemical recurrence11,18. The same goes
for EpCAM, as a recent study by Benko et al. showed that higher EpCAM expression correlated
with a higher Gleason score and a shorter disease-free survival34. However, other research groups
found conflicting results26,30,65. Expression of VEGF in prostate cancer positively correlated with high
a Gleason score, lymph node metastases and the progression of disease66. Although there is no
information about GRPR expression and recurrence, the process might be comparable.
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Second is the upregulation of antigens due to radiotherapy. It has been demonstrated that VEGF
is upregulated after radiotherapy for rectal cancer67. For EpCAM, PSMA and GRPR, this is currently
unknown. Third, recurrent cancer could have the tendency for upregulation of certain antigens. In
ovarian cancer, EpCAM upregulation was seen in recurrent cancer when compared to primary
cancer in matched samples68, while VEGF levels were significantly higher in recurrent acute
lymphoblastic leukemia compared with newly diagnosed cases69. For all the postulations, we
have no direct evidence, as we did not have prostate cancer biopsy samples before and after
radiation therapy that could have been compared to the salvage prostatectomy samples.
The absence of non-specific background staining of normal tissue or prostate stroma for the antiPSMA, EpCAM and VEGF antibodies proves the specificity for cancer tissue. Background staining
for GRPR was evident. Although different protocols were used and different blocking agents were
tested, staining of non-cancer tissue remained. Staining of normal prostate and muscle with the
anti-GRPR antibody has been described in the literature by other authors60-62, and at first glance,
this might pose a problem for the future use of GRPR as a target for new therapeutic or diagnostic
modalities. However, pre-clinical and clinical studies have shown very low uptake of GRPR-targeted
bombesin-like radiopharmaceuticals in muscle with high tumor-to-muscle ratios70.
The current study has several limitations. First, we did not have matched samples of prostate
cancer tissue. In an ideal situation, we would have compared prostate biopsy samples at initial
diagnosis before radiation therapy, the biopsy samples in which local recurrence was confirmed
after radiation therapy and the salvage prostatectomy samples; Second, staining intensity was
assessed qualitatively on a scale from zero to three. Although strong staining suggests a higher antigen
density than weak staining does, it is impossible to make a comparison between the different
antibodies used in this study, as different protocols were used and as there is most likely different
antigen sensitivity for each antibody. A quantification of antigen-densities has to be performed to
be able to make a comparison between antigens; Third, due to the low number of patients (n = 17),
the power of the statistics would be too weak, and therefore, we were unable to correlate staining
intensity with clinicopathological parameters. Finally, we did not have the follow-up data to compare
antigen expression with outcome.
There is not much knowledge about the expression of antigens in recurrent prostate cancer.
Locally recurrent prostate cancer is, to our knowledge, an unexplored field. Therefore, this is the first
study to show the data about the expression of PSMA, VEGF, EpCAM and GRPR in locally recurrent
prostate cancer after ionizing therapy.
Antigen-based targeted imaging of the prostate could be useful in several scenarios: if salvage
local therapy was planned without a biopsy or with repeated negative biopsies, but with a strong
suspicion of local recurrence. Other applications for these imaging strategies would be to rule out
micrometastatic disease prior to local salvage therapy or the application of salvage focal therapy
only to areas of uptake on imaging in order to minimize side-effects in irradiated tissue. The unique
overexpression on prostate cancer cells makes PSMA the most attractive target for the delivery of
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imaging agents10. Several clinical studies with PSMA as the target have been reported with encouraging
results71,72. Bombesin-like radiopharmaceuticals, which are natural ligands of GRPR, can be relatively
easy synthesized in large quantities and have shown promising results in several clinical studies70.
However, due to its background staining, more careful selection of the protocol may be required
for optimal targeting. Only a few studies consider VEGF and EpCAM-based diagnostics for targeted
cancer imaging73-75, but based on the results reported in this study, both antigens can be used for the
detection of locally recurrent prostate cancer.
EXPERIMENTAL SECTION
Materials
Patients in our retrospective study were diagnosed with locally recurrent prostate cancer based on
PSA relapse and transrectal ultrasound-guided prostate biopsies. Prostate cancer specimens were
collected of 17 patients who underwent salvage prostatectomy (The Netherlands Cancer Institute,
Antoni van Leeuwenhoek Hospital Amsterdam (NKI/AVL)), because of locally recurrent prostate
cancer after brachytherapy (4 patients) or external beam radiotherapy (13 patients). All tissue
specimens were anonymous and encoded with a unique code. According to Dutch law, no further
Institutional Review Board approval was required (http://www.federa.org). Pretreatment biopsies
were not available.
Immunohistochemistry
Formalin-fixed, paraffin-embedded blocks of prostate tissue were cut into 4-mm-thick sections and
mounted on Starfrost microscope slides. Hematoxylin and eosin stained sections were graded by
an experienced pathologist (Stefano Rosati), based on the criteria of the Gleason grading system.
Remaining sections were processed for immunohistochemistry.
PSMA
After deparaffinization, antigen retrieval was performed by heating microwave (700 W) for
20 min in a 10 mM citrate buffer at pH 6.0, with a cool down period of 20 min afterwards.
Endogenous peroxidase was blocked with 0.3% hydrogen peroxide in phosphate-buffered saline
(PBS) for 20 min. Slides were than incubated with the primary anti-human-PSMA mouse monoclonal
antibody, YPSMA-1 (Abcam, Cambridge, UK), diluted at 1:400 in 1% bovine serum albumin/phosphatebuffered saline (1% BSA/PBS) for 1 h at room temperature. The secondary step consisted of incubation
with rabbit anti-mouse antibody conjugated to polymer-horseradish peroxidase (DAKO, Glostrup,
Denmark), diluted at 1:100 in 1% BSA/PBS with 1% AB serum. For the tertiary step, goat anti-rabbit
antibody conjugated to polymer-horseradish peroxidase (DAKO, Glostrup, Denmark) was used,
diluted at 1:100 in 1% BSA/PBS with 1% AB serum. Both the secondary and tertiary step required
incubation for 30 min at room temperature. Next, the slides were immersed for 10 min in a solution
of 0.05% 3,3’-diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA) and 0.03% hydrogen peroxide
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in PBS for the visualization of the signal as brown staining. After washing with demineralized water,
the slides were slightly counterstained with hematoxylin, dehydrated and mounted with Eukitt
mounting medium (Sigma-Aldrich, Steinheim, Germany).
GRPR
After deparaffinization, antigen retrieval was performed by heating microwave (700 W) for 20
min in 0.1 M Tris/HCl buffer at pH 9.0, with a cool down period of 20 min afterwards. Endogenous
peroxidase was blocked with 0.3% hydrogen peroxide in Tris-buffered saline (TBS) for 20 min.
Slides were then incubated with a normal goat serum diluted at 1:10 in TBS for 30 min at
room temperature. Afterwards, the slides were incubated with the primary anti-human-GRPR rabbit
polyclonal antibody, ab39963 (Abcam, Cambridge, UK), diluted at 1:250 in 1% BSA/TBS overnight
at 4 °C. Only a secondary step with goat anti-rabbit antibody conjugated to polymer-horseradish
peroxidase (DAKO, Glostrup, Denmark) was applied, diluted at 1:100 in 1% BSA/TBS with 1% AB
serum for 60 min at room temperature. Next, the slides were immersed for 10 min in a solution
of 0.05% 3,3’-diaminobenzidine (Sigma-Aldrich, Steinheim, Germany) and 0.03% hydrogen peroxide
in PBS for the visualization of the signal as brown staining. After washing with demineralized water,
the slides were slightly counterstained with hematoxylin, dehydrated and mounted with Eukitt
mounting medium (Sigma-Aldrich, Steinheim, Germany).

5

EpCAM
After deparaffinization, antigen retrieval was performed by incubation with 0.1% protease for 30
min at room temperature. Endogenous peroxidase was blocked with 0.3% hydrogen peroxide in PBS
for 20 min. Slides were than incubated with the primary mouse monoclonal anti-EpCAM antibody
(Clone VU-1D9, Leica Biosystems, Newcastle, UK) diluted at 1:100 in 1% BSA/PBS for 1 h at
room temperature. The secondary step consisted of incubation with rabbit anti-mouse antibody
conjugated to polymer-horseradish peroxidase (DAKO, Glostrup, Denmark), diluted at 1:100
in 1% BSA/PBS with 1% AB serum. For the tertiary step, goat anti-rabbit antibody conjugated to
polymer-horseradish peroxidase (DAKO, Glostrup, Denmark) was used, diluted at 1:100 in 1%
BSA/PBS with 1% AB serum. Both the secondary and tertiary step required incubation for 30 min
at room temperature. Next, the slides were immersed for 10 min in a solution of 0.05%
3,3’-diaminobenzidine (Sigma-Aldrich, Steinheim, Germany) and 0.03% hydrogen peroxide in PBS
for visualization of the signal as brown staining. After washing with demineralized water, the slides
were slightly counterstained with hematoxylin, dehydrated and mounted with Eukitt mounting
medium (Sigma-Aldrich, Steinheim, Germany).
VEGF
After deparaffinization, microwave antigen retrieval (700 W) was performed for 20 min in
10 mM Tris/1 mM EDTA buffer at pH 9.0, with a cool down period of 20 min afterwards. Endogenous
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peroxidase was blocked with 0.3% hydrogen peroxide in PBS for 20 min. Slides were incubated with a
normal goat serum diluted at 1:10 in PBS for 30 min at room temperature. The primary step consisted
of incubation with rabbit anti-human antibody VEGF A-20 sc-152, (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) diluted at 1:200 in 1% BSA/PBS for 1 h at room temperature. Only a secondary
step with goat anti-rabbit antibody conjugated to polymer-horseradish peroxidase (DAKO, Glostrup,
Denmark) was applied, diluted at 1:100 in 1% BSA/TBS with 1% AB serum for 30 min at room
temperature. Next, the slides were immersed for 10 min in a solution of 0.05% 3,3’-diaminobenzidine
(Sigma-Aldrich, Steinheim, Germany) and 0.03% hydrogen peroxide in PBS for the visualization
of the signal as brown staining. After washing with demineralized water, the slides were slightly
counterstained with hematoxylin, dehydrated and mounted with Eukitt mounting medium
(Sigma-Aldrich, Steinheim, Germany).
Assessment of Staining Patterns
The assessment of staining patterns was performed as described before [8]. For each antigen, a
pathologist (Stefano Rosati) blinded to clinical and pathological data, scored the staining intensity
(0 = no staining; 1+ = weak staining; 2+ = moderate staining; 3+ = strong staining) of tumor
areas for all the specimens. Specimens in which one or more tumor areas with different staining
intensities were present were scored for the most prevalent intensity. Specimens with focal uptake
amidst negative cancer tissue scored 1+. Furthermore, different patterns of immunoreactivity were
observed and documented. To evaluate background staining, all specimens were evaluated in a
field that contained both prostate cancer and stroma. Tumor distinctiveness was assessed for each
antigen by subtracting the staining intensity of stroma from the staining intensity of prostate cancer.
CONCLUSIONS
The current study is the first to present data on the expression of PSMA, EpCAM, VEGF and GRPR in
locally recurrent prostate cancer after brachytherapy or external beam radiotherapy. Based on the
absence of stromal staining, PSMA, EpCAM and VEGF show high tumor distinctiveness. GRPR has a
very low tumor distinctiveness. Therefore, PSMA, EpCAM and VEGF can be used as targets for the
bioimaging of recurrent prostate cancer after EBRT to exclude metastatic disease and/or to plan
local salvage therapy.
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ABSTRACT
Rationale: The peptide bombesin (BN) and its derivatives exhibit high binding affinity for the gastrinreleasing peptide receptor (GRPR), which is highly expressed in prostate cancer. We used the BNbased radiopharmaceutical 99mTechnetium-HYNIC(tricine/TPPTS)-Aca-Bombesin(7-14) (99mTc-HABN)
to perform a first-in-man clinical pilot study to evaluate the feasibility of 99mTc-HABN SPECT/CT for
detection of prostate cancer in patients.
Methods: Eight patients with biopsy-proven prostate cancer who were scheduled for either radical
prostatectomy or external beam radiotherapy underwent 99mTc-HABN scintigraphy and SPECT/CT
prior to treatment. Serial blood samples were taken to assess blood radioactivity and to determine
in vivo metabolic stability. Clinical parameters were measured and reported side effects, if present,
were recorded. Prostate cancer specimens of all patients were immunohistochemically stained for
GRPR.
Results: 99mTc-HABN was synthesized with high radiochemical yield, purity and specific activity. There
were no significant changes in clinical parameters, and there were no adverse or subjective side
effects. Low metabolic stability was observed, as less than 20% of 99mTc-HABN was intact after 30
min. Immunohistochemical staining for GRPR was observed in the prostate cancer specimens in
all patients. 99mTc-HABN scintigraphy and SPECT/CT did not detect prostate cancer in patients with
proven disease.
Conclusions: 99mTc-HABN SPECT/CT for visualization of prostate cancer is safe but hampered by an
unexpected low in vivo metabolic stability in man. The difference between the excellent in vitro
stability of 99mTc-HABN in human serum samples determined in our previous study regarding 99mTcHABN and the low in vivo metabolic stability determined in this study, is striking. This issue warrants
further study of peptide-based radiopharmaceuticals.
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INTRODUCTION
Prostate cancer is one of the most common causes of cancer in males and is a common cause of
morbidity and death worldwide1. Early detection of prostate cancer may lead to an improved cure
rate. An increased level of prostate-specific antigen (PSA) in serum or a palpable prostatic nodule
found with digital rectal examination raises the suspicion of prostate cancer and necessitates
transrectal ultrasound-guided biopsies of the prostate for histological diagnosis. Although
performing transrectal ultrasound-guided biopsies is the gold standard procedure, it has certain
drawbacks, such as the chance of under- or overstaging due to sampling error in multifocal disease2.
Furthermore, transrectal ultrasound-guided biopsies have a suboptimal sensitivity, as they can miss
up to 35% of cancers3-5. A negative (repeat) biopsy, despite a persistently elevated PSA, poses a
diagnostic dilemma6,7.
An imaging technique that is sufficiently sensitive to detect prostate cancer and/or sufficiently
specific to exclude cancer is necessary. In addition to detection and local staging of prostate cancer,
other possible uses of such an imaging technique could be the guidance for prostate biopsies,
application of intensity-modulated radiotherapy on hot-spots, detection of distant metastases or
local recurrence and therapy response monitoring.
Nuclear imaging techniques such as single photon emission computed tomography (SPECT) and
positron emission tomography (PET) have emerged as promising diagnostic tools in oncology8-10. Of
the available radiopharmaceuticals for prostate cancer detection, 18F and 11C-choline PET/CT are
mostly used in centers all worldwide, as they are currently the best-performing nuclear imaging
techniques. However, the limited sensitivity for small-sized metastases, relatively low uptake of
choline at low PSA levels and uptake of choline in normal or inflamed prostate limit the accuracy of
choline PET/CT in staging prostate cancer10,11. Therefore, crucial for accurate new nuclear imaging
techniques is the development of radiopharmaceuticals that can be targeted to specific tumorassociated antigens, which are over-expressed in prostate cancer but are sparse in normal tissues.
A tumor-associated antigen that is of particular interest is the gastrin-releasing peptide receptor
(GRPR). GRPR is over-expressed in various human malignancies, including primary and metastatic
prostate cancer12,13. Importantly, GRPR expression in normal tissue ranges from absent to low14-17,
making GRPR an excellent target for high-contrast imaging. The mammalian ligand for GRPR and
its amphibian counterpart bombesin (BN) share an identical seven-amino-acid carboxyl-terminal
region, and both possess the same affinity for GRPR. However, BN has been shown to be significantly
more stable, and a series of BN analogs has been constructed and labeled with various radionuclides
(i.e., 99mTc, 111In, 64Cu, 18F)18,19.
Recently, we reported the synthesis of
on:

Tc-HYNIC(tricine/TPPTS)-Aca-BN(7-14) (from here

99m

Tc-HABN; HYNIC = 6-hydrazinonicotinic acid; TPPTS = trisodium triphenylphosphine-3,3’,3’’-

99m

trisulfonate; Aca = ε-Amino-caproic acid) and its promising results as an imaging agent in a xenograft
tumor model for human prostate cancer in athymic mice20.
The aim of the study described in this report was to perform a first-in-man clinical pilot study to
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evaluate the feasibility of 99mTc-HABN SPECT/CT for detection of prostate cancer in patients.
MATERIAL AND METHODS
Chemicals, materials and equipment
Na99mTcO4 was eluted from the

Mo/99mTc generator (Ultra-Technekow; Covidien, Petten, The

99

Netherlands). Succinic acid and tricine (N-(Tri(hydroxymethyl)methyl)glycine) were purchased from
Sigma/Aldrich (St. Louis, MO, USA). TPPTS was purchased from Alfa Aesar (Karlsruhe, Germany).
The peptide Aca-BN(7-14) was provided by Peptides International (Louisville, KY, USA). HYNICAca-BN(7-14) was synthesized as reported previously20. For sterilization, a 0.22-μm Millex GV-filter
(Merck Millipore, Billerica, MA, USA) was used. High-performance liquid chromatography (HPLC)
was performed using a HITACHI L-2130 HPLC system (Hitachi High Technologies America Inc.,
Pleasanton, CA, USA). Isolation of radiolabeled peptides was performed using a Phenomenex
reversed-phase Luna C18 column (Phenomenex, Torrance, CA, USA). The Sep-Pak C18 light cartridge
was from Waters Corporation (Milford, MA, USA). Radioactivity of samples was measured in a
γ-counter (Compugamma CS1282; LKB-Wallac, Turku, Finland).
For immunohistochemistry experiments, PC-3 human prostate cancer xenograft tumors (ATCC,
Manassas, VA, USA), normal goat serum, 0.05% 3,3’-diaminobenzidine, Eukitt mounting medium,
1% AB serum (Sigma-Aldrich, St. Louis, MO, USA), hematoxylin (Merck, Whitehouse Station, NJ, USA),
anti-human-GRPR rabbit polyclonal antibody ab39963 (Abcam, Cambridge, UK) and goat anti-rabbit
antibody P0448 (Dako, Glostrup, Denmark) were used.
Preparation of 99mTc-HABN
Synthesis of

Tc-HABN was performed as described previously (20) under GMP conditions with

99m

modifications. All solutions (except the HYNIC-Aca-BN(7-14) and the SnCl2 solution) were sterilized
before use by passing through a 0.22-μm Millex GV-filter under aseptic conditions (class A) in a
cleanroom. Briefly, 99mTc-pertechnetate solution (~2.8 GBq in saline, ~2 mL) was collected in a sterile
vial (5 mL). 50 μL of HYNIC-Aca-BN(7-14) (1 mg/mL in sterile water), 100 μL of tricine solution (100
mg/mL in 25 mM succinate buffer, pH 5.0), 100 μL of TPPTS solution (50 mg/mL in 25 mM succinate
buffer, pH 5.0) and 15 μL of SnCl2 (1.0 mg/mL in water) were added to the vial and well mixed. The
pH value (pH 5.0) of the mixture was checked with pH paper, and then the mixture was incubated at
95° C for 20 min. A needle connected to a 0.22-μm Millex GV-filter was placed in the cap of the vial
to avoid overpressure and contamination.
After cooling to room temperature, the reaction mixture was purified with semi-preparative
reversed-phase HPLC column equipped with a UV detector (wave length=218 nm) and a radioactivity
detector. Isolation of

Tc-HABN was performed using a Phenomenex reversed-phase Luna C18

99m

column (10 mm × 250 mm, 5 μm) with a flow rate at 2.5 mL/min. A gradient system was applied
for isolation of 99mTc-HABN, starting from 90% solvent A (0.01 M phosphate buffer with 0.1 mg/mL
ascorbic acid (AA), pH=6.0) and 10% solvent B (acetonitrile (ACN) with 0.1 mg/mL AA) (5 min) and
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ramped to 45% solvent A and 55% solvent B at 35 min.
The 99mTc-HABN eluate from the HPLC system was diluted with saline with 1% AA (10 mL) before
loading on a Sep-PAK C18 light cartridge. The C18 cartridge was washed with saline with 1% AA (50
mL) and eluted with EtOH (400 μL) afterwards. The EtOH solution was diluted with saline solution
(with 1% AA; limit: ~10 mL) and was sterilized by passing through a 0.22-μm GV-filter. A quantity of
550–700 MBq was dispensed in a syringe under aseptic conditions (class A).
Quality control of 99mTc-HABN
Before release of the final product, the integrity of the 0.22-μm Millex GV filter (used for sterilization
of the final product) was determined using the bubble point test, and the radiochemical purity of the
final product was determined by analyzing a 5-MBq portion using HPLC. After release, the sterility
test was performed by keeping two samples (100 μL) of the final product in two bottles of Clausen
medium at 25° C and 37° C for 1 week. The remaining product was used for the pyrogenicity test,
the residual solvents test and the EtOH concentration test performed at the Pharmacy Department
of the University Medical Center Groningen after decay.
Patient recruitment
The present study was approved by the Medical Ethics Committee of the University Medical Center
Groningen and was performed according to Good Clinical Practice guidelines.
Eight patients with biopsy-proven prostate cancer (four patients scheduled for laparoscopic radical
prostatectomy (RP), and four planned for external beam radiotherapy (EBRT)) were recruited on the
outpatient clinic of the department of Urology at the University Medical Center Groningen, after
providing written informed consent. The pre-therapy PSA level, prostate volume as determined by
transrectal ultrasound, tumor stage (according to the 1997 TNM staging criteria), results of prostate
histology (either via whole prostatectomy specimens or prostate biopsies; Gleason sum score, %
tumor volume) and results of pelvic lymph node dissection (1/4 in the RP group, 4/4 in the EBRT
group) were recorded.
Scintigraphy, SPECT/CT and image analysis
SPECT/CT scanning was performed before EBRT or 1 day before surgery. Subjects were positioned
supine with their arms outstretched in holders, and a venous cannula was placed in both forearms—
left for injection of the radiopharmaceutical and right for blood sampling. For low-dose computed
tomography, the arms were positioned above the head. Images of the pelvis were performed using
a Siemens Symbia T2 double headed gamma camera, equipped with low-energy, high-resolution
collimators, combined with an integrated 2-slice computed tomography. To acquire quantitative
results, a sample of 99mTc of known activity (20–28 MBq) was scanned along with the patient.
Different data acquisition protocols were used to acquire an optimal time-point for scanning.
Patients 1–4 were subjected to a dynamic scanning protocol with the gamma camera heads in the
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anterior-posterior (AP) position, 1 min per frame during 20 min, starting immediately after

Tc-

99m

HABN injection (549-688 MBq). Thereafter, a 2×180° SPECT of the pelvic region was performed with
a matrix size of 128×128 in 64 positions and an acquisition time of 40 seconds per position. Next,
a low-dose CT of the pelvis was performed (110 kV, 30 mA). At 2, 4, 6 and 20 hrs post-injection
(p.i.), SPECT was performed again at the 20 hr-time-point combined with low-dose CT. Patient 5 was
subjected to a dynamic scan for 120 min with the gamma camera in the AP position at 1 min per
frame during the first hr and 2 min per frame during the second hour. At 4, 6 and 20 hrs p.i., a static
scan in the AP position was made for 10, 30 and 30 min, respectively. In patients 6–8, a dynamic scan
was made for 60 min, 1 min per frame, followed by SPECT/CT and single-frame, 30-min static images
at 2, 4 and 6 hrs p.i. Additionally, in patients 3, 4, 6, 7 and 8, a transurethral catheter was inserted to
drain the bladder and reduce local radioactivity.
Images were reconstructed using iterative reconstruction (Flash 3D, 8 iterations, 16 subsets,
Gaussian 9.0 filter). In addition to anatomical localization, CT was also used to obtain an attenuation
map. Dynamic and static images were displayed in coronal planes, and SPECT images were displayed
in transaxial, coronal and sagittal planes. The tumor to normal tissue ratios were determined by
placing a region of interest (ROI) over the area showing the most activity in the tumor and an
identically sized ROI over the gluteal muscles. Image analysis and subjective assessment were
performed by a nuclear physician (JP) blinded to patient data and 1 non-blinded researcher (HA).
Monitoring of vital parameters and side effects
Because this was a first-in-man study, the heart rate, oxygen saturation and blood pressure were
monitored in all patients during the first hour p.i. at regular intervals (0, 5, 10, 15, 20, 25, 30, 45 and 60
min) and were compared with baseline measurements before injection of 99mTc-HABN. Side effects,
if reported by the patient within 24 hrs p.i., were documented.
Analysis of radioactivity in blood samples
Blood samples (2 mL/time point) were collected from six patients via a venous cannula in the right
forearm at 0, 2, 5, 10, 30, 60, 120, 240, 360 and 1200 min (the last time point was not analyzed for
patients 7 and 8) p.i. of 99mTc-HABN. No blood sampling of patients 2 and 6 was performed due to
technical failure.
Blood serum samples were acquired by centrifuging the blood sample at 3000 rpm for 5 min.
For each sample, the radioactivity of full blood and blood serum (250 μL), as well as the original
Tc-HABN saline solution (10 μL in triplicate) was determined in a γ-counter. The radioactivity

99m

accumulation of 99mTc-HABN in full blood and serum was calculated as follows: counts of the 250-μL
sample *4 / total injected counts (percentage of the injected dose/mL, mean ± SD, n=6).
Metabolic stability of 99mTc-HABN
The in vivo metabolic stability of

100

Tc-HABN was determined by analyzing blood serum samples
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collected at 0 (baseline), 2, 5, 10, 30, 60 and 120 min p.i. of

Tc-HABN from patients 1, 3, 4 and

99m

5. Blood serum samples were acquired as described above. The protein of blood serum samples
was removed by centrifuging at 3000 rpm for 5 min after mixing with a 10-fold volume of ACN.
The supernatant was passed through a Sep-Pak C18 light cartridge and eluted with water (5 mL)
and EtOH (2 mL). The radioactivity of the eluents was determined in a γ-counter. The percentage of
metabolites was calculated as follows: (aqueous eluent radioactivity / (aqueous eluent radioactivity
+ EtOH eluent radioactivity)) * 100% (mean ± SD, n=4).
Immunohistochemical staining of GRPR
In patients scheduled for RP, prostatectomy specimens were used for immunohistochemical staining
of GRPR. In patients who did not undergo RP, prostate biopsy specimens were used.
Formalin-fixed, paraffin-embedded blocks of prostate cancer tissue were cut into 3-μm thick
sections and mounted on APES (3-aminopropyltriethoxysilane)-coated slides. A human prostate
cancer PC-3 xenograft tumor was used as the positive control. As the negative control, the primary
antibody was omitted during immunohistochemical analysis on the positive control tissue. Trisbuffered saline (TBS) was used for washing and dilution of antibodies. After deparaffinization,
antigen retrieval was performed by microwave heating (400 Watts) for 20 min in a 0.1 M Tris/HCl
buffer at pH 9.0. Endogenous peroxidase was blocked by incubation with 0.3% hydrogen peroxide
in TBS for 20 min. To decrease non-specific background staining, slides were incubated with normal
goat serum diluted at 1:10 in TBS for 30 min at room temperature.
Tissue section slides were incubated with primary anti-human-GRPR rabbit polyclonal antibody
ab39963 diluted at 1:250 in 1% bovine serum albumin (BSA)/TBS overnight at 4° C. A secondary
step with goat anti-rabbit antibody P0448 diluted at 1:100 in 1% BSA/TBS with 1% AB serum was
applied for 60 min at room temperature. Slides were immersed for 10 min in a solution of 0.05%
3,3’-diaminobenzidine and 0.03% hydrogen peroxide in TBS for visualization of the signal as brown
staining. After washing with demineralized water, slides were counterstained with hematoxylin and
dehydrated. Finally, a coverslip was applied using Eukitt mounting medium.
Assessment of GRPR staining
An experienced pathologist (SR) blinded to the clinical data scored the staining intensity (0 = no
staining, 1+ = weak staining, 2+ = moderate staining, 3+ = strong staining) of tumor areas for all
specimens. Specimens, in which one or more tumor areas with different staining intensities were
present, were scored for the most prevalent in
RESULTS
Synthesis and quality control of 99mTc-HABN
Tc-HABN was prepared (n=8) with a radiochemical yield of 43 ± 4%, a specific activity of 87.2 ± 9.4

99m

TBq/mmol and a radiochemical purity of 97.3 ± 0.9%. The bubble point test of the sterilization filter
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was performed before the injection of

Tc-HABN. The sterility, endotoxin and residual solvents

99m

tests were performed after release of the radiotracer. The final product was sterile and apyrogenic
(<0.25 EU/mL), and residual solvents were found to be <50 mg/L and <100 g/L for ACN and EtOH,
respectively. Release and post-release specifications are summarized in table 1.
Table 1: Release and post-release specifications for 99mTc-HABN
99m

Tc-HABN

Specification

Required before release

Frequency

Appearance

Clear, colorless

Yes

Every synthesis

pH

5–8

Yes

Every synthesis

Radiochemical purity (%)

>95%

Yes

Every synthesis

Specific activity (MBq/m)

>5000

Yes

Every synthesis

Bubble point test sterilization filter

<20%

Yes

Every synthesis

Sterility

Sterile

No

Every synthesis

Endotoxins (EU/mL)

<0.25

No

Every synthesis

EtOH concentration (g/L)

<100

No

Every synthesis

ACN concentration (mg/L)

<50

No

Every synthesis

Patient characteristics
Details of included patients and results of histology can be found in table 2. Although initially
selected for EBRT, patients 7 and 8 proved to have lymph node metastases and were subsequently
selected for hormonal therapy.
Table 2: Patient characteristics
Pt.nr

Age

PSA

PrV

Therapy

T-stage

TumorV

Gl

PLND

1
2
3
4
5
6
7
8

59
55
69
73
55
73
71
70

5,9
16
12
7,8
15,5
69.8
221.5
23.8

35
21
47
56
23
38
55
39

RP
RP
RP
EBRT
RP
EBRT
HT
HT

pT2ca
pT2ca
pT2ca
cT1cb
pT3aa
cT2cb
cT3b
cT2cb

5%a
>50%a
<50%a
Left/5/5/75%, Right/5/1/5%c
>50%, capsular penetration lefta
Left/5/2/15%, Right/5/4/45%c
Left/4/4/65%, Right/4/4/10%c
Left/4/4/35%, Right/4/4/20%c

7a
6a
7a
7c
8a
9c
7c
7c

np
np
pN0
pN0
np
pN0
pN1
pN1

Biopsy results are not displayed when histology of a radical prostatectomy is available. In EBRT or hormonal
therapy patients, only prostate biopsy histology is available. Age in years, PSA in ng/mL, PrV = prostate volume
in mL, RP = radical prostatectomy, EBRT = external beam radiotherapy, HT = hormonal therapy, T-stage = tumor
stage, a = based on histology of radical prostatectomy specimens, b = based on digital rectal examination and
histology of prostate biopsies, c = based on histology of prostate biopsies, TumorV = % tumor volume (tumor
volume based on prostate biopsies are presented as follows: side/biopsy cores taken on that side/number of
positive cores on that side/%tumor volume), Gl = Gleason sum score, PLND = pelvic lymph node dissection, np =
not performed, pN0 = no pelvic lymph node metastases, pN1 = pelvic lymph node metastases.
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Image analysis
Thorough analysis of the dynamic, static and SPECT images with or without CT by one dedicated
nuclear medicine physician (JP) blinded to patient data and one non-blinded researcher (HA),
revealed no uptake of radioactivity in the prostate or pelvic lymph nodes (histologically proven
lymph node metastases in patients 7 and 8). Rapid distribution via blood was observed, and
excretion via urine was observed within 5–7 min. The transurethral catheter reduced radioactivity in
the pelvis, improving visualization of tissue in the immediate vicinity of the bladder. The procedure
did not lead to detection of a hot-spot in the prostate. Furthermore, no hot-spots outside the bladder
or prostate were observed in the pelvis. No ROIs were drawn because the tumor was not visualized.
Monitoring of vital parameters and side effects
In the first hour after 99mTc-HABN injection, vital parameters (heart rate, oxygen saturation and blood
pressure) were measured at regular intervals and were compared with baseline measurements. No
clinically significant changes in the heart rate (>15% change), oxygen saturation (>5% change)
and blood pressure (>15% change) were recorded. None of the patients suffered from adverse or
subjective side effects.
Analysis of radioactivity in blood
Figure 1 shows the full blood and serum radioactivity curves after 99mTc-HABN injections in patients
during the 1200-min study period (n=6, except at the 1200-min time point where n=4). A steady
decline of the radioactivity was observed in blood and serum during the experimental period. The
radioactivity level became almost undetectable at 20 h p.i.

6

Figure 1: Full blood and serum activity curves during the 1200-min study. Values are expressed as the percentage
of the injected dose per mL (%ID/mL, mean ± SD, n=6, except at the 1200-min time point where n=4).
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Metabolic stability of 99mTc-HABN
Figure 2 shows the in vivo degradation of
degradation of

Tc-HABN. There is low metabolic stability and rapid

99m

Tc-HABN, with 22, 44 and 53% of the radioactivity degraded within 2, 5 and 10 min

99m

p.i., respectively. After 30 min, less than 20% of 99mTc-HABN was still intact.

Fig 2: The in vivo metabolic stability of 99mTc-HABN. Results are plotted as the percentage of formed metabolites
at different time points (mean ± SD, n=4). At the 120-min time point, the SD is too small to display.

Assessment of immunohistochemical GRPR staining
Immunohistochemistry on paraffin slides of prostate cancer specimens (four whole prostate
sections, four prostate needle biopsy specimens) demonstrated low-to-moderate staining of
prostate cancer for GRPR in 8/8 cases (table 3).
Table 3: Staining intensities of the antibodies used in prostate cancer specimens
Patient number

Pathology

Staining intensity

1
2
3
4
5
6
7
8

Radical prostatectomy
Radical prostatectomy
Radical prostatectomy
Prostate needle biopsy
Radical prostatectomy
Prostate needle biopsy
Prostate needle biopsy
Prostate needle biopsy

+
+
+
+
+
+
++
+
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DISCUSSION
Targeted imaging could improve the lack of accuracy observed in current imaging techniques
used in different stages of prostate cancer. Recently, we have developed the novel BN-based
radiopharmaceutical, designated

Tc-HABN, and evaluated its imaging potential in a xenograft

99m

mouse model of human prostate cancer20. The aim of the study presented here was to perform
a first-in-man clinical pilot study to evaluate the feasibility of

Tc-HABN SPECT/CT for detection

99m

of prostate cancer in patients. We were able to synthesize a radiopharmaceutical with high yield,
specific activity and purity, in the absence of any signs of adverse or subjective side effects after
patient administration. However,

Tc-HABN scintigraphy and SPECT/CT did not detect prostate

99m

cancer in patients with proven disease.
Although immediate distribution via the vascular system and rapid excretion via the renal route
were deduced from the dynamic images, no uptake in the prostate was observed at any time point
in any patient. Although bladder drainage using a transurethral catheter proved to be helpful in
reducing activity in the bladder with an improved ability to assess pelvic organs, it did not aid in
detecting hot-spots.
Because small tumors could be missed with SPECT, patients with larger tumor volumes and
higher PSA values were selected in the second half of the patient inclusion (patients 5–8). The
different patient selection sorted no effect. Additionally, there has been some discussion concerning
the level of GRPR expression according to various Gleason sum scores. Although this could not be
proven in lymph node and bone metastases of prostate cancer12, Beer et al. demonstrated that a
higher Gleason sum score tends to express lower levels of GRPR13. Therefore, a range of Gleason sum
scores was selected (Gleason 6–9; lower scores are seldom observed, and Gleason 10 is only rarely
eligible for local therapy), but did not give other results with 99mTc-HABN scintigraphy and SPECT/
CT. One reason for the failure to visualize the prostate tumors is that, by chance, GRPR expression
in 8 prostate cancer patients could be absent. However, with immunohistochemistry on paraffin
slides of the prostate cancer specimens of these patients, we proved the presence of GRPR in all
our patients (table 3). Although immunohistochemistry shows the presence and tissue distribution
of an antigen, the technique cannot demonstrate absolute antigen density and is therefore not a
strong predictor for uptake of a GRPR-targeting radiopharmaceutical.
The difference between the in vitro stability in human serum samples determined in our previous
study on

Tc-HABN (20) and the in vivo metabolic stability determined in the present study, is

99m

striking. In our previous study, we have demonstrated that 77% of 99mTc-HABN is intact after 24 hrs
in human serum in vitro (20). However, the results of the current study indicate that metabolites are
formed as early as 10 min p.i. and that less than 20% of 99mTc-HABN is intact after 30 min. Thus, we
must conclude that one of the main reasons for the failure to visualize the prostate tumors is the
rapid in vivo degradation of 99mTc-HABN (Fig 2). Similar results were observed in a study by Linder et
al., where the metabolism of 177Lu-AMBA in mice and rats in vivo was much more rapid than that in
vitro21.
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Rapid and highly selective proteolytic cleavage of bioactive peptides is not unexpected because
this is key in the autonomic regulation of the biologic effects of peptides. It is unknown which
enzymes are responsible for the degradation of BN in vivo. In this respect, ecto-enzymes located
on the cell surface that shed in blood and are highly expressed in the liver and kidneys could be
major players in this process22. Therefore, to more accurately determine radiochemical stability, it
was suggested by Ocak et al. to use liver and kidney homogenates23. By contrast, in another study
by the same author, it was shown that rat liver and kidney homogenates were not good predictors
for in vivo stability24.
In a pre-clinical study in a xenograft tumor model for human prostate cancer in athymic mice,
we have demonstrated moderate uptake of

Tc-HABN in tumors20. Moderate uptake in tumors

99m

does not pose a real problem provided that the background uptake is low to create high tumor-tobackground ratios and excellent contrast. Performance of a BN-like radiopharmaceutical in a preclinical mouse model is not a strong predictor for clinical performance in humans because there is a
different body biodistribution of GRPR in mice compared with humans. Nevertheless, the moderate
uptake of 99mTc-HABN in tumor cells as previously demonstrated in the pre-clinical study could be
another contributing factor leading to failure to visualize the prostate tumors in prostate cancer
patients in this study.
Other clinical studies in prostate cancer patients with BN-like radiopharmaceuticals have shown
fairly good results19. A study by Scopinaro et al. is particularly interesting because high uptake in
the prostate was found in all eight prostate cancer patients, and pathology-confirmed invasion in
obturator nodes was found in three of these patients26. Despite the clinical results of other groups
and the findings of our pre-clinical study where the prostate tumor was clearly visualized in mice
with

Tc-HABN microSPECT, we could not detect prostate cancer with

99m

Tc-HABN scintigraphy

99m

and SPECT/CT in patients of the current clinical study. Two main reasons for the inability to detect
prostate cancer with scintigraphy and SPECT/CT are most most likely the low in vivo stability of
Tc-HABN resulting in low-circulating intact radiopeptide and the absolute tumor uptake of

99m

Tc-HABN being too low because of the relatively low to moderate expression of GRPR in primary

99m

prostate cancer. When considering the IC50, the in vivo tumor uptake and tumor-to-normal-tissue
ratios in the pre-clinical study, the affinity and performance of
compared with other BN analogs reported in the literature

Tc-HABN are essentially similar

99m

. The pre-clinical data of the BN-like

19,25

radiopharmaceuticals that have been used for imaging of prostate cancer patients is not available in
the international literature and, therefore, cannot be compared with our pre-clinical data.
The finding that the in vitro stability of a BN-like radiopharmaceutical in human serum does not
correlate with in vivo stability and that the in vivo performance of a BN-like radiopharmaceutical
in a mouse tumor model does not correlate with in vivo performance in man is interesting. As
demonstrated previously, determination of the stability of a radiolabeled peptide in vitro in serum
has no predictive value for its in vivo stability in rodents21,23,24. The development of new or improved
in vitro stability tests or better pre-clinical in vivo tumor models may prove to be a better approach
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for selecting radiolabeled peptides of appropriate stability and affinity for clinical testing. Future
studies should focus on developing high-affinity BN-like radiopharmaceuticals that have been
proven to be highly stable in a pre-clinical setting. Additionally, instead of using the relatively
low-resolution SPECT for imaging, the use of radiopeptides suitable for PET imaging will aid in
improvement of imaging.
CONCLUSIONS
Technetium-HYNIC(tricine/TPPTS)-Aca-Bombesin(7-14) SPECT/CT for the detection of prostate

99m

cancer is safe but is hampered by an unexpectedly low in vivo metabolic stability in man. The
difference between the excellent in vitro stability in human serum determined in our previous study
on 99mTc-HABN and the low in vivo metabolic stability determined in the present study is striking.
Furthermore, the current study showed that the in vivo performance in a mouse tumor model does
not correlate with in vivo performance in prostate cancer patients. This issue warrants further study
of peptide-based radiopharmaceuticals.
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ABSTRACT
Introduction: Rational-designed multimerization of targeting ligands can be used to improve
kinetic and thermodynamic properties. Multimeric targeting ligands may be produced by tethering
multiple identical or two or more monomeric ligands of different binding specificity. Consequently,
multimeric ligands may simultaneously bind to multiple receptor molecules. Previously,
multimerization has been successfully applied on radiolabeled RGD peptides which resulted in
an improved tumor targeting activity in animal models. Multimerization of peptide-based ligands
may improve the binding characteristics by increasing local ligand concentration and by improving
dissociation kinetics. Here we present a preclinical study on a novel radiolabeled bombesin (BN)
homodimer, designated

In-DOTA-[Aca-BN(7-14)]2, that was designed for enhanced targeting of

111

gastrin-releasing peptide receptor (GRPR)-positive prostate cancer cells.
Methods: A BN homodimer was conjugated with DOTA-NHS and labeled with

In. After HPLC

111

purification the GRPR targeting ability of 111In-DOTA-[Aca-BN(7-14)]2 was assessed by microSPECT
imaging in SCID mice xenografted with the human prostate cancer cell line PC-3.
Results: 111In labeling of DOTA-[Aca-BN(7-14)]2 was achieved within 30 min at 85°C with a labeling
yield of >40%. High radiochemical purity (>95%) was achieved by HPLC purification.
InDOTA-[Aca-BN(7-14)]2 specifically bound to GRPR-positive PC-3 prostate cancer cells with

111

favorable binding characteristics because uptake of

In-DOTA-[Aca-BN(7-14)]2 in GRPR-positive

111

PC-3 cells increased over time. A maximum peak with 30% radioactivity was observed after 2 h of
incubation. The log D value was –1.8 ± 0.1.

In-DOTA-[Aca-BN(7-14)]2 was stable in vitro both in

111

PBS and human serum for at least 4 days. In vivo biodistribution analysis and microSPECT/CT scans
performed after 1, 4 and 24 hours of injection showed favorable binding characteristics and tumorto-normal tissue ratios.
Conclusion: This study identifies

In-DOTA-[Aca-BN(7-14)]2 as a promising radiotracer for nuclear

111

imaging of GRPR in prostate cancer.
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INTRODUCTION
Multimerization can be observed in antibody recognition, DNA-DNA duplex formation, and
presentation of numerous viral peptides or the binding of one molecule or particle with several sites
onto a target. The binding selectivity of a multimer is strongly correlated with different parameters
as its overall size, length, flexibility of the linker between ligand and target and receptor density1-4
The aim of multimerization is to increase the binding affinity of the ligand to its targets. Several
multimers have already been reported as good candidates for future targeting probes and it has
been shown that tumor uptake of several dimeric and tetrameric labeled peptides was better than
the monomer counterpart1, 5-7.
Bombesin (BN) is a 14-amino-acid peptide extracted from amphibian skin which binds to GRPR
with high affinity8. GRPR is an ideal candidate for imaging prostate cancer. This G protein-coupled
receptor is overexpressed in prostate cancer and at a lower level expressed in healthy prostatic
tissue and normal tissues. An overall increased expression in cancer tissues has validated GRPR as a
target for cancer detection and treatment8, 9.
In the past years, a series of BN analogs were labeled with various isotopes such as 99mTc, 111In,
Cu,

64

Lu,

177

F or

18

Ga. These radiotracers were investigated for GRPR-positive tumor targeted

68

imaging and therapy in both animal models and human trials10. Very few BN tracers have reached
the clinical phase.
We applied the multimerization strategy to BN by synthesizing a dimeric BN with 2 identical
Aca-BN(7–14) units (Figure 1). This dimer was chosen to determine if a dimeric bombesin might
improve the receptor binding, as the consequence of an increased local BN ligand concentration,
leading to an increased tumor uptake and tumor-to-non-tumor ratios11-13.
From our previous study on 99mTc-HYNIC(Tricine/TPPTS)-Glu[Aca-BN(7-14)]2,14 it was postulated
that the increased molecular size of BN dimer (compared to BN monomer) would result in an
increased circulation time, a slower clearance and a slower accumulation rate. Other authors
demonstrated that multimeric peptides, such as somatostatin analogs, can visualize tumors better
than monomeric probes used for neuroendocrine tumors5.
This phenomenon may be explained by the fact that a multimeric peptide probe binds to a
larger number of binding sites on its respective target which is associated with lower dissociation
rates. Indeed this has been observed for multimeric RGD peptides. Previously, the 50% inhibitory
concentration of cyclo-(-RGDfK-)- and cyclo(-RGDfE-)-monomers,dimers, tetramers, and octamers
were compared and the results showed a significant increase in binding affinity in the order
monomer <dimer < tetramer < octamers15. In the current report we conjugated a dimeric bombesin
probe to DOTA-NHS, labeled with 111In.
In was selected because of its high compatibility and stability with the DOTA chelator used

111

The DOTA-ester is a bifunctional chelator with a reactive functionality, high thermodynamic stability
and kinetic inertness16.
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Figure 1: Chemical structure of 111In-DOTA-[Aca-BN(7-14)]2.

MATERIALS AND METHODS
Chemicals
DOTA-NHS was purchased from Macrocyclics (Dallas, Texas, USA). All other solvents and chemicals
were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). C18 cartridges with 55-105 µm
particle size was purchased from Waters Corporation (Milford, Massachusetts, USA) The peptide
Glu[Aca-BN(7-14)]2 (denoted as Aca-BN2) was purchased from Peptides International (Louisville,
Kentucky, USA).
Synthesis of Glu[Aca-BN(7-14)]2
Boc-Glu(OSu)-OSu was prepared according to a previously reported procedure.17 Briefly, AcaBN(7-14) (Aca-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2) (31.6 mg, 30 μmol) was added to a solution of
Boc-Glu(OSu)-OSu (8.8 mg, 20 μmol) in anhydrous DMF (2 mL) . The pH of the resulting mixture was
adjusted to 8.5–9.0 by addition of diisopropylethyl amine (DIPEA). The reaction was stirred overnight
at room temperature and the compounded product, Boc-Glu(Aca-Gln-Trp-Ala-Val-Gly-His-Leu-MetNH2)2, was isolated by semipreparative HPLC and the collected fractions were lyophilized to give
a white powder. Deprotection from Boc-group was made by adding anhydrous TFA for 5 min. The
crude product was purified by HPLC. The collected fractions were combined and lyophilized to
afford H-Glu(Aca-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2)2 as a white powder. The yield was about 50%
based on Boc-Glu(OSu)-OSu starting material. LC–MS characterization was performed with a Waters
Qtof Premier (Waters, Milford, Massachusetts, USA) coupled with a Waters Acquity UPLC system.
LC–MS analysis employed an Acquity BEH Shield RP18 column (150 × 2.1 mm, 1.7 μm) interfaced to
the Waters Q-TOF MS. ESI-MS (positive mode): m/z = 2217.63 for [M + H]+ (C103H157N29O22S2, calculated
MW = 2217.65).
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Synthesis of DOTA-[Aca-BN(7-14)]2
DOTA-NHS (24.5 mg, 50 μmol) and E(BN)2 (5.8 mg, 2.6 μmol) were dissolved in 1.5 mL of DMF. After
addition of access triethylamine (3 drops), the reaction mixture was stirred for 7 days at room
temperature to make sure the reaction was complete. The product was purified by HPLC. Fraction
at ~28 min was collected. Lyophilization of the collected fractions gave the final product 1.5 mg
(13%) with the purity > 95% by HPLC. ESI-MS: C113H171N33O29S2, calculated 2519.9, observed 2521
([M+H]+).
HPLC Method used a LabAlliance semi-prep HPLC system equipped with a UV-Vis detector (λ =
254 nm) and Zorbax C18 semi-prep column (9.4 mm x 250 mm, 100 Å pore size). The flow rate was 2.5
mL/min. The gradient mobile phase goes from 90% solvent A (0.1% acetic acid in water) and 10%
solvent B (0.1% acetic acid in acetonitrile) at 0 min to 75% solvent A at 5 min, followed by a gradient
mobile phase going from 75% solvent A to 65% solvent A at 40 min.
In Vitro Competitive Cell-Binding
The in vitro GRPR binding affinity of DOTA-[Aca-BN(7-14)]2 was assessed via a competitive binding
assay with

I-Tyr4-BN(1-14) as the GRPR specific radioligand. Experiments were performed with

125

PC-3 human prostate cancer cells according to a method previously described18. The 50% inhibitory
concentration (IC50) values were calculated by fitting the data with nonlinear regression using
GraphPad Prism 5.0 (GraphPad Software, San Diego, California, USA) (Figure 3). Experiments were
performed in triplicate. IC50 values are reported as an average of these samples plus the standard
deviation (SD).
In Radiolabeling

111

25 μg of conjugated DOTA-BN dimer [1mg/mL] was dissolved in ammonium acetate buffer (0.1 M,
275 μL, pH 5.5). 37 MBq of 111InCl3 was added to the vial containing the DOTA-BN conjugate. Then,
the solution was incubated at 85 °C for 30 min and allowed to cool down to room temperature.
Reaction mixture was purified by using HPLC (system 1) and concentrated using sep-pak C18 light
cartridge. Elution of the radiolabeled bombesin dimer was made by ethanol (60%) / sterile saline
solution (40%) in a total volume of 400 μL. The purified

In-DOTA-[Aca-BN(7-14)]2,,was obtained

111

in high purity (≥95%) and therefore diluted by sodium chloride 0.9% to diminish the presence of
ethanol at lowest concentration (<5%).
HPLC Analysis
Semi-preparative reversed-phase high-performance liquid chromatography (RP-HPLC) was
performed on a HITACHI L-2130 HPLC system (Hitachi High Technologies America Inc., Pleasanton,
California, USA) equipped with a Bicron Frisk-Tech area monitor. Isolation and quality control of 111InDOTA-[Aca-BN(7-14)]2 was performed using an Alltech reversed-phase Alltima C18 column (10 mm
× 250 mm, 5 μm) (Delta Technical Products, Des Plaines, Illinois, USA). The flow was set at 2.5 mL/min
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using a gradient system starting from 90% solvent A (0.01 M phosphate buffer, pH=6.0) and 10%
solvent B (acetonitrile) (5 minutes) and ramped to 45% solvent A and 55% solvent B at 35 minutes
(HPLC Method 1). Quality control was performed on a reversed phase Grace Smart RP-C18 column
(Lokeren, Belgium) (4.6 mm × 250 mm, 5 μm). The flow was set at 1 mL/min using a gradient system
starting from 90% solvent A (0.01 M phosphate buffer, pH=6.0) and 10% solvent B (acetonitrile) (5
minutes) and ramped to 45% solvent A and 55% solvent B at 35 minutes (HPLC Method 1). HPLC
Method 2 used a LabAlliance semipreparative HPLC system equipped with a UV-Vis detector (λ =
218 nm) and Zorbax C18 semi-prep column (9.4 mm x 250 mm, 100 Å pore size). The flow rate was
2.5 mL/min. The mobile phase was isocratic with 60% solvent A (0.1% acetic acid in water) and 40%
solvent B (0.1% acetic acid in acetonitrile) at 0 – 5 min, followed by a gradient mobile phase going
from 60% solvent A and 40% solvent B at 5 min to 20% solvent A and 80% solvent B at 30 min.
Octanol-Water Partition Coefficient (log D octanol/water)
The lipophilicity of the

In-DOTA-[Aca-BN(7-14)]2 was determined using the method described

111

previously. Briefly, 0.002 MBq of
18

In-DOTA-[Aca-BN(7-14)]2 was diluted in a mixture of 0.5 mL

111

1-octanol and 0.5 mL 25 mM phosphate buffered saline (pH 7.4) and well mixed for 5 min. Then the
mixture was centrifuged at 3000 rpm for 5 minutes. 100 μL samples were obtained from organic and
aqueous layers and the radioactivity of the samples were measured in a γ-counter (Compugamma
CS1282, LKB-Wallac, Turku, Finland). The experiment was performed in triplicate and the resulting
log D octanol/water was calculated as mean±SD.
In Vitro Stability
0.002 MBq of 111In-DOTA-[Aca-BN(7-14)]2 was dissolved in 1 mL saline or PBS, incubated at room
temperature and analyzed by RP-HPLC (HPLC Method 1) at 1, 6, 24, 48 and 72 hours post incubation.
Human serum from healthy donors was incubated at 37 °C with

In- DOTA-[Aca-BN(7-14)]2 for

111

different time periods (1, 2, 4, 6, 24, 48 and 72 hours). After incubation, a sample of 250 μL was
precipitated with 750 μL acetonitrile, stirred in a vortex mixer and then centrifuged at 3000 rpm for
3 min to pellet the precipitated serum proteins. The supernatants were passed through a filter and
analyzed by RP-HPLC (HPLC Method 1).
Cell Culture
The GRPR-expressed PC-3 human prostate cancer cell line (ATCC, Manassas, Virginia, USA) was
cultured in a 10% fetal calf serum (Thermo Fisher Scientific Inc., Logan, Utah, USA) supplemented
RPMI 1640 (Lonza, Verviers, France) in a humidified 5% CO2 atmosphere at 37 °C.
Cellular uptake and Efflux Studies
One day prior to the assay, PC-3 cells at confluence were placed in 6-well plates (0.5 million cells/
well). To evaluate the cellular uptake, cells were washed twice with PBS and then incubated with
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In-DOTA-[Aca-BN(7-14)]2 (0.002 MBq/well) at 37 °C for 0, 15, 30, 45, 60, 90, 120 and 240 min in

111

RPMI1640 buffer + 10% fetal calf serum to allow for internalization. 20 µg of unlabeled Glu[AcaBN(7-14)]2 was co-incubated with 111In-DOTA-[Aca-BN(7-14)]2 as blocking agent for GRPR in blocking
group. To remove unbound radioactivity, the cells were washed twice afterwards with ice-cold PBS
and the cells were lysed by incubation with 1 M NaOH at 37 °C and the resulting lysate in each well
was aspirated to determine the radioactivity in a γ-counter.
For the internalization study, 1 million PC-3 cells were placed in 6-well plates 1 day before
the experiments and kept at 37 °C. The cells were washed by PBS and following incubated with
0.002MBq/well of

In- DOTA-[Aca-BN(7-14)]2. Cells were kept for 2 hours at 4 °C. After this time,

111

the cells were washed twice with ice-cold PBS to remove unbound radioactivity and were then
incubated in the pre-warmed culture medium at 37 °C for 0, 15, 30, 45, 60, 90, 120 and 240 minutes
for internalization. To remove cell-surface bound radiotracer, the cells were washed twice for 3
minutes with acid (50 mM glycine−HCl/100 mM NaCl, pH 2.8), the acid solution was collected and
measured with a γ-counter (Compugamma CS1282, LKB-Wallac, Turku, Finland). The removed cellsurface bound radiotracer was measured as the surface-bound activity. In the final step, the cells
were incubated and lysed by adding 1 M NaOH at 37 °C. The resulting lysate obtained from each
well was measured as value of the internalized radioactivity by γ-counter. Results are analyzed
and expressed as percentage of total radioactivity (internalized activity / (surface-bound activity +
internalized activity), (mean±SD).
For the efflux study, 1 million PC-3 cells were placed in 6-well plates 1 day before the experiments
and kept at 37 °C. The cells were washed with PBS and then incubated with

In-DOTA-[Aca-

111

BN(7-14)]2 (0.002 MBq/well) for 1 hour at 37 °C for maximum internalization. To remove unbound
radioactivity, the cells were washed twice afterwards with ice-cold PBS and were then incubated
in the pre-warmed culture medium at 37 °C for 0, 15, 30, 45, 60, 90, 120, and 240 minutes for
externalization. To remove cell-surface bound radiotracer, the cells were washed twice for 3 minutes
with acid (50 mM glycine−HCl/100 mM NaCl, pH 2.8). Then, the cells were lysed by incubation with
1 M NaOH at 37 °C, and the resulting lysate in each well was recovered and measured by γ-counter
(Compugamma CS1282, LKB-Wallac, Turku, Finland). Shown results are expressed as percentage of
maximum intracellular radioactivity (remaining activity at specific time-point / activity at time-point
0) (mean±SD).
Xenograft Model
The PC-3 tumor model was generated by subcutaneous injection of 2 × 106 PC-3 cells (suspended in
0.1 mL sterile saline) into the left front flank of male athymic mice (Harlan, Zeist, The Netherlands).
During injection, animals were anesthetized with a gas composed of ~3.5% isoflurane in an air/
oxygen mixture. Approximately 4 weeks after inoculation, when tumors were 8-10 mm in diameter,
mice were used for biodistribution experiments and microSPECT/CT imaging.
The local animal welfare committee has evaluated and approved the animal experiments
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according to Dutch regulations on animal welfare.
MicroSPECT/CT and Biodistribution
Subcutaneous tumor bearing mice were used for biodistribution when the tumor volume reached
8-10 mm diameter (250-300 mm3 as volume after 4-5 weeks from inoculation).
MicroSPECT scans were performed on a three-head γ-camera (MILabs, U-SPECT-II, Utrecht, the
Netherlands) equipped with a multi-pinhole high-resolution collimator. The microSPECT scans
were performed after penis vein injection of ~20MBq 111In-DOTA-[Aca-BN(7-14)]2 under isoflurane
anesthesia. 60 min of dynamic microSPECT data was acquired immediately after injection. 60 minstatic images were acquired at 4 and 24 h after injection of the peptide. All the mice were sacrificed
just before acquisition of the static images. Mice that were used for the dynamic scans were
sacrificed immediately afterwards by an overdose of isoflurane anaesthesia and were then scanned
by microCT. Biodistribution was performed after the CT scan. Blood, tumor, major organs (heart,
liver, spleen, lung, kidney, small and large intestines, stomach, bone, muscle, pancreas) and tissue
samples were collected, weighed and counted by using a γ-counter. The percentage of injected
dose per gram (%ID/g) was determined for each sample. For each mouse, radioactivity of the tissue
samples was calibrated against a known aliquot of radiotracer.
Images were reconstructed by using U-SPECT-Rec v 1.34i3 (MILabs, Utrecht, the Netherlands)
with a pixel-based ordered-subsets expectation maximum (POSEM) algorithm. Final images were 1
mm slices, made with Inveon software.
For the receptor-blocking experiment 300 µg of unlabeled Aca-BN(7-14) was pre-injected 30
min before the tracer injection. Animals of the blocking group were sacrificed just before each
scanning time-point. 60 minutes dynamic scans microSPECT were acquired every ten minutes and
60 minutes static microSPECT & CT images were acquired at 4 and 24 hours after tracer injection.
Biodistribution was performed after the CT scan.
In3+ Dissociation and In Vivo Plasma Stability

111

Plasma was freshly collected from sacrificed mice injected with

In-DOTA-[Aca-BN(7-14)]2 at 1

111

hour post-injection (p.i.). 250 μL plasma sample was precipitated with 750 μL acetonitrile, stirred
in a vortex mixer and then centrifuged (3 minutes at 3000 rpm) to pellet the precipitated serum
proteins. The supernatants were collected and loaded on a pre-activated Sep-Pak Classic C18
cartridge (Waters Corporation, Milford, Massachusetts, USA). The cartridge was passed by 5 mL
of 100% water for collecting the dissociated 111In. Subsequently the cartridge was eluted by 60%
ethanol to wash out and collect the 111In labeled peptide bound to the cartridge. The radioactivity of
eluted recovered fractions was finally measured by using a γ-counter. The 111In labeled peptide was
confirmed to be 111In-DOTA-[Aca-BN(7-14)]2 by RP-HPLC analysis (HPLC Method 1).
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Statistical Analysis
Quantitative data are expressed as mean ± SD. Statistical analysis was performed by Student t test
or one-way ANOVA using GraphPad InStat software (version 5.0; Graph-Pad software). P <0.05 was
considered significant.
RESULTS
Synthesis, Radiolabeling, Partition Coefficient and In Vitro Stability
In-DOTA-(Aca-BN)2 was prepared within 30 min at 85°C with good radiochemical yield (~40%) and

111

high radiochemical purity after purification (>95%).

In labeling was a straight-forward strategy

111

and gave a good specific activity of ≥150 GBq μmol . The overall synthesis time was around 90 min
-1

including HPLC purification and formulation. The partition coefficient was determined in a mixture
of n-octanol and phosphate buffer (pH=7.4). The log D value of 111In –DOTA-[Aca-BN(7-14)]2 was -1.8
± 0.1. The in vitro stability of 111In-DOTA-[Aca-BN(7-14)]2 was evaluated in saline and human serum.
In-DOTA-[Aca-BN(7-14)]2 was stable in PBS buffer and human serum for at least 4 hours (RCP> 95

111

%). The radiochemical purity of 111In-DOTA-[Aca-BN(7-14)]2 in serum slowly decreased to ~85% after
48 hours (Figure 2).

Figure 2: In vitro stability of 111In–DOTA-[Aca-BN(7-14)]2 in saline (at room temperature) and human serum (at
37oC ). Results are plotted as the percentage of parent compound or radiochemical purity at different time points

In Vitro Competitive Receptor Binding Assay
Using 125I-Tyr4-BN(1-14) as the GRPR specific probe, the binding affinity of DOTA-Glu[Aca-BN(7-14)]2
for GRPR was evaluated via an in vitro competitive binding assay. Results are plotted as sigmoid
curves for the displacement of 125I-Tyr4-BN(1-14) as a function of increasing concentrations of DOTA[Aca-BN(7-14)]2. The IC50 value observed was 20 nM for DOTA- [Aca-BN(7-14)]2 while the IC50 value
obtained with 125I-Tyr4-BN(1-14) was 14 nM (Figure 3).
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Figure 3: Inhibition of 125I-[Tyr4]-BN(1-14) binding to GRPR on PC-3 cells by DOTA-Glu[Aca-BN(7-14)]2.and BN(114). Log[M] is expressed as mean ± SD.

Cellular Uptake, internalization and efflux kinetics
In-DOTA-[Aca-BN(7-14)]2 uptake in PC-3 cells gradually increased within 120 min of incubation

111

and reached a plateau afterwards. The measured total cellular activity was ~30%. Within this 30
% of total cell uptake, ~5% was calculated as receptor bound activity and the remaining 25% was
internalized activity. Non-specific binding was negligible (Figure. 4A). The efflux kinetics are shown
in figure 4B. For this tracer, ~65% of the intercellular radioactivity remained internalized in PC-3 cells
during the 240 minutes experimental period.

Figure 4: (A) Cell uptake assay of 111In–DOTA-[Aca-BN(7-14)]2 in PC-3 tumor cells. The cellular uptake results are
expressed as the percentage of total radioactivity (internalized activity/ (surface bound activity plus internalized
activity)) (mean ± SD). (B) Efflux kinetics of 111In–DOTA-[Aca-BN(7-14)]2 in PC-3 tumor cells. Results are expressed
as the percentage of maximum intracellular radioactivity (remaining activity at specific time-point divided by
activity at time point 0) ( mean ± SD).
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Biodistribution Experiments
Biodistribution of

In-DOTA-[Aca-BN(7-14)]2 was evaluated in PC-3 tumor bearing athymic nude

111

mice at different time points and after performing the microSPECT and CT scans. The results are
shown in Figure 5. Figure 5A shows the biodistribution of

In–DOTA-[Aca-BN(7-14)]2 performed

111

at 1, 4 and 24 hours p.i. The tumor-to-non target tissues ratio was above 10 at 24 h p.i. in muscle as
well as in other tissues such as blood and lung (Fig. 5B). The specificity of 111In-DOTA-[Aca-BN(7-14)]2
was evaluated by co-injection with an excess of unlabeled Aca-BN(7-14) (300 µg/mouse). During the
24 h experiment,the tumor uptake dropped from 2.45±0.18 %ID/g at 1 h to 1.1±0.1 %ID/g at 24 h
post injection. The tumor uptake in PC-3 xenografted animals was 0.3±0.1 %ID/g after coinjection of
blocking agent. At 24 h post injection, tumor uptake was more evident compared to the other time
points (Fig. 5C). Similar findings were observed in other GRPR expressing tissues such as pancreas,
small intestine for both control and blocked animals and in kidneys, which are important in terms
of clearance (Fig. 5D).

7

Figure 5: (A) Biodistribution of 111In-DOTA-[Aca-BN(7-14)]2 at 1, 4 and 24 hours p.i. in a subcutaneous PC-3
xenograft model (mean ± SD %ID/g), (B) Tumor-to-nontumor ratios of 111In-DOTA-[Aca-BN(7-14)]2 at 1, 4 and
24 hours p.i. (mean ± SD), (C) Tumor uptake at 1, 4 and 24 hours after 111In-DOTA-[Aca-BN(7-14)]2 injection and
after co-injection of tracer and blocking agent (mean ± SD %ID/g), (D) Uptake of 111In-DOTA-[Aca-BN(7-14)]2 in
pancreas, small intestine and kidneys and at 1, 4 and 24 hours p.i. without and with blocking agent (mean ± SD).
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In vivo plasma stability
The in vivo stability of

In-DOTA-[Aca-BN(7-14)]2 was evaluated in PC-3 tumor bearing athymic

111

nude mice at 1h p.i.. The measured percentage of dissociated 111In at 1 hour p.i. was 14.1 ± 5.1 %. The
percentage of intact 111In-DOTA-[Aca-BN(7-14)]2 recovered from mouse serum 1 hour p.i. (indicated
in the Fig.6 as 111In-DABN2) was 59 ± 14% .

Figure 6: 111In3+ dissociation at 1 hour p.i. from 111In-DOTA-[Aca-BN(7-14)]2. 111In3+ (A) and
BN(7-14)]2 (B) are expressed as percentage (mean ± SD) of in vivo plasma stability.

In-DOTA-[Aca-

111

Figure 7: A) static coronal µSPECT images of 111In-DOTA-[Aca-BN(7-14)]2 on PC-3 tumor bearing athymic mice
acquired at 1, 4 and 24 hours p.i. (A) with and without blocking agent combined to optical photo. Arrows show
the tumor site. B and C): Static coronal µSPECT/CT images acquired at 24 h p.i. without (B) and with blocking
agent (C). Arrows indicate the tumor site.
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MicroSPECT Imaging
Coronal microSPECT/CT images of PC-3 tumor bearing mice at different time points after tracer
injection are shown in figure 7. The tumors were clearly visible from static μSPECT images acquired
at 4 and 24 hours p.i. (A and B; left image). Prominent uptake of

In –DOTA-[Aca-BN(7-14)]2 was

111

also observed in kidneys and pancreas at all time points. With excess blocking agent, a reduction of
tumor uptake was observed (A and B; right image).
DISCUSSION
We developed a DOTA-BN conjugate that might be utilized in single photon emission computed
tomography (SPECT) (111In3+,

Y ,

90 3+

Pm3+,

149

Ga3+), positron emission tomography (PET) (68Ga3+,

67

Cu3+) and targeted radionuclide therapy (177Lu3+) to diagnose, treat and measure the treatment

64

response of BN receptor-positive tumors such as prostate, breast or gastrointestinal stromal
tumors18-20. 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid, also known as DOTA, forms
M3+ radiometal labeled complexes with high in vitro and in vivo stability16, 22, 23. Therefore DOTA was
the chelating agent selected to perform the radiolabeling with

In. Our results show that

111

In-

111

DOTA-BN2 is a hydrophilic compound (log D = -1.8 ± 0.1), which may be due to the conjugation of
the peptide using the DOTA chelator. Our results show that the introduction of DOTA-NHS decreased
the lipophilicity of our BN-dimer. This difference was apparent after analytic HPLC as a shift of ~2
minutes in the elution proﬁle of the labeled peptide compared to the native BN unconjugated
sequence. The retention time shifted from 30 to 27.9 min.
Similarly to other

Indium labeled BN analogs,23,24

111

In-DOTA-[Aca-BN(7-14)]2 is obtained

111

within ~60 min (including RP-HPLC purification), with a good radiochemical yield (35%-40%), high
radiochemical purity (>99%) and with high speciﬁc activity (150 GBq/µmol). The radiochemical yield
of 40% was relatively low due to the presence of two stereoisomers which almost co-eluted from
the column. The collection of both these peaks would increase the yield, but we chose to collect
only the isomer with best in vitro binding properties.
The in vitro cellular uptake, internalization and efflux kinetics were evaluated in a PC-3 human
prostate cancer cell line expressing GRPR. Specific cellular accumulation of 111In-DOTA-[Aca-BN(7-14)]2
is slow and reaches a plateau within 120 min. The efflux kinetics of 111In-DOTA-[Aca-BN(7-14)]2 was
also slow and only 35% of internalized tracer was excreted by the cells. The increased trapping of
this radiopharmaceutical into the cells in comparison to the Aca-BN(7-14) monomer12,18,24,25 may be
a direct consequence of the characteristics of the tracer and the slow washout from the targeted
tissues. The increased trapping of a bombesin dimer compared to bombesin monomer was already
evident in our previous comparison with

Tc-HABN2. Compared to

99m

Tc-HABN,

99m

Tc-HABN2 has

99m

slower cellular uptake and continued to internalize in PC-3 cells over the 4 h experiment period.
While the monomer was quickly internalized within the first 15 min,

In-DOTA-[Aca-BN(7-14)]2

111

showed slower internalization and longer efflux. When compared to 99mTc-HABN2, the excretion of
In-DOTA-[Aca-BN(7-14)]2 by PC-3 cells was similar (~30%) PC-3 cells. This may be the result of the

111
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higher bombesin peptide “local concentration” in the proximity of available receptors. Also in the
case of 99mTc-HABN2, we observed an increase in specific accumulation within the first 4 h experiment
period (uptake plateau for 99mTc-HABN was reached already after 30 min). Previous studies with
In-cycloheximide-B-diethylenetriaminepentaacetic acid-8-Aoc-BN(7–14)NH2 and

111

Tc-N3S-X-

99m

BN(7–14)NH2 analogs also showed GRPR-mediated trapping of radioactivity26,27,28. In 1993, Duncan
and Welch demonstrated that radiometals, such as

In, were retained intracellularly even after

111

reaching the lysosomes . After trafficking to lysosomes, the 111In-BN homodimer molecule can be
29

hydrolyzed to products with small molecular weight by the lysosomal enzymes. These metabolites
are retained by the lysosome and slowly released from the cell. Most likely 111In-DOTA-aca-amino
acid(s) are an unlikely substrate for carrier mediated transport, so they accumulated into lysosomes.
These in vitro results suggest that

In-DOTA-[Aca-BN(7-14)]2 is selectively taken up and trapped

111

efficiently in GRPR positive cells. The identity of 111In-DOTA-[Aca-BN(7-14)]2 fragments retained by the
cell is not known, and further studies are necessary to clarify the structure of these metabolites. The
identification of these fragments might help also to describe better the 111In trapping mechanisms
in general.
The performed pre-clinical evaluation of this tracer in a cancer xenograft animal model
overexpressing GRPR showed that the best imaging quality was obtained at relative late time points.
This may be a consequence of the 111In trapping and of the slow efflux. At later time point, optimal
imaging quality may be achieved as result of optimal tumor-to-non target tissue ratios. This may
be the direct result of the prolonged intracellular retention of 111In-DOTA-[Aca-BN(7-14)]2 in tumor.
However, the increased stability and the relative improved blood circulation may also be involved.
High and specific uptake of

In-DOTA-[Aca-BN(7-14)]2 was also observed in other GRPR

111

expressing tissues such as pancreas, where it showed relatively slow excretion within the first 4
hours p.i.. The molecular size of the peptide which results in an increased circulation time compared
to its monomeric counterpart and the relatively slow accumulation could explain this prolonged
retention in several organs (Fig 4A), although the tracer is slowly washing out from the non-target
organs over time.
The uptake in tumor, pancreas and intestine was specific and receptor mediated, as shown
by the co-injection of blocking Aca-BN(7-14) peptide, indicating that these organs are also GRPR
positive. Similar high uptake in the GRPR-rich pancreas has been observed in other studies with
different BN analogs11,18,25,30.
Similarly to our findings, studies carried out with

In-DOTA-labeled BN(7-14) tracers by

111

Hoffman and coworkers showed a particularly high uptake in normal pancreas; they achieved best
in vivo characteristics (PC-3 tumor uptake was 3.63 ± 1.1% ID/g) at 1h but instability of the probe
was a main issue24. A γ-aminobutyric acid as spacer was tested by Zhang et al.27. In their case, a BN(614) truncated sequence was labeled by Indium-111. 111In-DOTA-labeled BN dimer, compared to the
tracer described by Zhang et al., showed relatively higher in vivo stability and slower tumor washout.
The agonist properties of
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In-DOTA-labeled BN(7-14) were confirmed by its internalization

111
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properties. Although there is still a controversy if agonists or antagonists are more suitable
for the imaging of GRPR-expressing cancer, a few radiolabeled bombesin antagonists, such as
demobesin-130, have already been described as possible candidates. Our bombesin probe showed
similar tumor accumulation when compared with Demobesin-1, but less favorable pharmacokinetics
as consequence of slower washout and different hydrophilicity. Ideally, tumor to normal ratios of
BN analogues should increase over time with high retention in tumor. 111In-DOTA-[Aca-BN(7-14)]2
showed proportionally increased ratios over time from 1h to 24h. This is a known limitation of
antagonists, like for example Demobesin-1, which showed a smaller change in tumor to normal
tissue ratios compared to 111In-AMBA and 111In-PESIN31.
The uptake in the kidney could be explained by the excretion of peptides and therefore also
for

In-DOTA-[Aca-BN(7-14)]2. Small proteins (<60 kDa) and peptides are rapidly excreted into the

111

urine by glomerular filtration. Reabsorption, internalization and lysosomal degradation of small
peptide are a well known process that takes place in the proximal tubule preventing the excretion
of peptides. Based on these assumptions, we predict that the main radiolabeled catabolite of 111InDOTA-[Aca-BN(7-14)]2 is positively charged and would be retained in the lysosomes. The reason is
that positively charged peptides are more efficiently reabsorbed in the proximal renal tubular cells
which are negatively charged32.
Currently, many efforts are carried out to modify the BN(7–14) sequence in order to improve
receptor-targeting ability. For example, Schweinsberg et al. replaced Leu13 and Met14 by Cha and Nle
in their [99mTc (CO)3-Ala(NTG)-βAla-BN(7–14)NH2]. Doing this they achieved an increased metabolic
stability in human plasma and PC-3 cells. Together with an overall increased PC-3 tumor uptake
(3.6 %ID/g, 1.5 h), they observed a reduced liver accumulation and improved tumor-to-background
ratios in vivo33.
Our homodimer showed reasonable metabolic plasma stability and similar %ID/g to AMBA and
PESIN with no changing in the primary amino acid sequence. The advantage of the unchanged
BN(7-14) sequence is that the binding affinity between receptor and ligand remains unaltered.
The stability might result from the increased ligand concentration which allows a higher steric
obstruction for the proteolytic enzymes to the peptide cleavage sites.
The intracellular trapping combined with high stability of the labeled dimer inside the target
cells leads to a higher exposure of the cells to ionization and subsequently to a higher DNA damage
and consequently, apoptosis. One of the most common isotopes used in radiotherapy is

Lu

177

because of its high energy and longer range .
21

Therefore, GRPR-targeted radiotherapy might be feasible using dimer BN in combination with
Lu. However, the long retention of the tracer could also be a disadvantage because of the high

177

radiation burden to non-target tissues, for example kidneys leading to nephropathy at therapeutic
dose.
This study showed enhanced retention of

In-DOTA-[Aca-BN(7-14)]2 in tumor compared to

111

monomeric BN probes. Our probe revealed enhanced targeting of the dimer to the GRPR-expressing
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PC-3 prostate cancer tumors. Although

In-DOTA-[Aca-BN(7-14)]2 shows enhanced retention

111

compared to the monomeric counterpart, there are similarities with other BN monomers studied in
our group (which have faster penetration and efflux kinetics). However, the current bombesin dimer
may lead to the design of even better analogs which may increase the introduction of dimers as
tools for detection of GRPR-expressing prostate cancer tumors.
Clinical evaluation is being planned to study the potential of

In-DOTA-[Aca-BN(7-14)]2 for

111

targeting GRPR-expressing tumors on the basis of an easy synthesis procedure, a high radiochemical
yield and consistent tumor uptake.
CONCLUSION
We have developed and evaluated an

In radiolabeled homodimeric BN tracer

111

In-DOTA-[Aca-

111

BN(7-14)]2 which showed excellent in vitro binding characteristics to GRPR-positive PC-3 prostate
cancer cells. We have demonstrated

In-DOTA-[Aca-BN(7-14)]2 as stable probe for PC tumor

111

imaging. The in vivo efficiency of this tracer as a tumor imaging tool was proven in a PC-3 xenograft
animal model. 111In-DOTA-[Aca-BN(7-14)]2 has potential as a clinical radiotracer for targeting GRPRexpressing tumors.
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Worldwide, prostate cancer is one of the most frequent causes of cancer in males and a common
cause of morbidity and death. Different treatment modalities are available in prostate cancer
management and it is therefore imperative to appropriately stage and treat each patient accordingly
in order to avoid under- or over-treatment on one hand or unnecessary toxicity or morbidity of
ineffective treatment on the other hand.
However, accurate staging poses several dilemmas. With the serum level of prostate-specific
antigen (PSA), findings of digital rectal examination (DRE) and results of prostate biopsies no certain
diagnosis of local tumor extension or systemic disease can be made. Staging with conventional
morphological imaging modalities like computed tomography (CT) or magnetic resonance imaging
(MRI) results in significant understaging, as these techniques rely on size criteria for detection of
suspect lesions on one hand but are limited by resolution issues on the other hand. The addition
of spectroscopy, diffusion weighted imaging and lymphography to MRI or the addition of nuclear
imaging techniques to CT or MRI has greatly enhanced imaging as these techniques do not depend
on size criteria per se, but their accuracy is still not perfect. Pelvic lymph node dissection is an
invasive but excellent way of finding small lymph node metastases, especially when the extended
dissection is performed, but delivers significant morbidity. Therefore, individual risk stratification
based on PSA, DRE and results of prostate biopsies is performed and with this a prediction of local
or systemic tumor stage is made. Then, the different diagnostic staging modalities can be allocated
to each patient if necessary.
Another hiatus is that currently no imaging modality is sufficiently reliable for re-staging patients
with biochemical relapse after treatment with curative intent or for the follow-up and evaluation of
systemic treatment of prostate cancer.
Nuclear imaging techniques like single photon emission computed tomography (SPECT) and
positron emission tomography (PET) have emerged as promising diagnostic tools in oncology.
However, radiopharmaceuticals currently used in prostate cancer management like 11C/18F-choline,
C-acetate, 18F-sodiumfluoride and 18F-fluorodeoxyglucose are not cancer specific and therefore

11

limited in accuracy. New tracers for prostate cancer imaging are needed. Crucial for accurate new
radionuclide imaging techniques is the development of radiopharmaceuticals that target specific
prostate cancer associated receptors or antigens.
A tumor-associated antigen that is of particular interest is the gastrin-releasing peptide receptor
(GRPR) since it is overexpressed in prostate cancer and several other types of cancer. GRPR can be
targeted with the peptide bombesin (BN), and a series of different BN analogues with different
pharmacokinetic properties have been constructed that were labeled with a variety of radionuclides
(i.e.

Tc,

99m

In,

111

Cu,

64

F). Although these radiolabeled BN analogues have been extensively

18

investigated for imaging of GRPR-positive prostate tumors in preclinical studies, clinical research
in prostate cancer patients is limited to only a few compounds. The review article in chapter 2
provides an overview of the clinical and preclinical research performed on imaging of prostate
cancer with radiolabeled BN analogues and gives an insight in the advantages of using peptide
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based radiopharmaceuticals for nuclear imaging.
In chapter 3 the new BN-like radiopharmaceutical 99mTc-HYNIC(tricine/TPPTS)-Aca-Bombesin(7-14)
(99mTc-HABN) was investigated in a preclinical setting. To determine the GRPR targeting properties
of 99mTc-HABN in vitro studies were performed using the GRPR-expressing human prostate cancer
cell line PC-3. Rapid internalization of radioactivity was demonstrated, combined with a long
intracellular retention time. Furthermore, 99mTc-HABN proved stable in human serum for six hours.
In vivo 99mTc-HABN biodistribution and microSPECT imaging were performed in PC-3 tumor-bearing
athymic mice. A rapid build-up of radioactivity in tumor was observed, decreasing slowly over the
evaluated study period. High tumor-to-background ratios were obtained due to rapid clearance
from the blood pool (predominantly via the renal route) and low uptake of radioactivity in bone and
muscle. Pre-administration of a blocking agent proved GRPR-mediated uptake. As was expected,
high uptake was detected in the GRPR-rich mouse pancreas.

Tc-HABN microSPECT imaging

99m

resulted in clear delineation of the PC-3 tumor. Based on these preclinical results 99mTc-HABN should
be suitable for human studies.
Although the presence of GRPR in primary prostate cancer is well documented, there is limited
documentation on GRPR expression in prostate cancer metastases and no knowledge about
presence of GRPR in recurrent prostate cancer. As information on GRPR expression in different stages
of the disease will have influence on the application of GRPR-targeted imaging in these different
stages, the expression of GRPR in prostate cancer metastases and locally recurrent prostate cancer
was investigated in chapter 4 and chapter 5, respectively.
In chapter 4 the expression of GRPR in lymph node and bone metastases of prostate cancer
patients was determined with immunohistochemical staining of formalin-fixed, paraffin-embedded
tissue specimens. Staining of two other target antigens, the prostate stem cell antigen (PSCA)
and the prostate-specific membrane antigen (PSMA) was also performed. GRPR appeared to be
expressed in 85.7% of lymph node metastases and in 52.9% of bone metastases of prostate cancer.
PSCA was expressed in 95.2% of lymph node metastases and in 94.1% of bone metastases, whereas
PSMA was expressed in 100% in of lymph node and bone metastases.
Immunohistochemical staining for GRPR in locally recurrent prostate cancer after brachytherapy
or external beam radiotherapy was combined with staining for PSMA, the epithelial cell adhesion
molecule (EpCAM) and vascular endothelial growth factor (VEGF) in chapter 5. Also here, expression
of PSMA was detected in 100% of salvage prostatectomy tissue samples, while EpCAM and VEGF
were expressed in 82.3% of cases. Although expression of GRPR was observed in 100% of tissue
samples, the tumor distinctiveness of GRPR in irradiated recurrent prostate cancer was nil due to
equal GRPR staining of benign prostate stroma in 88.2% of cases, ruling out GRPR as a target for
imaging of locally recurrent prostate cancer after radiotherapy.
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Chapter 6 reports on the first-in-man study that evaluated the feasibility of 99mTc-HABN SPECT/CT
for the detection of prostate cancer in patients. In this clinical study eight patients with biopsyproven prostate cancer who were scheduled for either radical prostatectomy or external beam
radiotherapy underwent

Tc-HABN scintigraphy and SPECT/CT prior to treatment. Also, serial

99m

blood samples were taken to assess blood radioactivity and to determine in vivo metabolic stability.
Prostate cancer specimens (biopsy or prostatectomy samples) of all patients were processed for
immunohistochemistry.
As was expected, immediate distribution via the vascular system and rapid excretion via the
renal route could be deduced from the dynamic images. However, although patients were selected
with a range of tumor sizes, various Gleason sum scores on biopsy pathology and a broad range of
PSA levels, no uptake in the prostate was observed at any time point in any patient with or without
bladder catheter drainage. The in vivo metabolic stability experiment showed poor stability of 99mTcHABN, with less than 20% of the tracer intact after 30 minutes, resulting in low circulating intact
radiopeptide. This finding is conflicting with the excellent results of the preclinical in vitro stability
test in human serum performed previously. Immunohistochemical staining proved presence
of GRPR-expressing prostate cancer cells in all patients, though it must be kept in mind that the
staining technique does not quantify antigen density and is therefore not a strong predictor for the
level of uptake of a GRPR-targeting radiopharmaceutical.
Multimerization of peptide-based ligands may improve the binding characteristics by increasing
local ligand concentration and by improving association/dissociation kinetics. As this technique
has been successfully applied on radiolabeled RGD peptides which resulted in improved tumor
targeting in animal models, we developed a new 111In-labeled BN homodimer aiming to create a
more stable compound with a higher affinity for GRPR. In chapter 7 the BN homodimer 111In-DOTA[Aca-BN(7-14)]2 was investigated for GRPR-targeted imaging. Also in this preclinical study the human
prostate cancer cell line PC-3 was utilized. Fairly rapid internalization and long intracellular retention
was demonstrated. The biodistribution study showed excellent tumor uptake of the radiotracer and
urinary clearance of the radioactivity. With microSPECT the xenografted PC-3 tumor on athymic
mice was clearly visible.

In-DOTA-[Aca-BN(7-14)]2 proved to be stable for >24 hours in vitro in

111

human serum. However, the earlier in vitro stability test with 99mTc-HABN did not correlate with in
vivo stability in humans. Therefore, in vivo stability

In-DOTA-[Aca-BN(7-14)]2 was determined in

111

mice, which showed good stability with 59 ± 14% of the tracer to be intact after one hour. Based on
these preclinical results 111In-DOTA-[Aca-BN(7-14)]2 should be suitable for human studies.
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This dissertation reports on preclinical and clinical studies to determine the potential of the gastrinreleasing peptide receptor (GRPR) for targeted imaging of prostate cancer with newly synthesized
bombesin (BN) based radiopharmaceuticals.
As has been discussed before in this dissertation, the difference between the in vitro stability
in human serum determined in the preclinical study on
sin(7-14) (

Tc-HYNIC(tricine/TPPTS)-Aca-Bombe-

99m

Tc-HABN) and the in vivo metabolic stability determined in prostate cancer patients is

99m

remarkable. The low stability of 99mTc-HABN in patients is one of the main reasons for the failure to
visualize the biopsy proven prostate tumors in the clinical study, although tumor uptake of 99mTcHABN in mice was good. A difference in metabolism between rodents and humans could account
for this finding, but other interspecies differences that influence uptake of BN-like radiopharmaceuticals and GRPR imaging are differences in excretion, non-target GRPR expression, tumor characteristics, distribution volume, vascularization and anatomy. In this respect, one might question
the overestimation of GRPR imaging with a PC-3 xenograft prostate cancer tumor model. Although
there was a range of expression of GRPR in prostate cancer samples of patients from the clinical
study and in xenograft PC-3 tumors, we found that the expression of GRPR in PC-3 was higher, but
not much (recently acquired data not shown in this dissertation).
The development of more predictive in vitro stability tests (e.g. liver/kidney homogenates) or
more realistic preclinical in vivo tumor models may prove to be a better approach for selecting radiolabeled peptides of appropriate stability for clinical testing. Although our study on the homodimer
In-DOTA-[Aca-BN(7-14)]2 provided information on in vivo stability in mice, a stability test should be

111

repeated in humans before proceeding to imaging of prostate cancer patients.
Future preclinical studies should focus on developing a panel of next-generation highly stable
BN analogues in order to prolong the exposure of radiolabeled BN to GRPR. Attempts to stabilize
BN by replacement of the original amino acids by non-natural amino acids, modified amino acids or
polymers, which have strong resistance against proteases, have been studied in the last decade1-4.
Although non-natural amino acids may enhance the stability of radiolabeled BN, improvement of
imaging quality is not guaranteed. The enhanced stability of radiolabeled BN will also lead to higher
accumulation and longer retention of radiolabeled BN in normal organs and tissues, which will initially result in an increase of background radioactivity. The in vivo kinetics of the stabilized radiolabeled BN analogue should therefore also be considered.
Next to high stability, high absolute tumor uptake and high tumor-to-normal-tissue ratios are
also important. Multimerization is a promising strategy for improving the binding affinity and kinetics of a radiolabeled BN analogue5. By incorporating multiple targeting moieties, the local ligand
concentration can be increased resulting in higher overall binding affinities. The two preclinical
studies presented in this dissertation determined that the absolute PC-3 tumor uptake of the BN
homodimer

In-DOTA-[Aca-BN(7-14)]2 was higher than

111

Tc-HABN. However, both were not di-

99m

rectly compared in one study and selecting the best performing radiopharmaceutical by comparing
tumor uptake between various separate preclinical experiments is quite difficult. When different
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BN analogues (agonists and antagonists with a wide range of absolute tumor uptake reported in
separate studies) were compared under the same experimental conditions, there was no statistically significant difference in absolute PC-3 tumor uptake6. Variable outcomes may be the result of
several factors that determine the uptake of radioactivity in a tumor model; e.g. variation in radionuclides, mouse strain, PC-3 cells used (passage number, culture conditions), vascularization and
size of the tumor. In addition, varying synthesis protocols including purification methods, variations
in administered peptide mass and GRPR saturation prior to radiotracer administration can create
different outcomes7,8. Consequently, standardization of experimental conditions is difficult and a
single-study direct comparison between different radiopharmaceuticals is therefore necessary for
selecting the best-performing BN-like tracer for clinical studies.
Most BN radiotracers developed for imaging are agonists, which activate membrane receptors
and internalize into tumor cells. However, antagonists are increasingly being developed and a few
comparative studies have suggested that the in vivo behaviour of receptor antagonists is superior to
receptor agonists1,3,9. Still, in addition to the formerly mentioned study by Schroeder et al. in which
no superiority of an antagonist was proven over several agonists, Yang et al. even demonstrated inferiority of an 18F-labeled antagonist when compared to its agonist counterpart6,10. As of yet it is still
not clear if an agonist or antagonist would be a better candidate for GRPR-targeted cancer imaging.
In this dissertation we utilized the radio-isotopes 99mTc and 111In, suitable for imaging with single
photon emission computed tomography (SPECT). Use of these metallic gamma-emitting radio-isotopes with their relatively long half-life, high labeling efficiency and good availability, makes them
attractive attributes for labeling BN analogues and for widespread use in clinical practice. However,
contemporary SPECT has a lower resolution than positron emission tomography (PET) and in order
to improve high resolution imaging, efforts should be made to develop more BN-like radiopharmaceuticals labeled with positron-emitting isotopes suitable for imaging with PET (e.g. 18F, 64Cu, 68Ga,
Zr). Preferably, PET tracers with a longer half-life (89Zr, 64Cu) should be developed, which allows late

89

scanning with better clearance of radioactivity from the urinary bladder and other non-target tissues. Also it allows for central radiotracer production and transportation to other hospitals without
the ability of on-site radiotracer production.
With nuclear imaging, the additional value of dual imaging with computed tomography (CT)
is evident; attenuation correction, anatomic co-registration and if needed the use of contrast-enhanced diagnostic CT. In the clinical study we utilized SPECT/CT, in which SPECT is coupled to CT
for attenuation and anatomic co-registration. PET/CT is also widely available. For prostate cancer,
however, CT is of limited value because of poor soft tissue contrast and insufficient delineation of
prostate zonal anatomy. To overcome these problems, multiparametric magnetic resonance imaging (MRI) that combines anatomical and functional data, is increasingly used as it allows excellent
depiction of the prostate anatomy with a reliable discrimination of the different anatomical areas of
the prostate. MRI is already used for diagnosis and staging of prostate cancer either if cancer detection by means of prostate biopsy fails or if a detailed depiction of the prostate anatomy needs to be
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provided to distinguish organ-confined tumors from capsular penetrating tumors. In theory, for the
evaluation of prostate cancer, it might be especially meaningful to combine the best performing
nuclear imaging technique and the best performing conventional imaging technique. The synergistic diagnostic effects of PET/MRI (with an appropriate radiotracer) could provide high-resolution
anatomical, functional and biological information. PET/MRI may be particularly valuable for identifying high yield candidate biopsy sites that could reduce false-negative biopsies, following tumors
over time in patients under active surveillance for low-risk cancer, staging locally advanced disease
and aiding in planning of focal therapies (e.g. focal radiotherapy, high-intensity focused ultrasound)
or nerve-sparing surgery. As of yet several studies on PET/MRI have already been performed in prostate cancer patients with fair results, mostly with the use of radiolabeled choline11,12. Studies on PET/
MRI with targeting of specific antigens should be performed in the future to determine its usefulness.
Several clinical studies have demonstrated uptake of BN-like radiopharmaceuticals in prostate
cancer, mostly primary prostate cancer with good tumor-to-non-tumor contrast13-17. Based on the
results presented in this dissertation lymph node metastases (GRPR expression in 85.7%) are also
suitable for GRPR-targeted imaging. Until now, clinical studies on GRPR-targeted imaging of patients
with lymph node metastases of prostate cancer are limited to four patients with 100% pathology
confirmed lymph node metastases in a study by De Vincentis et al. and three patients in a study
by Kahkonen et al,. where a sensitivity of 70% for metastatic lymph nodes was found also using
histology as gold standard16. Bone metastases however express GRPR in 52.9% and 57.1% of cases,
determined ex vivo in this dissertation and in a study by Markwalder et al., respectively18. Although
the data on imaging of bone metastases in prostate cancer patients is limited to two studies, it
more or less confirms the data reported in this dissertation on limited GRPR expression in bone
metastases. One study on 99mTc-RP527 SPECT reported uptake of radiolabeled BN in about half of all
bone metastases in only one of four bone metastasized patients and another study reported on one
patient who had multiple 18F-choline–PET/CT-positive bone metastases while the GRPR-targeted
PET/CT was totally negative16,19.
For future clinical studies, the different expression patterns as reported in this dissertation
should be recognized but should not include GRPR-targeted imaging of local recurrence after radiotherapy as the tumor distinctiveness of GRPR is very low in this group of patients. If this is just an
effect of radiotherapy or if there is a selection of recurrent cancer cells that have lower GRPR expression which makes them less sensitive to radiotherapy is unknown. Future studies that compare preradiotherapy tissue with post-radiotherapy tissue are needed to confirm either theory.
Even though the clinical study presented in this dissertation did not confirm the presence of
prostate cancer in patients with histological proven disease, the use of BN-like radiopharmaceuticals
for imaging prostate cancer is still a promising technique as several other groups have demonstrated20.
Two recent studies demonstrated uptake of BN analogues with positron-emitting radionuclides in
primary and metastatic prostate cancer16,17. Kahkonen et al. demonstrated a sensitivity, specificity,
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and accuracy of 88%, 81% and 83%, respectively, for detection of primary prostate cancer and
a sensitivity of 70% for metastatic lymph nodes which is not inferior to that seen in 18F-choline,
C-choline or 11C-acetate PET/CT imaging, or multiparametric MRI16,21-23.

11

For staging purposes of bone metastatic disease GRPR-targeted imaging is most probably not
suitable because of GRPR expression in just over 50% of bone metastases (as discussed above).
However, GRPR-targeted imaging could be used as theranostic tool or in personalized medicine in
which patients with GRPR-positive lesions on BN based nuclear imaging scans can then be selected
for GRPR-targeted therapies. Several groups have studied beta or alpha emitting BN analogues for
radionuclide therapy of prostate cancer24,25. Another group has developed a non-radioactive GRPR
antagonist as an anti-cancer agent, since the GRPR is involved in mitogenic auto- and paracrine
signaling loops26.
If GRPR is a good target for nuclear imaging of prostate cancer is still debatable. Most probes,
like choline, acetate, fluorodeoxyglucose or anti-FACBC are based on altered metabolism, but are
not (prostate) cancer- specific and are therefore prone to uptake in non-target areas. Targeting
altered enzyme/receptor expressions or specific antigens, abundant in various types and stages
of prostate cancer might improve imaging. 16β-18F-fluoro-5α-dihydrotestosterone is a labeled
androgen analogue that evaluates androgen receptor expression in prostate cancer. It is mostly
investigated for diagnosis of metastatic disease, but clinical trials are limited to a few studies27-29.
The enzyme glutamate carboxypeptidase II or prostate-specific membrane antigen (PSMA) is
expressed at the cell membrane of normal prostate cells, but is significantly up-regulated in primary
prostate cancer. In this dissertation it is shown that it is also highly expressed in metastatic and
recurrent prostate cancer and should therefore be suitable for imaging various stages of prostate
cancer. Indium-111 capromab pendetide (ProstaScint®) is a radiolabeled antibody directed against
PSMA. Correlation of scan results with pathological specimens suggests that ProstaScint is able
to detect soft tissue metastases30,31. However, for routine use in clinical practice, the sensitivity of
ProstaScint is not high enough, because the antibody targets the intracellular epitope of PSMA,
which is not readily accessible. Markedly higher uptake in primary prostate cancer, as well as in
advanced castration resistant prostate cancer has been observed for the zirconium-89 labeled
antibody J591, which targets the extracellular portion of PSMA32. The intrinsic disadvantage of
antibody based imaging, as shown in these studies, is slow tumor uptake and slow blood clearance,
which results in a high radiation exposure to the patient and requires imaging several days postinjection. 18F and 68Ga-labeled small molecule PSMA inhibitors, on the other hand, demonstrated
fast blood clearance and rapid high tumor uptake in metastatic prostate cancer33,34. Afshar-Oromieh
et al. investigated PET/CT with a 68Ga-labeled PSMA inhibitor and compared it with 18F-choline
PET/CT in 37 patients with recurrent prostate cancer following prior conventional treatment (e.g.
hormone therapy, chemotherapy, radiation therapy and/or surgery)35. With PSMA PET/CT more
metastatic lesions were detected and tumor-to-background ratios were higher than for 18F-choline
PET/CT especially at lower prostate-specific antigen (PSA) levels, which is clinically most relevant.
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Several groups developed multiple other radiolabeled ligands specifically targeting prostate cancer
(e.g. free PSA, prostate stem cell antigen), yet most studies are still in a preclinical phase.
Future studies have to be performed to compare the ability of these different agents to image
primary and metastatic prostate cancer. Because of the heterogeneity of prostate cancer, it is likely
that several imaging probes will prove clinically useful for imaging various types en stages of
prostate cancer.
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Wereldwijd is prostaatkanker één van de meest voorkomende oorzaken van kanker bij mannen en
een veel voorkomende oorzaak van morbiditeit en sterfte. Verschillende behandelingsmodaliteiten
zijn beschikbaar voor prostaatkanker en het is noodzakelijk om het juiste stadium bij elke patiënt
vast te stellen om onder- of overbehandeling te voorkomen en onnodige toxiciteit of morbiditeit
van ondoeltreffende therapieën te verhinderen.
Nauwkeurig stageren is echter een lastige procedure. Met het serum niveau van het prostaatspecifiek antigen (PSA), de bevindingen bij rectaal onderzoek (DRE) en de resultaten van
prostaatbiopten kan geen zekere diagnose van lokale tumor uitbreiding of systemische ziekte
worden vastgesteld. Stageren met conventionele beeldvorming, zoals computertomografie (CT)
of magnetische kernspinresonantie (MRI) resulteert in aanzienlijke onderstagering, omdat deze
technieken voornamelijk uitgaan van grootte criteria voor de detectie van verdachte laesies,
maar hierbij worden beperkt door een begrenzing in onderscheidend vermogen en resolutie.
De toevoeging van spectroscopie, diffusie gewogen beeldvorming en lymfografie aan MRI of de
toevoeging van nucleaire beeldvormingstechnieken aan CT of MRI heeft de beeldvorming sterk
verbeterd omdat deze technieken niet volledig afhankelijk zijn van grootte criteria als zodanig.
Helaas is de nauwkeurigheid nog altijd niet perfect. Pelviene lymfeklierdissectie is een invasieve,
maar uitstekende manier voor het vinden van kleine lymfekliermetastasen, vooral wanneer de
uitgebreide dissectie wordt uitgevoerd, maar geeft aanzienlijke morbiditeit. Daarom wordt een
individuele risico stratificatie uitgevoerd op basis van PSA, DRE en de resultaten van prostaatbiopten.
Hiermee kan een voorspelling worden gedaan over het lokale of systemische tumor stadium. Aan
de hand hiervan kunnen de verschillende diagnostische modaliteiten voor elke patiënt worden
ingezet indien nodig.
Een ander hiaat in de diagnostiek van prostaatkanker is dat er geen beeldvormende modaliteit
voldoende betrouwbaar is voor re-stadiëring van patiënten met een biochemisch recidief na in
opzet curatieve behandeling of voor de follow-up en evaluatie van systemische behandeling van
prostaatkanker.
Nucleaire beeldvormende technieken zoals single photon emission computed tomography
(SPECT) en positron emission tomography (PET) zijn veelbelovende diagnostische instrumenten
in de oncologie. Echter, radiofarmaca welke momenteel worden gebruikt bij de diagnostiek van
prostaatkanker zoals 11C/18F-choline, 11C-acetaat, 18F-natriumfluoride en 18F-fluorodeoxyglucose zijn
niet kanker-specifiek en hebben dientengevolge een beperkte nauwkeurigheid. Nieuwe tracers
voor prostaatkanker beeldvorming zijn hierom nodig. Cruciaal voor nauwkeurige nieuwe nucleaire
beeldvormende technieken is de ontwikkeling van radiofarmaca die zich richten op specifieke
prostaatkanker-geassocieerde receptoren of antigenen.
Een tumor-geassocieerd antigeen dat in dit kader interessant is, is de gastrin-releasing peptide
receptor (GRPR), omdat dit antigeen tot overexpressie komt in prostaatkanker en verscheidene
andere soorten kanker. GRPR kan worden gebonden met de peptide bombesine (BN) en een
reeks van verschillende BN analogen met verschillende farmacokinetische eigenschappen zijn
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geconstrueerd, gelabeld met verschillende radionucliden (bijvoorbeeld 99mTc, 111In, 64Cu, 18F). Hoewel
deze radioactief gelabelde BN analogen uitvoerig zijn onderzocht wat betreft beeldvorming van
GRPR-positieve prostaattumoren in preklinische studies, is klinisch onderzoek bij patiënten met
prostaatkanker beperkt tot slechts een paar verschillende BN analogen. Het overzichtsartikel in
hoofdstuk 2 geeft een beschrijving van het klinische en preklinisch onderzoek uitgevoerd met
gelabelde BN analogen voor de beeldvorming van prostaatkanker en geeft inzicht in de voordelen
van het gebruik van radiofarmaca welke gebaseerd zijn op peptides voor nucleaire beeldvorming.
In hoofdstuk 3 werd het nieuwe, op BN gebaseerde, radiofarmacon
Aca-bombesine(7-14) (

Tc-HYNIC(tricine/TPPTS)-

99m

Tc-HABN) onderzocht in een preklinische setting. De affiniteit van

99m

Tc-

99m

HABN voor GRPR werd in vitro bepaald met behulp van de humane prostaatkanker cellijn PC-3,
welke GRPR tot expressie brengt. Snelle internalisering van radioactiviteit werd aangetoond,
gecombineerd met een lange intracellulaire retentietijd. Bovendien bewees 99mTc-HABN stabiel te
zijn in humaan serum gedurende zes uur. De in vivo biodistributie van 99mTc-HABN en microSPECT
beeldvorming werden uitgevoerd in athymische muizen met een PC-3 tumor. Snelle opbouw van
radioactiviteit in de tumor werd waargenomen, welke gedurende de studieperiode langzaam weer
verminderde. Een hoge tumor-tot-achtergrond verhouding werd verkregen door snelle klaring van
radioactiviteit uit het bloed (voornamelijk middels renale klaring) en lage opname van radioactiviteit
in bot en spieren. Pre-administratie van ongelabelde bombesine liet GRPR-gemedieerde opname
zien. Zoals verwacht werd hoge opname gedetecteerd in de GRPR-rijke muis pancreas. 99mTc-HABN
microSPECT beeldvorming resulteerde in duidelijke afbakening van de PC-3 tumor. Op basis van
deze preklinische resultaten zou 99mTc-HABN geschikt moeten zijn voor studies in de mens.
Hoewel de aanwezigheid van GRPR in primair prostaatkanker goed is gedocumenteerd, is er
zeer beperkte documentatie over de GRPR expressie in metastasen van prostaatkanker en is er
geen kennis over de aanwezigheid van GRPR in recidief prostaatkanker. Omdat informatie over
aanwezigheid van GRPR in de diverse stadia van de ziekte invloed zal hebben op de toepassing van
GRPR-gerichte beeldvorming in deze verschillende fasen, werden in respectievelijk hoofdstuk 4 en
hoofdstuk 5 de expressie van GRPR bij prostaatkanker metastasen en lokaal recidief prostaatkanker
onderzocht.
In hoofdstuk 4 werd de expressie van GRPR in lymfeklier- en botmetastasen van prostaatkanker
patiënten bepaald met behulp van immunohistochemische kleuring van formaline-gefixeerd
paraffine-ingebed weefsel. De bewerking werd gecombineerd met kleuring van twee andere
antigenen; prostaat stamcel antigeen (PSCA) en prostaat-specifiek membraan antigeen (PSMA).
Aanwezigheid van GRPR werd aangetoond bij 85,7% van de lymfekliermetastasen en bij 52,9% van
de botmetastasen van prostaatkanker. PSCA werd bij 95,2% van de lymfekliermetastasen en bij
94,1% van de botmetastasen vastgesteld, terwijl PSMA tot expressie werd gebracht in 100% in van
de lymfeklier- en botmetastasen.
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Immunohistochemische kleuring voor GRPR in lokaal recidief prostaatkanker na brachytherapie
of externe radiotherapie werd gecombineerd met kleuring voor PSMA, epitheliale cel adhesie
molecuul (EpCAM) en vasculair endotheliale groei factor (VEGF) in hoofdstuk 5. Ook hier werd
PSMA gedetecteerd bij 100% van de salvage prostatectomie weefselmonsters, terwijl expressie
van EpCAM en VEGF werd vastgesteld in 82,3% van de gevallen. Hoewel GRPR werd waargenomen
in 100% van de weefselmonsters, was het tumor onderscheidend vermogen van GRPR in recidief
prostaatkanker na radiotherapie nihil vanwege vergelijkbare GRPR kleuring van goedaardig prostaat
stroma in 88,2% van de gevallen, wat GRPR uitsluit als doelwit-antigeen voor de beeldvorming van
lokaal recidief prostaatkanker na radiotherapie.
Hoofdstuk 6 rapporteert over de eerste
geschiktheid van

Tc-HABN SPECT/CT studie in de mens, waarbij de

99m

Tc-HABN SPECT/CT wordt geëvalueerd voor de detectie van prostaatkanker

99m

bij patiënten. In deze klinische studie ondergingen acht patiënten, met biopsie bewezen
prostaatkanker en gepland voor radicale prostatectomie of externe radiotherapie,

Tc-HABN

99m

scintigrafie en SPECT/CT voorafgaand aan de therapie. Ook werden seriële bloedmonsters
afgenomen om de radioactiviteit in bloed te beoordelen en metabole stabiliteit in vivo te bepalen.
Van alle patiënten werd prostaatkanker weefsel (biopsie of prostatectomie weefsel) gebruikt voor
immunohistochemische GRPR-kleuring.
Zoals verwacht was er sprake van directe distributie via het vasculaire systeem en snelle
uitscheiding via de nieren, wat kon worden afgeleid uit de dynamische beelden. Echter, hoewel
er patiënten werden geselecteerd met verschillende tumorgroottes, verschillende Gleason som
scores en een brede spreiding van PSA niveaus, werd er geen opname in de prostaat op enig tijdstip
vastgesteld bij patiënten, met of zonder blaas katheter drainage. Het in vivo metabole stabiliteit
experiment toonde slechte stabiliteit van 99mTc-HABN, met minder dan 20 % van de tracer intact na
30 minuten, wat resulteerde in een laag niveau van circulerend intacte radiopeptide. Deze bevinding
is in strijd met de uitstekende resultaten van de preklinische in vitro stabiliteit test in humaan serum
eerder uitgevoerd. Met behulp van immunohistochemische kleuring bleek GRPR expressie aanwezig
in prostaatkankercellen bij alle patiënten, echter de niet-kwantitatieve immunohistochemische
kleuring is geen maat voor antigeendichtheid en derhalve geen sterke voorspeller voor de mate
van opname van een GRPR gericht radiofarmacon.
Multimerisatie van peptide-gebaseerde liganden kunnen de bindingseigenschappen verbeteren
door het verhogen van de lokale ligand concentratie en door het verbeteren van de associatie/
dissociatiekinetiek. Deze techniek is met succes toegepast op radioactief gelabelde RGD peptiden,
wat resulteerde in verbeterde tumor binding in diermodellen. Om deze reden hebben we een
nieuwe

In gelabelde BN homodimeer ontwikkeld, met als doel een stabielere verbinding met

111

een hogere affiniteit voor GRPR te creëren. In hoofdstuk 7 werd de BN homodimeer 111In-DOTA[Aca-BN(7-14)]2 onderzocht voor GRPR gerichte beeldvorming. Ook in deze preklinische studie werd
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gebruikt gemaakt van de humane prostaatkanker cellijn PC-3, en werd redelijk snelle internalisatie
van radioactiviteit en lange intracellulaire retentie aangetoond. De biodistributie studie toonde
uitstekende tumor opname van de tracer en renale klaring van de radioactiviteit. Met microSPECT
bleek de PC-3 tumor op athymische muizen duidelijk af te beelden. 111In-DOTA-[Aca-BN(7-14)]2 bleek
stabiel gedurende >24 uur in vitro in humaan serum. Echter, de eerdere in vitro stabiliteitstest met
Tc-HABN correleerde niet met de in vivo stabiliteit in de mens. Daarom, werd de in vivo stabiliteit

99m

van

In-DOTA-[Aca-BN(7-14)]2 bepaald bij muizen, wat een goede stabiliteit liet zien met 59 ±

111

14% van de tracer intact na één uur. Op basis van deze preklinische resultaten zou 111In-DOTA-[AcaBN(7-14)]2 geschikt moeten zijn voor klinische studies.
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Stellingen
behorende bij het proefschrift

The Gastrin-Releasing Peptide Receptor as Target for
Molecular Imaging of Prostate Cancer
1.

Technetium-HYNIC(tricine/TPPTS)-Aca-Bombesine(7-14) is als radiofarmacon
geschikt voor Gastrin-Releasing Peptide Receptor gerichte beeldvorming van
prostaatkanker met behulp van microSPECT in een humaan prostaatkanker muis
model. (dit proefschrift)

2.

De Gastrin-Releasing Peptide Receptor komt tot expressie in het overgrote deel van
de lymfeklier metastasen van prostaatkanker en in de helft van de botmetastasen.
(dit proefschrift)

3.

Hoewel de Gastrin-Releasing Peptide Receptor tot expressie komt in lokaal recidief
prostaatkanker na radiotherapie, is het tumor onderscheidend vermogen zeer
beperkt door opname in benigne prostaat stroma. (dit proefschrift)

4.

Technetium-HYNIC(tricine/TPPTS)-Aca-Bombesine(7-14) is niet geschikt voor
gelokaliseerde prostaatkankerdetectie in patiënten met bewezen prostaatkanker.
(dit proefschrift)

5.

Het verschil tussen de uitstekende in vitro stabiliteit van 99mTechnetium-HYNIC(tricine/
TPPTS)-Aca-Bombesine(7-14) in humaan serum en de lage stabiliteit in vivo in
prostaatkankerpatiënten verdient nadere aandacht. (dit proefschrift)

6.

De bombesine dimeer 111In-DOTA-[Aca-Bombesine(7-14)]2 is, op basis van preklinisch
onderzoek in een humaan prostaatkanker muis model waarbij uitstekende in vivo
stabiliteit en hoge tumoropname werden aangetoond, geschikt voor klinische
studies. (dit proefschrift)

7.

Computer games don’t affect kids. I mean if Pac-Man had affected us as kids, we’d all
be running around in dark rooms, munching pills and listening to repetitive electronic
music. (Marcus Alexander Brigstocke)

8.

You should have expected it. (Maxim Rybalov)

9.

Im Sommer melken wir die Kühe, im Winter melken wir die Holländer.
(mijn Oostenrijkse skileraar)
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10. Aan ‘n ol fiets en ‘n jong wief mankeert altied wat. (Groningse wijsheid)

