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Summary

Peptide receptors are known to be excellent targets for in vivo cancer diagnosis and ther-

apy and the search for peptide-based radiopharmaceuticals has experienced an impor-

tant rise in the past decades. In the last 10 years, the gastrin-releasing peptide receptor

(GRPR), the subtype 2 of the bombesin (BBS) receptor superfamily, is gaining increas-

ing attention for its overexpression in some of the most prevalent types of human cancer,

such as prostate, breast and colon. GRPR features a high affinity for radiotracers based

on the C-terminal amino acid sequence of the neuropeptide bombesin, BBS(7-14). So

far, radiolabeled BBS analogues exhibit two major drawbacks for diagnostic applications,

one of them in form of the rapid degradation, naturally exhibited by most neuropeptides.

The modification of an enzymatic cleavage site led to new BBS analogues with enhanced

biological half-lives. The replacement of leucine (Leu) by cyclohexylalanine (Cha) and

of methionine (Met) by norleucine (Nle) resulted in an increase of the in vitro stabil-

ity in human plasma (20-fold) and in GRPR-expressing tumor cells (6-fold), while the

binding affinity remained unaffected (Kd ≤ 1 nM). The second challenge is the general

high liver uptake and the high intestinal background of radiolabeled BBS analogues,

due to a preferential hepatobiliary excretion, both most unfavorable for the detection

of abdominal tumor lesions with radiologic imaging techniques. Therefore, the major

focus of this work was the investigation of the influence of novel polar linkers on the

pharmacokinetic profile of 99mTc(I)-labeled BBS analogues, in order to enhance their

potential use for the detection of GRPR-positive tumors using single photon emission

tomography (SPECT). Technetium-99m (99mTc) is a readily available γ emitter with op-

timal physical properties for diagnostic SPECT imaging (t1/2 = 6.02 h; Eγ = 140 keV).

For radiolabeling of the novel peptides we used the tricarbonyl technique, based on the

well established attachment of the organometallic precursor fac-[99mTc(CO)3(OH2)3]
+ to

tridentate bifunctional chelating agents (BFCA).

In a first approach different polar amino acids were introduced between the stabilized se-
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quence BBS(7-14) and the retro-Nα-carboxymethyl histidine chelator, (NαHis)Ac, which

is a powerful BFCA for radiolabeling of biomolecules with the 99mTc(CO)3-core. All

peptides kept the increased stability in human plasma (t1/2 ≥ 16 h) and tumor cells (t1/2

= 30-40 min). The new polar moieties led to a shift of hydrophilicity from a LogD of

0.9 to values between 0.4 and -2.2. A LogD between +1 and -1 resulted in the high-

est binding affinities (Kd ≤ 0.5 nM) as well as the highest in vitro and in vivo uptake

in GRPR-expressing tumor cells. A higher hydrophilicity (LogD ≤ -1.8) led to lower

affinity and substantial decrease of internalization. The introduction of a positive charge

(β3-homo-Lysine) caused unfavorable high kidney and liver uptake. The introduction of

a single negative charge (β3-homo-glutamic acid) showed a significant increase in specific

tumor uptake (2.1 ± 0.6 vs. 0.8 ± 0.4 %ID/g compared to the lipophilic reference) and

significantly higher tumor-to-tissue ratios. Moreover, this analogue provided a much

clearer image of the tumor xenografts in SPECT/CT studies. Considering the improved

biodistribution profile with an increased tumor uptake and enhanced imaging, the intro-

duction of a single negative charge proved to be most useful in the development of new

BBS analogues.

A second approach was the glycation of our peptides by the introduction of hydrophilic

carbohydrates between the stabilized BBS(7-14)-fragment and the (NαHis)Ac-chelator.

The new peptides showed LogD-values between -0.2 and -0.5. They exhibited high affin-

ity for GRPR (Kd ≤ 0.5 nM) and kept the increased stability in tumor cells (t1/2 ≥ 35

min). In vivo all carbohydrated compounds exhibited higher tumor-to-background ratios

compared to the non-glycated reference. The best results were obtained with a triazole

coupled glucose, showing a 4-fold increased uptake and retention in the tumor (3.6 and

2.5 %ID/g at 1.5 h and 5 h p.i, respectively) and a significantly reduced accumulation

in the liver (0.6 vs. 2.4 %ID/g, 1.5 h p.i., respectively). Additionally, tumor-to-kidney

and tumor-to-blood ratios could be significantly improved by a factor of 1.5 and 2.7, re-

spectively (1.5 h p.i., P ≤ 0.05). The imaging studies proved the reduction of abdominal

background and tumor xenografts could clearly be visualized.

Finally, we were interested in the potential of novel triazole-based chelators formed by the

Cu(I)-catalyzed [3+2] cycloaddition of alkynes and azides (click-chemistry). The click-

reaction proved to offer an intriguing new way for 99mTc-labeling of biomolecules and

the formation of the required efficient chelators in a single step. We compared the estab-

lished (NαHis)Ac-chelator with two novel N2click- and N3click-chelators for labeling of

our stabilized BBS analogues with 99mTc. Furthermore, we investigated the influence of
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glycation on the promising N3click-peptide. The N3click-BBS analogue exhibited a high

affinity for GRPR (Kd ≤ 0.6 nM) and similar in vitro and in vivo properties compared

to the (NαHis)Ac-peptide. Glycation of the N3click-compound by formation of a stable

triazole-bond resulted in an increased accumulation in GRPR-expressing tissues, in a

reduction of liver uptake and higher tumor-to-blood and tumor-to-liver ratios. Tumor

uptake and retention were clearly enhanced (4.4 ± 0.6 and 2.6 ± 0.8 %ID/g; at 1.5 h

and 5 h p.i., respectively). The biodistribution and imaging studies could underline the

powerful positive impact of glycation on the in vivo properties of 99mTc-labeled BBS.

In summary, this work provides a valuable new inside into opportunities for improved

GRPR targeting with polar 99mTc(CO)3-labeled BBS analogues.
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Zusammenfassung

Peptidrezeptoren sind als hervorragende Angriffspunkte für die in vivo Diagnose und

die Therapie von Krebs bekannt, und die Suche nach auf Peptiden basierenden Ra-

diopharmazeutika hat in den letzten Jahrzehnten bedeutend zugenommen. Aufgrund

seiner Überexpression in einigen der häufigsten humanen Krebsarten, unter anderem

Prostata-, Brust- and Darmkrebs, hat der Gastrin freisetzende Peptidrezeptor (GRPR),

der Subtyp 2 der Bombesin (BBS) Rezeptorfamilie, zunehmend an Aufmerksamkeit

gewonnen. GRPR besitzt eine hohe Affinität zu Radiotracern, die auf der C-terminalen

Aminosäuresequenz des Neuropeptids Bombesin, BBS(7-14), basieren. Bisher weisen ra-

dioaktiv markierte BBS-Analoga allerdings zwei bedeutende Nachteile für radiologische

Anwendungen auf. Einer davon ist der natürliche schnelle Abbau der meisten Neu-

ropeptide. Die Modifizierung einer enzymatischen Schnittstelle führte zu BBS-Analoga

mit einer erhöhten biologischen Halbwertszeit: Durch den Austausch von Leucin (Leu)

durch Cyclohexylalanin (Cha) und von Methionin (Met) durch Norleucin (Nle) stieg die

in vitro Stabilität in Humanplasma um das Zwanzigfache und in GRPR-exprimierenden

Tumorzellen um das Sechsfache, ohne die Bindungsaffinität zu beeinträchtigen (Kd ≤ 1

nM). Eine weitere Herausforderung ist die im Generellen hohe Leberanreicherung von

BBS-Analoga und der hohe radioaktive Hintergrund in den Eingeweiden aufgrund der

starken hepatobiliaren Ausscheidung. Beides ist unvorteilhaft für die Detektion von ab-

dominalen Tumoren mittels radiologischer Bildgebungsverfahren.

Der Schwerpunkt dieser Arbeit lag daher in der Untersuchung der Auswirkungen neuar-

tiger polarer Linker auf das pharmakokinetische Profil 99mTc-markierter BBS-Analoga.

Das Ziel bestand in der Erhöhung des Potentials dieser Peptide für die Detektion von

GRPR-positiven Tumoren durch Einzelphotonen-Emissions-Computer-tomographie

(SPECT). Technetium-99m (99mTc) ist ein leicht verfügbarer γ-Strahler mit optimalen

physikalischen Eigenschaften für die SPECT-Diagnostik (t1/2 = 6.02 h; Eγ = 140 keV).

Die radioaktive Markierung der neuen Peptide wurde gemäss der Tricarbonyl-Methode
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durchgeführt, die auf der Bindung des organometallischen Precursors fac-[99mTc(OH2)3

(CO)3]
+ an dreizähnige bifunktionale Chelatoren (BFCA) basiert.

Ein erster Ansatz war der Einbau verschiedener polarer Aminosäuren zwischen die stabil-

isierte BBS(7-14)-Sequenz und den Retro-Nα-carboxymethyl-Histidin-Chelator, (NαHis)-

Ac, einem potenten BFCA für die Radiomarkierung von Biomolekülen mit dem 99mTc

(CO)3-Kern. Alle neuen Peptide behielten eine erhöhte Stabilität in Humanplasma (t1/2

≥ 16 h) und Tumorzellen (t1/2 = 30-40 min). Die zusätzlichen polaren Gruppen be-

wirkten eine erhöhte Hydrophilizität und die Verschiebung der Polaritäten von einem

LogD-Wert von 0.9 zu Werten zwischen 0.4 und -2.2. LogD-Werte zwischen +1 und -1

waren mit der höchsten Bindungsaffinität (Kd ≤ 0.5 nM) und der höchsten in vitro und

in vivo Aufnahme in GRPR-exprimierende Tumorzellen verbunden. Eine höhere Hy-

drophilizität (LogD ≤ -1.8) führte zu einer substanziellen Abnahme der Internalisierung.

Der Einbau einer positiven Ladung (β3-homo-Lysin) bewirkte eine unvorteilhaft hohe

Nieren- und Leberanreicherung. Die Einführung einer einzelnen negativen Ladung (β3-

homo-Glutamat) bewirkte einen signifikanten Anstieg der spezifischen Tumoraufnahme

(2.1 ± 0.6 vs. 0.8 ± 0.4 %ID/g verglichen zum lipophilen Referenzpeptid) und sig-

nifikant höhere Tumor-zu-Gewebe-Quotienten. Desweiteren lieferte dieses Peptid klarere

Bilder der Tumorxenografte in SPECT/CT-Studien. Im Hinblick auf das verbesserte

Bioverteilungsprofil mit höherer Tumoranreicherung und deutlicherer Bildgebung erwies

sich die Einführung einer einzeln negativer Ladung als positiv für die Entwicklung neuer

BBS-Analoga.

Ein weiterer Ansatz war die Glykierung der Peptide durch den Einbau hydrophiler

Kohlenhydrate zwischen die stabilisierte BBS(7-14)-sequenz und den (NαHis)Ac-chelator.

Die neuen Peptide zeigten LogD-Werte zwischen -0.2 und -0.5. Sie wiesen eine hohe

Affinität zu GRPR auf (LogD ≤ 0.5 nm) und bewahrten die erhöhte Zellstabilität

(t1/2 ≥ 35 min). In vivo ergaben sich für alle glykierten Peptide höhere Tumor-zu-

Gewebe-Quotienten als für die unglykierte Referenz. Die besten Ergebnisse wurden

mittels triazol-gekoppelter Glukose erzielt, die eine Vervierfachung der Aufnahme und

der Retention in den Tumoren (3.6 %ID/g, 1.5 h p.i.; 2.5 %ID/g, 5 h p.i.) sowie eine

signifikante Reduktion der Leberanreicherung (0.6 vs. 2.4 %ID/g, 1.5 h p.i.) bewirkte.

Zusätzlich wurden die Tumor-zu-Nieren- und Tumor-zu-Blut-Quotienten signifikant um

den Faktor 1.5 bzw. 2.7 verbessert (1.5 h p.i., P ¡ 0.05). In Tomographiestudien konnten

die Tumorxenografte und eine Verringerung des abdomnialen Hintergrundes deutlich vi-

sualisiert werden.
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Im Weiteren waren wir am Potential neuer Triazol-enthaltender Chelatoren interessiert,

die durch die Cu(+I)-katalysierte Addition von Alkinen und Aziden (Click-Chemie)ge-

bildet wurden. Die Click-Reaktion erwies sich als vielversprechender neuer Weg der

Radio- markierung von Biomolekülen, da sie in einem Schritt eine einfache Synthese

neuer effizienter Chelatoren und die Markierung mit 99mTc ermöglichte. Wir verglichen

das Potential des etablierten (NαHis)Ac-Chelators mit den neuen N2click- und N3click-

Chelatoren für die 99mTc-Markierung unserer BBS-Analoga und untersuchten im An-

schluss die Glykierung des vielversprechenden N3click-Peptids. Das N3click-Peptid wies

eine hohe Affinität zu GRPR (Kd ≤ 0.6 nM) auf und zeigte in vitro und in vivo ver-

gleichbare Eigenschaften zum (NαHis)Ac-Peptid. Nach der Glykierung mittels triazol-

gekoppelter Glukose kam es zur Erhöhung der spezifischen Aufnahme in GRPR- ex-

primierenden Geweben, zu einer verringerten Leberanreicherung und erhöhten Tumor-

zu-Blut- und Tumor-zu-Leber- Quotienten. Aktivitätsaufnahme und -retention in den

Tumoren waren signifikant erhöht (4.4 ± 0.6 %ID/g, 1.5 h p.i.; 2.6 ± 0.8 %ID/g,5 h p.i.).

Die Bioverteilungs- und Tomographiestudien konnten deutlich den positiven Einfluss der

Glykosilierung auf die in vivo Eigenschaften von 99mTc-markiertem BBS unterstreichen.

Zusammenfassend bietet diese Arbeit wertvolle neue Einblicke in die Möglichkeiten eines

verbesserten GRPR-Targetings mit polaren 99mTc(CO)3-markierter BBS-Analoga.
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Chapter 1

Introduction

1.1 General Considerations

The World Health Organization estimated in 2006 that about 13 % (7.6 million) of the

total deaths worldwide were related to cancer, and both, proportion and the total num-

ber of cases, were projected to continue rising in the next decades (1). Intense efforts

are being undertaken to find new effective strategies for the diagnosis and treatment of

this disease. One of the major problems in the management of cancer patients is the

late detection, whereas diagnosis of stage 1 cancer is associated with a more than 90 %

5-year survival rate and an even earlier detection is often curative (2, 3).

Cancer is a class of diseases based on a genetic transformation of healthy cells, which can

occur in almost any kind of tissue. The main properties of the malignant forms of cancer

are the uncontrolled division of cells in combination with the ability to invade adjacent

tissues (4). The dissemination of single cells into other parts of the body via blood and

lymphatic vessels leads to the formation of secondary (metastatic) cancer and counts

as the main reason for a lethal etiopathology (1). To date conventional strategies like

chemotherapy, surgery and external radiation are limited, especially in the treatment of

the numerous and often small metastases (5, 6).

In the last decades, a remarkable change occurred in the understanding of the genetic,

molecular and cellular basis of cancer pathogenesis (7). Today it is known to be rooted in

the mutation of two groups of genes: the proto-oncogenes, responsible for promoting cell

division, and the tumor suppressor genes, whose purpose is to block aberrant cell growth

(4). The altered gene expression leads to a higher energy consumption, an uncontrolled
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growth and an upregulation of the synthesis of various biomolecules, e.g. enzymes, nu-

cleotides, phospholipids and transmembrane receptors (6, 8-10). Regarding to this there

has been a shift in the management of cancer treatment from an organ-system approach

to targeting specific molecular abnormalities.

Today much of nuclear medicine is focused on the management of patients through the

injection of target-specific radiolabeled substances (11). These radiopharmaceuticals are

composed of carriermolecules linked to a diagnostic (β+- and γ-emitter) or therapeu-

tic radionuclide (α-, β−-, Auger electron emitter) (Table 1.2) (12, 13). They allow a

site-specific delivery of radioactivity to appropriate targets, which thereby can either be

monitored or ambushed, depending on the attached radionuclide and its emitted radia-

tion.

Table 1.1: Selected target-specific diagnostic and therapeutic radiopharmaceuticals

Radiopharmaceutical Trade name Primary use

Indium-111 Cabromab ProstaScintR Imaging of prostate cancer

pendetide

Indium-111 pentetreotide OctreoscanR Imaging of neuroendocrine tumors

Indium-111 satumomab OncoScintR Imaging of metastatic disease associated

pendetide with colorectal and ovarian cancer

Tc-99m Apcitide AcuTectR Syntheic peptide for imaging

deep vein thrombosis

Tc-99m Arcitumomab CEA-ScanR Monoclonal antibody for

imaging colorectal cancer

Tc-99m Depreotide NeotectR Imaging of somatostatin

receptor-positive tumors

Y-90 Ibitumomab ZevalinR Treatment of Non-Hopkin’s Lymphoma

Tiuxetan

I-131 Tositumomab BexxarR Treatment of Non-Hodgkin Lymphoma

2



Various radionuclides have been proposed for systemic tumor therapy (12, 14, 15) and

encouraging clinical results have already been reported, e.g. for the 177Lu-labeled pep-

tide analogues DOTATATE and DOTATOC in the treatment of neuroendocrine tumors

(16, 17) and 90Y- or 131I-labeled antibodies against non-Hodgkin lymphomas (18, 19).

Together with therapeutic approaches, the evaluation of the response to any kind of treat-

ment is of high interest for planning and monitoring of further therapy (6, 7). Much of

the current radiologic research focuses on adapting the conventional anatomical imag-

ing methods computed tomography (CT) and magnetic resolution imaging (MRI) to

new physiological imaging techniques like single photon emission computed tomography

(SPECT) or positron emission tomography (PET) (9, 10). Following their recent intro-

duction into clinical use the hybrid technologies SPECT/CT and PET/CT are playing

an increasingly important role in the diagnosis and staging of human diseases (20-25).

These new methods are going to have a major impact on cancer detection, individualized

treatment and drug development, as well as understanding of how cancer arises (Figure

1.1.

The use of a variety of radiotracers is already standard for clinical oncology (13, 22) (a

limited selection is depicted in Table 1.1). However, despite the fact that many diag-

nostic applications have significantly been ameliorated, there is still need for additional

radiopharmaceuticals with a high and tumor specific accumulation (6). To advance both,

the early stage diagnosis as well as the image-guided therapy, more appropriate molecules

have to be established for the particular molecular characteristics of the numerous dif-

ferent types of cancer (6, 9).

1.2 SPECT/CT and PET/CT for diagnostic imag-

ing of cancer

The advantage of diagnostic radiopharmaceuticals is the detailed non-invasive description

of tissue morphology and the test of physiological function through the specific accumu-

lation of radioactivity (26). In general, they are used in low concentrations (10−6-10−7

M) and are not intended to have any pharmacological effects.

Radionuclide imaging technologies are commonly devised into two modalities; single pho-

ton emission computed tomography (SPECT) and positron emission tomography (PET).

Despite the fact that both techniques are accurate methods for the detection of cancer,
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Figure 1.1: Improved anatomical-functional image fusion with combined SPECT/CT (a) imag-
ing infection with 67Ga-citrate with fever and aortic valve infection and (b) imaging bone disease
with 99mTc-methylene diphosphonate [21]

they do not provide the anatomical landmarks needed for precise tumor localization.

This drawback has been overcome by the development of fused imaging modalities, com-

bining PET and SPECT with morphologic imaging techniques like CT (20, 22, 24, 25,

27).

PET radionuclides of first choice are depicted in Table 1.2. They emit a positive elec-

tron (β+) which undergoes a reaction with a nearby negative electron. Both particles

are annihilated and their masses are converted into a pair of γ photons moving in nearly

opposite directions with energy of 511 keV. Besides mere qualitative imaging, the high

sensitivity allows a quantitative evaluation of the distribution of radioactivity. The exact

point of origin of the dual photons can be detected based on trajectories of both parti-

cles (coincidence detection) and the timing with which they arrive at the surface of the

tomograph’s circular detector. The highest spatial resolution of PET is around 4 mm

and is limited only by the positron range and the minimal non-collinearity of each pair

of photons. Single-photon tomographs for SPECT applications are designed to detect

single photons (γ rays) and to determine their point of origin based solely on their tra-

jectory. A γϕ camera acquires multiple images from different angles and a tomographic

reconstruction algorithm can be used to yield a three dimensional dataset (SPECT).
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The need for a collimator for the accurate determination of the origin of the detected γ

ray reduces the geometric efficiency (28). Thus, in general the sensitivity of SPECT is

about 2-3 orders of magnitude below the one of PET and limited to lesions of the size

between 5 and 10 mm. So far, SPECT technologies allow only a semi-quantitative evalu-

ation of the detected radioactivity. However, recently published data describe promising

advances in the use of SPECT/CT for the quantification of radionuclide kinetics, e.g. in

the treatment of thyroid cancer (29).

The most favorable radionuclides used for diagnostic purposes with SPECT are emitters

of γ-radiation in a range of 100-200 keV (Table 1.2). Photons with a lower energy would

readily be absorbed in the tissue, while a higher energy would result in higher radiation

dose for the patients, less imaging resolution and lower signal-to-noise ratios.

PET/CT has been used for several years in oncology and is accepted as an important tool

for diagnosis, staging and response evaluation (22, 30, 31). It provided a novel type of

information in radiology by producing three-dimensional images of functional processes.

However, although SPECT/CT has been largely overshadowed by the huge clinical and

commercial success of PET/CT, a major drawback of PET is its cost-intensiveness. The

production of most PET tracers requires a cyclotron and a technical crew for on-site

production, due to the generally very short half-lives of positron-emitting radionuclides

(22). In contrast to this, SPECT/CT offers the advantage of a more convenient pro-

duction of radiotracers. The longer half-lives and the easy availability of some of the

most important SPECT nuclides by the use of generator systems are a major strength

for their clinical use in nuclear medicine. Furthermore, recently a range of dual-modality

SPECT/CT cameras has been developed, which enable hybrid imaging with enhanced

detection of recurrent and metastatic disease and have been shown to be equally useful

in selected oncological applications as PET/CT systems (32-35).

1.3 Radionuclides for radiotherapy

Therapeutic radiopharmaceuticals for treatment of cancer patients are designed for

target-specific delivery of therapeutic doses of ionizing radiation to tumor sites, while

producing only a minimal damage to healthy tissue (36, 37). The systemic adminis-

tration of these drugs is especially interesting for treatment of secondary (metastatic)

cancer, since the conventional therapeutic applications are not effective in the treatment

of disseminated metastases (38).
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Table 1.2: Radionuclides suitable for diagnosis or therapy [12]

Physical EMax Eγ Eγ Maximum range

Radiation Nuclide half-life of particle [MeV] (%) of particle

[MeV] in tissue

I-123 13.2 h - 0.159 83 -

γ In-111 2.8 d - 0.173 88 -

- 0.247 94 -

Tc-99m 6.0 h - 0.140 85 -

C-11 20 min 1.0 0.511 - 0.56 mm

β+ F-18 110 min 0.6 0.511 - 0.44 mm

Ga-68 68 min 1.9 0.511 - 2.28 mm

N-13 10 min 1.2 0.511 - 0.78 mm

O-15 2 min 1.7 0.511 - 2.10 mm

Ag-111 7.5 d 1.1 0.342 6 4.8 mm

Cu-67 2.6 d 0.6 0.184 48 1.8 mm

I-131 8.0 d 0.8 0.364 81 2 mm

β− Lu-177 6.7 d 0.5 0.208 11 1.5 mm

Re-186 3.8 d 1.1 0.137 9 5 mm

Re-188 17.0 h 2.1 0.155 15 11 mm

Y-90 2.7 d 2.3 - - 12 mm

α At-211 7.2 h 6.8 - - 65 µm

Bi-212 1.0 h 7.8 0.720 7 70 µm

Ga-67 3.3 d 0.008 0.093 39 2 µm

I-123 13.2 h 0.023 0.159 83 15 µm

Auger I-125 60.0 d 0.023 0.027 74 15 µm

In-111 2.8 d 0.019 0.173 90 10 µm

0.247 94

Radionuclides used for therapeutic applications are α-, β−- or Auger-electron emitters

(Table 1.2). The choice of the radionuclide depends on nuclear emission properties, the

physical half-life, the decay characteristics, the in vivo pharmacokinetics of the carrier-

molecule, and the cost and availability (39). An important issue for the preparation of
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site-specific compounds for targeting low-capacity systems, e.g. receptors or antigens

overexpressed on tumor cells, is a high specific activity (GBq/µg) for a sufficient accu-

mulation of radioactivity at the target sites (40). Each type of the emitted particles

shows different effective range and linear energy-transfer (LET) properties, and the ap-

propriate type of emission depends on the tumor size, the heterogeneity of radiotracer

deposition in the tumor, the pharmacokinetics of the tracer and other factors (38). α-

particles are high-energy helium nuclei with high LET but a relatively short penetration

range (50-80 µm) (12). This makes them attractive for the treatment of tumors with

small diameters and homogenously distributed target sites. Low-energy Auger electrons

deposit energy with a high LET over subcellular dimensions (below 10 µm) (41). Thus,

a DNA-associated decay is necessary and every single tumor cell has to internalize the

radionuclides into the nucleus. A better understanding of Auger radiation dosimetry and

biological efficacy remain a major task (41).

β−-emitters emit high-energy electrons with a lower LET and their relatively high par-

ticle range (1.5 - 12 mm) is most favorable for heterogeneously distributed targets in the

tumor tissue. A considerable crossfire effect does not only harm cells directly targeted

but also untargeted neighboring cancer cells. Interacting with atoms, mainly in water

molecules, the β−-particels lose their energy and form exited and ionized atoms and free

radicals, which cause damage by inducing single strand breaks of DNA (42).

The favorable LET in combination with the relatively easy availability turned β−-

emitters into the most widely utilized radionuclides in radiotherapy (12). Some β-

radiation emitting nuclides are available with a high specific activity from radionuclide

generator systems (e.g. 90Y and 188Re). The availability of 188Re by a 188Re/188W gen-

erator system and the chemical similarity of Re and Tc offer the possibility to use them

for radiolabeling of the same carrier molecules and will be discussed below.

1.4 Technetium-99m and Rhenium-186/188 for ra-

diopharmaceutical applications

The discovery of 99mTc brought about a fundamental progress in diagnostic nuclear

medicine. 99mTc is so far the most commonly used radionuclide in nuclear imaging and

more than 80 % of all radiopharmaceuticals contain this short-lived metastable radionu-

clide (43). The physical properties with a half-life of 6 h and a γ photon emission of 140
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keV (89%) are advantageous for both effective imaging with SPECT and patient safety

(43).

Today, 99mTc can readily be delivered from a 99Mo/99mTc-generator at low cost and with

a high specific activity (26). 99Mo is a fission product with a half-life of 2.8 days and

decays to 99mTc, which can be eluted with physiological sodium chloride solution (0.15

M) in oxidation state VII as sodium pertechnetate (Na[99mTcO4]).

Interestingly, 99mTc and the β−-emitters 186Re and 188Re are members of the same tran-

sition metal group (group VIIb). These radionuclides exhibit a similar coordination

chemistry and physico-chemical and chemical properties as consequence of the lanthanide

contraction (44). This turns them into a ’matched pair’ of radionuclides for diagnostic

and therapeutic purposes (45).

Both 186Re and 188Re have attractive physical properties for radiotherapeutic applica-

tions (Table 1.2). 186Re has a half-life of 3.7 days, which is suitable for carrier-molecules

requiring a longer time for tumor localization and clearance from non-target tissues.
188Re has a relatively short half-life of 17 h, which allows high dose rates and repeated

applications, turning it into a favorable nuclide for radiolabeling of radiotracers with a

fast tissue and blood clearance (e.g. peptides and other small molecules) (44). While the

production of 186Re with high specific activity is rather complex, 188Re can be obtained

in a good yield from 188W/188Re-generator systems (44).

1.4.1 The organometallic fac-[M(OH2)3(CO)3]
+ (M= 99mTc, Re)

Technetium has 8 possible oxidation states (-I to + VII) and can easily be reduced in

the presence of chelating agents (43), which facilitates the labeling of various types of

biomolecules and the production of kits for versatile diagnostic applications. The metal

core exhibits different affinities depending on the oxidation state. A core in state +VII

is hard and has a high affinity for donor ligands like imido- or nitride-groups. The softer

core of state +V shows affinity for both, donor and acceptor ligands through O, N, S or P

atoms. In the oxidation state +I the metal core is soft and has a high affinity for acceptor

ligands like CO, NO+, Isonitrile or the ”soft” sp2 N of aromatic amines. The most

common 99mTc- and 186/188Relabeled radiotracers in nuclear medicine have a metal center

in oxidation state +V. Examples are the metal-oxo core [M+V =O]3+], the metal-nitrido

core [M+V =N]2+ and the hydrazine nicotinic acid core (HYNIC) (M=N=NR) (M =
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Figure 1.2: Preparation of the 99mTc-tricarbonyl-core using the Isolink Kit (A). Labeling of
biomolecules (R) bearing the (NαHis)Ac-chelator with the 99mTc-tricarbonyl (B)

99mTc, 186/188Re)(44). An alternative with a metal core in a different oxidation state is the

more recently developed organometallic tricarbonyl core [M+I(CO)3]+ in state +I (Figure

1.2). In this complex the carbonyl part is very inert, while the water molecules can rather

easily be exchanged by a variety of ligands. The obtained tricarbonyl-complexes exhibit

unique features in terms of in vivo stability, kinetic inertness and small size. The latter

is especially important to minimize the impact of the organometallic complex on the

biological activity of small carrier molecules like peptides, amino acids or nucleosides.

The [99mTc(OH2)3(CO)3]
+-core can readily be produced by the reduction of 99mTcO4

−

(which can directly be eluted from a 99Mo/99mTc-generator) with [H3BCO2]
2− in 10 min

at 90°C (46). The reaction kinetics and radiolabeling conditions of 99mTc and 186/188Re

differ, due to the lower redox-potential of Re compared to Tc (37). Thus, the often

rather harsh conditions, which are necessary for the attachment of Re to biomolecules,

turn especially small molecules, such as peptide derivatives, into favorable molecules for

radiolabeling following the tricarbonyl technique, due to their in general high chemical

stability (44).

The fact that the radiometal-tricarbonyl-core can relatively easily be incorporated into

biomolecules, which bear specific bifunctional chelating agents (BFCA), offered a novel

convenient way for the on-site synthesis of 99mTc/186/188Re-labeled radiopharmaceuticals

for clinical applications (Figure 1.2) (47).

1.4.2 Bifunctional chelating agents

The possible methods for labeling of biomolecules with the metal core (M) of Tc and

Re involve bifunctional chelating agents (BFCA) which include the ”3+1” ligand sys-
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tem, M(CO)3-containing chelates, hydrazine nicotinamide acid (HYNIC), water-soluble

phosphines, and other Tc/Re-carrying moieties (43).

BFCAs consist of a conjugation group for a covalent attachment to a carrier molecule,

a linker as pharmacokinetic modifier and a chelating unit for the coordination of the

metallic radionuclide. The ideal BFCA should form stoichiometrically well-defined com-

plexes, which feature kinetic and thermodynamic stability with respect to dissociation

and stabilization of the current oxidation state of the radionuclide (45). A most favor-

able characteristic of the final radioconjugate is a high specific activity, which can be

achieved by high labeling efficiencies and radiolabeling yields higher than 90%.

In general, there are two ways for the attachment of radionuclides to carrier molecules.

The formation of a complex of BFCA and radionuclide can be performed before (prela-

beling approach) or after (postlabeling approach) the attachment of the BFCA to the

carrier molecule. The latter is more suitable for clinical applications, because it usually

involves less reaction steps and offers a combination of high effectiveness and a well-

defined chemistry (48).

Recently the development of the tridentate bifunctional chelator Nα-histidinyl acetate,

(NαHis)Ac, for labeling with the organometallic precursor [M(CO)3(OH2)3]
+ introduced

a novel postlabeling approach for the incorporation of the 99mTc/186/188Re(+I)-tricarbonyl

core into biomolecules with high in vitro and in vivo stability of the radiocomplex (47).

This is of particular interest for the use of small biomolecules like radiopeptides for di-

agnostic and therapeutic targeting of cancer with the matched pair 99mTc/186/188Re.

1.5 Peptide-receptor mediated tumor targeting

In general, peptides are small molecules consisting of 2 to 50 amino acids. Peptide deriva-

tives are easy to synthesize following standard solid phase synthesis strategies and resist

the harsh chemical conditions required for chelation and radiolabeling of radiotracers.

The small size is a major advantage for diagnostic imaging compared to macromolecules,

such as proteins, antibodies or antibody fragments. A low molecular weight is support-

ing an easy penetration of blood vessel membranes and a rapid distribution in the body

(and tumor) tissues, except for the brain, since the blood-brain-barrier is not permeable

for more hydrophilic peptides (48). Thus, in combination with the high binding affinity

for peptide receptors and a fast clearance from blood and receptor-negative tissues, high

target-to-non-target ratios can be achieved (49).
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Table 1.3: Advantages and Disadvantages of peptides as radiotracers [44]

Advantages Disadvantages

High affinity and specificity for their receptors Small changes can affect binding affinity

Rapid clearance from blood and non-target tissues Rapid degradation

Small size and low molecular weight

Easy synthesis, modification and labeling

Low immunogenicity and low general toxicity High kidney uptake can cause renal toxicity

High penetration into tumor tissues

Modifiable rate and route of excretion

The solubility, structure and function of peptides are characteristics of their amino acid

sequence. Lipophilic peptides are usually cleared from the body by the hepatobiliary

route, hydrophilic peptides mainly via the kidneys (50). A variety of functional groups

(such as specific hydrophilic or lipophilic amino acids, carbohydrates or polyethylene

glycol (PEG) chains) can be used to modify the route and rate of peptide excretion.

Generally increased hydrophilicity and enhanced urinary excretion are more favorable

compared to the slower hepatobiliary excretion followed by an accumulation of radioac-

tivity in the intestines resulting in a high abdominal background (48). However, the

peptide-receptor interaction is an extremely sensible process and the attachment of

BFCA for radiolabeling as well as any other kind of modification bears the risk of a

decrease or loss of binding affinity. Moreover, most bioactive peptides have only a short

biological half-life and they are readily metabolized in plasma by endo- and exopepti-

dases, since their role as flexible messengers requires a rapid degradation in the blood to

prevent a prolonged action (50). A higher plasma stability would be most favorable for a

satisfying targeting. The resistance to endopeptidases can be achieved by a modification

of amino acid side chains, the substitution of amino acids by nonnatural counterparts

like β-amino acids or D-amino acids, by the introduction of spacers, or cyclization or

methylation of amide nitrogens. The resistance to exopeptidases can be achieved by end-

capping (e.g. acetylation of the N-terminus, amidation or reduction of the C-terminus,

or N to C cyclization) (44).

In summary, several modifications are feasible to turn peptide derivatives into powerful

11



Figure 1.3: Principle of in vivo peptide receptor targeting of cancer. The radiopeptide (P)
is distributed in the whole body after i.v. injection and binds to tumor cells expressing the
corresponding peptide receptors (P-R). After binding it internalizes and accumulates in the
cancer cells (arrows). The remaining activity in the body is rapidly cleared through the kidneys.
Whole body scans detect the specificly accumulated radioactivity in the tumor [52]

tools for radiopharmaceutical applications. However, the challenge for the development

of new peptide-based radiotracers is to avoid a negative effect on their receptor binding

properties and pharmacokinetics after necessary modifications.

Neuropeptides in Oncology

Neuropeptides are a group of neurohormones, neurotransmitters, and neuromodulators

controlling physiological homeostasis and behavioral patterns (48, 51). They affect non-

neural tissues and organs as well as neurons and are involved in a broad range of func-

tions, e.g. the regulation of growth, food and water intake, water and salt metabolism,

temperature control, reproduction, cardiovascular, gastrointestinal and respiratory con-

trol, behavior, memory, and affective states (51).

Receptors for endogenous substances such as neuropeptides have a dual purpose. They

recognize the ligand with high specificity and affinity and transduce the information from

this messenger into cellular function. Interestingly the over-expression of various peptide

receptors is involved in different pathological processes, such as inflammation or cancer.

Their high expression in breast, prostate, ovary, pancreas and other tumors (Table 1.4)
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turns them into potential targets for imaging and therapy with the appropriate radiola-

beled peptide derivatives (52).

About 20 years ago the development of radiolabeled somatostatin (sst) analogues led to

a major breakthrough for the application of radiolabeled peptides for the early stage de-

tection and treatment of human neoplasms (52). Neuroendocrine tumors over-expressing

sst receptors could be successfully targeted in vivo by the intravenous injection of 111In-

labeled sst analogues (e.g. 111In-OctreoScan) (53), and this sensitive technique is still

superior to all standard diagnostic tools available for the detection of this kind of cancer

(54). Furthermore, clinical studies with sst analogues labeled with therapeutic radionu-

clides, such as 177Lu- and 90Y-DOTATOC and -DOTATATE, have shown an effective

therapeutic response of sst receptor-positive tumors (16, 17, 55). However, the appli-

cation of sst derivatives is naturally limited to tumors over-expressing sst receptors.

Some individual tumors may not express them in a homogenous way and many types

of cancer show in general no sst receptor expression. Moreover, numerous tumors over-

express other neuropeptide receptors, several not only one but even different types (Fig-

ure 1.4)(52). Therefore there is a strong need for the development of further, novel

radiopeptides, whose application (maybe even in form of a mix of several peptides for

multireceptor targeting), would offer the possibility to cover more tumor types and the

complete mass of single tumors (55). Since a variety of peptide receptors is known to be

over-expressed on human cancer cells, several neuropeptides are intensively studied to

increase the number of radiolabeled tools for tumor targeting in nuclear oncology (Table

1.4) (48, 56). endfigure

The bombesin receptor superfamily as targets for radiopharmaceutical appli-

cations

Bombesin (BBS) was first isolated from the skin of the amphibians of the genus bombina

by Espamer et al (57-60). It is a 14-amino acid neuropeptide with an N-terminal py-

roglutamate residue and a C-terminal amidation (Figure 1.5). To date, two BBS-like

peptides have been isolated from mammalian tissues: neuromedin B (NMB) consist-

ing of 10 amino acids and gastrin-releasing peptide (GRP) containing 27 amino acids.

Both prefer particular receptor subtypes but share a similar C-terminal sequence of eight

amino acids, which is essential for receptor binding affinity and biological activity (51,

61).
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Table 1.4: Neuropeptides and their targets in different tumors

Peptide Receptor Biological effects Tumor targets

Bombesin GRP Gut hormone release Prostate, breast, pancreas,

gastric, small cell lung cancer,

colorectal cancer

Cholecystokinin CCK2 Gallbladder contractions Medullary thyroid

exocrine pancreatic cancer, small cell lung cancer,

excretion gastrointestinal stromal cancer,

stromal ovarian cancer,

astrocytomas

Neuropeptide Y Y1 and Y2 Regulation of energy Adrenal cortical tumors,

(NPY) balance, memory and renal cell carcinomas,

learning ovarian sex cord-stromal

tumors, breast cancer

Neurotensin NTR1 Vasoconstriction, raise Small cell lung cancer,

in vascular permeability colon, exocrine pancreatic

cancer, Ewing’s sarcoma,

breast, prostate cancer

Somatostatin sst2 Inhibition of hormone Neuroendocrine tumors

(Octreotide, and exocrine secretion (gastroenteropancreatic

Octreotate) tumors, pituitary tumors),

lymphomas, carcinoids,

paragangliomas, breast,

brain, small cell lung cancer

Vasoactive VPAC1 Vasodilation, water and Adenocarcinomas of colon,

intestinal electrolyte secretion breast, endocrine tumors

peptide (VIP) in gut

So far, four BBS receptor subtypes have been identified, all of them typical G-protein

coupled seven-transmembrane-domain receptors (51). They trigger a signal transduction

by the specific binding of the appropriate peptide to the extracellular receptor domain,

which triggers an intracellular signal cascade by activation of the guanine nucleotide

14



Figure 1.4: Multiple receptor over-expression in the same breast cancer tissue sample. A
= Hematoxylin-eosin-stained tissue section (Scale bar 1 mm). Autoradiograms show total
binding of 125I-[Tyr3]-octreotide (B) to somatostatin receptors (SS-R), of 125I-[Tyr4]-bombesin
(C) to the Gastrin-Releasing Peptide receptors (GRP-R), of 125I-[Leu31, Pro 34]-PYY (D)to
Neuropeptide-Y receptors (NPY(Y1)-R) and of 125I-VIP (E) to Vasoactive Intestinal Peptide
receptors(VPAC1-R) [52].

binding proteins (G proteins) (48).

Three of the BBS-receptor subtypes are expressed in mammalian tissues: The NMB-

receptors (NMB-R or bbr-1) have a high binding affinity for NMB and a lower affinity

for GRP. GRP-receptors (GRP-R or bbr-2) have a higher affinity for GRP than for NMB.

The human ligand for the closely related orphan BBS-receptor 3 (bbr-3) has so far not

been identified (29, 61, 62). Immunoreactivity and mRNA studies demonstrated the ex-

pression of NMB-R and GRP-R in the nervous system and peripheral tissues, especially

the gastrointestinal tract (63, 64).

Furthermore minimal expression of all three receptor subtypes in human pancreatic tis-

sue has been reported (61). The receptor bbr-4 is only expressed in amphibians and

therefore not relevant for clinical applications (65).
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Figure 1.5: Degradation of the binding sequence BBS(7-14) of Bombesin by endopeptidases
(arrows indicate known cleavage sites).

In most tissues, the effects of NMB and GRP overlap and demonstrate a broad spectrum

of pharmacological and biological responses. Their physiological roles include stimula-

tion of enzyme secretion from exocrine glands or stimulation of release of a series of

gastrointestinal peptide hormones; stimulation of smooth muscle contraction in the gas-

trointestinal tract and urogenital system; potent CNS effects (e.g. regulation of circadian

rhythm, thermoregulation, regulation of anxiety and fear response) as well as potent

growth effects on normal and tumor tissue (66, 67).

Considering pathological over-expression in cancer, the NMB-R is predominantly ex-

pressed on gastrointestinal carcinoids (29), while bbr-3 is particularly relevant in neu-

roendocrine lung tumors (68). The most interesting subtype is the GRP-R, which is

over-expressed in a broad range of tumors, many of them among the most prevalent

types of human cancer, e.g. prostate and breast carcinomas (52, 69). In general, the

expression of BBS-receptor subtypes in healthy tissues is much lower compared to the

high expression in many malignancies.

The identical composition of the C-terminal binding sequence of GRP and BBS(7-14),

turns BBS analogues into optimal ligands for targeting GRP-R. Therefore, and regarding

to the analogy with the clinical usefulness of somatostatin receptor targeting in oncology,

radiolabeled BBS analogues have been studied intensively for targeting cancer-related

GRP-R over-expression (61). Various modifications have been tested to improve the

potential of BBS analogues for optimal tumor targeting. Since the C-terminal binding

sequence BBS(7-14) is essential to maintain receptor binding, the N-terminal region is

usually used for radiolabeling and the introduction of pharmacokinetic modifiers. Es-

pecially the introduction of a linker (e.g. β-Alanine) between the binding sequence and

a chelator proved to increase the specific accumulation in receptor-positive tissues (69).
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On the other hand, BBS (like sst) has only a half-life in plasma of 2-3 min and is rapidly

metabolized by endo- and exopeptidases (Figure 1.5) (56)and, therefore, a modification

of the amino acid sequence and prolongation of the plasma half-life is of high interest

(70). Finally, 99mTc/186/188Re-tricarbonyl-labeled BBS conjugates are often associated

with a high hepatobiliary clearance (70). The resulting high abdominal background

would be unfavorable for both imaging with 99mTc and therapy with 186/188Re. Thus,

the shift of the excretion route towards the renal/urinary pathway is a major important

quest in the development of new 99mTc/186/188Re-labeled BBS analogues for targeting

GRP-R-positive tumors.
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1.6 Aim of the thesis

Radiolabeled analogues of the neuropeptide Bombesin (BBS) reveal a great potential for

imaging and therapy of prostate, breast and other cancers over-expressing the gastrin-

releasing peptide-receptor (GRP-R). This project is focused on the development of new

BBS-based 99mTc(I)-radiopharmaceuticals for diagnostic purposes by the application of

single photon emission computed tomography (SPECT).

The main goal of this work was to provide a better insight into the influence of different

polar groups on the pharmacokinetic profiles of 99mTc(I)-tricarbonyl-labeled BBS ana-

logues. Thus, a spectrum of new peptides was synthesized bearing either charged groups

or carbohydrates in a linker between the stabilized BBS binding sequence BBS(7-14) and

the established (NαHis)Ac-chelator, used for labeling with the 99mTc(I)tricarbonyl-core.

The new peptides were tested in vitro for receptor binding, internalization and degrada-

tion and in vivo for biodistribution and imaging with SPECT/CT.

A second aim was the evaluation of novel click modified BBS derivatives. Two novel lig-

and systems were attached to the stabilized BBS(7-14) sequence and tested in vitro and

in vivo after labeling with the 99mTc(I)tricarbonyl-core. Additionally, click- chemistry

was applied for sugar conjugation of the two best peptides, with (NαHis)Ac-chelator and

the most promising click-chelator, to increase their hydrophilic characters.
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2.1 Abstract

Aim. Bombesin (BBS) receptors are potential targets for diagnosis and therapy of breast

and prostate tumors. To overcome the rapid degradation of natural BBS some modi-

fications were introduced at positions 13 and 14. Additionally, a spacer was inserted

between the chelator and the binding sequence in order to further improve the in vivo

uptake. The analogues were labeled with the [99mTc(CO)3]-core and tested.

Methods. Stability was analyzed in vitro in human plasma. Binding affinity and in-

ternalization were determined in vitro in prostate carcinoma PC-3 cells. Biodistribu-

tion studies and SPECT/CT imaging were performed in nude mice with PC-3 tumor

xenografts.

Results. The changes introduced in the BBS(7-14) sequence substantially increased

plasma stability. Affinity for GRP receptors on PC-3 cells was comparable to that of the

unmodified analogue with Kd < 1 nM. The presence of a spacer in the molecule induced

an increment in the in vivo uptake in pancreas and PC-3 xenografts (GRP receptor-

positive tissues). The increase in pancreas and tumor uptake was higher when both

spacer and stabilization are present in the same molecule. Moreover, in vivo uptake was

highly specific. The tumor was clearly visualized by SPECT/CT.

Conclusions. The modifications in the BBS(7-14) sequence led to a higher plasma

stability while binding affinity remained unaffected. Stabilization resulted in improved

biodistribution with better tumor to non-tumor ratios. However, the insertion of a spacer

had a greater influence on the biodistribution. Analogues with both spacer and stabiliza-

tion are the most promising radiopharmaceuticals for targeting GRP receptor-positive

tumors.

KEY WORDS: bombesin, spacer, technetium, tumor uptake, stabilization
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2.2 Introduction

The search for peptide-based radiopharmaceuticals has experienced an important rise

in the past decades. Neuropeptide receptors are over-expressed in a variety of human

tumors and are, therefore, interesting targets for imaging and therapy with radiolabeled

analogues (1-4). Since the first introduction of Octreoscan (an 111In-labeled somatostatin

analogue) in 1994, it has been successfully used to visualize a large range of tumors,

mainly of neuro-endocrine origin (5-8). However, the use of sst analogues is restricted to

somatostatin (sst) receptor-positive tumors. Thus, the search for peptide-based radio-

pharmaceuticals has been extended to other neuropeptides such as vasoactive intestinal

peptide (VIP), neurotensin (NT), bombesin (BBS), cholecystokinin (CCK)/gastrin and

others (9-12). Bombesin (BBS) is a 14 amino acid peptide (13), the amphibian counter-

part of the human gastrin releasing-peptide (GRP). Their structures differ by only one of

the 10 carboxy-terminal residues and the sequence 8-14 of BBS is the minimal fragment

required for specific binding to the receptors. BBS/GRP mediate their actions through

G protein-coupled receptors with at least four different subtypes: neuromedin B (NMB),

GRP, BBS3 and bb4 receptors (14-17). BBS and GRP show a similar biological activity

acting both in the central and enteric nervous systems (18, 19). Besides the important

role in physiological processes, it has also been observed that GRP/BBS play a role

in stimulating the growth of different types of cancers (20-22) as well as in promoting

proliferation of various tumor cell lines such as neuroblastoma, or prostatic carcinoma

(23, 24). This action involves the expression of these peptides and their receptors in

tumor cells (21). Over-expression of the GRP receptor has been demonstrated in a large

number of tumors, including breast, prostate, pancreatic and small cell lung cancers

(21, 22, 25, 26), which are among the most frequent cancers. Radiolabeled BBS/GRP

peptides are therefore potential candidates for targeting GRP receptor-positive tumors.

In order to increase the plasma stability of natural BBS, we have synthesized new BBS

analogues in which the amino acids Leu13 and/or Met14 have been replaced by the non-

natural amino acids cyclohexylalanine (Cha) and norleucine (Nle), respectively. Smith

et al. (27) reported on the influence of aliphatic spacer groups on the pharmacokinetics

and in vivo pancreatic uptake for different BBS analogues. Therefore, we also inserted

spacers between the chelator and the binding sequence in some derivatives. 99mTc is

the most commonly used radioisotope for diagnostic applications in nuclear medicine

because of its availability at low cost from a 99Mo/99mTc generator and its ideal physical

29



properties (t1/2 = 6 h; E = 140 keV, 89 %), that make it optimal for diagnostic imaging

(28). 188Re has favorable physical characteristics (t1/2 = 17 h; E max = 2.12 MeV;

E = 155 keV, 15 %) for potential therapeutic applications. All the analogues include

the chelator retroNα-carboxymethyl histidine, (NαHis)Ac, and were labeled with fac-

[99mTc(H2O)3(CO)3]
+ using the ”organometallic” labeling technique, which has shown

to be suitable for small biomolecules (29, 30). We herein report on the in vitro and

in vivo characterization of these new BBS analogues.

2.3 Materials and Methods

Synthesis and labeling

Peptide solid-phase synthesis was carried out on a Merrifield resin with the Fmoc/tBu-

strategy, using a semi-automatic Labortec Peptide Synthesizer SP640B. The (NαHis)Ac

(retro[Nα-carboxymethyl-histidine]) was coupled to the N-terminus for labeling to 99mTc

and the spacers βAla-βAla or Lys(sha)-βAla-βAla (sha = shikimic acid: C7H10O5,

(3R,4S,5R)-3,4,5-Trihydroxy-1-cyclohexencarboxylic acid) as described recently in de-

tail (31). Radiolabeling was performed as recently described with few modifications (32,

33). Briefly, 1ml of a technetium generator eluate in saline (up to 5 GBq) was added

to a mixture of 4.5 mg sodium-boranocarbonate, 2.9 mg borax, 9 mg potassium-sodium

Table 2.1: Sequence of the BBS analogues and binding affinity (Kd) for GRP receptors on
human prostate carcinoma PC-3 cells. (Cha = Cyclohexylalanine; sha = shikimic acid. Data
are mean ± SD; (n) = number of experiments in triplicate.)

Analogue Sequence Kd (pM)

BBS-II (NαHis)Ac-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2 186± 91 (2)

BBS-IV (NαHis)Ac-Gln-Trp-Ala-Val-Gly-His-Cha-Met-NH2 84± 39 (2)

BBS-IX (NαHis)Ac-Gln-Trp-Ala-Val-Gly-His-Leu-Nle-NH2 392± 233 (2)

BBS-XXX (NαHis)Ac-Gln-Trp-Ala-Val-Gly-His-Leu-Nle-NH2 513± 283 (3)

BBS-37 (NαHis)Ac-βAla-βAla-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2 36 (1)

BBS-38 (NαHis)Ac-βAla-βAla-Gln-Trp-Ala-Val-Gly-His-Leu-Nle-NH2 181± 120 (2)

BBS-42 (NαHis)Ac-Lys(sha)-βAla-βAla-Gln-Trp-Ala-Val-Gly-His-Leu-Nle-NH2 22± 2 (2)
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tartrate tetrahydrate and 7-8 mg sodiumcarbonate. The solution was heated for 20 min

at 100°C. The tricarbonyl-solution was adjusted to pH 6.5 (±0.3) with a mixture of HCl

and phosphate buffer 1 M/0.6 M (3:2). Then 500 µl were mixed with 15 to 30 µl of the

peptide solution (1 mM) and heated for 1 h at 75°C. The final product was analyzed

and purified with reversed phase high performance liquid chromatography (RP-HPLC,

C18 column) equipped with a radioactivity detector (Radiomatic Model 525TR, Packard

Canberra).

Cell culture

The human prostate adenocarcinoma cell line PC-3 was purchased from European Col-

lection of Cell Culture (ECACC; Salisbury, England). Cells were maintained in DMEM

GLUTAMAX-I supplemented with 1-10% FCS, 100 IU/ml penicillin G sodium, 100

µg/ml streptomycin sulphate, 0.25 µg/ml amphotericin B. Cell culture was incubated at

37°C in an atmosphere containing 5% CO2. The cells were subcultured weekly.

Animals

Animal studies were conducted in compliance with the Swiss animal protection laws and

with the ethical principles and guidelines for scientific animal trials established by the

Swiss Academy of Medical Sciences and the Swiss Academy of Natural Sciences. Female

CD-1 nu/nu mice (6 to 8 weeks old), purchased from Charles River (Sulzfeld, Germany),

were used for the in vivo experiments. For the induction of tumor xenografts, PC-3

cells (5x106 cells/mouse) were injected subcutaneously and allowed to grow for at least

2 weeks.

Metabolic stability in human plasma

The degradation of the radiolabeled analogues was investigated in vitro in human plasma

from healthy donors. The analogues (3 to 4 MBq/ml, 1.5-2 pmol/ml) were incubated for

different time periods (from 0 to 24 h) at 37°C. After incubation, proteins were precipi-

tated with acetonitrile/ethanol (1:1) and TFA (0.01%) and centrifuged (10 min, 20000g)

at 4°C. The supernatant was filtered and analyzed by RP-HPLC.

Different peaks corresponding to the intact peptide and the different degradation prod-

ucts were obtained in the radioactivity chromatograms. The percentage of intact peptide

was determined for each incubation time.
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Binding assays

PC-3 cells at confluence were placed in 48-well plates (106 cells/well). Cells were incu-

bated in triplicate with increasing concentrations of the labeled analogues (0.001-1 nM)

for 1 h at 37°C. The concentration of total technetium was estimated according to Bauer

and Pabst (34). After 2 washing steps with cold PBS, the cells were solubilized with 400

µl (2x) of NaOH 1 N. Radioactivity was measured in an Auto-γ-counter (Packard Can-

berra Cobra II). Nonspecific binding was determined in the presence of 1 µM unlabeled

BBS(8-14). The protein content was determined with a BIO RAD microplate reader

(570 nm) using the Pierce Micro BCA Protein Assay Reagent (Socochim SA, Lausanne,

Switzerland).

Internalization

PC-3 cells at confluence were placed in 6-well plates (106 cells/well). Cells were incubated

with the labeled analogues (4 kBq/well) in culture medium for 5, 15, 30, 60 and 120 min

at 37°C to allow binding and internalization. Nonspecific internalization was evaluated

in the presence of 1 µM unlabeled BBS(8-14). After the various incubation times, cells

were washed 3 times with cold PBS. Surface-bound activity was removed by acid wash

(50 mM glycine-HCl, 100 mM NaCl, pH 2.8, 600 µl 2x, 5 min at room temperature).

Internalized activity was recovered by adding 600 µl (2x) 1 N NaOH per well. Surface

bound and internalized activities were measured in the γ-counter. The results are either

presented in relation to the total added or as % of the activity associated with the cells.

All experiments were carried out 2-3 times in triplicate.

Biodistribution studies

The radioactive analogues (0.4 to 3.5 MBq/mouse) were injected intravenously into the

tail vein. The animals were sacrificed by cervical dislocation at different post-injection

times (from 30 min to 5 h) and dissected. Blood, tumors and other tissues were removed

and weighed and the amount of radioactivity was determined with the γ-counter. Results

were expressed as percentage of injected dose per gram of tissue (% I.D./g). In addition,

a group of 3 mice per analogue received 100 µg of cold BBS(1-14) co-injected with the

radiolabeled analogue and was sacrificed at 1.5 h p.i. to determine in vivo non-specific

uptake. Single photon emission computed tomography/X-ray computed tomography

(SPECT/CT) images were performed post-mortem 1.5 h after i.v. injection of 99mTc-
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BBS-42 (3.5 MBq). Images were obtained on an X-SPECTTM -system (Gamma Medica

Inc.) equipped with a single head SPECT device and a CT-device. SPECT data were

acquired and reconstructed with LumaGEM (version 5.407). CT data were acquired by

X-Ray CT-system (Gamma MedicaTM) and reconstructed with Cobra (version 4.5.1).

Fusion of SPECT- and CT-data was performed with IDL Virtual MachineTM (version

6.0). Images were generated with AmiraTM (version 3.1.1).

2.4 Results

Radiolabeling

The sequences of the new analogues are shown in Table 2.1. Yields higher than 90%

were obtained after labeling. The main product obtained after labeling corresponded to

the 99mTc-labeled analogues. Pertechnetate and Tc-tricarbonyl represented a maximum

of 5% and 1%, respectively, of the total activity and were not detectable after HPLC

purification.

Metabolic stability in human plasma

The unmodified analogue was rapidly metabolized with a half-life of 30 min (35). The

replacement of the amino acids Leu13 and/or Met14 by the non-natural amino acids

cyclohexylalanine (Cha) and Norleucine (Nle) resulted in a much slower degradation in

human plasma.

Binding assays

Binding of the 99mTc-labeled BBS analogues to GRP receptor on PC-3 cells was saturable

and highly specific. BBS-II, the unmodified sequence, showed a Kd of 186 pM, similar

to that reported for BBS (36). Replacement of Met14 by Nle (BBS-IX and BBS-XXX)

decreased the affinity (Kd of 392 and 513 pM, respectively). The additional insertion of a

spacer, either βAla-βAla (BBS-37, BBS-38) or Lys(sha)-βAla-βAla (BBS-42) improved

the receptor affinity. Thus, BBS-38 had a similar affinity to BBS-II whereas BBS-37 and

BBS-42 showed even higher affinity: Kd of 181, 36 and 22 pM, respectively (Table 2.1).
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Figure 2.1: Representative curve of the time-course degradation of the BBS analogues in
human plasma at 37°C.

Internalization

The distribution of the bound activity was similar for the different BBS analogues. The

percentage of internalized activity increased strongly within the first 30 min reaching

a maximum of 70-80% and then remained constant for at least 2 h. However, the

internalized activity related to the total activity added differ from one analogue to the

other and ranged from 6-8% of BBS-IX and BBS-XXX to 30% of BBS-37 (Figure 2.2).

Biodistribution and tumor uptake

The biodistribution of the different analogues was compared at 1.5 h p.i.. The biggest

differences were found in the uptake in pancreas, liver and tumor (Figure 2.3). Activity

in blood was very low for the analogues with double stabilization and/or spacer. Only

stabilization had a slight increase in pancreas uptake for one of the peptides but no dif-

ferences were seen in tumor uptake. The insertion of a spacer importantly increased both

pancreas and tumor uptake. The combination of a hydrophilic spacer and stabilization

34



(BBS-42) had an even greater effect in the uptake of those tissues. For this compound

liver uptake was also reduced as expected. The highest uptake in GRP receptor-positive

tissues was obtained for the analogue BBS-42 (18.5% I.D./g and 3.2% I.D./g in pan-

creas and tumor, respectively). Colon uptake was relatively high for all the derivatives

and no big differences were seen among the analogues. The tumor-to-background ra-

tios were calculated (Table 2.2). We observed that stabilization contributed to increase

tumor-to-blood ratios and tumor-to-muscle ratios when both positions 13 and 14 are

modified. With the insertion of βAla-βAla (BBS-37), tumor-to-blood ratios increased

by a factor of 10 compared to the unmodified analogue (BBS-II). The spacer in BBS-42

is more hydrophilic and resulted in 11-fold higher tumor-to-liver ratios vs. BBS-II (Ta-

ble 2.2). Tumor-to-kidney ratios were also improved after insertion of spacer (2.50, 2.25

and 3.25 times higher for BBS-37, BBS-38 and BBS-42, respectively). A time-course

biodistribution (up to 5 h) was performed with the analogues BBS-38 and BBS-42 with

both stabilization and spacer (Figure 2.4). In these studies we found that the analogue

BBS-38 was more rapidly cleared from GRP receptor-positive tissues than the analogue

BBS-42.

Figure 2.2: Internalization of the BBS analogues in PC-3 cells after incubation at 37°C. Data
represent the percentage of internalized activity related to the total activity added to the cells.
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Figure 2.3: Comparative biodistribution of the different BBS analogues (0.4-3.5 MBq/mouse)
in nude mice with PC-3 tumor xenografts at 1.5 h p.i.

2.5 Discussion

BBS analogues are interesting carrier molecules to selectively deliver radionuclides in

BBS receptor-rich tumors. The rapid degradation of the fragment BBS(7-14) led us to

the synthesis of new analogues with some changes in the natural sequence in order to

increase the in vivo stability. It is known that modifications at the C-terminal domain

do not affect importantly the binding affinity if the final molecule retains the lipophilic

character (37, 38). The modifications of the new analogues consisted of the replacement

of Leu13 and /or Met14 with Cha and Nle, respectively. Additionally, some analogues

include a spacer, either βAla-βAla (BBS-37 and BBS-38) or Lys(sha)-βAla-βAla (BBS-

42). Finally, a retroNα-carboxymethyl histidine ((NαHis)Ac) was linked to the analogues

as a chelating system since it forms stable complexes with 99mTc-tricarbonyl (32, 35).

In stability studies we found that the unmodified analogue (BBS-II) was rapidly metab-

olized with a half-life of 30 minutes (35). The replacement of Met14 by Nle (BBS-IX)

led to an increase of stability with a half-life 12 times longer. However, the replacement

of Leu13 by Cha (BBS-IV) was more effective and it resulted in a more than 30-fold
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Table 2.2: Tumor to non-tumor ratios in nude mice with PC-3 tumor xenografts 1.5 h after
i.v. injection of the 99mTc-labeled BBS analogues (0.4-3.5 MBq/mouse). (Tu = tumor; Bl =
blood; Mu = muscle; Ki = kidney; Li = liver; Pa = pancreas)

Analogue Tu/Bl Tu/Mu Tu/Ki Tu/Li Tu/Pa

BBS-II 1.1±0.03 6.1±0.5 0.4±0.2 0.5±0.1 0.4±0.2

BBS-IV 1.5±1.4 5.7±6.7 0.4±0.2 0.2±0.1 0.2±01

BBS-IX 1.2±1.4 5.8±6.9 0.4±0.4 0.2±0.1 0.6±0.7

BBS-XXX 4.0±1.6 10.5±9.1 0.6±0.2 0.2±0.1 0.2±0.1

BBS-37 11.1±10.2 18.8±11.8 1.0±0.6 2.7±1.9 0.2±0.1

BBS-38 4.3±3.4 14.5±8.1 0.9±0.4 0.4±0.4 0.1±0.04

BBS-42 9.5±5.4 20.1±13.3 1.3±0.7 5.6±3.3 0.2±0.04

increase of the stability with a plasma half-life of 16 h. A combination of both modifica-

tions (BBS-XXX) did not further improve the metabolic stability. The spacer βAla-βAla

slightly decreased plasma stability (t1/2 = 10 h) whereas the spacer Lys(sha)-βAla-βAla

did not have any influence (Figure 2.1). Higher plasma stability would translate into a

higher amount of intact radiolabeled analogues at the tumor area, increasing the chances

of targeting the receptors on the tumor cells surface. However, in order to also attain

a higher amount of radioactivity in the tumor cells, the binding affinity to the recep-

tors should be preserved. The affinity of the new analogues to GRP receptors on PC-3

cells was comparable to that reported for 125I-BBS (36). The analogues including the

non-natural aminoacid Cha in the molecule showed a decrease of affinity although the

values of the Kd remained at the sub-nanomolar range. In turn, the presence of the

spacer βAla-βAla had a positive effect on binding affinity. Thus, the analogues with

this spacer had a better affinity than the corresponding analogues without spacer (Kd

of 36 and 181 pM for BBS-37 and BBS-38, respectively, compared to 86 and 513 pM

for BBS-II and BBS-XXX, respectively, Table 2.1). Moreover, an additional Lys(sha) in

the spacer showed a greater influence on the binding affinity (Kd of 22 pM for BBS-42

compared to 181 pM for BBS-38, Table 2.1). In blockade studies we found that in vivo

uptake in receptor-rich tissues (pancreas, colon and tumor) was specific especially for

the analogues BBS-38 and BBS-42 with both stabilization and spacer in their molecules

(Table 2.3). Finally, the tumor xenograft could be clearly visualized by SPECT/CT
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imaging 1.5 h after i.v. injection of BBS-42 (Figure 2.5).

After binding to the receptors the analogues underwent a rapid internalization reaching a

maximum at 30 min. The percentages of internalization differ for every analogue (Figure

2.2) being highest for the analogue BBS-37 (around 28%) and lowest for the analogues

BBS-IX and BBS-XXX (6 to 8%). With the exception of BBS-IV and BBS-42, internal-

ization matched with the affinities of the different analogues for GRP receptors (Table

2.1). No differences, however, were found in the distribution of the cell-associated ra-

dioactivity, which in a 70 to 80% corresponded to internalized peptide within the first 15

min. This is interesting since radiolabeled peptides that internalize would be preferable,

especially if they are bound to therapeutic radionuclides and are intended for tumor

targeted radiotherapy. The rapid and high degree of endocytosis of the receptor-bound

radiolabeled analogues would indicate their agonistic nature as described for agonist but

not for antagonists in native GRP receptor containing cells (39, 40). Murine pancreas

and intestine are GRP receptor-expressing tissues. In biodistribution studies, 1.5 h after

the i.v. injection of the different analogues, the biggest differences were found in pancreas

and tumor uptakes, two receptor-positive tissues, as well as in liver uptake (Figure 2.3).

Only stabilization improved neither pancreas uptake nor tumor uptake although it did

result in higher tumor-to-blood and tumor-to-muscle ratios (Table 2.2). The presence of

a spacer, however, had a greater influence in pancreas uptake and tumor uptake (Figure

Figure 2.4: Time-course biodistribution of 99mTc-BBS-38 and 99mTc-BBS-42 in nude mice
bearing PC-3 tumor xenografts (3.5 MBq/ml). Bl = blood; Ki = kidney; Pa = pancreas; Sto
= stomach; SI = small intestine; Co = colon; Li = liver; Mu = muscle; Tu = tumor.
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Table 2.3: Specificity of the in vivo uptake in GRP receptor-positive tissues in nude mice with
PC-3 tumor xenografts at 1.5 h p.i. Animals received i.v. the 99mTc-labeled BBS analogues
(0.4-3.5 MBq/mouse) alone or together with BBS (0.1 mg/mouse).

Analogue Inhibition of Inhibition of Inhibition of

tumor uptake (%) pancreas uptake (%) colon uptake (%)

BBS-II 41.2 55.2 41.3

BBS-IV 11.3 50.0 52.0

BBS-IX 61.2 83.5 82.6

BBS-38 53.8 80.7 78.8

BBS-42 60.7 88.0 89.3

2.3), leading to better tumor-to-background ratios (Table 2.2). Higher receptor densi-

ties in pancreas compared to tumor would entail the higher uptake found in pancreas

in the in vivo experiments, which has also been reported for other BBS analogues (11,

41-43). Colon uptake was rather similar for all the analogues (Figure 2.3). This may be

explained by a saturation of the receptors. Schumacher et al. (44) reported saturation of

intestinal receptors with a maximal uptake at doses equal or lower than 5 pmol/animal.

In our in vivo experiments each mouse received around 2 pmol and, therefore, satura-

tion of colonic receptors can not be excluded. The specificity of the in vivo uptake was

determined in the blockade experiments in which the animals received the radiolabeled

BBS analogues and the natural BBS (100 µg/mouse) in co-injection. Uptake in GRP

receptor-positive tissues (pancreas, colon and tumor) was significantly reduced and it

was more pronounced for the analogues BBS-38 and BBS-42, with both stabilization

and spacer in their molecules (Table 3). Time-course biodistribution studies were car-

ried out with the analogues BBS-38 and BBS-42 in order to test how the characteristics

of the spacer influence the in vivo behavior (Figure 2.4). Clearance from blood and

normal GRP receptor-negative tissues was fast for both analogues. However, within the

first 1.5 h, BBS-38 was more rapidly cleared from GRP receptor-expressing tissues than

BBS-42 (Figure 2.4).

The spacer Lys(sha)-βAla-βAla- contributed to improve both the in vivo pancreas up-

take and tumor uptake. Moreover, it led to lower liver uptake, which was indeed rapidly

cleared. Despite of a higher kidney uptake for BBS-42, clearance from this organ was
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also rather fast. Interestingly, BBS-42 showed better tumor-to-background ratios than

other reported BBS analogues (11, 42, 43, 45). These results may be ascribed to the

higher hydrophilicity of the spacer Lys(sha)-βAla-βAla-, which would counteract the

high lipophilicity of the [99mTc(CO)3(N
αHis)Ac] complex, and are in agreement with

Smith et al. (27) who considered that the lipophilicity of the final molecule was de-

cisive for the in vivo behavior. Finally, the tumor was easily detectable by means of

SPECT/CT imaging (Figure 2.5). A high radioactivity accumulation was found in the

abdominal area, similar to the biodistribution studies in which pancreas and intestinal

uptake were higher than tumor uptake (Figure 2.4).

Figure 2.5: SPECT/CT imaging of a nude mouse with a PC-3 tumor xenograft. Images were
taken 1.5 h after i.v. administration of 99mTc-BBS-42 (3.5 MBq).

40



2.6 Conclusion

Technetium-tricarbonyl linked to the tridentate ligand (NαHis)Ac is a useful method

for labeling BBS analogues. Modifications at the positions 13 and 14 contributed to

increase plasma stability with little changes in the binding properties. The additional

insertion of a spacer permitted to modulate the lipophilicity of the analogues improving

the biodistribution and leading to better tumor to non-tumor ratios, especially in the

case of the spacer Lys(sha)-βAla-βAla. The analogue BBS-42 holds a higher potential

as radiopharmaceutical for targeting GRP receptor-positive tumors.
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Haberkorn U, Eisenhut M. GRP receptor-targeted PET of a rat pancreas car-

cinoma xenograft in nude mice with a 68Ga-labeled bombesin(6-14) analog. J Nucl

Med 2005; 46: 691-699.

45. Zhang X, Cai W, Cao F, Schreibmann E, Wu Y, Wu JC, Xing L, Chen X. 18F-

Labeled bombesin analogs for targeting GRP receptor-expressing prostate cancer.

J Nucl Med 2006; 47: 492-501.

46



Chapter 3

Influence of the Molecular Charge

on the Biodistribution of Bombesin

Analogues Labeled with the

[99mTc(CO)3]-Core
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3.1 Abstract

The overexpression of Bombesin (BBS) receptors on a variety of human cancers make

them interesting targets for tumor imaging and therapy. Analogues of the neuropeptide

BBS have been functionalized with the (NαHis)-chelator for labeling with the 99mTc-

tricarbonyl-core. The introduction of a βAla-βAla linker between the stabilized BBS

binding sequence and the chelator led to increased tumor uptake but still rather unfavor-

able in vivo properties. Novel polar linkers, with different charge, have been introduced

in the molecule and tested for their influence on the biodistribution. The new analogues

showed a shift in hydrophilicity from a LogD = 0.9 to LogD values between 0.4 and -2.2.

All compounds kept the increased stability in both human plasma (t1/2 > 16 h) and in

tumor cells (t1/2 = 30-40 min). The compounds with LogD values between +1 and -1

showed the highest binding affinities with Kd values < 0.5 nM, as well as the highest

cellular uptake. However, higher hydrophilicity (LogD < -1.8) led to lower affinity and

substantial decrease of internalization. The introduction of a positive charge (β3hLys)

resulted in unfavorable biodistribution, with increased kidney uptake. The introduction

of an uncharged hydroxyl group (β3hSer) improved the biodistribution, resulting in sig-

nificantly better tumor-to-tissue ratios. The compound with one single negative charge

(β3hGlu) showed a significant increase in the tumor uptake (2.1 ± 0.6 vs. 0.80 ± 0.35

% ID/g in comparison to the βAla-βAla analogue), and also significantly higher tumor-

to-tissue ratios. The specificity of the in vivo uptake was confirmed by co-injection with

natural BBS. Moreover, it provided a much clearer image of the tumor xenografts in the

SPECT/CT studies. The introduction of a single negative charge may be useful in the

development of new BBS analogues to obtain an improved biodistribution profile, with

increased tumor uptake and better imaging.

KEY WORDS: gastrin-releasing-peptide receptor, bombesin, spacer, technetium-99m,

tumor uptake
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3.2 Introduction

A variety of human carcinomas show an overexpression of peptide receptors for which

natural neuropeptides feature high affinities. Thus, peptide-based radiopharmaceuticals

exhibit a great potential for imaging and therapy of cancer (1-5). Their small size al-

lows a good penetration into tumor tissue and promotes a more rapid blood clearance

compared to other macromolecular carriers such as antibodies (4). This can result in

high specific uptake and optimal tumor-to-background ratios for the visualization of tu-

mors and small metastases as well as for therapeutic applications, depending on the

radionuclide used (4). Peptides are readily synthesized and can withstand harsh condi-

tions for modification and labeling. Their chemical characteristics offer a broad range for

functionalization and modification like the introduction of chelating systems and phar-

macokinetic modifiers (4-6). There is evidence that for some cancer types not only one

but several peptide receptors may be overexpressed in varying levels and regions in the

tumor tissue (7). Therefore, it is of great interest to develop more than one peptide

radiopharmaceutical to cover a broader range of possible targets as well as to obtain a

more homogeneous distribution of the activity within the tumor mass.

Bombesin (BBS) is a tetradecapeptide with high affinity for the mammalian gastrin re-

leasing peptide receptor (GRP-R), a subtype of the BBS receptor superfamily, which is

overexpressed in most human prostate and breast tumors as well as small-cell lung cancer

and several other cancer types (8-10). A variety of BBS analogues has been designed,

based either on the complete original peptide sequence or on the fragment (7-14). Several

BBS analogues containing the appropriate chelating systems for radiolabeling with differ-

ent radionuclides (e.g., 99mTc or 186Re/188Re, 64Cu, 111In, 177Lu and 18F) show promising

pharmacological properties (4-6, 11-14). Of the different radionuclides useful in nuclear

medicine 99mTc is still the one with the broadest clinical application due to its favorable

dosimetry, high specific activity, low cost and ready availability from a 99Mo/99m−Tc-

generator. Its physical properties (t1/2 = 6 h, Energy γ = 140 keV, 89 % abundance)

are optimal for imaging using single photon emission computed tomography (SPECT)

(15-17). In addition, a metal chelator applicable for 99mTc is usually also suitable for

the therapeutic radionuclides 186Re and 188Re due to their similar chemical properties.

Thus, a successful candidate for targeting GRP-R with 99mTc could be interesting for

radiotherapeutic applications with Re isotopes (16). Our group successfully established

a chelating system for both 99mTc(I) and 186Re/188Re(I) in the form of a tridentate
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chelator, the retro(NαHis)Ac-chelator, for labeling of biomolecules with the tricarbonyl

technique (18, 19).

Some modifications of the BBS amino acid sequence, such as the exchange of Met14

with norleucine (Nle) and Leu13 with cyclohexylalanine (Cha), resulted in an improved

stability in human plasma and in prostate and breast cancer cells. These modifications

did not affect the binding affinity and cell internalization, but led to increased tumor-to-

background ratios although tumor uptake did not significantly change (20, 21). Smith

et al reported on the positive influence of aliphatic spacers on the uptake of 99mTc-

labeled BSS analogues into GRP-R-expressing tissues (14). With the introduction of

a βAla-βAla linker we showed an additional improvement of the in vivo tumor uptake

of stabilized BBS analogues labeled with the 99mTc-tricarbonyl core (20)(βAla is the

exception to the general nomenclature of the β-amino acids according to Abele and

Seebach (25, 26)). Likewise, other recent papers report on the positive effects of polar

linker moieties on 64Cu-labeled DOTA-, NOTA- and 99mTc(III)-labeled BBS conjugates

(22-24). The BBS analogues with the Tc(CO)3-His complex are more lipophilic than the

above mentioned peptides since the His-Imidazol residue (pK = 6) is not protonated at

physiological pH values. An increase of the hydrophilicity of the molecule as well as the

presence of charges may lead to new analogues with improved biodistribution profiles.

New BBS derivatives were synthesized with different polar linkers inserted between the

stabilized binding sequence and the retro(NαHis)Ac-chelator. The spacers contain dif-

ferent βamino acids (25, 26) either neutral or with a positive or negative charge in the

side chain. In this study we investigated the influence of these polar linkers and charges

on the in vitro and in vivo behavior of new 99mTc(I)-labeled BBS analogues.

3.3 Experimental Procedures

Chemicals and Equipment

Cell culture media DMEM GLUTAMAXTM -I, trypsin/EDTA, bovine serum albumin

and soybean trypsin inhibitor were obtained from Invitrogen (Basel, Switzerland), fetal

calf serum (FCS) and antibiotic/antimycotic solution were obtained from Bioconcept

(Allschwil, Switzerland). Bacitracin, HEPES and Chymostatin were purchased from

SIGMA (Buchs, Switzerland). All other chemicals were obtained from Fluka (Buchs,

Switzerland) or Merck (Dietkon, Switzerland). For the determination of protein concen-
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trations a Pierce BCA Protein Assay kit from Socochim (Lausanne, Switzerland) was

used. Na[99mTcO4] was eluted from a Mallinckrodt 99Mo/99mTc generator (Tyco Health-

care, Petten, The Netherlands) using 0.9 % saline. Sodium boranocarbonate was a gift

from the provider of the generator. The radioactivity of in vitro and in vivo experiments

was measured with a NaI-γ-counter (Packard Canberra Cobra II, Meriden, USA) or a

NaI ionization chamber. The Fmoc-β3homo-amino acids were purchased from Fluka.

Peptide Synthesis and radiolabeling with 99mTc

Peptide solid-phase synthesis was carried out on a Rink Amide Resin with the Fmoc-

strategy as previously described (20). Purification of the peptides was done on a semi-

preparative HPLC system (Gilson) on a reverse phase C18 column (DiscoveryBIO SUL-

PELCO Wide Pore, 25 cm x 2.21 cm, 5 µm) with a linear gradient of 3 % B to 100 % B

(solvent A = H2O + 0.1 % TFA as and as solvent B = CH3CN + 0.1 % TFA) in 30 min, a

flow rate of 1 mL/min and UV detection at 215 nm. Each of the new spacers introduced

between the binding sequence and the chelator contained three β-amino acids in form

of a βAlanine (βAla), β3-homoserine (βSer), β3-homolysine (βLys) or β3-homoglutamic

acid (βhGlu) (Figure 3.1). The (NαHis)Ac moiety (retro[Nα-carboxymethyl-histidine])

was coupled to the N-terminus for labeling to [99mTc(CO)3] (Figure 3.1)(25, 26)

Radiolabeling of the analogues was performed as previously described (20). For analyses

and purification of the labeled peptides from the unlabeled compounds a Macherey-Nagel

CC Nucleosil 100-5 C18 RP column (5 µm, 250 x 4.6 mm) was used. Preparative HPLC

for peptide purification was performed using a Merck-Hitachi L-7100-system with an

equipped 2-channel scintillation detector interface (John Caunt scientific Ltd, Eynsham,

England) and a Rainin Dynamax absorbance detector model UV-1. HPLC solvents

consisted of H2O + 0.1 % TFA (solvent A) and CH3OH + 0.1 % TFA (solvent B). The

separation was performed with a linear gradient 50 % A / 50 % B to 20 % A / 80 %

B in 25 min (1.0 mL/min). For the analytical HPLC of the labeled peptides a Varian

ProStar system was used with a Varian ProStar 230 Solvent Delivery-Pump, a Varian

Photodiode Array Detector Model 330, a Varian ProStar Autosampler Model 410 and

a radiomatic Flo-one Beta Detector (Packard Canberra). HPLC solvents consisted of

CH3CN + 0.1 % TFA (solvent A) and H2O + 0.1 % TFA (solvent B). The labeling

control was performed with a linear gradient of 30 % A / 70 % B to 80 % A / 20 % B

in 25 min (1.0 mL/min).
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Figure 3.1: Chemical structure of the new 99mTc-labeled BBN analogues.

Octanol/water partition coefficient study

To compare the polarity of the different new analogues the octanol/water partition co-

efficients were determined at pH = 7.4 by measuring the distribution of the radiolabeled

peptides in 1-octanol and PBS. Five µL containing 500 kBq of radiolabeled compound

in PBS were added to a vial containing 1.2 ml 1-octanol and PBS (1:1). After vortexing

for 1 min the vial was centrifuged for 5 min at 10000 rpm to ensure complete separation

of layers. Then 40 µL of each layer were taken in a preweighed vial and measured in

the γ-counter. Counts per unit weight of sample were calculated, and logD values were

calculated using the formula:

Log10D = log10 ( counts in 1 g of octanol
counts in 1 g of PBS

)
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Cell culture

PC-3 human prostate cancer cell line was obtained from European Collection of Cell

Cultures (Salisbury, United Kingdom). Cells were maintained in Dulbecco’s MEM with

GLUTAMAXTM -I supplemented with 10 % FCS, 100 IU/mL penicillin G sodium, 100

µg/mL streptomycin sulphate, 0.25 µg/mL amphotericin B. Cells were incubated at 37°C

in an atmosphere containing 5 % CO2, and subcultured twice a week after detaching with

trypsin-EDTA.

Metabolic stability in human plasma and in PC-3 cells

The degradation of the radiolabeled analogues was investigated in vitro in human plasma

from healthy donors. The analogues (3 MBq/mL, 1.5-2 pmol/mL) were incubated for

different time periods (from 0 to 24 h) at 37°C. After incubation, proteins were pre-

cipitated as follows: 250 µL of sample + 750 µL of acetonitrile/ethanol (1:1) and TFA

(0.01%). The mixture was vortexed and centrifuged (10 min, 20000g) at 4°C. The super-

natant was filtered and analyzed by RP-HPLC equipped with a radioactivity detector.

The stability in cell culture was evaluated with 2 x 106 cells in PBS. The analogues (3

MBq/mL, 1.5-2 pmol/mL) were incubated from 0 to 5 h at 37°C. Afterwards proteins

were precipitated, and the supernatant filtered and analyzed as above. All experiments

were carried out 2-3 times. Different peaks corresponding to the intact peptide and the

different degradation products were obtained in the radioactivity chromatograms. The

percentage of intact peptide was determined for each incubation time.

Receptor inhibition studies

One day prior to the assay PC-3 cells at confluence were placed in 48-well plates. Cells

were incubated in a special binding buffer (50 mM HEPES, 125 mM NaCl, 7.5 mM

KCl, 5.5 mM MgCl*6H2O, 1 mM EGTA, 5 g/L BSA, 2 mg/L Chymostatin, 100 mg/L

Soybean Trypsin inhibitor, 50 mg/L Bacitracin, pH 7.4) with increasing concentrations

of the BBS analogues (0-30000 nM) in presence of 4 kBq of 99mTc-BBS(7-14), which is

known to express a high binding affinity to the GRP receptor. After 1 h incubation at

37°C the cells were washed twice with cold PBS. Bound radioactivity was recovered by

solubilizing the cells in 1 N NaOH (2 x 400 µL). The radioactivity was measured in the

γ-counter. All experiments were carried out 2-3 times in triplicate.
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Receptor saturation studies

One day prior to the assay PC-3 cells at confluence were placed in 48-well plates and incu-

bated for 1 h at 37°C in the binding buffer described above with increasing concentrations

of the labeled BBS analogues (0.01-2 nM). The concentration of total technetium-labeled

peptide was calculated according to Bauer et al. (17). Non-specific binding was deter-

mined by co-incubation with 1 µM natural BBS. After incubation the cells were washed

twice with cold PBS, solubilized in 1 N NaOH (2 x 400 µL) and the radioactivity was

measured in the γ-counter. Experiments were performed 2-3 times in triplicate.

Internalization

One day prior to the assay PC-3 cells at confluence were placed in 6 well plates. Cells

were incubated with the labeled analogues (4 kBq/well) in binding buffer for 5, 15, 30,

60 and 120 min at 37°C to allow binding and internalization. Non-specific binding was

determined in the presence of 1 µM natural BBS. After incubation cells were washed twice

with cold PBS. Surface bound activity was removed by acid wash (50 mM glycine/HCL,

100 mM NaCl, pH 2.8, 2 x 600 µL for 5 min at room temperature). Afterwards the plates

were neutralized with 600 µL PBS and cells were lysed with 1 N NaOH (2 x 600 µL).

Surface bound and internalized activities were measured in the γ-counter. The protein

concentration was determined and results were calculated as percentage of total added

radioactivity per mg protein. All experiments were carried out 2-3 times in triplicate.

Externalization

One day prior to the assay PC-3 cells at confluence were placed in 6 well plates. Cells

were incubated with the labeled analogues (20 kBq/well) in culture medium for 1 h at

37°C to allow binding and maximal internalization. After incubation the supernatant

was discarded and each well washed twice with cold PBS. Afterwards the cells were

incubated again at 37°C in 2 mL culture medium for 30, 60, 150 or 300 min. At each

time point the supernatant was collected, the cells were washed twice with cold PBS

and the radioactivity remaining in the cells was recovered by lysing the cells with 1

N NaOH (2 x 600 µL). Radioactivity in the supernatant (released activity) and in the

lysate (internalized activity) was determined in the γ-counter. Results are expressed as

percentage of the total activity associated with the cells. The protein concentration was

determined and results were calculated as percentage of total added radioactivity per
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mg protein. All experiments were carried out 2-3 times in triplicate.

Biodistribution studies

All animal experiments were conducted in compliance with the Swiss animal protection

laws and with the ethical principles and guidelines for scientific animal trials established

by the Swiss Academy of Medical Sciences and the Swiss Academy of Natural Sciences.

Female CD-1 nu/nu mice 6-8 week-old (Charles River Laboratories, Sulzfeld, Germany)

were subcutaneously injected with 8 x 106 cells in 150 µL culture medium without

supplements. About 3 weeks after tumor implantation the mice (3-6 per group) were

injected i.v. with 3.7 MBq of the radiolabeled peptides. At 0.5 h, 1.5 h or 5 h post-

injection (p.i.), the animals were killed by cervical dislocation. The different organs

(heart, lung, spleen, kidneys, pancreas, stomach, small intestine, large intestine, liver,

muscle, bone) and blood were collected from the animals, weighed and the radioactivity

was measured in a γ-counter. To determine specificity of the in vivo uptake one group

of mice received a co-injection of 100 µg of unlabeled natural BBS and the radiolabeled

analogue and sacrificed 1.5 h p.i. Results are presented as percentage of injected dose

per gram tissue (%ID/g).

SPECT/CT studies

Single photon emission computed tomography / X-ray computed tomography (SPECT/

CT) images were performed post-mortem 1.5 h after i.v. injection of the 99mTc-BBS ana-

logues (20 MBq). Images were obtained on an X-SPECTTM -system (Gamma Medica

Inc.) equipped with a single head SPECT device and a CT-device. SPECT data were

acquired and reconstructed with LumaGEM (version 5.407). CT data were acquired

by an X-Ray CT-system (Gamma MedicaTM) and reconstructed with the software Co-

bra (version 4.5.1). Fusion of SPECT- and CT-data was performed with IDL Virtual

MachineTM (version 6.0). Images were generated with AmiraTM (version 3.1.1).

Statistical Analysis

All data are presented as the mean ± SD. Differences in the in vivo uptake in the

biodostribution studies were analyzed by one-way ANOVA followed by Dunnett’s com-

parison test. Differences between blocked and control groups were analyzed by unpaired

t-test. P ≤ 0.05 was considered statistically significant.
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Table 3.1: Characteristics of the new BBS analogues: retention time and polarity (LogD)
of the 99mTc-labeled analogues, and binding affinity for GRP-receptors in PC-3 cells of the
labeled (Kd values) and unlabeled (IC50 values) compounds (n = 2-3; n.d. = non-determined).

HPLC

Analogue γ-trace LogD Kd [nM] IC50 [nM]

tR[min]

1 (Reference) 16.8 0.9 ± 0.2 0.19 ± 0.12 5.1 ± 1.7

2 16.6 0.4 ± 0.1 0.05 ± 0.03 6.8 ± 3.2

3 16.6 -0.5 ± 0.1 0.08 ± 0.01 13.3 ± 3.0

4 14.9 -0.5 ± 0.1 0.14 ± 0.06 23.6 ± 12.0

5 16.7 -2.0 ± 0.2 0.36 ± 0.07 16.3 ± 8.3

6 15.7 -2.2 ± 0.4 n.d. 634.0 ± 221.7

3.4 Results

Peptide Synthesis and Radiolabeling

In the peptide syntheses yields of 50-58 % were obtained for the cold purified peptides

(Table 3.4 in supporting information). The labeling yields with the 99mTc-tricarbonyl

core were higher than 90 %. Pertechnetate and tricarbonyl represented a maximum of 3 %

and 5 %, respectively. For both in vitro and in vivo studies labeled and unlabeled peptide

were separated by preparative RP-HPLC. After the separation the labeled analogue

was analyzed with analytical RP-HPLC and corresponded to more than 98 % of the

radioactivity.

Octanol/Water-Coefficient

The reference compound (1) with the linker βAla-βAla showed a rather lipophilic charac-

ter with a LogD of +0.9. The introduction of a hydroxyl group (2) changed the polarity

to +0.4. The insertion of additional positive or negative charges resulted in a clear

increase of hydrophilicity up to -2.2 for compound 6 (bearing three negative charges)

(Table 3.1).
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Metabolic stability

All new analogues, based on the fragment BBS(7-14) with the same changes at positions

13 and 14 (Cha and Nle for Leu and Met, respectively) showed increased stability com-

pared to the unmodified sequence with a t1/2 of approximately 16 h in human plasma.

Stability in PC-3 tumor cells was also higher for the new analogues (t1/2 = 30-40 min)

especially for compound 4, which showed a clear increase in cell stability with a t1/2 of

80 min.

Binding assays

The binding affinity was tested for both the labeled and the unlabeled analogues. In

inhibition experiments compounds 1 and 2 showed the highest affinity, with IC50 values

of 5.1 and 6.8 nM, respectively. Compounds 3 to 5 had slightly lower affinities, whereas

compound 6 showed a high decrease of affinity (IC50 = 634 nM) (Table 3.1). The 99mTc-

labeled compounds 1 to 5 exhibited a saturable and highly specific binding. These

analogues had high affinity for GRP receptors, with Kd values in subnanomolar range

under 0.5 nM (Table 3.1). Under the set conditions the binding of the labeled compound

6 was very low in the range of unspecific binding and the Kd value was not determined.

Internalization/Efflux

For compounds 1 to 5, more than 80 % of the activity bound to PC-3 cells was internal-

ized after 30 min. Internalization of compounds bearing a neutral spacer (2) or a single

negative charge in the spacer (3) was comparable to the reference peptide 1 after 1 h

(30 % of total dose/mg protein). Compound 4 (with a single positive charge) showed

the highest internalization value (40 % of total dose/mg protein after 1 h), whereas com-

pound 5 and especially compound 6 showed a lower internalization (15 % and 1 % of

total dose/mg protein after 1 h, respectively). Results are depicted in Figure 3.2. Due

to its low affinity and internalization compound 6 was not tested for externalization.

In the externalization experiments the analogues 3, 4 and 5 were rapidly externalized

with a release of approximately 70% in the first 2.5 h after maximal internalization.

Release of compounds 1 and 2 was slower (45 % of the internalized activity was in the

first 2.5 h). Percentages of 20-30 % of the analogues 3, 4 and 5 remained in the cells

after 5 h, whereas the retention for the analogues 1 and 2 was slightly higher with 40 %

of activity still associated with the cells at this time (Figure 3.2).
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Figure 3.2: Time-course internalization (A) and externalization after maximal internalization
(B) of the 99mTc-labeled BBS analogues in PC-3 cells after incubation at 37°C. Data represent
the percentage of internalized activity per mg protein related to the total activity added to the
cells (n = 2-3).

Biodistribution and SPECT/CT studies

The neutral or negatively charged compounds (analogues 1, 2, 3 and 5) were further

tested in mice with PC-3 tumor xenografts (Tables 3.2 and 3.3). The compound 4 with

a positive charge was excluded from these studies due to its unfavorable high retention

in kidneys and liver found in previous biodistribution studies in normal mice (Table 3.5

in supporting information).

Compared to compound 1 the analogues 2 (neutral) and 3 (one negative charge) showed

higher uptake in the receptor-expressing tissues (pancreas, colon and tumor) at 0.5 h p.i.

time (Tables 3.2 and 3.3). Interestingly, the tumor uptake was significantly higher for

analogue 3 compared to the reference 1 (P ≤ 0.05) and the activity was longer retained

(1 %ID/g at 5 h p.i.) than for the other analogues ( 0.5 %ID/g at 5 h p.i.).

The analogues 2, 3 and 5 showed a highly significant decrease in liver accumulation

compared to the reference peptide 1 (P ≤ 0.01) (Tables 3.2 and 3.3). In spite of the

higher kidney uptake of all new peptides at 0.5 h p.i. the activity washout from this

organ was very fast, with the exception of compound 5. Thus, the activity in the kidneys

at later p.i. times was lower than 1 %ID/g and similar for compounds 1, 2 and 3 (Tables

3.2 and 3.3).
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Figure 3.3: Tumor to non-tumor ratios of the 99mTc-labeled BBS analogues in mice bearing
PC-3 tumor xenografts (3.7 MBq/mouse i.v.) (n = 3-13). (A) Tumor-to-blood. (B) Tumor-to-
kidney. (C) Tumor-to-liver. * (P ≤ 0.05), ** (P ≤ 0.01) vs. reference compound 1 (one-way
ANOVA and Dunnett’s post hoc test)

The higher tumor uptake in combination with a lower liver uptake and a faster clearance

from blood and normal tissues led to high tumor-to-non tumor ratios for the new ana-

logues especially for compound 3 after 1.5 h (Tumor/Kidney = 2.3 ± 0.8, Tumor/Liver

= 6.3 ± 0.6) and 5 h (Tumor/Kidney = 3.5 ± 0.5 , Tumor/Liver = 11.1 ± 1.3) (Figure

3.3).

In the blocking experiments, an excess of natural BBS was co-injected with the labeled

analogues at 1.5 h p.i. and the uptake in the receptor-positive tissues pancreas, colon

and tumor was significantly reduced, thus indicating clearly a specific accumulation of

radioactive tracer in these tissues (Tables 3.2 and 3.3). SPECT/CT images were ac-

quired with the compounds 1, 3 and 5 at 1.5 h p.i. The visualization of the tumor

xenograft was clearer with 3 than with 1 and 5, which corroborated the results obtained

in the biodistribution studies (Figure 3.4). Compound 1 exhibited high uptake in the

abdominal cavity due to the high hepatic, pancreatic and intestinal uptakes (Figure 3.4

A). The radioactivity in the abdominal area for compound 5 would be determined by the

uptake in the kidneys, pancreas and bowel (Figure 3.4 C). Compound 3 showed lower

renal and hepatic uptakes and the abdominal activity would correspond to the uptake

in pancreas and intestinal tract (Figure 3.4 B).
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3.5 Discussion

A variety of BBS analogues has been labeled with different radionuclides to investigate

their potential for the detection and therapy of GRP-R-expressing neoplasms (4-6, 11,

13, 14, 22.24, 27). Our work is focused on the development and characterization of new

BBS derivatives radiolabeled with 99mTc using the tricarbonyl labeling technique (18,

19). The amino acid sequence of our peptides is based on the fragment 7-14 of BBS

(Figure 3.1), which has been modified as previously published to increase the stability

(replacement of Leu13 with Cha, and Met14 with Nle). The additional introduction of

a βAla-βAla linker (1) led to improved in vivo tumor uptake (14, 20). However, the

accumulation of activity in the liver increased and the tumor-to-non tumor ratios were

still rather low. High uptake in the liver and in the kidneys has also been reported for

other 99mTc-labeled BBS analogues (11, 23) and may obscure the detection of lesions

in the abdomen. Moreover, high renal uptake could also induce radiation nephrotoxic-

ity. The modification of the polarity can change the pharmacokinetics of biomolecules

and have a significant impact on the biodistribution as reported for several radiolabeled

peptides (21, 22, 28-30). Therefore, new hydrophilic amino acid linkers were introduced

into our BBS analogues to improve the in vivo distribution and to increase the tumor-

to-background ratios (Figure 3.1). To avoid the introduction of new enzymatic cleavage

sites β3-amino acids were chosen for the syntheses of these linkers (26). All new peptides

showed a higher hydrophilicity compared to our reference peptide 1 (Table 3.1).A single

hydroxyl group (β3hSer, 2) resulted only in a slight change of polarity. The insertion of

β3hGlu (3) and β3hLys (4) provided the molecule with a single negative and a single

positive charge, respectively, and resulted in higher hydrophilicity. As expected, the in-

crease in polarity was even more evident for the analogues 5 and 6, with two and three

negative charges.

The linkers did not influence the metabolic stability of the peptides. Thus, the new BBS

analogues showed high plasma stability in vitro (t1/2 = 16 h) as well as in PC-3 cells

(t1/2 = 30-40 min), similar to that of stabilized BBS analogues recently published (21).

Besides a high stability, compounds 2 to 5 exhibited high binding affinities for GRP-R,

in the range of 125I-BBS and our previous BBS analogues (Table 3.1) (21), while the

affinity of the unlabeled compound 6 was more than 100-fold lower than that of the

reference 1.

In vitro internalization studies in human prostate carcinoma PC-3 cells reflected an ago-
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nistic behavior for the new conjugates, which is consistent with data previously reported

for BBS constructs with a similar amino acid sequence (Figure 3.3) (11, 21, 23, 29). The

internalization of the analogues 1, 2 (neutral) and 3 (one negative charge) was compa-

rable, with a maximum of 30 % of the total dose/mg protein. Since these three BBS

analogues showed big differences in the molecular polarity and no differences in both

affinity and internalization, polarity does not seem to be crucial for the internalization.

However, analogue 4 (one positive charge) showed a slightly higher internalization than

1 to 3, whereas the internalization of analogue 5 (two negative charges) was significantly

decreased and that of compound 6 (three negative charges) was negligible. These results

would indicate that a positive charge may favor internalization of the tricarbonyl labeled

analogues, while more than one negative charge would have an adverse influence, which is

consistent with the results Parry et al. reported for the insertion of one and two glutamic

acids into the linker of a 64Cu-labeled DOTA(BBS7-14). The Cu-labeled DOTA-complex

already bears a single negative charge and the introduction of the additional charges also

led to a loss of binding affinity and internalization (22). This would underline that not

only the linker but also the chelating system may affect the properties of biomolecules,

which has already been discussed by Decristoforo et al. for 99mTc-labeled peptides (31).

Furthermore, the influence of different polar groups might be specific for each particular

labeling approach. The results of the in vitro studies would indicate that the overall

molecular charge may have a strong influence on the binding affinity and internalization

of radiolabeled BBS analogues. Biodistribution studies were performed in mice bearing

PC-3 tumor xenografts to investigate the influence of the charge on the in vivo uptake

into human tumor cells. For the analogues 2 (neutral), 3 (one negative charge) and 5

(two negative charges), the hydrophilic character translated into a highly significant re-

duction of activity in the liver, which was comparable to or even clearly lower than that

of other recently published 99mTc-labeled BBS analogues (11, 21, 23, 32). The increased

polarity resulted in higher kidney uptake, especially for analogue 5. The biodistribu-

tion of 5 was less favorable since it showed not only high uptake and retention in the

kidneys but also lower uptake in receptor-positive tissues, which confirmed the in vitro

results. In contrast, compounds 2 and 3 exhibited a faster clearance from kidney which

led to the highest tumor-to-kidney ratios reported for 99mTc-labeled BBS agonists (11,

29). Analogue 3 showed higher tumor-to-liver ratios (Figure 3.3), thus indicating that a

single negative charge would be more favorable. Compound 4 (one positive charge) was

not included in these experiments because of its unsatisfying in vivo behavior in pre-
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Table 3.2: Biodistribution of the 99mTc-labeled reference (3.7 MBq/mouse i.v.) in mice with
PC-3 xenografts. The animals of the blocked group received a co-injection of 0.1 mg BBS(1-14).
Data (mean ± SD) are expressed as percentage of injected dose per gram of tissue.

Compound Organs 0.5 h 1.5 h 5 h 1.5 h blocked

(n = 3) (n = 13) (n = 3) (n = 3)

Blood 0.58 ± 0.21 0.36 ± 0.66 0.23 ± 0.11 0.47 ± 0.07

Stomach 1.37 ± 0.62 0.73 ± 0.47 0.60 ± 0.33 1.23 ± 0.08

Kidney 1.82 ± 0.51 0.79 ± 0.35 0.39 ± 0.20 0.76 ± 0.19

1 Liver 5.26 ± 1.26 2.36 ± 0.87 1.83 ± 0.75 2.13 ± 0.36

(Reference) Small intestines 5.00 ± 0.69 1.83 ± 0.57 0.32 ± 0.19 6.48 ± 2.88

Pancreas 19.00 ± 7.60 6.16 ± 1.80 0.69 ± 0.53 1.19 ± 0.07

Colon 2.65 ± 0.30 4.36 ± 3.60 2.55 ± 1.77 1.11 ± 0.17

Tumor 1.53 ± 0.26 0.80 ± 0.35 0.41 ± 0.27 0.37 ± 0.09

liminary biodistribution studies in normal mice (Table 3.5 in supporting information).

This analogue showed high kidney uptake and slow washout. The influence of the charge

on renal uptake has been reported for radiolabeled peptides (30, 33, 34). It is known

that interaction between positively charged peptides and the negatively charged surface

of the proximal tubular cells may increase renal accumulation (33, 34). The positive

charge on the Lys side chain of analogue 4 may contribute to the higher and persistent

accumulation of radioactivity in the kidneys. High renal uptake may cause radiation

nephrotoxicity, the most important dose-limiting factor that reduces the therapeutic in-

dex of radiopeptides.

Analogue 3 provided a better imaging of the tumor xenografts with a SPECT/CT sys-

tem than analogues 1 and 5 (Figure 3.4) with an enhanced delineation of the xenografts

and decreased radioactivity in the abdominal area. High abdominal accumulation of ra-

dioactivity may obscure the detection of tumors and metastases localized in this region,

and it is a general observation reported not only for 99mTc-labeled BBS analogues (11,

14, 29, 35) but also for 64Cu-labeled DOTA-BBS(7-14) (22), 64Cu-NOTA-8-Aoc-BBN(7-

14)NH2 (24) or 68Ga-labeled DOTA-BBS(6-14) (36). Therefore, in order to increase the

potential of new radiolabeled BBS analogues in tumor targeting, it is very important to

reduce the abdominal uptake.
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Table 3.3: Biodistribution of the 99mTc-labeled BBS analogues (3.7 MBq/mouse i.v.) in mice
bearing PC-3 xenografts. The animals of the blocked group received a co-injection of 0.1 mg
natural BBS. Data (mean ± SD) are expressed as percentage of injected dose per gram of
tissue (n = 3-4; * (P ≤ 0.05), ** (P ≤ 0.01) vs. reference compound 1 (one-way ANOVA and
Dunnett’s post hoc test); § (P ≤ 0.05), §§ (P ≤ 0.01) vs. unblocked group (unpaired t-test)).

Compound Organs 0.5 h 1.5 h 5 h 1.5 h blocked

Blood 1.05 ± 0.27 0.11 ± 0.01 0.04 ± 0.00 0.14 ± 0.03

Kidney 3.51 ± 0.87 0.59 ± 0.10 0.24 ± 0.05 0.66 ± 0.30

Liver 1.56 ± 0.19 ** 0.35 ± 0.23 ** 0.46 ± 0.16 ** 1.02 ± 0.36

2 Stomach 2.29 ± 1.18 0.62 ± 0.04 0.16 ± 0.06 0.39 ± 0.26

Small intestines 5.54 ± 0.72 2.90 ± 1.27 0.50 ± 0.09 3.19 ± 0.29

Colon 4.94 ± 0.24 * 1.74 ± 0.39 1.79 ± 0.74 0.25 ± 0.20 §§

Pancreas 28.37 ± 2.82 10.07 ± 1.82 2.54 ± 0.93 1.12 ± 0.73 §§

Tumor 2.85 ± 0.15 0.97 ± 0.04 0.53 ± 0.09 0.45 ± 0.06 §§

Blood 1.64 ± 0.23 0.25 ± 0.07 0.05 ± 0.00 0.41 ± 0.18

Kidney 7.05 ± 1.69 ** 0.90 ± 0.10 0.28 ± 0.03 1.57 ± 1.31

Liver 1.90 ± 0.24 ** 0.33 ± 0.12 ** 0.09 ± 0.02 ** 2.40 ± 0.67

3 Stomach 2.12 ± 0.14 1.17 ± 0.19 0.30 ± 0.05 0.38 ± 0.31

Small intestines 7.25 ± 0.67 3.49 ± 1.25 0.52 ± 0.08 1.30 ± 0.21

Colon 6.71 ± 1.49 ** 3.07 ± 0.51 2.96 ± 1.78 0.18 ± 0.03 §§

Pancreas 22.98 ± 6.95 11.01 ± 3.72 3.46 ± 2.20 0.42 ± 0.10 §§

Tumor 3.19 ± 0.68 ** 2.11 ± 0.60 ** 0.98 ± 0.23 * 0.49 ± 0.29 §§

Blood 2.00 ± 0.39 0.41 ± 0.01 0.19 ± 0.04 0.60 ± 0.23

Kidney 7.37 ± 0.75 ** 3.53 ± 0.38 ** 2.17 ± 0.27 ** 3.99 ± 0.96

Liver 1.16 ± 0.11 ** 0.61 ± 0.06 ** 0.47 ± 0.02 ** 0.54 ± 0.22

4 Stomach 1.23 ± 1.06 0.69 ± 0.09 0.67 ± 0.28 0.81 ± 0.11

Small intestines 2.28 ± 0.48 0.83 ± 0.15 0.35 ± 0.08 1.03 ± 0.34

Colon 2.38 ± 0.38 1.30 ± 0.15 0.68 ± 0.13 * 0.30 ± 0.12 §§

Pancreas 9.05 ± 1.89 2.09 ± 1.08 2.33 ± 0.22 0.33 ± 0.10 §§

Tumor 2.29 ± 0.80 0.76 ± 0.33 0.48 ± 0.22 0.55 ± 0.27
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Figure 3.4: SPECT/CT image of nude mice bearing PC-3 tumor xenografts at 1.5 h p.i. of
20 MBq of the 99mTc-labeled BBS analogue. (A) Three dimensional image (left) and coronal
slice (right) of compound 1 (neutral). (B) Three dimensional image (left) and coronal slice
(right) of compound 3 (one negative charge). (C) Three dimensional image (left) and coronal
slice (right) of compound 5 (two negative charges). T = tumor; K = kidney; L = liver; I =
intestinal activity, including pancreas.

In conclusion, we evaluated five new BBS analogues for their usefulness in imaging

GRP-R-expressing neoplasms and could confirm the great impact of the polarity and

charge on their in vivo behavior.

Different linkers, consisting of polar β3homo-amino acids, were introduced between the

binding sequence and the retro(NαHis)Ac-chelator. A positive charge in the linker re-

sulted in higher uptake and retention in kidney and liver. A hydroxyl group and espe-

cially a single negative charge in form of a β-homo glutamic acid considerably ameliorated

the biodistribution profile, with higher tumor uptake and retention, and significantly im-

proved tumor-to-background ratios. However, additional negative charges led to a loss of

binding affinity and internalization, and unfavorable biodistribution. The introduction

of polar groups seems to be of great interest to improve the in vivo properties of 99mTc-

or 186/188Re-labeled BBS analogues and increase their potential for imaging and therapy

of GRP-R-expressing tumors.
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3.7 Supporting Information

Supporting Information Available: Additional experimental data available via the Inter-

net at http://pubs.acs.org.

Table 3.4: Analytical data of the unlabeled BBS analogues.(1 Gradient: 3 % CH3CN to 100
% CH3CN in 20 min (flow 1 mL/min))

Molecular Yield of MW ES-MS HPLC

Peptide formula peptide calcd m/z [M+H+] [M+2H+]/2 UV-trace

synthesis tR [min]

1 C61H90N18O14 55 % 1298.7 1299.5 650.5 12.01

2 C65H96N18O17 50 % 1399.7 1401.0 701.0 14.4

3 C67H98N18O18 53 % 1441.7 1443.0 722.0 14.5

4 C68H103N19O16 58 % 1440.8 1442.0 722.0 14.2

5 C70H103N19O19 55 % 1513.8 1514.2 758.1 10.8

6 C73H107N19O21 56 % 1585.8 1586.9 793.9 10.8

Table 3.5: Biodistribution of 99mTc-labeled compound 4 (3 MBq/mouse i.v.) in BALB/c
mice. The animals of the blocked group received a co-injection of 0.1 mg natural BBS. Data
(mean ± SD) are expressed as percentage of injected dose per gram of tissue (n = 3; * (P ≤
0.01), ** (P ≤ 0.001) vs. unblocked group (unpaired t-test).

BBS Organs 0.5 h 1.5 h 5 h 0.5 h blocked

Blood 3.64 ± 1.23 0.22 ± 0.02 0.10 ± 0.02 3.7 ± 0.62

Muscle 0.86 ± 0.18 0.15 ± 0.10 0.06 ± 0.03 0.78 ± 0.07

Kidney 12.88 ± 2.84 7.08 ± 0.51 5.53 ± 1.60 11.93 ± 1.82

4 Liver 10.66 ± 0.43 8.41 ± 0.29 4.82 ± 1.01 13.05 ± 1.63

Stomach 3.21 ± 0.48 1.22 ± 0.11 0.69 ± 0.11 1.88 ± 0.26

Small intestines 6.54 ± 0.27 5.41 ± 1.46 1.29 ± 0.08 5.65 ± 1.28

Colon 4.82 ± 0.55 4.01 ± 0.96 4.67 ± 1.07 1.92 ± 0.28 *

Pancreas 24.21 ± 4.45 10.45 ± 8.63 5.44 ± 0.99 1.42 ± 0.12 **
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4.1 Abstract

Radiolabeled bombesin (BBS) analogues are promising pharmaceuticals for imaging of

cancer cells expressing gastrin-releasing peptide receptors (GRPR). However, most of

the radiolabeled BBS derivatives show a high accumulation of activity in the liver and a

strong hepatobiliary excretion, both unfavorable for imaging and therapy of abdominal

lesions. For this reason we introduced hydrophilic carbohydrated linker moieties into

our BBS analogues to reduce the abdominal accumulation and to improve the tumor-to-

background ratios. A stabilized BBS(7-14) sequence bearing the (NαHis)Ac-chelator was

modified with amino acid linkers containing a lysine or propargylglycine residue. The

ε-amino group of a lysine was either coupled to shikimic acid, or reacted with glucose

to form the Amadori conjugate. Alternatively a glucose was attached to the peptide via

’click’ chemistry with the propargylglycine side chain. The peptides were synthesized on

Rink-amide-resin using solid-phase peptide synthesis and labeled with 99mTc using the

tricarbonyl technique Binding and degradation were tested in vitro in GRPR-expressing

PC-3 cells. Biodistribution and SPECT/CT imaging studies were performed in nude

mice bearing PC-3 tumor xenografts. The new peptides showed a LogD between -0.2

and -0.5 and kept the high affinity for GRPR with Kd values ≤< 0.5 nM. In vitro they

were rapidly internalized into the tumor cells and showed an increased cellular retention

and stability (t1/2 ¿ 35 min). In vivo all new compounds exhibited higher tumor-to-

background ratios compared to the non-glycated reference. Thus, the best results were

obtained with the triazole coupled glucose with a 4-fold increased uptake and retention

in tumor tissue (3.6 and 2.5 %ID/g at 1.5h and 5h p.i, respectively) and a significantly

reduced accumulation in the liver (0.6 vs. 2.4 %ID/g, 1.5h p.i., respectively). Apart

from higher tumor-to-liver ratios (17-fold, 1.5h p.i.), both tumor-to-kidney and tumor-

to-blood ratios could be significantly improved by a factor of 1.5 and 2.7, respectively

(1.5h, p.i., P ≤ 0.05). The imaging studies proved the reduction of abdominal back-

ground and tumor xenografts could clearly be visualized. In conclusion, the introduction

of a carbohydrated linker substantially improved the biodistribution properties of BBS

analogues labeled with the 99mTc-tricarbonyl core.

KEY WORDS: carbohydration, bombesin, gastrin-releasing-peptide receptor, linker,

technetium-99m, tumor uptake
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4.2 Introduction

Modified neuropeptides have gained an increasing attention for radiopharmaceutical ap-

plications like peptide receptor imaging (PRI) and peptide receptor radiotherapy (PRRT)

(1-5). They bind with high affinity and selectivity to their corresponding receptors,

which are over-expressed on a considerable number of cancers (1, 5, 6). Apart from so-

matostatin (sst) analogues like 111In-DTPA-Octreotide (OctreoScan) or 90Y- and 177Lu-

DOTA-TOC, which already are successful in the clinical treatment of neuroendocrine

tumors and gastrinomas (7-10), additional receptor ligands are under investigation for

targeting a broader range of tumor types.

The tetradecapeptide bombesin (BBS) has recently been studied intensively due to its

high affinity for the mammalian gastrin-releasing peptide receptor (GRPR) (11). GRPR

shows a high expression in most human prostate and breast tumors as well as small-cell

lung, ovarian, endometrial and other cancers (12-14). BBS derivatives have been labeled

with various radionuclides like 99mTc, 64Cu, 68Ga, 111In, 177Lu or 18F and proved to be

successful candidates for both PRI and PRRT (15-21). However, the modification of

their pharmacokinetic profile is of high interest to reduce their frequent high hepatic

accumulation and hepatobiliary excretion which is problematic for imaging and therapy

of abdominal lesions (15, 16, 18, 20-23).

Different modifiers offer the possibility to influence these unfavorable in vivo proper-

ties. Smith et al investigated the positive effects of aliphatic and amino acid linkers

for BBS analogues (18, 24, 25). Moreover, glycation by the Amadori reaction has been

reported to provide radiohalogenated sst analogues with excellent physicochemical char-

acteristics (26-28). These compounds were more hydrophilic, but still exhibited a high

receptor binding affinity, improved tumor uptake and tumor-to-non-tumor ratios, in ad-

dition to a reduced hepatobiliary transfer and liver accumulation (26, 28-31). Recent

studies with 111In- and 177Lu-labeled DOTA-sst analogues confirmed the positive ef-

fects of glycation via Amadori rearrangement for radiolabeled metallopeptides (32) and,

interestingly, also the modification of neurotensin (NT) with the glycomimetic 3,4,5,-

trihydroxyl-1-cyclohexene-1-carboxylic acid (shikimic acid) induced a reduction of both,

hepatic uptake and renal retention (33). Our group could already show an improvement

of 99mTc-labeled BBS analogues by the introduction of a double β-Alanine sequence and

recently published first promising results of a linker coupled to shikimic acid (34). Sur-

prisingly, so far no further data of glycated BBS analogues have been published.
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In this study we investigated for the first time the influence of glycation on the biodistri-

bution profile of radiolabeled BBS derivatives. We inserted carbohydrated linker moieties

between the stabilized binding sequence BBS(7-14) and the NαHistidin-chelator by the

application of established methods like the Amadori reaction, by the formation of a sta-

ble triazole bond via ’click’ chemistry and by coupling of shikimic acid to a lysine residue

(33, 35, 36).

The peptides were labeled with 99mTc (t1/2 = 6 h, 140 keV γ photon energy, 89% abun-

dance) featuring a favorable dosimetry, high specific activity, low cost and ready avail-

ability from a 99Mo/99mTc-generator, and radiochemical properties optimal for single

photon emission tomography (SPECT) (37). Moreover, the chemical similarities of the

“mateched pair” 99mTc/188Re offer the opportunity to use successful 99mTc-labeled can-

didates for tumor targeting also for therapeutic applications labeled with 188Re (t1/2 = 17

h; 2.12 MeV β- max-radiation) (37). The new compounds were tested in vitro for binding

affinity, internalization, efflux and metabolic stability in the GRPR-expressing human

prostate carcinoma cell line PC-3. In vivo biodistribution and SPECT/CT studies were

performed in nude mice bearing PC-3 tumor xenografts.

4.3 Materials and Methods

Chemicals and Equipment

All chemicals were obtained from Fluka (Buchs, Switzerland) or Merck (Dietkon, Switzer-

land). Cell culture media DMEM GLUTAMAXTM -I, trypsin/EDTA, bovine serum al-

bumin and soybean trypsin inhibitor were obtained from Invitrogen (Basel, Switzerland),

fetal calf serum (FCS) and antibiotic/antimycotic solution were obtained from Biocon-

cept (Allschwil, Switzerland). Bacitracin, HEPES and Chymostatin were purchased from

SIGMA (Buchs, Switzerland). For the determination of protein concentrations a Pierce

BCA Protein Assay kit from Socochim (Lausanne, Switzerland) was used. Na[99mTcO4]

was eluted from a Mallinckrodt 99Mo/99mTc generator (Tyco Healthcare, Petten, The

Netherlands) using 0.9 % saline. Sodium boranocarbonate was a gift from the provider

of the generator. The radioactivity of in vitro and in vivo experiments was measured

with a NaI-γ-counter (Packard Canberra Cobra II, Meriden, USA) or a NaI ionization

chamber.
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Table 4.1: Sequence of the BBS analogues with new carbohydrated groups in the linker.
(Lys(sha) = Lysine-coupled shikimic acid; Lys(Amd) = Amadori-Product; Pra(glu) =
triazole-coupled glucose)

Peptide Chelator Linker Binding Sequence

1 (Reference) (NαHis)Ac βAla-βAla -Gln-Trp-Ala-Val-Gly-Cha-Nle-Met-NH2

2 (NαHis)Ac Lys(sha)-βAla-βAla -Gln-Trp-Ala-Val-Gly-Cha-Nle-Met-NH2

3 (NαHis)Ac Lys(Amd)-βAla-βAla -Gln-Trp-Ala-Val-Gly-Cha-Nle-Met-NH2

4 (NαHis)Ac Pra(glu)-βAla-βAla -Gln-Trp-Ala-Val-Gly-Cha-Nle-Met-NH2

Peptide Synthesis and radiolabeling with 99mTc

The peptide solid-phase synthesis was carried out on a Rink Amide Resin with the

Fmoc-strategy as previously described (38). The introduction of different carbohydrates

(Figure 4.1) in form of glucose or shikimic acid was performed as recently published

(33, 35, 36). The purification of the peptides was done on a semipreparative HPLC

system (Gilson) on a reverse phase C18 column (DiscoveryBIO SULPELCO Wide Pore,

25 cm x 2.21 cm, 5 µm) with a linear gradient of 3 % B to 100 % B (solvent A =

H2O + 0.1 % TFA as and as solvent B = CH3CN + 0.1 % TFA) in 30 min, a flow

rate of 1 mL/min and UV detection at 215 nm. Radiolabeling of the peptides with

[99mTc(OH2)3(CO)3]
+ was performed as previously described (22). For analyses and

purification of the labeled peptides from the unlabeled compounds a Macherey-Nagel

CC Nucleosil 100-5 C18 RP column (5µm, 250 x 4.6 mm) was used. Preparative HPLC

for peptide purification was performed using a Merck-Hitachi L-7100-system with an

equipped 2-channel scintillation detector interface (John Caunt scientific Ltd, Eynsham,

England) and a Rainin Dynamax absorbance detector model UV-1. HPLC solvents

consisted of H2O + 0.1 % TFA (solvent A) and CH3OH + 0.1 % TFA (solvent B). The

separation was performed with a linear gradient 50 % A / 50 % B to 20 % A / 80 %

B in 25 min (1.0 mL/min). For the analytical HPLC of the labeled peptides a Varian

ProStar system was used with a Varian ProStar 230 Solvent Delivery-Pump, a Varian

Photodiode Array Detector Model 330, a Varian ProStar Autosampler Model 410 and

a radiomatic Flo-one Beta Detector (Packard Canberra). HPLC solvents consisted of

CH3CN + 0.1 % TFA (solvent A) and H2O + 0.1 % TFA (solvent B). The labeling
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Figure 4.1: Chemical structure of the carbohydrated groups introduced into the linker sequence
of the BBS analogues. 2 = Lysine-coupled shikimic acid; 3 = Amadori-product; 4 = triazole-
coupled glucose

control was performed with a linear gradient of 30 % A / 70 % B to 80 % A / 20 % B

in 25 min (1.0 mL/min).

Octanol/water partition coefficient study

The octanol/water partition coefficients were determined at pH = 7.4. Five µL contain-

ing 500 kBq of the radiolabeled compound in PBS were added to a vial containing 1.2

ml 1-octanol and PBS (1:1). After vortexing for 1 min the vial was centrifuged for 5 min

at 10000 rpm to ensure complete separation of layers. Then 40 µL of each layer were

taken in a preweighed vial and measured in the γ-counter. Counts per unit weight of

sample were calculated, and logD values were calculated as described by Pillarsetty et

al (39) using the formula

Log10D = log10 ( counts in 1 g of octanol
counts in 1 g of PBS

)

Cell culture

PC-3 human prostate cancer cell line was obtained from European Collection of Cell

Cultures (Salisbury, United Kingdom). Cells were maintained in Dulbecco’s MEM with

GLUTAMAXTM -I supplemented with 10 % FCS, 100 IU/mL penicillin G sodium, 100
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µg/mL streptomycin sulphate, 0.25 µg/mL amphotericin B. Cells were incubated at 37°C

in an atmosphere containing 5 % CO2, and subcultured twice a week after detaching

with trypsin-EDTA.

Metabolic stability in human plasma and in PC-3 cells

The stability in cell culture was evaluated with 2 x 106 cells in PBS. The analogues

(3 MBq/mL, 1.5-2 pmol/mL) were incubated for 0.5, 1, 2.5 and 5 h at 37°C. After-

wards, proteins were precipitated as follows: 250 µL of sample + 750 µL of CH3CN

/ethanol (1:1) and TFA (0.01 %). The mixture was vortexed and centrifuged (10 min,

20000g) at 4°C. The supernatant was filtered and analyzed by RP-HPLC equipped with

a radioactivity detector. All experiments were carried out 2-3 times.

Receptor inhibition studies

One day prior to the assay PC-3 cells at confluence were placed in 48-well plates. Cells

were incubated in a special binding buffer (50 mM HEPES, 125 mM NaCl, 7.5 mM

KCl, 5.5 mM MgCl*6H2O, 1 mM EGTA, 5g/L BSA, 2 mg/L Chymostatin, 100 mg/L

Soybean Trypsin inhibitor, 50 mg/L Bacitracin, pH 7.4) with increasing concentrations

of the BBS analogues (0-30000 nM) in presence of 4 kBq of 99mTc-BBS(7-14). After 1

h incubation at 37°C the cells were washed twice with cold PBS. Bound radioactivity

was recovered by solubilizing the cells in 1 N NaOH (2 x 400 µL). The radioactivity was

measured in the γ-counter. All experiments were carried out 2-3 times in triplicate.

Receptor saturation studies

One day prior to the assay PC-3 cells at confluence were placed in 48-well plates and

incubated for 1 h at 37°C in the binding buffer described above with increasing con-

centrations of the labeled BBS analogues 2 - 4 (0.01-2 nM). The concentration of total

technetium-labeled peptide was calculated according to Bauer et al. (40). Non-specific

binding was determined by co-incubation with 1 µM BBS(1-14). After incubation the

cells were washed twice with cold PBS, solubilized in 1 N NaOH (2 x 400 µL) and the

radioactivity was measured in the γ-counter. Experiments were performed 2-3 times in

triplicate.
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Internalization and Externalization

One day prior to the assay PC-3 cells at confluence were placed in 6 well plates. For

internalization studies cells were incubated with the labeled analogues (4 kBq/well) in

binding buffer for 5, 15, 30, 60 and 120 min at 37°C to allow binding and internaliza-

tion. Non-specific binding was determined in the presence of 1 µM BBS(1-14). After

incubation cells were washed twice with cold PBS. Surface bound activity was removed

by acid wash (50 mM glycine/HCL, 100 mM NaCl, pH 2.8, 2 x 600 µL for 5 min at

room temperature). Afterwards the plates were neutralized with 600 µL PBS and cells

were lysed with 1 N NaOH (2 x 600 µL). Surface bound and internalized activities were

measured in the γ-counter. The protein concentration was determined and results were

calculated as percentage of total added radioactivity per mg protein.

For externalization studies PC-3 cells were incubated with the labeled analogues (20

kBq/well) in culture medium for 1 h at 37°C to allow binding and maximal internaliza-

tion. After incubation the supernatant was discarded and each well washed twice with

cold PBS. Afterwards the cells were incubated again at 37°C in 2 mL culture medium for

30, 60, 150 or 300 min. At each time point the supernatant was collected, the cells were

washed twice with cold PBS and the radioactivity remaining in the cells was recovered

by lysing the cells with 1 N NaOH (2 x 600 µL). Radioactivity in the supernatant (re-

leased activity) and in the lysate (internalized activity) was determined in the γ-counter.

Results are expressed as percentage of the total activity associated with the cells. The

protein concentration was determined and results were calculated as percentage of to-

tal added radioactivity per mg protein. All experiments were carried out 2-3 times in

triplicate.

Biodistribution studies

All animal experiments were conducted in compliance with the Swiss animal protection

laws and with the ethical principles and guidelines for scientific animal trials established

by the Swiss Academy of Medical Sciences and the Swiss Academy of Natural Sciences.

Female CD-1 nu/nu mice 6-8 week-old (Charles River Laboratories, Sulzfeld, Germany)

were subcutaneously injected with 8 x 106 PC-3 cells in 150 µL culture medium without

supplements. About 3 weeks after tumor implantation the mice (3-6 per group) were

injected i.v. with 3.7 MBq radiolabeled peptides. At 0.5 h, 1.5 h or 5 h post-injection

(p.i.) the animals were killed by cervical dislocation. The different organs (heart, lung,
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spleen, kidneys, pancreas, stomach, small intestine, large intestine, liver, muscle, bone)

and blood were collected, weighed and the radioactivity was measured in a γ-counter.

Results are presented as percentage of injected dose per gram of tissue (%ID/g). To

determine the specificity of the in vivo uptake one group of mice received a co-injection

of 100 µg of unlabeled BBS(1-14) and the radiolabeled analogue and sacrificed at 1.5 h

p.i..

SPECT/CT studies

Single photon emission computed tomography / X-ray computed tomography (SPECT/

CT) images were performed post-mortem 1.5 h after i.v. injection of the 99mTc-BBS

analogues (20 MBq). Images were obtained on an X-SPECTTM -system (Gamma Med-

ica Inc.) equipped with a single head SPECT device and a CT-device. SPECT data

were acquired and reconstructed with LumaGEM (version 5.407). CT data were re-

constructed with the software Cobra (version 4.5.1). Fusion of SPECT- and CT-data

was performed with IDL Virtual MachineTM (version 6.0). Images were generated with

AmiraTM (version 3.1.1).

Statistical Analysis

All data are presented as the mean ± SD. Differences in the in vivo uptake in the

biodostribution studies were analyzed by one-way ANOVA followed by Dunnett’s com-

parison test. Differences between blocked and control groups were analyzed by unpaired

t-test. P = 0.05 was considered statistically significant.

4.4 Results and Discussion

The modification of the biodistribution profiles of BBS analogues towards a reduction of

abdominal accumulation is of high interest for both diagnostic and therapeutical appli-

cations. In this study we investigated the influence of different glycated linkers on the

in vivo behavior of 99mTc(CO)3-labeled BBS derivatives. The amino acid sequence of

the new peptides was based on the fragment 7-14 of BBS , which had been successfully

modified as previously published to increase the metabolic stability in human plasma

and PC-3 tumor cells (replacement of Leu13 with Cha, and Met14 with Nle) (34).

The additional introduction of a βAla-βAla linker (compound 1) led to improved in vivo
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Table 4.2: Characteristics of the new BBS analogues: retention time and polarity (LogD) of
the 99mTc-labeled peptides, and binding affinity for GRP-receptors in PC-3 cells of the labeled
(Kd values) and unlabeled (IC50 values) compounds (n = 2-4).

HPLC t1/2 in

Compound γ-trace LogD Kd [nM] IC50 [nM] PC-3 cells

tR [min] [min]

1 (Reference) 16.8 0.9 ± 0.2 0.19 ± 0.12 5.1 ± 1.7 30 ± 06

2 16.4 -0.2 ± 0.1 0.02 ± 0.01 6.5 ± 1.7 35 ± 11

3 16.7 -0.5 ± 0.1 0.18 ± 0.03 3.7 ± 1.7 37 ± 08

4 16.8 -0.5 ± 0.1 0.44 ± 0.38 3.2 ± 1.2 38 ± 05

tumor uptake (18, 38). However, the accumulation of activity in the liver was increased

and the tumor-to-tissue ratios were still rather poor (tumor-to-blood = 4.3 ± 3.4; tumor-

to-kidney = 0.9 ± 0.3; tumor-to-liver = 0.4 ± 0.3; at 1.5 h p.i.). A significant impact of

polar linker moieties on the biodistribution was reported for several radiolabeled peptides

and especially carbohydrated compounds exhibited clearly improved pharmacokinetics

(21, 26, 41-43). Therefore we set out to synthesize three glycated BBS analogues (2, 3

and 4) for comparison with the unglycated 99mTc(CO)3-labeled compound 1, which has

recently been characterized by our group (22) (Table 4.1).

Compound 2 was modified with a linker bearing a Lysine coupled to the glycomimetic

shikimic acid at the ε-amino group, as recently published (33). Compound 3 was gly-

cated by the ”Amadori rearrangement”, the Schiffbase reaction of an aldose with a free

amino group, known to form extremely stable carbohydrated peptide derivatives (36,

44). Finally we investigated a clicked, carbohydrated BBS(7-14) analogue by the for-

mation of a stable triazole bond between an alkyne in the linker and an azido glucose

derivative (35) (Figure 4.1).

Radiolabeling of these novel carbohydrated peptides with [99mTc(OH2)3(CO)3]
+ was per-

formed at ligand concentrations of 10−5 M for 1 h at 75 °C. The HPLC traces of the
99mTc(CO)3-complexes showed generally a shift to longer retention times compared to

the unlabeled peptides ( 14.5 min) and the precursor [99mTc(OH2)3(CO)3]
+ ( 9 min).

Radiolabeling yields were higher than 95 % for all derivatives and the active complexes

2 - 4 were successfully separated from the unlabeled peptides to avoid a saturation of
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the GRPR in subsequent in vitro/in vivo experiments.

To compare the polarity of the [99mTc(CO)3]-labeled new analogues 2 - 4 the octanol/water

partition coefficients were determined. The reference compound 1 bearing only the βAla-

βAla-linker showed a rather lipophilic character with a LogD of +0.9. The introduction

of the shikimic acid changed the polarity of peptide 2 to -0.2, while the coupling to

glucose resulted in LogD values of -0.5 for both analogues 3 and 4 (Table 4.2).

In vitro Studies

The in vitro experiments were performed with PC-3 cells, which express a high level of

GRPR. In order to investigate the potential of our three novel carbohydrated peptides

2 - 4 for specific targeting of GRPR, studies on receptor binding (Table 4.2) and cell

internalization/cellular efflux (Figure 4.2) were performed. Additionally, the metabolic

stability in tumor cells was investigated. We already published an increased stability in

PC-3 cells for compound 1 compared to the unmodified sequence (30 ± 6 min vs. 5 ± 2

min, respectively) (34). The t1/2 of the novel peptides 2 (35 ± 11 min), 3 (37 ± 8 min)

and 4 (38 ± 5 min) was slightly higher than for the reference 1, but the differences were

not statistically significant (Table 4.2).

Figure 4.2: Time-course internalization (A) and externalization after maximal internalization
(B) of the 99mTc-labeled BBS analogues in PC-3 cells after incubation at 37°C. Data represent
the percentage of internalized activity per mg protein related to the total activity added to the
cells (n = 2-3).

83



The affinity of the unlabeled analogues for GRPR was tested in inhibition experiments in

competition with 4 kBq of 99mTc-BBS(7-14), which is known to express a high affinity for

this receptor (45). All peptides exhibited a similar high affinity with IC50 values between

3 and 7 nM (Table 4.2). Furthermore, the receptor binding of the new analogues proved

to be saturable and highly specific after radiolabeling with the 99mTc(CO)3-core, with

Kd values lower than 0.5 nM (Table 4.2). Interestingly, peptide 2 showed the highest

affinity (Kd = 0.02 ± 0.01 nM), about ten times higher than the reference 1 (Kd = 0.19

± 0.12 nM) and the new peptides 3 (Kd = 0.18 ± 0.03 nM) and 4 (Kd = 0.44 ± 0.38

nM, respectively).

The internalization experiments showed a similar and rapid uptake into PC-3 cells reach-

ing a plateau between 60 and 120 min (Figure refglycfig2). We found 29 - 43 % of the

total radioactivity per mg protein in the cell lysate after stripping the surface bound

activity off the cells with acidic buffer (pH 2.8). These results would reflect an ago-

nistic behavior for the new compounds and are consistent with recently published BBS

analogues with similar amino acid sequences (15, 20, 41, 42). The almost complete

blockade (≤ 1 % of the added radioactivity per mg protein) by co-incubation with an

excess of BBS(1-14) demonstrated the high specificity for all new glycated BBS radio-

tracers. Variations in the bound radioactivity among the new peptides were statistically

not significant. Additionally, efflux studies revealed a similar intracellular retention of

the internalized activity of 35 % up to 5 h for all new peptides 2 - 4 and the refer-

ence compound 1 (Figure refglycfig2). These results are in agreement with the similar

metabolic stability of the new peptides we found in the degradation experiments with

PC-3 cells (Table 4.2).

Biodistribution

Time-dependent biodistribution studies with the new radiotracers 2 - 4 have been per-

formed in athymic mice, bearing PC-3 tumor xenografts (Table 4.4). The new peptides

2 and 4 exhibited higher blood levels at 0.5 h p.i. (2.1 ± 0.7 %ID/g and 1.8 ± 0.2

%ID/g, respectively) than the reference 1 (0.6 ± 0.2 %ID/g). However, the clearance

from the blood pool was fast and efficient for all new derivatives, providing low levels

at 1.5 h p.i. for all new compounds (≤ 0.4 %ID/g), similar to those published for the

non-glycated ligand 1. (Table 4.3)

All three new ligands 2 - 4 showed a relatively low liver uptake between 2.3 ± 0.3 %ID/g
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(peptide 2) and 1.3 ± 0.3 %ID/g (peptide 3) after 0.5 h. Peptides 2 and 4 showed a

rapid elimination of activity from this organ (0.6 ± 0.1 %ID/g and 0.6 ± 0.3 %ID/g

at 1.5 h p.i., respectively). Peptide 3 showed a slightly slower washout with 1.0 ± 0.1

%ID/g (1.5 h p.i.) and 0.6 ± 0.2 %ID/g (5 h p.i.). However, the uptake and retention

of the carbohydrated peptides was significantly lower than the data reported for the

non-glycated analogue 1 (5.3 ± 1.3 %ID/g at 0.5 h p.i. and 2.1 ± 0.4 %ID/g at 5 h p.i.).

Maximal tumor uptake was found at 0.5 h for all complexes. Compound 4 featured the

highest accumulation at all p.i. times (5.6 ± 2.1 %, 3.6 ± 1.1 and 2.5 ± 1.3 %ID/g at

0.5 h, 1.5 h and 5 h p.i., respectively), which was significantly higher than that reported

for peptide 1 (P ≤ 0.01) (Table 4.3). Interestingly, the retention of 4 in the tumor was

significantly higher than that of the other new peptides 2 and 3 and the reference 1.

Thus, in case of complex 4, 45 % of the tumor localized activity after 0.5 h still remained

inside the tumor at 5 h p.i., compared to 16 - 29 % for the other analogues (Table 4.4).

Besides the increased tumor uptake, we observed high uptake of the radiopeptides in

pancreas and colon, which are known to express GRPR in mice. The highest values in

both organs were obtained for peptide 4 at 0.5 h p.i. (pancreas = 63 %ID/g and colon

13.0 %ID/g). Moreover, the specificity of tracer accumulation in GRPR-positive tissues

was determined by co-injection with 0.1 mg BBS(1-14) per mouse. These experiments

showed a clear reduction of radioactivity in the tumor xenografts and in pancreas and

colon (Table 4.4), what would confirm that the in vivo uptake was due to receptor-

specific interaction.

Despite the higher kidney uptake found for the new carbohydrated BBS analogues

at early p.i. times (due to their increased hydrophilicity), it rapidly decreased and the

activity in the kidneys at later p.i. times was relatively low for all peptides (≤ 1 %ID/g,

at 1.5 and 5 h p.i.) (Table 4.4). This would indicate that the tracers were not trapped

in the renal tissue and that renal excretion of the radiopeptides was very fast.

The increased hydrophilicity of the new peptides resulted in a decrease in hepatic ac-

tivity. However, a relatively high and unspecific accumulation of activity was observed

in the small intestines, which would indicate that hepatobiliary excretion partially con-

tributes to the overall tracer elimination (Table 4.4). Biodistribution experiments in

normal mice have been reported for 99mTc(III)-labeled BBS analogues, all modified with

different lipophilic linkers, and, in the case of two compounds, an additional carboxylic

group. All these complexes featured high uptake in hepatic tissue (7.2 - 9.4 %ID/g) and

relatively high renal accumulation between 1.8 and 6.0 %ID/g at 1 h p.i. (20).
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Table 4.3: Biodistribution of the non-glycated, 99mTc-labeled reference (3.7 MBq/mouse i.v.)
in mice with PC-3 xenografts. The animals of the blocked group received a co-injection of 0.1
mg BBS(1-14). Data (mean ± SD) are expressed as percentage of injected dose per gram of
tissue.

Compound Organs 0.5 h 1.5 h 5 h 1.5 h blocked

(n = 3) (n = 13) (n = 3) (n = 3)

Blood 0.58 ± 0.21 0.36 ± 0.66 0.23 ± 0.11 0.47 ± 0.07

Stomach 1.37 ± 0.62 0.73 ± 0.47 0.60 ± 0.33 1.23 ± 0.08

Kidney 1.82 ± 0.51 0.79 ± 0.35 0.39 ± 0.20 0.76 ± 0.19

1 Liver 5.26 ± 1.26 2.36 ± 0.87 1.83 ± 0.75 2.13 ± 0.36

(Reference) Small intestines 5.00 ± 0.69 1.83 ± 0.57 0.32 ± 0.19 6.48 ± 2.88

Pancreas 19.00 ± 7.60 6.16 ± 1.80 0.69 ± 0.53 1.19 ± 0.07

Colon 2.65 ± 0.30 4.36 ± 3.60 2.55 ± 1.77 1.11 ± 0.17

Tumor 1.53 ± 0.26 0.80 ± 0.35 0.41 ± 0.27 0.37 ± 0.09

Calculation of tumor-to-blood, tumor-to-liver and tumor-to-kidney ratios (Figure 4.3)

allowed comparisons with other radiolabeled BBS analogues, recently described in the

literature. The highest tumor-to-blood ratios corresponded to compound 4 and were

significantly higher than those of the reference peptide 1 at 1.5 h p.i. (11.5 ± 4.8 vs. 4.3

± 3.4, respectively, P ≤ 0.05) and at 5 h p.i. (33.4 ± 4.2 vs. 1.9 ± 0.5, P ≤ 0.01). The

compounds 2 and 3 showed similar tumor-to-blood ratios compared to peptide 1 at 0.5

and slightly higher at 1.5 p.i and 5 h p.i. time, but the differences were not statistically

significant, with the exception of compound 3 at 1.5 h (13.0 ± 7.1 vs. 4.3 ± 3.4, respec-

tively, P ≤ 0.01).

Interestingly, compound 4 featured significantly increased tumor-to-kidney ratios already

at 1.5 h p.i. (1.4 ± 0.4 for 4 vs. 0.9 ± 0.3 for 1; P ≤ 0.05) but more remarkably at

5 h p.i. (2.6 ± 0.4 for 4 vs. 1.1 ± 0.3 for 1; P ≤ 0.01). Tumor-to-kidney ratios for

peptides 2 and 3 were no significantly different compared to the reference 1 at any p.i.

time (Figure 4.3).

The most notable finding was the improvement of tumor-to-liver ratios for all new gly-

cated radiotracers at all p.i. times compared to the non-glycated peptide 1 (Figure

4.3). This indicates a significant impact of carbohydration on tracer accumulation in the
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Table 4.4: Biodistribution of the new 99mTc-labeled BBS analogues (3.7 MBq/mouse i.v.) in
mice bearing PC-3 xenografts. The animals of the blocked group received a co-injection of 0.1
mg BBS(1-14). Data (mean ± SD) are expressed as percentage of injected dose per gram of
tissue (n = 3; 1n = 6; * (P = 0.05), ** (P = 0.01) vs. reference compound 1 (one-way ANOVA and

Dunnett’s post hoc test); § (P = 0.05), §§ (P = 0.01) vs. unblocked group (unpaired t-test)).

Compound Organs 0.5 h 1.5 h 5 h 1.5 h blocked

Blood 2.12 ± 0.72 0.34 ± 0.10 0.11 ± 0.05 0.36 ± 0.08

Stomach 3.01 ± 0.23 1.50 ± 0.33 0.30 ± 0.10 0.90 ± 0.26

Kidney 7.20 ± 1.96 2.21 ± 0.38 0.99 ± 0.29 1.96 ± 0.62

2 Liver 2.28 ± 0.33 ** 0.57 ± 0.14 * 0.22 ± 0.04 ** 0.87 ± 0.37

Small intestines 5.95 ± 1.68 5.52 ± 1.00 0.47 ± 0.07 2.84 ± 1.13

Pancreas 22.38 ±8.10 16.05 ±7.41 1.96 ± 1.64 2.16 ± 0.58 §§

Colon 5.67 ± 2.59 4.57 ± 1.84 3.15 ± 1.31 0.48 ± 0.06 §§

Tumor 3.79 ± 1.09 * 2.83 ± 1.26 ** 0.62 ± 0.23 1.27 ± 0.62

Blood 0.66 ± 0.21 0.16 ± 0.07 0.04 ± 0.01 0.15 ± 0.06

Stomach 1.53 ± 0.45 1.07 ± 0.10 0.58 ± 0.22 0.28 ± 0.09

Kidney 2.98 ± 0.84 1.89 ± 0.55 0.96 ± 0.15 1.52 ± 0.38

3 Liver 1.34 ± 0.33 ** 0.95 ± 0.10 0.61 ± 0.18 ** 2.07 ± 0.69

Small intestines 3.42 ± 0.15 2.88 ± 0.27 0.89 ± 0.08 1.88 ± 0.78

Pancreas 20.12 ± 6.60 18.56 ± 1.42 4.32 ± 1.58 1.52 ± 1.64 §§

Colon 5.05 ± 1.10 4.53 ± 1.12 3.36 ± 0.46 0.52 ± 0.23 §§

Tumor 2.37 ± 0.64 1.82 ± 0.43 0.71 ± 0.53 0.67 ± 0.20 §§

Blood 1.77 ± 0.16 0.34 ± 0.11 1 0.07 ± 0.01 0.49 ± 0.15

Stomach 4.18 ± 0.20 1.82 ± 0.33 1 0.54 ± 0.12 0.47 ± 0.11

Kidney 7.48 ± 0.53 2.65 ± 0.80 1 0.95 ± 0.05 2.06 ± 0.71

4 Liver 1.74 ± 0.07 ** 0.64 ± 0.33 ** 1 0.22 ± 0.01 ** 0.98 ± 0.80

Small intestines 8.51 ± 1.49 4.55 ± 1.24 1 1.77 ± 0.46 3.64 ± 1.15

Pancreas 63.17 ± 8.23 26.96 ± 2.53 1 3.70 ± 1.15 3.33 ± 0.28 §§

Colon 12.93 ± 1.88 7.31 ± 1.22 1 6.43 ± 0.79 0.74 ± 0.07 §§

Tumor 5.64 ± 2.06 ** 3.62 ± 1.09 ** 1 2.49 ± 1.32 ** 1.01 ± 0.09 §§
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Figure 4.3: Tumor to tissue ratios of the 99mTc-labeled BBS analogues in mice bearing PC-3
tumor xenografts (3.7 MBq/mouse i.v.) (n = 3-13). (A) Tumor-to-blood. (B) Tumor-to-
kidney. (C) Tumor-to-liver. * (P = 0.05), ** (P = 0.01) vs. reference compound 1 (one-way
ANOVA and Dunnett’s post hoc test)

liver, which is particularly important since high accumulation of radioactivity in the liver

has been reported not only for 99mTc-labeled BBS analogues but also for 64Cu-DOTA-

BBS(7-14), 64Cu-NOTA-8-Aoc-BBN(7-14)NH2 or 68Ga-DOTA-BBS(6-14) (19, 21, 23).

The positive effect of carbohydration on liver accumulation has already been published

for other peptides, e.g. radiolabeled sst analogues. Carbohydrated conjugates of Tyr3-

octreotide (TOC) showed a significant decrease of tracer accumulation in the liver and

the intestines, without effect on the binding affinity and similar or even increased uptake

in sst receptor expressing tissues and tumor xenografts (26).

There are relatively few biodistribution data in the literature to compare 99mTc-labeled

BBS analogues with an agonistic character. Maina et al reported on in vivo data for sev-

eral 99mTc(V)-labeled BBS(1-14) analogues either with a hydrophilic or with a lipophilic

character. Their results indicated a strong impact of the polarity on the accumulation

of the tracers in liver, kidneys and tumors (15), the hydrophilic peptides showing the

best tumor-to-non-tumor ratios. Tumor-to-liver and tumor-to-blood ratios were compa-

rable to those of our best compound (4). However the glycated 99mTc(I)-labeled peptide

4 showed higher tumor-to-kidney values than the 99mTc(V)-labeled compound, which

could be of interest for therapeutical applications with 186/188Re-labeled BBS.
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SPECT/CT imaging studies

High accumulation of activity in the liver and gastrointestinal tract may hide the local-

ization of cancerous lesions in the abdomen. Therefore, the reduced abdominal uptake by

introduction of carbohydrates in addition to the increased tumor uptake is very interest-

ing to increase the potential of radiolabeled BBS, in general, and of 99mTc(CO)3-labeled

peptides, in particular. The new glycated analogues were further evaluated in vivo in

SPECT/CT imaging experiments. Representative SPECT/CT images of the novel gly-

cated radiotracer 4 and the non-glycated ligand 1 are depicted in Figure 4.4. The new

conjugate 4 clearly provided a better imaging of the tumor xenografts than the reference

compound 1. The higher tumor uptake of conjugate 4 led to a clearer visualization of the

xenografts compared to the non-glycated 1. Furthermore the lower liver and kidney up-

takes resulted in decreased radioactive background in the abdominal area. Accumulation

in small intestines due to hepatobiliary excretion as well as uptake in the GRPR-positive

pancreatic and colon tissue were still high, in accordance with our ex vivo biodistribution

data.

Figure 4.4: SPECT/CT image of nude mice bearing PC-3 tumor xenografts at 1.5 h p.i. of
20 MBq of the 99mTc-labeled BBS analogues. (A) coronal (left) and sagittal (right) slizes
of compound 1 (non-glycated). (B) coronal (left) and sagittal (right) slizes of compound 4
(glycated via click reaction). T = tumor; L = liver; I = intestinal activity.
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4.5 Conclusion

We evaluated three novel carbohydrated BBS derivatives for their usefulness in imaging

GRPR-expressing neoplasms and we could confirm the positive impact of glycation on

the in vivo behavior of BBS analogues. In summary, the introduction of the polar carbo-

hydrates had no effect on internalization, efflux or metabolic stability in vitro but led to

a significant reduction of abdominal accumulation, higher tumor uptake and improved

tumor-to-background ratios in vivo. The best results were obtained with a triazole cou-

pled glucose, which ameliorated the biodistribution profile significantly. In this respect

the relative easy accessibility of carbohydrates, especially of the glycation via click reac-

tion, clearly offers an easy opportunity to improve the pharmacokinetic profiles of 99mTc-

or 188Re-labeled BBS analogues and increase their potential for imaging and therapy of

GRPR-expressing tumors.
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5.1 Abstract

Click chemistry has been employed for the assembly of novel and efficient triazole-based

multidentate chelating systems while simultaneously attaching them to molecules of bio-

logical interest. The ”click-to-chelate” approach offers a powerful new tool for the mod-

ification of (bio)molecules with metal chelators for potential diagnostic and therapeutic

applications.

Figure 5.1: Mechanism of the single step reaction for radiolabeling of biomolecules via click
chemistry.
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5.2 Results and Discussion

The radiolabeling of biologically active molecules has become an indispensable tool for

the assessment of novel drug candidates. To keep pace with the growing number of new

targets, innovative and efficient methodologies are needed for the firm attachment of

molecules of biomedical interest to readily available radionuclides with suitable decay

characteristics.

In recent years, new cores of technetium-99m (T1/2 = 6 h, 140 keV -radiation) have been

explored for the radiolabeling of biomolecules.1 The organometallic precursor

[Tc(OH2)
3(CO)3]+, is a prominent example.2 A variety of bifunctional tridentate ligand

systems (e.g. based on amino acid scaffolds like cysteine, lysine and histidine) have been

designed for the tricarbonyl precursor.3−6 However, the preparation of such chelators

generally requires multiple-step syntheses and their incorporation into biomolecules of-

ten lacks efficiency and is complicated by cross-reactivity with other functional groups

present. To circumvent the problems associated with current strategies for functionaliz-

ing (bio)molecules with metal chelators, we set out to investigate the use of Sharpless’

click chemistry in this context.7,8

Figure 5.2: a) Cu(OAc)2, Na(ascorbate), water, 25 °C (15 h) or 100 °C (30 min). b) M =
99mTc: [99mTc(OH2)3(CO)3]+, PBS pH 7.4, 30 min 100 °C; M = Re: [ReBr3(CO)3]2−, water
or alcohols, 50-65 °C, 1-4 h.
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Click chemistry (the Cu(I)-catalyzed [3+2] cycloaddition of alkynes and azides forming

stable 1,2,3-triazole linkages) meets the requirements of an innovative functionalization

strategy for biomolecules because it is efficient, selective and devoid of side reactions.

The mild reaction conditions are well suited for the modification of a wide variety of

(bio)molecules, into which the required azide and alkyne functionalities can be incorpo-

rated by standard synthetic transformations or biochemical methods.9 In addition, we

recognized that 1,4-disubstituted 1,2,3-triazoles share structural and electronic features

with 1,4-disubstituted imidazoles of Nα-derivatized histidines, which have been shown

to be extraordinarily good chelators, particularly for organometallic cores of Mo, Tc and

Re.10−12 Surprisingly few examples of 1,2,3-triazole chelators obtained via click chemistry

are reported13,14 even though triazoles are known to be potent ligand systems for various

transition metals.15

Figure 5.3: Derivatives of biomolecules functionalized via click chemistry with a tridentate
1,2,3-triazole containing metal chelator.

To probe the viability of a ”click-to-chelate” approach, various commercial and non-

commercial azide and alkyne derivatives were reacted with either L-propargyl glycine

(1) or L-azido alanine (2)16 to form 1,2,3-triazole-4-yl-alanines 5/6 (referred to as a

”regular” click ligand), or the isomeric products 7/8 (”inverse” click ligand, Figure 5.2).

In addition, representatives of four different classes of biomolecules (tumor affine peptide
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bombesin 9, thymidine 10, carbohydrate 1117 and phospholipid 12) were selected to

demonstrate the versatility of the new approach (Figure 5.3). Unlike the multi-step

syntheses required for the preparation of Nα-derivatized histidines,18 the click strategy

avoids protective groups, which allowed the synthesis of optically pure histidine-like,

1,4-functionalized triazoles 5-8 and 10-12 in a single step and in quantitative yields.19

These features are particularly appealing for the functionalization of biomolecules such

as carbohydrates with polydentate metal chelates, which is notoriously inefficient using

common synthetic strategies as we and others have experienced.20,21 The azido-bombesin

derivative was prepared and clicked on solid support22 to afford product 9.

Figure 5.4: Labeling capacities of ligands 5-8 and Nα-methyl histidine (Me-His) with
[99mTc(OH2)3(CO)3]+.

Reaction of ligands 5-12 with [ReBr3(CO)3]
2− in aqueous or alcoholic media yielded the

well defined neutral complexes [Re(CO)3(5-12)] (Figure 5.2). 1H- and 13C-NMR analy-

ses indicate that metal chelation occurs via N(3) (regular click) or N(2) (inverse click)

of the 1,2,3-triazole heterocycle, the N -amine and the carboxylate.19 The characteristic

features of the NMR spectra of isolated complexes are consistent with those reported for

Tc/Re(CO)3-complexes of Nα-functionalized histidine derivatives.12

Radioactive complexes [99mTc(CO)3(5-12)] were also obtained as single products.23,24
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For ligands 5-8, varying the ligand concentration gave rise to step-sigmoid curves (Fig-

ure 5.4). EC50 values of investigated regular click ligands ranged from 2-3*10−7 M. These

values were comparable to that of Nα-methyl histidine (EC50 = 10−7 M), demonstrating

the potency of the regular triazole ligands 5/6. Values of inverse click ligands 7/8 were

approximately two orders of magnitude higher (EC50 = 10−5 M), presumably a conse-

quence of the lower electron density at N(2) compared to N(3) of the triazole heterocycle

(DFT calculations).19 While the click products represent a class of extraordinarily good

chelators, the individual substrates (e.g. alkyne 1, azide 2) do not form stable or de-

fined complexes with [M(OH2)3(CO)3]
+. This observation spurred the idea of a one-pot

procedure to avoid isolation of the functionalized (bio)molecule prior to labeling with

[M(OH2)3(CO)3]
+. Thus, aqueous solutions of 3’-azido thymidine or 1-azido-1-deoxy-

β-D-galactopyranose and alkyne 1, Cu(OAc)2 and Na(ascorbate) were heated to 100

°C for 30 min. [99mTc(OH2)3(CO)3]
+ was added and the mixtures were heated for fur-

ther 30 min (Figure 5.5). HPLC analysis confirmed the clean formation of complexes

[99mTc(CO)3(10)] and [99mTc(CO)3(11)], identical to the products obtained with pre-

synthesized and purified ligands 10 and 11.19

Figure 5.5: One-pot procedure to yield radiolabeled conjugates directly.

The radiolabeled bombesin derivative [99mTc(CO)3(9)] was assessed in vitro and in vivo

for its stability and receptor affinity.19 These preliminary experiments revealed a high

in vivo stability of the conjugate and an almost identical pharmacological profile to

[99mTc(CO)3N
αAcHis-bombesin],25 a previously tested stable bombesin analog with se-

quence homology but a histidine chelate (detailed results will be published elsewhere).
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These results suggest that the new triazole ligands represent a valuable alternative to

histidine-derived chelators.

We have shown that click chemistry both simplifies the synthesis of efficient bifunctional

ligands in which 1,4-disubstituted triazoles form an integral part of the metal chelating

system and facilitates their incorporation into (bio)molecules. Labeling of the chelators

and bioconjugates with fac-”Tc/Re(CO)3” is efficient and results in complexes that are

stable in vitro and in vivo. The one-pot procedure represents a remarkable improvement

for the synthesis of metal-labeled conjugates e.g. for diagnostic purposes. Extension of

the ”click-to-chelate” approach to the preparation of structurally diverse ligand systems

suitable for complexation of other metals is currently being investigated.
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Chapter 6

’Click’-Modified 99mTc-Tricarbonyl-

labeled BBS Analogues for Imaging

of Prostate Cancer

107



6.1 Abstract

Gastrin-releasing peptide receptors (GRP-R) are known to be over-expressed in numer-

ous human cancers, e.g. prostate and breast, which turns them into interesting targets

for in vivo imaging with the 99mTc-labeled GRP analogue bombesin (BBS). The Cu(I)-

catalyzed [3+2] cycloaddition of alkynes and azides (’Click’-chemistry) offers a convenient

way to functionalize peptides by the formation of chelating systems for radiolabeling or

for the introduction of pharmacokinetic modifiers (1, 2). In this study we compared

the established retro(NαHis)Ac-chelator with two novel triazole-chelating systems and

investigated the carbohydration of the most promising of the novel peptides via ’Click’-

chemistry.

The BBS analogues were synthesized manually on a Rink amide resin by solid phase

peptide synthesis using Fmoc-strategy. Both triazole-chelators were attached using

”Click”-chemistry. Additionally, the compound with the most promising biodistribution

was glycated via the click-reaction. All peptides were labeled with the [99mTc(CO)3]-

core and tested in vitro with the BBS-receptor expressing human prostate carcinoma

cell line PC-3 for receptor binding and cell internalization. In vivo biodistribution and

SPECT/CT imaging studies experiments were carried out in nude mice bearing PC-3

tumor xenografts. The new peptides with the N3click-chelator exhibited high affinity for

BBS receptors in unlabeled and labeled form with Kd values between 0.19 and 0.6 nM and

were rapidly internalized within 1 h. Moreover, the new derivatives showed improved

in vivo properties such as higher specific uptake, lower liver accumulation and higher

tumor-to-blood and tumor-to-liver ratios in comparison to the non-glycated (NαHis)Ac-

analogue (2 to 8-fold at 1.5 h and 5 h p.i.). Tumor-to-kidney ratios were similar at 1.5 h

p.i. for all compounds but improved up to 3-fold at 5 h p.i. Glycation by ’click’-chemistry

resulted in a significantly higher tumor uptake for both the (NαHis)Ac- and the ’click’-

compound (3.4 ± 1.0 and 4.4 ± 0.6 %ID/g, respectively at 1.5 h p.i.). Additionally, the

’click’-glycated peptides showed a relatively long retention of activity in the tumors (2.4

± 1.2 and 2.6 ± 0.8 %ID/g at 5 h p.i.). In the imaging studies the tumor xenografts

could be clearly visualized. In conclusion, the application of ’click’-chemistry provided

a new stable chelating system for BBS analogues with favorable attributes compared to

the (NαHis)Ac-system. Furthermore, we could underline the significant improvement of

the in vivo properties of 99mTc-tricarbonyl-labeled BBS analogues by glycation.
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6.2 Introduction

The modification of numerous biomolecules, such as peptides, amino acids or nucleosides,

holds a huge potential to create new powerful tools for radiopharmaceutical applications

(3-6). However, the alteration of the molecular structure, e.g. the introduction of phar-

macokinetic modifiers or the attachment of chelators for the incorporation of radiometals,

are often challenging and time consuming processes. Sharpless et al. introduced ’click’-

chemistry (the Cu(I) catalyzed [3+2] cycloaddition of alkynes and azides) as a novel

approach in organic chemistry that involves several almost perfect chemical reactions (7,

8). Recently our group could apply the ’click’-reaction as an efficient, convenient way

for the modification of biomolecules, amongst others peptide derivatives, for radiophar-

maceutical applications (1, 2, 9, 10).

Neuropeptides are known to bind with high affinity and selectivity to their corresponding

receptors, which are over-expressed on a considerable number of cancers (11-13). Many

radiopeptides have been modified by the incorporation of polar groups, such as charged

amino acids or carbohydrates and especially the latter revealed a great impact on the

in vivo characteristics, e.g. a clear reduction of liver uptake and hepatobiliary excretion

in the case of radiolabeled sst analogues (14-19).

Bombesin (BBS) is a tetradecapeptide with high affinity for the mammalian gastrin re-

leasing peptide receptor (GRPR), a subtype of the BBS receptor superfamily, which is

overexpressed in numerous human tumors, such as prostate, breast, small-cell lung can-

cer and others (19-21). Of the different radionuclides useful in nuclear medicine 99mTc

is still the one with the broadest clinical application due to its favorable dosimetry,

high specific activity, low cost and ready availability from a 99Mo/99mTc-generator. Its

physical properties (t1/2 = 6 h, Energy γ = 140 keV, 89 % abundance) are optimal

for imaging using single photon emission computed tomography (SPECT) (22-24). We

reported the applicability of the ’click’-reaction for the modification of BBS derivatives,

namely the formation of two new chelators as part of an efficient bifunctional chelating

system for labeling with 99mTc/186/188Re(CO)3 as well as the introduction of a glucose

moiety into the linker between the chelator and the BBS(7-14) binding sequence (1, 2,

9). Preliminary experiments with a 99mTc(CO)3-labeled N3click-chelator attached to the

stabilized BBS(7-14)-fragment revealed a similar in vivo behavior compared to the refer-

ence 99mTc(CO)3(N
αHis)Ac-βAla-βAla-BBS(7-14), with a high specific uptake in GRPR

expressing tissues pancreas and colon (1). Furthermore, the glycation of the linker by
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Figure 6.1: Chemical structure of the 99mTc(CO)3-complexes formed with the tridentade
chelators. (A) reference chelator (NαHis)Ac (B) N2click-chelator (c) N3click-chelator

formation of a stable triazole bond using ’click’-chemistry led to a significant improve-

ment of the biodistribution of the 99mTc(CO)3-labeled BBS(7-14) analogue with higher

tumor uptake, reduction of hepatic activity and clearly improved tumor-to-nontumor

ratios (2).

In this study we intensified the investigation of the ’click’-chelators (Figure 6.1) with

regard to their impact on the in vitro characteristics and the biodistribution of the
99mTc(CO)3-labeled BBS analogues in tumor xenografted mice. Additionally, we in-

vestigated the influence of a ’click’-coupled glucose moiety on the in vitro and in vivo

properties compared to the carbohydrated 99mTc(CO)3(N
αHis)Ac-counterpart.

6.3 Materials and Methods

Chemicals and Equipment

The chemicals were obtained from Merck (Dietkon, Switzerland) or Fluka (Buchs, Switzer-

land). The determination of protein concentrations was performed using a Pierce BCA

Protein Assay kit from Socochim (Lausanne, Switzerland). Na[99mTcO4] was eluted from

a Mallinckrodt 99Mo/99mTc generator (Tyco Healthcare, Petten, The Netherlands) using

0.9 % saline. Sodium boranocarbonate was a gift from the provider of the generator.

The radioactivity of in vitro and in vivo experiments was measured with a NaI-γ-counter

(Packard Canberra Cobra II, Meriden, USA) or a NaI ionization chamber. DMEM

GLUTAMAXTM -I, trypsin/EDTA (0.25 % trypsin, 1 mM EDTA), bovine serum al-

bumin and soybean trypsin inhibitor were obtained from Invitrogen (Basel, Switzer-

land), fetal calf serum (FCS) and antibiotic/antimycotic solution were from Bioconcept
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(Allschwil, Switzerland). Bacitracin, HEPES and Chymostatin were purchased from

SIGMA (Buchs, Switzerland).

Peptide Synthesis and radiolabeling with 99mTc

Peptide solid-phase synthesis was carried out on a Rink Amide Resin with the Fmoc-

strategy as previously described (3). The attachment of the new chelators and the

introduction of the glucose moiety (Figure 6.1) were performed as recently published

(1, 4). The purification of the peptides was done on a semipreparative HPLC system

(Gilson) on a reverse phase C18 column (DiscoveryBIO SULPELCO Wide Pore, 25 cm

x 2.21 cm, 5 µm) with a linear gradient of 3 % B to 100 % B (solvent A = H2O + 0.1 %

TFA as and as solvent B = CH3CN + 0.1 % TFA) in 30 min, a flow rate of 1 mL/min

and UV detection at 215 nm. Radiolabeling of the peptides with [99mTc(OH2)3(CO)3]
+

was performed as previously described (22). For analyses and purification of the labeled

peptides from the unlabeled compounds a Macherey-Nagel CC Nucleosil 100-5 C18 RP

column (5µm, 250 x 4.6 mm) was used. Preparative HPLC for peptide purification was

performed using a Merck-Hitachi L-7100-system with an equipped 2-channel scintillation

detector interface (John Caunt scientific Ltd, Eynsham, England) and a Rainin Dyna-

max absorbance detector model UV-1. HPLC solvents consisted of H2O + 0.1 % TFA

(solvent A) and CH3OH + 0.1 % TFA (solvent B). The separation was performed with

a linear gradient 50 % A / 50 % B to 20 % A / 80 % B in 25 min (1.0 mL/min). For

the analytical HPLC of the labeled peptides a Varian ProStar system was used with a

Varian ProStar 230 Solvent Delivery-Pump, a Varian Photodiode Array Detector Model

Figure 6.2: Chemical structure of the glycated BBS analogues (A) (NαHis)Ac-chelator
plus lysine-coupled glucose B) (NαHis)Ac-chelator plus triazole-coupled glucose (C) N3click-
chelator plus triazole-coupled glucose
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Table 6.1: Sequence of the ’Click’-modified BBS analogues.

Peptide Chelator Linker Binding Sequence

1 (Reference) (NαHis)Ac βAla-βAla -Gln-Trp-Ala-Val-Gly-Cha-Nle-Met-NH2

2 N2Click βAla -Gln-Trp-Ala-Val-Gly-Cha-Nle-Met-NH2

3 N3Click βAla -Gln-Trp-Ala-Val-Gly-Cha-Nle-Met-NH2

4 (Reference) (NαHis)Ac Lys(Gluc)βAla-βAla -Gln-Trp-Ala-Val-Gly-Cha-Nle-Met-NH2

5 (Reference) (NαHis)Ac Glu(pra)βAla-βAla -Gln-Trp-Ala-Val-Gly-Cha-Nle-Met-NH2

6 N3Click Glu(pra)βAla-βAla -Gln-Trp-Ala-Val-Gly-Cha-Nle-Met-NH2

330, a Varian ProStar Autosampler Model 410 and a radiomatic Flo-one Beta Detector

(Packard Canberra). HPLC solvents consisted of CH3CN + 0.1 % TFA (solvent A) and

H2O + 0.1 % TFA (solvent B). The labeling control was performed with a linear gradient

of 30 % A / 70 % B to 80 % A / 20 % B in 25 min (1.0 mL/min).

Octanol/water partition coefficient study

Octanol/water partition coefficients were determined at pH = 7.4. Five µL containing

500 kBq of the radiolabeled compound in PBS were added to a vial containing 1.2 ml

1-octanol and PBS (1:1). After vortexing for 1 min the vial was centrifuged for 5 min

at 10000 rpm to ensure complete separation of layers. Then 40 µL of each layer were

taken in a preweighed vial and measured in the γ-counter. Counts per unit weight of

sample were calculated, and logD values were calculated as described by Pillarsetty et

al (6) using the formula

Log10D = log10 ( counts in 1 g of octanol
counts in 1 g of PBS

)

Cell culture

The human prostate cancer cell line PC-3 was purchased from European Collection of

Cell Cultures (Salisbury, United Kingdom) and maintained in Dulbecco’s MEM with

GLUTAMAXTM -I supplemented with 10% FCS, 100 IU/mL penicillin G sodium, 100

µg/mL streptomycin sulphate, 0.25 µg/mL amphotericin B. Cells were subcultured twice
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a week after detaching with trypsin-EDTA and incubated at 37°C in an atmosphere

containing 5% CO2.

Receptor inhibition studies

PC-3 cells at confluence were placed in 48-well plates one day prior to the assay. During

the experiment the cells were incubated in a special binding buffer (50 mM HEPES,

125 mM NaCl, 7.5 mM KCl, 5.5 mM MgCl*6H2O, 1 mM EGTA, 5g/L BSA, 2 mg/L

Chymostatin, 100 mg/L Soybean Trypsin inhibitor, 50 mg/L Bacitracin, pH 7.4) with

increasing concentrations of the BBS analogues (0-30000 nM) in presence of 4 kBq of
99mTc-BBS(7-14). After 1 h incubation at 37°C the cells were washed twice with cold

PBS. Bound radioactivity was recovered by solubilizing the cells in 1 N NaOH (2 x 400

µL). The radioactivity was measured in the γ-counter. All experiments were carried out

2-3 times in triplicate.

Receptor saturation studies

One day prior to the assay PC-3 cells at confluence were placed in 48-well plates and

incubated for 1 h at 37°C in the binding buffer described above with increasing con-

centrations of the labeled BBS analogues (0.01-2 nM). After the HPLC separation from

unlabeled peptide the concentration of total Tc-labeled peptide was calculated according

to Bauer et Pabst (7). Non-specific binding was determined by co-incubation with 1µM

BBS(1-14). After incubation the cells were washed twice with cold PBS, solubilized in 1

N NaOH (2 x 400 µL) and the radioactivity was measured in the γ-counter. Experiments

were performed 2-3 times in triplicate.

Internalization

For internalization studies PC-3 cells were placed in 6 well plates and incubated with the

labeled analogues (4 kBq/well) in binding buffer for 5, 15, 30, 60 and 120 min at 37°C to

allow binding and internalization. Non-specific binding was determined in the presence

of 1 µM BBS(1-14). After incubation cells were washed twice with cold PBS. Surface

bound activity was removed by acid wash (50 mM glycine/HCL, 100 mM NaCl, pH 2.8,

2 x 600 µL for 5 min at room temperature). Afterwards the plates were neutralized

with 600 µL PBS and cells were lysed with 1 N NaOH (2 x 600 µL). Surface bound and

internalized activities were measured in the γ-counter. The protein concentration was
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determined and results were calculated as percentage of total added radioactivity per

mg protein.

Biodistribution studies

The animal experiments were conducted in compliance with the Swiss animal protection

laws and with the ethical principles and guidelines for scientific animal trials established

by the Swiss Academy of Medical Sciences and the Swiss Academy of Natural Sciences.

Female CD-1 nu/nu mice 6-8 week-old (Charles River Laboratories, Sulzfeld, Germany)

were subcutaneously injected with 8 x 106 PC-3 cells in 150 µL culture medium without

supplements. About 3 weeks after tumor implantation the mice (3-6 per group) were

injected i.v. with 3.7 MBq radiolabeled peptides. At 0.5 h, 1.5 h or 5 h post-injection

(p.i.) the animals were sacrificed by cervical dislocation. The different organs (heart,

lung, spleen, kidneys, pancreas, stomach, small intestine, large intestine, liver, muscle,

bone) and blood were collected, weighed and the radioactivity was measured in a γ-

counter. Results are presented as percentage of injected dose per gram of tissue (%ID/g).

To determine the specificity of the in vivo uptake one group of mice received a co-injection

of 100 µg of unlabeled BBS(1-14) and the radiolabeled analogue and sacrificed at 1.5 h

p.i..

SPECT/CT studies

Single photon emission computed tomography / X-ray computed tomography (SPECT/

CT) images were performed post-mortem 1.5 h after i.v. injection of the 99mTc-BBS

analogues (20 MBq). Images were obtained on an X-SPECTTM -system (Gamma Med-

ica Inc.) equipped with a single head SPECT device and a CT-device. SPECT data

were acquired and reconstructed with LumaGEM (version 5.407). CT data were re-

constructed with the software Cobra (version 4.5.1). Fusion of SPECT- and CT-data

was performed with IDL Virtual MachineTM (version 6.0). Images were generated with

AmiraTM (version 3.1.1).
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6.4 Results and Discussion

The development of novel simpler methods for the syntheses and functionalization of

small modified biomolecules is of high interest for the production of new tracers for

radiopharmaceutical applications. Recently, the ’click’-reaction (Figure 6.1) was intro-

duced as a convenient and cheap way for the easy incorporation of 1,4-disubstituted

triazoles into the stabilized BBS fragment (7-14) for labeling with Tc/Re(CO)3 (1).

Preliminary in vitro and in vivo data revealed a similar profile to the reference com-

pound 1, a homologous peptide with a histidine chelator. Compound 1 featured rather

poor tumor-to-tissue ratios (tumor-to-blood = 4.3 ± 3.4, tumor-to-kidney = 0.9 ± 0.3

and tumor-to-liver = 0.4 ± 0.3, 1.5 h p.i.). Its high accumulation in the liver is especially

unfavorable for both the detection and radiotherapeutic treatment of abdominal leasons.

We synthesized new peptides with novel chelating systems coupled by ’click’-chemistry.

The new analogues are based on the same stabilized sequence (replacement of Leu13 with

Cha, and Met14 with Nle) (Table 6.1), which has been reported to exhibit an increased

metabolic stability in human plasma and tumor cells (17). Likewise, βAla-groups were

inserted between the chelator and the peptide binding sequence, due to their positive

influence on the in vivo behavior (7, 28).

The two new ’click’-chelators were incorporated into the BBS-fragment as recently pub-

lished: the N2click-chelator by the attachment of L-propargyl glycine to an BBS-precursor

with a N-terminal alkyne (compound 2), the N3-chelator by the reaction of L-azido ala-

nine with an N-terminal azide (compound 3) (1). Finally, compound 6 was synthesized

Table 6.2: Binding affinity of the unlabeled (IC50 values) and labeled (Kd values) compounds
for GRP-receptors in PC-3 cells (n = 2-3).

Compound IC50 [nM] Kd [nM]

1 (Reference) 3.9 ± 1.1 0.19 ± 0.12

2 4.2 ± 0.7 n.d.

3 1.9 ± 1.1 0.19 ± 0.06

4 (Reference) 3.7 ± 0.7 0.18 ± 0.06

5 (Reference) 4.2 ± 0.1 0.29 ± 0.16

6 5.2 ± 0.1 0.60 ± 0.27
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Figure 6.3: Time-course internalization of 99mTc-labeled BBS analogues after incubation at
37°C. Data represent the percentage of internalized activity per mg protein related to the total
activity added to the cells (n = 2-3)

by the formation of a stable triazole bond between an alkyne in the linker and an azido

glucose derivative, in analogy to the synthesis recently published for peptide 5 (9). Ra-

diolabeling of these novel carbohydrated peptides with [99mTc(OH2)3(CO)3]
+ was per-

formed at ligand concentrations of 10-5 M for 1 h at 75 °C. Radiolabeling yields were

higher than 95 % for the peptides 2, 3 and 6, which were similar to those of the reference

compounds 1, 4 and 5. The radioactive complexes were successfully separated from the

unlabeled peptides to avoid a saturation of the GRP-R in subsequent in vitro/in vivo

experiments. The polarity of the 99mTc(CO)3-labeled carbohydrated compound was

evaluated by determinig the octanol/water partition coefficient. Coupling of glucose to

the N3chelator-bearing peptide 6 resulted in a LogD value of -0.6, comparable to the

values for peptides 4 and 5 (-0.5) (2).
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In vitro studies

The in vitro experiments were performed with the human prostate carcinoma cell line

PC-3, which expresses a high level of GRPR. The affinity of the unlabeled analogues

was tested in inhibition experiments in competition with 4 kBq of 99mTc-BBS(7-14),

which has been reported to exhibit a high affinity for the GRPR (29). The two new

chelating systems as well as the additional carbohydration showed no influence on the

high binding affinity with IC50 values between 1.9 and 5.2 nM, similar to the tracers 1, 4

and 5 (Table 6.2). However, after radiolabeling with 99mTc(CO)3 only the experiments

with peptides with the N3click chelator led to saturable and specific receptor binding

to the tumor cells. The Kd values of the N3click-radioconjugate 3 were identical to the

reference 1 (0.19 ± 0.06 and 0.19 ± 0.12 nM, respectively), whereas for the glycated

analogue 6 (0.60 ± 0.27 nM) was slightly higher than those of the glycated references 4

and 5 (0.18 ± 0.06 and 0.29 ± 0.16 nM, respectively) (Table 6.2). Binding affinity could

not be determined for the new radiolabeled peptide 2, due to lack of specificly bound cell

associated activity. Considering the stability of the complex in PBS, the high affinity

found for the unlabeled compound 2 in the inhibition studies and the general low impact

of the organometallic complex on the binding affinity of our BBS(7-14) derivatives, the

loss of binding affinity due to radiolabeling may be ascribed to the reported lower complex

stability of the N2-click chelating systems (1). It is possible that a rapid decomposition

of the 99mTc(CO)3-N2click-complex occurred under the conditions of the in vitro tests

(binding buffer and tumor cells). Therefore, compound 2 was excluded from further

in vitro or in vivo investigations.

The internalization experiments showed a similar and rapid uptake into the tumor cells

for both N3click-compounds 3 and 6. Between 25 and 35 % of the applied dose per

mg protein corresponded to internalized radioactivity after 60 min (Figure 6.3). The

differences between the glycated and non-glycated peptides as well as between the new

N3click-chelator and the reference peptides with an (NαHis)Ac-chelator were statistically

not significant. The fast internalization indicates an agonistic behavior and is consistent

with other structurally similar BBS derivatives, which have been published recently (25,

30-32).
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Table 6.3: Biodistribution of the new 99mTc-labeled BBS analogues (3.7 MBq/mouse i.v.) in
mice bearing PC-3 xenografts. The animals of the blocked group received a co-injection of 0.1
mg BBS(1-14). Data (mean ± SD) are expressed as percentage of injected dose per gram of
tissue (n = 3-4)

Compound Organs 0.5 h 1.5 h 5 h 1.5 h blocked

Blood 1.54 ± 0.30 0.18 ± 0.01 0.06 ± 0.01 0.19 ± 0.08

Stomach 2.11 ± 0.50 0.92 ± 0.26 0.36 ± 0.01 0.28 ± 0.10

Kidney 4.86 ± 1.10 1.00 ± 0.11 0.35 ± 0.07 0.84 ± 0.40

3 Liver 4.05 ± 0.81 1.15 ± 0.17 0.38 ± 0.06 1.59 ± 0.31

Small intestines 10.05 ± 3.90 7.29 ± 1.99 7.41 ± 3.04 0.87 ± 0.13

Pancreas 29.52 ± 6.82 12.46 ± 2.91 4.20 ± 0.28 0.80 ± 0.27

Colon 6.99 ± 1.92 2.67 ± 1.01 3.27 ± 1.25 0.40 ± 0.15

Tumor 3.76 ± 1.47 1.20 ± 0.75 0.80 ± 0.44 1.02 ± 0.44

Blood 1.40 ± 0.39 0.19 ± 0.06 0.08 ± 0.01 0.16 ± 0.03

Stomach 4.67 ± 2.06 1.46 ± 0.21 0.96 ± 0.33 0.04 ± 0.96

Kidney 6.36 ± 0.81 2.20 ± 0.60 0.89 ± 0.15 1.63 ± 0.20

6 Liver 0.96 ± 0.09 0.31 ± 0.05 0.23 ± 0.07 0.77 ± 0.08

Small intestines 7.21 ± 2.47 3.34 ± 0.61 0.66 ± 0.14 1.32 ± 0.32

Pancreas 51.99 ± 5.52 31.40 ± 2.81 17.65 ± 2.00 1.91 ± 0.25

Colon 9.21 ± 2.07 6.14 ± 0.78 4.65 ± 1.75 0.36 ± 0.14

Tumor 4.97 ± 1.14 4.41 ± 0.55 2.61 ± 0.81 0.68 ± 0.22

Biodistribution studies

The N3click-compounds 3 and 6 were tested in biodistribution studies performed with

mice bearing PC-3 tumor xenografts and compared with data obtained for the reference

peptides 1, 4, and 5 (2, 28).

For both new peptides 3 and 6 a higher radioactivity was found in the blood at 0.5 h

p.i. (1.5 ± 0.3 %ID/g and 1.4 ± 0.4 %ID/g, respectively) compared the non-glycated

reference 1 (0.6 ± 0.2 %ID/g). These values were similar to the ’click’-glycated reference

compounds 5 (1.8 ± 0.2 %ID/g) but higher than for peptide 4 (0.7 ± 0.2). All peptides

featured a rapid blood clearance and activity was (t1/2 0.4 %ID/g) after 1.5 h p.i.
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The presence of the new ’click’-chelator in compound 3 showed no significant effect on

the accumulation in the liver (4.0 ± 0.8 %ID/g; 0.5 h p.i.), which was in the range of

that published for reference 1 (5.3 ± 1.3 %ID/g). The clearance from hepatic tissue was

slightly faster until 1.5 h p.i. for peptide 3 (1.2 ± 0.2 %ID/g) than for 1 (2.1 ± 0.4

%ID/g). Interestingly, the uptake of the novel glycated compound 6 in hepatic tissue

at 0.5 h p.i. (1.0 ± 0.1 %ID/g) was clearly reduced compared to its non-glycated coun-

terpart peptide 3 (4.0 ± 0.8 %ID/g) as well as to the glycated reference 5 (1.7 ± 0.1

%ID/g). These results underline the effect of the polar carbohydrate towards the uri-

nary/renal excretion of radiotracers as well as a low impact of the N3click-chelator alone

on a decrease of liver accumulation. The relatively high and unspecific accumulation of

activity in the small intestines observed for both peptides 3 and 6 at 0.5 h p.i. (10.1

± 3.9 and 7.2 ± 2.5 %ID/g, respectively) is a hint for a partial hepatobiliary excretion

(Table 6.3). However, the retention of the intestinal radioactivity was long for analogue

3 (7.3 ± 2.0 and 7.4 ± 3.0 %ID/g at 1.5 h and 5 h, respectively), while a faster depletion

was observed for analogue 6 (3.3 ± 0.6 %ID/g at 1.5 h, 0.7 ± 0.1 %ID/g at 5 h p.i.).

This clearly indicates a shift from the hepatobiliary excretion towards the urinary/renal

system similar to the carbohydrated compounds 4 and 5 (3.4 ± 0.2 vs. 8.5 ± 1.5 %ID/g

at 0.5 h, 2.9 ± 0.3 vs. 4.6 ± 1.2 %ID/g at 1.5 h, 0.9 ± 0.1 vs. 1.8 ± 0.5 %ID/g at 5 h

p.i., respectively).

In accordance with the rapid blood clearance of all radiopeptides 1 and 3 - 6, the highest

tumor uptake was always at the earliest p.i. time (0.5 h). Peptide 3 exhibited a clearly

higher tumor uptake at this time compared to peptide 1 but both showed a similar rapid

washout from tumor tissue (3.8 ± 1.5 vs. 1.5 ± 0.3 %ID/g at 0.5 p.i., 1.2 ± 0.8 vs.

0.8 ± 0.4 at 1.5 h p.i. and 0.8 ± 0.4 vs. 0.4 ± 0.3 %ID/g at 5 h p.i., respectively)

(Table 6.3). Peptide 6 featured similar high uptake and retention of activity in the tu-

mor tissue compared to conjugate 5, with a high uptake at 0.5 h p.i. (5.0 ± 1.1 and

5.6 ± 2.1 %ID/g, respectively) and relatively high values at 5 h p.i. (2.6 ± 0.8 and 2.5

± 1.3 %ID/g, respectively). Thus, interestingly, the retention of both ’click’-glycated

radioconjugates 5 and 6 in the tumor was significantly higher than that of the peptide

4, which was glycated via a lysine residue. Therefore, the glycation via ’click’-chemistry

seems to be more favorable for the in vivo properties than the attachment of glucose to

the side chain of lysine.

Besides the increased tumor uptake, we observed high uptake of the radiopeptides in

pancreas and colon, which are known to express GRPR in mice. Accumulation of the
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new tracer 3 at 0.5 h p.i. was again higher in these organs compared to peptide 1 (Table

6.3). However, the fast clearance of 3 was comparable to the depletion found for both

tracers in the tumor tissue, and indicates a general fast in vivo washout from receptor-

expressing tissues for non-glycated compounds (Table 6.3).

Incorporation in pancreas and colon was similar for the ’click’-glycated radiotracers 5

and 6 with high values at the early p.i. time points (63.2 ± 8.2 vs. 52.0 ± 5.5 %ID/g

at 0.5 h p.i. and 27.0 ± 2.5 vs. 31.4 ± 2.8 %ID/g at 1.5 h p.i., respectively), but a

significantly higher retention in pancreatic tissue was found for 6 compared to 5 (17.7 ±
2.0 vs. 3.7 ± 1.2 %ID/g at 5 h p.i., respectively). The specificity of tracer accumulation

in GRPR-positive tissues was determined by co-injection with 100 µg BBS(1-14) per

mouse. The clear decrease of radioactivity in all receptor-expressing tissues including

the tumors (Figure 6.5) confirmed that the in vivo uptake was due to receptor-specific

interaction.

Kidney uptake was higher for the new peptides 3 and 6 at 0.5 h p.i. (4.9 ± 1.1 and 6.4 ±
0.8 %ID/g, respetively) than for the nonglycated conjugate 1 (1.8 ± 0.5 %ID/g). This

may be because of an increased renal excretion of the radiopeptides underlined by the

reduced hepatic accumulation described above. The kidney values importantly decreased

at later times (Table 6.3), indicating that the peptides were not absorbed into the renal

tissue but rapidly excreted into the bladder. Tumor-to-tissue ratios were calculated for

a further comparison of the biodistribution results with the reference compounds 1, 4

and 5 (Figure 6.4). The tumor-to-blood ratios are interesting in terms of the overall ra-

dioactive background caused by the circulation of a radiotracer in the blood pool. These

ratios were similar for all radiolabeled BBS analogues 1 and 3 - 6 at 0.5 h p.i. (T/B ≈
4). However, an improved tumor-to-blood ratio was found at 1.5 h p.i. for the glycated

compounds, being highest for peptide 6 (12 for 4, 11 for 5 and 23 for 6). At a later

time point (5 h p.i.) the ratios were improved for both new peptides 3 and 6 compared

to the reference 1. Concerning the glycated analogues, the ratio of 6 was again similar

to that of 5 andhigher than that of 4 (Figure 6.4). High tumor-to-kidney ratios are

of particular interest for a potential use of the radiotracers for therapeutic applications

with 186/188Re. The tumor-to-kidney ratios found in this study showed a similar pattern

as described for the tumor-to-blood ratios above. Again the values were almost identical

for all analogues at 0.5 h p.i. (T/K ≈ 1). This ratio increased for peptide 6 up to 2.2

at 1.5 h p.i. and was higher than that of the reference peptide 5 (1.4 at 1.5 p.i.). High

uptake of radiotracers in the liver is problematic for imaging and therapeutic treatment
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Figure 6.4: Tumor to non-tumor ratios of the 99m-labeled BBS analogues in mice bearing
PC-3 tumor xenografts (3.7 MBq/mouse i.v.) (n = 3-13). (A) Tumor-to-blood. (B) Tumor-
to-kidney. (C) Tumor-to-liver

of abdominal lesions, such as liver metastases, which is a general drawback of radiola-

beled BBS analogues and has been published not only for 99mTc-labeled BBS derivatives

but also for 64Cu-DOTA-BBS(7-14), 64Cu-NOTA-8-Aoc-BBN(7-14)NH2 or 68Ga-DOTA-

BBS(6-14) (19, 31, 33, 34). Interestingly, the tumor-to-liver ratios of compound 6 were

significantly superior at 0.5 and 1.5 h p.i. compared to both the non-glycated counterpart

3 as well as the glycated peptides 4 and 5 (Figure 6.5). Similar results on the reduction

of hepatic uptake after glycation were published for radiolabeled sst analogues. Sugar

moieties attached to Tyr3-octreotide (TOC) exhibited a significant decrease of tracer

accumulation in the liver and intestines in combination with an increased uptake in sst

receptor expressing tissues and tumor xenografts (15, 35).

SPECT/CT studies

Biodistribution and SPECT/CT studies performed with the carbohydrated 99mTc(CO3)-

labeled BBS analogue 4 and 5 revealed a significant impact of sugar moieties on the phar-

macokinetic profiles (2). The reduction of activity found in the liver and gastrointestinal

tract increased the potential of these peptides for diagnostic applications. In order to

examine the capability of the novel compound 6 for diagnostic purposes, SPECT/CT

imaging experiments were performed after the i.v. injection of 70 MBq of the 99mTc-

labeled peptide. Coronal imaging slices of the animal showed a clear localization of the
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Figure 6.5: Coronal slices of a SPECT/CT of a nude mouse with PC-3 xenografts 1.5 h after
injection of 70 MBq of the 99mTc-labeled click-glycated N3click-BBS (compound 6)

tumor xenografts inoculated into the shoulders. A relatively low activity was found in

liver and intestines (Figure 6.5). The relatively low radioactivity detected in the ab-

domen was in accordance with the expression of GRPR in the murine pancreas and a

limited hepatobiliary excretion. Overall the abdominal accumulation was significantly

reduced compared to the 99mTc(CO3)-labeled analogue 1 (2). The results were in agree-

ment with both the biodistribution experiments as well as data obtained with the ’click’-

glycated 99mTc-labeled analogue 5 (2). Thus, the carbohydration via ’click’-chemistry

again showed a significant impact on the biodistribution profile of 99mTc(CO3)-labeled

BBS derivatives. The new ’click’-glycated and N3click-chelated BBS analogue 6 revealed

a huge potential for imaging of GRPR-expressing tumors.
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6.5 Conclusion

In this work we evaluated the applicability of ’click’-chemistry for the functionaliza-

tion of 99mTc(CO)3-labeled BBS analogues for targeting of GRPR-positive tumors. We

studied the implication of two chelating systems attached by ’click’-chemistry to the

N-terminal end of a modified BBS(7-14) peptide and further investigated the influence

of an additional glucose moiety attached by the ’click’-reaction to the linker. The new

N3click-chelator clearly offered a convenient way for radiolabeling of BBS derivatives

with the organometallic 99mTc-tricarbonyl-core and may even be slightly favorable com-

pared to the established (NαHis)Ac-chelator with regard to a reduced liver accumulation.

Furthermore, the data confirmed the positive impact of a triazole coupled glucose on the

pharmacokinetic profile of BBS analogues labeled with the 99mTc(CO)3-core, namely on

the uptake and in vivo retention in receptor-expressing organs and tumor xenografts.

Especially the low hepatic uptake and the improved tumor-to-liver and tumor-to-kidney

ratios turn the ’click’-glycated and N3click-chelated BBS analogue into a promising ra-

diotracer for diagnostic tumor targeting. In summary, ’click’-chemistry provides a valu-

able tool for both modification and functionalization of 99mTc-labeled BBS analogues for

improved tumor targeting of GRPR-expressing tumors.

6.6 Acknowledgements

This work was funded by an Oncosuisse grant (Nr. OCS 01311-02-2003).

123



6.7 References

1. Struthers, H., Spingler, B., Mindt, T. L., and Schibli, R. (2008) ”Click-to-Chelate”:

Design and Incorporation of Triazole-Containing Metal-Chelating Systems into

Biomolecules of Diagnostic and Therapeutic Interest. Eur J Chemistry 14, 6173-

6183.

2. Schweinsberg, C., Maes, V., Brans, L., Bläuenstein, P., Tourwé, D. A., Schubiger,
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Chapter 7

Conclusion

The major focus of this work was to investigate the influence of polar linkers on the

biodistribution profile of radiolabeled BBS analogues. The over-expression of different

peptide receptors has been confirmed for a considerable number of human cancers. A

prominent example is the GRP-receptor, which is expressed in high levels on prostate

and breast tumors as well as colon, small-cell lung, ovarian cancer and other carcinoids.

The fragment 7-14 of BBS is the minimal sequence required for high affinity binding

to GRP receptors. Therefore, radiolabeled derivatives of BBS(7-14) hold a remarkable

potential as powerful agents for tumor targeting, either peptide receptor imaging (PRI)

or peptide receptor radiotherapy (PRRT). Targeting of GRPR-expressing tumors with

BBS analogues has two major drawbacks. On the one hand, these peptides show a short

biological half-life. On the other hand, their high hepatic accumulation and hepatobiliary

excretion is problematic for imaging and therapy of abdominal lesions. The modification

of the BBS(7-14) sequence at positions 13 and 14 led to more stable analogues with

significantly slower degradation in human plasma and tumor cells. The changes in their

binding properties were negligible but they showed a moderately higher tumor accumu-

lation and tumor-to-non-tumor ratios in biodistribution studies performed in nude mice

with human tumor xenografts.

The introduction of polar pharmacokinetic modifiers is a promising approach to reduce

the hepatic and intestinal accumulation and promote the urinary/renal excretion of the

radiotracer. In a first study we evaluated five new polar 99mTc(CO)3-labeled BBS ana-

logues and could confirm the great impact of polarity and charge on their in vitro and
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in vivo characteristics. Different linkers, consisting of polar β3homo-amino acids, were

introduced between the binding sequence and the retro(NαHis)Ac-chelator. Despite the

fact that the different modifiers exhibited rather similar in vitro properties, we found a

remarkable variation among them in vivo. A positive charge in the linker resulted in

higher uptake and retention in kidney and liver. A neutral linker with a hydroxyl group

resulted in a moderate improvement of the biodistribution in form of decreased hepatic

accumulation. However, a single negative charge, after insertion of a β3-homo-glutamic

acid in the linker, considerably ameliorated the biodistribution profile with higher tu-

mor uptake and retention and significantly improved tumor-to-background ratios, which

could be confirmed by SPECT/CT imaging studies. Additional negative charges led

to a reduction of binding affinity and internalization and unfavorable biodistribution

with reduced tumor uptake and increased kidney uptake. The results indicate that the

introduction of a single negative charge may be useful in the development of new BBS

analogues, in order to obtain an improved biodistribution profile with enhanced imaging.

Our second approach covered the influence of carbohydration on the pharmacokinetic

profiles of 99mTc(CO)3-labeled BBS analogues. We tested three novel glycated BBS

derivatives. The sugar moieties were attached to the linker either via the ε-amino group

of lysine or the formation of a triazole-bond with propargylglycine by ’click’-chemistry.

The new compounds were more hydrophilic, but still exhibited a high receptor binding

affinity. The introduction of the polar carbohydrates had no effect on internalization,

efflux or metabolic stability in vitro but led to a significant reduction of abdominal accu-

mulation, higher tumor uptake and improved tumor-to-background ratios in vivo. The

increased hydrophilicity of the new conjugates resulted in high kidney uptake at early

p.i. times, which decreased fast indicating that the tracers did not remain trapped in

renal tissues but were rapidly released. In general, coupling of glucose via a triazole-bond

seems to be superior compared to coupling sugar via a lysine as well as the insertion

of a single negative charge. Apart from much higher tumor-to-liver ratios, both tumor-

to-kidney and tumor-to-blood ratios of the triazole-coupled compound were significantly

increased. Additional imaging studies proved the reduction of abdominal background

and enhanced tumor delineation.
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The radiolabeling of biologically active molecules has become an indispensable tool for

the assessment of novel drug candidates in nuclear medicine. To keep pace with the

growing number of new targets, innovative and efficient methodologies are needed for

the firm attachment of molecules of biomedical interest to readily available radionuclides

with suitable decay characteristics. We could show that ’click’-chemistry offers an excit-

ing new opportunity for the design of efficient probes for radiopharmaceutical applica-

tions by innovative chemistry. Labeling of the novel ’click’-chelators and -bioconjugates

with Tc/Re(CO)3 was efficient and the one-pot procedure represents a remarkable im-

provement for the synthesis of metal-labeled conjugates for diagnostic and therapeutic

purposes. We intensified our studies on the applicability of ’click’-chemistry by the

functionalization of BBS(7-14) with two novel chelating systems for radiolabeling with
99mTc(CO)3. The new chelators were attached by ’click’-chemistry to the N-terminus of

the peptide sequence. The N3click-chelator clearly offered a convenient way for radiola-

beling of BBS derivatives with the organometallic 99mTc(CO)3-core, which may even be

slightly favorable compared to the established (NαHis)Ac-chelator regarding a reduced

liver accumulation. The N2click-ligand did not reveal sufficient complex-stability after

radiolabeling for further in vitro and in vivo studies. Furthermore, our data confirmed

the positive influence of a triazole-coupled sugar moiety on the uptake and in vivo reten-

tion in receptor-expressing organs and tumor xenografts. Especially the low hepatic up-

take and the improved tumor-to-liver and tumor-to-kidney ratios turn the click-glycated

and N3click-chelated BBS analogue into a promising radiotracer for diagnostic and ther-

apeutic tumor targeting.

In summary, the presence of polar linkers, especially in form of a triazole-coupled glucose

moiety, significantly improved the biodistribution and imaging properties of 99mTc(CO)3-

labeled BBS derivatives. ’Click’-chemistry provided a convenient method for the forma-

tion of a new stable chelating system for 99mTc(CO)3-labeling as well as for the incorpo-

ration of triazole-coupled glucose. Both glycated N3click-BBS and glycated (NαHis)Ac-

BBS analogues showed the highest potential for targeting of GRP-R-expressing tumors.
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2. E. Garćıa Garayoa, C. Schweinsberg, V. Maes, D. Rüegg, A. Blanc, P. Bläuenstein,
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