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HATU  2-(1H-9-Azabenzotriazole-1-yl)-1,1,3,3-tetramethyluronium 
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HEK  Human embryonic kidney (cells) 
HOBt  N-Hydroxybenzotriazole 
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p.i.  Post injection 
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SPECT  Single photon emission computer tomography 
SPPS  Solid phase peptide synthesis 
SRIF  Somatotropin release inhibiting factor 
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TIS  Triisopropylsilane 
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‘’My idea is that chemistry is the central science. 
Everything that goes on in biology or medicine 

has a chemical basis.’’ 

R. Lerner, Chem. Eng. News 1996, 74(20), 39. 

      

 

      

 

     Foreword 

 

 The term target carries several connotations in the overall 

context of drug discovery. Remarkable progress in 

molecular biology has led to the identification of numerous 

proteins with key roles in the function of both normal and 

abnormal cells, which has allowed the formation of specific 

hypotheses about how modulating the function of defined 

proteins that are linked to disease could be a route to new 

drugs.  

 Although there are many exciting new targets for 

treating and/or preventing cancer, classical chemotherapy 

and radiotherapy approaches remain the mainstay of 

cancer treatment for tumors that cannot be cured solely by 

surgical excision. The preparation of new 

radiopharmaceuticals for diagnosis or targeted therapy 

will evolve only if close interactions between biologists, 

chemists, and physicians continue. As new biological 

targets are identified, the synthetic challenges presented 

to the radiopharmaceutical chemists will be faced and 

hopefully mastered. 

 Regardless of the beauty of the science involved in 

the development of the radiotracer, the ultimate goal in 

nuclear medicine is not the science, but the ability to 

improve the quality of life. Therefore, the current challenge 

in this field is to achieve a balance between the specificity 

of a radiotracer, the required validation of the radiotracer, 

and the number of patients the radiotracer can help.  
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 1. INTRODUCTION 

 

 The major advantage of nuclear medicine methods is that only picomolar 

concentrations of radiotracers are required to provide a measurable signal without interfering 

with the process under investigation. It is often true that biochemical or metabolic changes 

can therefore be identified before a significant change in structure or anatomy can be 

determined. In oncology this has the potential advantage of not only being able to detect 

abnormal function related to malignant tissue at diagnosis but also to identify changes as a 

result of therapy earlier than is possible with anatomical techniques alone. The discovery that 

many tumor types overexpress receptors for peptide hormones dates back to the mid-1980s. 

Since then there has been an exponential growth in the development of radiolabeled peptides 

for diagnostic and therapeutic applications in oncology. Much can be said on the advantages 

of peptides as targeting agents over proteins, e.g. antibodies, and on the potential targets of 

metallo-peptides in diagnosis and therapy. For a more comprehensive reading on this matter 

please see paper I.  

 The first diagnostically studied and also radiotherapeutically employed regulatory 

peptides were analogs of somatostatin. The high level of expression of somatostatin receptors 

on various tumor cells has provided the molecular basis for successful use of radiolabeled 

somatostatin analogs as tumor tracers in nuclear medicine. [1-3] 

 Throughout this thesis the discussion will be focused on the somatostatin derivatives 

and their use in peptide receptor mediated radionuclide targeted therapy (PRRT) and 

diagnostic, with emphasis on the design of new derivatives with improved pharmacological 

profiles and on strategies to increase their retention time and cytotoxicity in the tumor cells. 

 

 
 1.1. Somatostatin 
  

 Somatostatin (somatotropin release-inhibiting factor, SRIF or SS) was originally 

discovered as a hypothalamic neurohormone that inhibits growth hormone (GH) secretion [4]. 

Subsequently, SRIF was detected both in the central and peripheral nervous systems and in 

peripheral tissues where it plays many different roles. In the periphery, the endocrine pancreas 

and the gut are the main sources of SS, but SRIF-producing cells are also present in the 

thyroid, adrenals, submandibular glands, kidneys, prostate, and placenta [5, 6, 7]. Its functions 

include inhibition of endocrine and exocrine secretions, modulation of neurotransmission, 

motor and cognitive functions, inhibition of intestinal motility, absorption of nutrients and 
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ions, vascular contractility, and cell proliferation (for a review, see Ref. [8]). Another action 

of SS is the inhibition of proliferation of various normal and tumor cells [9]. Somatostatin 

occurs naturally in two molecular forms: a tetradecapeptide (SS-14) and a 28-amino acid 

peptide (SS-28) containing the amino acid sequence of SS-14, N-terminally extended by 14 

amino acid residues (Figure 1) [7, 10]. The SS peptides are synthesized as part of a large 

precursor molecule that undergoes tissue-specific enzymatic cleavage to yield either SS-14 or 

SS-28 [10]. Although the biological significance of the two forms of peptide is not yet 

completely understood, SS-14 is thought to function predominantly as a neuropeptide whereas 

SS-28 mostly acts as a circulating hormone [11], [12]. The diverse actions of SS peptides are 

mediated through interaction with a family of five specific SS receptors (sstr) expressed by a 

variety of normal and malignant tissues [8]. Because of its dual role in inhibiting hormone 

release and cell growth, it was a logical step to evaluate SS as an anticancer drug for the 

treatment of neuroendocrine tumors. Various studies demonstrated inhibitory effects of SS in 

patients with acromegaly, endocrine pancreatic tumors such as insulinomas and 

glucagonomas, ectopic tumors like gastrinomas, and VIP-(vasoactive intestinal peptide)-

producing tumors [7]. However, the short half-life of SS in vivo (about 2–3 min) prevented its 

application in the clinic. 

 
Figure 1. Structures of the natural somatostatin peptide agonists SS-14 and SS-28. The pharmacophore is 

highlighted in red. The sites of enzymatic degradation are indicated in blue [13].  

  
 1.2. Somatostatin receptors 
  

 Since the original demonstration that the physiological actions of SRIF are mediated 

by high-affinity plasma membrane receptors, five SS receptors have been cloned and termed 

sstr1 through sstr5. They belong to the superfamily of G-protein coupled receptors (GPCRs) 

and the genes encoding the five sstr subtypes are localized on different chromosomes [14]. 

Via alternative splicing, two forms of sstr2 can be generated, i.e., sstr2A and sstr2B [15, 16], 

the only difference between them being the length of their cytoplasmatic tail. All the five 
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receptor subtypes share a coupling to the second messenger systems known to be activated 

upon SS binding to its receptor. These systems include inhibition of adenylyl cyclase activity 

and activity of calcium channels, as well as stimulation of phosphotyrosine phosphatase or 

MAPK activity. These features have been extensively reviewed, [8, 14, 17]. Particular interest 

has been devoted to the inhibitory action of SS through MAPK pathways [18], this being 

likely to contribute to the antiproliferative effect of somatostatin. The role of SS in 

stimulating apoptotic mechanisms in sstr2- or sstr3-expressing cells [19, 20] is another 

notable antiproliferative mechanism. Recent data reveal that sstr form homo- and 

heterodimers and also that they physically interact with a class of proteins displaying 

anchoring and scaffolding functions [21, 22, 23].  

 Pharmacological studies reveal that all five human subtypes bind SS-14 and SS-28 

with high affinity; only SS-28 displays a 10-fold higher affinity for sstr5 than SS-14. 

Nevertheless, there are differences in the binding affinities of structural analogs of 

somatostatin and this topic will be discussed later in this study.  

  

 1.2.1. Agonist-induced internalization of sstr subtypes 
 The ability of sstr subtypes to undergo agonist-induced internalization is an important 

characteristic of these receptors for transporting radiolabeled SS-analogs into the cell, thereby 

making sstr-targeted radiotherapy a feasible approach. Generally, the mechanism and route of 

internalization of sstr-agonist complexes follow those described for many other GPCRs and 

involve aggregation of the hormone receptor complex in specialized areas of the membrane, 

followed by internalization of the hormone-receptor complex via clathrin-coated, as well as 

uncoated, pits. After internalization and pit formation, fusion of these vesicles with lysosomes 

occurs, resulting in hormone degradation or receptor recycling to the cell surface (Figure 2) 

[24, 25].  

 There are though differences in the cell trafficking and internalization capabilities of 

the different receptor subtypes [8, 26, 27, 28]. Thus, using CHO-K1 cells stably expressing 

one of the hsstr1-5, Hukovic et al. [27] found that [125I]LTT-SS-28 was internalized in the 

order: hsstr3>hsstr5>hsstr4 >hsstr2 >>hsstr1. On the other hand, by confocal microscopy with 

fluorescent SS derivatives, Beaudet et al. [29] obtained another classification: hsstr2>hsstr5 

>>hsstr1, the only accordance being the very weak internalization of sstr1.  
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Figure 2. Schematic representation of intracellular routing of GPCRs after agonist activation (L = ligand, PP = 

phosphate group). [adapted from ref. [30] ] 

 

 The recent observations on homo- and heterodimerization of human sstr [21, 23] 

showed the influence of co-expression of several sstr subtypes on the cell on the functionality 

of individual sstr types. Moreover, sstr may also form heterodimers with other GPCRs, e.g., 

dopamine and opioid receptors, these constructs having different properties from the 

individual receptors [22].  

 There are still questions to be answered on the topics of sstr agonist-induced 

internalization and cell trafficking; apparently, there are several factors influencing the 

outcome of such studies:  

 

Ø the technique of investigation employed; 

Ø the nature of the ligand used; 

Ø the cell type utilized for transfection of sstr DNA; 

Ø the species of sstr analyzed; 

Ø the presence of different sstr subtypes or of other GPCRs on the same cell. 

 In addition, it is worth mentioning that another open question is: are the receptor 

trafficking mechanisms the same in tumors and in normal tissues? 

 

 1.2.2. Somatostatin receptor subtype expression in normal tissues 
 Receptor binding studies, mRNA determination, and/or receptor 

immunohistochemistry have been used to identify somatostatin receptors  in human brain 

[31], as well as in numerous peripheral tissues, including pituitary, pancreas, gut, thyroid, 
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adrenal, kidney and the immune system; a complex pattern of somatostatin receptor subtype 

expression has been observed, including co-expression of multiple subtypes in a tissue-

specific pattern [32, 33, 34]. The most frequently expressed subtype is sst2A in pancreatic 

islets, in specific regions of the brain and in the peripheral nervous system, but also in the 

immune system, adrenals and kidneys. The precise localization of the other sstrs in human 

tissues is not yet fully established. Sstr3 and sstr5 have been identified in T lymphocytes. The 

human placenta as well as the fetal and adult lung display predominantly sstr4. 

  

  

 1.2.3. Somatostatin receptor subtype expression in human tumors  
 A very high incidence and often a high density of sstrs have been found in 

neuroendocrine tumors, in particular in pituitary adenomas, islet cell tumors, carcinoids, 

paragangliomas, pheochromocytomas, small cell lung cancers and medullary thyroid 

carcinomas (MTCs). Non-neuroendocrine tumors such as breast carcinomas, lymphomas, 

renal cell cancers, brain tumors, prostatic, ovarian, gastric, hepatocellular and nasopharyngeal 

carcinomas were also shown to express sstrs (for a review see [38]). The majority of human 

sstr-positive tumors express simultaneously multiple sstr subtypes, although there is a 

considerable variation in sstr subtype expression between the different tumor types and 

among tumors of the same type. Parts of these differences are also due to the method used to 

investigate the somatostatin receptor subtype occurrence.  

 There are several methods for the in vitro evaluation of peptide receptor expression, 

the techniques employed being dependent on what it is analyzed: either the receptor protein or 

the receptor mRNA expression. Because it is the receptor protein that is ultimately targeted in 

vivo, it should also be the protein that is investigated in vitro, rather than the receptor mRNA. 

In addition, there is variation in the methods used to identify the mRNA (in situ hybridization, 

Northern blots, RNase protection assays, RT-PCR and real-time PCR) or the protein 

expression (receptor autoradiography, in vitro binding assays, immunohistochemistry). Each 

method has its own advantages and drawbacks, e.g. the techniques used for mRNA detection 

are highly sensitive, but potentially without morphological correlates; while the receptor 

autoradiography localizes, identifies the receptor protein through its binding site and 

quantifies the receptor, but it has limited cellular resolution and not always specific receptor 

antibodies are available for each of the peptide receptor subtypes under investigation. 

Combination of these methods could give more reliable results, than the use of one technique 

alone.  
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 Most of the data available up to now on sstrs expression in human tumors originates 

from mRNA detection, but more recently several groups provided information on sstr subtype 

protein expression [35, 36, 37]. Frequently, there are disagreements between the outcomes 

from different authors, depending on the method of analysis employed. Nevertheless, there 

are some distinct conclusions:  

Ø all the studies conclude that sstr2 is the most frequently expressed in a majority of 

cancers; 

Ø there is a considerable heterogeneity in the expression of individual sstr within and 

between different tumors; 

Ø sstr1, 2, 3 and 5 are often found in GEP tumors [38], MTCs [39] and in epithelial 

ovarian cancers [40]; 

Ø sstr3 is predominantly expressed in inactive pituitary adenomas and in thymomas 

[35, 41, 42]; 

Ø high incidence of sstr1, 2 and 3 has been revealed in human cervical and 

endometrial cancers [43]; 

Ø GH-secreting pituitary adenomas express sstr2 and 5 [35, 44]; 

Ø sstr2, 3 and 5 were detected in human lung tumors [45]. 

The predominant expression of sstr2 in human tumorous tissues forms the basis for the 

successful clinical application of radiolabeled octapeptide SS-analogs in imaging of sstr-

positive tumors (see section 1.6.).  It is important to mention also that in a significant number 

of tumors sstr2 is absent or expressed in low density, therefore, knowledge of the sstr subtype 

expression patterns in human tumors it is very important for the development of the concept 

of sstr-targeted radiotherapy (or chemotherapy). 

 

  
 1.3. Somatostatin analogs 
    

 As specified in section 1.1., SRIF has a short half-life in vivo, hence preventing its 

application in the clinic. As a consequence, it has been a long-standing objective of 

pharmacological studies to develop synthetic analogs selective for all sstr or for subsets of 

them.  
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 1.3.1. Strategies for targeting GPCRs 
 

 
Figure 3. The crystal structure of rhodopsin. The 
protein folds into seven transmembrane helices 
(labeled 1 through 7) and a short helix (8) that 
runs across the cytoplasmatic surface of the 
membrane. The crystal structure was obtained in 
the presence of the retinal chromophore (the red 
spheres). [46] 

            GPCRs represent by far the largest 

class of targets for modern drugs. The natural 

ligands of this superfamily of seven 

transmembrane receptors (7TM) are 

extremely diverse, comprising peptide and 

protein hormones, biogenic amines, 

nucleosides and nucleotides, lipids and 

eicosanoids and others (such as glutamate, 

Ca2+ ions, etc). Despite this ‘’popularity’’, 

there is still limited structural data available 

on GPCRs. The only resolved crystal 

structure of a heptahelical receptor up to date 

is the one of bovine rhodopsin [46] (Fig.3).  

 

  

 Incontestably, this crystal structure provides significant insights concerning 

structure/activity relationships in visual pigments and related GPCRs. Nevertheless, the 

rhodopsin structure represents the inactive state of the receptor. Moreover, although GPCRs 

share a common membrane topology, they are remarkably diverse in sequence and vary 

especially in size of the extracellular amino-terminal tails, cytoplasmatic loops and carboxy-

terminal tails. These structural differences are the basis of their classification into three major 

families: A (rhodopsin-like), B (glucagon-receptor-like) and C (GABA-receptor-like). 

Therefore, it is unlikely that existing GPCR models, either based on rhodopsin or designed ab 

initio, will be sufficient to be used for in silico screening of compound libraries.  

 Consequently, the design of ligands for this receptor family still heavily relies on 

ligand-based drug design techniques. For many GPCRs the natural ligand can provide a 

good starting point in the lead finding process. Structure-activity relationships (SAR) can be 

directly derived from the natural ligand and its analogs. The resulting pharmacophore models 

can then be employed for virtual screening to identify lead structures with novel scaffolds. 

 This is the case also for the somatostatin receptor subtypes, as part of the GPCR 

superfamily. All the analogs synthesized world-wide over the years, either via the ‘’classical’’ 

approach (progressive shortening of the peptide from N- and C-terminus; Ala-scans; D-amino 
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SS analogs 

peptidic non-peptidic 

agonists antagonists agonists antagonists 

radiolabeled derivatives 

acid scans; cyclization, etc.) or using the ‘’modern’’ combinatorial chemistry and molecular 

modeling, were based on SS-14. As there is a vast number of SRIF analogs and this 

dissertation does not claim to be an exhaustive study on this matter, I will point out only the 

‘’milestones’’ in the development of SS-derivatives, emphasizing on the analogs relevant for 

nuclear medicine. For simplification I will classify these compounds as shown in scheme 1. 

         

 
 

Scheme 1. Informal classification of SRIF-

analogs. 

   

 

 

 

  

 

 1.3.2. Peptide analogs of somatostatin 
 

 A) Agonists 

 Initial work in the development of somatostatin analogs was carried out by the Salk 

group [47]. They synthesized several series of somatostatin-related peptides, employing 

different approaches like: 

Ø systematic deletion of single residues; 

Ø Ala-scans; 

Ø D-amino acid scans; 

Ø deletion and/or modification of multiple residues. 

 In these series, [D-Trp8]SRIF was the first analog reported to have significantly higher 

potency than somatostatin (on the inhibition of GH in vitro and glucagon and insulin in vivo). 

The Ala-scans revealed that the fragment to be the essential pharmacophore of SS is Phe7-D-

Trp8-Lys9-Thr10 [47]. Based on these results, Veber et al. [48] synthesized a series of reduced-

size somatostatin analogs, the most interesting being L-363,301 (structure 1 in Figure 4). This 

molecule showed higher biological activity than the native SRIF in inhibiting the release of 

GH, insulin and glucagon. From NMR studies Freidinger et al. [49] proposed a type II’ β-turn 

about the tetrapeptide sequence Phe7-D-Trp8-Lys9-Thr10 (the numbering in the sequence refers 

to the position of the residue in SS-14), which they considered to be the biologically active 

portion interacting with the receptor. 
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 Figure 4. Structures of selected peptidic somatostatin analogs. 

 

 Further modifications of (1) resulted in the synthesis of MK-678 (structure 2, Fig. 4), 

which showed at least 10-fold greater potency than the parent compound in all biological tests 

[50].  

 Starting from Vale’s research on truncated somatostatin analogs [47], Bauer et al. [51] 

synthesized octreotide (SMS 201-995, Sandostatine®) (structure 4, Fig. 4), a cyclooctapeptide 

derivative of SRIF. This analog is protected against enzymatic degradation by the presence of 

D-Phe residue at the N-terminus and by the amino alcohol Thr-ol at the C-terminus. The 

bridging unit Cys2-Cys7 provides as well enhanced metabolic stability. Octreotide was 

characterized by greater potency than the native SS-14, longer duration of action (half-life ≈ 

117 min) and higher selectivity in GH inhibition compared with insulin and glucagon [52].  

 Incontestably, it can be stated that the hexapeptide L-363,301 and the octapeptide 

octreotide represent the ‘’milestones’’ in the development of clinically useful SRIF-
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derivatives. These analogs were, and still are, subjected to numerous modifications in the 

search for even more potent agonists. Thus, in the octapeptide series, lanreotide (5) [53] and 

vapreotide (6) [54] were developed (Fig. 4). To further investigate the structural role played 

by the Pro1-Phe6 sequence in the hexapeptide L-363,301 (1) several conformational studies 

have been made by Goodman and coworkers [55, 56, 57]. It turned out that this sequence is 

needed to maintain the proper orientation of the biologically important side-chains, stabilizing 

the β II’ turn.  

 Following the cloning of SS receptor subtypes in the early 90s [58], the quest for new 

SRIF analogs reached a new dimension - the receptor subtype affinity profile. Investigations 

of the binding affinities for the five sstr subtypes revealed that (1), (2), (4), (5) and (6) are 

very potent on sstr2, moderate on sstr3 and 5 and have no affinities for sstr1 and 4 [59, 60]. 

However, the situation has recently changed with the discovery of the new cyclohexapeptide 

SOM230 (3) (Fig. 4) [61] which has affinity for sstr1, 2, 3 and 5.  In a novel approach for 

generating a universal analog, in our group a nonapeptide scaffold was used as the basis for 

the agonist KE108 (7) (Figure 4), which binds with nanomolar affinity to all sstr1-5 [62]. 

 Although most likely of moderate clinical relevance, but very important for the study 

of somatostatin receptor subtypes is the research on subtype selective SS-analogs [63, 64, 65]. 

  

 B) Antagonists 

 For elucidating the many physiological functions of SRIF, but also for the possible 

clinical interest (e.g., the stimulation of GH levels in elderly patients), the research of 

somatostatin receptor antagonists continues to be noteworthy. The first reported competitive 

peptide antagonist of SRIF was CYN-154806 (8) (Fig. 4) [66]. From a weak octapeptide 

agonist with sstr2 affinity, the authors described the conversion to an antagonist by the 

inversion of chirality at positions 5 and 6. Coy and co-workers further explored the effect of 

this putative L5, D6 motif on various series of SRIF antagonists. The most potent antagonist 

found to date is PRL-2970 (9) (Fig. 4), binding to sstr2 [67]. 

 

 1.3.3. Non-peptidic analogs of somatostatin 
 Selective non-peptide SS agonists and antagonists can provide complementary 

information on the role of each receptor subtype. Moreover, they can improve the poor oral 

bioavailability of peptide analogs. Mix-and-split combinatorial library synthesis followed by 

iterative deconvolution enabled the identification of a complete set of non-peptide agonists 
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with pronounced selectivity and affinity for each sstr subtype [68]. Pioneering work on 

monosaccharides as scaffolds led to SRIF mimics with a new non-peptide backbone [69]. 

 

* 

* * 

 From all the mentioned analogs of somatostatin, only three of them are approved for 

clinical use: octreotide (4), lanreotide (5) and vapreotide (6). Giving the broad antisecretory 

action of the natural SRIF, the therapeutical potential of SS-analogs is very large: 

neuroendocrine tumors of the gastrointestinal tract, pituitary tumors, prevention and treatment 

of pancreatic surgery complications, malignant bowel obstruction, acromegaly [70, 71, 72]. 

The main limitation of the therapeutic effectiveness of the above-mentioned SS-analogs is 

their selectivity for particular sstr subtypes (see Table 1). That is why the new universal 

binders like KE108 or the multi-sstr binder SOM230 are very promising drugs. The latter is 

already in early clinical trials. Nevertheless, giving the recent findings on sstr homo- and 

heterodimerization (pointing to the possibility that SS can trigger signalling events normally 

controlled by other receptor systems and vice versa), at present it is still difficult to predict 

which properties will be most relevant for the therapeutic potential of new SRIF analogs. 
 

Table 1. Binding affinities (Ki, nM) to hsstr of clinically used SS-analogs [73]. 
 

Compound hsstr1 hsstr2 hsstr3 hsstr4 hsstr5 

SS-14 1.1 1.3 1.6 0.53 0.9 

SS-28 2.2 4.1 6.1 1.1 0.07 

Octreotide > 1000 2.1 4.4 > 1000 5.6 

Lanreotide > 1000 1.8 43 66 0.62 

Vapreotide > 1000 5.4 31 45 0.7 

  

 

 1.3.4. Radiolabeled SRIF analogs 

 The clinical implications based on the presence of somatostatin receptors in human 

tumors involve not only long-term therapy with non-cytotoxic SS-analogs as presented above, 

but also tumor diagnosis and therapy with radioactive analogs. 

 There are two techniques for diagnosis using radionuclides in nuclear medicine: γ-

scintigraphy and positron emission tomography (PET). The first method requires a 

radiopharmaceutical containing a radionuclide that emits γ radiation with energy between 

100-250 keV and a γ camera or a SPECT camera. PET necessitates a radiopharmaceutical 
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labeled with a positron (β+) emitting radionuclide and a PET camera. For more details on this 

type of radionuclides please see paper I.  

 The first ever used radiolabeled peptide for γ-scintigraphy was [123I-Tyr3]-octreotide 

(Figure 1c [paper I]) [74]. Being too lipophilic, hence having increased hepatobiliary 

excretion, this radiopharmaceutical did not prove to be the best diagnostic tool, especially for 

the abdominal area. Linking the chelator DTPA to octreotide and thus allowing complexation 

with 111In, improved the biodistribution profile very much, with a shift from a gastrointestinal 

excretion pathway to a predominant renal excretion. This conjugate 111In-DTPA-octreotide 

(Figure 1d [paper I]) became the first commercialized imaging vector based on a radiopeptide 

(Octreoscan®, 111In-pentetreotide, Mallinckrodt Med., St. Louis, MO, USA). 

 Because of the very favorable properties of 99mTc including low-cost production, on-

demand availability, short half-life (6h) (see paper I for further reading), various attempts to 

develop efficacious 99mTc-labeled somatostatin analogs have been published. Two successful 

conjugates are 99mTc-HYNIC-[Tyr3]-octreotide (HYNIC-TOC) [75] and 99mTc-N4-[Tyr3]-

octreotide [76] (Figure 6 [paper I]). In the clinic these derivatives showed good results when 

compared with Octreoscan [77]. 

 Several strategies have been studied to develop SS analogs-based tracers for PET. 

Wester et al successfully labeled octreotide with 18F [78], but despite specific accumulation in 

the tumor, this radioligand was of limited clinical application, because of the fast tumor 

washout, high liver uptake and hence insufficient visualization of abdominal tumors. Very 

recently the same group reported the preclinical data on a pharmacokinetically improved 18F-

octreotide derivative [79]. Also various 64Cu-labeled SS-analogs were synthesized, showing 

favorable biodistribution in animal models [80] and good performance for PET imaging in 

patients [81]; however, the use of 64Cu relies on the availability of a cyclotron. 

 A major advance was however the introduction of the macrocyclic chelator DOTA 

(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) (Figure 2 [paper I]). It forms 

kinetically and thermodynamically stable metal complexes even if one carboxymethyl group 

is used for coupling. The radiometal is encapsulated and ‘embedded’ inside the macrocyclic 

cage [82] which protects it from the attack of competing ligands present in human tissue and 

body fluids. It is the chelator of choice for the stable complexation of lanthanides or 

lanthanide-like radionuclides like 90/86Y, 177Lu, 111In and of 66/67/68Ga. The use of 68Ga-DOTA 

conjugated to the somatostatin analog [Tyr3]-octreotide (68Ga-DOTATOC) in PET is a 

success story, offering excellent imaging properties and a very high tumor-to-background 

ratio [83]. This was previously shown in preclinical studies [84]. A logical consequence of 
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peptide receptor mediated scintigraphy was peptide receptor mediated radionuclide therapy 

(PRRT). Still, there are certain prerequisites for an efficient PRRT: the number of receptors in 

the treated tumors needs to be high, the radiopeptide should internalize in the targeted tissue, 

the employed radionuclides should emit radiations that have a high linear energy transfer 

(LET) in order to destroy the tumor tissue and the whole metal-chelator-peptide complex 

should have suitable pharmacokinetics. There are three main categories of therapeutic 

radionuclides: β-emitters, α-emitters and Auger-electron emitters, each type of these particles 

having different range of energy deposition and LET properties (see paper I). 

 The most frequently used analog for radiotherapy is 90Y-DOTA-[Tyr3]-octreotide 

(90Y-DOTATOC) [85, 86]. Main indications are metastatic neuroendocrine tumors, in 

particular endocrine pancreatic tumors and carcinoids, but it proved its efficacy also in other 

malignancies [87]. An overview of patient studies imaged and/or treated with DOTATOC 

labeled with various radionuclides in our clinic is given in paper I.  

 Recently, the Thr8-version of DOTATOC was introduced in imaging and therapy – 

DOTA-TATE [88]. The 7-fold higher binding affinity of YIII-DOTA-TATE on hsst2 

compared with YIII-DOTATOC (Table 2, [89]) and the very promising preclinical data of 
177Lu-DOTA-TATE [90] were not confirmed by Forrer et al. [91] in imaging and dosimetric 

comparison studies between 111In-DOTATOC and 111In-DOTA-TATE. Their analysis showed 

no significant difference between the two radiopeptides. Nevertheless, therapeutic studies on 

mice bearing sstr-positive tumors showed the efficacy of 177Lu over 90Y in small to medium 

tumors [90]. The reason is the difference in the β-energy emission: 90Y is a pure high energy 

β-emitter with a maximum range in tissue of up to 12 mm, being more suitable for large 

tumors, while 177Lu is a low energy β-emitter, more appropriate for medium to small 

neoplasia. Moreover, 177Lu emits also γ radiation with energy suitable for scintigraphy and 

dosimetry. That is why recently more and more 90Y is replaced by 177Lu in therapy studies. 

 Chelator-derivatives of lanreotide and vapreotide have been developed as well. Y- and 

In- labeled DOTA-lanreotide (Mauritius, Figure 2c [paper I]) have been claimed to be 

universal binders to somatostatin receptors [92]. As seen in Table 2, Reubi et al. [89] could 

not confirm this assertion. The reported improvement of in vivo visualization using 111In-

DOTA-lanreotide as compared with Octreoscan in some cases [93] may be primarily due to 

the higher affinity of this compound for sstr5. 111In- [94] and 188Re-labeled [95] versions of 

vapreotide have been also reported, as alternative tracers. 
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Table 2. Affinity profiles for human sstr1-5 of a series of somatostatin analogs (values are 

expressed as IC50 ± SEM, in nM) [89]. 
 

Compound hsst 1 hsst 2 hsst 3 hsst 4 hsst 5 

      
SS-28 5.2±0.3 2.7±0.3  7.7±0.9  5.6±0.4 4.0±0.3 

InIII-DTPA-octreotide > 10,000 22±3.6 182±13 > 1,000 237±52 

YIII-DOTA-OC >10,000 20±2 27±8 >10,000 57±22 

YIII-DOTA-TOC >10,000 11±1.7 389±135 >10,000 114±29 

YIII-DOTA-TATE >10,000 1.6±0.4 >1,000 523±239 187±50 

YIII-DOTA-Lanreotide >10,000 23±5 290±105 >10,000 16±3.4 

YIII-DOTA-Vapreotide >10,000 12±2 102±25 778±225 20±2.3 

 

 Summarizing, the radioactive somatostatin analogs used for the in vivo visualization 

and treatment of human tumors are derivatives of octreotide, lanreotide and vapreotide, the 

three octapeptides already used in the clinic, described in the previous section. Comparing the 

data from the Tables 1 and 2, the influence of the additional chelate on the pharmacological 

profile of the peptides can be seen, with significant loss in binding affinity especially for 

sstr5, but also sstr3 and sstr2. Although the in vivo metabolism, excretion pathway and 

retention times of a molecule are important parameters for its evaluation as a new tracer for 

diagnosis or therapy, there is no doubt that the in vitro characterization of the receptor binding 

affinity of such a molecule is crucial information, particularly nowadays when several studies 

on the receptor expression pattern on tumors are available. Therefore, the conclusion from the 

information presented here is that the efficacy of the currently used radiolabeled somatostatin 

analogs derives mainly from their moderate to high affinity for sstr2, the receptor with the 

widest distribution among the sstr family. The improved sstr5-profile of metal-complexed-

DOTA-lanreotide and –vapreotide is an advantage for visualization of tumors such as 

pituitary adenomas [41] and colorectal cancers [96] known to express sstr5. Nevertheless, 

they are still far from being optimal candidates.  

 Having complex structures, in which every component influences the biological 

efficacy in vivo (see also paper I), it is still a challenge to find the best metal-chelator-SS 

analog structure with not only suitable pharmacological properties, but also with optimal 

pharmacokinetics and pharmacodynamics. 
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The only real valuable thing is intuition.  

Albert Einstein 
 

  

 2. HYPOTHESES - AIMS – RATIONALE 

 

 
 2.1. Improved pharmacological profile for radiolabeled 

somatostatin-based derivatives  
 

 The unique pharmacological effects of SRIF-14 derive probably from its universal 

high-affinity binding to all somatostatin receptor subtypes [8]. As shown in section 1.3.4., the 

somatostatin derivatives used currently for the visualization and targeted radiotherapy of 

cancers have high affinity only for sstr2 and some moderate affinity for sstr3 and sstr5 (Table 

2, section 1.3.4.). Although sstr2 is overexpressed in a majority of neuroendocrine tumors, 

there are still a significant number of malignancies where this subtype is absent or expressed 

in low density; moreover, in most of the sstr-positive cancers the somatostatin receptor 

subtypes are co-expressed (see paragraph 1.2.3.).  

 Therefore, targeting with high affinity subsets or all sstr subtypes simultaneously, 

would imply not only aiming to identify and treat a wider range of tumors, but also increase 

the amount of radioactivity brought to the malignant cells. 

 In paragraph 1.3.1. I pointed out the obstacles in designing effective somatostatin 

analogs based on the receptor structure. The ligand based design is the only applicable 

approach and SS-14 served as model for all the analogs synthesized over the years. Two lead 

compounds emerged from this research, the hexapeptide L-363,301 and the octapeptide 

octreotide (Sandostatin®, SMS 201-995) (Figure 4, section 1.3.2.). While no successful 

radiopharmaceuticals were developed based on Veber’s hexapeptide (except for P829 [154], a 

peptide conjugate designed for 99mTc labeling and having moderate success in clinic), all the 

radiolabeled somatostatin based compounds used in clinical applications are derivates of 

octreotide (see paragraph 1.3.4.).  

 This is one of the reasons for the extensive structural studies including NMR [97, 98], 

CD [99] and X-ray analysis [100] performed on this octapeptide. These studies showed SMS 

201-995 to adopt, like the endogenous peptide, a type II or type II’ β-turn conformation 

around Phe3-D-Trp4-Lys5-Thr6. Constituting the pharmacophoric unit, modifications on this 
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part of SS-14 
structure  
(β-turn) 

In-DOTA-
octreotide 

 

‘’critical’’ position 

sequence can have profound consequences on the biological properties. That is why all the 

peptide analogs of SRIF conserved the center of this β-turn, D-Trp4-Lys5, in their structures 

(see Figure 4, section 1.3.2.). Nevertheless, referring to the four major radiolabeled SS-

analogs used in clinic, two main modifications have been done for the two side amino acids of 

this β-turn. Thus, Phe3 has been replaced with Tyr (in lanreotide, vapreotide and [Tyr3]-

octreotide) and Thr6 was substituted with Val (in lanreotide and vapreotide). Because 

lanreotide and vapreotide have modifications also at the N- and, respectively, at the C-

terminus compared with octreotide, the alterations in the binding affinity profiles (Table 2, 

paragraph 1.3.4.) can not be exclusively attributed to the two amino acids in the 3rd and 6th 

positions, respectively. 

 However, it has to be said that, in general, cyclic octapeptides in the octreotide series 

have high affinity to sstr2 and no affinity for sstr1 and sstr4. Modifications to these analogs 

can have tremendous effects on their residual affinity for sstr3 and sstr5. 

 Thus, taking a closer look to the binding profile of YIII-DOTA-OC and YIII-DOTA-

TOC in Table 2, one can see the consequences of substituting Phe3 for Tyr3: a gain in affinity 

to sstr2, but a significant loss to sstr3 and sstr5. 

 Compiling the involvement of the 3rd position amino acid of octreotide in the β-turn 

(Figure 5) with the observations on the affinities to somatostatin receptors of YIII-DOTA-OC 

and YIII-DOTA-TOC, two conjugates differing only in the 3rd peptidic amino acid, one can 

readily see a new strategy for lead optimization. Exchanging the aminoacid in the 3rd position 

of octreotide with different other aromatic and bulky side-chain residues, modulation of the 

pharmacological properties of octreotide-type derivatives could be acquired. 
 

 
 

 

Figure 5. Scheme illustrating the 

importance of the 3rd aa position in 

octreotide due to its involvement in the 

β-turn essential for pharmacological 

activity. 
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 2.2. Modification of pharmacokinetics/pharmacodynamics of 

 radiolabeled somatostatin-based analogs 
 

 Despite good pharmacological profiles many drugs fail the clinical trials because of 

inadequate pharmacokinetics and pharmacodynamics. Pharmacokinetics (PK) is the study of 

the time course of a drug within the body and incorporates the processes of absorption, 

distribution, metabolism and excretion (ADME). Pharmacodynamics (PD) can be defined as 

the study of the mechanisms of drug action, including the relationship between drug 

concentration at the site of action and the drug effect. In simple terms, pharmacokinetics is the 

study of what the body does to a drug and pharmacodynamics is the study of what a drug does 

to the body. Therefore, the effectiveness of a drug is a very complex notion, involving several 

in vitro and in vivo parameters and the best estimation should be a measure of the ultimate 

goal: the benefit to the patient. Although this is conceptually sound and logical, in practice the 

leap between the experimental development of a drug and the ultimate benefit to the patient 

can be extremely large. 

 These rules apply to the radiopharmaceuticals as well. A perfect example is the first 

radiopeptide used for in vivo localization of tumors: 123I-[3-iodo-Tyr3]-octreotide. Despite 

some spectacular early imaging results [101] and an almost optimal pharmacologic profile 

showing high sstr2 affinity (IC50 = 2.0 ± 0.7 nM) and a high rate of internalization in tumor 

cells, this radioligand finally turned out not to be useful as a diagnostic tool. The reasons are 

its lipophilicity causing hepatobiliary excretion and therefore a very low diagnostic sensitivity 

in the abdomen. Contrary, the chelator-modified molecule, DTPA-octreotide, designed to be 

complexed with 111In3+, shows a rather low in vitro pharmacologic profile (low binding 

affinity, IC50 = 22 ± 3.6 nM, and slow internalization rate), but the hydrophilic metal complex 

conveys high hydrophilicity to the targeting molecule and changes its pharmacokinetics, 

including predominant kidney excretion. Consequently, it became the first imaging vector 

based on a radiopeptide (Octreoscan®), registered worldwide. 

 

 2.2.1. Modulation of hydrophilicity/ lipophilicity 
 Clearance of a drug normally occurs through the liver and kidneys and it is an 

important assumption that only free (i. e. not protein bound) drug is available for clearance. 

One of the decisive parameters is lipophilicity. This is the key physicochemical factor linking 

membrane permeability – and hence drug absorption and distribution - with the route of 

clearance (metabolic or renal). For radiopharmaceuticals the excretion pathways are of crucial 
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importance for early and high tumor/background ratios and thus signal intensity in diagnostic 

by SPECT or PET and low toxicity for therapy. As pointed out above, the in vitro or the in 

vivo studies in animals can not always predict the drug ‘’performance’’ in humans.  

 In addition to the above presented approach, also other strategies have been employed 

in order to reduce the metabolic clearance of radioiodinated somatostatin analogs. Thus, 

Schottelius et al. [102] reported improved pharmacokinetics, translated by reduced hepatic 

uptake and biliary excretion, clearance through the kidney and increased tumor-to-nontumor 

ratios, for carbohydrated derivatives of 125I-[Tyr3]-octreotide. Wester et al. [103] applied the 

same method of carbohydration for 125I-[Tyr3, Thr8]-octreotide], obtaining also improved 

biokinetics. Lin et al. [104] synthesized very recently a 99mTc-bombesin analog derivative 

with low abdominal accumulation due to the introduction of DTPA at the N-terminus of the 

peptide.  

 DOTA-somatostatin based radiopharmaceuticals are generally hydrophilic compounds 

(log P < 0) with a predominant renal clearance. Nevertheless, log P calculation can only be a 

first estimate of the lipophilicity of a compound in a biological environment. Small 

differences in the partition coefficient values could be translated into considerable 

biodistribution modifications in humans, particularly in the case of radiopharmaceuticals, due 

the sensitivity of the technique.  

 Some of the modifications we performed on the octreotide sequence (paragraph 2.1.) 

introduced increased lipophilicity to the whole metal-DOTA-peptide conjugate. Although 

preclinical in vivo biodistribution studies in rats showed very positive and promising results, 

with predominant kidney clearance, very low liver uptake and high tumor/background ratios, 

in patients the pharmacokinetics are different. Despite the improved diagnostic potential, due 

to the superior pharmacological profile, the 111In- or 90Y-labeled DOTA-octreotide derivatives 

in question exhibit increased metabolic clearance, with gall bladder accumulation. The same 

conjugates labeled with 68Ga do not show the high abdominal uptake anymore. Assuming that 

this outcome correlates with the coordination chemistry difference between Ga3+ and In3+ or 

Y3+ [82], the hexacoordination of the GaIII-complex versus the octacoordinate complexes of 

InIII and YIII implying the presence versus the absence of a free carboxymethyl arm bound to 

the peptide, new strategies to decrease the lipophilicity of such conjugates can be designed. 

 These results prompted us to test the influence of different hydrophilic spacers 

between the chelator DOTA and the peptide, hoping in improved pharmacokinetics without 

loss of pharmacological performance. 
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 2.2.2. Lowering the kidney radioactivity levels 
 The kidney is the dose-limiting organ in peptide receptor mediated radionuclide 

therapy. While favoring the renal clearance route, nephrotoxicity can be one of the 

consequences, particularly in the case of radiotherapy with strong β-emitters like 90Y [105]. 

Boerman et al. plastically compared the dilemmatic situation of hitting the tumor while saving 

the kidney with ‘’sailing between Scylla and Charybdis’’, the two ancient sea monsters [106].  

 Although the mechanistic details involved in the renal radiobiological response remain 

unclear, it is established that during the excretion process these radioligands are filtered 

through the glomerular barrier and to a small part reabsorbed at the proximal tubular cells 

(PTC) [105]. Very recently, Barone et al. proved that two endocytotic pathways are 

contributing to the reabsorption of radiolabeled somatostatin analogs by PTC: receptor-

mediated endocytosis via megalin/cubilin interaction and fluid-phase endocytosis [107]. The 

same group [108] underlined in another study the necessity of obtaining individual dosimetry 

measurement, because other factors like preexisting hypertension, diabetes or previous 

chemotherapy, may accelerate renal function loss induced by radiation. 

 Nevertheless, several strategies to reduce the renal-absorbed dose have been developed 

over the years. Among them, the coinfusion of basic amino acids [109] is a methodology 

followed frequently in PRRT protocols. However, the complete reduction of the kidney 

uptake is not attained using this method and several more or less severe side-effects are 

associated with this treatment [110]. Other strategies concern structural modifications of the 

radiolabeled compounds. Thus, the approaches for radiolabeled peptide conjugates involve 

mainly the lipophilicity alteration, as reviewed in the precedent section. Therefore, also our 

and others [111] hypothesis of addition of a cleavable linker possessing good plasma stability 

could accelerate the generation of radiometabolites and their renal elimination rate, without 

impairing the tumor uptake is to be considered. 

 Another hypothesis of ours is based on previous work reported by Arano et al. [112, 

113]. They showed that the radiochemical design of radiolabeled antibody fragments that 

liberate radiometabolites of urinary excretion from antibody fragments by the action of brush 

border enzymes may constitute a new strategy for reducing the renal radioactivity levels. 

They used a hippuric acid radiolabeled derivative conjugated to the antibody, since para-

amino-hippuric acid (PAH) is recognized by the organic anion transporter (OAT) system of 

the kidneys. That is why we assumed that the introduction of a PAH moiety in different 
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positions in the radiometal-DOTA-peptide conjugates derivatives of somatostatin could have 

the same effect on the renal uptake. 

 2.2.3. Targeting the cell nucleus 

 In paragraph 1.2.1. I resumed the complexity of sstr cell trafficking after agonist 

activation. Like for all the other GPCRs still much research is needed to completely clarify 

the route followed by both receptor and ligand, once inside the cell. What makes PRRT a 

feasible approach is the ability of sstr to undergo agonist-induced internalization, allowing 

radioactivity accumulation in the tumor cells. This accumulation depends on several factors 

like: sstr subtype, agonist pharmacological profile, agonist exposure time, agonist 

concentration etc., but also sstr-expressing cell type and cell-specific regulatory functions. No 

irrefutable evidence has been brought up to now, proving a privileged route of the ligand 

toward nucleus after internalization. 

 What would be the advantages of nuclear localization of a radiolabeled ligand? First, it 

would mean longer retention time and secondly, higher accumulation in the cell. Clinically, 

these effects could signify lower radioactivity dose administered to the patient and a real 

possibility of using Auger-electron∗ emitters as therapeutic radionuclides. Most of the 

therapeutic radionuclides used at present are β-emitters, like 90Y or 177Lu, having high or 

intermediate energy, therefore being suitable for large or medium tumors, their cytotoxic 

effectiveness being due to the cross-fire effect (see paper I for details on β-emitter 

radionuclides). This is clinically significant, because it means that metastatic small cell 

clusters cannot be efficiently killed using β-emitters. In very small lesions PRRT with Auger-

electron emitting radiopharmaceuticals may be the best choice. This type of radionuclides 

offer the advantages of a short effect range (several nanometers) and high toxicity, thus 

fulfilling two major requirements for the idealized targeted therapy (the other two being 

specificity and universality, in agreement with Ehrlich’s theory of ‘’magic bullet’’). 

Approximately half of the known radionuclides emit Auger electrons. This means that, in 

principle, there is a choice of which radionuclide to use in a particular therapeutic context. 

Table 3 lists some of the Auger-emitting radionuclides together with their half-lives and 

                                                 
∗ Inner shell electron vacancies are created when radionuclides decay by electron capture (EC) and/or internal 
conversion (IC) processes; these are subsequently filled by electronic transitions from shells of higher energy. 
The differences in electron energy may be emitted as photons, but can also be transferred to other orbital 
electrons which are consequently released from the atom. Non-radiative transitions are classified into Auger, 
Coster-Kronig and super-Coster-Kronig processes, depending on the relationship between the electron shells 
involved. Generally, the electrons emitted as a consequence of these processes are referred to as Auger 
electrons. Auger electron energies can be between tens of KeV and several eV 114. O'Donoghue, J.A., and 
T. E. Wheldon, Targeted radiotherapy using Auger electron emitters. Phys. Med. Biol., 1996 41: 1973-1992.. 
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Auger energy. Beside the Auger energy, the half-life of the radionuclide is extremely 

important, a too long or a too short one being unsuitable for targeted therapy.  

 The biological effects of Auger emitters are critically dependent on their subcellular 

localization [114]. Auger electron emitters decaying in the neighborhood of the DNA produce 

similar amounts of reactive chemical radical species as do α-emitters, which are regarded as 

the classical form of high linear energy transfer (LET) radiation [115]. Recently, the 

hypothesis that the radiotoxicity of Auger electrons is caused only by direct ionization of the 

DNA has been proved inaccurate. Apparently 90 % of Auger electrons toxicity is due mainly 

to indirect mechanisms [116, 117]. Nevertheless, a long enough time of retention in the 

targeted cells and intranuclear or in nucleus proximity location of the radioligand would 

ensure the success of this type of therapy [118]. This conclusion is confirmed by several 

therapeutic studies using internalizing antibodies labeled with Auger-electron emitting 

radionuclides [119], but also by preclinical and clinical studies with 111In-DTPA-octreotide 

[120, 121]. 
 

 

Table 3. Characteristics of some Auger-emitting radionuclides [114]. The Auger yield is the mean 

number of Auger and Coster-Kronig electrons emitted per decay. The Auger energy is the average 

total kinetic energy of Auger and Coster-Kronig electrons emitted per decay. 
 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Radionuclide Half-life Auger yield Auger energy 
(keV) 

51Cr 27.7 d 5.4 3.65 
55Fe 2.73 d 5.1 4.17 
67Ga 3.26 d 4.7 6.26 
75Se 120 d 7.4 5.74 

99mTc 6.01 h 4.0 0.89 
111In 2.8 d 14.7 6.75 

113mIn 1.66 h 4.3 2.04 
115mIn 4.5 d 6.1 2.84 

123I 13.2 h 14.9 7.42 
125I 60.1 d 24.9 12.24 

193mPt 4.33 d 26.4 10.35 
195mPt 4.02 d 32.8 22.52 
203Pb 2.16 d 23.3 11.63 
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 Therefore derivatives with a longer retention time in the cell and aiming at the nucleus 

would increase the potential of Auger-electron emitters in radiotherapy, but also improve 

other targeted therapy strategies. We assumed that a new functional unit for nucleus targeting 

and prolonged cell retention could be added to the DOTA-TOC conjugate - a standard in 

PRRT with radiolabeled somatostatin analogs [85]. For this we have chosen the ‘’classical’’ 

nuclear targeting signal (NLS) of the SV40 large T antigen, the heptapeptide PKKKRKV 

[122]. This sequence serves as a tag to proteins, indicating their destination to the cell nucleus 

and assisting in the transport through the nuclear membrane. To function properly, the NLS 

conjugates must be located in the cytoplasm, but they are not readily incorporated into cells 

[123]. Consequently, [Tyr3]-octreotide should serve as a function of targeting the cell and 

internalization, the NLS sequence is supposed then to ‘’find its way’’ through cytoplasm to 

the nucleus and the 111In- or 67Ga-DOTA moiety ought to manifest afterward its cytotoxic 

effect. The success of such a ‘’trifunctional’’ derivative (Figure 7) would probably depend on 

its architecture, on the lack of hindrance between the three constitutive elements. 

 

 
Figure 7. The principle of a double targeting with a trifunctional construct 

  

 

 

 2.3. Understanding the post-endocytic pathway of 

somatostatin  receptors 
 

 As underlined in paragraph 1.2., somatostatin receptors, as all the members of the 

GPCR superfamily, transduce the information provided upon agonist binding into 

intracellular second messengers that are interpreted as meaningful signals by the cell. GPCR 

activity represents a coordinated balance between molecular mechanisms governing receptor 

signaling, internalization, desensitization and resensitization [25, 124]. The processes of 

internalization and desensitization are adaptive mechanisms that prevent persistent receptor 

111In-DOTAspacer

Tyr3-octreotide

     NLS

cell nucleus targeting unit

reporter and cytotoxic unit

receptor targeting unit
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stimulation from producing detrimental cellular effects. Internalization may also play a role in 

receptor resensitization. A critical first step in both GPCR internalization and desensitization 

is believed to be receptor phosphorylation by G-protein kinases and second messenger-

activated kinases. Phosphorylated receptors then bind regulatory proteins called arrestins, 

which inhibit further signaling by blocking receptor- G protein interaction [124, 125]. 

 Several studies have proved the phosphorylation of different sstr subtypes upon 

agonist activation [126, 127, 128]. Special attention has been given to sstr2 subtype [129, 

130], because – due to its presence in a wide range of tumors- modulation of sstr2 receptor 

function is likely to have important therapeutic consequences and possibly may be exploited 

to improve sstr2 receptor-mediated radioligand internalization. Therefore, elucidation of early 

events, which occur after exposure to agonist as well as heterologous hormones, may provide 

new strategies to enhance the clinical utility of sstr2 receptor-targeted drugs. 

 Willing to contribute to this endeavor, we collaborated with the group of Dr. S. Schulz 

from the Department of Pharmacology and Toxicology at Otto-von-Guericke University in 

Magdeburg, Germany. Having a rich experience in the study of somatostatin receptors 

signaling and trafficking [131, 132], they intended to demonstrate that a certain amino acid 

sequence from the C-terminus of sstr2 is phosphorylated. For that they needed to develop an 

antibody against the specific amino acid phosphorylated sequence in the sstr2 carboxyl-

terminus. Therefore, we planned to synthesize that 15 amino acid sequence having four 

phosphorylated threonine residues corresponding to the carboxylic terminus of sstr2A 

receptor, which could subsequently be used for antibody production. 
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If we knew what it was we were doing, 
 it would not be called research, would it? 

Albert Einstein 
 
  

 3. SUMMARY OF RESULTS AND DISCUSSION 

 
 3.1. Synthesis and biological evaluation of new 

radiolabeled  somatostatin analogs (papers II, III, IIIa, 

IV) 

 

 The heterogeneous expression of somatostatin receptor subtypes within and between 

different tumors (section 1.2.3.) and the predominant sstr2 affinity of the somatostatin-based 

radioligands used in the clinic (section 1.3.4.) prompted us to start a programme to design and 

synthesize radiopeptides with affinity to all sstr subtypes. The strategy in our laboratory was 

based on two methods: 

a) progressive extension of the peptide cycle from octreotide to SS-14 [62]; 

b) modification of octreotide. 

 This second approach is discussed in the above mentioned papers attached to this 

thesis. Our premise, as described in paragraph 2.1., was that replacement of Phe3 in octreotide 

with different aromatic side-chain amino acids may modulate the binding affinity to sstr3 and 

sstr5. As part of the β-turn, critical for preserving the binding to somatostatin receptors, subtle 

changes at this position may have profound effects on the pharmacological profile. 

 Thus, we synthesized a small library of DOTA-octreotide derivatives, substituting 

Phe3 with a variety of aromatic residues, but also with some aliphatic amino acids for 

structure-activity relationship investigation reasons. In a second step we modified also the 8th 

residue (from Thr-ol to Thr) for the two best compounds emerged from this library, DOTA-

[1-Nal3]-octreotide (DOTA-NOC) and DOTA-[BzThi3]-octreotide (DOTA-BOC). 

 

 3.1.1. Preclinical data 
 

 A) Synthesis (papers II and IV) 

 The 24 derivatives (1-24, paper II) were synthesized by parallel solid phase synthesis 

using Fmoc/tBu strategy on 2-chlorotritylchloride resin preloaded with Fmoc-Thr(tBu)ol. The 

average yields after purification were 25-30 % based on the first Fmoc cleavage. The 
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structures of the synthesized conjugates are shown in Figure 1[paper II]. All the compounds 

were characterized by ESI-MS and RP-HPLC.  

 The two additionally Thr8-modified derivatives (compounds 1 and 2, paper IV) were 

synthesized on tritylchloride resin. Their structural formulae are displayed in Figure 1 [paper 

IV]. 

 

 
Figure 8. Structural formulae of the four best ligands in this series. 

 

 B) Partition coefficient determination (paper II) 

 The log P values for all the 111In/InIII-labeled conjugates 1-24 (Figure 2 [paper II]) 

were determined using the shake flask method. Giving the structural variety of the residues 

employed in the 3rd position we considered necessary to evaluate the influence of lipophilicity 

on the pharmacological profile. 

 

 C) Binding affinity profiles (papers II, III and IV) 

 Table 1 [paper IV], table 2 [paper III] and table 2 [paper IV] show the IC50 values of 

the metal-complexed versions of all synthesized derivatives in comparison with SS-28. The 

values were obtained by performing complete displacement experiments with the universal 

somatostatin radioligand [125I][Leu8, D-Trp22, Tyr25]-SS-28 on membranes from cells 

expressing the receptor subtypes. The broadest affinity spectra correspond to MIII-DOTA-

NOC (compound 3 [paper II]), MIII-DOTA-BOC (compound 5 [paper II]), InIII-DOTA-NOC-

ATE (compound 1 [paper IV]) and InIII-DOTA-BOC-ATE (compound 2 [paper IV]). These 

compounds confirmed our starting hypothesis: not only have they enhanced binding affinity 

to sstr3 and sstr5, but also superior sstr2 affinity in comparison to the starting conjugate MIII-

DOTA-octreotide. The structural formulae of these four best conjugates are shown in Figure 

8. The affinities to all sstr subtypes obtained for the other compounds of this series provide a 

useful structure-activity relationship tool, as discussed in paper II. 
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 D) Internalization and externalization in vitro studies (papers II, 

III, IV) 

 In a first step we evaluated the internalization capacity for all the 111In-labeled 

conjugates 1-24 after 4 h incubation at 37 0C in sstr2- (AR42J) and in sstr3-expressing cells 

(HEK-sstr3), respectively (Table 2 [paper II]). The ability to induce receptor internalization is 

important for the success of sstr-mediated targeted radiotherapy, therefore this first estimation 

was necessary to further select the best conjugates. Complete kinetics of the uptake in these 

cell-lines for 111In-DOTA-NOC, -DOTA-NOC-ATE and –DOTA-BOC-ATE are shown in 

Figure 3 [paper III], Figure 2 [paper IV]. In all these internalization experiments the uptake is 

expressed as percentage of specifically internalized compound from the total amount of added 

radiopeptide. 

 Externalization studies were done in order to evaluate the retention of the 

radiopeptides in the cell, after internalization. The results are expressed as percentage retained 

in cell from the total amount internalized (Figure 3 [paper II], Figure 3 [paper IV]) or as 

percentage externalized from the total amount internalized (Figure 5 [paper III]). We found 

that the Thr8 modified conjugates have a higher externalization rate than the Thr(ol)8 

derivatives in AR42J cells. Giving the complexity of intracellular trafficking, we do not know 

if this is due to the relatively higher affinity of these derivatives for sstr2, to the charge 

difference or to both other reasons. The metabolic stability does not seem to be the issue, 

since the γ-detector monitored HPLC of the externalized fractions of these radiopeptides 

shows them intact even after 24 h. 

 

 E) In vivo biodistribution studies (papers II, III, IV) 

 Animal experiments were performed in male Lewis rats bearing CA20948 or AR42J 

pancreatic tumors. Both types of tumor are sstr-positive, CA20948 tumor expressing several 

somatostatin receptor subtypes [133] and AR42J tumor functionally expressing only sstr2 

[129]. The four best compounds from the in vitro studies were tested in biodistribution in 

animals in comparison with 111In-DOTA-TOC (our internal standard). The results are shown 

in Figure 5 [paper II], Table 3 [paper III], Table 3 [paper IV] and Figure 4 [paper IV]. The 

uptake is expressed as percentage of the injected activity per gram tissue. The monitored 

aspects are not only the accumulation in sstr-positive tissues (including the tumor), but also 

the excretion pathways (liver and kidneys), the specificity (proved by the blocking studies 

with excess of non-radioactive peptide, also shown in the rat γ-scintigraphy in Figure 5 [paper 

IV]) and the tumor:kidney ratios. 
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 Comments 

 This study revealed four DOTA-peptide conjugates (Figure 8) with improved 

pharmacological profile if compared with the existent clinically used somatostatin based 

radiolabeled derivatives. These compounds can be labeled with γ- (111In, 67Ga), β-- (90Y, 
177Lu) or β+-emitting radionuclides (68Ga) and be used for imaging or therapy of sstr-

expressing tumors (see the first preliminary clinical data in the next paragraph). The data of 

the small library from which these conjugates emerged may further contribute in developing 

computer programs for the in silico prediction of binding affinity for such derivatives. 

Nevertheless, auxiliary structural studies (CD, NMR, X-ray) are in progress to better 

understand these data. The broader affinity profile of the new conjugates may permit not only 

the targeting of a wider range of sstr-positive tumors, but also the increase of radiotoxicity to 

the malignant tissue, due to the co-expression of several somatostatin receptor subtypes. 

 

 3.1.2. Preliminary clinical data  
  

 A) DOTA-NOC (in collaboration with Hannover University Medical School 

and University Hospital Rotterdam) 

 The first derivative among the four best compounds emerged from this library to enter 

clinical trials was DOTA-NOC. A comparison between the PET imaging with 68Ga-DOTA-

NOC and γ-scintigraphy with 111In-DOTA-TOC of a patient having multiple liver and bone 

metastases originating from a neuroendocrine tumor is given in paper IIIa. The scans not 

only show the high resolution of the PET technology, but also additional lesions which are 

visible only with 68Ga-DOTA-NOC.  

 At the University Hospital Rotterdam DOTA-NOC labelled with different 

radionuclides was studied in several patients using also 111In-Octreoscan for comparison. A 

first case is shown in Figure 9. After administration of 111In-DOTA-NOC to a patient having 

papillary thyroid carcinoma with lung metastases, the scintiscans revealed high background, 

the tumor/background ratio being the same as with 111In-Octreoscan.  

 
Figure 9. Gamma-scintigraphy of a patient 
with papillary thyroid carcinoma. A: high 
background in the thyroid region; B: faint 
visualization of lung lesions (previously 
confirmed by computer tomography). 
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tumor 
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 On the contrary, in another patient with 
follicular thyroid carcinoma both 111In- and 68Ga-
labeled DOTA-NOC were superior imaging agents 
compared to 111In-Octreoscan (Figure 10). The images 
were done one year after thyroidectomy, the patient 
having a raising tumor marker (thyroglobulin) and 
131I-negative lesions. The liver and lung metastases 
were confirmed by CT and 18FDG-PET. The 111In-
Octreoscan scintigraphies (Fig. 10A) show high renal 
uptake and faint liver metastasis. The 111In-DOTA-
NOC images (Fig. 10B) reveal low kidney uptake and 
three clear liver metastases. The overall 
tumor:background ratio is enhanced in this case. The 
90 min p.i. PET scans done with 68Ga-DOTA-NOC 
(Fig. 10C) confirm the three liver lesions and the 
lower kidney uptake. 

 

Figure 10. Imaging comparison between 111In-Octreoscan (A), 111In-DOTA-NOC (B) and 68Ga-DOTA-
NOC (C) in a patient with follicular thyroid carcinoma having multiple liver and lung metastases. 
 
 These results prompted the clinicians to start therapy with DOTA-NOC labeled with 

the medium energy β- and γ-emitter 177Lu for this patient. After three cycles of treatment at 

every two months interval only 18 % of the initial tumor mass is still visible (Figure 11). 

Moreover, the tumor marker (thyroglobulin) shows a significant decrease after 177Lu-DOTA-

NOC therapy (Figure 12). Although 177Lu-DOTA-NOC had low renal uptake, the treatment 

has been done with concomitant basic amino acids infusion (Lys/Arg). 

 

 

Figure 11. Scintigraphy of a patient with follicular thyroid carcinoma during treatment with 177Lu-
DOTA-NOC. (A): first cycle of therapy with 100 mCi (tumor size considered 100%); (B): 2nd cycle of 

therapy with 200 mCi, partial tumor remission (66% from initial size); (C) 3rd cycle of therapy with 200 
mCi, enhanced tumor remission (18% of the initial size). 
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Figure 12. Schematic representation of the thyroglobulin marker level before the 177Lu-DOTA-NOC 
therapy (A) and after the treatment (B). The yellow arrows indicate the therapy dates. 

 

 These promising results confirmed our preclinical studies and encouraged further 

clinical trials in patients with neuroendocrine tumors concomitantly expressing several 

somatostatin receptor subtypes.  

 

 B) DOTA-NOC-ATE (in our clinic) 

 At the end of 2004 several clinical trials started in our clinic using 177Lu-DOTA-NOC-

ATE as tracer. Up to now only patients with medullary thyroid carcinoma have been studied, 

a type of tumor known to express also other somatostatin receptor subtypes beside sstr2 [134]. 

Such a case is shown in Figure 13 of a patient previously negatively-scanned with 111In-

Octreoscan. Although the tumor visualization with 177Lu-DOTA-NOC-ATE is faint, it proves 

that this tracer can be used for the imaging of other sstr subtypes than sstr2. 

 

Figure 13. Scintiscans of a patient with medullary thyroid carcinoma: (A) with 111In-Octreoscan; (B) 
with 177Lu-DOTA-NOC-ATE. 

 

 Further studies are in progress with these derivatives, but also with DOTA-BOC and 

DOTA-BOC-ATE, respectively.  

 

A B 

tumor 

9 2 4 6 8
0

1000

2000

é é é

Month / 2003-2004

Th
yr

og
lo

bu
lin

µ g
 / 

l

9 2 4 6 8 0 

1000 

2000 

Month / 2003-2004 

A  B 



 

 37

 
 3.2. PK/PD modified radiolabeled somatostatin analogs 
  

 3.2.1. Increasing the hydrophilicity (unpublished results) 

 As seen in the previous section, the best compounds obtained by modification of the 

3rd amino acid in the octreotide sequence are more lipophilic than the parent compound. 

Although the differences in the log P values are not very significant, the patient images 

performed with 111In-DOTA-NOC (Fig. 11), albeit giving additional details, show some more 

gall bladder accumulation (hepatobiliary excretion, sign of increased lipophilicity) in 

comparison with Octreoscan. We concluded that the introduction of hydrophilic moieties 

between the chelator and the peptide sequence could improve this issue without impairing the 

pharmacological profile. 

 The work presented below is part of a larger project completed on DOTA-NOC, which 

will be published in the near future. 

 

 a) Synthesis 

 Three DOTA-NOC derivatives have been synthesized using the same methods as in 

paper IV, having a neutral, a cationic and an anionic spacer between DOTA and NOC (Fig. 

14A). The same approach has been also used for DOTA-BOC (Fig. 14B). 

 

 B) Partition coefficient determination 

 The log P values for all these compounds complexed with 111/115In3+ have been 

established using the shake flask method depicted in paper IV. The results are summarized in 

Table 4. Except for MG32, all the new derivatives are more hydrophilic than the parent 

compounds with the lowest log P for the Lys-spacer-conjugates. 

  

 C) Binding affinity profiles 

 Using the same competition assay as described in paper III or IV, the IC50 values for 

all the human sstr subtypes have been determined (Table 5). Both in the DOTA-NOC series 

as in the DOTA-BOC series, the more hydrophilic derivatives have a drop in their binding 

affinities to hsstr3. Except for InIII-MG78 which shows a 4-fold decrease in the binding 

affinity to hsstr5, all the derivatives maintain the good binding profile for hsstr2 and 5 as the 

parent compounds. 
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    A           B 
Figure 14. The chemical structures of the spacer-modified derivatives of DOTA-NOC (A) and DOTA-

BOC (B). 
 

 
Table 4. Partition coefficient values (n =6). 

 

Compound log P 

InIII-DOTA-NOC - 2.0 ± 0.4 

InIII-MG32 -2.13 ± 0.2 

InIII-MG37 -3.04 ± 0.01* 

InIII-MG46 -2.71 ± 0.03* 

InIII-DOTA-BOC - 2.1 ± 0.06 

InIII-MG78 -2.79 ± 0.04# 

InIII-MG79 -3.1 ± 0.05# 
*P < 0.001 relative to InIII-DOTA-NOC 
# P < 0.001 relative to InIII-DOTA-BOC 

 

Table 5. Binding affinities to hsstr subtypes (IC50 ± SEM, nM; n ≥ 2). 
 

Compound hsstr1 hsstr2 hsstr3 hsstr4 hsstr5 

InIII-DOTA-NOC > 10 000 2.9 ± 0.1 8.0 ± 2.0 227 ± 18 11.2 ± 3.5 

YIII-MG32 > 1000 4.7 ± 0.4 33.5 ± 3.5 > 1000 8.6 ± 3.4 

YIII-MG37 > 1000 4.6 ± 2.0 77 ± 35 243 ± 63 3.8 ± 2.2 

InIII-MG46 > 1000 1.65 ± 0.5 82.5 ± 27.5 370 ± 170 9.2 ± 4.7 

InIII-DOTA-BOC > 1000 4.3 ± 1.3 6.8 ± 0.3 213 ± 83 10 ± 1.0 

InIII-MG78 > 1000 2.9 ± 0.8 200 ± 72 189 ± 18 47 ± 16 

InIII-MG79 > 1000 4.6 ± 0.9 113 ± 43 436 ± 122 11 ± 0.5 
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 D) Internalization rates in AR42J and in HEK-sstr3 cell-lines 

 The apparatus and procedures for the cell internalization experiments are based on 

previously described methods (paper III). The outcome of the internalization experiments in 

AR42J cells is illustrated in Figure 15. This cell-line has been previously shown to 

functionally express only sstr2 [129]. In the DOTA-NOC series (Fig. 15A) the highest 

internalization rate corresponds to the Asp-derivative, correlating with the binding affinity 

data. While MG32 and MG37 have similar binding affinities to sstr2, they slightly differ in 

their potency to activate the internalization of this receptor (13.0% versus 17.5%). In the 

DOTA-BOC series (Fig. 15B) the Asp-derivative is the best internalizer as well, with 44.2 % 

after 4h.  

  (A)         (B) 
Figure 15. Comparison of the internalization rate of 111In-labeled DOTA-NOC (A) and DOTA-BOC 

derivatives (B) into AR4-2J cells. Values are expressed as specific internalization (percentage of dose 

added to 1 million cells at 1.67 nM concentration) and are the result of three independent experiments 

with triplicates in each experiment. 
  

 Despite the drop in the binding affinities to sstr3 of these new derivatives, we were 

interested to probe the effect on the activation of this receptor by evaluating the 4h 

internalization rate in HEK cells stably expressing rsstr3. The results are summarized in Table 

6. Thus, the hypothesis stated also in paper IV that, apparently, more lipophilic derivatives 

internalize better on somatostatin receptor subtype 3, was confirmed with these studies. All 

the conjugates with increased hydrophilicity exhibit very little internalization compared with 

the parent compounds. Further confirmation of this observation comes from the 4h rate of 

internalization for 111In-MG32, which remains practically unchanged in comparison with 
111In-DOTA-NOC. 
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Table 6. Comparison in the 4h internalization rates in HEK cells stably transfected with rsstr3. The 
values are expressed as in Figure 15. 

 

Compound %ID internalized after 4h Compound %ID internalized after 4h 
111In-DOTA-NOC 13.1 ± 0.3 111In-DOTA-BOC 24.3 ± 0.4 

111In-MG32 14.0 ± 1.8 111In-MG78 2.2 ± 0.7 
111In-MG37 1.2 ± 0.5 111In-MG79 3.2 ± 0.6 
111In-MG46 1.8 ± 0.6   

 

 E) Biodistribution studies in AR42J tumor bearing rats 

 In order to study the in vivo pharmacokinetics of the DOTA-NOC derivatives we 

analyzed the 4h biodistribution profile of the 111In-labeled newly synthesized compounds in 

comparison with 111In-DOTA-NOC in Lewis rats bearing subcutaneous AR42J tumors in the 

left leg. Figure 16 displays the outcome of this assay.  
 

Figure 16. Biodistribution comparison in AR42J tumor bearing rats between the 111In-labeled DOTA-

NOC derivatives 4h after injection 

 All the derivatives have a specific distribution in the sstr-expressing tissues, except for 

the kidneys, as proved by the blocking studies (data not shown). The tumor uptakes are 

similar, but still the highest one corresponds to the parent compound. The insertion of an 

additional Lys residue to the [1-Nal3]-octreotide sequence tremendously increases the kidney 

accumulation (MG37); however, theoretically this uptake can be blocked by coinfusion of 

basic amino acid (see section 2.2.2.). It is difficult to explain the decreased pancreas uptake 

which can be due either to the modified pharmacokinetic profile (more hydrophilic 

derivatives, less metabolic excretion) or to the change in the pharmacological properties (drop 

in affinity and internalization to sstr3, and the pancreas expresses sstr 2, 3 and 5).  
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 It has to be said that this animal model may not be the most appropriate for this type of 

analysis, because 111In-DOTA-NOC does not exhibit enhanced hepatobiliary clearance when 

compared to 111In-DOTA-TOC in this model (see paper II). Therefore we can not rely on 

these in vivo studies to fully predict the PK/PD profile of these spacer-modified compounds.  

 

 Comments 

 As mentioned at the beginning of this paragraph the work presented here represents 

just a part of a more ample project on spacer-modified analogs of DOTA-NOC. Several other 

structurally different moieties (polyethylenglycols, sugar-derivatives) have been placed 

between DOTA and the peptide sequence in the hope of improving the pharmacokinetic 

profile of this new drug lead. The spacers employed in the above presented work were chosen 

on the charge criterion: positive-negative-neutral. For comparison reasons I utilized the 

positive and the negative spacers also for DOTA-BOC, a conjugate similar with DOTA-NOC 

in all aspects (pharmacological properties, lipophilicity). Previous studies have been shown 

that the introduction of a negative charge at the N-terminal amino acid of 111In-DTPA-

octreotide would not only increase the hydrophilicity, but also would prevent the renal 

radioaccumulation [135]. We could not confirm these results with our Asp-derivatives. 

Moreover, our findings validate previous studies done in our laboratory, showing higher 

kidney uptake for the negatively charged conjugates [84]. Although it is not simple to 

correlate all the aspects of this type of research, a partial conclusion may be drawn: increasing 

the hydrophilicity of this kind of compounds (DOTA-NOC, DOTA-BOC) would mean a 

partial or total loss in affinity and internalization to sstr3, but also an increase in the kidney 

clearance. The only possible way to genuinely evaluate the impact of these new features on 

the in vivo pharmacokinetics is in the patient studies.  

 

 3.2.2. Decreasing the kidney uptake (unpublished results) 
 Also the work that I will describe below is part of a wider project on the utilization of 

PAH moiety as a scaffold to modulate the transport through the kidneys. 

 The transport systems responsible for renal tubular secretion of drugs have been 

classified as either organic anion (OAT) or cation transport (OCT) systems based on their 

preferential substrate selectivity. The secretory transport process is performed effectively by 

two distinct classes of transporters: one localized at the basolateral membranes to mediate 

cellular uptake of substrates from blood and the other at the brush-border membranes to 

mediate exit of cellular substrates into the tubular lumen. The reabsorption of the most 
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peptide-like drugs from the glomerular filtrate is mediated by oligopeptide transporters 

localized at the brush-border membranes of proximal tubular cells, influencing their 

pharmacokinetic profiles and therapeutic efficacy. Para-aminohippurate (PAH) is a marker 

substrate for the renal organic anion transport system.  

 With the aim of decreasing the renal radioaccumulation during therapy with 

radiolabeled somatostatin derivatives and based on previous studies of Arano et al. [113], we 

envisaged the use of PAH as a third function in a DOTA-somatostatin analog, assuming its 

recognition by the OAT system and subsequent stimulation of faster renal excretion. For this 

we chose the ‘’gold standard’’ of targeted radiotherapy in our clinic, DOTA-TOC, and we 

placed the PAH unit in different positions relative to the peptide sequence (C-terminus, N-

terminus or on the DOTA) in order to evaluate the best design. 

 Below I will present the results of the C-terminus PAH modified DOTA-TOC 

derivative. 

 

 A) Synthesis 

 The DOTA-TOC-PAH derivative (MG122, Fig. 17) was synthesized by solid phase 

peptide synthesis on TCP resin. Coupling of Fmoc-Gly-OH to the solid support was 

performed in dry DCM in the presence of an excess of DIPEA for 4h. After Fmoc 

deprotection with 20% piperidine/DMF Fmoc-para-aminobenzoic acid was coupled using 

HATU as activating agent. In order to prevent a potential steric hindrance 5-aminopentanoic 

acid (Apt) was used as a spacer between the PAH moiety and the [Tyr3]-octreotide sequence. 

Therefore after Fmoc removal from the para-aminobenzoic acid the HATU activated Fmoc-

Apt-OH in DIPEA/DMF was coupled for 5 h. Because the TNBS test was still positive after 

this interval the coupling was repeated for other 4 h. Giving the negative TNBS test, the 

synthesis was continued in a similar manner as described in paper IV. After HPLC 

purification the final product was obtained in 15 % yield and the correct mass was confirmed 

by ESI-MS analysis. 

 

 B) In vitro and in vivo evaluation 

 Being placed in close proximity to the pharmacophore the PAH building block might 

impair the pharmacological properties of DOTA-TOC. This concern was unfortunately 

confirmed by the in vitro internalization studies in AR42J cells (Table 7) and by the in vivo 

biodistribution experiments in Lewis rats bearing AR42J tumors (Figure 18). 
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Figure 17. Structure of DOTA-TOC-PAH derivative (MG122). 

 

 
 

Table 7. Comparison in the 4 h internalization rate in AR42J cells 

Compound % specific internalized after 
4h in AR42J cells 

111In-DOTA-TOC 12.5 ± 1.0 
111In-MG122 0.82 ± 0.06 

 

 
Figure 18. Comparison in 4 h p.i. biodistribution in AR42J tumor bearing rats. 

 

 The loss of internalization capability is reflected also in the biodistribution studies. 

The uptake in sstr-positive tissues is specific, as proved by the blocking experiment 
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111In-DOTA-TOC. The only comparable accumulation is in the kidneys, indicating maybe an 

inappropriate design of this compound. 

 

 Comments 

 This first conjugate of a series of PAH-modified DOTA-TOC derivatives did not 

confirm our hypothesis regarding a potential decrease in the kidney uptake. This result is 

mainly due to the unsuitable structure of MG122 with the PAH building block encumbering 

on the pharmacological properties of DOTA-TOC. An N-terminus modification, remote from 

the pharmacophore, should not have such a dramatic effect on the biological properties of the 

parent compound. The synthesis of this type of derivatives is in progress and the final results 

will be published as soon as possible. 

 

 

 3.2.3. Nucleus targeting modified radiolabeled somatostatin analogs 

(papers V and VI) 
 The nucleus is the defining feature of the eukaryotic cell. All known transport between 

the nucleus and the cytoplasm occurs through the nuclear pore complex (NPC), a large 

structure spanning the nuclear envelope. Molecules can enter the nucleus either by diffusion 

or by signal-mediated transport. Although molecules (or cargoes) with masses < 40 kDa 

should be able to enter the nucleus by passive diffusion [136], many small molecules are 

imported by a signal-mediated pathway [137]. This route requires energy and a nuclear 

localization signal (NLS). The mechanism of this transport is not fully understood yet, but it 

can be described as three steps: a) docking at the NPC; b) translocation; c) nuclear deposition 

of the cargo [138]. The best characterized import signals are the simian virus 40 (SV40) large 

T-antigen (also known as the classical NLS) [139], containing a stretch of basic amino acids. 

A sequence of only seven amino acids rich in basic residues (Lys and Arg) was found to be 

sufficient for nuclear localization of this antigen. Moreover, it was demonstrated that, when 

synthetic peptides containing the sequence are conjugated to non-nuclear proteins such as 

bovine serum albumine (BSA), the conjugates entered the nucleus [140]. 

 We proposed the use of a similar approach for the radiolabeled somatostatin-based 

derivatives. Thus papers V and VI describe the design, synthesis and in vitro evaluation of 

NLS-conjugated DOTA-TOC derivatives. The potential impact of such conjugates in nuclear 

medicine is explained in section 2.2.3. and in the mentioned papers. 
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 A) Design and Synthesis (paper V) 

 As seen in the previous section, the pharmacological profile of DOTA-TOC-like 

conjugates is greatly influenced by any structural alterations and care should be taken when 

designing new modifications. Using combined solid and solution phase peptide synthesis 

three trifunctional derivatives of DOTA-TOC bearing the NLS sequence PKKKRKV in three 

different positions relative to the somatostatin analog sequence were synthesized. In order to 

evaluate the most appropriate design a C-terminus modification (compound 1) and the two N-

terminus derivatives (compounds 2 and 3) were generated (Figure 19). Compound 3 has a 

branched structure in which the NLS sequence is inverted (VKRKKKP). Compound 4 

(DOTA-Ahx-PKKKRKV) was synthesized to be used as negative control for the biological 

studies. All the conjugates were analyzed by MALDI-MS and multiwavelength RP-HPLC 

and successfully complexed with 111/115In. 

 

 
Figure 19. Chemical structures of the trifunctional conjugates, DOTA-TOC and DOTA-NLS. 

 

 

 B) Biological evaluation (paper VI) 

 Paper VI summarizes the first series of in vitro studies completed with these 

conjugates: binding affinity determination, internalization in AR42J and HEK-sstr2A cell-

lines, cellular and nuclear retention in HEK-sstr2A cells. 
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 Table 1paper VI illustrates the preservation of binding affinity to sstr2A for the 

conjugates 2 and 3, while the C-terminus derivative 1 shows an accentuated drop in affinity 

compared with 111In-DOTA-TOC. This result together with the internalization studies 

presented in Figure 2paperVI corroborates the findings on MG122 from the previous section of 

this thesis. That is, modifications at the C-terminus of octreotide-type analogs have dramatic 

effects on the pharmacological outcome. On the other hand, the N-terminus modified 

conjugates 2 and 3 revealed increased internalization rates in both studied cell-lines 

(Fig.2paperVI). Another interesting aspect unveiled by these experiments was the high amount 

of surface-bound radioligand for the NLS-DOTA-TOC conjugates (Fig.3paperVI), a potential 

useful feature for Auger-electron emitter targeting. The control effected with 111In-(4) 

confirmed the premise of Yoneda et al [123] that the NLS-cargo has to be located in 

cytoplasm in order to be directed to the nucleus, because no internalizated or surface-bound 

radiopeptide 4, specific or unspecific, has been found (Fig.2 and 3paperVI). 

 Based on these two first assays (binding affinity and internalization investigations) 
111In-(3) proved to have the best ‘’architecture’’, therefore we used it for further studies in 

comparison with the parent compound, 111In-DOTA-TOC. The cellular retention assay 

performed after 2h of allowed internalization at 370C followed by 4h externalization is 

illustrated in Figure 4 paperVI. The prolonged cellular retention proposed for such trifunctional 

derivatives was thus validated, with 111In-(3) having only a smooth externalization pattern 

(70% of the internalized fraction is retained in cell after 4h), while 111In-DOTA-TOC shows a 

steeper loss of the internalized fraction (about 40% retained in cell). 

 The nuclear uptake assay performed using a nuclei isolation kit from Sigma-Aldrich 

further confirmed the initial hypothesis. Figure 5 paperVI and table 2 paperVI summarize the 

results of this experiment. Already after one hour of incubation at 370C 11.2% of the 

internalized 111In-(3) is located in the nucleus, whereas only 0.7% of the parent compound 

reaches the nucleus. Independently of the way of expressing the outcome of this assay, the 

gap between the two compounds is maintained at all three time points. 

 

 Comments 

  Disseminated cancers have very few therapeutic options with chemotherapy being 

most frequently used. Because of its very low selectivity systemic cytotoxic chemotherapy is 

often limited by potential serious side effects. A consequence of these side effects is e.g. the 

application of suboptimal doses which in turn may cause failure of therapeutic success and the 

development of drug resistance. Encouraging reports on radiotherapy using internalizing 
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antibodies conjugated to radionuclides emitting low energy electrons have been recently 

published [119, 141, 142]. They prove the superior targeting efficacy and specificity of 

Auger-electron emitters in small cancers, due to their high level of cytotoxicity, low energy 

and short-range biological effectiveness. But they also demonstrate that the success of this 

therapeutic strategy relies on the concentration of the radioligand within tumor cells and in 

close nuclear proximity.  

 Whetstone et al. recently reported modified DOTA-[Tyr3, Thr8]-octreotide derivatives 

for longer intracellular residence [143], incorporating cathepsin-B-cleavable linkers between 

the chelator and the peptide. Their reasoning was that, if somatostatin analogues would escape 

recycling, they would accumulate in the cell. Although confirming an increased 

internalization of these derivatives, the subcellular localization of radioactivity was detected 

only in the lysosomes, unsatisfactory for an efficacious Auger-electron targeting. 

 Our approach was based on the two step targeting concept: first specific transport 

through the cellular membrane and then translocation of the cytotoxic moiety to the nucleus. 

The N-terminus conjugation of a NLS sequence to DOTA-TOC seems to be a good strategy. 

The first series of in vitro studies confirmed the initial hypothesis, although at this stage we 

cannot fully explain the intracellular mechanism. Nevertheless, further studies have to be 

completed, to ascertain the viability of this concept, particularly cytotoxicity assays in vitro 

and in vivo. 

 

 
 3.3. Synthesis of the phosphorylated sequence 

corresponding to  the sstr2A C-terminus (unpublished 

results) 

 

 Activation of G protein-coupled receptors by their ligands is a process that is still 

poorly understood. It is generally accepted that phosphorylation of GPCRs is a key step in 

desensitization, which is essential for the subsequent binding of proteins of the arrestin 

family, and that is therefore also necessary for endocytosis [25]. However, the mechanism is 

still not completely clear, but of considerable clinical importance for the somatostatin 

receptors, because all the therapies with SS analogs (targeted radiotherapy, long term 

treatment of neuroendocrine tumors with cold SS analogs) presumably rely on the 

internalization of the ligand by its target cells. 

 As demonstrated by other studies [144, 145], sequence-specific antiphosphopeptide 

antibodies are powerful tools to study the phosphorylation events within cells. In 
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collaboration with Dr. S. Schulz’s group (Department of Pharmacology and Toxicology, Otto-

von-Guericke University in Magdeburg, DE) we intended the production of an antibody 

against the estimated phosphorylated fragment from the C-terminus of sstr2A. For this we 

planned the synthesis of the 15 amino acid sequence corresponding to the carboxylic part of 

sstr2A, having four (expected) phosphorylated Thr residues. Subsequently this peptide would 

be used to generate antibodies in a rabbit.  

 

 A) Synthesis 

 Phosphopeptides can be synthesized by either of two general methods: global 

phosphorylation or the building block approach. The first method, also known as 

postassembly phosphorylation, involves the synthesis of a peptide in which the residues to be 

phosphorylated (S, T or Y) are incorporated without side-chain protection; phosphorylation is 

then accomplished by treating the peptide with a phosphoramidite followed by oxidation. In 

the building block approach the phosphate is integrated into an Nα protected amino acid prior 

to peptide assembly. The phosphoamino acid building block is then incorporated into the 

growing peptide chain. 

 We opted for the second method, using protected phosphorylated threonine building 

blocks. There are two possibilities of protection of a phosphoamino acid: utilization of 

phosphotriesters (two phosphate protecting groups) (Fig. 20A) or of phosphodiesters (mono-

benzyl phosphate protection) (Fig. 20B). A major drawback of serine and threonine 

phosphotriesters is the piperidine-mediated β-elimination to dehydroalanine or α-amino-

butenoate in syntheses employing Nα-Fmoc based methods [146]. The mono-benzyl 

phosphate protection was found to be superior to the dialkyl or dibenzyl phosphate protecting 

groups and therefore nowadays this type of derivatives become commercially available and is 

intensively use in Fmoc SPPS approach [147, 148]. 

 
 

 

Figure 20. Structures of 

protected phosphorylated 

amino  acids used in Fmoc 

SPPS  approach: 

phosphotriesters (A)  and 

phosphodiesters (B). 
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Figure 21. Structural 

formula of the 

phosphopeptide MG137. 
 

 

 
 

 The 15 amino acid peptide sequence corresponding to the carboxylic intracellular 

segment of sstr2A is: RLNETTETQRTLLNG. It contains four threonine residues suspected 

of phosphorylation, therefore for their incorporation we used the Fmoc-Thr(PO(OBzl)OH)-

OH building block available from Novabiochem (Merck Biosciences, Switzerland). An N-

terminal Cys has been added to the 15 amino acid sequence in order to allow the cross-linking 

to a suitable carrier protein for antibody production [145] (Figure 21). 

 This 16 amino acid peptide (named MG137) was assembled on TCP resin. The other 

amino acids side chains were protected as follows: Asn, trityl (Trt); Arg, 2, 2, 4, 6, 7-

pentamethyl-dihydrobenzofurane-5-sulfonyl (Pbf); Gln, trityl; Glu, tert-butyl (tBu); Cys, 

trityl. After Fmoc-Gly-OH loading for 4 h in dry DCM and in the presence of DIPEA, and 

subsequent Fmoc removal with 20 % piperidine/DMF, the next three protected residues were 

coupled using DIC, HOBt and DIPEA in DMF. Capping with acetic anhydride and TNBS or 

Kaiser test were performed after each coupling step. For the incorporation of the mono-benzyl 

phosphate protected threonine residue we chose HATU/DIPEA, since Perich et al. [149] have 

found that uronium-based coupling agents in conjunction with DIPEA are the most effective 

coupling agents for these building blocks. The same group observed that a higher that usual 

excess of DIPEA (3 eq relative to the phosphorylated amino acid) could improve the yield of 

coupling, because 1 eq of base will be consumed by the acidic partially protected phosphate 

group. Therefore the coupling was achieved using 5 eq Fmoc-Thr(PO(OBzl)OH)-OH, 5 eq 

HATU and 15 eq DIPEA in DMF for 20 h. The negative TNBS test confirmed the 
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M+H]+ 

M-PO3H2+H]+ 

M+CH2CO2H
]+ 

B 

completeness of reaction. Still, capping with acetic anhydride was done. After Fmoc removal 

a washing step with DMF containing DIPEA (20 eq relative to phosphate content of resin) 

and TFA (1.8 eq relative to phosphate content of resin) was carried out. This step is necessary 

to exchange the piperidine counterion of the phosphate, which could affect the yield of the 

next residue coupling [150]. 

 The rest of the peptidic chain was assembled in the same manner: with 

DIC/HOBt/DIPEA for the coupling of regular Fmoc-residues and with HATU/DIPEA for 

phosphothreonine incorporation. For the coupling of the 3rd and 4th phosphorylated threonine 

residues increased excesses of amino acid were used and double couplings. The average yield 

of phosphorylated-residues couplings was 80 %. After cleavage from the resin with 20% 

AcOH/DCM, co-evaporation with toluene and in vacuo drying, all the protecting groups were 

removed by 2 h incubation in 95 % TFA solution (2.5 % H2O, 2.5 % TIS). The crude peptide 

was obtained in ∼ 20 % yield relative to the resin loading and in ∼ 70 % purity as assessed by 

analytical HPLC (Figure 22).  

 
Figure 22. HPLC chromatogram of crude 

MG137; gradient used: 0-10 min: 5 % A, 

10-30 min: 5-50 % A;  λ = 230 nm 

(eluents: A = ACN, B = 0.1% TFA/H2O). 

 

 

 

 

  

 

Figure 23. MALDI spectra 

of crude compound 

MG137 in negative (A) and 

in positive (B) mode. 

mi 1 1 2 2 

mA
U 

0 
1 
2 
3 
4 
5 
6 
7 

M-H]- 

M-PO3H2
]- 

M+CH2CO2
]- 

A 



 

 51

 The correct mass was confirmed by MALDI-MS in negative and in positive mode 

(Figure 23). After purification on RP-HPLC, the final compound was obtained in > 96% 

purity (Figure 24). 
 

 

 

 
Figure 24. Analytical HPLC of 

purified MG137 (same system as in 

Figure 22). 
 

 

 

  

 

 B) Quantitation of phosphorylation 

 Although the mass spectroscopy confirmed the correct molecular weight of this 

peptide and therefore the presence of four phosphorylated threonine residues, we still carried 

out an additional experiment in order to certify and quantify the phosphate amount in this 

molecule. Thus we used the Lanzetta method [151], a colorimetric assay for the determination 

of nanomole amounts of inorganic phosphate. Briefly, the amount of phosphate released from 

the organophosphate compound (after digestion with HCl fumans) is measured 

spectrophotometrically at 660 nm by correlation with a standard inorganic phosphate solution. 

The dye reagent used was a 3:1 mixture of malachite green hydrochloride (0.045 %) and 

ammonium molybdate solution (4.2 % in 4 N HCl) and the calibration curve was obtained 

using as standard a 10 mM solution of Na3PO4.12H2O.  

 This experiment confirmed the presence of 4 moles of phosphate in 1 mole of peptide.  

 

 C) First biological results (in Dr.Schulz’s group, at Magdeburg University) 

 After cross-linking of MG137 to a protein carrier and immunization of rabbits, the 

antibody was collected by bleedings started one week after the third injection. After affinity 

purification, the antibody was tested by Western blotting (Figure 25). 
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Figure 25. Western blotting using the obtained anti-psstr2A antibody 

preincubated with SS-14 (negative control) and with MG137 (positive control). 

 

 The activity of this antibody was also tested in vitro in HEK cells 

stably expressing sstr2A. The agonist-induced phosphorylation of sstr2A 

could be proved after 30 min incubation with SS-14 (Figure 26). Further 

studies are in progress. 

 

 

Figure 26.  Confocal microscopy analysis of agonist-induced phosphorylation of sstr2A using the 

newly generated anti-psstr2A antibody. 

 

 Comments 

 Although apparently aside from the topic of my herein described thesis projects, this 

phosphopeptide (MG137) was a challenge I was willing to take. Not only because of the 

special features encountered during the solid phase peptide synthesis of this compound, but 

also due to the analytical aspects comprised and mostly because of the potential utility of such 

a derivative. There are several techniques to study the phosphorylation of GPCRs: two-

dimensional tryptic phosphopeptide mapping, phosphor-amino acid analysis, phosphopeptide 

sequencing etc. None of these techniques is easy to master and there are technical problems 

that frequently cannot be solved, e.g., large peptides may be insoluble and thus cannot be 

separated [145]. The advantage of anti-phosphopeptides antibodies is that they permit rapid 

analysis of intracellular phosphoproteins without the need to employ complex structural 

protein analyses (e.g., protease digestion of orthophosphate-labeled proteins) [145]. 
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 And once again I would like to underline the importance of the studies that can be 

completed with such an antibody in the specific case of sstr2A. The overexpression of this 

receptor in a multitude of tumors, the desensitization and down-regulation of this sstr - 

potentially responsible for resistance to SS-analog therapy, its newly discovered heterologous 

regulation [129], are as many clinically relevant reasons to study the post-endocytic pathway 

of this receptor by these means. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 54

Logic will get you from A to B.  
Imagination will take you everywhere.  

The important thing is not to stop questioning. 
Albert Einstein 

 

 4. Conclusions – Outlook 

 

 Despite the explosion of knowledge in recent years in the somatostatin field, a great 

deal remains to be discovered. In particular, developing the potential of somatostatin analogs 

for cancer treatment will require a more complete understanding of their intracellular actions 

and interactions. However, there is no doubt that SS-analog radiotherapy has significantly 

improved the quality of life of many patients and this is very important for a palliative 

treatment. Limitations to somatostatin-based peptide receptor radiotherapy are principally due 

to poor tumor penetration of the radioligand and insufficient accumulation within the 

neoplastic cell. In addition, low or variable expression of somatostatin receptor subtypes may 

lead to poor tumor localization of radiolabeled somatostatin analogs. 

 This dissertation presents attempts to overcome these problems associated with 

targeted therapy and/or imaging with radiolabeled somatostatin analogs. In a first step, we 

focused on the developing of new radiolabeled somatostatin-based analogs with improved 

pharmacological profile. Thus, employing parallel solid phase we synthesized a series of 

analogs of DOTA-octreotide with modifications on the third residue (Phe3). From the small 

library synthesized two conjugates showed very promising preclinical properties, DOTA-

NOC and DOTA-BOC. Moreover, the Thr8-modified versions of these two compounds 

(DOTA-NOC-ATE and DOTA-BOC-ATE) also displayed superior preclinical profiles if 

compared with somatostatin analogs used in the clinic. Subsequently, these four new 

derivatives are currently in clinical trials and the first promising results are already described 

herein. Nevertheless, we planned additional structural studies to better understand the results 

obtained in this series of compounds. 

 In a second step we aimed at the improvement of pharmacokinetics for this type of 

conjugates. The biggest problem associated with this category of drugs is their excretion 

pathway. A drawback of the derivatives discussed above is their increased lipophilicity. This 

is translated in vivo by increased hepatobilliary excretion, hence impairing on the abdominal 

imaging. Our strategy was the introduction of hydrophilic spacers between the chelator and 

the peptide. The derivatives thus obtained partially lose the broad affinity profile of the parent 

compounds, although the modifications performed are remote from the pharmacophore. 

Nevertheless, they show increased internalization in sstr2-expressing cells and good 



 

 55

biodistribution profile in rats. However, the animal tumor model used did not permit a 

genuine evaluation of the hepatobiliary excretion pathway. 

 While favoring the kidney clearance route, nephrotoxicity can be one of the 

consequences, particularly in case of targeted radiotherapy. That is why we proposed the 

addition of a PAH unit (recognized by the OAT system of the kidneys) to the DOTA-

somatostatin analogs, expecting a faster excretion, without accumulation in these organs. 

Nevertheless, this unit should probably be situated on the chelator or at the peptide N-

terminus, because the conjugate described herein, with PAH at the C-terminus of DOTA-

[Tyr3]-octreotide, loses almost completely the pharmacological properties of the parent 

compound (probably due to the proximity to the pharmacophore sequence).  

 In a third step we proposed a strategy to modify the pharmacodynamics of DOTA-

somatostatin derivatives, by targeting the cell nucleus. Thus, we added an NLS unit to 

DOTA-[Tyr3]-octreotide. After testing the best design of such a construct, we selected the 

best derivative and performed biological trials. Our hypothesis was confirmed in nuclei 

isolation assays, showing increased cell nuclear uptake for the trifunctional NLS-conjugate in 

comparison with the parent compound. Moreover, the new molecule has increased uptake and 

higher retention in tumoral cells in vitro. These promising results, if confirmed in vivo, could 

allow the successful use of Auger-electron emitting radionuclides in targeted radiotherapy. 

 As mentioned at the beginning of this section, understanding the intracellular 

trafficking of somatostatin receptors is part of the work for developing the potential of 

somatostatin analogs for therapy. Since phosphorylation is believed to be a critical step in 

both receptor internalization and desensitization, an antibody directed against the 

phosphorylated receptor may give useful insights into this process. This is the reason for the 

phosphorylated peptide synthesis described herein, meant for antibody production. The first 

biological assays performed with the obtained antibody are encouraging. 

*** 

 Although still far from being ‘’magic bullets’’, the radiolabeled somatostatin analogs 

remain the mainstay of peptide receptor mediated targeted radionuclide imaging and therapy. 

The recent findings concerning the homo- and hetero-oligomerization of somatostatin 

receptors and the concomitant expression of several peptide receptors on the same tumor may 

open new prospects of therapy. Since the receptors combine with each other, why not 

combining also the peptides directed against them? The use of cocktails of peptide 

radioligands recognizing their respective receptors may increase the scintigraphic signal of the 

scanned tumors and may reach superior therapeutic levels. A more chemically interesting 
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version of this approach would be the synthesis of polyfunctional radioligands. These 

constructs should incorporate the sequences of several peptides linked by appropriate spacers 

and including one or more chelators able to complex radiometals. 

 The same concept of combination therapy or combination targeting may be applied in 

the field of chemotherapy. Due to the limited efficacy and considerable toxicity of 

conventional chemotherapy, novel cytotoxic agents are being developed. An example is 

targeted chemotherapy. By synthesizing conjugates of somatostatin analogs and cytotoxic 

drugs (doxorubicin, paclitaxel) [152], [153], selective accumulation of cytotoxic radicals in 

somatostatin receptor-positive tumor cells would be possible. Moreover, adding a 

radionuclide to this ensemble would increase the potential of therapy. 

 The targeting combination illustrated also by the cell nucleus targeting through the 

somatostatin receptors in this thesis may be further applied to achieve more selectivity for 

cytotoxic drugs.   

 With the advances in proteomics and genomics more targets are being identified and 

the opportunities of using combined therapies are increasing. The treatment of any cancer is 

unlikely to be optimal with a single drug. There are of course major issues to be addressed, 

including the difficulty of selecting the best combination, uncertain predictability of 

preclinical models, the design of clinical trials etc. But a major problem remains the complete 

elucidation of intracellular trafficking of such drugs and their targets, particularly in the field 

of GPCRs as molecular targets for cancer diagnosis and therapy. 
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1. INTRODUCTION

1.1. Peptides in Medicine

Peptides are necessary elements in more fundamental biological processes 
than any other class of molecules. The most ubiquitous mode for controlling 
and modulating cellular function, intercellular communication, immune 
response and information-transduction pathways is through peptide-protein 
non-covalent interactions. For example, peptides function as hormones, 
neurotransmitters, neuromodulators, growth and growth inhibition factors 
and cytokines. Although there are numerous exceptions, such as insulin, 
oxytocin and calcitonin, most peptide-ligands are not used directly as drugs, 
and often the most useful ligands for therapy would be analogues that act as 
agonists or antagonists of the native ligands. The development of peptides 
or peptide-mimetics that can target the receptors modulating the biological 
activities is a top priority in biology, chemistry and medicine. 

Peptides play important roles in growth and other cellular functions not 
only in normal tissues but also in tumors. Most tumors express receptors 
for different peptides, frequently in high density, and many of these recep-
tors mediate growth-regulating effects in vitro. Certain types of tumors also 
respond to the growth inhibition or growth promoting signals of peptides 
in vivo, an effect which has become an important clinical approach to treat-
ment of tumors in man. An ubiquitous example is the use of somatostatin 
analogues whose receptors are overexpressed in many neoplastic tissues. 
A new development to visualize tumors through peptide receptor targeting 
began about thirteen years ago when radiolabeled somatostatin analogues 
were introduced into nuclear medicine for in vivo imaging of human tumors 
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using a γ camera. Nuclear medicine is mainly a diagnostic discipline; its 
strength has been the ability to provide images of (patho)physiological 
functions rather than morphological information. The development in this 
field advances into the direction of in vivo tissue characterization through 
imaging of biochemical markers. The use of radiolabeled analogues of reg-
ulatory peptides in nuclear oncology is an important step into this direction. 
The peptides as targeting agents offer several advantages over proteins as 
for instance antibodies. Because of their high molecular weight, antibod-
ies have often shown limited binding and uptake at the target site and slow 
blood clearance, which results in modest target-to-background ratios [1,2]. 
In contrast, peptides are readily synthesized (solid phase synthesis, parallel 
and combinatorial approaches, phage-display), cheaper and can withstand 
harsher conditions for modification and labeling. They are less likely to 
produce immunogenic response, and blood clearance, tissue penetration 
and tumor uptake are faster.

However, there are several prerequisites for peptides used as radiophar-
maceuticals. Primarily, the corresponding receptors have to be expressed 
on the target in suitable amounts, overexpression or unique expression 
being desirable. The peptide ligand should retain the high affinity to the 
receptor as the natural compound. For therapeutic applications internal-
ization by endocytosis appears to be an absolute precondition, because of 
higher residence time. Also the preclinical biodistribution studies should 
provide suitable results. Last, but not least, a main concern of radiolabeled 
peptides is their metabolic stability, concerning not only the peptide part 
(i.e., peptide fragmentation by peptidases), but also the stability of the 
metal-chelator complex. Other aspects have to be considered when devel-
oping radiometal conjugated peptides, i.e., a high rate of complexation, 
the practicability of radiolabeling, the availability of the radionuclide and 
some other biochemical properties of the metal and metal-chelator com-
plex that will be discussed later in this chapter. 

1.2. Potential Targets of Metallo-Peptides in Diagnosis and Therapy

The main challenge in the development of targeting agents is to identify 
specific, relevant, easily accessible and highly expressed targets. They 
can be situated inside the cell (DNA, m-RNA, enzymes, proteins), on 
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the cell membrane (receptors) or in the cell environment (pH, pO2, neo-
vasculature). Proteins as targets on the plasma membrane will permit an 
optimal selection of disease markers and more accessible drug targets. An 
important target family is the one of G-protein coupled receptors which 
are being internalized upon peptide ligand binding.

The molecular biology studies preceding successful receptor target-
ing with metallo-peptides include in vitro identification and analysis of 
receptors with biochemical, biomolecular and immunological techniques 
[3]. For example, radioligand binding analysis and bioassays with cells or 
membrane preparations are the means to characterize high affinity bind-
ing sites and the pharmacological profile of a given peptide. Anatomical 
information about the distribution of receptors in tissues is obtained by 
quantitative receptor autoradiography which measures radioligand bind-
ing on tissue sections and thus enables localization of receptors at the 
microscopic level [4]. Only a minority of the large number of potentially 
useful regulatory peptides and peptide families has been more or less 
thoroughly investigated so far and future work will probably reveal a 
multitude of clinically useful peptide-based radioligands. Table 1 gives 
an overview of some typical receptors for regulatory peptides, which are 
(over)expressed on various human cancers and it lists the peptides studied 
for receptor targeting. Once the structure of the natural peptide ligand has 
been obtained, there are several other steps to follow until the accomplish-
ment of a new radiopharmaceutical [5].

1.3. Prototypical Peptides for Imaging and Targeted Radiotherapy

The first diagnostically studied and also radiotherapeutically employed 
regulatory peptides were analogs of somatostatin (SS). Throughout this 
chapter the discussion will solely be based on radiometal labeled soma-
tostatin analogs. Somatostatin is a peptide hormone with a variety of 
functions in many tissues throughout the body. It binds with high affin-
ity to somatostatin receptors expressed on target tissues exerting a large 
number of biological effects. Five such receptor subtypes (hsst1-5) have 
been cloned in recent years. An important aspect with regard to targeting 
is the finding that these receptors are overexpressed on a variety of human 
tumors, mainly of neuroendocrine origin [6]. The most relevant receptor
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TABLE 1

Expression of receptors on human tumors

Ligand Receptors Tumor type

somatostatin somatostatin receptor
 subtypes sst1-5

neuroendocrine tumors, SCLC, MTC,
tumors of the nervous system,

 lymphoma(non-Hodgkin’s lymphoma, 
Hodgkin’s disease)

VIP / PACAP VPAC1, VPAC2, PAC1
 receptors

various adenocarcinomas (stomach, 
colon, pancreas, lung etc.)

CCK/gastrin CCK1, CCK2 receptors MTC, SCLC, 
stromal ovarian cancer, astrocytoma

LHRH LHRH receptors breast, prostate cancer

α-MSH MSH receptors melanoma

bombesin/GRP BB1, BB2, BB3 
and BB4 receptors

SCLC, MTC, glioblastoma, colonic 
cancer, prostate cancer

neurotensin NTR1, NTR2 
and NTR3 receptors

Ewing sarcoma, meningioma, MTC, 
astrocytoma, SCLC, 

exocrine pancreatic cancer

opioid opioid receptors SCLC, neuroblastoma, breast cancer

substance P NK1 receptors glioblastoma, astrocytoma, MTC, 
breast, peri- and intratumoral

blood vessels

GLP-1 GLP-1 receptors Insulinomas

oxytocin oxytocin receptors endometrium, breast cancer

neuropeptide Y NPY receptors 
subtypes Y1-Y6

breast, brain cancer

subtype is hsst2, but all the other receptor subtypes are to some degree 
also overexpressed on human tumors. There are two biologically active 
forms of SS consisting of 14 (SS-14) and 28 (SS-28) amino acids that
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show only very low metabolic stability in human blood with half lives of 
2-3 min and can therefore not be used clinically. Modifications leading to 
octapeptides afforded somatostatin receptor binding ligands with much 
lower proteolytic degradation rate. One of the clinically approved peptides 
is octreotide, a short analog of somatostatin which retained a high binding 
affinity to hsst2, reduced affinity to hsst3 and hsst5 and absent affinity to 
hsst1 and hsst4 (see Table 4 in Section 3.3). The chemical structures of 
SS-14 and octreotide are shown in Figure 1.

The first radiopeptide used for in vivo localization of tumors was 

FIG. 1. Structural formula for: (a) SS-14; (b) octreotide; (c) [123I]-[3-iodo-Tyr3]-
octreotide; (d) DTPA-octreotide (Octreoscan®).
[123I]-[3-iodo-Tyr3]-octreotide (Figure 1c). Despite some spectacular early 
imaging results [7]  and an almost optimal pharmacologic profile showing 
high somatostatin receptor affinity (IC50 = 2.0 ± 0.7 nM) and a high rate 
of internalization into tumor cells, this radioligand finally turned out not 
to be useful as a diagnostic tool. The reasons are its lipophilicity causing 
hepatobilary excretion and therefore a very low diagnostic sensitivity in 
the abdomen. Contrary, the chelator-modified molecule, DTPA-octreotide 
(Figure 1d), which was designed to be complexed with the diagnostic 
radiometal 111In3+, shows a rather low in vitro pharmacologic profile (low 

.. . ...
 

.. . ...
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binding affinity IC50 = 22 ± 3.6 nM and slow internalization rate), but the 
hydrophilic metal complex conveys high hydrophilicity to the targeting 
molecule and changes its pharmacokinetics, including predominant kidney 
excretion. Consequently, it became the first imaging vector based on a 
radiopeptide (the commercial name is Octreoscan®), registered worldwide. 
In addition, the advantage of the DTPA-peptide conjugate was the highly 
practical labeling kinetics which can be performed in any nuclear medi-
cine department or even in a private nuclear medicine practice, whereas 
the iodination labeling process is tedious, needs well educated and trained 
personnel and can therefore only be performed in specialized laboratories.

111In is not an useful therapeutic radionuclide (see Section 2.1.), there-
fore conjugates were designed, synthesized and evaluated preclinically 
which fulfilled the need for the labeling with the β-emitters, e.g., 90Y and 
177Lu. DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) 
was the preferred chelator, forming kinetically and thermodynamically 
stable metal complexes. The prototypical DOTA-coupled somatostatin 
based octapeptides used for radiotherapy are shown in Figure 2.

FIG. 2. Prototypical DOTA-peptides used for radiotherapy: (a) DOTA-[Tyr3]-
octreotide (DOTA-TOC); (b) DOTA-octreotide (DOTA-OC); (c) DOTA-lanreo-
tide (DOTA-LAN); (d) DOTA-vapreotide.

.. . ...
 



116 GINJ AND MAECKE RADIOMETALLO-LABELED PEPTIDES 117

2.  RADIOMETALS OF INTEREST FOR PEPTIDE LABELING 
 AND  LABELING APPROACHES

2.1.  Radiometals for Peptide Labeling

The use of metal complexes as diagnostic and therapeutic agents is a 
relatively new area of medical research. The introduction of radiometals in 
nuclear medicine has started in 1959 when the first 99Mo/99mTc generator 
was developed at Brookhaven National Laboratory. Since then 99mTc 
is the most widely used radionuclide for diagnostic imaging. From the 
perspective of coordination chemistry there are two important features of 
clinically used 99mTc: (1) The generator defines the starting material of any 
99mTc radiopharmaceutical preparation to be an aqueous sodium chloride 
solution of 99mTcO4

– and 99TcO4
–. (2) Because of the nature of the generator 

decay scheme 99Mo → 99mTc → 99Tc the concentration of 99mTcO4
– and 

99TcO4
– are variable depending mainly on the time elapsed since the 

last generator elution. The total concentration of 99TcO4
– + 99mTcO4

– in 
generator eluents is in the range of 10–6 - 10–8 M. So the synthesis of a 
99mTc radiopharmaceutical must be done at very low concentrations and 
must start with TcO4

–. The first step will be a reduction of TcO4
– to lower 

oxidation states, most importantly TcV and TcI. 
For therapeutic applications radioisotopes of Re, the group VIIA 

congener of Tc, became of interest. Two isotopes are of importance for 
targeted radiotherapy: 186Re and 188Re (see Table 3 below). Both have 
suitable properties as they do not only emit β but also γ rays allowing to 
follow the biodistribution. Rhenium-186 is reactor produced and contains 
carrier 185Re, whereas rhenium-188 is carrier free and is obtained from a 
188W/188Re generator. 

Because of the periodic relationship Tc and Re are called “matched 
pair”, one used for diagnostic and dosimetric purposes and as model for Re 
radiopharmaceuticals development and the Re-labeled agent for therapeutic 
applications. However there are important chemical differences. Despite 
this, the strategies to label peptides with Tc and Re are until now the same.

Today there is a large variety of radiometals used in γ scintigraphy and 
positron emission tomography for diagnosis and in targeted radiotherapy.

The γ scintigraphy requires a radiopharmaceutical containing a radio-
nuclide that emits γ radiation with an energy between 100-250 keV and a 
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γ camera or a SPECT camera. PET requires a radiopharmaceutical labeled 
with a positron emitting radionuclide (β+) and a PET camera. A variety of 
metallic gamma- and positron-emitters have been used for peptide label-
ing (Table 2) [8].  Besides the energy of emission there are some other 
factors to consider in designing a radiometal-based radiopharmaceutical, 
like the physical half-life, the type of decay, cost and availability of the 
radioisotope. 

TABLE 2

Important γ and positron emitting radionuclides for biomolecule labeling

Isotope
Physical 

Half-life (h)
Decay Mode Eγ (keV) Eβ+ (keV)

Ga-67  78.26 EC (100%)
91, 93, 185, 

296, 388

Tc-99m  6.0 IT (100%) 141

In-111  67.9 EC (100%) 245, 172

Co-55  17.5 β (77%) EC (23%) 1513, 1037

Cu-62  0.16 β (98%) EC (2%) 2910

Cu-64  12.7
β (19%) EC (41%) 

β– (40%)
656

Ga-68  1.1 β (90%) EC (10%) 1880, 770

Y-86  14.7 β (33%) EC (66%)
2335, 2019, 
1603, 1248, 

1043

EC = electron capture, IT = internal transfer

Unlike radionuclides used for diagnostic imaging, therapeutic radio-
nuclides by definition emit radiations that have a high linear energy trans-
fer (LET) in order to destroy tumor tissue. These species with potential for 
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therapy fall into three main categories: (i) β emitting radionuclides; (ii) α 
emitting radionuclides; (iii) Auger electron emitting radionuclides. Each 
type of these particles has different effective range of energy deposition 
and LET properties. 

The physical characteristics and range in tissues of commonly used 
beta and alpha emitters are summarized in Table 3 [9]. In cases where the γ 
ray emission is in the diagnostically useful range, the imaging of the tracer 
biodistribution is also feasible [10]. Radionuclides that decay by β particle 
emission are used most extensively for therapeutic applications in current 
clinical practice. A unique advantage of β emitters over other therapeutic 
modalities is that not every cell needs to be targeted to be killed (crossfire 
effect, low LET). This result is efficient for lesions larger in diameter than 
the average path length. Humm [11] has classified β-emitting radionu-
clides as low-range (mean range < 200 μm, i.e., Lu-177), medium-range 
(mean range 200 μm to < 1 mm, i.e. Cu-67, Sm-153) and high range 
(mean range > 1 mm, i.e., Y-90). Radioactive emission of α particles 
results in high LET over a path length of 3-4 cells diameters. The advan-
tage of this property lies in their capability of producing a high degree 
of tumoricidal activity while sparing the surrounding normal tissues. 

However, the ultimate success of the targeted radiodiagnosis and -
therapy depends, of course, on the biological properties (e.g., specificity, 
affinity, blood and tumor clearance rates, etc.) of the radiopharmaceutical 
(metal-chelator-peptide conjugate).

2.2.  Labeling Approaches

2.2.1. Direct Labeling

Because of the kinetic lability of hard radiometals like Y3+, Lu3+, lan-
thanides in general, but also Cu2+, Co2+, etc., and the competition in 
human blood and other body fluids by proteins like transferrin, albumin 
and anions like PO4

3–, CO3
2–, etc., peptides can not offer any functional 

groups which provide enough kinetic stability to ensure intact arrival of
the radiometal-peptide conjugate at the target. This is different for the pair 
Tc and Re which form kinetically inert metal complexes in several oxida-
tion states. In addition, both metals show a high degree of thiophilicity 
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making sulfur containing peptidic sequences attractive for the binding of 
these radiometals. Several groups took advantage of this thiophilicity and 
labeled disulfide-bridged analogs of somatostatin like octreotide, lanreo-
tide and vapreotide directly with 99mTc and 188Re [12]. Unfortunately, 

TABLE 3

Nuclear properties of several therapeutic radiometals

Isotope
Physical 
Half-life

Decay mode Range

max β– (MeV) γ (keV)
mean 
(mm)

Approximate 
Cell Diametera 

Cu-67  2.58 d  0.577 (20%)
91 (7%)
93 (16%)
185 (48%)

 0.27 20

Y-90  2.67 d  2.27 (100%) none  2.8 150

Pm-149  2.21 d  1.07 286 (3%)  0.71 60

Dy-166  3.40 d  0.40 82.5  0.18 15

Lu-177  6.71 d  0.50 (79%)
208 (11%)
113 (6.4 %)

 0.24 20

Re-186  90.6 h  1.071 137  0.7 60

Re-188  16.98 h  2.116 155  2.4 130

Bi-212  1 h
1.36 (β, 64%)
6.1 (α, 36%)

727 (7%)
 0.09
 0.06

2-3
3-4

Bi-213  46 min
5.8 (α, 2.2%)
8.4 (α, 97.8%)

440
 0.06
 0.08

2-3
3-4

Ac-225  10 d 5.83 (α,100%) none  0.06 2-3

a Refers to the number of cells in length crossed by these radiations.
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none of these peptides is very well characterized; in addition, they are 
too lipophilic, mainly excreted by the hepatobiliary system and  never 
made the step from preclinical studies to the clinic. Still, Re-vapreotide 
(Figure2d) was synthesized on a macroscopic level and studied using two 
dimensional 1H-NMR spectroscopy and molecular dynamic simulations 
[13]. It was found that the metal coordinated peptide maintains the spatial 
topography and solution conformation as the unmodified peptide consist-
ing of an antiparallel β sheet and  type II β turn around D-Trp4-Lys5. The 
study did not confirm the hypothesis that during synthesis the disulfide 
bridge is opened creating two thiolate groups for 99mTc and 188Re coordi-
nation and no receptor affinities have been reported for these peptides.

2.2.2.  The Bifunctional Chelator Approach

As shown in the previous paragraph in some cases a direct labeling 
approach can be adopted. However, labeling strategies usually rely on 
the utilization of a multidentate ligand capable of chelation of the desired 
radionuclide. For example, all radiometals except 67Cu and 55Co listed in 
Table 3 are hard acids with 3+ as the major oxidation state in solution. As 
they are kinetically labile, polydentate chelators need to be utilized for an 
efficient encapsulation and in vivo stabilization.

There are mainly two strategies: the prelabeling and the postlabeling 
methods. The prelabeling approach involves the formation of the radio-
nuclide-chelator complex prior to conjugation to the peptide. If the radio-
nuclide is introduced into its chelator after the chelator has been attached 
to the carrier, this is referred to as postlabeling. The decision on which 
strategy is to be adopted will be influenced by a variety of considerations. 
For example, when complex formation can only be achieved under non-
aqueous or otherwise harsh conditions and the biomolecule is sensitive 
to these conditions, the prelabeling approach is more indicated. Still, this 
method is complicated and time-consuming because of multiple steps in 
preparation and purification and therefore not suitable for routine clinical 
applications [14]. The postlabeling approach is the most practical method 
for the development of commercial peptide-based radiopharmaceuticals. 

The ideal chelator should satisfy requirements correlating aspects of 
coordination chemistry with in vivo behavior. Factors to be considered 
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include the redox properties, stability, stereochemistry, charge and lipo-
philicity of the metal complex [14]. For lanthanides and lanthanide-like 
radiometals, the bifunctional octadentate chelators satisfy these require-
ments. Derivatives of diethylentriaminepentaacetic acid (DTPA) are used 
for the fast incorporation of radiometals; the first clinically approved 
peptide-based imaging agent has been the DTPA-derivatised somatosta-
tin analogue octreotide labeled with 111In (Figure 1d). The coupling to 
the peptide is achieved either by using DTPA dianhydride [15] or tri-
tbutyl-DTPA [16] as prochelators (Figure 3). This potential octadenticity 
of DTPA may convey additional stability to the radiometal complex as 
In(DTPA)2– was shown to have coordination number 8 in the solid state 
and in solution [17]. Because of in vivo instability, DTPA is not suitable 
for any other nuclide than 111In. Attempts to use DTPA-peptide conjugates 
labeled with 90Y for therapy [18] have not been as successful as the use of 
macrocyclic BFC for labeling of peptides [19].

Radiolabeling with GaIII is of interest because of the access to three 
radioisopes for imaging (Table 2). Two approaches were used to label 
somatostatin analogs with radio-gallium. The use of DFO (desferriox-
amine B) (Figure 4a) allowed fast complexation, whereas the new chelator 
NODASA (1,4,7-triazacyclononane-1-succinic acid-4,7-diacetic acid) 
(Figure 4b) [20] has  three 5-membered chelate rings involving carboxylate 
groups which are thus protected by Ga(III) allowing a free β carboxylate 
group for coupling to a somatostatin analog. This prelabeling strategy allows 
the covalent coupling of a well defined radiometal complex of high specific 
activity to a biomolecule. The same type of chelator has been derivatized in 
order to make it available also for the postlabeling approach [21]. 

FIG. 3. Precursors of diethylentriaminepentaacetic acid (DTPA) for biomolecule 
coupling: (a) DTPA dianhydride (cDTPA); (b) tri-t-butyl-DTPA (activated via 
cyclic anhydride formation).
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Unlike the acyclic analogs, the polyazamacrocyclic polycarboxylate 
ligands provide a higher degree of rigidity to the resulting metal com-
plexes, and therefore improved  kinetic inertness in vivo [14]. The DOTA-
based BFCs (Figure 5 a-c) continue to be the most widely studied ligands 
for linking trivalent metallic radioisotopes to biomolecules [22-25]. The 
most common method involves the attachment of  the peptide to one of 
the four acetate groups via a CO-NH bond. This conjugation can be made 
either via an activated ester of one carboxylate group, like NHS esters 
(Figure 5a), or using a monoreactive DOTA prochelator like DOTA(tBu)3 
(Figure 5b) [26]. The prochelator approach is perfectly compatible with 
peptide synthesis in solid phase or in solution and DOTA(tBu)3 was 
coupled to somatostatin analogs with 65 ± 5 % yields after deprotection 
and purification. DOTA, used unprotected, was also coupled to the same 
peptide with about 40 % overall yield [26].

A disadvantage of this type of conjugation is the loss of one acetate 
arm for coordination to the radiometal center. To provide eight donor 
atoms for coordination, DOTA has been modified at one of the nitrogen 
atoms (Figure 5c) [27]. After coupling to the biomolecule and deprotec-
tion a BFC-peptide conjugate is obtained, available for the labeling with 
different radiometals (111In, 90Y, 177Lu, and other lanthanides).

The labeling of peptides with radioisopes of Cu(II) is of interest mainly 
because of its two radionuclides 64Cu and 67Cu. The chemistry of copper 

FIG. 4. (a) Desferrioxamine-B (DFO), a bifunctional chelator for labeling with 
67/68Ga; (b) Ga(NODASA), a (radio)metal complex with three metal-protected 
carboxylate groups and the potential for biomolecule coupling using the prelabel-
ing approach. The coupling site is indicated by the arrow.
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radiopharmaceuticals has been reviewed extensively and comprehensively 
[28]. BFCs for Cu(II) include 4-(1,4,8,11-tetraazacyclotetradec-
1-yl)methyl)benzoic acid (CPTA) (Figure 5d), 1,4,8,11-tetra-
azacyclotetradecane-1,4,8,11-tetraacetic acid (TETA) (Figure 5e) and 
DOTA. All three chelators were coupled to the somatostatin analogs 
through a carboxylate group.

Several approaches to label somatostatin analogs with BFCs for 
99mTc labeling have been published. HYNIC (2-hydrazinonicotinic acid) 
(Figure 6a) is of interest as a 99mTc-binding unit because of the potential 
monodenticity of this ligand which leaves coordination sites on the Tc 
atom free to be completed by different coligands which may be ben-
eficial for the fine tuning of the biodistribution. HYNIC was described 
before to label successfully different biomolecules with 99mTc [29,30]. 
[99mTc-N4-D-Phe1]-octreotide (FIG. 6b) was shown to bind with high 
affinity to the SRIF receptor and showed high and specific uptake in a SRIF 

FIG. 5. Structures of DOTA derivatives: (a) N-hydroxysuccinimide (NHS) ester 
of DOTA; (b) tri-t-butyl-DOTA; (c) DOTASA(tBu)4, n = 1 and DOTAGA(tBu)4, 
n = 2; (d) CPTA; (e) TETA.



124 GINJ AND MAECKE RADIOMETALLO-LABELED PEPTIDES 125

receptor-positive tumor [31]. 

3.  IN VITRO CHARACTERIZATION OF
 RADIOMETALLO-PEPTIDES

3.1.  Labeling Protocols

Because of the low concentrations of radiometal solutions (often lower 
than 10–6 M, showing the need to choose optimal complexation condi-
tions) and the necessity to produce the radiopeptides in high purity in a 
safe and rapid way, the labeling (complexation) protocols are of major 
importance. The choice of the radiolabeling approach depends on the type 
of biomolecules to be labeled and the purpose of the study. As mentioned 
in Section 2.2.2., there are mainly two labeling strategies: the pre- and the 
postconjugation labeling.

DTPA-peptide-conjugates can be readily radiolabeled within 10 min 
at room temperature and pH 5-7, using an acetate or a citrate buffer. 
The high radiolabeling efficiency can be attributed to the linear chelator 
backbone of DTPA analogues. However, the kinetic lability of their metal 
complexes may prove to be problematic when they are used as BFCs for 
biomolecules having a long blood retention.

The radiolabeling efficiency of a macrocyclic chelator is largely 
dependent upon radiolabeling conditions: concentration of BFC-conju-

FIG. 6. (a) Structure of Tc-HYNIC-octreotide; (b) 99mTc-labeling of octreotide, 
using the N4-tetraamine chelator.
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gate, concentration of trace metal contaminants, pH, temperature, reac-
tion time. There are several studies on the influence of all these factors 
on the radiolabeling efficiency for lanthanides (177Lu) and  90Y, these 
being the most often used radionuclides in radiotherapy. Summarized 
e.g., for 90Y, the conclusions are: the radiolabeling efficiency is maxi-
mal when the chelator-to-metal ratio is > 3;  the presence of increasing 
amounts of trace metals (Ca2+, Fe2+, Zn2+), commonly found in com-
mercial 90Y preparations, inhibits the labeling in a concentration-depen-
dent manner; higher pH results in faster complexation rate [35], but the 
potential precipitation of Y(OH)3 has to be taken into consideration, 
weakly coordinating buffer anions stabilize the radiometals in solution; 
higher temperature and longer reaction time usually gives better radio-
labeling yield provided that the biomolecule is not subjected to thermal 
decomposition.

3.2.  Stability Measurements

The in vivo stability of the metal-chelate bond is critical in a metallo-
radiopharmaceutical. When 90Y or a radiolanthanide is released in vivo, 
it accumulates in bone giving  a radiation dose to the radiosensitive bone 
marrow [32]. There appear to be three major mechanisms that challenge 
the coordination complex stability: transchelation to metal-seeking serum 
proteins, competition with anions (see above) and exposure to the acidic 
environment of the tumor and of the lysosomes as a result of biomolecule 
catabolism [33, 34] . 

High thermodynamic stability is not the sole requirement of a metal 
chelate complex because it only reflects the direction, not the rate of the 
reaction. As a matter of fact, the solution stability of a metalloradiophar-
maceutical in the blood stream is predominantly determined by the kinetic 
inertness of the metal chelate. While fast dissociation kinetics are char-
acteristic of metal complexes of acyclic chelators, many references have 
shown that metal complexes containing macrocyclic chelators are much 
more kinetically inert [35-37]. This has been clearly demonstrated by 
the extremely high solution stability of 90Y-labeled macrocycles such as 
DOTA even though the thermodynamic stability constant of Y(DOTA)– is 
comparable to that of Y(DTPA)2–. 
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Human serum stability measurements are accepted methods for the 
evaluation of radiolabeled ligands, along with pH stability. Neither of 
these two in vitro analyses alone can mimic the challenging environment 
that a radiolabeled chelator complex encounters in vivo. However, both 
analyses can be useful in determining the optimal chelator for utilization 
with the metal of choice [21, 38, 39].

Focusing on the peptide part in a peptide-based radiopharmaceutical, 
it is clear that lipophilicity, peptide size and susceptibility to degradation 
by peptidases play a vital role [40].

3.3.  Determination of the Binding Affinity of Radiometallo-Peptides 
 to Their Targets

After testing the stability of a radiometallo-peptide, the next in vitro assay 
is the determination of the receptor binding affinity of the radiophar-
maceuticals designed for receptor targeting. Introducing a chelator may 
strongly affect the biological and pharmacological properties of a peptide. 
This assay can be performed on intact cells or on membrane preparations, 
either by direct or competitive binding assays, thereby assessing alterations 
in affinity and specificity of the radiopeptide compared to the natural pep-
tide [41]. As shown in Table 1, there are several receptors (over)expressed 
on different types of tumors, therefore knowing the affinity pattern for 
receptor subtypes is very important, since each subtype usually has a 
different expression profile on different tumor types. This is definitely 
true especially for somatostatin receptors, sstr1-5 [6]. Table 4 displays 
the affinity profiles of the somatostatin analogues shown in Figure 2 a-c, 
along with their Y(III)-chelator-peptide conjugates in comparison with the 
natural peptide somatostatin-28 (SS-28) and with octreotide. The binding 
affinities are expressed as IC50 values, using 125I-[Leu8, D-Trp22, Tyr25]-
somatostatin 28 as radioligand. The assumption made is that non-radioac-
tive metals behave like their radioactive congeners. Although remote to 
the pharmacophoric site of the peptide, the chelator and the metal exert 
their influence on the binding affinity profile. Moreover, the same che-
lator-peptide conjugate complexed with different metals has a different 
binding affinity for the same receptor subtype (Figure 7). Details on this 
item are given in Section 5 of this chapter. 
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TABLE 4

Affinity profiles (IC50) for human sst1-sst5 receptors for a series of
somatostatin analogues.

FIG. 7. Influence of (radio)metal on receptor (sst2) binding affinities: competitive 
binding experiments using 125I-[Leu8, D-Trp22, Tyr25]-somatostatin-28 as radio-
ligand and various metal-DOTA-TOC complexes as competitors. SS-28 was used 
as a control peptide.

Compound sst1 sst2 sst3 sst4 sst5

SS-28  5.2±0.3   2.7 ± 0.3  7.7  ±  0.9            5.6 ±  0.4     4.0 ± 0.3

Octreotide >10000  2.0 ± 0.7      187 ± 0.355              >1000           22 ± 6

DOTA-octreotide >10000       14 ± 3          27 ± 9               >1000           103 ± 39

Y-DOTA-octreotide >10000       20 ± 2          27 ± 8             >10000          57 ± 22

[Tyr3]-octreotide >1000   2.1±1.0            85 ± 21              350 ± 110 5.0 ± 2.0

DOTA-[Tyr3]
-octreotide

>10000     14 ± 2.6   880 ± 324            >1000              393 ± 84

Y- DOTA-[Tyr3]
-octreotide

>10000    11 ± 1.7   389 ± 135   >1000                114 ± 29

DOTA-lanreotide >10000    26 ± 3.4     771 ± 229       >1000               73 ± 12

Y-DOTA-lanreotide >10000     23 ± 5                290 ± 10                  >1000               16 ± 3.4
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4.  ANIMAL MODELS TO STUDY TARGETING OF
 TUMORS. BIODISTRIBUTION AND THERAPY STUDIES

The in vivo evaluation in animal models of radiometallo-peptides is of 
major importance, since it is the first “real” indicator of compound phar-
macokinetics. As a model, tumor cells for which the peptide is being inves-
tigated are transferred from cell culture into nude mice or rats, inducing 
tumor growth. Upon administration of the labeled peptide in these experi-
mentally grown tumors, the potential of tumor targeting can be evaluated. 
An important aspect of this is the proof of specificity of tumor targeting 
due to the possibility to block the receptors with excess cold (non-radioac-
tive signal producing) peptide. Such an example is shown in Figure 8 with
two rats bearing subcutaneous tumors in the left hind leg. One animal was 
only injected with 111In-DOTA-TOC (Figure 8b) and the tumor is nicely 
shown as well as the receptor positive pancreas. In the second rat (Figure 

FIG. 8. Four hours postinjection scintigraphy of two Lewis rats bearing subcuta-
neous tumors in the left hind leg: (a) rat with a coinjection of 111In-DOTA-TOC 
and excess of cold peptide; (b) rat injected only with 111In-DOTA-TOC.
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8a) about 500 times excess of non-radiolabeled peptide is co-injected with 
111In-DOTA-TOC, competing for the receptors; no radioactive signal is 
seen from the tumor and the pancreas.

The aim of biodistribution studies in animal models is the evalua-
tion of radiolabeled peptide uptake in different organs, especially in the 
receptor-positive organs and in kidneys. For clinical applications of a 
radiopharmaceutical, the kidney toxicity is the dose limiting factor. Pep-
tides are taken up by the tubular cells and radiometal chelates are trapped 
within the lysosomes, high retention of the radiolabel occurring in the 
kidneys, eventually causing nephrotoxicity [44]. 

Figure 9 shows a comparison in biodistribution in AR4-2J rat pancre-
atic tumor bearing Lewis rats of four compounds: 111In-octreoscan (see 
structure in Figure 1d) and DOTA-TOC (see Figure 2a) labeled with three 
different radiometals: 111In, 90Y and 67Ga, respectively [22]. The best
tumor-to-kidney ratio corresponds to the gallium-labeled compound, this 
result being confirmed also in patients (see Section 5). As shown also in 
Section 3.3., the (radio)metal has a significant influence on the properties 
(binding affinity, internalization, biodistribution) of the  radiopharmaceu-
tical. In addition, this study shows the superiority of the new compounds 
over the approved 111In-octreoscan and was the basis to introduce the 
improved versions into the clinic.

FIG. 9. (a) Tumor and (b) kidney uptake of 111In-, 67Ga- and 90Y-DOTA-TOC in 
comparison with Octreoscan.
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Before therapeutic clinical applications can be performed, radiother-
apy studies in animals will be done. For example, Stolz et al. [47] evalu-
ated the therapeutical effect of 90Y-DOTA-TOC on rats bearing CA20948 
tumors. Their result showed complete remission of tumors in five out of 
seven rats. De Jong et al. [45] demonstrated with different somatostatin 
analogs and different radiometals that the cure rate depends on tumor size, 
having 100% remission for small tumors.  Zamora et al. [46] investigated 
analogues of somatostatin directly labeled with 188Re in nude mice bear-
ing xenografts of human prostate adenocarcinoma.

All these in vivo tests, along with the in vitro assays presented in Sec-
tion 3 are helpful for designing and developing new and improved radio-
pharmaceuticals. However, compounds that look promising in animal 
models are not necessarily working in humans.

5.  INFLUENCE OF THE (RADIO)METAL ION AND
 ITS COORDINATION CHEMISTRY ON THE TARGETING
 PROPERTIES OF RADIOMETALLOPEPTIDES

In this section we will analyze the important role of the radiometal com-
plex geometry as well as charge, size, fluxionality, etc., on DOTA-[Tyr3] 
-octreotide pharmacology.

As discussed above, the most widely used chelator for radiomet-
als is DOTA. Except for the labeling of biomolecules with 99mTc and 
186,188Re, it has been used for all other radiometals of relevance in 
nuclear oncology. The use of one single chelator and one single che-
lator-peptide conjugate for a variety of radiometals has the advantage 
that potential clinical applications will be approved easier by ethical 
committees. The gold standard molecule for the in vivo localization of 
somatostatin receptor positive tumors and their targeted radionuclide 
therapy is [DOTA0-Tyr3]-octreotide. This molecule has been labeled 
with 66,67,68GaIII, 111InIII, 90YIII, 213BiIII, and 57CoII. Figure 7 shows the 
binding characteristics of several metallo-peptides to sstr2 versus a 125I-
labeled SS-28 as radioligand. An important result of this experiment is 
that obviously the metal ion has a marked influence on the affinity of 
the metallo-peptide; e.g., CoII-DOTATOC shows a better sstr2 binding 
than GaIII-DOTATOC, YIII-DOTATOC, and BiIII-DOTATOC. As dem-
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onstrated, the conjugation of the metal-DOTA complex may even result 
in an improved ligand compared to the natural peptide. It is not yet clear 
why the metal ion, which is remote from the pharmacologic part of the 
peptide, has such a distinct influence.

Preliminary comparative data using two-dimensional 1H-NMR stud-
ies of the GaIII-, InIII-, YIII-DOTATOC are not conclusive and the peptides 
resist crystallization. The model peptides InIII-, YIII-, GaIII-DOTA-D-
PheNH2, however, could be crystallized and their X-ray crystal structure 
determined. The structures differ in different ways. GaIII-DOTA-D-
PheNH2 (Figure 10a) has a pseudooctahedral structure, the macrocycle 
showing a cis-geometry. The equatorial plane is formed by two transan-
nular nitrogens of the tetraaza ring and two oxygens of the respective car-
boxylate groups. One carboxylate group is free and the carbonyl oxygen 
of the peptide bond forming the linkage to D-PheNH2 is not bound to 
the GaIII. This is in contrast to YIII(InIII)-DOTA-D-PheNH2 (Figure 10b) 
which are octacoordinate complexes including the amide carboxy oxygen 
[22]. The complex geometry is a somewhat distorted antiprism. 1H-NMR 
studies showed that also in solution the GaIII-complex is hexacoordinate 
whereas the YIII-DOTA-D-PheNH2 and InIII-DOTA-D-PheNH2 com-
plexes are octacoordinate, the later showing much higher fluxionality [42] 

FIG. 10. (a) ORTEP plot of the crystal structure of GaIII-DOTA-D-PheNH2, a 
pseudooctahedral structure with a cis geometry of the macrocycle. One carboxyl-
ate group is free and the carbonyl oxygen of the peptide bond forming the linkage 
to D-PheNH2 is not bound to GaIII; (b) ORTEP representation of the crystal struc-
ture of YIII-DOTA-D-PheNH2, an octacoordinate complex including the amide 
carboxy oxygen. Reproduced by permission from ref. 22.
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which may explain the differences between 111In- and 90Y-DOTA-TOC in 
the biodistribution study. 

The hexacoordination of the GaIII-complex may explain the improved 
kidney clearance of 68Ga-DOTA-TOC compared to 90Y-DOTA-TOC and 
the improved pharmacological profile may depend on the free carboxy-
methyl arm bound to the peptide, allowing for more flexibility due to a 
spacer function. This hypothesis was tested by developing a conjugate 
with the optimal chelator for GaIII radioisotopes, NOTA (1,4,7-triaza-
1,4,7-triacetic acid). NOTA was modified in order to allow a spacer 
between the chelator (NODAGA = 1,4,7-triaza-1-glutaric acid-4,7-
diacetic acid) and the peptide, separating the signal producing chelate 
from the biologically active peptide (Figure 11). This combination has 
the additional advantage that the extremely stable GaIII-NOTA com-
plexes make any interference and false interpretation of biological and 
pharmacological data due to potential transchelation chemistry rather 
unlikely. Indeed, Ga-NODAGA-TOC conjugate shows similar phar-
macologic and biodistribution parameters like Ga-DOTA-TOC [21]. 

Preliminary data [43] indicate that CoII-DOTA-D-PheNH2 has a very 
similar structure like the GaIII complex and this along with the charge dif-
ference may explain the high potency of the corresponding metallo-pep-

FIG. 11. Structural formula of Ga-NODAGA-TOC.
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tide. The low pharmacologic potency and profile of the BiIII complexed 
peptide is not understood at all at this moment.

6.  OVERVIEW OF PATIENT STUDIES

As already mentioned, the basis of somatostatin receptor targeted radio-
therapy is the overexpression of somatostatin receptor subtypes on neuro-
endocrine tumors (Table 1).

Herein we present a few patient studies with the gold standard DOTA-
[Tyr3]-octreotide (DOTA-TOC) (see Figure 2a for structure) radiolabeled 
with different radionuclides for imaging and for therapy, highlighting their 
superb targeting performance. Figure 12 shows the positron emission 
tomography scan of a patient with an abdominal carcinoid with multiple 
liver and bone metastases, scanned with 68Ga-DOTA-TOC. This image 
reflects the high sensitivity and specificity of the radiogallium-modified 

FIG. 12. Ninety minutes postinjection scans in different projections of a patient 
with multiple liver (LM) and bone metastases (BM) originating from a carcinoid 
tumor using 68Ga-DOTA-[Tyr3]-octreotide; S = spleen; K = kidney; PG = pituitary 
gland; TG = thyroid gland. PET slices: coronary slice: LDR = left-dorsal-right; 
sagital slice: VLD = ventral-left-dorsal; coronary slice: RVL = right-ventral-left.
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peptide, in agreement with the preclinical results found for this radio-
metallo-peptide. 

Labeled with the β emitter, 90Y-DOTA-TOC proved to be very efficient 
in targeted radiotherapy of some neuroendocrine tumors. Below three 
examples are shown which represent three  typical subgroups of patients 
which have been treated at the University Hospital Basel since 1996 and 
which benefited from the targeted radiotherapy in different ways.

Figure 13 shows a 15 years old patient with a highly metastasized 
neuroendocrine tumor who had no remaining therapy option and was on 
morphine medication. The sequence of scans  illustrates several factors 
which determine the potential success of targeted radiotherapy: the quick 
targeting, a high uptake into the target, a long residence time, specificity, 
fast clearance from the non-target organs. It shows images of the patient at 
15 min after injection of the radiopharmaceutical (111In/90Y-DOTA-TOC)
(Fig 13a), at 24 hours (Figure 13b), at 48 hours (Figure 13c) and after 
six days (Figure 13d). Already after 15 min a good targeting was seen 
demonstrating the fast blood clearance and localization of the radiopeptide. 
At 24 hours the background clearance is more advanced and the tumors 
are delineated more clearly. At 48 hours and also after six days the 
metallic radionuclide is still retained in the tumors. The reason for this 
long residence is the ability of the radiometal-DOTA-peptide conjugate 
to internalize into the tumor cells via endocytosis upon binding to the 
receptor. This is a crucial step not only to direct a peptide linked radiometal 
to the interior of the cell, potentially to the cell nucleus, but also causing 
a long persistence at the tumor. It is noteworthy that the patient improved 
remarkably during therapy and was able to change from morphine to non-
steroidal drugs or even could discontinue analgesic drugs altogether. This 
is an example of a compassionate use of this therapy. The patient survived 
five years after the beginning of the therapy and is still alive with highly 
improved life quality. 

A second example is shown in Figure 14. The scintiscan is performed 
with 111In-DOTA-TOC, representing a patient with a primary endocrine 
pancreatic tumor with four small liver metastases before 90Y-DOTA-TOC 
treatment (Figure 14a) and after therapy (Figure 14b). After radiotherapy, 
the metastases disappeared and the primary tumor shrunk by >50 %, 
becoming operable. This treatment outcome is called a partial remission. 
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A final example shows a patient with a Merkel cell tumor which was about 
the size of a fist of a child (Figure 15a). The tumor disappeared after one 
injection of 80 mCi 90Y-DOTA-TOC (Figure 15b). This is an example of a 
so called complete remission. 

The benefit of targeted radiotherapy with radiolabeled somatostatin 
analogues is documented and has been proven. Still, targeted peptide 
receptor-mediated radiotherapy is in its infancy and questions remain 
how one could enhance the efficacy of the therapy. Renal toxicity is the 

FIG. 13. Scintiscans of a patient with multiple metastases of a neuroendocrine 
tumor at different time points after injection: (a) at 15 min; (b) at 24 h; (c) at 48 h; 
(d) after six days postinjection, scanned with 111In/90Y-DOTA-TOC.
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main dose limiting factor found so far. Infusion of cationic amino acids 
reduce the uptake of the peptides in the tubular cells of the kidneys. 
Eventually structural modifications of the peptides will lead to new 

FIG. 14. Scintigraphy of a patient with a endocrine pancreatic tumor with four 
metastases before (a) and after radiotherapy (b): partial remission, using 111In/
90Y-DOTA-TOC.

FIG. 15. Scintigraphy of a patient with a Merkel cell tumor (a) before and (b) six 
weeks after therapy with 90Y-DOTA-TOC.

a) b)

a) b)
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radiopeptides with much lower renal uptake. This improvement most 
likely will come from innovative developments and chelator design 
from medicinal inorganic chemists.

7.  SUMMARY AND CONCLUSION

Radiometallo-labeled analogs of somatostatin have shown great benefit in 
the in vivo localization and targeted radiotherapy of human tumors. The 
progress and innovation in this clinical application came from the change 
in strategy, leaving the most widely used radiohalogens for a coordination 
chemistry approach. The use of chelators appended to the biologically 
active peptide which convey high thermodynamic and kinetic stability to 
the radiopeptides did not only improve the pharmacokinetics and pharmaco-
dynamics of the molecules, but surprisingly the biological potency as well.

The most urgent problem to be solved in the field is to improve the 
kidney clearance of the radiopeptides. The kidney turned out to be the 
dose limiting organ in this type of targeted radiotherapy. Coordination 
chemical strategies have already paved the way to a successful clinical 
application; it is most likely that chelator modification will further help to 
improve the renal handling of radiometallo-peptides.
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ABBREVIATIONS

BB bombesin
BFC bifunctional chelator
CCK cholecystokinin
CPTA 4-(1,4,8,11-tetraazacyclotetradec-1-yl)methyl) ben-

zoic acid
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D-2-Nal D-2-naphtylalanine
DFO desferrioxamine B
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic 

acid
DOTAGA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic 

acid-1-(1-carboxy-3-carboxypropyl)
DOTASA 1,4,7,10-tetraazacyclododecane-4,7,10-triacetic 

acid-1-(1-carboxy-2-carboxyethyl)
DTPA diethylenetriaminepentaacetic acid
EC electron capture
GLP-1 glucagon-like peptide 1
GRP gastrin releasing peptide
hsst human somatostatin receptor
HYNIC 2-hydrazinonicotinic acid
IC50 concentration of the peptide which will replace 

50% of the radioligand
IT internal transfer
LAN lanreotide
LET linear energy transfer
LHRH luteinizing hormone releasing hormone
α-MSH α-melanocyte stimulating hormone
MTC medullary thyroid cancer
NHS N-hydroxysuccinimide
NK1 neurokinin 1
NODAGA 1,4,7-triaza-1-glutaric acid-4,7-diacetic acid
NODASA 1,4,7-triazacyclononane-1-succinic acid-4,7-

diacetic acid
NOTA 1,4,7-triaza-1,4,7-triacetic acid
NPY neuropeptide Y
NTR neurotensin receptor
OC octreotide
PAC pituitary adenylate cyclase
PACAP pituitary adenylate cyclase-activating polypeptide
PET positron emission tomography
SCLC small cell lung cancer
SPECT single photon emission computerized tomography
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SRIF somatotropin release inhibiting factor 
(somatostatin)

SS somatostatin
sstr somatostatin receptor
TETA 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-

tetraacetic acid
TOC [Tyr]3-octreotide
VIP vasoactive intestinal peptide
VPAC recombinant receptor for VIP and PACAP
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 2 

 Summary 

 The prototypes for tumor targeting with radiolabelled peptides are derivatives of somatostatin 

usually with high affinity mainly for sstr2 and moderate affinity to sstr5.  We aimed at developing new 

analogs for internal radiotherapy, which recognize different receptor subtypes, to expand the present 

range of accessible tumors. Using parallel solid phase synthesis, we synthesized  new DOTA-

octapeptides based on octreotide, by replacing Phe3 mainly with unnatural amino acids. The affinity 

profile was determined using transfected cell lines with sst1-5. Internalization was determined using 

AR4-2J and HEK-sst3 cell lines and biodistribution was studied in rat tumor models. Two of the 

derivatives thus obtained showed improved binding affinity profile, enhanced internalization in cells 

expressing sst2 and sst3, respectively, and better tumor:kidney ratios in animals. The predictions from 

these preclinical data are partially confirmed in initial clinical studies.  
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 Introduction 

 The tetradecapeptide somatostatin (SS-14) is of little therapeutic value since it has a broad 

spectrum of biological actions, but a short half-life in vivo. Conformational analyses and structure-

function studies on somatostatin analogs indicate that the sequence required for biological activity 

consists of the β-turn fragment Phe-Trp-Lys-Thr corresponding to the residues 7-10 of SS-14. Many 

somatostatin analogs with smaller and more rigid rings have been synthesized in the search for 

compounds with enhanced and prolonged activity. Two lead compounds emerged from this research, 

the hexapeptide L-363,301 [1] and the octapeptide octreotide (Sandostatin®, SMS 201-995) [2]. One 

unintended consequence of such structural simplification, carried out before the discovery of multiple 

receptor subtypes, was the loss of broad-spectrum binding affinity. The cloning of the five somatostatin 

receptors (sst1-sst5) [3] has increased the understanding of somatostatin receptor structure and 

function. It also revealed that the short-chain synthetic analogs of somatostatin have high affinity for 

sst2, moderate to low affinity for sst3 and sst5, and no or very low affinity for sst1 and sst4.  

 In nuclear medicine oncology, the prototypical tracers used for in vivo receptor scintigraphy and 

targeted radionuclide therapy are derivatives of somatostatin. The molecular basis for their use is the 

overexpression of somatostatin receptors on a variety of human tumors, especially neuroendocrine 

tumors and their metastases [4], [5]. The majority of human sst-positive tumors express simultaneously 

multiple sst subtypes, although there is a considerable variation in sst subtype expression between the 

different tumor types and among tumors of the same type. Parts of these differences are also due to the 

method used to investigate the somatostatin receptor subtype occurrence [6]. Most of the data available 

up to now on somatostatin receptor expression in human tumors originates from mRNA detection, but 

more recently several groups provided information on sst subtype protein expression [5], [7], [8]. 

Undoubtedly, subtype 2 is the most frequently expressed in a majority of cancers. Nevertheless, in a 

significant number of tumors sst2 is absent or expressed in low density and other somatostatin receptor 
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subtypes are present. For instance, frequent expression of sst 1, 2, 3, and 5 was found in gastro-entero-

pancreatic tumors (GEP) [8], in medullary thyroid cancers (MTC) [9] and in ovarian cancers [10]. A 

predominant expression of sst3 was discovered in inactive pituitary adenomas and in thymomas [11, 

12]. Human lung tumors were shown to overexpress sst2, 3 and 5 [13]. The considerable heterogeneity 

in the expression of individual sst within and between different tumors, but also the effects associated 

with single sst subtypes (sst2 mediates antiproliferative effects, sst3 also mediates antiproliferative, but 

also proapoptotic effects, sst5 mediates GH inhibition) make evident the need for tracers that can target 

more than one somatostatin receptor subtype in vivo. 

 The predominant expression of sst2 in human tumorous tissues forms the basis for the 

successful clinical application of radiolabeled octapeptide somatostatin analogs in imaging of sst-

positive tumors. The classical radioactive somatostatin analogs used for the in vivo visualization and 

treatment of human tumors are derivatives of octreotide, the standard for scintigraphy being [111In-

DTPA]-octreotide (Octreoscan®). Although remote from the pharmacophore, the addition of a metal-

complex to the N-terminus of octreotide led to a loss in binding affinity especially for sst5, but also for 

sst3 and sst2 [14]. This is also applicable for the analogs used in targeted radiotherapy, having DOTA 

(1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetraacetic acid) as chelator and 90Y or 177Lu as 

therapeutic radionuclides (e.g., 90Y-DOTA-[Tyr3]-octreotide, a conjugate having a decade of clinical 

experience [15]). Chelator-derivatives of lanreotide® [16] and vapreotide® [17] have been developed as 

well. These octapeptides have an improved binding affinity profile, but their metal-chelator-conjugates 

display satisfactory affinity only to sst2 and sst5 [14].  

 Octreotide has been subject of extensive structural studies, including NMR [18] and X-ray 

diffraction [19]. Taken together these studies have demonstrated that octreotide exists in solution in 

two conformational families, differing mainly by the conformation of the C-terminal tail. The molecule 

adopts an overall antiparallel β-sheet conformation, with a type II’ β-turn centered at the D-Trp4-Lys5 
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region. In one conformational family, the residues following this β-turn continue the β-sheet structure, 

and in the second family, the residues following the β-turn adopt a 310 helical conformation. All the 

peptidic analogs of octreotide conserve the critical sequence D-Trp4-Lys5 and only subtle modifications 

have been done to the side amino acids of this β-turn (Phe3 and Thr6) [20]. Among the clinically used 

analogs of somatostatin (octreotide, lanreotide and vapreotide) the only modification operated in the 3rd 

position is the substitution of Phe3 (in octreotide) with Tyr3 (in lanreotide and vapreotide). Since this 

substitution is accompanied by other structural changes at C-terminus (Thr-NH2 in lanreotide, Trp-NH2 

in vapreotide versus Thr(ol) in octreotide) and/or N-terminus (D-2-Nal in lanreotide instead of D-Phe in 

octreotide and vapreotide) and at the 6th residue (Thr in octreotide replaced by Val in lanreotide and 

vapreotide), it is difficult to assess the alterations in the binding affinity profile. Still, a direct 

comparison on the effects produced by the replacement of Phe3 with Tyr3 is noticeable on the metal-

chelator conjugates YIII-DOTA-octreotide (YIII-DOTA-OC) and YIII-DOTA-[Tyr3]-octreotide (YIII-

DOTA-TOC) [14] (see also Table 1). The more hydrophilic conjugate having Tyr on the third position 

gains in the binding affinity to sst2, but significantly loses in binding potency to sst3 and sst5.  

 Based on these structural and empirical data we assumed that modifications at this position in 

metal-complexed DOTA-derivatives of octreotide could modulate the affinity profile to sst3 and sst5. 

Our premise was that bulky aromatic residues could improve the binding profile to sst3 and 5 without 

losing in potency to sst2. Radioactive conjugates with a broader affinity profile would not only lead to 

an extension of the present range of targeted cancers, but would also mean an increased dose of 

radioactivity to the tumor, given the presence of different receptor subtypes on the same tumor cell or 

in the same tumor entity.  

 In this paper we describe the synthesis and pharmacological evaluation of a small library of 

metal-DOTA-peptides derived from octreotide with modifications at the 3rd amino acid residue. We 
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have already reported a first compound resulting from this library, [111In/90Y-DOTA]-NOC, with 

improved biological properties, currently in clinical trials [21]. 

  

 Results and Discussion 

The DOTA-somatostatin analogs 1-24 (Figure 1) obtained by systematic modification of aa3 in 

octreotide were synthesized by parallel synthesis on solid phase using the Fmoc/tBu strategy and the 2-

chloro-tritylchloride linker. After cleavage from the resin, cyclization in solution and total deprotection, 

the crude products were obtained in 25-30 % yield based on the first Fmoc-cleavage. All peptide-

conjugates had a purity of > 97% confirmed by two HPLC systems. In each case the ESI-MS spectra 

consisted of a major [M+2K]2+ ion peak  and two minor peaks corresponding to [M+K]+ and [M+3K]3+ 

ions (Table, supplemental information). Metal-ion complexed DOTA-peptides were characterized by 

HPLC, MS-ESI and by the retained affinity to the somatostatin receptors. Labeling was performed in 

acetate buffer (pH 5, 0.4 M) by heating at 95 °C for 25 min affording > 99% labeling yields with 111In 

at a specific activity of >37 GBq/µmol peptide.  

The partition coefficients of the 111In/InIII-labeled derivatives 1-24 between aqueous (PBS, pH 

7.4) and organic (octanol) layers were determined using the shake flask method. The results are 

displayed in Figure 2, the most lipophilic compound being 111In/InIII-20 and the most hydrophilic 

111In/InIII-22 and -23.  

 Table 1 shows the IC50 values of the conjugates studied in this work as their YIII- or InIII- 

complexed versions for the five somatostatin receptor subtypes. The values were obtained by 

performing complete displacement experiments with the universal somatostatin radioligand [125I][Leu8, 

D-Trp22, Tyr25]-somatostatin-28 on membranes from cells expressing the receptor subtypes and were 

compared to SS-28. 
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 Internalization studies were performed on AR42J rat pancreatic tumor cells and on HEK cells 

stably expressing rat sst3. The uptakes in these cell-lines after 4 h incubation with the radiopeptides are 

shown in Table 2. These values represent specific accumulation, being the difference between the total 

uptake and the non-specific accumulation in the presence of excess of non-radioactive derivative.  

 Phe3 derivatives. Comprising the parent compound, DOTA-octreotide, there are six conjugates 

bearing a phenylalanine derivative in the 3rd position of the peptide: 1, 8, 9, 10, 11 and 12. In the 

homologues series 9, 1, 8 there is no improvement neither in binding affinity nor internalization by 

varying the length of the Phe chain. Although the phenylglycine residue was previously successfully 

employed in this position of the β-turn in the cyclohexapeptide analog of somatostatin SOM-230 [22], 

its incorporation in the DOTA-octapeptide 9 causes a complete loss of affinity for sst3 and sst5, and a 

2.5-fold drop for sst2. The superior Phe homolog derivative 8 maintains some affinity for sst2, 3 and 5, 

but at lower values compared with 1. These results are correspondingly reflected in the internalization 

rates in cells expressing rsst2 (AR42J) and rsst3 (HEK). The two halogeno-Phe derivatives 11 and 12, 

displaying comparable lipophilicities, the same binding affinities to sst2 and similar 4 h internalization 

rates in AR42J cells, differ significantly in their binding potencies against sst3 and sst5, respectively. 

The higher affinity of 111In-11 against sst3 is confirmed by the superior accumulation in HEK-rsst3 

cells. Derivative 10, the most lipophilic of this series, excels in the accumulation in AR42J cells with 

an amount (12.7 ± 1.2 %ID) superior to all the other five conjugates in this group, although it has the 

lowest sst2 affinity among these six derivatives. 

 Tyr3 derivatives. The presence of a weak (-I, conjugate 14) and a strong electronic deactivator 

(-NO2, conjugate 15), respectively, on the Tyr ring in the ortho position relative to the phenolic OH 

causes an increase in the pKa values of these residues (data not shown). This is reflected in the partition 

coefficients, increasing in the order 2 ≥ 14 >> 15. Apparently, a more acidic residue in this position is 

not beneficial neither to the binding affinities to any of the sst nor to the internalization in sst2 or 3-
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expressing cells, 111/115In-15 showing a net inferior biological profile when compared with 111/115In-

DOTA-TOC (111/115In-2). Using the same reference, despite the improved sst2 affinity, 111/115In-14 has a 

lower internalization rate in AR42J cells. This result does not corroborate the previous findings of 

Hofland et al. [23] on DOTA-[125I-Tyr3]-octreotide showing an increased uptake in sst-expressing cells 

and tissues. 

 Heterocyclic-side chain3 derivatives. Seven residues with heterocyclic side-chain have been 

introduced in the 3rd position of octreotide, respectively: two pyridine derivatives (6 and 7), a thiophene 

(17), a benzothiophene (5), an indole (16), a benzthiazole (18) and a piperidine-side chain residue (23). 

Undoubtedly, the best biological profile in this series belongs to the metal complexed derivative 5. The 

most lipophilic of this group, the metal-complexed-5 conjugate confirms the starting hypothesis that a 

bulkier aromatic residue in this position of the octreotide would improve the sst3 and sst5 binding 

profile. Moreover, it also shows a significant increase in the binding affinity to sst2. The 

internalizations in sst2- and sst3-expressing cells mirror these results. Its N-analogue (16) has 

comparable lipophilicity, but significantly lower potency on sst2 and sst5 and a dramatic drop on the 

binding affinity and internalization rate towards sst3. Interestingly, the somewhat more hydrophilic 

related conjugate 18 fails in all the biological assays. The thiophenylalanine derivative 17 has a 

reasonable sst2 and sst3 binding profile reflected also in the internalization assays. The two 

pyridinylalanine derivatives 6 and 7 preserve only a reasonable affinity to sst2, but without satisfactory 

internalizations in AR42J cells. In the structure-activity investigations done by Hocart et al. [24] in the 

search for somatostatin antagonists, the substitution of 3-pyridylalanine in this position produced an 

antagonist with marginal affinity for sst2 (291 nM). The worst derivative of this series is the most 

hydrophilic one, bearing a piperidylalanine residue in the 3rd position (23). 

 Polyaromatic-side chain3 derivatives. Two naphtylalanine derivatives (3 and 4), a 

diphenylalanine (13), an antranylalanine (19) and a pyrenylalanine (20) have been employed instead of 

Phe3 in octreotide. The complexed version of 3 has incontestably the best biological profile of this 
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group [21]. The binding potency of this compound on sst2 and sst3 is reflected also in the 

internalization rate in the cells expressing these receptors. It has also a superior binding affinity to sst5 

compared with the parent conjugate 1. Interestingly, the 2-Nal3 conjugate (4) turned out inferior in all 

assays, a result difficult to explain, giving the very small structural difference between the two 

compounds. Despite the moderate binding affinity to sst2, comparable with that of 1, it shows 

insignificant accumulation in AR42J cells after 4 h incubation at 37 0C (< 0.9 %). The diphenyl-

substituted derivative 13, one of the most lipophilic conjugates of this series, loses completely the 

binding affinities to all sst and therefore also the capacity to activate the internalization of the receptors. 

The bulkiest and the most lipophilic conjugate 20 has one of the highest affinities to sst3 (18 ± 1.0 nM), 

confirmed also by the internalization experiments in HEK cells expressing this receptor (>12 %). The 

second bulkiest conjugate 19 has lower affinity to sst3, but higher for sst5, while maintaining a good 

binding also to sst2. 

 Aliphatic-side chain3 derivatives. The three aliphatic side-chain residues Ser (21), Lys (22) 

and cyclohexylalanine (24) were employed in the 3rd position for comparison reasons, to prove the 

necessity of an aromatic residue in this location. All these derivatives lost their binding affinity to all 

sst subtypes and did not internalize neither in sst2- nor sst3-expressing cells. Previous Ala-scans studies 

[25] on SS-14 have also shown that the replacement of Phe7 (corresponding to Phe3 in octreotide) by an 

Ala residue led to a drop of about 90 % in the ability to inhibit the growth hormone release in vitro.  

 

  Although we started from the premise of substituting Phe3 in octreotide with bulky aromatic 

residues, we studied also the influence of several phenylalanine and tyrosine derivatives in this 

position, along with the consequences of employing aliphatic amino acids. Summarizing, very subtle 

modifications in this region of the β-bend have profound effects on the pharmacological profile. Even 

if the binding affinity against a ligand and the capacity to internalize are two distinct features of a G 
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protein-coupled receptor and they do not necessarily have to correlate, most of the ligands reported 

herein having reasonable to good binding affinity induce also internalization to a higher or lower 

extent.  Two intriguing exceptions from this ‘’rule’’ are the metal complexed derivatives 4 and 10. 

111In-4 with 2-Nal as 3rd residue shows very low internalization in sst2 expressing cell-line AR42J (0.9 

± 0.3 %ID), although the 1-Nal3 derivative 111In-3 has the best internalization in these cells (25 ± 1.5 % 

ID) associated with one of the best binding affinities for sst2 (3.3 ± 0.2 nM). On the contrary, 111In-10 

shows a good internalization in AR42J cells (12.7 ± 1.2 %ID), similar to that of 111In-DOTA-TOC (2), 

although its binding affinity to sst2 is low (85 ± 15 nM). It is difficult to explain these results, due 

probably to the different agonist ability (partial or total agonist) of these derivatives. Substantial 

evidence exists that ligand composition, receptor subtype and the cell-line used for transfection of 

receptor DNA are critical factors in the intracellular routing and retention of somatostatin and its 

analogs [26]. 

 Generally, the bulky and lipophilic residues employed instead of Phe3 increase the binding 

affinity to sst3 and they also activate the internalization of this receptor. The best conjugates for this 

receptor were the metal-complexed 3, 5, 17, 19, 20 conjugates. Some of them also enhance the potency 

of binding to sst5 (3, 5, 16, 19).  

 Nevertheless, the broadest affinity profile in this series, supplemented by a good activation of 

internalization in sst2 and sst3 expressing cell lines, respectively, correspond to the metal-complexed 

conjugates 3 and 5. We reported previously the biological evaluation of 111In/InIII-3 (111In/InIII-DOTA-

NOC) [21], in comparison with 111In/InIII-labeled DOTA-TOC and DOTA-OC. This compound is 

actually in clinical trials, showing improved imaging properties in comparison with the other 

radiolabeled somatostatin analogs in clinical use, in a group of metastasized thyroid cancer patients not 

showing any radioiodine uptake anymore [27]. 
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 We compared 111In-5 with 111In-3 in cellular retention tests in AR42J cells and in HEK-rsst3 

cells (Figure 3) and we found a similar behaviour in both cell lines. Both compounds display a higher 

retention of the internalized fraction in the sst3 expressing cells than in sst2 ones due probably to the 

difference in the receptor dynamics [26]. Nevertheless, the two conjugates behave differently in 

immunocytochemical internalization studies in HEK cells stably expressing hsst5 (Figure 4). Although 

it has been previously shown by Roth et al. [26] that in HEK cells transfected with sst5 the receptor 

endocytosis is promoted only by the octacosapeptide (SS-28) and not SS-14, in our assay SS-14 

triggers the receptor internalization after 30 min incubation at 37 0C. Also InIII-3 induces sst5 

internalization to a lower extent in these cells, while InIII-5 activates no internalization in these cells.  

 In vitro internalization studies are generally used as a predictor of in vivo tumor or sst-positive 

tissue accumulation. Despite the negative result obtained in sst5 internalization assay, 111In-5 has a two-

fold higher accumulation in CA20948 rat pancreatic tumor (Figure 5A) than 111In-3 at 4 h after 

injection. This ratio between the two ligands is maintained also 24 h after injection and slightly 

decreases after 48 h. As this type of tumor has been shown to express several somatostatin receptor 

subtypes [28], we believe that this increased uptake for 111In-3 could be due to the slightly better 

binding profile of this compound along with the significantly higher capacity of internalization in sst3-

expressing cells. In AR42J tumor the two ligands accumulate in a similar manner (Figure 5B), 

consequence of the sole sst2 presence in this tissue [29]. Both radioligands have favorable 

tumor:kidney ratios in both rat tumor bearing models as shown in Figure 5 [21]. This is an important 

parameter in targeted radiotherapy, as the kidney is the dose limiting organ. 

 Overall, in addition to DOTA-NOC (3), the conjugate 5 (named DOTA-BOC) originating from 

the same library of DOTA-octreotide derivatives with modifications at the 3rd residue has very 

promising preclinical data. We have recently reported the synthesis and biological evaluation of the 

Thr8-modification of these conjugates (DOTA-NOC-ATE and DOTA-BOC-ATE) [30], also displaying 

promising in vitro and in vivo biological profiles. As mentioned there, this type of radioligands might 
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be used as imaging agents to predict the usefulness of cold octreotide (Sandostatin®) or lanreotide 

(Somatuline®) therapy rather than OctreoScan® which has a much less adequate binding profile for this 

purpose. Since there is no radioligand for SOM230, these radioligands may be also candidates to 

identify patients adequate for SOM230 treatment [31]. 

 Significance 

 Peptide receptor mediated radionuclide imaging and targeted therapy are emerging fields in 

oncology. The prototypical peptides are derivatives of somatostatin. Nevertheless, the clinically used 

derivatives have mainly affinity for sst2. Although this receptor is overexpressed in a variety of tumors, 

there are several malignancies where other somatostatin receptor subtypes are present in higher density. 

We designed and synthesized a new series of DOTA-octreotide derivatives by exchanging the 3rd 

residue in octreotide principally with a variety of aromatic side-chain amino acids. We chose this 

position due to its involvement in the critical β-turn of this molecule and to the empirical observations 

on the pharmacological profile of two DOTA-derivatives used in clinic.  The small library of 

compounds thus obtained is not only a useful structure-activity investigation tool, but also the supply of 

two new derivatives with improved pharmacological properties. DOTA-[1-Nal3]-octreotide (3) and 

DOTA-[BzThi3]-octreotide (5), labeled with 111In, 90Y, 177Lu or 68Ga, can efficiently target sst2, 3 and 

5, having the broadest affinity profile among the radioligands used in clinic. This means not only the 

increase of the present range of targeted tumors, but also an enhanced cytotoxic radioactive dose to the 

same tumor expressing several somatostatin receptor subtypes. 

 

 Acknowledgements 

 M. Ginj, J. Chen and H.R. Maecke acknowledge the support from the Swiss National Science 

Foundation (Grant No. 3100A0-100390) and Bundesamt für Bildung und Wissenschaft (BBW, Grant 



 13 

No. C00.0091). The analytical support provided by Novartis Pharma (Dieter Staab) and also the expert 

technical assistance of K. Hinni (Basel) and D. Meyer (Magdeburg) are also gratefully acknowledged. 

  

 Experimental procedures 

Abbreviations. The nomenclature for the somatostatin receptor subtypes is in accordance with 

the recommendations of IUPHAR. [3] Abbreviations of the common amino acids are in accordance 

with the recommendations of IUPAC-IUB [32]. Additional abbreviations: 1 (or 2)-Nal = 1 (or 2)-

naphthylalanine, Thi = (2-thienyl)-alanine; 3 (or 4)-Pya = 3 (or 4)-pyridylalanine; hPhe = 

homophenylalanine; (4-I) Phe= 4-iodophenylalanine; (4-iPr) Phe= 4-isopropyl-phenylalanine; (3-NO2) 

Tyr= 3-nitro-tyrosine; (4-Pip) Ala= 4-piperidinyl-alanine; BzThi = 3-benzothienylalanine; Cha = 

cyclohexylalanine; Antra = antranylalanine; Pyra = 1-pyrenylalanine; PhGly = phenylglycine; DOTA = 

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; DOTA(tBu)3 (prochelator) = 4, 7, 10-

tricarboxymethyl-tert-butyl ester 1, 4, 7, 10-tetraazacyclododecane-1-acetate; DCM = dichloromethane; 

DIC = diisopropylcarbodiimide; DIPEA = diisopropylethylamine; DMF = dimethylformamide;  HOBt 

= N-hydroxybenzotriazole; HATU = O-(7-azabenzotriazol-1-yl)-N, N, N’, N’-

tetramethyluroniumhexafluorophosphat; TFA = trifluoroacetic acid; TFE = trifluoroethanol; TIS = 

triisopropylsilane.  

Materials.  All chemicals were obtained from commercial sources and used without further 

purification. H-Thr(tBu)ol-(2-chlorotritylchloride)-resin was obtained from Advanced ChemTech, 

Louisville, KY, and most Fmoc (9-fluorenylmethoxycarbonyl)-amino acids were purchased from 

NovaBiochem AG, Läufelfingen (Switzerland) and Neosystem (France). The reactive side chains of the 

amino acids were masked with one of the following groups: Cys, acetamidomethyl; Lys, t-

butoxycarbonyl; Thr, t-butyl; Trp, t-butoxycarbonyl. The prochelator DOTA(tBu)3 was synthesized 

according to Heppeler et al. [33] Analytical RP-HPLC was carried out on a Hewlett Packard 1050 
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HPLC-system equipped with a multiwavelength-detector and a flow-through Berthold LB506C1 γ-

detector. Preparative HPLC was done on a Bischof HPLC-system (Metrohm AG, Switzerland) with 

HPLC-pumps 2250 and a Lambda 1010 UV-detector. Quantitative γ-counting was performed on a 

COBRA 5003 γ-system well counter from Packard Instrument Company (Switzerland). Electrospray 

ionization-mass spectrometry (ESI-MS) was carried out with a Finnigan SSQ 7000 spectrometer 

(Bremen, Germany). 111InCl3 was obtained from Mallinckrodt Medical (Petten, the Netherlands).  

Peptide-Conjugates Synthesis.  The peptide-chelator conjugates were synthesized by parallel 

standard Fmoc-solid phase synthesis [Atherton E., 1989 #49] on 2-chlorotritylchloride resin 

(substitution 0.8 mmol/g) on a Rink Engineering peptide-synthesizer Switch 24 (RinkCombichem, 

Bubendorf, Switzerland). A 3.0 equivalent excess of the protected amino acids based on the original 

substitution of the resin was used. The couplings were mediated by DIC and HOBt in DMF for 1 h and 

monitored by the qualitative ninhydrin [34] or TNBS test [35]. Fmoc removal was achieved with 20 % 

piperidine in DMF in two successive 10 min treatments. The last step on the solid phase was the 

coupling for 2 h of the prochelator DOTA(tBu)3  to the N-terminus of the peptide, using HATU as 

activating agent. The fully protected conjugates were then cleaved from the resin support by using a 1 

% TFA in DCM solution containing also H2O (0.5 % v/v) and TFE (20 % v/v) as scavengers. After co-

evaporation with toluene and drying in desiccator, the crude protected peptide conjugates were cyclized 

in aqueous MeOH by addition of iodine (10 equivalents). Thirty minutes later, acid ascorbic was added 

to quench the excess of iodine. For the complete deprotection the dried cyclized peptide-conjugates 

were dissolved in TFA with TIS (3 % v/v), thioanisole (3 % v/v) and H2O (5 % v/v) as scavengers. 

After 4 h incubation at room temperature, the crude products were precipitated in cool diethyl ether.  

Purification and Characterization of Peptide-Conjugates. The crude conjugates were 

purified by preparative RP-HPLC using an Interchrom Uptisphere 5ODB C18 column (250 × 21.2 mm) 

and a linear gradient from 20 % to 50 % solvent B (solvent A, 0.1 % TFA/water, solvent B, 
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acetonitrile) over 25 min at a flow rate of 15 mL/min. Detection was done at 254 nm. All compounds 

were lyophilized after purification and characterized by ESI-MS and HPLC. Pure fractions were 

identified by analytical multiwavelength RP-HPLC with a CC250/4 Nucleosil 120-3C18 column from 

Macherey-Nagel using a linear gradient from 10 % B to 60 % B over 40 min at a flow rate of 0.75 

mL/min (solvent A, 0.1 % TFA/water, solvent B, acetonitrile). 

Formation of Metal Complexes.  The DOTA-SRIF-analogs were complexed with InCl3 

(anhydrous) or Y(NO3)3 • 5 H2O as described by Wild et al. [21] The radiopeptides were also 

synthesized according to Wild et al. [21] and obtained in >99% radiochemical purity at specific 

activities of >37 GBq/μmol peptide. For internalization, externalization and animal biodistribution 

experiments the DOTA-peptides were labeled to a specific activity of about 37 GBq/μmol peptide and 

then excess InCl3 was added to afford structurally characterized homogenous ligands.  

 Determination of Lipophilicity. The octanol-water partition coefficients were determined 

using the shake flask method. Both solvents (aqueous and octanol) were presaturated with the other by 

leaving them in contact for at least 24 hours. To a solution of 100 nM radiolabeled peptide in 500 μL 

PBS (pH 7.4) 500 μL of octanol were added (n = 5). The mixtures were vigorously shaken for long 

enough to reach equilibrium (approx. 1 h). After equilibration for a few minutes, the mixtures were 

centrifugated (10 minutes at 2000 rpm) to achieve good separation. The activity concentrations in 100 

µL samples of both the aqueous and the organic phase were measured in a γ-counter. The partition 

coefficient (log P) was calculated from the formula: 

log P = log10 (counts in octanol layer/counts in aqueous layer) 

Receptor Binding Assays. CHO-K1 and CCL39 cells stably expressing human sst1-5 were 

grown as described previously [14]. All culture reagents were supplied by GIBCO/BRL and Life 

Technologies (Grand Island, N.Y.). Cell membrane pellets were prepared and receptor autoradiography 

was performed on pellet sections (mounted on microscope slides), as described in detail previously 

[14]. For each of the tested compounds, complete displacement experiments were performed with the 
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universal somatostatin radioligand [125I]-[Leu8,D-Trp22,Tyr25]-somatostatin-28 using increasing 

concentrations of the MetalloIII-DOTA-peptide ranging from 0.1 to 1,000 nM. Somatostatin-28 was run 

in parallel as control using the same increasing concentrations. IC50 values were calculated after 

quantification of the data using a computer-assisted image processing system. Tissue standards 

(autoradiographic [125I ] microscales Amersham, UK) containing known amounts of isotopes, cross-

calibrated to tissue-equivalent ligand concentrations, were used for quantification [14].  

Cell culture and radioligand internalization  studies.  The apparatus and procedures for the 

cell internalization experiments are based on previously described methods. [30] Briefly, the AR42J 

cell line was maintained by serial passage in monolayers in Dulbecco’s modified Eagle’s media 

(DMEM), supplemented with 10% fetal bovine serum, amino acids, vitamins and penicillin-

streptomycin, in a humidified 5% CO2 atmosphere at 370C. Human embryonic kidney (HEK) 293 cells 

stably expressing rat sst3 receptors were grown in DMEM supplemented with 10% fetal bovine serum, 

penicillin-streptomycin and G418 (500 μg/ml) in a humidified 5% CO2 atmosphere at 370C. For all cell 

experiments, the cells were seeded at a density of 0.8 - 1.1 million cells /well in 6-well plates and 

incubated over night with internalization buffer (DMEM, 1% fetal bovine serum, amino acids and 

vitamins, pH 7.4) to obtain a good cell adherence. Medium was removed from the 6-well plates and 

cells were washed once with 2 mL of internalization buffer. Furthermore, 1.5 mL internalization buffer 

was added to each well and incubated at 37°C for about 1 h. Thereafter approximately 500,000 cpm or 

0.02 MBq/well 111In/InIII-labeled peptides (2.5 pmol/well) to a final concentration of 1.67 nM were 

added to the medium and the cells were incubated at 37°C for the indicated time periods in triplicates. 

To determine non-specific membrane binding and internalization, cells were incubated with radioligand 

in the presence of 1 μM [InIII]-3. Cellular uptake was stopped by removing medium from the cells and 

by washing twice with 1 mL of ice-cold PBS. Acid wash for 10 min with a glycine-buffer pH 2.8 on ice 

was also performed twice. This procedure was performed to distinguish between membrane-bound 

(acid-releasable) and internalized (acid-resistant) radioligand. Finally, the cells were treated with 1 N 



 17 

NaOH. The culture medium, the receptor-bound and the internalized fraction were measured 

radiometrically in a γ-counter (Packard, Cobra II). 

Cellular retention studies (AR42J and HEK cells). For cellular retention studies AR4-2J cells 

and respectively HEK cells stably expressing rsst3 (1 million) were incubated with 2.5 pmol/well (1.67 

nM) 111In/InIII-labeled 2, 3 or 5 for 120 min, respectively, then the medium was removed and the wells 

were washed twice with 1 mL ice-cold PBS. In each experiment an acid wash for 10 min on ice with a 

glycine-buffer of pH 2.8 was performed to remove the receptor-bound ligand. Cells were then 

incubated again at 37°C with fresh internalization buffer (DMEM containing 1% fetal bovine serum, 

pH 7.4). After different time points the external medium was removed for quantification of 

radioactivity in a γ-counter and replaced with fresh 37°C medium. The cells were solubilized in 1 N 

NaOH, removed and the internalized radioactivity was quantified in a γ-counter. The recycled fraction 

was expressed as percentage of the total internalized amount per 1 million cells and the integrity of the 

externalized peptides was determined using HPLC after removing the solvent by a centrifugal 

evaporator. 

Immunocytochemistry. HEK cells stably expressing sst5 were grown on poly-L-lysine-coated 

coverslips overnight. After 30 min treatment with SS-14, InIII-3 and InIII-5, respectively, cells were 

fixed with 4% paraformaldehyde and 0.2% picric acid in phosphate buffer (pH 6.9) for 40 min at room 

temperature and washed several times in 10 mM Tris-HCl, pH 7.4, 10 mM phosphate buffer, 137 mM 

NaCl and 0.05% thimerosal (TPBS). Specimens were then incubated for 3 min in 50% methanol and 

for 3 min in 100% methanol, washed in TPBS and preincubated with TPBS supplemented with 3% 

normal goat serum for 1 h at room temperature. Cells were then incubated with affinity-purified anti-

sst5 antibody at a concentration of 1 µg/ml in TPBS supplemented with 1% normal goat serum 

overnight. After washing with TPBS, bound primary antibody was detected with cyanine 3.18-
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conjugated secondary antibody (Jackson Immunoresearch, West Grove, PA). Cells were then 

dehydrated, cleared in xylol and permanently mounted in DPX (Fluka, Deisenhofen, Germany).  

Animal biodistribution studies.  Animals were kept, treated and cared for in compliance with 

the guidelines of the Swiss regulations (approval #789).  

CA20948 rat tumor model. Male Lewis rats (Harlan, The Netherlands; 200-300 g), bearing the 

rat CA20948 pancreatic tumor [28] in their flank, were used in the experiments. Rats were injected 

under ether anesthesia with 2-3 MBq of 0.34 nmol (0.5 µg total peptide mass) [111In]-DOTA-peptide in 

0.5 mL saline into the dorsal vein of the penis.  

AR42J rat tumor model. Five weeks old male Lewis rats were implanted subcutaneously with 

10-12 millions AR4-2J cells freshly suspended in sterile PBS. Fourteen days after inoculation the rats 

showed solid palpable tumor masses (tumor weight 0.4-0.7 g) and were used for the experiments. Rats 

were injected under ether anesthesia with 2-3 MBq of 0.34 nmol (0.5 µg total peptide mass) [111In]-

DOTA-peptide in 0.05 mL NaCl solution 0.9% into the femoral vein. 

In both animal models, at 4 h, 24 h and 48 h after injection rats were sacrificed under ether 

anesthesia. Organs and blood were collected and the radioactivity in these samples was determined 

using a γ-counter. In order to determine the non-specific uptake of the radiopeptides, rats were injected 

with 0.5 mg octreotide in 0.5 mL saline as a co-injection with the radioligand.  
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Table (supplemental data). Analytical data of the compounds 1-24. 
 
No. Compound name Mass spectrum (m/z)  HPLCc 

  calcda obsdb  (tR-1)d 

1 DOTA-OC 1404.6 741.3  18.5 

2 DOTA-[Tyr]3-OC 1420.6 749.2  17.3 

3 DOTA-[1-Nal]3-OC 1454.6 767.0  19.0 

4 DOTA-[2-Nal]3-OC 1454.6 766.8  19.1 

5 DOTA-[BzThi]3-OC 1461.7 770.1  18.9 

6 DOTA-[3-Pya]3-OC 1405.6 742.0  14.7 

7 DOTA-[4-Pya]3-OC 1405.6 742.3  14.8 

8 DOTA-[hPhe]3-OC 1417.6 748.2  19.4 

9 DOTA-[PhGly]3-OC 1391.6 735.2  15.6 

10 DOTA-[(4-iPr)Phe]3-OC 1446.7 762.6  20.7 

11 DOTA-[(4-F)Phe]3-OC 1423.6 750.9  20.4 

12 DOTA-[(4-I)Phe]3-OC 1530.5 804.4  21.4 

13 DOTA-[(4-Ph)Phe]3-OC 1480.6 780.1  22.2 

14 DOTA-[(3-I)Tyr]3-OC 1546.5 762.4  19.4 

15 DOTA-[(3-NO2)Tyr]3-OC 1465.6 772.0  18.3 

16 DOTA-[Trp]3-OC 1443.6 760.9  20.8 

17 DOTA-[Thi]3-OC 1410.6 744.4  18.2 

18 DOTA-[BzTiaz]3-OC 1462.7 770.6  17.0 

19 DOTA-[Antra]3-OC 1505.8 792.7  22.3 

20 DOTA-[Pyra]3-OC 1529.8 804.4  25.2 

21 DOTA-[Ser]3-OC 1345.5 712.3  14.2 

22 DOTA-[Lys]3-OC 1385.7 732.5  13.9 

23 DOTA-[(4-Pip)Ala]3-OC 1410.6 745.3  13.7 

24 DOTA-[Cha]3-OC 1410.7 745.9  20.5 
 

a Theoretical molecular weight ([M+H]+, Da). b Observed molecular weight ([M+2K]2+, Da). 
cReversed-phase HPLC (C-18, 5 μm, 4.6 × 250 mm, multiwavelength detection), retention times (min). 
Each compound was found to have a purity of > 98 % by HPLC. d HPLC-1 elution system: A, 0.1% 
TFA / H2O; B, acetonitrile; 10% B to 60% B in 30 min at 0.75 mL min-1. 
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Table 1. Affinity profiles (IC50, nM)a for human sst receptors 1-5 (hsst 1-5).  

Compound b hsst1 hsst2 hsst3 hsst4 hsst5 

SS-28 3.4 ± 0.3  2.7 ± 0.2  4.4 ± 0.4  3 ± 0.1  3.4 ± 0.3  

MIII-1 > 10000  20 ± 2.2  27 ± 8  > 1000  58 ± 22  

MIII-2 > 10000  11.4 ± 1.7  389 ± 136  > 10000  204 ± 92 (6) 

MIII-3 > 1000  3.3 ± 0.2  26 ± 1.9  > 1000  10.4 ± 1.6  

MIII-4 > 10000  25 ± 1.0  133 ± 68  > 1000  98 ± 12.5  

MIII-5 > 10000 3.1 ± 0.3 12 ± 1.0 455 ± 65 6 ± 1.8 

MIII-6 > 10000  22 ± 9  205 ± 43  > 1000  648 ± 165  

MIII-7 > 10000  17 ± 6.6  617 ± 192  > 1000  647 ± 129  

MIII-8 > 10000  47 ± 6.5  131 ± 69  > 1000  75 ± 45  

MIII-9 > 1000 53 ± 16 649 ± 187 > 1000 > 1000 

MIII-10 > 10000  85 ± 15  > 1000  > 1000  315 ± 105  

MIII-11 > 1000 38 ± 2.0 52 ± 15 > 1000 283 ± 152 

MIII-12 > 10000  39 ± 8.5  290 ± 160  > 1000  65 ± 7.0  

MIII-13 > 10000  625 ± 25  > 1000  > 1000  495 ± 105  

MIII-14 > 10000 4.0 ± 1.3 190 ± 10 > 1000 650 ± 250 

MIII-15 > 10000  190 ± 50  > 1000  > 1000  775 ± 225  

MIII-16 > 10000 12.3 ± 4.7 132 ± 18 960 ± 10 34 ± 3.0 

MIII-17 > 10000  14 ± 1.5  22.7 ± 6.2  > 1000 137 ± 8.8  

MIII-18 > 1000 161 ± 76 102 ± 53 187 ± 30 > 1000 

MIII-19 > 1000 21 ± 1.0 47 ± 17 691 ± 99 20 ± 9.0 

MIII-20 > 1000 93 ± 12 18 ± 1.0 > 1000 461 ± 163 

MIII-21 > 1000 890 ± 74 119 ± 38 > 1000 > 1000 

MIII-22 > 10000  > 1000  > 10000  > 10000  > 1000  

MIII-23 > 10000  > 1000  > 1000  > 1000  > 1000  

MIII-24 > 10000  285 ± 35  300 ± 130  > 1000  335 ± 5  
a IC50 values are expressed as mean ± SEM; SS-28 is used as control. b All the compounds 1-24 were 

complexed either with YIII or InIII. 
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Table 2. Internalization of 111In-labeled peptides 1-24 in AR42J cells (rsst2) and in HEK-rsst3 cells 

after 4 h incubation at 37 0C. The results are expressed as % specific internalized from the total added 

radioactivity per one million cells (mean ± SEM; n = 3). 

Radiopeptide % internalized 
in AR42J cells 

% internalized in 
HEK-rsst3 cells 

111In-1 6.1 ± 0.5 1.8 ± 0.7 
111In-2 11.5 ± 1.8 0.8 ± 0.2 
111In-3 25.0 ± 1.5 16.3 ± 1.9 
111In-4 0.9 ± 0.3 0.48 ± 0.2 
111In-5 17.2 ± 1.9 24.3 ± 0.9 
111In-6 1.1 ± 0.8 > 0.1 
111In-7 1.5 ± 0.3 > 0.1 
111In-8 1.9 ± 0.6 2.0 ± 0.1 
111In-9 0.7 ± 0.4 0.3 ± 0.1 
111In-10 12.7 ± 1.2 > 0.1 
111In-11 3.7 ± 0.3 5.3 ± 0.1 
111In-12 5.3 ± 0.7 1.16 ± 0.1 
111In-13 > 0.1 > 0.1 
111In-14 5.0 ± 0.4 1.2 ± 0.2 
111In-15 0.8 ± 0.2 > 0.1 
111In-16 5.3 ± 0.3 > 0.1 
111In-17 7.2 ± 0.6 12.6 ± 1.2 
111In-18 0.5 ± 0.3 > 0.1 
111In-19 2.7 ± 0.4 6.8 ± 0.3 
111In-20 2.4 ± 0.5 12.1 ± 1.0 
111In-21 > 0.1 0.8 ± 0.5 
111In-22 > 0.1 > 0.1 
111In-23 > 0.1 > 0.1 
111In-24 0.6 ± 0.3 > 0.1 
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Legend to the figures: 

Figure 1. Structural formulae of conjugates 1-24. 

Figure 2. Schematic illustration of the partition coefficient values for the 111In/115In-labeled conjugates 

1-24. 

Figure 3. Comparison in cellular retention after 2 h internalization of 111In-3 and 111In-5 in AR42J cells 

and in rsstr3-HEK cells, respectively. The values represent percentage retained in cell from the total 

amount internalized. 

Figure 4. Immunocytochemical internalization in hsstr5-HEK cells of InIII-3 and InIII-5, in comparison 

with SS-14. 

Figure 5. Comparison in the tumor uptake kinetics and the tumor:kidney ratios between 111In-3 and 

111In-5 in two animal models: CA20948 (A) and AR42J model (B).  
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      Increased hydrophilicity 
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Fig. 5 
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Abstract. Earlier studies have shown that modification of
the octapeptide octreotide in positions 3 and 8 may result
in compounds with increased somatostatin receptor affin-
ity that, if radiolabelled, display improved uptake in so-
matostatin receptor-positive tumours. The aim of a recent
research study in our laboratory was to employ the paral-
lel peptide synthesis approach by further exchanging the
amino acid in position 3 of octreotide and coupling the
macrocyclic chelator DOTA(1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid) to these peptides for label-
ling with radiometals like gallium-67 or -68, indium-111,
yttrium-90 and lutetium-177. The purpose was to find ra-
diopeptides with an improved somatostatin receptor bind-
ing profile in order to extend the spectrum of targeted tu-
mours. A first peptide, [111In,90Y-DOTA]-1-Nal3-octreo-
tide (111In,90Y-DOTA-NOC), was isolated which showed
an improved profile. InIII-DOTA-NOC exhibited the fol-
lowing IC50 values (nM) when studied in competition
with [125I][Leu8, D-Trp22, Tyr25]somatostatin-28 (values
for YIII-DOTA-NOC are shown in parentheses): sstr2,
2.9±0.1 (3.3±0.2); sstr3, 8±2 (26±1.9); sstr5, 11.2±3.5
(10.4±1.6). Affinity towards sstr1 and 4 was very low or
absent. InIII-DOTA-NOC is superior to all somatostatin-
based radiopeptides having this particular type of binding

profile, including DOTA-lanreotide, and has three to four
times higher binding affinity to sstr2 than InIII,YIII-
DOTA-Tyr3-octreotide (InIII,YIII-DOTA-TOC). In addi-
tion, [111In]DOTA-NOC showed a specific and high rate
of internalization into AR4-2J rat pancreatic tumour cells
which, after 4 h, was about two times higher than that of
[111In]DOTA-TOC and three times higher than that of
[111In]DOTA-octreotide ([111In]DOTA-OC). The internal-
ized radiopeptides were externalized intact upon 2 h of
internalization followed by an acid wash. After 2–3 h of
externalization a plateau is reached, indicating a steady-
state situation explained by reactivation of the receptors
followed by re-endocytosis. Biodistribution studies in CA
20948 tumour-bearing rats showed rapid clearance from
all sstr-negative tissues except the kidneys. At 4 h the up-
take of [111In]DOTA-NOC in the tumour and sstr-positive
tissues, such as adrenals, stomach and pancreas, was
three to four times higher than that of [111In]DOTA-TOC.
Differential blocking studies indicate that this is at least
partially due to the uptake mediated by sstr3 and sstr5.
These very promising preclinical data justify the use of
this new radiopeptide for imaging and potentially internal
radiotherapy studies in patients.

Keywords: Somatostatin receptor subtypes – Indium-111
– Yttrium-90 – Tumour targeting – Peptide receptors

Eur J Nucl Med Mol Imaging (2003) 30:1338–1347
DOI 10.1007/s00259-003-1255-5

Introduction

Radiopeptides are becoming of increasing interest in tu-
mour targeting for either the localization or the internal
radiotherapy of neoplasms [1, 2, 3, 4, 5, 6, 7, 8, 9]. Ana-
logues of the somatotropin release inhibiting factor

Abbreviations of the common amino acids are in accordance with
the recommendations of IUPAC-IUB [IUPAC-IUB Commission
of Biochemical Nomenclature (CBN), Symbols for amino-acid de-
rivatives and peptides, recommendations 1971. Eur J Biochem
1972; 27:201–207].
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(SRIF), somatostatin, radiolabelled with a variety of gam-
ma-, positron- and beta-emitters, are the prototypes of
such peptides. Somatostatin is a cyclic peptide hormone
that occurs naturally in two bioactive molecular forms:
somatostatin-14 and its N-terminally extended form, so-
matostatin-28. It exerts different biological effects in dif-
ferent parts of the body such as the brain, the pituitary,
the pancreas, the gut and some components of the im-
mune system. The effects include inhibition of hormone
secretion and modulation of neurotransmission and cell
proliferation. These actions are mediated by specific, G-
protein-coupled receptors. Today five different somato-
statin receptor subtypes have been characterized and
cloned (sstr1–5). They are responsible for different bio-
logical responses. As some of these receptors are over-
expressed in several human tumours, especially neuroen-
docrine tumours and their metastases, these tumours can
be visualized in vivo by radiometal chelator conjugated
somatostatin analogues like [111In-DTPA-D-Phe1]-octreo-
tide (OctreoScan) [10]. It has also been shown that so-
matostatin receptor scintigraphy using this agent is the
most sensitive method for localization of primary and
metastatic disease in endocrine pancreatic tumours and
carcinoids except insulinomas [11]. New conjugates may
show higher sensitivity with regard to the localization of
tumours and metastases, e.g. 99mTc-depreotide is regis-
tered in many countries and appears to show good perfor-
mance in the evaluation of solitary pulmonary nodules
[12], in breast tumours and even in melanoma [13]. On
the other hand, a recent study comparing OctreoScan
with 99mTc-depreotide in 44 patients with neuroendocrine
tumours showed that the 111In-labelled peptide yielded a
far higher detection rate for neuroendocrine tumours, es-
pecially for liver metastases [14]. 111In]DOTA-TOC and
[90Y]DOTA-TOC (DOTA = 1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid) have been shown to be ef-
fective targeting and therapeutic agents in animal models
and patients [15, 16, 17, 18, 19, 20, 21, 22, 23]. In addi-
tion, replacement of the alcohol group at the C-terminus
of the octapeptide by a carboxylic acid group led to in-
creased sstr2 affinity [24], and [177Lu-DOTA]-D-Phe1-
Tyr3-Thr8-octreotide ([177Lu]DOTA-TATE) showed high-
er tumour uptake than [111In-DTPA]-octreotide in six pa-
tients with somatostatin receptor-positive tumours [25].
These new radiopeptides show distinctly higher sstr2 af-
finity compared with OctreoScan. Nevertheless, they bind
with high affinity only to sstr2: their affinity to sstr5 is
low, and that to sstr3 almost negligible; no affinity of
these new compounds was found to sstr1 and sstr4. Al-
though the majority of tumours studied with radiolabelled
somatostatin analogues express mainly sstr2 [26], recent
literature data indicate that also sstr1 and sstr3–5 may be
present in some human tumours. For example, in binding
studies using [125I]-RC-160 (D-Phe-Cys-Tyr-D-Trp-Lys-
Val-Cys-Trp-NH2; KD=6.55 nM) as the radioligand, 
Halmos et al. [27] found somatostatin receptors to be
present on 76% of human epithelial ovarian cancers. By

use of in situ hybridization, Reubi et al. found m-RNAs
of sstr1, 2 and 3 in a variety of human tumours, including
GH-adenoma [28]. Forssell-Aronsson et al. reported the
lack of sstr2 (except for medullary thyroid carcinoma)
with Northern blot in most of the thyroid tumours studied
in 68 patients. Nevertheless, all tumour types regularly
expressed sstr1, sstr3, sstr4 and sstr5 [29]. Raderer et al.
could visualize primary pancreatic adenocarcinoma in vi-
vo with [111In]DOTA-lanreotide (LAN; D-2-Nal-Cys-Tyr-
D-Trp-Lys-Val-Cys-Thr-NH2) but not with [111In]DTPA-
octreotide [30]. Traub et al. reported [111In]DOTA-LAN
to have a high sensitivity for detection of lung cancer
[31]. However, their claim that this peptide targets
sstr2–5 with high affinity and sstr1 with lower affinity
could not be confirmed by Reubi et al. [24]. To extend
the biological activity profile of radiolabelled somatosta-
tin analogues, we started a programme to synthesize ra-
diopeptides with affinity to all somatostatin receptor sub-
types in order to potentially extend the spectrum of acces-
sible tumours in diagnosis and internal radiotherapy. A
first compound resulted from a parallel synthesis ap-
proach exchanging the amino acid in position 3 of octreo-
tide; this led to a radiopeptide, [111In/90Y-DOTA]-1-Nal3-
octreotide ([111In/90Y]DOTA-NOC), which had improved
affinity to sstr2 and high affinity to sstr3 and sstr5 when
compared with our lead compound [111In/90Y]DOTA-
TOC.

Here we present the preclinical evaluation of this pep-
tide with regard to binding affinity, rate of internalization
and biodistribution in a tumour-bearing rat model and
compare its properties with those of [111In/90Y-DOTA0-
Tyr3]-octreotide and [111In/90Y-DOTA0]-octreotide.

Materials and methods

All chemicals were obtained from commercial sources and used
without further purification. H-Thr(tBu)-ol-(2-chloro-trityl)-resin
was obtained from Advanced ChemTech (Giessen, Germany) and
Fmoc (9-fluorenylmethoxycarbonyl) amino acids were purchased
from NovaBiochem AG (Läufelfingen, Switzerland), Bachem
(Bubendorf, Switzerland) and Neosystems (France). 111InCl3 was
obtained from Mallinckrodt Medical (Petten, The Netherlands).
The prochelator DOTA(tBu)3 (4,7,10-tricarboxymethyl-tert-butyl
ester 1,4,7,10-tetraazacyclododecane-1-acetate) was synthesized
according to Heppeler et al. [32] or purchased from Macrocyclics
(Richardson, Tex., USA). The reactive side chains of the amino
acids were masked with one of the following groups: Cys, acet-
amidomethyl; Lys, t-butoxycarbonyl; Thr, t-butyl; Trp, t-butoxy-
carbonyl. Analytical reversed-phase high-performance liquid chro-
matography (RP-HPLC) was carried out on a Hewlett Packard
1050 HPLC system (Waldbronn, Germany) equipped with a multi-
wavelength detector and a flow-through Berthold LB506C1 gam-
ma-detector. Preparative HPLC was done on a Bischof HPLC
system (Metrohm AG, Switzerland) with HPLC-pumps 2250 and
a Lambda 1010 UV detector (Metrohm AG, Switzerland).
CC250/4 Nucleosil 120-3C18 columns from Macherey-Nagel
were used for analytical HPLC, and a VP250/21 Nucleosil 200-
5C15 column for preparative HPLC. The gradient systems consist-
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ed of mixtures of water with 0.1% trifluoroacetic acid (TFA) (sol-
vent A) and acetonitrile (solvent B). Quantitative gamma-counting
was performed on a COBRA 5003 gamma-system well counter
from Packard Instrument Company (Switzerland). Electrospray
ionization mass spectrometry (ESI-MS) was carried out with a
Finnigan SSQ 7000 spectrometer (Bremen, Germany).

Synthesis. The peptide-chelator conjugates were synthesized by
standard Fmoc solid phase synthesis [33] on 2-chlorotritylchloride
resin (substitution 0.8 mmol/g) on a Rink peptide-synthesizer
Switch 24 (RinkCombichem Technologies, Bubendorf, Switzer-
land), according to the general procedure described previously
[32]. The last step was the coupling of the prochelator DOTA(tBu)3
to the N-terminus of the peptide. Cleavage of the fully protected
conjugates from the resin, oxidative cyclization using iodine, de-
protection and HPLC purification led to compounds 1–3 (Table 1,
Fig. 1), which could be labelled with “cold” or radioactive In3+ or
Y3+ (InIII, YIII). All compounds were lyophilized after purification
and characterized by ESI-MS and RP-HPLC. In each case the MS
spectra consisted of a major [M+2Na]2+ ion peak and some other
smaller peaks corresponding to [M+Na]+ and [M+3Na]3+ ions. All
peptide-chelator conjugates had a purity >95% confirmed by RP-
HPLC. The results are given in Table 1. The peptide-DOTA conju-
gates obtained were designated DOTA-NOC [DOTA0-D-Phe1-1-
Nal3]-octreotide), DOTA-OC [DOTA0-octreotide]) and DOTA-
TOC [DOTA0-Tyr3]-octreotide).

The DOTA-SRIF analogues were complexed with InCl3 (an-
hyd.) and Y(NO3)3·5 H2O, using the following procedure: ca.
20 µg of the respective DOTA-peptide was heated along with
1.5 eq. of the corresponding metal salt in 150 µl 0.2 M sodium ac-
etate buffer (pH 5) for 25 min. After cooling, 20 µl 0.1 M DTPA
(pH 5) was added to complex free metal ions. This mixture was
loaded onto a SepPak C18 cartridge (Millipore, Switzerland), acti-
vated using 5 ml MeOH followed by 10 ml H2O. [MIII(DTPA)]2−

was washed from the cartridge using water. The MIII-DOTA-pep-
tide was eluted with methanol and obtained in >97% purity after
evaporation of methanol. The radiopeptides were synthesized ac-
cording to Heppeler et al. [32] and obtained in >99% radiochemi-
cal purity at specific activities of >37 GBq/µmol peptide.

For internalization experiments, the DOTA-peptides were la-
belled to a specific activity of about 37 GBq/µmol peptide; excess
InCl3 was then added and the mixture was purified on a SepPak C18
cartridge as described above to afford [111In/InIII]DOTA-peptides.

Determination of the somatostatin receptor affinity profiles. Cells
stably expressing human sstr1–5 were grown as described previ-
ously [24]. All culture reagents were supplied by GIBCO/BRL and
Life Technologies (Grand Island, N.Y.). Cell membrane pellets

were prepared and receptor autoradiography was performed on pel-
let sections (mounted on microscope slides) as described in detail
previously [24]. For each of the tested compounds, complete dis-
placement experiments were performed with the universal somato-
statin radioligand [125I][Leu8,D-Trp22,Tyr25]somatostatin-28 using
increasing concentrations of the unlabelled peptide ranging from
0.1 to 1,000 nM. Somatostatin-28 was run in parallel as control us-
ing the same increasing concentrations. IC50 values were calculated
after quantification of the data using a computer-assisted image
processing system. Tissue standards (autoradiographic [125I]micro-
scales Amersham, UK) containing known amounts of isotopes,
cross-calibrated to tissue-equivalent ligand concentrations, were
used for quantification [24]. The concentrations of the peptide so-
lutions were measured by UV-spectroscopy (εNOC,280 mm=9,855).

Cell culture and radioligand internalization studies. Sst2 receptor
expressing AR4-2J cells were obtained from Novartis Pharma
(Basel, Switzerland). The AR4-2J cell line was maintained by se-
rial passage in mono-layers in Dulbecco’s Modified Eagle’s Medi-
um (DMEM), supplemented with 10% fetal bovine serum, amino
acids, vitamins and penicillin-streptomycin, in a humidified 5%
CO2/air atmosphere at 37°C. Viability of the cells and cell num-
bers were counted under a microscope with a “Neubauer’s count-
ing chamber”. For all cell experiments, the cells were seeded at a
density of 0.8–1.1 million cells/well in six-well plates and incubat-
ed overnight with internalization buffer to obtain a good cell ad-
herence. The loss of cells during the internalization experiments
was below 10%. When different radiolabelled peptides were com-
pared in cell experiments, the same cell suspension-containing
plates were used. Furthermore, the internalization rate was linearly
corrected to 1 million cells/well in all cell experiments.

Medium was removed from the six-well plates and cells were
washed once with 2 ml of internalization buffer (DMEM, 1% fetal
bovine serum, amino acids and vitamins, pH 7.4). Furthermore,
1.5 ml internalization buffer was added to each well and the plates
were incubated at 37°C for about 1 h. Thereafter approximately
500,000 cpm or 0.02 MBq/well 111In/115In-labelled peptides
(2.5 pmol/well) to a final concentration of 1.67 nM were added to the
medium and the cells were incubated at 37°C for the indicated time
periods in triplicate. Internalization was also studied using three dif-
ferent concentrations of [111In/115In]DOTA-NOC (0.15 pmol/well or
0.1 nM, 2.5 pmol/well or 1.67 nM, and 10 pmol/well or 6.67 nM). To
determine non-specific membrane binding and internalization, cells
were incubated with radioligand in the presence of 1 µM octreotide.
Cellular uptake was stopped by removing medium from the cells and
by washing twice with 1 ml of ice-cold phosphate-buffered saline
(PBS). Acid wash for 10 min with a 0.1 M glycine buffer pH 2.8 on
ice was also performed twice. This was shown previously to be suffi-

Fig. 1. Structural formulae of
the DOTA-conjugated peptides.
1, DOTA-1-Nal3-octreotide
(DOTA-NOC); 2, DOTA-oct-
reotide (DOTA-OC); 3, DOTA-
Tyr3-octreotide (DOTA-TOC)
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cient to remove >90% of receptor-bound radioligand. This procedure
was performed to distinguish between membrane-bound (acid-re-
leasable) and internalized (acid-resistant) radioligand. Finally, the
cells were treated with 1 N NaOH. The culture medium, the receptor-
bound and the internalized fraction were measured radiometrically in
a gamma-counter (Packard, Cobra II).

Radioligand externalization studies. AR4-2J cells (1 million) were
incubated with 2.5 pmol/well or 1.67 nM [111In/115In]-labelled
DOTA-NOC, DOTA-TOC or DOTA-OC for 120 min, then the
medium was removed and the wells were washed twice with 1 ml
ice-cold PBS. In each experiment an acid wash for 10 min on ice
with a glycine buffer of pH 2.8 was performed to remove the re-
ceptor-bound ligand. Cells were then incubated again at 37°C with
fresh externalization buffer (DMEM containing 1% fetal bovine
serum pH 7.4). After different time points the external medium
was removed for quantification of radioactivity in a gamma-coun-
ter and replaced with fresh 37°C externalization medium. Internal-
ized ligand was extracted in 1 N NaOH, removed and quantified in
a gamma-counter. The recycled fraction was expressed as a per-
centage of the total internalized amount per 1 million cells, and
the stability of the externalized peptides was determined using
HPLC after removal of the solvent by a centrifugal evaporator.

Biodistribution. Animal experiments were performed in compli-
ance with the regulations of our institutions and with generally ac-
cepted guidelines governing such work. Male Lewis rats
(200–250 g) bearing the CA20948 pancreatic tumour (0.4–3.5 g)
were used in the experiments. Rats were injected under ether ana-
esthesia with 2–3 MBq of 0.34 nmol (0.5 µg total peptide mass)
[111In]DOTA-NOC in 0.5 ml saline into the dorsal vein of the pe-
nis. At several time points, rats were sacrificed under ether anaes-
thesia. Organs and blood were collected and the radioactivity in
these samples was determined using a gamma-counter.

In order to determine the non-specific uptake of the radiopep-
tides, rats were injected with 0.5 mg octreotide in 0.5 ml saline as
a co-injection with the radioligand.

To study the sstr2-, 3- and 5-related specific uptake of
[111In]DOTA-NOC in the SRIF receptor-positive tissues, blocking
studies were designed with two different somatostatin analogues:
DTPA-TATE (sstr2-selective ligand) and InIII-DOTA-NOC (sstr2,
3, and 5 affinity). Twenty-five micrograms of these peptides was
co-injected with 2–3 MBq [111In]DOTA-NOC (0.34 nmol in
0.5 ml saline) into the dorsal vein of the penis of non-tumour-bear-
ing male Lewis rats. Rats were sacrificed at 24 h and the organs of
interest collected and counted for radioactivity.

Statistical methods. Student’s t test was used to determine statisti-
cal significance. Differences at the 95% confidence level (P<0.05)
were considered significant.

Results

Synthesis and radiolabelling

The three DOTA-coupled octapeptides (Fig. 1) were ob-
tained by parallel synthesis on a trityl chloride resin and
are part of a small library. The peptides not reported here
will be discussed in a more comprehensive chemistry
publication. The overall yield of the DOTA peptides was
about 30% based on the first Fmoc cleavage. The pep-
tides were prepared and purified to >95% purity by
HPLC analysis.

Uncomplexed and metal ion-complexed DOTA pep-
tides were characterized by HPLC, by ESI-MS and by
the retained affinity to the somatostatin receptors. Some
selected analytical data are given in Table 1. Labelling

Table 1. Analytical data for each of the compounds

Compound number Compound name Mass spectrum HPLCa

Calculated M (Da) Observed M+Na+ (Da) TR (min) Purity (%)

1 DOTA-NOC 1,454.6 1,477.7 20.77 98.5
2 DOTA-OC 1,404.6 1,428.3 18.27 99.2
3 DOTA-TOC 1,420.6 1,444.3 16.1 99.0

a Elution system: flow 0.75 ml/min; A, 0.1% TFA in H2O; B, MeCN; linear gradient: 0–30 min, 10% B to 60% B. TR, elution time

Fig. 2. Elution profile of [111In]DOTA-TOC, [111In]DOTA-OC and
[111In]DOTA-NOC on the HPLC system described in Materials and
methods. The gradient applied was 0–30 min, 15% B to 40% B
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Fig. 3. Comparison of the internalization rate of [111In]DOTA-
NOC (■), [111In]DOTA-TOC (●) and [111In]DOTA-OC (▲) into
AR4-2J cells. Values and standard deviations are the result of
three independent experiments with triplicates in each experiment
and are expressed as specific internalization (percentage of dose
added to 1 million cells at 1.67 nM concentration, 37°C)

was performed in acetate buffer (pH 5, 0.4 M) by heating
at 95°C for 25 min, affording labelling yields with 111In
and 90Y of >99% at a specific activity of >37 GBq/µmol
peptide. The HPLC elution profile of the three 111In-la-
belled peptides is shown in Fig. 2. The respective RF
values are 17.03 min for [111In]DOTA-TOC, 18.83 min
for [111In]DOTA-OC and 20.88 min for [111In]DOTA-
NOC (for a gradient see the footnote to Table 1), indicat-
ing that this is the order of increasing lipophilicity.

Receptor binding and affinity profiles

Table 2 shows the IC50 values of the three radiopeptides
studied in this work as their YIII (InIII) complexed ver-
sions and of YIII-DOTA-LAN for the five somatostatin
receptor subtypes. The values were obtained by perform-
ing complete displacement experiments with the univer-
sal somatostatin radioligand [125I][Leu8, D-Trp22, Tyr25]-
somatostatin-28 on membranes from cells expressing the
receptor subtypes and were compared with the data for
somatostatin-28.

All compounds bound specifically to sstr2 with IC50
values between 3 and 23 nM. High specific binding af-
finities to sstr3 were also found for InIII-DOTA-NOC
(IC50=8±2 nM), YIII-DOTA-NOC (IC50=26±1.9 nM) and
YIII-DOTA-OC (IC50=27±8 nM). YIII-DOTA-TOC and
YIII-DOTA-LAN showed only very low affinities to sstr3
(IC50 ≥300 nM).

All metallopeptides also showed specific binding to
sstr5; YIII-DOTA-TOC bound with IC50=204±92 nM and
YIII-DOTA-OC with IC50=58±22 nM whereas YIII-
DOTA-LAN (IC50=16.3±3.4 nM) and YIII-DOTA-NOC
(IC50=10.4±1.6 nM) showed rather high affinities to sstr5.

In vitro internalization studies in AR4-2J cells

Figure 3 shows the results in respect of the time-
dependent internalization of [111In/115In]DOTA-NOC,
[111In/115In]DOTA-TOC and [111In/115In]DOTA-OC into
AR4-2J rat pancreatic tumour cells during a 240-min in-

Table 2. Affinity profiles (IC50) for human sst 1–5 receptors

Compound hsst1 hsst2 hsst3 hsst4 hsst5

SS-28 3.8±0.3 (10) 2.5±0.3 (11) 5.7±0.6 (10) 4.2±0.3 (11) 3.7±0.4 (11)
InIII-DOTA-NOC >10,000 (3) 2.9±0.1 (3) 8±2 (3) 227±18 (3) 11.2±3.5 (3)
YIII-DOTA-NOC >1,000 (3) 3.3±0.2 (3) 26±1.9 (3) >1,000 (3) 10.4±1.6 (3)
YIII-DOTA-TOC >10,000 (6) 11.4±1.7 (6) 389±136 (5) >10,000 (6) 204±92 (6)
YIII-DOTA-OC >10,000 (5) 20±2.2 (5) 27±8 (5) >1000 (5) 58±22 (4)
YIII-DOTA-LAN >10,000 (4) 22.8±4.9 (4) 290±105 (4) >1000 (4) 16.3±3.4 (4)

IC50 values are in nM (mean±SEM). Number of independent stud-
ies is given in parentheses. SS-28 was used as control
Using an assay based on rat brain cortex membranes and [125I]-
Tyr3-octreotide as radioligand, InIII-DOTA-D-Phe1-octreotide and

InIII-DOTA-Tyr3-octreotide were shown to be equipotent to the
corresponding YIII-DOTA-peptides (data not shown or Heppeler et
al. [32])

Fig. 4. Comparison of the percentage (± standard deviation) of ra-
diopeptide internalized into AR4-2J cells (1 million cells, 37°C)
after 30 min with different radiopeptide concentrations. Symbols
are as in Fig. 3

cubation period at 37°C. About 85%–95% of totally in-
ternalized ligand was specifically internalized. At
30 min and 1.67 nM concentration, [111In]DOTA-NOC
showed 7.2%±1.0% specific cell uptake of the total ac-
tivity administered which increased to 24.8%±1.6% up-
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take at 4 h. A tendency to reach a plateau was found at
24 h for all three peptides (data not shown). The uptake
of [111In]DOTA-OC at 30 min was only 1.0%±0.2% and
increased to 7.5%±0.3% at 4 h, whereas [111In]DOTA-
TOC showed 2.0%±0.7% internalization at 30 min, ris-
ing to 11.6%±0.8% at 4 h. The percentage of internal-
ized peptide measured at 30 min as a function of con-
centration is shown in Fig. 4.

The rate of externalization is shown in Fig. 5. In these
experiments, 111In labelled peptides were allowed to in-
ternalize for 120 min; cells were then washed twice with
PBS before removing the receptor-bound ligand with the
glycine buffer. Medium was then added and removed af-
ter 10 min, 30 min, 60 min, 120 min and 240 min and
measured for radioactivity. Up to 60 min, the three pep-
tides showed insignificant differences in the externaliza-
tion rate. Thereafter the extent of externalized ligand was
highest for [111In]DOTA-OC, with about 60% at 4 h
compared with 47%±4% for [111In]DOTA-NOC and

Fig. 5. Comparison of the externalization rate (± standard devia-
tion) after 120-min internalization of the three radiopeptides. Sym-
bols are as in Fig. 3

Table 3. Biodistribution and tissue radioactivity ratios in organs, blood and CA 20948 tumour of rats 4 h, 24 h and 48 h after injection of
[111In]DOTA-NOC and [111In]DOTA-TOC

Time Organ [111In]DOTA-TOC P [111In]DOTA-NOC [111In]-DOTA-NOC 
unblocked, n=3 rats unblocked, n=5 rats blockedc, n=3 rats

4 h Blooda 0.014±0.001
24 h Blooda 0.002±0.000 0.009 0.003±0.0005 0.003±0.0001

4 h Kidneysa 1.91±0.07
24 h Kidneysa 2.32±0.13 <0.0001 1.73±0.14 1.88±0.02
48 h Kidneysa 1.81±0.14

4 h Livera 0.18±0.018
24 h Livera 0.05±0.000 0.0004 0.11±0.020 0.10±0.008
24 h Spleena 0.04±0.000 0.0001 0.05±0.009 0.05±0.007

4 h Femurb 0.127±0.010
24 h Femurb 0.05±0.010 0.0004 0.098±0.016 0.022±0.005
48 h Femurb 0.084±0.014

4 h Pancreasb 2.57±0.08 <0.0001 7.75±1.39
24 h Pancreasb 1.70±0.13 0.01 2.93±0.69 0.33±0.05

4 h Adrenalsb 3.62±0.14 <0.0001 7.43±0.42
24 h Adrenalsb 3.19±0.27 <0.0001 7.21±1.02 1.32±0.28
48 h Adrenalsb 1.80±0.13 <0.0001 5.85±0.60

4 h Stomachb 0.91±0.12
24 h Stomachb 0.25±0.04 0.0014 0.56±0.13 0.08±0.01

4 h Pituitaryb 1.48±0.07 019 ns 1.66±0.20
24 h Pituitaryb 1.22±0.03 0.064 ns 1.89±0.55 0.21±0.06

4 h Tumourb 1.15±0.16 0.0004 3.86±0.63
24 h Tumourb 1.12±0.11 0.021 2.08±0.62 0.36±0.10
48 h Tumourb 0.51±0.04 <0.0001 2.04±0.29

Tumour to tissue ratios

24 h Tumour/blood 520 693
24 h Tumour/liver 22.4 18.9

4 h Tumour/kidneys 2.02
24 h Tumour/kidneys 0.48 1.20
48 h Tumour/kidneys 1.12

Values are the mean of % ID/g±SE
a Somatostatin receptor-negative organs
b Somatostatin receptor-positive organs

c Blocked with 0.5 mg octreotide as a co-injection with the radio-
peptide



43%±2% for [111In]DOTA-TOC. At 4 h the externaliza-
tion curve of all peptides showed a plateau. Study of the
chemical structure of the externalized [111In]DOTA-NOC
and [111In]DOTA-TOC by HPLC gave no indication of
metabolites. The peptides externalized were intact.

Biodistribution studies in rats

The 4-h, 24-h and 48-h uptake values of [111In]DOTA-
NOC and [111In]DOTA-TOC in sst receptor-positive or-
gans, including pancreas, adrenals, pituitary, stomach
and CA 20948 rat pancreatic tumour, as well as the kid-
neys, liver, spleen, femur and blood are shown in Ta-
ble 3. Both radiopeptides displayed rapid blood clear-
ance with less than 0.02% ID/g remaining in the blood at
4 h. There was also fast clearance from all sstr-negative
tissues except the kidneys. The excretion of both pep-
tides was mainly by the kidneys. [111In]DOTA-NOC had
a significantly higher uptake than [111In]DOTA-TOC in
all sstr-positive tissues at all time points, e.g. at 4 h (tu-
mour, 3.9%±0.6% ID/g vs 1.15%±0.16% ID/g; pancreas,
7.75%±1.4% ID/g vs 2.57%±0.08% ID/g; adrenals,
7.43%±0.42% ID/g vs 3.62%±0.14% ID/g; pituitary,
1.66%±0.20% ID/g vs 1.48%±0.07% ID/g).

To estimate the uptake in sstr-positive organs which may
be due to receptor subtype expression other than sstr2, in vi-
vo blocking studies were performed in normal rats using
different blocking agents like [DTPA0-Tyr3-Thr8]-octreotide
(DTPA-TATE), an sstr2-specific ligand (IC50=3.9±1 nM),
and InIII-DOTA-NOC (IC50: sstr2=2.9±0.1 nM, sstr3=
8±2 nM, sstr5=11.2±3.5 nM). In the adrenals, blocking with
only 25 µg of InIII-DOTA-NOC showed a very efficient re-
duction of about 95% whereas 25 µg of the sstr2-selective
ligand DTPA-TATE resulted in only about 75% blocking.

A significantly higher blocking effect was also found
with InIII-DOTA-NOC in the pancreas, pituitary and
stomach (data not shown).

Discussion

Receptor scintigraphy with 111In-DTPA-octreotide has
become the “gold standard” for the localization, staging
and management of neuroendocrine tumours [34]. The
high sensitivity of somatostatin receptor scintigraphy
and its ability to change the management of patients with
neuroendocrine tumours has been demonstrated in sever-
al studies [35, 36, 37, 38, 39]. The same agent has been
used for receptor-mediated radionuclide therapy with
some success if injected in high doses (6 GBq every 4
weeks) for total doses of up to about 100 GBq [40, 41,
42]. This agent only binds with reasonably high affinity
to sstr2 and with low affinity to sstr5 [24]; in addition,
111In is not an ideal therapeutic radionuclide. Therefore
several groups have developed agents based on somato-
statin for improved targeting with positron emitters like

68Ga, 64Cu and the gamma emitter 111In, and most impor-
tantly for labelling with therapeutic radionuclides like
90Y and 177Lu. The most successful peptides have been
[Tyr3]-octreotide (TOC) and [Tyr3, Thr8]-octreotide (oct-
reotate = TATE) coupled to the macrocyclic chelator
DOTA (DOTA-TOC, DOTA-TATE) [32, 43, 44, 45].
These agents bind with high affinity only to sstr2. Al-
though sstr2 is probably the most abundantly expressed
SRIF receptor in human cancer [26], subtypes sstr1,
sstr3, sstr4 and sstr5 may also be of interest. So, our ap-
proach is focussed on the identification of analogues
with a pan-somatostatin binding profile carrying func-
tional groups for radiolabelling [46] and we have started
a programme to use parallel synthesis methods to pro-
duce DOTA-coupled octapeptides with the aim of im-
proving the affinity to subtypes other than 2 while main-
taining the sstr2 affinity. In a series of compounds we
found that [DOTA0-1-naphthyl3]-octreotide shows prom-
ising properties owing to its high affinity to sstr2, with
an IC50 value of 3.3±0.2 nM if complexed to YIII and
2.9±0.1 nM if complexed to InIII, which is three- to four-
fold higher than the corresponding value for YIII-DOTA-
TOC (IC50=11.4±1.7 nM). The new metallopeptides are
equipotent to somatostatin-28 on sstr2 and a factor of 7
more potent than YIII-DOTA-LAN. Moreover, they show
good affinity to sstr3 and are significantly more potent at
sstr5 than YIII-DOTA-LAN. These data do not confirm
the pan-somatostatin-like binding affinities of DOTA-
LAN published earlier by Smith-Jones et al. [47]. In ad-
dition, InIII- and YIII-DOTA-NOC show the highest af-
finities on sstr3. A metal ion dependence is found at
sstr3 and sstr4, InIII-DOTA-NOC being about three to
four times more potent than YIII-DOTA-NOC. A poten-
tial explanation for this phenomenon is the difference in
the coordination geometry of the two DOTA-metalIII

complexes, which was documented using 1H-NMR spec-
troscopy and X-ray crystallography [48]. YIII-DOTA-OC
and YIII-DOTA-NOC are equipotent on sstr3 and about a
factor of 6 less potent than the endogenous ligand. There
is no metal ion dependence in affinity to sstr5.

Cell uptake and release

In order to obtain a defined and homogeneous metallopep-
tide, [111In]DOTA-NOC was complexed with “cold” InIII

to yield [111In, 115In]DOTA-NOC. At 4 h of internaliza-
tion, [111In/115In]DOTA-NOC showed a factor of 2 higher
specific cell uptake than [111In/115In]DOTA-TOC and a
factor of about 3 higher than [111In/115In]DOTA-OC at
1.67 nM peptide concentration per 1 million cells. The dif-
ference was even more pronounced at 0.1 nM concentra-
tion (Fig. 4). This order follows the receptor affinity of the
three radiopeptides, indicating that receptor affinity is the
major factor determining the rate of internalization.

As the addition of excess cold octreotide inhibits 90%
of the uptake, it can be considered as specific and recep-
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affinity to sstr2, sstr3 and sstr5. The higher blocking effi-
ciency of InIII-DOTA-NOC in the adrenals, pancreas,
stomach and pituitary may indicate that part of the radio-
ligand uptake is due to the improved receptor subtype
profile. These organs have previously been shown to ex-
press different receptor subtypes, at least at the mRNA
level: sstr2: adrenals, pituitary and pancreas; sstr3: pitui-
tary, pancreas and stomach; sstr5: adrenals, pituitary,
pancreas and stomach [51].

In conclusion, we have developed a new radiopeptide
based on somatostatin which promises to target a broader
range of somatostatin receptors and concomitantly a
larger spectrum of tumours. These preclinical data indi-
cate that [111In]DOTA-NOC is superior to existing and
well-studied radiolabelled somatostatin analogues. In-
deed, the predictions from these preclinical studies have
been confirmed in initial clinical studies in which excel-
lent images of thyroid cancer patients have been ob-
tained. We assume that [90Y]/[177Lu]DOTA-NOC will
have similar favourable properties.
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Existing somatostatin-based radiotracers (e.g. 111In-DOTA
TOC) have sole affinity for somatostatin receptor subtype 2
(sst2). This represents a drawback, given that sst1–5 have
been shown to be over-expressed in different tumours,
alone or concomitantly [1]. Our goal, therefore, was to de-
velop radiopeptides with broader receptor subtype profiles.

68Ga-DOTANOC is a first compound for PET imaging
with high affinity for sst2 and sst5 [2]. Its affinity profile
(IC50 nM) for human sst1–5 is, respectively, >10,000, 1.9±
0.4, 40±5.8, 260±74 and 7.2±1.6. For comparison, the
values for the standard compound, 111In-DOTATOC, are
>10,000, 4.6±0.2, 120±26, 230±82 and 130±17.

Here we present the 60 min p.i. 68Ga-DOTANOC PET
images and the 21 h p.i. 111In-DOTATOC planar images
of a 52-year-old patient with an advanced neuroendocrine
tumour. The two examinations were performed within
4 weeks. During this time interval the patient received
bisphosphonates.

Preparation and application of 68Ga-DOTANOC PET
and 68Ga-DOTATOC PET are comparable [3].

In the reported case study, the 68Ga-DOTANOC PET
scan shows high radioligand uptake in the liver and bone
metastases. Although many bone metastases appeared vi-
sually similar in the two scans, the right sixth rib and left
occipital bone metastases (arrows) are much more visible
on the 68Ga-DOTANOC PET scan. This selective differ-
ence cannot be explained simply by the advantages of the
PET technique. The possible predominance of sst5 in these
two bone metastases and the high sst5 affinity of 68Ga-
DOTANOC are in fact the probable reasons for the high

68Ga-DOTANOC and low 111In-DOTATOC uptake. The en-
larged liver and somatostatin receptor-positive organs such
as the spleen (high uptake) and pituitary gland and thyroid
(moderate uptake) are also visible. These normal organs,
known to express more sst than just sst2, are better visu-
alised with 68Ga-DOTANOC (see in particular the spleen).

We conclude that 68Ga-DOTANOC is an excellent can-
didate for primary diagnostic and follow-up investigations
in patients with suspected or proven somatostatin receptor-
positive tumours. Furthermore, in this case, predictive im-
aging indicates that 90Y- or 177Lu-DOTANOC has greater
potential for treatment of this patient than 90Y- or 177Lu-
DOTATOC.
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ABSTRACT

Purpose: Molecular imaging and targeted radiotherapy

are emerging fields in nuclear oncology. Five human

somatostatin receptors (hsstr1-hsstr5) are known to be

overexpressed to some degree on various tumors, sstr2

being the most important one. Clinically used somatostatin

based radiopeptides target exclusively sstr2. The aim of

this study was to develop novel analogues with a broader

sstr profile for diagnostic (positron emission tomography

and single-photon emission computed tomography) and

radiotherapeutic applications.

Experimental Design: The following promising struc-

tures emerged from a parallel synthetic approach:

[1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

(DOTA0),1-Nal3,Thr8]-octreotide (1, DOTA-NOC-ATE)

and [DOTA0,BzThi3,Thr8]-octreotide (2, DOTA-BOC-

ATE). The conjugates were labeled with cold and

radioactive 111In. Pharmacologic properties were compared

with [111In-DOTA,Tyr3]-octreotide ([111In-DOTA]-TOC).

Results: The receptor affinity profile showed high affinity

of both peptides to hsstr2, hsstr3, and hsstr5 and some

intermediate affinity to hsstr4, whereas [111In-DOTA]-TOC

shows affinity only to sstr2. The internalization is fast in sstr2

expressing AR4-2J and in transfected sstr3 expressing human

embryonic kidney 293 cells. Both radiopeptides internalize

much more efficiently than [111In-DOTA]-TOC. Animal

biodistribution studies showed very high and specific uptake

of [111In]-1 and [111In]-2 in s.c. implanted AR4-2J tumors

(Lewis rats) and in somatostatin receptor expressing normal

tissues. The uptake was at least 2-fold higher in these tissues

and in the tumor compared with [111In-DOTA]-TOC. In

addition, the kidney uptake was significantly lower for both

radiopeptides.

Conclusions: These data suggest that the novel radio-

peptides are superior to [111In/90Y-DOTA]-TOC and show

great promise for the clinical application in the imaging of

somatostatin receptor–positive tumors and their targeted

radiotherapy.

INTRODUCTION

Targeted radiotherapy using different vector molecules like

monoclonal antibodies, peptides, and others has made remark-

able progress in recent years. The breakthrough has centered

around the first Food and Drug Administration–approved

therapeutic radiolabeled monoclonal antibody, Zevalin, an anti-

CD20 antibody labeled with 90Y (1). Nevertheless, peptides have

several advantages over the antibodies (faster clearance, rapid

tissue penetration, no antigenicity, readily synthesized and GMP

produced, etc.) and the most commonly used receptor-targeting

agents are a variety of somatostatin analogs. The molecular basis

for the use of radiolabeled somatostatin analogues in peptide

receptor–mediated radionuclide therapy is provided by the

overexpression of the five somatostatin receptors (sstr1-sstr5) on

a variety of human tumors, especially neuroendocrine tumors

and their metastases (2, 3). It is now more than a decade since the

first radiolabeled analogue of somatostatin, [111In-diethylentria-

minepentaacetic acid (DTPA)]-octreotide (OctreoScan), was

approved for scintigraphy of patients with neuroendocrine

tumors (4) and it is still one of the best imaging agents (5).

Because a h� particle emitter, such as 90Y, in most cases seems

more suitable for tumor therapy (peptide receptor–mediated

radionuclide therapy) than the Auger electron emitter 111In,

derivatives like 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid (DOTA)-[Tyr3]-octreotide (DOTA-TOC) have

been developed, enabling stable labeling with 90Y, 111In, or 177Lu

(6, 7). Numerous preclinical and clinical studies with [111In]- and

[90Y]-labeled DOTA-TOC have shown the effective targeting

and therapy using these conjugates (7–13). In addition,

replacement of the alcohol group at the COOH terminus of the

octapeptide by a carboxylic acid group led to increased sstr2

affinity (14, 15) if peptides are labeled with YIII- and CuII-based

radiometals and [177Lu]-[DOTA0,Tyr3,Thr8]-octreotide ([177Lu-

DOTA]-TATE) showed higher tumor uptake than [111In-DTPA]-

octreotide in six patients with somatostatin receptor–positive

tumors (16). These new radiopeptides show distinctly higher

sstr2 affinity compared with OctreoScan and [InIII/YIII-DOTA]-

TOC. Nevertheless, they bind with high affinity only to sstr2.

Expression of different somatostatin receptor subtypes in

human tumors has been extensively investigated using different

methods: mRNA detection [Northern blots (17), in situ

hybridization (18), RNase protection assays, and reverse

transcription-PCR (19)], immunohistochemical studies (20) and

receptor autoradiography with subtype-selective ligands (3).
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Although each of these methods has its own disadvantage and

the results from all these studies cannot always be compared

with each other, they all lead to some common important

conclusions. That is, there is a considerable heterogeneity in the

expression of individual sstr within and between different

tumors, sstr2 being predominantly expressed in a variety of

tumors. However, in a significant number of tumors this was

being absent or expressed in lower density. For example,

correlating immunohistochemical and mRNA detection data

with OctreoScan scintigraphy, Papotti et al. (21) found sstr2,

sstr3, and sstr5 in human lung tumors. Growth hormone

producing adenomas frequently have sstr2 and sstr5; a

predominant sstr3 expression has been reported in inactive

pituitary adenomas (3, 22) and in thymomas (23); recently, a

high incidence of sstr1, sstr2, and sstr3 has been revealed in

human cervical and endometrial cancers (24). The expression of

sstr1, 2, 3 and 5 is frequently found in gastro-entero-pancreatic

tumors (25), medullary thyroid cancers (17) and in epithelial

ovarian cancers (26). Therefore, it is obvious that new

radiolabeled somatostatin analogues with improved binding

affinity profiles are needed.

To extend not only the present range of targeted cancers

but also to increase the tumor uptake, given the presence of

different receptor subtypes on the same tumor cell or in the

same tumor entity, we started a program to design and

synthesize radiopeptides with affinity to all sstr. Our strategy

was based on two methods: (a) progressive extension of the

peptide cycle from octreotide to somatostatin-14 (27) and (b)

modification of octreotide. The second approach was realized

through parallel solid phase synthesis, mainly by exchanging

the amino acids in the positions 3 and 8 of octreotide. We

have already reported a first compound resulting from this

small library, [111In/90Y-DOTA]-NOC, with improved biological

properties, currently in clinical trials (28).

In the present study, we investigated the biological

activity profile of two new [111In/InIII]-labeled DOTA-peptide

conjugates, [DOTA0,1-Nal3,Thr8]-octreotide (1, DOTA-NOC-

ATE) and [DOTA0,BzThi3,Thr8]-octreotide (2, DOTA-BOC-

ATE) by means of receptor binding affinity, rate of

internalization, cellular retention, and biodistribution in a

tumor-bearing rat model. These two compounds are also part

of the library acquired through octreotide modification, and

their evaluation has been done in comparison with [111In/InIII-

DOTA]-TOC which in our laboratory is the gold standard of

somatostatin receptor imaging and, labeled to 90Y, of targeted

radiotherapy.

MATERIALS AND METHODS

All chemicals including 9-fluorenylmethoxycarbonyl–

protected amino acids were obtained from commercial sources

and used without further purification. Tritylchloride resin was

obtained from PepChem (Tübingen, Germany) and 111InCl3
from Mallinckrodt Medical (Petten, the Netherlands).

The prochelator DOTA(tBu)3 was synthesized according to

Heppeler et al. (6). The reactive side chains of the amino

acids were masked with one of the following groups: Cys,

acetamidomethyl; Lys, t-butoxycarbonyl; Thr, t-butyl; Trp,

t-butoxycarbonyl. Analytic reverse phase-high performance

liquid chromatography (HPLC) was carried out on a

Hewlett-Packard 1050 HPLC system equipped with a

multiwavelength detector and a flow-through Berthold

LB506C1 g-detector. Preparative HPLC was done on a

Bischof HPLC system (Metrohm AG, Herisau, Switzerland)

with HPLC pumps 2250 and a Lambda 1010 UV detector.

CC250/4 Nucleosil 120-3C18 columns from Macherey-Nagel

(Düren, Germany) were used for analytic HPLC and a VP250/

21 Nucleosil 200-5C15 column for preparative HPLC. The

gradient systems consisted of mixtures of acetonitrile and

water with 0.1% trifluoroacetic acid. Quantitative g-counting

was done on a COBRA 5003 g-system well counter from

Packard Instrument Co. (Hombrechtikon, Switzerland). Elec-

trospray ionization-mass spectrometry was carried out with a

Finnigan SSQ 7000 spectrometer (Bremen, Germany).

Synthesis. The peptide-chelator conjugates were

synthesized by standard 9-fluorenylmethoxycarbonyl-solid

phase synthesis (29) on tritylchloride resin (substitution, 0.8

mmol/g) on a Rink Engineering peptide-synthesizer Switch 24

(RinkCombichem Technologies, Bubendorf, Switzerland)

according to the general procedure described previously (28)

affording compounds 1 and 2 (Fig. 1), which could be labeled

with natural or radioactive indium or yttrium. The compounds

were characterized by electrospray ionization-mass spectrometry

and reverse phase-HPLC.

Fig. 1 Structural formulae of DOTA-[1-Nal3, Thr8]-octreotide
(DOTA-NOC-ATE, 1) and DOTA-[BzThi3, Thr8]-octreotide (DOTA-
BOC-ATE, 2).
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Formation of Metal Complexes. The DOTA-somato-

tropin release-inhibitingfactor analogues were complexed with

InCl3 (anhydrous) and Y(NO3)3�5H2O as described by Wild

et al. (28). The radiopeptides were also synthesized according to

Wild et al. (28) and obtained in >99% radiochemical purity at

specific activities of >37 GBq/Amol peptide. For internalization

experiments, the DOTA peptides were labeled to a specific

activity of about 37 GBq/Amol peptide and then excess InCl3
was added to afford structurally characterized homogenous

ligands.

Determination of Somatostatin Receptor Affinity

Profiles. CHO-K1 and CCL39 cells stably expressing human

sstr1-5 were grown as described previously (14). All culture

reagents were supplied by Life Technologies (Grand Island, NY).

Cell membrane pellets were prepared and receptor autoradio-

graphy was done on pellet sections (mounted on microscope

slides), as described in detail previously (14). For each of the

tested compounds, complete displacement experiments were

done with the universal somatostatin radioligand [125I]-[Leu8,D-

Trp22,Tyr25]-somatostatin-28 using increasing concentrations of

the MetalloIII-DOTA-peptide ranging from 0.1 to 1,000 nmol/L.

Somatostatin-28 was run in parallel as control using the same

increasing concentrations. IC50 values were calculated after

quantification of the data using a computer-assisted image

processing system. Tissue standards (autoradiographic [125I ]

microscales, Amersham, Buckinghamshire, United Kingdom)

containing known amounts of isotopes, cross-calibrated to

tissue-equivalent ligand concentrations, were used for quantifi-

cation (14). The concentrations of the peptide solutions were

measured by UV spectroscopy (eNOC-ATE, 280 nm = 9,855 and

eBOC-ATE, 280 nm = 7,570).

Cell Culture, Radioligand Internalization, and Cellular

Retention Studies. The AR4-2J cell line was maintained by

serial passage in monolayers in DMEM, supplemented with 10%

fetal bovine serum, amino acids, vitamins, and penicillin-

streptomycin, in a humidified 5% CO2 atmosphere at 37jC.
Human embryonic kidney 293 cells stably expressing rat sstr3
receptors were a gift from Dr. S. Schulz (Magdeburg, Germany;

ref. 30) and were grown in DMEM supplemented with 10% fetal

bovine serum, penicillin-streptomycin, and G418 (500 Ag/mL) in

a humidified 5% CO2 atmosphere at 37jC. Cell numbers were

counted under the microscope with a ‘‘Neubauer’s counting

chamber’’. For all cell experiments, the cells were seeded at a

density of 0.8 to 1.1 million cells per well in 6-well plates and

incubated over night with internalization buffer to obtain a good

cell adherence. The loss of cells during the internalization

experiments was <10%. When different radiolabeled peptides

were compared in cell experiments, the same cell suspension

containing plates were used. Furthermore, the internalization rate

was linearly corrected to 1 million cells per well in all AR4-2J

cell experiments.

Medium was removed from the 6-well plates and cells

were washed once with 2 mL of internalization buffer

[DMEM, 1% fetal bovine serum, amino acids, and vitamins

(pH 7.4)]. Furthermore, 1.5 mL internalization buffer were

added to each well and incubated at 37jC for about 1 hour.

Thereafter f500,000 cpm or 0.02 MBq per well 111In/InIII-

labeled peptides (2.5 pmol per well) to a final concentration of

1.67 nmol/L were added to the medium and the cells were

incubated at 37jC for the indicated time periods in triplicates.

To determine nonspecific membrane binding and internaliza-

tion, cells were incubated with radioligand in the presence of

1 Amol/L [InIII]-1. Cellular uptake was stopped by removing

medium from the cells and by washing twice with 1 mL of

ice-cold PBS. Acid wash for 10 minutes with a glycine-buffer

(pH 2.8) on ice was also done twice. This procedure was done

to distinguish between membrane-bound (acid releasable) and

internalized (acid resistant) radioligand. Finally, the cells were

treated with 1 N NaOH. The culture medium, the receptor

bound and the internalized fraction were measured

radiometrically in a g-counter (Packard, Cobra II). Internal-

ization into AR4-2J cells was also studied using three different

concentrations of [111In]-1 and [111In]-2 (6.67 nmol/L or 10 pmol

per well, 1.67 nmol/L or 2.5 pmol per well, and 0.167 nmol/L or

0.25 pmol per well).

For cellular retention studies AR4-2J cells (1 million)

were incubated with 2.5 pmol per well (1.67 nmol/L) [111In/

InIII]-labeled DOTA-NOC-ATE, DOTA-BOC-ATE, or DOTA-

TOC for 120 and 240 minutes, respectively, then the medium

was removed and the wells were washed twice with 1 mL ice-

cold PBS. In each experiment, an acid wash for 10 minutes

on ice with a glycine-buffer of pH 2.8 was done to remove

the receptor-bound ligand. Cells were then incubated again at

37jC with fresh internalization buffer [DMEM containing 1%

fetal bovine serum (pH 7.4)]. After different time points, the

external medium was removed for quantification of radioac-

tivity in a g-counter and replaced with fresh 37jC medium.

The cells were solubilized in 1 N NaOH, removed and the

internalized radioactivity was quantified in a g-counter. The

recycled fraction was expressed as percentage of the total

internalized amount per 1 million cells and the integrity of the

externalized peptides was determined using HPLC after

removing the solvent by a centrifugal evaporator.

Biodistribution and Imaging Studies in Rats. Animals

were kept, treated, and cared for in compliance with the

guidelines of the Swiss regulations (approval 789). Five-week-

old male Lewis rats were implanted s.c. with 10 to 12 millions

AR4-2J cells freshly suspended in sterile PBS. Fourteen days

after inoculation, the rats showed solid palpable tumor masses

(tumor weight, 0.4-0.7 g) and were used for the experiments.

Rats were injected under ether anesthesia with 2 to 3 MBq of

0.34 nmol (0.5Ag total peptidemass) [111In]-1, [111In]-2 and [111In-

[111In-DOTA]-TOC, respectively, in 0.05 mL NaCl solution

0.9% into the femoral vein. At 4, 24, and 48 hours after injection

rats were sacrificed under ether anesthesia. Organs and blood

were collected and the radioactivity in these samples was

determined using a g-counter.

To determine the nonspecific uptake of the radiopeptides,

rats were injected with 25 Ag [InIII]-2 in 0.05 mL NaCl solution

0.9% as a coinjection with the radioligand. To study a potential

sstr2, sstr3, and sstr5 related specific uptake of [111In]-1 in the

somatostatin receptor–positive tissues, blocking studies were

designed with different somatostatin analogs: DTPA-TATE

[sstr2-selective ligand, IC50(sstr2) = 3.9 F 1 nmol/L], [InIII-

DTPA]-TATE [sstr2-selective ligand, IC50(sstr2) = 1.3 F 0.2

nmol/L], and [InIII]-2 (sstr2, sstr3, and sstr5 affinity). In a first

series, 25 Ag of these peptides were coinjected with 2 to 3 MBq
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[111In]-1 (0.34 nmol in 0.05 mL NaCl solution 0.9%) into the
femoral vein of AR4-2J tumor-bearing male Lewis rats. In a

second series, increased amounts of DTPA-TATE (50 Ag) and 25
Ag of InIII-DTPA-TATE were coinjected. Rats were sacrificed

at 4 hours and the organs of interest collected and counted for

radioactivity. The radioactivity uptake in the tumor and normal
tissues of interest was expressed as a percentage of the injected

radioactivity dose per gram tissue (% ID/g).
Two rats were used for imaging studies. One rat was injected

with 3 MBq of 0.34 nmol [111In]-1 and the other one was
coinjected with the same amount and type of radioligand and

25 Ag [InIII]-2 into the femoral vein. Four hours after injection,
rats were anaesthetized and images were acquired in the prone

position using a g-camera equipped with a medium energy
parallel hole collimator (Basicam, Siemens, Erlangen, Germany).

Statistical Methods. To compare differences between the

radiopeptides the Student’s t test was used.

RESULTS

Synthesis and Labeling. The DOTA-coupled octapep-

tides 1 and 2 (Fig. 1) were obtained by solid phase synthesis on a

tritylchloride resin. The overall yield of the DOTA peptides was

about 30%. Uncomplexed and metal-complexed DOTA peptides

were characterized by analytic HPLC and electrospray ionization-

mass spectrometry. Table 1 lists the calculated and measured

molecular weights and also the HPLC retention time of the

conjugates and their labeled versions.

Receptor Binding and Affinity Profiles. Table 2 shows

the IC50 values of the radiopeptides studied in this work as their

InIII complexed versions in comparison with [InIII-DOTA]-TOC

for the five somatostatin receptor subtypes. Additionally, the

binding profile of the compounds used for the blocking studies in

rats are also listed along with the unmodified octapeptides in

Table 2. The values were obtained by performing complete

displacement experiments with the universal somatostatin radio-

ligand [125I][Leu8, D-Trp22, Tyr25]-somatostatin-28 on mem-

branes from cells expressing the receptor subtypes and were

compared with somatostatin-28. All compounds bind specifically

to sstr2, with IC50 values ranging from 0.8 to 4.6 nmol/L. High

binding affinities for sstr3 were found for [InIII]-2 (IC50 = 5.5 F
0.8 nmol/L) and [InIII]-1 (IC50 = 13F 4.0 nmol/L), whereas [InIII-

DOTA]-TOC showed very low sstr3 affinity (IC50 = 120 F
26 nmol/L). [InIII]-1 and [InIII]-2 displayed moderate affinity for

sstr4 (IC50 = 160 F 3.8 and 135 F 32 nmol/L,respectively).

Specific sstr5 affinity was found for [InIII]-1 and [InIII]-2 (IC50 = 4.3

F 0.5 and 3.9 F 0.2 nmol/L, respectively).

In vitro Internalization Studies in AR4-2J and rsstr3-

Human Embryonic Kidney Cells. Figure 2A shows the results

of the specific internalization of [111In]-1 and [111In]-2 in

comparison with [111In-DOTA]-TOC into AR4-2J rat pancreatic

tumor cells. The highest rate of internalization corresponds to

[111In]-1 with 25.1 F 1.3% specific cellular uptake at 4 hours,

followed by [111In]-2 with 17.8 F 0.8% and [111In-DOTA]-TOC

with 12.5 F 0.7%. The percentage of internalized peptide at 30

minutes as a function of concentration showed a linear

dependence (data not shown). Figure 2B shows the internalization

of [111In]-1 and [111In]-2 in sstr3 transfected human embryonic

kidney cell lines compared with [111In-DOTA]-TOC. During 4

hours, [111In]-2 internalized 20.1% of the added radiopeptide

and [111In]-1 13.5%, whereas [111In-DOTA]-TOC showed

<0.8% specific internalization.

Table 1 Analytic data of compounds 1, 2, [InIII]-1, and [InIII]-2

Compound
Calculated

MW
Measured

MW

RP-HPLC*
retention
time (min)

DOTA-NOC-ATE, 1 1,469.68 1,508.2 (M + K+) 22.73
DOTA-BOC-ATE, 2 1,475.71 1,515.4 (M + K+) 22.45
[InIII-DOTA]-NOC-

ATE, [InIII]-1
1,580.6 1,582.5 (M + H+) 23.15

[InIII-DOTA]-BOC-
ATE, [InIII]-2

1,587.7 1,589.2 (M + H+) 22.9

[InIII-DOTA]-TOC 1,533.64 1,534.8 (M + H+) 18.23

*Elution system: flow, 0.75 mL/min; solvent A, 0.1% trifluoroacetic
acid in H2O; solvent B, acetonitrile; linear gradient: 0 to 30 minutes, 90%
A to 40% A.

Fig. 2 Comparison of the internalization rate of [111In]-1, [111In]-2, and
[111In-DOTA]-TOC into AR4-2J cells (A) and in rsstr3-HEK cells (B),
respectively. Specific internalization (% dose added to 1 million cells at
1.67 nmol/L concentration) and result of three independent experiments
with triplicates in each experiment.
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Cellular Retention. Cellular retention of [111In]-1, [111In]-

2 and [111In-DOTA]-TOC was analyzed and compared in

AR4-2J cells. In these experiments, the radiopeptides were

allowed to internalize for 120 and 240 minutes, respectively;

cells were then washed twice with PBS before removing the

receptor-bound ligand with glycine buffer (pH 2.8). Warm

medium (37jC) was then added and removed after 15, 30, 60,

120, and 240 minutes and measured for radioactivity. Figure 3

illustrates the cellular radioactivity retention of these three

compounds in AR4-2J cells over time after two different

internalization times. There is no significant difference

between the cellular retention after 2 and 4 hours of

internalization for the studied conjugates, respectively, except

for [111In]-1 which maintained after 4 hours 30 F 4.0%

(P < 0.05) of the 2 hours of internalized fraction and 41.6 F
6.0% of the 4 hours of internalized fraction, respectively. As

shown in Fig. 3, after 4 hours, the percentage of cellular

retention for all three conjugates reaches a plateau. HPLC

study of the externalized [111In]-1 and [111In]-2 gave no

indication of metabolites (data not shown).

Biodistribution and Imaging Studies in Rats. Pharma-

cokinetics. The 4, 24, and 48 hours uptake values of [111In]-1

and [111In]-2 in somatostatin receptor–positive organs including,

pancreas, adrenals, stomach, and AR4-2J rat pancreatic tumor as

well as in other tissues are summarized in Table 3. Both

radiopeptides displayed rapid blood clearance with <0.04% ID/g

remaining in the blood at 4 hours. There is also fast clearance

from all sstr-negative tissues except the kidneys which is the

main organ of excretion. The two radioligands have a similar

biodistribution profile in this rat tumor model except for the

adrenals where [111In]-1 shows a higher uptake than [111In]-2

(calculated area under the curve: 299.4 versus 164.54% ID/g h).

The area under the curve for tumors is 97.2% ID/g h for [111In]-2

and 95.5% ID/g h for [111In]-1, respectively.

Comparison. Figure 4 shows a comparison of the

biodistribution properties between [111In]-1, [111In]-2 and [111In-

DOTA]-TOC at 4 hours after injection. The tumor uptake for

[111In-DOTA]-TOC is 1.95 F 0.23% ID/g, whereas for [111In]-1

and [111In]-2 the values are 4.01 F 0.49 and 4.12 F 0.62% ID/g,

respectively. Also the uptake in sstr-positive organs (pancreas,

adrenals, stomach) is superior for [111In]-1 and [111In]-2 (see

Table 3) in comparison with [111In-DOTA]-TOC (pancreas, 2.47

F 0.17% ID/g; adrenals, 1.59 F 0.16% ID/g; stomach, 0.34 F
0.02% ID/g). The situation is reversed for the kidney uptake: 2.6

F 0.12% ID/g for [111In-DOTA]-TOC versus 1.51F 0.08% ID/g

for [111In]-1 and 1.79 F 0.15% ID/g for [111In]-2. An evaluation

of the tumor-to-different tissues ratios for the three conjugates is

presented also in Table 3.

Fig. 3 Comparison of cellular retention over time between[111In]-1,
[111In]-2 and [111In-DOTA]-TOC in AR4-2J cells at 37C, after 2 hours of
internalization (A) and 4 hours of internalization (B). % Radioactivity
retained in the cell from the total internalized conjugate.

Table 2 Affinity profiles (IC50) of a series of somatostatin analogues for human somatostatin receptors sstr1 to sstr5

Compound hsstr1 hsstr2 hsstr3 hsstr4 hsstr5

SS-28 3.6 F 0.7 2.3 F 0.6 3.3 F 0.5 2.7 F 0.5 2.3 F 0.3
[InIII-DOTA]-NOC-ATE >10,000 2 F 0.35 13 F 4 160 F 3.8 4.3 F 0.5
[InIII-DOTA]-BOC-ATE >1,000 1.4 F 0.37 5.5 F 0.8 135 F 32 3.9 F 0.2
NOC-ATE >1,000 3.6 F 1.6 302 F 137 260 F 95 16.7 F 9.9
BOC-ATE >1,000 0.8 F 0.4 33 F 5.5 80 F 20 3.6 F 1.5
Octreotide* >10,000 2.0 F 0.7 187 F 55 >10,000 22 F 6
[InIII-DOTA]-TOC* >10,000 4.6 F 0.2 120 F 26 230 F 82 130 F 17
DTPA-TATE* >10,000 3.9 F 1 >10,000 >1,000 >1,000
[InIII-DTPA]-TATE* >10,000 1.3 F 0.2 >10,000 433 F 16 >1,000

NOTE. IC50 values are in nmol/L (mean F SE) and are the mean of at least three experiments. Somatostatin-28 is used as reference.
*Data from Reubi et al. (14).
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Selective Blocking. To estimate the uptake in sstr-positive

organs which may be due to receptor subtype expression other

than sstr2, in vivo blocking studies were done in AR4-2J tumor-

bearing rats using different blocking agents like [DTPA0-Tyr3-

Thr8]-octreotide (DTPA-TATE) and [InIII-DTPA]-TATE, two

sstr2-specific ligands and [InIII]-2, sstr2, sstr3, and sstr5 ligand

(see Table 2 for IC50 values). Two series of experiments were

done, using different amounts of these blocking compounds

(Table 4A and B). As already mentioned in Table 3, 25 Ag [InIII]-2
per rat are enough for 95% blocking of the uptake in tumor and

sstr-positive organs (P < 0.001). Table 4A displays the selective

blocking of tumor, adrenals, pancreas, and stomach when using

only 25 Ag DTPA-TATE. As the AR4-2J rat pancreatic tumor
expresses only sstr2, the blocking with DTPA-TATE should be as

effective as that with [InIII]-2. In our assay, however, only 70% of

the tumor uptake were blocked by the sstr2-selective ligand. In

the second selective blocking experiment (Table 4B), increased

amounts of DTPA-TATE (50 Ag per rat) were employed as well as

the sstr2-selective ligand [InIII-DTPA]-TATE (25 Ag per rat) with

its improved affinity to this receptor (see Table 2). The two sstr2

ligands were found to be equipotent in decreasing the tumor

uptake (85%) but slightly different in their effect on the pancreas

and adrenal uptake. The kidney uptake is not influenced by any of

these added ligands.

Rat Images. Figure 5 shows the g-scintigraphy of two
Lewis rats s.c. bearing AR4-2J tumors on the thorax 4 hours after
injection of [111In]-1 with (Fig. 5A) and without (Fig. 5B)
coinjection of excess of [InIII]-2. Coinjection led to a visible

Table 3 Biodistribution in AR4-2J tumor-bearing rats at 4, 24, and 48 hours (n = 4-5 rats per time point) after injection
of [111In-DOTA]-NOC-ATE and [111In-DOTA]-BOC-ATE and tissue radioactivity ratios in comparison

with [111In-DOTA]-TOC at 4 hours after injection

[111In-DOTA]-NOC-ATE
(%ID/g tissue F SD)

[111In-DOTA]-BOC-ATE
(%ID/g tissue F SD)

Organ Time (h) Nonblocked Blocked* Nonblocked Blocked*

Blood 4 0.04 F 0.001 0.014 F 0.005 0.02 F 0.003 0.015 F 0.007
24 0.004 F 0.0002 0.005 F 0.0008
48 0.003 F 0.0001 0.004 F 0.0002

Tumor 4 4.01 F 0.5 0.30 F 0.03y 4.12 F 0.62 0.38 F 0.04y
24 1.82 F 0.26 2.04 F 0.75
48 1.11 F 0.04 1.1 F 0.17

Kidneys 4 1.51 F 0.08 1.56 F 0.60 1.8 F 0.15 1.9 F 0.5
24 0.74 F 0.12 1.82 F 0.16
48 0.73 F 0.07 0.93 F 0.30

Adrenals 4 10.75 F 0.55 0.34 F 0.03y 5.71 F 0.53 0.3 F 0.08y
24 5.87 F 1.40 3.34 F 0.72
48 5.22 F 0.30 2.83 F 0.63

Pancreas 4 12.30 F 0.88 0.32 F 0.04y 10.33 F 0.34 0.77 F 0.03y
24 2.44 F 0.30 3.30 F 0.20
48 2.15 F 0.24 2.52 F 0.56

Spleen 4 0.10 F 0.009 0.04 F 0.01 0.052 F 0.005 0.04 F 0.02
24 0.03 F 0.0009 0.048 F 0.002
48 0.03 F 0.004 0.045 F 0.01

Stomach 4 1.83 F 0.62 0.056 F 0.001y 0.811 F 0.22 0.07 F 0.02y
24 0.92 F 0.11 0.65 F 0.35
48 0.41 F 0.20 0.47 F 0.06

Bowel 4 0.25 F 0.06 0.03 F 0.01y 0.151 F 0.023 0.04 F 0.01y
24 0.16 F 0.002 0.13 F 0.006
48 0.14 F 0.007 0.127 F 0.001

Liver 4 0.087 F 0.05 0.081 F 0.03 0.095 F 0.011 0.09 F 0.02
24 0.04 F 0.006 0.067 F 0.01
48 0.038 F 0.001 0.065 F 0.01

Lung 4 0.085 F 0.008 0.033 F 0.01y 0.061 F 0.002 0.04 F 0.02y
24 0.02 F 0.003 0.0445 F 0.004
48 0.018 F 0.003 0.03 F 0.0

Heart 4 0.02 F 0.001 0.01 F 0.001 0.013 F 0.001 0.01 F 0.005
24 0.006 F 0.001 0.008 F 0.0007
48 0.005 F 0.001 0.008 F 0.0004

Bone 4 0.01 F 0.002 0.01 F 0.0002 0.012 F 0.006 0.01 F 0.005
24 0.005 F 0.0009 0.006 F 0.001
48 0.003 F 0.0007 0.005 F 0.0004

Tumor-to-tissue ratios
(4 h p.i./24 h p.i.)

[111In-DOTA]-NOC-ATE [111In-DOTA]-BOC-ATE [111In-DOTA]-TOC

Tumor/blood 100.3/455 171.6/408 65.5/47.17
Tumor/liver 50.1/45.5 45.7/31 25.8/20.2
Tumor/kidneys 2.7/2.5 2.3/1.12 0.64/0.32

*Blocked with 25 Ag [InIII-DOTA]-BOC-ATE.
yP < 0.001.
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decrease of the tumor and pancreas uptake, proving the effective
blocking of somatostatin receptors. Furthermore, the images
show the fast clearance of the radiopeptide from sstr-negative
organs and the good target-to-nontarget ratios.

DISCUSSION

This study describes the design, synthesis, and preclinical

evaluation of two new somatostatin-based DOTA-coupled

peptides for the labeling with a variety of hard acid radiometals

like 111In, 67,68Ga, 90Y, and the lanthanides.

The pharmacologic profiles as well as the biological

properties of the 111In-labeled peptides are compared with

[111In, 90Y-DOTA-Tyr3]-octreotide (6, 9). The two peptide

structures emerged from a parallel synthesis approach with

modifications at position 3 of the octapeptide octreotide and the

COOH-terminal replacement of Thr(ol) for Thr (14, 15).

The rationale to develop these new peptides came from the

desire to develop radiopeptides with a broader spectrum of

targeted tumors and a potentially higher uptake in tumors

expressing different receptor subtypes concomitantly.

A first radiopeptide emerging from this library of

compounds was [111In, 90Y-DOTA]-[1-Nal3]-octreotide which

showed improved affinities towards sstr2, sstr3, and sstr5 if

compared with [111In-DOTA]-[Tyr3]-octreotide (28). The new

compounds have several advantages over existing radiopeptides.

First, the affinity for sstr2 is as high as the best radiopeptides

studied thus far (14). In addition, high affinity to sstr3 and sstr5

was found as well and some emerging sstr4 affinity, thus

representing the broadest sstr profile of any somatostatin-based

radioligands whereas maintaining a very high sstr2 affinity. The

structural features determining the broader affinity profile are not

fully understood yet. We observed earlier that the modification

of Phe3 by Tyr3 in DOTA-coupled octapeptides led to a 3-fold

improved sstr2 affinity but the sstr3 affinity dropped by a factor

of >10 (14, 28). The higher lipophilicity of benzothienyl-Ala

(BzThi) and 1-Nal probably improves sstr3 and sstr5 affinity.

The sstr2 affinity increase is most likely a combination of the

Thr(ol) versus Thr replacement and the increased lipophilicity at

aa3 position.

A comparison of the affinity profiles of the metallo-chelated

peptides with the unmodified peptides BOC-ATE and NOC-ATE

showed that BOC-ATE could represent an improved alternative

for octreotide (Sandostatin) in the treatment of acromegaly and/

or the carcinoid syndrome as it has a higher potency on the

receptor subtypes 2-5. Also, the coupling of a DOTA-based

metal complex to the N3-terminus may improve the affinity to

some receptor subtypes. [InIII-DOTA]-NOC-ATE and [InIII-

DOTA]-BOC-ATE are at least equipotent to the nonchelated

peptide on sstr2 but distinctly more potent on sstr3. On sstr5

[InIII-DOTA]-BOC-ATE is equipotent to BOC-ATE but [InIII-

DOTA]-NOC-ATE is more potent than NOC-ATE.

Somatostatin receptors belong to the family of G-protein

coupled receptors (31). There are several important consequen-

ces of the coupling of agonists to this type of receptors like

desensitization, Ca2+ mobilization, cyclic AMP production, and

internalization. The latter is of special relevance to the targeting

aspects of using G-protein coupled receptor targeting radio-

ligands as it allows long retention times on the tumor which is

of special importance in therapeutic applications but may also

contribute to the diagnostic sensitivity due to an increased

tumor-to-background ratio with time. Both radiopeptides

internalize distinctly faster than [111In-DOTA]-TOC in

AR4-2J tumor cells. The efflux rate of both radiopeptides

from AR4-2J cells is similar, the total amount of cell released

radiopeptide is lower if more time is allowed for internaliza-

tion, indicating that pathways inside the cell slow down the

efflux of radiopeptides (32). [111In]-1 and [111In]-2 internalize

very efficiently into sstr3 cells, [111In]-2 being clearly superior

to [111In]-1 which may be explained with the higher affinity of

[111In]-2 on sstr3 (see Table 2). [111In-DOTA]-TOC having a

Table 4 Radioactivity uptake in AR4-2J tumor-bearing rats, 4 hours after coinjection of [111In-DOTA]-NOC-ATE and different blocking agents
(n = 4 rats per blocking experiment)

Radioactivity uptake in organs and tumor (%ID/g tissue F SD)

Blocking compound
Amount injected

per rat (Ag) AR4-2J tumor Adrenals Pancreas Stomach Kidneys

None 4.01 F 0.49 10.75 F 0.55 12.3 F 0.88 1.83 F 0.62 1.51 F 0.08
[InIII-DOTA]-BOC-ATE 25 0.30 F 0.03* 0.34 F 0.03* 0.32 F 0.04* 0.056 F 0.001* 1.56 F 0.06*
(A) DTPA-TATE 25 1.26 F 0.16y 2.13 F 0.07* 1.85 F 0.09* 0.24 F 0.01* 1.57 F 0.1
(B) DTPA-TATE 50 0.6 F 0.08* 1.36 F 0.46* 0.85 F 0.02* 0.09 F 0.01* 1.47 F 0.18
[InIII-DTPA]-TATE 25 0.56 F 0.07* 0.78 F 0.11* 0.70 F 0.09* 0.10 F 0.02* 1.4 F 0.29

*P < 0.001.
y0.05 > P > 0.001 compared with nonblocked data series.

Fig. 4 Biodistribution comparison between [111In-DOTA]-NOC-ATE
( ), [111In-DOTA]-BOC-ATE ( ), and [111In-DOTA]-TOC (n) in AR4-
2J tumor-bearing rats at 4 hours after injection.
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low affinity to sstr3 shows negligible internalization. These

data clearly show that [111In]-1 and [111In]-2 have a much

higher potential to target tumors with sstr3 expression, either

alone or concomitantly with other subtypes. The high sstr5

affinity indicates that this also holds for sstr5 expressing

tumors.

The efflux rate of the new radiopeptides is faster than the

one of [111In-DOTA]-TOC, an effect that we cannot explain at

the moment. As the externalized radiopeptides are intact, a faster

metabolic degradation cannot be the justification for this.

Nevertheless, the amount retained in the cell remains higher

for [111In]-1 and [111In]-2 than for [111In-DOTA]-TOC, due to

the higher internalization rate of the first two. In internalization,

we found a close approximation to a steady state after 4 hours of

internalization of both new radiopeptides and also the efflux

kinetics showed a distinct leveling off after 4 hours. We have

explained similar results recently assuming rapid recycling of the

radiopeptides to the extracellular medium and reactivation of the

receptors by the intact externalized peptides followed by

reendocytosis (28). This explanation is also in accordance with

the work of Koenig et al. (33).

The in vivo pharmacokinetics in the AR4-2J rat model of

[111In]-1 and [111In]-2 shows a rapid and specific targeting of

the somatostatin receptor 2 expressing tumor and somatostatin

receptor–positive tissue like the pancreas (Fig. 5B for [111In]-1).

The specificity of this uptake is shown by the blocking

experiment which shows lack of uptake in the tumor and the

pancreas, even if only 25 Ag [InIII]-2 are coinjected with 0.5 Ag
[111In]-1 (Fig. 5A).

A quantitative analysis of the biodistribution at 4, 24, and

48 hours showed a high uptake in the tumor which was similar

for [111In]-1 and [111In]-2 but 2-fold higher than for [111In-

DOTA]-TOC at 4 hours. The uptake in other somatotropin

release-inhibiting factor receptor–positive tissues like the

pancreas, adrenals, stomach, and bowel was also very high,

specific, and receptor mediated as shown by the blocking

experiment. Already a coinjection of 25 Ag [InIII]-2 blocks the

tumor uptake by >90%, the adrenals by 97%, the pancreas by

95%, the stomach by 97%, and the bowel by 88%, illustrating

the potential advantage of the broader affinity profile of this

ligand. The almost 7- and 4-fold higher uptake in the adrenals

and 5- and 4-fold higher uptake in the pancreas may be

explained by the expression of sstr3 and sstr5 in these organs

(34). The more efficient blocking capability of [InIII]-2 compared

with the sstr2-selective ligands DTPA-octreotate and [InIII-

DTPA]-octreotate also indicates that this radioligand is superior

to other somatostatin-based radiopeptides. The residence time

of [111In]-1 and [111In]-2 in the tumor is somewhat shorter

than that of other somatostatin-based radiopeptides and

parallels the efflux rate from AR4-2J cells compared with

Fig. 5 Four hours post injection scintigraphy
of two Lewis rats bearing AR4-2J s.c. tumors:
rat with a coinjection of [111In-DOTA]-NOC-
ATE and excess [InIII-DOTA]-BOC-ATE (A)
and rat injected only with [111In-DOTA]-NOC-
ATE (B).
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[111In-DOTA]-TOC. The area under the curve determining the

dose given to the tumor is still very high and justifies diagnostic

and therapeutic studies in patients in the near future.

Despite an increased lipophilicity of the new radiopeptides

the liver uptake is low and resembles the low uptakes of

more hydrophilic radiopeptides like [111In-DTPA-Tyr3, Thr8]-

octreotide (35) but is much lower than for other hydrophilic

radiopeptides like [64Cu-TETA-Tyr3, Thr8]-octreotide (15).

Radiometal-labeled peptides show persistent kidney uptake

due to proximal tubular cell reabsorption after glomerular

filtration, which still makes kidneys the critical organ for

therapeutic applications. Both compounds, [111In]-1 and [111In]-2

show an improved tumor-to-kidney ratio at all time points which

makes these two radiopeptides very promising candidates for

somatostatin receptor targeted radiotherapy.

New cold somatostatin-based peptides with superior thera-

peutic potential and a more universal binding profile than

octreotide or lanreotide are currently being developed. Most

advanced is SOM230, a cyclohexapeptide that has high binding

affinity to sstr1, sstr2, sstr3, sstr5 and is currently under

evaluation in phase 1 clinical trials (36). Because there is no

radioligand for SOM230, [111In]-1 and [111In]-2 may be

candidates to identify patients adequate for SOM230 treatment.

In addition, [111In]-1 and [111In]-2 may be much better

alternatives to predict the usefulness of cold octreotide (Sandos-

tatin) or lanreotide (Somatuline) therapy than OctreoScan, which

has a much less adequate binding profile for this purpose.

CONCLUSION

We have designed and characterized chemically and

pharmacologically two new DOTA-based peptides for diagnostic

and therapeutic applications, [111In-DOTA-Nal3, Thr8]-octreo-

tide and [111In-DOTA-BzThi3, Thr8]-octreotide. The peptides

were compared with our clinical gold standard [111In/90Y-DOTA-

Tyr3]-octreotide. They show superior pharmacologic properties

when compared with the latter. Both peptides are currently

prepared for clinical studies.

The combined preclinical data indicate that [111In, 90Y-

DOTA]-NOC-ATE and [111In, 90Y-DOTA]-BOC-ATE are very

promising new somatostatin-based radioligands for the diagno-

sis and targeted radiotherapy of a broader range of tumors

expressing somatostatin receptors. They represent the first

somatostatin-based radiopeptides, which show high affinity to

sstr2, sstr3, and sstr5 and intermediate affinity to sstr4. For

the first time, efficient internalization into a sstr3 expressing

cell line using radiometallolabeled somatostatin analogues was

shown.

We also propose [111In-DOTA]-NOC-ATE and [111In-

DOTA]-BOC-ATE as imaging agents to predict the successful

use of cold octreotide or lanreotide therapy, as Octreoscan has

very low affinity to sstr3 and sstr5.
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for improved cellular and subcellular uptake
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Abstract—It is now well established that the biological effects of Auger-emitting radionuclides are critically dependent on their sub-
cellular location. Therefore, for their use in molecular imaging and targeted radionuclide therapy, attempts should be made to
increase the nuclear specificity of the carriers. In the present paper the synthesis of novel trifunctional somatostatin derivatives con-
taining a nuclear localization motif is described. These derivatives of [DOTA0, Tyr3]-octreotide (DOTATOC, DOTA = 1,4,7,10-tet-
raazacyclododecane-1,4,7,10-tetraacetic acid) were obtained in high yields using Fmoc peptide synthesis in solid and in solution
phase.
� 2005 Elsevier Ltd. All rights reserved.
The molecular basis for the use of radiolabeled soma-
tostatin (SS) analogs in peptide receptor mediated
radionuclide therapy (PRRT) is provided by the over-
expression of the five somatostatin receptors (sstr1–5)
on a variety of human tumors, especially neuroendo-
crine tumors and their metastases.1 The �gold standard�
is represented by DOTATOC (DOTA = 1,4,7,10-tetra-
azacyclododecane-1,4,7,10-tetraacetic acid, TOC =
Tyr3-octreotide), a radiopeptide which, labeled with
90Y,2 has almost a decade of clinical experience mainly
in the targeted radiotherapy of neuroendocrine tumors.3
90Y is a high energy b-emitter radionuclide, therefore
more suitable for large tumors, its cytotoxicity being
primarily due to the crossfire effect.4 This is clinically
significant, because it means that metastatic small cell
clusters cannot be efficiently killed using b-emitters.

Auger-electron emitting radionuclides like 111In, 67Ga,
125I, or 195mPt have potential for the therapy of small
size cancers due to their high level of cytotoxicity, low
energy and short-range biological effectiveness. Biologi-
cal effects are critically dependent on the subcellular
(and even subnuclear) localization of these nuclides.5

[111In-DTPA]-octreotide (DTPA = diethylenetriamine-
pentaacetic acid) has already been used for radionuclide
0040-4039/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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therapy in patients with somatostatin receptor-positive
tumors and its usefulness has been shown to be clearly
dependent on the high accumulation of the radioligand
in the tumor.6 Therefore derivatives with a longer reten-
tion time in the cell and aiming at the nucleus would
increase the potential of Auger-electron emitters in
radiotherapy, but also improve other targeted therapy
strategies.

Bearing this in mind we assumed that a new functional
unit for nucleus targeting and prolonged cell retention
could be added to the DOTATOC conjugate. For this
we have chosen the nuclear targeting signal (NLS) of
the SV40 large T antigen, the heptapeptide H-Pro-Lys-
Lys-Lys-Arg-Lys-Val-OH.7 This sequence serves as a
tag to proteins, indicating their destination to the cell
nucleus and assisting in the transport through the nucle-
ar membrane. To function properly, the NLS conjugates
must be located in the cytoplasm, but they are not read-
ily incorporated into cells.8 We report herein the design
and synthesis of new trifunctional conjugates of a trun-
cated analog of somatostatin bearing a function for
receptor binding and internalization (TOC), one for
the nucleus transfer (NLS) and one for the cytotoxic
or reporter effect (111In-DOTA).

The pharmacological profile of DOTATOC-like conju-
gates is greatly influenced by any structural alterations
and care should be taken when designing new modifica-
tions. In order to test the best architecture for such a tri-
functional derivative of somatostatin we incorporated

mailto:hmaecke@uhbs.ch
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the NLS in three different positions relative to the
somatostatin analog sequence. The C-terminus modifi-
cation (compound I) and the two N-terminus derivatives
(compounds II and III) thus synthesized are shown in
Figure 1. Compound III has a branched structure in
which the NLS sequence is inverted (H-Val-Lys-Arg-
Lys-Lys-Lys-Pro-OH).

Compounds I and II were fully synthesized on the solid
phase using stepwise Fmoc peptide chemistry. Conju-
gate I was assembled on trityl-chloride resin (TCP).
Coupling of Fmoc-Val-OH to the solid support was per-
formed in dry dichloromethane in the presence of an ex-
cess of DIPEA (N-ethyldiisopropylamine). Conjugate II
was anchored to 2-chlorotrityl chloride resin (CTCP)
pre-loaded with Fmoc-Thr(tBu)-ol. Additions of subse-
quent Fmoc-protected amino acids were carried out
using DIC (N,N 0-diisopropylcarbodiimide), HOBt (N-
hydroxybenzotriazole), and DIPEA in DMF and 20%
piperidine in DMF was used for Fmoc removal. 6-
Aminohexanoic acid (Ahx) spacers were chosen between
the NLS part and TOC for all three derivatives, and an
additional b-Ala spacer between the chelator DOTA
and the NLS sequence in compound II in order to cir-
cumvent the potential steric hindrance. The syntheses
were straightforward despite the relatively long se-
quences; nevertheless capping with acetic acid anhydride
was carried out after each coupling, starting from the
fifth residue from the resin, as a safety measure. The
DOTA-tris(tert-butyl) ester9 was coupled on solid phase
at the N-terminus of the peptides, using 2-(1-H-9-aza-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate (HATU) and DIPEA in NMP (N-
methylpyrrolidone) for 2–4 h. The formation of the
disulfide bridge in both conjugates was achieved in solu-
tion at room temperature, after cleavage of the fully pro-
tected linear conjugate from the resin, with I2 in aqueous
methanol. Total deprotection using TFA–water–triiso-
βAla-Pro-Lys-Lys-Lys-Arg-Lys-Val-Ahx-
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Figure 1. Chemical structures of the synthesized conjugates I–III and DOTA
propylsilane (TIS)–thioanisole (95:2.5:1.25:1.25) for 4 h
afforded the desired conjugates I and II, respectively,
in good purities (75±5%), as assessed by multiwave-
length detection HPLC.

Compound III was synthesized by either one of two
strategies: solid phase peptide synthesis alone or by a
convergent approach, involving the synthesis of pro-
tected fragments in solid phase and combination of
these units in solution as illustrated in Scheme 1. The
orthogonally-protected lysine derivative Fmoc-Lys-
(ivDde)-OH10 was chosen for the branching of this con-
jugate on the resin. The ivDde group is considerably
more stable to piperidine than Dde, and is less prone
to migrate from protected to unprotected lysine side
chains.11 After Fmoc cleavage the prochelator was cou-
pled, thus allowing subsequently the e-NH-ivDde re-
moval with 3% hydrazine in DMF. Following cleavage
from the resin, cyclization in solution and total depro-
tection, the crude product III obtained using method
A (Scheme 1) had a purity of approximatively 85% as
indicated by analytical HPLC. The overall yield of this
synthesis was 21%.

We supposed that the synthesis of III would be more
efficient and rapid via a convergent approach, involving
synthesis and coupling of the component fragments (1),
[Tyr3, Lys5(ivDde)]-octreotide, and (2) (Scheme 1, B).
We opted for a minimal protection in this case to facili-
tate the succeeding conditions for coupling in solution.
For the construction of the second fragment we utilized
again the versatile Fmoc-Lys(ivDde)-OH derivative in a
similar manner as in method A. As solid support we
chose the TCP resin for its acid sensitivity, allowing
cleavage with preservation of protecting groups Boc
and tBu. Following removal from the resin with 20%
AcOH in DCM, fragment (2) was obtained with a purity
of 80 ± 5% as revealed by HPLC and used without
O
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Scheme 1. Preparation of compound III using two methods: A—solid phase synthesis approach, B—mixed solid and solution phase synthesis.

Reagents and conditions: (a) stepwise elongation of protected Fmoc-Lys(ivDde)-Ahx-Tyr3-octreotide on CTCP resin; (b), (n) 20% piperidine/DMF;

(c), (o) DOTA(tBu)3, HATU/DIPEA; (d), (p), (u) 3% hydrazine/DMF; (e), (r) stepwise coupling of the NLS protected residues with DIC/HOBt/

DIPEA; (f), (k) 1% TFA/CH2Cl2; (g) I2/MeOH aq; (h), (l), (v) 95% TFA, 2.5% H2O, 1.25% TIS, 1.25% thioanisole; (i) assembling of [Tyr3,

Lys5(ivDde)]-octreotide on CTCP resin; (j) Tl(TFA)3; (m) assembling of Fmoc-Lys(ivDde)-Ahx on TCP resin; (s) 20% AcOH/CH2Cl2; (t) HATU/

DIPEA/DMF.
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further purification. After investigating the efficacy of
several coupling agents (DIC; dicyclohexylcarbodiimide,
DCC; benzotriazole-1-yl-oxy-tris-(dimethylamino)-
phosphonium-hexafluorophosphate, BOP; 2-(1-H-ben-
zotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate, HBTU) for the activation of fragment (1)
for the solution coupling with fragment (2) in various
solvents (DMF, NMP, THF), we selected HATU
(3 equiv) in DMF, with DIPEA (3 equiv). This choice
was based on the observed coupling efficacy. After 4 h
of stirring at room temperature, the solvent was evapo-
rated in vacuo and the residue was dissolved in ethyl
acetate and washed with 1 N NaHCO3 and brine, then
dried with anhydrous Na2SO4, and evaporated. After-
wards the product was re-suspended in DMF with 3%
hydrazine and incubated for 30 min at room tempera-
ture for ivDde deprotection. The mixture was then acid-
ified with TFA and evaporated. After drying in a
desiccator, the residue was dissolved in a TFA–water–
TIS–thioanisol (95:2.5:1.25:1.25) solution for total
deprotection, followed by precipitation in diethyl ether
and washed with dry ether. The crude peptide thus
obtained was purified by HPLC,12 affording compound
III in a 23% overall yield.

Homogeneity and identity of the conjugates were
assessed by analytical HPLC and MALDI mass spec-
trometry.13 These compounds were readily labeled with
111In as previously described14 and a comparison of the
retention times on HPLC of the 111In-labeled derivatives
of I, II, III and DOTATOC is given in Figure 2.

In conclusion, we designed and synthesized new trifunc-
tional derivatives of somatostatin I–III intended for
enhanced cellular and nuclear uptake in sstr-positive tis-
sues and prolonged retention time in tumors. The mixed
solid phase solution approach employed for compound
III did not confirm a significant improvement compared
with the solid phase scheme alone. Both methods can be
used for preparing such compounds in relatively good
yields. Still, we consider the solid phase approach more
convenient for this type of synthesis. To support our
hypothesis regarding the use of these conjugates, inter-
nalization, cellular retention, and nuclear uptake experi-
ments are in progress. Nevertheless, one of the most
important properties of these derivatives should be the
preservation, if not improvement of binding affinity to
sstr2, as for DOTATOC. We have already completed
a series of binding affinity measurements of I–III on
HEK 293 cells transfected with rat and human receptor
sstr2, respectively (data not shown) and the results con-
firm one of our hypotheses: C-terminus modification of
DOTATOC causes a significant loss in binding affinity
for either rat or human sstr2, but the N-terminal
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Figure 2. Comparison of retention times for the 111In-labeled com-

pounds I–III and DOTATOC on a HPLC system, using the gradient

described in Ref. 12.
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functionalization fully preserves the pharmacological
integrity.
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Trifunctional Somatostatin-Based Derivatives
Designed for Targeted Radiotherapy Using
Auger Electron Emitters
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Auger electron–emitting radionuclides have potential for the
therapy of small-size cancers because of their high level of
cytotoxicity, low-energy, high linear energy transfer, and short-
range biologic effectiveness. Biologic effects are critically de-
pendent on the subcellular (and even subnuclear) localization of
these radionuclides. Our goals were the design, synthesis, and
in vitro preclinical assessment of new trifunctional conjugates of
somatostatin that should aim at the nucleus and, therefore,
ensure a longer retention time in the cell, a close approximation
to the DNA, and the success of Auger electron emitters in
targeted radionuclide therapy as well as also improve other
targeted therapy strategies. Methods: Three trifunctional deriv-
atives of [(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid)0,Tyr3]octreotide (DOTA-TOC) bearing the nuclear localiza-
tion signal (NLS) (of simian virus 40 large-T antigen) PKKKRKV
in 3 different positions relative to the somatostatin analog se-
quence were synthesized using solid and solution phase pep-
tide synthesis. These compounds together with DOTA-TOC and
DOTA-NLS derivatives were labeled with 111In and tested for
binding affinity, internalization, externalization, and nuclei local-
ization on AR4-2J cells and on human embryonic cells stably
transfected with sst2A. Results: The two N-terminal derivatives
preserved the sstr2A binding affinity. Their rate of internalization
in all tested sstr-expressing cell lines was always superior for
the trifunctional derivatives in comparison with the parent com-
pound. A 6-fold increase in cellular retention from the total
internalized activity and a 45-fold higher accumulation in the cell
nuclei were found for one of the N-terminally modified com-
pounds compared with [111In]-DOTA-TOC. The C-terminal con-
jugate was inferior in all tests compared with the parent com-
pound. Conclusion: These encouraging results support our
hypothesis that an additional NLS sequence to the DOTA-TOC
could not only provide a better carrier for Auger electron–emit-
ting radionuclides but also ensure a longer radioactivity reten-
tion time in the tumor cell.

Key Words: nuclear localization signal; Auger electron emitter;
nuclear uptake; 111In

J Nucl Med 2005; 46:2097–2103

Given the overexpression of somatostatin receptors in a
variety of neuroendocrine tumors and their metastases (1),
peptide receptor–mediated radiotargeted therapy (PRRT)
using radiolabeled somatostatin derivatives is the method of
choice for their treatment. The gold standard in our clinic is
represented by DOTA-TOC (DOTA � 1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic acid; TOC � Tyr3-oct-
reotide), a radiopeptide that, labeled with 90Y (2), has now
almost a decade of clinical experience in therapy (3). 90Y is
a �-particle emitter with a maximum electron energy of 2.3
MeV and an optimal range in tissue of up to 42 mm, its
cytotoxicity being primarily due to the crossfire effect (4).
However, 90Y seems less suitable for the therapy of small
metastases or disseminated single tumor cells, because very
small tumors will not be able to absorb all electron energy
emitted by 90Y in the tumor cells (5). In very small lesions,
PRRT with Auger electron–emitting radiopharmaceuticals
may be a better choice. Auger electron emitters decaying in
the neighborhood of the DNA produce similar amounts of
reactive chemical radical species as do �-emitters, which
are regarded as the classical form of high linear energy
transfer (LET) radiation (6).

Several encouraging accounts on radiotherapy using in-
ternalizing antibodies conjugated to radionuclides emitting
low-energy electrons have been recently published (7–9).
Accompanied by studies on comparison of the usefulness of
Auger electron emitters versus �-particle emitters in radio-
immunotherapy (6,10,11), these reports demonstrate the
superior cell killing efficacy of Auger electron emitters in
small tumors. Also, [111In-DTPA]octreotide (DTPA � di-
ethylenetriaminepentaacetic acid) has already been used for
radionuclide therapy in patients with somatostatin receptor–
positive tumors (12). An additional advantage of using
low-energy emitters such as 111In is the lack of renal toxic-
ity. It was shown that the kidney is the major critical organ
for PRRT with 90Y-DOTA-TOC (13), whereas the use of
[111In-DTPA]octreotide did not show any renal toxicity
even though calculated kidney doses were higher than 40
Gy (12). Along with the in vitro therapy investigations
performed by Capello et al. (14), these studies show that the
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usefulness of this type of PRRT using low-energy emitters
is clearly dependent on the high accumulation of the radio-
ligand in the tumor cell. Moreover, Tiensuu Janson et al.
(15) have shown that the clinical effectiveness of [111In-
DTPA]octreotide could be explained by the translocation of
111In to the perinuclear and nuclear area of the cell. Conse-
quently, enhancing the tumor uptake and retention of radio-
labeled somatostatin analogs could provide more effective
in situ radiotherapy, optimizing the energy transfer from
Auger electron emitters to tumor DNA (16).

In this respect we reasoned that a new functional unit for
nucleus targeting and prolonged cell retention could be
added to the DOTA-TOC conjugate. For this we have
chosen the classical nuclear localization signal (NLS) of the
simian virus 40 large-T antigen, the heptapeptide H-Pro-
Lys-Lys-Lys-Arg-Lys-Val-OH (17). This sequence serves
as a tag to proteins, indicating their destination to the cell
nucleus and assisting in the transport through the nuclear
membrane. To function properly, the NLS conjugates must
be located in the cytoplasm, but they are not readily incor-
porated into cells (18). We synthesized previously 3 such
derivatives bearing the NLS unit in 3 different positions
relative to the somatostatin analog sequence (19). In this
study we investigated the biologic in vitro outcome of these
NLS-DOTA-TOC derivatives (1), (2), and (3) (Fig. 1) la-
beled with 111In, by means of receptor-binding affinity, rate
of internalization, cellular retention, and cellular nuclear
uptake. This evaluation was done in comparison with the
parent compound, 111In-DOTA-TOC, but also with the
111In-DOTA-Ahx-Pro-Lys-Lys-Lys-Arg-Lys-Val-OH (4)
derivative, which served as a control (Ahx � aminohex-
anoic acid).

MATERIALS AND METHODS

Radiolabeled Peptide Derivatives
DOTA-TOC and the conjugates (1), (2), and (3) were synthe-

sized as previously described (19). Also, DOTA-Ahx-Pro-Lys-
Lys-Lys-Arg-Lys-Val-OH (4) was synthesized as recently re-

ported (19). DOTA was coupled as a tris(t-butyl ester) using the
monoamide approach. 111InCl3 was obtained from Mallinckrodt
Medical. All of the conjugates were labeled with 111InCl3 as
described (20).

Cell Culture
The AR4-2J cell line was maintained by serial passage in

mono-layers in Dulbecco’s modified Eagle medium (DMEM;
Cambrex Bio Science), supplemented with 10% fetal bovine se-
rum, amino acids, vitamins, and penicillin–streptomycin, in a
humidified 5% CO2 atmosphere at 37°C. Human embryonic kid-
ney (HEK) 293 cells stably expressing sstr2A receptors were
transfected as described (21) and were grown in DMEM supple-
mented with 10% fetal bovine serum, penicillin–streptomycin, and
G418 (500 �g/mL) in a humidified 5% CO2 atmosphere at 37°C.

Saturation Binding Assays
HEK cells stably expressing sstr2A were grown as described

previously (21). All culture reagents were supplied by BioConcept.
For each of the tested compounds, saturation binding experiments
on intact cells were performed, using increasing concentrations of
the 111/natIn-DOTA-peptide ranging from 0.1 to 1,000 nmol/L.
111/natIn-DOTA-TOC was run in parallel as a control using the
same increasing concentrations. natIn-DOTA-TOC at 1 �mol/L
was used to quantify the nonspecific binding. Cells were seeded
near confluence into 6-well plates using the growth medium and
incubated overnight. The medium was removed on the next day,
binding buffer (DMEM with 1% fetal bovine serum, pH 7.4) was
added to the wells, and the cells were incubated for 1 h at 37°C.
For each radioligand, triplicates were prepared for every concen-
tration, for both total binding and nonspecific binding. Before
adding the radioligands to the wells, the plates were placed on ice
for 30 min. After adding the radioligands and natIn-DOTA-TOC for
nonspecific binding, the plates were incubated for 2 h at 4°C. After
this interval, the binding buffer was aspirated and the cells were
washed twice with ice-cold phosphate-buffered saline (PBS, pH
7.4); this represented the free fraction. Finally, the cells were
collected with 1N NaOH; this corresponded to the bound fraction.
A control for each radioligand was prepared to check the amount
of conjugate that internalizes at 4°C. The radioactivity in the free
and bound fractions was measured using a �-counter (Cobra II;
Packard Instrument Co.). Specific binding was calculated as the

FIGURE 1. Structures of DOTA-TOC and
of NLS-conjugates (1), (2), (3), and (4).
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difference between the radioactive levels without versus with 1
�mol/L natIn-DOTA-TOC. Dissociation constant (Kd) values were
calculated from Scatchard plots of the obtained data using Origin
5.0. software (Microcal Software, Inc.).

Radioligand Internalization Studies
The apparatus and procedures for the cell internalization exper-

iments are based on previously described methods (20). Briefly,
for all cell experiments, the cells were seeded at a density of
0.8–1.1 million cells per well in 6-well plates and incubated
overnight with internalization buffer to obtain good cell adherence.
When different radiolabeled peptides were compared in cell ex-
periments, the same cell suspension–containing plates were used.
Furthermore, the internalization rate was linearly corrected to 1
million cells per well in all cell experiments. Medium was re-
moved from the 6-well plates and cells were washed once with 2
mL of internalization buffer (DMEM, 1% fetal bovine serum,
amino acids, and vitamins, pH 7.4). Next, 1.5 mL of internalization
buffer were added to each well and incubated at 37°C for about
1 h. Thereafter, approximately 500,000 cpm or 0.02 MBq of
111/natIn-labeled peptides per well (2.5 pmol/well) to a final con-
centration of 1.67 nmol/L were added to the medium and the cells
were incubated at 37°C for the indicated time periods in triplicates.
To determine nonspecific membrane binding and internalization,
cells were incubated with radioligand in the presence of 1 �mol/L
natIn-DOTA-TOC. Cellular uptake was stopped by removing me-
dium from the cells and by washing twice with 1 mL of ice-cold
PBS. Acid wash for 10 min with a pH 2.8 glycine buffer on ice was
also performed twice. This procedure was performed to distinguish
between membrane-bound (acid releasable) and internalized (acid
resistant) radioligand. Finally, the cells were treated with 1N
NaOH. The culture medium, the receptor-bound fraction, and the
internalized fraction were measured radiometrically in a �-counter
(Cobra II).

Cellular Retention Studies
For cellular retention studies, HEK cells sstr2 stably transfected

(1 million) were incubated with 2.5 pmol per well (1.67 nmol/L) of
111/natIn-labeled DOTA-peptide for 120 min; then the medium was
removed and the wells were washed twice with 1 mL of ice-cold
PBS. In each experiment, an acid wash for 5 min on ice with a pH
2.8 glycine buffer was performed twice to remove the receptor-
bound ligand and a PBS wash was performed quickly afterward to
restore the physiologic pH. Cells were then incubated again at
37°C with fresh internalization buffer (DMEM containing 1% fetal
bovine serum, pH 7.4). After different time points, the external
medium was removed for quantification of radioactivity in a
�-counter and replaced with fresh 37°C medium. The cells were
solubilized in 1N NaOH and removed, and the internalized radio-
activity was quantified in a �-counter. The recycled fraction was
expressed as the percentage of the total internalized amount per 1
million cells.

Nuclei Isolation Assay
A nuclei isolation kit (Nuclei EZ Prep Kit; Sigma-Aldrich

Chemie Gmbh) was used to separate and quantify the amount of
radioactivity stored in the nuclei. The preparation was done ac-
cording to the manufacturer’s instructions. HEK cells stably ex-
pressing sstr2 were seeded in Petri dishes at a density of 18–20
million per dish with growth medium and incubated overnight at
37°C. On the next day the medium was removed, the cells were
washed twice with PBS, and internalization medium was added to

the dishes (DMEM, 1% fetal bovine serum, amino acids, and
vitamins, pH 7.4). The cells were incubated at 37°C for 1 h. The
conjugates (3) and DOTA-TOC were radiolabeled with 111In at a
specific activity of 37 GBq/�mol. Fifty picomoles from each
radioconjugate were added to the cells, followed by incubation at
37°C for 4 h (triplicates were used for each compound). After this
interval, the dishes were placed on ice, the media were aspirated,
and the plates were washed 4 times with ice-cold PBS. Subse-
quently, the cells were harvested and lysed according to the Nuclei
EZ Prep Kit manufacturer’s instructions. The purity of the final
nuclei was determined by careful visual microscopic inspection of
the nuclei diluted in trypan blue counting solution (Fluka Chemie
Gmbh), using a hemacytometer. The radioactivity in the nuclei and
the cytoplasmatic fractions collected for each of the 2 compounds
was quantified in the �-counter.

Statistical Methods
The Student t test was used to determine statistical significance.

Differences at the 95% confidence level (P � 0.05) were consid-
ered significant.

RESULTS

Radiolabeled Peptide Derivatives
The structures of the investigated derivatives are shown

in Figure 1. Following the same procedure as for (1), (2),
(3), and DOTA-TOC (19), compound (4) was synthesized
to be used as a negative control for the in vitro studies
described herein. The efficient radiolabeling of these deriv-
atives with 111In was confirmed by high-performance liquid
chromatography equipped with a �-detector (data not
shown).

Binding Affinity Profiles
Table 1 shows the Kd values of the radiopeptides studied

in this work as their 111/natIn-complexed versions in compar-
ison with 111/natIn-DOTA-TOC for the somatostatin receptor
subtype 2. The values were obtained by performing satura-
tion binding experiments on intact cells expressing sstr2A.
Except for 111/natIn-(4), all synthesized derivatives show
specific binding affinity to this receptor. Whereas the two
N-terminally modified DOTA-TOC derivatives, 111/natIn-(2)
and 111/natIn-(3), maintain a good affinity to this receptor
subtype with values comparable to those of 111/natIn-DOTA-
TOC, the C-terminally modified DOTA-TOC derivative (1)
labeled with 111/natIn displays a 100-fold drop in the binding
affinity.

TABLE 1
Binding Affinities (Kd � SD, nmol/L; n � 3) of NLS-

Derivatives and DOTA-TOC Labeled with 111In for sstr2A

Compound Kd (sstr2A)

111In-DOTA-TOC 2.48 � 0.51
111In-(1) 280 � 140
111In-(2) 15.6 � 1.2
111In-(3) 7.4 � 1.3
111In-(4) �10,000
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In Vitro Internalization Studies
Figure 2 displays the rates of internalization of all 5

111In-labeled compounds in 2 cell lines: AR4-2J rat pancre-
atic tumor cell line (Fig. 2A) and HEK cells stably express-
ing sstr2A (Fig. 2B). In both cases, the highest rate of
internalization at 4 h corresponds to 111In-(3) (22.2% in
AR4-2J and 39.9% in HEK-sstr2). The control performed
with 111In-(4) shows no uptake in any of the cell lines used.
At 4 h, 111In-(2) and 111In-(3) have a 3-fold and a 3.6-fold,
respectively, higher uptake in AR4-2J compared with 111In-
DOTA-TOC. Correlating with the affinity profile, 111In-(1)
reveals a significant decrease in the internalization rate in
AR4-2J, compared with the parent compound (2.2% vs.
6.0%). The same order of uptake at 4 h is maintained in
HEK cells expressing sstr2, but with higher absolute values
for all of the somatostatin-based derivatives investigated. In
this cell line, the 30-min and 1-h uptake of 111In-(3) is lower
than that for 111In-(2), but after a 2-h incubation both com-
pounds have similar cellular uptakes. At 4 h, 111In-(3) has a
significantly higher accumulation than that for 111In-(2)
(P � 0.001). Blocking studies were performed at all time
points in both cell lines with 1 �mol/L natIn-DOTA-TOC,
demonstrating that internalization was receptor mediated.

In the same internalization experiment we collected the
membrane surface-bound radioligand performing twice acid
washes with pH 2.8 glycine buffer before the treatment with
1N NaOH for each compound. The results are shown in

Figure 3. No surface-bound radioligand was found for 111In-
(4) in both cell lines. Very low amounts of cell-surface–
associated activity were also recovered for 111In-DOTA-
TOC. In contrast, all 3 NLS-derivatives of DOTA-TOC
exhibit relatively high amounts of surface-bound radioac-
tivity in both cell lines, in the order 111In-(3) � 111In-(2) �
111In-(1). The pattern of the percentage of surface-bound
radioligand of the total amount (2.5 pmol/well) is the same
for all compounds, including 111In-DOTA-TOC: a rapid
increase within 30 min and a descent from 1 to 4 h.

Cellular Retention of 111In-(3) and 111In-DOTA-TOC in
HEK Cells Expressing sstr2A

Cellular retentions of 111In-(3) and 111In-DOTA-TOC
were analyzed and compared in HEK cells expressing
sstr2A. In these experiments, the radiopeptides were al-
lowed to internalize for 120 min; cells were then washed
twice with PBS before removing the receptor-bound ligand
with glycine buffer, pH 2.8. Warm medium (37°C) was then
added and removed after 15, 30, 60, 120, and 240 min and
measured for radioactivity. Figure 4A illustrates the cellular
radioactivity retention of these compounds over time, ex-
pressed as the percentage left in the cell from the total
amount internalized. As 111In-(3) seems to reach a plateau
after 4 h, 111In-DOTA-TOC continues to externalize. Al-
most 80% from the 2-h internalized 111In-(3) is still in the
cells after 4 h, whereas only 50% of the 111In-DOTA-TOC

FIGURE 2. Comparison of internalization
rates of 111In-labeled conjugates (1), (2), (3),
and (4) and DOTA-TOC in AR4-2J cells (A)
and in sstr2A-HEK cells (B). Values repre-
sent specific internalization (% initial activ-
ity to 1 million cells at 1.67 nmol/L concen-
tration) and are results of 3 independent
experiments with triplicates in each exper-
iment. *P � 0.001.

FIGURE 3. Comparison of surface-
bound amounts of 111In-labeled conjugates
(1), (2), (3), and (4) and DOTA-TOC in
AR4-2J cells (A) and in sstr2A-HEK cells
(B). Values represent specific binding (%
initial activity to 1 million cells at 1.67
nmol/L concentration) and are results of 3
independent experiments with triplicates in
each experiment.
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2-h uptake is still maintained at this interval. This difference
becomes more prominent if the retention in the cell is
expressed as the percentage from the total amount of radio-
peptide added to the wells (2.5 pmol/well/million cells), as
shown in Figure 4B. Thus, after 2 h of internalization,
followed by 4 h of externalization, 35% of the NLS-deriv-
ative is still retained in the cells (equivalent with 0.88
pmol/well/million cells), whereas only 8.2% of the 111In-
DOTA-TOC added remained intracellular (equivalent with
0.2 pmol/well/million cells).

Uptake of 111In-(3) and 111In-DOTA-TOC in Nuclei of
HEK Cells Expressing sstr2A

The isolation of HEK-sstr2 nuclei using the Nuclei EZ
Prep Kit yielded high- purity nuclei, as revealed by the
trypan blue staining test. This experiment was done to
determine and compare the amount of radioactivity stored in
nuclei after 1-, 4-, and 24-h continuous incubation of 111In-
(3) and 111In-DOTA-TOC at 37°C with HEK cells express-
ing sstr2A. The results are shown in Figure 5 and Table 2.
Thus, independently of the unit of measure used to express

this outcome, there is a massive difference between the
nuclear uptakes of the 2 radioligands especially at 1 and 4 h.
If the total internalized radioactivity is taken as reference,
then 111In-(3) has a 15-times higher nuclear accumulation at
1 h compared with that of the parent compound and the
difference becomes even larger at 4 h with an 82-fold
increase in the percentage in the nuclei in favor of 111In-(3)
(Fig. 5). Reported as the percentage of the added radioli-
gand or the amount of radiopeptide added (Table 2), the gap
between the nuclear uptake of the 2 conjugates goes from
20-fold at 1 h to 45-fold at 4 h and a 16-fold difference at
24 h, always in favor of 111In-(3).

DISCUSSION

The design of effective Auger electron– or low-energy
electron–emitting targeting agents for in vivo targeting and
treatment of cancers becomes of increasing interest. Ne-
glected initially for therapeutic purposes because of their
low-energy and consequent short range, Auger electron
cascades are now being seriously considered. The majority
of low-energy Auger electrons emitted during radioactive
decay deposit their energy over subcellular dimensions,
producing highly localized energy density in the immediate
vicinity of the decay site (22). In vivo and in vitro studies
demonstrate that the toxicity of Auger electron emitters
approximates that for low-LET radiation when the emitter is
localized on the membrane or in the cytoplasm and that for
high-LET �-particles when localized in the nucleus or in its
proximity (23). Recently, the hypothesis that the radiotox-
icity of Auger electrons is caused only by direct ionization
of the DNA has been proven inaccurate. Apparently 90% of
Auger electrons’ toxicity is due primarily to indirect mech-
anisms (24,25). Lacking the crossfire effect, for a long time
it was assumed that the toxicity and therapeutic potential of
low-energy electron emitters requires the radiotargeting of
each and every tumor cell. This concept has been recently
established as inexact, as the decay of such isotopes leads to
a so-called “bystander effect,” proven by the in vivo use of
125I-deoxyuridine (26). This is translated into an in vivo
inhibition or retardation of tumor growth in nonradiotar-
geted cells by signals produced in Auger electron–labeled
cells. Nevertheless, a long enough time of retention in the

FIGURE 5. Percentage of nuclear uptake of radioactivity in
sstr2A-HEK cells incubated with 111In-(3) and 111In-DOTA-TOC
for 1, 4, and 24 h. Values represent percentage from total
amount internalized.

FIGURE 4. Comparison of cellular reten-
tion over time between 111In-(3) and 111In-
DOTA-TOC in sstr2A-HEK cells at 37°C
after 2 h of internalization. Values are ex-
pressed as percentage retained in cell from
total amount internalized (A) and from total
amount of added radioligand (B).
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targeted cells and intranuclear location of the radioligand
would increase the potential success of this type of ther-
apy (27).

On the basis of previous work reporting targeted radio-
therapy using 111In-labeled somatostatin derivatives (12,28)
and persuaded by the interesting findings on the therapeutic
effects of internalizing antibodies labeled with Auger elec-
tron–emitting radionuclides (6), we envisaged the design of
new trifunctional conjugates of a truncated analog of soma-
tostatin bearing a function for receptor binding and inter-
nalization (TOC): one for the nucleus transfer (NLS;
PKKKRKV) and one for the cytotoxic or reporter effect
(111In-DOTA) (19). Combining these two targeting strate-
gies, we aimed to achieve a higher accumulation of radio-
activity in the cell nuclei and a prolonged retention time of
the radioligand in the tumor cells, both conditions being
necessary for effective Auger electron DNA cytotoxicity
transfer. As the pharmacologic profile of DOTA-TOC–like
conjugates is greatly influenced by any structural alter-
ations, we incorporated the NLS in 3 different positions
relative to the somatostatin analog sequence, respectively.
The first experiment done to test the best assembly of the
trifunctional derivatives (1), (2), and (3) was the binding
affinity profile to somatostatin sst2 receptors. Because natIn-
DOTA-TOC has suitable affinity only for the sstr2 subtype
(20), we used HEK cells transfected with sstr2A. Confirm-
ing one of our hypotheses, the C-terminal modification of
DOTA-TOC (compound 3) showed a significant loss in
binding affinity for this receptor, whereas the N-terminal
functionalizations (compounds 2 and 3) preserved the phar-
macologic integrity. This result was also confirmed in the
internalization studies, with 111In-(1) displaying signifi-
cantly lower internalization rates in both AR4-2J and HEK-
sstr2A cell lines in comparison with 111In-DOTA-TOC. On
the other hand, the 111In-labeled derivatives (2) and (3)
revealed increased specific accumulation in both cell lines.
Nevertheless, 111In-(3) proved to be the best design, not only
because of the binding affinity but also because it shows the
highest internalization rates (at 4 h, 2-fold internalization
rate when compared with the parent compound in both cell
lines studied). Confirming the premise that the NLS has to
be located in the cytoplasm to drive the cargo to the nucleus
(18), 111In-(4) has no uptake and no binding in both the rat
(AR4-2J) and the human (HEK-sstr2A) cell lines.

In addition to the high specific cellular uptake, 111In-(3)
reveals also a low externalization rate in HEK-sstr2A cells.
Although this derivative seems to reach a plateau after 4 h

of externalization, with �70% of the 2-h internalized ra-
diopeptide retained intracellularly, the 111In-DOTA-TOC
retained in the cell is only 40% and continues to decrease
gradually. The gap between the 2 externalization rates be-
comes even clearer when the cellular retention is expressed
as a percentage of the added radioligand.

The most explicit confirmation of the hypothesis on
which the design of these NLS-somatostatin derivatives was
based comes from the nuclei isolation experiment. The fast
nuclear targeting is supported by the 11.2% uptake of 111In-
(3) in the nuclei in comparison with only 0.7% for 111In-
DOTA-TOC at just 1 h after incubation at 37°C. Both
compounds show a gradual decrease in the cellular nuclear
accumulation from 1 to 24 h, with the ratio of this uptake
between the 2 conjugates reaching a maximum at 4 h (82
times higher nuclear uptake for 111In-(3)).

The higher internalization rate, the prolonged cellular
retention and the significantly higher nuclear uptake of
111In-(3) in comparison with the parent compound are
proofs that the principle of 2-step targeting may work in
practice. It was previously shown that some radiolabeled
somatostatin analogs translocate to the nucleus after inter-
nalization (29,30), usually after longer incubation times.
Our results support this theory, but they also show that the
addition of a NLS moiety dramatically increases the rate of
nuclear targeting, enhancing the efficacy of a potential Au-
ger electron-emitter cytotoxic effect. Although both the
complete mechanisms of endocytosis of somatostatin ana-
logs (31) and of translocation through the nuclear pores of
NLS-cargo conjugates (32) still remain to be clarified, at
this point we can only assume that a part of the internalized
radioligand escapes the lysosomal degradation (33). The use
of strongly fluorescing lanthanides such as Eu3	 or Tb3	

used as surrogates of In3	 may represent the best proof of
nuclear localization of such conjugates (34). Nevertheless, it
is not crucial that the radiolabeled conjugate remains intact
after endocytosis, being sufficient if only the 111In-DOTA-
NLS portion of 111In-(3) arrives in nuclear proximity. A
longer retention in the nuclear compartment may necessitate
an additional functional group intercalating into the DNA.

CONCLUSION

The research dealing with the molecular design of new
targeting agents is rapidly expanding in the field of nuclear
medicine. We have designed and characterized in vitro new
NLS-conjugated DOTA-somatostatin–based derivatives.

TABLE 2
Comparison of Cell Nuclear Uptake Between 111In-(3) and 111In-DOTA-TOC in HEK Cells Stably Expressing sstr2A

Expression of
nuclear uptake

111In-(3) 111In-DOTA-TOC

1 h 4 h 24 h 1 h 4 h 24 h

% added radiopeptide 3.6 � 0.2 2.8 � 0.1 0.9 � 0.1 0.18 � 0.05 0.06 � 0.01 0.02 � 0.01
pmol 1.8 � 0.3 1.36 � 0.1 0.4 � 0.1 0.09 � 0.04 0.03 � 0.01 0.025 � 0.005
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The peptides were compared with our clinical gold standard
[111In-DOTA-Tyr3]octreotide. These first series of in vitro
data demonstrate that the concept of 2-step targeting can
work in practice if the conjugates have a suitable design.
Future experiments will show the extent to which this
approach may improve the cytotoxic effect of such conju-
gates. This type of strategy could be of real interest partic-
ularly for the treatment of disseminated tumor cells, using
Auger electron–emitting radionuclides. Or it can be used as
a neoadjuvant therapy in combination with �-emitting tar-
geted radiotherapy in neoplasia having both large tumors
and small malignancies.

Moreover, this model can be extended also to other
ligands of G-protein–coupled receptors or to other cytotoxic
moieties, thus further improving the targeting strategies.
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