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Chapter 1 

RADIONUCLIDE THERAPY 
 
The use of radionuclides for therapeutic applications began more than 50 years ago. The 
agents available for therapy have long been limited to iodine-131 (131I) for differentiated 
thyroid cancer and phosphorus-32 (32P) for the treatment of painful bone metastases 1. In the 
past decades, however, the interest on the use of radiolabeled peptides for diagnosis and 
therapy, especially in the areas of oncology, endocrinology and rheumatology, grew 
enormously. This heightened interest can be ascribed partly to an increasing number of 
radionuclides for therapy, in conjunction with simplified methods of purification, 
characterization and optimization have resulted in a growing number of possible tumor 
seeking agents 2.  
 
Radionuclides 
Peptides are used for diagnosis and/or therapy by the coupling of radionuclides. The choice of 
the radionuclide depends on the application of the radiolabel: tumor detection, treatment, or 
treatment planning. Important characteristics of the radionuclide that have to be taken in 
account are half-life, particle type and the intensity, and energy emitted by the radionuclide 3. 
Besides that, also the chemical properties play a role, e.g. the mode of labeling needed and its 
fate after conjugation in vivo. Some radionuclides are rapidly released from the cell after 
internalization and catabolism, while others are known to be retained intracellularly and are 
thus called residualizing radionuclides 4. Other practical considerations for selecting a 
radionuclide are availability in high radionuclide purity as well as high specific activity and 
production logistics. Radionuclides with potential for therapy fall into three main categories 
by their mode of decay; (I) alpha (α-), (II) beta (β-) emitting radionuclides, and (III) electron 
capture and internal conversion decaying radionuclides. 
 
α-Emitting radionuclides. Alpha-particles are high-energy helium nuclei (4He) with high 
(about 100 keV/µm) linear energy transfer (LET) 3. Alpha-particles deposit their energy in a 
very short range, the typical path-length of α-particles is in the order of 60 µm, reducing the 
non-specific irradiation to normal tissue around the target cell. Furthermore, cells have limited 
ability to repair the damage to DNA from α-particle irradiation, which makes α-particles 
extremely cytotoxic. To date only a few α-emitting radionuclides have been considered for 
radionuclide therapy. Astatine-211 (211At), bismuth-212 (212Bi), bismuth-213 (213Bi) and more 
recent actinium-225 (225Ac) are radionuclides which have been indicated to be suitable 5-7. 
Most α-emitters have a very short half-life which makes them less suitable for therapy. 
Nevertheless 213Bi-labeled MAb have been used in clinical trials with leukaemia 8 and 
prostate cancer 9. 
 

 10



General introduction  

β-Emitting radionuclides. For radionuclide therapy β-emitters have been most extensively 
studied (Table 1). β-Particles are negatively charged electrons emitted from the nucleus with a 
continuous spectrum. The average energy of a β-particle is about one-third of its maximum 
energy 3. β-Emitters can be subdivided into 3 categories: low, medium and high energy 
according to β-particle energy and hence range 1, 3. The range of β-particles is, generally, 
much greater than α-particles, which permits crossfire in a heterogeneous distribution of the 
radionuclide. Dependent on its energy and corresponding particle range, each β-emitting 
radionuclide is associated with a certain optimal tumor size for curability 10.   

131I is the most studied radionuclide for clinical use. Iodine-131 is readily availably, 
inexpensive, emits a medium-energy β-particle and can be directly linked to carbon atoms in 
molecules by a single covalent bond 11. A major disadvantage of 131I is its high γ-emission, 
which implies that extensive safety measures are needed to limit the radiation dose to medical 
personnel and relatives. 

New developments in radionuclide production and labeling techniques have facilitated 
the use of other therapeutic radionuclides as well. This is particularly true for 90Y. Its high β-
energy and particle range of up to 12 mm makes 90Y more suitable for irradiation of larger 
tumors (centimeter size 10). Since it is a residualizing label, i.e. it has a long residence time in 
the tumor after internalization, 90Y can deliver a relatively large radiation dose to the tumor 12. 
The absence of γ-emission minimizes external radiation exposure, however it also makes 
imaging of the in vivo distribution of the 90Y-labeled radiopharmaceutical virtually 
impossible.  

Other β-particle-emitting radionuclides for therapy include 177Lu and 67Cu. 177Lu is 
similar to 90Y in stable binding to the chelator DOTA, but has a longer half-life and a 
considerable shorter maximum particle range of 1.5 mm, making it more suitable for 
treatment of smaller tumors. Rhenium isotopes (186Re and 188Re) have also been used for 
radionuclide therapy and have sufficient γ-energies for external scintigraphy, similar to 131I 12.  

A non-homogeneous distribution of radioactivity in the tumors is a recognized 
problem, especially for monoclonal antibodies, and its effect on dosimetry has been 
investigated 13, 14. Howell et al. 13 concluded that high-energy β-emitters (e.g., 90Y, 188Re) are 
most effective in treating large tumors (diameter, d greater than approximately 1 cm), whereas 
for small tumors (millimeter size), medium energy beta emitters (e.g. 67Cu, 186Re, 177Lu, 131I) 
are better suited. Humm 14 has investigated the effect of various sizes of “cold regions” within 
a tumor and concludes that as the size of the cold region increases, higher β-energy emitters 
are advantageous in providing a more uniform dose throughout the tumor 11. The approach for 
effective radionuclide therapy is to relate the choice of the radionuclide to the physical 
properties of the tumor 14. 
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TABLE 1. Main characteristics of β-emitting radionuclides for radionuclide therapy. 

Radionuclide Half-life Main β-energies Main γ-energies Maximum particle 
 (h) (keV)a (%) (keV) (%) range (mm) 
Iodine-131 192 333 7 364 82 2.0 
  606 89    
Yttrium-90 64 2284 100   12.0 
Rhenium-186 89 939 21 137 10 5.0 
  1077 71    
Rhenium-188 17 1965 25 155 15 11.0 
  2120 71    
Copper-67 62 390 57 93 16 1.8 
  482 22 185 49  
  575 20    
Lutetium-177 161 176 12 113 7 1.5 
  384 9 208 11  
  497 79    
aMaximum β-energy     
 
Electron capture and internal conversion decaying radionuclides. In both electron capture 
and internal conversion, an inner shell electron vacancy is created within the atom which is 
filled from an outer shell with the release of Auger electrons or low energy X-rays 1. Due to 
the very short path length of Auger electrons (≤ cell diameter) the therapeutic application is 
limited to situations where the radiopharmaceutical localizes in, or very close, to the cell 
nucleus. Auger electron are capable of delivering a large radiation dose to the small volume 
surrounding the radionuclide decay site 15. Incorporation of Auger electron within the nucleus 
of the cell produces high radiotoxicity 16. This is the result of the deposition of these electrons 
with a shower of energies ranging from only a few to several hundred electron volts into an 
extremely small volume within the nuclear DNA 11. 
 
Radiolabeling 
Initially radiolabeling methods were focused on direct labeling because of its simplicity, 
which was relatively successful for the iodine radioisotopes 123I, 125I, and 131I. But for stable 
coupling to the radionuclides 111In, 90Y, and 177Lu indirect labeling methods with bi-functional 
chelators are mandatory. Bi-functional chelators are compounds that are able to form a stable 
complex with the radionuclide while containing a reactive group that can be used for coupling 
to the peptide or monoclonal antibody. 

One of the first chelators used successfully for the coupling of 111In was 
diethylenetriamenepentaacetic acid (DTPA). Examples of 111In-labeled pharmaceuticals are 
the commercially available imaging agents OncoScint® (monoclonal antibody) and 
OctreoScan® (peptide). More recently, the macrocyclic chelator 1,4,7,10-tetraaza-
cyclododecane-N,N’,N’’,N’’’-tetraacetic acid (DOTA) was developed, which can form stable 
complexes with 90Y and 177Lu. 
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SOMATOSTATIN RECEPTOR TARGETED RADIONUCLIDE THERAPY 
 
Somatostatin is a cyclopeptide that has a broad inhibitory effect on the secretion of hormones 
such as growth hormone, glucagon and insulin. The finding that somatostatin inhibits 
hormone secretion of various glands led to the application of somatostatin in the treatment of 
diseases based on for instance overproduction of hormones by tumors. The native peptide 
somatostatin itself is unsuitable for routine treatment, as after intravenous administration it 
has a very short half-life due to rapid enzymatic degradation. Therefore, somatostatin analogs 
that are more resistant to enzymatic degradation were synthesized; the molecule was modified 
in various ways with preservation of the biological activity of the original molecule. 
Introduction of D-amino acids, an amino-alcohol Thr-ol at the C-terminus and shortening of 
the molecule resulted e.g. in the 8 amino acids-containing somatostatin analog octreotide, 
having a long and therapeutically useful plasma half-life. The diagnostic radiolabeled peptide 
111In-DTPA-octreotide (OctreoScan®, 111In-pentetreotide) was approved by the FDA on June 
2, 1994 for scintigraphy of patients with neuroendocrine tumors. Nowadays somatostatin 
analogs are widely used in the treatment of symptoms due to neuroendocrine-active tumors, 
such as growth hormone-producing pituitary adenomas and gastroenteropancreatic tumors 17-

20. Recently, improvement of quality of life has been demonstrated with long acting depot 
formulations. 

Somatostatin effects are mediated by high-affinity G-protein coupled membrane 
receptors, integral membrane glycoproteins. Five different human somatostatin receptor 
subtypes have been cloned 21-23. Somatostatin binds to all subtypes with high affinity, while 
the affinity of the different somatostatin analogs for these subtypes differ considerably. 
Octreotide e.g. binds with high affinity to the somatostatin receptor subtype 2 (sst2), and with 
lower affinities to sst5 and sst3. It shows no binding to sst1 and sst4 

22
  (Table 2).  

 
TABLE 2.  Affinity profiles (IC50, nM) for human sst2, sst3 and sst5 (based on 24 and 25). 

Peptide sst2 sst3 sst5 

SS-28 2.7 7.7 4.0 

In-DTPA-octreotide 22 182 237 

Y-DOTA-Tyr3-octreotide (DOTATOC)  11 389 114 

Y-DOTA-lanreotide (DOTALAN) 23 290 16 

Y-DOTA-Tyr3-octreotate (DOTATATE)  1.6 >1,000 187 

Y-DOTA- 1-Nal3-octreotide  3.3 26 10 
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Octreotide 
The molecular basis of the use of radiolabeled octreotide in scintigraphy and radionuclide 
therapy is receptor-mediated internalization and cellular retention of the radionuclide. 
Internalization of radiolabeled DTPA-octreotide in somatostatin receptor-positive tumors and 
tumor cell lines has been investigated 26-28, it appeared that this process is receptor-specific and 
temperature dependent. Receptor-mediated internalization of 111In-DTPA-octreotide results in 
degradation to the final radiolabeled metabolite 111In-DTPA-D-Phe in the lysosomes 29. This 
metabolite is not capable of passing the lysosomal and/or other cell membrane(s), and will 
therefore stay in the lysosomes, causing the long retention time of 111In in sst2-positive (tumor) 
cells. 
 Internalization of 111In-DTPA-octreotide is especially important for radionuclide 
therapy of tumors when radionuclides emitting therapeutical particles with very short path 
lengths are used, like those emitting Auger electrons (e.g. 111In). These electrons are only 
effective in a short distance of only a few nm up to µm from their target, the nuclear DNA.  
Recently, Hornick et al. 30 and Wang et al. 31  described in vitro cellular internalization, nuclear 
translocation, and DNA binding of radiolabeled somatostatin analogs, which significantly 
increased after prolonged exposure. 

However, the response of the tumor cells to peptide receptor radionuclide therapy 
(PRRT) is dependent on the cell’s radiosensitivity. Therefore, we measured the 
radiosensitivity of the CA20948 tumor cells by using clonogenic survival assays after high-
dose-rate external-beam radiotherapy (XRT) in vitro. It can be expected that results of high-
dose-rate XRT are not representative for those after low-dose-rate radionuclide therapy (RT), 
such as PRRT. Therefore, we compared clonogenic survival in vitro in CA20948 tumor cells 
after increasing doses of XRT or RT, the latter using 131I (Chapter 2). 

Since 111In emits both Auger and internal conversion electrons the question arose 
which electrons were responsible for the antiproliferative effects of 111In-DTPA-octreotide. 
Therefore, in a clonogenic assay in vitro the therapeutic potential of 111In-DTPA-octreotide 
was investigated in the CA20948 rat pancreatic cell line 32 (Chapter 3.1). In this in vitro 
system 111In-DTPA-octreotide could completely control tumor growth, the effects were 
dependent on incubation time, radiation dose and specific activity used. Similar 
concentrations of 111In-DTPA, which unlike 111In-DTPA-octreotide is not internalized into 
sst2-positive tumor cells, did not influence tumor survival.  

In our preclinical radionuclide therapy studies in vivo, we used the rat pancreatic 
CA20948 tumor as a model for receptor-targeted scintigraphy and therapy using radiolabeled 
somatostatin analogs. This tumor is transplantable in Lewis rats, not only subcutaneously in the 
flank, but also metastasized to the liver. The latter is achieved by inoculation of tumor cells in 
the portal vein of the liver. The CA20948 tumor has been shown to be somatostatin receptor-
positive, being an excellent model to study receptor-targeted scintigraphy and therapy in rats 
using radiolabeled somatostatin analogs 33. 
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We investigated the therapeutic effects of the 111In-labeled somatostatin analog octreotide 
in various tumor sizes in a CA20948 flank tumor model (Chapter 3.2). After therapy with 
multiple doses of 111In-labeled octreotide we found various responses. Complete responses 
were only found in the smaller tumors. As 111In emits Auger electrons with mean particle 
ranges of up to one cell diameter, radiation emitted from a receptor-positive tumor cell will 
not kill neighboring receptor-negative cells. Therefore the receptor density/expression of 
somatostatin receptor on the tumors before and after radionuclide therapy was investigated. After 
a single dose treatment of 185 MBq 111In-DOTA-Tyr3-octreotate a clear sst2 receptor 
expression in the control as well as the treated tumor was found.  
 We also performed radionuclide therapy using 111In-DTPA-octreotide in the CA20948 
liver metastases model 34. Therapy with administrations of 370 MBq (coupled to 0.5 µg 
octreotide) 111In-DTPA-octreotide after intraportal CA20948 tumor cell inoculation induced a 
significant decrease in the number of hepatic metastases at day 21. Co-injection with 1 mg 
unlabeled octreotide resulted in inhibition of the tumor response to radionuclide therapy, 
pointing to a receptor-dependent therapeutic effect. Also dose dependent effects of therapy by 
injection of 370, 37 or 3.7 MBq 111In-DTPA-octreotide one day after tumor inoculation were 
investigated 34. The 370 MBq dosage had significantly more therapeutic effects and inhibited 
the increase of liver weight due to tumor growth more than the 37 or 3.7 MBq doses. These 
findings hold promise for application of therapy with 111In-labeled peptides in an adjuvant, 
micrometastatic setting, e.g. after surgery to eradicate occult metastases. 
 So, 111In-labeled peptides are therefore suitable for both scintigraphy and radionuclide 
therapy, all the more so as the decay of Auger electron emitter has recently been shown to 
lead to a “bystander effect”, an in vivo, dose-independent inhibition or retardation of tumor 
growth in non-radiotargeted cells by a signal produced in Auger electron-labeled cells 35. 

In clinical studies an anti-tumor response of high doses of 111In-DTPA-octreotide was 
found, however, the radiopeptide was not very effective in end-stage patients and in patients 
with large tumors 36-41.  Consequently, various research groups aimed to develop somatostatin 
analogs that can be linked via a chelator to a radionuclide, which emits β-particles with longer 
particle ranges, such as 90Y and 177Lu. In addition, new somatostatin analogs were synthesized 
to improve receptor affinity. 
 
Octreotide analogs  
Various chelator-peptide constructs have been synthesized and evaluated concerning their 
receptor affinity, internalization capacities, and biodistribution in vivo 42 (Table 2). The 
analogs tested included DTPA-Tyr3-octreotide and DTPA-Tyr3-octreotate (in octreotate the 
C-terminal threoninol has been replaced with the native amino acid threonine) in comparison 
to DTPA-octreotide. Phe3-residues were replaced with Tyr to increase the hydrophylicity of 
the peptides. Octreotate was synthesized to investigate the effects of an additional negative 
charge on clearance and cellular uptake. We concluded that radiolabeled DTPA-Tyr3-
octreotate and second best DTPA-Tyr3-octreotide, and also their DOTA-coupled counterparts, 
were most promising for scintigraphy and therapy of octreotide receptor-positive tumors in 
humans 42.  
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DOTA is a universal chelator capable of formation of stable complexes with metals 
like 111In, 67Ga, 68Ga, 86Y and 64Cu for imaging as well as with 90Y (high energy β-particle 
emitter) and with radiolanthanides like e.g. 177Lu (low energy β-particle and gamma emitter) 
for receptor-mediated radionuclide therapy. Reubi et al. 24 evaluated the in vitro binding 
characteristics of labeled (indium, yttrium, gallium) and unlabeled DOTA-Tyr3-octreotide, 
DOTA-octreotide, DOTA-lanreotide, DOTA-vapreotide (RC-160), DTPA-Tyr3-octreotate 
and DOTA-Tyr3-octreotate using cell lines transfected with the human somatostatin receptor 
subtypes sst1, sst2, sst3, sst4 and sst5 (Table 2). They found that small structural modifications, 
chelator substitution or metal replacement considerably affected the receptor binding affinity. 
A marked improvement of sst2 affinity was e.g. found for Ga-DOTA-Tyr3-octreotide (IC50 2.5 
nM) compared with the Y-labeled compound and In-DTPA-octreotide. An excellent binding 
affinity for sst2 in the same range was also found for In-DTPA-Tyr3-octreotate (IC50 1.3 nM) 
and for Y-DOTA-Tyr3-octreotate (IC50 1.6 nM). Of 111In-, 88Y- and 177Lu-labeled DOTA-
Tyr3-octreotate, biodistribution and tumor uptake were compared in CA20948 tumor-bearing 
rats 43. In vivo, for all 3 radiolabeled analogs a rapid clearance from the blood and very high, 
specific uptake in sst2-positive organs and tumor were found. For tumor and sst2-positive 
organs it was found that uptake of 111In- ≈ 88Y-  < 177Lu-DOTA-Tyr3-octreotate, making the 
latter analog most promising for radionuclide therapy. Schmitt et al. 44 investigated 177Lu-
DOTA-Tyr3-octreotate in nude mice with human small cell lung cancer and concluded that 
the tumor had a higher activity concentration compared to all measured normal tissues at all 
time points tested, pointing to the therapeutic potential of 177Lu-DOTA-Tyr3-octreotate for 
small cell lung cancer. 

To provide insight in the tumoricidal effects of Tyr3-octreotide and Tyr3-octreotate 
labeled with either 177Lu or 90Y a therapeutic comparison was performed in vitro, in a colony-
forming assay using the rat pancreatic tumor cell line CA20948 45 (Chapter 4). Both Tyr3-
octreotide and Tyr3-octreotate labeled with either 177Lu or 90Y, were able to control tumor 
growth in a dose dependent manner. In all concentrations used radiolabeled Tyr3-octreotate 
had a higher tumor kill capacity compared to radiolabeled Tyr3-octreotide, labeled with 177Lu 
(Figure 1) or 90Y. 

A comparison between radiolabeled octreotide and octreotate analogs was also 
performed in rats using 64Cu-labeled analogs, reaching the same conclusion, that because of 
its high tumor uptake in comparison to that of the other analogs tested, Tyr3-octreotate was 
selected for future PET imaging and targeted radiotherapy studies. New stable analogs of 
somatostatin with high affinity for different somatostatin receptors are currently being 
developed. An interesting example is DOTA-1-Nal3-octreotide, which has high affinity for 
sst2, sst3 and sst5 

25, 46. This compound may allow PRRT of tumors, which do not bind 
octreotide and octreotate with high affinity, i.e. sst3- and sst5-positive tumors.  
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FIGURE 1. Inhibitory effect of 177Lu coupled to either octreotide or octreotate on the tumor cell 
survival of the CA20948 cell line. Cells were incubated for 1 hour at 37°C with increasing amounts of 
177Lu-octreotate or 177Lu-octreotide. Data are expressed as mean ± SEM. 
 

A problem during radionuclide therapy may be caused by the high uptake of 
radioactivity in the kidneys; small peptides in the blood plasma are filtered through the 
glomerular capillaries in the kidneys and subsequently reabsorbed by and retained in the 
proximal tubular cells, thereby reducing the scintigraphic sensitivity for detection of small 
tumors in the perirenal region and the possibilities for radionuclide-therapy. The renal uptake 
of radiolabeled octreotide in rats could be reduced by positively charged amino acids, e.g. 
with about 50 % by single intravenous administration of 400 mg/kg L- or D-lysine 47, 48. 
Therefore, during PRRT an infusion containing the positively charged amino acids L-lysine 
and L-arginine (in patients e.g. 25 g lysine and 25 g arginine infused in 4 h) can be given 
during and after the infusion of the radiopharmaceutical, in order to reduce the kidney  
uptake 49, 50.  
 After 111In, the next radionuclide investigated was 90Y, emitting β-particles with a 
high maximum energy (2.27 MeV) and a long maximum particle range (>10 mm). The first 
somatostatin analog radiolabeled with 90Y and applied for PRRT in animals and patients was 
90Y-DOTA-Tyr3-octreotide, in which, in comparison with octreotide, the phenylalanine 
residue at position 3 has been replaced with tyrosine; this makes the compound more 
hydrophilic and increases the affinity for sst2, leading to higher uptake in sst2-positive tumors 
both in preclinical studies and in patients 27, 34.  
 We compared the radiotherapeutic effect of different doses 90Y-DOTA-Tyr3-
octreotide in rats bearing pancreatic CA20948 tumors of different size in the flank 43. After 
the highest dose, i.e. 370 MBq 90Y-DOTA-Tyr3-octreotide, 50% complete response was 
reached for the small tumors (< 1 cm2), whereas only growth delay was found in the very 
large tumors (> 12 cm2). Medium sized tumors (about 8 cm2), however, showed 100% cure 
after this same dose of 90Y-DOTA-Tyr3-octreotide. So, in this study a difference is found in the 
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radiotherapeutic effects in CA20948 tumors of different size. In larger tumors more clonogenic, 
presumably hypoxic, cells will be present, thereby limiting radiocurability. The small tumors 
on the other hand, will not absorb all energy emitted by 90Y, thereby decreasing tumor 
curability.  

Significant tumor growth delay was also found in rats bearing small CA20948 tumors 
after radionuclide therapy with up to 3 x 740 MBq 64Cu-TETA,Tyr3-octreotide or 64Cu-TETA-
Tyr3-octreotate 34, 51, the first compound given either fractionated or as a single dose. Dose 
fractionation in 2 doses induced significantly increased tumor-growth inhibition compared with 
rats given a single dose. However, in this study the single 555 MBq dose was bound to twice the 
amount of peptide compared to the two 278 MBq doses. So, partial saturation of the receptors 
using the single high dose and therefore relatively lower uptake of radioactivity in the tumor may 
have contributed to these findings.  
 Tumor growth inhibition in the same model was also found after treatment of CA20948 
tumor-bearing rats with 90Y-DTPA-benzyl-acetamido-Tyr3-octreotide 52. Using 370 MBq/kg of 
90Y-DOTA-Tyr3-octreotide the same group observed even complete tumor reduction in 5 out of 
7 rats 53.  

Clinical studies to determine the therapeutic efficacy of 90Y-DOTA-Tyr3-octreotide in 
cancer patients are ongoing at various institutions in Basel, Milano, Brussels and Rotterdam 
50, 54-64. The most promising rate of complete plus partial responses seen in the various 90Y-
DOTA-Tyr3-octreotide studies consistently surpasses that obtained with 111In-DTPA-
octreotide.  

The next analog investigated in preclinical radionuclide therapy studies was 177Lu-
DOTA-Tyr3-octreotate. 177Lu emits gamma radiation with a suitable energy for imaging and 
therapeutic β-particles with low to medium energy (maximum 0.50 MeV), so the same 
complex can be used for both imaging and dosimetry and radionuclide therapy, thus obviating 
the need for a pre-therapeutic diagnostic study. The approximate range of the β-particles is 20 
cell diameters, whereas the range of those emitted by 90Y is 150 cell diameters. Less "cross-
fire" induced radiation damage in the renal glomeruli can therefore be expected with 177Lu. 
Also, in comparison with 90Y, a higher percentage of the 177Lu radiation energy will be 
absorbed in very small tumors and (micro)metastases.  

We investigated the anti-tumor effects of 177Lu-DOTA-Tyr3-octreotate in various 
models, including a rat liver micrometastatic model, mimicking disseminated disease, and a 
solid tumor model. 177Lu-DOTA-Tyr3-octreotate showed anti-tumoral effects in the rat liver 
tumor metastases model leading to significant better survival in the treated rats 63.  

In studies using 177Lu-labeled octreotate for therapy of solid tumors, 100% cure was 
found in the groups of rats bearing small (≤ 1 cm2) CA20948 tumors after two repeated doses of 
277.5 MBq or after a single dose of 555 MBq (estimated tumor dose 60 Gy) 43. After therapy 
with the same doses of 177Lu-DOTA-Tyr3-octreotide, that has a lower tumor uptake than the 
octreotate analog, these data were 50% and 60% cure in rats bearing small tumors. In rats 
bearing larger (≥ 1 cm2, range 1.4 – 10 cm2) tumors, 40 and 50% cure were found in the groups 
that received one or two 277.5 MBq injections of 177Lu-DOTA-Tyr3-octreotate, respectively 
(estimated tumor dose is 30 Gy and 60 Gy respectively) 43. However, in another study in a 
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different rat pancreatic tumor model (AR42J), in which a more favorable tumor dose was 
reached after 555 MBq 177Lu-DOTA-Tyr3-octreotate (140 Gy), all rats but one were cured 
irrespective the size of their tumor (unpublished result). So, 177Lu-DOTA-Tyr3-octreotate 
therapy showed excellent therapeutic results in the rats bearing small to big tumors (especially 
when the tumor dose is high), the findings for the small tumors were in accordance with those 
of an earlier study 64. Patients treated with 177Lu-DOTA-Tyr3-octreotate showed complete or 
partial remissions in an impressive 30% of the patients, and a minor response in 12 % 55. 

In a different set of preclinical experiments the combination of 177Lu-DOTA-Tyr3-
octreotate and 90Y-DOTA-Tyr3-octreotide  (at a constant total dose) was studied in rats that 
each had a small (0.1 cm2) and a large tumor (8 cm2), to mimic the clinical situation, in which 
large tumors and small metastases are usually present in the same patient. The rats treated 
with the combination of 50% 177Lu-DOTA-Tyr3-octreotate plus 50% 90Y-DOTA-Tyr3-
octreotide/or -octreotate showed a longer survival than those treated with 100% 90Y-DOTA-
Tyr3-octreotide/ -octreotate or 177Lu-DOTA-Tyr3-octreotate 65. This underscores the great 
promise of 177Lu- and 90Y-labeled peptides for radionuclide therapy and the potential of the 
combination of these radionuclides with different β-energies and particle ranges to achieve 
higher cure rates in the presence of tumors of different size.  

We conclude that 177Lu-DOTA-Tyr3-octreotate is a very promising somatostatin analog 
for radionuclide therapy in patients suffering from sst2-expressing tumors. In patients with 
tumors of different size, including small metastases, also combinations of radionuclides are of 
interest, e.g. 90Y and 177Lu, to obtain the widest range of tumor curability.  

Apart from the combination of analogs labeled with different radionuclides, future 
directions to improve this therapy may also include efforts to increase the somatostatin receptor 
expression on the tumors, as well as studies to the effects of the use of radiosensitizers. 
 
Lanreotide 
Virgolini et al. developed an 111In- / 90Y- labeled somatostatin analog, DOTA-lanreotide, for 
tumor diagnosis and therapy 66-68. They described that 111In-/ 90Y-labeled DOTA-lanreotide 
bound with high affinity to a number of human tumors. 111In-DOTA-lanreotide bound with high 
affinity to hsst2, hsst3, hsst4, and hsst5 and with lower affinity to hsst1 expressed on COS7 cells, 
suggesting it is a universal receptor binder 68. In Sprague Dawley rats, 90Y-DOTA-lanreotide 
was rapidly cleared from the circulation and concentrated in somatostatin receptor-positive 
tissues, such as pancreas and pituitary. It was indeed concluded that this radiolabeled peptide 
can be used for somatostatin receptor-mediated diagnosis as well as systemic radiotherapy of 
human tumors. 

However, Reubi et al. found in vitro in cell lines transfected with the different 
somatostatin receptor subtypes that whereas Y-DOTA-lanreotide had a good affinity for the 
sst5, it had a low affinity for sst3 (IC50 290 nM) and sst4 (IC50 > 10000 nM) 24. Thereby, they 
challenged the concept that lanreotide is a universal binder to the different somatostatin 
receptors. Froidevaux et al. 69 concluded from their comparison study of among other things 
DOTA-Tyr3-octreotide and DOTA-lanreotide in rats that radiolabeled DOTA-Tyr3-octreotide 
has more potential for clinical application than DOTA-lanreotide. 
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Lanreotide was the second analog labeled with 90Y and used for clinical PRRT studies. 
Virgolini et al. 67 reported on the biodistribution, safety and radiation absorbed dose of 111In-
DOTA-lanreotide. 90Y-DOTA-lanreotide treatment was further studied at different centers in 
the MAURITIUS (Multicenter Analysis of a Universal Receptor Imaging and Treatment 
Initiative, a European Study) trial 66. Overall treatment results in 70 patients indicated stable 
tumor disease in 35% of patients and regressive tumor disease in 10% of tumor patients with 
different tumor entities expressing hSSTR. In two-thirds of patients with neuroendocrine tumor 
lesions, 90Y-DOTA-Tyr3-octreotide showed a higher tumor uptake than 90Y-DOTA-lanreotide, 
which can be explained by the lower affinity of 90Y-DOTA-lanreotide for sst2.  
 
RC-160 
Several reports have been published on the in vitro receptor binding to somatostatin receptors 
of another somatostatin analog, the octapeptide RC-160 (vapreotide). It has been reported that 
RC-160 has a higher affinity than octreotide for the somatostatin receptors in human breast, 
ovarian, exocrine pancreatic, prostatic and colonic cancer, explained by the much higher 
affinity of RC-160 for sst4 

70, 71. Therefore, the possible binding of RC-160 to a somatostatin 
receptor subtype (sst4) that does not bind octreotide, should offer a potential advantage for 
RC-160 over octreotide. However, different experiments showed that 111In-DTPA-RC-160 
does not seem to have advantages over 111In-DTPA-octreotide as a radiopharmaceutical for 
somatostatin receptor scintigraphy, despite the fact that 111In-DTPA-RC-160 shows specific 
high-affinity binding to somatostatin receptor-positive organs 72-74. This is in accordance with 
the findings of Reubi et al. 24, showing that the affinities of DOTA-RC-160 and 90Y-DOTA-
RC-160 for the human sst2 and sst3 are in the same range as that of  111In-DTPA-octreotide. 
The affinities (IC50) of the RC-160 analogs for the sst4, however, were found to be low, 
around 700 nM (for 111In-DTPA-octreotide the IC50 for the sst4 was > 1000 nM), in contrast to 
the above-mentioned findings of non-chelated RC160. Furthermore, unlike (radioiodinated) 
RC-160 that passes the blood-brain barrier, it was also shown that 111In-DTPA-RC-160 and 
111In-DTPA-octreotide do not pass the blood-brain barrier organs 72-74. Also Froidevaux et al. 
69 concluded from biodistribution studies in experimental animals comparing DOTA-RC-160 
and other DOTA-coupled somatostatin analogs (lanreotide, octreotide, Tyr3-octreotide) and 
from clinical data that DOTA-Tyr3-octreotide has a better potential in the clinic than chelated 
RC-160. 

Rhenium-188 coupled to the analog RC-160 has also been used to establish the 
feasibility of treating tumors with radiolabeled peptides 75, 76. In different experimental tumor 
models in nude mice, treatment resulted in significant reduction or elimination of tumor 
burden. Long-term studies with 188Re-RC-160 demonstrated a protracted reduction of tumor 
volume and a positive effect on animal survival. Neither RC-160 by itself nor an 188Re-
labeled peptide unrelated to somatostatin demonstrated the reduction in tumor mass observed 
with 188Re-RC-160. 
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RGD-(DTPA-)octreotate 
As described above a large variety of radiolabeled somatostatin derivatives have been 
prepared for targeted radionuclide therapy purposes. They are in various stages of 
investigation. Cell matrix interactions are also fundamental to tumor invasion and formation 
of metastases as well as to tumor-induced angiogenesis. Integrins, heterodimeric 
transmembrane glycoproteins, composed of an alpha- and beta-subunit, play a key role in 
these interactions. One of these integrins, the αvβ3 receptor, is able to bind a number of 
extracellular matrix proteins via an Arg-Gly-Asp (RGD) sequence 77. This receptor is 
expressed on various malignant human tumors and upregulated in proliferating endothelial 
cells. Based on the RGD sequence, several compounds have been designed as αvβ3 
antagonists. In tumor models using the αvβ3 antagonists not only blocked tumor-angiogenesis 
but in some cases also resulted in tumor regression 78, 79. 

In addition, several procaspases also contain potential RGD-binding motifs near the 
site necessary for activation to the mature caspase. Caspases are proteases that are critical in 
programmed cell death 80. Buckley et al. demonstrated that RGD peptides are able to directly 
activate caspase-3 and thereby inducing apoptosis 81. Other work has shown that molecules 
specific for GPIIb/IIIa integrins can also stimulate caspase-3 activity 82. Since caspase-3 is 
one of the key executioners proteases 83 in the apoptosis pathway, it seems likely that this 
enzyme will be an important site of action for targeted therapeutics that are designed to 
selectively induce cell death.  

To further enhance the therapeutic potential of the somatostatin analogs we 
hypothesized that the synergistic effects of an apoptosis-inducing factor, such an Arg-Gly-Asp 
(RGD) motif, can increase the radiotherapeutic efficacy of these peptides. We combined the 
characteristics of the somatostatin analog Tyr3-octreotate and RGD in one compound by 
synthesizing the hybrid peptide RGD-DTPA-octreotate [c(Arg-Gly-Asp-D-Tyr-Asp)-
Lys(DTPA)-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr] (Figure 2) 84 (Chapter 5).  

 
 
FIGURE 2. Structure of RGD-DTPA-octreotate [c(Arg-Gly-Asp-D-Tyr-Asp)-Lys(DTPA)-Phe-c(Cys-
Tyr-D-Trp-Lys-Thr-Cys)-Thr]. 
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In biodistribution studies in rats we showed that there is a high receptor-specific 
uptake in sst2-positive tissues and tumors of RGD-111In-DTPA-octreotate (Figure 3), 
comparable to the uptake of 111In-DOTA-Tyr3-octreotate in sst2-positive tissues and tumors. A 
decreased uptake in sst2-positive tissues and tumors was found after co-injection of RGD-
111In-DTPA-octreotate with 500 µg unlabeled octreotide. A drawback of the new hybrid 
compound was the high renal uptake and retention of radioactivity, limiting the therapeutic 
radioactivity dose that can be administered, as the kidneys are critical organs in radionuclide 
therapy using somatostatin analogs. D-lysine injection resulted in 40% reduction of the renal 
uptake. 

 

 

K K K  K T 
T 

FIGURE 3. Scan of two rats bearing a CA20948 tumor on their right hind leg, 24 h post injection of 
RGD-111In-DTPA-Tyr3-octreotate. K=kidney, T=tumor. 

 
In an in vitro study the tumoricidal effects of the 111In-labeled peptide RGD-DTPA-

octreotate in comparison with 111In-labeled RGD and Tyr3-octreotate were evaluated using a 
colony-forming assay 85. CA20948 tumor cell survival after incubation with 9.25 MBq for 1h 
with 111In-labeled RGD, Tyr3-octreotate and RGD-DTPA-octreotate was; 81%, 68% and 43% 
respectively, showing that the radiolabeled RGD-DTPA-octreotate has a more pronounced 
tumoricidal effect than 111In-DTPA-RGD and 111In-DTPA-Tyr3-octreotate. The superior 
tumoricidal effect is probably the result of increased apoptosis, as is shown by an increased 
caspase-3 activity after incubation with 111In-labeled RGD-DTPA-octreotate.  

These results show that the 111In-labeled peptide RGD-DTPA-octreotate promotes 
apoptosis in comparison with the two monopeptides RGD and Tyr3-octreotate, via an increase 
in caspase-3 levels. The 111In-labeled hybrid peptide can therefore significantly enhance the 
therapeutic efficacy of somatostatin-based agents. Because of the high renal uptake of this 
hybrid peptide it is also very interesting to use the unlabeled peptide RGD-DTPA-octreotate 
for (adjuvant) therapy (Chapter 5.3). The unlabeled hybrid peptide, RGD-DTPA-octreotate 
induced a significant increase in caspase-3 levels in comparison with RGD and Tyr3-
octreotate. In order to change the elimination route from the body (from renal clearance to 
more hepatic clearance), the biodistribution of iodinated RGD-octreotate, without the 
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presence of the chelator DTPA, was examined. 125I-RGD-octreotate showed indeed a much 
lower renal uptake in comparison with RGD-111In-DTPA-octreotate. Furthermore, the affinity 
of RGD-octreotate increased in comparison with RGD-DTPA-octreotate (IC50 values of 
1.4x10-8M vs 9.4x10-8M respectively).  

So, this concept of targeting somatostatin receptor-expressing tumors using peptide 
receptor radionuclide therapy might also apply for the use of somatostatin analogs coupled to 
chemotherapeutic compounds, which is further described in Chapter 5.4. The development of 
hybrid molecules that combine targeting and an effector function, such as apoptosis, can be a 
new approach in the treatment of cancer. 
 
 
CONCLUSIONS 
 
This overview shows that therapy with radiolabeled somatostatin analogs is a most promising 
new treatment modality for patients with sst2-positive tumors.  

A variety of other peptide-based radioligands, like derivatives of bombesin, 
gastrin/cholecystokinin and neurotensin, which receptors are expressed on different major 
cancers, and RGD peptides, which can be targeted to many major tumors because of either 
binding to receptors expressed on newly formed blood vessels and induction of apoptosis, is 
currently under development.  
 In conclusion, radiolabeled peptides have opened a new era in nuclear oncology, not 
only for localization but also for radionuclide therapy.  
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Chapter 2 

ABSTRACT 
 
Aim: the rat pancreatic CA20948 tumor cell line is widely used in receptor-targeted 
preclinical studies because many different peptide receptors are expressed on the cell 
membrane. The response of the tumor cells to peptide radionuclide therapy, however, is 
dependent on the cell line’s radiosensitivity. Therefore, we measured the radiosensitivity of 
the CA20948 tumor cells by using clonogenic survival assays after high-energy external-
beam radiotherapy (XRT) in vitro. It can, however, be expected that results of high-dose-rate 
XRT are not representative for those after low-dose-rate radionuclide therapy (RT), such as 
peptide-receptor radionuclide therapy. Therefore, we compared clonogenic survival in vitro in 
CA20948 tumor cells after increasing doses of XRT or RT, the latter using 131I. Methods: 
Survival of CA20948 cells was investigated using a clonogenic survival assay after RT by 
incubation with increasing amounts of 131I, leading to doses of 1-10 Gy after 12 days of 
incubation (maximum dose rate, 0.92 mGy/min), or with doses of 1-110 Gy using an X-ray 
machine (dose rate, 0.66 Gy/min). Colonies were scored after a 12-day-incubation period. 
Also, the doubling time of this cell line was calculated. Results: We observed a dose-
dependent reduction in tumor-cell survival, which, at low doses, was similar for XRT and RT. 
For high-dose-rate XRT, the quadratic over linear component ratio (α/β) for CA20948 was 
8.3 Gy, whereas that ratio for low-dose-rate RT was calculated to be 86.5 Gy.  The calculated 
doubling time of CA20948 cells was 22 hours. Conclusions: Despite the huge differences in 
dose rate, RT tumor cell-killing effects were approximately as effective as those of XRT at 
doses of 1 and 2 Gy, the latter being the common daily dose given in fractionated external-
beam therapies. At higher doses, RT was less effective than XRT. 
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INTRODUCTION 
 
Receptor-targeting peptides have been developed into a new generation of therapeutic 
radiopharmaceuticals. Peptide receptor radionuclide therapy (PRRT) can be performed using 
these peptide analogs radiolabeled with therapeutic radionuclides, such as low linear energy 
transfer (LET) beta-particle emitters 177Lu and 90Y 1. This new application of peptide 
analogssomatostatin analogs being the most commonly usedhave shown to be most 
promising in preclinical studies 2 and in clinical patient treatment 3, 4.  

However, until now, the emphasis of PRRT has been on efficacy in clinical and 
preclinical studies, and less consideration has been placed of radioactivity at the cellular level 
and to radiobiology in radionuclide therapy. Extrapolations have most often been made from 
external beam radiation effects, despite differences in the nature of the radiationespecially 
in the dose rate and irradiation period. These factors, as well as cell-growth kinetics, are 
important determinants of tumor-cell survival. They emphasize the need for further research 
on the effects, at the cellular level, of low-dose-rate irradiation over long periods delivered. 
We wanted to make a comparison between radionuclide therapy (RT) (without peptides) and 
external-beam radiotherapy (XRT) in CA20948 cells to establish the intrinsic radiosensitivity. 
The authors and other colleagues have shown that the rat pancreatic tumor cell line CA20948 
can be used as in vitro and in vivo models for research of different radiolabeled peptides for 
imaging and therapy 1, 5-13. This cell line expresses different kinds of high-affinity peptide 
receptors, such as somatostatin receptors, and also CCK/gastrin, NK1, gastrin-releasing 
peptide (GRP) and αvβ3 receptors 5-9, 12-19. Therefore, this cell line is very interesting for 
testing newly developed analogs and the effects of PRRT using these analogs. 

For radiation-based therapy, tumor cure depends on several factors, such as the 
radiation dose absorbed in the tumor including the pattern of delivery (dose rate, 
fractionation), the number of clonogenic tumor cells that have to be sterilized in order to kill 
the tumor and the response of the tumor cells to radiation, dependent on radiosensitivity and 
proliferation rate. We wanted to establish the intrinsic radiosensitivity of the CA20948 to 
interpret our in vitro and in vivo PRRT results. Therefore, we performed XRT therapy in a 
clonogenic survival assay to obtain radiation dose-survival curves, where clonogenicity is the 
ability of a tumor cell to undergo viable division and to proliferate. For many cell lines and 
for low LET irradiation, the logarithmic function of the survival fraction is characterized by 
an initial low-dose region starting with shallow slope followed by a shoulder region, and then 
an exponential survival decrease. This can be approximated by a linear-quadratic function of 
the dose, which is described in the linear-quadratic model 20; the cellular survival (S) is in 
relation to the dose (D) as: Ln S = - (αD+βD2). In this equation, the α and β parameters refer 
to different categories of lesions, namely lethal (α) versus repairable sublethal damage (β). 
The linear character of the model stems form the idea that a single hit can cause a lethal event. 
The α-component is indicative for the intrinsic radiosensitivity of the cells. The quadratic 
components stem form the idea that two hits on single target are required for cell death. Close 
proximity of these two lesions can cause lethality, while further apart the lesions remain 
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sublethal and repairable. The β-component is an estimate for the capacity of repairable 
damage. The α/β ratio is the dose where cell death is caused equally by irreparable and 
reparable lesions. For RT in our cell line, a different curve is expected than for XRT because 
of the difference in dose rate compared to XRT. 

The aim of our experiments was to further characterize the CA20948 rat pancreatic 
tumor cell line by comparing clonogenic survival and radiosensitivity in vitro using XRT and 
RT. 
 
 
MATERIALS AND METHODS 
 
Cell Culture 
The rat pancreatic CA20948 tumor cells, which attach to a cell culture plate, were grown in 
Dulbecco's modified Eagle's medium (DMEM, Gibco, Life Technologies, Breda, The 
Netherlands) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mmol/L of 
glutamine, 50 IU/mL penicillin/streptomycin (Gibco, Life Technologies, Breda, The 
Netherlands), 1 mmol/L sodium pyruvate and 0.1 mg/L fungizone. The medium was changed 
twice or three times per week. Cells were cultured in a 37ºC incubator with a gas mixture of 
95% air and 5% CO2. 
 
Cellular Uptake Characteristics of 131I 
These experiments were performed to investigate whether or not 131I (Mallinckrodt, Petten, 
The Netherlands) added to the medium would stick to the cells or the plastic of a 6-wells 
plate. We also determined whether the 131I would stay homogeneously distributed in the 
medium. In these experiments, 400 and 800 cells were plated in 6-wells plates. After two 
days, these cells were incubated with 0.26 MBq 131I in the medium. After an incubation time 
of 1, 2, 3, 20, 22, 23.5, 92, 94, 96, 98 and 116 hours, 10 different 10 µL samples were taken 
from the medium and counted in an LKB-1282-Compugammasystem (PerkinElmer, 
Oosterhout, The Netherlands) to determine possible disappearance from the medium. 
Thereafter, the cells were lysed with 0.1 M NaOH and also counted in the LKB-
gammasystem to exclude cellular uptake.  
 
Calculations with a Monte Carlo model 
The well-plate was modeled with the Monte Carlo code MCNP4C 21 to calculate the absorbed 
dose to the cells attached to the bottom on each well. The polyethylene well plate (density ρ = 
0.92 g/cm3) has a thickness of 4.118 mm, and each of the 6-wells has a surface area of 9.62 
cm2 and a depth of 3.118 mm, resulting in a volume of 3 cm3, evenly spaced over the whole 
plate. The well-plate cavities were filled with water (ρ = 1 g/cm3) and only one cavity was 
assumed to be filled with a radioactivity source. The self-dose and cross-doses to the other 
wells could thereby be determined. 
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The radiation characteristics of 131I (T1/2 = 8.04 d) were taken from the ICRP38 
database 22. Three separate calculations were performed for the beta emission (Emax = 806.9 
keV), the gamma and X-rays (main γ line: 365.5 keV (81.2%/decay)) and the internal 
conversion and Auger electrons. The source distributions were modeled with a homogeneous 
distribution of the activity in the well. The thickness of the well cavity is too small to achieve 
electron equilibrium in the lateral direction. In the radial direction there is electron 
equilibrium apart from a small region on the outer rim of the plate. To gain insight to the dose 
distribution in the lateral direction, scoring of the radiation dose in the bottom half of the well 
was done in 4 regions of 25 µm, 1 region of 59 µm and, consecutively, 14 regions of 100 µm. 
The top half of the well was not subdivided into scoring regions.  
  The Monte Carlo calculations were performed with 1 million starting particles, thus 
obtaining statistical variance in the scoring regions below 1%. Both the electron and photon 
minimum energy threshold was set at 1 keV. The deposited energy (in MeV) per starting 
particle was scored in all geometry elements.  
  For an in vitro experiment with the 131I activity (of A MBq) load lasting T days the 
cumulated activity (in MBq.d) is given by: 
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In vitro clonogenic survival assay 
Single-cell suspensions of CA20948 cells were plated in 6-wells plates at 400 and 800 
cells/well, with each concentration in triplicate and incubated for 24 hours. Cells were 
irradiated with either 200 kV X-rays (XRT) or with 131I added to the medium (RT).  

External X-irradiation was carried out at a dose rate of 0.66 Gy/min and with the 
machine operating at 20 mA. The X-ray machine contained a 1 mm Cu-filter resulting in a 
half-value layer (HVL) of 1.6 mm Cu 23. Delivered doses were checked with 
thermoluminescent dosimetry (TLD), which indicated < 3% dose variation over the entire 
irradiation field. After irradiation, the cells were allowed to form colonies for 12 days in the 
above-mentioned incubator at 37ºC. 

The cells irradiated with 131I solutions were incubated with 131I free in 3 mL of 
medium for 12 days in the 37ºC incubator, leading to a dose of 1 to 10 Gray (Gy) with a 
maximum dose rate of 0.92 mGy/minute. 131I was added as a sterile 131I chloride solution, 
specific activity: 1-1.5 mCi/mL. The 131I solutions were made according to Table 1 (range: 
0.17 to 1.75 MBq/well). 

After the colony-forming period, the cell colonies were fixated for 15 minutes with 
methanol:glacial acid (3:1), and then stained for 15 minutes with heamatoxylin. Colonies that 
contained ≥ 50 cells were counted and used to calculate the surviving fraction 19. 
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TABLE 1. Amount of 131I activity in DMEM solutions, leading to a dose of 1 to 10 Gy in the 
clonogenic survival assay. 

MBq/well D (Gy) MBq/well D (Gy) 

0.000 0   
0.174 1 1.050 6 

0.351 2 1.224 7 

0.525 3 1.398 8 

0.699 4 1.572 9 

0.873 5 1.746 10 

 
 
Data analysis 
For each dose point, the number of colonies as obtained from 3 wells with identical cell 
concentrations was averaged and used to calculate the surviving fraction. Standard 
deviations were used as weighing factor. Based on these surviving fractions a cell-survival 
curve was computer-fitted to the LQ-model using a Curve Expert 3.1 program. 
 
Sulforhodamine B (SRB) assay 
The cell-doubling time was determined with the SRB-assay 24. This assay was adapted for in 
vitro cell cultures (Van den Aardweg, in progress). In short, cells were grown at 37°C in 96-
well plates with lanes of 8 wells containing cell concentrations of 100, 250, 500, 1000, 2500, 
5000 cells/mL and 200 µL medium per well. At intervals of 24 hours up to 6 days after 
plating, the cells were fixed with 10% trichloroacetic acid solution for 1 hour at 4°C using 
200 µL per well. After drying the plates, the cells were stained for 2 hours adding 50 µL per 
well of a 0.4% SRB solution in 1% acetic acid. Plates were washed and 150 µL Tris 
([hydroxymethyl]aminomethane, 10 mM, Sigma-Aldrich, Zwijndrecht, The Netherlands) was 
added. The following day, the optical density was measured for each well at 540 nm using a 
spectrophotometer (Biorad, Veenendaal, The Netherlands). For each cell concentration, the 
logarithmic values for the mean optical densities plotted as a function of time gave straight 
lines, the cell-doubling time was calculated.  
 
 
RESULTS  
 
Binding and Cellular uptake of 131I 
The results of these experiments are shown in Table 2. These results show that 131I did not 
disappear from the medium, and did not bind to the cells plated in the 6-wells plate, but 
stayed homogeneously distributed in the medium.  
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Monte Carlo Calculations 
The results for the dosimetry calculations inside the well with 131I homogeneously distributed 
are given in Table 3 as a function of the distance from the bottom of the well. The tumor cells 
are situated in the bottom layer of the well, and the dose is 5.51E-03 mGy/MBq.s. For a total 
activity load time of 12 days, the dose-per-unit activity is 3.56 Gy/MBq. The cross doses from 
the β- and γ-emissions from 131I in neighboring wells are maximally 0.4 and 7 mGy/MBq, 
respectively, and are, therefore, neglected. 
 
TABLE 2. Percentage of the activity of 131I in the medium and uptake of 131I in CA20948 cells. 

Hours Activity in 400 cells  
%A ± SD 

Activity in 800 cells  
%A ± SD 

Mean activity in 400 and 800 cells 
%A ± SD  

1 0.017 ± 0.005 0.009 ± 0.000 0.013 ± 0.005 

2 0.009 ± 0.003 0.012 ± 0.001 0.010 ± 0.003  
3 0.016 ± 0.012 0.007 ± 0.001 0.011 ± 0.012 

20 0.006 ± 0.001 0.005 ± 0.001 0.006 ± 0.001 
22 0.009 ± 0.003 0.007 ± 0.001 0.008 ± 0.003 

24 0.007 ± 0.001 0.010 ± 0.008 0.009 ± 0.008 

92 0.007 ± 0.000 0.005 ± 0.001 0.006 ± 0.001 

94 0.006 ± 0.001 0.005 ± 0.000 0.005 ± 0.001 
96 0.013 ± 0.004 0.005 ± 0.001 0.009 ± 0.004 

98 0.010 ± 0.004 0.005 ± 0.001 0.007 ± 0.004 
116 0.008 ± 0.002 0.007 ± 0.001 0.008 ± 0.002 

SD, standard deviation 
 
Clonogenic survival assay 
We investigated the effects of two cell densities400 and 800 cells/wellon cellular 
survival after incubation with 131I (data not shown). The radiobiological parameters were 
calculated from the two curves, which showed that the α- and β-component were in the same 
range for the two different cell densities. Therefore, for other experiments we have used the 
cell density of 400 cells/well.   

Fig. 1 shows the effects of external-beam therapy (XRT) and radionuclide therapy 
(RT) on clonogenic survival of CA20948 cells. XRT was delivered in a single fraction by an 
X-ray machine in less than 30 minutes, while RT was delivered by using 131I over a period of 
12 days. For both therapies, we observed a dose-dependent reduction of tumor cell survival. 
At low doses, the surviving fraction was almost identical for XRT and RT. The XRT curves 
exhibited a more rapid exponential decrease at higher doses. The radiobiological parameters 
were calculated and are presented in Table 4. The α/β ratios for the CA20948 cell line was 
higher for RT than for XRT. These results indicate that the survival curve of the RT-irradiated 
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cells have a relatively flat slope at higher doses, compared to that after XRT. Therefore, RT 
resulted in less cell killing than XRT for both cell lines at higher doses. The surviving fraction 
at 2 Gy (SF2) was approximately 0.47 for CA20948 cells; this parameter was similar for both 
RT as XRT.  
 
TABLE 3. Dose distribution in the 9.62 cm2 well plate with 131I distributed homogeneously inside the 
3 mL well plate. 
 zmin- zmax Absorbed dose per cum. act. (mGy/MBq.s) 

Region (µm) Mass (g)  β-ray (E-03) γ-ray (E-04) IC+Auger 
(E-04) 

Total (E-03) 

1 0 - 25 0.0241  5.22 2.08 0.815 5.51 

2 25 - 50 0.0241  5.92 2.20 0.948 6.24 
3 50 - 75 0.0241  6.40 2.22 0.973 6.72 
4 75 -100 0.0241  6.80 2.25 0.978 7.12 
5 100 - 159 0.0568  7.26 2.23 1.02 7.58 
6 159 - 259 0.0962  7.95 2.45 1.06 8.30 
7 259 - 359 0.0962  8.58 2.63 1.10 8.96 
8 359 - 459 0.0962  8.89 2.56 1.12 9.26 
9 459 - 559 0.0962  9.11 2.62 1.15 9.48 

10 559 - 659 0.0962  9.34 2.69 1.15 9.72 
11 659 - 759 0.0962  9.45 2.76 1.18 9.85 
12 759 - 859 0.0962  9.43 2.83 1.17 9.83 
13 859 - 959 0.0962  9.52 2.89 1.17 9.93 
14 959 - 1059 0.0962  9.54 2.91 1.19 9.94 
15 1059 - 1159 0.0962  9.59 3.05 1.17 10.0 
16 1159 - 1259 0.0962  9.61 2.91 1.17 10.0 
17 1259 - 1359 0.0962  9.56 2.79 1.19 9.96 
18 1359 - 1459 0.0962  9.60 2.76 1.18 9.99 
19 1459 - 1559 0.0962  9.67 2.85 1.18 10.1 
20 1559 - 3118 1.500  8.92 2.66 1.13 9.29 

Total 0 - 3118 3.000  8.95 2.68 1.13 9.34 
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TABLE 4. The radiobiological parameters α, β, α/β
calculated for CA20948. 
 CA20948 

Parameter XRT RT 

α 0.304 0.351 

β 0.0366 0.0031 

α/β ratio (Gy) 8.3 102 

SF2 0.47 0.52 

XRT, external-beam therapy;  
RT, radionuclide therapy 

 
SRB Assay 
Figure 2 shows the results of the SRB assay for the
± 1 hours was calculated. 
 

 

FIGURE 1. Clonogenic survival curve for 
CA20948 cells using two methods: (1) 
external-beam therapy (dashed line) and (2) 
radionuclide therapy (solid line). Data are 
expressed as the mean ± standard deviation 
of at least three independent experiments.  
 ratio and surviving fraction at 2 Gy (SF2) 

 CA20948 cells, and a doubling time of 22 
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FIGURE 2. Growth curves for CA20498 cells obtained with the SRB assay. The slope of the curves is 
an estimate for the cell-doubling time. Increasing cell concentrations of 100 cells/mL (gray ), 250 
cells/mL ( ), 500 cells/mL ( ), 1000 cells/ml (black ), 2500 cells/ml ( ), and 5000 cells/ml ( ) 
were used. 
 
 
DISCUSSION 
 
In this study, we compared the survival curves of the CA20948 cell line in vitro using both 
high-dose-rate XRT or exponentially decreasing low-dose-rate RT. The CA20948 cell line is 
widely used for radiolabeled peptide studies performed in vitro and in vivo in tumor-bearing 
rats 1, 2, 5-9, 12, 13, 19, 25-27. We performed in vitro clonogenic survival assays using high-energy 
XRT to determine the radiation sensitivity. However, it can be expected that the results of 
XRT are not representative for the results of RT, because of the difference in, for instance, 
dose rate. RT has a continuously decreasing dose rate because of radionuclide decay, whereas 
XRT is given at a constant dose rate for a short period of time. Therefore, we also performed 
survival assays using 131I free in culture medium. Damage to the cells is caused by the 
crossfire effect of 131I. The radionuclide was not coupled to a peptide analogue, because we 
wanted to exclude the effects of receptor affinity, as well as the internalization and 
externalization rate of the radiolabeled analogue, which will influence the results. 

To be able to compare the effects of RT and XRT, we shall describe here the 
development and validation of a RT clonogenic survival assay using incubation with the 
radionuclide 131I present in its free form in a culture medium. The physical characteristics of 
this radionuclide are in the same range as those of 177Lu, which is used in our PRRT studies 
using 177-DOTA-Tyr3-octreoatate. The half-life of 177Lu is 6.7 days, compared to 8.0 days for 
131I. Furthermore, the maximum range in water or tissue is approximately 2-3 mm. 
Several studies have been performed comparing XRT and radioimmunotherapy (RIT) in cell 
lines, such as the human colon carcinoma cell lines LS174T and WiDr 28-30. Experiments 28, 29 
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have shown that the LS174T human colon carcinoma cell line showed a comparable response 
to RIT and XRT. However, compared to XRT, RIT was less effective in radioresistent cell 
lines, such as the human colon carcinoma cell line WiDr. A possible explanation would be a 
greater DNA-repair capacity of WiDr versus LS174T 28, 29. These studies conclude that the 
effectiveness of cell killing with RIT was lower than with XRT because of the dose-rate effect 
and dose heterogeneity in the tumor 28, 29. 

The shape of any survival curve is dependent on different aspects, such as the type of 
cells, the kind of radiation, and the dose rate of the radiation used. In CA20948, RT caused a 
more linear than exponential decrease of cell survival. This can be explained by the lower 
dose rate of RT than of XRT; therefore, less damage occurs and there is more time to repair. 
We can, therefore, conclude from these results that a Gy of RT is not the same as a Gy of 
XRT. Table 4 also shows higher α/β ratios for RT compared to XRT for the CA20948, 
showing that this cell line is less sensitive to RT than to XRT at higher doses. Studies by 
Joiner et al. 31, 32 described a higher sensitivity in the radiation survival response of 
mammalian cells at doses below 0.5 Gy with low dose rates (2 cGy - 1 Gy h-1), the so-called 
hyper-radiosensitivity. We did not find this phenomenon on our studies with CA2948, 
because we did not use these low doses. In our further studies, possible hyper-radiosensitivity 
effects in our cell lines will be further investigated.  

Cellular survival after exposure to radiation is a function of the detection and 
successful repair of double-stranded DNA breaks 33. A larger α than β component in the 
radiation survival curves, which was seen in our RT curves, suggests that the cell lines were 
more capable of repairing sublethal damage in RT than in XRT 34, 35. This was also seen in 
other studies, where the authors concluded that the differences between continuous low-dose-
rate and acute high-dose-rate irradiation are caused by differences in the repair of sublethal 
and potentially lethal damage 36. 

Low-dose-rate irradiation (such as in RIT and also PRRT) has earlier been described 
to be less effective in cell killing than high-dose-rate irradiation (such as XRT) 35, 37. 
However, because in (PR)RT, and also in RIT, radiation is delivered selectively to the 
tumor(s) and metastases, the radiation dose to the tumor can be much higher than with XRT. 
This, however, is dependent on factors as affinity of the peptide to its receptor and 
homogeneity of receptor distribution throughout the tumor. These factors have been excluded 
from this study.  

The possible explanations for the differences in effectiveness of RT versus XRT are 
dose rate and irradiation period. In RT, the damage to the cells will be lower because of the 
lower dose rate and irradiation period. In RT, the damage to the cells will be lower because of 
the lower dose rate, and more repair time is allowed 28, 29, 36, 38. Despite the fact that RT is less 
efficient at higher doses than XRT, our PRRT results were very promising. When using 177Lu-
DOTA-Tyr3-octreotate in CA20948 tumor-bearing rats a 100% cure rate could be achieved 1. 
Also in patients, this radiolabeled compound is very successful, because the effects of therapy 
showed that 3% and 35% of the patients had a compete or partial response, respectively 39. 
This success of 177Lu-octreotate can be explained by a high-receptor density on tumor cells 
and a very high affinity of the radiolabeled peptide to the receptor. 
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Deacon et al. 34 published a report in which they compared the surviving fraction at 2 
Gy (SF2) of 51 human tumor cell lines. The mean SF2 was calculated to discriminate between 
radioresistant and radiosensitive tumor cell lines. The cell lines were classified in category A-
E, according to their clinical radioresponsivenesswith category A being radiosensitive with 
a mean SF2 of 0.187 and category E being radioresistant with a mean SF2 of 0.518 34. The 
latter SF2 is similar to that calculated for the CA20948. Therefore, we can conclude that the 
CA20948 cell line we use in our in vivo PRRT studies was not radiosensitive. Also, Deacon t 
al. concluded that a positive correlation exists between the steepness of the initial portion of 
the cell-survival curve after XRT in vitro and the clinical radioresponsiveness of the tumor. 
 
 
CONCLUSION  
In conclusion, we have shown that the CA20948 cell line is relatively radioresistant, and is 
more sensitive to XRT than to RT at high doses of 3-10 Gy in an in vitro clonogenic survival 
assay. However, RT and XRT are approximately equally toxic at lower doses.  
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Chapter 3.1 

ABSTRACT 
 
Peptide receptor radionuclide therapy (PRRT) using 111In-DTPA-octreotide (where DTPA is 
diethylene-triamine-penta-acetic acid) is feasible because, besides γ-radiation, 111In emits both 
therapeutic Auger and internal conversion electrons having a tissue penetration of 0.02-10 µm 
and 200-500 µm, respectively. The aim of this study was to investigate the therapeutic effects 
of 111In-DTPA-octreotide in a single-cell model including the effects of incubation time, 
radiation dose, and specific activity of 111In-DTPA-octreotide. Finally, we discriminated 
between the effects of the Auger electrons and internal conversion electrons in PRRT. 
Methods: An in vitro, colony-forming assay to study cell survival after PRRT using the sst 
subtype 2-positive rat pancreatic tumor cell line CA20948 was developed. Results: In this in 
vitro system 111In-DTPA-octreotide can control tumor growth to 0% survival, and the effects 
were dependent on incubation time, radiation dose, and specific activity used. Similar 
concentrations of 111In-DTPA, which is not internalized into sst-positive tumor cells like 
111In-DTPA-octreotide, did not influence tumor survival. Excess unlabeled octreotide (10-6 M) 
could decrease tumor cell survival to 60% of control; the addition of radiolabeled peptide 
(111In-DTPA-octreotide [10-9 M] + 10-6 M octreotide) did not further decrease survival. 
Conclusion: These in vitro studies show that the therapeutic effect of 111In is dependent on 
internalization, enabling the Auger electrons with their very short particle range to reach the 
nucleus. Our results also indicate that the PRRT-effects were receptor-mediated. 
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INTRODUCTION 
 
Somatostatin receptors are present in normal tissues, such as pancreas, anterior pituitary and 
brain. Many tumors, such as endocrine pancreatic tumors, carcinoids, paragangliomas, 
pheochromocytomas, small cell lung cancer, brain tumors, and breast cancer, express an 
increased number of somatostatin receptors 1. At present, 5 somatostatin receptor subtypes 
(sst1-sst5) have been identified. All somatostatin receptors are G-protein coupled and belong 
to the 7-transmembrane receptor family 2. All subtypes bind somatostatin with high affinity, 
whereas the affinity of the more stable somatostatin analogs, such as octreotide, differs 
considerably. Octreotide binds with high affinity to the sst2, whereas this analogue has a 
moderate affinity for sst3 and sst5 and shows no binding to sst1 and sst4 

2-5. Peptide receptor 
scintigraphy with the radioactive somatostatin analogue 111In-DTPA-octreotide (where DTPA 
is diethylene-triamine-penta-acetic acid) is widely used to visualize sst2-positive tumors in 
vivo. The method has now been accepted as an important tool for staging and localization of 
neuroendocrine tumors 6. Octreotide scintigraphy is therefore based on the visualization of 
octreotide-binding somatostatin receptor(s), most probably the sst2. 

A new and fascinating application of radiolabeled somatostatin analogs, such as 111In-
DTPA-octreotide is their use in peptide receptor radionuclide therapy (PRRT). 111In not only 
emits γ-rays, which can be visualized, but also therapeutic Auger and internal conversion 
electrons with a medium-to-short tissue penetration (0.02-10 and 200-550 µm, respectively). 
The success of this therapeutic strategy relies on the concentration of the radioligand within 
tumor cells, which will depend on, for example, the rates of internalization, degradation and 
recycling of both ligand and receptor. Binding of several peptide hormones to specific surface 
receptors is generally followed by internalization of the ligand-receptor complex via 
invagination of the plasma membrane 7. We have studied internalization of radiolabeled 111In-
DTPA-octreotide in somatostatin receptor-positive rat pancreatic tumor cell lines and detected 
internalization of the radiopharmaceutical in vitro 8, in accordance with Andersson et al. 9, and 
found that this process was receptor specific and temperature dependent. The resulting 
intracellular vesicles, termed endosomes, rapidly acidify, thus causing dissociation of the 
ligand from the receptor. Subsequently, the radiopharmaceutical 111In-DTPA-octreotide is 
degraded in the lysosomes to the radiolabeled metabolite 111In-DTPA-D-Phe 10. This 
metabolite is not capable of passing the lysosomal or other cell membrane(s), and will 
therefore stay in the lysosomes, causing the long retention time of 111In in sst2-positive 
(tumor) cells. Receptor-mediated endocytosis of radiolabeled somatostatin analogs is 
especially important when radionuclide therapy is considered using radionuclides emitting 
therapeutical particles with very short pathlengths, such as those emitting Auger electrons 
(e.g., 111In) 11, 12. These electrons are only effective in a short distance of a few nanometers up 
to micrometers form their target, DNA.  
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111In-DTPA-octreotide has been used for radionuclide therapy in preclinical studies 
where it effectively inhibited tumor growth in a flank and liver tumor model 13, 14. Peptide 
receptor radionuclide therapy with 111In-DTPA-octreotide has also been performed in patients 
with somatostatin receptor-positive tumors and showed a tendency towards better results in 
patients whose tumors had a higher accumulation of the radioligand 15-18.  

Given the fact that 111In emits both therapeutic Auger and internal conversion 
electrons we investigated, in this study we investigated which electrons are responsible for the 
described antiproliferative effects. Most Auger electrons have an energy of <30 keV and a 
very short pathlength (0.02-10 µm) in tissues. Thus, Auger electrons can exert their radiotoxic 
effects on cells only when internalized into the cytoplasm and particularly when they are near 
the cell nucleus 19. High doses of radiation delivered to the cell nucleus from internalized 
Auger electrons are able to cause cell death 20. Conversion electrons have a tissue penetration 
of 200-500 µm, so they do not have to be internalized into the cell to reach the cell nucleus. 
To investigate the therapeutic effects of 111In-DTPA-octreotide and to discriminate between 
the effects of the short-range Auger electrons and longer-range internal conversion electrons 
we developed an in vitro colony-forming assay to study cell survival after PRRT using the rat 
pancreatic tumor cell line CA20948. The effects of incubation time, radiation dose and, 
specific activity were investigated in this system. CA20948 cells were incubated with 111In-
DTPA-octreotide (internalized) versus 111In-DTPA (not internalized) to discriminate between 
the effects of the short-range Auger electrons and longer-range internal conversion electrons. 
 
 
MATERIALS AND METHODS 
 
Radiolabeled peptides 
DTPA-octreotide and 111InCl3 (DRN 4901, 370 MBq/mL in HCl, pH = 1.5 - 1.9) were 
obtained from Mallinckrodt Medical BV (Petten, The Netherlands). DTPA-octreotide was 
labeled with 111InCl3 as described 21. 
 
Cell culture 
CA20948 rat pancreatic tumor cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco BRL, Grand Island, NY). Medium was supplemented with 10% fetal calf 
serum, 2 mM glutamine, 1 mM sodium pyruvate, 0.1 mg/L fungizone and 50 IU/mL 
penicillin/streptomycin. 
 
Internalization studies 
One day before the experiment cells were transferred to 6 well plates. Different cell 
concentrations (200-10,000 cells per well) were used. The cells were washed with 2 mL 
phosphate-buffered saline (PBS) (37°C) and incubated in 1 mL incubation medium (RPMI-
1640 medium [Gibco BRL] supplemented with 1% bovine serum albumin and 20 mM Hepes) 
with 40 kBq/mL radiotracer for 1 hour at 37°C. Peptide concentrations were between 10-10 M 
and 10-8 M. To determine nonspecific internalization, cells were incubated with an excess of 
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unlabeled peptide (10-6M octreotide). Cellular uptake was stopped by removing medium from 
the cells, followed by washing twice with 2 mL PBS. To discriminate between internalized 
and not internalized (surface bound) radiopharmaceutical, intact cells were incubated with 1 
mL 20 mM sodium acetate (pH=5), as described 8. 
     Internalization of 111In-DTPA-octreotide versus 111In-DTPA. CA20948 cells were 
incubated for 1 hour with 40 kBq/mL 111In-DTPA-octreotide (5 × 10-10 M) or 40 kBq/mL 
111In-DTPA. To determine nonspecific internalization, cells were incubated with 5 × 10-10 M 
111In-DTPA-octreotide plus 10-6 M unlabeled octreotide. 
     Determination of internalized 111In-DTPA-octreotide in increasing cell concentrations 
directly after 1 hour and after culturing for 72 hours. CA20948 cells (200-10,000 cells per 
well) were incubated with 111In-DTPA-octreotide for 1 h; thereafter, the amount of 
internalized and membrane-bound radioactivity was determined in some wells. Other wells 
were washed with PBS followed by cultured for another 72 h in growth medium. After these 
72 h, the amount of internalized and membrane-bound radioactivity was determined. 
 
PRRT in vitro with 111In-DTPA-octreotide 
One day before the experiment cells were transferred to 6 well plates in a density of 200 cells 
per well. Cells were washed with PBS  (37°C) and incubated for at least 1 h in 1 mL 
incubation medium (RPMI-1640 medium without fetal calf serum but with 1% bovine serum 
albumin and 20 mM HEPES) containing 111In-DTPA-octreotide. Control cells received only 
incubation medium for 1 h. Thereafter, cells were thoroughly washed with PBS and allowed 
to form colonies during 10 d in growth medium (based on the method of Puck and Marcus 22, 

23). The medium was refreshed once after 72 h. 
After the 10-d recovery the cells were fixated with 1 mL methanol:glacial acid (3:1) for 15 
minutes. Subsequently the cells were stained with haematoxylin. Colonies that contained >50 
cells per colony were scored as survivors.  
     PRRT using 111In-DTPA-octreotide, effects of incubation time, concentration, and specific 
activity. CA20948 cells were incubated for 1, 3 and 5 h with 111In-DTPA-octreotide. In this 
experiment 2 different specific activities were used. 
     Effects of 111In-DTPA and low amounts of octreotide. CA20948 cells were incubated for 1 
h with 0.5 µg octreotide and 370 MBq 111In-DTPA and compared with cells incubated with 
(0.5 µg) 370 MBq 111In-DTPA-octreotide. The amount of 111In that is normally attached to the 
cells after 1-h incubation with 111In-DTPA-octreotide (internalization experiment) was added 
to the medium after the 1-h incubation. This amount of 111In-DTPA was also added when the 
medium was refreshed after 3 days. 
     PRRT with 111In-DTPA-octreotide plus excess amount of unlabeled octreotide. CA20948 
cells were incubated with 111In-DTPA-octreotide for 1 h as described. In the medium 10-6 M 
octreotide was added. Control cells were also incubated with 10-6 M octreotide. 
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RESULTS  
 
Internalization studies 
Figure 1 shows the internalization of 111In-DTPA-octreotide and 111In-DTPA after 1-h 
incubation. Cells were also incubated with an excess of octreotide (10-6 M) to determine 
nonspecific internalization. The percentage of the dose that is internalized is approximately 
0.06; the noninternalized radioactivity represented <10% of the total cellular uptake. Figure 1 
shows that 111In-DTPA is much less internalized into the cells compared with that of 111In-
DTPA-octreotide.  
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FIGURE 1. Internalization in CA20948 
cells after 1-h incubation at 37°C with 
111In-DTPA-octreotide and 111In-DTPA. 
Bars represent mean ± SEM. 

 
To investigate the PRRT effects of the internalized radioactivity, and not of 

radioactivity in the medium, a short incubation time in the medium and a low number of cells 
per well were necessary, the latter to rule out the option of crossfire between cells. In our 
PRRT studies with 111In-DTPA-octreotide in vitro, we incubated 200 cells per well for 1 h. In 
this way the distance between the cells is 1.2 mm (the surface of a well in a 6-well plate is 
9.62 cm2; 962 mm2/200 = 4.81 mm2 per cell; πr2 = 4.81; r2 = 1.5 mm; r = 1.2 mm), this is 
longer than the maximum pathlength of conversion electrons, which is 200-500 µm, which 
rules out the option of crossfire between the cells when distributed equally in the well.  

The cells were incubated for 1 h with 111In-DTPA-octreotide and after 3 d the medium 
was refreshed. We determined how much radioactivity is internalized in the cells directly after 
1-h incubation and also after 72 h in growth medium to be able to mimic the PRRT 
experiments with 111In-DTPA-octreotide with a similar amount of 111In-DTPA in the medium. 

To determine whether internalization of 111In-DTPA-octreotide is dependent on the 
cell number in the wells we performed experiments using an increasing cell concentration 
(range, 200-10,000 cells/well). Figure 2A shows the amount of internalized counts per minute 
after 72 h with an increasing amount of 111In-DTPA-octreotide (specific activity is kept 
constant). Figure 2A also demonstrates that when more cells are used, at constant 
radioactivity, more radioactivity is internalized. It also shows that when more radioactivity is 
used, at constant cell concentration, more radioactivity is internalized into the cells. In figure 
2B the amount of 111In-DTPA-octreotide that is internalized into the cells is expressed as 
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percentage of the dose.  This shows that more or less the same percentage of the dose is 
internalized into the cells, which is for 200 cells/well approximately 0.003% of the dose for 
200 cells per well. Directly after the 1-h incubation this percentage is highernamely, 0.03 % 
of the dose. 
 
 

 

A B 

FIGURE 2. Amount of internalized 111In-DTPA-octreotide after 72 h in growth medium with 200-
10,000 cells per well. Cells were incubated for 1 h at 37°C with increasing concentrations of 111In-
DTPA-octreotide. Amount of internalized 111In-DTPA-octreotide was determined after 72 h. (A) 
Amount of internalized counts per minute. (B) Internalized amount presented as percentage of given 
dose. Bars represent mean ± SEM. 
 
PRRT in vitro with 111In-DTPA-octreotide 
Figure 3 shows the percentage of tumor cell survival of the CA20948 cell line after treatment 
with 3.7 MBq/10-8 M (Fig. 3A), 3.7 MBq/10-7 M (Fig. 3B) and 37 MBq/10-7 M (Fig. 3C) 
111In-DTPA-octreotide for 1, 3 and 5 h. Survival values are shown as percentage survival 
compared with that of the control cells (no peptide added). Figures 3A and 3B share the same 
amount of radioactivity, but the latter one has a 10 times higher peptide amount, so a lower 
specific activity. Figure 3B and 3C share the same amount of peptide, but the latter has a 10 
times higher radioactivity, so a higher specific activity. Figures 3A and 3C share the same 
specific activity. When the tumor cell survival of Figures 3A and 3B is compared, Figure 3B 
shows a higher tumor cell survival than that of Figure 3A, despite the same amount of 
radioactivity that is used. Figure 3 also shows a time- and dose-dependent inhibition of the 
colony growth: When cells were incubated for 5 h with the highest concentration used, 
survival is virtually zero. Because the 1-h incubation time already shows a clear inhibition of 
the clonogenic cell survival we continued with a 1-h incubation time. 
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The same experiment was performed with a higher specific activity of 111In-DTPA-
octreotide, 370 MBq/0.5 µg. As is shown in Figure 4 CA20948 cells were incubated for 1 h 
with 18.5, 3.7, 1.85 and 0.37 MBq 111In-DTPA-octreotide. The control cells received 
incubation medium without 111In-DTPA-octreotide for 1 h. Figure 4 shows less tumor cell 
survival when a higher concentration of 111In-DTPA-octreotide is used, indicating a clear 
dose-dependent relation.  
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FIGURE 3. Effects of incubation time, 
concentration, and specific activity of 111In-
DTPA-octreotide on cell survival of CA20948 
cells after PRRT. Cells were incubated for 1, 3 
and 5 h with 0.37 or 3.7 MBq 111In-DTPA-
octreotide at 37°C using two different specific 
activities (specific activity of B is different from 
that of A and C). Bars represent mean ± SEM. 

 
 

Effects of 111In-DTPA and low amounts of octreotide. To investigate whether Auger or 
conversion electrons emitted by 111In-DTPA-octreotide were responsible for the inhibitory 
effect, CA20948 cells were exposed to increasing concentrations of 111In-DTPA for 1 h, the 
same concentrations as used for 111In-DTPA-octreotide (Fig. 4). Because 111In-DTPA is 
internalized (Fig. 1) to a much lesser extent than 111In-DTPA-octreotide, the amount of 
radioactivity from 111In-DTPA-octreotide that is normally internalized into the cells is added 
to the medium as 111In-DTPA after the 1-h incubation and also after 3 d, when the medium is 
normally refreshed (Fig. 2). Figure 5A clearly shows that there is no difference in tumor cell 
survival compared to the control, when CA20948 cells are incubated with an increasing 
amount of 111In-DTPA. Thus, 111In-DTPA does not have an effect on the tumor cell survival. 
Because it is known that octreotide alone can have an inhibitory effect on the cell survival we 
also incubated the CA20948 cells with octreotide, again the same concentration that is used 
with 111In-DTPA-octreotide (Fig. 4). Figure 3B shows that when CA20948 cells are incubated 
with low amounts of octreotide (10-10 M to 10-8 M) for 1 h there might be a slight inhibition of 
the tumor cell survival (≈5%).  
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FIGURE 4. Inhibitory effect of 111In-
DTPA-octreotide on clonogenic cell 
survival of rat pancreatic tumor cell line 
CA20948. Cells were incubated for 1h at 
37°C with increasing amount of 111In-
DTPA-octreotide. Bars represent mean ±
SEM. 
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FIGURE 5. Effect of 111In-DTPA (A) and octreotide (B) on clonogenic cell survival of 
CA20948 cells. The cells were incubated for 1 h in increasing amount of 111In-DTPA (the 
same was given as was used with 111In-DTPA-octreotide [Fig. 4]). Amount of radioactivity 
that is normally attached to the cells was added to medium after 1-h incubation time. 111In-
DTPA was also added when medium was refreshed after 3 d. Bars represent mean ± SEM. 
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PRRT with 111In-DTPA-octreotide plus excess amount of unlabeled octreotide. Figure 6 shows 
the effect of 111In-DTPA-octreotide incubated together with an excess (10-6 M) of unlabeled 
octreotide. The cells were incubated with the same amount of 111In-DTPA-octreotide as used 
previously. In this way the receptors are occupied with octreotide and 111In-DTPA-octreotide 
is not internalized into the cells. Figure 6 shows that a high amount of octreotide alone gives 
an inhibition of ≈30% on the tumor cell survival. When cells were incubated with 10-6 M 
octreotide together with 111In-DTPA-octreotide there is no further reduction seen of the tumor 
cell survival compared with only 10-6 M octreotide.  
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FIGURE 6. Inhibitory effect of octreotide on tumor cell survival of CA20948 cell line. Cells 
were incubated for 1 h at 37°C with 10-6 M octreotide (second bar from left) and cells were 
incubated with 10-6 M octreotide plus increasing amount of 111In-DTPA-octreotide (third to 
fifth bars from left). Bars represent mean ± SEM. 
 
 
DISCUSSION 
 
Peptide receptor scintigraphy with the radioactive somatostatin analogue 111In-DTPA-
octreotide is widely used to visualize sst-positive tumors in vivo. Besides γ-radiation, 111In 
emits also both therapeutic Auger and internal conversion electrons; therefore, a new 
application of 111In-DTPA-octreotide is PRRT. 

In preclinical studies on rats, different experiments with 111In-DTPA-octreotide were 
performed by determining the response of a solid octreotide receptor-positive tumor 
(CA20948) inoculated in the flank 13. For 111In-DTPA-octreotide a dose-response was found, 
leading in rats bearing small tumors (<1 cm2) to 50% cure after the highest dose (3 injections 
of 370 MBq, given with an interval of 1 wk), whereas in rats bearing large tumors (>10 cm2) 
only a partial response could be achieved. In larger tumors, more clonogenic, presumably 
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hypoxic, cells will be present, thereby limiting radiocurability. So, 111In is more suitable for 
smaller rather than large tumors. This is in agreement with the antiproliferative effects of 
111In-DTPA-octreotide found in a rat liver tumor metastases model 14. Administration of 370 
MBq 111In-DTPA-octreotide on day 1 or day 8 after intraportal CA20948 tumor cell 
inoculation induced a significant decrease in the number hepatic metastases at day 21. These 
findings show that, after radionuclide therapy, reduction of tumor volume can be obtained 
because of the radiotherapeutic effect of 111In-octreotide. These findings hold promise for the 
application of radionuclide therapy with 111In-octreotide in an adjuvant, micrometastatic 
setting and are consistent with the findings in this study. We showed that 111In-DTPA-
octreotide is able to control tumor growth in our single-cell in vitro system of CA20948 cells. 
Apart from uptake, tumor response is also dependent on radiosensitivity. To determine the 
radiosensitivity of these tumor cells, we performed external beam radiation experiments. It 
appeared that CA20948 cells are relative radioresistant, making our results the more 
interesting.  

In this in vitro system we also demonstrated that the Auger electrons emitted by 111In 
are responsible for the tumor response, not the conversion electrons. Because we use only 200 
cells per well in our in vitro system the distance between the cells is 1.2 mm, which rules out 
the option of crossfire between the cells because the cells are approximately equally 
distributed in the well. 

No tumor cell survival was found after a 5-h incubation time with 37 MBq (coupled to 
0.15 µg peptide) 111In-DTPA-octreotide, while we found almost 50% survival with 3.7 MBq 
(coupled to 0.15 µg peptide) 111In-DTPA-octreotide with a 1-h incubation. When a higher 
specific activity was used there was less tumor cell survival (Fig. 3). With a higher specific 
activity more radioactivity is internalized into the cells, leading to a lower tumor cell survival 
24. Thus, the differences in tumor cell survival are dependent on the radiation dose, incubation 
time, and the specific activity that is used. Because we found a clear effect of 111In-DTPA-
octreotide on the tumor cell survival after 1-h incubation, we continued with this short 
incubation time to investigate the effects of the internalized radioactivity, not of the 
radioactivity in the medium.  

Because 111In emits both Auger and conversion electrons we discriminated between 
the effects of both electrons by comparing internalized (111In-DTPA-octreotide) versus 
noninternalized (111In-DTPA) 111In. The effects of the conversion electrons were investigated 
using 111In-DTPA in the medium; with a tissue penetration of 200-500 µm they could reach 
the nucleus without being internalized. The results showed a 100% survival in the number of 
colonies after incubation for 1 h with 18.5 MBq with 111In-DTPA (Fig. 5A) compared with a 
30% survival with 18.5 MBq 111In-DTPA-octreotide (Fig 4). McLean and Wilkinson 25 
determined the radiation dose to cells in vitro from intracellular 111In. In these experiments, 
the radiation dose to the cell from the intranuclear decay of 111In was determined from cell 
survival studies to be 3.5 mGy per decay, using 60Co as a reference radiation. The average 
dose to the cells from extracellular 111In was calculated to be much lowerthat is, 5.8 
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pGy/decay. So from 111In that remains extracellular, Auger electrons, with their short 
pathlengths, would have little biological effect. For intracellular 111In, however, the release of 
Auger electrons into the nucleus or the DNA would have the potential to cause extensive 
biological damage.  

CA20948 cells were incubated with an excess of octreotide (10-6 M) together with an 
increasing amount of 111In-DTPA-octreotide in 1 experiment. The excess of octreotide was 
used to inhibit the internalization of 111In-DTPA-octreotide. The results show that the excess 
of octreotide inhibited cell survival with 30%; addition of radiolabeled peptide (111In-DTPA-
octreotide [10-10 M] + 10-6M octreotide) did not further decrease survival, showing that PRRT 
effects were sst receptor mediated. 

A phase I study using this radioligand on patients with neuroendocrine tumor has 
started in our center. Fifty patients with somatostatin receptor-positive tumors were treated 
with multiple doses of 111In-DTPA-octreotide 26. Forty patients were evaluable after 
cumulative doses of at least 20 GBq up to 160 GBq. Therapeutic effects were seen in 21 
patients: partial remission in 1 patient, minor remissions in 6 patients, and stabilization of 
previously progressive tumors in 14 patients. All the patients in this study had advanced 
tumor, and many were end-stage patients with a large tumor burden.  

Anthony et al. 27 published a phase II trial on patients with gastroenteropancreatic 
tumors in which 2 doses  (6.66 GBq each) of 111In-DTPA-octreotide were given. It improved 
symptoms in 62% of the patients, decreased hormonal markers with 81%, decreased 
Hounsfield units on CT scans in 27% of patients, with 8% partial radiographic responses and 
increased expected survival in gastroenteropancreatic cancer patients with somatostatin 
receptor-expressing tumors, showing the promise of this compound in patients with 
neuroendocrine tumors.  

PRRT with β-emitting radionuclides, such as 90Y and 177Lu, can be even more 
effective because higher tumor radiation doses can be achieved and the longer range of the β-
particles, typically 1-10 mm, may cause irradiation of neighboring receptor-negative tumor 
cells by crossfire. We are currently performing experiments with 90Y- and 177Lu-labeled 
somatostatin analogs in this in vitro system. In micrometastases or even single tumor cells the 
absorbed fraction of the radiation energy will be very low especially for 90Y. Recently 
Bernhardt et al. 28 have calculated with a mathematical model the tumor-to-normal tissue 
mean absorbed dose ratios (TNDs) for different tumor sizes. The results show that 
radionuclides suitable for therapy should emit few photons, emit many electrons with 
moderate energy, and have a rather long half-live (>2 d). In these calculations 161Tb and 177Lu 
obtained the highest TNDs values. We had promising results with biodistribution studies in 
rats after administration of 161Tb-DTPA-octreotide 29. Both of these radionuclides will be of 
interest for somatostatin receptor-based therapy in the future. 

However, in very small lesions PRRT with Auger electron-emitting 
radiopharmaceuticals may be the best choice. Recently, it was shown that after internalization 
111In is translocated to the perinuclear area and into the nucleus 30; it was also shown that 
prolonged exposure to radiolabeled somatostatin analogs significantly increases their cellular 
internalization, nuclear translocation, and DNA binding 31. Behr et al. 32 demonstrated a 
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therapeutic advantage of the Auger electron-emitting 111In over the β-emitter 90Y. It was 
shown that internalizing antibodies labeled with Auger electron-emitting radionuclides, such 
as 125I and 111In, have encouraging therapeutic results. They cause biological effects similar to 
those of typical high linear-energy-transfer (LET) radiation, such as α-emitters. 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 LET radiation 32.  So it is conceivable to use 111In-DTPA-octreotide, or other low-energy 
emitters like 161Tb, 58mCo, 103mRh, 119Sb and 189mOs, in cocktails combined with β-emitting 
radionuclides as a neo-adjuvant therapy.  
 
 
CONCLUSIONS 
 

111In-DTPA-octreotide is able to control tumor growth in this in vitro system; the effects were 
dependent on radiation dose, incubation time, and specific activity used. An excess of 
unlabeled octreotide decreased survival to 60% of the control; addition of radiolabeled 
peptide did not further decrease survival, showing that PRRT was receptor mediated. 111In-
DTPA, which is not internalized into sst2-positive tumor cells like 111In-DTPA-octreotide, did 
not influence survival, showing that the therapeutic effect of 111In is dependent on 
internalization, enabling the Auger electrons with their very short particle range, to reach the 
nucleus. 
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Chapter 3.2 

ABSTRACT 
 
Peptide receptor scintigraphy with the radioactive somatostatin analog 111In-DTPA-octreotide is 
a sensitive and specific technique to show in vivo the presence of somatostatin receptors on 
various tumors. Since 111In emits not only gamma-rays, but also therapeutic Auger and internal 
conversion electrons with a medium to short tissue penetration (0.02-10 µm and 200-550 µm, 
respectively), 111In-DTPA-octreotide is also being used for peptide receptor radionuclide therapy 
(PRRT).  
 In this study we investigated the therapeutic effects of 111In-DTPA-octreotide in tumors 
of various sizes. Re-grow of a tumor despite PRRT with 111In-DTPA-octreotide can be due to the 
lack of crossfire of 111In, whereby any possible receptor-negative tumor cell can multiply. We 
therefore also investigated the somatostatin receptor status on the tumor before and after PRRT. 

Therapy (low and high doses) in small and large tumors with 111In-DTPA-octeotide. We 
investigated the radiotherapeutic effects of different doses of 111In-DTPA-octreotide in vivo in 
Lewis rats bearing small (≤ 1 cm2) or larger (≥ 8 cm2) somatostatin receptor-positive rat 
pancreatic CA20948 tumors expressing the sst2 (somatostatin receptor subtype 2). The results 
show impressive radiotherapeutic effects of 111In-labeled octreotide in this rat tumor model. 
Complete responses (up to 50%) were found in the animals bearing small (≤ 1 cm2) tumors after 
at least three injections of 111 MBq or a single injection of 370 MBq 111In-DTPA-octreotide, 
leading to a dose of 6.3 – 7.8 mGy/MBq (1 – 10 g tumor). In the rats bearing the larger (≥ 8 cm2) 
tumors the effects were much less pronounced and only partial responses were reached in these 
groups.  

Low dose therapy to determine receptor expression. The somatostatin receptor density on 
the tumor after injection with a therapeutic labeled somatostatin analog was investigated when 
the tumor was either declining in size or when the tumor re-grew after initial size decline. To 
initiate a partial response of the tumor (so that re-growth would follow) and not a complete 
response a relatively low dose was administered. A clear sst2 expression was found in the control 
as well as in the treated tumors. In fact, a significantly higher tumor receptor density (p < 
0.001) was found when the tumors re-grew after an initial decline in size after low dose PRRT 
in comparison with the untreated tumors.  
 Conclusion: Therapy with 111In-labeled somatostatin analogs is feasible but should 
preferably start as early as possible during tumor development. One might also consider the use 
of radiolabeled somatostatin analogs in an adjuvant setting after surgery of somatostatin 
receptor-positive tumors to eradicate occult metastases. Finally we showed that PRRT led to 
an increase in receptor density of somatostatin receptors when the tumors re-grew after an 
initial decline in size because of PRRT. The upregulation of the somatostatin receptor will 
lead to a higher uptake of the radiolabeled peptides in therapeutic applications, making 
repetitions of radiolabeled peptides interesting.  
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INTRODUCTION 
 
A variety of receptor proteins with high affinity for regulatory peptides, including somatostatin, 
are expressed on the cellular membranes of cells. Somatostatin receptors are integral membrane 
glycoproteins, of which at present five somatostatin receptor subtypes (sst1-5) have been cloned. 
All subtypes bind somatostatin with high affinity, while the more stable analog octreotide binds 
with high affinity to the somatostatin receptor subtype 2 (sst2) and with lower affinity to sst3 and 
sst5. It shows no binding to sst1 and sst4 1-5. Continuing research resulted in the development of 
the somatostatin analogs Tyr3-octreotide and Tyr3-octreotate, in the latter the alcohol Thr(ol) at 
the C-terminus as used in octreotide is replaced with the natural amino acid Thr. This analog 
was found to have a very high affinity for the somatostatin receptor subtype 2 (sst2) and showed 
the highest uptake in the rat pancreatic CA20948 tumor in a biodistribution study in rats using 
different 111In-labeled somatostatin analogs 6. 
 Many tumors, particularly of neuroendocrine origin, express an increased number of 
somatostatin receptors, which can be visualized by imaging techniques. These somatostatin 
receptor-positive tumors can be visualized with e.g. 111In-DTPA-octreotide. 111In-DTPA-
octreotide is nowadays recognized to be the imaging technique for the localization and staging 
of somatostatin receptor-positive neuroendocine tumors 7, 8.  

Another application is the use of this 111In-labeled somatostatin analog for peptide 
receptor radionuclide therapy (PRRT). Since 111In emits not only gamma-rays, which are 
visualized during scintigraphy, but also Auger and conversion electrons, an effect on tumor cell 
proliferation could be expected. These electrons have a tissue penetration of 0.02 to 10 µm and 
200 to 500 µm respectively, so especially the radiotoxicity of Auger electrons is very high if the 
DNA of the cell is within their particle range 9, 10. In a previous study we showed that 111In-
DTPA-octreotide is able to control tumor growth in a single cell in vitro system 11. In this in 
vitro system it was demonstrated that the Auger electrons emitted by 111In are responsible for 
the anti-tumor response and not the conversion electrons 11.  
 We reported a biological half-life for 111In of >700 hours in tumor tissue in vivo in 
patients 7, 8, therefore 111In-labeled DTPA-octreotide has an appropriate distribution profile in 
humans for scintigraphy and radionuclide therapy. In clinical studies evidence of tumor response 
to treatment was indeed demonstrated 12-14. We also reported in an animal model 15 that high 
radioactive doses of 111In-DTPA-octreotide could inhibit the growth of somatostatin receptor-
positive liver metastases; the therapeutic effect was dependent on the presence of somatostatin 
receptors.  
 The aim of this study was to investigate the therapeutic effects of the 111In labeled 
somatostatin analog octreotide in tumors of various sizes. A tumor can relapse after peptide 
receptor radionuclide therapy (PRRT) with 111In-DTPA-octreotide by for instance the lack of 
crossfire. A possible explanation can be that in larger tumors probably a higher amount of tumor 
heterogeneity occurs, which can be explained by dedifferentiation of the tumor. A possible 
consequence could be that certain tumor cells loose the expression of the somatostatin receptor, 
leading to a heterogeneous receptor distribution in larger tumors. This may result in a reduced 
anti-tumor effect to PRRT due to the lack of crossfire from 111In. Therefore it is especially 
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important to know the effect of radionuclide therapy on the receptor expression of the tumor in 
various stages of tumor development. We therefore investigated the sst2 expression in tumors 
after therapy with an In-111 labeled somatostatin analog. The sst2 expression was determined 
when tumors were either declining in size or at re-growth after low dose PRRT (see Fig. 3). The 
receptor expression was compared with tumors in control animals, not receiving PRRT.  
 
 
MATERIALS AND METHODS 
 
Labeled peptides 
DTPA-octreotide (DTPA = diethylenetriaminepentaacetic acid) and 111InCl3 (DRN 4901, 370 
MBq/ml in HCl, pH = 1.5 - 1.9) were obtained from Mallinckrodt Medical BV (Petten, The 
Netherlands). DTPA-octreotide was labeled with 111InCl3 as has been described previously 16. 
DOTA-Tyr3-octreotate (DOTA= tetraazacyclododecanetetraacetic acid) was labeled with 
111InCl3 as described previously 6. 
 
Radionuclide therapy experiments using radiolabeled somatostatin-analogs 
Tumor model: CA20948 pancreatic tumors were grown in the flank of male Lewis rats (Harlan, 
The Netherlands; 250-300 g). These rats were injected subcutaneously into the flank, with 500 µl 
of a cell suspension of CA20948 tumor, prepared from 5 g crude tumor tissue in 100 ml saline.  

Tumor growth, animal condition and body weight was determined regularly. Loss of 
more than 10% of original body weight and tumor growth beyond about 15 cm2 were 
indications to sacrifice the animal. 
 Responses were recorded according to the criteria of the South-West Oncology Group 
with some modifications. Partial response (PR) was defined as at least 50% reduction of the 
product of the 2 largest perpendicular tumor diameters measured at onset of therapy, whereas 
complete response (CR) was defined as 100% reduction of this product and at least lasting for 
150 days. 
(A) Therapy (low and high doses) in small and large tumors with 111In-DTPA-octreotide: At the 
start of therapy, about 10 days after inoculation, 50% of the rats, all bearing tumors ≤ 1 cm2, 
were anaesthetized and the radiolabeled peptides were injected into the dorsal vein of the penis. 
The therapeutic groups received either a single intravenous injection or three injections (one 
week apart) with indicated amounts of 111In-DTPA-octreotide. Specific activity of 111In-DTPA-
octreotide was 370 MBq/0.5 µg peptide. Groups were 6-9 rats, a typical group having 8 rats. 
The control group did not receive radiolabeled peptide. One week later, in the remaining 50% 
of the rats, bearing ≥ 8 cm2 tumors, therapy was started using the same doses of radiolabeled 
peptides as used in the first group.  
(B) Low dose therapy to determine receptor expression: The somatostatin receptor density in 
CA20948 tumors was determined after injection with 185 MBq (4 µg) 111In-DOTA-Tyr3-
octreotate in tumor-bearing rats. Therapy started 15 days after inoculation. This relatively low 
dose was administered to initiate a partial response of the tumor (decline in size, regression) 
followed by tumor re-growth. The somatostatin receptor status on the tumors was determined 
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after therapy at 2 time points: 1) in some animals when tumor size was declining in size (at 
least 50%), and 2) in other animals when the tumor escaped after the initial tumor size 
decline. Receptor status using autoradiography with DOTA-125I-Tyr3-octreotate was 
determined after isolation of the tumor (described below). Only the “vital” parts of the tumor 
were taken in account for receptor status determination, “vital” parts were discriminated from 
“necrotic” parts in histological sections. 
 
Statistical analysis 
GraphPad Prism (PraphPad Prism Software, Inc; San Diego, USA) was used to design and 
comparing survival curves for the different groups and to calculate the median survival, being 
the time at which half the rats from a therapeutic group had been sacrificed. For comparison of 
survival curves the logrank test (Mantel-Haenszel test) was used.  
 
Autoradiography 
The receptor density in CA20948 tumors was determined using autoradiography after therapy 
with 185 MBq 111In-Tyr3-octretate in tumor-bearing rats.  The radioactivity due to the 
consequence of PRRT with 111In was decayed by the time of receptor determination by 
autoradiography. The tumors of the treated groups together with the controls were embedded 
in TissueTek (Saqura, Zoeterwoude, The Netherlands) after isolation and quickly frozen. 
Tissue sections (10 µm) were mounted on glass slides and stored at –20 °C for at least 1 day 
to improve adhesion of the tissue to the slide. Several slides were used for autoradiography, 
whereas adjacent sections were haematoxylin-eosin (HE) stained. Sections were air-dried, 
pre-incubated in 170 mM Tris-HCl buffer, pH 7.6, for 10 min at room temperature (RT) and 
then incubated for 60 min at RT with 10-10M DOTA-125I-Tyr3-octreotate. In order to 
determine non-specific binding of the radiopharmaceutical, adjacent slides were co-incubated 
with 10-6M octreotide. The incubation solution was 170 mM Tris-HCl buffer, pH 7.6, 
containing 1% (w/v) BSA, 1 mg bacitricin and 5 mM MgCl2. After incubation, the sections 
were washed twice for 5 min in cold incubation buffer including 0.25% BSA, subsequently in 
buffer alone and once with cold MilliQ, finally the sections were dried quickly. The sections 
were exposed to phosphor imaging screens (Packard Instruments Co., Meriden, USA) in X-
ray cassettes. The screens were analyzed using a Cyclone phosphor imager and a computer-
assisted OptiQuant 03.00 image processing system (Packard Instruments Co, Groningen, The 
Netherlands). OptiQuant was used for quantification of the receptor density expressed in % 
density light units (DLU) per mm2 relative to the control. Dependent on the size of the tumor 
slide, different regions of interest were drawn. 
 
Dosimetry 
Estimation of tumor dose was based on biodistribution studies in this rat model as published 
earlier 6. The dose to the rat tumors in Gy was calculated assuming uniform distribution of 
radioactivity in a spherical mass. Tumor-to-tumor dose was taken into account only and S-values 
(mean absorbed dose per unit cumulated activity) for 111In in spheres of 1 and 10 g were used as 
described 17, 18.  
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RESULTS 
 
(A) Therapy (low and high doses) in small and large tumors with 111In-DTPA-octreotide 
The tumors of the rats in the control group grew excessively; spontaneous growth inhibition 
was not observed. Survival curves for the control and therapeutic groups are shown in Figure 
1. The treatment with a single dose of 111 MBq 111In-DTPA-octreotide, leading to a dose of 
0.70 – 0.87 Gy in the tumor (for the relative biological effectiveness (RBE) of the Auger 
electrons a factor of 1 was used), did not induce significant differences between the survival 
curves of the animals bearing the smaller versus larger tumors, as in both groups the onset of 
sacrifice of the first rats was at the same time. For the groups that received the fractionated 
dose, i.e. 3 injections of 37 MBq, the survival curves of animals bearing smaller versus larger 
tumors were significantly different (Fig. 1). In this 3 × 37 MBq dose-group 100% PR was 
found for the smaller tumor-bearing animals, whereas this was 25% PR for the smaller tumors 
in the single 111 MBq dose-group (Fig. 2).  
 

 
 
FIGURE 1. Survival curves of groups of rats bearing either smaller (solid line) versus larger (dashed 
line) CA20948 tumors after indicated doses of 111In-DTPA-octreotide.  
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With increased doses of 111In-labeled octreotide, median survival, the time at which half the 
rats from a group had been sacrificed, increased as well (Table 1), both for the rats bearing 
smaller and larger tumors. The effects however, were far more pronounced for the smaller 
tumors, also shown by the increased ratio between the median survival data for smaller and 
larger tumor-bearing rats with increasing doses as shown in Table 1. For all doses but 111 
MBq, a significant difference was found with regard to survival between rats bearing smaller 
versus larger tumors (Fig. 1).  
 

 
FIGURE 2. Tumor responses found in groups of rats bearing either smaller (≤ 1 cm2) versus larger (≥ 8 
cm2) CA20948 tumors after indicated doses of 111In-DTPA-octreotide.  NR = no response, PR = partial 
response, CR = complete response. 
 
TABLE 1. Median survival data for groups of rats bearing either smaller (≤ 1 cm2) or larger (≥ 8 cm2) 
CA20948 tumors after indicated doses of 111In-DTPA-octreotide and the ratio between the median 
survival of the smaller and larger tumor-bearing rats.  
 

MBq ≤ 1 cm2 ≥ 8 cm2 ratio 
0 39 38 1.04 

1 × 111 49 38 1.29 
3 ×   37 51 39 1.30 
3 × 111 122 42 2.94 
1 × 370 128 45 2.88 
3 × 370 130 49 2.65 

 
 
Figure 2 shows that after administration of at least 3 × 111 MBq (2.1 – 2.6 Gy) or the 
equivalent single dose, CR is found in different groups, increasing to 50% in the group that 
received the highest dose: 3 × 370 MBq (7.0 – 8.7 Gy). This held only true in animals bearing 
smaller tumors. When therapy was initiated at a later stage (≥ 8 cm2 tumors), results were 
much less pronounced. No CR, but only PR was reached, the latter after administration of the 
highest dose (Fig. 2). 
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(B) Low dose therapy to determine receptor expression 
The radiation dose of 185 MBq 111In-labeled somatostatin analog Tyr3-octreotate led to a 
tumor dose of 3.3 – 4.1 Gy (tumor size of 1 – 10 g, for the RBE of the Auger electrons a 
factor of 1 was used). As was intended with this dose most tumors indeed initially responded 
to the given therapy, but after a certain time all tumors re-grew, as was expected. Figure 3 
shows the tumor growth of the rats treated with a single dose of 185 MBq 111In-labeled 
somatostatin analog. At two time points the tumor receptor expression was determined using 
in vitro autoradiography. First when the CA20948 tumors were declining in size and secondly 
when re-growth occurred (as indicated in Fig. 3B and 3C). With autoradiography a clear 
receptor expression was found in both control tumors and 111In-treated tumors; when an 
excess of octreotide (1 µM) was co-incubated a clear decrease in radioactivity was found (Fig. 
4A). Quantification showed a higher receptor density, only taking into account the “vital” 
parts of the tumor (Fig. 4A&C), when the tumors re-grew (p < 0.001) (Fig. 4B). No 
significant difference was found when the tumors were in regression.  
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The success of the therapeutic strategy depends on the amount of radioligand that can 
be concentrated within tumor cells, and the rates of internalization of both ligand and receptor 
will among other things determine this. We studied internalization of radiolabeled DTPA-
octreotide in tumor cells, in accordance with the findings of Andersson et al. 19 this process 
appeared to be receptor-specific and temperature dependent 20. Receptor-mediated 
internalization of 111In-DTPA-octreotide will most probably result in degradation to 111In-
DTPA-D-Phe, this metabolite is not capable of passing the lysosomal membrane 21, thereby 
contributing to the long residence time of radioactivity in the target cells (see below). 
Furthermore, the amount of radioligand taken up in the tumor may depend on the specific 
activity of the radiolabeled peptide used, as we have shown that tumor uptake of radiolabeled 
peptides is dependent on the unlabeled peptide amount that is co-injected with the  
radiolabel 22.  
 The rat pancreatic CA20948 flank tumor has been shown to be a good model for therapy 
using radiolabeled somatostatin analogs. This is in agreement with the antiproliferative effects 
of 111In-DTPA-octreotide found in a rat liver tumor metastases model 15. Administration of 
370 MBq 111In-DTPA-octreotide on day 1 and/or day 8 after intraportal CA20948 tumor cell 
inoculation induced a significant decrease in the number hepatic metastases at day 21. These 
findings show that after radionuclide therapy reduction of tumor volume can be obtained 
because of the radiotherapeutic effect of 111In-labeled octreotide. Recently we reported an in 
vitro colony-forming assay in which we studied the therapeutic effects of 111In-DTPA-
octreotide using the rat pancreatic tumor cell line CA20948 11. In this in vitro system we 
showed that 111In-DTPA-octreotide can control tumor growth, the effects were dependent on 
incubation time, radiation dose and specific activity used. Similar concentrations of 111In-
DTPA, which is not internalized into sst-positive tumor cells like 111In-DTPA-octreotide, did 
not influence tumor survival, showing that the therapeutic effect of 111In is dependent on 
internalization, enabling the Auger electrons with their very short particle range to reach the 
nucleus. These findings hold promise for the application of therapy with 111In-labeled 
octreotide in an adjuvant, micrometastatic setting and are consistent with the findings in this 
study.  
 After therapy with multiple doses of 111In-labeled octreotide we found various 
responses. CRs were only found in the smaller tumors. Cure (up to 50%) was found in the 
animals bearing small (≤ 1 cm2) tumors after at least three injections of 111 MBq or a single 
injection of 370 MBq 111In-DTPA-octreotide, leading to a dose of 6.3 – 7.8 mGy/MBq (1 – 10 g 
tumor, for the RBE of the Auger electrons a factor of 1 was used). In the rats bearing the larger 
(≥ 8 cm2) tumors the effects were much less pronounced and only partial responses were reached 
in these groups.  
 Preclinical PRRT studies in vivo with the β-emitting radionuclides 177Lu and 90Y showed 
very promising results 23, 24. The cure rate of the rats was however also dependent on the tumor 
size. Based on a mathematical model the tumor curability in relation to the tumor size was 
examined 25. It was calculated that the optimal tumor diameter for 90Y was 34.0 mm and for 
177Lu 2.0 mm. Tumors smaller than the optimal size will not absorb all the energy of the β-
emitting radionuclide. In larger tumors more clonogenic, presumably hypoxic, cells will be 
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present, thereby limiting radiocurability. Another possible explanation can be that in larger 
tumors probably a higher amount of tumor receptor heterogeneity occurs, which can be 
explained by dedifferentiation of the tumor. A possible consequence could be that certain tumor 
cells loose the expression of the somatostatin receptor, leading to a heterogeneous receptor 
distribution in larger tumors. This may result in a reduced anti-tumor effect to PRRT due to the 
lack of crossfire from this 111In. So, it is important to know after PRRT the receptor expression of 
the tumor in various stages of tumor development. Since 50% of the tumors escaped after 3 × 
370 MBq 111In-DTPA-octreotide we investigated the sst2 expression in tumors after 111In-
therapy. The sst2 expression was determined when tumors were either declining in size or when 
re-growth occurred after an initial decline in size. The receptor expression was compared with 
control tumors, which did not receive PRRT.  
 We therefore investigated whether the somatostatin receptors were still present after 
therapy with 185 MBq 111In-labeled somatostatin analog. After this relatively low tumor dose 
of 3.3 – 4.1 Gy (for a tumor size of 1 – 10 g, for the RBE of the Auger electrons a factor of 1 
was used) initially a partial response of the tumor (decline in size, regression) followed by 
tumor re-growth (escape, post-regression) was expected. We showed that a single dose of 185 
MBq 111In-DOTA-Tyr3-octreotate gave a clear decline in tumor size but all tumors re-grew. In 
this study we found an sst2 receptor expression in the control tumors as well as in the tumors 
treated with 111In. In fact, a significant (p < 0.001) higher receptor density after re-growth in 
comparison with the control tumors was found. However, the histology of the tumors should be 
taken into account as well, to investigate differences in terms of cell size, shape or cellularity of 
the two tumors types (control vs. re-growth). To further investigate the effects of PRRT on the 
receptor expression studies including these items are ongoing. 
 Recently Béhé et al. 26, 27 also found an increase in receptor density after irradiation. 
AR42J cells were irradiated with a dose of 4, 8 and 16 Gy (external beam irradiation). 
Subsequent binding assays showed a time-dependent upregulation of somatostatin and gastrin 
receptors for all doses. Also the tumoral uptake in vivo was increased, indicating that 
fractionation of radiolabeled peptides is feasible.  
 The results found here with regard to radiotherapeutic effects in smaller and larger 
tumors may be highly clinically significant. They hold promise for application of radionuclide 
therapy with 111In-labeled octreotide (as well as 177Lu), in an adjuvant, micrometastatic 
setting, e.g. after surgery to eradicate occult metastases. This is in accordance with our earlier 
findings that high radioactive doses of 111In-DTPA-octreotide inhibited the growth of 
somatostatin receptor-positive micro-metastases in a rat liver tumor model 15. Furthermore the 
data observed here point to the importance of early onset of radionuclide therapy during 
tumor development, whereas in the phase I studies performed in our hospital using 111In-
DTPA-octreotide only end-stage patients with often a large tumor load were included.  
 Finally we showed that PRRT leads to an increase in receptor density of the 
somatostatin receptor. This upregulation of the somatostatin receptor leads to a possible 
higher uptake of the radiolabeled peptides in therapeutic applications, probably making 
repeated injections of radiolabeled peptides more effective.  
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ABSTRACT 
 
Somatostatin analogs promising for Peptide Receptor Scintigraphy (PRS) and Peptide 
Receptor Radionuclide Therapy (PRRT) are D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr(ol) 
(Tyr3-octreotide) and D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr (Tyr3-octreotate). For 
radiotherapeutic applications these peptides are being labeled with the β- particle emitters 
177Lu or 90Y. We evaluated the therapeutic effects of these analogs chelated with tetra-
azacyclododecanetetra-acetic acid (DOTA) and labeled with 90Y or 177Lu in an in vitro 
colony-forming assay using the rat pancreatic tumor cell line CA20948. Furthermore, we 
investigated the effects of incubation time, radiation dose, and specific activity of 177Lu-
DOTA-D-Phe1-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr (177Lu-octreotate). 177Lu-octreotate could 
reduce tumor growth to 100% cell kill and effects were dependent on radiation dose, 
incubation time, and specific activity used. Similar concentrations of 177Lu-DOTA, which is 
not bound to the cells, had a less pronounced effect on the tumor cell survival. Both Tyr3-
octreotide and Tyr3-octreotate labeled with either 177Lu or 90Y, using DOTA as chelator, were 
able to control tumor growth in a dose-dependent manner. In all concentrations used 
radiolabeled Tyr3-octreotate had a higher tumor kill compared to radiolabeled Tyr3-octreotide, 
labeled with 177Lu or 90Y. This is in accordance with the higher affinity of Tyr3-octreotate for 
the somatostatin subtype 2 (sst2)-receptor compared to Tyr3-octreotide, leading to a higher 
amount of cell-associated radioactivity, resulting in a significantly higher tumor radiation 
dose. In conclusion, Tyr3-octreotate labeled with 177Lu or 90Y is the most promising analog for 
PRRT. 
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INTRODUCTION    
 
Somatostatin receptors are integral membrane glycoproteins that are distributed in a variety of 
tissues throughout the body. At present five somatostatin receptor subtypes (sst1-5) have been 
identified 1, 2. Somatostatin binds to all subtypes with high affinity, while the affinity of the 
different somatostatin analogs for these subtypes differ considerably. For example, octreotide 
binds with high affinity to the somatostatin receptor subtype 2 (sst2) and with lower affinity to 
sst3 and sst5. It shows no binding to sst1 and sst4 

3-6.  
Many tumors, such as endocrine pancreatic tumors, carcinoids, paragangliomas, 

pheochromocytomas, small cell lung cancer as well as certain brain tumors and breast cancer, 
express an increased number of somatostatin receptors 7. These somatostatin receptor-positive 
tumors can be visualized with 111In-DTPA-octreotide in which DTPA is diethylene-triamine-
penta-acetic acid. 111In-DTPA-octreotide is nowadays recognized to be the imaging technique 
for the localization and staging of somatostatin receptor-positive tumors. 111In-DTPA-
octreotide has also been used for radionuclide therapy in preclinical studies in rats, where it 
effectively reduced or inhibited tumor growth in a flank and liver tumor model. Peptide 
Receptor Radionuclide Therapy (PRRT) with 111In-DTPA-octreotide has been shown to 
induce therapeutic responses in patients with neuroendocrine tumors 8-14. 

Promising somatostatin analogs are Tyr3-octreotide and Tyr3-octreotate; in the latter 
the alcohol Thr(ol) at the C-terminus (as used in octreotide) is replaced with the natural amino 
acid Thr. This analog was found to have a very high affinity for sst2 and showed the highest 
uptake in the rat pancreatic CA20948 tumor in a biodistribution study in rats using different 
111In-labeled somatostatin analogs 15. Lewis et al. also reported that the somatostatin analog 
64Cu-TETA-Tyr3-octreotate has a higher tumor uptake than 64Cu-TETA-octreotide (TETA is 
1,4,8,11-tetraazacycloetradecane-N,N’,N’’,N’’’-tetraacetic acid) both in vitro and in vivo 16, 17. 
In patients, radiolabeled octreotate appeared to have a three to four times higher tumor uptake 
than 111In-labeled octreotide 18.  
For radiotherapeutic applications, Tyr3-octreotide and Tyr3-octreotate have been derivatised 
with the chelator tetra-azacyclododecanetetra-acetic acid (DOTA), enabling stable 
radiolabeling with 90Y and 177Lu. 90Y is a high-energy β- particle emitter with a maximum β- 
energy of 2.3 MeV and a half-life of 64 hours. 177Lu is a low-energy β- particle emitter (479 
keV, 78%) with a half-life of 6.7 days. 177Lu also emits gamma radiation (208 keV, 11%), 
which allows scintigraphy and subsequent dosimetry using the same compound. Currently, 
various phase I and II studies are being performed with 90Y-octreotide and 177Lu-octreotate 
with most favorable results regarding tumor growth 8, 19-26.  
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Earlier we reported an in vitro colony-forming assay in which we studied the 
therapeutic effects of 111In-DTPA-octreotide using the rat pancreatic tumor cell line CA20948 
27. In this study we expanded these 111In-DTPA-octreotide experiments and compared the 
different therapeutic effects of Tyr3-octreotide and Tyr3-octreotate labeled with 90Y or 177Lu in 
the colony-forming assay. To provide insight into the tumoricidal effects of 177Lu-octreotate 
we investigated the effects of incubation time, radiation dose, and specific activity used. 
 
 
MATERIALS AND METHODS 
 
Compounds 
177LuCl3 was from IDB Holland (Baarle Nassau, The Netherlands). 90YCl3 was obtained from 
Perkin Elmer (Boston, MA). 90Y and 177Lu labeling of DOTA-Tyr3-octreotide and DOTA-
Tyr3-octreotate was performed as described previously 28-31.   
 
Cell culture 
CA20948 rat pancreatic tumor cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco BRL, Grand Island, NY). Medium was supplemented with 10% fetal calf 
serum, 2 mM glutamine, 1 mM sodium pyruvate, 0.1 mg/L fungizone and 50 IU/mL 
penicillin/streptomycin. 
 
Internalization studies 
Determination of internalized 177Lu-octreotate in increasing cell concentrations with 
therapeutic doses. Cells (200-10,000 cells/well) were washed with 2 mL phosphate-buffered 
saline (PBS) and incubated in 1 mL incubation medium (RPMI-1640 supplemented with 1% 
bovine serum albumin and 20 mM Hepes) with 0.37-3.7 MBq/mL 177Lu-octreotate for 1 hour 
at 37°C.  Peptide concentrations were between 8 × 10-9M – 8 × 10-8M. Cellular uptake was 
stopped by removing medium from the cells, followed by washing twice with 2 mL PBS. In 
some wells the amount of internalized and membrane bound radioactivity was determined 
directly after the 1 hour incubation period. Other wells were washed with PBS after the 1 hour 
incubation step to remove the radiolabeled peptide from the medium, and cultured for another 
72 hours in growth medium. After these 72 hours the amount of internalized and membrane 
bound radioactivity was also determined.  
 
Peptide receptor radionuclide therapy in vitro  
One day before the experiment cells were transferred to six-well plates in a density of 200 
cells per well. Cells were washed with PBS (37°C) and incubated for 1 hour in 1 mL 
incubation medium (RPMI-1640 medium with 1% bovine serum albumin and 20 mmol 
HEPES, also called N-[2-hydroxyethyl]piperazine-N’-[Z-ethanesulfonic acid]) containing 
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177Lu-octreotate. Control cells received only incubation medium. Thereafter, cells were 
thoroughly washed with PBS and cultivated for 10 days in growth medium to form colonies 
(as described previously) 27. The medium was refreshed once after 72 hours. 
After 10 days the cells were fixated with 1 mL methanol:glacial acid (3:1) for 15 minutes. 
Subsequently the cells were colored with haematoxylin. Colonies that contained more than 50 
cells per colony were scored as survivors.  

PRRT using 177Lu-octreotate, effects of incubation time, concentration, and specific 
activity. CA20948 cells were incubated for 1 or 3 hours with 177Lu-octreotate. In this 
experiment two different specific activities were used; 1.85 MBq/0.15 µg (10-7M), 18.5 
MBq/1.50 µg (10-6M) compared with 1.85 MBq/1.50 µg (10-6M). 

The effects of 177Lu-DOTA and equimolar amounts of octreotate in comparison with 
177Lu-octreotate. CA20948 cells were incubated for 1 hour with 0.85 µg octreotate and 37 
MBq 177Lu-DOTA and compared to (0.85 µg) 37 MBq 177Lu-octreotate.  

Comparison of Tyr3-octreotide versus Tyr3-octreotate labeled with 177Lu or 90Y. 
CA20948 cells were incubated for 1 hour with increasing concentrations of 177Lu-octreotide 
versus 177Lu-octreotate and 90Y-octreotide versus 90Y-octreotate.  
 
Statistical analysis 
Statistical analysis of the data, for the comparison of octreotide versus octreotate, was carried 
out by comparing means using the independent t test, SPSS (SPSS, Inc., Chicago, IL). 
Statistical significance was defined as p < 0.05. 
 
Total number of decays per cell 
The total number of decays per cell was calculated by integration of an assumed cell bound 
fraction of activity of 0.1% after the incubation period over the whole in vitro therapy time. It 
is assumed that the bound fraction of activity is evenly distributed over the initial number of 
cells. No redistribution occurs of the radioactivity over newly formed cells during the therapy 
period. The clearance of radioactivity from the cells is assumed to be just by physical decay. 
For a cell culture of N cells with incubation time Ti with activity A of a nuclide with decay 
constant λp, leading to relative bound activity u, after therapy time T the number of decays per 
cell Ãcell is: 
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RESULTS 
 
Internalization studies 
Determination of internalized 177Lu-octreotate in increasing cell concentrations with 
therapeutic doses. We determined how much radioactivity was internalized in the cells when 
we use therapeutic doses of 177Lu-octreotate. We performed the experiments using an 
increasing cell concentration (range 200-10,000 cells/well). Figure 1A shows the internalized 
CPM after 1 hour incubation with an increasing amount of 177Lu-octreotate (specific activity 
is kept constant) and 72 hours further culture in growth medium. The noninternalized 
radioactivity represented less than 10% of the total cellular uptake. Figure 1A demonstrates 
that when more cells are plated per well, and incubated with a constant amount of 
radioactivity, more radioactivity was internalized. Hence, internalization is dependent on cell 
number. It also shows that when more radioactivity is added, at constant cell concentration, 
more radioactivity is internalized into the cells.  

In figure 1B the amount of 177Lu-octreotate that is internalized into the cells is 
expressed as percentage of the dose. This figure shows that with the lowest amount of 
radioactivity, 0.37 MBq 177Lu-octreotate (which has the lowest peptide concentration;  
8 × 10-8M), the highest percentage of the dose is internalized into the cells.  
 

 

A B

FIGURE 1. The amount of internalized 177Lu-octreotate after 1-hour incubation with increasing 
concentrations of 177Lu-octreotate and 72 hours further culture in growth medium with 200-10,000 
cells/well. Part A shows the amount of internalized counts per minute (CPM) and part B shows the 
internalized amount presented as the percentage of the given dose. Data are expressed as mean ± 
standard error of the mean from 2 independent experiments performed in triplicate. 
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Peptide receptor radionuclide therapy in vitro  
PRRT using 177Lu-octreotate, effects of incubation time, concentration, and specific activity. 
Figure 2 shows the percentage of tumor cell survival of the CA20948 cell line after treatment 
with 1.85 MBq/10-7M (A); 1.85 MBq/10-6M (B); and 18.5 MBq/10-6M (C) 177Lu-octreotate 
for 1 and 3 hours. Survival values are shown as percentage survival compared to that of the 
control cells, the plating efficiency was 70% ± 10%. A and B share the same amount of 
radioactivity only the latter one has a 10-times higher peptide amount, so a lower specific 
activity. B and C share the same amount of peptide, but the latter has a 10-times higher 
amount of radioactivity, so a higher specific activity. A and C share the same specific activity. 
When the tumoricidal effect of A and B are compared, Figure 2 clearly shows that B has a 
higher tumor cell survival than A, despite the same amount of radioactivity that is used. 
Figure 2 also shows a time- and dose-dependent inhibition of the colony growth. When the 
cells were incubated with 1.85 MBq/10-7M for 1 hour the percentage survival is 
approximately 15% of control; survival is further reduced to approximately 8% when 
incubated for 3 hours. When the cells are incubated with 18.5 MBq the tumor cell survival 
reaches zero. Because the 1-hour incubation shows clear tumoricidal effects, we continued 
with this incubation time. 
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FIGURE 2. Effects of incubation time, 
concentration, and specific activity of 177Lu-
octreotate on the cell survival of CA20948 
cells after peptide receptor radionuclide 
therapy. Cells were incubated for 1 and 3 
hours with 1.85 or 18.5 MBq 177Lu-octreotate 
at 37°C using two different specific activities 
(B versus (A&C)). Data are expressed as 
mean ± standard error of the mean from 2 
independent experiments performed in 
triplicate. 

 
 

The effects of 177Lu-DOTA and equimolar amounts of octreotate in comparison with 
177Lu-octreotate. The same experiment as described above was performed with a higher 
specific activity of 177Lu-octreotate, 37 MBq/0.85 µg (6 × 10-7M). As is shown in figure 3, 
CA20948 cells were incubated for 1 hour with 1.85, 3.7 and 18.5 MBq 177Lu-octreotate. To 
investigate the effects of the 1-hour incubation with 177Lu-octreotate in the medium, cells 
were incubated during 1 hour with the same concentration of 177Lu-DOTA and equimolar 
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amounts of Tyr3-octreotate in comparison with 177Lu-octreotate. Figure 3 shows that 177Lu-
octreotate induces a dose-dependent inhibition of the tumor cell survival; higher 
concentrations of 177Lu-octreotate result in a higher percentage tumor kill. This effect reaches 
its maximum when the cells were incubated for 1 hour with 18.5 MBq; at this radioactivity 
level the tumor cell survival is zero. To investigate the effects of the medium radioactivity 
during the 1-hour incubation period on the CA20948 cells, cells were incubated for 1 hour, 
with 177Lu-DOTA, which is noncell bound and noninternalized radioactivity, in the same 
concentration that is used with 177Lu-octreotate. Figure 3 shows that there is a dose-dependent 
inhibition of tumor cell survival when the cells were incubated with high amounts of 177Lu-
DOTA, with 1.85, 3.7 and 18.5 MBq there is a tumor cell survival of respectively 65%, 60% 
and 45%. 177Lu-octreotate, on the other hand, results after internalization in a further cell-
killing effect to 30%, 9% and 0% survival with these amounts of radioactivity (see Fig. 3). 
When the cells were incubated with octreotate (range 3 × 10-8 – 3 × 10-7M) in the same 
concentration that is used with 177Lu-octreotate, there is only a slight reduction of tumor cell 
survival (5% to 10%, Fig. 3).  
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FIGURE 3. Tumoricidal effect of 177Lu-octreotate, octreotate and 177Lu-DOTA on the clonogenic cell 
survival on the rat pancreatic tumor cell line CA20948. Cells were incubated for 1 hour at 37°C with 
increasing amounts of 177Lu-octreotate, octreotate and 177Lu-DOTA. Data are expressed as mean ± 
standard error of the mean from 2 independent experiments performed in triplicate. 
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Comparison of octreotide versus octreotate labeled with 177Lu or 90Y. To compare the 
tumoricidal effects of the two peptides, Tyr3-octreotide versus Tyr3- octreotate, the peptides 
were labeled with either 177Lu or 90Y. Figure 4 shows the tumoricidal effect of the two 
peptides Tyr3-octreotate and Tyr3-octreotide labeled with the radiolanthanide 177Lu, to 
compare their tumoricidal effect. The peptides were labeled with the same specific activity, 
18.5 MBq to 0.6 µg peptide. The cells were incubated for 1 hour with the radiolabeled 
peptides and survival values are shown as percentage survival compared to control. Figure 4 
shows that both peptides Tyr3-octreotide and Tyr3-octreotate labeled with 177Lu control tumor 
growth in a dose-dependent manner. The peptide Tyr3-octreotate has a higher tumoricidal 
effect compared with Tyr3-octreotide at each concentration that was used (p < 0.05). The 
calculated number of decays per cell assuming 0.1% uptake after 1 hour incubation with 0.37 
MBq 177Lu-peptide was 4.9 × 105 decays per cell.   

 

 

FIGURE 4. Inhibitory effect of 
177Lu coupled to either octreotide 
or octreotate on the tumor cell 
survival of the CA20948 cell line. 
Cells were incubated for 1 hour at 
37°C with increasing amounts of 
177Lu-octreotate or 177Lu-
octreotide. Data are expressed as 
mean ± standard error of the mean 
from 2 independent experiments 
performed in triplicate.  

 
Figure 5 shows the tumoricidal effect of 90Y labeled with Tyr3-octreotate or Tyr3-

octreotide on the CA20948 cell line after an incubation of 1 hour. Survival values are shown 
as percentage survival compared with that of the control cells. Figure 5 shows that both 
peptides Tyr3-octreotide and Tyr3-octreotate labeled with 90Y are also able to control tumor 
growth in a dose-dependent manner. When the tumoricidal effects of the two peptides Tyr3-
octreotate and Tyr3-octreotide are compared, Figure 5 also shows that the tumoricidal effect 
of Tyr3-octreotate is superior to that of Tyr3-octreotide (p < 0.002). The calculated number of 
decays per cell, assuming 0.1% uptake after 1 hour incubation with 0.37 MBq 90Y-peptide 
was 2.81 × 105 decays per cell.   
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FIGURE 5. Inhibitory effect of 90Y coupled to either octreotide or octreotate on the tumor cell 
survival of the CA20948 cell line. Cells were incubated for 1 hour at 37°C with increasing amounts of 
90Y-octreotate or 90Y-octreotide. Data are expressed as mean ± standard error of the mean from 2 
independent experiments performed in triplicate. 
 
 
DISCUSSION 
 
Despite promising results with the 111In-labeled peptides targeting somatostatin receptors, 
there have been several reports describing alternative somatostatin radioligands 20, 28, 32-35. 
Using cell lines transfected with somatostatin receptor subtypes sst1, sst2, sst3, sst4 or sst5, 
Reubi et al. 36 evaluated the in vitro characteristics of labeled (indium, yttrium, gallium) and 
unlabeled DOTA-Tyr3-octreotide, DOTA-octreotide, DOTA-lantreotide, DOTA-vapreotide, 
DTPA-Tyr3-octreotate and DOTA-Tyr3-octreotide. They found that small structural 
modifications, chelator substitution or metal replacement were shown to considerably affect 
the binding affinity. For example, a marked improvement of sst2 affinity was found for 67Ga-
DOTA-Tyr3-octreotide (IC50 2.5 nM) compared with the 90Y-labeled compound and 111In-
DTPA-octreotide. A binding affinity for sst2 in the same range was also found for 111In-
DTPA-Tyr3-octreotate (IC50 1.3 nM) and for 90Y-DOTA-Tyr3-octreotate (IC50 1.6 nM). In our 
preclinical PRRT studies the rat pancreatic CA20948 tumor cell line is used. In this model the 
analog Tyr3-octreotate gives the highest uptake of 4 different 111In-labeled DTPA-chelated 
somatostatin analogs in tumor bearing rats 15. In patients, radiolabeled octreotate appeared to 
have a higher tumor uptake than 111In-labeled octreotide as well 18.  

In this study we investigated the tumoricidal effects of Tyr3-octreotide and Tyr3-
octreotate labeled with either 177Lu or 90Y in an in vitro colony-forming assay. We first 
investigated the uptake and internalization characteristics of 177Lu-octreotate in this in vitro 
system. The amount of internalized radioactivity was dependent on the amount of cells and on 
the dose of radioactivity that was added to them. Figure 1B also shows that the amount of 
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peptide affects the percentage radioactivity that is internalized into the cells. The lowest 
amount of radioactivity combined with the lowest amount of peptide revealed the highest 
percentage internalized radioactivity. This is consistent with the findings that the percentage 
internalized radioactivity is dependent on the amount of peptide that is added 37, 38. The 
percentage cell-bound radioactivity is also dependent on the specific activity used; at a high 
specific activity there is less unlabeled peptide present and therefore there will be less 
competition between labeled and unlabeled peptide for the receptor, and a higher percentage 
of the dose is internalized compared with a lower specific activity. The highest concentration 
of 177Lu-octreotate that is used, shown in Figure 1 (3.7 MBq), also has the highest peptide 
amount, which is approximately 8 × 10-8 M, and the lowest percentage of the dose 
internalized. This peptide concentration is rather high; the lower percentage of the dose that is 
internalized is probably due to partial saturation of the sst2. 

We further showed that 177Lu-octreotate (Fig. 2) had a considerable tumoricidal effect 
in this single cell in vitro system. With a higher specific activity used, a higher tumoricidal 
effect was observed (see Fig. 2); also a lower tumor survival was found with a longer 
incubation period. So, the differences in tumor cell survival were dependent on the radiation 
dose, incubation time and, the specific activity used.  

The tumoricidal effects of 177Lu-octreotate, 177Lu-DOTA and Tyr3-octreotate were 
compared.  One-hour incubation with 177Lu-DOTA had already a pronounced effect on the 
tumor cell survival. As only a small fraction of radioactivity under these low cell density 
conditions will be internalized after incubation with 177Lu-octreotate, a considerable 
percentage of tumor kill is already started during the 1-hour incubation period, most probably 
due to crossfire. 

We finally compared the tumoricidal effects of the two peptides Tyr3-octreotide versus 
Tyr3-octreotate. Both compounds, radiolabeled with either 177Lu or 90Y, were capable of 
controlling tumor growth in a dose-dependent manner. Our results illustrates that Tyr3-
octreotate caused a higher tumor kill compared to Tyr3-octreotide at all concentrations 
studied. This is in accordance with the finding that the radiolabeled octreotate analogs have a 
higher affinity for the sst2-receptor compared with the corresponding octreotide analogs, 
which leads to a higher amount of internalized radioactivity, thereby resulting in a 
significantly higher tumor radiation dose in radionuclide therapy studies 15.  

It is difficult to compare the effects of 177Lu versus 90Y in this in vitro system. 90Y has 
higher energy compared with 177Lu, leading to a higher dose to the cell, but the absorbed 
fraction of energy per cell is smaller for 90Y than for 177Lu, resulting in a lower S value 
(mGy/MBq/s-1) of 90Y (6.00 × 10-5 mGy/MBq/s-1) in a single cell of 10 µm compared to 177Lu 
(2.11 × 10-4 mGy/MBq/s-1). We calculated the number of decays per cell per 0.1% uptake of 
177Lu- or 90Y-peptide after 1-hour incubation with 0.37 MBq, resulting in 4.95 × 105 decays 
per cell for 177Lu, and 2.81 × 105 decays per cell for 90Y. So, 177Lu is more effective in this 
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single cell system compared to 90Y. On the other hand, crossfire in our system is much more 
pronounced with 90Y than with 177Lu, due to the longer particle range of the 90Y β-particles 
versus 177Lu-particles (maximum 12 mm versus 2 mm, respectively).  

In preclinical PRRT studies in vivo 29 we  also had promising results: a 100% cure rate 
in rats bearing small (≤1 cm2) CA20948 tumors after 2 doses of 277.5 MBq or after a single 
dose of 555 MBq 177Lu-octreotate. After PRRT with two doses of 277.5 MBq 177Lu-DOTA-
Tyr3-octreotide, which has a lower tumor uptake compared with 177Lu-octreotate, a cure rate 
of 60% was found. In rats bearing larger tumors (≥1 cm2), 40% and 50% cure rates were 
found in groups that received 1 or 2 injections of 277.5 MBq 177Lu-octreotate, respectively. 
Currently, various phase I and II studies are being performed with 90Y-octreotide 8, 19-25. In 
these different studies partial and complete remissions were found in approximately 24% of 
the patients. Also studies with 177Lu-octreotate have been started recently 26. The effects of 
177Lu-octreotate therapy have been reported in 35 patients with neuroendocrine gastro-entero-
pancreatic (GEP) tumors. Patients were treated with dosages of 3700, 5500 or 7400 MBq 
177Lu-octreotate, to a final cumulative dose of 22.2-29.6 GBq with treatment intervals of 6-9 
weeks. Three months after the final administration, complete or partial remissions were found 
in 38% of the patients, showing the great potential of 177Lu-octreotate for PRRT. 
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ABSTRACT 
 
Peptide receptor scintigraphy with 111In-DTPA-octreotide (a stabilized radiolabeled 
somatostatin (SS) analog, OctreoScan) is widely used for the visualization and staging of 
somatostatin receptor-positive tumors. The application of likewise somatostatin analogs as 
vehicle for the deliverance of radionuclides to somatostatin receptor-positive targets are now 
in use for peptide receptor-targeted radionuclide therapy (PRRT). Currently preclinical and 
clinical investigation are ongoing trying to find the optimal combination of radionuclide and 
ligand. The anti-tumoral effects of such combinations, like 90Y-DOTA-Tyr3-octreotide and 
177Lu-DOTA-Tyr3-octreotate, on SSR-positive solid tumors have been reported. In this study 
we present the anti-tumor effects of 177Lu-DOTA-tate on: a) a single SSR-positive cell model 
and b) on a SSR-positive tumor in a rat liver micrometastatic model, mimicking disseminated 
disease. 177Lu-DOTA-tate showed anti-tumoral effects in both cases and significant survival 
in the PRRT-treated rats. 177Lu-DOTA-tate is a very promising new treatment modality for 
SSR-positive tumors, including disseminated disease. 
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INTRODUCTION 
 
Somatostatin receptors (SSRs) have been demonstrated on a variety of human tumors 1. At 
least 5 different human subtypes (SSR Subtype 1–5) have been cloned 2. All subtypes bind 
somatostatin with high affinity, whereas octreotide, a somatostatin analog, binds with high 
affinity to SSR2, and with decreasing affinity for SSR5 and SSR3 3. The vast majority of 
human SSR-positive tumors express SSR Subtype 2 3, 4. SSR-positive tumors, like carcinoids, 
breast cancer and various neuroendocrine tumors, can be visualized with 111In-DTPA-
octreotide (OctreoScan). OctreoScan is nowadays recognized to be the imaging technique 
for the detection and staging of SSR-positive tumors. Peptide receptor radionuclide therapy 
(PRRT) with high dosages of 111In-DTPA-octreotide showed anti-tumor effects in a rat liver 
micrometastases model 5 and in patients with neuroendocrine tumors 6-9. The disadvantage of 
111In for PRRT is the short particle range and consequently small tissue penetration 10. 
Therefore, other radionuclides, like 90Y and 177Lu, were coupled to DOTA-conjugated 
somatostatin analogs, such as DOTA-Tyr3-octreotide (DOTATOC) and DOTA-Tyr3-
octreotate 3. These radionuclides emit high-energy beta particles (2.27 and 0.5 MeV, 
respectively) with accordingly larger particle range of 10 and 2 mm, respectively 3. 

Various studies have shown favorable results of 90Y-DOTATOC and 177Lu-DOTA-
tate use in patients with neuroendocrine tumors 11-14. PRRT with radionuclides emitting 
higher energy beta-particles (e.g., 90Y) are in theory and in practice advantageous for larger 
tumors (>1g), but not for smaller tumors (<1g). For uniform activity distribution in these 
larger tumors, almost all energy of the emitted electrons will be deposited in the target. For 
the smaller tumors, however, only a small energy fraction from the emitted electrons will be 
deposited within the tumor 15-18. We recently presented successful PRRT with 177Lu-DOTA-
tate of SSR-positive solid tumors in rats 17 and also in patients 14. The question still remains 
whether 177Lu has anti-tumor effects on SSR-positive micrometastases. We describe a PRRT 
study with 177Lu-DOTA-tate of SSR-positive tumor cells in an in vitro model and in a rat liver 
micrometastatic model. 
 
 
MATERIALS AND METHODS 
 
Animals 
Male inbred Lewis rats, 10–14 weeks old with a body weight of 250–275 g, were obtained 
from Harlan-CPB (Horst, The Netherlands). Animals were kept under standard laboratory 
conditions (12 hr light/12 hr dark) and given a standard laboratory diet (Hope Farms, 
Woerden, The Netherlands) and water ad lib. The experimental protocol adhered to the rules 
of the Dutch Animal Experimental Act and was approved by the Committee on Animal 
Research of the Erasmus University. 
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Tumor 
CC531 is a SSR-negative, moderately differentiated rat colon carcinoma, induced by 1,2-
dimethylhydrazine, and is transplantable in syngeneic WAG/Rij rats 5. The tumor is 
maintained in tissue culture as a monolayer in RPMI 1640 medium (Gibco, Paisley, UK) 
supplemented with 5% FCS. Cells were harvested from stationary cultures by gentle 
trypsinization (Boehringer, Mannheim, Germany). 

CA20948 is a SSR-positive, pancreatic tumor of acinar origin that was originally 
induced by azaserine and is transplantable in syngeneic Lewis rats 16. The tumor is maintained 
in tissue culture as a monolayer in RPMI 1640 medium (Gibco, Paisley, UK) supplemented 
with 10% FCS. For the in vitro experiments, cells were harvested from stationary cultures by 
gentle trypsinisation (Boehringer). To produce artificial liver metastases for the in vivo 
experiments, tumors were excised from donor rat livers, cleaned from normal liver tissue and 
pressed through sieves with decreasing mesh size. The resulting suspension was washed twice 
in RPMI 1640. Viability was measured with trypan-blue exclusion (0.3% in a 0.9% NaCl 
solution). A suspension of 2.5 x 106 living cells per 5 ml was used for direct injection into the 
portal vein 5, 19. 
 
Radiolabeling and quality control of the radioligand 
Reactor-produced 177Lu from 70% enriched 176Lu-target was obtained from IDB Holland 
Baarle Nassau, The Netherlands). DOTA-tate was obtained from Mallinckrodt (St. Louis, 
MO). 177Lu-labeling of DOTA-tate was carried out as described previously 17, 18, 20. 
Measurement of the incorporation of the radionuclide was carried out in the presence of 4 
mM DTPA pH 4 on ITLC-SG with 0.1 M Na-citrate as eluents 17, 18. The labeling yield 
always exceeded 99% and the radiochemical purity was higher than 90%. Post radiolabeling 
and before the administration of the radioligand-containing solution 4 mM DTPA pH 4 was 
added to a final mol/mol ratio (DTPA over DOTA-tate) of 30.  
 
In vitro PRRT 
One day before the experiment CC531 and CA20948 tumor cells were transferred to 6-well 
plates in a density of 200 and 400 cells per well. Cells were washed with PBS (37°C) and 
incubated for at least 1 hr in 1 ml incubation medium (RPMI-1640 medium without FCS but 
with 1% bovine serum albumin and 20 mmol HEPES) containing 177Lu-DOTA-tate. Control 
cells received only incubation medium for 1 hr. Thereafter, cells were thoroughly washed 
with PBS and allowed to form colonies during 2 days in growth medium. The medium was 
once refreshed after 3 days. At Day 12 the cells were fixated with 1 ml methanol:glacial acid 
(3:1) for 15 min. Subsequently the cells were colored with haematoxylin (Dako, Glostrup, 
Denmark). Colonies that contained more than 50 cells per colony were scored as survivors.  
 
In vivo PRRT 
Under ether anesthesia, the abdomen was opened through a 2.5 cm midline incision. 0.25 x 
106 viable CA20948 cells in 0.5 ml RPMI 1640 were injected slowly into the portal vein 
through a 0.4 x 12 mm needle. The abdominal wall was closed in one layer by a continuous 
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silk suture. The day after the operation, rats were randomized in an experimental and control 
group. Each group consisted of 12 rats. Rats of the experimental group were treated with 185 
(1.9 µg) or 370 MBq (3.8 µg) 177Lu-DOTA-Tyr3-octreotate i.v. on Day 8. Rats in the control 
group did not receive treatment. Body weight and animal condition (i.e., lethargy, scruffy coat 
and diarrhea) were determined at regular intervals at least twice a week.  

To evaluate anti-tumor effects, half of the rats were sacrificed 21 days after 
inoculation of tumor cells. Livers were removed, washed and immersed in PBS. Livers were 
weighed and 2 independent investigators counted the number of metastases on the surface of 
the liver lobes (up to 100) while blinded for treatment modality determined tumor growth. 
The number of metastases was subdivided in a semi-quantitative tumor score, with 
concordant ranking from 0 (no metastases) up to 5 (> 100 tumor colonies, with >50% of liver 
affected) as presented in Table I.  

The remaining rats were used for a survival experiment. The experiment was ended 
150 days post inoculation of the tumor; 150 days is the generally accepted equivalent of 5 
years human survival. Body weight and animal condition was determined at regular intervals 
at least twice a week. When loss of body weight was more than 10% of original body weight, 
rats were sacrificed and livers examined.  
 
Statistical analysis 
Statistical analysis of the data was carried out using one-way analysis of variance. When 
significant effects were obtained by analysis of variance, multiple comparison were made by 
the Newman-Keuls test. Statistical significance was defined as p < 0.05. Data are expressed 
as mean ± SD. GraphPad Prism (GraphPad Prism Software, San Diego, CA) was used to plot 
survival curves for the different groups. 
 
 
RESULTS 
 
In vitro PRRT 
Figure 1 shows the % survival of CA20948 and CC531 cells after in vitro PRRT with various 
amounts of 177Lu-DOTA-tate. No differences were found between the experiments with 200 
and 400 cells (data not shown).  
 
In vivo PRRT  
The results of PRRT with 185 MBq (1.9 µg) or 370 MBq (3.8 µg) 177Lu-DOTA-tate on Day 8 
on the growth of CA20948 liver metastases compared to rats of the control group are 
summarized in Table I. Both 185 MBq and 370 MBq 177Lu-DOTA-tate had an anti-tumor 
effect on CA20948 liver metastases compared to controls. Mean tumor scores were 2.0 ± 1.3, 
1.3 ± 0.8 and 5.0 ± 0.0, respectively (p < 0.001 vs. controls). Liver weight was significantly 
less in PRRT treated rats compared to controls: mean liver weights (in g) were 8.9 ± 0.9, 9.3 ± 
0.7 and 19.2 ± 2.0, respectively (p < 0.001 vs. controls; Fig. 2). 
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FIGURE 1. The percentage survival 
of CA20948 and CC531 cells (open 
bar) after in vitro PRRT with various 
amounts of 177Lu-DOTA-tate. 

 
TABLE 1. Effect of 185 or 370 MBq 177Lu-DOTA-octreotatate on CA20948 liver metastases1 
 0 1-20 21-50 51-100 >1002 >1003 

Rank 0 1 2 3 4 5 
Controls - - - - - 6 
185 MBq 1 1 1 3 - - 
370 MBq 2 - 4 - - - 

 
1Number of animals with given range of metastases, 21 days after direct injection of CA20948 tumor 
cells into the portal vein. Treated rats (185 or 370 MBq 177Lu-DOTA-tate) with CA20948 liver 
metastases had significantly fewer liver metastases compared with control rats (p < 0.001). 2More than 
100 tumor colonies, but <50% of liver is affected. 3More than 100 tumor colonies, and >50% of liver 
is affected. 
 

 

FIGURE 2. Liver weight of groups of 
rats with CA20948 liver metastases after 
indicated doses (expressed as mean ± 
SD, n equals; 6). Mean liver weights of 
rats treated with 185 or 370 MBq 177Lu- 
DOTA-tate are both less significant than 
control rats (p < 0.001). 

 
Survival curves for the control and therapeutic groups are shown in Figure 3. Tumors 

of the rats in the control group grew excessively and no survival at 150 days was found. 
Treatment with a single dose of 185 MBq 177Lu-DOTA-tate resulted in a significant increase 
of the survival of the rats of this group. In all sacrificed rats livers were full of metastases. At 
150 days after tumor inoculation, 2 of the 6 rats (33%) in this group were still alive and 
autopsy showed no visible liver metastases in these 2 rats (p < 0.05). Animals that received a 
single injection of 370 MBq 177Lu-DOTA-tate also showed a significant increase in survival 
compared to controls, however, no animals survived 150 days (p < 0.05).  

In the in vivo experiments no overt signs of toxicity such as weight loss, scruffy coat, 
lethargy or diarrhea were observed. 
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FIGURE 3. Survival curves of groups of rats with CA20948 liver metastases after indicated doses  
(n = 6 per group). Both groups of rats treated with 185 and 370 MBq 177Lu-DOTA-tate showed a 
significant increase in survival compared to controls (p < 0.05). Two of the 6 rats treated with 185 
MBq 177Lu-DOTA-tate survived 150 days and had no visible liver metastases after sacrifice. 
 
 
DISCUSSION 
 
Peptide receptor scintigraphy with 111In-DTPA-octreotide is widely used for the visualization 
and staging of SSR-positive tumors. The application of likewise ligands as vehicle for the 
deliverance of radionuclides to SSR-positive targets is now also in use for PRRT. Preclinical 
and clinical investigation is currently ongoing in an attempt to find the optimal combination 
of radionuclide and ligand (with both their specific characteristics) for several parameters, 
including tumor volume. The anti-tumoral effects of such a combination, 177Lu-DOTA-tate, 
on SSR-positive solid tumors have been reported 14, 17. 

We present the anti-tumor effects of 177Lu-DOTA-tate in vitro in a single SSR-positive 
cell model, and on a SSR-positive tumor in a rat liver micrometastatic model, mimicking 
disseminated disease.  

As shown in Figure 1, SSR-positive CA20948 tumor cell survival decreases with 
increasing doses of 177Lu-DOTA-tate, and this in contrast to SSR-negative CC531 tumor cells 
in a parallel experiment. We reported earlier on experiments carried out to study 
internalization of radiolabeled somatostatin analogs such as 111In-DTPA-octreotide and 90Y-
DOTATOC in rat pancreatic tumor cells 21, 22. This process was found to be receptor-specific 
and temperature-dependent 22, 23. Furthermore, the amount of radioligand taken up in the 
tumor depends on the total amount of unlabeled peptide present and thus on changes in 
specific activity of the radiolabeled peptide 24, 25. The success of the therapeutic strategy 
therefore relies on the total amount of radioligand that accumulates within tumor cells, which 
among other things depends on the receptor affinity and rate of internalization of ligand and 
receptor. The physical characteristics of radioactivity accumulated within tumor cells 
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determines also the dosimetric dose on neighbouring cells. As stated above, 177Lu emits β-
particles with a maximum energy of 0.5 MeV and a high tissue penetration, with a maximum 
range of 2 mm. Assuming a cell diameter of 20 µm, this means, when internalized into the 
tumor cell, 177Lu is able to potentially kill cells at approximately 12 cell diameters from a cell 
in which it is internalized, with a maximum cell-killing potential of approximately 50 cell 
diameters 26. This extra cell killing potential is also called a radiological bystander effect 27 
and can be an additional advantage in the PRRT of tumors with a heterogeneous expression of 
receptors with affinity for the radiolabeled peptide.  

In Table I and in Figure 2 the tumor growth control by 177Lu-DOTA-tate is presented. 
Tumor growth in controls was excessive, 21 days post inoculation of the tumor cells, more 
than 100 tumor colonies were counted in the livers and, in addition, more than 50% of the 
liver was affected. The liver weight doubled (p < 0.001) vs. the 2 PRRT-treated groups of rats 
(Fig. 2). We reported recently that PRRT with 111In-DTPA-octreotide had no effects on basic 
liver functions 28. The effect of PRRT was also reflected in the survival curve: rats treated 
with 185 or 370 MBq 177Lu- DOTA-tate had significantly lower tumor colonies present at 
Day 21 (Fig. 2). Two of 6 survived for 150 days, which is the generally accepted equivalent 
of 5 human years. In the PRRT-treated rats a higher survival was found in the rats treated with 
the lower dose. The amounts of injected radioactivity in these 2 groups were 185 and 370 
MBq, and the concordant amount of injected ligand: 1.9 µg and 3.8 µg, respectively. This 
increase in amount of injected ligand reduces the uptake in the SSR-positive targets: the 
uptake herein is a function of the injected mass 24, 25. The uptake in SSR-positive tumor cells 
in rats injected with 1.9 µg is approximately 70% of the optimal uptake, and in the other 
group injected with 3.8 µg is 40%, resulting in no significant increase in radioactivity in the 
targets. So although the radioactive dose was doubled, the uptake of radioactivity in these 
SSR-positive targets was not increased, and as a result, neither was the dosimetric dose (in 
contrast to SSR-negative kidney and bone marrow). These organs are critical organs for 
PRRT with radiolabeled somatostatin analogs 3, and by definition determine the maximal 
tolerated dose hereof. Because the radiation dose has doubled, the dosimetric dose for these 
organs has doubled. Lewis et al. 29 reported recently, however, no toxicity for 177Lu-DOTA-
tate, even up to doses of 4 GBq per kg, and up to 42 days post injection.  

A major advantage of PRRT using radiolabeled peptides is that radiation can be 
delivered selectively, not only to (large) primary tumors, but also to tumors and metastases 
that are too small to be imaged and thereby treated by, for example, surgery or external beam 
radiotherapy. Even tumors of less than 1 g are not able to absorb all electron energy emitted 
by 90Y in their cells 10, 15, 18. Therefore, patients bearing tumors of different sizes might be 
treated by a combination of radionuclides, e.g., the high-energy β-emitter 90Y for large tumors 
(>1 g) and low-energy β-emitter, such as 177Lu, or an Auger electron emitter, such as 111In for 
smaller (<1 g) tumors and metastases.  Preclinical and clinical PRRT experiments of SSR-
positive tumors are ongoing. 
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CONCLUSION 
 
177Lu-DOTA-tate showed anti-tumor effects in an isolated SSR-positive tumor cell model in 
vitro and in a rat liver SSR-positive micrometastic model setting, making it a very promising 
new treatment modality for SSR-positive disseminated disease. 
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ABSTRACT 
 
The aim of this study was to develop and investigate a radiopeptide for treatment of cancers 
which overexpress cell surface somatostatin receptors.  The new radiopharmaceutical is 
composed of a somatostatin receptor-targeting peptide, a chelator (DTPA) to enable 
radiolabeling, and an apoptosis inducing RGD (arginine-glycine-aspartate) peptide moiety.  
The receptor-targeting peptide portion of the molecule, Tyr3-octreotate, is specific for the 
somatostatin subtype-2 cell surface receptor (sst2), which is overexpressed on many tumor 
cells.  Because of the rapid endocytosis of the somatostatin receptor the entire molecule can 
thus be internalized, allowing the RGD portion to activate intracellular caspases, which in 
turn promotes apoptosis. In this paper, we present the synthesis and the in vitro and in vivo 
tumor binding and internalization characteristics of this hybrid peptide. In vitro internalization 
into sst2-positive tumor cells of the radiolabeled hybrid peptide appeared to be a rapid process 
and could be blocked by an excess of unlabeled octreotide, indicating an sst2-specific process. 
Tumor uptake in vivo in rats of radiolabeled RGD-DTPA-Tyr3-octreotate was in agreement 
with the in vitro data and similar to that of radiolabeled DOTA-Tyr3-octreotate. The combined 
molecule is expected to significantly enhance the therapeutic efficacy of the somatostatin-
based agent.  
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INTRODUCTION 
 
The number of somatostatin receptors may be greatly up-regulated in the cells of a variety of 
tumors, particularly those of neuroendocrine origin.  Included are carcinoids, gastrinomas, 
paragangliomas, small-cell lung cancer, and insulinomas.   Increased expression of 
somatostatin receptors has also been found in breast, and ovarian cancer 1.  Octreotide is an 
eight-amino-acid cyclic peptide that preserves a four-amino-acid motif (Phe-Trp-Lys-Thr) 
that is critical for the biological activity of somatostatin. It has a substantially longer serum 
half-life than endogenous somatostatin. 111In-labeled octreotide has proven to be particularly 
useful in the diagnosis of neuroendocrine tumors (most of which overexpress somatostatin 
receptors) 2.  

In general, somatostatin receptor-positive neuroendocrine tumors are unresponsive to 
standard therapy regimens, including adjuvant chemotherapy and, in many cases, external 
beam radiation therapy.  The lack of an effective response to therapy for these tumors 
represents a serious unmet medical need.  To that end, a variety of somatostatin radiolabeled 
derivatives have been prepared and are in various stages of preclinical and clinical 
investigation.  These new agents are directed at the receptor-targeted radiation therapy of 
these tumors.  For example, OctreoTher is a modified peptide derivative of OctreoScan, 
radiolabeled with the high-energy beta-emitting radionuclide, yttrium-90 3.  This agent is 
currently in phase 1 and 2 clinical studies.  In comparison, 177Lu-DOTA-Tyr3-octreotate (Fig. 
1) provides further improvements as a targeted radiotherapeutic by having greater uptake and 
retention in tumor tissue 3-6. While the results of these studies are very promising, the 
radioresistance of a number of tumor types is thought to significantly diminish the potential 
efficacy of these targeted agents. 

 
FIGURE 1.  Structure of DOTA-Tyr3-octreotate 
 
We hypothesize that the synergistic effects of an apoptosis-inducing factor, such as arginine-
glycine-aspartic acid (RGD) peptides, can increase the radiotherapeutic efficacy of these 
peptides. 

A large number of RGD peptide derivatives have been synthesized because of the 
broad interest on the biochemical function of integrins.  These receptors mediate the adhesion 
and migration of cells and are key factors in the spatial organization of cells through their 
interaction with extracellular matrix (ECM) proteins.  A common amino-acid motif shared by 
these ECM proteins is an RGD sequence that mediates their interaction with specific 
integrins.  The feasibility of designing small molecules/peptides that have a high affinity for 
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specific integrin receptors has been demonstrated by several laboratories 7-9.  These studies 
have shown that small peptides, bearing the RGD motif, can have high affinity and selectivity 
for even closely related integrin receptors.  In addition to the RGD-binding sites found on 
integrins, it has been shown that two members of the procaspase family, caspase-1 and 
caspase-3, also contain potential RGD-binding motifs.  Caspases are a small group of specific 
cysteine proteases that are key factors in programmed cell death.  These intracellular factors 
exist as latent zymogens that when activated by apoptotic signals attack crucial protein targets 
to induce orderly death.  Buckley et al.10 demonstrated that RGD peptides are able to directly 
activate caspase-3 and induce apoptosis in cells by a mechanism that is completely 
independent of their association with integrin receptors.  Since caspase-3 is one of the key 
executioner proteases in the apoptosis pathway, it seems likely that this enzyme will be an 
important site of action for targeted therapeutics that are designed to induce cell death 
selectively.    

The aim of these studies was to develop and characterize a radiopeptide for the 
treatment of neuroendocrine cancer and other types of cancer which overexpress the cell 
surface somatostatin receptor subtype-2 (sst2).  The new radiopharmaceutical (Fig. 2) is 
composed of the somatostatin receptor-targeting peptide Tyr3-octreotate, the chelator DTPA 
to enable radiolabeling, and an apoptosis inducing RGD (arginine-glycine-aspartate) peptide 
moiety.  The use of such targeted peptides for therapy allows them to be used in conjunction 
with diagnostic imaging agents.  The diagnostic agent uses the identical target molecule, but 
is labeled with a gamma emitting radionuclide that permits imaging with a gamma camera, 
thereby allowing for the selection of patients that will most likely respond to treatment. 

 
 
FIGURE 2.  Structure of RGD-DTPA-Tyr3-octreotate 
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MATERIALS AND METHODS 
 
Peptides 
Solid phase peptide synthesis (SPPS) of RGD-DTPA-Tyr3-octreotate was performed using an 
Applied Biosystems “Pioneer” synthesizer employing Fmoc strategy.  The target peptide was 
prepared on a 0.1 mmol scale using Fmoc-Thr(OtBu)-PEG-PS (Applied Biosystems, St. 
Louis, MO, 0.24 mmol/g loading) as the starting resin.  Fmoc-protected amino acids (0.4 
mmol) were activated with N- [(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-
ylmethylene]-N-methylmethan-aminium hexaflurophosphate N-oxide (HATU).  Upon 
completion of the linear peptide, Arg(Pbf)-Gly-Asp(PtBu)-D-Tyr(tBu)Asp(OtBu)-Lys(Mtt)-
Phe-Cys(Acm)-Tyr(tBu)-D-Trp(Boc)-Lys(Boc)-Thr(OtBu)-Cys(Acm)-Thr(OtBu)-OH)-OAl, 
on-board cyclization to form the lactam was achieved using the “Allyl Deblock” protocol 
followed by PyAOP activation.  The resin containing the protected, mono-cyclized peptide 
was then removed from the instrument, and the disulfide formation was accomplished 
manually by the addition of thallium(III) trifluoracetate in Dimethylformamide.  The Mtt 
protecting group of the lysine was removed next by treatment with 4% TFA/5% 
triisopropylsilane/91% dichloromethane. The resin was washed with dichloromethane and 
THF before resuspending in DMF (5 mL) containing DIEA (70 µl, 0.4 mmol).  In a separate 
vessel, tri-t-butyl DTPA (224 mg, 0.4 mmol) was dissolved in DMF containing HBTU/HOBt 
(0.4 mmol, 2.0 mL of a 0.2 mmol/mL solution) and DIEA (70 µl, 0.4 mmol) to give a 10-mL 
solution.  After agitating for one hour, the activated DTPA derivative was added to the 
previously suspended resin.  The reaction was permitted to continue overnight before washing 
the resin with DMF and THF.  Cleavage of the peptide from the resin with concomitant 
deprotection of the side chain protecting groups was finally completed using 85% TFA/5% 
thioanisole/5% phenol/5% water (overnight).  The crude peptide was isolated by precipitation 
with t-butyl methyl ether (Sigma) and purified by reverse-phase HPLC.  Molecular weight 
determination was accomplished by mass spectrometry, operating in the electrospray mode 
(ESI) (calc. 2139.9; found 1071.3, (M + 2H) +/2). 

Synthesis of DTPA-RGD, (c(Arg-Gly-Asp-DTyr-Lys)-ε-DTPA,) and DOTA-Tyr3-
octreotate (DOTA-c(DPhe-Cys-Tyr-DTrp-Lys-Thr-Cys-Thr),) were performed as described 
6,8. RGD c(Arg-Gly-Asp-DPhe-Val) was obtained from Bachem (Bern, Switzerland). 
Octreotide was supplied by Novartis (Basel, Switzerland).  
 
Radiolabeling  
111InCl3 was obtained from Mallinckrodt Medical BV (Petten, The Netherlands).  RGD-DTPA-
Tyr3-octreotate and DOTA-Tyr3-octreotate were labeled with 111InCl3 as described previously6. 
 
Cell culture 
CA20948 cells were cultured from the solid CA20948 rat pancreatic tumor and were grown in 
DMEM (Life Technologies, Breda, The Netherlands) supplemented with 10% heat-inactivated 
fetal bovine serum, 2 mM glutamine, 1 mM sodium pyruvate, fungizone (0.1 mg/L) and 50 
IU/mL penicillin/streptomycin 11. Rat pancreatic tumor AR42J cells (obtained from CAMR, 
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Wiltshire, UK) were grown in RPMI-1640 (Life Technologies, Breda, The Netherlands) 
supplemented with 10% heat-inactivated fetal bovine serum, 2 mM glutamine, 1 mM sodium 
pyruvate, fungizone (0.1 mg/L) and 50 IU/mL penicillin/streptomycin.  CA20948 cells and 
AR42J cells express both sst2 and integrins. Twenty-four (24) hours before the uptake and 
internalization-experiments, cells from subconfluent cell cultures were plated in 6-well plates at 
106 cells/well. 
 
Uptake and internalization  
Uptake and internalization of radiolabeled RGD-DTPA-Tyr3-octreotate in the cells was studied 
as described previously 12. In short, cells were washed with phosphate-buffered saline (PBS). 
Incubation was started by addition of 1 mL of an incubation medium (RPMI, supplemented 
with 20 mM Hepes and 1% bovine serum albumin) containing 50 kBq of radioligand. Cells 
were incubated for the indicated periods of time at 37°C or 4°C. To determine receptor-specific 
versus nonspecific uptake, cells were incubated with either 0.1 nM of a radiolabeled peptide or 
with 0.1 nM of a radiolabeled peptide plus an excess of unlabeled octreotide (1 µM) or 
unlabeled RGD (1 µM). Cellular uptake was stopped by removing medium from the cells and 
washing twice with 2 ml ice cold PBS. To discriminate between internalized and 
noninternalized (surface-bound) radiolabeled peptide, intact cells were incubated with 1 ml 20 
mM sodium acetate (pH 5.0) in PBS. Cells were lysed with 0.1 M NaOH. Internalized and 
surface-bound radioactivity was determined by measuring the different fractions in an LKB-
1282-Compugammasystem. Cellular protein was determined using a commercially available kit 
(BioRad, Veenendaal, The Netherlands). Data are presented as the mean ± SD for at least 
triplicate incubations. 
 
Biodistribution studies  
All animal studies were conducted in compliance with the Animal Welfare Committee 
requirements of our institution and with generally accepted guidelines governing such work. 
The rat pancreatic CA20948 and rat pancreatic AR42J tumors were grown in the flank of 
Lewis rats (Harlan, The Netherlands; 80-120 g). Male Lewis rats were injected 
subcutaneously in the right flank with 106   CA20948 cells  (from crude tumor tissue or cell 
culture) and in the left flank with 106 AR42J cells (from crude tumor tissue or cell culture).  
About 15 days after inoculation, experiments were started. For biodistribution studies rats 
were injected with 3 MBq (0.5 µg) RGD-111In-DTPA-Tyr3-octreotate into the dorsal vein of 
the penis. In order to determine the nonspecific binding of the radiopharmaceutical, separate 
groups of rats were co-injected intravenously with an excess of 500 µg octreotide. Tumor 
scintigraphy was performed using a gamma camera at 24 hours post-injection of RGD-111In-
DTPA-Tyr3-octreotate.  To study possible reduction of kidney uptake, a group of rats was 
simultaneously injected with RGD-111In-DTPA-Tyr3-octreotate and 400 mg/kg D-lysine.   At 
1, 4, 24 and 48 hours post-injection, rats were sacrificed. Organs, tumor and blood were counted 
in a LKB-1282-Compugammasystem (Perkin Elmer Life Sciences, Groningen, The 
Netherlands). For all groups: n ≥ 4, data are expressed as mean ± SD. 
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Autoradiography 
The presence of radioactivity in tumor and normal tissues obtained from the biodistribution 
studies was investigated by ex vivo autoradiography. Tumor and normal organs were isolated 
24 hours post-injection, embedded in TissueTek (Sakura, Zoeterwoude, The Netherlands), 
and processed for cryosectioning. Tissue sections (10 µm) were mounted on glass slides and 
stored at –20ºC for at least 1 day to improve the adhesion of the tissue to the slide. The 
sections were exposed to phosphor imaging screens (Packard Instruments Co., Meriden, CT) 
for 1 day in X-ray cassettes. The screens were analyzed using a Cyclone phosphor imager and 
a computer-assisted OptiQuant 03.00 image processing system (Packard Instruments Co, 
Groningen, The Netherlands). 
 
 
RESULTS 
 
Figure 3A and 3B show, respectively, the time-dependent uptake and rapid internalization of 
RGD-111In-DTPA-Tyr3-octreotate at 37°C in CA20948 cells in vitro. Uptake and 
internalization of radiolabeled RGD-DTPA-Tyr3-octreotate could be decreased nearly 
completely with an excess of 10-6 M octreotide, but not with an excess of 10-6 M RGD.  
Figure 3C shows that the internalization of RGD-111In-DTPA-Tyr3-octreotate in CA20948 
cells is temperature-dependent. No uptake was found at 4°C.  

Biodistribution studies in rats showed that the receptor-specific uptake in sst2-positive 
tissues and tumors of RGD-111In-DTPA-Tyr3-octreotate (Table 1) is high (see also Fig. 4) and 
comparable to uptake of 111In-DOTA-Tyr3-octreotate in sst2-positive tissues and tumors 
(Table 2). A decreased uptake in sst2-positive tissues and tumors after RGD-111In-DTPA-
Tyr3-octreotate plus 500 µg octreotide was found. The kidney uptake of RGD-111In-DTPA-
Tyr3-octreotate was higher than kidney uptake of 111In-DOTA-Tyr3-octreotate (Tables 1 and 
2). After the co-injection of 400 mg/kg D-lysine, kidney uptake of RGD-111In-DTPA-Tyr3-
octreotate was reduced by 40% of control. 

We also investigated the retention of RGD-111In-DTPA-Tyr3-octreotate in tissues and 
tumor as function of time. Table 3 shows that there is a good retention of radioactivity in the 
tumor after RGD-111In-DTPA-Tyr3-octreotate injection, 48 hours post-injection tumor 
radioactivity is about 70% of that at 1 hour post injection. 

Ex vivo autoradiography showed results in agreement with the biodistribution data. 
Rats coinjected with an excess of unlabeled octreotide plus RGD-111In-DTPA-Tyr3-octreotate 
had a decreased radioactivity level in sst2 -positive tissues and tumors compared to rats 
injected with only RGD-111In-DTPA-Tyr3-octreotate (Fig. 5), indicating receptor-specific 
uptake.  
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FIGURE 3. (A) Uptake at 37°C in CA20948 
cells of 0.1 nM RGD-111In-DTPA-Tyr3-octreotate 
( ), of 0.1 nM RGD-111In-DTPA-Tyr3-octreotate 
plus 10-6M octreotide ( ), of 0.1 nM RGD-111In-
DTPA-Tyr3-octreotate plus 10-6M RGD ( ), or 
of 0.1 nM RGD-111In-DTPA-Tyr3-octreotate plus 
10-6M octreotide and 10-6M RGD ( ). (B) 
Internalization at 37°C in CA20948 cells of 0.1 
nM RGD-111In-DTPA-Tyr3-octreotate ( ), of 0.1 
nM RGD-111In-DTPA-Tyr3-octreotate plus 10-6M 
octreotide ( ), of 0.1 nM RGD-111In-DTPA-Tyr3-
octreotate plus 10-6M RGD ( ), or of 0.1 nM 
RGD-111In-DTPA-Tyr3-octreotate plus 10-6M 
octreotide and 10-6M RGD ( ). (C) 
Internalization at 4°C in CA20948 cells of 0.1 
nM RGD-111In-DTPA-Tyr3-octreotate  ( ), of 0.1
nM RGD-111In-DTPA-Tyr3-octreotate plus 10-6M 
octreotide ( ), of 0.1 nM RGD-111In-DTPA-Tyr3-
octreotate plus 10-6M RGD ( ), or of 0.1 nM 
RGD-111In-DTPA-Tyr3-octreotate plus 10-6M 
octreotide and 10-6M RGD ( ). 

 
 
 
 

 

FIGURE 4. Scan of two rats bearing 
a CA20948 tumor on their right hind 
leg, 24 hours post-injection of RGD-
111In-DTPA-Tyr3-octreotate, K = 
kidney,T = tumor. 
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TABLE 1. Tissue/tumor uptake (expressed as %ID/g) of RGD-111In-DTPA-Tyr3-octreotate, with or 
without co-injection of 500 µg octreotide or 500 µg RGD, in Lewis rats, 24-hours post-injection (M ± 
SD, n=8 per group). 
 
 Control + 500 µg octreotide 
Blood 0.004 ± 0.001 0.004 ± 0.001 
Pancreas   1.55 ± 0.31 0.06 ± 0.01 
Adrenals   2.22 ± 0.12 0.05 ± 0.00 
Kidney 8.13  ± 0.71 10.31 ± 0.75 
Pituitary   0.69 ± 0.01 0.02 ± 0.01 
CA20948 tumor  1.91 ± 0.21 0.15 ± 0.01 
AR42J tumor  1.63 ±0.14 0.05 ± 0.01 
 
 
 
TABLE 2. Tissue and tumor specific uptake (expressed as %ID/g) of 111In-DOTA-Tyr3-octreotate, 
with or without co-injection with 500 µg octreotide, in Lewis rats, 24-hours post injection (M ± SD, 
n=8 per group).  
 
 Control + 500 µg octreotide 
Blood 0.002 ± 0.001 0.002 ± 0.001 
Pancreas 2.22 ± 0.15 0.11 ± 0.02 
Adrenals 4.25 ± 0.25 0.65 ± 0.03 
Kidney 2.48 ± 0.37 2.61 ± 0.45 
Pituitary 0.90 ± 0.24 0.08 ± 0.00 
CA20948 tumor 2.19 ± 0.40 0.26 ± 0.09 
AR42J tumor 1.82 ± 0.21 0.31 ± 0.10 
 
 
 
TABLE 3. Tissue and tumor uptake (expressed as %ID/g) of RGD-111In-DTPA-Tyr3-octreotate in 
Lewis rats, 1, 4, 24 and 48 hours post injection (p.i.). (M ± SD, n=4). 
 
 1 hour p.i. 4 hour p.i. 24 hour p.i. 48 hour p.i. 
Blood 0.077 ± 0.019 0.011 ± 0.001 0.004 ± 0.001 0.002 ± 0.001 
Spleen 0.77 ± 0.03 0.08 ± 0.01 0.06 ± 0.01 0.06 ± 0.02 
Pancreas 2.86 ± 0.25 2.76 ± 0.33 1.55 ± 0.31 1.06 ± 0.15 
Stomach 0.55 ± 0.11 0.43 ± 0.04 0.35 ± 0.04 0.22 ± 0.04 
Pituitary 0.99 ± 0.19 0.80 ± 0.04 0.69 ± 0.01 0.46 ± 0.08 
CA20948 tumor 2.11 ± 0.31 2.26 ± 0.44 1.91 ± 0.21 1.50 ± 0.18 
AR42J tumor 1.43 ± 0.36 1.74 ± 0.29 1.63 ± 0.14 0.94 ± 0.41 
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To test if the RGD moiety applied in this peptide is still able to promote apoptosis, we 
performed in vitro cell-killing assays using the 111In-labeled hybrid peptide in compared to the 
two 111In-labeled monopeptides. Preliminary data showed a significantly increased apoptosis 
induction and cell death in vitro caused by RGD-111In-DTPA-Tyr3-octreotate in compared to 
111In-Tyr3-octreotate or 111In-RGD 13, indicating the great therapeutic potential of this 
compound. Unlabeled hybrid peptide may be of interest in the treatment of tumors, 
neovascularization as well as an immunosuppressive agent in autoimmune diseases. 
 
 
CONCLUSIONS 
 
In conclusion, the hybrid peptide RGD-DTPA-Tyr3-octreotate has retained a good sst2 affinity 
and tumor uptake of RGD-111In-DTPA-Tyr3-octreotate, mainly occurring via sst2 targeting, 
which was high and comparable to that of Tyr3-octreotate. The hybrid molecule can, 
therefore, significantly enhance the therapeutic efficacy of the somatostatin-based agent.  
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Chapter 5.2 

ABSTRACT 

Receptor-targeted scintigraphy and radionuclide therapy with radiolabeled somatostatin 
analogs are successfully applied for somatostatin receptor-positive tumors. The synergistic 
effects of an apoptosis-inducing factor, for example, the Arg-Gly-Asp (RGD) motif, can 
increase the radiotherapeutic efficacy of these peptides. Hence, tumoricidal effects of the 
hybrid peptide RGD-diethylaminetriaminepentaacetic acid (DTPA)-Tyr3-octreotate [c(Arg-
Gly-Asp-D-Tyr-Asp)-Lys(DTPA)-D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr], hereafter 
referred to as RGD-DTPA-octreotate, were evaluated in comparison with those of RGD 
(c(Arg-Gly-Asp-D-Tyr-Asp)) and Tyr3-octreotate (D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-
Thr). Methods: The therapeutic effects of RGD-111In-DTPA-octreotate, 111In-DTPA-RGD 
and 111In-DTPA-Tyr3-octreotate were investigated with various cell lines by use of a colony-
forming assay, and caspase-3 activity was also determined. Results: Tumoricidal effects were 
found with 111In-DTPA-RGD, 111In-DTPA-Tyr3-octreotate, and RGD-111In-DTPA-octreotate, 
in order from least effective to most effective. Also, the largest increase in caspase-3 levels 
was found with RGD-111In-DTPA-octreotate. Conclusions: RGD-111In-DTPA-octreotate has 
more pronounced tumoricidal effects than 111In-DTPA-RGD and 111In-DTPA-Tyr3-octreotate, 
because of increased apoptosis as indicated by increased caspase-3 activity.  
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INTRODUCTION 
 
 The 111In-labeled somatostatin analog octreotide has proven to be particularly useful in the 
diagnosis of neuroendocrine tumors that overexpress somatostatin receptors 1. Somatostatin 
receptor-positive neuroendocrine tumors are in general unresponsive to standard therapy 
regimes 2. Therefore, a variety of radiolabeled somatostatin derivatives have been prepared 
for radionuclide therapy purposes and are in various stages of preclinical and clinical 
investigation; these include 90Y-labeled 1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-
tetraacetic acid (DOTA)-Tyr3-octreotide and 177Lu-labeled DOTA-Tyr3-octreotate.  

Although the results of these studies are very promising, we hypothesize that the 
synergistic effects of an apoptosis-inducing factor, such as the Arg-Gly-Asp (RGD) motif, can 
increase the radiotherapeutic efficacy of these peptides. The RGD sequence is well known as 
a major integrin-binding site, such as the αvβ3-receptor. In addition, Buckley et al. 3 
demonstrated that RGD peptides are able to directly activate caspase-3 and induce apoptosis. 
Other work has shown that molecules specific for GPIIb/IIIa integrins can also stimulate 
caspase-3 activity 4. Since caspase-3 is one of the key executioners proteases 5 in the 
apoptosis pathway, it seems likely that this enzyme will be an important site of action for 
targeted therapeutics that are designed to selectively induce cell death. 

To combine these characteristics in one compound a new peptide, RGD-
diethylaminetriaminepentaacetic acid (DTPA)-octreotate (cyclic[c](Arg-Gly-Asp-D-Tyr-
Asp)-Lys(DTPA)-D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr) (Fig. 1)  was synthesized. This 
radiopharmaceutical consists of a somatostatin receptor-targeting peptide, Tyr3-octreotate, the 
chelator DTPA to enable radiolabeling with for example, 111In, and an RGD peptide moiety. 
Recently Bernard et al. reported the synthesis and characterization of this hybrid peptide in 
vitro and in vivo 6. RGD-DTPA-octreotate enables rapid and high-specific-activity labeling 
with 111In. The hybrid peptide retains affinity for 2 receptors; octreotate binds with high 
affinity to the somatostatin receptor subtype 2 (sst2-receptor), and RGD binds to the αvβ3-
receptor. 

  
FIGURE 1. Structure of RGD-DTPA-octreotate. 
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In this study, we investigated the therapeutic effects of the 111In-labeled hybrid peptide in 
comparison with those of 111In labeled RGD (c(Arg-Gly-Asp-D-Tyr-Asp)) and Tyr3-
octreotate (D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr) by using an in vitro model 7. We also 
determined caspase-3 activity after incubation with the 3 peptides for several cell lines. 
 
 
MATERIALS AND METHODS 
 
Peptides  
RGD (c(Arg-Gly-Asp-D-Phe-Val)) was obtained from Bachem (Bern, Switzerland). RGD-
DTPA-octreotate (Fig. 1), obtained from A. Srinivasan (Mallinckrodt) was synthesized as 
described previously 6. DTPA-RGD (c(Arg-Gly-Asp-D-Tyr-Lys)-ε-DTPA) and DTPA-Tyr3-
octreotate, (DTPA-D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr), were synthesized as 
described previously 8, 9.  
 
Radiochemistral analysis  
111InCl3 was obtained from Mallinckrodt Medical BV. RGD-DTPA-octreotate, DTPA-Tyr3-
octreotate and DTPA-RGD were labeled as described previously 10, with 111InCl3 at a specific 
activity of 130 MBq per microgram of peptide. Peptides with more than 99% labeling 
efficiency and more than 90% radiochemical purity were used. 
 
Cell culture  
CA20948 cells were grown in Dulbecco’s modified Eagle’s medium (Gibco BRL). The 
medium was supplemented with 10% heat-inactivated fetal bovine serum, glutamine at 2 mM, 
sodium pyruvate at 1 mM, amphotericin B (Fungizone; Gibco, Invitrogen) at 0.1 mg/L and 
penicillin-streptomycin at 50 IU/mL. Chinese Hamster Ovary (CHO) cells transfected with the 
sst2-receptor (provided by J.E. Bugaj) were grown in RPMI-1640 medium (Life Technologies) 
supplemented with 5% heat-inactivated fetal bovine serum, glutamine at 2 mM, sodium 
pyruvate at 1 mM, amphotericin B at 0.1 mg/L and penicillin-streptomycin at 50 IU/mL, and 
1:1000 (v/v) gentamicin (Gibco BRL). 
 
Peptide receptor radionuclide therapy in vitro 
One day before the start of the experiment, cells were transferred to 6-well plates at a density 
of 200 or 400 cells per well. Cells were washed with phosphate-buffered saline at 37°C and 
incubated for 1 h in internalization medium─RPMI-1640 medium without fetal bovine serum 
but with 1% bovine serum albumin and 20 mM of N-(2-hydroxyethyl)piperazine-N’-(2-
ethanesulfonic acid)─containing increasing concentrations of RGD-111In-DTPA-octreotate, 
111In-DTPA-RGD or 111In-DTPA-Tyr3-octreotate. In additional experiments performed with 
CA20948 cells RGD-111In-DTPA-octreotate and 111In-DTPA-Tyr3-octreotate were co-
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incubated with an excess (10-6 M) of unlabeled RGD. Control cells received only 
internalization medium for 1 h. Thereafter, cells were thoroughly washed with phosphate-
buffered saline and allowed to form colonies during 12 d in medium. The medium was 
refreshed once after 3 days. 

After 12 d the cells were fixed with methanol:glacial acetic acid (3:1) and stained with 
haematoxylin. Colonies that contained more than 50 cells were visually scored as survivors. 
Experiments were performed in triplicate for each cell density.  
 
Caspase-3 assay  
Cell extracts were prepared and caspase-3 activity was determined according to the package 
insert in the CASPASE-3 Cellular Activity Kit of BIOMOL QuantiZymeTM Assay System 
(SanverTECH).  

Cells were treated with 18.5 MBq RGD-111In-DTPA-octreotate, 111In-DTPA-
octreotate or 111In-DTPA-RGD for 3 h. Caspase-3 activity was determined either directly after 
the incubation period or after 24 h recovery. For preparation of the cell extracts, cells were 
harvested by trypsin treatment and then lysed with the lysis buffer provided in the kit. The 
assay is based on the cleavage of the substrate Asp-Glu-Val-Asp (DEVD) bound to the 
chromophore p-nitroanilide, which is measured by reading the absorbance of the samples at a 
wavelength of 405 nm (microplate reader; Bio-Rad). 
 
Statistical analysis 
Statistical analysis was performed for the clonogenic survival data. Multiple-comparison 
analysis was performed for each concentration group by use of ANOVA and the Bonferroni 
correction.  
 
 
RESULTS 
 
Figure 2 shows the clonogenic survival after peptide receptor radionuclide therapy studies in 
vitro. CA20948 cells (Fig. 2A) and CHO cells transfected with the sst2-receptor (Fig. 2B) 
were incubated for 1 h with the 3 different peptides─the hybrid peptide RGD-111In-DTPA-
octreotate and the monopeptides 111In-DTPA-octreotate and 111In-DTPA-RGD. Survival 
values are shown as percentage of survival of treated cells compared with control cells. 
Experiments were performed with 200 or 400 cells per well, but because both cell densities 
showed the same results, only the results obtained with 200 cells per well are shown. Figure 2 
clearly shows for both cell lines that increasing concentrations of 111In-DTPA-RGD had no 
effect on tumor cell survival, that 111In-DTPA-Tyr3-octreotate had a greater tumoricidal effect, 
but the most pronounced tumoricidal effect was achieved with the hybrid peptide RGD-111In-
DTPA-octreotate. As is also shown in Figure 2, a radioactivity dose dependence was seen for 
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RGD-111In-DTPA-octreotate; the higher the administered dose, the lower the tumor cell 
survival. For the two highest concentrations (3.70 and 9.25 MBq), the effects of the hybrid 
peptide were significantly different from those of two monopeptides (p < 0.01 and p < 0.05 
for CA20948 and sst2 receptor-positive CHO cells, respectively).  
 

 
FIGURE 2. Clonogenic tumoricidal effect of the 111In-labelled compounds RGD, octreotate and RGD-
DTPA-octreotate in rat pancreatic cell line CA20948 (A) and the sst2 receptor-positive CHO cells (B). 
Cells were incubated for 1 h with increasing concentrations of the 3 peptides. Experiments were 
performed 2-4 times in triplicates; bars represent mean ± SEM, single and double asterisks indicate p 
values of  <0.05 and <0.01 for comparisons with RGD-111In-DTPA-octreotate within a concentration 
group. 
 
When the cells were co-incubated with an excess of unlabeled RGD (10-6 M), tumor cell 
survival decreased further (Fig. 3). This effect was seen when the cells were incubated with 
111In-DTPA-Tyr3-octreotate, but also when the cell were incubated with RGD-111In-DTPA-
octreotate. The effects of the hybrid peptide were significantly different from those of 111In-
DTPA-Tyr3-octreotate (p < 0.05), and the effects of the hybrid peptide with an excess of 
unlabeled RGD were significantly different from those of 111In-DTPA-Tyr3-octreotate with an 
excess of unlabeled RGD (p < 0.05). 
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FIGURE 3. Clonogenic tumor cell survival after 1 h incubation of the cell line CA20948 with no 
addition (control), with 111In-DTPA-Tyr3-octreotate or RGD-111In-DTPA-octreotate at 9.25 MBq/mL, 
or with either those peptides with or without excess unlabelled RGD (10-6 M). Experiments were 
performed 2 times in triplicates; bars represent mean ± SEM, results for all peptides were 
significantly different from those for control. 
 
To investigate the mechanism of action of the hybrid peptide, we investigated possible 
caspase-3 activation. Figure 4 shows the caspase-3 activity after treatment with 111In-DTPA-
RGD, 111In-DTPA-Tyr3-octreotate and RGD-111In-DTPA-octreotate. Figure 4A shows the 
caspase-3 activity measured directly after the incubation period, and Figure 4B shows the 
caspase-3 activity after 24 h. The highest caspase-3 activity was seen for the hybrid peptide 
RGD-111In-DTPA-octreotate, and the lowest was seen for 111In-DTPA-RGD. The caspase-3 
activity measured after 24 h was higher (Fig. 4B) than that measured directly after incubation 
(Fig. 4A). When the cells were incubated with the caspase-3 inhibitor N-acetyl (Ac)-DEVD-
CHO (aldehyde), the caspase-3 levels remained at control levels. 
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FIGURE 4. Caspase-3 activity after 3 h incubation with 111In-labelled RGD, Tyr3-octreotate or RGD-
DTPA-octreotate in the CA20948 cell line. Caspase-3 activity was measured directly after incubation 
(A) and after 24 h (B), and was expressed as a fraction of activity in control cells. (A.U., arbitrary 
units). Treatment with a known inhibitor of caspase-3 (Ac-DEVD-CHO) was used to determine assay 
specificity. Experiments were performed in triplicate; bars represent mean ± SEM. An asterisk 
indicates a p value of <0.05 for comparisons with controls. 
 
 
DISCUSSION 
 
We examined the therapeutic potential of a 111In-labeled hybrid peptide; an RGD peptide 
coupled to the somatostatin analog Tyr3-octreotate (RGD-111In-DTPA-octreotate). In a 
previous study 6, it was shown that this hybrid peptide exhibited high uptake and rapid, 
receptor-specific time- and temperature-dependent internalization in sst2 receptor-positive  
CA20948 rat pancreatic tumor cells. Uptake and internalization of RGD-111In-DTPA-Tyr3-
octreotate could be decreased almost completely with an excess of octreotide (10-6 M) but not 
with an excess of RGD (10-6 M). Therefore, internalization occurred mainly via sst2 receptor 
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6. These findings might be explained by the somewhat higher affinity of Tyr3-octreotate for its 
receptor than that of RGD for the αvβ3-integrin receptor. Another explanation, however, could 
be the difference in the rates of internalization of the receptors, on the basis of the differences 
in the biological roles of the integrin receptors and the somatostatin receptors. Furthermore, a 
difference in receptor densities could contribute to these findings. Biodistribution studies with 
rats revealed high tumor uptake of RGD-111In-DTPA-octreotate in tumor-bearing rats. The 
level of retention of radioactivity for RGD-111In-DTPA-octreotate was at least as high as that 
for Tyr3-octreotate.  From these in vitro and in vivo studies, it can be concluded that 
octreotate can serve as a carrier for RGD internalization 6. 

In this study, it was shown that for both cell lines, the greatest tumoricidal effect was 
reached when the cells were incubated with the hybrid peptide RGD-111In-DTPA-octreotate. 
Also, a clear dose response was observed with the hybrid peptide, whereas the 111In-DTPA-
RGD alone had almost no effect on the clonogenic tumor cell survival and 111In-DTPA-Tyr3-
octreotate had a less pronounced tumoricidal effect.  

An excess of unlabeled RGD (10-6 M) could further decrease the tumor cell survival 
when the cells were incubated with 111In-DTPA-Tyr3-octreotate or RGD-111In-DTPA-
octreotate. However, the tumoricidal effect of RGD-111In-DTPA-octreotate alone was still 
greater than that of 111In-DTPA-octreotate with an excess of unlabeled RGD. The further 
decrease in tumor cell survival seen with unlabeled RGD could be explained by the fact that 
RGD itself is also internalized 9. Because a much higher concentration of the unlabeled 
peptide than that of the other radiotracers was used, RGD itself could have activated caspase-
3 and thereby inducing apoptosis, leading to more tumor killing. 

According to Buckley et al. 3, RGD peptides are able to activate caspase-3 inside cells. 
Because caspase-3 is an important executioner caspase in the apoptosis pathway, this enzyme 
will be an important site of action for targeted therapeutics to selectively induce cell death. 
We therefore investigated whether RGD-111In-DTPA-octreotate indeed activated caspase-3. 

Buckley et al. 3 showed a clear increase in caspase-3 levels after incubation periods of 
2-24 h, we therefore incubated cells in the caspase assay for 3 h instead of 1 h used in the 
colony-forming assay. Because a much larger cell number (>106 cells) was used for the 
caspase-3 assay than for the clonogenic assay (200-400 cells), we doubled the amount of the 
peptide and the radioactivity administered. The same trend was found with 9.25 MBq per 
well. In this study, the effects on caspase-3 activity were studied with the CA20948 cell line. 
111In-DTPA-RGD and 111In-DTPA-Tyr3-octreotate induced no significant increase in caspase-
3 levels, in contrast to the hybrid peptide RGD-111In-DTPA-octreotate (p < 0.05). Samples 
treated with a caspase-3 inhibitor showed no increase in caspase-3 levels, a result that 
indicated the specificity of the assay. These findings are consistent with the results obtained in 
the colony-forming assay, as described above. The effects were reached with concentrations 
of RGD peptide lower than those used by Buckley et al. 3; they demonstrated that caspase-3 
induction could be achieved with peptide concentrations between 0.1 and 1 mM. Our results 
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at lower peptide concentration can be explained by the fact that cyclic derivatives of RGD 
peptides inhibit cell adhesion to vitronectin more than 100-fold more effectively than the 
linear variants 11. In this study, we used cyclic peptides; Buckley et al. used linear  
peptides 3. Furthermore, internalization studies showed that approximately 0.9% of 111In-
DTPA-RGD 9 and 15.7% of RGD-DTPA-octreotate 6 were internalized after 60 min in the 
CA20948 cell line. Biodistribution studies in vivo showed that the uptake of 111In-DTPA-
RGD after 60 min in the CA20948 tumor in rats was 0.18% 9. The uptake of RGD-111In-
DTPA-octreotate was 1.9%, comparable to the uptake of 111In-Tyr3-octreotate 6.  

From this study, we conclude that RGD-111In-DTPA-octreotate promotes apoptosis via 
an increase in caspase-3 levels. The 111In-labeled hybrid peptide can therefore significantly 
enhance the therapeutic efficacy of somatostatin-based agents.  

Also very interesting is the possible use of the unlabeled hybrid peptide RGD-DTPA-
octreotate for adjuvant therapy. Preliminary data showed that the unlabeled compound RGD-
DTPA-octreotate also induced an increase in caspase-3 levels. The largest increase (5.3 times 
higher than that in the control) in caspase-3 levels with the unlabeled peptide RGD-DTPA-
octreotate (10-6 M) was found after 24 h incubation. RGD and Tyr3-octreotate induced no 
increase in caspase-3 levels (A. Capello, unpublished data, 2004).  

RGD compounds have been shown to inhibit angiogenesis because of upregulation of 
αvβ3. Preclinical studies found that several RGD peptidomimetic agents and a monoclonal 
antibody to αvβ3 can inhibit tumor growth by blocking tumor angiogenesis 12. Neovascular 
endothelium expresses both sst2 and αvβ3-integrin receptors; these data make RGD-octreotate 
a candidate for the treatment of neovascular disease.  

Another promising application is the coupling of RGD analogs to other peptides, for 
instance, bombesin, neurotensin, and cholecystokinin/gastrin, to increase the therapeutic 
effects of the peptides. Bombesin is a neuropeptide with high affinity for the gastrin-releasing 
peptide receptor; this receptor is expressed on a variety of tumors, including prostate and 
breast cancer 13, 14. Neurotensin receptors, on the other hand, are overexpressed in exocrine 
pancreatic cancer and Ewing’s sarcoma 15. Cholecystokinin B receptors are frequently 
expressed on medullary thyroid carcinomas, small-cell lung cancers, astrocytomas, stromal 
ovarian tumors, and some gastroenteropancreatic tumors 16, 17.  
 
CONCLUSION 
Coupling RGD-peptides to somatostatin analogs can increase the therapeutic potential of 
these peptides. 
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ABSTRACT 
  
Tumor induced angiogenesis can be targeted by RGD (Arg-Gly-Asp) peptides, which bind to 
αvβ3-receptors upregulated on angiogenic endothelial cells. RGD containing peptides are 
capable of inducing apoptosis through direct activation of procaspase-3 to caspase-3 in the 
cell. On the other hand, tumor cells overexpressing somatostatin receptors can be targeted by 
somatostatin analogs. Radiolabeled somatostatin analogs are successfully used to image and 
treat those tumors via receptor-targeted scintigraphy and therapy.  
We combined these two peptides, RGD and somatostatin, into a new compound by 
synthesizing a hybrid peptide, RGD-DTPA-octreotate (c(Arg-Gly-Asp-D-Tyr-Asp)-
Lys(DTPA)-D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr). An earlier study in tumor-bearing 
rats showed a high receptor-specific uptake in somatostatin receptor subtype 2 (sst2)-positive 
tissues and tumors of RGD-111In-DTPA-octreotate. Furthermore RGD-111In-DTPA-octreotate 
showed a pronounced tumoricidal effect, which is probably the result of increased apoptosis, 
as is shown by an increased caspase-3 activity after incubation with 111In-labeled RGD-
DTPA-octreotate in comparison with the two monopeptides 111In-DTPA-RGD and 111In-
DTPA-Tyr3-octreotate. In this study we evaluated the biodistributions of RGD-111In-DTPA-
octreotate and 125I-RGD-octreotate, and investigated the caspase-3 activation of the unlabeled 
compound RGD-DTPA-octreotate in vitro.  
Methods. Biodistribution studies in tumor-bearing rats were performed with RGD-111In-
DTPA-octreotate and 125I-RGD-octreotate. The apoptotic activity, by activation of caspase-3, 
of RGD-DTPA-octreotate and RGD-octreotate was examined using a colorimetric assay and 
immunocytochemistry.   
Results. In rats the radiolabeled compound RGD-111In-DTPA-octreotate showed a high 
uptake in the CA20948 tumor and good tumor retention. A major drawback was the high 
renal uptake. In vitro the unlabeled peptide RGD-DTPA-octreotate induced a significant 
increase in caspase-3 levels in various cell lines in comparison with RGD and Tyr3-octreotate 
(p < 0.01). Caspase-3 activity was time-dependent. To alter the elimination route we 
examined the biodistribution of radioiodinated RGD-octreotate without DTPA [c(Arg-Gly-
Asp-D-Tyr-Asp)-D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr], as a model of unlabeled RGD-
octreotate, in tumor-bearing rats. 125I-RGD-octreotate showed a much lower renal uptake in 
comparison with RGD-111In-DTPA-octreotate. Furthermore, the affinity of RGD-octreotate 
increased in comparison with RGD-DTPA-octreotate (IC50 values of 1.4×10-8M vs. 9.4×10-

8M respectively). Finally, RGD-octreotate was still able to activate caspase-3 as was indicated 
with immunocytochemistry. 
Conclusions. Due to the high renal uptake RGD-111In-DTPA-octreotate is unsuitable for 
radionuclide therapy. The unlabeled peptide however, RGD-DTPA-octreotate and RGD-
octreotate also induced an increase in caspase-3 levels, indicating the therapeutical potential 
of this compound. So, the development of hybrid molecules can become a new approach in 
the treatment of cancer. 
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INTRODUCTION 
 
Cell matrix interactions are of fundamental importance to tumor invasion and formation of 
metastases as well as to tumor-induced angiogenesis. Integrins, heterodimeric transmembrane 
glycoproteins, composed of an α- and β-subunit, play a key role in these interactions. The 
main recognition site of integrins that bind to the extracellular matrix is the tripeptide 
sequence, Arg-Gly-Asp (RGD). The sequence was first identified in fibronectin and has since 
been shown to be a recognition sequence in intracellular matrix proteins such as vitronectin 
and fibrinogen 1, 2. The vitronectin receptor, αvβ3 receptor, has been studied extensively 
because of its role in a number of biological processes, such as angiogenesis. This receptor is 
expressed on various malignant human tumors and upregulated in proliferating endothelial 
cells.  

Several compounds have been designed, based on the RGD sequence, as αvβ3 
antagonists. In previous studies it has been shown that these antagonists can regulate cell 
viability by inhibiting integrin binding. Apoptosis was induced by disruption of the 
interactions between normal epithelial cells and extracellular matrix, named anoikis 3-8. In 
addition, recent studies show that RGD-containing peptides may induce apoptosis 
independent of the association with integrin receptors by directly activating caspase-3 inside 
the cell 9, 10. These results suggest that effective and selective biological effects on tumor 
tissue can be achieved using RGD peptides. 

On the other hand, somatostatin receptors are highly expressed on a variety of tumors, 
particularly those of neuroendocrine origin.  Octreotide is an 8 amino acid cyclic peptide that 
preserves the four- amino acid motif (Phe-Trp-Lys-Thr) that is critical for the biological 
activity of somatostatin. It has a substantially longer serum half-life than endogenous 
somatostatin. Radiolabeled somatostatin analogs are successfully applied for the localization 
and staging of somatostatin receptor-positive tumors. Other somatostatin analogs, with a 
higher receptor affinity for the somatostatin receptor subtype 2 (sst2), are Tyr3-octreotide and 
Tyr3-octreotate, wherein the latter the alcohol Thr(ol) at the C-terminus in octreotide is replaced 
with the natural amino acid Thr 11. Peptide Receptor Radionuclide Therapy (PRRT) can be 
performed using these peptide analogs radiolabeled with therapeutic radionuclides, such as the 
Auger electron emitter 111In, and the β-emitters 90Y and 177Lu. Promising results with regard to 
tumor growth inhibition were shown in pre-clinical studies and in patient studies using 111In-
DTPA-octreotide 12-16, 90Y-DOTA-Tyr3-octreotide 17-22, and 177Lu-DOTA-Tyr3-octreotate 23, 24.  

Most peptide hormones are internalized after binding to specific surface receptors via 
invagination of the plasma membrane 25. The efficient internalization of the receptor-ligand 
complex into sst-positive cells forms the basis for the concept of targeted sst-mediated 
chemo- and/or radiotherapy of somatostatin receptor-positive tumors. Internalization brings 
the somatostatin analog closer to the nucleus of the cell, resulting in a prolonged cellular 
retention and exposure to the radioactivity and/or cytotoxic agent 26-29. We therefore 
synthesized a new peptide, RGD-DTPA-octreotate [c(Arg-Gly-Asp-D-Tyr-Asp)-Lys(DTPA)-
D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr]. This hybrid peptide consists of a somatostatin 
receptor targeting peptide, Tyr3-octreotate [D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr], the 
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chelator DTPA to enable radiolabeling, and RGD as apoptosis inducing peptide moiety. 
Recently we reported the synthesis and characterization of this hybrid peptide in vitro and in 
vivo 30. RGD-DTPA-octreotate showed a rapid and high specific activity labeling with 111In. 
The hybrid peptide had retained affinity for both receptors; the Tyr3-octreotate part bounds 
with high affinity to the sst2-receptor and the RGD part bounds to the αvβ3-receptor. 
Furthermore, the 111In-labeled compound had a pronounced tumoricidal effect in vitro, which 
was better than that of the two monomers. The superior tumoricidal effect was probably the 
result of increased apoptosis, as shown by increased caspase-3 activity after incubation with 
RGD-DTPA-octreotate 31.  

In this study we evaluated the biodistribution of RGD-111In-DTPA-octreotate in more 
detail for the use of PRRT in rats bearing the CA20948 tumor. Unfortunately, the 
biodistribution showed a very high renal uptake, limiting the therapeutic dose that can be 
administered, as the kidneys are critical organs in therapy using radiolabeled somatostatin 
analogs. The aim of the study was to study the therapeutic effects of the unlabeled hybrid 
peptide in vitro in CA20948 cells, AR42J cells and CHO cells transfected with sst2. 
Subsequently, the hybrid peptide RGD-octreotate, without the chelator present, was 
investigated in order to change the elimination route from the body (from renal clearance to 
more hepatic clearance). The affinity of both compounds RGD-octreotate and RGD-DTPA-
octreotate to the sst2-receptor was determined. Finally the induction of caspase-3 by RGD-
octreotate was investigated.  
 
 
MATERIALS AND METHODS 
 
Peptides  
The solid phase synthesis of cyclic RGD peptides linked to the somatostatin analog Tyr3-
octreotate with or without the DTPA chelator was carried out using methods similar to those 
described by van Hagen et al. 32 for DTPA linked cyclic RGD peptides. Synthesis was 
performed using an Applied Biosystems (Foster City, CA) Pioneer synthesizer and standard 
Fmoc solid phase peptide synthesis methods 33. All Fmoc protected amino acids were 
purchased from Novabiochem (San Diego, CA). Other peptide synthesis reagents were 
obtained from Applied Biosystems except as noted. Peptides were prepared on a 0.1 mmol 
scale with Fmoc-Thr(Otbu)-PEG-PS (0.16 mmol/g loading) as the starting resin. Fmoc-
protected amino acids (0.4 mmol) were activated with an equivalent amount of N-
[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridine-1-ylmethylene]-N-methylmethan-
aminium-hexaflurophosphate N-oxide (HATU) in DIEA/DMF. Prior to cyclization, the allyl 
protecting group on the carbonyl of the aspartic acid residue at position 5 was deblocked 
using 4 equivalents of Pd(PPH3)4  (Sigma-Aldrich) in CHCl3/AcOH/NMM (37:2:1), followed 
by deblocking of the N-terminal Fmoc. Cyclization was carried out by activation of the free 
carbonyl on Asp-5 with 7-azabenzotriazol-1-yloxytris(pyrrolidino) phosphonium 
hexafluorophosphate (PyAOP) in DIEA/DMF. When preparing peptides coupled with DTPA, 
the resin containing the protected, cyclized peptide was removed from the instrument, and the 
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4-methyltrityl (Mtt) protecting group on the ε-amino group of lysine-6 was removed by 
treatment with 5% TFA/5% triisopropylsilane/90% dichloromethane (2x30 minutes). The 
resin was washed with dichloromethane and tetrahydrofuran (THF) before suspending in 
DMF (5 mL) containing 0.4 mmol DIEA.  In a separate vessel, tri-t-butyl DTPA was 
dissolved in DMF containing HATU (0.4 mmol in 2.0 ml). After mixing for 1 hr, the 
activated DTPA derivative was added to the suspended resin. The reaction was continued 
overnight before washing the resin with DMF and THF. Cleavage and deprotection were 
finally accomplished using 85% TFA/5% thioanisole/5% phenol/5% water (4-6 hrs). The 
crude peptide was isolated by precipitation with t-butyl methyl ether (Sigma-Aldrich, St 
Louis, MO), lyophilized, and purified by reverse phase HPLC on a Vydac C-18 column using 
an acetonitrile/water gradient containing 0.1% TFA (Solvent A: 0.1% TFA in water; Solvent 
B, 0.1% TFA/90%CH3CN in water). After loading the peptide, column flow (10mls/min) was 
isocratic at 95% A/5% B for 2.0 min before ramping to 30% A/70% B over 15 min. 
Molecular weight determination was accomplished by mass spectrometry using electrospray 
mode. 

RGD (c(Arg-Gly-Asp-D-Phe-Val)) was obtained from Bachem (Berne, Switzerland). 
Synthesis of DTPA-RGD, (c(Arg-Gly-Asp-D-Tyr-Lys)-ε-DTPA) and DTPA-Tyr3-octreotate, 
(DTPA-c-(D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Cys-Thr)), was performed as described previously 
11, 32. Octreotide was supplied by Novartis (Basel, Switzerland).  
 
Radiolabeling  
111InCl3 was obtained from Mallinckrodt Medical BV (Petten, The Netherlands).  RGD-
DTPA-Tyr3-octreotate and DOTA-Tyr3-octreotate were labeled with 111InCl3 as described 
previously 34. Peptides with more than 99% labeling efficiency and more than 90% 
radiochemical purity were used. 125I was obtained from Pharmacia (Roosendaal, The 
Netherlands). RGD-octreotate was labeled with 125I according as described 35.  
 
Cell culture  
CA20948 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco BRL, 
Grand Island, NY). Medium was supplemented with 10% fetal bovine serum, 2mM 
glutamine, 1mM sodium pyruvate, 0.1mg/L fungizone and 50 IU/mL penicillin/streptomycin. 
Rat AR42J cells were routinely maintained in F12K media (Herndon, VA USA) 
supplemented with 10% fetal calf serum, 50 µg/ml gentamycin, and 2 mM L-glutamine.  
CHO cells (Chinese Hamster Ovary cells) transfected with sst2 (donated by dr. J.E. Bugaj, St. 
Louis, USA) were grown in RPMI-1640 (Gibco BRL, Grand Island, NY) supplemented with 
5% fetal bovine serum, 2 mM glutamine, 1 mM sodium pyruvate, fungizone (0.1 mg/L), 50 
IU/mL penicillin/streptomycin and 1/1000 (v/v) gentamicin (Gibco BRL, Grand Island, NY). 
All cell lines were cultured at 37°C in 5% CO2. 
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Biodistribution studies  
All animal studies were conducted in compliance with the Animal Welfare Committee 
requirements of our institution and with generally accepted guidelines governing such work. 
The rat pancreatic CA20948 tumor was grown in the flank of Lewis rats (Harlan, The 
Netherlands; 80-120 g). Male Lewis rats were injected subcutaneously in the right flank with 
106 CA20948 cells  (from crude tumor tissue or cell culture).  About 15 days after inoculation, 
experiments were started. For biodistribution studies rats were injected with 3 MBq (0.5 µg) 
RGD-111In-DTPA-octreotate into the dorsal vein of the penis. In order to determine non-
specific binding of the radiopharmaceutical, some rats were co-injected intravenously with an 
excess of 500 µg octreotide, RGD or octreotide plus RGD.  At 1, 4, 24, 48, 72 and 96 h post 
injection, rats were sacrificed. Organs, tumor and blood were counted in an LKB-1282-
Compugammasystem. For all groups: n ≥ 3, data are expressed as mean ± SD. 

For the biodistribution study using 125I-labeled RGD-octreotate (without DTPA), rats 
were injected with 0.25 MBq (0.5 µg) 125I-RGD-octreotate into the dorsal vein of the penis. 
There were 2 separate groups of rats, one group of rats was injected with the first peak and the 
other group of rats was injected with the second peak of the HPLC purified product (see 
Results). At 1 and 2 h post injection, rats were sacrificed. Organs, tumor and blood were 
counted in an LKB-1282-Compugammasystem. For all groups: n ≥ 3, data are expressed as 
mean ± SD. 
 
Caspase-3 assay  
Preparation of cell extracts and the determination of caspase-3 were performed according to 
the insert in the CASPASE-3 Cellular Activity Kit of BIOMOL QuantiZymeTM Assay 
System. The assay is based on the cleavage of the substrate DEVD bound to the chromophore 
p-nitroanilide (pNA), which is measured by reading the absorbance (at 405-nm wavelength, 
Bio-rad, microplate reader) of the samples.   

Cells were treated with RGD, Tyr3-octreotate or RGD-(DTPA-)octreotate for 3-48 
hours, after exposure to trypsin cells were harvested, and then lysed with lysis buffer provided 
in the kit.  
 
Immunocytochemistry. For apoptosis activation studies AR42J cells were plated into 24 
well plates (Corning USA) at approximately 0.5 x 106 cells/well.  Cells were cultured for 18h 
before use.  Before treatments, cells were washed with phosphate buffered saline (PBS), 
treated with 0.25 ml media containing indicated peptides and subsequently fixed for 30 min at 
room temperature with 0.25 ml 2% formalin in PBS.  Wells were washed 3 times for 5 min 
with PBS, and then permeabalized in 0.25 ml 1% triton X-100 for 10 min at room 
temperature. Following a blocking treatment with 0.25 ml of 3% BSA in PBS, cells were 
incubated overnight with gentle agitation with primary antibodies using a 3% BSA/PBS 
solution containing a 1/200 dilution of rabbit anti-cleaved caspase-3 (Cell Signaling 
Technologies Inc., Beverly, MA USA), and a 1/300 dilution of mouse anti β-tubulin. Cells 
were subsequently washed three times with PBS and then reacted for 1 hour with a 3% 
BSA/PBS solution containing a 1/1000 dilution of Alexa fluor-594 goat anti-rabbit and a 
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1/750 dilution of Alexa fluor-488 goat anti-mouse antibody (Molecular Probes Inc., Eugene, 
OR USA). Cells were washed 3 times with PBS. Fluorescence was visualized using a Nikon 
Diaphot inverted microscope equipped with epi-fluorescence illumination and appropriate 
filters. Digital images were captured using an S1pro Fuji digital camera, and composite 
images were prepared using Adobe Photoshop 5.0. 
 
Autoradiography  
The receptor affinity of RGD-DTPA-octreotate and RGD-octreotate was determined using 
autoradiography on brain (sst2-positive tissue) sections. Brain tissue was embedded in 
TissueTek (Saqura, Zoeterwoude, The Netherlands) and processed for cryosectioning. Tissue 
sections (10 µm) were mounted on glass slides and stored at –20 °C for at least 1 day to 
improve adhesion of the tissue to the slide. Sections were air-dried, pre-incubated in 170 mM 
Tris-HCl buffer, pH 7.6, for 10 min at room temperature (RT) and then incubated for 60 min 
at RT with 10-10M 111In-DOTA-Tyr3-octreotate. Displacement experiments were performed in 
adjacent sections by means of increasing concentrations of Tyr3-octreotate, RGD-DTPA-
octreotate and RGD-octreotate (range 10-10-10-6M). The incubation solution was 170 mM 
Tris-HCl buffer, pH 7.6, containing 1% (w/v) BSA, 1 mg bacitricin and 5 mM MgCl2. After 
incubation, the sections were washed twice for 5 min in cold incubation buffer including 
0.25% BSA, in buffer alone and with cold MilliQ. Finally the sections were dried quickly. 
The sections were exposed to phosphor imaging screens (Packard Instruments Co., Meriden, 
USA) in X-ray cassettes. The screens were analyzed using a Cyclone phosphor imager and a 
computer-assisted OptiQuant 03.00 image processing system (Packard Instruments Co, 
Groningen, The Netherlands). IC50 values were calculated from competitive binding curves 
using GraphPad Prism (GraphPad Prism Software, San Diego, CA). 
 
Statistical analysis 
Statistical analysis was performed, multiple comparison analysis was made within each group 
using ANOVA and the Bonferroni correction (GraphPad Prism Software, San Diego, CA). 
 
 
RESULTS  
 
RGD-DTPA-octreotide.  
Biodistribution. Table 1 shows the biodistribution of RGD-111In-DTPA-octreotate (c(Arg-
Gly-Asp-D-Tyr-Asp)-Lys(111In-DTPA)-D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr) at 24 
post injection in tumor-bearing rats, a receptor-specific uptake of RGD-111In-DTPA-octreotate 
in sst2-positive tissues, e.g. pancreas and adrenals, and in the tumor was found (Table 1). As 
decreased uptake was found when RGD-111In-DTPA-octreotate was co-injected with 500 µg 
octreotide (p < 0.05). In the liver (p < 0.001) and tumor, a decreased uptake was found when 
RGD-111In-DTPA-octreotate was co-injected with 500 µg RGD, indicating a receptor-specific 
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uptake in these αvβ3-positive organs, although less pronounced when compared with the sst2-
positive tissues. When RGD-111In-DTPA-octreotate was co-injected with an excess of 
octreotide plus RGD, a clear reduction (p < 0.05) was seen in both sst2- and αvβ3-positive 
tissues and in the tumor. 

We also investigated the retention in tissues and tumor as function of time. Table 2 
shows that there is a good retention of the radioactivity in the tumor after RGD-111In-DTPA-
octreotate injection. Because of the high renal uptake we further investigated the therapeutic 
effects of the unlabeled hybrid peptide. 
 
 
TABLE 1. Tissue/tumor uptake (expressed as %ID/g) of RGD-111In-DTPA-octreotate, with or without 
co-injection of 500 µg octreotide or RGD or octreotide plus RGD, in Lewis rats, 24 hour post 
injection (M ± SD, n≥3 per group). 
 
 Control + Octreotide + RGD + Octreotide and 

RGD 
Blood 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 
Spleen 0.08 ± 0.00 0.08 ± 0.01 0.05 ± 0.00 0.05 ± 0.01 
Pancreas 1.41 ± 0.31 0.11 ± 0.01 1.33 ± 0.18 0.14 ± 0.01 
Adrenals  2.29 ± 0.20 0.10 ± 0.02 1.75 ± 0.17 0.12 ± 0.01 
Liver 0.06 ± 0.01 0.06 ± 0.01 0.03 ± 0.00 0.04 ± 0.00 
Stomach 0.37 ± 0.02 0.07 ± 0.00 0.44 ± 0.04 0.04 ± 0.00 
Femur 0.10 ± 0.00 0.04 ± 0.00 0.10 ± 0.00 0.03 ± 0.00 
CA20948 1.65 ± 0.36 0.20 ± 0.06 1.13 ± 0.72 0.24 ± 0.09 
 
 
TABLE 2. Tissue/tumor uptake of RGD-111In-DTPA-octreotate (0.5 µg/3 MBq) in Lewis rats, 4, 24, 
48, 72 and 96 hour post injection (M ± SD, n≥ 3 per group). 24h expressed as %ID/g, other time 
points are expressed as % of 24h p.i.. 
 

 4h 24h 48h 72h 96h 
 % of 24h set as 100% % of 24h % of 24h % of 24h 
Blood   271 ± 22  0.01 ± 0.00   59 ± 22 42 ± 7  33 ± 4 
Spleen   117 ± 11  0.07 ± 0.01  83 ± 6 94 ± 4  97 ± 4 
Pancreas   177 ± 21  1.41 ± 0.26   68 ± 10 64 ± 5  54 ± 3 
Adrenals  85  ± 6   2.27 ± 0.20  73 ± 8 77 ± 5  69 ± 2 
Kidney 115 ± 9        12.5 ± 1.43  83 ± 4 79 ± 5  66 ± 3 
Liver   95 ± 5   0.07 ± 0.01  63 ± 6 67 ± 7  68 ± 2 
Stomach 125 ± 8   0.36 ± 0.02  84 ± 8 66 ± 3  48 ± 2 
Muscle   131 ± 22  0.01 ± 0.00  63 ± 9 68 ± 4   68 ± 12 
Femur   111 ± 26  0.10 ± 0.01   66 ± 14 73 ± 2  72 ± 2 
CA20948   107 ± 21  1.75 ± 0.43  71 ± 9 57 ± 4  47 ± 7 
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Caspase-3 activity. Figure 1 shows caspase-3 activity in CA20948 cells after 48 h incubation 
with the peptides RGD, Tyr3-octreotate and RGD-DTPA-octreotate in a concentration of 10-

6M. Here is shown that the highest caspase-3 activity was seen after incubation with RGD-
DTPA-octreotate (p < 0.01). As control, the 2 mono-peptides; RGD and Tyr3-octreotate, 
induced almost no caspase-3 activation. Figure 2 shows a time-dependent response of 
caspase-3 activation, cells were incubated for various time intervals with RGD-DTPA-
octreotate. The highest caspase-3 activity was seen after 24h (p < 0.001 vs. control).  
 

 

 p < 0.01 

FIGURE 1. Caspase-3 activity after 48h incubation with 10-6M RGD, Tyr3-octreotate or RGD-DTPA-
octreotate [c(Arg-Gly-Asp-D-Tyr-Asp)-Lys(DTPA)-D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr] in the 
CA20948 cell line. Control received only incubation medium. The caspase-3 activity was measured 
directly after the 48h incubation period. The hatched bars are treated with an inhibitor of caspase-3 
(Ac-DEVD-CHO). Experiments were performed in triplicate and each sample was measured in 
triplicate, bars represent mean ± SEM. 

 

 p < 0.001 

FIGURE 2. Caspase-3 activity after various incubation periods (0-24h) with RGD-DTPA-octreotate 
[c(Arg-Gly-Asp-D-Tyr-Asp)-Lys(DTPA)-D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr] in the CA20948 
cell line. Control received only incubation medium. Caspase-3 activity was measured directly after 
each incubation period. The hatched bars are treated with an inhibitor of caspase-3 (Ac-DEVD-
CHO). Experiments were performed in triplicate and each sample was measured in triplicate, bars 
represent mean ± SEM. 
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We further investigated if this phenomenon was also found in other cell lines. We therefore 
studied the caspase-3 activity after an incubation of 6 and 24h with the peptide RGD-DTPA-
octreotate in the sst2-positive cell line AR42J and the CHO cell line transfected with the sst2. 
As is shown in Figure 3 both cell lines have a significant increase in caspase-3 activity after 
24h incubation with 10-6M RGD-DTPA-octreotate (AR42J p < 0.01 and CHO sst2+ p < 
0.001), after 6h incubation the caspase-3 activity was at the same level as the control.    
 

FIGURE 3. Caspase-3 activity in other cell lines after treatment with 10-6M RGD-DTPA-octreotate 
[c(Arg-Gly-Asp-D-Tyr-Asp)-Lys(DTPA)-D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr] for various time 
points; in AR42J cells (A) and in CHO sst2 receptor-positive cells (B). Caspase-3 activity was 
measured directly after each incubation period. The hatched bars are treated with an inhibitor of 
caspase-3 (Ac-DEVD-CHO). Experiments were performed in triplicate and each sample was 
measured in triplicate, bars represent mean ± SEM. 

A B

 
 
RGD-octreotate. 
Because of the great apoptosis inducing potential of RGD-DTPA-octreotate in in vitro 
experiments and due to high renal uptake of RGD-111In-DTPA-octreotate we synthesized 
RGD-octreotate (c(Arg-Gly-Asp-D-Tyr-Asp)-Lys-D-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-
Thr), without the chelator DTPA present, to reduce the renal uptake of this hybrid peptide. 
We first determined the affinity to the sst2 by autoradiography displacement experiments 
performed using brain sections. 

The IC50 value of Tyr3-octreotate was 8.5×10-9M as calculated from data shown in 
Figure 4. The affinity of RGD-DTPA-octreotate and RGD-octreotate to the sst2 were 
somewhat lower compared to that of Tyr3-octreotate itself, although the affinity of RGD-
octreotate, IC50 = 1.4×10-8M, to the sst2 was higher compared to that of RGD-DTPA-
octreotate, 9.4×10-8M. 
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FIGURE 4. Displacement curves of 111In-DOTA-Tyr3-octreotate in rat brain sections. The sections 
were incubated with 111In-DOTA-Tyr3-octreotate (10-10M) analog and increasing concentrations of un-
labeled Tyr3-octreotate ( ), RGD-octreotate (▲) or RGD-DTPA-octreotate ( ). Each point 
represents the mean of three experiments with n=4 each. Binding of 10-10M In-111 labeled Tyr3-
octreotate was considered as 100%.  
 
Biodistribution studies. In order to get an idea of the biodistribution of RGD-octreotate, 
without the chelator (DTPA) present, we radioiodinated RGD-octreotate. HPLC analysis 
showed two peaks (Figure 5), since there are two tyrosine residues in this molecule present. 
Biodistribution studies were performed in tumor-bearing rats using both peaks together (data 
not shown) and with the separated peaks. The results of these biodistribution studies were 
comparable (Table 3).  The renal uptake of 125I-RGD-octreotate had a maximum of 4.2 %ID/g 
at 1h p.i., which is significantly lower (p < 0.001) compared to the uptake of RGD-111In-
DTPA-octreotate (Table 2). In contrast, the liver uptake p.i. of 125I-RGD-octreotate increased 
somewhat in comparison with RGD-111In-DTPA-octreotate (p < 0.05). 
 
 
 

 
 
 
 
 

 
 
 

 
 
FIGURE 5. HPLC-analysis of 125I-RGD-    
octreotate.    
    

 

Peak 1 Peak 2 
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TABLE 3. Tissue and tumor uptake of 125I-RGD-octreotate (peak 1 and 2) in Lewis rats, 1 and 2 
hours post injection (p.i.). Expressed as %ID/g, mean ± sd, n=3. 
 

 Peak 1 Peak 2 

 1h p.i. 2h p.i. 1h p.i. 2h p.i. 

Blood  0.18 ± 0.03 0.08 ± 0.01 0.31 ± 0.03 0.15 ± 0.01 

Kidney 3.92 ± 0.23 2.70 ± 0.27 4.22 ± 0.19 1.99 ± 0.21 

Liver 0.22 ± 0.01 0.10 ± 0.01 0.31 ± 0.03 0.12 ± 0.01 

Femur 0.17 ± 0.02 0.14 ± 0.02 0.18 ± 0.02 0.11 ± 0.01 

Tumor  2.48 ± 0.24 1.14 ± 0.21 3.04 ± 0.11 1.91 ± 0.20 

 
 
Caspase-3. In the AR42J cells we visualized the activation of caspase-3 by RGD-octreotate 
using immunocytochemistry (Figure 6). Figure 6A (top left) shows untreated AR42J cells, 6B 
(top right) shows AR42J cells treated with 0.002 mM RGD-octreotate and 6C (bottom right) 
AR42J cells treated with 0.1mM RGD-octreotate. Figure 6C (0.1 mM RGD-octreotate) shows 
an increase in caspase-3 cleavage (red fluorescence, indicated with an arrow) compared to 
untreated cells. When the cells were treated with 0.002 mM RGD-octreotate (6B) an increase 
in red fluorescence is seen compared with the control. So, also RGD-octreotate is able to 
activate caspase-3 in the cell, thereby inducing apoptosis.  
 

     

A B

 

C 

       
 

FIGURE 6. Caspase-3 activity in AR42J 
cells after treatment with RGD-octreotate 
[c(Arg-Gly-Asp-D-Tyr-Asp)-Lys-D-Phe-
c(Cys-Tyr-D-Trp-Lys-Thr-Cys)-Thr]. Top left 
(A) untreated AR42J cells, top right (B) 
2×10-6 M RGD-octreotate and bottom right 
(C) 1×10-4 M RGD-octreotate. Green 
fluorescence is tubulin staining and red 
fluorescence (indicated with an arrow) is 
cleaved caspase-3 staining. 
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DISCUSSION 
 
Angiogenesis, or the formation of new blood vessels from pre-existing vessels, is a complex 
process that normally occurs in adults only under specific conditions such as wound healing 
and inflammation 1. However, angiogenesis is also essential for the growth of tumors. The 
integrin αvβ3 receptor has a well-characterized involvement in angiogenesis 36, 37 and tumor 
invasiveness 36, 38, which was demonstrated by using αvβ3-specific antagonists, such as 
monoclonal antibodies and RGD peptides 3, 4. Another important finding is that soluble RGD 
peptides are able to induce apoptosis by activation of procaspase-3 in the cytoplasm of the 
cell 10. So, activation of caspases could be an explanation for the apoptotic activity of RGD 
peptides. We synthesized a hybrid peptide consisting of the somatostatin analog Tyr3-
octreotate and an RGD-containing moiety.  

Radiolabeled somatostatin analogs are used for the localization and treatment of 
somatostatin receptor-positive tumors, mostly of neuroendocrine origin. A large variety of 
radiolabeled somatostatin derivatives have been prepared for radionuclide therapy and 
visualization of these tumors and metastases, and are in various stages of preclinical and 
clinical investigation. OctreoTher® (90Y-DOTA-Tyr3-octreotide) is an example of a 
somatostatin analog radiolabeled with the high-energy beta emitter yttrium-90. More recent is 
177Lu-DOTA-Tyr3-octreotate, which provides further improvement as a targeted 
radiopharmaceutical by having higher uptake and retention in sst2-positive tumors 23, 24, 39. By 
creating a hybrid peptide the radiotherapeutic efficacy of the somatostatin analog could be 
increased through the induction of apoptosis via the RGD-peptide. 

In a previous study 30 it was shown that this hybrid peptide had a high uptake in sst2-
positive and αvβ3-positive rat pancreatic CA20948 tumor cells. Internalization occurred 
mainly via sst2-receptors. Biodistribution studies in rats showed high tumor uptake and good 
tumor radioactivity retention of RGD-111In-DTPA-octreotate in tumor-bearing rats 30. From 
these in vitro and in vivo studies it can be concluded that Tyr3-octreotate can serve as a carrier 
for RGD internalization. In vitro studies 31 showed that RGD-111In-DTPA-octreotate had a 
more pronounced tumoricidal effect than 111In-DTPA-RGD and 111In-DTPA-Tyr3-octreotate 
in a colony-forming assay. The superior tumoricidal effect was probably the result of 
increased apoptosis, as shown by increased caspase-3 activity after incubation with RGD-
octreotate 31. 

The biodistribution studies in rats showed high specific tumor uptake and good tumor 
radioactivity retention of RGD-111In-DTPA-octreotate in tumor-bearing rats (Tables 1 and 2). 
When an excess of octreotide, RGD or RGD plus octreotide was co-injected, a significant 
reduction in uptake in various sst2- and αvβ3-receptor positive organs was seen. The reduction 
in e.g. the tumor was most pronounced when both peptides were co-injected (p < 0.05).  The 
uptake of RGD-111In-DTPA-octreotate occurred via both receptors but probably mainly via 
the sst2 receptor. Unfortunately RGD-111In-DTPA-octreotate has a very high renal uptake, 
limiting the therapeutic dose that can be administered, as the kidneys are the critical organs in 
PRRT using radiolabeled somatostatin analogs. We therefore investigated also the therapeutic 
effects of the unlabeled hybrid peptide RGD-DTPA-octreotate.  
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The highest levels of caspase-3 activity were found in CA20948 cells after incubation 
with this hybrid peptide RGD-DTPA-octreotate in comparison with the 2 mono-peptides; 
RGD and Tyr3-octreotate. Caspase-3 activity after incubation with RGD-DTPA-octreotate 
was time-dependent. The highest caspase-3 activity was found after an incubation period of 
24h. The caspase-3 activity was lower after 48h compared to that after 24h (not shown). In 
two other cell lines (AR42J and CHO transfected with the sst2) caspase-3 was also 
investigated after incubation with unlabeled RGD-DTPA-octreotate. Here also a significant 
increase in caspase-3 levels was seen and again after 24h the highest levels were found. The 
height of the caspase-3 levels was dependent on the cell line used, the highest levels were 
found in the CHO sst2

+ cell line. In a recent study 40 in HUVEC  (human umbilical vein 
endothelial cells) cells also  an increase in caspase-3 activation was found after 24h 
incubation with a RGD peptide. Also an increase in caspase-8 and –9 levels was found 
already after 4h incubation 40, supporting the hypothesis that RGD-peptides might directly 
trigger the caspase cascade at an early level.  

Because of the great apoptosis inducing potential of RGD-DTPA-octreotate in in vitro 
experiments and due to high renal uptake of RGD-111In-DTPA-octreotate we synthesized 
RGD-octreotate, without the chelator DTPA present, to change the route of elimination from 
the body. In a previous study in rats it was shown that 125I-Tyr3-octreotide was rapidly cleared 
via the liver 41, while 111In-DTPA-Tyr3-octreotide favored renal excretion, due to the addition 
of the relatively large and very hydrophilic DTPA group.  These findings were in accordance 
with the in vivo scintigraphic results of 123I-Tyr3-octreotide and 111In-DTPA-octreotide 42. So, 
by eliminating the DTPA-group of RGD-DTPA-octreotate the elimination route could change 
from a renal clearance to more a hepatic clearance.  

In order to get an idea of the biodistribution of unlabeled RGD-octreotate, without the 
chelator (DTPA) present, RGD-octreotate was radioiodinated. On HPLC analysis two peaks 
were detected and isolated, since there are two tyrosine residues in this molecule present, one 
in the RGD part and one in the octreotate part, 125I can label in various ways. Biodistribution 
studies were performed in tumor-bearing rats using both peaks together (data not shown) and 
with both separated peaks. The results of both biodistribution studies, using both peaks 
together or separated peaks, were comparable. The biodistribution of 125I-RGD-octreotate 
(Table 3) showed indeed a much lower renal uptake and a somewhat higher liver uptake in 
comparison with RGD-111In-DTPA-octreotate. With the radioiodinated RGD-octreotate 
shorter time intervals were taken due to a  more rapid release from the cells of 125I compared 
to the radiometal 111In. Finally it was shown that RGD-octreotate was still able to activate 
caspase-3 as was indicated with immunocytochemistry.  

In conclusion, due to the high renal uptake RGD-111In-DTPA-octreotate is unsuitable 
for radionuclide therapy. The unlabeled peptide, RGD-(DTPA-)octreotate also showed an 
increase in caspase-3 levels, indicating the therapeutical potential of this compound. To 
further enhance radionuclide therapy with somatostatin analogs, unlabeled hybrid peptide can 
be administered after or during therapy without radiotoxicity to non-target tissues.  
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ABSTRACT 
 
The presence of a high density of somatostatin receptors (SSR) on human tumors forms the 
basis for the successful visualization of primary tumors and their metastases using 
radiolabeled SS-analogs. In recent years SS-analogs coupled to beta-emitting radioisotopes 
have been successfully applied in the treatment of patients with metastatic SSR-positive 
neuroendocrine tumors. This concept of targeting SSR-expressing tumors using peptide 
receptor radionuclide therapy may also apply to the use of SS-analogs coupled to 
chemotherapeutic compounds. Evidence for the effectiveness of such cytotoxic SS-analogs as 
anti-tumor agents has been provided from a significant number of studies in experimental 
tumor models. In addition to cytotoxic SS-analogs, recently also SS-analogs coupled to RGD 
molecules (arginine (R), glycine (G), and aspartate (D)-containing peptides) and to paclitaxol 
have been synthesized. In this paper, the development of the different cytotoxic SS-analogs 
and their anti-tumor effects in vitro and in vivo in experimental models are discussed.    
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INTRODUCTION 
 
Toxicity of chemotherapeutic drugs is one of the main restrictions in the adjuvant treatment of 
patients with advanced or metastatic cancers. The concept of reducing toxicity via targeted 
delivery of cytotoxic agents has been proposed already more than a decade ago. Schally et al. 
1, 2 developed a series of targeted anti-tumor agents by linking various cytotoxic radicals to 
analogs of luteinizing hormone releasing hormone (LHRH), somatostatin (SS) and bombesin. 
Targeted delivery of chemotherapeutic compounds coupled to small peptide molecules 
requires the presence of specific receptors on the target cancer cells. Following binding of the 
peptide coupled with a cytotoxic compound to its receptor, the hybrid molecule requires to be 
internalized by the tumor cells, after which the cytotoxic agent may be uncoupled from its 
linker and can thus produce its lethal action (Fig. 1). The aim of targeted chemotherapy in 
oncology is to improve effectiveness via the selective delivery of cytotoxic compounds to 
primary tumors and their metastases and to reduce peripheral toxicity. In addition to 
chemotherapeutic compounds also other molecules capable of modulating (tumor) cell growth 
can be coupled to SS-analogs. One group of small molecules include so-called RGD 
molecules, that bind with high affinity to the integrin αvβ3, and have been shown to be 
inhibitors of cell adhesion, migration, growth and differentiation. Again, via targeted delivery 
of such RGD-SS molecules to tumor cells, as well as to neovascular endothelial cells, known 
to express a high density of αvβ3 receptors, these molecules may be potentially interesting 
anti-tumor agents. In the present paper the development and anti-tumor action of different 
cytotoxic SS-analogs, as well as the development and preliminary characterization of 
radiolabeled RDG-coupled SS-analogs is reviewed. 
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FIGURE 1. Principle of SSR-targeted cytotoxic therapy. 
 
 
SOMATOSTATIN RECEPTOR SUBTYPE EXPRESSION IN TUMOR TISSUES 
 
Neuroendocrine tumors, which often originate from SS-target tissues frequently express a 
high density of SS-receptors (SSR). Human tumors which express SSR are pituitary 
adenomas, islet cell tumors, carcinoids, paragangliomas, pheochromocytomas, small cell lung 
cancers and medullary thyroid carcinomas, as well as malignant lymphomas and breast-, 
prostate- and ovarian cancers 3. The SSR subtype expression in different types of human 
cancers has been demonstrated at the mRNA level using in situ hybridization, RNAse 
protection assays, the reverse transcriptase polymerase chain reaction (RT-PCR), 
autoradiography, as well as by immunohistochemistry 3. The majority of human SSR positive 
tumors simultaneously express multiple SSR subtypes, although there is a considerable 
variation in SSR subtype expression between the different tumor types and among tumors of 
the same type. SSR autoradiographic studies showed the absence of binding of the SSR 
subtype 2 (sst2)- preferring analog 125I-Tyr3-octreotide in a small subgroup of human 
insulinomas, carcinoids, pituitary adenomas and meningiomas, in 50% of the medullary 
thyroid carcinomas (MTC), in prostate cancer and in all SSR-positive ovarian cancers, 
whereas in the same tumors binding sites for radioiodinated SS are present 3. In such cases, 
targeting tumors with sst2-preferring cytotoxic SS-analogs may not be successful.  Apart from 
tumor cells also blood vessels, immune cells, stromal cells which are present in or surround, 
human tumors may express SSR subtypes 3. When targeted therapy using SS-analogs coupled 
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to chemotherapeutic agents or -RGD is considered, it is important to realize that some tumors 
have a heterogeneous distribution of SSR. In particular, in more than 50% of the breast cancer 
specimens SSR expression displays a non-homogenous distribution, with regions of high 
density of SSR next to regions lacking the receptor 3. Knowledge of the SSR subtype 
expression pattern, as well as non-homogeneity in the expression of SSR within tumors is 
very important for the development of the concept of SSR-targeted chemotherapy. As will be 
discussed below, SSR subtypes differ in their ability to internalize receptor-bound ligand 4, 
which is a crucial step to direct a SS-analog linked to a cytotoxic compound or RGD into the 
internal milieu of the tumor cell, where it can exert its cytotoxic action. 
 
 
INTERNALIZATION OF SOMATOSTATIN RECEPTOR SUBTYPES 
 
Since the cloning of the five SSR subtypes, the involvement of the individual human SSR 
subtypes in the process of receptor-mediated internalization of SS has been extensively 
investigated. As indicated, the ability of SSR to internalize the ligand-receptor complex 
following ligand binding, forms the basis for the concept of targeted chemotherapy using 
cytotoxic SS-analogs as well as for the use of radiolabeled RGD-SS analogs to selectively 
inhibit tumor growth. In general, the mechanism and route of internalization of SSR-agonist 
complexes follow those described for many other G-protein coupled receptors 5-8 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 5, 9. Following internalization and pit formation, fusion of these vesicles with lysosomes 
occur, resulting in hormone degradation, or receptor recycling to the cell surface 7, 10, 11. At 
this stage, the cytotoxic molecules are released and may exert their lethal action. 

SSR subtypes differentially internalize SS and SS-analogs 12. In CHO-K1 cells stably 
expressing one the five human SSR subtypes, sst2, sst3, sst4 and sst5 receptors displayed rapid 
(within minutes) agonist-dependent internalization of 125I-LTT SS-28 ligand in a time- and 
temperature dependent manner 13. Maximum internalization of the radioligand occurred 
within 60 minutes. Sst3 and sst5 expressing cells displayed the highest degree of 
internalization (78 and 66%, respectively), followed by sst4 (29%) and sst2 (20%). In contrast, 
the sst1 subtype displayed only a very low amount (4%) of internalization. Another study 
using COS-7 cells transfected with the human sst1 or sst2A receptor subtypes 14 recently 
confirmed the low internalization rate of the sst1 subtype. However, in this study, up to 75% 
of specifically bound fluorescent ligand was recovered inside sst2A-expressing cells within 60 
min. after agonist exposure, where it clustered into small endosome-like particles 14. The 
capacity of internalization of SS via the sst5 receptor was intermediate between sst1 and sst2A 

receptors 15.   
A predominant importance of the sst2A receptor, which is widely expressed in many 

human tumors, in determining the uptake of 111In-DTPA-octreotide in vivo is further 
underlined by the observation that uptake of 111In-DTPA-octreotide in SSR positive organs 
like the pituitary gland, adrenals and thymus, is reduced by more than 80% in sst2A receptor 
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knock out mice, compared with the values of uptake in wild type mice carrying sst2A receptors 
16.  Moreover, a significant number of in vivo studies in experimental tumor models have 
shown that uptake of 111In-DTPA-octreotide is blocked by the simultaneous administration of 
excess unlabeled octreotide 16-19. Finally, relative uptake values of radioactivity in patients 
with carcinoid tumor or neuroblastoma correlate with tumoral sst2 expression level 4. In 
conclusion, the ability of SSR subtypes to undergo agonist-induced internalization is an 
important characteristic of these receptors for transporting radiolabeled and cytotoxic SS-
analogs into the cell.    
 
 
DEVELOPMENT AND IN VITRO CHARACTERIZATION CYTOTOXIC 
SOMATOSTATIN ANALOGS 
 
The first cytotoxic SS-analog which has been described was methotrexate linked to the N-
terminal of the octapeptide SS-analog RC-121 (D-Phe-Cys-Tyr-D-Trp-Lys-Val-Cys-Thr-
NH2). This compound was named AN-51 20. Binding studies of AN-51 to SS-R expressing 
tissues, e.g. rat brain cortex, Dunning rat tumor R3327H and MiaPaCa-2 pancreatic cancer 
cells showed that AN-51 has only slight reduced SSR-binding affinity (2- to 10-fold), 
compared to its parental molecule RC-121 20. In addition, a 27 day treatment of rats bearing 
MiaPaCa-2 pancreatic cancer xenografts with RC-121 (20 µg/day) and AN-51 (25 µg/day) 
resulted in a comparable suppression of serum GH levels, suggesting that both SSR binding- 
and biological activity is retained in the hybrid AN-51 molecule. More recently, Schally et al. 
developed a much more potent cytotoxic SS-analog, consisting of RC-121 coupled to 2-
pyrrolino-doxorubicin (AN-201), which is a derivative of doxorubicin being 500-1000 more 
potent compared with doxorubicin. This novel molecule has been code-named AN-238  
(Fig. 2) 21. Compared with RC-121, the hybrid molecule AN-238 had a slightly reduced SSR 
binding affinity. Binding affinity, defined as IC50 value, the concentration of analog required 
to inhibit 50% of the specific binding of 125I-RC-160 SS-analog to SSR-expressing rat 
pituitary membranes amounted 0.31 nM for RC-121 and 23.8 nM for AN-238, respectively. 
This binding affinity of AN-238 is comparable to the binding affinities of several DTPA- and 
DOTA- coupled SS-analogs to human sst2 receptors 22.  In superfused rat anterior pituitary 
cell cultures, it was shown that AN-238 fully preserved the GH-release inhibitory potency of 
RC-121 21. Moreover, in vitro growth of gastric-, breast-, prostate- pancreatic and small cell 
lung cancer (SCLC) cell lines was inhibited by AN-238 in a dose-dependent fashion with 
IC50-values ranging between 3.2 and 40 nM, which were comparable to values of inhibition of 
cell growth by the 2-pyrrolino-doxorubicin alone (between 1.8 and 24 nM). These data 
suggest that like AN-51, also AN-238 has retained the binding and functional properties of its 
parental molecules RC-121 and 2-pyrrolino-doxorubicin 21. 
 
 
 

 152



Combination therapy; RGD-octreotate 

 
FIGURE 2. Structure of three different cytotoxic SS-analogs. Reproduced with permission (copyright 
1998 National Academy of Sciences 28) and adapted from refs. 25, 29. AN-238: SS-analog RC-121 
coupled to 2-pyrrolino-doxorubicin; PNA-SST: SS-analog coupled to antisense peptide nucleic acid 
(PNA); taxol-octreotide: SS-analog octreotide conjugated to paclitaxel (taxol). 
 
Apart from cytotoxic SS-analogs containing methotrexate, doxorubicin or 2-
pyrrolinodoxorubicin, other cytotoxic agents have been coupled to SS-analogs as well. 
Fuselier et al. 23, recently synthesized a series of SS-analogs coupled to the topoisomerase 
inhibitors camptothecin and combretastatin. Carbamates were used as linker, since they are 
known to be relative resistant in plasma, compared with for example ester-type linkages 24. 
One of these compounds, named compound 2 23, had a full retention of biological activity 
compared with native SS-14. Compound 2 inhibited GHRH-stimulated GH release by 
cultured rat pituitary cells with an IC50 value in the low nanomolar range (0.27 nM).  In vitro 
cytotoxicity of this compound, as measured by a cell viability MTT assay was also in the 
nanomolar range (54.2 nM) and comparable to inhibitory values described for AN-238. 
Huang et al. 25, showed some degree of efficacy of octreotide conjugated to taxol in MCF-7 
cells. Octreotide-taxol (Fig. 2) inhibited SSR positive MCF-7 cell viability with an IC50 value 
of 100nM, whereas SSR negative CHO cells showed a much lower sensitivity. Finally, a SS-
analog conjugated to antisense peptide nucleic acids (PNA) targeting the n-myc oncogene 
showed retained functional activity in term of GH suppression in vitro, as well as enhanced 
cytotoxicity to human SSR expressing human IMR32 neuroblastoma cells, although with a 
relatively low efficacy in the micromolar range 26. It should be mentioned that stability of 
these compounds in vitro may be very important. If the compounds are degraded while 
measuring its cytotoxic effect, it may be possible that in cytotoxic assays also the effects of 
the cytotoxic compounds alone is involved and thus the outcome of the vitro studies not 
necessarily reflects the potentials of the compounds to selectively target tumor cells in vivo.  
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IN VIVO ANTI-TUMOR ACTIVITY OF CYTOTOXIC SOMATOSTATIN 
ANALOGS 
 
In this chapter, the pre-clinical studies demonstrating that cytotoxic SS-analogs inhibit tumor 
growth in experimental tumor models are discussed. In nude mice transplanted with the 
human MIA PaCa-2 pancreatic tumor, AN-51 significantly inhibited tumor growth, whereas 
the chemotherapeutic compound alone, methotrexate, or RC-121 alone, had no significant 
inhibitory effect 20, and with methotrexate alone displaying a much higher toxicity compared 
with AN-51. As far as known no other pre-clinical studies with AN-51 have been reported. 
This is probably due to the development of novel cytotoxic SS-analogs with enhanced 
cytotoxic activity. As indicated above, AN-238 has a very high cytotoxicity in SS-receptor 
positive cells in vitro 21. In vivo, a large number of studies, mainly by Schally and co-workers, 
demonstrated that AN-238 has a very potent anti-tumor activity in proven SSR positive 
experimental tumor models. Although among the different studies some differences exist with 
respect to the dose and number of administrations of AN-238, all studies clearly show that 
compared with the cytotoxic parental molecule AN-201 (2-pyrrolinodoxorubicin), AN-238 
displays a much higher anti-tumor activity and significant lower toxicity. Using AN-238, an 
effective tumor growth inhibition has been demonstrated in experimental rat and mouse 
models of human breast cancer 27, androgen-independent prostate cancer 28-31, ovarian cancer 
32, small cell- and non small cell lung cancer 33, 34, pancreatic cancer 35, 36, renal cell cancer 37, 
glioblastoma 38, colon cancer 39, as well as gastric carcinomas 40.  In most studies, a much 
higher toxicity and lower or absent effectiveness on tumor growth was observed in animals 
treated with the cytotoxic radical AN-201 alone.  

Since early degradation of cytotoxic SS-analogs in the circulation or in tissues may 
release the cytotoxic compound before it is able to reach its target, e.g. the SSR positive 
tumor cell, it is important to demonstrate specificity of the effects of targeted cytotoxic SS-
analogs. A number of studies have addressed this issue and indeed provide evidence for 
specificity of the effects of AN-238: I. Compared with the effect of AN-238: I. Compared 
with the effect of AN-238, no or much lower anti-tumor activity is shown when the unlabeled 
SS-analog RC-121 and the cytotoxic compound are administered simultaneously 27, 29, 32, 34, 36; 
II. In some studies no inhibitory effect of AN-238 could be demonstrated in SSR negative 
tumors, while in the same studies SSR positive tumor models showed an anti-tumor action of 
AN-238 35, 36, 39; III. Pretreatment of animals with the unconjugated SS-analogs RC-160 or 
RC-121, could partially or completely prevent the anti-tumor action by AN-238, suggesting 
that interaction with specific SSR is required for AN-238 to exerts its action 36, 38.  

The mechanism via which AN-238 exerts its anti-tumor activity may include the 
induction of apoptosis and or necrosis. An increase in the number of apoptotic cells, alone or 
in combination with an increase in necrotic areas in AN-238 treated tumors has been shown in 
experimental human pancreatic tumors 36, gastric carcinomas 40, colon cancer 39, androgen-
independent prostate cancer 31 and small cell- and non small cell lung cancer 33, 34. 
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In conclusion, SSR targeted chemotherapy is effective in pre-clinical tumor models 
and may therefore be a promising approach to treat SSR-positive tumors. Using SSR-targeted 
chemotherapy lower dosages of the chemotherapeutic compound may be used resulting in 
lower toxicity. Until now, however, no clinical trials have been reported using targeted 
LHRH-, bombesin- or SS-analogs. In addition, evidence will have to be provided that 
cytotoxic SS-analogs can be internalized by SSR positive tumor cells. As for the concept of 
SSR-targeted radiotherapy, the efficacy of SSR targeted chemotherapy will be determined by 
the SSR expression level on the tumor cells, the capability of the cytotoxic SS-analog to 
selectively bind with high affinity to these SSR, the stability of the compound in the 
circulation, as well as on the amount of internalization of the cytotoxic radicals by the tumor 
cells. Moreover, in contrast to the use of radiolabeled SS-analogs coupled with therapeutic 
radionuclides emitting β-particles with long particle range, such as 90Y and 177Lu, where 
radiation emitted form a receptor-positive tumor cells may kill receptor negative cells in 
tumors with heterogeneity 41, it is expected that targeted cytotoxic SS-analogs require a more 
homogenous SSR expression by the tumors to exert their action. However, it may 
hypothesized that following the induction of necrosis a local release of the cytotoxic radical 
may induce a “bystander effect” on adjacent SSR-negative cells (Fig. 1). In this respect it is 
important to notice that some human cancers, e.g. breast cancer, may have a non-homogenous 
intra-tumor SSR expression and that a number of experimental human tumor models express 
SSR, while studies in primary human tumors, e.g. non small cell lung cancer, colorectal 
cancer, or exocrine pancreatic cancer have shown a lack of SSR at the protein level 3.   
 
 
SIDE-EFFECTS OF CYTOTOXIC SOMATOSTATIN ANALOGS 
 
It is well known that SSR are widely expressed in various tissues, including rapidly 
proliferating cells in the gastro-intestinal tract. Therefore, some side-effects using cytotoxic 
SS-analogs may occur. At present, toxicity of cytoxic SS-analogs, in particular AN-238, has 
only been evaluated in rats and mice. These studies do not show specific toxicity of AN-238 
to the gastro-intestinal tract, the pituitary or kidneys. No significant changes in pituitary 
function as measured by GH and LH levels have been observed in nude mice bearing human 
breast cancer xenografts treated with a single i.v. injection of 250nmol/kg AN-238 with a 
follow-up of 60 days 27. While in the majority of in vivo studies in experimental tumor 
models a certain degree of toxicity of AN-238 treatment as measured by animal deaths, loss 
of body weight and leukopenia have been reported, all studies clearly show that toxicity of 
AN-201 in this respect was much greater than that of AN-238 treatment 1, 2. An important 
factor determining toxicity of cytotoxic SS-analogs is their stability. The intact molecules 
should be able to reach their target tumor cells, bind to SSR, internalize and exert their 
cytotoxic action locally. AN-201 is linked to the RC-121 SS-analog by an ester bond. 
Therefore, deconjugation by non-specific esterases may occur. Differences between mice and 
rats with respect to toxicity of AN-201 and AN-238 have been reported and could be due to 
different esterase activities between the species 21. The half-life of the ester bond in nude mice 
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is about 20 min, in rats 1 h and in human serum about 2 h 33, 42. In addition, mice with 
suppressed esterase activity showed that up to 3 times higher doses of AN-238 than AN-201 
were tolerated by the animals 2. In this respect, the development of novel cytotoxic SS-
analogs using carbamates as potential linker, which are known to be relative resistant in 
plasma, is of specific interest 23. One of these compounds, the camptothecin conjugate 2 (see 
above), has a half-life in rat serum of 18 h.  
 
 
RGD-SOMATOSTATIN ANALOGS 
 
RGD. Integrins are a large family of heterodimeric glycoprotein cell surface receptors that 
regulate cell-cell and cell-matrix interactions. They are composed of two transmembrane 
glycoproteins, α and β subunit, each αβ combination has its own binding specificity. These 
integrin receptors mediate a variety of cell adhesion events and signal transduction processes, 
and are involved in an array of pathological events, such as tumor metastasis, angiogenesis, 
thrombosis and osteoporosis. One of these integrins, the αvβ3 receptor, is able to bind a number 
of extracellular matrix proteins via the sequence of three amino acids: arginine (R), glycine (G), 
and aspartate (D), commonly called RGD, after the single-letter codes assigned to these amino-
acids 43.  The αvβ3 receptor is expressed on various malignant human tumors and is highly 
expressed in neovascular endothelial cells which are actively involved in angiogenesis 44. Based 
on the RGD sequence a number of small, highly active peptides have been designed to 
antagonize the αvβ3 receptor. These are synthetic RGD molecules that bind with high affinity to 
this receptor and have been shown to be inhibitors of cell adhesion, migration, growth and 
differentiation 45-48. These agents also inhibit growth of new blood vessels and induce tumor 
regression in animal models, presumably by restriction of the blood supply to the tumor 49-52. 

In addition to the RGD binding sites found on integrins, it has been shown that several 
members of the procaspase family of apoptosis genes contain such binding motifs as well. 
Procaspase-1 and -3 contain potential RGD-binding motifs near the site necessary for 
activation of the procaspases 53. Caspases are a small group of specific cysteine proteases that 
are key factors in programmed cell death 54. These intracellular factors exist as latent 
zymogens that when activated induce orderly cell death. Buckley and coworkers 53 first 
demonstrated that RGD peptides are able to directly activate caspase-3 and induce apoptosis 
in cells by a mechanism that is completely independent of their association with integrin 
receptors. Further work by others has shown that molecules specific for GPIIb/IIIa integrins 
can also stimulate caspase-3 activity 55. Since caspase-3 is one of the key executioner 
proteases 54 in the apoptosis pathway, it seems likely that this enzyme will be an important 
site of action for targeted therapeutics that are designed to selectively induce cell death. In a 
recent study 56 the effects of a RGD-containing peptide (RGDS, Arg-Gly-Asp-Ser) was 
investigated in human umbilical vein endothelial cells (HUVEC). It was shown that after 4h 
incubation both caspase-8 and caspase-9 was activated, caspase-3 was activated after 24h 
incubation with RGDS and thereby induces apoptosis. All together these findings support the 
hypothesis that RGD-peptides may directly trigger the caspase cascade at an early level. 
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Therefore the RGD direct interaction with caspases and their activation at different levels may 
represent a novel mechanism of apoptosis induction, in addition to the known death receptors- 
and mitochondria-mediated pathways.  

Apart from cytotoxic RGD analogs, radionuclide coupled RGD have been designed 
for imaging and radiotreatment 57, 58. These analogs have a high affinity to neovascular 
endothelium and tumors. In an animal model specific uptake and retention of radioactivity in 
the transplanted tumor has been described. These analogs are promising in the targeted 
radiotreatment of tumor vascularization. A new very interesting approach is the use of 
chimeric peptides. It has been shown that RGD-containing peptides can be used for homing to 
tumors via the αvβ3 receptor 59, 60, which are expressed on tumor vasculature. These peptides 
have the potential to allow targeting of tumor vasculature with toxins as pro-apoptotic 
peptides 52. In a recent study 61 with a fusion protein containing the RGD sequence and the Fc 
fragment of mouse IgG (RGD/mFc) was designed to target the Fc portion of IgG to the tumor 
vasculature to elicit an anti-angiogenesis immune response. The Fc fragment can trigger 
phagocytosis by neutrophils or macrophages. Second, the Fc fragment is able to activate 
natural killer cells to lyse the cells bearing the Fc fragment. Third, they used the Fc fragment 
of IgG that triggers the cascade of the complement system. It was shown that the tumor 
angiogenesis and tumor growth can be indeed inhibited after treatment with RGD/mFc.  

RGD-Somatostatin. Another fascinating approach is the use of RGD-peptides as an 
apoptosis-inducing agent. We synthesized via solid phase peptide synthesis (SPPS) using an 
Applied Biosystems “Pioneer” synthesizer employing Fmoc strategy a new peptide, RGD-
DTPA-octreotate [c(Arg-Gly-Asp-D-Tyr-Asp)-Lys(DTPA)-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-
Cys)-Thr]. The action of this new radiopharmaceutical is based on the overexpression of the 
SSR subtype 2 (sst2) on tumor cells.  RGD-DTPA-octreotate is composed of the SSR 
targeting peptide Tyr3-octreotate, the chelator DTPA to enable radiolabelling, and the 
apoptotic-inducing RGD sequence. We choose to create a cyclic RGD-derivative, since it was 
found that cyclic derivatives of RGD-peptides were to more than 100-fold better when 
compared to the linear variants 46. 

It was shown that this hybrid peptide RGD-DTPA-octreotate had a high affinity for 
sst2 and internalizes in vivo and in vitro into tumor cells mostly via sst2, most probably 
because of the higher affinity of octreotate for sst2 than that of RGD for the αvβ3-receptor 62. 
Preliminary results showed that the 111In-labeled compound had a pronounced tumoricidal 
effect in a clonogenic assay in comparison with the 2 mono-peptides RGD and Tyr3-
octreotate. Furthermore 111In-labeled RGD-DTPA-octreotate showed a clear increase in 
caspase-3 levels 63, the highest levels were found after 24h incubation (Fig. 3). From these 
results it is clear that the 111In-labeled peptide RGD-DTPA-octreotate is more powerful to 
promote apoptosis, in comparison with the two monopeptides RGD and octreotate. The 
radiolabeled hybrid peptide can therefore significantly enhance the therapeutic efficacy of SS-
based agents. In order to investigate the contribution of the radionuclide, unlabeled RGD-
DTPA-octreotate was tested as well. It was shown that the unlabeled compound RGD-DTPA-
octreotate also gives an increase in caspase-3 levels after 24h incubation. This makes it 
interesting to use the unlabeled hybrid peptide RGD-octreotate as a treatment novelty as well.  
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FIGURE 3. Caspase-3 activity after incubation with 111In-labeled RGD [c(Arg-Gly-Asp-D-Tyr-Asp)], 
octreotate or RGD-octreotate [c(Arg-Gly-Asp-D-Tyr-Asp)-Lys(DTPA)-Phe-c(Cys-Tyr-D-Trp-Lys-Thr-
Cys)-Thr] in the CA20948 cell line. The caspase-3 activity was measured after 24h, expressed in 
arbitrary units (A.U.)., control set on 1. Experiments were performed in triplicate and each sample 
was measured in triplicate, bars represent mean ± SEM, ∗ p < 0.05 versus control. 
 
 
The mechanism of action of this hybrid peptide RGD-DTPA-octreotate could be explained 
with the hypothesis that RGD-peptides may directly trigger the caspase cascade at an early 
level. Since a clear increase in caspase-3 levels is found after 24h it is possible that other 
caspases such as, caspase-8 and –9, could be activated first, as reported previously 56.  We 
cannot rule out the contribution of the chelator DTPA in the working mechanism of this 
hybrid peptide.  It could play a role in for instance resistance to degradation, or DTPA can be 
a scavenger inside the cell. Besides the hypothesis that the RGD-sequence activated the 
caspase cascade, RGD-DTPA-octreotate could activate the known apoptotic pathway, the 
mitochondrial-mediated pathway, which also leads to an increase in caspase-3 levels (Fig. 4). 
Clearly more research has to be performed to understand the precise action of this new hybrid 
peptide RGD-DTPA-octreotate. The development of hybrid molecules that combine targeting 
and an effector function, such as apoptosis, can be a new approach in the treatment of cancer 
and inflammatory diseases. 
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FIGURE 4. Possible mechanism(s) of action of the hybrid peptide RGD-octreotate. 
 
 
CONCLUSIONS 
 
In the past decade several cytotoxic SS-analogs have been developed, including analogs 
coupled to chemotherapeutic agents, taxol, antisense peptide nucleic acids, as well as RGD. 
Effectiveness as anti-tumor agents has been demonstrated in in vitro studies, as well as in in 
vivo experimental tumor models. The capability of such hybrid molecules to target SSR 
positive tumor cells in vivo will very much depend on their stability in the circulation, their 
SSR (subtype) binding affinity, as well as the capability of SSR positive tumor cells to 
internalize such hybrid molecules. Nevertheless, the current preclinical data clearly provide 
evidence for successful targeting of SSR positive tumors in vivo using SS-analogs coupled to 
chemotherapeutic agents, which have increased efficacy and considerable lower toxicity 
compared with the unconjugated cytotoxic radicals, as well as for the in vitro tumor cell 
targeting using taxol-, antisense oligo- and radiolabeled RGD-coupled SS-analogs.   
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Chapter 6 

SUMMARY AND CONCLUSIONS 
 
There has been an exponential growth in the development of radiolabeled peptides for 
diagnosis and therapeutic applications in oncology. Peptides radiolabeled with γ-emitters can 
be used to visualize receptor-positive cells in vivo. In 1994 111In-DTPA-octreotide 
(OctreoScan®) received FDA approval as the first product of its kind, and to this day remains 
the “Gold Standard” in somatostatin receptor scintigraphy. Research continued in this area by 
introducing peptide receptor radionuclide therapy (PRRT) using Auger electron (111In) and β 
particle (90Y and 177Lu) emitting radionculides.  

The aim of this thesis was firstly to receive further insight in the therapeutic potential 
of somatostatin labeled analogs in vitro and in vivo. Secondly, we wanted to improve the 
potential of PRRT with somatostatin analogs by introducing the combination with an 
apoptosis-inducing factor. 
 
Since the response of tumor cells to PRRT is dependent on their radiosensitivity we 
determined the radiosensitivity of CA20948 tumor cells, rat pancreatic tumor cells expressing 
the somatostatin receptor (sst), by using clonogenic survival assays after high-dose-rate 
external-beam radiotherapy (XRT) in vitro. It could be expected however that results of high-
dose-rate XRT are not representative for those after low-dose-rate radionuclide therapy (RT), 
such as PRRT. Therefore, we compared clonogenic survival in vitro in CA20948 tumor cells 
after increasing doses of XRT or RT, the latter using 131I (Chapter 2). 

We observed a dose-dependent reduction in tumor-cell survival, which, at low doses, 
was similar for XRT and RT. For high-dose-rate XRT, the quadratic over linear component 
ratio (α/β) for CA20948 was 8.3 Gy, whereas that ratio for low-dose-rate RT was calculated 
to be 86.5 Gy.  So, despite the huge differences in dose rate, RT tumor cell-killing effects 
were approximately as effective as those of XRT at doses of 1 and 2 Gy, the latter being the 
common daily dose given in fractionated external-beam therapies. At higher doses, RT was 
less effective than XRT. 
 
In chapter 3 the therapeutic potential of 111In-DTPA-octreotide was evaluated. Since 111In 
emits not only gamma-rays, but also therapeutic Auger and internal conversion electrons with 
a medium to short tissue penetration (0.02-10 µm, 200-550 µm, respectively), 111In-DTPA-
octreotide is also being used for PRRT. 

First (Chapter 3.1), the therapeutic effects of 111In-DTPA-octreotide in a single-cell 
model were investigated. In this single-cell model we discriminated between the effects of the 
Auger electrons and internal conversion electrons in PRRT. In this in vitro system 111In-
DTPA-octreotide could completely control tumor growth. The effects were dependent on 
incubation time, radiation dose, and specific activity used. Similar concentrations of 111In-
DTPA, which is not internalized into somatostatin-positive tumor cells, did not influence 
tumor survival. Excess unlabeled octreotide (10-6 mol/L) could decrease tumor cell survival to 
60% of control; the addition of the radiolabeled peptide 111In-DTPA-octreotide (10-9 mol/L) 
plus an excess of unlabeled (10-6 mol/L) octreotide, did not further decrease survival. So, 
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these in vitro studies show that the therapeutic effect of 111In is dependent on internalization, 
enabling the Auger electrons with their very short particle range to reach the nucleus. Our 
results also indicate that the PRRT-effects were receptor-mediated. 

Subsequently, we investigated the radiotherapeutic effect of different doses of 111In-
DTPA-octreotide in vivo in Lewis rats bearing small (≤ 1 cm2) or larger (≥ 8 cm2) 
somatostatin receptor-positive rat pancreatic CA20948 tumors.  In addition, we investigated the 
somatostatin receptor density on the tumors before and after radionuclide therapy (Chapter 3.2).  

 The results showed impressive radiotherapeutic effects of 111In-labeled octreotide in this 
rat tumor model. Cure (up to 50%) was found in the animals bearing small tumors after at least 
three injections of 111 MBq or a single injection of 370 MBq 111In-DTPA-octreotide, leading to 
a dose of 6.3 – 7.8 mGy/MBq (1 – 10 g tumor). In the rats bearing the larger tumors the effects 
were much less pronounced and only partial responses were reached in these groups. A possible 
explanation for the various responses found is the increase of somatostatin receptor-negative 
cells, due to the lack of crossfire. We therefore investigated the somatostatin receptor 
expression before and after radionuclide therapy with an In-111 labeled somatostatin analog. 
In this study we found a clear somatostatin receptor subtype 2 (sst2) expression both in the 
control and in the tumors treated with 111In. A significantly higher tumor receptor density was 
found when the tumor re-grew after an initial decline in size after low dose PRRT in 
comparison with untreated tumors.  

We concluded that radionuclide-therapy with 111In-labeled somatostatin analogs is 
feasible but should preferably start as early as possible during tumor development. One might 
also consider the use of radiolabeled somatostatin analogs in an adjuvant setting after surgery 
of somatostatin receptor-positive tumors to eradicate occult metastases. Finally we showed 
that PRRT led to a significant increase in somatostatin receptor density, when the tumors re-
grew after an initial decline in size after PRRT. The increase in the somatostatin receptor 
density will lead to a higher uptake of the radiolabeled peptides in therapeutic applications, 
making repeated injections of radiolabeled peptides more effective. 
 
In chapter 4 the therapeutic effects of the somatostatin analogs Tyr3-octreotide and Tyr3-
octreotate radiolabeled with the β- particle emitters 177Lu or 90Y were evaluated in an in vitro 
colony-forming assay using the rat pancreatic tumor cell line CA20948 (Chapter 4.1). 177Lu-
DOTA-Tyr3-octreotate could reduce tumor growth with 100% and effects were dependent on 
radiation dose, incubation time, and specific activity used. Similar concentrations of 177Lu-
DOTA, which does not bind to the tumor cells, had a less pronounced effect on tumor cell 
survival. Both Tyr3-octreotide and Tyr3-octreotate labeled with either 177Lu or 90Y, using 
DOTA as chelator, were able to control tumor growth in a dose-dependent manner. In all 
concentrations used radiolabeled Tyr3-octreotate showed a higher percentage tumor cell kill 
compared to radiolabeled Tyr3-octreotide, labeled with 177Lu or 90Y. This is in accordance 
with the higher affinity of Tyr3-octreotate for the sst2-receptor compared to Tyr3-octreotide, 
leading to a higher amount of cell-associated radioactivity, resulting in a significantly higher 
tumor radiation dose. So, Tyr3-octreotate labeled with 177Lu or 90Y is the most promising 
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analog for PRRT. Subsequently, the anti-tumor effects of 177Lu-DOTA-Tyr3-octreotate on sst 
receptor positive CA20948 micrometastases in the liver were investigated (Chapter 4.2). Rats 
treated with 177Lu-DOTA-Tyr3-octreotate showed a significantly better survival in a rat liver 
micrometastic model setting, making it a very promising new treatment modality for sst 
receptor positive disseminated disease. 
 
In chapter 5 a study is described that aimed to develop and evaluate a new 
radiopharmaceutical for the treatment of cancers that overexpress sst2. The new 
radiopharmaceutical is composed of a somatostatin receptor-targeting peptide, a chelator 
(DTPA) to enable radiolabeling, and an apoptosis inducing RGD (arginine-glycine-aspartate) 
peptide moiety.  Biodistribution studies showed that the receptor-targeting peptide portion of 
the molecule, Tyr3-octreotate, binds specifically to the sst2.  Because of the rapid endocytosis 
of the somatostatin receptor the entire molecule can thus be internalized, allowing the RGD 
portion to activate intracellular caspases, which in turn promotes apoptosis. Internalization 
experiments in vitro into sst2-positive tumor cells of the radiolabeled hybrid peptide appeared 
to be a rapid process and could be blocked by an excess of unlabeled octreotide, indicating an 
sst2-specific process. Tumor uptake of radiolabeled RGD-DTPA-octreotate in vivo in rats was 
in agreement with the in vitro data and comparable to that of radiolabeled Tyr3-octreotate. A 
drawback of the new hybrid compound was high renal uptake and retention of radioactivity, 
limiting the therapeutic dose that can be administered, as the kidneys are critical organs in 
radionuclide therapy using somatostatin analogs labeled with beta particle emitting 
radionuclides (Chapter 5.1).  

Tumoricidal effects of the hybrid peptide RGD-DTPA-octreotate were evaluated in 
comparison with those of RGD and Tyr3-octreotate in an in vitro colony-forming assay, the 
compounds were all radiolabeled to 111In. Subsequently caspase-3 activation was determined 
(Chapter 5.2). Tumoricidal effects were found for 111In-DTPA-RGD < 111In-DTPA-Tyr3-
octreotate < RGD-111In-DTPA-octreotate. Also, the highest increase in caspase-3 levels was 
found with RGD-111In-DTPA-octreotate. Concluding, RGD-111In-DTPA-octreotate has a 
more pronounced tumoricidal effect than 111In-DTPA-RGD and 111In-DTPA-Tyr3-octreotate, 
because of increased apoptosis as indicated by increased caspase-3 activity. 

In chapter 5.3 we further evaluated the biodistribution of RGD-111In-DTPA-octreotate 
and 125I-RGD-octreotate, and investigated the tumoricidal effect of the unlabeled compound 
RGD-DTPA-octreotate in vitro. Since the biodistribution showed a very high renal uptake we 
studied the therapeutic effects of the unlabeled hybrid peptide, RGD-DTPA-octreotate, in 
vitro in the CA20948, AR42J and the CHO cell line transfected with sst2, which showed that 
RGD-DTPA-octreotate induced a significant increase in caspase-3 levels in comparison with 
RGD and Tyr3-octreotate in all cell lines. Subsequently, we examined the biodistribution of 
iodinated RGD-octreotate, without the presence of the chelator DTPA, in order to change the 
elimination route from the body (from renal clearance to more hepatic clearance). 125I-RGD-
octreotate showed indeed a much lower renal uptake in comparison with RGD-111In-DTPA-
octreotate. Furthermore, the affinity of RGD-octreotate increased in comparison with RGD-
DTPA-octreotate (IC50 values of 1.4×10-8M vs 9.4×10-8M respectively). Finally, RGD-
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octreotate, without the chelator DTPA, was also able to activate caspase-3 as was indicated 
with immunocytochemistry. 

So, this concept of targeting somatostatin receptor-expressing tumors using peptide 
receptor radionuclide therapy might also apply for the use of somatostatin analogs coupled to 
chemotherapeutic compounds, which is further described in Chapter 5.4. The development of 
hybrid molecules that combine targeting and an effector function, such as apoptosis, can be a 
new approach in the treatment of cancer. 
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SAMENVATTING EN CONCLUSIES 
 
Somatostatine is een hormoon dat de afgifte van groeihormoon en een aantal andere 
hormonen (o.a. insuline, glucagon en schildklierhormonen) remt. Het peptide somatostatine 
bindt specifiek aan receptoren op de cel (sleutel-slot principe), en oefent na internalisatie 
vervolgens in de cel zijn remmende werking uit. Somatostatine wordt gevormd in de 
alvleesklier (= pancreas), hypothalamus en in de wand van maag en darm. Veel endocriene 
tumoren brengen de somatostatinereceptor tot expressie en worden dus in hun hormoon 
afgifte geremd door somatostatine. Deze remmende werking heeft ertoe geleid om patiënten 
met ziekten veroorzaakt door te hard werkende klieren of tumoren met somatostatine-
receptoren te behandelen met somatostatine. Somatostatine is zelf echter niet geschikt voor 
therapie doordat het snel wordt afgebroken in het lichaam. Vandaar dat er soortgelijke 
peptiden (analogen) zijn gemaakt die veel stabieler zijn, een voorbeeld hiervan is octreotide. 
Vervolgens is octreotide radioactief gemaakt om receptorpositieve tumoren zichtbaar te 
maken in het lichaam met behulp van een gammacamera. In 1994 werd 111In-DTPA-
octreotide (OctreoScan®) goedgekeurd door de “U.S. Food and Drug Administration” (FDA) 
voor diagnostisch gebruik op patiënten met neuroendocriene tumoren. Tot op de dag van 
vandaag is OctreoScan® de “Gouden Standaard” voor de visualisatie van neuroeendocriene 
tumoren. Verder onderzoek op dit gebied heeft geleid tot de introductie van Peptide Receptor 
Radionuclide Therapie (PRRT), door gebruik te maken van radionucliden met bètastraling 
(90Y en 177Lu), die gekoppeld worden aan deze somatostatine analoga. 
 Het doel van dit proefschrift was in eerste instantie om meer inzicht te krijgen in de 
therapeutische mogelijkheden van gelabelde somatostatine analogen in vitro en in vivo. 
Vervolgens wilden we de radionucliden therapie met somatostatine analogen verbeteren door 
dit te combineren met een factor waarvan bekend is dat het celdood initieert in de cel. 
 
Aangezien de respons van tumorcellen op PRRT afhankelijk is van de stralingsgevoeligheid 
van deze cellen hebben we de stralingsgevoeligheid van CA20948 tumorcellen, dit is een 
rattenpancreas tumorcellijn welke de somatostatinereceptor subtype 2 (sst2) tot expressie 
brengt, in vitro bepaald met behulp van een kolonievormende assay na bestraling met externe 
radiotherapie (XRT). Het is echter te verwachten dat de resultaten van bestraling met een 
hoog dosistempo, XRT, niet representatief is voor bestraling met een laag dosistempo, 
radionucliden therapie (RT), bestraling. Daarom hebben we de overleving van CA20948 
tumorcellen in vitro na een toenemende dosis van XRT of RT met elkaar vergeleken 
(Hoofdstuk 2). 
 We hebben een dosisafhankelijke reductie in tumorceloverleving waargenomen, 
welke, bij lage doses, dezelfde was voor XRT als RT. Dus, ondanks de enorme verschillen in 
dosistempo, zijn de tumorceldodende effecten van RT ongeveer even effectief als die van 
XRT bij doses van 1 en 2 Gy, de laatste is de dagelijks toegediende dosis bij gefractioneerde 
externe radiotherapie bestraling. Bij hogere doses was RT minder effectief dan XRT. Voor 
XRT, de kwadratische ten opzichte van de lineaire component ratio (α/β) voor de CA20948 
cellijn was 8.3 Gy, terwijl deze ratio voor RT uitgerekend werd op 86.5 Gy. 
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In hoofdstuk 3 is de therapeutische potentie van 111In-DTPA-octreotide geëvalueerd. 
Aangezien 111In, naast gammastraling, ook therapeutische Auger en interne conversie 
elektronen, met een middel tot korte dracht (0.02-10 µm, 200-550 µm, respectievelijk), 
uitzendt, wordt 111In-DTPA-octreotide ook gebruikt voor PRRT. 

Als eerste (Hoofdstuk 3.1) zijn de therapeutische effecten van 111In-DTPA-octreotide 
in een kolonievormend model onderzocht. In dit model hebben we gediscrimineerd tussen the 
effecten van de Auger elektronen en interne conversie elektronen bij PRRT. 111In-DTPA-
octreotide kon de tumorgroei in dit model volledig remmen. De effecten waren afhankelijk 
van de incubatietijd, de hoeveelheid straling en de gebruikte specifieke activiteit. Dezelfde 
concentraties van 111In-DTPA, welke niet kan internaliseren in somatostatine 
receptorpositieve tumorcellen, hadden geen effect op de tumorgroei. Een overmaat aan 
ongelabeld octreotide (10-6 M) kon de tumorgroei remmen tot 60% van de controlegroei; de 
toevoeging van gelabeld peptide 111In-DTPA-octreotide (10-9 M) met een overmaat aan 
ongelabeld octreotide (10-6 M) kon de tumorgroei niet verder remmen. Deze in vitro 
experimenten laten zien dat the therapeutische effecten van 111In afhankelijk zijn van 
internalisatie, hierdoor kunnen de Auger elektronen men hun korte dracht de kern bereiken. 
Onze resultaten geven verder weer dat de PRRT-resultaten receptorgemedieerd zijn. 

Vervolgens hebben we de radiotherapeutische effecten van verschillende doses 111In-
DTPA-octreotide in vivo in Lewis ratten, die een kleine (≤ 1 cm2) of een grote (≥ 8 cm2) 
somatostatine receptorpositieve CA20948 tumor hadden, onderzocht. Bovendien hebben we 
de somatostatine receptordensiteit op de tumor voor en na behandeling met radionuclide 
therapie onderzocht (Hoofdstuk 3.2)  

De resultaten laten fantastische radiotherapeutische effecten zien van 111In-gelabeld 
octreotide in dit rattenmodel. Genezing (tot 50%) werd gevonden in de dieren met een kleine 
tumor na ten minste drie injecties met 111 MBq of één injectie met 370 MBq 111In-DTPA-
octreotide, wat leidde tot een dosis van 6.3 – 7.8 mGy/MBq (1 – 10 g tumor). In de groep ratten 
met een grote tumor waren de effecten minder duidelijk, hier werd alleen een partiele respons 
gevonden. Een mogelijke verklaring voor de verschillende effecten na 111In therapie in grote 
versus kleine tumoren kan zijn dat er een toename is in de groei van somatostatine 
receptornegatieve cellen door een gebrek aan crossfire. We hebben daarom de expressie van de 
somatostatine receptor onderzocht voor en na radionuclide therapie met een In-111 gelabeld 
somatostatine analoog. In dit onderzoek hebben we een duidelijke expressie gevonden van de 
somatostatine receptor subtype 2 (sst2) in zowel de controle tumoren als in de tumoren die 
behandeld zijn met 111In. Een significant hogere receptordensiteit werd er gevonden op de 
tumoren die na een tumorverkleining door PRRT weer zijn gaan groeien in vergelijking met de 
onbehandelde tumoren. 

We hebben hieruit geconcludeerd dat de behandeling van tumoren met radionuclide 
therapie met 111In-gelabelde somatostatin analogen  zo vroeg mogelijk gestart moet worden. Ook 
interessant is, bij somatostatine receptorpositieve tumoren, dat radioactief gelabelde 
somatostatine analogen te gebruiken na chirurgie om eventuele metastasen te behandelen.  
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Ten slotte hebben we laten zien dat de somatostatine receptor nog steeds aanwezig is na PRRT 
en zelfs is toegenomen in densiteit bij tumoren die eerst kleiner zijn geworden en vervolgens 
weer zijn gaan groeien.  De toename in de somatostatine receptordensiteit leidt tot een hogere 
opname van de radioactief gelabelde peptiden bij therapeutische toepassingen, wat herhaalde 
injecties met radioactief gelabelde peptiden effectiever maakt. 

  
In hoofdstuk 4 zijn de therapeutische effecten van de somatostatine analogen Tyr3-octreotide 
en Tyr3-octreotate, gelabeld met de bètastralers 177Lu en 90Y, onderzocht in de ratten 
tumorcellijn CA20948 met behulp van een kolonievormende assay (Hoofdstuk 4.1). 177Lu-
DOTA-Tyr3-octreotate kon de tumorgroei volledig remmen, de effecten waren afhankelijk 
van de hoeveelheid straling, de incubatietijd en de gebruikte specifieke activiteit. Dezelfde 
concentratie van 177Lu-DOTA, dit bindt niet aan de tumorcellen en kan dus niet internaliseren, 
had een duidelijk minder effect op de tumorceloverleving. De beide analogen  Tyr3-octreotide 
en Tyr3-octreotate, gelabeld met 177Lu of 90Y, konden de tumorgroei op een dosisafhankelijke 
manier controleren. Bij alle gebruikte concentraties kon het radiogelabelde analoog Tyr3-
octreotate de tumorgroei beter remmen dan Tyr3-octreotide. Dit komt overeen met het feit dat  
Tyr3-octreotate een hoger affiniteit heeft voor de sst2-receptor dan Tyr3-octreotide, wat leidt 
tot een hogere concentratie aan celgebonden radioactiviteit en daardoor een hogere 
stralingsdosis op de tumorcellen. Tyr3-octreotate gelabeld met 177Lu of 90Y is dus een 
veelbelovend analoog voor PRRT. Vervolgens zijn de therapeutische effecten van 177Lu-
DOTA-Tyr3-octreotate onderzocht op somatostatine receptorpositieve CA20948 lever 
micrometastasen (Hoofdstuk 4.2). Ratten die behandeld zijn met 177Lu-DOTA-Tyr3-octreotate 
hadden een duidelijk betere overleving dan de controle dieren (onbehandeld), waardoor dit 
een veelbelovende nieuwe therapie is voor (uitzaaiingen van) somatostatine receptorpositieve 
tumoren.  
 
In hoofdstuk 5 is een studie beschreven die erop gericht is een nieuw radiofarmacon te 
ontwikkelen en te evalueren voor de behandeling van tumoren die sst2 tot expressie brengen. 
Dit nieuwe radiofarmacon bestaat uit 2 peptiden (een hybride peptide); een somatostatine-
receptor gericht peptide, octreotate; en een peptide dat celdood initieert, RGD (arginine-
glycine-aspartaat). Tevens bevat dit nieuwe radiofarmacon een chelator (DTPA) zodat het 
makkelijk radioactief gelabeld kan worden met 111In. Biodistributie studies lieten zien dat dit 
nieuwe radiofarmacon goed bindt aan de somatostatine receptor. Na binding aan de receptor 
wordt het radiofarmacon geïnternaliseerd in de cel en kan het RGD-peptide celdood initiëren. 
Internalisatie-experimenten in sst2-positieve tumorcellen met het radiogelabelde hybride 
peptide (RGD-111In-DTPA-octreotate) laten zien dat de internalisatie hiervan snel verloopt en 
dat deze geblokkeerd kan worden met een overmaat aan ongelabeld octreotide, hetgeen duidt 
op een sst2-specifieke opname. De tumoropname van RGD-111In-DTPA-octreotate in ratten 
kwam overeen met de in vitro data en was vergelijkbaar met die van het radioactief gelabeld 
Tyr3-octreotate. Een minpunt van dit nieuwe hybride peptide was de hoge opname en retentie 
van de radioactiviteit in de nieren, dit limiteert namelijk de therapeutische dosis die gegeven 

 174



Samenvatting en conclusies 

kan worden, aangezien de nieren kritieke organen zijn bij radionuclide therapie met 
somatostatine analogen die gelabeld zijn met β-emitters (Hoofdstuk 5.1). 
 Therapeutische effecten van het hybride peptide RGD-DTPA-octreotate zijn 
geëvalueerd in vergelijking met die van RGD en Tyr3-octreotate in een in vitro 
kolonievormende assay, alle peptiden waren radioactief gelabeld met 111In. Vervolgens is de 
caspase-3 activiteit bepaald (Hoofdstuk 5.2). De therapeutische effecten waren (in volgorde 
van het minst effectief naar het meest effectief)  111In-DTPA-RGD < 111In-DTPA-Tyr3-
octreotate < RGD-111In-DTPA-octreotate. Ook de hoogste toename van caspase-3 activiteit 
werd gevonden na behandeling met RGD-DTPA-octreotate. RGD-111In-DTPA-octreotate 
heeft dus een duidelijk beter therapeutisch effect dan 111In-DTPA-RGD en 111In-DTPA-Tyr3-
octreotate, waarschijnlijk door een toename in de initiatie van celdood veroorzaakt door een 
toename in caspase-3 activiteit. 
 In hoofdstuk 5.3 hebben we de biodistributie van RGD-111In-DTPA-octreotate en 125I-
RGD-octreotate geëvalueerd, tevens hebben we het therapeutische effect van het ongelabelde 
peptide RGD-DTPA-octreotate in vitro onderzocht. Aangezien de biodistributie een hoge 
nieropname liet zien hebben we therapeutische effecten van het ongelabelde hybride peptide, 
RGD-DTPA-octreotate, in de volgende sst2-positieve cellijnen onderzocht; CA20948, AR42J 
en chinese hamster ovary (CHO) cellijn. De resultaten hiervan lieten zien dat er een 
significante toename in caspase-3 was activiteit in vergelijking met RGD en Tyr3-octreotate in 
alle cellijnen die gebruikt zijn. Vervolgens hebben we, om de nieropname te verlagen in het 
lichaam, de biodistributie van gejodeerd RGD-octreotate zonder de chelator DTPA 
onderzocht. 125I-RGD-octreotate liet inderdaad een veel lagere nieropname zien in 
vergelijking met RGD-111In-DTPA-octreotate. Bovendien was de affiniteit voor de 
somatostatine receptor van RGD-octreotate toegenomen ten opzichte van RGD-DTPA-
octreotate (IC50 waarde van 1.4×10-8M vs 9.4×10-8M, respectievelijk). Ten slotte bleek dat 
RGD-octreotate, zonder de chelator DTPA, ook caspase-3 kan activeren. 
 Dus het concept om tumoren, die somatostatine receptoren tot expressie brengen, te 
behandelen kan ook toegepast worden met behulp van somatostatine analogen die gekoppeld 
zijn aan chemotherapeutische middelen, dit is verder beschreven in Hoofdstuk 5.4. De 
ontwikkeling van hybride moleculen kan een nieuwe methode zijn voor de strijd tegen 
kanker. 
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LIST OF ABBREVIATIONS 
 
αvβ3   alpha-v-beta-3 integrin receptor 
CPM   count per minute 
CR   complete response 
DLU   density light units 
DOTA   1,4,7,10-tetraazacyclododecande-N,N’,N’’,N’’’-tetraacetic acid 
DTPA   diethyleetriaminepentaacetic acid 
ECM   extracellular matrix 
GBq   Gigabecquerel (1012 Bq) 
GEP tumours  gastro-entero-pancreatic tumours 
GRP   gastrin-releasing peptide 
Gy   Gray 
HE   haematoxylin-eosin  
HPLC   high-performance liquid chromotography 
IC50   inhibitory concentration at 50% saturation 
ITLC   instant thin-layer chromotography 
FDA   Food and Drug Administration 
GH   growth hormone 
LET   linear energy transfer 
LHRH   luteinizing hormone-releasing hormone 
LQ-MODEL  linear-quadratic model 
MBq   Megabequerel (106 Bq) 
MTC   medullary thyroid carcinomas 
NR   no response 
PBS   phosphate buffered saline 
PNA   peptide nucleic acid 
PR   partial response 
PRRT   peptide receptor radionuclide therapy 
PRS   peptide receptor scintigraphy 
RBE   relative biological effectiveness 
RGD   Arg-Gly-Asp - argine-glycine-aspartate 
RIT   radioimmunotherapy 
RT   radionuclide therapy 
RT-PCR  reverse transcriptase polymerase chain reaction 
SCLC   small cell lung cancer 
SD   standard deviation 
SEM   standard error of mean 
SF2   surviving fraction at 2 Gy 
SRB   sulforhodamine B assay 
SS   somatostatin 
SSR   somatostatin receptor 
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SST1-SST5  somatostatin receptor subtype 1-5 
TETA   1,4,8,11-tetraazacyclotetradecane-N,N’,N’’,N’’’-tetraacetic acid 
µg   microgram 
XRT   external-beam therapy 
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