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Therapy of neuroendocrine tumors with 177Lu-octreotate 
Human tumor cell types and models and optimization of treatment 

Johanna Dalmo 
Department of Radiation Physics, Institute of Clinical Sciences, Sahlgrenska Cancer Center, 

Sahlgrenska Academy at University of Gothenburg, Göteborg, Sweden 

Abstract 

Neuroendocrine (NE) tumors (NET) have often metastasized at the time of diagnose, which 
makes it hard to cure patients with NET. Radiolabeled hormone analogues (especially 
somatostatin analogues, SS) can be used for diagnostics (e.g. 111In-octreotide) and therapy (e.g. 
177Lu-octreotate). For development of the treatment methods, realistic tumor cell lines and 
models are valuable. Human NET cell lines and models are few, and there is a need to find 
suitable models for different types of NET, with e.g. relevant expression of hormone receptors, 
e.g. somatostatin receptors (SSTR), cholecystokinin-2/gastrin receptors, and catecholamine 
transporters.  

In this work, several types of human NET models (paraganglioma, gastrointestinal stromal 
tumor (GIST), human medullary thyroid cancer (GOT2), and midgut carcinoid (GOT1)) were 
studied, with the aim to evaluate the binding and/or uptake of radiolabeled hormone analogues 
(177Lu-octreotate, 111In-octreotide, 111In-MG0, and 131I-MIBG). Activity concentration in tumor 
and non-tumor tissues was measured in vitro or in vivo in different NETs. The activity 
concentration after 111In-octreotide injection indicated a large variation in somatostatin receptor 
expression in different NETs. A specific uptake and internalization of radiolabeled 111In-
octreotide or 177Lu-octreotate was found in vitro in paraganglioma and in GIST, respectively, as 
well as a specific uptake of 131I-MIBG in paraganglioma. The tumor uptake of 111In-octreotide and 
131I-MIBG in the patient with paraganglioma, and of 111In-octreotide in several individuals with 
GIST showed that some of these patients might benefit from radionuclide therapy. All studied 
human NETs in this work will serve as good models in the development of increased therapeutic 
effect of different NETs.  

177Lu-octreotate is today routinely used for treatment of carcinoids and endocrine pancreatic 
tumors, but needs to be optimized. A novel treatment schedule was tested, giving a priming 
administration of 177Lu-octreotate before administering the therapeutic amount. This procedure 
resulted in higher mean absorbed dose to tumor tissue and increased therapeutic effect 
compared with those for a single administration. 

To improve the individual following-up after fractionated treatment with 177Lu-octreotate, the 
possibility to use urinary retinol binding protein (RBP) and valine hydantoin (VH) in blood as 
biomarkers for radiation induced nephrotoxicity was studied. RBP4 was shown to be a potential 
biomarker for nephrotoxicity, before kidney injury was demonstrated by morphology. 
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1 Abbreviations 
  
111In indium-111 
131I iodine-131 
177Lu lutetium-177 
CA catecholamine 
CCK cholecystokinin  
DOTA dodecanetetraacetic acid 
DOTA-MG0 DOTA-DGlu-(Glu)5-minigastrin 
DTPA diethylenetriaminepentaacetic acid 
GFR glomerulus filtration rate 
GIST gastrointestinal stromal tumor 
GOT1 human midgut carcinoid cell line 
GOT2 human MTC cell 
Hb hemoglobin 
MG minigastrin 
MIBG meta-iodobenzylguanidine  
MTC medullary thyroid carcinoma  
NE neuroendocrine 
NET neuroendocrine tumor 
PET positron emitting tomography 
PRRT peptide receptor radionuclide therapy 
qPCR quantitative real-time polymerase chain reaction 
RBP retinol binding protein 
SS somatostatin 
SSTR somatostatin receptor 
T/B tumor-to-blood activity concentration ratio 
T/N mean tumor-to-normal-tissue activity concentration ratio 
TKI tyrosine kinase inhibitor 
VH valine hydantoin 
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2 Introduction 
The first radiolabeled somatostatin analogue used in patients was 123I-Tyr3-octreotide followed 
by 111In-DTPA-octreotide (OctreoScan®, Mallinckrodt, Inc., St. Louis, MO, USA). 111In-DTPA-
octreotide was introduced for scintigraphy of somatostatin (SS) receptor (SSTR) positive tumors 
(e.g. neuroendocrine tumors) in the late 1980ies (Krenning et al., 1989, Krenning et al., 1992), 
and soon became a routine method for diagnosis of such tumors. The first clinical trials of 
radiolabelled somatostatin analogues used for therapy were soon thereafter started (Fjalling et 
al., 1996, Krenning et al., 1996), and numerous radiopharmaceuticals targeting somatostatin 
positive neuroendocrine tumors, both for diagnostics and therapy, have since then been 
developed. However, clinical results obtained so far are modest, and optimization of the existing 
radiopharmaceutical and further developments of new tracers are required. For that purpose, 
reliable models are needed which should mimic the human situation as much as possible. One 
type of such a model is human tumor tissues transplanted on mice (Forssell-Aronsson et al., 
2013).  

Xenografted animal models with human neuroendocrine tumors have been developed in order 
to investigate new radiopharmaceuticals both for diagnostics and in therapy, and to optimize 
use of already existing ones. A few different neuroendocrine tumor types have successfully been 
transplanted to mice, with different characteristics such as receptor expression, growth rate and 
the origin of the neuroendocrine tumor. These models are of great value in order to evaluate and 
optimize new radiopharmaceuticals or treatment schedules. 

2.1 Neuroendocrine system and neuroendocrine tumors 
The neuroendocrine system is the link between the nervous system and endocrine system; the 
neuroendocrine cells receive signals from the nervous system to regulate, store and release 
hormones in the endocrine system. The regulation is done by the endocrine glands and tissues, 
which are found throughout the body, e.g., adrenal glands, pancreas, pineal gland, pituitary 
gland, ovaries, testes, thyroid gland, parathyroid gland, hypothalamus, and the gastrointestinal 
tract. Somatostatin, serotonin, histamine, cholecystokinin and gastrin are examples of 
neuroendocrine hormones in the gastrointestinal tract (Rehfeld, 1998). The secretions of these 
hormones are regulated by G-protein-coupled receptors, ion-gated receptors, and receptors with 
tyrosine-kinase activity (Modlin et al., 2008). 

Neuroendocrine tumors (NET) are slow growing neoplasms of the disseminated neuroendocrine 
cell system. NETs are characterized by its overexpression of hormone receptors and ability to 
regulate the secretion of different peptides and neuroamines (Vinik et al., 2010). NETs are 
predominantly found in the gastrointestinal tract and the bronchopulmonary system that are the 
largest systems of neuroendocrine cells (Ahlman et al., 2001, Hauso et al., 2008). 
Gastrointestinal NETs often metastasize to abdominal lymph nodes and the liver.  

After surgery, the most common treatment of metastatic NETs is hormone analogues that can 
regulate the hormone secretion, e.g. long-acting octreotide and lanreotide autogel, used for 
palliation and symptom relief. Symptoms are caused by disturbance in the hormone regulation 
of the NET (storage and secretion of various peptides and neuroamines), and are dependent of 
the origin of the NET. The most common symptoms are diarrhea, wet or dry flushing, vasomotor 
phenomenon that causes redness and warmth in the face and upper torso (Modlin et al., 2008, 
Strosberg et al., 2011, Vinik et al., 2010). 

The disturbances in the hormone regulation give rise to an overexpression of somatostatin 
receptors (SSTR) on different types of neuroendocrine tumor cells. Taking advantages of that 
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gives the possibility to use peptide receptor radionuclide therapy (PRRT). The recent advances 
in diagnostic imaging and radionuclide therapy of NETs using radiolabeled SS analogues have 
been prominent (Kwekkeboom et al., 2010). However, depending on origin of the tumor, the 
receptor expression may vary considerably (Hofland et al., 2003). Minor short- and long-term 
side effects of the endocrine function in organs that normally express SSTR and release 
hormones have been seen after PRRT with somatostatin analogues (Teunissen et al., 2009).  

Tumors overexpressing SSTR typically include pituitary adenoma, gastrointestinal and 
pancreatic endocrine carcinoma (the so-called gastroenteropancreatic tumors), paraganglioma, 
pheochromocytoma, small cell lung cancer, medullary thyroid carcinoma (MTC), breast cancer, 
and malignant lymphoma (Ahlman et al., 2000). 

2.1.1 NE hormones and its receptors 
Hormones are endocrine signals that are produced in the endocrine glands or in endocrine cells 
throughout the body but most frequently in hypothalamus, central and peripheral nervous 
system and in peripheral tissues (spleen and gastrointestinal tract). To all hormones, there are 
specific receptors that interact with the hormone. The receptor can be situated on the cell 
membrane, in the cytoplasm or in the nucleus (Erlansson-Albertsson, 2007).  

Somatostatin and its analogues and receptors, SSTR1-5 
Somatostatin (SS) is a polypeptide hormone produced throughout the body by neuroendocrine 
cells, as well as by inflammatory and immune cells (Patel, 1999). There are two native forms of 
somatostatin, with 14 (SS-14) or 28 (SS-28) amino acids, where SS-14 dominates in the central 
nervous system and in most peripheral organs, while SS-28 are mostly produced along the 
gastrointestinal tract (Van Op den Bosch et al., 2009, Wangberg et al., 1997). The somatostatin 
hormone is double acting with direct actions on organs via regulation of different pathways, 
predominantly in the gastrointestinal tract. In the indirect actions somatostatin have inhibitory 
effects on synthesis and secretion of growth factors, e.g. growth hormone and insulin-like 
growth factor 1 (Oberg et al., 2010, Van Op den Bosch et al., 2009). 

Somatostatin acts with high affinity via five different subtypes of G-protein-coupled plasma 
membrane receptors, SSTR1-5, where SSTR2 is spliced in two, SSTR2A and SSTR2B. NET often 
overexpresses all SSTR subtypes.  

Hormones and their receptors can be used in treatment of NETs as carrier and receivers of 
radionuclide-bound ligand, respectively. Due to the short biological half-life of native 
somatostatin (approx. 3 min), several somatostatin analogues have been developed (Grozinsky-
Glasberg et al., 2008). The first commercially available somatostatin analogue for diagnostic use 
was octreotide, which is a synthetic and metabolic stable analogue (Krenning et al., 1989, 
Krenning et al., 1993, Lamberts et al., 1990).  

Modified versions of octreotide are long-acting octreotide, which is used for symptom relief, and 
octreotate that is more suitable for PRRT of NETs (e.g. 177Lu-octreotate) (Froidevaux et al., 2002, 
Reubi et al., 2000). Other radiolabelled analogues are for example pan-somatostatin analogues, 
which bind to all SSTR subtypes with high affinity. However, the level of internalization and the 
uptake by tumors seem to be low, and are thus not considered for therapeutic purposes (Ginj et 
al., 2008, Oberg et al., 2010).  

Other hormones and their receptors 
Somatostatin analogues are the most used analogue in PRRT today. Much effort has been spent 
on finding other overexpressed receptors on NETs since not all NETs overexpress SSTRs, but 
also because of heterogeneity according to low or high SSTR expression between and within 
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tumors in a patient. Alternative to somatostatin and its receptors are e.g. cholecystokinin-
2/gastrin, with CCK2/gastrin receptors expressed on MTC and catecholamines that are secreted 
by pheochromocytomas/paragangliomas.  

Cholecystokinin-2/gastrin and CCK2/gastrin receptor 
Cholecystokinin (CCK) and gastrin are peptide hormones and act as neurotransmitters in the 
central nervous system and in the gastrointestinal tract. The receptors, CCK1 and CCK2 that CCK 
and gastrin acts through, belongs to the G-protein-coupled receptor family (Dupre et al., 2013). 
CCK and gastrin regulates, among others, the secretion of gastrointestinal acids and regulates 
absorption of nutrients. Minigastrin (MG) is an example of an analogue to CCK2/gastrin.  

Catecholamines 
Catecholamines (CA) are for example the neurotransmitters epinephrine, norepinephrine, and 
dopamine (Purves, 2001), and act by activating G-protein-coupled receptors. Catecholamines are 
produced in chromaffin cells, the molecules contains a catechol ring and an amino group. An 
analogue to norepinephrine is meta-iodobenzylguanidine (MIBG). 

2.2 Human NET models 
Different NET models have been established. Those used today include BON, TT, HEK293, A431, 
KRJ-I, H69, GIST cells, GOT1 and GOT2 (Forssell-Aronsson et al., 2013). These cell studies are 
used as in vitro models or are transplanted on rat or mice as in vivo models. In this work four 
different models have been used, paraganglioma and GIST in vitro models, and GOT1 and GOT2 
in vivo models.  

2.2.1 Cell culture from human tumor tissue 

Paraganglioma  
Paragangliomas can be derived from chromaffin cells of the adrenal medulla and from 
sympathetic (thoracoadominal region) and parasympathetic (head-neck region) paraganglia 
cells. Malignant paragangliomas have often distant metastasis at the time of diagnosis and are 
hard to cure (Forssell-Aronsson et al., 2006, Forssell-Aronsson, 2011). 

Paragangliomas secrete catecholamines (CA). The CA status in these tumors are of great 
importance in the treatment since the norepinephrine analogue MIBG labelled with radio-iodine 
can be used in the visualization and therapy of paragangliomas (Forssell-Aronsson et al., 2006, 
Forssell-Aronsson, 2011, Grogan et al., 2011, Kolby et al., 2003). Furthermore, some patients 
with paraganglioma are presented with high expression of SSTR, qualifying them for 
consideration for 177Lu-octreotate treatment (Forssell-Aronsson, 2011, Grogan et al., 2011). To 
validate if PRRT treatment can be applied, individual uptake profiles for each patient needs to be 
validated. 

Gastrointestinal stromal tumors, GIST 
GIST is the most common mesenchymal tumor of the gastrointestinal tract but more often it 
arises from the stomach and the small intestine. The symptoms are non-specific and include, 
among others, gastrointestinal bleeding and fatigue from anemia. GIST that carries mutation in 
KIT and/or PDGFRA can successfully be treated with the tyrosine kinase inhibitor, imatinib. 
Unfortunately, both primary and secondary resistance to imatinib is seen in patients, 10-15 % 
and 50-70 %, respectively. Sunitinib follows imatinib in a second line therapy but a new 
resistance will be developed after some time and new treatment modalities are needed for these 
patients (Arne, 2012).  
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Some GISTs have neuroendocrine features with high expression of SSTR, which opens new 
treatment possibilities for imatinib resistant GIST patients (Palmieri et al., 2007). GIST with high 
expression of SSTR can be visualized by 111In-octreotide scintigraphy, and if a higher uptake in 
GIST is verified than in normal tissues, treatment with 177Lu-octreotate might be possible.  

2.2.2 Transplantable tumor tissues 
Tumor tissue can be transplanted to immune deficient mice, which gives the opportunity to 
study different aspects on tumor and non-tumor tissue in vivo. Tumor characteristics regarding 
biokinetics and biodistribution and radiosensitivity to radiopharmaceuticals, tumor growth, and 
therapeutic optimization strategies can be studied as well as toxicity profiles and tolerance 
doses to non-tumor tissue.  

GOT2 model (medullary thyroid carcinoma) 
The origin of medullary thyroid carcinoma (MTC) is the calcitonin producing parafollicular C-
cells in the thyroid, which are neuroendocrine cells. MTC metastasizes early, both in the 
paratracheal and lateral cervical lymph nodes, but metastases can occur outside the neck, in the 
liver, bones, lungs, brain, and skin (Pacini et al., 2010). The response rate to treatment of MTC is 
dependent on the nature of the tumors, and if it is sporadic or hereditary. In general, the 
response rate to systemic chemotherapy is low, and pain relief can be achieved by external 
radiation therapy (Pacini et al., 2010).  

The receptor expression of CCK/gastrin are often high in human MTC, these receptors (gastrin-
like peptides) can therefore be used as targets in PRRT (Amiri-Mosavi et al., 1999, Behe et al., 
2005, Behr et al., 1999, Behr et al., 1998, Laverman et al., 2011, Reubi et al., 1997, Reubi et al., 
1996). In general, the SSTR expression is moderate in MTC, but with large individual differences 
depending on the nature of the MTC (Forssell-Aronsson et al., 2000). Higher expression of SSTR 
has been found in aggressive MTCs, which makes it possible to visualize MTC by 111In-octreotide 
scintigraphy and also treat with 177Lu-octreotate (Johanson et al., 2007).  

GOT2 is a cell line that has its origin in MTC. The GOT2 tumor cells have been xenografted on 
nude mice and have well-preserved phenotypic properties, and a slow growth rate. RET 
mutation was found, and a low expression of somatostatin receptors (Johanson et al., 2007).  

GOT1 model (midgut carcinoid) 
Midgut carcinoid cells are derived from the enterochromaffin cells in the small intestine with the 
basis in the distal duodenum, right colon, jejunum and ileum (Vinik et al., 2010). The symptoms 
that classify the midgut carcinoid are that these tumors and its metastasis (primarily in the liver) 
produce serotonin, tachykinins, and other vasoactive substances (Strosberg et al., 2011), and 
that it has an overexpression of SSTR. The overexpression of SSTR makes it possible to treat 
these tumors with the radiolabeled SS analogue 177Lu-octreotate.  

GOT1 cells were obtained at surgery of a liver metastasis with the origin of a human midgut 
carcinoid and were developed into a cell line. GOT1-tumor cells can be transplantable on nude 
mice and have well-preserved NE differentiation, express SSTR1-5 (mainly SSTR2 and SSTR 5), 
and have a slow growth rate (doubling time of 2-3 weeks) (Kolby et al., 2001, Kolby et al., 2005, 
Nilsson et al., 2004). Several biodistribution and therapeutic studies using radiolabeled SS 
analogues, such as 177Lu-octreotate has been performed on GOT-bearing nude mice (Bernhardt 
et al., 2007, Kolby et al., 2005, Oddstig et al., 2012). 
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2.3 Radiopharmaceuticals 
111In-octreotide is routinely used for scintigraphy of tumors overexpressing SSTR (Reubi et al., 
2008). The first radiolabeled somatostatin analogue used for PRRT was 111In-[DTPA0]-octreotide 
due to the lack of SS analogues labeled with a more optimal radionuclide for therapy (Table 2.1) 
(Fjalling et al., 1996, Krenning et al., 1996). To improve the therapeutic effect, other β-emitting 
radionuclides were coupled to SS analogues, and to create a stable complex with other 
radionuclides DTPA was replaced by dodecanetetraacetic acid (DOTA). DOTA can form a more 
thermodynamic and kinetically stable metal complex with several β-emitting radionuclides, such 
as 111In, 67Ga, 68Ga, 86Y and 64Cu for imaging and 90Y and 177Lu for PRRT (de Jong et al., 2002, 
Reubi et al., 2008). DOTA is the chelator routinely used today in the labeling process of forming 
stable complexes with 177Lu and octreotate, se Figure 2.1.  

Octreotate is a somatostatin analogue that differs from octreotide in C-terminal threoninol 
which is replaced with threonine, this gives a higher affinity to SSTR2 than [DTPA0]-octreotide. 

177Lu is a radiolanthanide, which is produced in a reactor by fast neutron activation or thermal 
neutron activation (Lund nuclear data, (Breeman et al., 2003)) of 176Yb (indirect) or 176Lu 
(direct). 177Lu emits β--particles, but also γ, and decays to the stable daughter of hafnium, 177Hf 
(Eckerman et al., 2008). The range of the β--particles in tissues is between 0.5-2 mm, with a 
mean range of 0.67 mm (Breeman et al., 2001, de Jong et al., 2001, Forssell-Aronsson et al., 
2013). 177Lu suits well for radionuclide therapy since the β--particles have a relatively short 
range in tissue and are therefore a good option in the treatment of small metastases. The γ 
energy is in favor for gamma camera imaging, which make it possible to do biodistribution and 
dose assessments after treatment.  

It is important to have as high specific activity as possible of 177Lu-octreotate after labeling, to 
avoid possible SSTR saturation after administration of high amounts of 177Lu-octreotate 
(Bernhardt et al., 2007). 

Table 2.1 The physical properties of the radionuclides 177Lu, 111In and 131I, including the physical half-life and 
daughter nuclide, decay mode, and energy emitted per nuclear transformation (nt). Data were retrieved from 
ICRP publication 107 (ICRP, 2008). 

Radionuclide  Half-life 
Daughter nuclide 

 Decay mode  Emitted energy per nt (MeV) 

      Electron Photon Total 
         
177Lu  6.6 d 

177Hf 
 β- 

1.00 
 0.15 0.035 0.18 

111In  2.8 d 
111mCd 
111Cd 

 EC 
5.0E-5 
1.0E-1 

 0.035 0.41 0.44 

131I  8.0 d 
131mXe 
131Xe 

 β- 

1.2E-2 
9.9E-1 

 0.19 0.38 0.57 
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Figure 2.1 Illustration of the somatostatin analogue 177Lu-[DOTA0-Tyr3]-octreotate showing a potential 
conformation built with 1YL8.pdb (Tyr3-octreotate) and 1NC2.pdb (adapted DOTA) using PyMOL. The DOTA is 
colored with black and encloses 177Lu (in lilac). In turquoise color is the part of octreotate that binds to the 
receptor.  

 
DOTA-DGlu-(Glu)5-minigastrin (DOTA-MG0), is an analogue that acts via the CCK2/gastrin 
receptor, and has been investigated for NETs and specifically for MTC but also in GIST. DOTA-
MG0 can be used in scintigraphy when labeled with 111In (Froberg et al., 2009, Laverman et al., 
2011, Laverman et al., 2008).  

Catecholamine/guanidine analogue meta-iodobenzylguanidine (MIBG) has similar features as 
norepinephrine and can thereby be used for localizing tumors that has its origin in chromaffin 
cells (paragangliomas and pheochromocytomas), and that overexpress these receptors. 
(Blanchet et al., 2012, Jakobsen et al., 2001, Kolby et al., 2006, Kolby et al., 2003). Different 
iodine isotopes can be labelled to MIBG, most common is 123I used in diagnostics and 131I are 
used in therapy (and diagnostic) (Table 2.1). MIBG is primarily transported into the cells by the 
norepinephrine transporter on the cell membrane and into intracellular vesicles by vesicular 
monoamine transporters (VMATs) and organic cation transporters (OCTs) (Kolby et al., 2003).  
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2.3.1 Internalization of 177Lu   
177Lu-octreotate acts as an agonist when it reaches SSTR, in general SSTR2 and 5, at the cell 
membrane, the agonist is phosphorylated by G-protein-coupled-receptor- kinases, Figure 2.2. β-
arrestin forms a stable complex to the receptor and are internalized together through a clathrin-
dependent mediated pathway into the endocytotic vesicles. The receptors are recycled by 
recycling endosomes (Jacobs et al., 2008). 177Lu-octreotate are probably degraded in lysosomes 
and 177Lu might be accumulated in the cytoplasm or in the nucleus, which was shown to be the 
case for 111In studied in midgut carcinoid cell culture incubated with 111In-octreotide (Andersson 
et al., 1996). 

The uptake of the cell (both healthy and tumor tissue) will be dependent of all three parts of the 
molecule; the radionuclide, the chelator and the analogue since the receptors change and act as 
agonists or antagonists depending on the molecule that they receive. The internalization process 
can be stopped or changed depending on these three parts.  

 

 
Figure 2.2 A basic model of the recycling of somatostatin receptors and internalization of 177Lu-octreotate. 
After binding of 177Lu-octreotate the G-proteins are desensitized. Induction of phosphorylation and recruitment 
of β–arrestin start short before internalization via endocytosis of clathrine coated vesicles which results in 
intracellular vesicles, so called endosomes. The ligand will dissociate from the receptor which are recycled back 
to the plasma membrane (degradation without recycling of receptors can also occur, especially for SSTR3). The 
177Lu-octreotate are transported to the lysosomes for processing, and thereafter probably transported to the 
cytoplasm, the nucleus or out through the cell membrane (Breeman et al., 2001, Jacobs et al., 2008, Wangberg 
et al., 1997). Redrawn after inspiration from Jacobs et al 2008 (Jacobs et al., 2008). 
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2.4 Optimization of 177Lu-octreotate treatment 
The main goal with peptide receptor radionuclide therapy, PRRT, is to deliver as high absorbed 
dose to tumor as possible while avoiding side effects on non-tumor tissues (de Visser et al., 
2008, Forssell-Aronsson et al., 2013). In the treatment protocols that are routinely used in the 
clinics, the kidneys, which are one of the dose limiting organs, are blocked with amino acids 
(often lysine and arginine). These amino acids reduce the relative retention of 177Lu-octreotate 
in the kidneys, with the purpose to be able to administer higher activity amounts (de Jong et al., 
2002, Rolleman et al., 2003). The administration is also fractionated so that normal tissues have 
time for recovery. These arrangements seem not to be enough since only a few percent of the 
patient are presented with complete remission (Bodei et al., 2011, Kwekkeboom et al., 2008), 
while the tumors in animal models can go to complete remission in almost all animals without 
obvious side effects (Forssell-Aronsson et al., 2013, Kolby et al., 2005, Schmitt et al., 2004).  

Optimization strategies of therapy with radiolabeled SS analogues have been purposed 
(Forssell-Aronsson et al., 2013). Individualized treatment for each patient, method to increase 
the treatment effect on tumor tissues, and methods to reduce non-tumor tissue toxicity 
(especially renal toxicity) is issues that need to be considered.  

2.4.1 Up-regulation of SSTR 
Radiation can induce up-regulation of SSTR on the cell membrane (Bernhardt et al., 2007, 
Oddstig et al., 2006, 2011). The therapeutic effect might thereby be increased if a small amount 
of 177Lu-octreotate (priming) is administered before the main therapeutic administration of 
177Lu-octreotate, with the task to up-regulate the receptors and thereby increase the possibility 
to a higher uptake of 177Lu-octreotate of the main administration, without increasing the total 
amount of activity. 

2.4.2 Kidney toxicity  
The kidneys are together with the bone marrow the dose limiting organs in PRRT using 
radiolabeled SS analogues (Forrer et al., 2009). The tolerance doses for the kidneys after 177Lu-
octreotate therapy is not known, and the tolerance doses derived for uniform irradiation by 
external-beam radiotherapy are used, with TD5/5 and TD50/5, of 23 Gy and 28 Gy, respectively 
(Emami et al., 1991, Wessels et al., 2008). However, irradiation properties of these two therapy 
modalities are very different. In PRRT, for example, there is a much lower and varying dose rate 
with time, continuous irradiation, and usually inhomogeneous dose distribution. Therefore, 
tolerance doses for PRRT should be defined (Lambert et al., 2004). 

177Lu-octreotate is mainly excreted via the urine. After injection with 177Lu-octreotate, the 
highest activity concentration in the kidneys is found in the cortex region (Melis et al., 2007). 
Small radiolabelled peptides are filtered through the glomerular and are thereafter reabsorbed 
or retained in the proximal tubular cells, most probably via megalin/cubulin receptor-mediated 
endocytosis and ligand-specific receptors (e.g. SSTR), pinocytosis, amino acid transporters, and 
passive diffusion (Akizawa et al., 2008, de Jong et al., 2005, Trejtnar et al., 2008, Vegt et al., 
2010).  

The biodistribution of 177Lu-octreotate is very different in different patients, and the absorbed 
dose to kidneys per administered activity can differ by a factor of up to 8 between patients 
(Larsson et al., 2012).  

In general, radiation injury on the kidneys includes both short-term and long-term effects on 
kidney function.  Impairment of the kidney function is routinely estimated by measurement of 
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glomerulus filtration rate (GFR), e.g. using 99mTc-DTPA scintigraphy (Hauser et al., 1970), but can 
also be estimated by changes in serum creatinine (eGFR) (National Kidney Foundation, 2002). 
However, the correlation between radiation induced kidney injury after 177Lu-octreotate 
treatment and serum creatinine levels seems not to be high (Bodei et al., 2011). Reason for that 
might be that both the glomerulus and the proximal tubule are injured, which than cause a more 
severe injury than demonstrated by reduction in GFR alone (Bodei et al., 2011, Gupta et al., 2012, 
Svensson et al., 2012).  

Reduced GFR is an effect that appear late after irradiation, and serum creatinine levels depend 
also on other factors than kidney function, and cannot be used as biomarkers for late kidney 
toxicity during ongoing therapy. There is thus a need for methods/biomarkers to detect renal 
impairment early, especially for tubular injury. Biomarkers that indicate for acute or 
late/chronic radiation induced renal injury at an earlier time-point than the methods used today 
can enable a more individualized treatment with 177Lu-octreotate. If a radiation induced renal 
impairment could be detected by a biomarker, then patients with less radiation sensitive 
kidneys could receive higher absorbed dose to kidneys than those with higher sensitive ones, 
which would give higher absorbed dose to tumor and thus higher therapeutic effect. 

Retinol binding protein (RBP) is a plasma protein that passes freely through the glomerulus and 
is nearly completely reabsorbed in the proximal tubule cells via the megalin/cubulin receptor 
complex where it is catabolized (Frey et al., 2008, Vaidya et al., 2008). When the functions in the 
proximal tubule are impaired, the protein will be excreted in the urine. The possibility to use 
urinary RBP (RBP4 is used when analyzing mouse urine) as a sensitive biomarker of impairment 
of the reabsorption of proximal tubular cells seems therefore promising (Bernard et al., 1982, 
Trof et al., 2006). Another potential indicator of GFR reduction is valine hydantoin (VH) level in 
blood (erythrocytes). VH has been proposed as a good indicator of the uremic status (serum 
urea level) in patients with acute and chronic renal failure, since VH is a stable product and an 
adduct bound to hemoglobin (Hb) (Davenport et al., 1996, Smith et al., 1988, Wynckel et al., 
2000), and might also be a biomarker for radiation induced renal injury. 
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3 Aims 
When studying the use of radiolabeled hormones and hormone analogues for diagnosis and 
therapy of NE tumors, realistic tumor models are valuable. Human NE cell lines and models are 
few and there is a need to find suitable models for different types of NE tumors, with, e.g., 
relevant expression of hormone receptors. There is also a need to study the possibility to use 
radiolabeled hormone analogues for treatment of other types of NE tumors beside those treated 
today (mainly carcinoids and endocrine pancreatic tumors).  

There is a need to optimize radionuclide therapy. One way is to increase the uptake and 
absorbed dose to the tumor tissue, e.g. by increasing the SSTR expression before administration 
of therapeutic amount of 177Lu-octreotate. Another way is to give as high amount of 177Lu-
octreotate as possible without exceeding risk for side effects, primarily on kidneys. This requires 
individual follow-up using appropriate biomarkers of nephrotoxicity during fractionated 
treatment with 177Lu-octreotate.  

The specific aims of this work were to study  

o the biodistribution of 177Lu-octreotate and 111In-DOTA-MG0 in a GOT2 (human 
MTC) animal model (paper I) 

o the tumor uptake of 111In-octreotide and 131I-MIBG in a patient with 
paraganglioma, and to study binding and internalization characteristics of 111In-
octreotide and 131I-MIBG in primary culture of collected paraganglioma cells 
(paper II)  

o the tumor uptake of 111In-octreotide in patients with GIST, and to study binding 
and internalization characteristics of 177Lu-octreotate in primary culture of GIST 
cells (paper III) 

o the therapeutic effects on GOT1 (human midgut carcinoid) animal model after a 
priming administration 24 h before the main administration of 177Lu-octreotate, 
compared with a single administration of  177Lu-octreotate (paper IV) 

o the potential of using urinary retinol binding protein 4 (RBP4) and 
carbamoylated hemoglobin (Hb) measured as valine hydantoin (VH) in blood as 
biomarkers of nephrotoxic effects on adult mice after 177Lu-octreotate treatment 
(paper V) 
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4 Material and Methods 

4.1 Radiopharmaceuticals and chemicals 
177LuCl3 and [DOTA0, Tyr3]-octreotate was purchased from the Nuclear Research & consultancy 
Group (IDB Holland, the Netherlands or Tyco Healthcare, Mallinckrodt, St Louis, MO, USA). 

111In, 111InCl3, and [DTPA-D-Phe1]–octreotide was purchased from the Covidien, Mallinckrodt 
Medical B.V. (Covidien, Mallinckrodt Medical B.V., Petten, The Netherlands). 

DOTA-MG0 was obtained from the Department of Nuclear Medicine at Radboud University 
Nijmegen Medical Centre in Nijmegen, the Netherlands. Human minigastrin (MG) was purchased 
from Sigma-Aldrich Sweden AB (Sigma-Aldrich Sweden AB, Sweden). 

177Lu-octreotate and 111In-octreotide (OctreoScan®) were produced according to the 
instructions of the manufacturers. 111In-DOTA-MG0 was produced according to paper I. 

The quality control of 177Lu-octreotate (26 MBq/µg), 111In-octreotide, and 111In-DOTA-MG0 was 
performed by instant thin layer chromatography (ITLCTM SG, Pall Life Sciences, PALL 
Corporation, USA or Gelman Instrument Company, Ann Arbor, MI, USA). The mobile phase was 
0.1 M sodium citrate (VWR International AB, Sweden). The fraction of peptide-bound 177Lu and 
111In, was 98-99 %, 99 %, and 95 %, respectively.  

131I-labeled CA/guanidine analogue meta-iodobenzylguanidine (MIBG) was purchased from GE 
Healthcare Buchler GmbH & Co. KG, Braunschweig, Germany. 

Octreotide (Sandostatin®) was obtained from Novartis (Basel, Switzerland). Reserpine and 
clomipramine were purchased from Sigma-Aldrich (St. Louis, USA). 

4.2 Detectors and radioactivity measurements 

4.2.1 Ionization chamber 
A direct reading well-type ionization chamber was used for activity measurements (CRC-15R, 
Capintec, USA) during the labelling process and activity measurements of syringe. The ionization 
chamber filling gas is argon (high pressure) and the chamber wall is made of aluminum, the 
measuring rage is up to 200 GBq (of 99mTc) (Capintec, 2004). 

4.2.2 Gamma counter  
Wallac 1480 gamma counter (WIZARD™ 3”, Wallac Oy, Finland), equipped with a single crystal 
of thallium-activated sodium iodine, NaI(Tl), detector,  with 80 mm x 75 mm crystal size (Aalto, 
1997). A 20 % broad energy window over the photon peak for respective radionuclide (over the 
208 keV 177Lu photon peak, 250 keV 111In photon peak and 360 keV 131I photon peak) was used 
to measure the activity in the samples. The efficiency in the gamma counter was calibrated 
against the efficiency of a well-type ionization chamber. Correction was determined and used for 
detector background, dead time loss of less than 3 %, spill over (both from the 131I photon peak 
into the 111In energy window, and from the 111In coincidence peak, at 420 keV, into the 131I 
energy window) and for radioactive decay.  
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4.2.3 Gamma camera  
Scintigraphy was performed to visualize the uptake of 111In-octreotide in patients with GIST 
(paper III) on a gamma camera (General Electric 400 AC/T, General Electric, London, UK) with a 
mean energy parallel hole collimator. Static anterior and posterior images from the base of the 
scull to the pelvis were acquired for six GIST patients (Paper III) using a 20 % broad energy 
window.  

4.3 Studies on patients with NET  

4.3.1 Paraganglioma (paper II) 
Tumor samples were collected from a 58-year-old woman with metastatic paragangliomas (liver 
and bone metastases). Prior to surgery the patient was i.v. injected with 37 MBq 131I-MIBG and 
120 MBq 111In-octreotide, 3 h and 27 h before surgical removal of the primary tumor, 
respectively. Tumor, muscle and blood samples were collected at surgery and the 131I and 111In 
activities were determined by the gamma counter. 

Informed consent was given by the patient and approval was obtained from the Regional Ethical 
Review Board in Gothenburg, Sweden. 

4.3.2 GIST (paper III) 
Tumor biopsies were collected from 34 patients with GIST during surgery 1997–2008. Seven of 
these patients were i.v. injected with 170-240 MBq 111In-octreotide prior to surgery. Six of them 
underwent scintigraphy, and in five of them tumor and blood samples were collected at surgery, 
and the 111In activity was determined in each tissue sample using the gamma counter.  

Informed consent was given by the patients and approval was obtained from the Regional 
Ethical Review Board in Gothenburg, Sweden. 

4.3.3 GOT2 (paper I) and GOT1 (paper IV) 
The tumor types used, GOT2 and GOT1, are xenografted medullary thyroid carcinoma and 
human midgut carcinoid, respectively (see section 2.2.2 for more information about the models). 
The tumor tissue was established as previously described, cf. Johanson et al and Kolby et al 
(Johanson et al., 2007, Kolby et al., 2001). 

4.4 Studies in cell cultures (paper II and III) 
Paraganglioma cells were grown as described in paper II. Paraganglioma cells were incubated 
with 10 nM and 1.5 kBq per well 131I-MIBG, or with 10 nM and 20 kBq or 2 nM and 5 kBq, a high 
or low concentration, of 111In-octreotide, respectively, for 4, 24, or 46 h. The control groups vs. 
111In-octreotide were simultaneously incubated with an excess of unlabeled octreotide. Blocking 
of 131I-MIBG binding/uptake at the granule membrane or at the plasma membrane on the 
paraganglioma cells, were studied by adding 10 μM reserpine or 10 μM clomipramine, 
respectively, to the cells 30 min before incubation with 131I-MIBG. 

The GIST cells were grown on culture plates as described in paper III. GIST cells were incubated 
with approximately 8-9 kBq 177Lu-octreotate (corresponding to 10 nM octreotate) for 4, 24, or 
48 h. Control groups were simultaneously incubated with an excess of 5 µM octreotide 
(Sandostatin; Novartis, Basel, Switzerland).  



14 
 

The amount of membrane bound, internalized, and unbound radionuclide was determined with 
the gamma counter. 

4.5 Animal studies  
BALB/c female nude mice (Charles River, Japan and Germany) were used in paper I, IV and V.  

GOT2 and GOT1 tumor tissue (paper I and IV) was subcutaneously xenotransplanted in the neck 
of 4 weeks old female nude mice. The transplantation was performed as described in paper I and 
IV. A wide range of tumor sizes were used (30-1600 mm3). However, the tumor size distribution 
within the groups was similar.  

Adult (6 month old) non-tumor bearing mice were used in paper V. 

Water and autoclaved food were available ad libitum. 

The animal studies were approved by the Ethics committee for Animal Research at University of 
Gothenburg, Göteborg, Sweden. 

4.5.1 Biodistribution of 111In-MG0 or 177Lu-octreotate in GOT2-bearing 
mice (paper I) 

GOT2 tumor-bearing mice were i.v. injected with 5, 10, or 30 MBq 177Lu-octreotate, or with 22 
kBq 111In-DOTA-MG0 (111In-MG0). Control animals were simultaneously injected with 22 kBq 
111In-MG0 and a 100-fold molar excess of unlabeled human minigastrin, MG. 

Animals injected with 5 and 10 MBq 177Lu-octreotate were killed at 24, 72, or 168 h after 
injection.  Animals injected with 30 MBq were only sacrificed 24 h after injection. The animals 
receiving 111In-MG0 were killed at 1 h after injection by cardiac puncture under anesthesia (2.5 
% Avertin, Sigma-Aldrich, Sweden AB). Samples of blood, adrenals, heart, liver, pancreas, spleen, 
kidneys, tumor, and muscle from femur were excised. All tissue samples were weighed and the 
177Lu or 111In activity in each sample was measured by a gamma counter.  

4.5.2 Biodistribution of 177Lu-octreotate in GOT1-bearing mice (paper IV) 
GOT1 tumor-bearing mice were administered with a priming activity of 5 MBq followed by a 
main administration of 10 MBq 177Lu-octreotate 24 h later, or with a single injection of 15 MBq 
177Lu-octreotate.  

Animals were killed 24, 72, or 168 h after the last injection by cardiac puncture under anesthesia 
with 2.5 % Avertin (Sigma-Aldrich Sweden AB). Samples of blood, and adrenals, liver, kidney, 
spleen, pancreas, brain and lung, were excised. All tissue samples were weighed and the 177Lu 
activity in each sample was measured by a gamma counter.   

The tumor tissue was excised and divided into two pieces, one was instantly frozen in liquid 
nitrogen for qPCR and global gene analysis, one part was weighted and fixed in 4 % 
paraformaldehyde for activity measurements and histological evaluation. 

4.5.3 Therapeutic effect of GOT1-bearing animals (paper IV) 
The therapeutic effect was studied (in two settings) on GOT1 tumor-bearing nude mice using 
priming activities of 177Lu-octreotate. A priming activity of 5 or 10 MBq 177Lu-octreotate was i.v. 
injected in study 1, followed by the main administration, 24 h later. All mice received a total 
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amount of 15 MBq 177Lu-octreotate, while in study 2 the priming activities were 0.5, 2.5, 5, or 10 
MBq 177Lu-octreotate. Control groups received 15 MBq or 30 MBq as a single administration. The 
tumor size in the treatment groups was measured twice a week with a digital slide caliper until 
sacrifice 6 weeks after the first injection. A non-treated group of tumor bearing mice served as 
control, and tumor sizes was measured once a week during 7 weeks.   

At sacrifice, tumor tissue was excised and divided into two pieces, one was instantly frozen in 
liquid nitrogen for global gene expression analysis and one part was weighted and fixed in 4 % 
paraformaldehyde for activity measurements and histological evaluation. 

4.5.4 Study on renal toxicity from 177Lu-octreotate in mice (paper V) 
Adult nude mice were injected with saline solution (the control group), or with 60 MBq, or 120 
MBq of 177Lu-octreotate (n=6/group). Urine were collected at different time-points during 90 
days (before injection, used as baseline value, and subsequently 14, 30, 60 and 90 days after 
injection), and frozen in -20˚C until analysis of RBP4 and creatinine. Blood samples were taken 
after 90 days analyzing valine hydantoin in erythrocytes. Kidneys were fixed in 4 % 
paraformaldehyde for histological evaluation.  

4.6 Dosimetry  
The fraction of the injected activity in the sample per unit mass (tissue or cells or medium) was 
calculated according to 

𝐶𝑡𝑖𝑠𝑠𝑢𝑒 = 𝐴𝑡𝑖𝑠𝑠𝑢𝑒 𝑀𝑡𝑖𝑠𝑠𝑢𝑒⁄
𝐼𝐴

∙ 100 [%IA 𝑔⁄ ], 

where Atissue is the activity in the sample, corrected for radioactivity decay to the time of injec-
tion, Mtissue is the mass of the sample and IA is the injected activity.  

In paper IV, the Ctissue could not be determined alone for the 5 MBq and the 10 MBq, respectively, 
and was therefore calculated as described in paper IV.  

The mean tumor-to-normal-tissue activity concentration ratio (T/N), at the time of injection was 
calculated as  

𝑇 𝑁⁄ = 𝐶𝑡𝑢𝑚𝑜𝑟
𝐶𝑡𝑖𝑠𝑠𝑢𝑒

 .  

The mean absorbed dose to the tissue was calculated according to Medical Internal Radiation 
Dose Committee (MIRD) pamphlet 21 formalism (Bolch et al., 2009).  

𝐷(𝑟𝑇 ,𝑇𝐷) = 𝐴��𝑟𝑆 , 𝑇𝐷�∑ 𝐸𝑖𝑌𝑖𝜙�𝑟𝑇⟵𝑟𝑆, 𝐸𝑖,𝑇𝐷�𝑖
𝑀(𝑟𝑇,𝑇𝐷)  [𝐺𝑦],  

where Ã is the area under the curve from Ctissue calculations at different time-points using  
Ã = ∫ 𝐶𝑡𝑖𝑠𝑠𝑢𝑒(𝑟𝑠, 𝑡)𝑇𝐷

0  𝑑𝑡 [𝐵𝑞/𝑠] or the trumpets method. At t=0, Ctissue was assumed to be the 
same as after t=24 h. The mean energy emitted per nuclear transformations, ∑ E𝑖Y𝑖𝑖 , was 
approximated for 177Lu to 147.9 keV/decay (Eckerman et al., 2008), including β— particles, 
Auger and conversion electrons. The absorbed fraction, 𝜙�𝑟𝑇 ⟵ 𝑟𝑆,  𝐸𝑖 ,𝑇𝐷� was set to 1 for all 
tumors and organs, and, 𝑀�𝑟𝑇 ,𝑇𝐷 �, is the mass of the tissue. The mean absorbed dose after 
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administration of a priming activity followed by the main activity was calculated as described in 
paper IV. 

4.7 Methods of analyses 

4.7.1 Histological and morphological evaluation 
Histological examinations on tumor tissues and kidney tissues were performed in paper IV and 
V, respectively. Tissues were put into 4 % formaldehyde in PBS after sacrifice, and then 
embedded in paraffin wax. Parallel sections of 2-4 µm thick slices were stained with 
hematoxylin-eosin of both tumor (paper IV) and kidney (paper V) tissues for histological 
evaluation. Experienced pathologists made the evaluation and grading.  

4.7.2 SSTR expression analyses 
Expression levels of SSTR1-5 in GIST tumors from patients and GOT1 tumors in mice were 
analyzed by quantitative real-time polymerase chain reaction (qPCR) (paper III and IV).  

TaqMan® assays (Applied Biosystems, CA, USA) with specific probes for SSTR1-5 described in 
paper III and IV, were used in the qPCR analysis. Triplicate analyses of each sample were 
performed according to the manufacturer’s instructions. The mRNA expression values of SSTR1-
5 were determined relative to the housekeeping gene (ACTB was used as a housekeeping gene in 
paper III and TUBB and GAPDH were used in paper IV).  

4.7.3 Analysis of renal toxicity (paper V) 

RBP4 and creatinine  
RBP4 and creatinine was analyzed from urine samples at different time-points (baseline, start, 
and at 14-90 days) with mouse RBP4 ELISA kit (R&D Systems Europe Ltd., Abingdon, UK) and 
Creatinine kit (R&D Systems Europe Ltd., Abingdon, UK), respectively, according to the 
manufacturer’s instructions. Repeated analysis of the kit’s control samples were performed for 
both RBP4 and creatinine, both analyses showed good reproducibility. 

VH in erythrocytes  
Erythrocytes were separated from whole blood samples collected 90 days after injection. Its 
globin was isolated through precipitation with ethyl acetate after the cell residues was removed. 
Valine hydantoin (VH), in the globin samples were analyzed with HPLC-MS/MS (Davies et al., 
2010, Kwan et al., 1990), and phenylvaline hydantoin (PVH) was used as a volumetric standard. 
Triplicate analysis of the samples were performed and showed good reproducibility. 
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5 Results 

5.1 Studies on human NE tumor types 

5.1.1 Uptake, binding and internalization of 111In-octreotide and 131I-MIBG 
in paraganglioma (paper II) 

Tumor-to-blood activity concentration ratio (T/B), for tumor tissue from the patient with 
paraganglioma was 590 at 27 h after injection of 111In-octreotide, and 180 three hours after 
injection of 131I-MIBG. 

Figure 5.1 demonstrates the fraction of membrane bound and internalized 111In and 131I in 
paraganglioma cell cultures after 4, 24 and 46 h of incubation. The specific membrane bound 
and the internalized amount of 131I increased with time in paraganglioma cells. Clomipramine 
and reserpine reduced membrane bound and the internalized amount of 131I by 60-70 % at 46 h 
after incubation. 

The fraction of membrane bound 111In after incubation with high amount of 111In-octreotide was 
higher than with low amount, but the internalization of 111In was lower for high amount than for 
low amount. A 60 % reduction of membrane bound and internalized radiopharmaceutical were 
seen after 46 h in cells given a high amount of 111In-octreotide with excess of unlabeled 
octreotide, while no difference was found with or without excess of octreotide after a low 
amount of 111In-octreotide.  

 

 
Figure 5.1 The fraction of membrane bound and internalized 111In or 131I in paraganglioma cells, measured after 
4, 24, and 46 h of incubation with a) 111In-octreotide, circles and rhombs indicate the uptake of the low and 
high concentration of 111In-octreotide, respectively; filled and empty symbols represent experiments without or 
with excess of octreotide, respectively, and with b) 131I-MIBG, visualized by filled squares, and  empty squares 
and dots represent cells incubated with excess of clomipramine or reserpine, respectively. Error bars indicate 
SEM (can be smaller than symbols). 
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5.1.2 Visualization, uptake, binding and internalization in GIST (paper III) 
Table 5.1 shows a summary of the results received from GIST patients that were injected with 
111In-octreotid for scintigraphy. Biopsies were taken from patients, that underwent surgery (2-
22 days after scintigraphy), and the T/B ratios were 8.0-19 for 4 patients, and a relatively high 
value of 96 for one patient at a late time-point after scintigraphy (13 days).  

The expression profile of SSTR1-5 was analyzed with qPCR, and demonstrated low expression of 
SSTR 2-5 and high expression of SSTR1 in GIST in some patients (Table 5.1).  

GIST cells in primary culture from patient 25 with the T/B value of 96 were incubated with 
177Lu-octreotate, and the fraction of membrane bound and internalized 177Lu increased with time 
of incubation, Figure 5.2. The specific membrane bound and the internalized amount of 177Lu 
increased with time. The reduction of membrane bound and internalized 177Lu with an excess of 
octreotide was 96 % after 48 h. Similar results were also obtained for GIST cells from patients 
15.  

Table 5.1 A summary of the results in GIST patients related to 111In-octreotide: tumor visualization at 
scintigraphy with 111In-octreotide, tumor-to-blood 111In activity concentration ratios (T/B) for biopsies collected 
at surgery, and expression profiles of SSTR1-5 in GIST tissue analyzed by qPCR. 

Patient Scintigraphy 
111In-octreotide 

T/B SSTR1 SSTR2 SSTR3 SSTR4 SSTR5 

8  P no tumor visualized 14 110 0.66 - - - 
15 n.a. - 110 0.38 - - - 
19  P no tumor visualized 19 0.27 0.10 - - - 
25 R high tumor uptake 96 440 0.60 - 0.01 0.01 
29  P high tumor uptake 12 0.13 0.38 - 0.01 - 
31  P no tumor visualized n.a. 240 0.18 - - - 
32  P n.a. 8.0 400 0.16 - 12 - 
34  P high tumor uptake n.a. 0.04 0.08 - 0.03 - 

P, primary tumor analyzed; R, recurrent tumor analyzed; -, not detectable; tumor samples from patient 15 and 
25 were analyzed in cell culture. 
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Figure 5.2 The fraction of membrane bound+internalized, internalized, and membrane bound 177Lu in GIST cells 
from patient no. 25, incubated with 177Lu-octreotate for 4 h (n=4), 24 h (n=4), and 48 h (n=8). Filled symbols 
represent data from cells only incubated with 177Lu-octreotate and open symbols represents cells which also 
incubated with excess of octreotide. Error bars represent SEM, but are smaller than symbols.  

5.2 Animal studies 

5.2.1 Biodistribution of 111In-MG0 and 177Lu-octreotate in GOT2-bearing 
mice (paper I) 

GOT2 tumor-bearing nude mice were i.v. injected with 177Lu-octreotate or with 111In-MG0. Table 
5.2 shows the 111In and 177Lu activity concentration in tissues collected. Uptake of 177Lu in SSTR 
expressing organs (tumor, adrenals and pancreas) were reduced with higher amounts of 177Lu-
octreotate administered. 

T/B ratios increased from 25 to 50 from 1d to 7d after injection for both 5 and 10 MBq. T/B ratio 
at 1 h after 111In-MG0 administration was ca 3.  

Mean absorbed dose to GOT2 tumors per administered activity was 0.025 Gy/MBq and 0.013 
Gy/MBq after administration 5 and 10 MBq of 177Lu-octreotate, respectively. Higher mean 
absorbed doses per administered activity were also seen in almost all normal tissues after 
administration of 5 MBq compared to the 10 MBq 177Lu-octreotate. SSTR expressing organs 
(adrenals and pancreas) and the kidneys received higher mean absorbed dose per administered 
activity than the GOT2 tumors, Figure 5.4. 
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Table 5.2 177Lu and 111In activity concentration in tissues collected from GOT2-bearing nude mice previously 
injected with 177Lu-octreotate, 111In-MG0 or with 111In-MG0+excess of MG. Data are corrected for physical 
decay and values are given as mean (SEM).  
   Activity concentration (SEM) [%IA/g] 

Radiopharmaceutical 177Lu-octreotate 
 

111In-MG0 
 

Time after administration 24 h 
 

1 h 

Injected activity 5 MBq 10 MBq 30 MBq 
 

22 kBq 22 kBq + excess MG 

Tissue             

Adrenals 0.87 (0.17) 0.72 (0.10) 0.0030 (0.0107)  0.42  (0.13) 0.22 (0.02) 

Blood 0.020 (0.006) 0.0099 (0.0023) 0.00011 (0.00187)  0.32 (0.05) 0.28 (0.03) 

Heart 0.054 (0.004) 0.036 (0.001) 0.027 (0.003)  0.15 (0.03) 0.13 (0.01) 

Kidneys 5.0 (0.1) 6.2 (0.3) 0.054 (0.480)  71 (11) 79 (4) 

Liver 0.14 (0.01) 0.12 (0.00) 0.0013 (0.0141)  0.24 (0.03) 0.16 (0.01) 

Muscle 0.012 (0.002) 0.023 (0.013) 0.01 (0.01)  2.3 (0.8) 0.88 (0.41) 

Pancreas 2.0 (0.4) 0.77 (0.12) 0.0048 (0.0765)  - - 

Spleen 0.12 (0.01) 0.092 (0.006) 0.0011 (0.0183)  0.17 (0.03) 0.10 (0.01) 

Tumor 0.37 (0.01) 0.23 (0.02) 0.0013 (0.0096)   0.79 (0.19)  0.32 (0.08) 

 

5.2.2 Optimization of therapy with 177Lu-octreotate 

Therapeutic effect in GOT1-bearing animals (paper IV) 
The therapeutic effect on tumors in GOT1 bearing nude mice after a priming activity 24 h before 
the main administration of 177Lu-octreotate and single administration is shown in Figure 5.3. 
Best therapeutic effect was seen after administrations of 5+10 MBq (both studies) and 2.5+12.5 
MBq, and statistically significance was obtained between the 15 MBq group and 5+10 MBq in 
study 1, and 2.5+12.5 MBq group.  

High mean absorbed doses to the tumor was found in the 5+10 MBq group (0.36 Gy/MBq), 
compared with that in the 15 MBq group (0.20 Gy/MBq), values estimated from biodistribution 
data, Figure 5.4.  

No differences were found in the SSTR1-5 gene expression (mRNA) between the administration 
schedules.  
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Figure 5.3 The therapeutic 
effect (paper IV) after 
administration of different 
priming activities given 24 h 
before main administration 
compared to single injection 
of 177Lu-octreotate in GOT1-
bearing mice.  
a) Mean relative tumor 
volumes for the groups 
receiving the best 
therapeutic results i.e. 
2.5+12.5 MBq, 5+10 MBq 
(study 1 and 2), and as a 
comparison the 15 MBq and 
non-treated animals. The 
insert shows the early 
phase. ӿ and + indicate 
statistically significant lower 
relative volume in the 
2.5+12.5 MBq group and 
5+10 MBq group (study 1) 
compared to the 15 MBq 
group respectively.  
b) Mean relative tumor 
volumes for 0.5+12.5 MBq, 
10+5 MBq (study 1 and 2), 
15 MBq, 30 MBq group and 
non-treated animals. Error 
bars indicate SEM. 
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Figure 5.4 Mean absorbed dose per administered activity (Gy/MBq) to GOT1- or GOT2- tumor tissues and 
normal tissues in BALB/c nude mice transplanted with GOT1 or GOT2. GOT2-bearing animals were either 
injected with 5 or 10 MBq 177Lu-octreotate and GOT1-bearing animals were injected with 15 MBq, or with a 
priming administration of 5 MBq followed by a main administration of 10 MBq 24 h later of 177Lu-octreotate. 
Note different scales of the y-axes.  

 

Study on renal toxicity from 177Lu-octreotate in mice (paper V) 
Urinary RBP4/creatinine ratio and carbamoylated Hb measured as VH as biomarkers of renal 
toxicity, are summarized in Figure 5.5. A time and dose dependence for urinary RBP4 was found. 
Changes in RBP4 values compared to the baseline value were obtained already after 14 days in 
the 120 MBq group, but after 30 days in the 60 MBq group, with statistically significant 
evaluations after 30 days and 60 days, respectively. No statistically significant differences in VH 
in treated animals and the control group was found.  

No morphological changes in the form of sclerosis and atrophy were found on the proximal 
tubules or the glomeruli, except for a few focal signs of tubulointerstitial nephritis. The areas of 
these changes were however small compared to the whole kidney.  
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Figure 5.5 Levels of potential biomarkers for nephrotoxicity in nude mice treated with 60 MBq or 120 MBq 
177Lu-octreotate or untreated control mice (0 MBq). a) Urinary RBP4/creatinine. A baseline value was taken 
before administration of 177Lu-octreotate (study start). Creatinine was used to correct for differences in urinary 
flow. ӿ and + indicate statistically significance between values after therapy and baseline for the 120 MBq and 
the 60 MBq groups, respectively. b) VH/PVH ratio in blood samples taken at sacrifices (90 days after study 
start); mean values are indicated as horizontal lines for each group. Error bars indicate SEM.  
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6 Discussion 
In this work, several types of human NET (GIST, paraganglioma, MTC, and midgut carcinoid) 
were investigated with the aim to find or optimize diagnostics and therapeutic methods using 
radiolabeled receptor binding hormone analogues (177Lu-octreotate, 111In-octreotide, 111In-MG0, 
and 131I-MIBG). These radiopharmaceuticals bind to SSTR, CCK2/gastrin receptor or 
norepinephrine transporter, all G-protein coupled receptors. Activity concentration in tumor 
tissue, and non-tumor organs was measured. The findings from these studies indicate large 
variation in receptor expression in different tumors and within the same tumor type, and a 
possibility to use other tracers than somatostatin analogues in pursuing a higher treatment 
effect on NETs. 

Compared with GOT1, a relatively low SSTR2 expression in GOT2-tumor animal model was 
found in paper I, maybe because this specific MTC tumor cell line was well differentiated, since 
tumors with a higher degree of differentiation seem to have less SSTR (Forrer et al., 2007). The 
GOT2-animal model will serve as a good model for testing the binding specificity of new gastrin 
analogues (as was done with 111In-MG0 in paper I). It will also be useful for investigation of other 
types of radiopharmaceuticals, combination therapies using 177Lu-octreotate together with other 
radiopharmaceutical or with drugs which act on specific signaling pathways, for example the 
hedgehog pathway (Arne, 2012, Bohinc et al., 2013). With this animal model, new possible 
treatment options for medullar thyroid carcinoma based on SSTR can be more realistically 
studied, since the T/B ratio of radiolabeled SS analogues was similar to those found in patients 
(Forssell-Aronsson et al., 1995). 

Both the paraganglioma patient and several GIST patients (paper II and III) were shown to be 
candidates for 177Lu-octreotate treatment. The amount of 111In-octreotide that was membrane 
bound and internalized in the paraganglioma cells were low, but the T/B ratios for 111In (and 
131I-MIBG) was high, which can make the 177Lu-octreotate treatment possible. The 
paraganglioma cells had a specific binding and internalization with rapid and continuous uptake 
of 131I-MIBG. Thereby, the paraganglioma patient can have the opportunity to receive a 
combined treatment with both 131I-MIBG and 177Lu-octreotate. The advantage with such a 
combination is that the critical organs are different for these radiopharmaceuticals, which 
enables higher absorbed dose to the tumor tissue without increasing the risk of side effects. The 
tumor tissue from this patient has been xenografted on mice and can now most probably serve 
as a new animal model. The transplantable paraganglioma cells will after final validation most 
likely be named GOT3. 

Tumor samples from two GIST patients were analyzed in paper III and a specific binding and 
internalization of 177Lu was found. These results were in concordance with the activity uptake 
and T/B values after scintigraphy with 111In-octreotide. However, some patients had low T/B 
values that indicated that not all patients are suitable for therapy with 177Lu-octreotate, and 
individual SSTR expression needs to be determined before PRRT. A reason for why the reduction 
of internalization after adding an excess of octreotide were more prominent for GIST cells (98 
%) than for paraganglioma cells (75 %) may be caused by the higher affinity of SSTR2 for 177Lu-
octreotate than for 111In-octreotide that GIST cells and paraganglioma cells were incubated with, 
respectively. 

The information collection with respect to the accumulation of different radiopharmaceuticals 
used in this work should be under consideration for GIST patients with primary and secondary 
resistance to tyrosine kinase inhibitors (TKI), for paraganglioma patients, and for patients with 
medullary thyroid carcinoma. For patients with GIST without resistance to TKI, PRRT with 177Lu-
octreotate is maybe not the best option since most GISTs have a higher expression of SSTR1, and 
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177Lu-octreotate has low affinity to SSTR1. Then a 177Lu-labeled SSTR1 specific analogue or a 
pan-analogue would be valuable.  

When comparing uptake after 111In-octreotide scintigraphy of GIST patients with tumor biopsies, 
the values did not match for all patients. In some cases, the T/B ratio was low but the 
visualization was good, and vice versa. This situation is also seen when comparing the 
internalization results between paraganglioma cells and GIST cells, and T/B ratio for the two 
tumor types. The internalization of 111In-octreotide in paraganglioma cells was low but the T/B 
ratio was high, while the opposite was seen in GIST cells. The internalization in GIST cells was 
almost 10 times higher than in the paraganglioma cells but the T/B were moderate. This type of 
finding may indicate that the tumors in a patient are heterogeneous both concerning SSTR 
expression and to tumor cell heterogeneity within the tumor, which was shown with MRI in the 
in vivo study on GOT1-tumor bearing mice (paper IV). Another reason is the difference in 
visualization of different sized tumors in a patient, and also the influence of the location of the 
tumor in the body. To overcome this problem tumor biopsies should be collected at surgery, 
since T/B ratio is a good validation of uptake in the tumor compared to the normal tissues 
(Forssell-Aronsson et al., 2004).  

The heterogeneity of tumor cell density in tumor tissue will also become a problem when 
evaluating the tumor growth or therapeutic effects based on tumor volume measurements. 
Histological evaluations on GOT1 tumor tissues after regrowth (41 days after injection of 177Lu-
octreotate), showed that some tumors had very heterogeneous composition, with a tumor cell 
count of less than 50 % in some tumors (paper IV). This indicates that only a part of the tumor 
volume is active which causes errors when estimating the therapeutic effect. 

The therapeutic effect of a new treatment schedule including priming administration shortly 
before administration of the therapeutic amount of 177Lu-octreotate was studied on GOT1-
beraring animals (paper IV). The study demonstrated that the administration of 5 MBq 177Lu-
octreotate 24 h before administration of the actual therapeutic amount of 177Lu-octreotate 
resulted in a higher therapeutic effect. The reason for this was expected to be due to up-
regulation of SSTR from the priming administration, as was previously demonstrated in vitro 
and suggested from in vivo studies (Bernhardt et al., 2007, Melis et al., 2007, Oddstig et al., 2012, 
Oddstig et al., 2006, 2011). However, qPCR evaluation of mRNA expression 1-7 days after 
administration could not verify enhanced expression. Further in vivo studies should be 
performed to elucidate the mechanisms of priming, and the optimal priming activity and time-
point after first injection need to be verified. Patient studies should also be initiated in order to 
study if priming would increase uptake and therapeutic effects.  

The activity concentration (in %IA/g) varied between different tumor types and different 
activity amounts in the animal models (Table I in paper I and Table 1 in paper IV). The variation 
between the tumor types depends mainly on difference in SSTR expression on the cell surface, 
both also on the SSTR subtype expression. Octreotide and octreotate are known to mainly bind 
to SSTR2, 3 and 5 (Esser et al., 2006, Reubi et al., 2000). 

The reason for different biokinetics of different amounts of radiolabeled SS analogues in tumor 
bearing animals is probably due to receptor saturation, since higher tumor uptake was found 
after injection of lower amount of radiolabeled SS analogues. Also variations in concentration in 
non-tumor tissue were found between animals and animal models. General reasons for 
differences in biokinetics of radiolabeled SS analogues between animals within a study and 
between studies can be differences in age of the animals, different generations of mice in the 
same study, difference in tumor size (30-1600 mm3 in our studies), which might result in 
differences in e.g. hormone levels. Other factors might be differences in environment, such as 
humidity and temperature in animal room.  
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Biomarkers that reflect radiation induced renal injury can be a good tool in the assessment of 
the number of 177Lu-octreotate treatments that can be given to a certain patient with NETs, and 
to verify the individual function of the kidneys after a certain mean absorbed dose to the kidney. 
Several different methods are used today to measure or estimate glomerular filtration rate e.g. 
99mTc-DTPA scintigraphy (Hauser et al., 1970, Levey et al., 2003). Renal toxicity after irradiation 
from 177Lu-octreotate is supposed to mainly occur in the proximal tubule of the nephron, since 
much of the 177Lu is reabsorbed at that site. Proposed biomarkers should be evaluated based on 
suitable dose-response relationship and time for response, together with correlation with the 
risk or severity of the toxic effect or injury. Furthermore, long time studies are needed to verify if 
a radiation induced kidney detriment detected by a biomarker at an early time-point really 
indicates a more severe injury later in life, or if the radiation-induced injury can be repaired. 

The current functional imaging techniques used today for NETs are 111In-octreotide scintigraphy 
and for pheochromocytomas and paragangliomas 131I-/123I-MIBG scintigraphy. Nowadays more 
suitable methods have been developed using positron emitting tomography (PET) to visualize 
tumors and their metastases. The advantages with PET are not only that a more precise 
visualization can be obtained. PET can also give a broader understanding of how the individual 
tumors behave e.g. aggressiveness, receptor expression, and response to treatments. 
Radiotracers that are available today are for example 68Ga-DOTA-octreotide for SSTR expression, 
124I-MIBG, 18F-FDOPA, 18F-FDA and 11C-epinephrine for catecholamine metabolism, and 18F-FDG 
for glucose metabolism (Blanchet et al., 2012, Bodei et al., 2011, Buchmann et al., 2007).  

Animal models should mimic the human situation as much as possible because there are many 
factors that influence the therapeutic effect and uptake of the radiopharmaceutical. Before new 
radiopharmaceuticals can be used in the clinical settings, optimization strategies can be 
investigated, combination therapies can be tried, and toxic effects evaluated in realistic animal 
models. The animal model should be clinically relevant so that biodistribution data, tumor 
characteristics and dosimetric analysis can give a hint of the human situation (Forssell-Aronsson 
et al., 2013). Tumors in animal models are more predictable according to growth-rate, and the 
phenotype, the histology and the genetics are often known. Therefore, in the evaluation of an 
new drug or the therapeutic effect, the result from the specific cell line are probably clearer than 
in clinical trials, when patients with many different tumor characteristics are included (Ruggeri 
et al., 2014). One drawback of using cell culture and animal models is that the tumor cell line 
may change its characteristics with time. 

It is hard to translate animal data to human, but animal data may give good indications on how 
the outcome after a change in treatment schedule will be, or how a new radiotracer will affect 
tumor and normal cells (Ruggeri et al., 2014). Reasons for difficulties in translation between 
mice and humans are many: biological differences between mice and humans; differentiation of 
the NET, the receptor expression on the NET, the metastatic spread, the tumor in mice is 
growing subcutaneously and in human the growth is orthotopic; the mice used for 
transplantation are immune deficient animals; and comparable studies between mice and 
human are lacking.  
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7 Conclusions 
The main observations and conclusions in this work can be summarized as follows. 

The biodistribution of 177Lu-octreotate and 111In-DOTA-MG0 was studied in the GOT2 animal 
model (paper I). The results showed overexpression of both SSTR and CCK2/gastrin receptors in 
tumor tissue, and that the uptake in tumor of 111In-DOTA-MG0 was specific. Furthermore, the 
study showed that this model can be used in studies with radiolabeled somatostatin-, CCK2-, and 
gastrin- analogues for diagnostic use. For realistic therapy studies higher expression of SSTR 
would probably be needed. If efficient kidney-blocking agents are found, CCK2 and gastrin 
analogues can be therapeutic alternatives. 

The tumor uptake of 111In-octreotide and 131I-MIBG in a patient with paraganglioma showed 
relatively high T/B values for both radiopharmaceuticals (paper II). The in vitro study showed 
specific binding and internalization of 131I-MIBG and 111In-octreotide in primary culture of 
collected paraganglioma cells. The results indicate that this patient would most probably benefit 
from radionuclide therapy using both 177Lu-octreotate and 131I-MIBG. 

The tumor uptake of 111In-octreotide in patients with GIST was in general moderate, probably 
due to a lower expression of SSTR2 than in some other NETs (paper III). Specific binding and 
internalization of 177Lu-octreotate was found in primary culture of GIST cells. In conclusion, 
selected GIST patients with high T/B may benefit from 177Lu-octreotate therapy. Development of 
new SS analogues with higher affinity to the receptors on the cell membrane, primarily SSTR1 
and SSTR2, is needed to increase the possibilities for PRRT of all patients with GIST. 

The GOT1 animal model was used in the optimization procedure when a priming activity was 
administered 24 h before the main administration of 177Lu-octreotate. A higher mean absorbed 
dose to tumors treated with a priming activity was seen compared with that after a single 
injection. Although it was not verified that these findings are due to up-regulation of SSTR, we 
suggest that this type of treatment schedule should be considered when optimizing treatment 
protocols for patients with NETs.  

Urinary RBP4 level increased with absorbed dose to the kidneys, and the increase started at an 
earlier time-point after a higher absorbed dose to kidneys in mice. RBP4 (RBP in humans) seems 
to be a biomarker that indicates renal effects after 177Lu-octreotate treatment before any renal 
detriments can be visualized morphologically. RBP may thus be a potential biomarker used in 
177Lu-octreotate therapy to avoid late nephrotoxic effects. VH concentration in blood did not 
change with amount of administered 177Lu-octreotate, and is presently not sensitive enough. If a 
change in urinary RBP level will reflect the degree of radiation induced acute or chronic renal 
injury remains to be investigated. 
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8 Future perspectives 
In this work studies on human NET cells and models have been presented. Human NET cell lines 
and animal models are rare but most valuable for various types of studies, including evaluation 
and optimization of treatment methods. The results indicate that the usefulness of therapy using 
radiolabeled SS analogues such as 177Lu-octreotate should be considered not only for patients 
with midgut carcinoid and endocrine pancreatic tumors. Individual patients with other NETs, 
such as MTC, GIST and pheochromocytoma and paraganglioma might also benefit from such 
treatment.  

After the promising results from the optimization study made in paper IV the study design 
should be used on other animal models (for example GOT2 and NCI-H69 a transplantable human 
small cell lung cancer cell line) to investigate if these results can be repeated in other NETs or 
tumors with NE features. Furthermore, the mechanisms behind the increased uptake after 
priming should be determined. This also gives rise to the question if it is possible to change the 
administration schedule for humans, since neither the neuroendocrine organs nor the kidneys 
had increased doses.  

A clinical study built on the findings from paper IV would be possible to perform since the total 
activity amount administered to the patient are not changed, only the administration schedule. 
Such a study can be motivated even though the most optimal priming activity is not known for 
humans. The estimated mean absorbed tumor dose 24 h after the priming administration was 
0.05 Gy, and the most optimal absorbed dose after priming administration for patients needs to 
be defined in clinical trials. 

The other way to enhance the treatment effect, studied in this work, is to by individually 
determined the radiosensitivity of the kidneys after treatment with 177Lu-octreotate.  The results 
in paper V demonstrate one potential biomarker, urinary RBP that early might signal late 
toxicity. However, further studies are needed both concerning this biomarker but also study 
other potential biomarkers. Moreover, tolerance doses for the kidneys must be determined for 
radionuclide therapy, not only for external radiotherapy. A long term study is ongoing on normal 
mice after receiving different amounts of 177Lu-octreotate, where different protein biomarkers 
both from urine and from blood samples are analyzed. The aim is to investigate if the dose 
relationship found for RBP4 in paper V, also can be found for other proteins at different time-
points after treatment. The correlation between a (late) radiation kidney detriment and the 
protein amount in blood or urine will be investigated. Methods of analyses suitable for small 
samples of both urine and blood will be used. When reliable kidney toxicity markers are defined, 
they should be applied to and evaluated in clinical trials, where urine and blood samples are 
collected and analyzed from patients that undergo 177Lu-octreotate treatment. 

Further studies on animal models and patients that would be necessary to enhance therapeutic 
effects on NETs are additional studies where 177Lu-octreotate treatment is combined with 
another type of therapy. A higher treatment effect is needed to increase the fraction of patients 
with complete remission after treatment with 177Lu-octreotate. Several types of combination 
therapy can be discussed. By using two different radionuclides with different range of emitted 
particles it may be easier to obtain high absorbed dose to different sized tumors. The use of 
various radionuclide bound ligands might avoid receptor saturation and enable different ways of 
internalization into the cells. Another way is to combine radiosensitizing agents with 177Lu-
octreotate. Other possible agents to combine with radiation are those acting on angiogenic 
molecules or on those leading to apoptosis by a different signaling pathway (e.g. sonic hedgehog 
or TRAIL) (Bohinc et al., 2013, Modlin et al., 2008, Strosberg et al., 2011). 

 



 

9 Acknowledgement 
First of all, I want to express my sincere gratitude to everyone who has 
contributed to this thesis in one way or another. It would have been 
impossible and meaningless to write the thesis without your help.   

On the top of the podium stands my supervisor professor Eva Forssell-
Aronsson who always supported and encourages me to try again, fail 
again and fail better. Thank you for given me the opportunity to work in 
your group and for given me the best backpack for further scientific 
work. 

To my closest group of colleagues: I appreciate all collaboration and 
help with my studies and that you made the day joyful. It has been a 
pleasure to work with you and get to know you: Maria, Anders, Emil, 
Johan, Britta, Nils, Mikael, Esmail, and the new additions to the group: 
Ingun and Victor. Thanks for all the fun! A special thanks to the 
professional animal experts Ann Wikström and Lilian Karlsson who 
have performed all animal studies in this work. I would still stand on 
square one, without your help. 

Thanks to all my co-authors for sharing your expertise with me, 
especially to Emilie Westberg for nice chats and Gabriella Arne for your 
inspirational thesis, and to Johan for collaboration on three of the 
papers in this thesis.  

Thanks to my colleagues and friends, Mia who made it easier to go to 
work and for nice “ljuspromenader”, Gunilla for administrative support 
and treats, to Sara As, Jeanette, Alexa, Emma A, and to the sushi gang 
Jenny, Elin, Anna, Emilia, and Angelica. 

Thanks to all my other colleagues at GU and at Sahlgrenska, especially to 
Kahlil and his group, the colleagues at medical physics and engineering 
(MFT), and to all staff at Centrala isotopintaget, who always have given 
me a helping hand, special thanks to Petra Bergström, Barbro 
Fredriksson. 

Last but not least, I want to thank my supporting parents Doris and Kjell, 
my sister Jessica, and my brothers Tommy, Joakim, and Tomas who 
want the best for my children Axel and Elias, and are always ready for a 
helping hand. Thanks also to Axel who reminds me how important it is 
to do my best in everyday life, Elias who take me back to reality, and to 
Bengt (now you know me). 

29 
 



This study was supported by grants from the Swedish Research Council, 
the Swedish Cancer Society, BioCARE - a National Strategic Research 
Program at University of Gothenburg, the King Gustav V Jubilee Clinic 
Cancer Research Foundation, the Johan Jansson Foundation, the Lars 
Hierta Memorial Foundation, the Wilhelm and Martina Lundgren 
Research Foundation, the Assar Gabrielsson Cancer Research 
Foundation and Sahlgrenska University Hospital Research Funds.  

 

30 
 



 

10  References 
Aalto J: The gamma counting handbook. In: A guide to the state of art 

of gamma counting. vol. 4th edition. Life Sciences: PerkinElmer; 
1997. 

Ahlman H, Nilsson: The gut as the largest endocrine organ in the 
body. Annals of oncology : official journal of the European Society 
for Medical Oncology / ESMO 2001, 12 Suppl 2:S63-68. 

Ahlman H, Wangberg B, Jansson S, Friman S, Olausson M, Tylen U, 
Nilsson O: Interventional treatment of gastrointestinal 
neuroendocrine tumours. Digestion 2000, 62 Suppl 1:59-68. 

Akizawa H, Uehara T, Arano Y: Renal uptake and metabolism of 
radiopharmaceuticals derived from peptides and proteins. 
Advanced drug delivery reviews 2008, 60(12):1319-1328. 

Amiri-Mosavi A, Ahlman H, Tisell LE, Wangberg B, Kolby L, Forssell-
Aronsson E, Lundberg PA, Lindstedt G, Nilsson O: Expression of 
cholecystokinin-B/gastrin receptors in medullary thyroid 
cancer. Eur J Surg 1999, 165(7):628-631. 

Andersson P, Forssell-Aronsson E, Johanson V, Wangberg B, Nilsson O, 
Fjalling M, Ahlman H: Internalization of indium-111 into 
human neuroendocrine tumor cells after incubation with 
indium-111-DTPA-D-Phe1-octreotide. J Nucl Med 1996, 
37(12):2002-2006. 

Arne G: Expression profiling of Gastrointestinal Stromal Tumors - 
Biomarkers for Prognosis and Therapy. Doctoral thesis. 
http://hdl.handle.net/2077/28261: University of Gothenburg. 
Sahlgrenska Academy; 2012. 

Behe M, Kluge G, Becker W, Gotthardt M, Behr TM: Use of polyglutamic 
acids to reduce uptake of radiometal-labeled minigastrin in 
the kidneys. Journal of nuclear medicine : official publication, 
Society of Nuclear Medicine 2005, 46(6):1012-1015. 

Behr TM, Jenner N, Behe M, Angerstein C, Gratz S, Raue F, Becker W: 
Radiolabeled peptides for targeting cholecystokinin-
B/gastrin receptor-expressing tumors. Journal of nuclear 
medicine : official publication, Society of Nuclear Medicine 1999, 
40(6):1029-1044. 

Behr TM, Jenner N, Radetzky S, Behe M, Gratz S, Yucekent S, Raue F, 
Becker W: Targeting of cholecystokinin-B/gastrin receptors 
in vivo: preclinical and initial clinical evaluation of the 
diagnostic and therapeutic potential of radiolabelled 
gastrin. European journal of nuclear medicine 1998, 25(4):424-
430. 

31 
 

http://hdl.handle.net/2077/28261:


Bernard AM, Moreau D, Lauwerys R: Comparison of retinol-binding 
protein and beta 2-microglobulin determination in urine for 
the early detection of tubular proteinuria. Clinica chimica 
acta; international journal of clinical chemistry 1982, 126(1):1-7. 

Bernhardt P, Oddstig J, Kolby L, Nilsson O, Ahlman H, Forssell-Aronsson 
E: Effects of treatment with (177)Lu-DOTA-Tyr(3)-
octreotate on uptake of subsequent injection in carcinoid-
bearing nude mice. Cancer biotherapy & radiopharmaceuticals 
2007, 22(5):644-653. 

Blanchet EM, Martucci V, Pacak K: Pheochromocytoma and 
Paraganglioma: Current Functional and Future Molecular 
Imaging. Frontiers in Oncology 2012, 1. 

Bodei L, Cremonesi M, Grana CM, Fazio N, Iodice S, Baio SM, Bartolomei 
M, Lombardo D, Ferrari ME, Sansovini M et al: Peptide receptor 
radionuclide therapy with (1)(7)(7)Lu-DOTATATE: the IEO 
phase I-II study. Eur J Nucl Med Mol Imaging 2011, 
38(12):2125-2135. 

Bohinc B, Michelotti G, Diehl AM: Hedgehog signaling in human 
medullary thyroid carcinoma: a novel signaling pathway. 
Thyroid : official journal of the American Thyroid Association 
2013, 23(9):1119-1126. 

Bolch WE, Eckerman KF, Sgouros G, Thomas SR: MIRD pamphlet No. 
21: a generalized schema for radiopharmaceutical 
dosimetry--standardization of nomenclature. J Nucl Med 
2009, 50(3):477-484. 

Breeman WA, de Jong M, Kwekkeboom DJ, Valkema R, Bakker WH, Kooij 
PP, Visser TJ, Krenning EP: Somatostatin receptor-mediated 
imaging and therapy: basic science, current knowledge, 
limitations and future perspectives. European journal of 
nuclear medicine 2001, 28(9):1421-1429. 

Breeman WA, De Jong M, Visser TJ, Erion JL, Krenning EP: Optimising 
conditions for radiolabelling of DOTA-peptides with 90Y, 
111In and 177Lu at high specific activities. Eur J Nucl Med 
Mol Imaging 2003, 30(6):917-920. 

Buchmann I, Henze M, Engelbrecht S, Eisenhut M, Runz A, Schafer M, 
Schilling T, Haufe S, Herrmann T, Haberkorn U: Comparison of 
68Ga-DOTATOC PET and 111In-DTPAOC (Octreoscan) 
SPECT in patients with neuroendocrine tumours. European 
journal of nuclear medicine and molecular imaging 2007, 
34(10):1617-1626. 

Capintec i: CRC-15R radioisotope dose calibrator Owners manual. 
In.; 2004. 

Davenport A, Jones S, Goel S, Astley JP, Feest TG: Carbamylated 
hemoglobin: a potential marker for the adequacy of 

32 
 



 

hemodialysis therapy in end-stage renal failure. Kidney 
international 1996, 50(4):1344-1351. 

Davies R, Rydberg P, Westberg E, Motwani HV, Johnstone E, Tornqvist 
M: A new general pathway for synthesis of reference 
compounds of N-terminal valine-isocyanate adducts. 
Chemical research in toxicology 2010, 23(3):540-546. 

de Jong M, Barone R, Krenning E, Bernard B, Melis M, Visser T, Gekle M, 
Willnow TE, Walrand S, Jamar F et al: Megalin is essential for 
renal proximal tubule reabsorption of (111)In-DTPA-
octreotide. Journal of nuclear medicine : official publication, 
Society of Nuclear Medicine 2005, 46(10):1696-1700. 

de Jong M, Breeman WA, Bernard BF, Bakker WH, Schaar M, van 
Gameren A, Bugaj JE, Erion J, Schmidt M, Srinivasan A et al: 
[177Lu-DOTA(0),Tyr3] octreotate for somatostatin 
receptor-targeted radionuclide therapy. International journal 
of cancer Journal international du cancer 2001, 92(5):628-633. 

de Jong M, Krenning E: New advances in peptide receptor 
radionuclide therapy. Journal of nuclear medicine : official 
publication, Society of Nuclear Medicine 2002, 43(5):617-620. 

de Visser M, Verwijnen SM, de Jong M: Update: improvement 
strategies for peptide receptor scintigraphy and 
radionuclide therapy. Cancer biotherapy & 
radiopharmaceuticals 2008, 23(2):137-157. 

Dupre D, Tostivint H: Evolution of the gastrin-cholecystokinin gene 
family revealed by synteny analysis. General and comparative 
endocrinology 2013, 195C:164-173. 

Eckerman K, Endo A: ICRP Publication 107. Nuclear decay data for 
dosimetric calculations. Ann ICRP 2008, 38(3):7-96. 

Emami B, Lyman J, Brown A, Coia L, Goitein M, Munzenrider JE, Shank B, 
Solin LJ, Wesson M: Tolerance of normal tissue to therapeutic 
irradiation. International journal of radiation oncology, biology, 
physics 1991, 21(1):109-122. 

Erlansson-Albertsson CG, Urban. : Cellbiologi, vol. 2:2. 
Studentlitteratur: Studentlitteratur; 2007. 

Esser JP, Krenning EP, Teunissen JJ, Kooij PP, van Gameren AL, Bakker 
WH, Kwekkeboom DJ: Comparison of [(177)Lu-
DOTA(0),Tyr(3)]octreotate and [(177)Lu-
DOTA(0),Tyr(3)]octreotide: which peptide is preferable for 
PRRT? Eur J Nucl Med Mol Imaging 2006, 33(11):1346-1351. 

Fjalling M, Andersson P, Forssell-Aronsson E, Gretarsdottir J, Johansson 
V, Tisell LE, Wangberg B, Nilsson O, Berg G, Michanek A et al: 
Systemic radionuclide therapy using indium-111-DTPA-D-
Phe1-octreotide in midgut carcinoid syndrome. Journal of 
nuclear medicine : official publication, Society of Nuclear Medicine 
1996, 37(9):1519-1521. 

33 
 



Forrer F, Krenning EP, Kooij PP, Bernard BF, Konijnenberg M, Bakker 
WH, Teunissen JJ, de Jong M, van Lom K, de Herder WW et al: 
Bone marrow dosimetry in peptide receptor radionuclide 
therapy with [177Lu-DOTA(0),Tyr(3)]octreotate. European 
journal of nuclear medicine and molecular imaging 2009, 
36(7):1138-1146. 

Forrer F, Valkema R, Kwekkeboom DJ, de Jong M, Krenning EP: 
Neuroendocrine tumors. Peptide receptor radionuclide 
therapy. Best practice & research Clinical endocrinology & 
metabolism 2007, 21(1):111-129. 

Forssell-Aronsson E, Bernhardt P, Nilsson O, Tisell LE, Wangberg B, 
Ahlman H: Biodistribution data from 100 patients i.v. 
injected with 111In-DTPA-D-Phe1-octreotide. Acta Oncol 
2004, 43(5):436-442. 

Forssell-Aronsson E, Bernhardt P, Wangberg B, Kolby L, Nilsson O, 
Ahlman H: Aspects on radionuclide therapy in malignant 
pheochromocytomas. Annals of the New York Academy of 
Sciences 2006, 1073:498-504. 

Forssell-Aronsson E, Fjalling M, Nilsson O, Tisell LE, Wangberg B, 
Ahlman H: Indium-111 activity concentration in tissue 
samples after intravenous injection of indium-111-DTPA-D-
Phe-1-octreotide. J Nucl Med 1995, 36(1):7-12. 

Forssell-Aronsson E, Spetz J, Ahlman H: Radionuclide therapy via 
SSTR: future aspects from experimental animal studies. 
Neuroendocrinology 2013, 97(1):86-98. 

Forssell-Aronsson EB, Nilsson O, Bejegard SA, Kolby L, Bernhardt P, 
Molne J, Hashemi SH, Wangberg B, Tisell LE, Ahlman H: 111In-
DTPA-D-Phe1-octreotide binding and somatostatin receptor 
subtypes in thyroid tumors. Journal of nuclear medicine : 
official publication, Society of Nuclear Medicine 2000, 41(4):636-
642. 

Forssell-Aronsson ES, E. Ahlman, H.: Advances in the diagnostic 
imaging of pheochromocytomas. Rep Med Imaging 
2011(4):19-37. 

Frey SK, Nagl B, Henze A, Raila J, Schlosser B, Berg T, Tepel M, Zidek W, 
Weickert MO, Pfeiffer AF et al: Isoforms of retinol binding 
protein 4 (RBP4) are increased in chronic diseases of the 
kidney but not of the liver. Lipids in health and disease 2008, 
7:29. 

Froberg AC, de Jong M, Nock BA, Breeman WA, Erion JL, Maina T, 
Verdijsseldonck M, de Herder WW, van der Lugt A, Kooij PP et al: 
Comparison of three radiolabelled peptide analogues for 
CCK-2 receptor scintigraphy in medullary thyroid 
carcinoma. European journal of nuclear medicine and molecular 
imaging 2009, 36(8):1265-1272. 

34 
 



 

Froidevaux S, Eberle AN: Somatostatin analogs and radiopeptides in 
cancer therapy. Biopolymers 2002, 66(3):161-183. 

Ginj M, Zhang H, Eisenwiener KP, Wild D, Schulz S, Rink H, Cescato R, 
Reubi JC, Maecke HR: New pansomatostatin ligands and their 
chelated versions: affinity profile, agonist activity, 
internalization, and tumor targeting. Clinical cancer research : 
an official journal of the American Association for Cancer 
Research 2008, 14(7):2019-2027. 

Grogan RH, Mitmaker EJ, Duh QY: Changing paradigms in the 
treatment of malignant pheochromocytoma. Cancer control : 
journal of the Moffitt Cancer Center 2011, 18(2):104-112. 

Grozinsky-Glasberg S, Shimon I, Korbonits M, Grossman AB: 
Somatostatin analogues in the control of neuroendocrine 
tumours: efficacy and mechanisms. Endocr Relat Cancer 2008, 
15(3):701-720. 

Gupta SK, Singla S, Bal C: Renal and Hematological Toxicity in 
Patients of Neuroendocrine Tumors After Peptide Receptor 
Radionuclide Therapy with (177)Lu-DOTATATE. Cancer 
biotherapy & radiopharmaceuticals 2012, 27(9):593-599. 

Hauser W, Atkins HL, Nelson KG, Richards P: Technetium-99m DTPA: 
a new radiopharmaceutical for brain and kidney scanning. 
Radiology 1970, 94(3):679-684. 

Hauso O, Gustafsson BI, Kidd M, Waldum HL, Drozdov I, Chan AK, Modlin 
IM: Neuroendocrine tumor epidemiology: contrasting 
Norway and North America. Cancer 2008, 113(10):2655-2664. 

Hofland LJ, Lamberts SW: The pathophysiological consequences of 
somatostatin receptor internalization and resistance. 
Endocrine reviews 2003, 24(1):28-47. 

ICRP: Nuclear Decay Data for Dosimetric Calculations. In. Edited by 
107 IP; 2008. 

Jacobs S, Schulz S: Intracellular trafficking of somatostatin 
receptors. Molecular and cellular endocrinology 2008, 286(1-
2):58-62. 

Jakobsen A-M, Andersson P, Saglik G, Andersson E, Kölby L, Erickson JD, 
Forssell-Aronsson E, Wängberg B, Ahlman H, Nilsson O: 
Differential expression of vesicular monoamine transporter 
(VMAT) 1 and 2 in gastrointestinal endocrine tumours. The 
Journal of Pathology 2001, 195(4):463-472. 

Johanson V, Ahlman H, Bernhardt P, Jansson S, Kolby L, Persson F, 
Stenman G, Sward C, Wangberg B, Stridsberg M et al: A 
transplantable human medullary thyroid carcinoma as a 
model for RET tyrosine kinase-driven tumorigenesis. 
Endocrine-related cancer 2007, 14(2):433-444. 

Kolby L, Bernhardt P, Ahlman H, Wangberg B, Johanson V, Wigander A, 
Forssell-Aronsson E, Karlsson S, Ahren B, Stenman G et al: A 

35 
 



transplantable human carcinoid as model for somatostatin 
receptor-mediated and amine transporter-mediated 
radionuclide uptake. Am J Pathol 2001, 158(2):745-755. 

Kolby L, Bernhardt P, Johanson V, Schmitt A, Ahlman H, Forssell-
Aronsson E, Macke H, Nilsson O: Successful receptor-mediated 
radiation therapy of xenografted human midgut carcinoid 
tumour. Br J Cancer 2005, 93(10):1144-1151. 

Kolby L, Bernhardt P, Johanson V, Wangberg B, Muth A, Jansson S, 
Forssell-Aronsson E, Nilsson O, Ahlman H: Can quantification 
of VMAT and SSTR expression be helpful for planning 
radionuclide therapy of malignant pheochromocytomas? 
Annals of the New York Academy of Sciences 2006, 1073:491-
497. 

Kolby L, Bernhardt P, Levin-Jakobsen AM, Johanson V, Wangberg B, 
Ahlman H, Forssell-Aronsson E, Nilsson O: Uptake of meta-
iodobenzylguanidine in neuroendocrine tumours is 
mediated by vesicular monoamine transporters. British 
journal of cancer 2003, 89(7):1383-1388. 

Krenning EP, Bakker WH, Breeman WA, Koper JW, Kooij PP, Ausema L, 
Lameris JS, Reubi JC, Lamberts SW: Localisation of endocrine-
related tumours with radioiodinated analogue of 
somatostatin. Lancet 1989, 1(8632):242-244. 

Krenning EP, Kooij PP, Pauwels S, Breeman WA, Postema PT, De Herder 
WW, Valkema R, Kwekkeboom DJ: Somatostatin receptor: 
scintigraphy and radionuclide therapy. Digestion 1996, 57 
Suppl 1:57-61. 

Krenning EP, Kwekkeboom DJ, Bakker WH, Breeman WA, Kooij PP, Oei 
HY, van Hagen M, Postema PT, de Jong M, Reubi JC et al: 
Somatostatin receptor scintigraphy with [111In-DTPA-D-
Phe1]- and [123I-Tyr3]-octreotide: the Rotterdam 
experience with more than 1000 patients. Eur J Nucl Med 
1993, 20(8):716-731. 

Krenning EP, Kwekkeboom DJ, Oei HY, Reubi JC, van Hagen PM, Kooij PP, 
Reijs AE, Lamberts SW: Somatostatin receptor imaging of 
endocrine gastrointestinal tumors. Schweiz Med Wochenschr 
1992, 122(17):634-637. 

Kwan JT, Carr EC, Bending MR, Barron JL: Determination of 
carbamylated hemoglobin by high-performance liquid 
chromatography. Clinical chemistry 1990, 36(4):607-610. 

Kwekkeboom DJ, de Herder WW, Kam BL, van Eijck CH, van Essen M, 
Kooij PP, Feelders RA, van Aken MO, Krenning EP: Treatment 
with the radiolabeled somatostatin analog [177 Lu-DOTA 
0,Tyr3]octreotate: toxicity, efficacy, and survival. J Clin Oncol 
2008, 26(13):2124-2130. 

36 
 



 

Kwekkeboom DJ, Kam BL, van Essen M, Teunissen JJ, van Eijck CH, 
Valkema R, de Jong M, de Herder WW, Krenning EP: 
Somatostatin-receptor-based imaging and therapy of 
gastroenteropancreatic neuroendocrine tumors. Endocrine-
related cancer 2010, 17(1):R53-73. 

Lambert B, Cybulla M, Weiner SM, Van De Wiele C, Ham H, Dierckx RA, 
Otte A: Renal toxicity after radionuclide therapy. Radiation 
research 2004, 161(5):607-611. 

Lamberts SW, Bakker WH, Reubi JC, Krenning EP: Somatostatin-
receptor imaging in the localization of endocrine tumors. 
The New England journal of medicine 1990, 323(18):1246-1249. 

Larsson M, Bernhardt P, Svensson J, Wangberg B, Ahlman H, Forssell-
Aronsson E: Estimation of absorbed dose to the kidneys in 
patients after treatment with 177Lu-octreotate: comparison 
between methods based on planar scintigraphy. EJNMMI 
research 2012, 2(1):49. 

Laverman P, Joosten L, Eek A, Roosenburg S, Peitl PK, Maina T, Macke H, 
Aloj L, von Guggenberg E, Sosabowski JK et al: Comparative 
biodistribution of 12 (111)In-labelled gastrin/CCK2 
receptor-targeting peptides. European journal of nuclear 
medicine and molecular imaging 2011. 

Laverman P, Roosenburg S, Gotthardt M, Park J, Oyen WJ, de Jong M, 
Hellmich MR, Rutjes FP, van Delft FL, Boerman OC: Targeting of 
a CCK(2) receptor splice variant with (111)In-labelled 
cholecystokinin-8 (CCK8) and (111)In-labelled minigastrin. 
European journal of nuclear medicine and molecular imaging 
2008, 35(2):386-392. 

Levey AS, Coresh J, Balk E, Kausz AT, Levin A, Steffes MW, Hogg RJ, 
Perrone RD, Lau J, Eknoyan G: National Kidney Foundation 
practice guidelines for chronic kidney disease: evaluation, 
classification, and stratification. Annals of internal medicine 
2003, 139(2):137-147. 

Melis M, Forrer F, Capello A, Bijster M, Bernard BF, Reubi JC, Krenning 
EP, De Jong M: Up-regulation of somatostatin receptor 
density on rat CA20948 tumors escaped from low dose 
[177Lu-DOTA0,Tyr3]octreotate therapy. Q J Nucl Med Mol 
Imaging 2007, 51(4):324-333. 

Melis M, Krenning EP, Bernard BF, de Visser M, Rolleman E, de Jong M: 
Renal uptake and retention of radiolabeled somatostatin, 
bombesin, neurotensin, minigastrin and CCK analogues: 
species and gender differences. Nuclear medicine and biology 
2007, 34(6):633-641. 

Modlin IM, Oberg K, Chung DC, Jensen RT, de Herder WW, Thakker RV, 
Caplin M, Delle Fave G, Kaltsas GA, Krenning EP et al: 

37 
 



Gastroenteropancreatic neuroendocrine tumours. The lancet 
oncology 2008, 9(1):61-72. 

National Kidney Foundation: K/DOQI clinical practice guidelines for 
chronic kidney disease: evaluation, classification, and 
stratification  American journal of kidney diseases : the official 
journal of the National Kidney Foundation 2002, 39(2 Suppl 
1):S1-266. 

Nilsson O, Kolby L, Bernhardt P, Forssell-Aronsson E, Johanson V, 
Ahlman H: GOT1 xenografted to nude mice: a unique model 
for in vivo studies on SSTR-mediated radiation therapy of 
carcinoid tumors. Annals of the New York Academy of Sciences 
2004, 1014:275-279. 

Oberg KE, Reubi JC, Kwekkeboom DJ, Krenning EP: Role of 
somatostatins in gastroenteropancreatic neuroendocrine 
tumor development and therapy. Gastroenterology 2010, 
139(3):742-753, 753 e741. 

Oddstig J, Bernhardt P, Lizana H, Nilsson O, Ahlman H, Kolby L, Forssell-
Aronsson E: Inhomogeneous activity distribution of 177Lu-
DOTA0-Tyr3-octreotate and effects on somatostatin 
receptor expression in human carcinoid GOT1 tumors in 
nude mice. Tumour biology : the journal of the International 
Society for Oncodevelopmental Biology and Medicine 2012, 
33(1):229-239. 

Oddstig J, Bernhardt P, Nilsson O, Ahlman H, Forssell-Aronsson E: 
Radiation-induced up-regulation of somatostatin receptor 
expression in small cell lung cancer in vitro. Nucl Med Biol 
2006, 33(7):841-846. 

Oddstig J, Bernhardt P, Nilsson O, Ahlman H, Forssell-Aronsson E: 
Radiation induces up-regulation of somatostatin receptors 
1, 2, and 5 in small cell lung cancer in vitro also at low 
absorbed doses. Cancer biotherapy & radiopharmaceuticals 
2011, 26(6):759-765. 

Pacini F, Castagna MG, Cipri C, Schlumberger M: Medullary thyroid 
carcinoma. Clinical oncology 2010, 22(6):475-485. 

Palmieri G, Montella L, Aiello C, Barbieri F, Di Vizio D, Schulz S, Beninati 
S, Budillon A, Caraglia M, Insabato L et al: Somatostatin 
analogues, a series of tissue transglutaminase inducers, as a 
new tool for therapy of mesenchimal tumors of the 
gastrointestinal tract. Amino acids 2007, 32(3):395-400. 

Patel YC: Somatostatin and its receptor family. Frontiers in 
neuroendocrinology 1999, 20(3):157-198. 

Purves DA, G. J.; Fitzpatrick, D.: Neuroscience Catecholamine 
Receptor. In: Neuroscience. Edited by Sunderland MA, vol. 2: 
Sinauer Associates, Inc.; 2001. 

38 
 



 

Rehfeld JF: The new biology of gastrointestinal hormones. 
Physiological reviews 1998, 78(4):1087-1108. 

Reubi JC, Maecke HR: Peptide-based probes for cancer imaging. 
Journal of nuclear medicine : official publication, Society of 
Nuclear Medicine 2008, 49(11):1735-1738. 

Reubi JC, Schaer JC, Waser B: Cholecystokinin(CCK)-A and CCK-
B/gastrin receptors in human tumors. Cancer research 1997, 
57(7):1377-1386. 

Reubi JC, Schar JC, Waser B, Wenger S, Heppeler A, Schmitt JS, Macke HR: 
Affinity profiles for human somatostatin receptor subtypes 
SST1-SST5 of somatostatin radiotracers selected for 
scintigraphic and radiotherapeutic use. Eur J Nucl Med 2000, 
27(3):273-282. 

Reubi JC, Waser B: Unexpected high incidence of cholecystokinin-
B/gastrin receptors in human medullary thyroid 
carcinomas. International journal of cancer Journal international 
du cancer 1996, 67(5):644-647. 

Rolleman EJ, Valkema R, de Jong M, Kooij PP, Krenning EP: Safe and 
effective inhibition of renal uptake of radiolabelled 
octreotide by a combination of lysine and arginine. European 
journal of nuclear medicine and molecular imaging 2003, 
30(1):9-15. 

Ruggeri BA, Camp F, Miknyoczki S: Animal models of disease: pre-
clinical animal models of cancer and their applications and 
utility in drug discovery. Biochemical pharmacology 2014, 
87(1):150-161. 

Schmitt A, Bernhardt P, Nilsson O, Ahlman H, Kolby L, Maecke HR, 
Forssell-Aronsson E: Radiation therapy of small cell lung 
cancer with 177Lu-DOTA-Tyr3-octreotate in an animal 
model. J Nucl Med 2004, 45(9):1542-1548. 

Smith WG, Holden M, Benton M, Brown CB: Carbamylated 
haemoglobin in chronic renal failure. Clinica chimica acta; 
international journal of clinical chemistry 1988, 178(3):297-303. 

Strosberg JR, Cheema A, Kvols LK: A review of systemic and liver-
directed therapies for metastatic neuroendocrine tumors of 
the gastroenteropancreatic tract. Cancer control : journal of 
the Moffitt Cancer Center 2011, 18(2):127-137. 

Svensson J, Molne J, Forssell-Aronsson E, Konijnenberg M, Bernhardt P: 
Nephrotoxicity profiles and threshold dose values for 
[177Lu]-DOTATATE in nude mice. Nuclear medicine and 
biology 2012, 39(6):756-762. 

Teunissen JJ, Krenning EP, de Jong FH, de Rijke YB, Feelders RA, van 
Aken MO, de Herder WW, Kwekkeboom DJ: Effects of therapy 
with [177Lu-DOTA 0,Tyr 3]octreotate on endocrine 

39 
 



function. European journal of nuclear medicine and molecular 
imaging 2009, 36(11):1758-1766. 

Trejtnar F, Novy Z, Petrik M, Laznickova A, Melicharova L, Vankova M, 
Laznicek M: In vitro comparison of renal handling and 
uptake of two somatostatin receptor-specific peptides 
labeled with indium-111. Annals of nuclear medicine 2008, 
22(10):859-867. 

Trof RJ, Di Maggio F, Leemreis J, Groeneveld AB: Biomarkers of acute 
renal injury and renal failure. Shock 2006, 26(3):245-253. 

Vaidya VS, Ferguson MA, Bonventre JV: Biomarkers of acute kidney 
injury. Annual review of pharmacology and toxicology 2008, 
48:463-493. 

Van Op den Bosch J, Adriaensen D, Van Nassauw L, Timmermans JP: The 
role(s) of somatostatin, structurally related peptides and 
somatostatin receptors in the gastrointestinal tract: a 
review. Regulatory peptides 2009, 156(1-3):1-8. 

Wangberg B, Nilsson O, Johanson VV, Kolby L, Forssell-Aronsson E, 
Andersson P, Fjalling M, Tisell L, Ahlman H: Somatostatin 
Receptors in the Diagnosis and Therapy of Neuroendocrine 
Tumor. The oncologist 1997, 2(1):50-58. 

Vegt E, de Jong M, Wetzels JF, Masereeuw R, Melis M, Oyen WJ, Gotthardt 
M, Boerman OC: Renal toxicity of radiolabeled peptides and 
antibody fragments: mechanisms, impact on radionuclide 
therapy, and strategies for prevention. Journal of nuclear 
medicine : official publication, Society of Nuclear Medicine 2010, 
51(7):1049-1058. 

Wessels BW, Konijnenberg MW, Dale RG, Breitz HB, Cremonesi M, 
Meredith RF, Green AJ, Bouchet LG, Brill AB, Bolch WE et al: 
MIRD pamphlet No. 20: the effect of model assumptions on 
kidney dosimetry and response--implications for 
radionuclide therapy. Journal of nuclear medicine : official 
publication, Society of Nuclear Medicine 2008, 49(11):1884-
1899. 

Vinik AI, Woltering EA, Warner RR, Caplin M, O'Dorisio TM, Wiseman 
GA, Coppola D, Go VL: NANETS consensus guidelines for the 
diagnosis of neuroendocrine tumor. Pancreas 2010, 
39(6):713-734. 

Wynckel A, Randoux C, Millart H, Desroches C, Gillery P, Canivet E, 
Chanard J: Kinetics of carbamylated haemoglobin in acute 
renal failure. Nephrology, dialysis, transplantation : official 
publication of the European Dialysis and Transplant Association - 
European Renal Association 2000, 15(8):1183-1188. 

 

40 
 


	Abstract
	List of papers
	Preliminary results have been presented as follows

	Content
	1 Abbreviations
	2 Introduction
	2.1 Neuroendocrine system and neuroendocrine tumors
	2.1.1 NE hormones and its receptors
	Somatostatin and its analogues and receptors, SSTR1-5
	Other hormones and their receptors
	Cholecystokinin-2/gastrin and CCK2/gastrin receptor
	Catecholamines


	2.2 Human NET models
	2.2.1 Cell culture from human tumor tissue
	Paraganglioma
	Gastrointestinal stromal tumors, GIST

	2.2.2 Transplantable tumor tissues
	GOT2 model (medullary thyroid carcinoma)
	GOT1 model (midgut carcinoid)


	2.3 Radiopharmaceuticals
	2.3.1 Internalization of 177Lu

	2.4 Optimization of 177Lu-octreotate treatment
	2.4.1 Up-regulation of SSTR
	2.4.2 Kidney toxicity


	3 Aims
	4 Material and Methods
	4.1 Radiopharmaceuticals and chemicals
	4.2 Detectors and radioactivity measurements
	4.2.1 Ionization chamber
	4.2.2 Gamma counter
	4.2.3 Gamma camera

	4.3 Studies on patients with NET
	4.3.1 Paraganglioma (paper II)
	4.3.2 GIST (paper III)
	4.3.3 GOT2 (paper I) and GOT1 (paper IV)

	4.4 Studies in cell cultures (paper II and III)
	4.5 Animal studies
	4.5.1 Biodistribution of 111In-MG0 or 177Lu-octreotate in GOT2-bearing mice (paper I)
	4.5.2 Biodistribution of 177Lu-octreotate in GOT1-bearing mice (paper IV)
	4.5.3 Therapeutic effect of GOT1-bearing animals (paper IV)
	4.5.4 Study on renal toxicity from 177Lu-octreotate in mice (paper V)

	4.6 Dosimetry
	4.7 Methods of analyses
	4.7.1 Histological and morphological evaluation
	4.7.2 SSTR expression analyses
	4.7.3 Analysis of renal toxicity (paper V)
	RBP4 and creatinine
	VH in erythrocytes



	5 Results
	5.1 Studies on human NE tumor types
	5.1.1 Uptake, binding and internalization of 111In-octreotide and 131I-MIBG in paraganglioma (paper II)
	5.1.2 Visualization, uptake, binding and internalization in GIST (paper III)

	5.2 Animal studies
	5.2.1 Biodistribution of 111In-MG0 and 177Lu-octreotate in GOT2-bearing mice (paper I)
	5.2.2 Optimization of therapy with 177Lu-octreotate
	Therapeutic effect in GOT1-bearing animals (paper IV)
	Study on renal toxicity from 177Lu-octreotate in mice (paper V)



	6 Discussion
	7 Conclusions
	8 Future perspectives
	9 Acknowledgement
	10  References


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.693 x 9.528 inches / 170.0 x 242.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20131002110523
       685.9843
       S5
       Blank
       481.8898
          

     Tall
     1
     0
     No
     1798
     225
    
     None
     Up
     0.0000
     0.0000
            
                
         Both
         4
         AllDoc
         69
              

       CurrentAVDoc
          

     Uniform
     5.6693
     Bottom
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0f
     Quite Imposing Plus 3
     1
      

        
     0
     52
     51
     52
      

   1
  

 HistoryList_V1
 qi2base





