
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

 Radiotherapy via SSTR 

 Neuroendocrinology 2013;97:86–98 
 DOI: 10.1159/000336086 

 Radionuclide Therapy via SSTR:
Future Aspects from Experimental 
Animal Studies 

 Eva Forssell-Aronsson    a     Johan Spetz    a     Håkan Ahlman    b   

 Departments of  a    Radiation Physics and  b    Surgery, Institute of Clinical Sciences, Sahlgrenska Cancer Centre, 
Sahlgrenska Academy, University of Gothenburg,  Gothenburg , Sweden 

 Introduction 

 Patients with neuroendocrine (NE) tumours often 
have metastatic spread at the time of diagnosis and can 
be palliated by interventional tumour reduction com-
bined with somatostatin (SS) analogues. NE tumours of-
ten express somatostatin receptors (SSTR) that occur in 
5 subtypes. Different NE tumour types express different 
SSTR subtypes, e.g. midgut carcinoids have high expres-
sion of SSTR2 and 5  [1] . Synthetic SS analogues with a 
longer half-life than native SS have been developed, e.g. 
octreotide and octreotate, with high affinity to SSTR2 
and 5, medium affinity to SSTR3 and low affinity to 
SSTR1 and 4  [2] . A pan analogue (SOM230) was devel-
oped with high affinity to all SSTR except SSTR4  [3] . The 
development of imaging/therapy of NE tumours using 
radiolabeled SS analogues during the last two decades has 
been exciting.  111 In-[DTPA 0 , D -Phe 1 ]-octreotide ( 111 In-
octreotide) is today routinely used to visualize SSTR-ex-
pressing NE tumours.

  The general opinion has been that carcinoid tumours 
have relatively low radiosensitivity, i.e .  external radiation 
therapy should only be used for palliation or regionally 
advanced/metastatic disease  [4–9] . However, 20–50 Gy to 
the tumour by external radiation therapy has given par-
tial/complete remission in 25–80% of the patients  [10–
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 Abstract 

 There is need for better therapeutic options for neuroendo-
crine tumours. The aim of this review was to summarize re-
sults of experimental animal studies and raise ideas for fu-
ture radionuclide therapy based on high expression of so-
matostatin (SS) receptors by many neuroendocrine tumours. 
In summary, one of the major options is individualized treat-
ment for each patient, including choice of SS analogues, 
 radionuclides and treatment schedules. Other options are 
methods to increase the treatment effect on tumour tissue 
(increasing tumour uptake and retention by upregulation of 
receptor expression and avoiding saturation of receptor 
binding), methods to increase the tumour tissue response 
(by choice of radionuclides, SS analogues or combined ther-
apies), and methods to reduce side effects (diminished up-
take and retention in critical organs and reduced normal tis-
sue response). Furthermore, combination therapy with other 
radiopharmaceuticals, cytotoxic drugs or radiosensitizers 
can be considered to enhance the effects of radiolabelled
SS analogues.  Copyright © 2012 S. Karger AG, Basel 
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13] . Radiolabelled SS analogues have been developed for 
therapy of SSTR-expressing tumours. Initially, attempts 
were made using  111 In-octreotide with limited success 
due to unfavourable radiation properties of  111 In (high 
photon emission)  [14] .  177 Lu-[DOTA 0 ,Tyr 3 ]-octreotate 
( 177 Lu-octreotate or  177 Lu-DOTATATE),  90 Y-[DOTA 0 , D -
Phe 1 ,Tyr 3 ]-octreotide ( 90 Y-DOTATOC), and  90 Y-[DOTA 0 , 
Tyr 3 ]-octreotate ( 90 Y-DOTATATE) are now used in pa-
tients with advanced NE tumours with promising results 
 [15–18] . Long-term follow-up of  177 Lu-octreotate therapy 
indicates longer median overall survival (48 months) and 
a higher response rate (80%, complete/partial responses 
and stable disease)  [16, 19]  than of chemotherapy (corre-
sponding values: 12–37 months and  ! 20%)  [20–22] . 
However, the clinical results appear modest compared to 
the high cure rates by  177 Lu-octreotate in animals trans-
planted with human NE tumour cell lines  [23–26] . This 
indicates that human treatment can be further opti-
mized. Efforts are therefore spent on finding methods to 
enhance the therapeutic results in humans and to develop 
new radiolabeled SS analogues with high receptor sub-
type-specific affinities.

  The aim of this review is to summarize data from ex-
perimental animal studies and define directions for fu-
ture research to enhance the therapeutic results for NE 
tumours using radiolabelled SS analogues.

  Animal Models 

 Studies in animal models are usually required before 
clinical trials of new pharmaceuticals. Clinically relevant 
models are needed to study biodistribution and dosimet-
ric data, tumour characteristics (e.g. size, growth rate, 
and radiosensitivity), and normal tissue characteristics 

and toxicity. There are many differences between man 
and animals, and results from animals may be difficult 
to translate to the clinical situation. Few animal models 
exist with SSTR-expressing tumours. Two major types of 
models are used: (1) tumours (human or animal) growing 
on immunosuppressed animals (xenogeneic models), 
and (2) tumours growing on animals of the same species 
(syngeneic models) ( table 1 ). This review does not cover 
human tumours transfected with SSTR, nor genetically 
engineered animals.

  The biodistribution data of  177 Lu-octreotate, especial-
ly the uptake in different types of SSTR-expressing tu-
mour tissues, varies between the animal models de-
scribed ( table 2 ).

  Animal Models with Human Tumours Expressing 
SSTR 
 Few animal models with SSTR-expressing human tu-

mours (all xenografted to mice) have been used together 
with radiolabelled SS analogues ( table  1 ). The human 
pancreatic carcinoid cell line BON expresses SSTR  [27] , 
but may not be entirely valid for NE tumours due to its 
amphicrine properties  [28] . The human midgut carci-
noid cell line KRJ-I is of enterochromaffin cell origin  [29–
31] . The human midgut carcinoid cell line GOT1 has 
well-preserved NE differentiation, slow growth rate and 
high expression of mainly SSTR2 and 5  [32, 33] . The hu-
man small cell lung cancer (SCLC) cell line H69 has rap-
id growth and some NE features, e.g. expression of SSTR 
 [34] . The human medullary thyroid carcinoma (MTC) 
cell line GOT2 has a slow growth rate and much lower 
SSTR expression than GOT1  [35, 36] . TT is another 
SSTR-expressing MTC cell line  [37] . Successful therapy 
by  177 Lu-octreotate has been achieved in nude mice car-
rying GOT1 or H69 tumours  [23, 26] .

Table 1. A nimal models and tumour cell lines/types used with radiolabelled SS analogues

Cell line/type Origin Tumour type Animal species

GOT1 human ileal carcinoid* nude mouse
KRJ-1 human ileal carcinoid* nude mouse
GOT2 human medullary thyroid carcinoma* nude mouse
TT human medullary thyroid carcinoma* nude mouse
BON human pancreatic carcinoid* nude mouse
AR42J rat (induction with azaserine) hyperplastic exocrine pancreatic nodule rat, nude mouse
CA20948 rat (induction with azaserine) pancreatic acinar tumour rat, nude mouse
H69 human small cell lung cancer** nude mouse

*  NE tumour; ** NE-like features.
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  Animal Models with Animal Tumour Cell Lines 
Expressing SSTR 
 Since access to human transplantable SSTR-express-

ing cell lines has been limited, many researchers have 
used animal cell lines ( table 1 ). AR42J and CA20948 are 
rat pancreatic cell lines induced by azaserine  [38–40] ; 
both cell lines express SSTR and have been transplanted 
to rats, or xenotransplanted to nude mice, and were re-
sponsive to treatment with  177 Lu-octreotate  [24, 25, 41, 
42] .

  Strategies for Optimizing Therapy 

 Several strategies can be defined to optimize radio-
nuclide therapy by radiolabelled SS analogues ( table 3 ). 
There are three major issues to consider: (1) general meth-
ods including individualized treatment performance, (2) 
methods to increase the treatment effect on tumour tis-
sue, and (3) methods to reduce the toxic effects on normal 
tissues. Many methods have been tested in animal stud-

ies, but some studies can only be performed in patients. 
None of the strategies has been fully optimized for clini-
cal use.

  General Methods Including Individualization 

 Treatment Planning 
 Treatment planning should focus on delivering high-

est therapeutic effect to tumour, avoiding acute and se-
vere late effects in risk organs. If possible, treatment plan-
ning should be based on data obtained with the same ra-
diopharmaceutical as used for therapy, since the SSTR 
affinity is dependent on both the peptide and the radio-
nuclide.

   Fractionation.  Fractionated radiation therapy may 
permit higher amounts of activity to be administered by 
allowing restitution of side effects between the fractions. 
The time intervals are chosen to allow such recovery. The 
optimal time intervals and number of fractions using ra-
diolabelled SS analogues are still to be defined. Several 

Table 2.  Biodistribution, given as 177Lu activity concentration [% IA/g] in various tumour-bearing animal models 1 and 7 days after 
injection of 177Lu-octreotate

Tumour type
(animal)

GOT1*
(nude mouse)

GOT2*
(nude mouse)

NCI-H69**
(nude mouse)

AR42J
(nude mouse)

CA20948
(rat)

CA20948 
(rat)

Study Kölby et al.
2005 [23, 50]

Dalmo et al. 
2012 [36]

Schmitt et al.
2003 [82]

de Araújo et al. 
2009 [164]

Lewis et al. 2001 
[165]

De Jong et al. 
2001 [24]

Injected activity 
(amount of peptide)

7.5 MBq
(0.25 �g)

5 MBq
(0.2 �g)

3.3 MBq
(0.7 �g)

0.74 MBq
(1 �g)

1.3 MBq
(0.67 �g)

3 MBq
(0.5 �g)

Time after
injection

1 77Lu activity concentration, % IA/g

1 day 7 days 1 day 7 days 1 day 7 days 1 day 1 day 7 days 1 day

Adrenals 0.87 0.43 0.34 0.43 2.1a 0.21 0.11 8.6
Blood  0.35 0.024 0.020 0.0027 0.008 0.001 0.06 0.030 0.010 0.002
Heart 0.054 0.027 0.034 0.011 0.1 0.000 0.070
Kidneys  4.6 0.78 5.0 0.62 2.2 0.27 4.4 1.7 0.94 1.6
Liver  0.20 0.11 0.14 0.048 0.10 0.068 0.4 0.28 0.18 0.032
Muscle 0.012 0.0024 0.011 0.001 0.03 0.012 0.00 0.002
Pancreas 2.0 0.28 0.41 0.032 1.6 2.3 1.1 3.6
Spleen 0.12 0.058 0.12 0.032 0.3 0.010 0.010 0.023
Tumour 18 (16b) 7.2 (40b) 0.37 0.094 3.7 1.2 0.8 6.1 0.65 2.2

Dosimetry
D/A, Gy/MBq  1.6–4.0 0.013 0.29 0.097

Dat a are corrected for physical decay. Mean absorbed dose to tumour per administered activity, D/A (Gy/MBq).
* NE tumour; ** NE-like features. a In adrenals in this study the results were expressed as % IA/organ. b After administration of

30 MBq (1 �g).
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studies in CA20948-bearing rats using different radiola-
belled SS analogues have presented favourable therapy re-
sults using fractionation  [43–46] .

   Administered Activity.  Therapeutic amounts of  177 Lu-
octreotate in GOT1-bearing mice resulted in increased 
tumour uptake and threefold increased absorbed dose 
per activity administered versus   diagnostic amounts  [23, 
47] . No change of uptake into normal tissues was ob-
served. The discrepancies may be due to differences in 
biodistribution of low and high amounts, or to tumour 
volume shrinkage combined with long retention in tu-
mour tissue. Similar results have been reported for 
CA20948-bearing rats  [42] .

  Individualized Treatment Planning Based on 
Individual Radiation Sensitivity 
 Individuals are more or less sensitive to radiation due 

to genetic differences, but also by influence of environ-
mental or lifestyle factors  [48] . About 5% of cancer pa-
tients suffer from severe toxicity after external radiation 
therapy; some genetic abnormalities/diseases are more 
frequent in these patients  [49] .

  The limiting factor in radiation therapy is side effects 
on normal tissues. The tolerance doses are based on the 
most radiosensitive patients. By predicting radiation sen-
sitivity and/or following biological effects on the most crit-
ical organs, individualized treatment can be designed with 
a lower frequency of side effects. Many patients can thus 
receive more aggressive treatment with a higher cure rate.

  Choice of SS Analogue Based on SSTR Subtype 
Expression 
 NE tumour types have different SSTR subtype expres-

sion profiles; the SSTR expression profile may vary with-

in one tumour type  [1] . Midgut carcinoid tumours have 
high SSTR expression, and good SSTR2-binding ana-
logues were rapidly developed. In future it would be valu-
able if the individual SSTR subtype expression was de-
fined for each patient, so the most optimal radiolabelled 
SS analogue could be used for therapy. The affinity and 
internalization of a radiolabelled SS analogue depend on 
the entire molecule, including chelating agent and radio-
nuclide. Animal studies demonstrated higher SSTR af-
finity of DOTATATE versus DOTATOC, resulting in 
higher tumour/normal tissue (T/NT) ratios and better 
therapeutic effects  [24, 50, 51] .  177 Lu-DOTATATE had
a higher tumour uptake in CA20948-bearing rats than 
 88 Y- and  111 In-labelled analogues  [24] .  111 In-DOTATOC 
showed higher tumour/kidney absorbed dose ratios
in patients than  111 In-DOTATATE  [52] , while  177 Lu-
DOTATATE gave higher tumour/kidney ratios than 
 77 Lu-DOTATOC  [53] .

   New SS Analogues.  New SS analogues have been test-
ed.  111 In-DOTA-NOC gave a higher tumour uptake and 
lower kidney retention than  111 In-DOTATOC/ 111 In-
DOTATATE in CA20948- or AR42J-bearing rats  [54, 55] . 
DOTA-conjugated multimeric [Tyr 3 ]-octreotide had a 
high tumour uptake and long tumour retention in AR42J-
bearing nude mice  [56] . There is a continuous search for 
pan-SS or multi-SS analogues. SOM230 (pasireotide) and 
BIM-23A779 both have high affinity for SSTR1, 2, 3 and 
5 and KE108 has high affinity for all SSTR subtypes  [57–
60] , but they have not yet been tested for radionuclide 
therapy.

  Receptor agonists are claimed to be better for radionu-
clide therapy since they are internalized in contrast to the 
antagonists. Comparative studies are not yet conclusive. 
The SSTR2 agonist TATE internalized fast in AR42J ver-

Table 3. S trategies for optimization of therapy with radiolabelled SS analogues

I ndividualized treatment for each patient Methods to increase treatment effect on
tumour tissue

Methods to reduce normal
tissue toxicity (nephrotoxicity)

Treatmen t
schedule

Choice of SS 
analogue

Choice of 
radionuclide

Methods to increase tu-
mour uptake/retention
of the radionuclide

Methods to increase 
radiobiological effect 
(tumour tissue)

Activity
administered

SSTR subtype 
expression

Half-life vs.
biokinetics

Optimal amount of
peptide

Combination therapy Reduced uptake and retention 
of the radionuclide

Fractionation New SS
analogues

Particle range vs. tumour 
size and distribution

SSTR upregulation Radiosensitizing Reduced radiobiological effects

New radiolabel-
ling techniques

SSTR affinity Increased tumour
perfusion

Interaction with death 
signalling pathways
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sus a high-affinity SSTR2 antagonist  [61] . The SS ana-
logues SOM230 and KE108 were reported as agonists, but 
acted also as antagonists in AR42J cells  [62] ; SOM230 was 
not internalized in vitro or in AR42J in rats  [63] . Lower 
internalization and higher tumour/blood and tumour/
muscle values in AR42J-bearing rats were found for a 
 64 Cu-labelled antagonist (SSTR2-ANT) versus an agonist 
(Tyr 3 -TATE). The uptake in liver and kidney was, how-
ever, much higher for the antagonist  [64] . It is thus of fu-
ture interest to compare the binding and internalization 
properties in risk organs.

   New Radiolabelling Techniques.  New radiolabelling 
techniques are developed. NOTA octreotide (IMP466)
labelled with  18 F, or  68 Ga, is readily taken up by AR42J on 
mice resulting in high tumour/kidney ratios  [65] . Glyco-
sylated octreotide analogues have been labelled with 
 211 At, or  125 I, with maintained SSTR2 affinity and im-
proved pharmacokinetics in AR42J-bearing rats  [66, 67] . 
 213 Bi-labelled DOTATOC has been produced and given 
promising therapeutic results in one animal model  [68] .

  Choice of Radionuclide 
 The optimal choice of radionuclide for therapy de-

pends on several factors: types of radiation emitted, par-
ticle range versus tumour size, half-life versus biokinet-
ics, and effect on SSTR affinity. Furthermore, factors 
such as possibility to produce the radionuclide carrier-
free and with high specific activity are limiting.

   Type of Radiation Emitted.  The choice of radionu-
clide is very important: only radionuclides with high 
emission of electrons and/or  � -particles and low emis-
sion of photons are suitable for therapy  [69–72] .  � -Par-
ticles give a higher biological effect than electrons per 
radiation dose since the linear energy transfer value is 
higher. The photon contribution should be considered 
when translating results from animal to man; promising 
results in animals do not directly indicate similar results 
in man for radionuclides with high photon emission, 
e.g.  111 In  [71] .

   Particle Range.  Therapy has been suggested/per-
formed in animals and patients using SS analogues la-
belled with various radionuclides, e.g. the Auger and con-
version electron emitters  111 In and  103m Rh (low electron 
energy)  [46, 72] , the  � -emitters  177 Lu,  153 Sm, and  161 Tb 
(medium electron energy)  [23, 24, 26, 42, 44, 51, 73–75]  
and  90 Y, and  188 Re (high electron energy)  [76–78]  and the 
 � -particle emitters  225 Ac,  211 At and  213 Bi  [66–68, 79] . For 
radionuclides with a higher electron energy and thus lon-
ger range, the absorbed fraction/dose in small tumours 
will be lower than in larger tumours and tissue surround-

ing the tumours will be more highly exposed. This rela-
tion was clearly demonstrated in CA20948-bearing rats: 
 90 Y-DOTA-octreotide (mean electron range 12 mm) gave 
complete response in larger tumours, but was less effec-
tive in smaller tumours  [80] . In similar studies with 
 177 Lu-octreotate (mean electron range 0.67 mm) the cure 
rate was much higher for smaller versus larger tumours 
 [24] .

  Theoretically, short-ranged particles would give effec-
tive treatment also in larger tumours if the radionuclides 
were homogeneously distributed in the tumour. It has 
been proposed that radionuclides emitting particles with 
a longer range than needed for a certain tumour size can 
offer advantages in case of inhomogeneous SSTR expres-
sion within the tumour. In GOT1 tumours the  177 Lu con-
centration peripherally was only half of that in central 
parts not related to tumour size, clearly indicating a
lower absorbed dose peripherally  [47] . A combination
of  90 Y-DOTATOC/DOTATATE and  177 Lu-DOTATATE 
was efficient for treating tumours of different sizes  [77] .

   Physical Half-Life.  The fast binding to tumour tissue 
implied that the physical half-life of the radionuclide 
should be short, but if T/NT increase with time (i.e., the 
retention time is longer in tumour than normal tissues), 
radionuclides with longer half-lives might be favourable. 
In the GOT1 model, all T/NT studied increased with time 
3–14 days after injection of  177 Lu-octreotide  [81] . Similar 
results were found in the GOT2 model  [36] .

   Tumour Uptake versus Tumour Size.  One important 
factor for evaluation of therapeutic effects of radiophar-
maceuticals is if the activity concentration in tumour tis-
sue (or T/NT values) varies with tumour size. In the H69 
model, we found a higher uptake of  177 Lu-octreotate in 
smaller tumours at 24 h, but not at 3 and 7 days after in-
jection  [82] .

  Methods to Increase the Treatment Effect on 

Tumour Tissue 

 Methods to Increase Tumour Uptake and Retention of 
the Radionuclide 
  Optimal Amount of Peptide.  The binding of SS ana-

logues to the tumour depends on the number of peptide 
molecules and the number of SSTR available. For 
CA20948 tumours in rats, a bell-shaped binding curve 
appeared with a maximum at 0.5  � g  [83] . In the GOT1 
model the maximal uptake and T/NT values were found 
for 0.1–1  � g  111 In-octreotide with reduced values at high-
er peptide amounts  [84] .
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  Saturation of SSTR should be avoided, since the up-
take and absorbed dose to the tumour tissue will be re-
duced otherwise. The effects of SSTR saturation have 
been clearly demonstrated. In the GOT1 model, satura-
tion was found at peptide amounts  1 1  � g of  111 In-DTPA-
octreotide  [84] . In the GOT2 model, with much lower 
SSTR expression, saturation occurred in both tumour 
tissue and SSTR-expressing pancreas/adrenals for  177 Lu-
octreotate at lower peptide levels  [36] . To avoid SSTR 
 saturation, low peptide amounts should be used which 
necessitates high specific activity of the radiolabelled 
peptide, prolonged infusion time, or fractionated admin-
istration of the radiopharmaceutical.

   SSTR Upregulation.  The uptake of radiolabelled SS an-
alogues could be increased by upregulation of SSTR ex-
pression specifically in tumour tissue. Several methods 
have been suggested, e.g. prestimulation with radiation, 
unlabelled SS analogues, or other compounds  [47, 85, 86] . 
In vitro experiments on H69 cells have demonstrated in-
creased uptake of  177 Lu-octreotate by a factor of 2–7 after 
external irradiation, most probably due to upregulation 
of SSTR expression, since mRNA levels of SSTR1, 2 and 
5 were increased  [87] . Similar results were found in vivo 
in the GOT1 model  [88] . Exposure to low amounts of 
 177 Lu-octreotate gave a twofold higher concentration of 
 111 In-octreotide in the tumour tissue with no increased 
concentration in normal tissues. Radiation-induced 
SSTR upregulation has been reported in other in vitro 
and in vivo models  [41, 46, 89] .

  Studies on the GOT1 model clearly showed the im-
portance of optimal timing and activity levels for the 
first administration. At short time intervals and/or high-
er activity, a reduced amount of binding of the second 
fraction was observed which was probably related to a 
lower number of SSTR available at the cell membrane. 
Another explanation is reduced perfusion of the tumour 
tissue and hence reduced penetration due to inflamma-
tion/oedema caused by irradiation from the first injec-
tion  [23, 90] . At longer time intervals, recycling of SSTR, 
enhanced tumour perfusion or reduced intratumoural 
pressure may promote increased binding of radiolabelled 
SS analogues. Reduced intratumoural pressure might 
lead to improved tumour oxygenation and an enhanced 
radiobiological effect, further influenced by angiogenic 
factors  [91, 92] .

  Pretreatment with the nucleoside analogue gemcita-
bine initially gave downregulation but after withdrawal 
upregulation of SSTR by a factor of 1.5–3 in AR42J or
H69 cells treated with  177 Lu-octreotate  [93] .

  Methods to Increase Radiobiological Effect on Tumour 
Tissue 
  Combination Therapy and Radiosensitizing.  The ef-

fects of ionizing radiation are to some extent known. 
 Radiation induces DNA damage, followed by cellular 
 responses such as DNA repair, cell cycle arrest, mitotic 
catastrophe, necrosis and apoptosis  [94, 95] . Radiation-
induced effects may vary in different types of tumour 
cells due to the status of the signalling pathways in the 
cell. One method to enhance the therapeutic effect is to 
combine treatment with radiolabelled SS analogues with 
agents that potentiate the effect on tumour tissue, so-
called radiosensitizers. Synergistic effects will occur if 
the effects by radiation and the radiosensitizer will affect 
signalling pathways related to cell death.

   Potential Interaction between Radiation and Apopto-
sis-Related Pathways.  Radiation-induced cell death is 
achieved via several signalling pathways, mostly involv-
ing apoptosis. Pre-mitotic apoptosis is associated with ac-
tivation of caspase-3, while post-mitotic apoptosis relates 
to downregulation of antiapoptotic genes, i.e.  MAPK  and 
 BCL2   [95] . Radiation also induces cellular responses via 
various extranuclear targets and extracellular events. Ra-
diation-induced apoptosis is mediated both via the in-
trinsic mitochondria-mediated and extrinsic death-re-
ceptor-mediated pathways  [94, 96–99] .

  We have clearly demonstrated that  177 Lu-octreotate 
induces apoptosis in xenografted GOT1 tumours with a 
maximum at day 1 and 3 after injection  [23] . In many tu-
mours, including carcinoids, the apoptotic signalling is 
disrupted or reduced, which leads to relative radioresis-
tance  [100] . Carcinoids express BCL2 and MYC  [101, 102] . 
Since BCL2 inhibits apoptosis, BCL2 inhibitors might 
stimulate apoptosis and increase the radiosensitivity of 
such tumours.

  The natural ligand of the death receptors TRAILR1 
and 2, TRAIL, kills tumour cells specifically without ef-
fects on normal cells. Since TRAIL has short half-life in 
vivo  [103–106] , long-acting TRAIL analogues have been 
produced. TRAIL-induced apoptosis has been studied in 
carcinoid cells in vitro. A peroxisome proliferator-acti-
vated receptor- �  (PPAR � ) agonist inhibited carcinoid cell 
growth and promoted TRAIL-induced apoptosis  [107] . 
Since ionizing radiation upregulates  TRAILR1  and  2  and/
or their ligands causing apoptosis  [106] , a combination 
between radiation and TRAIL/PPAR �  analogues might 
be of future interest. Several radiosensitizers have been 
suggested, e.g .  agonistic monoclonal antibodies or re-
combinant ligands to death receptors, competing mole-
cules to growth receptors, tyrosine-kinase inhibitors, 
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small molecule inhibitors, antisense oligonucleotides, or 
siRNA  [108] . Some of these principles have been tested 
experimentally and have led to pilot clinical trials  [108] .

   Potential Interaction between Radiation and PARP-Re-
lated Pathways.  Activation of nuclear factor- � B (NF- � B)/
Rel transcription factors is related to tumour formation, 
including malignant transformation, inhibition of apop-
tosis, and increased proliferation, invasiveness, angiogen-
esis and metastasis formation  [109] . The pyridyl guani-
dine CHS-828 (GMX-1778) inhibits activation of NF- � B 
in tumour cell lines in vitro  [110] . Another mode of action 
of CHS-828 involves depletion/reduction of nicotinamide 
adenine dinucleotide (NAD + ), which is related to ATP 
generation, ADP ribosylation and poly(ADP-ribose) poly-
merase 1 (PARP1)  [111] . PARP1 is activated by DNA dam-
age and binds to DNA strand breaks. NAD +  is further 
metabolized into ADP-ribose polymers that are trans-
ferred to nuclear proteins including PARP1  [112, 113] . 
NAD +  can be resynthesized via a salvage pathway  [114] . 
Radiation is known to strongly activate PARP1, resulting 
in depletion of NAD + /ATP energy stores and cell death 
 [115] . One treatment option would be to use drugs to in-
hibit NAD +  resynthesis, e.g. CHS-828 and FK866, to po-
tentiate the energy deficit of tumour cells  [111, 116, 117]  . 

  We have demonstrated potent anti-tumour effects of 
CHS-828, both in vitro and in vivo on three NE tumour 
cell lines (GOT1, GOT2 and BON). One weekly oral 
treatment with CHS-828 to nude mice resulted in necro-
sis and complete tumour regression in all tumour types 
 [118] . CHS-828 also had potent effects on TT cells, xeno-
grafted neuroblastoma and SCLC NYH  [110, 119, 120] . 
Nude mice xenografted with GOT1 tumours were cured 
with either 30 MBq  177 Lu-octreotate or with CHS-828 
(250 mg/kg/week)  [23, 118] . In the same model we found 
that lower doses of  177 Lu-octreotate or CHS-828 (7.5 MBq 
and 100 mg/kg/week, respectively) gave partial tumour 
regression. When the two treatment modalities were 
combined, at reduced doses a marked synergistic effect 
was seen with complete tumour regression in almost all 
animals  [121] . We thus regard CHS-828 as a radiosensi-
tizer. In phase I trials, patients have received FK866, or 
CHS-828, as monotherapy resulting in adverse effects 
and no tumour regression, suggesting that NAD +  deplet-
ing drugs must be combined with therapies causing DNA 
damage, e.g. radiation  [122] .

   Potential Interaction between Radiation and RAS-Re-
lated Pathways.  Overexpression of  RAS  reduces the ra-
diosensitivity in general; PI3K is one mediator of RAS-
induced radiation resistance  [123, 124] .  EGFR  expression 
and AKT phosphorylation are also associated with radio-

sensitivity. Inhibition of EGFR, PI3K, and AKT and RAS 
has demonstrated increased radiosensitivity of cancer 
cell lines  [125, 126] . Thus, radiosensitizers could be di-
rected against signals common for these pathways  [123] .

   Potential Interaction between Radiation and VEGF-
Related Pathways.  NE tumours frequently express VEGF, 
which increases angiogenesis and the oxygen level  [127] . 
It is well known that high oxygen concentration enhanc-
es radiosensitivity and that radiation increases the VEGF 
expression  [128] . Synergistic effects of anti-VEGF therapy 
and radiolabelled SS analogues can most probably be 
achieved.

   Combination Therapy with Other Radiopharmaceuti-
cals or Cytotoxic Drugs.  Many NE tumours also express 
other receptors or antigens. A combination of two radio-
labelled pharmaceuticals that affect normal tissues dif-
ferently may lead to a higher radiation dose to the tumour 
without increased toxicity. Likewise, a combination with 
cytotoxic drugs might have synergistic effects. Pretreat-
ment with gemcitabine increased apoptosis of AR42J
and H69 cells treated with  177 Lu-DOTATATE or  177 Lu-
DOTATOC  [93] .

  Reduction of Toxicity and Side Effects 

 The major side effects after therapy with radiolabelled 
SS analogues are acute effects on bone marrow (usually 
reversible) and late effects on kidneys  [129–131] . There are 
two ways to reduce nephrotoxicity: (1) to reduce uptake/
retention in the kidneys, and (2) to reduce toxic effects of 
radiation.

  Methods to Reduce Uptake and Retention of the 
Radionuclide in the Kidneys 
 Radiolabelled peptides are excreted mainly via the 

urine and are reabsorbed in the renal proximal tubules 
 [132–134] . To reduce nephrotoxicity, better knowledge on 
reabsorption, retention and toxicity mechanisms are re-
quired. Studies on rats and nude mice demonstrated 
dose-dependent late damage of the proximal tubules af-
ter treatment with radiolabelled SS analogues  [134, 135] . 
Renal damage was found after 280–560 MBq  177 Lu-oc-
treotate in rats, while after 90 MBq in mice [unpubl. 
data]. The estimated tolerance absorbed dose to the 
mouse kidney cortex was 24 Gy (biologically effective 
dose, BED: 37 Gy) [unpubl. data]. For  90 Y-DOTATATE in 
mice, severe bone marrow toxicity occurred already after 
30 MBq (18 Gy to the kidney cortex); the tolerance dose 
to kidneys could not be determined [unpubl. data]. In pa-
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tients treated with  90 Y-DOTATOC, a BED threshold of
28 Gy was suggested for patients with risk factors (hyper-
tension and diabetes), otherwise a BED of 40 Gy was
proposed  [131] .

  Several transport mechanisms are involved in renal 
reabsorption of peptides/proteins: receptor-mediated en-
docytosis (via megalin/cubulin receptors and SSTR), 
amino acid/oligopeptide transporters, pinocytosis, and 
passive diffusion  [136, 137] . Previous studies in vitro and 
in vivo indicate that endocytosis of  111 In-octreotide/ 111 In-
octreotate is mediated via megalin/cubulin receptors on 
the apical cell membrane of proximal tubular cells  [133, 
138–141] . Another important factor is the abundance of 
SSTR in the kidneys: in mice, all five SSTR were expressed 
and high expression of all SSTR was also found in man 
 [142–145] ; only SSTR3 and 4 were found in rats  [146] . The 
different SSTR expression profiles between species make 
translation of uptake/dosimetry complicated. The rela-
tion between binding and retention via megalin/cubulin 
receptors and SSTR is not known, but SSTR seem to be 
less important in man  [147] .

  There are several strategies to reduce renal uptake: 
structural modification of the radiopharmaceutical (e.g. 
by exchange/addition/deletion of amino acids or other 
molecules), or use of other radionuclides/chelating agents. 
Using such strategies, one should be aware of potential 
changes of SSTR affinity, and that the resulting tumour/
kidney absorbed dose ratio should not decrease.

  Another way to reduce the reabsorption process is 
blocking by other ligands. Today, infusion with basic 
amino acids is clinically used during infusion of radiola-
belled SS analogues to reduce renal uptake of the radio-
nuclide. Lysine alone, or combined with arginine, has 
been used clinically and in rats;  D -lysine may be preferred 
to  L -lysine because of lower toxicity  [135, 148–151] .

  In recent studies, succinylated gelatin (Gelofusine � ; 
Braun) or lysine reduced renal uptake of  177 Lu- or  111 In-
octreotate; synergistic effects were obtained with com-
bined use  [152–157] . Gelofusine did not reduce uptake of 
 111 In-octreotate in SSTR-expressing tissues and tumours 
 [156] . Low amounts of albumin fragments specifically re-
duced renal uptake of  111 In-octreotide  [158] . Dimercap-
tosuccinic acid (DMSA) specifically reduced kidney re-
tention of  177 Lu-octreotate in rats  [159] . The results sug-
gest new possibilities for more efficient and selective renal 
blockade.

  Methods to Reduce Radiobiological Effects in Kidneys 
 The radiation-induced nephrotoxicity can be reduced 

by radioprotecting agents; in rats treated with  177 Lu-oc-

treotate, amifostine reduced the increased levels of cre-
atinine and proteinuria, and also histologically demon-
strated damage  [160] . Other options are mitigating 
agents, e.g. ACE inhibitors and angiotensin II receptor 
antagonists, which prevent the effects of whole-body ir-
radiation in rats and patients  [161–163] .

  Fractionated therapy is used to allow recovery from 
acute normal tissue toxicity. It is generally assumed that 
late effects only depend on the total absorbed dose (no
effects of dose rate, time of exposure and fractionation). 
It is unclear if late effects, e.g. nephrotoxicity, will be
lower after fractionated radionuclide therapy. One study 
in rats showed that increased number of fractions and 
longer interval between fractions of  177 Lu-octreotate gave 
less nephrotoxicity, with maintained tumour response 
 [135] .

  Conclusion 

 Much work is still needed to obtain optimal treatment 
results using radiolabelled SS analogues. This paper sum-
marizes different strategies, some focused on enhanced 
treatment effects on tumour tissue and others on reduced 
side effects of normal tissues. Individualized treatment 
planning, including optimal choice of radiopharmaceuti-
cal, is a relatively straightforward way to increase the ab-
sorbed dose to the tumour. By combining radiolabelled 
SS analogues with compounds/drugs that can act as ra-
diosensitizers, treatment effects can be enhanced. Beside 
acute bone marrow toxicity, the main limiting factor in 
treatment of patients today is late nephrotoxicity. Several 
tubular mechanisms are involved in the uptake and re-
tention of the radiolabelled SS analogues; today only 
blocking agents are used to reduce such uptake. Animal 
studies indicate that combination of several different 
methods may give synergistic effects. Most strategies pre-
sented herein have been studied in animals but not yet in 
man. To achieve higher cure rates of patients with NE tu-
mours using SSTR-based methods, such clinical studies 
are warranted.
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