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Peptide receptor scintigraphy and peptide receptor radionuclide
therapy using radiolabeled somatostatin receptor (SSTR) agonists
are successfully used in the clinic for imaging and treatment of
neuroendocrine tumors. Contrary to the paradigm that internali-
zation and the resulting accumulation of radiotracers in cells is
necessary for efficient tumor targeting, recent studies have demon-
strated the superiority of radiolabeled SSTR antagonists for imaging
purposes, despite little to no internalization in cells. However, studies
comparing the therapeutic antitumor effects of radiolabeled SSTR
agonists versus antagonists are lacking. The aim of this study was
to directly compare the therapeutic effect of 177Lu-DOTA-octreotate,
an SSTR agonist, and '77Lu-DOTA-JR11, an SSTR antagonist.
Methods: We analyzed radiotracer uptake (both membrane-bound
and internalized fractions) and the produced DNA double-strand
breaks, by determining the number of p53 binding protein 1 foci, after
incubating SSTR2-positive cells with '77Lu-diethylene triamine
pentaacetic acid, '77Lu-DOTA-octreotate, or 177Lu-DOTA-JR11.
Also, biodistribution studies were performed in tumor-xenografted
mice to determine the optimal dose for therapy experiments.
Afterward, in vivo therapy experiments comparing the effect of
177Lu-DOTA-octreotate and '77Lu-DOTA-JR11 were performed
in this same animal model. Results: We found a 5-times-higher
uptake of 177Lu-DOTA-JR11 than of '77Lu-DOTA-octreotate. The
major part (88% + 1%) of the antagonist uptake was membrane-
bound, whereas 74% + 3% of the total receptor agonist uptake was
internalized. Cells treated with 177Lu-DOTA-JR11 showed 2 times
more p53-binding protein 1 foci than cells treated with 177Lu-DOTA-
octreotate. Biodistribution studies with 77Lu-DOTA-JR11 (0.5 pg/
30 MBq) resulted in the highest tumor radiation dose of 1.8 + 0.7 Gy/
MBq, 4.4 times higher than the highest tumor radiation dose found
for 1777Lu-DOTA-octreotate. In vivo therapy studies with '77Lu-DOTA-
octreotate and '77Lu-DOTA-JR11 resulted in a tumor growth delay
time of 18 £ 5 and 26 * 7 d, respectively. Median survival rates were
43.5, 61, and 71 d for the control group, '77Lu-DOTA-octreotate
group, and the '77Lu-DOTA-JR11-treated group, respectively. Con-
clusion: On the basis of these results, we concluded that the use
of radiolabeled SSTR antagonists such as JR11 might enhance pep-
tide receptor scintigraphy and peptide receptor radionuclide therapy
of neuroendocrine tumors and provide successful imaging and
therapeutic strategies for cancer types with relatively low SSTR
expression.
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Radiolabeled somatostatin (SST) analogs targeting SST re-
ceptors (SSTRs), especially SSTR2, overexpressed on tumor cells
are successfully used for imaging and treatment of neuroendocrine
tumors. These applications are referred to as peptide receptor
scintigraphy (PRS) and peptide receptor radionuclide therapy
(PRRT), respectively. PRS using radiolabeled SST analogs was
first described in the late 1980s by Krenning et al. (), and soon
after the first studies using radiolabeled SST analogs for PRRT fol-
lowed. '"'n-diethylene triamine pentaacetic acid (DTPA)-octreotide
was the first SSTR radioligand used for therapy and although results
were positive, partial remissions were uncommon. Over time multiple
SST analogs with improved receptor affinity, mostly receptor ago-
nists, have been developed and described. These SST analogs have
been coupled to different chelators, enabling labeling of the SST
analogs with positron emitters, such as ®Ga for PET scanning, and
B-emitters, such as °°Y and ”’Lu for therapeutic purposes, leading to
better imaging and therapy results. Concerning therapy, response
rates between 10% and 35% have been reported after treatment of
gastroenteropancreatic neuroendocrine tumors using *°Y-DOTATOC
or 7"Lu-DOTA-octreotate (2,3). Although results are positive, there
is room for improvement of PRRT using SSTR radioligands. Recent
developments to improve therapeutic outcome with SSTR radio-
ligands include the use of a combination of °°Y- and !7’Lu-labeled
peptide analogs, PRRT using a-emitters, and the combination of
PRRT with other anticancer agents (4). Another recent development
is the introduction of SST analogs with receptor antagonistic prop-
erties. For decades it was believed that radiolabeled receptor ago-
nists would be superior to antagonists, because they are internalized
upon receptor binding, resulting in accumulation of radioactivity in
tumor cells. However, recent in vitro and human studies surprisingly
showed higher tumor uptake of SSTR antagonists than SSTR ago-
nists (5-8). Wild et al. (8) reported a 1.7- to 10.6-fold-higher tumor
dose when patients were scanned with '”’Lu-DOTA-JR11, an SSTR
antagonist, than with '77Lu-DOTA-octreotate, an SSTR agonist.
Furthermore, in this same study it was demonstrated that therapy
with '77Lu-DOTA-JR11 is feasible (8).
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To date, to our knowledge no study, neither preclinical nor clinical,
has been performed comparing therapeutic responses between
radiolabeled SSTR agonists and SSTR antagonists. The aim of this
study was to compare the therapeutic effect of '7’Lu-DOTA-octreotate
and 177Lu-DOTA-JR11 in vivo in the H69 SSTR-positive mouse
xenograft model. We first determined the optimal peptide amount
for therapy using these radiotracers by performing biodistribution
studies. Also, in vitro experiments were performed studying the
uptake and the DNA damage response after treatment with the
radiotracers.

MATERIALS AND METHODS

Radioligands

The SSTR agonist DOTA-octreotate (molecular weight, 1,436 g/mol)
(BioSynthema) and the SSTR antagonist JR11 (molecular weight,
1,690 g/mol) (9) (kindly provided by Dr. Helmut Maecke) were radio-
labeled with '77Lu (IDB), using quenchers to prevent radiolysis, as pre-
viously described (8,10,11). Specific activity was 53 MBg/nmol for in
vitro studies and 0.5 pug/30 MBq, 1.0 ng/30 MBq, and 2.0 png/30 MBq
for in vivo studies. Instant thin-layer chromatography on silica gel and
high-pressure liquid chromatography were used to measure radiometal
incorporation (>95%) and radiochemical purity (>90%) as previously
described (11).

Cell Lines and Cell Culture

The SSTR2 complementary DNA sequence from image clone
3875163 (Life Technologies) was cloned into the pcDNA3.1 vector (Life
Technologies). Human osteosarcoma cells (U20S) were transfected with
the pcDNA3.1-SSTR2 vector using X-treme GENE HP Transfection
Reagent (Roche Life Sciences) and selected for 2 wk with Geneticin
(Life Technologies). Single cell colonies were grown to obtain a pure
SSTR2-positive cell line (U20S+SSTR2). Cells were cultured in Dulbecco
modified Eagle medium (Lonza), supplemented with 10% fetal bovine
serum (Biowest) and 5 mL of penicillin (5,000 units/mL) and streptomycin
(5,000 pg/mL) (Sigma Aldrich), at 37°C and 5% CO..

Uptake Assay

The membrane-bound and internalized fractions of the radiotracers
were determined after incubation of the cells with 4 different concen-
trations of !7’Lu-DOTA-octreotate or '"’Lu-DOTA-JR11. To demon-
strate SSTR specificity of the uptake, cells were also incubated with
equal amounts of '"’Lu-DTPA.

Cells were seeded in 12-well plates 1 d before the experiment.
The next day, adhered cells (8 x 10* cells/well) were incubated with
5 x 1078M/2.5 MBgq, 2 x 1078M/1 MBq, 5 x 107°M/0.25 MBgq, or
2 x 107°M/0.1 MBq of 7"Lu-DOTA-octreotate, !7’Lu-DOTA-JR11,
or equal amounts of '7’Lu-DTPA in 1 mL of culture medium for 4 h
at 37°C. After incubation, supernatant was removed and cells were
washed twice with phosphate-buffered saline (PBS) (Lonza). Membrane-
bound radiotracer fraction was separated from the internalized fraction by
incubating cells for 10 min with an acid solution (50 mM glycine and
100 mM NaCl, pH 2.8). Subsequently, cells were lysed using 0.1 M NaOH
to collect the internalized radiotracer fraction. Membrane-bound and in-
ternalized radiotracer fractions were counted in a y-counter (1480 WIZ-
ARD automatic y counter; PerkinElmer) using a radionuclide-specific
energy window, a counting time of 60 s, and a counting error of 5% or
less. Data are expressed as percentage added dose.

DNA Damage Immunofluorescent Staining

DNA double-strand break (DSB) formation was determined by
quantifying the number of p53-binding protein 1 (53BP1) foci per
nucleus over time in cells treated with the radiotracers. 53BP1 is a key
protein that is recruited to DSB during early repair and is therefore a
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good marker for DSBs (/2). Its accumulation on the DSB is visualized
as nuclear foci.

To measure DNA DSBs, cells were seeded on glass coverslips in
6-well plates 1 d before the experiment. The next day, adhered cells
were incubated with 5 MBq of '77Lu-DTPA, 7.9 x 1078M/5 MBq of
177Lu-DOTA-octreotate, or 7.9 x 1078M/5 MBq of !77Lu-DOTA-JR11
in 2 mL culture medium for 4 h at 37°C. Subsequently, cells were
washed twice with PBS and incubated for different time points (0, 1,
2, and 3 d) in culture medium without radiotracers. Cells were fixed
with 1 mL of 2% paraformaldehyde (Sigma Aldrich) for 15 min at room
temperature (RT), permeabilized in PBS containing 0.1% Triton X-100
(Sigma Aldrich) by incubating twice for 10 min at RT, and incubated in
blocking buffer (PBS, 0.1% Triton X-100, 2% bovine serum albumin
[Sigma Aldrich]) for 30 min at RT. Next, cells were incubated for
90 min at RT with the primary antibody, anti-S3BP1 (NB100-304
[Novus Biologicals]; 1/1,000) diluted in blocking buffer. After incuba-
tion, cells were washed 3 times for 5 min at RT with PBS and 0.1%
Triton X-100 and incubated with the secondary antibody (goat antirabbit
Alexa Fluor 594 [Life Technologies]; 1/1,000) in blocking buffer for
60 min at RT. Cells were mounted with Vectashield (Vector Laborato-
ries) containing DAPI (4’,6-diamidino-2-phenylindole). Z-stack imag-
ing was performed using a TCS SP5 confocal microscope (Leica), and
foci were counted from 30 to 40 cells per condition using Image J
software (National Institutes of Health). Foci were considered legiti-
mate when their size was between 20 and 100 squared pixels; foci
smaller or bigger were considered background staining.

In Vivo Biodistribution Studies

All animal experiments were approved by the Animal Welfare
Committee of the Erasmus MC, and all experiments were conducted
in accordance to accepted guidelines.

BALB c¢ nu/nu male animals, subcutaneously (right shoulder) inocu-
lated with 4 X 1004 x 107 cells of the SSTR2-positive human small cell
lung cancer cell line H69, were used in this study. Tumors were allowed to
grow for 34 wk after cell inoculation. Tumor size was 241 = 151 mm?
for biodistribution studies and 701 = 387 mm? for in vivo therapy studies.

To determine the optimal radiotracer peptide amount for therapy,
biodistribution studies were performed. Because studies determining the
optimal dose for '”7Lu-DOTA-octreotate were previously performed at our
department, biodistribution studies were performed only for !”’Lu-DOTA-
JR11. For this, animals were injected with 0.5 wg/30 MBgq, 1 ng/30 MBq,
or 2 ng/30 MBq of '77Lu-DOTA-JR11. At 4 time points (4 h, 2 d, 4 d, and
7 d) after injection, animals (n = 4 per peptide amount for each time
point) were euthanized, and tumors and organs were collected, weighed,
and counted in a +y-counter as previously mentioned. The radioactivity
uptake in tumor and organs was determined and expressed as percentage
injected dose per gram of tissue (%ID/g).

In Vivo Therapy Studies

In the therapy experiment, 24 BALB ¢ nu/nu male mice with
subcutaneous H69 xenografts were intravenously injected with
0.5 g/30 MBq of "7Lu-DOTA-JR11, 0.5 .g/30 MBq of '7"Lu-DOTA-
octreotate, or 200 pL of injection fluid (sham) (n = 8 each group).
Animals injected with either one of the radiotracers were preinjected
with 4 mg of modified fluid gelatin (Gelofusin; Braun) to reduce renal
uptake (/3). Tumor size, weight, and physical well-being of the animals
were monitored 3 times per week. Mice were euthanized when tumor
size reached 2,000 mm?> or animal weight decreased by 10% or more.

Dosimetry
Absorbed doses were calculated for both compounds in organs with
physiologic uptake and in the tumor xenografts. Organ dosimetry was
performed according to the MIRD principle following the equation
for absorbed dose in organ j as a summation from all source organs
it D; =AY a;xS(j<i).
i
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Time-activity curves were determined by least-squares fitting of
single-exponential curves through the data, using Prism software
(GraphPad). The time-integrated activity coefficients &; in each source
organ i were determined by integration of the exponential curves
folded with the '7’Lu decay (half-life, 6.647 d). The S value '7’Lu dose
factors were taken from the 25-g RADAR stylized mouse phantom (/4).
The absorbed doses in the tumor xenografts were determined using the
spheric node option within the Olinda/EXM software (15).

Statistics

Tumor growth curves were individually determined by least-squares
fitting of single-exponential growth curves to the tumor size measure-
ments against time. The growth curves of animals were extrapolated to
later times beyond the censoring endpoint due to the maximum tumor
volume of 2,000 mm?3. The extrapolated data were combined with the
data of the longest surviving animals to obtain a collective growth curve
within each group. Group-averaged mean values of tumor size as a
function of time were considered only for normally distributed tumor
volumes at each time point using the Shapiro-Wilk normality test. A
Pearson correlation coefficient R* > 0.8 was used for acceptance of the
fits. The growth delay time was defined as the difference in time to reach
the maximum tumor volume of 2,000 mm? between the treatment group
and the control. Significant differences were evaluated using the 1-way
ANOVA test, after checking for normality by the Shapiro—Wilk normal-
ity test. All statistical evaluations were performed with Prism software.

RESULTS

In Vitro Uptake of 177Lu-DOTA-Octreotate
and 77Lu-DOTA-JR11

In the in vitro assay, tumor cell uptake of both 77Lu-DOTA-
octreotate and '”’Lu-DOTA-JR11 was observed. Little to no uptake
was seen, on the other hand, when cells were incubated with
177Lu-DTPA, demonstrating receptor specificity of the radiotracers.
The total uptake of '7’Lu-DOTA-JR11 was up to 5 times higher
than the '7’Lu-DOTA-octreotate uptake (Fig. 1). Furthermore, the
lowest peptide amount added resulted in the highest percentage
added dose uptake of both radiotracers. Most radioactivity uptake
of "7Lu-DOTA-octreotate, 74% * 3%, was internalized, whereas
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FIGURE 1. Uptake of SSTR agonist 77Lu-DOTA-octreotate and SSTR
antagonist '77Lu-DOTA-JR11 in the SSTR2-transfected U20S cell line.
%AD = percentage added dose.
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FIGURE 2. DNA damage response studied by analyzing 53BP1 foci in
U20S+SSTR2 cells after treatment with 177Lu-DOTA-octreotate and
177 u-DOTA-JR11. Nontreated and '77Lu-DTPA-treated cells were
taken along as control. (A) Pictures of 53BP1 and DAPI (nuclear) stain-
ing of treated and untreated samples at different time points after treat-
ment. 53BP1 is in red, DAPI is in blue. (B) Quantification of 53BP1 foci
in 3040 cells per condition after treatment. Error bars represent SEM.

most, 88% = 1%, of 17’Lu-DOTA-JR11 uptake was membrane-
bound, in line with the receptor agonistic versus receptor antag-
onistic properties of the 2 radiotracers.

DNA Damage Response

The timing and level of DNA DSB induction and repair were
quantified by counting the number of 53BP1 foci per nucleus over time
(Fig. 2). Initially, DSBs were induced by '"7Lu-DTPA, "7Lu-DOTA-
octreotate, and 17’Lu-DOTA-JR11. However, after unbound radioactivity/
radiotracers were removed, the !77Lu-DTPA-induced DSBs were
repaired within a day, whereas DSBs caused by '7’Lu-DOTA-octreotate
and ""Lu-DOTA-JR11 remained present for at least 3 d. In line with
the difference in uptake, !7’Lu-DOTA-JR11 treatment produced more
DSBs than 77Lu-DOTA-octreotate treatment, and this increased level
of DSBs remained over time.
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In Vivo Biodistribution and Dosimetry of 177Lu-DOTA-JR11
Biodistribution studies were performed at 4 different time points
after injection of 0.5 wg/30 MBq, 1.0 wg/30 MBq, or 2.0 ng/30 MBq
of '7Lu-DOTA-JR11. Injection of 0.5 pg/30 MBq of the radio-
tracer resulted in the highest tumor uptake, with the lowest variation
(20.8 = 3.4 %ID/g of tissue 4 h after injection). Next to the tumor
uptake, high uptake was seen in the kidneys (31.1 £ 5.5 %ID/g of
tissue 4 h after injection), as a consequence of urinary excretion and
partial reabsorption of the radiotracer, and in the SSTR2-expressing
pancreas (9.28 = 1.22 %ID/g of tissue 4 h after injection) and stom-
ach (7.74 = 1.00 %ID/g of tissue 4 h after injection). Kidney, stom-
ach, and pancreas radioactivity decreased relatively quickly, with
clearance half-lives ranging between 14 and 19 h, whereas tumor
uptake remained longer, with a clearance half-life of 30 h. Seven
days after injection of 0.5 pwg/30 MBq of '"7Lu-DOTA-JR11, tumor
radioactivity was 6.8 = 2.5 %ID/g of tissue, whereas kidney, stom-
ach, and pancreas uptake was 1.20 = 0.26, 0.64 = 0.20, and 0.32 =
0.07 %ID/g of tissue, respectively. The results of the biodistribution
study are displayed in Table 1. Dosimetry calculations resulted in a
tumor radiation dose of 1.8 * 0.7 Gy/MBq using 0.5 pg of the
radiotracer. The tumor and highest organ doses for the different
peptide amounts are indicated in Table 2. The tumor, pancreas,
and stomach doses were reduced considerably by higher peptide
amount, whereas the dose to the kidney remained constant.

In Vivo Therapy Studies

BALB c nu/nu animals with H69 xenografts received either
a sham injection, a therapeutic injection of 0.5 png/30 MBq of
177Lu-DOTA-octreotate, or 0.5 wg/30 MBq of 77Lu-DOTA-JR11,
the optimal peptide amount previously reported for !77Lu-DOTA-
octreotate and the optimal peptide amount measured in biodis-
tribution studies for '77Lu-DOTA-JR11. Animals treated with
177Lu-DOTA-JR11 showed a decrease in tumor size up to 45 += 7.d
after injection after which tumor regrowth occurred (Fig. 3A). For
177Lu-DOTA-octreotate, tumor regrowth was already observed 41 +
2 d after injection of the radiotracer. Furthermore, median survival
rates were 43.5, 61, and 71 d for the control group, the !7’Lu-DOTA-
octreotate group, and the '”’Lu-DOTA-JR11-treated group, respec-
tively (Fig. 3B).

The mean time to reach 2,000 mm? was 45 *+ 10 d for control
animals, 64 * 14 d for 77Lu-DOTA-octreotate, and 71 = 10 d
for 177Lu-DOTA-JR11-treated animals. Hence, the growth delay

times were 18 * 5 and 26 = 7 d for '77Lu-DOTA-octreotate
and '77Lu-DOTA-JR11-treated groups, respectively. This was sig-
nificantly different from the control group but did not show a
significant difference between the 2 compounds.

DISCUSSION

Previous studies demonstrated SSTR antagonists to be superior
to SSTR agonist for tumor targeting, contradicting the paradigm
that internalization and accumulation of the radiotracer is necessary
for efficient tumor targeting. However, up to now no study has been
performed directly comparing the therapeutic effect of radiolabeled
SSTR agonists and antagonists. In this study, we compared the
therapeutic response of the radiolabeled SSTR agonist 77Lu-DOTA-
octreotate and the radiolabeled SSTR antagonist !7’Lu-DOTA-JR11 in
vitro, in U20S+SSTR?2 cells, and in vivo in H69-xenografted mice.

First, we studied the in vitro uptake of the 2 radiotracers and
found uptake to be up to 5 times higher with 177Lu-DOTA-JR11
than with 77Lu-DOTA-octreotate. We saw that the major part of
177Lu-DOTA-octreotate was internalized, whereas the major part
of the total uptake of '7’Lu-DOTA-JR11 remained membrane-bound,
consistent with the receptor agonistic and antagonistic properties
of the 2 peptides. These data are in line with previous findings by
Fani et al. (9) who demonstrated SSTR2-specific antagonism of
Ga-NODAGA-JR11 by immunofluorescence imaging in the pres-
ence and absence of the SSTR2 agonist Tyr3-octreotide.

To compare efficacy of the 2 radiolabeled peptides at the
molecular level, we also analyzed the DNA damage response after
treating cells with 17’Lu-DOTA-octreotate or '7’Lu-DOTA-JR11.
77Lu emits B-particles that can induce several types of DNA dam-
age, among which DSBs are the most genotoxic. Unrepaired DSBs
can trigger cell cycle arrest, cell death, and chromosomal aberra-
tions. DSB induction initiates a cascade of events, including
accumulation of the necessary repair proteins (e.g., 53BP1)
(12). Quantification of 53BP1 foci per nucleus is therefore a power-
ful tool to examine DSB induction and repair (16,17). '”’Lu-DTPA
produced only transient DSBs comparable to DSBs induced by an
external radiation source (16). 177Lu-DOTA-JR11 produced 2 times
more DSBs than '77Lu-DOTA-octreotate, even though we observed
up to 5-times-higher uptake of the radiolabeled antagonist in the
uptake assay. This difference might be explained by the different
peptide concentrations used in the assays, because radiotracer

TABLE 1
Biodistribution of 77Lu-DOTA-JR11 in H69-Xenografted Mice
0.5 pg 1.0 ug 2.0 ug
Organ 4h 2d 4d 7d 4h 2d 4d 7d 4h 2d 4d 7d
Blood 023+0.04 003+001 002+001 0.01+000 0.11+£0.02 0.01+0.00 0.01+0.01 0.01+0.00 0.10 £ 0.08 0.04 +0.04 0.01+0.00 0.00 + 0.00
Spleen 056+0.15 035+008 029+005 0.30+0.07 0.55+0.07 029+0.09 024+0.05 0.25=0.04 043 +021 023+0.03 0.18+0.05 0.17 +0.04
Pancreas 928+122 132+0.13 056+008 0.32+0.07 822+120 0.99+0.11 047 +012 0.28 +0.02 3.07+1.06 0.39+0.05 020+ 0.05 0.10 + 0.01
Adrenals 158 +£0.92 049+026 030+0.04 019+006 204+225 033+0.13 0.22+0.07 0.19 £ 0.05 0.47 £0.09 024 +0.06 0.15+0.05 0.14 +0.07
Kidney 31.13+550 7.40+1.04 274+051 120+026 30.06+3.80 7.23+1.79 258+0.18 1.07 +051 3256+ 1320 6.27 + 0.54 2.26 + 0.53 0.84 +0.22
Liver 1.93+0.03 068+0.08 047+001 035+007 236+024 059+0.11 043 +0.03 0.25+ 0.03 1.39+£0.59 042 +0.03 0.33+0.03 0.19+0.03
Stomach 771+100 203+052 1.10+0.10 064+020 538+1.17 1.22+0.17 1.01+£0.12 0.52 +0.04 230+093 0.58+0.09 0.32+0.05 021+0.04
Duodenum 098 +0.31 0.34+020 0.11+0.03 0.08+0.01 096+026 0.14+004 0.11+0.03 0.07 +0.02 0.48 £ 0.19 0.08+0.01 0.06 +0.02 0.03 +0.01
Muscle 022+020 005+002 004001 003+001 020+0.10 0.04+0.01 0.06 +£0.02 0.03 + 0.01 0.18 £0.15 0.03+0.00 0.02 +0.01 0.03 +0.01
Tumor 20.78 £3.37 1121 +268 1021+6.49 6.75+246 2144 +984 1357 +325 861+251 625+155 1364+6.15 7.05+162 432+1.10 3.38 +1.05
Tail 122+028 033+008 038+020 030+022 127+0.15 0.38+021 0.19+0.04 0.17 £0.11 1.07£0.28 028 +£0.12 0.10+0.02 0.09 + 0.06
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TABLE 2
Absorbed Dose Per Administered Activity (Gy/MBq) in 220 mg
H69 Tumor Xenograft and Organs for 177Lu-DOTA-JR11

Organs 0.5 pg 1.0 g 2.0 yg
Tumor 1,800 1,645 936
Kidneys 969 925 886
Stomach 249 189 78
Pancreas 238 202 82

uptake is dependent on the peptide amount used (2 X 10~°M of the
radiotracers resulted in a 5-times-higher uptake of !7’Lu-DOTA-JR11
vs. 77Lu-DOTA-octreotate, whereas the uptake was only
3 times higher with 5 x 1073M of the radiotracers). Furthermore,
being a receptor antagonist, '77Lu-DOTA-JR11 remained bound
to the cell membrane, whereas the receptor agonist !7’Lu-DOTA-
octreotate is internalized. The '"’Lu coupled to JR11, therefore,
resides on average at a larger distance from the nucleus and its
DNA content. This might reduce the number of B-particles effec-
tively reaching the DNA to induce damage, especially when cells
are grown in 2-dimensional cell culture.

177Lu-DOTA-JR11 biodistribution studies in mice with H69
xenografts resulted in the highest tumor uptake with the lowest
variation using 0.5 pwg/30 MBq of the radiotracer. This was similar
to the 22.4 = 7.6 ID/g of tissue 2 h after injection of 100 pmol
68Ga-DOTA-JR11 reported by Fani et al. (9). Previous biodistri-
bution studies with '77Lu-DOTA-octreotate in the same animal
model resulted in the highest tumor uptake of 4.03 = 0.83 %ID/g
of tissue using 0.5 pg/30 MBq of 7’Lu-DOTA-octreotate 2 d after
injection of the radiotracer (S. Bison, M. Konijnenberg, and M. de
Jong, unpublished data, December 2013). At this time point, 0.5 g/
30 MBq of 77Lu-DOTA-JR11 resulted in an almost 3-times-
higher tumor uptake of 11.21 * 2.68 ID/g of tissue in our biodistri-
bution studies. This was higher than the 1.2-times-higher uptake of
68Ga-DOTA-JR11 compared with °®Ga-DOTA-octreotate 2 h after
injection of the radiotracers reported by Fani et al. (9).

The higher tumor uptake after !”’Lu-DOTA-JR11 resulted in a
tumor radiation dose of 1.8 = 0.7 Gy/MBq, 4.4-fold higher than
the maximum tumor radiation dose for '7’Lu-DOTA-octreotate
(0.36 = 0.07 Gy/MBq). Wild et al. (8) reported a 1.7- to 10.6-
fold-higher tumor dose of !77Lu-DOTA-JR11 in patients, due to
higher tumor uptake and longer residence time of the receptor
antagonist, indicating the applicability and translational value of
our mouse model.

Next to the tumor, high kidney uptake of !7’Lu-DOTA-JR11 was
found. To reduce the renal uptake in the in vivo therapy studies,
animals were preinjected with modified fluid gelatin. Previous stud-
ies showed a decrease in renal uptake of 60% when animals re-
ceived a preinjection of modified fluid gelatin (/3). Despite the high
renal uptake, the treated animals showed no signs of kidney insuf-
ficiency. However, in our study animals received only 1 therapeutic
injection of '77Lu-DOTA-JR11, and follow-up time was limited. To
accurately determine the effect of the radiotracer on the kidneys,
additional experiments are needed. In the pilot study by Wild et al.
(8), patients were preinjected with a solution of arginine and lysine
to reduce renal uptake, resulting in a 6.2-fold-higher tumor-to-
kidney ratio for 77Lu-DOTA-JRI11 than '77Lu-DOTA-octreotate.
Although the patients in this study already had grade 2 or 3 chronic
renal failure, no additional decrease in tubular kidney function was
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reported. Additional studies in larger patient groups without renal
problems and studies with longer follow up times are necessary to
further investigate potential adverse effects.

Comparing the in vivo therapeutic effect of 17’Lu-DOTA-octreotate
and "Lu-DOTA-JR11, we found a longer tumor growth delay time
and a longer median survival after !77Lu-DOTA-JR11 treatment. This
finding is in line with the higher uptake we found in the in vitro
internalization assay and the in vivo biodistribution study. However,
the difference in growth delay time between the '77Lu-DOTA-JR11
and '"Lu-DOTA-octreotate—treated animals was not significant. This
can be explained by variation in initial tumor size and the fact that
animals received only 1 therapeutic injection of the radiotracers. Fur-
thermore, the absorbed dose factor for '7’Lu in the cytoplasm (as a
consequence of agonist internalization) is 1.5-2 times higher than
the absorbed dose factor for 7’Lu uptake that is limited to the cell
membrane (most of the antagonist uptake) (18).

The superiority of receptor antagonists to receptor agonist has
also been reported for other radioligands. So, studies evaluating
the use of radiolabeled gastrin-releasing peptide receptor agonists
and antagonists for targeting of gastrin-releasing peptide receptors
overexpressed on prostate cancer cells also showed superiority for
antagonists (/9).
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FIGURE 3. (A) Tumor growth extrapolation of control, 77Lu-DOTA-

octreotate, and 77Lu-DOTA-JR11-treated animals. 177Lu-DOTA-
octreotate and '77Lu-DOTA-JR11-treated animals were preinjected
with modified fluid gelatin to reduce renal uptake of radiotracers. (B)
Kaplan—Meier survival curve of control animals, '7’Lu-DOTA-octreotate,
and 77Lu-DOTA-JR11-treated animals.
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Studies with unlabeled SSTR antagonists BIM-23454 and BIM-
23627 in rats showed an increase in growth hormone secretion
after administration (20), which may have a negative effect on tumor
therapy. However, the minimal effective concentration, 1 mg/kg for
BIM-23454 and 0.02 mg/kg for BIM-23627, necessary to promote
growth hormone release was much higher than the dose used for
imaging and therapy with radiolabeled SSTR antagonists, for ex-
ample, 150 * 20 pg for imaging and 2-3 cycles of 105 * 35 g for
therapy in the study by Wild et al. ().

The higher uptake of radiolabeled SSTR antagonists might offer
possibilities for SSTR-mediated PRS and PRRT to be applied in
cancer types with lower SSTR expression, for example, breast
cancer. Previous studies by Reubi et al. (27) reported high-density
SSTR expression in 21% of the breast tumors analyzed, whereas
in total 75% of the tumors expressed the SSTR. Cescato et al. (6)
compared binding of the SSTR antagonist '7’Lu-DOTA-BASS
with the SSTR agonist '”’Lu-DOTA-octreotate and reported 11 =+
4-fold-higher binding of the antagonist in 7 breast carcinomas an-
alyzed by in vitro autoradiography. Furthermore, imaging studies
in breast cancer patients using SSTR agonists have been performed
with varying results (22,23). The use of JR11 may improve these
results and provide imaging and therapy options for different
tumors.

CONCLUSION

The use of radiolabeled SSTR antagonist such as JR11 may
contribute to the improvement of PRS and PRRT in neuroendocrine
tumors as well as provide opportunities for SSTR-mediated PRS
and PRRT in tumor types with relatively low SSTR expression.
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