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Chelated somatostatin agonists have been shown to be sen-
sitive to N-terminal radiometal modifications, with Ga-DOTA
agonists having significantly higher binding affinity than their
Lu-, In-, and Y-DOTA correlates. Recently, somatostatin antag-
onists have been successfully developed as alternative tracers
to agonists. The aim of this study was to evaluate whether
chelated somatostatin antagonists are also sensitive to radio-
metal modifications and how. We have synthesized 3 different
somatostatin antagonists, DOTA-p-NO,-Phe-c[p-Cys-Tyr-bp-
Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,, DOTA-Cpa-c[p-Cys-Aph
(Hor)-b-Aph(Cbm)-Lys-Thr-Cys]-b-Tyr-NH, (DOTA-JR11), and
DOTA-p-ClI-Phe-c[p-Cys-Tyr-b-Aph(Cbm)-Lys-Thr-Cys]-b-Tyr-
NH,, and added various radiometals including In(lll), Y(lIl), Lu
(1, Cu(ll), and Ga(lll). We also replaced DOTA with 1,4,7-tria-
zacyclononane,1-glutaric acid-4,7-acetic acid (NODAGA) and
added Ga(lll). The binding affinity of somatostatin receptors 1
through 5 was evaluated in all cases. In all 3 resulting antago-
nists, the Ga-DOTA analogs were the lowest-affinity radioli-
gands, with a somatostatin receptor 2 binding affinity up to 60
times lower than the respective Y-DOTA, Lu-DOTA, or In-DOTA
compounds. Interestingly, however, substitution of DOTA by
the NODAGA chelator was able to increase massively its
binding affinity in contrast to the Ga-DOTA analog. The 3
NODAGA analogs are antagonists in functional tests. In vivo
biodistribution studies comparing 8Ga-DOTATATE agonist
with 68Ga-DOTA-JR11 and %8Ga-NODAGA-JR11 showed
not only that the JR11 antagonist radioligands were superior
to the agonist ligands but also that #8Ga-NODAGA-JR11 was
the tracer of choice and preferable to 68Ga-DOTA-JR11 in
transplantable HEK293-hsst, tumors in mice. One may
therefore generalize that somatostatin receptor 2 antago-
nists are sensitive to radiometal modifications and may pref-
erably be coupled with a ¥8Ga-NODAGA chelator-radiometal
complex.
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We demonstrated a decade ago (/) that somatostatin
analogs may be sensitive to N-terminal radiometal modifi-
cations. For instance, Ga(III)-DOTA-OC (OC = octreotide)
has a 3-fold higher affinity for somatostatin receptor 2 (sst,)
than Y(IIT)-DOTA-OC, Ga(IlI)-DOTATOC has a 6-fold higher
affinity than Y(III)-DOTATOC, and Ga(IlI)-DOTATATE has
an 8-fold higher affinity than Y(II[)-DOTATATE (/). These
improved binding affinities also translated into improved
internalization rates and concomitantly higher tumor uptake
(2). In those studies, it appeared adequate to generalize that
67/68Ga is a radiometal that systematically improved the sst,
affinity of DOTA-conjugated somatostatin agonists and their
pharmacokinetics. It was further confirmed in vivo in pa-
tients with neuroendocrine tumors that °8Ga-DOTANOC,
68Ga-DOTATOC, or %8Ga-DOTATATE was a better imaging
agent than the '"'In-DOTA congeners (2-8).

It has recently been shown that potent somatostatin
receptor antagonists, known to poorly internalize into tumor
cells, can visualize tumors in vivo as well as or even better
than the corresponding agonists (9). This unexpected phe-
nomenon was found both for sst,- and for somatostatin re-
ceptor 3 (sstz)-selective somatostatin analogs and may be due
to the binding of the antagonist to a larger number of sites
and to its slower dissociation rate. A pilot clinical trial with
radiolabeled DOTA-linked sst, antagonists recently con-
firmed the animal data (/0). More potent sst, antagonists
aiming at that same purpose have been developed (/7). To
achieve this goal, several functional tests able to distinguish
an agonist from an antagonist had to be developed (/1,12).

In the light of these recent developments, it was therefore
alogical consequence to investigate whether somatostatin antag-
onists were maintaining the same sensitivity to N-terminal mo-
difications. We therefore selected the somatostatin antagonists
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with the best affinity and highest hydrophilicity that we have
recently developed (/1,13)—such as DOTA-p-NO,-Phe-c[D-
Cys-Tyr-D-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH, (DOTA-JR10),
DOTA-Cpa-c[p-Cys-Aph(Hor)-p-Aph(Cbm)-Lys-Thr-Cys]-
D-Tyr-NH, (DOTA-JR11), and DOTA-p-Cl-Phe-c[D-Cys-
Tyr-p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH, (DOTA-LM3)
(Table 1) (11,13)—and coupled various metal ions to these
DOTA conjugates such as Y(III), In(IIT), Lu(IIT), Cu(II), and
Ga(Ill). In some analogs, we replaced DOTA with 1,4,7-
triazacyclononane, 1-glutaric acid-4,7-acetic acid (NODAGA),
known to be a particularly good chelator for Ga(Ill) and Cu(Il)

(13,14). The sst;—ssts binding affinities of these compounds
were determined in vitro. Selected compounds with high sst,
affinity were tested for their biodistribution in vivo in animals
bearing HEK293-hsst,—expressing tumors. As a control ago-
nist, the pharmacokinetics of ®3Ga-DOTATATE were compared
with those of 58Ga-labeled somatostatin-based antagonists.

MATERIALS AND METHODS

Reagents and Cell Lines
All reagents were of the best grade available and were purchased
from common suppliers. The 8Ge/%8Ga-generator IGG100 was

TABLE 1
Chemical Structure and ICsq Values of sst, Antagonists Based on JR10, JR11,
and LM3 Family and Their Metallated Conjugates

Code number

Chemical structure

DOTA-JR11*
Ga-DOTA-JR11
Y-DOTA-JR11
Lu-DOTA-JR11
Cu-DOTA-JR11
In-DOTA-JR11
NODAGA-JR11
Ga-NODAGA-JR11
DOTA-JR10F
Ga-DOTA-JR10
In-DOTA-JR10
Lu-DOTA-JR10
NODAGA-JR10
Ga-NODAGA-JR10
DOTA-LM3
Ga-DOTA-LM3+
In-DOTA-LM3
Ga-NODAGA-LM3*

Reference agonist,
Ga-DOTATATES

DOTA-Cpa-c[p-Cys-Aph(Hor)-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
["atGa]-DOTA-Cpa-c[p-Cys-Aph(Hor)-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
["atY]-DOTA-Cpa-c[p-Cys-Aph(Hor)-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
["atLu]-DOTA-Cpa-c[p-Cys-Aph(Hor)-
p-Aph(Cbm)-Lys-Thr-Cys]-b-Tyr-NH,
["atCu]-DOTA-Cpa-c[p-Cys-Aph(Hor)-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
["atin]-DOTA-Cpa-c[p-Cys-Aph(Hor)-
p-Aph(Cbm)-Lys-Thr-Cys]-b-Tyr-NH,
NODAGA-Cpa-c[p-Cys-Aph(Hor)-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,

["atGa]-NODAGA-Cpa-c[p-Cys-Aph(Hor)-

p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
DOTA-p-NO,-Phe-c[p-Cys-Tyr-
p-Aph(Cbm)-Lys-Thr-Cys]-b-Tyr-NH,
["atGa]-DOTA-p-NO,-Phe-c[p-Cys-Tyr-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
[atIn]-DOTA-p-NO,-Phe-c[p-Cys-Tyr-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
["atLu]-DOTA-p-NO,-Phe-c[p-Cys-Tyr-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
NODAGA-p-NO,-Phe-c[p-Cys-Tyr-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,

["atGa]-NODAGA-p-NO,-Phe-c[p-Cys-Tyr-

p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
DOTA-p-Cl-Phe-c[p-Cys-Tyr-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
["atGa]-DOTA-p-Cl-Phe-c[p-Cys-Tyr-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
["atin]-DOTA-p-Cl-Phe-c[p-Cys-Tyr-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
["atGa]-NODAGA-p-Cl-Phe-c[p-Cys-Tyr-
p-Aph(Cbm)-Lys-Thr-Cys]-p-Tyr-NH,
["atGa]-DOTA-D-Phe-c[Cys-Tyr-
D-Trp-Lys-Thr-Cys]-Thr

*Corresponds to peptide 31 in Cescato et al. (77).
TCorresponds to peptide 3 in Cescato et al. (17).
*Described in Fani et al. (13).

SDescribed in Reubi et al. (7).
Data are expressed in nmol/L (mean = SEM; n = 3).

ICs0 (NM)
ssti sst2 sst3 sst4 sstb
>1,000 0.72 = 0.12 >1,000 >1,000 >1,000
>1,000 29 = 2.7 >1,000 >1,000 >1,000
>1,000 0.47 +£0.05 >1,000 >1,000 >1,000
>1,000 0.73 =0.15 >1,000 >1,000 >1,000
>1,000 16 = 1.2 >1,000 >1,000 >1,000
>1,000 3.8 £ 0.7 >1,000 >1,000 >1,000
>1,000 41 £0.2 >1,000 >1,000 >1,000
>1,000 1.2 0.2 >1,000 >1,000 >1,000
>1,000 0.62 = 0.21 >1,000 >1,000 >1,000
>1,000 89 +22 >1,000 >1,000 >1,000
>1,000 23 *05 >1,000 >1,000 >1,000
>1,000 1.2*+0.2 >1,000 >1,000 >1,000
>1,000 23.0=* 1.5 >1,000 >1,000 >1,000
>1,000 6.5+ 05 >1,000 >1,000 >1,000
>1,000 0.39 £ 0.05 >1,000 >1,000 >1,000
>1,000 12.5=*43 >1,000 >1,000 >1,000
>1,000 1.3 = 0.1 >1,000 >1,000 >1,000
>1,000 1.3 0.2 >1,000 >1,000 >1,000
>1,000 0.2 = 0.04 >1,000 300+ 140 377 =18
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available from Eckert & Ziegler. The sst,-specific antibody R2-88
was provided by Dr. Agnes Schonbrunn. The secondary antibody
Alexa Fluor 488 goat antirabbit IgG (H+L) was from Molecular
Probes, Inc. Tyr3-octreotide (TOC) was from Novartis.

The HEK?293 cell line expressing the T7-epitope—tagged human
sst, (HEK-hsst,) was cultured at 37°C and 5% CO, in Dulbecco
modified Eagle medium containing 10% fetal bovine serum, pen-
icillin (100 U/mL), streptomycin (100 wg/mL), and G418 (500
pg/mL) (15). All culture reagents were from Gibco BRL, Life
Technologies.

Synthesis of Analogs, Coupling to Chelators
and Radiometals

The unnatural amino acids p-Aph(Cbm) (p-4-amino-Phe-
carbamoyl) and Aph(Hor) (amino-Phe-hydroorotic acid) were
synthesized as described earlier (/3,16). The peptide analogs
JR10, JR11, and LM3 and the corresponding DOTA and
NODAGA conjugates (Table 1) were synthesized following stan-
dard solid-phase peptide synthesis on a methyl-benzhydrylamine
resin as previously described (/1,13).

The ™n, "tY, "y, "'Cu, and "*Ga complexes of the conjugates
were prepared using an excess (2- up to 3.5-fold) of "InCl;, "*YCl; X
XH20, “‘“Lucl3 X 6H20, “a‘CuClz X 2H20, and ““‘Ga(NOg)g X Hzo,
respectively, in ammonium acetate buffer, 0.2 M, pH 5, at 95°C
(30 min) or at room temperature ("'Ga and "*'Cu-NODAGA
conjugates). Free metal ions were separated by preparative
high-performance liquid chromatography (/1), or they were elimi-
nated by SepPak C-18 purification (Waters), in which the metallopep-
tides were eluted with ethanol. The fractions containing the
metallopeptides were evaporated to dryness, redissolved in water,
and lyophilized.

%8Ga-labeled DOTATATE, DOTA-JR11, and NODAGA-JR11
were prepared using the Modular-Lab PharmTracer module from
Eckert & Ziegler. Briefly, the 8Ge/%8Ga-generator was eluted with
7 mL of HC1 0.1 N, and the eluate (~900 MBq) was loaded onto
a cation exchange column (Strata-XC; Phenomenex). °8Ga was
eluted with 800 L of a mixture of acetone/HCI (97.6%/0.02N)
directly in a vial containing 2 mL of sodium acetate buffer (0.2 M,
pH 4.0) and the minimum necessary amount of 10 wg of the con-
jugate. DOTATATE and DOTA-JR11 were labeled at 95°C within
8 min and NODAGA-JR11 at room temperature within 10 min,
followed by SepPak C-18 purification to remove uncomplexed
radiometal. The radiotracers were obtained in a radiochemical yield
greater than 97% after purification and in specific activities ranging
between 80 and 100 MBg/nmol. Quality control was performed by
analytic high-performance liquid chromatography (/3). The radio-
tracer solutions were prepared by dilution with 0.9% NaCl.

In Vitro sst,-ssts Autoradiography

Receptor autoradiography was performed on 20-pm-thick cryo-
stat (HM 500; Microm) sections of membrane pellets prepared
from cell lines expressing the human sst;—ssts as previously de-
scribed (1,17). For each of the tested compounds, complete dis-
placement experiments with the universal somatostatin
radioligand '?’I-[Leud,p-Trp??,Tyr>*]-somatostatin-28 ('>>[-LTT-
SRIF-28) (74,000 MBg/mmol [2,000 Ci/mmol]; Anawa) using
15,000 cpm/100 pL and increasing concentrations of the unla-
beled peptide ranging from 0.1 to 1,000 nM were performed. As
a control, unlabeled SRIF-28 was run in parallel using the same
increasing concentrations. The sections were incubated with 12°1-
LTT-SRIF-28 for 2 h at room temperature in Tris-HCl buffer
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(170 mmol/L, pH 8.2) containing 1% bovine serum albumin, bac-
itracin (40 mg/L), and MgCl, (10 mmol/L) to inhibit endogenous
proteases. The incubated sections were washed twice for 5 min in
cold Tris-HC1 (170 mmol/L, pH 8.2) containing 0.25% bovine
serum albumin. After a brief dip in Tris-HCI (170 mmol/L,
pH 8.2), the sections were dried quickly and exposed for 1 wk
to Kodak BioMax MR film. Inhibitory concentration of 50%
(ICsp) values were calculated after quantification of the data using
a computer-assisted image processing system as described previ-
ously (18). Tissue standards (autoradiographic '2°I or “C micro-
scales; GE Healthcare) that contained known amounts of isotope,
cross-calibrated to tissue-equivalent ligand concentrations, were used
for quantification (/7,19).

In Vitro Functional Assay for Agonism or Antagonism

An immunofluorescence microscopy-based internalization as-
say for sst, was performed as previously described (/5,7/7). HEK-
hsst, cells were grown on 35-mm 4-well plates (Cellstar; Greiner
Bio-One GmbH) coated with poly-p-lysine (20 wg/mL) (Sigma-
Aldrich). To distinguish whether the tested analogs are agonists or
antagonists with respect to stimulating receptor internalization,
HEK-hsst, cells were treated for 30 min at 37°C in growth me-
dium, either with vehicle alone (negative control) or with 10 nM
TOC (positive control), 10 nM TOC in the presence of an excess
(1 pM) of the somatostatin analogs, or 1 wM of the somatostatin
analogs alone when the analogs were tested for agonism. The cells
were processed for immunofluorescence microscopy and then im-
aged using a Leica DM RB immunofluorescence microscope and
an Olympus DP10 camera.

Biodistribution in HEK-hsst,-Bearing Animals

All animal experiments were performed in accordance with the
guidelines for the use of living animals in scientific studies and the
German Law for the protection of animals. Female athymic nude
mice, 4-6 wk old, were injected subcutaneously in the right shoul-
der with 107 HEK-hsst, cells, freshly suspended in 100 pL of
sterile phosphate-buffered saline. The tumors were allowed to
grow for 14-18 d (tumor weight, 250-350 mg).

Mice were injected with °3Ga-DOTATATE, °Ga-DOTA-JRI11,
or %8Ga-NODAGA-JR11 (100 pmol/100 pL/~5-8 MBq) via the
tail vein and were euthanized at 1 and 2 h after injection. Non-
specific uptake of all radiopeptides was determined with a coinjec-
tion of a 1,500-fold excess of the corresponding unlabeled
conjugate. Organs of interest and blood were collected, rinsed of
excess blood, blotted dry, weighed, and counted in a ~y-counter.
The results were expressed as percentage of injected activity per
gram of tissue (%IA/g) and represent the mean * SD of n = 3-5.
The total counts injected per mouse were determined by extrapo-
lation from counts of a known aliquot of the injected solution.

Small-Animal PET Studies

PET scans were obtained using a dedicated small-animal PET
scanner (Focus 120 microPET scanner; Concorde Microsystems
Inc.). ®¥Ga-DOTATATE, %8Ga-DOTA-JR11, and %8Ga-NODAGA-
JR11 were administered to mice with HEK-hsst, tumor xeno-
grafts, as described above. Animals were anesthetized with 1.5%
isoflurane, and static scans were acquired at 1 and 2 h after in-
jection, for 20-30 min. Blocking experiments were performed as
described above, and static scans were obtained at 1 h after in-
jection. PET images were reconstructed with filtered backprojec-
tion. No correction was applied for attenuation. Images were
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generated using AMIDE software. The color scale was set from
0% to 20% to allow for qualitative comparison among the images.

Data Analysis

Statistical analysis was performed by unpaired 2-tailed 7 testing
using Prism software (GraphPad Software Inc.). P values of less
than 0.05 were considered significant.

RESULTS

Affinity Studies and Agonist or Antagonist Properties

Table 1 summarizes the ICsq values for all compounds
using '25[-LTT-SRIF-28. All analogs are highly specific for
SSty.

In the JR11 family, yttrium or indium coupling to DOTA
retains a high sst, affinity comparable to the DOTA-JR11
compound without metal. Although indium diminishes the
sst, affinity 8-fold, copper and especially gallium induce
a massive loss of the sst, affinity by almost 80 times. In-
terestingly, when DOTA is replaced by NODAGA, the effect
of gallium on sst, affinity is completely restored, making Ga-
NODAGA-JR11 a promising radiotracer (Table 1).

In the JR10 family, the same tendency of lowering the
sstp affinity by coupling gallium to DOTA is observed,
when compared with indium or lutetium coupling. The
sst, affinity is, however, improved in the Ga-NODAGA-
JR10 analog (Table 1).

In the LM3 family finally, a further impressive example of
the loss of sst; affinity of Ga-DOTA compared with In-DOTA
is observed. Here again, replacing DOTA by NODAGA mas-
sively improves the affinity of the Ga-coupled analog and
makes it adequate for clinical applications (Table 1).

Two examples of competition experiments with JR11
(Fig. 1) and LM3 (Fig. 2) analogs (presently the most prom-
ising somatostatin antagonist radioligands) are presented to
demonstrate the different binding affinities of gallium-coupled
analogs with DOTA or NODAGA, as compared with reference
compounds.

Receptor internalization assays are a suitable method to
characterize receptor ligands for their functional behavior.
Therefore, we have used an immunofluorescence micros-
copy-based internalization assay to analyze the Ga-NODAGA
analogs for their ability to either stimulate sst, internalization
in HEK-hsst, cells or antagonize the agonistic effect of TOC
to stimulate sst, internalization. Figure 3 shows that all 3 ana-
logs are antagonists because alone at a concentration of 1 uM
they are not able to stimulate sst, internalization but they
efficiently antagonize the agonistic TOC effect at a concentra-
tion of 1 pM.

In Vivo Biodistribution Results

68Ga-DOTATATE, %Ga-DOTA-JR11, and %3Ga-NODAGA-
JRI11 biodistributions were compared at 1 and 2 h after in-
jection. The data are reported in Tables 2—4. The radiotracers
accumulated in the tumor, kidneys, and sst,-positive organs,
such as the stomach and pancreas. The 2 antagonists, *3Ga-
DOTA-JR11 and ®®Ga-NODAGA-JR11, showed significantly
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FIGURE 1. Competition experiments with cell membrane pellets
of CCL39 cells expressing human sst,, using '25I-LTT-SRIF-28 as
radioligand in presence of increasing concentrations of Ga-
NODAGA-JR11 (A), Y-DOTA-JR11 (m), Ga-DOTA-JR11 (#), SRIF-
28 (@) (as reference compound). spec = specific.

higher tumor uptake (23.8 = 3.7 and 30.7 = 1.6 %IA/g,
respectively, at 1 h after injection) than did the agonist
%8Ga-DOTATATE (17.8 = 2.2 %1A/g, P < 0.05). However,
significantly higher accumulation of radioactivity in the
kidneys was also found for ®8Ga-DOTA-JR11 and %3Ga-
NODAGA-JR11 (12.7 = 3.5 and 10.4 = 1.4 %IA/g, respec-
tively) than for ®Ga-DOTATATE (5.2 = 0.9 %lA/g, P <
0.05). The uptake in the sst,-positive organs was at the same
level for %8Ga-DOTATATE and %8Ga-NODAGA-JR11 (e.g.,
stomach: 8.6 = 1.9 and 9.9 * 2.5 %IA/g, respectively, and
pancreas: 10.8 = 1.7 and 11.4 = 3.6 %IA/g, respectively,
P > 0.05), whereas significantly lower values were found
for ®8Ga-DOTA-JR11 (stomach: 0.5 = 0.1 %IA/g, and pan-
creas: 0.5 £ 0.1%IA/g, respectively, P < 0.05). Blocking
experiments confirm the receptor-mediated uptake in the
tumor and sst2-positive organs of all 3 radiotracers. Tumor
uptake remained essentially the same from 1 to 2 h after in-
jection for all 3 radiotracers. However, the antagonist ®3Ga-
NODAGA-JR11 washed out from the sst,-positive organs
more quickly than the agonist ®*Ga-DOTATATE: two thirds
of %8Ga-NODAGA-JR11 was washed out from the stomach
and pancreas after 2 h, as compared with only one third of
%8Ga-DOTATATE. Among all 3 radiotracers, tumor—to—non-
tumor ratios were in favor of ®Ga-NODAGA-JR11.

Small-Animal PET Images

The PET images of %3Ga-DOTATATE, %3Ga-DOTA-
JR11, and °8Ga-NODAGA-JR11 in Figure 4, reflecting
the biodistribution results, illustrate not only the higher
tumor uptake of the antagonists than the agonists but
also the higher kidney uptake at 1 and 2 h after injection.
Tumor-to-background contrast is better at 2 h after injec-
tion, especially for the antagonists. Because tumor blocking
was demonstrated, the PET images of all radiotracers con-
firmed their specificity.
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FIGURE 2. Competition experiments with cell membrane pellets
of CCL39 cells expressing human sstp, using 25I-LTT-SRIF-28 as
radioligand in presence of increasing concentrations of Ga-
NODAGA-LM3 (A), In-DOTA-LM3 (m), Ga-DOTA-LM3 (¢), and
SRIF-28 (@) (as reference compound). spec = specific.

DISCUSSION

In the past decade, several reports have shown that adding
aradiometal to a chelator—somatostatin—peptide complex had
the potential to alter its receptor binding affinity or receptor
subtype selectivity (/,2). Indeed, metallated M(IIT)-DOTA-
octapeptide agonists targeting sst, show pharmacologic dif-
ferences for different M(III) radiometals of high relevance in
nuclear oncology. In particular, in a broad family of different
octapeptides the ©7/68Ga-DOTA-octapeptides performed bet-
ter than the '!'!In-, Y-, and '"’Lu-DOTA-octapeptides in
regard to sst; affinity, rate of internalization, and tumor uptake
(1,2). These earlier preclinical studies were translated into the
clinic successfully, and several ®3Ga-labeled peptides such as
68Ga-DOTATOC, Ga-DOTATATE, and %Ga-DOTANOC
are being used in the localization of neuroendocrine tumors
worldwide. All these peptide structures have full agonistic
properties.

We have recently shown that radiolabeled somatostatin-
based antagonists targeting sst, and ssty are superior to the
above-mentioned agonists if labeled with the y-emitter !''In
(9). The long-term goal is therefore to develop antagonist-
based imaging agents for SPECT/CT and PET/CT and agents
for targeted radionuclide therapy of neuroendocrine tumors.

In the in vitro part of the present study, all metallated
DOTA- and NODAGA-conjugated somatostatin analogs of
JR10, JR11, and LM3 (/1,13) were shown to be of high
affinity and high sst, selectivity and were confirmed to have
antagonistic properties. Several important conclusions can
be drawn from these studies: first, a clear trend for a distinct
affinity influence of the radiometal was observed using the
ssty-selective DOTA-coupled antagonists of JR10, JR11,
and LM3. Whereas DOTA agonists showed higher affinity
when complexed to Ga(Ill) than to indium, yttrium, or
lutetium, the inverse was found for the antagonists. Second,

RADIOMETALS AFFECT SST, ANTAGONISTS * Fani et al.

10 nmol/L TOC

No peptide

+ 10 nmol/L TOC

1 umol/L Ga-NODAGA-JR11

+10.nmol/L TOC

FIGURE 3. Internalization assay based on sst, immunofluores-
cence microscopy to determine whether Ga-NODAGA-JR10,
Ga-NODAGA-LM3, and Ga-NODAGA-JR11 are agonists or antag-
onists. HEK-hsst, cells were treated either with vehicle (no peptide)
or with TOC (10 nM; positive control). To test for agonism or antag-
onism, cells were incubated either with 1 uM of the 3 Ga-NODAGA
analogs alone (left column) or with 1 wM of the 3 Ga-NODAGA ana-
logs in presence of TOC (10 nM). After incubation with peptides, cells
were processed for immunocytochemistry as described in “Materials
and Methods” section. All 3 Ga-NODAGA analogs act as antagonists
because given alone they are not able to stimulate sst, internaliza-
tion, but they efficiently antagonize TOC-induced sst; internalization.

there is an 8-fold difference between In-DOTA-JR11 (ICs,

3.8 + 0.7 nM) and Y-DOTA-JR11 (ICso, 0.47 % 0.05 nM),
indicating that '"'In may not be a suitable surrogate of
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TABLE 2
Biodistribution Results of $8Ga-DOTATATE in Nude Mice Bearing HEK-hsst, Tumor Xenografts

Organ 1h 1-h blocking* 2h
Blood 0.4 = 0.0 0.8 = 0.1 0.3 = 0.0
Heart 0.2 = 0.0 0.3 = 0.0 0.2 = 0.0
Liver 0.4 = 0.2 0.5 = 0.1 0.3 = 0.0
Spleen 0.540.2 0.4 = 0.0 0.4 =01
Lung 24 = 0.7 0.8 = 0.0 24 +0.4
Kidney 52+ 0.9 73+ 16 4.7 = 0.9
Stomach 86 +1.9 0.5 = 0.1 55+ 0.6
Intestine 0.8 = 0.1 0.4 +0.2 1.00 = 0.1
Adrenal 28 =05 0.6 = 0.1 3.6 1.0
Pancreas 10.8 £ 1.7 0.4 = 0.1 72 +1.8
Muscle 0.4 = 0.0 0.3 = 0.1 0.4 = 0.2
Bone 0.7 = 0.3 0.5 = 01 11 +05
Tumor 178 = 2.2 22+ 04 18.5 = 5.8
Tumor-to—normal tissue ratios
Tumor to blood 40.4 66.2
Tumor to liver 41.3 61.8
Tumor to kidney 3.4 4.0
Tumor to muscles 50.8 421

*Coinjection with 1,500-fold excess of DOTATATE.
Data are %IA/g = SD, n = 3-5.

90Y and therefore not reliable for dosimetric studies of the
therapeutic radiopeptide. Third, another striking finding from
these studies is the comparison between °*Ga-DOTATATE and
68Ga-DOTA-JR11 illustrating the great potential of the antag-
onists. ©¥Ga-DOTATATE (ICs, 0.2 = 0.04 nM) has the highest
binding affinity (lowest ICs, value) of all radiolabeled
somatostatin-based agonists whereas °8Ga-DOTA-JR11
has 150-fold lower binding affinity (ICsg, 29 = 2.7 nM).
Looking at pharmacokinetics and tumor uptake, in partic-

ular, the low-affinity antagonist is slightly superior, which
can be explained by the higher number of binding sites for
antagonists versus agonists, outweighing the affinity dif-
ferences. The superiority of the antagonist was also im-
pressively demonstrated with in vitro autoradiographic
studies of human tumor specimens (20) and also con-
firmed by the PET images, which show high and specific
tumor uptake and an excellent background clearance al-
ready at 1 and 2 h after injection.

TABLE 3
Biodistribution Results of 8Ga-DOTA-JR11 in Nude Mice Bearing HEK-hsst, Tumor Xenografts
Organ 1h 1-h blocking* 2h

Blood 0.6 = 0.1 1.0 £ 0.2 0.3 = 0.1
Heart 0.3 = 0.1 0.5+ 0.2 0.1 = 0.0
Liver 0.5 = 0.1 0.7 = 0.2 0.3 = 0.1
Spleen 0.5 + 0.1 0.6 = 0.2 0.3 = 0.1
Lung 1.0 £ 0.2 1.8 £ 0.6 0.5+ 0.2
Kidney 12.7 = 3.5 14.0 = 4.4 102 = 1.6
Stomach 0.5 + 0.1 0.7 = 0.3 0.3 +0.2
Intestine 0.3 £ 0.1 0.6 = 0.1 0.30 = 0.2
Adrenal 26 £ 05 0.4 + 0.1 2.4 + 0.9
Pancreas 0.5 + 0.1 0.3 £ 0.1 0.3 £ 0.1
Muscle 0.7 = 0.3 0.2 = 0.0 0.2 = 0.1
Bone 1.4 + 0.6 09 = 0.2 1.2+ 0.6
Tumor 23.8 = 3.7 0.8 = 0.2 22.4 =+ 7.6
Tumor-to—normal tissue ratios

Tumor to blood 411 89.5

Tumor to liver 50.7 67.8

Tumor to kidney 1.9 2.2

Tumor to muscles 33.5 106.6

*Coinjection with 1,500-fold excess of DOTA-JR11.
Data are %IA/g = SD, n = 3-5.
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TABLE 4
Biodistribution Results of $8Ga-NODAGA-JR11 in Nude Mice Bearing HEK-hsst2 Tumor Xenografts

Organ 1h 1-h blocking* 2h

Blood 0.5=+0.2 1.4 +£ 0.2 0.3 =02
Heart 0.3 = 0.1 09 =04 0.1 = 0.0
Liver 0.6 = 0.1 1.2 = 0.1 0.4 = 0.1
Spleen 0.7 =04 1.4 +0.2 0.4 = 0.0
Lung 2.7 = 0.7 3.1 £ 0.6 0.9 = 0.1
Kidney 104 =14 13.6 = 0.3 105 = 1.2
Stomach 99 +25 1.6 £ 0.8 3.1 04
Intestine 0.7 £ 0.2 1.0 = 0.5 0.4 = 0.1
Adrenal 1.5+ 04 Not determined 1.6 = 0.2
Pancreas 11.4 = 3.6 0.5+ 0.0 3.8 +0.3
Muscle 0.2 + 0.0 0.7 £ 0.2 0.2 = 0.1
Bone 0.8 = 0.1 1.1 = 0.1 0.7 = 0.2
Tumor 30.7 + 1.6 2.5+ 0.0 31.6 + 3.5
Tumor-to-normal tissue ratios

Tumor to blood 57.9 105.2

Tumor to liver 49.5 80.9

Tumor to kidney 3.0 3.0

Tumor to muscles 153.5 166.1

*Coinjection with 1,500-fold excess of NODAGA-JR11.
Data are %IA/g = SD, n = 3-5.

We do not have a full explanation for the strong influence
of the choice of radiometal. We explained the metal ion—
dependent differences in the case of the agonists with dif-
ferences in the coordination sphere as revealed by x-ray
crystal structures of the model peptides Y-DOTA-D-Phe-
NH,, Ga-DOTA-p-Phe-NH, and Ga(NODASA) (21,22).
X-ray structures are given in the supplemental information
(supplemental materials are available online only at http://
jnm.snmjournals.org). Y-DOTA-p-Phe-NH, has an 8-fold
coordination including the amide carboxy oxygen embed-
ding the Y(III) inside the DOTA-monoamide cage. On the
contrary, in Ga-DOTA-D-Phe-NH,, Ga(Ill) is hexacoordi-
nated with a pseudooctahedral cis geometry, affording a free
carboxymethyl group and a carboxymethylamide spacer.
This keeps the pharmacophoric peptide at a distance from
the chelate (27) and may allow higher flexibility of the
cyclic peptide and therefore higher receptor binding af-
finity. Structural differences between Y-DOTATOC and
Ga-DOTATOC were also confirmed by 'H and '3C NMR
studies in solution (23).

Why the same metal coordination has a converse effect
in the case of the chelate—antagonists is not clear. One can
hypothesize that the spacer effect is also instrumental for
the antagonists but toward lowering the affinity. This con-
clusion can be reached from the affinity of Cu-DOTA-JR11,
which is also low (ICsqg, 16 = 1.2 nM), and the coordination
chemistry of Cu(Il)-DOTA, which is similar to that of Ga
(IIT)-DOTA. The geometry is pseudooctahedral and hexa-
coordinate, and one can strongly assume that in solution the
carboxymethyl amide function is acting as a spacer (24-26).

The 8-fold affinity difference between In-DOTA-JRI11
and Y-DOTA-JR11 is remarkable, but again an explanation

RADIOMETALS AFFECT SST, ANTAGONISTS * Fani et al.

is lacking. Both metal ions, In(IIT) and Y (III), have spheric
symmetry and differ in the ionic radius (92 pm for In(IIl),
101.9 pm for Y(III), both for complexes of coordination
number 8). We have recently also solved the x-ray crystal
structure of In-DOTA-D-Phe-NH, and found octacoordina-
tion. In-DOTA-D-Phe-NH; crystallizes as the minor diaste-
Ga-NODAGA-JR11

58Ga-DOTA-TATE %Ga-DOTA-JR11

1h
blocking

FIGURE 4. Small-animal PET images (coronal sections) of mice
bearing HEK-hsst, tumor injected with 88Ga-DOTATATE, %8Ga-
DOTA-JR11, and 68Ga-NODAGA-JR11 (100 pmol/~5-8 MBq) 1
and 2 h after injection show potentiality of radioantagonists to image
ssty-expressing tumors in vivo. Images also illustrate higher tumor
uptake of radioantagonists than agonists, and they confirm speci-
ficity of all radiotracers because no tumor is visualized in blocking
experiments.
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reoisomer, whereas Y-DOTA-D-Phe-NH, adopts the major
isomer conformation. More insight into differences is brought
by 'H NMR studies in aqueous solution. They support
octacoordination, but due to the smaller size of In(IIl) there
is much more fluxionality within the In-DOTA-p-Phe-NH,
cage, which again may influence the binding affinity (Heppeler
et al., unpublished data).

Because the relatively high ICsq values of 29, 8.9, and
12.5 nM for Ga-DOTA-JR11, Ga-DOTA-JR10, and Ga-
DOTA-LM3, respectively, may affect the quality of images
in vivo, we searched for alternative Ga(Ill) chelators such
as NODAGA to determine whether a chelator—-Ga complex
would restore a higher binding affinity. Even though the
NODAGA-peptide complex may have a decreased sst, af-
finity, compared with the DOTA peptides, adding Ga3* did
indeed restore a high-affinity binding that is the basis of
an improved in vivo tumor uptake. If we compare the sst,
affinity of Ga-DOTATOC (ICsp, 2.5 = 0.5 nmol/L) with
Ga-NODAGA-TOC (ICsg, 3.5 = 1.6 nmol/L) (/4), we find
no significant difference between the 2 metallopeptides.

Moreover, the biodistribution experiments showed that
the antagonists Ga-DOTA-JR11 and Ga-NODAGA-JR11
are better tracers than the agonist ®3Ga-DOTATATE. %3Ga-
DOTA-JR11, having a dramatically lower affinity for the
sst, (~150-fold) than does ®3Ga-DOTATATE, showed a 1.3-
fold higher tumor uptake, whereas ®8Ga-NODAGA-JR11,
with a 6-fold lower affinity, showed a tumor uptake up to
1.7-fold higher. On the contrary, the tumor uptake in the sst,-
positive organs was higher for ®®Ga-DOTATATE and °3Ga-
NODAGA-JR11 than for ©%Ga-DOTA-JRII1, reflecting
somehow their higher affinities. The ICs, values, which re-
flect the affinity of the radiotracer for the corresponding
receptors, are definitively a clear indication for its in vivo
uptake in the ssty-positive tissues. However, this value is
probably more predictive for the in vivo uptake in a well-
organized, physiologic system expressing the receptors, such
as the sst-positive normal tissues, rather than in a more dis-
rupted system, such as the tumor environment. High target
density, high association rate, and increased regional blood
supply by pathologic tumor vessels may play an important
role in the uptake and retention of the radiotracer in the
tumor. On the other hand, a distinctly faster washout from
the sst,-positive organs was found for ¥Ga-NODAGA-JR11
than for 8Ga-DOTATATE, whereas tumor uptake remained
essentially the same. Therefore, tumor-to-background ratio is
higher for ®3Ga-NODAGA-JR11 than for ®®Ga-DOTATATE
over time, with the exception of the tumor-to-kidney ratio.
It is, however, worth mentioning that in the case of diagnos-
tic radiotracers the kidney uptake is not as serious a drawback
as in the case of therapeutic radiopharmaceuticals. Tumor-to-
blood and tumor-to-muscle are 2 relevant ratios allowing
increased image contrast—ratios that are persistently much
higher for the %8Ga-NODAGA-JR11 over time. Additionally,
an improvement on the tumor-to-liver ratio can be achieved
with %8Ga-NODAGA-JR11 versus %Ga-DOTATATE at 2 h.
This ratio is important for sensitivity and accuracy in
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the diagnosis and staging of neuroendocrine tumors be-
cause often the liver is the primary site of metastasis for
most of these tumors.

CONCLUSION

In this study, we demonstrated that complexation with
distinct radiometals or replacing the chelator or chelate of
a given peptide antagonist may dramatically affect the af-
finity and the in vivo profile of the radiotracer. Additionally,
we showed that the radiolabeled antagonists, in particular if
the chelator is NODAGA as in °8Ga-NODAGA-JR11, have
higher tumor uptake than the agonists, even when the affi-
nity of the antagonist is lower by orders of magnitude. Even
though %3Ga-DOTATATE is a clinically accepted tracer to
localize neuroendocrine tumors and is the preferred PET
radiopharmaceutical in most laboratories with interest in this
tumor entity, we argue that in the future ®®Ga-NODAGA-
JR11 or equally improved antagonists should be selected for
this purpose. Whether antagonists labeled with therapeutic
radionuclides, for example, '77Lu-DOTA-JR11, may repre-
sent a targeted vector for internal radiotherapy needs to be
shown in clinical studies that we have started recently.
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