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ABSTRACT: The development of meta-
bolically stable radiolabeled gastrin analo-
gues with suitable pharmacokinetics is a
topic of recent research activity. These
imaging vectors are of interest because the
gastrin/CCK2 receptor is highly overex-
pressed in different tumors such as me-
dullary thyroid cancer, neuroendocrine
tumors, and SCLC. The drawback of
current targeting agents is either their
metabolic instability or their high kidney
uptake. We present the synthesis and in vitro and in vivo evaluation of 11 111In-labeled DOTA-conjugated peptides that differ by
their spacer between the peptide and the chelate. We introduced uncharged but hydrophilic spacers such as oligoethyleneglycol,
serine, and glutamine. The affinity of all radiopeptides was high with IC50 values between 0.5 and 4.8 nM. The improvement of
human serum stability is 500-fold within this series of compounds. In addition the kidney uptake could be lowered distinctly
and the tumor-to-kidney ratio improved almost 60-fold if compared with radiotracers having charged spacers such as glutamic
acid.

’ INTRODUCTION

The gastrin receptor is shown to be important and of high
relevance to human physiology and pathophysiology. A compre-
hensive overview was given recently by Dufresne et al.1 This
receptor is highly expressed in several tumor types, including
neuroendocrine tumors (in particular medullary thyroid cancer
(MTC) and small cell lung cancer, SCLC).2 These tumors can be
visualized by imaging techniques such as positron emission
tomography (PET) and single photon emission computed
tomography (SPECT) by use of corresponding radiolabeled
gastrin analogues or treated with peptide receptor radionuclide
therapy (PRRT) if labeled with a particle emitter. In recent years
clinical studies have emphasized the role of gastrin receptor
scintigraphy for tumor detection in patients with metastasized
MTC or neuroendocrine tumors (NETs) when somatostatin
receptor scintigraphy had failed.3 Although there are minigastrin
(MG) (LEEEEEAYGWMDF-NH2) analogues suitable for diagnostic

purposes, candidates for PRRT still need to be found. The main
limiting factor is the low tumor uptake4 or the too high kidney
retention that can cause nephrotoxicity.5

MG analogues with reduced number of glutamic acid residues
(reduced negative charge) show improved tumor-to-kidney ratios.
The drawback of truncated MG analogues is the low enzymatic
stability in human serum6 which makes them poor candidates for
clinical use.4,7Thesefindings indicate the important role of the spacer
length and chemical composition on kidney uptake andonmetabolic
stability. Successful approaches to improve the metabolic stability of
linear peptides include introductionof D-amino acids,N-methylation,
and cyclization.8,9 In addition polyvalency may be a means to reduce
the action of enzymes on peptides and therefore increase metabolic
stability.10 Spacers with different polarity were introduced into
radiopeptides, and their effect on pharmacokinetic was studied.11
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Our hypothesis was that one may improve metabolic stability and
pharmacokinetics by introducing hydrophilic but uncharged spacers of
different lengths. Macrocyclic chelators like 1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetic acid (DOTA) provide high complex
stability.6 We present herein DOTA-coupled MG analogues for the
labeling withþ3 charged radiometals. We examine how the introduc-
tion of nonionic spacers influence themetabolic stability and therefore
the pharmacokinetic profile of the new analogues. The reported 111In-
DOTA-coupled peptides show human serum stability half-lives that
differ almost 500-fold. The kidney uptake was reduced distinctly if
compared to corresponding peptides with highly charged spacers,
and the tumor-to-kidney ratios are increased.

’RESULTS

Synthesis andRadiolabeling.The peptides were synthesized
on solid phase using standard Fmoc chemistry. All conjugates
showed purities over 95% as confirmed by reversed-phase
high-performance liquid chromatography (RP-HPLC). All of
the peptides, including the two metalated candidates, were

characterized by electrospray ionization mass spectrometry
(ESI-MS), high resolution mass spectrometry (HRMS), and
RP-HPLC (Table 1). Radiochemical purity of >95% at specific
activities of >37 GBq μmol�1 were achieved for all the
conjugates.
Binding Affinity Studies onCholecystokinin-1- (CCK-1) and

Gastrin-Receptor ExpressingTissues.Receptor binding affinities
to CCK-1 and gastrin receptor positive tumor cells are compiled in
Table 2 and expressed as IC50 using 125I-D-Tyr-Gly-Asp-Tyr-
(SO3H)-Nle-Gly-Trp-Nle-Asp-Phe-NH2 (

125I-CCK) as reference
ligand. All compounds show IC50 between 0.5 and 4.8 nmol/L to
the gastrin receptor and >700 nmol/L to the CCK-1 receptor.
Replacement ofmethionine with norleucine (DOTA-(D-Gln)3-Ala-
Tyr-Gly-Trp-Met-Asp-Phe-NH2 (DOTA-(D-Gln)3-gastrin-7, 6) vs
DOTA-(D-Gln)3-[Nle

5]-gastrin-7 (8) results in 2-fold improve-
ment of the IC50. Metalation of the chelator does not affect binding
affinity in the two selected cases; the IC50 values practically do not
change in the case of natIn-DOTA-poly(oxyethylene)6-gastrin-7
(natIn-DOTA-PEG6-gastrin-7,

natIn-2) and natIn-DOTA-(D-Gln)6-
gastrin-7 (natIn-10) vs nonmetalated peptides.We assume this is the
case also for the remaining peptides.

Table 1. Analytical Data of the Studied MG Analogues

compd amino acid sequence purity (%) HRMS HPLCa

1 DOTA-PEG4-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 97.6 1521.6942 [M þ Hþ] 22.58

2 DOTA-PEG6-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 98.4 1609.7461 [M þ Hþ] 22.92

3 DOTA-(D-Ser)2-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 97.9 1448.6154 [M þ Hþ] 22.95

4 DOTA-(D-Ser)3-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 98.4 1535.6479 [M þ Hþ] 22.70

5 DOTA-(D-Gln)2-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 97.9 1530.6689 [M þ Hþ] 22.50

6 DOTA-(D-Gln)3-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 98.5 1658.7275 [M þ Hþ] 22.30

7 DOTA-PEG12-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 98.4 1873.9035 [M þ Hþ] 23.05

8 DOTA-(D-Gln)3-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH2 98.9 1640.7709 [M þ Hþ] 23.57

9 DOTA-(D-Gln)4-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 98.4 1786.7858 [M þ Hþ] 22.17

10 DOTA-(D-Gln)6-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 99.5 2042.9032 [M þ Hþ] 22.20

11 DOTA-(L-Glu)6-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 99.2 2048.8072 [M þ Hþ] ESI-MS 27.50
natIn-2 natIn-DOTA-PEG6-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 99.7 1723.3 [M þ Hþ] 28.30
natIn-10 natIn-DOTA-(D-Gln)6-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 99.6 1078.2 [M þ 2Hþ]/2 23.40

aUsed HPLC gradient system as described in Experimental Section.

Table 2. Gastrin Receptor Binding Affinities, Serum Stabilities, and Internalization Rates of the 111In-Labeled Analogues

compd IC50 (nmol/L) T1/2 (h)
a % internalization rateb % cellular retentionc EC50 (nmol/L)

1 3.4 ( 1.0 (2) 1.0 ( 0.2 (n = 2) 6.6 ( 0.5 (n = 2)

2 2.5 ( 0.9 (2) 1.8 ( 0.6 (n = 5) 7.7 ( 0.7 (n = 2) 0.33

3 0.9 ( 0.3 (3) 2.7 ( 1.2 (n = 2) 11.3 ( 0.3 (n = 2)

4 0.6 ( 0.1 (3) 2.9 ( 0.5 (n = 2) 12.5 ( 2.4 (n = 2)

5 0.8 ( 0.1 (3) 9.4 ( 0.5 (2) 9.8 ( 0.2 (2)

6 3.6 ( 0.6 (3) 25.3 ( 3.8 (3) 11.9 ( 1.9 (4) 70.7 ( 11.9 (n = 2) 0.27

7 4.8 ( 0.4 (3) 3.1 ( 1.0 (2) 4.6 ( 0.6 (2)

8 1.6 ( 0.8 (3) 9.7 ( 1.6 (2) 10.2 ( 3.2 (2)

9 2.4 ( 0.7 (2) 65 ( 54 (3) 13.0 ( 3.6 (3)

10 2.4 ( 1.1(2) 495 ( 104 (3) 12.8 ( 3.7 (4) 76.8 ( 5.9 (n = 2) 0.41

11 0.7 ( 0.2 (3) 75.0 ( 23 (2) 14.4 ( 0.8 (2)
natIn-2 2.5 ( 1.1 (3)
natIn-10 2.6 ( 0.3 (3)

a Enzymatic stabilities in serum are expressed as half-life in hours. b Internalization rates are expressed as percentage of injected activity per million cells
(mean ( SD). cCellular retention is expressed as percentage of activity retained in the cells with regard to specific internalized fraction; number of
independent studies is listed in parentheses.
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Enzymatic Stability in Human Serum and Identification of
Metabolites. Calculated half-lives of the radiolabeled MG
analogues in human blood serum are listed in Table 2. They
vary between 1.0( 0.2 h (111In-DOTA-PEG4-gastrin-7,

111In-1)
and 495( 104 h (111In-10). To understand the large difference,
we studied the metabolic degradation of one of the most labile
representatives, 111In-2 (Table 2S), and compared it with the
most stable compounds 111In-10 and 111In-6. We identified three
metabolites, 111In-DOTA-PEG6-Ala-OH (metabolite B), 111In-
DOTA-PEG6-Ala-Tyr-OH (metabolite C), and 111In-DOTA-
PEG6-Ala-Tyr-Gly-OH (metabolite D). The degradation
scheme of 111In-2 is shown in Figure 1A.
The disappearance rate constant of the parent peptide kdisapp-

(A) is in the range of the formation rate for B (0.445( 0.067 h�1,
n = 2), C (0.417( 0.088) h�1, n = 2), and D (0.645( 0.215 h�1,
n = 2 (kdisapp(A) ≈ kform(B) ≈ kform(C) ≈ kform(D), Table 1S).
D is very unstable (kdisapp(D) = 12.5 ( 1.31 h�1). On the other
hand the disappearance rate of B is negligible (kdisapp(B) = 0.003
( 0.001 h�1, n = 2) and kdisapp(C) amounts to 0.028( 0.000 h�1

(n = 2), Table 1S. When metabolite B is incubated in human
blood serum, it shows practically no degradation. Metabolite C
slowly (0.016 h�1) degrades into B and metabolite D quickly
(6.8 h�1) degrades into B. When possible metabolites 111In-
DOTA-PEG6-Ala-Tyr-Gly-Trp-OH and 111In-DOTA-PEG6-Ala-
Tyr-Gly-Trp-Met-Asp-OH are incubated in human blood serum,
they showed higher enzymatic stability compared to metabolite D
and are not identified on HPLC as degradation products of the
parent peptide. On the other hand 111In-DOTA-PEG6-Ala-Tyr-
Gly-Trp-Met-OH (metabolite E) incubated for 10 min in serum

did not exhibit any intact peptide but metabolites B, C, and D.
When 111In-2 is incubated in EDTA-plasma, the half-life increased
from 1.7 to 7.9 h (Figure 1B). Further on, when C, D, and E are
incubated in EDTA-plasma, there was practically no degradation
observed. A similar degradation pathway was observed for 111In-6,
while 111In-10 shows higher stability and less metabolites.
Circular Dichroism (CD) Spectroscopy.TheCD spectrum of

natIn-2 in water shows two principal bands, one positive around
225�230 nm and one negative at 195 nm (Figure 2). This
spectrum is characteristic of a random coil conformation with a
small red shift of the positive band that can be ascribed to the
aromatic contribution of the Tyr and Trp residues.12 The
addition of 2,2,2-trifluoroethanol (TFE) induced changes in
the conformational preferences of the peptide, enhancing its
propensity to assume an R-helical conformation. TFE is known
to preferentially stabilize proteins and peptides in a helical
conformation, favoring the formation of a more ordered con-
formation by lowering the dielectric constant of the medium.
With the addition of 80% TFE the peptide reaches the maximum
of ellipticity; its CD spectrum showed two negative bands at 208
and 222 nm and a positive band at 192 nm, typical of R-helical
structures. The CD spectrum of natIn-10 shows two positive
bands at 195 and 225 nm and a weak negative band at 215 nm
(Figure 2). We assigned this to a type II reverse turn based on
model spectra reported by Reed et al.13 The spectra registered in
several solvents showed intensity differences related to the
polarity of the solvent.
In Vitro Internalization and Cellular Retention Studies.

The internalized fractions, expressed as percent of the added
activity per 1 million cells over 4 h, are listed in Table 2. The 4 h
values of all compounds significantly decreased to less than 0.5%
after addition of excess unlabeled peptide (p< 0.01). The surface-
bound radioligand did not exceed 1.5% of the added radioactivity
after 4 h of incubation.
Cellular retention data of the selected peptides 111In-6 and

111In-10 are listed in Table 2. The externalization kinetics was
assessed after 2 h of internalization of the radioligand. Up to 60
min, the two peptides showed insignificant differences in the
externalization rate. At 4 h, 76.8 ( 5.9% and 70.7 ( 11.9% of
internalized activity were retained within the cells for 111In-10
and 111In-6, respectively.
Calcium Mobilization Assay. 10, 6, and 2 were evaluated for

their effect on signaling by using a Ca2þ flux assay on AR4-2J
cells. In the same assay the agonists gastrin (I) rat and pentagas-
trin and the antagonist proglumide were tested as positive and
negative controls. A sigmoidal dose response curve (see Support-
ing Information Figure 1S) was obtained indicating that the Ca2þ

response was dependent on peptide concentration. EC50 values
of 0.41, 0.27, 0.33, 0.16, and 0.17 nmol/L for 10, 6, 2, gastrin (I)
rat, and pentagastrin were calculated using a four-parameter
fitting equation. As expected, no response was registered for
the gastrin receptor antagonist proglumide. 10, 6, gastrin (I) rat,
and pentagastrin induced comparable maximal levels of Ca2þ

flux. 2 causes a smaller maximal level of Ca2þ flux which indicates
that this MG analogue shows properties of partial agonism in
accordance with the lower internalization rate of dPEGn MG
analogues of our series.
Biodistribution Studies in AR4-2J Tumor Bearing Lewis

Rats. Biodistribution studies using 111In-6 and 111In-10 were
performed with Lewis male rats bearing AR4-2J rat pancreatic
tumor cells and followed for 1, 4, 24, and 48 h. For compa-
rison, biodistribution at 4 and 24 h pi of highly charged

Figure 1. (A) Proposed degradation scheme of 111In-2. Metabolites are
111In-DOTA-PEG6-Ala-OH (metabolite B), 111In-DOTA-PEG6-Ala-
Tyr-OH (metabolite C), 111In-DOTA-PEG6-Ala-Tyr-Gly-OH
(metabolite D), and 111In-DOTA-PEG6-Ala-Tyr-Gly-Trp-Met-NH2

(metabolite E). kform and kdisapp are formation and disappearance rate
constants. (B) HPLC elution profile of 111In-2 (A) after 2 h of
incubation in human serum (tr = 16.7 min, tr(metabolite B) = 8.0
min, tr(metabolite C) = 10.1min, tr(metabolite D) = 9.6min) and after 8
h of incubation in EDTA-plasma (tr(substance A) = 16.7 min, tr-
(metabolite B) = 7.9 min.
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111In- DOTA-(L-Glu)6-gastrin-7 (
111In-11) was performed. The

data and tumor-to-tissue ratios are summarized in Table 3 and
Table 2S. Rapid clearance from all gastrin receptor negative
tissues and blood was observed. The kidneys present the main
excretory pathway of these radiopeptides. 111In-10 shows a faster
tumor washout compared to 111In-6. At 4 h pi 111In-11 shows
2-fold higher tumor uptake that remains higher at 24 h compared
to 111In-6 and 111In-10. The main difference was in the almost
70-fold higher kidney uptake of 111In-11 at 4 h, resulting in a
tumor-to-kidney ratio of 0.09 compared to 3.4 and 3.1 for 111In-6
and 111In-10, respectively. Uptake in the gastrin receptor rich
tissues and in the tumor was found to be significantly reduced in
the animals preinjected with an excess of cold peptides, indicating
a specific receptor mediated uptake.
First HumanStudywith 68Ga-10.A59-year-old female patient

had been operated in 1992 because of an MTC, possibly hereditary
in origin, as themutationK808E (AAA>GAA) had been proven in
heterozygous constellation later on. She had undergone thyroidect-
omy and external beam radiation therapy and thereafter repeated
resection of cervical lymph node metastases. The patient presented
now elevated calcitonin (1830 pg/mL) and CEA (75.4 ng/mL)
serum levels. After written informed consent was obtained, a whole-
body PET/computed tomography (CT) scan was performed. A
gastrin receptor positive liver metastasis (Figure 3 and Figure 2S of
the Supporting Information) was detected in liver segment 5

(standardized uptake value, SUVmax = 1.7) which was in accordance
with a previous 68Ga-DOTA-[Tyr3]octreotide PET/CT. SUVs
determined in normal tissue (e.g., liver (1.0), lung (0.5), and gluteus
muscle (0.5)) were low except for the stomach mucosa (3.1).

’DISCUSSION

There is currently no effective therapy available for patients
with distant metastases of MTC. Different attempts have been
made to develop gastrin analogues suitable for imaging and PRRT
of MTC and other gastrin receptor expressing tumors. The main
problem is the high kidney retention of these radiolabeled
analogues limiting the maximum activity that can be administered
without the induction of radiation nephrotoxicity. High kidney
retention of MG analogues has been related to the N-terminal
glutamic acids and could be substantially reduced by co-injection
of polyglutamic acids14 or of gelatin based plasma expander
Gelofusine.15 A different approach was followed by Good et al.6

consisting of a systematic elimination of the glutamic acid residues
present at the N-terminus of MG resulting in a reduction of
negative charges. The authors demonstrated the positive correla-
tion of the high kidney uptake and retention with increasing
number of negative charges. The problem of very low metabolic
stability in human serum6 remains. These new findings prompted
us to develop new DOTA-coupled MG analogues and to study

Table 3. Biodistribution Data of 111In-6, 111In-10, and 111In-11a

111In-6 (%IA/g tissue ( SD) 111In-10 (%IA/g tissue ( SD) 111In-11 (%IA/g tissue ( SD)

organ time nonblocked blocked* nonblocked blocked* nonblocked blocked*

tumor 1 1.75 ( 0.42 2.40 ( 0.39

4 1.24 ( 0.24 0.11 ( 0.003† 1.03 ( 0.43 0.16 ( 0.03‡ 2.25 ( 0.23 0.58 ( 0.35

24 0.47 ( 0.11 0.37 ( 0.08 0.90 ( 0.41

48 0.29 ( 0.01 0.43 ( 0.24

blood 1 0.16 ( 0.05 0.23 ( 0.05

4 0.002 ( 0.0001 0.002 ( 0.001 0.003 ( 0.002 0.02 ( 0.006 0.01 ( 0.001 0.01 ( 0.004

24 0.001 ( 0.0001 0.001 ( 0.0001 0.006 ( 0.003

48 0.001 ( 0.0001 0.001 ( 0.0001

kidney 1 0.80 ( 0.18 0.96 ( 0.13

4 0.36 ( 0.03§ 0.42 ( 0.07 0.33 ( 0.05 ) 0.52 ( 0.053 25.51 ( 2.57 24.86 ( 5.78

24 0.30 ( 0.02 0.32 ( 0.02 19.35 ( 5.58

48 0.32 ( 0.02 0.35 ( 0.07

liver 1 0.08 ( 0.03 0.13 ( 0.02

4 0.03 ( 0.003 0.03 ( 0.01 0.02 ( 0.003 0.06 ( 0.01 0.05 ( 0.01 0.04 ( 0.01

24 0.02 ( 0.001 0.02 ( 0.004 0.01 ( 0.003

48 0.02 ( 0.002 0.02 ( 0.007

stomach 1 0.21 ( 0.05 0.31 ( 0.03

4 0.09 ( 0.05 0.02 ( 0.001 0.13 ( 0.03 0.02 ( 0.002 0.50 ( 0.03 0.12 ( 0.07

24 0.04 ( 0.02 0.08 ( 0.02 0.03 ( 0.009

48 0.04 ( 0.02 0.04 ( 0.02

ratio

parameter 111In-6 (1 h, 4 h, 24 h, 48 h pi) 111In-10 (1 h, 4 h, 24 h, 48 h pi) 111In-11 (4 h, 24 h pi)

tumor/kidney 2.2, 3.4, 1.5, 0.9 2.5, 3.1, 1.2, 1.2 0.09, 0.05

tumor/stomach 8.1, 13.7, 12.7, 7.5 7.81, 7.69, 4.41, 9.54 4.5, 3.4

tumor/liver 21.1, 47.6, 30.1, 17.3 18.9, 49.2, 20.8, 19.1 49.4, 21.9
aUptake as percentage of injected activity per gram of tissue (mean value( SD). (/) Blocked with 2000 times excess of unlabelled (cold) analogue. (†) p
< 0.01 vs unblocked 111In-6. (‡) p < 0.01 vs unblocked 111In-10. (§) p < 0.01 vs kidney uptake of 111In-11. ( )) p < 0.01 vs kidney uptake of 111In-11.
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the effect of hydrophilic but nonionic spacers on tumor-to-kidney
ratios and on enzymatic stability in human serum. We kept the
seven C-terminal amino acids (in 8we substitutedMet with Nle),
and as spacers we used PEG or D-amino acids like D-Ser and
D-Gln. In this study the T1/2 variation was almost 500-fold.
Whereas increasing the number of dPEG and D-Ser has only very
limited effect on serum stability, the number of D-Gln residues
plays an important role in the stabilization of our analogues,
showing a 65-fold half-life variation going from DOTA-(D-Gln)2-
gastrin-7 (5) to 10 (Table 2). These remarkable differences led us
to investigate metabolic degradation inmore detail.We chose one
of the most labile MG analogues 111In-2 (T1/2 = 1.7( 0.5 h) and
its potential metabolites and incubated them in human blood
serum and in EDTA-plasma and determined the composition of
the metabolites. EDTA is known to deactivate metal-dependent
enzymes.16 The difference in half-lives when incubating 111In-2 in
serum or in EDTA-plasma is indicative of different metabolic
pathways. One pathway may be via ACE-like enzyme activity,
where initial cleavage occurs between Met and Asp producing the
metabolite E and the dipeptide Asp-Phe-NH2.

17 E was not
detected on HPLC because of its low stability, as previously
described for theCCK-8 peptide.We detected the second cleavage
point between Gly and Trp, which leaves 111In-DOTA-PEG6-Ala-
Tyr-Gly-OH (D). Another cleavage point detected was between
Tyr and Gly (C) resulting from the cleavage of E. Cleavage
between Ala and Tyr seems to terminate this particular pathway.
Another enzyme, probably an endopeptidase, releases gastrin-6.18

When 111In-2 was incubated for 24 h in EDTA-plasma, C and D
were not detected but only B. The incubation of C, D, and E in
EDTA-plasma showed practically no degradation.

The degradation profile of 111In-6 with an intermediate
stability shows the same pattern in serum and no metabolic

degradation within 24 h in EDTA-plasma, which also supports
the hypothesis of at least two different degradation pathways in
the case of the metabolically labile analogues. 111In-10 reveals
much higher stability and less metabolites compared with 111In-
2, which could imply that degradation via ACE-like enzyme
activity is circumvented in the case of 111In-10.

We hypothesized that circular dichroism measurements may
give us a hint of the structural basis for the stability differences.
This spectral technique helps to elucidate secondary structures of
peptides and proteins in solution. We studied this for natIn-2 and
natIn-10 to see if there are significant differences potentially
explaining the stability differences. The spectrum of natIn-2 in
pure water argues for a random coil conformation; the aromatic
groups on the amino acid side chains are responsible of the
relatively high positive band between 225 and 230 nm. Addition
of TFE led to spectral changes indicating stabilization of an
R-helical conformation. The six D-Gln residues in the natIn-10
sequence result in spectral bands characteristic of a type II reverse
turn conformation, as reported by Reed et al.13 The CD spectrum
of this peptide does not show conformational changes even after
addition of 80% of TFE or by dissolving it in different solvents.
While for natIn-2 there is no direct correlation between solvent
properties and spectral characteristics, for natIn-10 we notice the
influence of the electronic charge distribution of the solvent
molecules on the dissolved peptide with a fixed conformation.
The higher intensities of the bands registered in methanol/water
(1/1) and in acetonitrile/water (1/1) are due to the lower polarity
of these mixtures compared to the 100% water or to the water/
TFEmixtures. The relatively stable secondary structure of natIn-10
is most likely responsible for a high metabolic stability and the
difficulty of adopting a conformation easily fitting into the active
site of the enzymes. The stable secondary structure adopted by
natIn-10may explain its almost 2-fold higher internalization rate at
4 h compared to natIn-2.

Ca2þ mobilization results correlate with the internalization
data showing that all the tested analogues trigger receptor
internalization but the maximal response level is 2-fold smaller
for 2 compared to the other analogues.

In addition to enhanced metabolic stability there is also
significantly lower kidney uptake. A quantitative analysis of the
biodistribution at 1, 4, 24, and 48 h showed similar biodistribution
profiles for 111In-6 and 111In-10 with more favorable pharmaco-
kinetics compared to highly charged 111In-11. 111In-6 and 111In-10
show lower tumor uptake but by far lower kidney uptake and
retention, which results in a 30-fold improvement of tumor-to-
kidney ratio. A similar tumor-to-kidney ratio was observed for
111In-DTPA-[D-Glu1]-MG.6 An almost 4-fold improvement in
tumor uptake and a 3-fold improved tumor-to-kidney ratio was
noted when the new analogues were compared to truncated
111In-DOTA-DGlu-Glu-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 (

111In-
DOTA-MG10) and 111In-DOTA-DGlu-Ala-Tyr-Gly-Trp-Met-
Asp-Phe-NH2 (

111In-DOTA-MG11) in the same animal model.6
111In labeled peptides with nonionic D-Gln spacers exhibit highly
improved pharmacokinetics. The first human study showed
feasibility of 68Ga-10 to detect a gastrin receptor positive liver
metastasis, but further studies are needed to establish if the high
tumor-to-kidney ratio shown in our animal model will also be
confirmed in humans.

There are two very important conclusions of these studies.
The hydrophilic but nonionic D-Gln spacers increase the meta-
bolic stability impressively. The length of spacers determines the
metabolic stability. In addition the kidney uptake of some of

Figure 2. CD spectra of natIn-2 (A) and natIn-10 (B).
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these radiopeptides is highly reduced resulting in an increased
tumor-to-kidney ratio and a wider therapeutic window.

’EXPERIMENTAL SECTION

General. All chemicals were obtained from commercial sources and
used without additional purification. Rink amide 4-methylbenzhydryla-
lanine (MBHA) resin, Rink acid resin, Fmoc-protected amino acids, and
Fmoc-PEG12-OH are commercially available fromNovaBiochem (Laeu-
felfingen, Switzerland). DOTA-tris(t-Bu ester) is commercially available
(CheMatech Dijon, France). Fmoc-PEG4-OH and Fmoc-PEG6-OH
were purchased from NeoMPS (Strasbourg, France) and 111InCl3 from
Covidien Medical (Petten, The Netherlands) or Perkin Elmer (Boston,
MA, U.S.). DOTA-(D-Gln)3-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH2 (8),
DOTA-(D-Gln)4-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 (9), and DOTA-
(D-Gln)6-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2 (10) were purchased
from Peptide Specialty Laboratories (Heidelberg, Germany).

The peptide�chelator conjugates were synthesized manually and
purified by RP-HPLC on Metrohm HPLC system LC-CaDI 22-14
(Herisau, Switzerland) with a Macherey-Nagel VP 250/21 Nucleosil
100-5 C18 column (eluents A = 0.1% TFA in water and B = acetonitrile;
gradient 0�20 min, 95�55% A; flow of 15 mL/min). All compounds
were analyzed by RP-HPLC on a Hewlett-Packard system equipped
with Macherey-Nagel Nucleosil 120 C18 column and UV detection at
215 nm (eluents A = 0.1% TFA in water and B = acetonitrile; gradient
0�20 min, 95�50% A; flow of 0.750 mL/min) to confirm purity
of g95% and characterized by ESI-MS (Finnigan SSQ 7000 spectro-
meter, Bremen, Germany) and HRMS (Q-TOF Premier, Waters
Micromass, Manchester, U.K.).

Quantitative γ counting was performed on a COBRA 5003 g-system
well counter from Packard Instruments or 1470 Wizard from Wallac.
Cell Line. AR4-2J rat pancreatic tumor cells were obtained from

ATCC (VA, U.S.) and cultured in Dulbecco’s Modified Eagle medium
(DMEM). DMEM was supplemented with vitamins, essential and
nonessential amino acids, L-glutamine, antibiotics (penicillin/streptomycin),
fungicide (amprotencine), and 10% fetal calf serum (FCS). All culture
reagents were from Invitrogen (Basel, Switzerland) or from BioConcept
(Allschwil, Switzerland).
Synthesis. The peptide�chelator conjugates were synthesized

manually employing standard Fmoc strategy23, using Rink amideMBHA.
Trt was used as protecting groups for D-Gln, Boc for Trp and D-Ser,

and t-Bu for Asp and Tyr. The spacers and the prochelator DOTA(t-
Bu)3 were consecutively coupled to the peptide with O-(7-azabenzo-
triazol-1-yl)-N,N,N0,N0-tetramethyluronium (HATU) as activating
agent. All the peptides were purified by semipreparative HPLC and
characterized by ESI-MS and HRMS. The metabolites DOTA-PEG6-
Ala-OH, DOTA-PEG6-Ala-Tyr-OH, DOTA-PEG6-Ala-Tyr-Gly-OH,
DOTA-PEG6-Ala-Tyr-Gly-Trp-OH, DOTA-PEG6-Ala-Tyr-Gly-Trp-
Met-OH, DOTA-PEG6-Ala-Tyr-Gly-Trp-Met-Asp-OHwere assembled
on Rink acid resin using the same protocol as described above.

The peptides 2 and 10 were complexed with natInCl3 using the
following procedure: a solution of DOTA-peptide conjugate (0.6mmol)
in 500 μL of sodium acetate buffer (0.4 M, pH 5.0) was incubated with
1.5 mmol of InCl3 3 5H2O for 30 min at 95�C and purified over a SepPak
C18 cartridge preconditioned with 10mL ofMeOH and 10mL of water.
The cartridge was eluted with 10 mL of water followed by 7 mL of
methanol, yielding natIn-DOTA-peptide conjugates after evaporation of
the methanol. The pure product, obtained as a white powder (yields
ranging from 70% to 80%) after lyophilization, was analyzed by
analytical HPLC and characterized using ESI-MS.
Circular Dichroism. The CD measurements were performed at

25 �C using a Chirascan spectrometer. The instrument was purged with
nitrogen gas at 20 L/min for 20 min before and during measurements.
All spectra were recorded from 260 to 185 nm using a spectral

bandwidth of 1 nm at 25 �C with a time constant of 3 s and a step
resolution of 1 nm. CD data are given as mean residual molar ellipticities
(θ in mdeg cm2 dmol�1). A quartz cell with a path length of 1 cm was
used. The peptides were dissolved inH2O to obtain a final concentration
of 40 μmol/L. Samples spectra were recorded adding different percen-
tages of TFE and different solvents.
Preparation of the Radiotracer. 111In-DOTA-peptide conju-

gates were prepared by dissolving 5 or 10 μg of peptide in 250 μL of
sodium acetate buffer (0.4 M, pH 5.0) and incubating the peptide
solution with 111InCl3 (37�185 MBq) for 30 min at 95 �C. Quality
control was performed using radio-HPLC. To obtain structurally
characterized homogenous ligands, 1 equiv of natInCl3 3 5H2Owas added
and the final solution incubated again at 95 �C for 30 min. For
biodistribution and serum stability studies, the labeling was performed
accordingly without the addition of cold metal. For injection, the
radioligand solution was prepared by dilution with 0.9% NaCl.

68Ga-10 was prepared using 500�750 MBq of 68GaCl3 obtained
from a 68Ge/68Ga generator (Cyclotron Co., Obninsk, Russia). The
eluate was preconcentrated and purified from potential metallic impu-
rities on cation exchange column (50W-X8, <400 mesh, Bio-Rad AG,
Munich, Germany). For elution 98% acetone/0.05mol/LHCl (400μL)
was used. This was added to 4 mL of water containing 25 μg (12 nmol)
of 10 and heated at 100�C for 10 min. The reaction mixture was purified
using a Sep-Pak C18 cartridge, which was washed with 5 mL of water,
followed by 0.5 mL of ethanol, and diluted in 5 mL of saline. After sterile
filtration quality control was performed using HPLC and thin-layer
chromatography. For patient study radiopharmaceutical with radio-
chemical yield of >95% was used.
Binding Affinity Studies on CCK-1 and Gastrin-Receptor

Expressing Tissues. Binding affinities were evaluated as described19 in
surgically resected human tumor tissues selected from previous experi-
ments to express CCK-1 or gastrin receptors.2 Increasing amounts of MG
derivatives were added to the 125I-CCK containing incubation medium to
generate competitive inhibition curves. Tissue slides were exposed to
Biomax MR films (Kodak) for 7 days. Autoradiograms were quantified
using tissue standards for iodinated compounds (Amersham, U.K.).20

Enzymatic Stability in Human Serum and Identification of
Metabolites. To 1 mL of fresh human serum, previously equilibrated
in a 5% CO2 environment at 37 �C, 0.6 nmol of 111In-labeled peptide
was added. Themixture was incubated in a 5%CO2, 37 �C environment.
At different time points, 100 μL aliquots were removed and treated with
200μL of EtOH to precipitate serum proteins. Samples were centrifuged
for 10 min at 1850g. An amount of 100 μL of supernatant was removed
for activity counting in a γ-well counter. The sediment was washed twice
with 1 mL of EtOH. The activity in the supernatant was compared with
the activity in the pellet to give the percentage of peptides bound to
proteins or radiometal transferred to serum proteins. The supernatant
was analyzed with radio-HPLC to determine the relative amount of
intact peptide and its metabolites in serum. Half-life was calculated
fitting a first order reaction to the experimental data (eq 1) using
OriginPro 7.5G (Microcal Software, Inc., Northampton, MA).

½A� ¼ e�k1 t ð1Þ
To identify themetabolites, we choose themetabolically labile 111In-2

as a leading peptide. The extracted supernatant, obtained as described
above, was co-injected with the potential metabolites, synthesized as
described above. Using OriginPro 7.5G (Microcal Software, Inc., North-
ampton, MA), we established formation and disappearance rates of
metabolites, fitting experimental data to eq 2 (see Table 1S).

½M� ¼ kform
kform � kdisapp

ðe�kdisapp t � e�kform tÞ ð2Þ

To follow metabolic pathways of each individual metabolite they were
added to the serum and handled in the same way as the lead peptide. To try
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to establish if there are metallopeptidases involved in metabolic
degradation, 111In-2 and its metabolites were also studied in EDTA-
plasma.
In Vitro Internalization and Cellular Retention Studies

Using AR4-2J Cell Line. The AR4-2J cells were seeded at a density
of 0.5�1.0 million cells/well in six-well plates and incubated overnight to
obtain good cell adherence. On the day of the experiment, cells were
treated exactly as described recently.21

Calcium Mobilization Assay. Intracellular calcium mobilization
was measured in AR4-2J cells using the calcium 3 assay kit (Molecular
Probes, Inc.) following the protocol described earlier.22

In brief, AR4-2J cells (50 000 cells per well) were seeded in 96-well
plates and cultured for 1 day at 37 �C and 5% CO2. On the day of the
experiment, the medium was removed and the cells were then loaded
with 100 μL per well of Ca dye in assay buffer (Hank’s balanced salt
solution and 20 mM 2-[4-(2-hydroxyethyl)-1- piperazinyl]ethanesulfo-
nic acid (HEPES)) containing 2.5 mM probenecid for 1 h at 37 �C. One
to three serial dilutions of the peptides, in a dilution buffer (HBSS with
20 mM HEPES, 0.1% BSA, 0.05% pluronic acid), starting from 6 mM
were loaded in the 96-well plate. The plates were loaded into a FLEX
station 3 microplate reader (Molecular Devices). Intracellular calcium
mobilization was recorded at room temperature for 4 min in a kinetic
monitoring fluorescence emission at 525 nm (with λex = 485 nm), and
the data were analyzed by SoftMax Pro software (Molecular Devices).
The instrument was programed such that the agonist (20 mL at varying
concentrations), added to cell plates, is diluted 1:6 times. Maximum
fluorescence (Fmax) was measured after the addition of ionomycin.
Baseline (control) measurements were taken for untreated cells. EC50

and maximal response for each compound were calculated.
Biodistribution Experiments in AR4-2J Tumor Bearing

Lewis Rats. All animal experiments were performed in compliance
with the Swiss regulation for animal treatment (Permit No. 789). Lewis
male rats were implanted subcutaneously with 10 million AR4-2J tumor
cells, which were freshly expanded in a sterilized phosphate-buffered
saline (PBS, pH 7.4) solution. At 11�16 days after inoculation the rats
were injected into tail vein with 0.1 nmol of 111In-radiolabeled peptide
(about 1.1 MBq dissolved in 200 μL of 0.9% NaCl solution). For the
determination of nonspecific uptake in tumor or receptor positive
organs, a group of animals was co-injected with 100 nmol of unlabeled
10 in 0.9% NaCl solution. At selected time points the rats (in groups of
2�10) were sacrificed and organs of interest were collected, rinsed of
excess blood, plotted dry, weighed, and counted in a γ-counter. The total
counts injected per animal were determined by extrapolation from
counts of an aliquot taken from the injected solution as a standard.
Uptake of different organs was calculated as percentage of injected
activity per gram tissue (% IA/g).
Patient Study.Whole body PET/CT scan of a 59-year-old female

patient with medullary thyroid carcinoma (MTC) was performed on
Siemens Biograph Duo (Siemens, Germany) 70 min after slow injection
of 347 MBq 68Ga-10 over 15 min (Figure 3). The administration of the
peptide (∼20 μg), performed under continuous monitoring of the
patient, was tolerated without any adverse effects.
Statistical Methods. Data are expressed as the mean ( standard

deviation, which were calculated with Microsoft Excel. To compare

differences between groups, the Student’s t test was used. p < 0.01 was
considered to be statistically significant.
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