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Scintigraphy with labeled somatostatin analogues and posi-
tron-emission tomography (PET) with 18F-labeled 2-deoxy-2-
fluoro-d-glucose (18F-FDG) have greatly improved the diag-
nosis and staging of numerous tumors with somatostatin-
receptor-subtype overexpression or active glucose metabo-
lism, respectively. This entailed the development of numerous
radiolabeled peptides that target other receptors overex-
pressed by tumors that do not accumulate somatostatin
analogues or 18F-FDG.[1,2] Proteolytic enzymes expressed on
many cancer cells are also potential targets for radiopharma-
ceuticals. Recently 18F- or 11C-labeled inhibitors of metal-
loproteinase-2 (MMP-2), which is expressed in a variety of
malignant tumors, have been proposed for use in PET.[3, 4]

Neutral endopeptidase (NEP, CD10, CALLA, enkepha-
linase, neprylisin, EC 3.4.24.11) is a membrane-bound zinc
metallopeptidase that interrupts cell signaling by degradation
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of numerous physiologically active peptides.[5, 6] NEP is
expressed in a large variety of tissues including the brain,
kidney, and lung,[7] but it is also overexpressed in various types
of hematological tumors, particularly acute lymphoblastic
leukemia[8] and some lymphomas, as well as in solid tumors
such as melanoma,[9] colonic, pancreatic, and prostatic
adenocarcinomas.[10] Presence, or absence, of NEP expression
has been proposed as a prognostic indicator, depending on the
tumor type.[11–17] In addition, lack of NEP expression in a
prostatic carcinoma may predict decreased androgen sensi-
tivity and a poorer response to hormonal deprivation
therapy.[18, 19] A noninvasive scintigraphic technique imaging
tumor-cell accumulation of a labeled NEP inhibitor could be
an interesting diagnosis and/or prognosis tool.

Structure–activity relationship studies of NEP inhibi-
tors,[6] site-directed mutagenesis experiments,[6,20, 21] and crys-
tallographic studies of enzyme–inhibitor complexes further
elucidated the interactions that stabilize substrates or inhib-
itors in the NEP active site. Potent inhibition of NEP is
obtained with compounds containing a strong zinc ligand as a
phosphinic group, a hydrophobic moiety interacting with the
S’1 subsite of the enzyme,[22] hydrogen-bonding donor and
acceptor groups for binding with Asn542 and Arg717, and a
carboxylate function for Arg102 recognition (Scheme 1).

Based on these findings, we designed novel compounds
with a biphenylmethyl group and an aspartic acid unit to
interact with the S’1 and S’2 subsites, respectively, and a benzyl
moiety bearing a phosphinyl group as zinc ligand (Scheme 1).
A 6-aminohexanoic acid was introduced as a spacer and its
carboxylate moiety was coupled to a dipeptide amide Tyr-Lys-
NH2, with the tyrosine residue allowing labeling with iodine
isotopes. The chelating agent diethylenetriaminepentaacetic
acid (DTPA) was introduced on the e NH2 group of the lysine
to allow labeling with metal radioisotopes. The peptide part of
the molecule was synthesized by solid-phase methods and the

phosphinic moiety, prepared independently by liquid-phase
synthesis, was incorporated onto the peptidyl resin by a
classical coupling step (Scheme 2, see the Supporting Infor-
mation).

As the phosphinic moiety was synthesized as a mixture of
enantiomers, the inhibitor was obtained as a mixture of two
stereoisomers, which were separated by C18 reversed-phase
HPLC. The first eluted isomer exhibited the best inhibitory
potency: AR58-1 had an inhibition constant of Ki = (3.6�
0.1) � 10�8

m, versus Ki = (6.7� 0.4) � 10�7
m for the second

eluted isomer (AR58-2).
High specific activities were obtained by labeling the

DTPA-substituted derivative of AR58-1, referred to as AR60,
with 111In ((191� 20) MBqnmol�1). The AR60 equilibrium
binding-affinity constant ((1.1� 0.1) � 108

m
�1) was deter-

mined by competition binding experiments (Figure 1) on a
human Burkitt lymphoma cell line (Ramos cells), in which
NEP expression was confirmed by fluorescence-activated cell
sorter (FACS) analysis (see the Supporting Information). This
result suggests that coupling to DTPA does not significantly
lower affinity. The number of NEP binding sites per Ramos
cell (2.6 � 104–5.7 � 104) was in the same range as that already
determined from equilibrium binding experiments of 125I-
labeled anti-CD10 antibody (2.1 � 104–7.5 � 104).[23]

A significant specific binding of 111In-labeled AR60 to
tissues of the kidneys (mainly the cortical zone), lungs, liver,
and small intestine, but not of muscle, heart, stomach (not
shown), and colon, was demonstrated by in vitro autoradio-
graphy studies (Figure 2), in agreement with NEP expression
already described in these organs.[7] This labeled inhibitor

Scheme 1. Model of NEP active-site recognition by the phosphinic
inhibitors AR58 and AR60 proposed from the crystallographic data
reported by Oefner et al.[24]

Scheme 2. Synthesis of the NEP inhibitor AR58. a) Bis(trimethylsilyl)-
acetamide, 70 8C; b) BOP, DIEA, NMP, solid-phase peptide synthesis
then cleavage from the MBHA resin and final deprotection of the side
chains of the amino acid residues (tert-butyl ether: Tyr, tert-butyl ester:
Asp, N-tert-butoxycarbonyl: Lys) by trifluoroacetic acid to form R1 and
the desired product. BOP= 1-benzotriazolyloxytris(dimethylamino)-
phosphonium hexafluorophosphate, DIEA = diisopropylethylamine,
NMP = N-methyl-pyrrolidone, MBHA= 4-methyl-benzhydrylamine.
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bound specifically to sections of Ramos cell grafts to SCID
mice.

We then investigated the in vivo biodistribution of 111In-
AR60 three and six hours after intravenous injection to
healthy BALB/c mice (Figure 3). A fast blood clearance of
111In-AR60 was observed, as assessed by the low residual
blood radioactivity six hours after injection. Activity uptake
was observed primarily in the kidneys and to a lesser extent in
the lungs, liver, and colon. Since about 92% of the colon
activity was associated with the stools, activity uptake in this
organ was related to biliary excretion of 111In-AR60. A low
activity accumulation of < 1 % of the injected dose per gram
was observed in other organs six hours after injection. 111In-
AR60 stability in vivo was high since more than 70% was
recovered intact in the serum 1 h after injection.

Coinjection of 111In-AR60 (10 pmol) and a large excess of
unlabeled Thiorphan (790 nmol), a specific NEP inhibitor,
considerably reduced organ activity in the lungs, adrenal
tissues, and kidneys, a result indicating uptake specificity in
these organs (mean D values� (standard error of the mean;
s.e.m.) in the absence versus in the presence of thiorphan as

well as the p values: lungs: 4.60�0.93 versus 2.17�0.31, p<
0.05; adrenal tissues: 0.60�0.08 versus 0.21�0.03, p<0.01;
kidneys: 234�56 versus 56�33, p<0.01;). Liver labeling was
low and no significant difference was observed in the presence
of thiorphan. These results are consistent with the rapid
decrease of liver activity and the absence of gut activity
through uptake of a tritiated NEP inhibitor, facts which suggest
that several tissues are inaccessible to intravenously injected
inhibitors thanks to the presence of functional barriers.[7]

111In-AR60 uptake in tumors evaluated in SCID mice
intravenously grafted with Ramos human Burkitt lymphoma
cells was high ((10.3�2.4) D, with a range of 21.8–3.5 D, 4.5 h
after injection). Since in this model disseminated tumor-cell
grafts occur in different organs, normal tissue uptakes were
evaluated in healthy SCID mice. Tumor to normal tissue uptake
ratios were high for the brain (144�30, not shown), heart,
stomach, blood, adrenal tissues, liver, spleen, and small intestine.
Lower targeting contrasts were obtained for other organs, with
values of around 3 for the colon, muscle, and bone, 1.4�0.3 for
the lungs, and 0.06�0.01 for the kidneys (Figure 4).

Since the tumor to normal tissue uptake ratio is the key
for isotopic tumor imaging, 111In-AR60 should provide good
contrast images except for tumors located on or near organs
with high NEP expression, such as the kidneys and lungs. In

Figure 1. Typical competition binding curve between 111In-labeled and
unlabeled AR60. Trace amounts of 111In-labeled AR60 were incubated
with Ramos cells in the presence of increasing concentrations of AR60
saturated with nonradioactive indium. (The curve was generated by
computer simulation with the Equilibrium Expert software.[25]) The frac-
tion of radioactivity associated to the cells (bound/total (B/T) in %)
was counted. The mean values from triplicate determinations are plot-
ted. Bars give standard deviation values except those that were smaller
than the points as plotted.

Figure 2. Autoradiogram of 111In-AR60 binding to tissue sections
(lu = lungs, li = liver, sp =spleen, ki= kidneys, si =small intestine,
co = colon, he = heart, mu =muscle) from healthy BALB/c mice and
intravenous grafts of Ramos cells to SCID mice (tu= tumor). Top:
total binding. Bottom: nonspecific binding evaluated on adjacent sec-
tions in the presence of an excess (10�6

m) of AR58-1. Binding quantifi-
cation, expressed in arbitrary activity units per surface unit, is indi-
cated on each image. The Student t test was used to evaluate the
significance of the results (*: statistical probability value p<0.05;

**: p<0.01; n.s.: not significant).

Figure 3. Biodistribution studies of 111In-AR60 in healthy BALB/c mice.
Mice were sacrificed, after an intravenous injection of only 111In-AR60
(10 pmol in 150 mL of phosphate-buffered saline (PBS)) at 3 h (white
bars) or 6 h (gray bars) or at 6 h in the presence of excess thiorphan
(790 nmol, black bars). Tissue radioactivity is expressed as the per-
centage of injected dose per g of tissue (D, mean value� standard
error of the mean (s.e.m.), number of animals: 5 at 3 h, 4 at 6 h).
Injected doses were corrected by subtraction of noninjected and sub-
cutaneously injected material. Additional abbreviations to Figure 2:
bl= blood, sp = spleen, git = gastrointestinal tract, ad= adrenal
tissues, bo= bone, gb= gall bladder, st = stomach.

Figure 4. Tumor to normal tissue uptake ratios UT/N of 111In-AR60 in
SCID mice intravenously grafted with Ramos cells. Four animals were
given 111In-AR60 (10 pmol in 150 mL of PBS) by intravenous injection.
Blood, organs, and tumor masses were collected and counted for
radioactivity 4.5 h later. Tumor involvement of macroscopically suspect
specimens was confirmed by histological analysis. Injected doses were
corrected for losses as described in the legend to Figure 3. Since the
graft is disseminated, results are expressed as the ratio between tumor
uptake (10 samples) and mean organ uptake in nongrafted mice
(mean value of UT/N� (s.e.m.)).
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some organs of tumor-bearing mice, with no macroscopic
tumor involvement, activity uptake was greater than the mean
uptake of corresponding organs of nongrafted mice. Histo-
logical analysis revealed tumor involvement in four of these
samples, two brain samples with values of 0.78 and 0.57 D
versus (0.07� 0.03) D in ungrafted mice and two adrenal
tissue samples with values of 1.91 and 9.33 D versus (1.07�
0.39) D in ungrafted mice. These results further demonstrated
the specificity of tumor uptake of 111In-AR60.

In conclusion, the fast plasma clearance, the elevated
tumor labeling, and the low nonspecific uptake of 111In-
labeled NEP ligand AR60 in normal organs provide high
uptake ratios between tumor and normal organs except for
the kidneys and lungs, which express high NEP levels.
Noninvasive scintigraphic imaging of NEP expression with
this compound may be a potential tool for the diagnosis and/
or prognosis of different tumor types.
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