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Breast cancer is still one of the most frequently occurring
tumors in women. Severe and often therapy-limiting side
effects are a major obstacle in chemotherapy. New delivery
concepts that reduce systemic side effects are needed to
optimize anticancer therapies, and selective targeting con-
cepts are required for early and selective tumor diagnosis.
Neuropeptide Y (NPY), a member of the pancreatic poly-
peptide family, is a C-terminal amidated peptide hormone
consisting of 36 amino acid residues."? NPY-mediated func-
tions are transmitted by so-called Y receptors, named Y, Y5,
and Y receptors, which bind NPY with nanomolar affinity.
All Y receptors are members of the class A of heptahelix
receptors, that signal through heterotrimeric G proteins.®*
Reubi et al. have recently described Y-receptor expres-
sion in human breast cancer. They have shown that over 90 %
of all breast tumors and 100 % of the examined metastases
express Y, receptors.”! Interestingly, a shift of the receptor
subtype from Y, receptors in healthy tissue to Y, receptors
during neoplasm was found, which is potentially related to
reduced differentiation. Based on NPY and the known
structure—activity relationships for Y,-receptor binding,” we
designed, synthesized, and characterized two analogues for
tumor labeling that vary in the position of the chelator to
conjugate *™Tc. Peptides 1a and 2a were synthesized with a
N¢histidinyl acetyl (N“His-ac) chelator!”! at the N terminus,
whereas peptides 1b and 2b were modified at the N° side
chain of Lys*. The tridentate ligand N“His-ac is able to form
stable and biologically active complexes.®*’ Modification of
the resin-bound peptide was performed by an efficient
strategy (Scheme 1). In the first step, bromoacetic acid was
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Scheme 1. The synthesis of NPY analogues with reagents and condi-
tions for rhenium conjugation (see also Table S1 in the Supporting
Information). a) Diisopropylcarbodiimide in dichloromethane, shaking
time 20 min. b) NH,-peptide resin, diisopropylethylamide (DIPEA),
incubation time 2 h, washing with dimethylformamide (DMF). c) His-
(Trt)-OtBu in DMF, DIPEA, incubation time 24 h, washing with routine
resin-washing solvents, dried in vacuo. d) Cleavage by 95 % trifluoro-
acetic acid/5 % thioanisol/thiocresole. €) 5% excess
(NEt,),[Re(CO);Br3], pH 4.3, heating at 37°C, in nitrogen atmosphere,
incubation time 2 h.

activated by diisopropylcarbodiimide to form the correspond-
ing anhydride. His(Trt)-OfBu was then added and the NH—
CH bond was formed by HBr elimination. Cleavage of the
peptide yielded His-acetyl peptides either at the N terminus
or at the N* side chain of Lys*. Rhenium was used as a cold
surrogate for *“™Tc and introduced for in vitro studies
(peptides 1¢, 1d, 2¢, 2d). The (N“His-ac) peptides were
labeled with rhenium by using (NEt,),[Re(CO);Br;] at pH 4.3
and incubation of the reaction mixture for 2h at room
temperature. Re(CO);-(N“His-ac)-NPY was separated from
its non-labeled counterpart by preparative HPLC in a yield of
55%. Displacement binding assays using [*H-propionyl]-
NPY and increasing concentrations of each peptide were
performed at Y- (SK-N-MC (human neuroblastoma) and
MCF-7 (human breast adenocarcinoma)), Y,- (SMS-KAN
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(human neuroblastoma)) and Ys- (HEC-1b-hYs; (human
endometrial carcinoma)) receptor-expressing cells.'”l Pep-
tides 1c¢ and 1d showed similar ICy, values at Y,- and Y,-
receptor-expressing cells and a slightly reduced affinity for
Y receptors, as expected, whereas peptides 2¢ and 2d
showed selective, nanomolar receptor binding only at
Y, receptors (Table 1). Accordingly, no significant influence
of the Re(CO);-(N“His-ac) moiety was found for in vitro
peptide receptor binding.

Table 1: In vitro binding data of the NPY analogues.

1Cs0 [NM]
SK-N-MC  MCF-7 SMS-KAN HEC-1b-
hY;
1c Re(CO);-(N*His- 3.9403 17.0+6.5 3.2+13  29.8+1.9
ac)-NPY
1d Lys‘(Re(CO);-  105+3.9 85+65 61+2.6 27.3+5.1
(N“His-ac))-NPY
2¢ Re(CO),-(N“His- 11.8+2.6 269452 106.3+£222 >1000
ac)-[Phe’,
Pro*|NPY
2d Lys*(Re(CO);- 1.3£01 52+1.0 975+11.9 208.4+8.0
(N“His-ac))-

[Phe’, Pro*|NPY

Agonist stimulation leads to Y-receptor internalization,!'
which can significantly increase the labeling efficiency. Signal
transduction measurements were performed after co-trans-
fection of human Y, receptors and a chimeric Ga; protein in
COS7 cells (African green monkey, kidney).'>®! The ECs,
values of 1¢, 1d, 2¢, and 2d confirmed the results from the
displacement binding assays and showed a strong agonistic
activity of all four peptides (Figure 1b). To further support
our hypothesis, we followed the internalization of 1¢, 1d, 2¢,
and 2d by microscopic studies. After stimulation with 1 pm of
each peptide, complete peptide mediated Y,-receptor inter-
nalization was found in HEK293-hY,-EYFP receptor cells. To
investigate the selectivity of the internalization, we used cells
that co-express hY,-EYFP and hY,-ECFP receptors. As
shown in Figure 1 a, peptides 1¢ and 1d lead to internalization
of both receptor subtypes, whereas peptides 2¢ and 2d induce
selectively the internalization of the addressed Y, receptor.

The metabolic stability of 1¢, 1d, 2¢, and 2d was studied
in vitro by the determination of their half-lives in human
blood plasma. The peptides were labeled with carboxyfluor-
escein (CF) at the N-terminus or at the respective N° side
chain of Lys*" Time-dependent incubation showed half-
lives of 9.9 to 32 h; these values are in the same range or
slightly reduced for the Y, receptor selective peptides com-
pared to NPY (t,,=24.7 4+ 1.4 h) (Figure 1c).1>16!

For radiolabeling of the highly selective peptides 2a and
2b, an approved protocoll” ™ was used, yielding in *™TcY
species, which are denoted *™Tc(core)*". Because the inter-
action between plasma proteins and peptides directly and
indirectly affects different pharmacokinetic parameters, such
as volume of distribution, metabolism and excretion of the
drugs, and accordingly the dosage,” protein binding of
#mTe(core)’ -labeled peptides 2a and 2b were studied in
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Figure 1. Rhenium-labeled NPY analogues internalize into Y,-receptor-
expressing cells and are slowly degraded in human blood plasma.

a) HEK293 cells stably transfected with hY,R-EYFP (upper panel,
receptors: yellow) and transiently co-transfected with hY,-ECFP recep-
tors were incubated with 1 pum of the peptide 1¢, 1d, 2¢, and 2d for
60 minutes (Y, receptors: red, Y, receptors: green), confirming selec-
tive internalization of peptide 2¢ and 2d. b) EC;, curves and ECs,
values determined by a *H-based IP; signal-transduction assay using
COS7 cells transiently coexpressing hY; and Go,;. c) Metabolic stability
curves and values of the peptides 1¢, 1d, 2¢, and 2d in human blood
plasma. All the values are average + standard deviation of three
experiments.

vitro in human blood at several time intervals and showed
high stability of the formed *™Tc(core)* —peptide complex.
Initially, slower protein binding was observed for peptide 2a
compared to peptide 2b, although an increased protein
binding of peptide 2a was found after 3h of incubation
(Figure 2¢).

In vivo uptake of *™Tc(core)*"-labeled peptides 2a and
2b was then studied in various organs of normal rabbits after
regular time intervals. Peptide 2a showed a slower uptake
compared to peptide 2b, whilst the retention time was
significantly higher (Figure 2a,b). Accordingly, peptide 2a
has sufficient renal excretion time to allow absorption into the
tumor, but body clearance is fast enough to avoid unspecific
peptide accumulation.

Neither analogues of NPY nor NPY itself have been
previously used in clinical studies in human breast-cancer
patients. Our preliminary in vitro and in vivo studies led to the
most promising peptide, the ™ Tc(core)*"-labeled peptide 2a,
which then was used in imaging studies with four patients
showing different stages of disease along with metastases
spreading from the originating tumor (Figure 3). For control,
%mTc-MDP bone scan was performed for each patient. In the
process, the radiolabeled ligand methylene diphosphate
(MDP) can preferentially be taken up by bones and the
radioactivity attached to bones by the hydroxyapatite can be
used for imaging.??? Therefore, it was used to detect the
possibility of skeletal metastases. Another control was the
treatment of a healthy volunteer with peptide 2a. Whole body
scintimammography showed no peptide uptake, and in
particular not in breasts (Figure 3a).
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Figure 2. Good renal excretion and fast body clearance in rabbits, and
adequate protein binding of the *™Tc(core)**-labeled peptides 2a and
2b. a,b) In vivo uptake (%) with 3-5 mCi of each peptide in rabbits
after different time intervals. c) Protein binding (%) with 2 mCi of each
peptide in human blood after different time intervals. All values are
average + standard deviation of two or three experiments (n.d.: not
detected).

Whole-body scintimammography of patient 1 at 60 min
post-injection resulted in a clear uptake in a right breast
tumor (Figure 3b,c). Animage of the skeleton showed normal
and symmetrical tracer uptake (Figure 3d). Similar results
were observed for patient2, ruling out the possibility of
metastases cells in bone, because of the normal and sym-
metrical tracer uptake (Figure 3e-g). A tumor uptake in left
breast was detected in patient 3 (Figure 3 h,i). Treatment with
the *™Tc(core)*"-labeled peptide 2a of patient 4 and whole
body scintimammography at 60 min post-injection resulted in
a distinct accumulation of radioactivity at metastases sites,
predominantly at the right side. The observed hot spots
suggest that this patient has metastasis lumps originating from
the right breast (Figure 3k). This was further confirmed in
9mTc-MDP bone scan by an increased uptake in bones only at

Angew. Chem. Int. Ed. 2010, 49, 1155-1158

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Figure 3. Clear uptake of the *™Tc(core)*"-labeled peptide 2a in
breast-cancer patients shown by whole-body scintimammography.

a) No significant peptide uptake in the healthy volunteer; b—d) Patient
1; e—g) Patient 2; h—j) Patient 3; k,|) Patient 4. b,e,h,k) Detection of
radioactivity in the cancer bearing breast at 60 min post injection;
cf,i) Lateral view of both breasts showing clear uptake in only one
breast (x uptake, # no uptake, ## blood pool formation in both
breasts, = uptake by metastases); d,g,j,m) Bone scan shows mild
tracer uptake in bone adjacent to tumor site at 2.5 h post injection

(+ mild tracer uptake).

the sites of bone metastases. These findings agree with the
clinical history of patient 4 (Figure 31; see also the Supporting
Information). Our studies demonstrate for the first time a
clear uptake of a ™Tc(core)*"-labeled Y, -receptor-selective
ligand into the tumor, whereas normal tissues and organs only
show background radiation. Interestingly, we found that
metastases spread in other organs that originated from breast
cancer could also be detected. No radioactivity was found in
the brain, which indicates that the peptide cannot cross the
blood-brain barrier. Minimized adverse effects during pep-
tide treatment can therefore be expected.

In conclusion, NPY-derived Y,-receptor ligands were
developed and investigated in vitro and in vivo. These pre-
clinical and first clinical data clearly indicate that the over-
expression of the Y, receptor in human breast cancers offers a
unique possibility for tumor targeting by using NPY-derived
Y,-receptor ligands. This approach might be further extended
to a tumor-specific targeting by using NPY derivatives for
carrier of chemotherapeutic agents and might not be limited
to breast cancer, because Y-receptor expression has been
identified in other tumors, such as neuroblastoma, glioblas-
toma, ovarian adenocarcinoma, gastrointenstinal stromal
tumor, nephroblastomas, renal cell carcinoma, and pheochro-
mocytoma.>2>24

Experimental Section
See Supporting Information for details. All animal and human studies
were done at the Institute of Nuclear Medicine and Oncology
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(Lahore, Pakistan) according to the local rules and regulations of the
country (NMOL 53/07). Human studies were performed by their
informed written consent about the new drug.
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