Preclinical Evaluation of a New, Stabilized
Neurotensin(8-13) Pseudopeptide Radiolabeled

with °9"T¢

Elisa Garta-Garayoa, PhB Peter Blaienstein, Ph) Matthias Bruehlmeier, MB Alain Blanc, BChE;
Koen lterbeke, PhB) Peter Conrath, PRMDDirk Tourwg, Ph¥; and P. August Schubiger, PhD

1Center for Radiopharmaceutical Science, Paul Scherrer Ingtitute, Villigen, Switzerland; and 2Department of Organic Chemistry,

Vrije Universiteit Brussel, Brussels, Belgium

The rapid degradation of neurotensin (NT) limits its clinical use
in cancer imaging and therapy. Thus, a new NT(8-13) pseu-
dopeptide, NT-VIIl, was synthesized. Some changes were in-
troduced in the sequence of NT(8-13) to stabilize the molecule
against enzymatic degradation: Arg® was N-methylated, and
Lys and Tle replaced Arg® and lle'?, respectively. Finally,
(NaHis)Ac was coupled to the N-terminus for #mTc(CO); label-
ing. This peptide was characterized both in vitro and in vivo.
Methods: The new analog was labeled with 9mTc(CO)s. Its
metabolic stability was analyzed both in human plasma and in
HT-29 cells. Binding properties, receptor downregulation, and
internalization were tested with HT-29 cells. Biodistribution was
evaluated in nude mice with HT-29 xenografts. Results:
99mTc(CO)sNT-VIII showed a high stability in plasma, where most
of the peptide remained intact after 24 h of incubation at 37°C.
However, the degradation in HT-29 cells was more rapid (46%
of intact 9¥mTc(CO);NT-VIII after 24 h at 37°C). Binding to NT1
receptors (NTR1) was saturable and specific. Scatchard analy-
sis showed a high affinity for 2°mTc(CO);NT-VIII, with a dissoci-
ation constant similar to ™25I-NT (1.8 vs. 1.6 nmol/L). After inter-
acting with NTR1, ®°mTc(CO);NT-VIIl was rapidly internalized,
with more than 90% internalized after 30 min. It also distributed
and cleared rapidly in nude mice bearing HT-29 xenografts. The
highest rates of accumulation were found in kidney and tumor at
all time points tested. Tumor uptake was highly specific be-
cause it could be blocked by coinjection with a high dose of
(NaHis)Ac-NT(8-13). Tumors were clearly visualized in scintig-
raphy images. Conclusion: The changes that were introduced
stabilized the molecule against enzymatic degradation without
affecting binding properties. Moreover, the increase in stability
enhanced tumor uptake, making this derivative a promising
candidate for clinical use.
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H igh-affinity neuropeptide receptors are expressed in
high concentrations in several human tumors. The overex-
pression of neuropeptide receptors in malignant tumors
makes them an attractive target for use in imaging or ther-
apy that applies specific radiolabeled ligands3). Thus,
small peptides that bind these cell-surface receptors with
high affinity have been the focus of many investigations in
the last few years4(-8).

NT (pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-
lle-Leu) is a tridecapeptide that was first isolated from
bovine hypothalamus9j. In mammals, NT is localized in
both the central nervous system and peripheral tissues
(mainly in the gastrointestinal tract), acting as both a neu-
rotransmitter and a local hormon&0-12). The biologic
effect of NT results from the specific interaction of the
peptide with cell-surface receptors. At present, 2 binding
sites have been characterized for NT: NT receptor subtype
1 (NTR1), which shows high affinity and low capacity, and
NT receptor subtype 2 (NTR2), which shows low affinity
and high capacity13,14) and can be blocked by levoca-
bastine, a histamine-1 receptor antagoriis).(Both NTR1
and NTR2 are G protein—coupled receptors with 7 putative
transmembrane domains. Recently, a new subtype was re-
ported, but its physiologic functions remain unknovig)(

As shown by Reubi et all1f), NT receptors are known to
be overexpressed in a variety of human tumors, such as
Ewing's sarcoma (65%), meningioma (52%), astrocytoma
(43%), medulloblastoma (38%), medullary thyroid carci-
noma (29%), and small cell lung cancer (25%).

As already described3], the use of small peptides has
advantages over monoclonal antibodies for tumor imaging,
such as easier synthesis and modification, high affinity, and
rapid plasma clearance, which may result in a high concen-
tration in the target tissue and therefore better tumor-to-
background ratios. However, peptides are rapidly metabo-
lized in plasma by endogenous peptidases, terminating their
biologic effect under physiologic conditions. The 2 main
cleavage bonds in the metabolic deactivation of NT(8-13)
are Arg—Arg® and Tyf-lle!? (18,19). These 2 bonds
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should be stabilized to prolong the half-life of the peptide
and, thus, increase the chances of reaching the tumor and
binding to the receptors.

Here, we present a new, promising NT pseudopeptide,
NT-VIII. The basic sequence was fragment 8—13 of NT, to
which some modifications were introduced to improve met-
abolic stability. The molecule of NT-VIII (Fig. 1) was
obtained after N-methylation of Arg® and replacement of
Arg® by Lys and lle*? by Tle. This sequence has been
previously reported by Heyl et a. (20). Findly, (NaHis)Ac
was linked to the amine terminus (Arg®) as a tridentate
ligand, which is optimal for labeling with ®"Tc(CO),, as
described by Schibli et al. (21). In this article, we report the
binding properties, internalization, downregulation, and in
vitro stability of this new pseudopeptide, as well as its in
vivo biodistribution in nude mice bearing human HT-29
colon adenocarcinoma xenografts.

MATERIALS AND METHODS

Chemicals

Chemicals for the assays were obtained from various sources.
McCoy’s 5A and GlutaM AX-I culture media, fetal bovine serum,
antibiotic/antimycotic solution, trypsin/ethylenediaminetetraacetic
acid (EDTA), bovine serum albumin, and soybean trypsin inhibitor
were from Gibco BRL Life Technologies AG (Basel, Switzer-
land). [*231]Tyr3-NT was from Amersham (Zurich, Switzerland).
N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES),
chymostatin, bacitracin, and neurotensin (NT) fragment 8—13 were
from Sigma (Buchs, Switzerland). Ethylene glycol-bis(3-amino-
ethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), morpholinoeth-
anesulfonic acid, N,N,N’,N’-tetramethyl-O-(benzotriazol-1-yl)uro-
nium tetrafluoroborate (TBTU), N-methylmorpholine, and glycine
were from Fluka (Buchs, Switzerland). HF, HCI, NaCl, MgCl,,
NaOH, and KCI were from Merck (Dietikon, Switzerland). The
PMo/**"Tc generator was from Mallinckrodt (Petten, The Neth-
erlands).

Synthesis of New NT(8-13) Derivative and
Radiolabeling

Peptide solid-phase synthesis was performed on a Merrifield
resin, using a semiautomatic Peptide Synthesizer SP640B (L abor-

Pro-Arg-Arg-Pro-Tyr-lle-Leu

%
O, CH CH N
v N7 N “SArg-Lys-Pro-Tyr-Tle-Leu

4 H ]
o 0

FIGURE 1. Sequence of NT-VIII (bottom), compared with
NT(7-13) (top). Atoms in boldface represent ligands for metal
complex formation with 2°mTc(CO);* and "Re(CO);*. nat =
natural isotopes 185/187.
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tec, Bubendorf, Switzerland). Tert-butyloxycarbonyl main-chain
protected amino acids were used. Couplings were performed for
2 h with 4 Eq of TBTU as the coupling reagent, 4 Eq protected
amino acid, and 20 Eq N-methylmorpholine as the base. The
(NaHis)Ac was attached in a way similar to that of the former
analogs. Cleavage from the resin was done using hydrogenfluoric
acid in the presence of anisole. Mass spectra were recorded on a
VG Quattro Il spectrometer (electrospray ionization; cone voltage,
70 V; Micromass, Manchester, U.K.). Data were collected with
MassLynx software (Waters, Milford, MA). ®"T¢(CO); was ra-
diolabeled according to arecently described method (21), with few
modifications. Briefly, 1-10 GBq pertechnetate in approximately 2
mL generator eluate were added to a mixture of 4 mg sodium
carbonate, 5.5 mg sodium borohydride, and 15 mg sodium potas-
sium tartrate in a penicillin vial under a carbon monoxide atmo-
sphere and heated at 75°C for at least 30 min. The solution was
cooled and neutralized (pH 6.5-7.5) using morpholinoethanesul-
fonic acid and hydrochloric acid. Immediately afterward, 0.2—0.5
mL of the neutralized technetium carbonyl solution was mixed
with 10-25 pL of a 0.001 mol/L solution of NT-VIII (minimal
final concentration, 0.05 mmol/L) and again heated to 75°C for at
least 1 h. The product was analyzed and purified with high per-
formance liquid chromatography (HPLC) using an RP-18 re-
versed-phase column. Solvent A was 0.1% trifluoroacetic acid in
water, solvent B was 70:30 ethanol:water and 0.1% trifluoroacetic
acid (pH 2-2.5). A gradient with solvents A and B was run as
follows: 0—3 min, 100% A; 3—-15 min, 100%-50% A and 0%-50%
B; after 15 min, 50% A and 50% B.

During purification, 1-mL fractions were taken. For the binding
assays, the fraction with the highest activity was used because high
concentrations of peptide were needed to reach saturation. This
fraction was neutralized with 1 mol/L NaOH.

The cold ("™Re)(CO)sNT-VIII, where nat = natural isotopes
185/187, was synthesized and purified with HPLC under the same
conditions as those used for ®™Tc labeling, starting from
[NEt,],[ReBr3(CO)5] (22), but was heated overnight (=8 h) in-
stead of for 1 h. The product was characterized with a matrix-
assisted laser desorption/ionization time-of-flight mass spectrom-
eter.

Cell Culture

A human colon adenocarcinoma HT-29 cell line was obtained
from European Collection of Cell Culture (Salisbury, England).
Cells were maintained in McCoy’s 5A and GlutaMAX-I media
supplemented with 10% fetal bovine serum, 100 IU/mL penicillin,
100 pg/mL streptomycin, and 0.25 pwg/mL amphotericin B. The
cells were cultured at 37°C in a humidified incubator under an
atmosphere containing 7.5% CO, and passaged weekly.

Metabolic Stability in Human Plasma and HT-29 Cells
Metabolic stability was analyzed in human plasma and HT-29
cells. Plasma samples from healthy donors were incubated with
9mMTc(CO)sNT-VIII at aconcentration of 0.2 pmol/mL at different
times (up to 24 h). After incubation, the plasma samples were
centrifuged at 4°C (14,0009 for 10 min), the pellet was discarded,
and a sample of the supernatant was injected into a Superdex
peptide column (Pharmacia, Piscataway, NJ) for fast protein liquid
chromatography separation. For the experiments performed with
HT-29 cells, adherent cells at confluence in 25-cm? culture flasks
were incubated with 0.2 pmol/mL *™T¢(CO)sNT-VIII. The con-
centration of total [% = 9MTc]NT-VIII was calcul ated as described
by Bauer and Pabst (23). The cells were incubated with 3.7
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MBag/mL, corresponding to a concentration of 0.2 pmol/mL. The
amount of activity taken up was 10% =+ 2% of the total activity
added. At different time points (up to 24 h), a sample of the culture
medium was injected for fast protein liquid chromatography sep-
aration. In both cases, 0.5-mL (30 s) fractions were collected and
the eluted radioactivity was determined in an Nal y-counter (Pack-
ard Instrument Co., Inc., Downers Grove, IL).

Binding Assays

Binding assays were performed on whole HT-29 cells at con-
fluence. A day before the assay, cells (10° cells/0.4 mL, equivalent
to 0.3 mg protein) were placed in 48-well plates. A special binding
buffer that includes protease inhibitors (50 mmol/L HEPES, 125
mmol/L NaCl, 7.5 mmol/L KCI, 5.5 mmol/L MgCl,, 1 mmol/L
EGTA, 5 g/L bovine serum abumin, 2 mg/L chymostatin, 100
mg/L soybean trypsin inhibitor, 50 mg/L bacitracin, pH 7.4) was
used for the experiments. In inhibition studies, cells were incu-
bated for 1 h at 37°C in triplicate with 25,000 cpm of 125-NT and
variable concentrations (0.001-3,000 nmol/L) of unlabeled NT(8—
13), unlabeled NT-VIII, or NT-VIII labeled with "Re (final vol-
ume of 0.2 mL per well). The cells were then washed twice with
cold binding buffer and afterward were solubilized with 1IN NaOH
at 37°C (0.4 mL per well). The activity was determined in a
vy-counter. In saturation studies, cells were incubated in triplicate
with increasing concentrations (0.1-10 nmol/L) of ™T¢(CO)3NT-
VIII for 1 h at 37°C (fina volume, 0.2 mL per well). The concen-
trations of total technetium (% * 99MTc), calculated as described by
Bauer and Pabst (23), were equivalent to 0.2-20 MBqg %"Tc
activity per well. After 2 washings with the same binding buffer as
before, the cells were then solubilized with 1IN NaOH at 37°C (0.4
mL per well). The bound radioactivity was measured in the
vy-counter. Nonspecific binding was determined with 1 pmol/L
unlabeled NT(8-13).

Internalization and Receptor Downregulation

Studies of internalization of receptor-bound *™Tc(CO)sNT-
VIl were performed as previously described (24,25), with some
modifications. Briefly, HT-29 cells at confluence were placed in
6-well plates. The cells were incubated with approximately 4 kBq
9MTc(CO)sNT-VIII in culture medium for 5, 15, 30, 60, and 120
min at 37°C to alow binding and internalization (total final vol-
ume, 1 mL per well). Nonspecific internalization was evaluated in
the presence of 1 pwmol/L unlabeled NT(8-13). After the various
incubation times, the cells were washed 3 times with ice-cold
culture medium to discard unbound peptide. Surface-bound activ-
ity was removed by 2 acid washes of 5 min each (50 mmol/L
glycine-HCI, 100 mmol/L NaCl, pH 2.8, 0.6 mL per well) at room
temperature. Finally, the amount of internalized activity was re-
covered by solubilizing cells with 0.6 mL per well of IN NaOH at
37°C. Surface-bound and internalized activities were measured in
ay-counter. Other experiments were performed with incubation at
4°C for 2 h followed by incubation at 37°C (from 5 min to 2 h).
Internalization of the bound activity was then measured as de-
scribed above. All experiments were performed in triplicate. The
results are expressed as percentage of internalized activity related
to the total activity associated with cells (surface bound plus
internalized).

Downregulation tests were performed as described by Her-
mans et a. (26). Briefly, HT-29 cells at confluence were placed
in 12-well plates and were incubated in triplicate with NT(8—
13) and NT-VIII at a concentration of 3 nmol/L in the previ-
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ously describedbinding buffer (final volume, 1 mL per well).
Control wells contained only binding buffer. The first incuba-
tion was performed at 37°C for 5, 15, and 30 min. The cells
were then incubated with 125I-NT for 45 min. Excess of un-
bound %5I-NT was washed with binding buffer twice. Finally,
the cells were detached with 0.5 mL NaOH, 1IN, and the
radioactivity was measured in a y-counter. Two additional
plates were also incubated with NT(8-13) and NT-VIII for 30
min, then washed twice with binding buffer and maintained at
37°C with culture medium for 4 and 24 h to analyze the
recovery of binding capacity. The results are expressed as
percentage related to total binding found in control wells.

Biodistribution Studies

Female CD-1 nu/nu mice (6 to 8 wk old) bearing human HT-29
colon adenocarcinoma xenografts were used. For induction of
tumor xenografts, HT-29 cells at a concentration of 8 X 10 cells
per mouse were injected subcutaneously and allowed to grow for
10 d. On the day of the assay, each mouse received 3.5-4 MBq
9mMT¢(CO)sNT-VIII through the tail vein. The mice were killed by
cervical dislocation at 5 different postinjection times (1.5, 3, 5, 15,
and 24 h) and then were dissected. The amount of radioactivity in
tumor and other tissues (blood, heart, lung, spleen, liver, kidney,
stomach, intestine, and brain) was determined by -y-counting.
Threeto 6 mice per time point were used. The results are expressed
as percentage of injected dose per gram of tissue (%ID/g) by
reference to standards prepared from dilutions of the injected
preparation.

In blockade experiments, each mouse received 3.5-4 MBq
9MTc(CO)sNT-VIII intravenously, coinjected with a dose of 0.3
mg cold (NaHis)Ac-NT(8-13), which is the analog NT-II of the
same series (25,27). The animals were killed at 1.5 h after injec-
tion, the organs were removed, and the radioactivity per organ was
measured in the y-counter.

Additionally, scintigraphy images were made of the mice killed
at 1.5 h after injection of ®MTc(CO)sNT-VIII. In these mice, 2
different tumor xenografts were induced. Each animal received a
subcutaneous injection of 8 X 10° cells of both human colonic
carcinoma HT-29 (in the neck area) and human prostatic carci-
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FIGURE 2. Degradation of NT-VIII in vitro after incubation at

37°C, compared with nonstabilized analog NT-Il and monosta-
bilized analog NT-VI (25). Data represent mean of 2 experi-
ments.
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noma PC-3 cells (in the hip area), the latter expressing both RESULTS

high-affinity NTR1 and low-affinity NTR2. Images were obtained
on a small-field single-head Basicam gamma camera (29-cm-
diameter field of view; Siemens Medical Systems, Inc., Hoffman
Estates, IL). Acquisition was performed in zoomed mode, using a
low-energy general-purpose parallel-hole collimator. Planar im-
ages were obtained in ventral and dorsal views. Approximately
50,000 counts were collected during the 10-min acquisition time
per view.
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Synthesis of New NT(8-13) Derivative and
Radiolabeling

The structure of the new NT(8-13) derivative, NT-VIII,
is shown in Figure 1. The retention time in HPLC was 17.5
min. The main peak obtained in the mass spectra corre-
sponded to a molecular mass of 998 (molecular weight =
997 [NT-VIII + 1 H*]).
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After labeling, yields > 90% were reached. The yield
was lower, though, when the incubation time was shorter
than 1 h, but the yield did not change significantly with
increase of incubation time. One main product, which cor-
responded to ®MT¢(CO);NT-VIII, was obtained after 1abel-
ing. This compound was analyzed by HPLC, retention time
being 23 min. The concentration of unlabeled peptide was
1,000-fold higher than that of labeled peptide. Both pertech-
netate and tricarbonyl represented up to 5% and 1%, respec-
tively, of the total activity. After purification, pertechnetate
and tricarbonyl were not detectable. The remaining amount
of cold peptide was also not detectable by ultraviolet anal-
ySis.

ntRe-labeled NT-VIII was analyzed by HPLC. Retention
time on HPLC was identical for both the technetium and the
rhenium products. The mass spectrometry of "Re(CO);NT-
VIl confirmed the correct structure, showing 2 main peaks
at 1,294 and 1,296, corresponding to the natural isotopes
185Re and 187Re (peak intensities according to the natural
abundance of these nuclides), respectively, and 2 minor
peaks at 1,295 and 1,297, corresponding to a protonated
form of the product.

Metabolic Stability in Human Plasma and HT-29 Cells

The stability of the new pseudopeptide was tested both in
human plasma and in HT-29 cells. ®mT¢(CO);NT-VIII
proved to be stable in human plasma, with most of the
peptide dtill intact after 24 h of incubation at 37°C. In
HT-29 cells, however, aquicker degradation was found, and
54% of the peptide was already metabolized after 24 h of
incubation. Figure 2 summarizes the results.

Binding Assays

In inhibition studies, NT-VIII inhibited the binding of
125-NT, showing a typical sigmoid curve (Fig. 3A). The
inhibitory concentration of 50% (ICsg) obtained for NT-VI1I
(21.1 nmol/L) was approximately 15 times higher than that
observed for fragment 8—13 of NT (1.5 nmol/L), indicating
alower affinity for NT receptors in this cell line (Fig. 3A).
However, after NT-VIII was labeled with "™®Re, a higher
affinity was found (1Csp of 7.3 nmol/L). In saturation stud-
ies, specific binding of %I-NT and ®™T¢c(CO)sNT-VIII to
intact cells was found to be saturable and highly specific

TABLE 1
Binding Properties of NT-VIII in HT-29 Cells
Peptide ICs0* (Nnmol/L) Kg (nmol/L)
NT 0.97 1.6
NT-VIII 21.1 1.8
natRe(CO)sNT-VIII 7.3 —

*Displacement of 125-NT binding.

tValue for NT(8-13).

Data are from 2-3 experiments in triplicate. Ky was determined
with 1251-NT and %mT¢(CO)sNT-VIII.
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FIGURE 4. Time course internalization of mTc(CO);NT-VIl in
HT-29 cells at 37°C with (m) and without (@) preincubation at
4°C. Data are percentage of acid-resistant activity related to
total activity in cells (surface-bound and internalized). Each
point represents mean of 2-3 experiments in triplicate.

(Fig. 3B). The dissociation constant (Ky) obtained for
9OMTc(CO)sNT-VIII (1.8 nmol/L) was similar to that ob-
tained for *51-NT (1.6 nmol/L) in this cell line, showing a
similar affinity for both peptides. Table 1 summarizes the
results.

Internalization and Receptor Downregulation

NTRL1 is rapidly internalized after stimulation with ago-
nists, afact that has already been reported for NT in various
cells (28,29). In our experiments, we aso found rapid in-
ternalization of the surface-bound *™Tc(CO);NT-VIII into
HT-29 cells. More than 50% of the peptide had already been
internalized by incubation at 37°C for 5 min after previous
incubation at 4°C. This percentage increased to 70% after
30 min at 37°C and then slowed to 80% after 60 min. The
level of internalized activity remained constant for at least
2 h. In the experiments performed without the 4°C prein-
cubation, the internalization was also found to be time
dependent. It sharply increased during the first 30 min,
reaching its maximal internalization levels of >90%. It also
remained stable after 2 h. Figure 4 shows the resullts.

Incubation of HT-29 cells at 37°C with 3 nmol/L of the
parent NT(8-13) as reference induced a time-dependent
reduction in the amount of membrane NTR1, with a maxi-
mal decrease after 30 min of incubation. At that time, the
binding capacity was reduced by 32.2% = 4.6%. Reappear-
ance of receptors at the cell surface after their internaliza-
tion was also time dependent. After 4 h, the total binding
increased to 80%, whereas at 24 h the binding capacity was
approximately 92% of the control value (Fig. 5). In the case
of NT-VIII aso, aa 3 nmol/L the reduction in binding
capacity was only 13.3% =+ 12.1% after 30 min of incuba-
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FIGURE 5. Time-dependent downregu-
lation and subsequent reappearance of NT
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with NT(8-13) (@) and NT-VIII (m) at con-
centration of 3 nmol/L. Results are per-
centage of maximal binding in control cells
and represent mean = SD of 2-3 experi-

tion. The highest binding capacity recovery was 94% after
4 h (Fig. 5).

Biodistribution Studies

In the biodistribution studies performed with %mTc-
(CO)3;NT-VIII, rapid clearance from the blood pool was
observed in nude mice with tumor xenografts. At 1.5 h after
injection, uptake in the tumor was 3.9 = 1.1 %ID/g, the
second highest accumulation after that in the kidneys (8.3 =
2.9 %ID/g). Uptake in the remaining organs was <1.5%,
except inthe liver, where an uptake of 2.8 = 1.7 %ID/g was
found at that time point (Fig. 6). In some animals, both
HT-29 and PC-3 tumor xenografts were induced. Both
tumors could clearly be visualized through scintigraphy at
1.5 h after injection (Fig. 7). A nonsignificant decrease in
uptake at 3 h after injection and an increase at 5 h after
injection were observed. After 15 h, the accumulation of
activity decreased to low levelsin al organs but remained
higher in the kidneys and in tumor (1.7 = 0.3 and 1.4 = 0.3
%IDl/g, respectively). Less than 1 %ID/g remained in all
organs after 24 h. The biodistribution results are presented
in Figure 6. Tumor-to-nontumor ratios for all time points
were caculated (Table 2). At 1.5 and 5 h after injection,
similar ratios were obtained. The highest ratios were found
at 15 h after injection (tumor-to-blood ratio, 45.4). Tumor-
to-kidney, tumor-to-liver, and tumor-to-intestine ratios at
that time point were 0.8, 2.2, and 5.5, respectively. Al-
though the ratios decreased at 24 h after injection, the
tumor-to-blood ratios (31.8) were still somewhat high (Ta-
ble 2).

PrecLINIcAL EvALUATION oF AN NT(8-13) ANALoG ¢ Garcia-Garayoa et al.

ments in triplicate.

In the blockade studies, adose of 0.3 mg NT-1I per mouse
significantly decreased uptake of *™Tc(CO);NT-VIII. Up-
take was reduced only in tissues rich in the NT receptor
(tumor, intesting); accumulation in other organs was not
affected, showing the specificity of in vivo uptake of
%mTg(CO)sNT-VIII (Fig. 8).

DISCUSSION

NT-VIII, a new NT(8-13) derivative with a change in
sequence to prevent enzymatic degradation, was synthe-
sized. This pseudopeptide belongs to a series of NT deriv-
atives, some of which have already been reported (25,27).
Here, we described the preclinical evaluation of this new,
promising compound. The NT-VIII molecule (Fig. 1) in-
cludes (NaHis)Ac as a tridentate ligand for labeling with
9MTc(CO); and "Re(CO)s. (NaHis)Ac forms a 5- and
6-membered chelate ring if it is bound to the metal center
(technetium or rhenium) with the nitrogen and oxygen at-
oms, which are shown in boldfacein Figure 1. Thisring size
is much more favorable than a 12- or 14-membered ring,
which would be formed if the Arg or the Lys were bound to
the metal instead of the aliphatic amine. This is well in
accordance with the preserved affinity of the labeled NT-
VIII.

The metabolic stability of this new derivative was ana-
lyzed in vitro both in human plasma and in human colon
adenocarcinoma HT-29 cells using a concentration of 0.2
pmol/mL of peptide—the concentration reached in our in
vivo assays. NT-VIII was highly stable in plasma, and most
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animals.

of the peptide still remained intact after 24 h at 37°C (Fig.
2). This higher stability toward metabolic degradation indi-
cates that stabilization of bond 11-12 is more important
than stabilization of bond 8-9. The nonstabilized analog
NT-1I showed a haf-life of 5 min (25), which increased to
only 7 min after stabilization of bond 8-9 (analog NT-VI).
In contrast, HT-29 cells showed a higher metabolic activity
than did human plasma, with more than half of the peptide
metabolized at 24 h (Fig. 2). This finding indicates that
HT-29 cells contain more specific enzymes for fragment
NT(8-13) than does plasma. Receptor-mediated internal-
ization followed by endopeptidase cleavage may be a prob-
able degradation route for this analog in HT-29 cells, as
Mentlein and Dahms described for astrocytes (30). Never-
theless, in both systems, the half-life of ®"Tc(CO);NT-VIII
was long, showing that al the modifications introduced in
fragment NT(8—13) made the molecule highly stable.

The new, stabilized molecule also retained the binding
properties. Unlabeled NT-VIII showed lower affinity for
NTR1 in HT-29 cells than for NT(8-13), with an approx-
imately 15 times higher 1Cs, (Fig. 3). However, in saturation
experiments, similar Ky values were obtained for both
9OMTc(CO)NT-VIII and 151-NT (1.8 vs. 1.6 nmal/L, Table
1). The affinity of NT-VIII for NTR1 seemed to improve
after labeling. This fact was confirmed in inhibition exper-
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iments performed with the surrogate "™Re(CO)sNT-VIII,
which showed better affinity than did unlabeled NT-VIII
(ICsq, 7.3 vs. 21.1 nmol/L, Table 1). Similar results were
obtained with the less stabilized peptides from the same
series (25), which also showed better affinities after label-
ing, especially in the case of the analog NT-VI (ICs, 23
nmol/L; Ky, 0.5 nmol/L).

As previously described (28,29), NT was rapidly inter-
nalized into the cells after binding to the receptors. The
internalization was dependent on both time and tempera-
ture. At 4°C, no internalization was observed after 2 h of
incubation because most of the activity associated with the
cells corresponded to surface-bound peptide. Subsequent
incubation at 37°C produced a time-dependent increase in
internalization reaching a maximum (>90%) after 30 min,
at which it remained stable for at least 2 h (Fig. 4). NT-VIII
showed internalization properties similar to those of the
previously reported NT analogs (25). The percentages of
bound peptide as related to the total added were also dif-
ferent at 4°C and 37°C. Thus, after an incubation of 2 h at
4°C, only 0.2% of the total activity added was bound to the
cells, whereas after 2 h at 37°C the value increased to
10.3%. This finding shows that, besides the blockade of the
internalization, at 4°C the binding of the peptide to the
receptor had also decreased. Receptor internalization in-
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FIGURE 7. Scintigraphy image of mouse bearing tumor xeno-
grafts 1.5 h after intravenous injection of 9mTc(CO);NT-VIII
(8.5-4 MBq) shows human colon adenocarcinoma HT-29 xeno-
graft (A), liver (B), kidneys (C), and human prostate carcinoma
PC-3 xenograft (D). Tumors were induced by subcutaneous
injection of 8 x 106 cells of each type 10 d before assay.

duced by both NT(8—-13) and NT-V111 resulted in adecrease
in cell-surface NTR1 density. The receptor downregulation
in response to high extracellular concentrations of the pep-
tide has been described for NT in HT-29 cells (31) and in rat
primary cultured neurons (24). The reduction in the binding
capacity on HT-29 cells was lower after incubation with
NT-VIII than after incubation with the parent NT(8-13).
Reappearance of the receptors on the cell surface was also
different (Fig. 5). Maximal recovery was obtained for NT-
VIII after 4 h, whereas a longer time was needed for
NT(8-13). These differences in downregulation could stem
from a lower affinity of unlabeled NT-VIII for NTRL,
compared with the affinity for NT(8-13).

PrecLINIcAL EvALUATION OF AN NT(8-13) ANALOG ¢ Garcia-Garayoa et al.

Biodistribution was analyzed in nude mice bearing hu-
man HT-29 xenografts. ¥mTc(CO);NT-VIII was rapidly
distributed and cleared from the blood pool. At 1.5 h after
injection, the highest uptake was found in the kidneys
(8.3 = 2.9 %ID/g) and in tumor (3.9 = 1.1 %ID/g). Accu-
mulation in the other organs tested was not so remark-
able (Fig. 6). The high tumor uptake obtained with
9mMTc(CO)3NT-VIII allowed clear visualization of tumors
by scintigraphy (Fig. 7). At 3 h after injection, uptake was
low except in the kidneys, liver, and tumor. After 5 h,
accumulation dlightly increased, especialy in the kidneys,
liver, and tumor (Fig. 6). Finaly, <1 %ID/g was found in
all tissues at 24 h after injection. The best tumor-to-nontu-
mor ratios were obtained at 15 h after injection (Table 2).
However, tumor-to-kidney ratios were somewhat low, in
this case <1 at al time points tested. The biodistribution in
normal tissues did not change significantly compared with
what has been reported for other analogs that include the
same tridentate ligand in their structure (25). However,
tumor uptake was higher, leading to much higher tumor-to-
nontumor ratios. The increase in stability allowed more
intact peptide to reach the target and bind to the receptors,
leading to an increased tumor-to-blood ratio. For instance,
for the double-stabilized analog NT-VIII, after 1.5 h the
tumor-to-blood ratio was 15, a value that is much higher
than those found for the monostabilized analog NT-V1 (ratio
of 3) and the nonstabilized analog NT-II (ratio of 1) (25).

Blockade experiments were performed to determine
whether uptake in tumor was caused by interaction with
NTR1. In these experiments, animals received *™Tc-
(CO)3;NT-VIII coinjected with (NaHis)Ac-NT(8-13), the
analog NT-Il from the same series, which also showed a
high affinity for NTR1 (25,27). Tumor uptake was signifi-
cantly reduced from 3.5 %ID/g in the control group (non-
blocked) to 0.5 %ID/g in the blocked group (Fig. 8). Also
significant was the decreased intestinal accumulation, which
was expected because of the evidence that has been found of
NTR1 expression in the intestine (32). Uptake in the re-
maining organs was similar in both groups (nonblocked and

TABLE 2
Tumor-to-Nontumor Ratios in Nude Mice with HT-29
Tumor Xenografts After Intravenous Injection
of 3.5-4 MBq %°™Tc(CO)sNT-VIII

Time after
injection (h) Tu/BI Tu/Ki Tu/Li Tu/In
1.5 14.8 = 8.7 05+02 15*x05 33=*x04
3 33.3 4.0 0.7 £ 0.1 1901 3.7=*x07
5 15.6 = 2.0 05+01 18+04 45*09
15 454 + 8.0 08*+02 22*x05 55*06
24 31.8+140 08x03 21*x10 39=*09

Tu = tumor; Bl = blood; Ki = kidney; Li = liver; In = intestine.
Data are mean = SD of individual ratios (n = 3-6 animals).
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FIGURE 8. Biodistribution of #mTc(CO);NT-VIII (3.5-4 MBg/mouse) at 1.5 h after injection after blockade of NTR1. Data are
%ID/g by reference to total dose injected and represent mean = SD (n = 3-6). Displacer = (NaHis)Ac-NT(8-13) administered

intravenously at dose of 0.3 mg/mouse. *P < 0.01, t test.

blocked). We conclude that the increased tumor uptake was
caused by specific interaction with NTRL1.

Although the densest concentration of NT receptorsisin
the brain, it showed negligible uptake in our experiments.
Heyl et a. (20) reported central activity after systemic
administration for this sequence and suggested that it could
cross the blood-brain barrier. However, we found no radio-
activity in the brain after intravenous administration of
9OMTc(CO)NT-VIII, indicating the inability of NT-VIII to
cross the blood—brain barrier in mice.

CONCLUSION

With all the results described in this study on the biologic
properties of NT-VIII, an NT(8-13) analog, we can con-
clude that al the modifications introduced in the native
NT(8-13) molecule made the new compound more stable
without affecting binding properties. Technetium-labeled
NT-VIII exhibits a high in vivo tumor uptake that allows
scintigraphic tumor imaging of NTR1-bearing neuroendo-
crine tumorsin mice. This promising pseudopeptide may be
a good candidate for application in nuclear medicine and
has been considered for clinical studies, with the first tests
soon to be performed.
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