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The 14-amino-acid peptide bombesin (BN) has a high affinity for
the gastrin-releasing peptide (GRP) receptor that is expressed
by a variety of tumors. Recently, high densities of GRP recep-
tors were identified by in vitro receptor autoradiography in hu-
man prostate and breast carcinomas using ['?°I-Tyr‘|BN as
radioligand. Radiometal-labeled diethylenetriaminepentaacetic
acid (DTPA)-BN derivatives are potentially useful radioligands
for receptor-targeted scintigraphy and radiotherapy of GRP re-
ceptor-expressing tumors. Methods: [DTPA-Pro',Tyr*]|BN (A),
[DOTA-Pro!, Tyr‘|BN (B), [DTPA-e-Lys?,Tyr4|BN (C), and [DOTA-
e-Lys3, TyrY]BN (D) (where DOTA is dodecanetetraacetic acid)
were synthesized and studied for competition with binding of
['281-Tyr*]BN to the GRP receptor. The '"'In-labeled BN analogs
were studied in vitro for binding and internalization by GRP
receptor-expressing CA20948 and AR42J pancreatic tumor
cells as well as in vivo for tissue distribution in rats. Specific
tissue binding was tested by coinjection of 0.1 mg [Tyr‘|BN.
Results: All BN analogs competitively inhibited the binding of
['251-Tyr*BN to the GRP receptor with 50% inhibitory concen-
tration values in the range of 2-9 nmol/L. All ""'In-labeled ana-
logs showed high and specific time- and temperature-depen-
dent binding and internalization by CA20948 and AR42J cells. In
in vivo studies, high and specific binding was found in GRP
receptor-positive tissues such as pancreas (0.90, 1.2, 0.54, and
0.79 percentage injected dose per gram for A-D, respectively).
In a rat model, the AR42J tumor could clearly be visualized by
scintigraphy using [''In-DTPA-Pro, Tyr4|BN as the radioligand.
Although ['"In-DOTA-Pro', Tyr*]BN showed the highest uptake
of radioactivity in GRP receptor-positive tissues as well as
higher target-to-blood ratios, [''In-DTPA-Pro',Tyr*|BN was
easier to handle and is more practical to use. Therefore, we
decided to start phase | studies with this DTPA-conjugated
radioligand. Conclusion: [''In-DTPA-Pro,Tyr4]BN is a promis-
ing radioligand for scintigraphy of GRP receptor-expressing
tumors. We are currently performing a phase | study on patients
with invasive prostate carcinoma.
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Bomb&sin (BN) is a 14-amino-acid neuropeptide with
high affinity for the gastrin-releasing peptide (GRP) recep-
tor (Fig. 1). The GRP receptor is expressed by a variety of
cancers, including prostate and breast cancer. In a recent
report, the expression of the GRP receptor in human pros-
tate was studied by autoradiography using [12%1-Tyr4|BN as
the radioligand (1). Normal prostate and most hyperplastic
prostate were GRP receptor negative, whereas GRP recep-
tors were found in high density in invasive prostate carci-
nomas and intraepithelial proliferative lesions. GRP recep-
tors may be markers for early molecular events in prostate
carcinogenesis and, thus, useful in differentiating prostate
hyperplasia from prostate neoplasia. In another autoradio-
graphic study with human breast tumor tissue, a heteroge-
neous GRP receptor distribution was found. However, the
lymph node metastases from 7 patients with GRP receptor-
expressing carcinomas were all GRP receptor positive (2).
The presence of the GRP receptor may therefore be of
biologic significance and form a molecular basis for diag-
nosis and treatment of relevant tumors by, for example,
GRP receptor-targeted scintigraphy, radionuclide therapy,
and cytotoxic therapy (1-5).

Therefore, in analogy with the clinical usefulness of
somatostatin receptor targeting (6—8), the application of
GRP receptor-targeted (radiolabeled) BN analogs has been
proposed. Because GRP may function as a paracrine/auto-
crine growth stimulator, also in neoplasms, it was initialy
thought that these analogs should preferably be GRP recep-
tor antagonists. However, we recently showed that diethyl-
enetriaminepentaacetic acid (DTPA)-conjugated GRP an-
tagonists—for example, BN analogs with pseudopeptide
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Gastrin-releasing peptide
Val-Gly-His-Leu-Met-NH,

[Tyr*IBN

pGlu-Gln-Arg-Tyr-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH;

[DTPA-Pro’,Tyr'|BN

[DOTA-Pro!, Tyr'IBN

_g- ys b4 yr
DTPA-e-Lys’, Tyr*|BN

[DOTA-e-Lys’, Tyr*|BN

Ala-Pro-Val-Ser-Val-Gly-Gly-Thr-Val-Leu-Ala-Lys-Met-Tyr-Pro-Arg-Gly-Asn-His-Trp-Ala-

DTPA-Pro-Gln-Arg-Tyr-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH;

DOTA-Pro-Gln-Arg-Tyr-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH;

pGlu-Gln-(DTPA-&-Lys)-Tyr-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH,

pGlu-GIn-(DOTA-g-Lys)-Tyr-Gly-Asn-GIn-Trp-Ala-Val-Gly-His-Leu-Met-NH;

FIGURE 1. Amino acid sequence of GRP
and BN analogs. Common C-terminal 7
amino acids in GRP and BN analogs are
indicated in boldface type.

bonds or N-terminal ethylamides—are not internalized by
GRP receptor-expressing cells (4) in contrast to DTPA-
conjugated GRP agonists. Therefore, DTPA-conjugated
GRP receptor antagonists do not appear suitable for appli-
cation in nuclear medicine. We also reported visualization
of GRP receptor-positive tumorsin arat model using [*!In-
DTPA-Pro!, Tyr{|BN (4,5). ™In is a y-emitter but also
emits Auger electrons, and the antiproliferative effects of
1 n-labeled peptides have been reported (9). However, a
B~-particle emitter, such as Y, may be more effective for
peptide receptor-targeted radiotherapy. Because Y -DTPA-
conjugated peptides are not stable in vivo, resulting in
hematopoietic toxicity in contrast to the Y- and In-
labeled dodecanetetraacetic acid (DOTA) compounds, we
have investigated the potential usefulness of DTPA- and
DOTA-conjugated BN analogs in vitro and in rats.

MATERIALS AND METHODS

Synthesis of BN Analogs, Radiolabeling, and
Purification

[Tyr9]BN was purchased from Sigma (St. Louis, MO). [DTPA-
Prol, Tyr¥]BN, [DOTA-Pro!,TyrY|BN, [DTPA-e-Lys’Tyr4BN,
and [DOTA-e-Lys?, Tyr4|BN (Fig. 1) were synthesized by a solid-
phase method as described (4,5). UnCl; (DRN 4901; 370
MBg/mL in HCI, pH 1.5-1.9) was obtained from Mallinckrodt
(Petten, The Netherlands). The DTPA anaogs were labeled with
N up to 270 MBg/nmol essentidly as described (10). The
DOTA peptides were labeled for 25 min at 100°C up to 30
MBag/nmol as described (11). Quality control of the products was
performed by instant thin-layer chromatography and Sep-Pak Cig
reverse-phase chromatography as described (12). The radiolabeled
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BN analogs were analyzed by high-performance liquid chroma-
tography (HPLC) on a3.9 X 300 mm, 10-um, 125-A pBondapak
C,g reverse-phase column (Waters, Etten-Leur, The Netherlands),
using alinear gradient of 20%—40% acetonitrile in 0.1% trifluoro-
acetic acid (30 min) at a flow of 1.5 mL/min as described
(10,12,13).

Simulation of Heating Procedure for Labeling of
DOTA-BN

Labeling of DOTA-conjugated BN analogs with Y or H1in
requires a heating procedure (14). To investigate the potential loss
of biologic characteristics by this treatment, it was simulated by
reaction of [Mn-DTPA-Pro!, Tyr¥BN for 25 min at 100°C. The
heated radioligand was analyzed by HPLC and tested for receptor
binding. In addition, 2 groups of 3 male Wistar rats were injected
with nonheated or heated radioligand, and tissue distribution was
determined after 24 h.

BN Receptor Binding and Internalization Studies

Receptor binding was studied using membranes prepared from
the AR42J rat pancreatic acinar cell line similarly as reported (15).
Assays were performed using FC96 plates and the Multiscreen
system (Millipore, Bedford, MA). Binding of ["In-DTPA-
Pro!, Tyr¥]BN to AR42J cell membranes (~50 wg per well) was
determined in the presence of increasing concentration of unla-
beled competitors in buffer (50 mmol/L TrissHCI, pH 7.4, 5
mmol/L MgCl,, 0.2 mg/mL bovine serum albumin) in a total
volume of 200 pL per well. After incubation for 90 min at room
temperature, membranes were filtered and washed with ice-cold
buffer. The filters containing membrane-bound radioactivity were
counted using a Cobra y-counter (Packard, Meriden, CT). Fifty
percent inhibitory concentration (1Csg) values were calculated us-
ing a 4-parameter curve-fitting routine using the GraFit program
(Erithacus Software, Horley, Sussex, U.K.).
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Internalization of [Yn-DTPA-Prol,TyrY|BN, ["n-DOTA-
Pro!, TyrY]BN, [Mn-DTPA-e-Lys®, TyrYBN, and [*n-DOTA-e-
Lys®, Tyr¥|BN by GRP receptor-positive CA20948 and AR42J rat
pancreas tumor cells and BN receptor-negative ARO human thy-
roid cells was studied as described (11,16). Briefly, after adjust-
ment of the cells for 1 h at 5°C or 37°C to the internalization
medium, they were incubated for 1 h with ~0.1 nmol/L radioli-
gand. To determine nonspecific binding and internalization, in-
cubations were aso performed in the presence of 1 wmol/L
[Tyr4BN. Cell surface-bound radioligand was removed by wash-
ing of the cells with acidic buffer (0.02 mol/L sodium acetate in
saline, pH 5.0). Internalized radioligand was determined as the
cell-associated radioactivity that was not removed by this proce-
dure. The internalized and noninternalized radioactivities were
determined in a well-type LKB-1282-Compu-gamma system (13)
and expressed as the percentage of the dose per mg of cellular
protein. The latter was determined using a commercialy available
kit (Bio-Rad, Veenendaal, The Netherlands). The experiments
were performed 2—4 times in triplicate.

Tissue Distribution and Data Acquisition

The biodistribution of the labeled BN analogs was studied in
male rats (210260 g). Rats were anesthetized with ether, and the
radioligands (0.1 g peptide) were injected in 0.3-0.5 mL saline
into the dorsal vein of the penis, as described (5). The rats were
killed 24 h after injection. Blood was collected, and the pituitary,
esophagus, adrenals, antrum, fundus, pancreas, jejunum, colon,

kidneys, spleen, liver, tumor, femur muscle, and lungs were iso-
lated. A GRP receptor-blocking dose of 0.1 mg [Tyr4BN was
coinjected with the radioligand to determine nonspecific uptake of
radioactivity (4,5). Specific binding is defined as total binding
minus nonspecific binding. Radioactivity was determined in the
injection fluid, tissues, and blood using a well-type LKB-1282-
Compu-gamma system (13). The ratios of the percentage injected
dose (%ID) in tissue versus blood or soft tissue (thigh) were
calculated for each individual rat. Tissue distribution was aso
studied with a gamma camera in AR42J tumor-bearing rats 24 h
after the administration of the radioligand (12,13). Animals were
kept, treated, and cared for in accordance with the guidelines
approved by the European Community on November 24, 1986.

Data are presented as means + SD. One-way ANOV A was used
for statistical analysis. Means were compared using the Bonferroni
t test or the Newman—Keuls method (11). P < 0.05 was considered
significant.

RESULTS

Labeling and Biologic Activity of DTPA- and
DOTA-BN Analogs

We found that the incorporation of In into the BN
analogs dropped to <95% if theratio of radioactivity versus
peptide exceeded 270 MBg/nmol for the DTPA peptides or
30 MBg/nmol for the DOTA peptides. Simulation of the
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heating procedure resulted in no significant differences be-
tween heated and nonheated [ n-DTPA-Pro!, Tyr4|BN re-
garding the HPLC pattern, receptor binding, and tissue
distribution (data not shown). Thisfinding strongly suggests
that the heating procedure required for labeling of the
DOTA-BN analogs does not affect the biologic activity of
these peptides.

Receptor Binding and Internalization

Receptor-binding studies were performed using AR42J
rat pancreatic tumor cell membranes as the source of GRP
receptor, [M1n-DTPA-Pro!, TyrY|BN as the radioligand, and
unlabeled BN anal ogs as competitors. We found 1Cs, values
of 1 nmol/L for [Tyr4]BN and values of 3-9 nmol/L for all
4 BN derivatives, without mutual significant differences.

Figure 2A shows the binding and internalization of the
W n-labeled BN analogs by the GRP receptor-positive
CA20948 rat pancreatic tumor cells. The radiolabeled ago-
nists bound specifically to the GRP receptor and were
internalized in a temperature-dependent manner. Figure 2B
shows similar resultsin parallel experiments using the GRP
receptor-positive AR42J rat pancreatic tumor cell line. We
found neither specific binding nor temperature-dependent
internalization of the labeled BN derivatives in the GRP
receptor-negative ARO human thyroid tumor cells (data not
shown).

Tissue Distribution in Rats
Figure 3A shows the remaining radioactivity in blood and
soft tissue 24 h after injection of the 4 !n-labeled BN ana
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FIGURE 3. Tissue distribution of "'In-labeled [DTPA-Pro', Tyr{|BN, [DOTA-Pro',Tyr*]BN, [DTPA-e-Lys3,Tyr*]BN, and [DOTA-e-
Lys3,TyrY|BN in rats 24 h after administration of radioligand. Nonspecific uptake of radioactivity (striped) was determined by
coinjection of GRP receptor-blocking dose of 0.1 mg [Tyr‘]BN. Difference between total uptake and nonspecific uptake represents
specific binding of radioligand to GRP receptor. Data are expressed as %ID per gram of tissue and presented as means = SD (n = 3).
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logs. Radioactivity in blood after administration of [YIn-
DOTA-e-Lys?, Tyr|BN was ~5 times higher than that after
adminigtration of the other radioligands. This difference was
not found in soft tissue (thigh). In spleen, an organ with ahigh
blood content, a pattern similar to that in blood was found (Fig.
3B). In the highly GRP receptor-positive pancress, retention of
radioactivity was highest for [*?In-DOTA-Pro%, TyrY|BN (1.2
%I D/g), followed by [**In-DTPA-Pro!, Tyr|BN (0.9 %ID/qg),
[Mn-DOTA-e-Lys®, TyrY|BN (0.79 %I D/g), and [*2In-DTPA-
e-Lys’, TyrY]BN (0.54 %ID/g) (Fig. 3B). Other GRP receptor-
positive tissues with significant specific binding of the dif-
ferent radioligands—that is, antrum, fundus, jeunum,
colon, cecum, adrenals, and pituitary—also showed the
highest retention of radioactivity after administration of
[*n-DOTA-Prot, Tyr{|BN (data not shown). In the kid-
neys, no significant differences were found between the 4
analogs, whereas in liver both DTPA-BN analogs showed
the lowest retention of radioactivity (Fig. 3C). No differ-
ences were found between the analogs in the other BN
receptor-negative organs, showing insignificant specific
binding—that is, heart, esophagus, femur, femur muscle,
and lungs (data not shown). The ratios of tissue versus blood
are presented in Figure 4A—4C. For pancreas, these ratios
amounted to 529 for [1n-DTPA-Prot, Tyr{|BN, 1,269 for
[*n-DOTA-Prot, Tyr{|BN, 346 for [*In-DTPA-e-Lys’
TyrY]BN, and 65 for [**1n-DOTA-e-Lys®, Tyr{|BN. In kid-
ney and liver, the ratio versus blood was highest for [*!In-

DOTA-Pro',Tyr¥]BN and lowest for [*In-DOTA-e-Lys?,
Tyr{]BN (Fig. 4B). This pattern was also found in all GRP
receptor-positive tissues studied, whereas no differences
between the analogs were found in GRP receptor-negative
tissues (data not shown). In a rat model, the AR42J tumor
could clearly be visualized by scintigraphy using [*In-
DTPAOC,Prol, Tyr*|BN as the radioligand (Fig. 5).

DISCUSSION

The 14-amino-acid neuropeptide BN has a high affinity
for the GRP receptor, which is expressed by a variety of
cancers. This has been demonstrated most convincingly for
breast and prostate carcinomas by Reubi’ s group in 2 recent
autoradiographic studies using [*2%I-Tyr4|BN as the radioli-
gand (1). These workers hypothesized that GRP receptors
may be markers for early molecular events in carcinogene-
sis. Therefore, in analogy with studies using OctreoScan
(TYCO, Health Care, Petten, The Netherlands) and other
radiolabeled somatostatin analogs (6,7,12,13,17), expres-
sion of the GRP receptor on tumors may be the molecular
basis for diagnosis and treatment of such tumors by GRP
receptor-targeted radionuclide therapy and cytotoxic ther-
apy (1,3). In a recent report, 10 patients (4 men with
invasive prostate carcinoma, 6 women with breast cancer)
were studied by scintigraphy using a ®™Tc-labeled BN
analog, ®mTc-RP527 (18). The results suggested that *MTc-
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coinjection of GRP receptor-blocking dose of 0.1 mg [Tyr‘]BN. Data are expressed as ratio of %ID per gram of tissue versus that
in blood and presented as means = SD (n = 3).
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FIGURE 5. Distribution of radioactivity in AR42J tumor-bear-
ing rat 24 h after administration of 15 MBq (0.1 pg) ['''In-DOTA-
Pro', TyrY]BN. Note uptake in tumor and physiologic uptake in
kidneys.

RP527 is able to localize GRP receptor-positive lesions.
Therefore, we decided to study the potential usefulness of
new DTPA- and DOTA-conjugated BN analogsin vitro and
inrats. In aprevious study, we found that DTPA-conjugated
GRP receptor agonists, but not antagonists, were internal-
ized by GRP receptor-expressing cells. We now demon-
strate that DOTA-conjugated BN agonists are also internal -
ized after binding to the GRP receptor. Internalization of
radiolabeled BN analogs by tumor cells may be essential for
application in nuclear medicine such as scintigraphy and
radiotherapy of GRP receptor-expressing lesions. Tyrosine-
containing peptides are also frequently labeled with radio-
iodine—for instance, with %I for in vitro receptor studies or
with 123 or 31 for in vivo applications such as receptor-
targeted scintigraphy and radiotherapy. However, these ra-
dioiodinated ligands often have the drawback of being rap-
idy degraded in vivo, with release and subsequent
deiodination of radioiodotyrosine, which greatly hampers
their diagnostic and therapeutic use. This has aso been
reported for [*%51-Tyr4|BN (19,20).

The retention of radioactivity in the kidney after adminis-
tration of the labeled DTPA- and DOTA-conjugated BN ana
logs is most probably due to glomerular filtration and subse-
quent tubular resbsorption of the radioligands or their
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metabolites, as was aso found for other DTPA-conjugated
peptides (6,17,21). However, the different 1n-labeled BN
anaogs show relatively low kidney uptake of radioactivity—
that is, 0.6 %ID/g compared with 1.8 %ID/g for [*In-
DTPAO|octreotide (13), 1.1 %I D/g for [***In-DTPA]substance
P (21), and 5.3 %ID/g for [LUn-DTPA%RC-160 (13).

Radioactivity in blood and spleen 24 h after administra-
tion of [*YNn-DOTA-e-Lys®, Tyr4|BN is higher than that for
the other radioligands, which lowers the GRP receptor-
positive target-to-blood ratio for this analog. In addition,
uptake of radioactivity in the liver after the administration
of [MUn-DOTA-e-Lys®, Tyr‘|BN is aso the highest of al 4
radioligands investigated. However, specific binding in BN
receptor-positive tissues is dtill detectable. The other
DOTA-andlog, [DOTA-Pro!, Tyr|BN, shows a very low
concentration of radioactivity in blood and spleen.

When n/peptide ratios exceed 270 MBg/nmol for
DTPA peptides and 30 MBg/nmol for DOTA anaogs, in-
corporation of radioactivity drops to <95%, as was aso
found by others (22). In preparation for a phase | clinical
trial with !n-labeled BN analogs, we calculated putative
peptide doses based on the required radioactive dose of 200
MBq, amolecular weight of 2 kDafor the BN analogs, and
the above-mentioned maximal specific activities of the la-
beled DTPA-BN and DOTA-BN analogs, amounting to 1.5
and 13.3 g peptide, respectively. The intravenous admin-
istration of BN to patients at arate of 2.5 ng-kg=*min-1 for
30 min was well tolerated (23). This amount allows control
of the pharmacologic side effects of BN receptor agonists,
such as stimulation of gastrointestinal hormone release,
exocrine pancreatic secretion, smooth muscle contraction,
and so forth. At the above infusion rate, 200 MBq [*!In-
DTPA-Pro!, Tyr{]BN should be administered to a patient over
a period of 8 min versus 75 min for the DOTA counterpart.
Although the latter, [**n-DOTA-Prol, Tyr{]BN, shows a
higher uptake of radioactivity in GRP receptor-positive
tissues as well as higher target-to-blood ratios, [!In-
DTPA-Pro!,Tyr‘|BN is easier to handle and is more prac-
tical to use. Therefore, we decided to start phase | studies
with this DTPA-conjugated radioligand. In preparation for
human application, we recently reported on the preclinical
evaluation of this radiolabeled BN analog. Mae Lewis rats
were injected with 0.02 or 0.1 pg [*n-DTPA-Prol, Tyr*]BN
asabolusin 3 sor infused over a period of 4 min (4,5). The
results showed no significant differences between these modes
of administration regarding uptake in GRP receptor-positive or
-negative tissues, either in absolute terms or as target-to-blood
ratios. This finding suggests that the radioligand may aso be
administered by infusion without aloss in sengtivity of tumor
detection, allowing a better control of the pharmacologic side
effects of BN receptor agonists. In previous toxicology studies
(4,5) and in this study on rats we found no signs of toxicity or
discomfort during and after the intravenous administration of
as much as 0.1 mg [Tyr{]BN (5). We found the uptake of
radioactivity to be low in the lungs and high in the pancreas of
rats. How this finding will affect visualization of GRP recep-
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tor-positive small cell lung cancer or pancregtic and other
gastrointestingl cancers awaits studies in patients.

CONCLUSION

[*n-DTPA-Prot, Tyr4|BN is a promising radioligand for
scintigraphy of GRP receptor-expressing tumors. We are
currently performing phase | studies in patients with inva-
sive prostate carcinoma.
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