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Abstract
The three mammalian bombesin (Bn) receptors (gastrin-releasing peptide [GRP] receptor,
neuromedin B [NMB] receptor, BRS-3) are one of the classes of G protein-coupled receptors that
are most frequently over-express/ectopically expressed by common, important malignancies.
Because of the clinical success of somatostatin receptor-mediated imaging and cytotoxicity with
neuroendocrine tumors, there is now increasing interest in pursuing a similar approach with Bn
receptors. In the last few years then have been more than 200 studies in this area. In the present
paper, the in vitro and in vivo results, as well as results of human studies from many of these
studies are reviewed and the current state of Bn receptor-mediated imaging or cytotoxicity is
discussed. Both Bn receptor-mediated imaging studies as well as Bn receptor-mediated tumoral
cytotoxic studies using radioactive and non-radioactive Bn-based ligands are covered.
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I. Bombesin (Bn) receptor family-General (Table 1,2)
The mammalian Bn receptor family is receiving increased attention as a means of localizing
tumors or other disease processes by receptor-mediated imaging or for receptor-mediated
cytotoxicity of tumors [1–5]. This family got its unusual name, because the original
members of this peptide family were isolated from various frog skins and were named after
the frog they were isolated from, with the original amidated tetradecapeptide isolated from
the European frog, Bombina bombina in 1970 [6–8] (Table 2). Subsequently, a large number
of related peptides were isolated which were divided into three groups: the Bn-related
peptides with a COOH terminal, Gly-His-Leu-Met-NH2, the ranatesin-litorin group with a
COOH terminus of Gly-His-Phe-Met-NH2 and the phyllolitorin group with a COOH
terminus ending in Gly-Ser-Phe/Leu-Met-NH2 (Table 2) [6–8]. Subsequently two
mammalian equivalent peptides were isolated, gastrin-releasing peptide (GRP), a 27 amino
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acid peptide which shares the same seven COOH terminal amino acids with Bn (Table 2)[9]
and the decapeptide, neuromedin B (NMB) (Tables 1,2) which shares 6 of the 7 COOH
terminal amino acids with litorin (Table 2)[10]. Each of these peptides is widely distributed
in both the central nervous system (CNS) and peripheral tissues, especially in the
gastrointestinal (GI) tract [8]. Numerous studies demonstrate these two peptides are
involved in a wide range of physiological and pathophysiological processes which include:
in the CNS (circadian rhythm, TSH release, behavior control, thermoregulation, satiety), in
the immune system [effects on macrophages, lymphocytes, leukocytes, dendritic cells],
endocrine effects [release of numerous hormones/neurotransmitters], GI tract [motility,
secretion, growth], as well as urogenital tract and respiratory system [8,11–13]. They have
important pathophysiological effect on growth and differentiation of a number of important
human tumors [colon, prostate, lung, head/neck squamous cell, CNS, pancreatic and some
gynecologic cancers] and in some cases function as autocrine growth factors [5,11,14,15]. In
mammals, the Bn receptor family consists of three hepata-helical, G-protein-coupled
receptors, which include the 384 amino acid gastrin-releasing peptide receptor (GRPR),
which has 55% amino acid identities to the 390 amino acid neuromedin B receptor (NMBR),
and a 399 amino acid orphan receptor, bombesin receptor subtype 3 (BRS-3) [8]. The
BRS-3 receptor is included in the mammalian Bn receptor family because it has 47–52%
homology to the GRPR and NMBR even though its natural ligand is still unknown [5,8,15].
The BRS-3 has a more limited distribution than the GRPR and NMBR, but is found in both
the CNS and peripheral tissues, especially the GI tract [8]. Each of these receptors is coupled
to phospholipase C signaling cascades as well as activates a number of tyrosine kinase
cascades [5,8,13,15].

II. Why there is special interest in Bombesin (Bn) receptor family-mediated
imaging/cytotoxicity

The presence of bombesin receptors (Bn) receptors on tumor tissues is receiving increased
attention, both for its possible utilization to image tumors as well as to target cytotoxic
agents either using radiolabeled Bn analogues or other cytotoxic agents formed by coupling
various Bn receptor ligands by with various linkers to various cytotoxic agents[1–5,16–18]
(Fig. 1,Table 1). While this receptor-mediated targeting approach is being used with many
regulatory peptides [1–5,17,18], there is particularly interest with this receptor family for a
number of reasons. First, the Bn receptor family of receptors, particularly GRPR, has been
shown to be one of most over-expressed or ectopically expressed family of G protein-
coupled receptors by small lung cancer cells [GRPR - 85–100%, NMBR-55%, BRS-3–
25%]; nonsmall cell lung cancer [GRPR – 74–78%, NMBR-67%, BRS-3–8%]; pancreatic
cancer [GRPR - 75%, NMBR-100%]; prostate cancer [GRPR – 60–100%, 0%-NMBR,
BRS-3]; head/neck squamous cell cancers [GRPR - 100%]; glioblastomas [GRPR - 85%];
neuroblastomas [GRPR-72% NMBR - 46%, 0% BRS-3]; breast cancer [GRPR – 40–70%,
NMBR-0%, BRS-3]; intestinal carcinoids [NMPR - 46%, 0%-GRPR, BRS-3]; and bronchial
carcinoids [35%-BRS-3, 4%-NMBR, GRPR -0%][11,16,19,21]. Many of these
malignancies have a poor prognosis with advanced disease, current treatments are
suboptimal, and therefore there is heightened interest in developing newer, novel treatments,
of which the utilization of the over-expression/ectopic expression of this family of receptors
could be one useful approach. Second, this approach has proven merit. In the case of
somatostatin receptors, receptor-mediated imaging and cytotoxicity has been shown to be
safe, clinically useful and is now being widely used in clinical practice [22,23]. In the case
of neuroendocrine tumors (carcinoids, pancreatic endocrine tumors), in most studies the
majority (>80%) over-express or ectopically express one or more of the five classes of G
protein-coupled somatostatin receptors (sst1–5), usually the sst2 subtype [17,22–25], in an
analogous fashion to the tumors listed above, over-expressing one of the Bn receptor family.
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The use of 111In-penetreotide for somatostatin receptor scintigraphy (SRS) is now a standard
clinical method to image these tumors [26–28]. Studies have shown SRS is more sensitive
than conventional methods used for neuroendocrine tumor localization (computed
tomographic scanning, MRI scanning ultrasound) of the primary tumor and metastatic
disease [26–29]. Figure 2 shows an example of its sensitivity and usefulness in a typical
patient with a neuroendocrine tumor. In this patient the CT scan was negative however, the
SRS showed tumor presence in the liver and lymph nodes. This figure illustrates the
selectivity and sensitivity of using somatostatin receptor over-expression to target these
tumors [26–29]. A similar strategy is now being used to target tumoricidal doses of
radiolabeled somatostatin analogs (90Y, 177Lu, 111In-labeled) to treat patients with advanced
malignant neuroendocrine tumors [22,23]. Such a strategy could also be used to target
nonradioactive cytotoxic agents (i.e. chemotherapeutic agents, toxins, immunological
agents, etc) to tumor cells [30–34]. Unfortunately, many of the common lethal tumors do not
over-express somatostatin receptors, as occurs in the neuroendocrine tumors. Therefore if
receptor-mediated imaging or cytotoxicity is going to be used for these tumors, some other
family of receptors needs to be considered. As discussed above, the Bn family of receptors
could fulfill this requirement for a number of these tumors [1–5,16–18]. Third, Bn-related
peptides also function as potent growth factors, sometimes in an autocrine fashion, for many
common malignant tumors including those of lung, pancreas, head/neck, CNS
(glioblastomas), kidney, prostate, breast, colon/rectum, ovary and stomach [11,21,35,36].
This raises the possibility that receptor antagonists of Bn receptors may have cytotoxic
effects for a number of theses tumors, as well as raises the possibility that targeting Bn
receptors on these tumor cells may have additional cytotoxic effects by interrupting this
autocrine stimulatory effect. Four, although there are no effective nonpeptide antagonists or
agonists for GRPR or NMBR, which are primarily over-expressed by tumors, the
pharmacology of these receptors has been well studied, especially in nonhuman cells. Both
selective agonists and at least eleven chemical classes of antagonists, with varying degrees
of selectivity, have been described [8,14,37]. Therefore, pharmacological, both agonists and
antagonists exist that can be used for Bn receptor targeting strategies.

III. Bn receptor-mediated imaging/cytotoxicity. Review of studies and
current status
III. A. General (Fig. 1, Tables 1–12)

In this paper the important results of studies of Bn receptor-mediated imaging or
cytotoxicity are summarized in the accompanying tables and briefly reviewed in the text.
Both studies dealing with radiolabeled Bn analogs for either imaging or cytotoxic studies
(Table 3–11) and studies investigating nonradioactive Bn receptor-mediated cytotoxicity are
reviewed (Table 12). In the tables, results of in vitro and in vivo studies are considered in
separate tables, because of the different questions frequently addressed. Furthermore, human
studies are included in a separate section (Table 11). The radiolabeled Bn peptide studies
(Tables 3–11) are divided by the type of isotope used. A wide range of different linkers to
couple the isotopes to the Bn-related peptides were used in different studies and their
structures are shown in Fig. 1. Their abbreviations as well as those of various spacers used
in the different studies are summarized in Table 1.

III. B. Pharmacology of Bn analogs used for receptor-mediated imaging/cytotoxicity
studies

Bn is a 14 amino acid COOH terminal amidated peptide; GRP has 27 amino acids and NMB
10 amino acids (Table 2)[8]. The COOH terminus with amidation is needed for high affinity
and biological activity, whereas the NH2 terminal is not need for high affinity receptor
interaction, and COOH modified analogues can function as potent antagonists [8,37–39].
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Therefore the NH2 terminal of various Bn COOH terminal peptides can be attached to
coupling agents or radiolabeled with full retention of biological activity. Bn and GRP have
8- and 1000-fold selectivity for the hGRPR over the hNMBR, respectively, whereas NMB
has 1000-fold selectivity for the hNMBR over the hGRPR [14]. GRP, NMB, as well as all
other natural occurring Bn-related peptides interact with hBRS-3 only with very low affinity
(>1 uM)[8,40–42]. The novel, synthetic Bn analog, [D-Tyr6, β-Ala11, Phe13, Nle14]Bn(6–
14)(Table 2) has the unique property of having high affinity for all three human receptor
subtypes, functions as a potent agonist at each of these receptors and is rapidly internalized
by each receptor [30,34,40–42].

Because the GRPR is the principal Bn receptor subtype over-expressed by most cancers,
almost all Bn receptor-mediated imaging studies and cytotoxicity studies have concentrated
on developing ligands that interact with this receptor with high affinity (Tables 2–12).
Because previous studies demonstrate that the COOH terminal Bn hepapetide is largely
inactive, most studies used at least Bn octapeptide (BN (7–14) or longer Bn peptides for
their studies (Tables 2–12). Bn (7–14) analogs were the most frequently used Bn related
peptide for these studies[8,43], followed by longer Bn peptides (Tables 2–12). Most studies
used Bn receptor agonists for both Bn receptor-mediated imaging and cytotoxicity studies,
however, a number of more recent studies used radiolabeled antagonists for imaging studies
(Tables 2–12). Recent studies have reported that radiolabeled antagonists with various G
protein-coupled receptors, even though not internalized, may give better images than
radiolabeled agonists [44,45]. Similarly, with Bn analogs, a number of radiolabeled Bn
antagonists were reported in various studies to give excellent imaging of various tumors in
vivo [2,45–51].

III. C. Review of 99MTc-labeled Bn analog in vitro (Table 3) and in vivo (Table 4) studies of
Bn receptor-mediated imaging/cytotoxicity studies

99mTc is the most used radioisotope worldwide for diagnosis in nuclear medicine, as it is
used in 85% of diagnostic imaging. This is due to its availability (99Mo/99mTc generator
system), well-established labeling chemistry, good labeling efficiency, half life (6.01 h) and
140 keV gamma energy. Among its applications are included: bone scanning (99mTc-MDP),
myocardial perfusion imaging (99mTc-retrofosmin and 99mTc-sestambi), functional brain
imaging (99mTc-HMPAO and 99mTc-EC), immunoscintigraphy (99mTc-scintium), red cells
blood labeling to localize gastrointestinal bleeding, imaging of heart damage (99mTc-
pyrophosphate) and liver-spleen scanning (99mTc-sulfur colloids).

Bn (1–14)—The first study using a 99mTc radiolabeled bombesin analog is from 1998 [52].
The authors tested the agonist [Lys3]Bn (Table 2) coupled to the isotope through 2 different
linkers (Pm-DADT or Hx-DADT, DADT= diaminedithiol, Table 1, Fig. 1). Binding studies
in rat brain membranes with 99mTc-Pm-DADT-[Lys3]Bn or 99mTc-Hx-DADT-[Lys3]Bn
showed Ki values not different (3.5±0.7 nM and 5.2±1.5 nM, respectively) from natural
bombesin (4.3±1.0 nM). In vivo biodistribution experiments in normal animals showed that
the 99mTc-Hx-DADT linked [Lys3]Bn analog had 4-fold greater accumulation in the
intestine due to its more lipophilic character than 99mTc-Pm-DADT-[Lys3]Bn, making the
latter more suitable for imaging in the abdominal area.

In another study from the same group [53], 99mTc-Pm-DADT-[Lys3]Bn showed high
accumulation in the intestine, which the authors attempted to decreased by introducing a
DTPA moiety (Fig. 1, Table 2) in position 1 of [Lys3, Tyr4]Bn [Analog #70, Table 3] (Table
2). Binding experiments [Analog #70, Table 3] with PC-3 membranes showed Ki values for
the new Bn agonist of 4.1±1.4 nM, slightly higher than Bombesin (1.7±0.6 nM). In vivo
biodistribution experiment with normal and PC-3 cell xenografts bearing rats demonstrated
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the introduction of DTPA in this Bn analog produced decreased radioactivity accumulation
in the abdominal region, increased renal clearance, as well as, high and specific uptake by
pancreas and PC-3 tumor cells, which could be clearly observed by scintigraphy [Analog
#70, Table 4].

Another study using the Bn agonist [Lys3]Bn (Table 2) coupled to 99mTc by the linker
EDDA/HYNIC (Fig. 1, Table 1) using an instant freeze-dried kit formulation [Analog #62,
Table 3], showed high stability either in human serum or a cysteine solution. In vivo
biodistribution and imaging studies [Analog #62, Table 4] with 99mTc-EDDA/HYNYC-
[Lys3]Bn in normal and PC-3 tumor bearing rats demonstrated rapid clearance from blood
with renal excretion of the Bn analog, and significant uptake by both the pancreas and the
tumor cells, which could be observed by scintigraphy and highlighted after the removal of
the internal viscera. This study proved the possibility of creating a 99mTc Bn analog using
this instant freeze-dried kit.

In a study from the same group [54], 99mTc-EDDA/HYNYC- [Lys3]Bn (Table 2) was
compared with 99mTc- N2S2-Tat (49–57) -[Lys3]Bn (N2S2=Cys (Acm)-Gly-Cys (Acm); Tat
(49–57)=Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg, Table 1) [Analogs #21–22, Table 3 and
4]. This hybrid Bn analog was obtained by coupling the Bn agonist to the Tat (49–57) HIV
peptide through the spacer Glu-Gly-Cys-Gly and the linker N2S2 bound to 99mTc. With this
approach the authors tried to increase the internalization of the Bn analog using the HIV
peptide Tat, because it has been used to deliver a large variety of cargoes into cells. In fact,
this hybrid Bn analog showed higher internalization values than 99mTc-EDDA/HYNYC-
[Lys3]Bn in 3 different cell lines: PC-3, MCF7 and MDA-MB231 [Analogs #21–22, Table
3], although it presented lower stability in human serum and/or cysteine solution. When
comparing these two radiolabeled peptides in biodistribution and imaging studies [Analogs
#21–22, Table 4], the hybrid Bn analog also showed rapid clearance from blood with renal
excretion, significant uptake by the pancreas and tumor, but a higher uptake in non-targeted
organs and kidneys, thus producing a higher background.

Bn (2–14)—Bn agonist Bn (2–14) (Table 2) has also been radiolabeled with 99mTc and
studied for its possible use in nuclear medicine. One study from Gourni et al. [55] studied
this Bn agonist linked through 4 different amino acid sequences to the 99mTc isotope (Gly-
Gly-Cys-Aca, MeGly-Gly-Cys-Aca, Me2Gly-Gly-Cys-Aca or Mac-Gly-Gly-Aca;
Aca=aminohexanoic acid, Table 1) [Analogs #63–69, Tables 3 and 4]. Binding studies with
these Bn (2–14) analogs in PC-3 cells showed no difference in the IC50 values. In vivo
biodistribution studies performed in normal animals showed that the 4 radiolabeled Bn (2–
14) analogs had rapid blood clearance, were elimination mainly through the renal/urinary
pathway, and had high and specific pancreatic uptake [Analogs #63–69, Table 4].

In later paper from Gourni et al. [56], the previously tested 99mTc- Gly-Gly-Cys-Aca-Bn (2–
14) was compared to 99mTc- Gly-Gly-Cys-Aca-Bn (7–14), in order to determine if the
shorter sequence in the latter compound produced any improve in the properties of the
radiopeptide [Analogs #18–19, Tables 3 and 4]. It was found that the IC50’s, internalization
and efflux values were not different between them, and the Bn (2–14) analog was more
stable after 2 h in human plasma [Analogs #18–19, Table 3]. Biodistribution studies with
both 99mTc-Bn analogs demonstrated they had fast blood clearance, no uptake or retention in
the stomach, low accumulation in the liver, but high uptake in the intestine, high
accumulation in the pancreas and good tumor uptakes, but also both produced clear images
of the tumors in dynamic planar studies. The only difference found between them was a
slower washout from the pancreas and slightly higher liver excretion rate by 99mTc-Gly-Gly-
Cys-Aca-Bn(7–14) [Analogs #18–19, Table 4].
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The Bn analog Gly-Gly-Cys-Aca-Bn (2–14) also has been studied using as a linker, N3S
(2‴,2″,2‴-nitrotriethanethiol, Table 1) and the effect of the introduction of 3 basic amino
acids (Orn-Orn-Orn) in the sequence of the spacer [Analogs #16–17, Tables 3,4] studied. It
was found that the analog N3S-Orn-Orn-Orn-Gly-Gly-Cys-Aca-Bn (2–14) had higher
stability and internalization rate in PC-3 cells than the N3S-Gly-Gly-Cys-Aca-Bn (2–14)
[Analogs #16–17, Table 3]. In vivo biodistribution/imaging experiments [Analogs #16–17,
Table 4]. showed that the radiopeptide 99mTc-N3S-Orn-Orn-Orn-Gly-Gly-Cys-Aca-Bn(2–
14), compared to 99mTc-N3S-Gly-Gly-Cys-Aca-Bn(2–14), produced a better uptake in
pancreas and tumor tissues and had a higher tumor/non tumor ratio, as well as produced
quality SPECT images with clear PC-3 cell tumor visualization and low background as early
as 10 min p.i.

Bn (7–14)—Among the 99mTc radiolabeled Bn analogs studied, Bn (7–14) (Table 2) has
been the most widely used, being studied with different linkers in 41% of the publications
[Tables 3 and 4].

Smith et al.[57] tested the radiolabeled Bn analog Dpr-Ser-Ser-Ser-Bn (7–14) (Dpr=1,2-
diaminopropionic acid, Table 1) coupled to 99mTc by the moiety (H2O)(CO)3 or (CH2CH3)
(CO)3. They observed that (H2O)(CO)3-Dpr-Ser-Ser-Ser-Bn (7–14) had an IC50 value in the
nanomolar range (0.86±0.22), was stable in aqueous solution for more than 24 h and had a
55% internalization rate after a 90 min incubation [Analogs #76, Table 3]. In vivo
experiments in normal or PC-3 cell tumor bearing mice [Analog #76–77, Table 4]
comparing these two radiolabeled Bn agonists showed fast blood clearance, high renal
excretion, high pancreatic and tumor uptake with both, but the 99mTc-(H2O)(CO)3 Bn
analog’s values were higher than those of either 99mTc-(CH2CH3)(CO)3-Bn analog or the
previously reported Bn analog, 99mTc-N3S-5-Ava-Bn(7–14) [58].

In another study from the same group [59], Alves et al. studied 3 different Bn (7–14)
analogs, coupled to 99mTc with the same linker PZ1 (pyrazolyl, Table 1), but using 3
different spacers (Gly-Gly-Gly, Ser-Ser-Ser or β-Ala=β-Alanine, Table 1) [Analogs #67–69,
Table 3 and 4]. Among them, the one with the highest affinity was the PZ1-Gly-Gly-Gly-Bn
(7–14) agonist (IC50: 0.2±0.02 nM), which was 10-fold higher than Bn (7–14). 99mTc-PZ1-
Ala-Ala-Ala-Bn(7–14) showed the highest internalization value with 90% of the cell-
associated activity remaining internalized even at 90 min [Analogs #67–69, Table 3]. When
these Bn (7–14) agonists were tested in in vivo biodistribution/imaging studies [Analogs
#67–69, Table 4] in SCID mice bearing xenografted human PC-3 cell tumors, all of them
showed rapid blood clearance, minimal gastric accumulation, renal excretion and high
accumulation in pancreas, but the tumor uptake observed was lower than seen with 99mTc-
(H2O)(CO)3-Dpr-Ser-Ser-Ser-Bn (7–14) [57].

One year later, the same group [60] studied the possibility of improving the characteristics
of the Bn (7–14) analog by coupling it to the linker DPR (Table 1) using different spacers
(Asn-Asn-Asn, Asn-Asn-Asn-βAla, Asn-Asn-Asn-5Ava, Arg-Arg-Arg, Arg-Arg-Arg-βAla
or Arg-Arg-Arg-5Ava; where βAla: β-Alanine and 5Ava: 5-aminovaleric acid, Table 1)
[Analogs #54–59, Tables 3, 4]. The different spacers did not produce any significant change
either in binding affinity [IC50 ranging from 0.2±0.02 for DPR-Arg-Arg-Arg-βAla-Bn(7–
14) to 3.6±2.2 nM for DPR- Asn-Asn-Asn-5Ava-Bn(7–14)], or stability (>75% after 4h in
human serum). When all analogs were tested for 1 h p.i. in vivo biodistribution experiments
in normal CF-1 mice [Analogs #54–59, Table 4], the one with the amino acid Arg in the
spacer showed hepatobiliary clearance, while those with Asp had renal excretion of the
radiolabeled peptide. All of them showed high pancreas uptake with the highest values
with 99mTc-DPR-Asn-Asn-Asn-βAla-Bn(7–14) and 99mTc-DPR-Asn-Asn-Asn-βAla-Bn (7–
14) [Analogs #55–56, Table 4]. The latter two Bn analogs were tested for longer periods of
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time (4h and 24h), and demonstrated that the radiolabeled agonist, 99mTc-DPR-Asn-Asn-
Asn- βAla-Bn (7–14) showed the best pancreatic uptake, so it was chosen for in vivo
biodistribution experiments with animal bearing PC-3 cell tumor xenografts and for imaging
studies [Analog #55, Table 4]. This Bn analog had good tumor uptake values and the tumors
were clearly visualized, however the GI uptake was higher than with the previously studied
Bn analog 99mTc-DPR-Ser-Ser-Ser-Bn(7–14) [57].

In another study with 99mTc and a Bn (7–14) analog [61], the analog was bound to the
isotope 99mTc by a different linker, NS3 (2′,2″,2‴-nitrotriethanethiol, Table 1, Fig. 1) and 3
different spacers (βAla, Gly-Gly-Gly and Ser-Ser-Ser) combined with 4-
(isocyanomethy)benzoic acid or 4-isocyonobutanoic acid [Analogs #48–53, Table 3, 4].
When the 6 Bn analogs were tested in binding studies in PC-3 cells [Analogs #48–53, Table
3], no significant difference in the IC50 values were found [values ranging from 0.2±0.04 for
Analog #48 to 1.9±0.4 nM for Analog #49] and the highest internalization value was
observed with Analog #51. The two Bn analogs showing the best values for cellular binding
and internalization [Analogs #48, Table 4): 99mTc- NS3-4-(isocyanomethy)benzoic acid-
βAla-Bn (7–14) and analog #51, Table 4): 99mTc-NS3-4-(isocyanomethy)benzoic acid-
βAla-Bn (7–14), were used in in vivo biodistribution studies in normal animals. These
analogs showed rapid accumulation in the liver, excretion to the intestine, and low
pancreatic uptakes, making poor candidates to be used in the nuclear medicine.

Another linker, DMTA (2-(N,N″-bis(tert-butoxycarbonyl)diethylenetriamine)acetic acid,
(Table 1, Fig. 1), has been used to bind 99mTc. In this study [62], DMTA was linked to Bn
(7–14) through 4 different spacers: βAla, Gly-Gly-Gly, Gly-Ser-Gly or Ser-Ser-Ser [Analog
#33–36, Tables 3, 4]. Binding studies were performed with each Bn analog [Analog #33–36,
Table 3], and in all cases a nM IC50 were obtained, ranging from 0.28±0.2 with DMTA-
βAla-Bn (7–14) to 2.56±1.3 nM with DMTA-Gly-Gly-Gly -Bn (7–14). The highest
internalization value, though, was observed with 99mTc-DMTA-βAla-Bn(7–14)
(23.8±0.03% after 2h incubation). All of the Bn analogs were tested for in vivo
biodistribution studies in normal animals [Analog #33–36, Table 4]. 99mTc-DMTA-Ser-Ser-
Ser-Bn(7–14) had prolonged retention in the circulation, the more hydrophilic radiolabeled
agonist (serine-containing spacer) were predominantly excreted by the kidneys, while the
more hydrophobic conjugates were excreted by the hepatobiliary system. The highest
pancreas uptake was observed with the agonist 99mTc-DMTA-βAla-Bn(7–14). This
radiolabeled Bn agonist was selected for biodistribution studies in animals bearing PC-3
tumors. This radioconjugate showed high affinity and internalization values in PC-3 cells. In
another study from the same group [63], two different 99mTc radiolabeled βAla-Bn (7–14)
analogs were studied and compared, one coupled to the linker HYNIC (Table 1, Fig. 1) and
the other to N(PN6)-Cys, [Analogs #25–26, Tables 3,4]. Comparing the results obtained
with each Bn analog, the value of all the parameters studied (stability, amount of receptor
internalization in PC-3 cells, pancreas and tumor uptake in normal and PC-3 tumor bearing
animals, higher uptake in scintigraphy image studies) were more favorable with 99mTc-
HYNIC-βAla-Bn(7–14) than 99mTc≡N(PN6)-Cys- βAla-Bn (7–14).

HYNIC (Fig. 1) has been also used in another study as a linker between for 99mTc and a Bn
(7–14) analog. 99mTc-HYNIC/Tricine/TPPS-Bn (7–14) [Analog #61, Tables 3, 4] [64] had a
nM IC50 value in PC-3 cells, although it was16-fold higher than that of Bn (7–14) analog; it
showed good stability and internalization values. In vivo biodistribution studies/imaging
with this Bn analog radio-conjugate demonstrated that xenografted HT-29 tumors in BALB/
c nude mice were clearly visualized at 1 h p.i. with excellent tumor/background ratio,
although at this time the highest uptake areas were in the kidneys and bladder due to the
renal excretion. After 4 h p.i. the background radioactivity in the chest region disappeared
due to the high renal excretion rate, but the tumors were still clearly seen.
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In a recent study [65], 14 Bn (7–14) analogs were studied [Analogs #1–14, Tables 3,4],
comparing the linker DPR or PZ1 and 7 different spacers (βAla, Gly-Gly-Gly, Gly-Ser-Gly,
PEG5, PEG8, Ser-Gly-Ser, Ser-Ser-Ser; PEG=ethylene glycol [2-
aminoethylcarboxymethylether] (Table 1). In vitro binding experiments with T47-D and
MDA-MB-231 cells [Analogs #1–14, Table 3] showed that, although all of the had IC50
values in the nM range, the PZ1-Bn (7–14) analogs had higher binding affinities. In all cases
these analogs were stable more than 24h in PBS with or without HSA (human serum
albumin) and the amount of receptor internalized was similar. In vivo biodistribution
experiments in normal and tumor bearing animals were performed with all the analogs. All
the PZ1-Bn (7–14) radioconjugates showed low tumor uptake, and among the DPR linked
radiopeptides all of them showed high pancreatic uptake, but only one showed high tumor
uptake and accumulation, which was 99mTc-DPR-Ser-Ser-SerBn(7–14). This radiolabeled
Bn analog when used in imaging studies and produced favorable tumor/background ratios
and clear visualization of the tumor tissue.

In several studies the possibility of using the linker (NαHis)Ac (Nα-carboximethylhistidine,
Table 1, Fig. 1) to the Bn (7–14) analog through several spacers has been examined. In one
study from 2006 [66] Bn (7–14) and 3 other Bn analogs ([Cha13]Bn (7–14), [Nle14]Bn (7–
14) and [Cha13, Nle14]Bn (7–14)) were tested using none or 2 different spacers (βAla-βAla
or NH-CH2-CH2-O-CH2-CH2O-CH2CO) [Analogs #42–47, Tables 3, 4]. Bindings studies
showed that all the Bn analogs showed IC50 values in the nM range, with (NαHis)Ac-Bn (7–
14) having the highest affinity (IC50: 0.19±0.09 nM) and (NαHis)Ac- [Nle14]Bn (7–14) the
lowest (IC50: 15.7±6.0 nM), but stability studies in human plasma or using PC-3 cells
showed the contrary, with the more stable molecule being (NαHis)Ac- [Nle14]Bn (7–14)
[Analogs #42–47, Table 3]. Internalization/efflux experiments showed a similar pattern for
all the Bn (7–14) analogs. When all of the radiopeptides were tested in in vivo
biodistribution studies, the 99mTc-(NαHis)Ac- NH-CH2-CH2-O-CH2-CH2O-CH2CO-
[Cha13, Nle14]Bn (7–14) and 99mTc-(NαHis)Ac-βAla-βAla- [Cha13, Nle14]Bn (7–14)
showed improved biodistribution and much higher tumor/blood ratios, with the latter one
also showing increased tumor/kidney and tumor/liver values [Analogs #42–47, Table 4].

A later study from the group of Garcia-Garayoa et al. [67] tried to improve the
biodistribution of the 99mTc-(NαHis)Ac-βAla-βAla- [Cha13, Nle14]Bn (7–14) analog (Fig. 1,
Table 2) by introducing a positive or negative charged amino acid in the spacer sequence
(β3hGlu-β3Glu-β3Glu, β3hGlu-β3Glu-βAla, β3hGlu-βAla-βAla, β3hLys-βAla-βAla, β3hSer-
βAla-βAla and βAla-βAla) [Analogs #27–32 Tables 3, 4]. They found that the binding
affinity of (NαHis)Ac-β3hGlu-β3Glu-β3Glu- [Cha13, Nle14]Bn (7–14) to PC-3 cells was
reduced (IC50: 634±221.7 nM) having an affinity 317-fold lower than Bn (7–14) and 124-
fold lower than (NαHis)Ac-βAla-βAla- [Cha13, Nle14]Bn (7–14), while the latter’s affinity,
was not different from that of (NαHis)-βAla-βAla- [Cha13, Nle14]Bn (7–14) (IC50: 5.1±1.7
nM) or (NαHis)Ac-β3hSer-βAla-βAla- [Cha13, Nle14]Bn (7–14) (IC50: 6.8±3.2 nM).
Introduction of the negative or positive charged amino acid in the spacer structure did not
produce any significant modification in the stability of the molecules, but did alter the
internalization values [Analogs #27–32 Table 3]. In fact, 99mTc-(NαHis)Ac-β3hGlu-β3Glu-
β3Glu -[Cha13, Nle14]Bn (7–14) was not internalizated (1% after 1 h incubation), 99mTc-
(NαHis)Ac-β3hGlu-β3Glu-βAla- [Cha13, Nle14]Bn (7–14) had half of the internalization
value (15%) observed with 99mTc-(NαHis)Ac-β3hGlu-βAla-βAla- [Cha13, Nle14]Bn (7–14)
(30%) and 99mTc-(NαHis)Ac-β3hLys-βAla-βAla-[Cha13, Nle14]Bn (7–14) had a higher rate
(40%). In vivo biodistribution/SPECT imaging studies performed in normal and PC-3 cell
bearing tumor SCID mice showed that 99mTc-(NαHis)Ac-β3hGlu-β3Glu-βAla- [Cha13,
Nle14]Bn(7–14) demonstrated the best properties compared to the other radiopeptides. In
fact, this radiolabeled bombesin agonist had the highest tumor uptake and retention, and fast
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clearance from non-targeted tissues, with clearer visualization of the tumors and lower renal
and hepatic uptakes [Analogs #27–32 Table 4].

Another strategy to improve the characteristics of the Bn analog 99mTc-(NαHis)Ac-βAla-
βAla- [Cha13, Nle14]Bn (7–14) (Fig. 1, Table 2) was performed by Schweinsberg et al. [68]
by the insertion of a polar carbohydrate (Lys (sha), Lys (Amd) or Ala(NTG), Table 1)
between the linker ((NαHis)Ac) and the spacer (βAla-βAla) [Analogs #37–40, Tables 3, 4].
Binding affinities and internalization studies in PC-3 cells showed no differences among the
4 Bn agonists, but differences were found in vivo biodistribution and imaging studies. In
fact, all of the glycated analogues showed higher tumor/background ratio compared with the
non-glycated. The best results were obtained with the 99mTc-(NαHis)Ac-Ala(NTG)-βAla-
βAla- [Cha13, Nle14]Bn(7–14) which had a 4-fold increase in uptake and retention in the
tumor and significant less accumulation in the tumor. All 3 new glycated Bn analogs
produced a clear image of the tumor with a low abdominal background [Analogs #37–40,
Table 4].

Maes et al. [69] also tried to improved the characteristics of the radiolabeled Bn
analog 99mTc-(NαHis)Ac-βAla-βAla-[Cha13, Nle14]Bn(7–14) (Fig. 1, Table 2) by
introducing the carbohydrate moiety Pra(Glu) (Table 1). This modification did not change
the IC50 value obtained with 99mTc-(NαHis)Ac-βAla-βAla- [Cha13, Nle14]Bn (7–14), but
produced an increase in the tumor uptake, tumor retention and excretion via kidneys
[Analog #20, Tables 3, 4].

Bn Antagonist—In different studies 99mTc radiolabeled Bn antagonists have been used to
study the possibility they could be used as a radiotracer in prostate and breast tumor cancer
over-expressing bombesin receptors due to their proven high affinities.

In a paper from Maina et al. the Bn antagonist Demobesin 1 (Table 1) was coupled to 99mTc
and its binding capacity and biodistribution properties in a mouse (AR42J) and a human
(PC-3) tumor cell line were measured and compared to the radiopeptide, 111In-Z-070 (Table
1). Binding studies showed that Demobesin 1 had IC50 11–14-fold lower than Z-070 in
PC-3. In vivo biodistribution studies showed that although both Bn analogs showed similar
tumor uptake in AR42J bearing mice, 99mTc-Demobesin 1 had 2–3-fold higher tumor uptake
in PC-3 xenografted mice, revealing the importance of the selection of the experimental
tools testing the radiolabeled peptide [Analog #75, Tables 3, 4 and #7, Tables 3, 4].

Another study from the same group [70] compared 4 different Demobesin analogs
(Demobesin 3–6, Table 1) coupled to 99mTc. All of these are agonists and each had similar
IC50 values (in the nM range), stability and internalization rates [Analogs #71–75, Table 3].
When comparing the results from biodistribution studies (Table 4), radiolabeled Demobesin
5 and 6 were rapidly cleared via liver and had a high percentage of intestinal uptake,
while 99mTc-Demobesin 3 and 4 were renally excreted and which produced lower
background activity. Uptake by PC-3 tumors in xenografted animals was higher with 99mTc-
Demobesin 3 and it was selected for imaging studies which showed clear tumor uptake and
low kidney retention.

Cescato et al. [45] compared Demobesin 1 (Bn antagonist) and Demobesin 4 (Bn agonist)
(Tables 1,2) coupled to 99mTc through the linker tetraamine-benzyllaminidiglycolic acid. In
vitro experiments showed that both of them had similar IC50 values, however, Demobesin 1
showed a higher percent of membrane binding, but this Bn antagonist was not internalized
[Analogs #23–24, Table 3]. Biodistribution studies (Table 4) in normal and PC-3 bearing
SCID mice showed good pancreatic uptake and fast clearance in blood and non-target
tissues. 99mTc-Demobesin 1 (antagonist) had a higher tumor accumulation and faster
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pancreatic washout, but also had higher liver and intestinal uptake values than 99mTc-
Demobesin 4 [Analogs #23–24, Table 4]. It was concluded that the radiolabeled antagonist
is the preferable candidate as radiotracer.

RM1 (Tables 1,2), another Bn antagonist, has also been tested as a possible 99mTc
radiotracer [49] coupled to the isotope by the linker N4-Gly-aminobenzoyl. IC50 values of
3.7±1.3 nM were measured, not different from that with Bn (7–14), and high membrane
bound values were obtained, but it was not internalized [Analog #15, Table 3]. When 99mTc-
RM1 was injected into PC-3 bearing nude mice, high tumor and pancreatic uptake was
observed with fast washout in the non-expressing GRPR tissues producing high tumor/non
tumor ratios. SPECT/CT studies in animal bearing PC-3 tumors resulted in images with a
clear delineation of the tumor with low abdominal and kidney uptake 12 h p.i. [Analog #15,
Table 4].

Litorin (Table 2)—Litorin (Table 2) belongs to the ranatensin peptide family and it has
high amino acid sequence similar to bombesin. This bombesin related peptide has been also
coupled to 99mTc and its possibility as a radiopeptide investigated. Durkan et al.[71] coupled
litorin directly, with no linker or spacer, to 99mTc. The resulting agonist radiopeptide had
high stability after incubation with high concentration of Cys solution. Injecting normal
Wistar rats with this radiolabeled Bn-related peptide produced a high and specific uptake in
the pancreas, and excretion of 99mTc-Litorin by kidneys [Analog #41, Tables 3, 4].

III. D. Review of 111In-labeled Bn analog in vitro (Table 5) and in vivo (Table 6) studies of
Bn receptor-mediated imaging/cytotoxicity studies

111Indium is a very useful tool in nuclear medicine for the imaging of tumors due to its half
life (67 h), gamma energy of 247 keV and the type of disintegration producing an electron
making it suitable for SPECT studies. In fact it is the isotope used for the radiolabeling of
the first somatostatin analog available in the market for scintigraphic localization of primary
and metastatic neuroendocrine tumors bearing somatostatin receptors, Octreoscan [111In-
pentreotide]. Another routinely used application of this radioisotope is for evaluating
patients suspected of having abscesses with autologous human leukocytes labeled in vitro
with (111In)-oxine.

In the literature there are 17 experimental studies using this isotope in combination with
different Bn analogs and linkers in order to obtain a radiopeptide suitable for its use in
nuclear medicine for imaging, primarily concentrating on the detection of prostate or breast
cancer by SPECT imaging (Tables 5, 6). Among all the Bn analogs tested two agonist were
present in 71% of the studies: Bn (7–14) or [Pro1, Tyr4]Bn (Table 2, Fig. 1).

In an early study [72] with Bn (7–14) the characteristics of 5 111In-DOTA-radiolabeled
peptides [Analogs #12–16, Tables 5,6], which were conjugated by different spacers, were
analyzed. In each of the 5 peptides 111In was bound to the linker DOTA (Fig. 1), but the
spacer between DOTA and the Bn analog ranged between no spacer to one of 5 to 8 carbon
atoms. Three of them showed a nanomolar IC50 [β-alanine [βAla], 5-aminopentanoic acid
[5-Ava] and 8-aminooctanoic acid [8-Aoc] spacers, Table 1], which was similar to Bn (7–
14) (IC50: 1–3 nM), one had a 32.5-fold decreased affinity (65 nM) (11-aminoundecanoic
acid [11-Aun], Table 1) and the DOTA-peptide without a spacer showed a 55-fold decrease
(IC50: 111 nM) compared to Bn (7–14). Cell internalization was measurement with just one
of the analogs [111In-DOTA-8-Aoc-Bn(7–14)] [Analog #15, Table 5] and was high (72%
after 2h). Biodistribution was studied with all 5 Bn derivatives in normal animals [Analogs
#12–16, Tables 6] [72], and the 8-Aoc derivative demonstrated the highest pancreatic
uptake. In mice bearing PC-3 xenografts biodistribution was determined just for the 111In-
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DOTA-8-Aoc-Bn(7–14) [Analog #15, Table 6] and high tumor uptake and tumor/non-tumor
ratio were found [72].

In another study from the same group [73], the same radiolabeled Bn derivative (111In-
DOTA-8-Aoc) was compared with another set of Bn derivatives [Analogs #19–24, Table 5,
6], each containing DOTA as the linker, but varying in the spacer structure (5-amino-3, 6-
dioxaoctyl-succinamic acid [5-Aos], 8-amino-3-oxapentyl-succinamic acid [8-Ads],
aminobenzoyl [AMBA], glycine-aminobenzoyl [Gly-AMBA] (Table 1) and glycine-p-
aminomethylbenzoic acid [Gly-AM2BA] (Table 1). In most cases the IC50 obtained was in
the nM range and was similar to Bn (7–14), however with 5-Aos as the spacer, a 3-fold
decrease in affinity (6.2 nM) was seen compared to Bn (7–14). The 8-Aoc and Gly-AM2BA
derivatives demonstrated a 4 and 2.9-fold increase in affinity compared to Bn (7–14) (0.51
and 0.7 nM respectively) [Analogs #19 and 24, Table 5]. The Gly-AM2BA analog showed
the lowest rate of internalization. When in vivo biodistribution and imaging studies of these
analogs were performed [Analogs #19–24, Table 6], in normal animals the highest pancreas
uptake was observed with Gly-AMBA and AMBA, followed by the 8-Aoc derivative, which
had the highest tumor uptake rate. When SPECT studies were performed with 8-Aoc,
AMBA, Gly-AMBA and Gly-AMB2A radiolabeled analogs [Analogs #19, 23 and 24, Table
6], each produced a clear image of the tumor. The analogs with an aromatic group
demonstrated higher GI retention (AMBA, Gly-AMBA and Gly-AM2BA).

In another set of studies [2,46] different Bn (7–14) radioconjugate derivatives [Analogs #1,2
and #8–11, Table 5, 6] were compared with each other and also with the 111In labeled Bn
antagonist [H-DPhe6, Sta13, Leu14]Bn (7–14) [RM1, Table 1,2] and a 99mTc labeled Bn
antagonist [(N4-bzlg)0, DPhe6, LeuNHEt13, desMet14]Bn (6–14), Fig. 1 [99mTc-
Demobesin1, Table 1,2]. When studies of binding were performed, affinity was high (IC50:
0.8 nM) for the Bn agonist (AMBA, #1, Table 5), near that seen with Bn(7–14), and was 40-
fold greater than with the antagonist RM1 (IC50: 35 nM). The same difference was observed
for the internalization rates, but when the in vivo biodistribution and imaging studies were
performed [Analogs #1,2 and #8–11, Table 6], the radiolabeled antagonists (111In-RM1
and 99mTc-Demobesin1) [Analog #2, Table 6] had greater tumor uptake, tumor/non tumor
ratio and tumor retention.

The first study using a [Pro1, Tyr4]Bn analog radiolabeled with 111In by the linker DTPA
(Table 2, Fig. 1) was published in 1999 [48][Analog #34, Table 5], in which this
radiolabeled Bn analog was compared with a Bn antagonist [[Tyr5, DPhe6]Bn(5–13)ethyl
amide, (Table 1, Analog #35, Table 5)], also radiolabeled with 111In using a DTPA linker,
and both were tested in the 7315b rat pituitary tumor cell line, AR42J cells and CA20948
cells. The results demonstrated that the Bn agonist ([Pro1, Tyr4]Bn) had a slightly higher
affinity for the GRP receptor (8 vs 11 nM) and the agonist was internalizated, whereas the
radiolabeled antagonist [Tyr5, DPhe6]Bn(5–13)ethyl amide, was not. This was also
demonstrated by biodistribution studies [Analog #34, Table 6] that the Bn agonist showed a
much higher specific uptake by GRP receptor tissues and by tumors, which could be
detected by ex-vivo scintigraphy.

The same group published another biodistribution study [74] [Analog #31, Table 6] with this
radiolabeled Bn agonist (111In-DPTA-[Pro1, Tyr4]Bn), using as xenograft tumors the colon
cancer cell line CC531 and the pancreatic cancer cell line CA20948. The results showed that
in normal animals the highest uptake was observed in the pancreas, followed by kidneys and
bladder (demonstrating a renal clearance of the radiopeptide). When the radioconjugate was
injected into animals bearing the CC531 cancer cell line or the CA20948 cancer cell line, it
was taken up by the tumor in a specific way and it was visualized scintigraphically. When
this Bn radiopeptide was compared with other 111In hormone radiopeptides (111In-DPTA-
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Octreotide, 111In-DOTA-CCK, 111In-DTPA-[Arg1]Substance P) [75] [Analog #29, Table 5]
in the pancreatic cancer cell line CA20948, the Bn derivative had the highest internalization
rate, and the second highest tumor uptake ratio in Lewis rat bearing CA20948 tumors,
after 111In-DPTA-Octreotide [Analog #29, Table 6].

In another study four [76] 111In radiolabeled [Tyr4]Bn analogs [Analogs #3–6, Table 5]
were tested ([Pro1, Tyr4]Bn or [εLys1, Tyr4]Bn) (Table 2) which were linked to the isotope
with DOTA or DPTA. All the Bn analogs had an IC50 of 3–9 nM near that of the [4Tyr]Bn
(Table 2) value (1 nM). When the analogs were labeled with the isotope through the linker,
the 4 resultant radiopeptides agonists were all internalized with the DPTA-[Pro1, Tyr4]Bn
having the highest value. The biodistribution study [Analogs #3–6, Table 6] showed that
DOTA-[Pro1, Tyr4]Bn had the highest tumor uptake and tumor/blood ratio, followed by the
DPTA-[Pro1, Tyr4]Bn radiopeptide. However, the authors concluded that, as 111In labeled
DTPA-[Pro1, Tyr4]Bn is easier to handle, this should be the radiopeptide chosen for future
studies.

Attempting to improve some characteristics of this radiopeptide (111In- DTPA- [Pro1,
Tyr4]Bn), it was compared with 2 others Bn agonist analogs ([βAla11, Phe13, Nle14]Bn(7–
14) and [βAla11, Tha13, Nle14]Bn(7–14); Nle: Norleucine, Tha: β-(2-thienyl)alanine; Tables
1,2) [Analogs #36–41, Table 5] [77] which were combined with different DPTA-spacers
(1,2-diaminopropionic acid (DDpr), 4-aminocarboxymethylpiperidine-Tha (ACMpip-Tha),
1-aminoethy-l,4-carboxymethylpiperazine (Acp) and DTha, Table 1). Among them, the best
affinity, internalization and stability values were obtained with DPTA-ACMpip-Tha-
[βAla11, Phe13, Nle14]Bn(7–14) in both prostate PC-295 or pancreatic CA20948 cancer cell
lines, with a 25-fold (IC50: 0.1 nM) and 5.6-fold increase (IC50: 0.4 nM) in the GRP
receptor affinity with respect that of Bn(7–14). In vivo biodistribution studies in rats bearing
PC-3 cell xenografts [Analogs #36 and #38, Table 6] comparing 111In-DPTA-ACMpip-Tha-
[βAla11, Phe13, Nle14]Bn(7–14) with 111In-DPTA-[Pro1, Tyr4]Bn, demonstrated that the
former analog had higher pancreatic and tumor uptake, tumor/non-tumor ratio and lower
kidney retention. Furthermore with 111In-DPTA-ACMpip-Tha-[βAla11, Phe13, Nle14]Bn(7–
14), tumors were clearly visualized by SPECT/CT, suggested this new radiolabeled Bn
analog as a new candidate for use in nuclear medicine.

111In-DPTA-[Pro1, Tyr4]Bn has been also use in one study [Analog #33, Table 5][78]. The
results showed that androgen ablation in animals bearing PC-3 tumor cells produced a
decreased in the expression of GRP receptor in the tumor, and it also reduced the
radiopeptide uptake by the tumor. This suggests that hormonal therapy may affect GRP
receptor expression in prostate cancer tissue making GRP receptor-based imaging and
therapy especially suitable for non-hormonally treated prostate cancer patients.

Another Bn analog that has been tested as a 111In-radiolabeled agonist peptide is [DTyr6,
βAla11, Thi11, Nle14]Bn(6–14) Table 2; Thi: 3-(2-thienyl)alanine, Table 1). In one study
[50] [Analog #7, Table 5] this Bn analog was linked to the isotope by the linker DOTA0–1,
PEG0 (Z-070) and it was compared with another Bn analog that was labeled with 99mTc
(99mTc-Demobesin1, Table 1,2). The results demonstrated that Demobesin1 had 11–14 fold
higher affinity for the GPRP receptor in PC-3 cells, but had a similar affinity in AR42J cells
compared to Z-070. The same result was observed in the case of mice bearing PC-3 or
AR42J xenografts [Analog #7, Table 6]. In another study with [DTyr6, βAla11, Thi11,
Nle14]Bn(6–14) [79][Analogs 17–18, Table 5] the effect of two different linkers (DOTA-γ-
aminobutyric acid (GABA) or DPTA-GABA, Table 1) was examined. The DOTA linked Bn
analog had a lower affinity (1.4±0.1 nM vs. 3.5±0.32 nM), but both of them showed similar
internalization rates and their half-life were similar. In vivo biodistribution studies [Analogs
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#17–18, Table 6] showed a high uptake by GRP receptor expressing tissues and tumor with
also high values in the ratio tumor/non-tumor.

Another 111In labeled Bn antagonist studied was Bomproamide [47] ([DPhe6, Leu-NHEt13,
des-Met14]Bn(6–14), Table 2), a GRP receptor antagonist, coupled to the isotope by the
linker DOTA-aminohexanoyl. This radiolabeled Bn antagonist analog [Analog #26, Table 5]
showed a nM IC50 value (1.36±0.09 nM) similar to that of Bn(7–14), but had a low
internalization level. In vivo experiments with mice bearing PC-3 xenografts demonstrated
that the Bn antagonist radiopeptide [Analog #26, Table 6] showed high and rapid uptake by
pancreas and tumor, which could be clearly visualized by SPECT/CT.

111In-DPTA-[Lys3, DTyr4]Bn(2–14) [Analog #32, Table 5, Table 2] is another radiopeptide
Bn agonist tested [80] for its possible use in imaging and treating tumors expressing GRP
receptors. The experiments with this compound showed an IC50 of 1.05 nM in PC-3 cells,
similar to that of Bn(7–14), with internalization values near 60% and a long half-life (59.4%
after 8 h in rat plasma). When the radiopeptide was injected into mice bearing PC-3 cell
xenografts [Analog #32, Table 6], a high uptake by tumor, adrenal gland, pancreas and
intestine was observed.

III. E. Review of 64Cu -labeled Bn analog in vitro (Table 7) and in vivo (Table 8) studies of
Bn receptor-mediated imaging/cytotoxicity studies

Studies attempting to identify useful Bn analogs for imaging studies using Positron emission
tomographic scanning (PET) of bombesin receptors started lately compared to the
development of Bn radiolabeled analogs for SPECT imaging. 64Cu is a positive charged
radioisotope, which is used both for imaging (PET scanning) and therapy [81,82]. It is
produced using a medical cyclotron, and has a half-life of 12.7 h, with an emission at
0.651MeV and decay at 0.578 MeV β− [81]. The first study that attempted to identify a Bn
analog labeled with 64Cu was in 2003[83], subsequently 13 additional studies (Tables 7 and
8) reported different 64Cu-radiolabeled Bn analogues and their pharmacokinetics properties
and imaging efficacy. Finding in these studies are summarized in Tables 7 and 8, for in vitro
and in vivo results, respectively.

Roger et al., studied the in vitro and in vivo characteristics of the 64Cu-DOTA-Aoc-Bn(7–
14) (Aoc=aminooctanoic acid) analog [Analog #59. Table 7, 8] (Tables 1, 2,, Fig. 1.) [83].
This analog showed in the prostate cancer cell line, PC-3, high affinity for the hGRP
receptor (Kd 6.1±2.5 nM) and a rapid internalization rate [Analog #59, Table 7]. In vivo
biodistribution studies and microPET imaging, performed in athymic mice bearing human
prostate cancer xenografts, PC-3, showed a rapid tumor uptake as well as in other tissues
such as liver, pancreas and intestine, resulting in a low tumor-non-tumor ratio [Analog #59,
Table 8] [83]. Therefore, the authors performed an in vivo determination of blood flow,
finding that it is 2.6-fold lower to the PC-3 tumor than to the pancreas. These results could
explain a limited diffusion of the 64Cu-DOTA-Aoc-Bn(7–14) analog and, consequently, a
low uptake and binding of the radioligand by the tumor [83]. Finally, the authors suggest
modifying the charge of the peptide and the peptide linker group, in order to reduce the
amount of the 64Cu-radiolabeled peptide taken up by normal tissues [83].

To improve the specificity of the 64Cu- DOTA-Aoc-Bn(7–14) analog the same group
modified it by substituting PEG (ethylene glycol [2-aminoethylcarboxymethylether]) instead
of Aoc (Table 1, Fig. 1.). The hypothesis was that this modification could improve the
pharmacokinetics of the conjugate, in particular, for its delivery to the tumor site [84]. The
authors evaluated in vivo and in vivo properties of 64Cu-DOTA-PEG–Bn(7–14) vs 64Cu-
DOTA-Aoc-Bn(7–14) analogs [Analogs #60–61, Tables 7,8], using the PC-3 cell line and
normal athymic nude mice. Competitive binding assay results for [Tyr4]-Bn (used as
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control), DOTA-Aoc-Bn(7–14) and DOTA-PEG-Bn(7–14) showed a strong reduction of
binding affinity toward hGRP receptor of the new conjugates (IC50 18.8±2.3 nM, 90.5±22
nM, 3.9±0.6 μM, respectively) [Analogs #60–61, Table 7]. Furthermore, 64Cu-DOTA-PEG–
Bn(7–14) also showed a reduction in the internalization rate compared to 64Cu-DOTA-Aoc–
Bn(7–14) analog, mostly due to the lack of affinity of PEG-conjugate [84]. Finally, in vivo
studies found 64Cu-DOTA-PEG-Bn(7–14) had a faster blood clearance than expected and a
specific, but reduced pancreatic uptake compared to 64Cu-DOTA-Aoc-Bn(7–14) (1.3-fold
less) [Analogs #60–61, Table 8] [84].

Chen et al. studied the in vitro and in vivo characteristics of the 64Cu-DOTA-[Lys3]Bn
agonist conjugate [Analogs #35–36, Tables 7, #35 Table 8] (Tables 1,2, Fig. 1.) [85]. Using
the human androgen independent (AI) prostate cancer cell line PC-3, they found a high
binding affinity to hGRP receptor (IC50 2.2±0.5 nM) and internalization rate [Analogs #35–
36, Table 7] [85]. In vivo studies were performed in human prostate cancer carcinoma
xenografts induced by injection of either the AI-PC-3 cell line or the androgen dependent
(AD) CWR22 cell line. The radiopeptide uptake was specific and it displayed a predominant
renal clearance. Interestingly, the uptake was higher in the AI-PC-3 xenografts than in AD-
CWR22 xenografts [Analog #35, Table 8] [85]. MicroPET and autoradiography imaging for
both models showed a very high tumor-to- background ratio, although tumor and pancreas
accumulation was lower compared to normal biodistribution studies [Analog #35, Table 8]
[85].

To investigate the possibility whether a truncated coupled Bn analog, Bn(7–14) was more
suitable for PET imaging purposes than full-length Bn, Yang et al. performed a compared in
vivo and in vitro evaluation of 64Cu-DOTA-Aoc-Bn(7–14) and 64Cu-DOTA-[Lys3]Bn
agonist conjugates [Analogs #62–63, Table 7; #62–65, Table 8] (Tables 1,2, Fig. 1.) [86]. In
PC-3 cells the DOTA-[Lys3]Bn compound displayed a higher binding affinity than the
DOTA-Aca-Bn(7–14) compound (IC50 2.2±0.5 vs. 18.4±0.2 nM) [Analogs #62–63, Table
7]. Moreover, the internalization rate and retention was much higher for the full-length
compound [Analogs #62–63, Table 7] [86]. In vivo studies showed more stability in mouse
blood, urine, tumor, liver and kidney samples from PC-3 tumor bearing mice for the full
length Bn compound and a higher liver and intestinal uptake for the Bn(7–14) analog
[Analogs #62–65, Table 8] [86]. MicroPET images showed a low background radioactivity
for 64Cu-DOTA-[Lys3]Bn but it still displayed a significant accumulation in intestine and
rapid renal clearance [Analogs #62–65, Table 8] [86].

In a study aimed to identify a new Bn radioligand labeled with 111In, the agonist DOTA-
[Pro1, Tyr4]Bn(1–14) (MP23436) was synthesized and characterized (Tables 1,2. Fig. 1.)
[76]. Next, Biddlecombe et al. evaluated both 64Cu and 86Y-radiolabeld MP2346 conjugates
[Analogs #34 and 71, Table 7; #34, 71,72, Table 8] [87]. An in vitro study in the PC-3 cell
line showed a good internalization rate for both compounds, with an initial slower rate
for 86Y-MP23436 that becomes 3-fold higher at 20 h with the 64Cu-radioligand [Analogs
#34 and 69, Table 7] [87]. The in vivo biodistribution in PC-3 tumor bearing mice was
associated with a higher uptake for the 86Y-conjugate and consistent levels of 64Cu
compound in liver, mostly caused by transchelation of the copper [Analogs #34 and 69,
Tables 8]. Finally, PET images showed a better tumor-normal tissue ratio for 86Y-MP23436.
These results were attributed to the physical and chemical properties of 64Cu and 86Y metals
[Analogs #34 and 69, Table 8] [87].

Parry et al. evaluated a series of Bn analogs coupled to 4 to 12-carbon linkers in the human
breast cancer cell line, T-47D [Analogs #50–54, Tables 7, 8] [88]. In vitro binding affinity in
these cells showed a high affinity of the DOTA-Aoc-Bn(7–14) compound (Table 1,2. Fig.
1.) (IC50 6.7 nM) compared to others and a very low affinity for the Aba-linker containing
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compound (4-carbons) (IC50 78.5 nM) [Analogs #50–54, Table 7] [88]. The internalization
rate displayed a very low value for DOTA-Ado-Bn(7–14) compound (12-carbons), in spite
of its binding affinity. The authors concluded that the presence of 12 carbon spacer in Ado-
compound could improve the GRP receptor affinity, but lead to a tridimensional
conformation that inhibited its internalization [Analogs #50–54, Table 7] [88]. In vivo
experiments in T-47D tumor bearing mice showed that Aoc, the 8-carbon linker compound
had the highest tumor uptake, but also had high liver uptake. Moreover, PET images showed
that 6-and 8- carbon containing linkers had a good tumor uptake suggesting that further
modifications are necessary to optimize the use of Bn radiolabeled analogs for breast cancer
imaging [Analogs #50–54, Table 8] [88].

The same group studied the effect of the presence of various amino acid spacers between
DOTA and truncated Bn(7–14) compound when labeled with 64Cu [89]. 64Cu-DOTA-X-
Bn(7–14) (Tables 1,2. Fig. 1.) containing in the X-position three amino acid combinations of
non polar glycine (G), polar serine (S) or negatively charged glutamic acid (E) [Analogs
#45–49, Table 7; #45–47, Table 8] [89]. The presence of a negative charged E strongly
reduced GRP receptor binding affinity and the internalization rate of the compound in PC-3
cell lines, so the author focused their in vivo studies using GGG, GSG and GSS- containing
conjugates [Analogs #45–49, Table 7] [89]. MicroPET images from PC-3 tumor bearing
mice, displayed a high tumor, liver and kidney uptake for the GGG-containing radioligand,
while the two GSG- and GSS- radioligand showed a better tumor-normal tissues ratio. In
particular, 64Cu-DOTA-GSS-Bn(7–14) had the longer retention compared to the other two
conjugates [Analogs #45–47, Table 8] [89]. The presence of a serine amino acid linker
seemed to decrease the lipophilicity and liver uptake; on the other hand, there was an
increase of abdominal accumulation, compromising the tumor-non-tumor ratio [89].

To reduce transchelaton of 64Cu, Garrison et al. attempted to use a different chelator, CB-
TE2A (1,4,8,11-tetraazabicyclo[6.6.2]hexadecane-4,11-diacetic acid) (Table 1, Fig. 1) [90].
They compared in vitro and in vivo properties of -8-Aoc-Bn(7–14) either chelated with CB-
TE2A or DOTA [Analogs # 37–38, Tables 7,8]. In PC-3 cells, 64Cu-CB-TE2A-8-Aoc-
Bn(7–14) showed higher binding affinity than 64Cu-DOTA-8-Aoc-Bn(7–14) (IC50 0.5 vs.
1.4 nM, respectively) [Analogs # 37–38, Table 7] [90]. Furthermore, in internalization
experiments performed in the same cell line, the 64Cu-CB-TE2A radioconjugate showed a
faster internalization rate than 64Cu-DOTA radioconjugate [Analogs # 37–38, Table 7] [90].
In vivo experiments conducted in SCID mice bearing PC-3 xenografts, showed a rapid
uptake for both compounds, but a significant rapidly clearance for the 64Cu-CB-TE2A-
compound. Moreover, microPET images displayed a tumor-non-tumor ratio higher for 64Cu-
CB-TE2A-8-Aoc-Bn(7–14) [Analogs #37–38, Table 8] [90].

Another group conjugated the 8-Aoc-Bn(7–14) compound with 64Cu-NOTA (1,4,7-
triazacyclononanetriacetic acid) [Analog #55, Table 7; analogs #55–56, Table 8] (Table 1,
Fig. 1.) [91]. In vitro binding affinity of 64Cu-NOTA -8-Aoc-Bn(7–14) in PC-3 cell line
displayed an IC50 of 3.1 nM, very close to the Bn and Bn(7–14) affinities to hGRP receptors
[Analog #55, Table 7] [91]. In vivo studies in CF-1 normal mice demonstrated very fast
blood clearance and a significance renal excretion [Analogs #55–56, Table 8].
Moreover, 64Cu-NOTA-8-Aoc-Bn(7–14) (Fig. 1,Table 2) displayed a specific uptake in
GRP receptor-expressing tissues such as mouse pancreas. MicroPET images and in vivo
biodistribution studies in SCID mice bearing PC-3 tumors also showed high and specific
uptake of 64Cu-NOTA -8-Aoc-Bn(7–14) in tumors, with a reduced liver accumulation,
which points out that the use of NOTA as chelator strongly reduces the possibility of any
dissociation phenomenon for 64Cu [Analogs #55–56, Table 8] [91]. The same group, has
recently reported another study in a breast cell cancer model, using the 64Cu-NO2A-8-Aoc-
Bn(7–14) conjugate [Analog #57, Table 7; Analogs #57–58, Table 8], where the chelator is
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NO2A (1,4,7-triazacyclononane-1,4-diacetate) (Table 1,Fig. 1) and compared it with a 64Cu-
DOTA-8-Aoc-Bn(7–14) compound[92]. In vitro binding affinity studies were performed in
the human breast cancer cell line T-47D and showed a 3-fold decrease in affinity compared
to Bn(7–14) (i.e. 7.6 nM), but a very fast internalization rate [92] [Analog #57, Table 7]. In
vivo evaluation of 64Cu-NO2A-8-Aoc-Bn(7–14) in normal CF-1 mice showed a fast and
specific uptake in tissues expressing GRP receptors [Analogs #57–58, Table 8]. Moreover,
microPET/CT and microMRI images of SCID mice bearing T-47D tumors showed high
tumor-non tumor ratios for most of the tissues, with a reduced abdominal and liver
accumulation, probably due to the hydrophobicity of the NOA2 chelators [Analogs #57–58,
Table 8] [92].

Gasser et al. recently reported in a study a new ligand derivative TACN ((2-[4,7-bis(2-
pyridylmethyl)-1,4,7-triazacyclononan-1-yl]acetic acid) (Table 1,, Fig. 1) coupled to the Bn
agonist analog, βAla-βAla – [Cha13, Nle14]Bn(7–14) (Tables 1, 2) [Analog #39, Tables 7, 8]
[93]. In vitro stability studies showed that 64Cu-TACN- βAla-βAla–[Cha13, Nle14]Bn(7–14)
had high stability in presence of an excess of either the competing ligand (cyclam) or the
copper-seeking superoxide dismutase (SOD). Similar results were obtained by in vivo
stability studies in rat plasma [Analog #39, Table 7] [93]. Furthermore, the authors
performed in vivo biodistribution studies in Wistar rats and showed a high uptake in
pancreas with a predominant renal excretion [Analog #39, Table 8] [93].

A similar study was also performed using the same Bn agonist analog [Cha13, Nle14]Bn(7–
14) (Tables 1,2) but using as a chelator, a bispidine derivative (3,7-
diazabicyclo[3.3.1]nonane) [Analogs #40–41, Tables 7, 8] [94]. In vivo studies in Wistar rats
showed a very fast blood clearance and renal excretion, with low liver accumulation.
Furthermore, NMRI nu/nu mice bearing PC-3 humane prostate tumors, displayed a tumor
accumulation [Analogs #40–41, Tables 8] [94].

Liu et al. analyzed the synergistic effect of the dual-receptor targeting of a 64Cu-X-RGD-Bn
radioligand targeting GRP receptors and αvβ3 integrin, using as chelators either DOTA or
NOTA [Analogs #42–42, Tables 7, 8] (Table 1,2. Fig. 2) [95]. In PC-3 cells both 64Cu-
DOTA-RGD-Bn and 64Cu-–NOTA-RGD-Bn conjugates displayed a comparable affinity to
both the integrin αvβ3 and the hGRP receptor. They targeted αvβ3 integrin, because it has
been demonstrated this integrin is involved in tumor angiogenesis in several tumors [95–97].
Although the IC50 values for hGRP receptor were relatively high (85.8 nM for DOTA
compound and 92.7 nM for NOTA compound) [Analogs #42–42, Table 7], in vivo PET
images in PC-3 bearing tumor mice showed a specific tumor uptake and lower liver
accumulation for NOTA-compound (Fig. 1) [Analogs #42–42, Table 8]. In addition,
biodistribution studies in normal Balb/c mice, confirmed high uptake in GRP receptors-
expressing tissues, such as murine pancreas and a fast excretion, mostly by kidneys
[Analogs #42–42, Table 8] [95].

Finally, Ma et al., recently, reported a study in which the Bn agonist [Lys3]Bn (Tables 1,2)
and the somatostatin derivative [Tyr3]octreotate were compared. Each showed high stability
in human serum for a long time period [Analog #44, Table 7] [98].

III. F. Review of 18F -labeled Bn analog in vitro (Table 7) and in vivo (Table 8) studies of Bn
receptor-mediated imaging/cytotoxicity studies

18F is a suitable isotope used in positron emission tomography (PET) with a short half-life
(110 minutes), used for labeling small molecules such as biologically active peptides and
produced in small biomedical cyclotrons [82,99]. The radiolabeling process is complex but,
since 18F has a small prosthetic group, coupling to the peptide or the chelator, strongly
reduces the chance that alterations in the coupled peptides change biological properties [82].
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Findings from studies reporting in vitro and in vivo use of 18F-Bn-radiolabeled conjugates
are summarized in Tables 7 and 8.

Zhang et al. analyzed the properties of two Bn-derivatives, [Lys3]Bn and Aca-Bn(7–14),
both coupled with 18F-SFB (N-succinimidyl-4–18F-fluorobenzoate) [Analogs #30–33, Table
7; analogs #30–31, Table 8] (Table 2, Table 1, Fig. 1)[99]. In vitro studies, performed in the
human prostate cell line PC-3, showed that 18F-[Lys3]Bn had a higher affinity for GRP
receptors than 18F-Aca-Bn(7–14) (IC50 3.3 vs 20.8 nM, respectively) [Analogs #30–33,
Table 7]. Moreover, when coupling with FB (fluorobenzoate), the resulting conjugates, 18F-
FB-[Lys3]Bn and 18F-FB-Aca-Bn(7–14) (Table 2,Table 1,Fig. 1) had IC50 values of 5.6 nM
and 48.7 nM, respectively [Analogs #30–33, Table 7] [99]. Internalization experiments in
PC-3 cells demonstrated these radioligands showed a rapid uptake rate, although this was
followed by a high efflux rate, probably due to the strong lipophilic properties of the
radioconjugates [Analogs #30–33, Table 7]. In vivo studies were performed only with 18F-
FB-[Lys3]Bn and 18F-FB-Aca-Bn(7–14) conjugates. Biodistribution and microPET images
studies in PC-3 tumor bearing athymic mice displayed a rapid blood clearance, an excretion
through kidneys for both radiolabeled compounds and a significant liver and gallbladder
accumulation for 18F-FB-Aca-Bn(7–14) compound [Analogs #30–31, Table 8]. This latter
finding strongly reduces the suitability of its use for detecting orthopic prostate cancer,
located very close to the urinary bladder [99]. The tumor uptake and the tumor-non tumor
ratios were higher for 18F-FB-[Lys3]Bn than for 18F-FB-Aca-Bn(7–14) [99].

The same group reported another study aimed to increase the tumor-non-tumor tissues ratios
synthesizing a dual-receptor targeting radioligand by targeting the GRP receptor and αvβ3
integrin, since αvβ3 is involved in the angiogenesis of most solid tumors [96,97,100]. The
resulting ligand, 18F-FB-Bn-RGD (FB=fluorobenzoate; RGD=arginine-glycine-aspartate)
(Table 2,Table 1,Fig. 1) was studied in comparison with the monomeric forms, 18F-FB-Bn
and 18F-FB-RGD [Analogs #26–27, Tables 7,8]. In vitro internalization rate in the human
prostate cancer cell line PC-3, showed comparable behavior between 18F-FB-Bn and 18F-
FB-Bn-RGD conjugates [Analogs #26–27, Table 7] [100].

Moreover, in vivo experiments in PC-3 tumor bearing mice, displayed a higher tumor uptake
compared to the monomeric forms [Analogs #26–27, Table 8] [100]. To improve the in vivo
kinetics, the same group synthesized another radioconjugate adding PEG3 (11-amino-3,6,9-
trioxaundecanoic acid) (Table 1) as a spacer [Analogs #28–29, Tables 7, 8] [101]. In PC-3
cell line, the authors found that FB-PEG3-Glu-RGD-Bn (Glu=glutamate) (Table 2, Table 1,
Fig. 1) had comparable binding affinity to GRP receptor with Aca-Bn(7–14) and PEG3-Glu-
RGD-Bn (Tables 1,2) [Analogs #28–29, Table 7] [101]. Moreover, internalization studies in
PC-3 cells showed that 18F-FB-PEG3-Glu-RGD-Bn had a fast internalization rate, mostly
due to the binding to GRP receptors rather then integrin binding [Analogs #28–29, Table 7].
MicroPET images in PC-3 tumor bearing mice showed that 18F-FB-PEG3-Glu-RGD-Bn
showed renal excretion, with a fast accumulation in kidneys. It also had a low accumulation
in liver and high tumor-non-tumor tissues ratios [Analogs #28–29, Table 8] [101].

Höhne et al. synthesized 18F-Bn-derivatives radioligand using a silicon one-step method
[Analogs #24–25, Tables 7, 8] [51]. The in vitro behavior of the GRP receptor
antagonists 18F-2-(4-(di-tert-butylfluorosilyl)phenyl) acetyl-Arg-Ava- [NMeGly11, Sta13,
Leu14] Bn(7–14) and the 18F-2-(4-(di-tert-butylfluorosilyl)phenyl) acetyl-Arg-Ava-
[His(3Me)11, Sta13, Leu14]Bn(7–14) (Tables 1,2) was studied in PC-3 cells and revealed a
very different GRP receptor affinity, (IC50 22.9 and 267.7 nM, respectively) [Analogs #24–
25, Table 7] [51]. In vitro stability studies in PBS (phosphate buffered saline), mouse or
human plasma showed no degradation products within 2 h for 18F-2-(4-(di-tert-
butylfluorosilyl)phenyl) acetyl-Arg-Ava-[NMeGly11, Sta13, Leu14] Bn(7–14). Moreover,

Sancho et al. Page 17

Curr Drug Deliv. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



this result was supported by ex vivo stability studies in mouse blood at 10 and 30 minutes
post-injection [Analogs #24–25, Table 7] [51]. Finally, in vivo biodistribution studies with
the 18F-2-(4-(di-tert-butylfluorosilyl)phenyl) acetyl-Arg-Ava-[NMeGly11, Sta13, Leu14]
Bn(7–14) antagonist, performed in PC-3 tumor bearing mice, displayed a low tumor uptake,
however pancreatic uptake was high [Analogs #24–25, Table 8]. This study confirmed the
use of a silicon-based one-step method to synthesize 18F-labeled Bn derivatives.
Furthermore, the authors suggested an increase of lipophilic characteristics be considered to
improve tumor uptake and, consequently, suitability for prostate tumor imaging, for these
Bn radiolabeled compounds [51].

Becaud et al., from the same group, recently reported a study on the synthesis of two
new 18F-radiolabeled Bn-derivatives: the antagonist ligand, 3-Cyano-4-[18F] fluorobenzoyl-
Ava-[NMeGly11, Sta13, Leu14]Bn(7–14) and the agonist ligand, 3-Cyano-4-[18F]
fluorobenzoyl-Ava- [FA(01010)13, Leu14] Bn(7–14) [Analogs #22–23, Table 7] (Tables 1,2)
[102]. In vitro binding assay in PC-3 cells, showed a good affinity of these two radioligands
for the GRP receptor compared to Bn and Bn(7–14) with IC50 of 2.7 nM for 3-Cyano-4-
[18F] fluorobenzoyl-Ava-[NMeGly11, Sta13, Leu14]Bn(7–14) and 9.2 nM for 3-Cyano-4-
[18F] fluorobenzoyl-Ava- [FA(01010)13, Leu14] Bn(7–14) [Analogs #22–23, Table 7] [102].
Mouse plasma stability studies indicated an excellent stability for both radioligands,
especially for 3-Cyano-4-[18F] fluorobenzoyl-Ava-[NMeGly11, Sta13, Leu14]Bn(7–14). The
results of this study pointed out that the one-step 18F-fluorination of Bn peptides is practical
under mild conditions and produces a good yield of radiochemical compounds [102].

III. G. Review of 68Ga -labeled Bn analog in vitro (Table 7) and in vivo (Table 8) studies of
Bn receptor-mediated imaging/cytotoxicity studies

The positron emitter 68Ga is a high β+ energy emitter (Eβ +max=1.9 MeV) with a short half-
life (t1/2= 68 minutes) [82,103]. It has been used to label Bn analogs for PET imaging
purposes because of its ease of production from 68Ge/68Ga generators. There are only three
studies assessing the in vitro and in vivo properties of various 68Ga-Bn analogs conjugates
and their results are summarized in Tables 7 and 8 [Analogs #66–68] [103–105].

In 2004, Shuhmacher et al. analyzed the Bn radiolabeled agonists 68/67Ga-DOTA-PEG2-[D-
Tyr6,β-Ala11, Thi13, Nle14] Bn(6–14) (DOTA=1,4,7,10-tetraazacyclododecane-N,N′,N″,N
‴-tetraaceticacid; PEG2 = (2-aminoethyl)-carboxymethyl ether; 68/67Ga-BZH3) [Analog #
68, Table 7, 8] (Tables 1,2, Fig. 1) in vitro and in vivo behavior and compared the results
obtained with the same peptide radiolabeled with the radiolanthanide 177Lu [104]. In vitro
studies were performed in the pancreatic tumor rat cell line AR42J, using the 67Ga-BZH3
conjugate. They reported an hGRP receptor binding affinity of 0.46 nM for the new Bn
analog [Analog #68, Table 7], which is three times higher affinity than that for the 125I-
[Tyr4]Bn radiocompound, used as standard control. The internalization rate, in AR42J cells,
was rapid and high (88% after 2 hours), confirming the agonistic nature of 67Ga-BZH3
radiopeptide [104]. Moreover, 67Ga-BZH3, as well as the 177Lu-BZH3 peptide, showed a
high retention rate (t1/2=13.5 hours compared to 125I-[Tyr4]Bn for 3 hours), probably due to
the linker used for coupling. Biodistribution studies, in AR42J tumor bearing mice,
displayed a dose-dependent uptake for 67Ga-BZH3 in hGRP receptor positive tissues (tumor
and pancreas), with a fast blood clearance. However, the intestinal uptake was still high
[Analog #68, Table 8]. PET images were obtained using the 68Ga-BZH3 radioconjugate and
indicated a very sensitive localization of hGRP receptor positive tumors in the mediastinal
area [Analog #68, Table 8]. On the other hand, this 67/68Ga-radiolabeled compound could
show some limitations in detection of metastatic prostate carcinoma, because of its high
background signal in the abdomen [104].
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The same group reported another study in which they designed and developed the new Bn
analogue agonist, DOTA-PEG4-Bn(7–14) (PEG4=15-amino-4,7,10,13
tetraoxapentadecanoic acid; DOTA-PESIN) [Analog #69, Table 7, 8] (Tables 1,2, Fig. 1)
and coupled it with either 68Ga or 177Lu[103]. In an in vitro analysis in the human prostate
cancer PC-3 cell line, they found a high hGRP receptor binding affinity for 68Ga-DOTA-
PESIN conjugate (IC50 6.6±3.0 nM). Moreover, as well as the 177Lu-radio-compound, a
specific analysis demonstrated selectivity for the hGRP receptor subtype (10.0 nM), and the
hNMB receptor (12 nM) over the hBRS-3 receptor (>1000 nM) [103]. The internalization
and retention rates, after 2 hours, were much higher for 177Lu-DOTA-PESIN than 68Ga-
DOTA-PESIN. On the other hand, a longer time period (4 hours) showed a higher 68Ga-
DOTA-PESIN uptake [Analog #69, Table 7] [103]. In vivo biodistribution and scintigraphy
experiments using PC-3 cell xenografts showed a fast tumor uptake and high level of tumor-
liver ratio [Analog #69, Table 8]. Moreover, they found a fast renal excretion and a lower
background for PET imaging [103].

Finally, Liu et al., recently, reported a study with the dual radiocompound 68Ga-NOTA-
RGD-Bn [Analog # 69, Table 7, 8; NOTA=1,4,7-triazacyclononanetriacetic acid;
RGD=arginine-glycine-aspartate] (Tables 1,2, Fig. 1), directed against both the αvβ3 integrin
and hGRP receptors. The use of αvβ3 integrin is justified by several studies that
demonstrated its involvement in the angiogenesis of most solid tumors [96,97,100]. The in
vitro affinity for hGRP receptor was evaluated in the human prostate cancer cell line, PC-3.
Compared to the native Bn and the compound with no linker (RGD-Bn), 68Ga-NOTA-RGD-
Bn showed comparable affinity with IC50 values of 67.9 nM for RGD-Bn, 55.9 nM for
NOTA-RGD-Bn and 78.9 nM for Bn [Analog #66, Table 7] [105]. Cell uptake in PC-3 cells
was higher for 68Ga-NOTA-RGD-Bn than for those of 64Cu and 18F labeled Bn reported
previously [95,100], but lower than 68Ga-NOTA-Bn compound. MicroPET images,
biodistribution studies and immunofluorescence analysis in PC-3 tumor bearing mice
showed slightly higher tumor uptake of 68Ga-NOTA-RGD-Bn than 68Ga-NOTA-Bn
[Analog #66–67, Table 8]. The difference between in vitro and in vivo results was probably
due to several factors including the presence of integrin receptors, which is much higher in
the PC-3 tumor than in in vitro cells and the possibility that RGD was able to recognize the
murine integrin β3, which is strongly expressed on tumor vasculature (as demonstrated by
the immunofluorescence study). Moreover, the author hypothesized an in vivo synergistic
interaction of the two motifs of the heterodimer compound that improved its binding affinity
[105].

III. H. Review of 177Lu-labeled Bn analog in vitro (Table 9) and in vivo (Table 10) studies of
Bn receptor-mediated imaging/cytotoxicity studies

Radiolanthanides are a family of trivalent radiometals (*M3+), β- and γ-emitters, primarily
used for both imaging and therapy. They are easily available and possess high stability in
aqueous solutions creating stable conjugates [81].

In order to coupled to peptides and inhibit their in vivo transchelation activity,
radiolanthanides require multidentate chelators, usually macrocyclic, poliamino-carboxilate
ligands such as DTPA (2-[bis[2-[bis(carboxymethyl)amino]ethyl]amino]acetic) or DOTA
(1,4,7,10-tetraazacyclododecane-N,N′,N″,N‴-tetraaceticacid) (Tables 1,2. Fig. 1)[103,106–
109]. 177Lu coupling has been also reported with the use of the asymmetrically substitute
chelator DO3A (1,4,7-tris(carboxymethyl)10-(aminoethyl)-1,4,7,10-
tetraazacyclododecaneOH) (Tables 1,2,Fig. 1). Coupling to DO3A is reported to have some
favorable features compared to DTPA and DOTA chelators, in terms of greater stability and
inertia to metal dissociation [3,110–113]. 177Lu is the lanthanide that is frequently used as a
“no carrier added” isotope, and is widely used for imaging studies, although it is also used as
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a therapeutic agent [82,114]. It has excellent stability (t1/2=6.7 days) and emits both medium
energy β-emissions (133 and 412 keV) and γ-emissions (113 and 208 keV) [114].

To try to develop targeting and therapeutic 177Lu labeled Bn analogues, there have been 12
studies attempting to optimize the balance between tumor uptake, tumor retention and
chemical properties (Tables 10 and 9). The in vitro results of these studies are summarized
in Table 9 and in vivo results in Table 10.

Since the conjugate DOTA-8-Aoc-Bn(7–14) (Aoc=aminooctanoic acid) (Tables 1, 2), in
previous studies, showed very high affinity for GRP receptors and stability, Smith et al.,
labeled it with 177Lu. [72,108]. 177Lu -DOTA-8-Aoc Bn(7–14) [Analog #10, Tables 9, 10]
has high affinity and specificity, displaying an IC50 value of 0.3 ± 0.1nM, in PC-3 cells,
which possess hGRPR receptors and which is similar to the affinity of Bn and Bn(7–14) for
hGRP receptors [108]. Moreover, it showed 73% cell retention after 2 hours post-
internalization and very low efflux levels [108]. In vivo studies in CF-1 and PC-3 bearing
tumors mice models demonstrated good tumor uptake in GRP receptor expressing tissues
and in tumors, as well as an efficient clearance by renal system [Analog #10, Tables 9, 10]
[108]. Subsequently, the same group evaluated the efficacy of a combined GRP receptor
targeted radiotherapy (TRT)/chemotherapy approach, using this new conjugate, in androgen
independent prostate cancer [109]. Using as a model, the GRP receptor containing prostate
cancer cells, PC-3 in xenografts, they found that a combined therapy with the two
microtubule inhibitors, docetaxel and estamustine with177Lu -DOTA-8-Aoc-Bn(7–14)
[Analog #6, Table 10] increased by 30% the mean survival compared to targeted
radiotherapy or chemotherapy used as single agents [109].

Based on well-known Bn analogs, which have high affinity for all human Bn, receptors
[40,115], Zhang et al., developed radiolabeled 111In-, 90Y- and 177Lu- pan-Bn agonist
conjugates having high affinity for all the three Bn receptors [79]. Specifically, they studied,
in vivo, the properties of 177Lu-DOTA-BZH2 (BZH2=[DTyr6,βAla11, Thi13, Nle14])Bn(6–
14))[Analog # 16, Tables 9,10;Table 2] and found that it had specific, high uptake in rat
pancreatic GRP receptor bearing AR-42J tumors in rats, both in GRP receptor positive
tissues and in xenograft tumors. Moreover, it displayed a rapid blood clearance with a
<0.015% ID/g remaining amount at 4 hours [79]. Unfortunately, preclinical studies showed
this compound had a fast washout. To overcome that disadvantage, the same group designed
a new conjugate, DOTA-PEG4-Bn(7–14) (PEG4=15-amino-4,7,10,13-tetraoxapentadecanoic
acid; DOTA-PESIN) [Analog #11, Table 9;Tables 1,2,Fig. 1] and labeled it either
with 177Lu or 68Ga [103]. In PC-3 cells, using the universal agonist ligand 125I-
([DTyr6,βAla11, Thi13, Nle14]Bn(6–14) which has high affinity for human Bn receptors
[103] as preferring ligand in competitive experiments, both 177Lu-and 68Ga- radiolabeled Bn
showed high affinity for human GRP receptors (IC50 6.1±3.0 nM and 6.6±3.0 nM,
respectively) and demonstrated some selectivity for the hGRP receptor subtype (8.3±1.7 nM
and 10.0 nM, respectively), over than hNMB receptor (15±4, nM and 12±4.0 nM,
respectively) and had no affinity for the hBRS-3 receptor (>1000 nM) [103]. The
internalization and retention rates were much higher compared to other pan-Bn analogues
[103]. These latter results were confirmed by in vivo biodistribution and scintigraphy
experiments in PC-3 xenografts, in which they revealed a superior tumor to liver ratio than
seen with other radiolabeled peptides and a clear contrast from the background [Analog #
11, Table 10] [103].

A recent study reported divalent DOTA-Bn conjugates could improve targeted imaging
compared to monovalent analogues [106]. Specifically, in this study the authors evaluated
the amount of receptor internalization in PC-3 cells, of four different 177Lu-labeled
compounds: monovalent DOTA-Ahx-Bn(4–14) (06), DOTA-[Lys3]Bn(1–14) (07) and
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divalents DOTA-Ahx-Bn(4–14) (08) and DOTA-[Lys3]Bn(1–14) (09) [Analogs #1–4, Table
9]. Interestingly, after 4 hours, the 08 and 09 divalent conjugates showed a better
internalization rate (41.9± 2.1% and 35.9±1.5%, respectively) than the monovalent
compounds. At the same time, 08 and 09 compounds showed high cell retention [106].

Recently, Koumarianou et al. analyzed and compared the in vitro and in vivo behavior
of 90Y- and 177Lu-DOTA-Bn(2–14) agonist analogues [Analog #7, Tables 9,10] (Table 2)
[107]. The 177Lu-labeled compound showed high affinity with an IC50 of 1.34± 0.1 nM and
good in vitro stability (85.6% in serum after 24 hours) [Analog #8, Table 9]. In vivo studies
in normal mice demonstrated a rapid blood clearance, primarily by renal excretion [Analog
#7, Table 10]. However, they found a high uptake in large intestine, probably due to the
expression of GRP receptors in this organ. The authors concluded that the 177Lu- labeled
compound was preferable compared to the 90Y labeled compound [107].

The use of an asymmetric chelator such as DO3A was first evaluated by Hu et al. in a
comparative analysis between DO3A-amide-Bn(7–14) and DO3A-amide-βAla-Bn(7–14)
(three carbon spacer) conjugates [Analogs #21–24, Table 9] (Tables 1,2, Fig. 1) [113]. The
authors labeled these compounds with three different lanthanides, 149Promethium
[149Pm], 153Samarium [153Sm] and 177Lu. In vitro analysis in PC-3 cells showed that the β-
alanine spacer-containing compound had a higher binding affinity (IC50 1.8±0.2 nM)
compared with the no spacer compound (IC50 59.8±23.1 nM) [Analogs # 23, 24, Table 9].
On that basis, in vivo analyses in normal mice were performed only with the DO3A-amide
βAla-Bn [7–14] compound [Analogs # 5 and 22, 23, Table 10]. The 149Pm -labeled
compound showed very similar behavior compared to the same compound labeled
with 153Sm and 177Lu. The authors considered that the use of the three different
radiolanthanides for the same conjugate could be interchangeable, depending on the nuclear
properties required for a particular disease target [113].

Lantry’s group synthesized and characterized a new conjugate radiolabeled Bn agonist
analog, 177Lu-DO3A-glycyl-4-aminobenzoyl-Bn(7–14) (177Lu-AMBA) and compared both
its in vitro and in vivo characteristics to 177-Lu-DOTA-8-Aoc-Bn(7–14) (177Lu-Bn8)
[Analogs # 8, 9, Tables 9,10] (Tables 1,2, Fig. 1)[110]. Binding affinity assessed in PC-3
cells showed that 177Lu-AMBA had a similar affinity, compared to the 177Lu-Bn8
compound (IC50 2.50±0.5 vs 3.10±0.99, respectively), as well as, a similar degree of
internalization and retention [110]. In vivo studies in athymic mice showed a similar
biodistribution and mechanism of excretion, however 177Lu-AMBA displayed higher levels
of accumulation and retention after 1 h and 24 h, respectively [Analogs # 8, 9, Table 10]
[110]. In PC-3 tumor-bearing mice treatment with 177 Lu-AMBA resulted in a significant
increase in survival and a reduction of PC-3 growth rate in treated mice vs non-treated, in a
single dose treatment [Analogs #8. 9, Table 9]. Moreover, the survival rate and the tumor
growth rate of tumor-bearing mice increased with a second dose treatment after 14 days
[Analogs #8, 9, Table 9] [110].

Since the prostate cancer cell line PC-3 displays a high expression of GRP receptors
(2.5×105/cells), Maddalena et al. evaluated 177Lu-AMBA tumor binding and imaging
potential in low GRP receptors expressing models, such as the prostate cancer cell lines,
LNCaP and DU145 cells (an early androgen-sensitive prostate cancer and an androgen
insensitive metastatic cell line, respectively) [Analogs #13–15, Table 9] [112]. LNCaP
expressed 5.9×103 GRP receptors per cell, while DU145 expresses 1.2×104 GRP receptors
per cell. 177Lu-AMBA showed a very high affinity for all the cell lines tested (Kd of
LNCaP, 0.65 nM, of DU145, 0.53 nM, of PC-3 1.01 nM) [Analogs # 13–15, Table 9].
Moreover, both using autoradiography and γ-images, in LNCaP and DU145 xenografts
models, 177Lu-AMBA showed a clear identification of tumors [Analogs #13–15, Table 10].
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Finally, radiotherapy studies using either LNCaP- or DU145- tumor-bearing mice
demonstrated a strong effect in decreasing tumor proliferation rates compared to PC-3
xenografts models [110,112]. Interestingly, in LNCaP model, 177Lu-AMBA was able to
normalize tumor microvasculature phenotype, reducing tumoral blood pooling [Analog #13,
Table 10] [112].

To further investigate the in vitro binding properties of 177Lu-AMBA [Analog #17, Table
9], a series of human neoplastic and non-neoplastic tissues were evaluate by
autoradiography, for their bombesin-related receptor expression [116]. 177 Lu-AMBA
demonstrated a number of GRP and NMB receptors- expressing tumors, including various
prostate, mammary and renal cell carcinomas, as well as gastrointestinal stromal tumors. On
the other hand, 177Lu-AMBA was not able to identify BRS-3 receptor expressing tumors
and Bn receptors on pancreatic islets [116]. Interestingly, this compound demonstrated no
binding to normal human pancreas, unless chronic pancreatitis was present [116]. Thomas et
al., performed a similar analysis using GRP- or NMB- or BRS-3- receptors over-expressing
cell lines and human normal and tumor tissues, obtaining very similar results [Analogs#18–
20, Table 9 and analog #18, Table 10] [117].

To further explore the in vitro and in vivo behavior of 177Lu-AMBA, its stability was studied
in mouse, rat and human [Analog #12, Table 9] by analyzing the generation of a series of
metabolites derived from this compound [111]. A rapid cleavage of the peptide was seen in
mouse, rat and human plasma as well as mouse kidney homogenates. A rapid in vivo
clearance of the entire conjugate and radioactivity was also found in mouse and rat blood
[Analog #12, Table 10]. No unmetabolized drug was excreted in mouse and rat urine [111].
Furthermore, in vitro binding affinity in PC-3 cells and in vivo biodistribution and clearance
in PC-3 xenografts of all metabolites derived from 177Lu-AMBA were evaluated [Analog
#13, Table 10]. The results showed the 177Lu-AMBA metabolites all had a low affinity for
hGRP receptors and a very fast renal excretion (within an hour), demonstrating that the
tumor uptake observed in this study and in previous ones, was only due to 177Lu-AMBA and
not to any radiolabeled metabolites [Analog #12, Table 10] [111].

III. I. Review of 125I, 86,90Y, 186,187,188Re -labeled Bn analog in vitro (Table 7) and in vivo
(Table 8) studies of Bn receptor-mediated imaging/cytotoxicity studies

III. I. 1. 125I studies—These are a few studies in which Bn-analogs were radiolabeled
with 125I, 86/90Y or 186/188Re. The in vitro and in vivo results of these studies are
summarized in Tables 7 and 8, respectively.

Two studies investigated the possibility of radiolabeled Bn-analogs involved the use of
radio-iodinated conjugates [118,119]. Rogers et al., analyzed the Bn analog antagonist 125I-
mIP-[des-Met14]Bn(7–14) (mIP=meta-iodophenyl and desMet= methionine removed)
(Table 1,2) compared with the agonist 125I-[Tyr4]Bn [Analogs #3–10, Table 7; analogs #6–
9, Table 7] [118]. Using as model the BALB/B1 mouse fibroblast cell line, BNR-11 that has
a stably transfected murine GRP receptor, the authors found that the in vitro internalization
rate was high for both compounds (≈40% after 5 minutes) [Analogs #3 and 8, Table 7].
However, they found a high efflux rate for both, but it was much higher with 125I-[Tyr4]Bn
[118]. Next, the authors evaluated the in vitro binding affinity of 125I-mIP-[des-Met14]Bn(7–
14) in the human carcinoma cell lines A427 (lung), SKOV3.ip1 (ovary), and HeLa cells
(cervical epithelium) over-expressing a recombinant adenoviral vector containing the murine
GRP receptor gene (AdCMVGRPr), using BNR-11 cells as control. For both
radioconjugates in all the transfected cell lines the binding was greater than in BNR-11 cells
[Analogs #3–10, Table 7]. In vivo studies were, initially, performed in normal BALB/c mice
and showed a fast uptake and clearance from normal tissues. Moreover, 125I-mIP-[des-
Met14]Bn(7–14) displayed lower levels of deiodination [Analogs #7 and 8, Table 8].
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Biodistribution studies in SKOV3.ip1 tumor bearing mice showed that 125I-mIP-[des-
Met14]Bn(7–14) and 125I-[Tyr4]Bn had high uptake with a greater tumor localization for the
first radioligand [Analogs #6 and 9, Table 8] [118].

The same group reported another study in the human ovarian cancer cell line SKOV3.ip1
over-expressing the AdCMVGRPr vector, comparing the two Bn agonist radioligands 125I-
mIP-Bn and 125I-[Tyr4]Bn [Analogs #1 and 2, Tables 7, 8] (Tables 1,2) [119]. The live-cell
binding assay showed high binding in these cells for 125I-[Tyr4]Bn with 80% of radioligand
bound after 2 days [Analog #1, Table 7] [119]. Biodistribution studies in SKOV3.ip1 tumor
bearing nude mice indicated a greater tumor localization of 125I-mIP-Bn than 125I-[Tyr4]Bn,
although the tumor uptake was comparable [Analogs #1 and 2, Table 8] [119].

III. I. 2. 86,90Y studies—86Y is a pure β-emitter, with half-life of t1/2=64 h and
Eβmax=2.27 MeV, used for imaging purposes in PET scanning as a surrogate for 90Y, which
is also used as a therapeutic nuclide. Unfortunately, since it has a large range in tissues and
can cause hematological toxicity, its use in radiotherapeutical procedures is not still clear
[87,107].

As described in the 177Lu –radioligands paragraph, Zhang et al. performed a comparative
study of the Bn agonist, BZH2 (BZH2=DOTA-GABA-[DTyr6,βAla11, Thi13, Nle14]Bn(6–
14)) (DOTA= 1,4,7,10-tetraazacyclododecane-N,N′,N″,N‴-tetraaceticacid; GABA=γ-
aminobutyric acid) (Tables 1,2, Fig. 2) compound, labeling it either with 90Y, 111In or 177Lu
[Analogs # 70, 71, Table 7 and # 16, Tables 9,10 and # 17, Tables 5, 6]. In vitro binding
receptor autoradiography on human tumors, each expressing a single bombesin receptor
subtype, showed higher affinity and selectivity of 90Y-BZH2 for the GRP receptor, NMB
receptor and BB3 (IC50 1.4 nM, 4.9 nM and 10.7 nM, respectively), probably due to the
extra negative charge at the NH2 terminus of 90Y-BZH2[79]. Internalization studies
performed in the pancreatic tumor rat cell line AR42J, showed that radiolabeled BHZ2 Bn-
analog had a comparable internalization rate when radiolabeled either with 90Y, 111In
or 177Lu [Analogs # 70–71, Table 7 and # 16, Table 9 and # 17, Table 7] [79].

Similarly, in the comparative study between 177Lu-and 90Y-DOTA-Bn(2–14) agonist
analogues [Analog #7, Tables 9,10; analog #73, Tables 7, 8] (Tables 1,2. Fig. 2)
Koumarianou et al. found in vitro, similar affinity to hGRP receptor (IC50 1.3 and 1.99 nM,
respectively) and serum stability (85.6% and 79.1%, in serum after 24 hours. respectively)
[107]. However, the 90Y-radioligand had a faster efflux rate than the 177Lu-Bn analog
[Analog #7, Table 10–1; analog #74, Table 7]. Moreover, in vivo studies in normal mice
demonstrated specific binding to the GRP receptor, a fast blood clearance and renal
excretion [Analog #7, Table 9; analog #74, Table 8]. Nevertheless, 177Lu-DOTA-Bn(2–14)
had more specific uptake in in vivo blocking experiments with the native Bn, than 90Y-
DOTA-Bn(2–14) [107].

Biddlecombe et al. compared both 64Cu and 86Y-DOTA-[Pro1, Tyr4]Bn(1–14) (DOTA-
[Pro1, Tyr4]Bn(1–14) =MP23436) (Table 1,2 Fig. 2) [Analogs #34 and 72, Table 7; #34, 72
and 73, Table 8] [87]. The in vitro study in the PC-3 cell line displayed 3-fold higher
internalization rate for 86Y-MP23436 at 20 h than 64Cu-radioligand [Analogs #34 and 72,
Table 7] [87]. An in vivo biodistribution in the PC-3 tumor bearing mice showed a higher
uptake for the 86Y- than 64Cu-MP23436 [Analogs #34, 72 and 73, Table 8]. Biodistribution
results were confirmed by PET images where 86Y-MP23436 had a better tumor-normal
tissue ratio [Analogs #34, 72 and 73, Table 8] [87].

III. I. 3. 186,187,188Re studies—Rhenium is a transition metal that shares several chemical
properties with technetium (99mTc). Rhenium radioisotopes, 186Re and 188Re, are β-emitters
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with half-lives of t1/2=90.6 and 16.9 hours, respectively [114,120]. 188W/188Re generators
produce both radioisotopes. The drawback of 186Re is its low specific activity due to the
production method, while for 188Re, its short half-life is a drawback for some studies [121].

Safavy et al. coupled the trihydroxamate bifunctional chelating agent trisuccin to the Bn-
analog antagonist [des Met14] Bn(7–14) (Tables 1,2) and radiolabeled with 188Re [Analogs
#18–21, Table 7] [120]. In a cell binding assay in the BNR-11 cell line, which is a 3T3
mouse fibroblast cell line stably transfected with the murine GRP receptor, the 188Re-Tris-
[des Met14] Bn(7–14) and 188Re-Tris-C6-[des Met14]Bn(7–14) (C6 = 6 carbons, as linker)
radioligands showed 14% and 13% binding, respectively, compared with 21% for the
control, 125I-[Tyr4]Bn [Analogs #18–19, Table 7] [120]. Comparable results were obtained
using the PC-3 cell line for 188Re-Tris-[Des Met14] Bn(7–14) which bound a 10% compared
with 20% for 125I-[Tyr4]Bn [Analog #20, Table 7]. The reduced binding could be a
consequence of the labeling process [120].

Moustapha et al. performed an in vivo study in CF-1 normal mice, with the radiolabeled
compounds 188Re-N3S -5-Ava-Bn(7–14) non-carried (NCA), 186Re-N3S-5-Ava-Bn(7–14)
carried (CA) and 186Re-N3S-5-Ava- Bn(7–14) non-carried (NCA) (N3S= dimethylglycyl-L-
seryl-L-cysteinglycinamide; Ava=5-aminopentanoic acid; [Analogs #15–17, Table 8]
(Tables 1,2, Fig. 2) [121]. Biodistribution studies of all three radioligands displayed an
efficient blood clearance after 4 hours with high affinity and specificity in pancreas
[Analogs #15–17, Table 8] rising the possibility to use NCA 188/186Re-Bn-derivatives for
targeting GRP receptor expressing tumors [121].

Finally, Gourni et al. evaluated the in vitro features of a series of Bn compounds labeled
either with 99mTc or 185/187Re, which have similar chemical properties [55]. They
synthesized four labeled Bn agonists, where the pyroglutamic acid of Bn was replaced by
different chemical groups that were able to bind radiometals: Aca-Gly-Gly-Cys-Bn(2–14)
(Bn1.1), Aca-MeGly-Gly-Cys-Bn(2–14) (Bn1.2), Aca-Me2Gly-Gly-Cys-Bn(2–14) (Bn1.3)
and Aca-Mac-Gly-Cys-Bn(2–14) (Bn1.4) (MeGly=methylglicine;
Me2Gly=dimethylglycine; Mac=mercaptoacetic acid; [Analogs #11–14, Table 7] (Tables
1,2. Fig. 2) [55]. In vitro binding to the hGRP receptor, in PC-3 cells, showed high affinity
for the three radioligands (IC50 1.13 nM for Bn1.1; 0.76 nM for Bn1.2 and 1.42 nM for
Bn1.4) [55]. Assuming that 99mTc and 185/187Re are comparable radioisotopes and
consequently, give similar GRP receptor affinity to the radioligands, the authors performed
in vivo experiments in mice with the all four ligands labeled with 99mTc, concluding that the
Bn1.1 derivative seems to be the more promising compound (see the 99mTc paragraph)[55].

IV. Review of human radiolabeled studies of Bn receptor-mediated imaging/
cytotoxicity studies (Table 11)
IV. A. Human studies using radiolabeled bombesin analog (Table 11)

12 studies has been published (Table 11) where different radiolabeled bombesin analogues
were tested in human healthy volunteers or patients suspected or confirmed to have breast,
prostate, gastrointestinal or lung cancer, the radiolabeled Bn analogs were examined for
diagnostic purposes, alone or comparing with another radiolabeled compound used in
nuclear medicine. In 83% of studies 99mTc was used and in 17% 68Ga was the isotope
selected to be coupled to the Bn analog. The most frequent Bn analog used was [Cys0-
Aca1]Bn(2–14) also called [Leu13]Bn (Table 2) (50% of cases), which is a Bn receptor
agonist.
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IV. B. Human 99mTc bombesin analog studies
In 2002 Scopinaro et al. [122], tested for the first time 99mTc-[Leu13]Bn [Study #4, Table
11] in 5 patients suspected to have breast cancer, and after 2 days the same patients were
injected with 99mTc-Sestamibi, a routinely used radiotracer for the detection of breast
cancer, in order to compare the results with that obtained with radiolabeled [Leu13]Bn. They
observed by planar scintigraphy that 99mTc-Sestamibi detected 4 of the lesions,
while 99mTc-[Leu13]Bn showed 5 lesions (100%) and all the lymph node affected. No side
effects were observed. Apart from the tumor, the radiolabeled bombesin agonist was also
taken up by the thyroid gland, liver and kidneys. In both cases, with sestamibi and
[Leu13]Bn, there was no uptake by a fibroadenoma lesion.

The same group [123] studied 3 healthy subjects and 2 patients, 1 with prostate cancer and 1
with small cell lung cancer (SCLC), injected with 99mTc-[13Leu]Bn, and images were
obtained by SPECT and planar scintigraphy [Study #1, Table 11]. The patient with SCLC
was also studied with 99mTc-Sestamibi. Side-effects after the injection of the radiolabeled
Bn analog were not observed. 99mTc-[Leu13]Bn imagined both prostate cancer and SCLC.
Prostate cancer was visualized as soon as 1 and 2 min after injection and then was
progressively masked by radioactivity accumulating in the bladder. The patient with SCLC
after injection with 99mTc-[Leu13]Bn four uptake zones were detected by SPECT and 3 by
planar scan, while after 99mTc-Sestamibi 3 and 2 hot zones were detected,
respectively. 99mTc-[Leu13]Bn imagined SCLC from minute 1 to 3 hours. 99mTc-[Leu13]Bn
was also taken up by liver and kidneys, faintly by the thyroid gland, and appeared into
duodenum and jejunum at 3 h p.i.

In 2003 99mTc-[13Leu]Bn was used for biopsy site localization driven by the use of an
imaging probe combined with X-ray in 5 patients, suspicious for breast cancer [124][Study
#2, Table 11]. Patients were injected with 99mTc-[Leu13]Bn and the biopsy samples obtained
were measured for radioactivity. 48 samples were obtained, 19 of them with high 99mTc-
[Leu13]Bn, 21 with intermediate and 8 with low uptake. Histochemical studies performed in
these samples showed that cancer was found in all the samples with high 99mTc-[13Leu]Bn
uptake and 19/21 with intermediate and 2/8 with low uptake.

In 2004, De Vincentis et al. [125] studied 14 patients with a prostatic lesion by performing
trans-rectal ultrasonography-guided biopsy, CT, MRI and as well as 99mTc-[Leu13]Bn
scintigraphy [Study #3, Table 11]. The radiolabeled bombesin analog detected all the cancer
cases (12/14 cases, confirmed by histopathology), and also the lymph nodes involved (4
cases, confirmed by histopathology study after operation), while CT and MRI only were
positive in 3/4 cases. Studies in 5 patients with 111In-Octreoscan detected only 2/3 cases of
cancer and no lymph node involvement.

Scopinaro et al. [126][Study #5, Table 11] used the same approach as the previous study to
assess whether or not 99mTc-[Leu13]Bn scan was able to detect not only prostate cancer but
also invasion of pelvic lymph nodes, in 10 patients suspected to have prostate cancer. They
observed that 99mTc-[Leu13]Bn visualized 100% of the cancers (8/10 patients) and lymph
node invasion (3/10). No positive uptake was seen in the 2 cases of adenoma, with results
confirmed by pathology evaluation. With MRI no lymph node invasion was found.

In a later study Scopinaro et al. [127] [Study #6, Table 11] used 99mTc-[Leu13]Bn to test
whether or not this radiolabeled Bn analog can detect colon cancer, as it is known this type
of cancer, as well as breast and prostate cancer, can over-express bombesin receptors. For
that, 13 patients, 7 of them known to have colon cancer, were subjected to SPECT and
planar scintigraphy with 99mTc-[Leu13]Bn. Images were taken before 1 h p.i., before
discharge of radioactivity from the liver to the duodenum. Cancer was detected in 11/11
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patients; it showed 2 false positives (1 Crohn’s disease and 1 with polyp showing mild
dysplasia). 99mTc-[Leu13]Bn detected invasion of lymph nodes in 5 patients (100% of the
cases).

Another Bn analog (N3S-5Ava-Bn(7–14) also know as RP527, Table 1) coupled to 99mTc
has been used 3 in human studies. In the first study, from 2000 (Van de Miele et al. [58]
[Study #8, Table 11]), 10 patients with prostate (4 patients with bone metastasis with
androgen resistant prostate cancer) or suspected of breast cancer (6 patients) were subjected
to planar scintigraphy after injection of 99mTc-RP527. None of the patients had an adverse
reaction. After injection of the radiolabeled Bn analog renal and hepatic clearance and
pancreatic uptake, but not blood accumulation was observed. Positive imaging of the bone
metastasis in a patient with androgen resistant prostate cancer with 99mTc-RP527 was
obtained (1/4 patients) and in this case just half of the lesions were visualized. However, in
4/5 patients 99mTc-RP527 showed positive uptake by breast cancer and all lymph nodes
involved. In the breast cancer patient with bone metastasis there was no clear 99mTc-RP527
uptake by the primary tumor, lymph nodes involved or the metastasis.

The same group published a second study [128] [Study #9, Table 11] with the radiolabeled
Bn analog 99mTc-RP527, but in this case just healthy subjects were included in order to
study the biodistribution and dosimetry of the radiotracer by planar scintigraphy images
from 30 min to 24h p.i., and to assess blood and urine samples. They found low
accumulation of 99mTc-RP527 in brain, lung, myocardium, breast and testis, with
hepatobiliary and renal clearance and extensive bowel uptake. The authors concluded that
the biodistribution characteristics of 99mTc-RP527 made it suitable for the tumor detection
in the suprabdominal region, but imaging of the abdominal region more problematic, due to
the intestinal accumulation.

In 2008 Van de Wiele et al. [4] published another human study [Study #10, Table 11]
using 99mTc-RP527. 9 patients with suspected breast cancer and 5 with tamoxifen-resistant
bone-metastasized breast carcinoma underwent 99mTc-RP527 scintigraphy. The results
showed that in 8/9 patients the radiolabeled Bn analog visualized the tumor, lymph node
involved and part of the bone metastasis when present (1 patient). However, 99mTc-RP527
did not visualize any of the bone metastasis in the 5 tamoxifen-resistant bone-metastasized
breast carcinoma patients. In no case was any adverse reaction to 99mTc-RP527 seen.

Another 99mTc-Bn analog has been studied [129] [Study #7] in humans, [Lys3]Bn (Table 2)
coupled to the isotope by the linker EDDA/HYNIC (Table 1, Fig, 1). It was injected in 11
patients (3 with proven and 8 suspected to have breast cancer) and SPECT and planar
scintigraphy images were taken from 20 min to 24 h p.i.. After injection none of the patients
suffered from side-effects. 99mTc-EDDA/HYNIC-[Lys3]Bn had a rapid blood clearance and
was mainly renal excretion. The images obtained showed that patients with cancer presented
asymmetrical uptake by the breast tissue and higher accumulation in the breasts with
malignant tumors.

IV. C. Human 68Ga bombesin analog studies
The Bn analog BZH3 ([DTyr6, βAla11, Thi13, Nle14]Bn(6–14), Tables 1,2) coupled to
the 68Ga isotope through the linker DOTA-PEG2 has been tested in 2 studies with cancer
patients [130,131]. One study involved 17 patients with gastrointestinal stromal tumors
(GIST) [Study #11, Table 11] and the other [Study #12, Table 11] involved 9 patients with
low grade gliomas. In both cases patients underwent PET scans with 68Ga-BZH3 and the
radiotracer 18F-FDG and results were compared. In the study with the GIST patients
[130] 68Ga-BZH3 localized 8/30 lesion (positive tumor uptake in 7/17 patients) while 18F-
FDG was positive in 25/30 lesion (14/17 patients). In one case the radiolabeled Bn analog
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was able to detect one tumor in the stomach not detected by 18F-FDG. In the study
performed in low grade gliomas [131], in all cases (9/9) the combination of both
radiotracer, 68Ga-BZH3 and 18F-FDG, was able to detect the tumors.

V. Nonradioactive Bn cytotoxic analogs (Table 12)
Many cancer patients are treated with cytotoxic chemotherapeutic drugs. For example, each
year over 170,000 patients in the United States are diagnosed with lung cancer but
unfortunately 160,000 lung cancer patients die from this disease annually [132]. Small cell
lung cancer (SCLC), which kills approximately 25,000 patients, is treated with
chemotherapy and/or radiation therapy, but relapse frequently occurs and the median
survival time is less than 1 year. Non-SCLC (NSCLC), which kills approximately 135,000
patients, is treated with combination chemotherapy but the 5-year survival rate is only
approximately 15%. Cancer cells take up chemotherapeutic drugs; however, they are
internalized by rapidly growing normal cells such as white blood cells causing toxic side
effects. Chemotherapy effectiveness in cancer patients is limited by toxicity to normal cells
and multidrug resistance [4]. It is possible to target drugs to cancer cells using cell surface
peptide receptors. Bombesin (Bn)-like peptides and receptors are present in many cancer
cells including lung cancer and Bn stimulates their growth [11,19,21,133,134]. Thus
attempts have been made to develop cytotoxic Bn-conjugates, which will kill cancer cells,
but not normal cells.

Camptothecin is a topoisomerase I inhibitor binding directly to the topoisomerase I-DNA
complex, resulting in DNA damage and apoptosis. Two camptothecin analogs (topotecan
and irinotecan) are used for ovarian, cervical, SCLC and colon cancer treatment. Apart from
its anticancer properties, camptothecin has low aqueous solubility. BA0, (DTyr6, β-Ala11,
Phe13, Nle14)Bn-(6–14) (Table 2), is a universal agonist, which binds with high affinity to
BRS-3 as well as NMB and GRP receptors [30,34,40,135]. In 2007, in order to improve
camptothecan’s solubility Shun et al. [136] coupled camptothecin to the Bn agonist analog,
[DSer5, DTyr6, βAla11, Phe13, NLe14]Bn(5–14) (BA3) [Analog #2, Table 12] using various
built in nucleophile-assisted releasing (BINAR) linkers (L1-L3)): analogs of N-(N-methyl-
amino-ethyl)-glycine carbamate. The carbamate linkage in CPT-L2-BA3 is metabolized by
P450 enzymes, which are enriched in cancer cells, resulting in L2-BA3 and CPT [137]. CPT
diffuses into the nucleus where it can inhibit cancer cell replication [30]. In particular, CPT
inhibits topoisomerase I, which unwinds DNA prior to replication. In vitro cytotoxicity
studies [136] in different cell lines were performed and results showed that the conjugated
Bn analog had a tumoricidal IC50 in the μM range with values 10-fold higher than
camptothecin alone [Analog #2, Table 12]. The CPT-Bn analog in PC-3 cells inhibited
adhesion to collagen type I, αVβ3 and αVβ5, at 10–20 μM, also in HUVECs inhibited
capillary-like tube formation and in vivo angiogenesis, at 10–20 μM and 40 μM, respectively
[Analog #2, Table 12].

The synthetic analog of Bn, (DSer5, DTyr6, β-Ala11, Phe13, Nle14)Bn-(5–14) (BA3) coupled
at the N-terminal to camptothecin (CPT), was studied in more detail for its ability to interact
with Bn receptors in other studies [30,34,138]. Results in study #1 (Table 12) [30]
demonstrate CPT-L2-BA3 can inhibit specific binding of 125I-BA0 to Balb/c 3T3 cells
transfected with GRP receptors, NMB receptors or BRS-3 (IC50 = 0.012, 0.035 and 0.031
nM, respectively) [Analog #1, Table 12]. Because BA0 had IC50 values of 0.32, 0.74 and
0.25 nM for GRP receptors, NMB receptors or BRS-3 respectively, CPT-L2-BA3 bound
with approximately 1-order of magnitude greater affinity than did BA0 [Analog #1, Table
12]. This may result because CPT interacts with additional hydrophobic amino acids present
in Bn receptors in addition to the essential Bn receptor amino acids, which interact with Bn
agonists. For GRP receptors Gln122, Phe185, Ala198, Pro199, Arg288 and Ala308 are important
for residues for binding GRP with selectivity and with high affinity [8,139,140].
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CPT-L2-BA3 was internalized at 37°C but not 4°C [Analog #1, Table 12]. [30]. Using
Balb-3T3 cells transfected stably with the GRP receptor, NMB receptor or BRS-3 33% of
the 125I-CPT-L2-BA3 added to the cells was internalized after 10 min at 37°C [30] [Analog
#1, Table 12]. As a control, CPT-L2-(DSer5, 125I-DTyr6, β-Ala11, DPhe13, Nle14)Bn-(5–14)
was not internalized. CPT-L2-(DSer5, DTyr6, β-Ala11, Phe13, Nle14)Bn-(5–14) functioned
as a weak Bn receptor agonist which bound with over 2-orders of magnitude lower affinity
to GRP receptors than did CPT-L2-BA3 [Analog #1, Table 12]. [30].

CPT-L2-BA3 is a potent Bn receptor agonist [30,34] [Analog #1, Table 12]. CPT-L2-BA3
increased phosphatidylinositol turnover and the ED50 for GRP receptors, NMB receptors
and BRS-3 was 1, 1 and 11 nM respectively [Analog #1, Table 12] [30]. CPT-L2-BA3
inhibited the growth of lung cancer cells in vitro using the MTT assay as well as the
clonogenic assay (IC50 = 70 nM) [30]. CPT-L2-BA3 (0.8 mg/kg, subcutaneous injection)
slowed the growth of NCI-H1299 xenografts in nude mice in vivo by 38%[30][Analog #1,
Table 12]. In addition, CPT-L2-BA3 inhibited the growth of CFPAC-1 (pancreatic cancer)
and PC-3 cells (prostate cancer) in vitro and in vivo [30] [Analog #1, Table 12). Nanomolar
concentrations of CPT-L2-BA3 were present in the plasma of nude mice treated with CPT-
L2-BA3 and the half-life of CPT-L2-BA3 was approximately 20 min. in the mouse plasma
[30] [Analog #1, Table 12]. In a separate study the mechanism of action CPT-L2-BA3 was
investigated by comparing its behavior to a chemically identical compound, but with very
low affinity for Bn receptors and which failed to activate Bn receptors (DPhe13-CPT-2-
BA3)[34]. This study demonstrated that the inactive analog was not internalized and in both
the MTT assay and clonogenic assays on NCI-1299 cells, which possess Bn receptors, the
active analog was more potent than the inactive analog [34]. Furthermore, in vivo studies of
the growth of H1229 xenografts in nude mice demonstrated that the active compound CPT-
L2-BA3 was more potent than the inactive compound, at inhibiting tumor growth [34].
These results provide strong evidence that the cytotoxicity of CPT-L2-BA3 is mediated by
interaction with Bn receptors on the tumor. A goal is to develop a high affinity Bn conjugate
that has a prolonged half-life in vivo. It remains to be determined if CPT-L2-BA3 will
benefit patients with lung cancer.

A chemotherapeutic doxorubicin (DOX) analog was conjugated to GRP receptor antagonist
RC-3095 (Table 3) using an ester linkage [141,142] [Analog #5, Table 12]. Specifically, the
cytotoxic Bn conjugate, AN-215 was prepared by coupling the NH2 terminus of des-DTpi-
RC-3095 through a glutaric spacer to the 14-OH group of 2-pyrrolino-DOX (AN201) giving
the structure: 2-pyrrolino-DOX-14-O-gl- [Leu13ψ-Leu14]Bn (7–14) [141,142]. The resulting
AN-215 bound with high affinity to Swiss 3T3 cells containing BB2 receptors (IC50 = 1.6
nM) whereas RC3095 alone had an IC50 value of 1.6 nM for the GRP receptor [14,141].
AN-215 inhibited the growth of CFPAC-1 pancreatic cancer, DMS-53 SCLC, PC-3 prostate
cancer and MKN-45 gastric cancer cell lines with IC50 values of 0.3, 0.04, 0.7 and 0.2 nM
respectively [141]. AN-215 also inhibited growth of H-69 small cell lung cancer cells, U-87-
MG glioblastoma tumors, as well as NCI-N87 and HS-746 gastric cancers [Analog #5,
Table 12] [141]. AN215 inhibited the growth of PC-3 tumors in nude mice whereas the
DOX analogue (AN201) had little effect on tumor growth, but was toxic [142,143]. A key
question is if AN-215, which is a Bn receptor antagonist, is internalized by cancer cells.
Also, it remains to be determined if AN-215 is rapidly degraded by blood esterases.

The mitotic inhibitor paclitaxel (Taxol) is widely used in the treatment of breast, ovarian,
lung and head and neck cancer, and also in advanced forms of Kaposi’s sarcoma, but it has
limited aqueous solubility and it is not targeted to any particular tissue. In order to improve
solubility and efficiency in the drug delivery, Safavy et al. [144] coupled the Bn analog
Bn(7–13)-NH2[Analog #3, Table 12] (Table 2) directly to paclitaxel using PEG as linker,
and studied the binding properties of the molecule and its cytotoxic activity. They found that
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the conjugated Bn analog was soluble in water at a concentration of 250 mg/mL, in GRP
receptor bearing BNR-11 cells it inhibited 125I-[Tyr4]Bn-binding to the same extent as
Bn(7–13)NH2, and it had t1/2 of 154 min and 113 in PBS (phosphate buffered saline) and
human plasma, respectively. When cytotoxic activity of the conjugated Bn analog was
studied in NCI-H1299 cells, an increase in the cytotoxicity was found, with tumoricidal IC50
values after 24 h incubation of 14±1.1 nM vs 35±1.8 nM with paclitaxel alone.

In 2006, the same group published a study [145] using the same Bn analog (7–13)-NH2
[Analog #4, Table 12], but as dipeptide, coupled to paclitaxel through PEG or Glu, and
studied their cytotoxic activity in different cell lines. They found that the highest cytotoxic
effect was obtained with paclitaxel-Glu-(Bn(6–14)2) achieving 64–93% of growth
inhibition.

The Bn receptor antagonists RC-3095 (Table 2) or RC-3940, (Hca6, Leu13, ψTac14)Bn(6–
14) inhibited the growth of non-small cell lung cancer (NSCLC) cell lines NCI-H460 and
A549 in orthotopically xenografted mice [146]. This resulted in a reduction of K-ras, COX-2
and pAkt in the tumors. Similarly, RC-3940 inhibited the growth of PC-3 and DU-145
prostate cancer tumors in nude mice [147]. This treatment resulted in a reduction in VEGF,
bFGF, EGFR and HER2. In NSCLC, Bn and NMB were found to increase transactivation of
the EGFR, which is inhibited by the tyrosine kinase inhibitor gefitinib. The Bn receptor
antagonists PD176252 and PD168368 potentiate the growth inhibitory effects of gefitinib on
cancer cells [148,149]. These results suggest that many of the effects of Bn may be mediated
by the EGFR. The marine toxins hemiasterlin (Hem) and dolastatin (Dol) were coupled to a
universal Bn agonist using an amide linkage [33]. The resulting Hem-LA-BA1 inhibited
specific binding to NCI-H1299 lung cancer with an IC50 value of 15 nM [Analog #6, Table
12]. Hem-LA-BA1 was an agonist, which elevated cytosolic Ca2+ after addition to lung
cancer cells. Hem-LA-BA1, but not BA1 inhibited the proliferation of NCI-H1299 cells in
vitro [33]. The results indicate that marine toxin Bn conjugates kill cancer cells enriched in
GRP receptors in vitro [33]. It remains to be determined if Hem-LA-BA1 inhibits lung
cancer growth in vivo.

A diphtheria toxin-GRP fusion protein was cytotoxic and inhibited protein synthesis in
cancer cells [150] [Analog #8, Table 12]. The catalytic and transmembrane domains of
diphtheria toxin (DAB) were fused to GRP using molecular biology techniques.
DAB389GRP inhibited protein synthesis (IC50 = 0.02 nM) [150]. The cytotoxicity of
DAB389GRP resulted from receptor-mediated endocytosis through acidic vesicles and was
blocked by 10 uM chloroquine [150] [Analog #8, Table 12]. DAB389GRP inhibited the
proliferation of SCLC cell line NCI-H345 which possess GRP receptors, with an IC50 of 1
nM, whereas the IC50 was 100 nM for NIH/3T3 cells, which lack GRP receptors [150]. It
remains to be determined if DAB389GRP inhibits the growth of SCLC tumors in vivo and
does not cause toxic side effects in the host.

Mitochondria-disrupting peptides such as KLAKLAKKLAKLAK (KLA),
GRFKRFRKKRKKLFKKLS (B27) and GGLRSLGRKILRAWKKYG (B28) were coupled
to the N-terminal of Bn (2–14) [151] [Analog #7, Table 12] (Table 2). The resulting KB,
BB27 and BB28 were evaluated [151]. BB28 half maximally inhibited the death of MCF-7
and CEM cells at 4 and 6 μM, respectively. Treated CEM cells had increased numbers of
apoptotic and necrotic cells, loss of mitochondrial membrane potential and release of
cytochrome C [151] [Analog #7, Table 12]. The effects of BB28 on CEM cells were
inhibited by z-VAD-Fmk, a pan-caspase inhibitor. Intratumoral or intraperitoneal injection
of BB28 (10 mg/kg) significantly slowed the growth of K562 tumors in nude mice [151].
Unfortunately relatively high doses of BB28 were used and it remains to be determined if
lower doses are effective [151].
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Another approach is to couple Bn antagonists to agents, which activate polyclonal T
lymphocytes [152][Analog #9, Table 12]. Monoclonal antibody to OKT3 (anti-CD3) was
coupled to [Cys5, DPhe6, Bn(5–13)ethyl amide](EA)[151]. EA binds with high affinity
(IC50 = 1.7 nM) to Balb/3T3 cells containing GRP receptors and similar to other Bn des
Met14 ethyl amide analogs functions as a Bn receptor antagonist [14,37,38,152]. The
resulting bispecific molecule caused apoptosis and necrosis of NCI-H345 and DMS273 cells
[152]. The bispecific molecule killed SCLC cells in vivo by activating allogeneic T cells
through the CD2/TCR complex utilizing Il-2 [152] [Analog #9, Table 12]. The results
suggest that bispecific molecules may stimulate the immune response against SCLC tumors.

In 1995 Chen et al. published a paper [153,154] using Bn analog ([Lys3]Bn, (Table 2)
[Analog #10, Table 12] coupled to an antibody anti-FcγRI as an immunotherapeutic
approach to the treatment of SCLC. This bispecific immunoconjugate should bind by one
side to the GRP receptor expressed in SCLC cells and by the other to the FcγRI expressed in
cells such as activated monocytes or neutrophils and produce lysis of the cancer cells. In
fact, the authors found [154] that binding to the SCLC cells was proportional to the
immunoconjugate concentration and to the number of GRP receptors on the cell surface, and
it also bound to monocytes and neutrophils. When the monocytes/neutrophils were
previously activated and then coincubated with the SCLC and in the presence of the
immunoconjugate, an increase in the lysis of the cancer cells was observed. In another study
from the same group [155] they examined the effect of a different immunoconjugate
composed of a Bn antagonist ([DTrp6, Leu13-ψ(CH2NH)Phe14]Bn(6–14), [Analog #11,
Table 12] or agonist ([Lys3]Bn, (Table 2) [Analog #9 Table 12] coupled to an antibody, anti-
FcγRI or- FcγRIII, and the results showed that both immunoconjugates bound to SCLC cells
in a dose-related manner, and none of them produced an alteration in the clonogenic growth
of the cells. When the SCLC cells were coincubated in the presence of either
immunoconjugate with activated monocytes or natural killer cells, a clear increase in
cytotoxicity of SCLC was observed.

Another approach to attempt to decrease growth of tumor cells expressing GRP receptors
was the synthesis of a 40 residue precursor peptide by linking together 4 designed anticancer
peptide analogs including a VIP binding receptor inhibitor, a somatostatin agonist, a
substance P receptor antagonist and a Bn receptor antagonist ([DPhe6, Aib11,
desMet14]Bn(6–14), [Analog #20, Table 12] through enzyme cleavable Lys-Lys linkers
[156,157]. Treatment with this precursor peptide produced the release of each individual
peptide analog by the action of enzymes such as PC1 or PC2, so each neuropeptide analog
will bind its receptor and inhibit tumor growth. In fact, it was found that incubation of the
precursor peptide with trypsin produced the release of all the individual peptides. Also
treatment with this precursor peptide inhibited cell proliferation in all cancer cell lines
tested. When Balb C nude mice xenografted with primary colon tumor cells were treated
with the peptide precursor [Analog #20, Table 12], inhibition in tumor growth of 73.7% vs
no treated animals was found. When the molecular pathway used to inhibit cellular
proliferation in tumors by the precursor peptide was studied [157] in different cancer cell
lines, the results showed that the precursor peptide down-regulated cAMP, EGF-dependent
cell proliferation and the phosphorylation pERK1/2 in GI carcinomas. It also produced an
activation of the apoptotic caspase-3 dependent pathway and induced the p53 tumor
suppressor protein. In endothelial cells it inhibited the formation of capillary-like tubes and
reduced VEGF levels.

Bn analog 8-Aoc-Bn(7–14) [Analog #21, Table 12] has been studied coupled to the
photosensitizer Mono-carbohexyl-tetrasulfonated aluminium phthalocyanine in order to
improve the site-delivery of the drug in prostate cancer [155]. Binding studies revealed that
conjugated Bn analog [Analog #21, Table 12] had lower affinity than Bn analog alone in
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PC-3 cells (IC50: 29.4 nM vs 0.37 nM, respectively), but when photodynamic efficacy was
tested in PC-3 cells in vitro, it was improved by a 2.5-fold compared to the Mono-
carbohexyl- tetrasulfonated aluminium phthalocyanine alone.

Bn analogs have been also used to improve gene delivery into the cells by siRNA or
adenovirus. In the first case [158], the Bn agonist analog Bn(7–14) [Analog #22, Table 12]
(Table 2) was coupled to maleimide-PEG and combined with EHCO nanoparticles
containing siRNA; the inclusion of the Bn conjugated to the nanoparticle produced a gene
silencing efficiency of 91.9% and cell uptake of 73.9%, which was significantly higher than
with EHCO nanoparticles without the Bn analog. In order to increase adenovirus-mediated
gene delivery Hong et al. [158] conjugated a human GRP analog (13–27) [Analog #22,
Table 12] to the N or C terminal of MH20 (an icosapeptide that mimics a portion of the α2
domain of human MHC class I molecules which are receptors for the entrance of the
adenovirus in the cell). With this approach it was proposed that the conjugated GRP analog
[Analog #22, Table 12] would bind the GRP receptor with the MH20 free to bind the
adenovirus which will increase the number of adenovirus receptors in the cell and enhance
virus entrance and gene delivery. In fact, while the GRP analog bound to the C side of the
MH20 had no effect on adenovirus infection and gene transfer, the GRP-N′-MH20 showed a
significant enhancement (8–15-fold) in adenovirus-mediated gene transfer in all cell lines
tested when cells were pretreatment with the GRP conjugate [Analog #22, Table 12] at 25
μM. The increase in entry was proportional to the amount GRP receptor in the cell
membrane.

Eleven different classes of Bn receptor antagonists have been developed [8,14,37–39] and
members of some classes have been shown to be cytostatic for lung cancer cells. Peptide
receptor antagonists for GRP receptors were developed by eliminating the C-terminal
methionine or reducing the penultimate peptide bond before the C-terminal methionine
[8,14,37–39,159]. BW2258U89 and RC-3095 (Table 2) are two such Bn antagonists which
bind with high affinity (IC50 = 0.2 nM and 1.4 nM respectively) to GRP receptors [160].
BW2258U89, 1 uM, inhibited the growth of lung cancer cells. In nude mice bearing NCI-
H1299 xenografts, tumor growth was slowed significantly if BW2258U89 was administered
subcutaneously (0.8 mg/kg) [160]. The tumors rapidly regrew, however, if BW2258U89
administration was discontinued [160]. For NMB receptors, nonpeptide antagonists have
been developed such as PD168368 and PD176252 (Table 2) [14,161]. PD168368 and
PD176252 bind with high affinity (IC50 = 0.51 and 0.53 nM respectively) to Balb/3T3 cells
transfected with NMB receptors [14]. PD168368 is slowly metabolized by proteolytic
enzymes and hence can be administered orally. Gavage administration of PD168368 (0.8
mg/kg) inhibited the growth of tumors in nude mice [162]. PD168368 has limited solubility
in water and permeates the brain after crossing the blood-brain barrier. In contrast,
BW2258U89 is water-soluble and does not readily cross the blood-brain barrier.

In another study [163] using the Bn antagonists [DPhe6, Aib11, desMet14]Bn(6–14) and
[DPhe6, desMet14]Bn(6–14) analogs [Analogs #13–19, Table 12] (Table 2), the anti-
proliferative properties of these peptides were tested in different cancer cell lines [163]. In
vitro MTT results showed that all Bn antagonists had cytotoxic effects in these cancer cells,
specifically the highest values in cell proliferation inhibition were found with [DPhe6, Aib11,
Ile13, desMet14]Bn(6–14) at 0.1 nM in MiaPaCa-2 cell line, [DPhe6, Aib9, Aib11, Ile13,
desMet14]Bn(6–14) at 0.1 nM in SW620, [DPhe6, Aib9, Ile13, desMet14]Bn(6–14) at 1 μM
in HT29 cells and Butanoyl[DPhe6, Aib11, desMet14]Bn(6–14) at 0.01 nM in PTC[Analogs
#13–19, Table 12]. Butanoyl[DPhe6, Aib11, desMet14]Bn(6–14) [Analog #19, Table 12] was
chosen to treat PTC cell tumor xenograft mice as the butanoyl moiety may protect the N′
terminal end of the molecule and improve its in vivo stability and biodistribution. After 29
days of treatment, tumor growth was inhibited by 44.3% in the treated animals.
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VI. Conclusions
The discovery of the frequent over-expression and/or ectopic expression of various peptide/
neurotransmitter receptors on many neoplasms have opened the potential for a new approach
to both imaging these tumors and for targeted delivery of cytotoxic agents. The results using
radiolabeled somatostatin analogs to target somatostatin receptors (sst1–5) which are over-
expressed/ectopically expressed in various neuroendocrine tumors (primarily carcinoids,
pancreatic endocrine tumors) [1,22,23] have clearly established the clinical usefulness of
somatostatin receptor-mediated imaging and cytotoxicity for treatment of these
malignancies. Unfortunately, many of the common neoplasms (lung, gastric, pancreatic,
breast, prostate, CNS tumors, etc) for which limited treatments exist for advanced disease,
do not over-express/ectopically express somatostatin receptors, however they frequently
over-express other G protein-coupled receptors, particularly those of the Bn family of
receptors (GRPR, NMBR, BRS-3) [11,19,20].

Unfortunately, at present except for the use of radiolabeled somatostatin analogs in patients
with neuroendocrine tumors, the approach of using the tumor receptor over-expression/
ectopic expression for receptor-mediated imaging or cytotoxicity with any of the other
peptide receptors, including Bn receptors, has not yet been demonstrated to be clinically
useful. The studies reviewed here have identified a number of radiolabeled Bn analogs that
could be used for standard nuclear medicine imaging (99mTc-, 111In-, 185/7Rh-labeled
analogs, 125I), for PET imaging (18F, 68Ga, 64Cu) or for radiation-mediated cytotoxicity
(90Y, 111In, 64Cu, 177Lu, 125I). Both in vitro and in vivo studies in animals show a number of
these radiolabeled Bn analogs have many properties that should allow them to be useful for
studies in patients with these neoplasms. These results including identifying a number of
radiolabeled analogs with high Bn receptor affinity, particularly for the GRP receptor, which
is most frequently over-expressed in these tumors; that show stability in plasma or in vivo
and that function as Bn receptor agonists and are rapidly internalized by the tumors.
Furthermore, in in vivo studies, a number of these radiolabeled Bn analogs imaged tumors,
were internalized and the radiolabeled ligand was retained in the tumor, properties that are
thought necessary for effective receptor-mediated cytotoxicity. Although the clinically
relevant studies in patients with neuroendocrine tumors using radiolabeled somatostatin
analogs have all used radiolabeled agonists, recent studies show that radiolabeled
antagonists of the somatostatin receptor give even better imaging results even though they
are not internalized [44]. Whether they will also be more effective for radiation-induced
cytotoxicity in patients with neuroendocrine tumors is not established at present. Similarly, a
number of radiolabeled Bn analogs, which function as receptor antagonists, are also reported
to give excellent imaging, although they are not internalized [2,45–51].

At present there are only 12 studies of radiolabeled Bn analogs (all agonists) in humans,
which in most cases are performed on patients with known Bn receptor containing tumors
and are either standard nuclear medicine imaging or PET imaging studies (Table 11). While
some of these studies show promising results, they include only small numbers of patients
and much more systematic studies involving larger numbers of patients will need to be
performed to assess the potential value of this approach. Future studies will need to establish
the sensitivity of the radioligands used; their specificity because false positives can have a
marked effect on their general utility, and whether their use changes clinical management to
justify the full development of Bn receptor-mediated imaging agents. Furthermore, the
question of whether a radiolabeled agonist or Bn antagonist is best will need to be resolved.
Additional detailed studies will need to be done to evaluate the possible use of radiolabeled
Bn analogs for receptor-mediated cytotoxic in human malignancies.
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A number of in vitro and in vivo studies are suggesting various approaches for Bn receptor-
mediated cytotoxicity using nonradiolabeled analogues (Table 12). These include coupling
of Bn analogs to chemotherapeutic agents (camptothecin, paclitaxel); to novel marine
cytotoxic peptides (hemiasterlin, dolistatin); to various cytotoxins (diphtheria toxin); to
mitochondria disruptive peptides; to immune activating agents; to agents enhancing
sensitivity to the effects of photodynamic therapy; to agents that enhance interfering mRNA
delivery or to agents that enhance adenovirus-mediated gene delivery (Table 12). At present
there are very limited in vivo studies on this approach, and no studies examining their
possible clinical efficacy in human diseases. Nevertheless, this approach may lead to agents
that allow targeted delivery of cytotoxic agents with much less toxicity, that are either
effective alone or in combination with existing treatments and therefore should be more
extensively investigated. Because Bn receptors are so frequently over-expressed on various
common malignancies, they are an excellent model to use to investigate this novel,
therapeutic approach.
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Fig. 1.
Chemical structure of common linkers used in studies to couple Bombesin (Bn) analogs to
various radioisotopes for Bn-receptor-mediated imaging or cytotoxicity. For listing of
abbreviations see Table 1.
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Fig. 2.
Example of usefulness of receptor-mediated imaging for targeting and imaging tumors. The
upper panel shows a computed tomographic scan (CT). The lower panel shows the
abdominal nuclear medicine images (SPECT image) (from a patient with metastatic
neuroendocrine tumor taken 24 hours after injection of 6 mCi of [111In-
DTPA,DPhe1]octreotide, to image over-expression of somatostatin receptors on the tumor.
In this patient the CT scan was negative, whereas the somatostatin receptor scan was
positive for tumor in a number of lymph nodes and the liver. This illustrates the higher
sensitivity of somatostatin receptor imaging than conventional imaging (CT, MRI), the
precise targeting to the tumor and the clinical usefulness of such an approach.
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Table 1

Abbreviations.

(NαHis)Ac = Nα-histidinyl acetyl

Aba = γ-aminobutyric acid

Ac = acetyl

Aca = aminohexanoic acid

ACMpip = 4-aminocarboxymethylpiperidine

Acp = 1-aminoethy-l,4-carboxymethylpiperazine

ADS = amino-3-oxapentyl-succinamic acid

Ado = 12-aminododecanoic acid

Ahx = 6-aminohexanoic acid

AM2BA = p-aminomethylbenzoic acid

AMBA = Aminobenzoyl

Aoc = aminooctanoic acid

AOS = amino-3,6-dioxaoctyl-succinamic acid

11-Aun = 11-aminoundecanoic acid

Ava = 5-aminopentanoic acid

βAla = Beta-Alanine

Bomproamide = [DPhe6,Leu-NHEt13,des-Met14]Bn(6-14)

Bn = Bombesin

BRS-3 = Bombesin receptor subtype 3

Bzdig = p-aminobenzyldiglycolic acid

BZH3 = [DTyr6,βAla11,Thi13,Nle14]Bn(6-14)

CB-TE2A = 1,4,8,11-tetraazabicyclo[6.6.2]hexadecane-4,11-diacetic acid

Cha = cyclohexylalanine

CNS = Central nervous system

CT = Computed tomography

DADT = diaminedithiol

DPhe = D-phenylalanine

Demobesin 1 = [(N4-bzlg)0,DPhe6,LeuNHEt13,desMet14]Bn(6–14)]

Demobesin 3 = [N4
0,Pro1,Tyr4]Bn

Demobesin 4 = [N4
0,Pro1,Tyr4,Nle14]Bn

Demobesin 5 = [(N4Bzdig)0]Bn(7–14)

Demobesin 6 = [(N4Bzdig)0,Nle14]Bn(7–14)

Des-Met = Methionine removed

Desmosin 1 = [N4
0,DPhe6,LeuNHEt13,desMet14]Bn(6-14)

Desmosin 4 = [N4
0,Pro1,Tyr4,Nle14]Bn(6-14)

DMTA = 2-(N,N″-bis(tert-butoxycarbonyl)diethylenetriamine)acetic acid

DO3A = 1,4,7-tris(carboxymethyl)10-(aminoethyl)-1,4,7,10-tetraazacyclododecaneOH
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DOTA = 1,4,7,10-tetraazacyclododecane-N,N′,N″,N‴-tetraaceticacid

Dpr = 1,2-diaminopropionic acid

DPR = 2,3-diaminopropionic acid

DTPA = 2-[bis[2-[bis(carboxymethyl)amino]ethyl]amino]acetic

EDDA = diorthohydroxyphenyl acetic acid

FA01010 = (4R,5S)-4-amino-5-methylheptanoic acid

FB = fluorobenzoato

GABA = γ-aminobutyric acid

GEG = Glycine-Glutammate-Glycine

GI = Gastrointestinal

GRP = Gastrin-releasing peptide

GRPR = Gastrin-releasing peptide receptor

GSS = Glycine-Serine-Serine

GSG = Glycine-Serine-Glycine

GGG = Glycine-Glycine - Glycine

HSA = Human serum albumin

HYNIC = 6-hydrazinonicotinic acid

Lys(Acm) = Amadori-Product

Lys(sha) = Lysine-coupled shikimic acid

Mac = mercaptoacetic acid

MAG3 = mercaptoacetyltriglycine

MeGly = Methylglicine

Me2Gly = Dimethylglicine

mIP = meta-phenylalanine

MP2248 = DPTA-[Pro1,Tyr4]Bn(1-14)

MP2346 = DOTA-[Pro1,Tyr4]Bn(1-14)

MP2653 = [ACMpip5,Tha6,βAla11,Tha13,Nle14]Bn(5–14)

MRI = Magnetic resonance imaging

MTT = 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

N2S2 = Cys(Acm)-Gly-Cys(Acm)

N3S = dimethylglycyl-L-seryl-L-cysteinglycinamide

N4 = tetramine

Nle = Norleucine

NMB = Neuromedin B

NMBR = Neuromedin B receptor

NOTA = 1,4,7-triazacyclononanetriacetic acid

NO2A = 1,4,7-triazacyclononane-1,4-diacetate

NS3 = 2′,2″,2‴-nitrotriethanethiol

NTG = triazole-couple glucose

PADA = [pyridin-2-yl-methyl-amino]-diacetic acid
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PBS = Phosphate buffered saline

PEG = ethylene glycol [2-aminoethylcarboxymethylether]

PEG2 = (2-aminoethyl)-carboxymethyl ether

PEG3 = 11-amino-3,6,9-trioxaundecanoic acid

PEG4 = 15-amino-4,7,10,13-tetraoxapentadecanoic acid

PET = Positron emission tomography

PNP6 = N,N-bis[2-(bis(3-ethoxypropyl)phosphino)ethyl]ethoxyethylamine

Pra = Propargylglycine

PZ1 = pyrazolyl

RGD = RGDyK (Arginine-Glycine-Aspartic Acid-Lysine)

RM1 = H-DPhe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2

RP527 = N3S-5-Ava-Bn(7-14)

SPECT = Single photon emission computed tomography

SRS = Somatostatin receptor scintigraphy

Sta = Statine: (3S,4S)-4-amino-3-hydroxy-6-methylheptanoic acid

TACN = 2-[4,7-bis(2-pyridylmethyl)-1,4,7-triazacyclononan-1-yl]acetic acid

Tat (49-57) = Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg (HIV-peptide)

Tha = β-(2-thienyl)alanine

Thi = 3-(2-thienyl)alanine

TPPS = trisodium triphenylphosphine-3,3′,3″-trisulfonate

Tricine = N-(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine

Z-070 = DOTA-PEG40[DTyr6,βAla11,Thi13,Nle14]Bn(6–14)
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