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Imaging plays an important role in prostate cancer (PC), including

accurate evaluation of the extent of disease, assessment of sites of

recurrent disease, and monitoring of response to treatment. Molecular
imaging techniques are among the novel developments related to the

imaging of PC, and various SPECT and PET radiopharmaceuticals are

now available in clinical trials or commercially. Here we describe the
preclinical and clinical use of gastrin-releasing peptide receptors as

targets for the imaging of PC, with a focus on the development of PET

tracers for the imaging of gastrin-releasing peptide receptor–positive

tumors.
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Prostate cancer (PC) is the most common malignancy in men,
accounting for 29% of all tumors, and is the second most com-
mon cause of cancer-related deaths in the same population. The
American Cancer Society estimates that there will be 180,890
new cases of PC and 28,170 deaths because of it in 2016 (1). In
this review, we discuss the preclinical and clinical work already
done or under evaluation for the use of gastrin-releasing peptide
receptors (GRPRs) as targets for the imaging of PC, with a focus
on the development of PET tracers for the imaging of GRPR-
positive tumors. Comprehensive recent reviews have discussed
tracers for use in SPECT and therapy (2,3).

PRECLINICAL AND TRANSLATIONAL DEVELOPMENTS

GRPRs are G protein–coupled receptors overexpressed in a
variety of major human cancers, such as PC and breast and small
cell lung cancers, as well as in the tumoral vessels of urinary
tract cancers (4). They belong to the bombesin receptor family,
which has various physiologic functions in the gastrointestinal
tract and nervous system (5). Bombesin is a 14-mer peptide (Pyr-
Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2)
that binds with a high affinity to GRPR (5).

GRPR AGONISTS

Because of the overexpression of GRPR in human cancers,
efforts have been focused on the development of radiolabeled
bombesin-based peptides for imaging and therapy. The main
focus of such translational developments was on PC. GRPR
expression was identified on the messenger RNA level as well as
on the protein level of primary PC and metastases. Markwalder
and Reubi (6) showed that GRPR expression depended on the
Gleason score, with higher receptor levels at low Gleason scores
(3–6) and lower receptor levels at high Gleason scores (7–9).
Early GRPR ligand developments and studies in preclinical mod-
els focused on agonists because of their known property of in-
ternalization when bound to the receptors. A minimal amino acid
sequence, bombesin residues 7–14, was shown to have high bind-
ing affinity and agonist potency. A summary of positron emitters
used to label PET radiopharmaceuticals targeting GRPR is shown
in Table 1.

68Ga was first used to label GRPR agonists for clinical trans-
lation. Modifications of the pharmacokinetic profile to enhance
metabolic stability, tumor uptake, and image contrast are still
ongoing and successful (7,8). Despite extensive studies, only 2
peptides have been translated clinically: 68Ga-BZH3 (in patients
with gliomas and gastrointestinal stromal tumors) (9,10) and
68Ga-AMBA (in patients with various cancers) (11). Carlucci
et al. described the development of 18F-labeled bombesin an-
alogs (12).

GRPR ANTAGONISTS

The important finding that somatostatin receptor antagonists are
superior to agonists as imaging and targeted radionuclide agents
and the short-term adverse effects of GRPR agonists have resulted
in interest in antagonists of the bombesin receptor family.
Typical modifications of the agonistic truncated octapeptide are

shown in Figure 1. The statine-based JMV594 (DPhe-Gln-Trp-
Ala-Val-Gly-His-Sta-Leu-NH2) is, by far, the most studied GRPR
antagonist for the imaging and therapy of PC to date. Originally
developed by Llinares et al. (13), JMV594 was first modified by
adding different spacers and chelators to make it suitable for
labeling with several radiometals for PET, SPECT, and therapy.
Mansi et al. (14) reported the first PET statine-based bombesin
receptor antagonist, RM1 (DOTA-Gly-aminobenzoic acid-DPhe-
Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2), in which JMV594 was
modified by the addition of glycine-4-aminobenzoyl and the che-
lator DOTA to allow complexation with 31 radiometals. PET
imaging of 68Ga-DOTA-RM1 in PC-3 xenografts confirmed the
high-level and specific accumulation of the radiotracer in the
tumors and GRPR-positive organs. The addition of the positively
charged spacer 4-amino-1-carboxymethyl-piperidine led to RM2
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(DOTA-4-amino-1-carboxymethyl-piperidine-DPhe-Gln-Trp-Ala-
Val-Gly-His-Sta-Leu-NH2) (15). 68Ga-labeled RM2 was widely
studied in different PC cell lines and tumor models and is cur-
rently in clinical studies (16,17).
Recently, many research groups worked on the optimization of

this class of compounds, investigating the influence of spacers and
chelates on binding affinities and pharmacokinetics properties. 18F,
68Ga, and 64Cu were used to label the statine-based bombesin
antagonist through several chelators. Among the different chela-
tors, NOTA (1,4,7-triaza-cyclo-nonane-1,4,7-triacetic acid) and its
derivatives were chosen because of the high degree of stability of
the complexes they form with various radioisotopes, such as 68Ga,
64Cu, and 18F. This approach allowed the possibility of side-by-side
comparisons with radioconjugates having the same chelator–
peptide conjugation and different radiometals. 68Ga-labeled com-
pounds showed better pharmacokinetics overall despite similar
uptake in the tumors (18,19). 68Ga-based radiotracers provide suf-
ficient levels of radioactivity for high-quality images in a short
scanning time, allowing repeat examinations on the same day. Ad-
ditionally, the development of radiopharmaceuticals for diagnosis

and therapy (theragnostics) is based mainly on 68Ga–177Lu (177Lu)
and 68Ga–90Y (90Y) pairs. Nevertheless, 18F-labeled radiotracers
provided good tumor visualization and may be preferred because
of the superior imaging characteristics of 18F. Moreover, the avail-
ability of larger tracer activity amounts and the relatively long
half-life of 18F enable centralized production and commercial
distribution to small or remote imaging centers, as well as imaging
at later time points, resulting in a higher level of clearance and a
lower level of nonspecific binding.
Gourni et al. (20) studied the peptide–chelator conjugate MJ9

(H-4-amino-1-carboxymethyl-piperidine-DPhe-Gln-Trp-Ala-Val-
Gly-His-Sta-Leu-NH2) coupled to NOTA and radiolabeled with
68Ga, resulting in a final 11 charge (68Ga-NOTA-MJ9). They
reported that 68Ga-NOTA-MJ9 had a higher binding affinity and a
longer retention time than neutral complexes 68Ga-NODAGA-MJ9
(NODAGA: 1,4,7-triazacyclononane,1-glutaric acid) and 64Cu-
NOTA-MJ9 and negatively charged 64Cu-NODAGA-MJ9 (20).
68Ga-NODAGA-MJ9 is currently in phase 1 clinical studies. Abiraj
et al. (21) compared the same antagonists conjugated to 4 different
chelate systems through PEG4 and reported the clear superiority of
the positively charged conjugates—namely, 64Cu-CB-TE2A-AR
and 99mTc-N4-AR—over the neutral ones in terms of lower 50%
inhibitory concentrations, higher levels of accumulation in the tu-
mors, and longer tumor retention times (Fig. 2). The excellent
properties of 64Cu-CB-TE2A-AR resulted in the first clinical studies
that successfully demonstrated the feasibility of using statine-based
bombesin antagonists for PC detection in humans.
The stability of Cu(II) complexes is an important parameter

because Cu21 released in vivo can bind to albumin and accumulate
in nontargeted organs, such as the liver. Recently, Gourni et al. (22)
chose to couple the Sar chelator—MeCoSar, already used along with
somatostatin analogs—to PEG4-JMV594 for Cu(II) complex forma-
tion. The chelate had a 21 charge and was highly stable. The
pharmacokinetic properties of this new radiopharmaceutical were
excellent and included improved tumor-to-kidney and tumor-to-liver
ratios relative to those obtained with 64Cu-labeled bombesin analogs.

Another class of bombesin-based re-
ceptor antagonists is the C-terminal amide
derivative (e.g., [DPhe6,Leu-NHEt13,des-
Met14]BN(6–14)). This peptide, coupled
to DOTA and labeled with 68Ga, was de-
veloped by Maina et al. (23) and led to
the new radiopharmaceutical 68Ga-DOTA-
Sarabesin3. After successful preclinical
studies revealing a high binding affinity,
good in vivo stability, and excellent target-
ing efficacy in PC-3 xenografts, this radio-
tracer exhibited encouraging results in the
first clinical study. The same peptide was
modified by adding hydrophobic spacers
of different lengths (aminohexanoic acid
[Ahx6–9]) and functionalized with NOTA
for 64Cu complexation (24).
Two additional bombesin receptor an-

tagonist classes, the methyl ester (ARBA05:
DOTA-4-amino-1-carboxymethyl-piperidine-
DPhe-Gln-Trp-Ala-Val-Gly-His-Leu-OCH3)
and the pseudopeptide (RM7: DOTA-4-
amino-1-carboxymethyl-piperidine-DPhe-
Gln-Trp-Ala-Val-Gly-His-Leuc(CHOH-
CH2)-(CH2)2-CH3), were evaluated in a

FIGURE 1. Modifications of C-terminal amino acid of bombesin agonist BN(7–14) for design of

bombesin receptor antagonists.

TABLE 1
Physical Properties of PET Radionuclides Used to Label

Bombesin Analogs

Characteristic 68Ga 64Cu 18F

Half-life 67.7 min 12.7 h 109.7 min

Decay β1: 89% β1: 17.8% β1: 97%

EC: 11% β−: 38.4% EC: 3%

EC: 43.8%

Eβ-max (keV) 1,880 656 635

Production Generator Cyclotron Cyclotron

Oxidation state 31 21 (11) 1−
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direct comparison with 68Ga-RM2 by Mansi et al. (25). 68Ga-RM7
had a high binding affinity and excellent pharmacokinetics that
rendered it a good candidate for clinical translation.

AGONISTS VERSUS ANTAGONISTS

There is no consensus as to whether agonists or antagonists are
preferable for clinical translation. Several studies clearly in-
dicated the superiority of antagonists over agonists. Mansi et al.
(14) compared the most potent radiolabeled GRPR agonist—
AMBA (DO3A-CH2-CO-G-4-aminobenzoyl-Gln-Trp-Ala-Val-Gly-
His-Leu-Met-NH2), developed by Lantry et al. (26)—with the
antagonist RM1. Despite the approximately 10-fold-lower affin-
ity of the antagonist, it had superior pharmacokinetics, show-
ing 3.5-fold-higher tumor uptake as well as distinctly superior
tumor-to-background ratios. In addition—and as an explanation
for the higher tumor uptake—the authors found a 3-fold-higher
number of available binding sites for the antagonist.
Liu et al. (27) studied the same 2 peptides (RM1 and AMBA).

Instead of DOTA, they used NODAGA for labeling with 64Cu and
18F. They concluded that the antagonist exhibited higher tumor
uptake and more favorable pharmacokinetics (27), consistent
with the results of Mansi et al. (14). Another group compared
agonistic and antagonistic demobesin and found a distinct advan-
tage for the antagonist (28). Conversely, Nanda et al. (29) studied
64Cu-NODAGA–conjugated agonists versus antagonists and con-
cluded that the agonist was a superior molecular imaging agent
for GRPR targeting. Yang et al. (30) studied 18F-labeled GRPR
agonists and antagonists and concluded that the agonists performed
better than the antagonists. They hypothesized that the superiority
found for the radiometal-labeled chelator–conjugated antagonists
did not apply to 18F-labeled peptides. There is clearly a need to
continue studies to select the ideal targeting agents.

HYBRID PEPTIDES

Promising approaches with hybrid peptides were considered
for additional molecular targets besides GRPR. Li et al. (31) and

Liu et al. (32) targeted 2 different receptors, GRPR and integrin
avb3 receptor, and reported favorable pharmacokinetics and
enhanced tumor uptake of their 18F- and 64Cu-labeled hybrids,
respectively.
Zhou et al. (33) developed GRPR-targeted agents conjugated to

2-nitroimidazole moieties as hypoxia-trapping moieties and found
increased uptake and retention of the radiotracer in hypoxic cells.
Bandari et al. (34) developed the first example of a GRPR–

prostate-specific membrane antigen (PSMA) dual targeting ligand
for 64Cu labeling and PET imaging. The hybrid bound to both
receptors with a high affinity, and PET imaging of 2 tumors express-
ing the target molecules was able to delineate the tumors.
Kroll et al. (35) coupled a GRPR agonist and a GRPR antag-

onist to a proline scaffold at defined distances along with the
chelator DOTA for 68Ga labeling. They aimed at benefiting from
the best of the 2 worlds—the agonist world (internalization) and
the antagonist world (recognition of a larger number of binding
sites). The hybrid peptide was superior to the bivalent agonist
and antagonist and had excellent targeting properties.

CLINICAL USE

Up to 40% of PC patients develop biochemical recurrence (BCR)
within 10 y after initial treatment (36). A detectable or rising
prostate-specific antigen (PSA) level after initial therapy is con-
sidered BCR or “PSA failure,” even when there are no symptoms
or signs of locally recurrent or metastatic disease. Usually an
increase in the PSA level precedes a clinically detectable recur-
rence by months to years (37). However, it cannot differentiate
among local, regional, or systemic disease with the precision essen-
tial for further disease management.
Conventional imaging has limited sensitivity and specificity for

detecting PC. The sensitivity for the detection of local recurrence
ranges from 25% to 54% with transrectal ultrasound or contrast-
enhanced CT and is moderately improved with functional MRI
techniques (38). The sensitivity for the detection of lymph node
metastases with CTor MRI has been reported to be 30%–80% (39).
Although functional imaging with 18F-FDG PET/CT has lim-

ited use in PC (40,41), other PET radiopharmaceuticals—such as
11C-choline, 11C-acetate, and 18F-choline—have been evaluated,
with good results for detecting PC (42–46). Anti-1-amino-3-18F-
fluorocyclobutane-1-carboxylic acid, a new synthetic amino acid,
may be superior to 11C-choline (47). However, a limitation of
these PET tracers is the lack of specificity for distinguishing PC
from benign prostate hypertrophy, which frequently coexists with
PC (48). Therefore, different classes of PET radiopharmaceuti-
cals, such as GRPR-targeted agents, may provide information
useful in the management of PC. Tables 2 and 3 summarize the
clinically translated PET radiopharmaceuticals targeting GRPR.
Dynamic 68Ga-RM2 PET/CT scans obtained for a cohort of 5

healthy men in a pilot study (17) indicated that the tracer was
rapidly excreted through the kidneys into the urinary bladder, with
pancreatic uptake increasing immediately after injection and reach-
ing a plateau 50 min after injection. Maximum peak uptake of the
total injected radioactivity was seen in the urinary bladder contents
and the liver—approximately 36% and 14%, respectively.
Roivainen et al. (17) reported that estimates of the absorbed

doses were highest in the urinary bladder wall (0.61 mSv/MBq)
and in the pancreas (0.51 mSv/MBq), and the mean effective dose
was estimated to be 0.051 mSv/MBq. Regarding the biodistribu-
tion of 68Ga-RM2 in normal tissues, the highest uptake was seen in

FIGURE 2. PET/CT images obtained for PC-3 tumor–bearing nude

mice with 68Ga-NODAGA-AR at 1 h after injection (left) and 64Cu-CB-

TE2A-AR at 12 h after injection (right).
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the pancreas, kidneys, and bladder, and moderate uptake was seen
in the liver, spleen, gastrointestinal tract, and colon (17,49). The
pancreas and gastrointestinal tract express GRPR (50), as bomb-
esin works as a stimulator of pancreatic secretion, similar to gas-
trin and cholecystokinin release (51,52).
Kähkönen et al. (16) evaluated the potential of 68Ga-RM2 PET/

CT in 14 patients with PC (11 at initial diagnosis and 3 with BCR).
The PSA level ranged from 6.2 to 45.0 ng/mL for primary PC and
from 0.36 to 282 mg/dL for recurrent PC. The tumors in patients
with PC ranged from 12 to 35 mm. The sensitivity, specificity, and
accuracy for the detection of primary lesions were 88%, 81%, and
83%, respectively; the sensitivity for the detection of lymph node
metastases was 70%. The SUVmax and SUVmean (mean 6 SD) for
histologically confirmed PC were 6.6 6 4.7 and 5.1 6 3.7, re-
spectively; these values were statistically higher than those for
benign prostate hypertrophy (SUVmax, 2.4 6 1.5; SUVmean, 1.8 6
1.2) and normal tissue in the peripheral zone (SUVmax, 1.3 6 1.0;
SUVmean, 1.0 6 0.9).

We evaluated 68Ga-RM2 with PET/MRI in 29 patients with
BCR of PC as well as noncontributory conventional imaging
(bone scanning, CT, or MRI). All patients had rising PSA levels
(range, 0.3–36.4 ng/mL; mean 6 SD, 8.5 6 9.3 ng/mL). The
highest 68Ga-RM2 uptake was observed in the pancreas and bladder,
whereas moderate uptake was noted in the esophagus, kidneys,
blood pool, stomach, small bowel, and colon. High 68Ga-RM2
uptake (SUVmax, 12.7 6 7.8 [range, 2.6–33.5]; SUVmean, 5.7 6
2.5 [range, 1.7–10.8]) corresponded to pelvic lymph nodes (8 pa-
tients), retroperitoneal lymph nodes (5 patients), prostate bed
(3 patients), seminal vesicle (2 patients), supraclavicular lymph node
(2 patients), mesenteric lymph nodes (1 patient), mediastinal lymph
node (1 patient), liver (1 patient), lung (1 patient), and bone marrow
(1 patient). 68Ga-RM2 PET findings were compatible with recurrent
PC in 20 of the 29 patients. MRI identified findings compatible with
recurrent PC in 9 of the 29 patients (lymph nodes in 7 patients,
prostate bed in 1 patient, lung in 1 patient, and bone marrow in 1
patient). An example from our cohort is shown in Figure 3.

Maina et al. (23) evaluated another GRPR
antagonist (68Ga-SB3) in 8 patients with breast
cancer and 9 patients with PC. All patients
had disseminated disease and had received
previous therapies. 68Ga-SB3 did not produce
adverse effects and identified cancer lesions in
4 of the 8 patients with breast cancer (50%)
and 5 of the 9 patients with PC (55%).
Fluorinated PET radiopharmaceuticals

targeting GRPR have been used in clinical
trials. Sah et al. (53) reported the use of
the 18F-labeled bombesin analog BAY
864367 in patients with PC. They evalu-
ated 10 patients with biopsy-proven PC
(5 with primary PC and 5 with PSA recur-
rence after radical prostatectomy). Three of
the 5 patients with primary disease had
BAY 864367 uptake in the prostate, and 2 of
the 5 patients with biochemical relapse had
a lesion suggestive of recurrence on the
BAY 864367 scan. The tumor-to-background

TABLE 2
Structures of Bombesin Analogs Used in Clinical Trials

Structure Class Properties

DPhe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2 Statine Antagonist

DPhe-Gln-Trp-Ala-Val-Gly-His-Leu-NHEt Ethyl amide Antagonist

DPhe-Gln-Trp-Ala-Val-Gly-His-Leuψ(CHOH-CH2)-(CH2)2-CH3 Pseudopeptide Antagonist

DPhe-Gln-Trp-Ala-Val-Gly-His-Leu-OCH3 Methyl ester Antagonist

TABLE 3
Bombesin Compounds Used in Clinical Trials

Compound Structure

68Ga-RM2 68Ga-DOTA-4-amino-1-carboxymethyl-piperidine-DPhe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2

68Ga-SB3 68Ga-DOTA-p-aminomethylaniline-diglycolic acid-DPhe-Gln-Trp-Ala-Val-Gly-His-Leu-NHEt

18F-BAY-864367 3-cyano-4-18F-fluorobenzoyl-Ala(SO3H)-Ala(SO3H)-Ava-Gln-Trp-Ala-Val-NMeGly-His-Sta-Leu-NH2

64Cu-CB-TE2A-AR06 64Cu-CB-TE2A-PEG4-DPhe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2

FIGURE 3. 65-y-old man with Gleason 4 1 3 PC treated with prostatectomy, now presenting

with PSA of 2.33 ng/mL and negative conventional imaging results. Small perirectal lymph nodes

had intense 68Ga-RM2 uptake (arrows). Images were acquired with SIGNA time-of-flight–enabled

simultaneous PET/MRI scanner (GE Healthcare). MIP5maximum-intensity projection.
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ratio averaged 12.9 6 7.0, and the reported mean effective dose was
4.3 6 0.3 mSv/patient (range, 3.7–4.9 mSv).
Isotopes with longer half-lives, such as 64Cu, were also used to

label GRPR antagonists (54). Wieser et al. (54) indicated that
64Cu-CB-TE2A-AR06 had favorable characteristics for the im-
aging of PC, with 3 of 4 cancers being visualized with high contrast
and another cancer being visualized with moderate contrast 4 h
after injection.
Although encouraging results have been shown for PET

radiopharmaceuticals targeting GRPR, the PSMA target for the
imaging of PC has been used extensively and with great success
recently. PSMA is highly expressed in PC cells in comparison
with other PSMA-expressing normal tissues, such as kidney,
proximal small intestine, and salivary gland tissues (55). After an
initial study with 68Ga-PSMA in patients with PC (56), multiple
subsequent publications have indicated that 68Ga-PSMA detects
primary and recurrent PC with high sensitivity and specificity
(57–60). Therefore, it is important to evaluate GRPR– and PSMA–
targeting PET radiopharmaceuticals in the same patients. In a study
in which 68Ga-PSMA and 68Ga-RM2 were directly compared,
68Ga-PSMA uptake in malignant lesions (prostate bed, lymph
nodes, seminal vesicle, and bone marrow) was not statistically sig-
nificantly different from 68Ga-RM2 uptake in the same areas (49).
That study showed similar diagnostic performances of 68Ga-PSMA
and 68Ga-RM2. However, the lack of significant hepatobiliary
clearance of 68Ga-RM2 may make small abdominal and pelvic
lesions more conspicuous on 68Ga-RM2 images than on 68Ga-
PSMA images. Additional work is needed to understand the expres-
sion of PSMA and GRPR in different types of PC.
There are limitations of the data related to the use of GRPR-

targeting PET peptides, including small sample sizes in studies
published to date, limited gold standards, and limited outcome
data. Larger studies are needed to confirm preliminary results. As
with other PET radiopharmaceuticals, the excretion of these
agents into the bladder may be problematic for detecting disease
in the prostate gland/bed and, in some cases, in pelvic lymph
nodes. However, the administration of furosemide may alleviate
this limitation.
The simultaneous PET/MRI scanners introduced into clinical

use in recent years (61,62) can provide both functional information
and morphologic information about various biologic processes.
Compared with PET/CT, simultaneous PET/MRI has advantages
resulting from a reduction in radiation exposure, improvements in
diagnostic ability attributable to better soft-tissue contrast, and
multiparametric MRI techniques (63). A combination of advanced
simultaneous PET/MRI scanners and novel specific PET radio-
pharmaceuticals, such as GRPR antagonists, may be ideal for the
detection of PC at initial diagnosis and for evaluation for oligo-
metastatic disease and BCR.

CONCLUSION

Extensive and significant preclinical and translational work as
well as promising results from early clinical trials indicate that
imaging of the expression of GRPR has the potential to play a
significant role in the identification of one biologic process
involved in PC.
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