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Abstract

Purpose Gastrin-releasing peptide receptors (GRPR) repre-
sent attractive targets for tumor diagnosis and therapy because
of their overexpression in major human cancers. Internalizing
GRPR agonists were initially proposed for prolonged lesion
retention, but a shift of paradigm to GRPR antagonists has
recently been made. Surprisingly, radioantagonists, such as
[**™Tc]DB1 (°*™Tc-N,/-DPhe®,Leu-NHEt'*IBBN(6-13)),
displayed better pharmacokinetics than radioagonists, in addi-
tion to their higher inherent biosafety. We introduce here
[*%Ga]SB3, a [*”™Tc]DB1 mimic-carrying, instead of the
99mTe-binding tetraamine, the chelator DOTA for labeling
with the PET radiometal ®*Ga.

Methods Competition binding assays of SB3 and ["Ga]SB3
were conducted against ['*’I-Tyr*]BBN in PC-3 cell mem-
branes. Blood samples collected 5 min postinjection (pi) of
the [’Ga]SB3 surrogate in mice were analyzed using high-
performance liquid chromatography (HPLC) for degradation
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products. Likewise, biodistribution was performed after injec-
tion of [*’Ga]SB3 (37 kBq, 100 pL, 10 pmol peptide) in
severe combined immunodeficiency (SCID) mice bearing
PC-3 xenografts. Eventually, [**Ga]SB3 (283+91 MBgq,
23+7 nmol) was injected into 17 patients with breast (8) and
prostate (9) cancer. All patients had disseminated disease and
had received previous therapies. PET/CT fusion images were
acquired 60—115 min pi.

Results SB3 and [*'Ga]SB3 bound to the human GRPR with
high affinity (ICso: 4.6+0.5 nM and 1.5+0.3 nM, respectively).
[*’Ga]SB3 displayed good in vivo stability (>85 % intact at
5 min pi). [’Ga]SB3 showed high, GRPR-specific and
prolonged retention in PC-3 xenografts (33.1+3.9%ID/g at 1 h
pi—27.0+0.9%ID/g at 24 h pi), but much faster clearance from
the GRPR-rich pancreas (<160%ID/g at 1 h pi to <17%ID/g at
24 h pi) in mice. In patients, [**Ga]SB3 elicited no adverse effects
and clearly visualized cancer lesions. Thus, 4 out of 8 (50 %)
breast cancer and 5 out of 9 (55 %) prostate cancer patients
showed pathological uptake on PET/CT with [**Ga]SB3.
Conclusion [*’Ga]SB3 showed excellent pharmacokinetics in
PC-3 tumor-bearing mice, while [**Ga]SB3 PET/CT visual-
ized lesions in about 50 % of patients with advanced and
metastasized prostate and breast cancer. We expect imaging
with [®®*Ga]SB3 to be superior in patients with primary breast
or prostate cancer.

Keywords PET/CT tumor imaging - °*Ga radiotracer -
Gastrin-releasing peptide receptor antagonist - Prostate
cancer - Breast cancer

Introduction

Prostate (PC) and breast cancer (BC) rank first in incidence
among men and women diagnosed with cancer in Western
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countries and are linked to considerable morbidity and mor-
tality in the metastatic stages of the disease [1, 2]. According-
ly, the non-invasive and reliable diagnosis and staging of these
cancers remain compelling medical requirements. This is
reflected in the high number of inconclusive biopsies, which
are associated with much patient discomfort and anxiety, and
with an increase in healthcare costs [3, 4]. On the other hand,
conventional imaging techniques, such as MRI, CT, ultra-
sound, or even established nuclear medicine procedures
(e.g., "®)FDG/PET) remain of limited diagnostic value because
of their low specificity [5-8].

In this respect, receptor-targeted tumor imaging may repre-
sent an attractive alternative for diagnosing primary and/or
disseminated disease with high specificity and sensitivity.
This approach holds great promise in cases of PC and BC,
owing to the high density expression of the gastrin-releasing
peptide receptor (GRPR) target in pathological lesions. In par-
ticular, high GRPR expression has been documented in pri-
mary and well-differentiated PC (85100 %), which, however,
drops (50 %) in androgen-refractory bone metastases [9—13].
GRPR is also expressed in primary BC (>60 %), whereas all
metastases originating from GRPR-positive primaries retain
high levels of receptor expression [14—16].

Originally, radiolabeled analogs of the frog
tetradecapeptide bombesin (BBN) have been developed for
the in vivo targeting of GRPR-positive tumor sites, mainly
owing to their ability to internalize rapidly and massively into
cancer cells [17, 18]. At that time, internalization was consid-
ered essential for prolonged lesion retention, which would
eventually translate into greater diagnostic sensitivity and
therapeutic efficacy. However, this rationale has been chal-
lenged by accumulating evidence on the unexpectedly supe-
rior performance of radiolabeled GRPR antagonists in visual-
izing GRPR-positive tumors in vivo versus their agonist-
based counterparts [19, 20]. Thus, the radioantagonist
[*™Tc]DBI has displayed higher uptake and retention in
GRPR-expressing tumors in combination with a much faster
background clearance (including the GRPR-rich pancreas)
than the radioagonist [*”™Tc]DB4 [19]. A further significant
advantage of radioantagonists is their greater inherent biosafe-
ty. In contrast to agonists, GRPR antagonists do not elicit
pharmacological effects after receptor binding and are conse-
quently better tolerated after intravenous (iv) injection to
patients [21].

In the current work, we introduce the [**™Tc]DB1 mimic
[*®*Ga]SB3 (Fig. 1), whereby the *™Tc-binding acyclic
tetraamine unit has been replaced by the chelator DOTA to
allow labeling with the PET radiometal ®*Ga. The new PET
tracer has been characterized in GRPR-positive cells and an-
imal models using the [°’Ga]SB3 surrogate. Furthermore, a
first-in-man clinical evaluation of [*®*Ga]SB3 has been per-
formed in a small number of patients with recurrent PC or
BC employing PET/CT.
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Materials and methods
SB3 and [*"%*Ga]SB3

The DOTA-conjugated GRPR antagonist SB3 (DOTA-p-
aminomethylaniline-diglycolic acid-DPhe-Gln-Trp-Ala-Val-
Gly-His-Leu-NHEt) was obtained from PiChem and labeled
with ¢’Ga or ®*Ga, as detailed in the Supplementary material;
quality control of the radiolabeled product (Fig. 1) is also
presented therein.

In vitro assays

Human androgen-independent prostate adenocarcinoma PC-3
cells (LGC Promochem) endogenously expressing the GRPR
[22] were used in biological assays. Competition binding ex-
periments with SB3 and ["*'Ga]SB3 were conducted in PC-3
cell membranes using ['*’I-Tyr*]BBN as the radioligand and
[Tyr*]BBN as reference (Supplementary material). In brief,
the radioligand (~40,000 cpm per assay tube, at a 50 pM
concentration) was incubated at 22 °C for 1 h and the assay
conducted as previously reported [23]. ICs, values were cal-
culated using nonlinear regression for a one-site model and
represent mean+SD values from three independent experi-
ments performed in triplicate.

The cell association of [’Ga]SB3 in PC-3 cells was tested
during a 1-h incubation period at 37 °C. Briefly, confluent PC-
3 cells were seeded in six-well plates (~1.0x10° cells per
well) 24 h before the experiment. Approximately 300,
000 cpm of [*’Ga]SB3 (corresponding to 2 pmol total peptide
in 150 uL of 0.5 % BSA/PBS supplemented with
Haemacceli{}) was added alone (total) or in the presence of
1 uM [Tyr*]BBN (non-specific) and the experiment was per-
formed as before [24]. Results were calculated as percentage
internalized plus membrane bound activity versus total added
activity per million cells.

Stability and biodistribution of [67Ga] SB3 in mice

Blood collected 5 min pi of [’Ga]SB3 in healthy mice was
analyzed using high-performance liquid chromatography
(HPLC) (Supplementary material).

For biodistribution studies, a~150-pL bolus containing a
suspension of=1.5x10” freshly harvested human PC-3 cells
in saline was subcutaneously injected into the flanks of female
severe combined immunodeficiency (SCID) mice (15+3 g,
6 weeks of age on the day of arrival; NCSR “Demokritos”
Animal House Facility). The animals were kept under aseptic
conditions and 2-3 weeks later developed well-palpable tu-
mors at the inoculation sites (80—150 mg). A 100-uL bolus
(37 kBq, 10 pmol total peptide; in saline/EtOH 9/1 v/v) of
[¢7Ga]SB3 was injected into the tail vein and biodistribution
was conducted for the 1-, 4-, and 24-h pi time intervals; for in
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vivo GRPR-blockade a separate 4-h animal group received
excess [Tyr*]BBN (40 nmol [Tyr*]BBN in 50-uL vehicle
coinjected with the radioligand). Biodistribution data were
calculated as percentage injected dose per gram of tissue
(%ID/g) with the aid of suitable standards for the injected dose
[24].

Statistical analysis using the unpaired two-tailed Stu-
dent’s ¢ test was performed to compare values between
the control and the in vivo GRPR-blockade animal groups
at 4 h pi; values of P<0.05 were considered statistically
significant.

All animal experiments were carried out in compliance
with European and national regulations and after approval of
protocols by national authorities.

Patient selection and administration of [**Ga]SB3

Seventeen patients (9 men and 8 women; age range, 40—74
years) with advanced PC or BC were iv injected with
[°®Ga]SB3 (Table S1). The iv injection of [**Ga]SB3 (mean
administered activity of 283+91 MBq associated with a pep-
tide mass of 23+0.7 nmol) was followed by the iv adminis-
tration of furosemide (20 mg). Initial diagnosis using the clas-
sification of malignant tumors (TMN) was made using histo-
pathology and tomography. All patients had had confirmed
metastases to distant organs at last imaging and had demon-
strated evident progression of tumor disease, e.g., a rise in
tumor markers (PSA, CEA, Cal5-3 or CA-125) and/or pro-
gression on recent imaging (CT, MRI, and/or PET). Hemato-
logical (Hb, WBC, and platelets), liver (ALAT, AP, and y-
GT), and renal functions (s-creatinine and eGFR) were mea-
sured before [**Ga]SB3 injection. Heart rate, blood pressure,
and oxygenation were monitored throughout administration.
Patients were asked to report side effects (dizziness, vomiting,
abdominal discomfort) during injection and imaging. At the
follow-up visits they were asked to report side effects. In three
patients (numbers 4, 7, and 17) with recurrent PC an
["®F]fluoromethylcholine PET/CT scan was conducted. Writ-
ten informed consent was obtained from all patients in accor-
dance with German regulations for the administration of
radiolabeled substances to humans. Data recording in a data-
base was approved by all patients and by the local ethics
committee.
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Imaging protocol

All patients were scanned on a dual-modality PET/CT tomog-
raphy scanner (Biograph duo; Siemens Medical Solutions).
The CT component consists of a two-row spiral CT system
and the PET component is based on a full-ring lutetium ortho-
silicate (LSO) PET system. Acquisition started 60—115 min pi.
PC patients were requested to empty their bladder immediate-
ly before the PET/CT examination. They were positioned
head first supine on the common patient handling system with
the arms raised.

First, a topogram was acquired over 1,024 mm axially.
Coaxial whole-body imaging ranges were defined on the
topogram, covering an area from the skull to the upper thighs.
CT was performed in spiral mode using a continuous acquisi-
tion at 130 kVp, 115 mAs, 4-mm collimation, 5-mm slice
width, a table feed of 8 mm per rotation at 0.8-s rotation time,
and 2.4-mm slice spacing. During the CT acquisition patients
were asked to hold their breath in normal expiration. Three-
dimensional PET emission scanning started in the caudo-
cranial direction. An emission scan time of 2—3 min per bed
position was used for all patients, with a total emission scan
time of 24 min.

Data acquisition and interpretation

[°¥Ga]SB3 scans were acquired from July 2009 until March
2010. After scatter and attenuation correction, PET emission
data were reconstructed using an attenuation-weighted or-
dered subsets maximization expectation (OSEM) approach
with two iterations, 8 subsets on 128 x 128 matrices and a 5-
mm Gaussian postreconstruction filtering.

The CT images were evaluated on a Syngo viewing station
by a skilled radiologist. Two experienced nuclear medicine
physicians assessed the PET/CT images using E.soft
(Syngo-based nuclear medicine software from Siemens Med-
ical Solutions). Scintigraphic findings were compared with
previous diagnostic examinations. [**Ga]SB3 scans were de-
fined as positive when focal, not physiological, accumulation
of the radiotracer was found.

The maximum intensity projection (MIP) images were vi-
sually inspected and each single transversal slice was viewed
from head to mid-thigh in combination with the CT image.
Slice number and anatomical localization were recorded when
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focal and abnormal tracer uptake was found. PET/CT fusion
images were used for measurements of SUVmax in different
organs/structures. Manually selected regions of interest
(ROIs) were drawn on a single slice using the software pro-
vided by E.soft. SUVmax was calculated for the following
organs: pancreas, kidney parenchyma, esophagogastric junc-
tion (EGJ), blood activity (blood pool), liver, lung, kidneys,
and gluteus muscle.

Results
In vitro studies

Both SB3 and ["Ga]SB3 were able to displace ['*°I-Tyr*]BBN
from GRPR sites on PC-3 membranes in a monophasic and
dose-dependent manner (Fig. 2). Incorporation of Ga*>* favored
receptor binding, as evident from the pertinent ICs values of
4.6=0.4 nM (SB3) and 1.5+0.3 nM ([*Ga]SB3). During 1-h
incubation of [*’Ga]SB3 with PC-3 cells at 37 °C, 22.2+1.2 %
of added radioactivity remained on the cell membrane, with
only 5.5+0.4 % detected within the cells, as consistent with
an antagonist profile [19, 24]. In the presence of excess
[Tyr*]BBN, these values dropped to 1.5+0.1 % and 0.4+
0.1 % respectively, suggesting GRPR specificity.

Stability and biodistribution of [*7Ga]SB3 in mice

After entering the bloodstream of mice [*’Ga]SB3 remained
>85 % stable, as revealed by HPLC analysis of blood samples
collected 5 min pi (Fig. S3). This stability was found to be
superior to previously reported values of GRPR-targeting
radioligands [24-26].

The biodistribution of [®’Ga]SB3 in SCID mice bearing
human PC-3 xenografts is shown in Fig. 3 for the 1-h, 4-h,
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Fig. 2 Displacement of [IZSI-Tyr4]bombesin (BBN) from gastrin-
releasing peptide receptor (GRPR) sites in PC-3 cell membranes by in-
creasing concentrations of: <> SB3 (ICsp=4.6+0.4 nM); ] [*'Ga]SB3
(ICs50=1.5£0.3 nM); reference: S [Tyr4]BBN (IC59p=1.7£0.0.3 nM).

Results represent the average ICso values£SD of three independent ex-
periments performed in triplicate
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and 24-h pi time points, with a separate 4-h animal group
representing in vivo GRPR-blockade. The tracer rapidly
cleared from blood, showing no retention in the kidneys. Like-
wise, background radioactivity declined with time, including
GRPR-rich tissues, such as the mouse pancreas. In particular,
the initially high pancreatic uptake of [*’Ga]SB3 at 1 h pi
(=160%ID/g) gradually dropped at the later time points
(>100%ID/g at 4 h and=17%ID/g at 24 h pi), as consistent
with a GRPR radioantagonist profile. Conversely, the uptake
of [*’Ga]SB3 in the GRPR-positive xenografts remained re-
markably high over time (33.1£3.9%ID/g at 1 h pi, 34+
6.9%ID/g at 4 h pi, and 27.1£0.9%ID/g at 24 h pi). Uptake
in tumor and mouse pancreas was significantly reduced in the
animals treated with excess [Tyr*]BBN, confirming GRPR
specificity.

Safety, tolerability, and physiological distribution
of [*®Ga]SB3 in patients

No local or systemic adverse effects were found. During in-
jection, one patient had high blood pressure (RR 180/130),
most likely due to anxiety. In this patient, diastolic and systolic
pressure returned to normal levels within 1 h. The highest
physiological uptake of [**Ga]SB3 was found in the pancreas
head (mean SUV 47.7). Mean SUVmax in the kidneys and at
the EGJ was 5.4 and 3.3 respectively. High activity at the EGJ
was previously described in preliminary clinical data with the
GRPR agonist [®®*Ga]JAMBA [27]. An overview of the
biodistribution is found in Fig. 4 (Table S2).

PET/CT results

A total of 71 lesions in 9 patients with positive [**Ga]SB3
scans were recorded (Table S2). Mean SUVmax of these le-
sions in 9 patients was 4.2 (range 0.7—17.8). Thirty-eight le-
sions in group 1 (BC) were positive, with a median SUVmax
of 2.0 (range 0.6-7.8). Thirty-three positive lesions in group 2
(PC) were positive, with a median SUVmax of 4.4 (range 1.7—
17.8; Fig. 4; Tables S1-S3).

The characteristics of 8 BC and 9 PC patients injected with
[°®Ga]SB3 are presented in Tables 1 and 2 respectively. Four
BC patients (50 %) and 5 of the 9 PC patients (55 %) had
positive lesions visualized by [**Ga]SB3. Abnormal focal up-
take on the [*®Ga]SB3 scan was seen in 2 patients. The first
patient showed uptake on the left side in the supraspinatus
muscle (SUVmax 2.2) and proximal adductor muscles
(SUVmax 2.4), which was attributed to local shoulder inflam-
mation. The second patient showed local uptake in the pros-
tate (SUVmax 4.7), which was negative on other imaging
modalities and attributed to calcifications in this tissue. One
patient showed exceptionally high uptake on the [°Ga]SB3
scan in several metastatic lymph nodes compared with the
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Fig. 3 Biodistribution of 180
[*’Ga]SB3 in severe combined 1
immunodeficiency (SCID) mice 1607
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follow-up scan performed with ['®F]fluoromethylcholine
(Fig. 5).

The mean PSA level of PC patients was 64+81 ng/mL
(range 1.5-215 ng/mL). Four out of 5 patients with a positive
[°®Ga]SB3 scan had elevated PSA levels (>10 ng/mL). One
out of 4 patients with a negative [**Ga]SB3 scan had normal
PSA levels (Table 2).

Interestingly, osseous metastases could be well visualized
in BC patients, as shown in Fig. 6 for patient number 6.

Discussion

The overexpression of GRPR in PC and BC offers promising
opportunities for staging, monitoring, and potentially also for
radionuclide therapy of these tumors with the application of
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Fig. 4 SUVmax+SD in regions of interest (ROI) of [*Ga]SB3 scans,
including values for normal organs (n=17 patients) and for 71
[*®Ga]SB3-positive lesions in 9 patients
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GRPR-specific radiopeptide probes [9, 10, 14, 17, 18]. A great
number of GRPR-directed radioligands studied in the past two
decades are analogs of BBN, displaying agonistic activity at
the GRPR. While internalization of radiolabeled GRPR ago-
nists was originally considered advantageous for in vivo tu-
mor targeting, injection into patients was soon linked to un-
desirable pharmacological effects, raising biosafety concerns
[21]. Recent studies on GRPR radioantagonists with better
inherent biosafety have inadvertently brought to light their
superior tumor targeting efficacy and faster background
clearance compared with agonists. Based on the well-
characterized GRPR antagonist, [*™Tc]DB1 [19], we in-
troduce here its DOTA-modified mimic, SB3, which can
be labeled with *®Ga (Fig. 1). We have thus designed a
new ®*Ga-radiotracer suitable for PET and complementary
to the existing SPECT radiotracer [**™Tc]DBI1. In addition,
we have evaluated the novel PET radiotracer first in in
vitro and animal GRPR-positive models and then in BC
and PC patients, following an integrated “bench-to-patient”
approach.

At the preclinical level, both SB3 and ["*'Ga]SB3 exhibited
high affinity for the human GRPR expressed on PC-3 cells
(Fig. 2). Moreover, [*’Ga]SB3 strongly and specifically
bound onto the membrane of PC-3 cells, internalizing poorly,
as expected for a GRPR-radioantagonist [19, 24]. Of great
advantage is the stability of [*’Ga]SB3 in the mouse blood-
stream (Fig. S3), favoring sufficient delivery to tumor sites, in
contrast to the rapid in vivo catabolism previously reported for
GRPR radioligands by neutral endopeptidase and possibly
other enzymes [24, 26, 28]. High uptake of ["Ga]SB3 was
observed in PC xenografts in mice at 1 h pi (Fig. 3), which
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Table 1  Characteristics and scan results in the subgroup of 8 breast cancer (BC) patients
Patient (number) ~ Age (years)  Final diagnosis  Initial stage ~ Year of diagnosis ~ Previous therapy [*®Ga]SB3 scan
2 55 BC T2N1MO 1999 Mast2, chem +
3 70 BC TIN2M1 1988 Mast2, rad +
LC Stage IV 2008 Chem
49 BC TINIMO 2001 Mast2, chem, rad, horm, sam, imm +
48 BC TINOMO Left: 1998 Mast2, chem, horm, rad, sam +
T3INOM1 Right: 2007
8 60 BC TxNxMx Left: 1993 Left: mastl -
TINOMO Right: 1999 Right: mastl
9 51 BC TxNxMx 1994 Mast2, chem, rad, imm -
11 69 BC T2N1MO 2004 Mast, chem, rad, imm -
14 40 BC T2N1MO 1999 Mast2, chem -

mast] mastectomy, mast2 mastectomy plus lymphadenectomy, chem chemotherapy, rad external radiotherapy, LC lung cancer, horm anti-estrogen
therapy, sam radioactive samarium, imm immunotherapy

remained at high levels up to 24 h pi. At the same time, values
in the GRPR-rich mouse pancreas, although very high at the
initial time points, declined rapidly over time. Likewise, back-
ground radioactivity cleared rapidly over time, leading to an
attractive overall profile. On the other hand, the tumor uptake
of [*’Ga]SB3 surpassed the values previously reported for
[*™T¢]DBI in the same animal model at all time points
[19]. Tumor retention in particular was clearly superior for
[%’Ga]SB3 (27.1+0.9%ID/g) compared with [**™Tc¢]DBI
(5.440.7%ID/g at 24 h pi).

This attractive preclinical profile prompted us to further
evaluate [**Ga]SB3 in a first-in-man study including a small
number of PC and BC patients. Several pilot clinical studies
with GRPR radioligands have been reported, including both
PC and BC patients [13, 17, 21, 27]. However, most of these
radioligands were BBN-based receptor agonists. A
4Cu-labeled GRPR radioantagonist, **Cu-CB-TE2A-
AR06 [(**Cu-4,11-bis(carboxymethyl)-1,4,8,11-
tetraazabicyclo(6.6.2)hexadecane)-PEG4-D-Phe-Gln-Trp-
Ala-Val-Gly-His-Sta-LeuNH,], was recently studied in four
patients with newly diagnosed PC using PET/CT. The

radiotracer showed favorable tumor-to-normal organ ratios
over time [29]. The most promising clinical results in 11 pri-
mary PC patients scheduled for radical prostatectomy were
presented for the GRPR radioantagonist, [**Ga]BAY86-7548
(°®Ga-DOTA-4-amino- 1-carboxymethyl-piperidine-DPhe-
GIn-Trp-Ala-Val-Gly-His-Sta-Leu-NH,). Sensitivity and
specificity of 88 % and 81 % were reported [30]. In the case
of BC, no data have hitherto been provided on the diagnostic
efficacy of a GRPR antagonist-based radioligand in patients.
Good diagnostic sensitivity was demonstrated in early-stage
BC patients during clinical evaluation of a series of **™Tc-
radiotracers based on BBN, which were performed during
the last decade [31-33]. In most of these studies, however,
osseous involvement was not visualized, although the primary
tumor and lymph node metastases were well visualized.

In the clinical part of our study, we have included patients
with progressive disseminated disease for the evaluation of
uptake in tumor metastases. For example, bone metastases
were well visualized in patient number 6 with BC (Fig. 6),
highlighting the promising imaging qualities of [**Ga]SB3.
As our patients have a long history of recurrent disease, other

Table 2  Characteristics and scan results in the subgroup of 9 prostate cancer (PC) patients

Patient (number)  Age (years)  Final diagnosis  Initial stage  Year of diagnosis ~ Previous therapy PSA (ng/mL [68Ga]SB3 scan
59 PC TxNxM1 2006 Rad, chem 89 +
74 PC TINOMO 2003 Horm, nephr, rad 40 +

7 70 PC TANIMO 2005 Prost, rad, horm, phos 182 +

10 70 PC T3NIMx 2002 Prost, rad, chem 215 +

12 53 PC TxNxM1 2004 Lymph, horm 4 -

13 71 PC T4NOMO 2001 Prost, horm 2 -

15 61 PC T4NxM1 2006 Horm, rad, chem 32 -

16 54 PC TxNxM1 2009 Horm, phos 7 -

17 69 PC T3NOMx 2004 Prost, rad 5 +

prost prostatectomy, rad radiotherapy, chem chemotherapy, nephr nephrectomy, phos bisphosphonates therapy, sorm anti-androgen therapy
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Fig. 5 a [**Ga]SB3 PET/CT and
b "®F-choline PET/CT scan in a
prostate cancer (PC) patient
(number 4), demonstrating
GRPR-positive and choline-avid
lymph node metastases
respectively: right to the aortic
bifurcation (B-D, straight arrow)
and right iliac lymph node
metastasis at the level of the S1
vertebra (E, F, curved arrow). A
MIP; B, F fused axial PET/CT
images; C, E axial CT images; D
fused coronal PET/CT image

(nuclear) imaging modalities were available and were addi-
tionally used for lesion detection. In one patient, [**Ga]SB3
clearly demonstrated better performance in comparison with
["®F]fluoromethylcholine PET/CT (Fig. 5). However, the total
number of positive [**Ga]SB3 scans was lower compared
with other studies, presumably as a result of recurrent, exten-
sive disease history and previous therapies in our patients. It
should be noted that GRPR is strongly upregulated in most of
the primary prostate cancers that are still confined to the

prostate, particularly in well-differentiated prostate tumors.
On the other hand, a significant decline in GRPR expression
is observed in the advanced androgen-independent stages of
PC [9, 10, 12]. Recently, an inverse correlation was reported
between GRPR expression vs high PSA values and high
Gleason score [11]. Results were obtained from screening
multiple prostate samples for GRPR expression in 530 pa-
tients, with most of the primary carcinoma specimens
(77 %) acquired after radical prostatectomy. For BC, GRPR
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Fig. 6 [*®Ga]SB3 scan in a breast
cancer (BC) patient (number 6),
demonstrating GRPR-positive
bone metastasis in the skull:
frontal bone on the left side (B,
SUV nax 2.4) and bone marrow
metastasis in the right proximal
femur (D, arrow, SUV .« 7.8),
both negative on CT (C, E). A
MIP; B fused axial PET/CT
image; C, E axial CT images; D
fused coronal PET/CT image

expression has been correlated with estrogen receptor levels
[16, 34].

Despite the fact that all patients in our study had dis-
seminated recurrent disease and many had a history of
previous therapies, including anti-hormonal therapy, po-
tentially leading to a state of androgen/estrogen indepen-
dence and consequently to a higher number of negative
scans with [®®*Ga]SB3, we still found positive scans in
about 50 % of cases, both in BC and in PC. This indicates
the potential value of GRPR as a biomarker for monitor-
ing after therapy. A preclinical study in nude mice with
xenografted BC did indeed demonstrate better visualiza-
tion and monitoring of hormone treatment with the
bombesin agonist “*Ga-AMBA vs '*F-FDG [35]. It is rea-
sonable to assume that a higher number of [**Ga]SB3
scans would have been positive in early BC and PC cases.
This hypothesis is currently under investigation in a clin-
ical study in patients with primary PC initiated at Erasmus
MC.

The benefit of choline PET/CT was recently shown in the
preoperative staging of PC patients with an intermediate or
high risk of extracapsular disease, leading to a different ther-
apeutic treatment in 19 out of 130 patients (15 %) [36].
[°*Ga]SB3 could be used in addition to conventional imaging
for upstaging nearby lymph nodes and/or distant metastases.
In patients with local recurrent PC, choline PET/CT can be
used to delineate local sites of recurrence. However, irradia-
tion planning for the treatment of single lymph node metasta-
ses on the basis of choline PET/CT remains controversial
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owing to its limited lesion-based sensitivity in primary nodal
staging [37]. Furthermore, the detection rate of choline-PET/
CT is poor in patients with low PSA levels (<3.0 ng/ml) [37].
PET/CT with [**Ga]SB3 may be valuable in this group of PC
patients and could improve radiation treatment planning by
enhancing the target volume to, for example, lymphatic drain-
age sites.

Prostate-specific membrane antigen (PSMA) is another in-
teresting target for imaging. PSMA is expressed in normal and
malignant prostatic epithelium with high expression in poorly
differentiated metastatic carcinomas [38, 39]. Small molecule
PSMA inhibitors demonstrated good imaging characteristics
in patients with androgen-independent PC with bone metasta-
sis, but have a lower sensitivity in patients with primary PC
[40]. GRPR expression, on the other hand, is higher in the
early stages of PC, in contrast to PSMA (Fig. 7). A compara-
tive study of [**Ga]SB3 and a PSMA-targeted PET radiotracer
in patients with primary or recurrent PC would therefore be of
utmost interest for further evaluation and clinical use.

Receptor
Density
Asuag

101dasay

PSMA
Differentiation: | Well | Moderate | Poor |
AR expression: | High | Intermediate | Low |

Fig. 7 Graphical representation of imaging characteristics for gastrin-
releasing peptide receptor (GRPR) and prostate-specific membrane anti-
gen (PSMA) in PC as a function of histological differentiation grade and
androgen receptor (4R) expression
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Conclusion

We introduce here a new GRPR antagonist suitable for label-
ing with ®®Ga. Preclinical experience with the [*’Ga]SB3 sur-
rogate revealed the most attractive radiotracer qualities, such
as high GRPR-affinity, good in vivo stability, and excellent
targeting efficacy in human GRPR-positive xenografts in
mice. First clinical data with [**Ga]SB3 PET/CT in patients
with disseminated PC and BC showed encouraging results, as
lesions were visualized in about 50 % of the patients, despite
their advanced disease. The number of positive [**Ga]SB3
scans is expected to be higher in patients with primary PC
and BC. This prospect favors the application of [**Ga]SB3
as an attractive tool for PC and BC staging, monitoring, and
eventually patient stratification for radionuclide therapy with
["""Lu/°Y/*1Bi]SB3.
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Glossary

["Tc]DB1 " Te-(N's)-DPhe-Gln-Trp-Ala-Val-Gly-His-Leu-
NHEY)

[ngTC]DB4 99MTe-N,-Pro-GIn-Arg-Tyr-Gly-Asn-GIn-Trp-Ala-Val-
Gly-His-Leu-Nle-NH,

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid
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